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ORIGINAL ARTICLE

High frame rate multi-resonance imaging refractometry
with distributed feedback dye laser sensor

Christoph Vannahme, Martin Dufva and Anders Kristensen

High frame rate and highly sensitive imaging of refractive index changes on a surface is very promising for studying the dynamics of

dissolution, mixing and biological processes without the need for labeling. Here, a highly sensitive distributed feedback (DFB) dye laser

sensor for high frame rate imaging refractometry without moving parts is presented. DFB dye lasers are low-cost and highly sensitive

refractive index sensors. The unique multi-wavelength DFB laser structure presented here comprises several areas with different grating

periods. Imaging in twodimensionsof space is enabledbyanalyzing laser light fromall areas inparallelwithan imagingspectrometer.With

this multi-resonance imaging refractometry method, the spatial position in one direction is identified from the horizontal, i.e., spectral

position of the multiple laser lines which is obtained from the spectrometer charged coupled device (CCD) array. The orthogonal spatial

position is obtained from the vertical spatial position on the spectrometer CCD array as in established spatially resolved spectroscopy.

Here, the imaging technique is demonstrated by monitoring the motion of small sucrose molecules upon dissolution of solid sucrose in

water. The omission of moving parts improves the robustness of the imaging system and allows a very high frame rate of up to 12 Hz.
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INTRODUCTION

Studying the dynamics of small molecule motion upon dissolution

and mixing with label-free techniques as well as fast and multiplexed

label-free biosensing are of considerable interest for the understanding

of chemical, microfluidic and biological processes. While labeling,

especially fluorescent labeling, is often used for visualizing small mole-

cules these labels can affect the diffusion, convection and chemical

properties of the molecules. Stimulated Raman scattering and stimu-

lated emission microscopy techniques are label-free, but their imaging

frame rate is limited due to the need for scanning.1 Among label-free

biosensors, those based on optical transduction have proven most

sensitive.2,3 Several optical sensors allow spatially resolving the refrac-

tive index on surfaces in microscope like set-ups. This imaging refrac-

tometry has e.g., been applied to detect nanoparticles,4,5 proteins,6–8

viruses9–11 and cells12–16 and has enabled imaging as well as multiplexed

sensing.10,17 In this context, label-free signal transduction is based on

surface plasmon resonance,9,12,13,17,18 plasmonic hole arrays,19–23 pho-

tonic crystals5,14–16 and interferometry.8,10,11 Most of these methods rely

on detecting a resonance shift in the optical spectrum. Imaging is often

achieved by resolving optical resonances in one dimension of space with

an imaging spectrometer. However, for imaging in two dimensions of

space, the sample usually needs to be moved and images are assembled

from multiple line scans. In this context, photonic crystal resonant

reflectors have been used5,15 where scanning one line takes approxi-

mately 0.1 s which e.g., corresponds to a frame rate of 0.4 Hz for an

image with 25 lines. In addition, moving the device relative to an

imaging set-up is not only limiting the frame rate but can also affect

the sample and is therefore undesired.

Dye-based distributed feedback (DFB) lasers are widely tunable laser

light sources at visible wavelengths and have recently received attention

as highly sensitive refractive index and biological sensors.24–28 They are

inexpensive and feature very simple fabrication, low threshold and

single-mode emission. Due to their narrow spectral linewidth and an

optimized29 high-sensitivity, nanoimprinted DFB dye laser sensors

have proven to exhibit detection limits as low as 831026 RIU.30

Here, a highly sensitive multi-wavelength nanoimprinted DFB dye

laser sensor for high frame rate imaging refractometry without moving

parts, enabling an imaging frame rate of up to 12 Hz is presented. The

unique DFB laser structure comprises several areas of different grating

periods which result in several spectrally separated laser emission

peaks. This method is called multi-resonance imaging refractometry

(Multi-RIR) in the following and is demonstrated by monitoring the

complex motion of small sucrose molecules in water driven by dis-

solution, diffusion and convection.

