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N
anoparticulate matter has an im-
pact on our daily life in numerous
ways. The exposure to biological

materials such as pollen, mold spores, bac-

teria, viruses, etc. can result in allergic reac-

tions or infections which in the worst case

can be lethal. In addition to such naturally

generated agents, nanoparticulate matter

originating from human activities, such as

various types of combustion, processing,

and synthesis of materials can be extremely

toxic.1

A lot of effort is currently invested into
understanding how nanoparticulate mat-
ters are generated and how they interfere
with the human organism.2�5 Of particular
interest is the chemical characterization of
nanoparticulate samples, which often appear
in heterogeneous mixtures. It is therefore
necessary to be able to analyze individual
samples that may differ from the statistical
average of the mixture. Time-consuming and
expensive techniques such as scanning elec-
tron microscopy (SEM), transmission electron
microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDX), and mass spectroscopy
(MS) are frequently used for this type of anal-
ysis.6,7 An alternative technique is microscale

photothermal spectroscopy which is based
on wavelength-dependent light absorption
by the sample. When the sample is irradiated
by light, a fraction of the light is absorbed and
transformed into heat which is detected by a
thermal sensor. An absorption spectrum can
be obtained by sweeping the wavelength of
the light while monitoring the generation of
heat. If the size of the temperature sensor is
small enough, then it is possible to detect
minute amounts of absorbed energy. Cantile-
ver-based photothermal spectroscopy has
successfully been used to investigate thin
films of various kinds and different types of
vapors.8�14 This powerful technique benefits
from the low thermal mass that microcantile-
vers possess. However, the magnitude to be
monitored in such experiments (deflection) is
directly subjected to thermomechanical noise
and external vibrations. In this paper, we pre-
sent a novel technique called resonant photo-
thermal spectroscopy, where microstrings are
used as thermal sensors by monitoring the
change in their resonance frequency.15�17 This
apparently subtlemodification of the technique
(monitoring frequency instead of deflection)
allows for a more robust detection scheme, a
simpler fabrication (single material structures),
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ABSTRACT The ability to detect and analyze single sample entities such as single nanoparticles, viruses,

spores, or molecules is of fundamental interest. This can provide insight into the individual specific properties

which may differ from the statistical sample average. Here we introduce resonant photothermal

spectroscopy, a novel method that enables the analysis of individual nanoparticulate samples. Absorption

of light by an individual sample placed on a microstring resonator results in local heating of the string, which

is reflected in its resonance frequency. The working principle of the spectrometer is demonstrated by

analyzing the optical absorption of different micro- and nanoparticles on a microstring. We present the

measurement of a simple absorption spectrum ofmultiple polystyrenemicroparticles illuminated with an unfocused LED light source. Using a diode laser, single

170 nm polystyrene nanoparticles are detected. With the current setup, nanoparticulate samples with a mass of∼40 ag are detectable. By using nanostrings,

visible and infrared photothermal spectroscopy in the subattogram mass regime is possible and single molecule detection is within reach.
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reduction in heat dissipation (no metals), and simple
analyte sampling.18 The sampling and detection scheme
is illustrated in Figure 1. Typically, diffusion-based
sampling of nanoparticulate matter on nanosized sen-
sors is inefficient, which results in long sampling
times.19 We use a non-diffusion-limited sampling
method, so-called inertial sampling. The air containing
the analyte is flowing through a small opening in the
sensor chip. Thereby the analyte is passing the micro-
string at high velocities at which they are efficiently
collected by inertial impaction, as shown in Figure 1a.
Once the analyte is captured on the microstring, the
photothermal properties of the deposited matter are
determined by monitoring the resonance frequency of
the string while irradiating individual nanoparticulate
samples with light of varying wavelength (Figure 1b,c).
We demonstrate the detection and characterization of
individual nanoparticulate samples in the attogram mass
regime.
Microstring resonators are tensile stressed doubly

clamped beams. These structures are described as
strings instead of beams as their dynamic behavior is
string-like due to the high tensile stress.20,21 Local
heating of a string will make it expand in accordance
to its coefficient of thermal expansion. This modifies the
tensioning of the string, which is reflected in its reso-
nance frequency.15�17,22�24 If strings are operated in
vacuum, they become excellent temperature sensors
for studying thermal processes at the micro- and nano-
scale for the following reasons: the strings have low
thermal mass; they are well isolated from the surround-
ings; their time constant is short (∼100 ms); they show
incredibly high quality factors (Q ∼ 106),21,25 and
changes in temperature can be measured with a high
resolution.16,17

In the following, the working principle of the string-
based photothermal spectrometer is demonstrated.
Different types of micro- and nanoparticles are used as
test samples. They are placed on silicon nitride strings
and then irradiated with visible light while monitoring
the resonance frequency of the strings. The influence of
string width, irradiation power and wavelength, and
particle type is investigated.

