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Extending the bandwidth of optical-tweezers interferometry
Erwin J. G. Peterman,a) Meindert A. van Dijk, Lukas C. Kapitein,
and Christoph F. Schmidt
Department of Physics and Astronomy, Faculty of Sciences, Vrije Universiteit, De Boelelaan 1081, 1081
HV, Amsterdam, The Netherlands

~Received 3 February 2003; accepted 25 April 2003!

High-resolution force and displacement measurements by laser interferometry, combined with
optical tweezers in a light microscope, are frequently based on near-infrared lasers. With common
silicon PN photodiodes the bandwidth of detection was found to be limited to about 5 kHz at 1064
nm laser wavelength. This is caused by the fact that silicon becomes increasingly transparent for
wavelengths approaching the band gap energy, leading to the generation of charge carriers outside
the depletion zone of the diode for wavelengths longer than about 850 nm. These charges have to
diffuse before they can contribute to the photocurrent. In this technical note we demonstrate
experimentally that the detection bandwidth can be extended to at least 100 kHz, either by using
wavelengths below 850 nm, or by using different detectors at longer wavelengths: InGaAs PIN
photodiodes or special-purpose fully depletedp-type silicon photodiodes. We measured the
well-known power spectral density of the Brownian motion of micron-sized beads in optical
tweezers and show that the optimized detectors do not cause attenuation within experimental noise.
They are indeed linear enough to detect the weak inertial effects of the watery solvent on the power
spectral density of the Brownian motion. ©2003 American Institute of Physics.
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I. INTRODUCTION

Optical tweezers are a versatile tool to manipul
micrometer-sized objects and to measure forces in the
conewton range acting on these objects. They are wid
used in ‘‘single-molecule’’ experiments to study, for e
ample, the mechanics of motor proteins and DNA-bind
proteins,1,2 but also to study the rheological properties
complex fluids.3,4 A common optical tweezers setup consis
of a near-infrared laser focused to a diffraction-limited sp
in a light microscope using a high numerical-aperture obj
tive. The interaction of the light with the refracting partic
results in momentum transfer to the particle, which crea
under appropriate conditions, a three-dimensional poten
well for the particle. Tied to momentum transfer to the p
ticle is an equal and opposite change of momentum~i.e.,
primarily a change of the angular distribution! in the light
beam which can be used to measure the exerted force o
particle displacement.5–7 Using segmented photodiodes, di
placement and force can be measured with nanometer
piconewton resolution. The technique has in principle a w
bandwidth, from hours~limited by the mechanical drift of
the instrument! down to microseconds~limited by shot noise
and electronics!. In earlier applications it was noticed that th
frequency response was unexpectedly attenuated a
about 5 kHz.8–10 We demonstrate here that this effect is d
to the exponentially increasing transparency of silicon p
todiodes when approaching the band gap energy in the n
infrared ~;1100 nm!.11 This is a well-known fact, but no
usually quantitatively elaborated on in manufacture
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catalogs.11,12 As long as light is absorbed in the depletio
layer of the photodiode, the response time is fast~nanosec-
onds!. When, however, charge pairs are created outside
layer in the substrate, they will have to diffuse~microsec-
onds! towards the depletion layer where they then contrib
to the photocurrent, unless they have recombined before
If the charge carrier diffusion time is smaller than the reco
bination time, the response time will be slowed down, in t
opposite case the sensitivity will be decreased, without
effect on the response time. The depletion layer can be
panded by introducing an intrinsic~I! layer, or by applying a
reverse bias voltage. There are specialized silicon ph
diodes on the market~see later! that operate at a high revers
bias causing a complete depletion of the substrate, by wh
they maintain a fast response in the near infrared. Alter
tively, standard InGaAs photodiodes have a band gap
;1700 nm13 and consequently do not suffer from this pro
lem at 1064 nm.

A very accurate test for detection bandwidth is the o
servation of the Brownian motion of micron-sized particl
in an optical trap. This Brownian motion has a well-know
power spectral density of Lorentzian shape14 for low fre-
quencies. At higher frequencies inertial solvent effe
modify the Lorentzian shape, again in a theoretically we
known manner.15,16 We show that such solvent effects b
come measurable for beads with a size of about a microm
in water above 10 kHz,15,16provided the proper detectors a
used.