MATERIALS AND METHODS

In this work, the Multi-RIR method is introduced with a surface emit-

ting second-order DFB laser device with areas emitting at different

emission wavelengths. The DFB laser wavelengths shift if the refractive

index of the material on top of the device is changing. This way, the

wavelength shift is used as a sensor signal giving the refractive index and

refractive index changes on the surface. This relation is well understood
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and the refractive index of material on the surface can be calculated

from the emission wavelength.30 For explanation of the Multi-RIR

technique, a simplified device is shown in Figure 1a. This device com-

prises two areas emitting at two wavelengths 1 and 2. These wave-

lengths are spectrally close to each other but well separated as can be

seen from the spectrum in Figure 1a. With an optical microscope

system, a magnified image of the device surface is projected to the focal

plane of the microscope where usually a charged coupled device (CCD)

array is placed. Here, instead of a CCD array the entrance slit of an

imaging spectrometer is placed in the focal plane. In addition, the image

is compressed in x-direction with a cylindrical lens. Figure 1b illustrates

the resulting image obtained from the imaging spectrometer’s CCD

array. The vertical direction in this image is corresponding to the

y-direction and is used for spatially resolving in this direction as com-

monly done with an imaging spectrometer. Here, for simplification

only two rows of the CCD array are shown corresponding to two

y-pixels. The horizontal direction in the spectrometer CCD array image

corresponds to the wavelength. Due to the different wavelengths from

the two areas at x1 and x2 two narrow lines appear in the image. These

lines identify the positions x1 and x2, respectively. This is the key idea of

the Multi-RIR method. The width Dx of the areas with different

resonant wavelength defines the spatial resolution of the imaging in

x-direction. From the CCD image a refractometric image is obtained

by finding the center wavelengths for each y-row and each laser line, i.e.,

x-position. Finding the center wavelength is based on fitting a

Lorentzian function or on a center of mass approach.30 Refractive index

changes can be detected as the wavelength of the lines is shifting which

is indicated for the point in time t5t1 in Figure 1b. While the method is

explained here with only 232 pixels it is straight forward to extent it to

many more pixels which is demonstrated in the following.

Figure 2a shows a schematic of a DFB dye laser device with 40

different regions with grating period Li (only three are shown in the

schematic) ranging from 351 nm to 390 nm with an interval of 1 nm

between the adjacent areas. The grating depth is approximately 100 nm

and the duty cycle 25%. The width of each area is Dx525 mm and the

whole nanostructured area is 1 mm 3 1 mm. There is no gap between

the areas.

The device was fabricated on a 0.5-mm-thick 4-inch Borofloat glass

wafer where upon a thin film of Pyrromethene 597 (Exciton

Technology Inc., Edmonton, Alberta, Canada ) doped Ormocomp

mixed with ma-T 1050 thinner (25% w/w; micro resist technology

GmbH, Berlin, Germany) was spin-coated to a thickness of approxi-

mately 400 nm. A silicon stamp made by electron beam lithography

and reactive ion etching and coated with an antistiction coating was

used for replicating the grating structure via room temperature

nanoimprint into the Ormocomp layer for 20 min at 10 kN. The

Ormocomp film was cured by exposure to ultraviolet light and heated

to 110 6C for 3 min before stamp and device were separated. Finally,

25 nm of TiO2 were ion beam deposited onto the Ormocomp film.

Figure 2b schematically illustrates how the laser was positioned in a

fluidic well consisting of 1-mm-thick piece of polymethyl methacry-

late which was attached to the device surface with adhesive film. The

well structure was filled with distilled water for investigation of the

dissolution of solid sucrose which was added to the small well.

The optical set-up used for exciting the multiwavelength DFB laser

device and analyzing its emission is illustrated in Figure 2c. The DFB

laser is excited with a nanosecond-pulse pump laser at 532 nm (CryLaS

FDSS532-150; CryLaS GmbH, Berlin, Germany) which is triggered with

a repetition rate of up to 12 Hz. A dichroic mirror is reflecting the

pump light onto the sample where it excites the DFB laser through a
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Figure 1 Operating principle of Multi-RIR. (a) The device, a DFB laser, consists of

two laser areas that emit at two different center wavelengths, 1 (blue) and 2 (red).

These two laser areas define the positions x1 and x2 of widthDx. A magnified image

of the laser surface is projected at the same plane as the entrance slit of an imaging

spectrometer. This image is compressed in x-direction by a cylindrical lens and this

way light from both wavelength areas is coupled into the spectrometer. The y-

direction is unaffected by the cylindrical lens. A schematic of the laser device from

above shows the wavelengths of the emitted light from these areas indicated with

blue and red color. (b) Schematic illustration of the images which are obtained from

the spectrometer CCD array and corresponding refractometric images. For the

point in time t50, it is assumed that the same refractive index is present on top

of the device at all positions. The emission from the two different areas results in two

narrow lines in wavelength direction. As the y-direction is unaffected by the cylin-