RESULTS AND DISCUSSION

The dynamic properties of the fabricated strings are
investigated before placing particles on them. The
resonance frequency of the used strings is ∼135 kHz.
Higher order resonant modes are multiples of the funda-
mental one, which is characteristic from string-like beha-
vior. The built-in stress in the constituent silicon nitride
has been estimated to be∼170MPa by assuming amass
density of 2900 kg/m3. The quality factor of these
structures is around 1 million.21 The thermal time con-
stant of the strings ismeasured tobe shorter than250ms,
which is the sampling rate of the frequency counter.
The optimum value of the Allan deviation is found for
an integration time of few seconds, and it is around
10�7. A relative power responsivity of�2%/μWhas been
estimated for the 3μmwide strings (180nm thick, 895μm
long) using finite element simulations. Based on such
responsivity estimation and on the obtained Allan Devia-
tion, the detection limit for the 3 μmwide strings is 20 pW
when assuming signal-to-noise ratio of 3. The detection
limit is less than 1 order of magnitude lower than the
one obtained by using more complex bilayer cantilever
structures.26 This is a direct consequence of the larger
effect of stress on the resonant frequency of strings, as
opposed to cantilevers.22,27

Finite element simulations of strings, locally heated
at the center, have shown that the induced frequency
shift scales with the inverse of the string width and
linearly with the absorbed power. Vacuum conditions
were simulated by only allowing heat to transfer
through radiation and conductions through the an-
chor regions. Following values have been assumed for
the mass density, Young's modulus, Poisson's ratio,
coefficient of thermal expansion, specific heat capa-
city, thermal conductions, and emissivity: 2900 kg/m3,
250GPa, 0.23, 10�6 K�1, 700 J/(kg 3 K), 20W/(m 3 K), and 1,
respectively. The tensile stress matched the one of the
fabricated strings.
The influence of string width is investigated experi-

mentally by using the five strings shown in Figure 2a,
with blue 2.8 μm polystyrene particles. The relative
frequency shift induced when shining a red laser
(see Methods) onto the particles and onto the bare

Figure 1. (a) Air stream containing nanoparticulate samples is passed through the hole spanning the string. Due to the high
velocity of the air stream, the nanoparticulate matter has enough momentum to leave the air stream, which is bent by the
string, and deposit by inertial impaction on the string (see inset). (b) Individual samples deposited on the string are irradiated
with light of varying wavelength. A fraction of the absorbed light is converted into thermal energy and conducted into the
stringwhich is reflected in its resonance frequency. (c) Characteristic spectrumof the irradiatedmatter is obtainedby plotting
the resonance frequency of the string as a function of irradiation wavelength.
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silicon nitride is shown in Figure 2b. The induced shifts
in the two cases can easily be distinguished from each
other for all string widths. Hence the added absorption
due to the particles can be detected. Themagnitude of
the shifts is in both cases increasing for decreasing
string width, which is in accordance with the simula-
tions described above.
Simulations predict a linear relation between rela-

tive frequency shift and irradiation power, which is
tested using the same strings (see Figure 2c). The
relative frequency shift is proportional to the irradia-
tion power in all cases. This is true both when irradiat-
ing the blue particles (Figure 2c) and when irradiating
the bare silicon nitride (data not shown). The relative
frequency shift induced when irradiating the particle
and the string it is placed on can easily be distin-
guished from each other for all string widths and
power levels. The influence of the string width can
also be seen in the plot.
From these experiments, it is clear that the added

light absorption due to the presence of a single particle
on a string can be detected. The next step is to
demonstrate that dissimilar light absorption by differ-
ent types of particles can be used to distinguish them
from each other. Light absorption by a blue, brown,
and white particle placed on a string has been inves-
tigated by using the string and particles shown in

Figure 3a. The relative frequency shift induced when
irradiating;with the red laser;the bare silicon nitride
and the three particles individually is plotted as a
function of irradiation power in Figure 3b. The shifts
induced in the four cases can be distinguished from
each other for all power levels. The magnitude of the
induced shifts when irradiating the particles can be
correlated to their respective colors. A blue particle is
expected to absorb more red light than a brown
particle, which is again expected to absorb more light
than a white particle. A linear relation between relative
frequency shift and irradiation power is observed in all
four cases, following the trend shown in Figure 2c.
The frequency shift induced when irradiating a

particle will depend not only on the nature of the
particle and the sensitivity of the string but also on the
size of the particle and the size/intensity of the light
spot used to irradiate it. Two situations can appear, one
in which the light spot is smaller than the particle and
another where the opposite is the case. In the first
situation, the induced frequency shift is to a rough
estimation independent of the size of the particle. In
the second situation, which is the case in these studies,
the induced frequency shift is dependent on the size of
the particle. The magnitude of the shift will decrease
with decreasing particle size. The data presented in
Figure 3b are therefore a convolution of two effects:

