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 Optical tweezers coupled to surfaces and thin solid-state membranes are very useful 
in a wide range of nanophotonics applications and open up new ways of measuring 
surface adhesion and molecular forces. A recent example is the coupling of optical 
tweezers to solid-state nanopore sensors for accurate control and biophysical 
investigation of single DNA molecules. Such membrane-integrated optical traps 
do, however, show a variety of optical effects that are not well understood. A major 
limitation in these experiments comes from periodic modulations of the bead 
position from the trapping plane when the optical trap is axially moved towards 
the membrane. While previously considered detection artifacts, it is shown here that 
these modulations correspond to real movements of the optical trap position that 
results from interference between the incident trapping laser and refl ections from the 
thin solid-state membrane. An experimental study of these oscillations is presented, 
as well as optical simulations based on the fi nite-difference time-domain method, 
providing insight into the underlying interference phenomenon. Finally, an alternate 
measurement geometry is presented that eliminates these oscillations, specifi cally 
useful for performing optical-trap-coupled nanopore force spectroscopy. 
 Since its invention nearly 35 years ago optical tweezers have

become a ubiquitous technique in micro- and nano-scale bio-

physics, in the fi elds of colloidal chemistry, surface analysis

and single-molecule manipulation. [  1–3  ]  Optical tweezers have

also been coupled with other single-molecule techniques [  4–6  ]

and solid-state devices [  7–9  ]  in a variety of complex experi-

mental geometries. [  10–14  ]  By trapping microspheres tethered

near silicon nanomembranes [  15  ]  and nanowires, [  16  ]  optical

tweezers are used as an irreplaceable tool for manipulating

solid-state membranes with high precision in a large variety
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of fi elds such as fast-fl exible electronics, optoelectronics, 

nanophotonics [  17  ]  and more recently in biosensing. All these 

applications have in common that a microsphere is trapped 

near a free-standing thin membrane for manipulating either 

the membranes themselves or for manipulation of bead-

tethered single molecules near the solid-state membrane. This 

common approach results in a variety of novel optical effects 

that are caused by the proximity of a solid-state membrane 

near the optical trap. 

 One of the recent advances in this fi eld is the coupling of 

optical-tweezers-based force probes with solid-state nano-

pores. Here, an optical-tweezers force probe is used to measure 

electrophoretic forces on a biomolecule that is inserted into 

a nanopore drilled in a thin solid-state membrane. [  18–22  ]  

Interestingly large periodic fl uctuations in the measured 

trapped-bead position have been observed when the trapped 

bead is axially moved towards the thin membrane. [  19  ,  21  ]  In 

these reports, the position of the bead in trap was measured 

using a co-aligned low-power detection laser. The oscilla-

tory behavior, seen up to a distance of several microns from 

the membrane, was attributed to interference effects in the 
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     Figure  1 .     (a) Schematic of the experimental geometry. In the absence of 
any membrane, the bead is trapped in the optical trap at the Trapping 
Plane (no membrane). In the presence of a membrane, an axial offset 
appears in the trapped bead position, is shown as  Δ Z ht . LED illumination 
is used to image the trapped bead onto a CCD camera. (b) Bead height 
offset ( Δ Z ht ) versus the bead-membrane distance ( D bm  ) upon moving 
the membrane towards the trapped bead using a piezo stage., is plotted 
along the x-axis. A sawtooth periodic modulation of ( Δ Z ht ) is observed. 
In all fi gures  D bm   is set to zero when the approaching membrane 
contacts the trapped bead. Inset: shows the Fourier spectrum of the 
bead oscillations. Peaks positions and standard errors corresponding to 
the fundamental frequency (0.00250 nm  − 1 ) and its even (0.00502 nm  − 1 ) 
and odd (0.00751 nm  − 1 ) harmonics are estimated by Gaussian fi ts 
(solid line).  
detection path resulting from superposition of detection-laser 

light back scattered from the bead and the membrane. These 

oscillations near nanometer-thin membranes have limited the 

use and spread of these applications, and signifi cant design 

changes have been employed by researchers to attempt to 

circumvent these effects and the errors that they introduce in 

the measurements. [  21  ]  