drical lens, the y-position corresponds to the vertical direction in the imaging

spectrometer CCD image. The spatial resolution in y-direction is affected by the

magnification of the imaging and the number of pixels of the CCD array in this

direction. Here, only two rows with pixels in y-direction are shown. Refractometric

images, i.e., images of the surface refractive index changes, are obtained from the

spectrometer CCD image by finding the center wavelength for each laser line and

each row. It is assumed that at the point in time t5t1 the refractive on top of the

device has increased a certain amount at the pixel (1,1) and less at the pixels (1,2)

and (2,1) while it is unchained at pixel (2,2). In this case, the center wavelengths

shift due to the refractive index change as shown in the second spectrometer

image. By finding the four center wavelengths from this CCD array image the

refractometric image is obtained showing the wavelength shift and thus the refract-

ive index shift for each of the four pixels. CCD, charged coupled device; DFB,

distributed feedback; Multi-RIR, multi-resonance imaging refractometry.
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microscope objective with a pump fluence of typically 1–5 mJ mm22.

The pump beam was adjusted such that a spot with Gaussian shape with

a beam waist of approximately 1.8 mm appeared on the surface in order

to illuminate the 1 mm 3 1 mm large grating area homogeneously. The

DFB laser emission of longer wavelength than the pump is transmitted

through the dichroic mirror, while the mirror blocks the pump light.

The emitted light is passing a tube lens and is split into two beams with

a beam splitter. The first beam is used to create an image of the laser

surface onto a CCD array, CCD1, for position control. The second

beam is focused in x-direction with a cylindrical lens, while the y-

direction is unaffected by this lens (compare Figure 2c for the directions

relative to the device). Due to the compression with the cylindrical lens,

light from all the laser areas is coupled into an imaging spectrometer.

The CCD array of the imaging spectrometer (Acton SP-2756 imaging

spectrograph with PIXIS100B digital CCD camera, 13403100 pixels;

Acton International, Ltd., Lincoln, NE, USA) is triggered with the same

signal as the pump laser. The optical system presented here is capable of

operating with a frame rate of up to 12 Hz limited by the readout time

of the spectrometer CCD array. The upper inset in Figure 2c shows an

image from the color CCD1 where lasing at a specific wavelength dif-

ferent from the other areas’ lasing wavelengths is observed for each

region while pure water is present on the laser surface here. The differ-

ent resonance wavelengths can be seen from the color change from

green to orange in x-direction. The optical system gives a 43 magnifica-

tion such that in y-direction the image of the 1 mm long laser area fills

exactly the length of the 4 mm long entrance slit of the imaging spectro-

meter. Corresponding data from the imaging spectrometer CCD2 is

presented in the lower inset of Figure 2c. The emission from the areas

with different grating period is separated to several lines on the CDD

image due to the varying wavelength, compare Figure 1b. If the refract-

ive index of the laser’s cladding is changing, the wavelength is shifting

and this can be monitored by spectral shifts of the laser lines for all

positions. By continuously taking images, the wavelength shift of each

line is calculated and refractive index changes are monitored in time

and two dimensions of space with the Multi-RIR method.

RESULTS AND DISCUSSION

In the following, it is shown how the multiwavelength DFB laser is

used to monitor how a piece of solid sucrose is added to the smaller

fluidic well (Figure 2b) and is dissolving in water. This results in

motion of sucrose molecules as the sucrose is dissolved in water while

the size of the solid sucrose is decreasing with time. Sucrose molecules

are moving driven by diffusion and convection. The combination of

these different physical processes results in a sucrose motion, which

would be complex to be reflected with a simulation. Influence on the

molecule movement by the pump laser light or induced heat might be

possible, but is not expected as the total pump power is low and

distributed homogeneously.
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Figure 2 (a) Schematic illustration of DFB dye laser with areas of different grating

period. Only three areas of different grating period are shown while the real device

comprises forty areas. (b) Schematic of fluidic well structure. (c) Schematic of

optical set-up with microscope color image of laser surface from CCD1 showing

laser emission at different wavelengths and corresponding image from imaging

spectrometer CCD array (CCD2) showing the different laser lines. CCD, charged

coupled device; DFB, distributed feedback; PMMA, polymethyl methacrylate.
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Wavelength shift upon sucrose motion for y50.65 mm. (c) Label-free images

of sucrose motion (compare Supplementary Movies 1 and 2).
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Figure 3 illustrates how a laser was used to image the sucrose con-