II. MATERIALS AND METHODS

We measured the Brownian motion of optically trapp
microscopic beads in water and glycerol by backfocal-pla
6 © 2003 American Institute of Physics

e or copyright; see http://rsi.aip.org/about/rights_and_permissions



s
90

,
n
le

lue

ts

ri

rly

a

ot
r
o
t

ra

A
e

e

er

s
er
n
pe
ve

de
e-

-
ic

b
c

rc
lia
lo
nd
te
oi

n
nd

up
ity
rve.

the
the

m a
-

gth-
ilicon
ve-

of
n
the
ve-
ngth

nm

348

3247Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Optical tweezer bandwidth interferometry

Dow
interferometry,6 using different detectors, laser wavelength
and powers. We used silica beads with diameters of 500,
and 2200 nm~Bangs Laboratories, Fishers, IN! in water, and
polystyrene beads of 502 nm diameter~Polysciences, War-
rington, PA! in glycerol ~water free, Fluka, Zwijndrecht
Netherlands!. Beads were diluted typically to a concentratio
of 1026 weight per volume and introduced into a samp
chamber made of a cover slip and a microscope slide g
together with double-stick tape. Beads were trapped 10mm
above the cover slip water interface to limit frictional effec
due to the interface to less then 5%.17

Two custom-built instruments were used for the expe
ments: one based on a Nd:YVO4 laser~1064 nm, Compass
1064–4000 M, Coherent, Santa Clara, CA! and previously
described in Ref. 6, and the other constructed simila
based on a continuous-wave Ti:sapphire laser~Coherent
Mira 900F with a triple-plate birefringent filter, pumped by
Coherent Verdi V10 frequency-doubled Nd:YVO4 laser!,
tunable from 730 to 1000 nm. The detection optics of b
setups consisted of a high-numerical-aperture condense
collect the trapping laser light, with the backfocal plane
the condenser imaged onto a quadrant photodiode. For
present study we compared three different types of quad
photodiode detectors:~i! a standard siliconn-type PN photo-
diode@10 mm diameter, SPOT 9-DMI, UDT, Hawthorne, C
~denoted Si–LB in the following!# operated with a revers
bias voltage of 15 V,~ii ! an InGaAs PIN photodiode~G6849,
Hamamatsu, Herrsching, Germany! ~InGaAs! operated at a
reverse bias voltage of 5 V, and~iii ! a special purposep-type,
silicon, PN photodiode@YAG444-4A, Perkin Elmer, Vau-
dreuil, Canada~denoted Si–HB!#. This diode is especially
designed for fast detection of 1064 nm light and was op
ated at a reverse bias voltage of 100 V.

The signals from the four quadrants of the diodes w
amplified by low-noise, high-bandwidth preamplifiers~cus-
tom built! and the distribution of light on the diode wa
calculated by an analog normalizing differential amplifi
~custom built!.7 The signals were then digitized with a
analog-to-digital conversion board sampling at 195 kHz
channel~AD16 board on a ChicoPlus PC-card, Innovati
Integration, Simi Valley, CA!. This board is based onSD
technology; hence, no external anti-alias filters were nee

Time series of approximately 8 million points were r
corded using custom-written LabView software~National In-
struments, Austin, TX!. Time series were Fourier
transformed using custom-written Microsoft Visual Bas
programs using Component Works~National Instruments!
fast Fourier transform routines. Spectra were smoothed
logarithmic binning. At the high-frequency end of the spe
tra, which we are mostly interested in here, several sou
of experimental noise and error become important. Anti-a
filtering creates a systematic attenuation of the spectra, c
to the Nyquist frequency. Electronic amplifier noise a
light-level dependent shot noise on the other hand crea
more or less flat noise bottom at high frequencies. Shot n
was minimized by using relatively high laser powers.
nloaded 26 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
,
0,

d

-

,

h
to

f
he
nt

r-

e

r

d.