 In this paper, we present a detailed description of the 

origins of this oscillatory behavior and show that it is not a 

detection artifact, but a real modulation of the axial height of 

the trapping plane when the trap is approaching a thin mem-

brane. We conclude that it is a generic phenomenon associated 

with the operation of optical tweezers near a thin solid state 

membrane. We show that as the optical trap axially moves 

towards the solid-state membrane, the laser light refl ected 

off the free standing membrane creates a moving fringe pat-

tern over the trap which periodically oscillates the position of 

the laser trapping plane. To gain a better understanding, we 

measure these effects under a variety of experimental condi-

tions and build a computational model of the experimental 

geometry using the fi nite-difference time-domain method. 

We fi nd that our model reproduces all the effects seen in the 

experiment remarkably well. Finally, we show an alternative 

experimental geometry to combine optical traps to nanopore 

measurements that eliminates the oscillatory effects. 

   Figure 1  a shows a schematic of the experimental geom-

etry. An optical tweezers setup is integrated with a nanopore 

setup, [  20  ,  23  ]  see the Experimental Section. Briefl y, a strepta-

vidin-coated 2  μ m diameter polystyrene bead is trapped 

with optical tweezers, near a silicon nitride membrane. For 

the measurements reported here, a free-standing membrane 

with 20 nm LPCVD silicon nitride, 100 nm thermally grown 

silicon oxide and 500 nm LPCVD silicon nitride was used. 

In a typical experiment, a membrane is mounted on a piezo 

stage with nanometer resolution and is brought above the 

stationary optical trap, allowing control of the membrane-

trap distance. In the absence of any membrane, a bead 

is trapped at the trapping plane of the optical tweezers 

(marked as ‘Trapping plane (no membrane)’ in Figure  1 a).

While monitoring the position of the trapped bead, the solid-

state membrane is slowly brought down towards the bead, 

until it contacts and starts to push against it. The position 

of the new trapping plane, in the presence of the membrane 

(marked as ‘Trapping plane (with membrane)’ in Figure  1 a), 

is estimated by measuring the offset in bead’s Z height 

( Δ Z ht ) as a function of bead-membrane distance ( D  bm ), see 

Figure  1 a.  

 In earlier experiments, the axial position of the trapped 

bead was measured using a quadrant photo detector and 

a low-power 635 nm red laser that was co-aligned with a 

1064 nm trapping infrared laser. [  19  ]  Because both the trapping 

and detection lasers may individually result in interference 

effects, we reconfi gured our setup to measure the trapped 

bead position using a laser-independent video-imaging 

method (see the Experimental Section). For bead-position 

detection, the sample is illuminated through the mem-

brane with light from a high-power LED and the trapped 

bead is imaged on a CCD camera. From the diffraction 

rings of bead images, we estimate the center (X,Y) position 
www.small-journal.com © 2012 Wiley-VCH
as well as the axial height of the bead with nanometer 

accuracy, by comparing them to a pre-measured look-up 

table, using a video tracking algorithm similar to that used 

in magnetic-tweezers measurements. [  24  ]  The video-tracking-

based scheme allows for measurement of the effect of an 

approaching solid-state membrane on the axial position of 

an optically trapped bead, independent of any detection 

laser.  
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Figure  1 b shows the measured offset in the bead height 

( Δ Z ht ) from the trapping plane as a thin free-standing 

membrane is brought closer to the trapped bead ( D  bm ) using 

a piezo stage. The bead position is found to change periodi-

cally in a saw-tooth fashion as the membrane moves towards 

the trapped bead. Once the membrane contacts the bead 

surface ( D  bm   =  0), it pushes against the bead. The amplitude 

of the axial oscillations of the bead signifi cantly increases 

as the membrane gets closer, reaching amplitudes of up to 

hundreds of nanometer before fi nally coming into contact 

with membrane, To facilitate comparison of the results at dif-

ferent experimental conditions, we will present the oscillation 

amplitude at  D  bm   =  1.5  μ m as the characteristic value; here, 

135  ±  5 nm. We fi nd that the bead oscillates in a sawtooth-

like fashion and indeed in its Fourier spectra, we fi nd peaks 

at the fundamental frequency and both its even and odd 

harmonics (see inset of Figure  1 b). The period of the oscilla-

tions is measured by fi tting these peaks to Gaussian profi les. 