centration change using 18 adjacent laser areas with a frame rate of

12 Hz. Here, the spectrometer was used with a grating with 150 g mm21

resulting in a spectral bandwidth of 0.17 nm corresponding to the

length of one of the 1340 pixels in the wavelength direction of

the 13403100 pixel CCD array. Accordingly, there are 100 pixels in

the y-direction. The single lasing peaks were found with a Matlab-based

code from the data obtained with CCD2. Firstly, a set of lasing peaks

corresponding to all x-positions was found by averaging the spectra of

all y-positions at t50. Laser lines were identified by finding all the local

maxima within one spectrum whereat a minimum distance between the

maxima as well as a minimum peak height were taken into account. For

each laser peak the central wavelength was determined by fitting a

Lorentz function to the data. For the data set shown in Figure 3, seven

data points have been used for each fit. The number of data points needs

to be limited such that the emission peak from the next lasing area does

not influence the fit. At the same time, the fit result is usually better the

more data points of the actual peak are used. The laser emission center

wavelengths were determined for every single y-position and all the

frames using the same approach. For illustration of the method, the

spectra at different points in time are shown for y50.65 mm in

Figure 3a. The calculated center emission wavelengths for the peaks

are shown as colored symbols. Sucrose was added while the wavelength

was monitored and thus, the spectra for 0 s and 8 s represent lasing with

pure water on top of the device which results in a stable wavelength. Due

to motion of the sucrose molecules and the resulting concentration

increase the emission wavelength is red shifting after approximately

14 s as shown in Figure 3b for y50.65 mm. The same data analysis is

done for all y-positions. The 18 laser lines correspond to 18 adjacent

areas with a width of 25 mm and thus identify the x-coordinate. Using

this, the wavelength shift is imaged as shown in Figure 3c. Here, it can be

seen that the wavelength, and thus, the refractive index of the water

sucrose solution, is increasing from left to right as the sucrose is added

on the left. The stable wavelength level before sucrose is added confirms

that wavelength blue shifts induced by temperature changes31,32 are

weak for the devices used and can be neglected here. Some of the pixels

at later points in time remain unchanged. Here, the intensity peaks

where too weak to be clearly identified by the code. Videos showing

the data from CCD2 and the center wavelength positions found with the

code (Supplementary Movie 1) and the calculated wavelength shift

(Supplementary Movie 2) are attached as supplementary material.

In the experiment presented in Figure 3 the detection limit dl of the

DFB dye laser sensor is limited by the spectral bandwidth to approxi-

mately 231024 RIU. The detection limit is calculated from the sens-

itivity s590 nm RIU21 of the laser sensor and the standard deviation

s of the Lorentzian fit to dl52s/s with s56 pm for 200 pulses with

pure water on top of the device. Further details about this calculation

are described elsewhere.30,33

So far, the spectrometer was used with a grating with 150 g mm21

resulting in a spectral bandwidth of 0.17 nm. By using a grating with

1800 g mm21, the spectral bandwidth can be increased such that one

spectrometer pixel in wavelength direction corresponds to 12 pm.

However, this implies that only 11 laser peaks fit into the whole spec-

tral range corresponding to the length of the spectrometer CCD. Thus,

there is a tradeoff between the possible number of imaging pixels in

x-direction and the possible detection limit with this method. Figure 4

shows the results of a similar sucrose dissolving experiment as before,

this time with higher spectral resolution and only 11 laser peaks used

for analysis. Figure 4a shows spectra for selected points in time again

and Figure 4b shows the wavelength shift which in this case has been

corrected for a linear blue shifting of the wavelength caused by dye

bleaching (compare Ref. 30 for bleaching effects). The blue shift has

been calculated from the data for the first 80 s where pure water was

present on top of the device. In general, there is less noise compared to

the previous experiment due to the decreased spectral bandwidth and the

detection limit is approximately 631025 RIU now. However, the noise

increases for the peaks No. 1 and 11. A single peak and the Lorentzian fit

are shown in Figure 4c. Again, seven data points have been used for

fitting. In Figure 4d, images for different points in time reflecting the

wavelength shift upon dissolving sucrose are shown. Due to the short

total length in x-direction the wavelength shift difference between the

x-positions may seem weak in comparison to the previous experiment. A

corresponding movie (Supplementary Movie 3) is attached as supple-

mentary material.