Figure 2. (a) SEM micrographs of silicon nitride strings with a blue polystyrene particle placed at each of the strings' center.
The strings are 895 μm long and 180 nm thick. The width, from left to right, is 3, 6, 14, 30, and 50 μm. Scale bars are 20 μm. (b)
Induced relative frequency shift when irradiating the strings and the particles on themwith a 1.9 μW laser spot, 635 nm, as a
functionof stringwidth. The size of the laser spot is approximately 6μmindiameter. The dashed lines represent 1/widthfits of
the data points. Data points for the 3 μm wide string are omitted in these fits as the laser spot is wider than the string. (c)
Induced relative frequency shift as a functionof irradiation powerwhen irradiating the particles shown in (a). The dashed lines
are linear fits of the data points. The error bars in (b) and (c) represent the standard deviations obtained when repeating the
measurements five times.
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particles size and color. However, the blue and brown
particles are similar in size, and they are both smaller
than the white particle. Therefore, the size of the
particles does not change the quantitative results of
the experiment. A situationwhere the difference in size
of two particles could dominate over the different
nature of them is likely to take place. This problem
can be circumvented by irradiating the two particles
with light of different wavelengths. The wavelength-
dependent absorption can then be used to distinguish
them from each other based on their photothermal
properties and not their size. This is the basic founda-
tion of photothermal resonant spectroscopy, as de-
monstrated below.
Wavelength-dependent absorption by blue poly-

styrene particles is investigated by placing ∼30 blue
microparticles on a string and then irradiating them
with red, green, and blue LED light (seeMethods). A string
without any particles is used as a reference string as the
position of the LEDs is fixed. The power of the red, green,
andblue lightbeamafterpassinga221μm� 528μmslide
is ∼4, ∼11, and ∼7 μW, respectively. The difference in
induced frequency shift when irradiating the two strings is
plotted in Figure 4. The pattern seen in Figure 4 can be
correlated to the color of the particles. Hence, Figure 4
presents the red�green�blue absorption spectrum of
blue microparticles. A more detailed absorption spectrum
can be obtained by performing a finer sweep of the
wavelength of monochromatic light. By using infrared

light, information about the chemical structure of the
sample can be obtained.11�13,28

Micrometer-sized particles have been used in the
experiments described so far. To demonstrate that
true nanoparticulate samples can be detected, 170 nm
blue polystyrene particles are first deposited on a string
(see Methods) and then irradiated by light from the red
laser diode. A SEM micrograph of a string with particles
can be seen in Figure 5a. The measured resonance
frequency of such string when scanning the laser
beam along it can be seen in Figure 5b. The same scan

Figure 3. (a) SEM micrograph of a 917 μm long, 6 μmwide,
and 180 nm thick silicon nitride string with a white poly-
styrene (left), blue polystyrene (middle), and brown (right)
particle placed on it. The scale bar has a length of 20 μm. (b)
Induced relative frequency shift when irradiating the three
particles and the string in (a) as a function of irradiation
power. Thedashed lines are linearfits of thedata points. The
wavelength of the irradiation light is 635 nm, and the spot size
is ∼6 μm. The error bars represent the standard deviations
obtained when repeating the measurements five times.

Figure 4. RGB absorption spectrum of blue polystyrene
microparticles. Approximately 30 blue polystyrene micro-
particles are placed on a 917 μm long, 30 μm wide, and
180 nm thick string and then irradiated with red, green, and
blue LED light. The y-axis represents the difference in
induced frequency shift between a string with particles
and an empty reference.

Figure 5. (a) SEM picture of a string with 170 nm blue
polystyrene particles deposited onto it. The scale bar has
a length of 4 μm. (b) Measured resonance frequency of an
897 μm long, 6 μm wide, and 180 nm thick string with blue
polystyrene nanoparticles when scanning a 1.5 μW red
(635 nm) laser beam along it.
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is repeated five times. The resonance frequency is
shifted upward from scan to scan due to temperature
drift inside the vacuum chamber. The drift is visible
because the laser light is not chopped in thesemeasure-
ments. The scan direction is toward the center of the
string, which explains the negative slope of the curves'
baselines. A number of peaks can be identified in the
scans. Assuming that the power distribution of the
heating laser is uniform, and given that the particle size
is well-determined, the size of the peaks should be
related to the number of particles irradiated. Therefore,
considering that the smallest peak is due to the irradia-
tion of a single particle, we can estimate the ratios from
the larger peaks to the allegedly single particle. Using this
approach, the ratios are 2.0( 0.2, 2.1( 0.2, 3.1( 0.4, 3.3
( 0.3, 4.1( 0.2, 8.0( 0.4, and 9.7( 0.7, where the error is
calculated from the standard deviation of the five differ-
ent scans that were performed in this experiment. All
frequency shifts have been corrected accounting for
position-dependent sensitivity and temperature drift in
the measurements. The presented measurements show
that nanoparticulate samples can be detected.
The amount of light absorbed by a sample in most