Interestingly, we fi nd an oscillation period  p  of 400.0  ±  1.7 nm 

(errors shown are the standard error in peak center estima-

tion of the Gaussian fi t), which equals half the wavelength of 

the 1064 nm laser light in the medium (see below for more 

details). This suggests that the behavior is related to interfer-

ence effects of the trapping laser. 

 To further investigate the source of the oscillations, we 

measured changes in the height of a trapped bead under dif-

ferent experimental conditions.  Figure    2   shows a comparison 

of the traces of bead z-height offset as the nanopore mem-

brane is approached towards the trapped bead with different 

values for the membrane approach speed, trapping laser 

power, wavelengths of LED illumination, and thickness of 
© 2012 Wiley-VCH Verlag Gmb

     Figure  2 .     Trapped bead height ( Δ Z ht ) versus bead-membrane distance 
( D bm  ) under different experimental conditions. All measurements 
are done at standard parameters (except mentioned otherwise) of 
membrane approach speed of 100 nm/s, trap laser power of 2.5 W, 
green LED illumination and membrane thickness of 620 nm (Black 
squares, also plotted in Figure  1 b). For the rest of the traces, one 
parameter was changed at a time: approach speed is reduced to half 
(50 nm/s; red circles), trapping laser power (as measured in front of the 
laser module) was reduced to 100 mW (blue triangles); illumination LED 
light was changed to white light (magenta inverted triangles); and the 
membrane was replaced by a 20 nm-thin free-standing silicon nitride 
membrane (green diamonds).  
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the free-standing solid-state membrane. First, we measure the 

effect of membrane approach speed on the  Δ Z ht  oscillations. 

By reducing the speed of the membrane approach by a factor 

of 2 (red circles), the oscillations remain indistinguishable 

from that measured in Figure  1 b (plotted as black squares 

in Figure  2 ). The oscillation period is 398.4  ±  2.1 nm and the 

amplitude is 127  ±  5 nm at  D  bm   =  1.5  μ m. To remove any 

possibility that the illumination light affects the oscillations, 

we performed experiments with different illumination light 

sources. In Figure  2  we compare oscillations in the trapped-

bead position when beads are imaged using green (532 nm) 

LED illumination and compare it to white LED illumination. 

The bead oscillations were found to be similar also under 

these conditions (Figure  2 , downward magenta triangles). 

The period and amplitude of the oscillations at 1.5  μ m dis-

tance from the membrane were measured as 398.4  ±  3.5 nm 

and 143  ±  5 nm, respectively. Furthermore, we investigate the 

effect of laser power on the oscillations. Reducing the laser 

power by a factor of 25 (from 2.5 W to 100 mW) again did 

not affect the magnitude and period of the oscillations, as 

shown in Figure  2  (blue upward triangles). Since the trap is 

now weaker, the noise in the bead  Δ Z ht  traces is higher. We 

fi nd that the period of the oscillations and the amplitude (at 

 D  bm   =  1.5  μ m from the membrane) to be 401.6  ±  5.6 nm and 

183  ±  5 nm, respectively. Finally, to investigate a possible infl u-

ence of the membrane thickness, we performed experiments 

with 20 nm-thick free-standing silicon nitride membranes (as 

opposed to the thickness of 620 nm in Figure  1 b). As shown in 

Figure  2  (green diamonds), the oscillations are again present 

with a period of 395.2  ±  4.5 nm, but their amplitude at 1.5  μ m 

from the membrane is reduced to around 39  ±  5 nm.  