y
-
es
s
se

a
se

III. RESULTS AND DISCUSSION

A typical power spectral density of the Brownian motio
of a 900 nm silica bead trapped with 1064 nm laser light a
detected with the standard silicon diode~Si–LB! is shown in
Fig. 1. The power spectrum is well fitted by a Lorentzian
to about 1 kHz. At higher frequencies the spectral dens
decreases substantially below the expected Lorentzian cu
In order to emphasize the high-frequency behavior,
power spectral density was multiplied with the square of
frequency @Fig. 1~b!#. Any deviation from a Lorentzian
above the corner frequency shows up as a deviation fro
horizontal line in this plot. To test whether the high
frequency attenuation is indeed caused by the wavelen
dependent decrease of response speed of standard s
photodiodes we investigated the effect at different wa
lengths. Power spectral densities of the Brownian motion
900 nm beads trapped~and detected! at wavelengths betwee
750 and 1064 nm are shown in Fig. 2. It is evident that
attenuation increases strongly with wavelength. At wa
lengths shorter than 850 nm the spectra become wavele

FIG. 1. ~a! Power spectral density~circles! of the Brownian motion of a 900
nm diameter silica bead in water, trapped in the focus of a 30 mW, 1064
laser beam, detected with the standard silicon photodiode~Si–LB!. The
drawn line is a Lorentzian fitted to the data, with a corner frequency of
Hz. ~b! Power spectral density and fit from~a! multiplied with the square of
the frequency.
e or copyright; see http://rsi.aip.org/about/rights_and_permissions
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independent. A residual slight attenuation compared to
idealized Lorentzian curve shape remains even below
nm. This is caused by solvent inertia~see later!. In Fig. 3 the
response at 40 kHz, relative to the hydrodynamically c
rected Lorentzian@Eq. ~2!# is shown for many more wave
lengths.

Rare-earth solid-state lasers with wavelengths aro
1064 nm are frequently used for optical trapping, becaus
a good power:price ratio and particularly in biological sy
tems where visible light causes photodamage.18 Since chang-
ing the detection wavelength is not always an option,
searched the market for different types of detectors with b
ter high-frequency response at 1064 nm. One alternativ

FIG. 2. Power spectral densities of the Brownian motion of 900 nm si
beads in water, trapped in the focus of a 1000, 950, 850, and 750 nm b
of a Ti:sapphire laser, detected with the standard silicon diode~Si–LB!,
multiplied with the square of the frequency. The power of the laser w
adjusted such that the photocurrent generated in the photodiode wa
same~0.5 mA! for these wavelengths. For comparison, the data at 1064
of Fig. 1 is added to the figure. The multiplied spectra were normalized
in their maximum at about 1 kHz.

FIG. 3. The experimental response of the photodiodes at 40 kHz relativ
the theoretical value@according to Eq.~2!# as a function of wavelength for
the Brownian motion of a trapped 900 nm silica bead in water. Shown
data for the three photodiodes as indicated. The laser power was adj
such that the photocurrent in the diodes at the different wavelengths wa
same~0.5 mA!. The data points at 1064 nm were measured on a diffe
experimental setup.
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an InGaAs PIN photodiode, with the response spectr
shifted to 900–1700 nm. A disadvantage of InGaAs quadr
detectors is that they are~to our knowledge! not available
off-the-shelf with an active area larger than 2 mm diame
consequently extra optics are needed to fit the image of
backfocal plane of the condenser on the diode. Figures 3
4 show that the InGaAs detector has a much better h
frequency response at 1064 nm than the silicon diode~Si–
LB!, similar to the silicon response at wavelengths bel
850 nm.

The third detector tested was the specializedp-type sili-
con diode~Si–HB!. This detector was operated at high r
verse bias voltage~maximally 180 V, we applied 100 V!,
resulting in a fully depleted diode. In our setup this devi
had a much better high-frequency response at longer w
lengths than the standard silicon diode~Si–LB! ~Figs. 3 and
4!. Furthermore, the wavelength dependence of the resp
is much smaller than that of the standard Si diode.