Wavelength shifts are shown here in order to illustrate the method,

but the actual sucrose concentration can be calculated from the well-

known refractive index of sucrose-water solutions34 and the sensitivity

of approximately 90 nm RIU21 of the DFB laser sensors.30

CONCLUSIONS

In summary, imaging refractometry with multiwavelength DFB dye

lasers with a frame rate of 12 Hz has been demonstrated introducing

the Multi-RIR method. The main advantages of this technique are the

low detection limit of the DFB dye laser sensor, the high imaging frame

rate mainly limited by the spectrometer CCD, and that the use of moving

parts is avoided. In addition, the presented method of using varying
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spectral resonances for spatial resolution in one direction is promising for

other optical resonant structures. The use of passive optical resonances

would avoid the need for a pump laser source and the undesirable effects

of bleaching blue shifts while it would also result in higher detection

limits. With the presented method, the spatial resolution in x-direction

is defined by the width of the areas of varying grating periodDx. It can be

increased by using a smaller Dx, but as the number of areas that can be

analyzed is limited, this will also limit the overall size of the whole ana-

lyzed area in x-direction. In y-direction, the spatial resolution is limited

because of the coupled nature of the laser light. With passive photonic

crystals, the spatial resolution can be down to 3.5 mm in y-direction.35

The Multi-RIR technique presented here could pave the way towards

label-free analysis of e.g., signaling molecule diffusion. Especially the

low detection limit combined with high frame rate imaging opens up

for real-time analysis for a variety of chemical, microfluidic, and bio-

physical applications. In addition, the optical set-up offers the possibi-

lity of multiplexed analysis of a large number of analysis spots with high

frame rate.
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	Figure 1 Figure 1 Operating principle of Multi-RIR. (a) The device, a DFB laser, consists of two laser areas that emit at two different center wavelengths, &blk249;1 (blue) and &blk249;2 (red). These two laser areas define the positions x1 and x2 of width Dx. A magnified image of the laser surface is projected at the same plane as the entrance slit of an imaging spectrometer. This image is compressed in x-direction by a cylindrical lens and this way light from both wavelength areas is coupled into the spectrometer. The y-direction is unaffected by the cylindrical lens. A schematic of the laser device from above shows the wavelengths of the emitted light from these areas indicated with blue and red color. (b) Schematic illustration of the images which are obtained from the spectrometer CCD array and corresponding refractometric images. For the point in time t=0, it is assumed that the same refractive index is present on top of the device at all positions. The emission from the two different areas results in two narrow lines in wavelength direction. As the y-direction is unaffected by the cylindrical lens, the y-position corresponds to the vertical direction in the imaging spectrometer CCD image. The spatial resolution in y-direction is affected by the magnification of the imaging and the number of pixels of the CCD array in this direction. Here, only two rows with pixels in y-direction are shown. Refractometric images, i.e., images of the surface refractive index changes, are obtained from the spectrometer CCD image by finding the center wavelength for each laser line and each row. It is assumed that at the point in time t=t1 the refractive on top of the device has increased a certain amount at the pixel (1,1) and less at the pixels (1,2) and (2,1) while it is unchained at pixel (2,2). In this case, the center wavelengths shift due to the refractive index change as shown in the second spectrometer image. By finding the four center wavelengths from this CCD array image the refractometric image is obtained showing the wavelength shift and thus the refractive index shift for each of the four pixels. CCD, charged coupled device; DFB, distributed feedback; Multi-RIR, multi-resonance imaging refractometry.
	Figure 2 Figure 2 (a) Schematic illustration of DFB dye laser with areas of different grating period. Only three areas of different grating period are shown while the real device comprises forty areas. (b) Schematic of fluidic well structure. (c) Schematic of optical set-up with microscope color image of laser surface from CCD1 showing laser emission at different wavelengths and corresponding image from imaging spectrometer CCD array (CCD2) showing the different laser lines. CCD, charged coupled device; DFB, distributed feedback; PMMA, polymethyl methacrylate.
	Figure 3 Figure 3 Label-free imaging with moderate spectral resolution. (a) Spectra for y=0.65&emsp14;mm for six different points in time (black symbols and lines). Colored symbols indicate the spectral position of the fitted center wavelengths. (b) Wavelength shift upon sucrose motion for y=0.65&emsp14;mm. (c) Label-free images of sucrose motion (compare Supplementary Movies 1 and 2).
	Figure 4 Figure 4 Label-free imaging with high spectral resolution. (a) Spectra for y=0.65&emsp14;mm for 6 different points in time (black symbols and lines). Colored symbols indicate the spectral position of the fitted center wavelengths. (b) Wavelength shift for y=0.65&emsp14;mm. (c) CCD2 data and Lorentzian fit for peak No. 7. (d) Label-free images of sucrose motion (compare Supplementary Movie 3). CCD, charged coupled device.
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