 Based on the results above, we propose the following model 

for the saw-tooth oscillations of the trapped bead position in 

the presence of an approaching membrane. In the absence of 

any refl ective surface, the focal spot (the trap center) results 

in a Gaussian intensity profi le along the axial direction. In the 

presence of the membrane, the light that is refl ected from the 

membrane interferes with the incoming laser light, forming 

intensity fringes along the axial direction. [  12  ]  The fringe closest 

to the trap center axially offsets the position of the highest 

intensity spot (the trap center). The trapped bead follows this 

position of highest intensity, i.e.,  not  the original laser focus 

position. As the membrane is translated towards the trapped 

bead, the intensity fringes move across the trap center, con-

tinuously offsetting the trap center until the next fringe moves 

in. Periodically, the next fringe creates a new maximum to 

which the bead jumps, which results in a saw-tooth oscilla-

tory modulation of the bead position. Note that the change in 

propagation length of the refl ected light is twice the distance 

travelled by the membrane. Hence, based on this physical pic-

ture, we expect the period of the oscillations to be equal to 

half the trapping-laser wavelength in the medium. This gives 

 p = λ/2n = 400 nm   , where  λ  is the wavelength of the trapping 

laser in vacuum ( λ   =  1064 nm) and  n  is the index of refraction 

of the medium ( n   =  1.33). This is in excellent agreement with 

the oscillation period measured in all experiments. 

 For a better understanding of the observed oscillations, 

we modeled an optical trap near a thin membrane using the 

fi nite-difference time-domain (FDTD) method (Lumerical 
3www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  3 .     FDTD simulations. (a) Schematic illustration of the simulation setup. (b) Simulated results for the trapping offset versus distance to a 
500 nm SiN membrane. (c) Trap oscillation amplitude as a function of membrane thickness. The crosses correspond to simulated values and the 
solid line is a guide to the eye. The thick and thin dashed lines mark the positions of predicted maxima and minima, respectively.  
Solutions, Inc., Canada). A Gaussian thin lens source with an 

NA of 1.2 and a wavelength of 1064 nm was used to model 

the laser source. The solid-state membrane was modeled as 

a 500 nm thick slab of silicon nitride using a refractive index 

of 2 (see  Figure    3  a). The surrounding environment was set to 

a refractive index of 1.33 to match the experimental condi-

tions. The position of the trapping plane for a given geom-

etry was evaluated as the position of highest electric fi eld 

intensity along the propagation direction (z-axis) after fi t-

ting the simulation results to a polynomial. We defi ne the 

zero value of the modeled trap position as the plane of the 

initial laser focus (Figure  3 a), as obtained from a simula-

tion without a membrane in the simulation region. Figure  3 b 

shows the simulated offset in position of the trapping plane 

for different distances between the initial laser focus and the 

membrane. It is evident that the simulations reproduce the 

saw-tooth oscillatory behavior that was observed experimen-

tally. The oscillation period is found to be 398  ±  7 nm, which 

is in agreement with the experimental value of about 

400 nm. Also the amplitude of 140 nm at the membrane dis-

tance of 2.5  μ m (corresponding to 1.5  μ m distance from the 

membrane for a 2  μ m diameter bead) is of the same order 

as the experimentally measured values. Note that, in contrast 

to the experimental situation, no bead was used in the simu-

lations. The simulations further support our hypothesis that 

the trap oscillations are a result from interference between 

the incident trapping laser and laser light refl ected by the 

thin membrane, whereas possible infl uence of the trapped 

bead plays a minor role.  

 Next we used the simulations to investigate the depend-

ence of the oscillations on membrane thickness. For each 

membrane thickness, the amplitude of the oscillations was 

measured at 2.5  μ m from the simulated membrane, corre-

sponding to 1.5  μ m distance between a membrane and the 
4 www.small-journal.com © 2012 Wiley-VCH
surface of a 2  μ m diameter bead, as used in the experiments. 

As shown in Figure  3 c there is a strong dependence of the 

oscillation amplitude on membrane thickness. The curve is 

not monotonic, but contains several maxima and minima. 

