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ABSTRACT 

 
We have developed a super compact optical 

fluorescence spectrometer. Our innovative design combines 
advantages of guided wave planar optics and free-space 
microoptics. This innovation allows for miniaturization that 
is not achievable with pure planar or pure free-space optics. 
A prototype device has volume of its optical part below 
1cm3. The spectrometer covers 450nm-650nm spectral 
range, and provides spectral resolution of 0.5nm. Next 
generation prototype, currently under development, will 
have volume below 10mm3, cover the entire visible range 
from 400-700nm, provide spectral resolution of at least 
2nm, and work simultaneously with up to 35 independent 
optical inputs. The key component of the micro-
spectrometer is diffractive optical element. The targeted 
application is on-chip diagnostic systems, in particular for 
detection of hazardous materials.  
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1 INTRODUCTION 
 
Miniature optical spectrometers are required for on-chip 

systems that use optical spectroscopy as analytical tool for 
DNA sequencing, microarrays reading, detection of 
hazardous substances and other applications. A state-of-the-
art in optical microspectrometers is reviewed in a recent 
paper [1]. As a rule, smaller size of the device implies 
worse spectral resolution. For micro-spectrometers with 
size of optical components of about 1cm, the best reported 
resolution in visible range is from 5nm-10nm for both 
planar integrated optical [2] and free-space microoptical [3] 
designs. Very recently, a microspectrometer based on 
sensing a standing wave in front of a mirror [4] has been 
proposed. It is very compact but its resolution is not better 
than 6nm. A high-resolution (0.07nm) single input channel 
microspectrometer based on an arrayed waveguide grating 
is described in [5]. Better resolution in this case comes in a 
package with a limited spectral range (14nm) and 
presumable large footprint to accommodate as many as 250 
waveguides in the array. 

We demonstrate that combining integrated optics and 
microoptics allows for further miniaturization, which is not 
achievable with pure planar or pure free-space design. In 
the concept of a microspectrometer reported here, the 
optical input is guided by a channel waveguide, and the 
expansion section as well as the grating is implemented in a 

planar waveguide. Then light out-coupled to free-space by 
the grating is spectrally dispersed by the same grating and 
focused by a microlens on an image sensor. More advanced 
version of the microspectrometer uses a single diffractive 
optical element replacing the grating and the microlens. 
Within this concept, the tradeoff between the 
microspectrometer size and its spectral resolution is such 
that a device with optical components size below 1cm 
provides an order of magnitude better spectral resolution 
compared to the best microspectrometers described in the 
literature. Or, alternatively, the optical part of the 
microspectrometer can be squeezed down to several cubic 
millimeters, while providing the spectral resolution of 
single nanometes. Using a properly designed diffractive 
optical element allows for another significant improvement: 
the microspectrometer can work in parallel with dozens of 
independent optical inputs.   

 
2 LENS-BASED PROTOTYPE 

 
Spectral resolution as good as 0.5nm in visible range for 

a micro-spectrometer that has optical components measured 
by less than 1cm in all dimensions has been verified by 
experiments. Slightly larger (2cm) version of this device is 
capable of resolving 0.2nm. The resolution tests are 
performed using laser sources. Overall functionality of the 
microspectrometer is demonstrated by measuring spectrum 
of Rhodamine-575 dye. 
 

 

Figure 1 (Color). The experimental setup (top), the CCD 
camera (bottom left inset), and the fluorescence spectrum 
of R-575 dye measured using the microspectrometer 
(bottom).
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The experimental setup is shown in Figure 1 at the top. 
The left bottom inset shows a CCD camera used in the 
experiment. The camera had 480×752 pixels at 6µm pitch 
in both dimensions. The fluorescence spectrum together 
with the line of the pump laser (Ar+-ion) is shown at the 
bottom. The cuvette with the dye and the objective for 
coupling light to the waveguide are external components 
used for demonstration purposes only. Ultimately, the 
system is viewed with a semiconductor laser and 
microfluidic channels integrated with the optical 
waveguide.   

Close view of the assembly that contains the waveguide 
grating and a lens is shown in Figure 2.  

 

 
 
The HfO2/SiO2 waveguide structure was acquired on a 

commercial basis, and the grating was fabricated on-site 
using a holographic setup with deep-UV exposure (257nm, 
2-nd harmonic of Ar+-ion laser) followed by plasma 
etching. The grating period was approximately 400nm, and 
the grating depth was defined by the thickness of the top 
SiO2 cap layer (75nm).   

For the resolution calibration, we used a He-Ne laser, 
which emits a 632.8nm and a 640.0nm lines. The 
wavelength of the 640.0nm line was confirmed by 
independent measurements using a Hewlett-Packard HP-
70951B optical spectrum analyzer. The snap-shot of the 
CCD image is shown in Figure 3. The 640.0nm line is 
barely visible in the image, but it is strong enough for pixel-
by-pixel analysis of intensity distribution. No averaging 
technique was used at this stage. The camera produced 30 
frames per second, and one of the images was taken for 
further analysis. Moreover, to avoid saturation, the laser 
beam intensity was strongly reduced by passing light 
through polarizers with almost orthogonal planes of 
polarization. While working with low-brightness sources, 
hundreds (~400) lines of pixels can be averaged with the 

shift corresponding to the curvature of the arcs, and 
hundreds (~300) of frames can be integrated during about 
10s period. This will effectively increase sensitivity of the 
microspectrometer by a factor of about 105. 

 
 

 
The intensity distributions versus pixel number for the 

central row of pixels for both lines were fitted with 
Lorentzian curves (Figure 4) to extract the widths of the 
lines. The arcs were found to be less than 1.5 pixels wide at 
half-maximum, which corresponds to the spectral resolution 
better than 0.2nm. This resolution is achieved using a 
plano-convex lens with the f = 2cm focal length. Total 
spectral range covered by the microspectrometer in this 
case was about 100nm.  