cases decreases with decreasing sample size. If it is
assumed that the absorption of light increases linearly
with the surface area irradiated, the minimum detect-
able sample size can be estimated. The estimated
lower limit for the blue polystyrene particles is particles
with a diameter ∼40 nm having a mass of ∼40 ag,
where we assume that a particle is detectable when it
induces a relative shift that equals three times the Allan
deviation (3σ(1s) ≈ 4.8 � 10�7) obtained for the 6 μm

wide strings. The relative frequency shift induced per
unit area irradiated is estimated from the relative shift
induced by the 2.8 μm and 170 nm particles when
irradiating them with a ∼1.5 μW red laser spot.
As we describe in Figure 2, the relative frequency

shift can be maximized by reducing string width and
increasing irradiation power. It is also expected that a
reduction in the string thickness will have a positive
effect on the induced frequency shift. The heat transfer
to the two anchor regions will be reduced in a similar
way as when the string width is reduced. By using a
thinner and narrower string, subattogram samples
should be detectable.

CONCLUSIONS

As a summary, we successfully demonstrate that the
added absorption of light due to the presence of a
nanoparticulate sample can be used to detect and
identify the sample. Simulations and experimental
results have shown that the induced frequency shift
increases for decreasing string width and increasing
irradiation power. Three different types of samples could
bedistinguished fromeachother basedon their different
photothermal properties. Detection of wavelength-
dependent absorption was demonstrated by irradiat-
ing blue polystyrene particles with red, green, and blue
light. Finally, it was proven that samples with a mass of 3
fg can be detected. It have been estimated that single
bluepolystyrenenanoparticleswith amass of∼40agcan
be detected with the currently used setup. With an
improved setup, visible and infrared photothermal spec-
troscopyof subattogramsamples shouldbewithin reach.

METHODS
The silicon nitride strings used in the experiments are fabri-

cated by standard surface and bulk micromachining. LPCVD
(low-pressure chemical vapor deposition) silicon-rich silicon
nitride is deposited on a 350 μm thick double-side-polished
silicon wafer. The strings are then defined on the front side by
reactive ion etching. A protective PECVD (plasma-enhanced
chemical vapor deposition) silicon nitride layer is deposited on
top of the structured LPCVD silicon nitride. The backside silicon
nitride is patterned by reactive ion etching, opening windows
for the subsequent release step, which is achieved through a
standard potassium hydroxide etch. The protective PECVD
silicon nitride layer is then removed in buffered hydrofluoric
acid. The fabricated strings have a thickness of 180 nm, a length
of 895�917 μm, and a width of 3, 6, 14, 30, or 50 μm.
Four different types of particles are used in the experiments:

blue polystyrene particles with a diameter and mass of 2.8 μm
and 12 pg, respectively (68553, Sigma Aldrich); blue polystyrene
nanoparticles (170 nm and 3 fg; 15706-15, Polysciences GmbH);
brown particles (2.8 μm and 15 pg; M280, Dynabeads); and
white polystyrene particles (5.9 μm and 114 pg; 07312,
Polybeads). An etched tungsten needle with a tip diameter of
roughly 1 μm placed on a high-precision xyz stage is used to
manually pick the microparticles and place them on the
strings.29 The 170 nmnanoparticles are deposited on the strings
by the previously discussed inertial sampling method.18

The analyzed strings are actuated with a piezo element, and the
mechanical vibration is read out using a laser-Doppler vibrometer

(MSA-500, Polytec GmbH). The strings are operated in a positive
feedback loop at the fundamental harmonic, and the oscillation
frequency is monitored with a frequency counter (53132A, Agilent
Technologies). The irradiation experiments are performedwith four
different types of light sources: a 635 nm laser diode (L635P005,
Thorlabs) with a spot diameter of∼6 μm; and red (625 nm), green
(525 nm), and blue (460 nm) LEDs (F50360, Soul Semiconductor)
passed through a 221 μm� 528 μm slide. Both laser and LEDs are
electrically chopped with a frequency of 1 and 0.5 Hz, respectively,
to reduce the influenceofbackground temperaturedrift. The strings
are kept at a pressure below 10�5 mbar during the measurements.
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