This can be understood by considering that a thin solid-state 

membrane has two closely spaced refl ecting surfaces. Refl ec-

tions from these two interfaces will interfere constructively 

or destructively depending on the membrane thickness. 

Hence, the membrane thickness will infl uence the total frac-

tion of light that is refl ected by the membrane and in turn, 

will determine the amount of light that can interfere with 

the initial optical trap. The phase difference,  Δ  p , between 

light refl ected from the two interfaces (at normal incidence 

angle) is given by,  �p = 2π

λ
2tn − π  , where   λ   is the wave-

length of the laser in vacuum and  n  and  t  are the refractive 

index and the thickness of the membrane, respectively. From 

this relation we calculate the thicknesses that correspond to 

constructive ( Δ  p   =  0, 2 π , … , thick dashed lines in Figure  3 c) 

and destructive ( Δ  p   =   π , 3 π , … , thin dashed lines in Figure  3 c) 

interference and they perfectly overlap with the maxima and 

minima obtained from the FDTD simulations. This explains 

the experimental observation of strongly different oscillation 

amplitude between then thin (20 nm) and thick (620 nm) 

membranes. 

 From this understanding of the behavior of an optical 

trap near a solid-state membrane, it is clear that the oscilla-

tions may be reduced, yet not fully eliminated by a very pre-

cise control of the membrane thickness. However, for many 

experiments, changing the membrane thickness is imprac-

tical, because it infl uences other experimental conditions. 

In the example of optical tweezers coupled to a nanopore 

sensor setup, this includes the electrical noise, structural sta-

bility and the detection sensitivity. [  25  ,  26  ]  With this in mind, 

we present an alternate, much simpler and more versatile 
 Verlag GmbH & Co. KGaA, Weinheim small 2012, 
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     Figure  4 .     Alternate experimental geometry to remove trap oscillations. 
The laser passes through the solid-state membrane and traps the beads 
on the far side of membrane. This geometry eliminates all refl ection-
based effects on the optical trap, and bead oscillations during a 
membrane approach are removed. (b) Comparison of offset in trapped 
bead height when a 620 nm thick membrane is approached, when the 
bead is trapped below (gray square; same as Figure  1 b) and above (solid 
stars) the nanopore membrane. Inset: Fourier spectrum of approach 
trace for bead trapped above (solid stars) and below (gray squares and 
line; same as Figure  1 b inset) the membrane is plotted.  
experimental geometry that removes the axial oscillations 

of the optical trap center upon an approaching free-standing 

membrane. This alternate experimental geometry is sche-

matically shown in  Figure    4  a. We inverted the experimental 

geometry, where now the trapping laser passes through the 

thin solid-state membrane and traps the bead on the other 

side of the membrane. In this geometry, there are no refl ec-

tive surfaces above the trap and thus all the refl ection-based 

effects on the trap are removed, apart from refl ections of 

the trapped bead itself which constitutes a much smaller 

effect. [  27  ]  Figure  4 b (solid stars) shows the experimental  Δ Z ht  
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
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traces where the bead is trapped above the membrane and 

the membrane is moved upwards to fi nally contact the bead. 

For comparison, the membrane approach trace of Figure  1 b, 

where the bead is trapped under the membrane, is also 

plotted (gray squares). In inset to Figure  4 b, we show that 

the Fourier spectrum of the approach trace for bead trapped 

above-the-membrane (solid stars) is fl at and featureless. 

As is clear from the trace in Figure  4 b, the refl ection-based 

oscillations that were previously seen are removed. Any pos-

sible effects due to refl ections of the bead [  27  ]  appear to be 

well within the thermal fl uctuations of the measured bead 

position. This new geometry alleviates the oscillations and is 

fully compatible with all the conceived optical-trap-coupled 

nanopores-based experiments. The only minor disadvan-

tage is that trapping beads on the far-side of the membrane 

will result in  ∼ 10% lower laser power due to refl ection and 

absorption by the membrane.  