The spectra measured with all three diodes under o
mal conditions still deviate from a Lorentzian shape. To co
firm that this remaining effect is not caused by the detecto
but rather by solvent inertia, we observed beads of differ
sizes in water and 502 nm beads in a more viscous solv
glycerol ~Fig. 5!. The deviations from the Lorentzian curv
shape between 10 and 100 kHz were strongly dependen
bead size and solvent. In glycerol, which has a 1000 tim
higher viscosity than water, the signal does not significan
deviate from a Lorentzian up to 100 kHz, confirming th
absence of detector-caused attenuation. In water, spectr
clearly non-Lorentzian, increasingly so for larger beads. T
is due to the neglect of solvent inertia in deriving the Lore
zian power spectrum.14,16 Stokes’ law, upon which the deri
vation is based, is only strictly valid for motion with consta
velocity. In the case of a trapped Brownian bead the veloc
is not constant. The appropriate solution of the Navie
Stokes equation, for the motion of a sphere in a visco
solvent is well known.15,16Due to solvent inertia a phase la
develops in the velocity field around the moving particle a
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FIG. 4. Power spectral densities of the Brownian motion of 900 nm si
beads in water, trapped in the focus of a 1064 nm laser beam, multip
with the square of the frequency. The three spectra were measured
different quadrant photodiodes as indicated~Si–LB:UDT SPOT 9-DMI, In-
GaAS: Hamamatsu G6849, and Si–HB: Perkin Elmer YAG444-4A!.
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characteristic penetration depthd, leading to additional fric-
tion forceF fric :15

F fric526phRS 11
R

d D ẋ2S 3prR2d1
2

3
prR3D ẍ,

where d5A h

pr f
. ~1!

h is the viscosity of the solvent,R is the radius of the sphere
r is the density of the solvent,x is the position of the sphere
and f is the frequency of the movement of the sphere. T
characteristic lengthd decreases with increasing frequen
and increases with viscosity. When it becomes comparab
R, inertial effects are expected to become visible. The po
spectral density of the Brownian motion of a trapped sph
can be expressed as16

P~ f !5
kBT

6p3hR
•

@11~ f / f d!1/2#

~ f c2 f 3/2/ f d
1/2!21~ f 1 f 3/2/ f d

1/2!2 ,

where f d5
h

rpR2 ~2!

with the Boltzmann constantkB and the absolute temperatu
T. In glycerol inertial effects are smaller than 0.01% of t
restricted Brownian motion of the bead below 200 kHz, b
in water they become clearly discernable for micromet
sized beads at frequencies larger than 10 kHz, as can be
in Fig. 5. There is qualitative agreement between the exp
mental and theoretical curves, although the shapes of
curves are not exactly identical. In order to fully explain t
data, experimental noise, anti-alias filtering, and surface
fects will have to be taken into account more quantitative
Shot noise and electronic noise levels were always lo

FIG. 5. Normalized power spectral densities multiplied with the square
the frequency of the Brownian motion of 502 nm polystyrene beads
glycerol, as well as of 500, 900, and 2200 nm silica beads in water.
glycerol data was cutoff at 50 kHz because at higher frequencies the
suffered from several spikes due to radio interferences. All the data w
detected with the Si–HB detector and 1064 nm laser light. The dotted l
are equally treated calculated power spectra with hydrodynamic eff
taken into account@Eq. ~2!#. These spectra were calculated from the visc
ity, bead size, and the corner frequency, without free fit parameters.
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than the high-frequency ends of the measured spectra
judged from their shape. The fact that the spectra decre
below the Lorentzian in a bead size dependent manner i
cates that these noise sources as well as the anti-alias filte
do not have a major effect. Note that no free parameters w
adjusted to construct the drawn lines. Input parameters
the bead size, viscosity, and the corner frequency obta
from a Lorentzian fit to the low-frequency part of the data

In conclusion, we have shown improvements in the d
tectors that allow the measurement of power spectra
Brownian motion of trapped particles with high enough a
curacy above 10 kHz such that hydrodynamic effects can
studied and compared to theoretical predictions. A m
elaborate investigation of these hydrodynamic effects will
performed in the future.
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