 In conclusion, we present a detailed description of the 

optical effects when working with optical tweezers near 

free-standing solid-state membranes. The origin of the 

observed oscillatory signal in experiments with nanopore-

coupled optical tweezers instruments was revealed and 

described. We fi nd saw-tooth oscillations that are due to 

refl ections of the trapping laser from the solid-state free 

standing membrane that interferes with and modifi es the 

incident intensity profi le of the focused laser trap, resulting 

in an axially re-positioned trap center. Movement of the 

membrane interface towards the bead causes the axial posi-

tion of the trap center to oscillate in a saw-tooth manner. 

Our model is supported by computer simulations that 

reproduce all the salient features of these experimentally 

observed oscillatory effects. For the conventional geometry, 

the presented description of the oscillations can be helpful 

in determining the distance of the trapped bead from the 

nanopore membrane. Finally, we describe an alternate 

experimental geometry, where the laser passes through the 

thin membrane and the bead is trapped on the far side of 

the membrane. This geometry removes effects of any laser 

refl ections from the membrane on trap position. We dem-

onstrate that this new experimental geometry removes the 

observed errors in force measurements in a nanopore using 

optical tweezers as a force transducer. Combination of 

optical tweezers with nanometer thick membranes is used 

in a variety of nanophotonics and biosensing applications. 

These experiments and devices are limited in their applica-

tions due the inherent effects of refl ections on the optical 

tweezers. Our description and remedy of this effect should 

be useful for a broad range of applications in surface bio-

physics, colloidal chemistry and single-molecule nanopore 

biosensing.  

 Experimental Section 

  Optical Tweezers : Free standing nanopore membranes are 
fabricated [  28  ,  29  ]  using standard photolithography and e-beam 
lithography methods. These solid-state membranes were mounted 
on glass coverslips in a custom-made fl owcell consisting of poly-
dimethyl siloxane (PDMS) and polyether ether ketone (PEEK) 
5www.small-journal.combH & Co. KGaA, Weinheim
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components permitting fl uid access to both sides of the mem-
brane [  19  ]  as well as optical measurements. This fl owcell is mounted 
on a 1.2NA (60 × ) water immersion objective (Olympus), through 
which both the optical trapping as well as optical imaging is 
achieved. The optical tweezers were constructed as described 
previously. [  19  ]  Briefl y, a 1064 nm laser beam (COMPASS 1065–
4000M, Coherent Inc.) was expanded using a beam expander 
and focused to a diffraction limited spot using the objective. The 
working distance of the objective (0.28 mm) allows for trapping of 
beads both below and above the nanopore membrane. Collimated 
light from high power green/white light LED was used for illumi-
nation of sample and was imaged on a CMOS camera (MC1362, 
Mikrotron). The x,y and z-position of a trapped bead was estimated 
with nanometer accuracy by comparing the defocusing rings of the 
bead with previously measured look-up-table generated by defo-
cusing the bead immobilized on surface. The 3D tracking routine is 
described in detail, elsewhere. [  24  ]  

  FDTD simulations : The FDTD simulations were performed 
using the commercial software Lumerical FDTD Solutions (Lumer-
ical Solutions, Inc., Canada). A Gaussian thin lens source with an 
NA of 1.2 and a wavelength of 1064 nm was used to model the 
laser source. No further corrections were made for aberrations 
resulting from tight focusing of a laser beam within the fl ow cell. 
A silicon nitride membrane of given thickness was modeled using 
a refractive index of 2. The surrounding environment was set to 
a refractive index of 1.33. The simulations were performed in a 
region of 15  μ m  ×  15  μ m  ×  8  μ m, where the letter is the direction 
along the light propagation. Conformal meshing was employed 
and extra fi ne mesh boxes were added close to the focal plane 
and around the moving membrane (with at least 10 mesh cells 
over the membrane for any given thickness). To reduce the com-
putational time we used anti-symmetric (parallel with the source 
polarization) and symmetric (orthogonal to the source polari-
zation) boundary conditions for the two axes orthogonal to the 
source propagation direction. Perfectly match layers were used to 
absorb the fi elds and avoid refl ection from the boundaries of the 
simulation region.  
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