 

 

A similar test for the device with f = 1cm lens was 
performed using 632.8nm line of He-Ne laser and 514.5nm 
line of Ar+ -ion laser. The resolution was found to be 
0.5nm, and the spectral range corresponding to the size of 
the image sensor was approximately 200nm. Deterioration 
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Figure 4. Lorentzian fit of the intensity distribution versus 
pixel number for the 632.8nm line and 640.0nm line of He-
Ne laser. 
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Figure 3. Snap-shot of the intensity distribution on the 
image sensor with optical input from a He-Ne laser 
emitting at 632.8nm and 640.0nm (top) and the intensity 
distribution along the central row of pixels (bottom).  
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Figure 2 (color). Close view of the assembly containing 
the waveguide grating and the microlens.  
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of the resolution is partly associated with higher aberrations 
of the lens with shorter focal distance. As long as the 
grating size remains the same, shorter focal distance implies 
effectively larger numerical aperture, which as a rule results 
in larger spherical aberrations. Another reason is the 
discrete nature of the image produced by the CCD. Once 
the size of the light spot as it is detected by the image 
sensor cannot be smaller than one pixel, it sets the limit for 
the spectral resolution of the microspectrometer. For the 
device with f = 1cm focal length lens both the lens 
aberrations and finite pixel size contributed to the 
deteriorated resolution.    

 
3 DIFFRACTIVE OPTICAL ELEMENT 

FOR THE MICROSPECTROMETRER 
 
Next generation of the device, currently under 

development, uses diffractive optical element to serve as 
collimating optics, dispersive element, and focusing optics 
simultaneously. This will allow to squeeze further the 
optical part of the device down to about 10mm3.  

 
 

 
 
The diffractive optical element is essentially a grating 

with curved grooves and variable period. We have 
fabricated diffractive optical elements on a silicon substrate 
using focused ion beam milling (Figure 5). Silicon rather 
than hafnium oxide or silica was chosen because this is a 
widely used material for which milling recipes are known. 
The structure of the diffractive optical element was 
generated and optimized numerically by simulating its 
focusing properties. Having in mind further fabrication by 
focused ion beam milling or electron beam lithography, we 
generated the diffractive optical element in the form of 
black-and-white bits measured by 100nm×100nm. Then the 

diffractive optical element was reproduced bit-by-bit using 
focused ion beam milling. 

Figure 5 shows that both curvature of an individual 
groove and distance between the groves are gradually 
changing across the diffractive optical element. The sample 
is viewed at 52o tilt, so it appears rectangular. The size of 
this diffractive optical element is 40µm×40µm. Focusing 
properties of such curved-groove grating were tested by 
illuminating the sample at oblique angle and observing the 
focal spot above the sample surface using a conventional 
optical microscope equipped with a camera. As expected 
form the design, light diffracted at the diffractive optical 
element is focused in to a FWHM = 3.3µm spot (Figure 6).  

 
 

 
 
Focused ion beam milling as well as electron beam 

lithography is sometimes considered to be a relatively 
expensive technology hardly suitable for large scale 
manufacturing. However, once the optimal structure of the 
diffractive optical element is experimentally verified, it can 
easily be fabricated using nano-imprinting.  

By replacing a bulky lens with a diffractive optical 
element, we significantly reduce the size of the device. 
Also, assembling the microspectrometer is simplified as 
long as smaller number of components must be positioned 
precisely. 

Ability to work with dozens of independent optical 
inputs simultaneously is another essential property of the 
design based on the diffractive optical element. With the 
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Figure 6 (Color). Simulated and measured distribution 
of light intensity across the focal spot produced by the 
diffractive optical element.

Figure 5. Scanning electron micrograph of a diffractive 
optical element fabricated by focused ion beam milling in 
silicon  
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lens as a focusing element, the device can only work with 
one input channel due to the astigmatism the light beam 
out-coupled by the grating. The astigmatism is caused by 
the divergence of light in a planar waveguide, which is then 
transferred to the output beam. At the same time, in the 
plane normal to the grating grooves, the out-coupled light 
with any given wavelength forms a parallel beam. Due to 
the astigmatism, the out-coupled light, as shown in Figure 2 
and Figure 3, is focused into the arc-shaped spots stretched 
along the direction parallel to the grating grooves. 

Appropriately designed diffractive optical element 
provides focusing into a diffraction-limited spot (Figure 6). 
This gives additional degree of freedom when processing 
the image recorded by the CCD camera. A particular 
example of simulated light intensity distribution at the 
image sensor is shown in Fig. 7. The simulation is 
performed by evaluating numerically the Frauhofer integral. 

 

 
 
The device based on the diffractive optical element will 

work as an imaging spectrometer. One coordinate at the 2D 
image sensor is mainly associated with the wavelength of 
light (dashed lines stretched horizontally), while the other 
coordinate is linked to the location of the input at the edge 
of the planar waveguide (lines stretched in vertical 
direction). Tiny ovals at the intersections of dashed lines 
represent simulated spot sizes at the half-intensity level. 
Based on the spot sizes, the microspectrometer is expected 
to work with the entire visible spectral range from 400nm-
700nm, provide resolution of at least 2nm, and, as an 
imaging device, work simultaneously with up to 35 
independent optical inputs. The microspectrometer can be 
easily re-designed for shorter or longer wavelengths. Better 
resolution and/or larger count of independent optical inputs 
are also possible in expense of some increase in device size. 

The reported micro-spectrometer is designed for on-chip 
systems. A complete on-chip system can be formed by 
integrating the microspectrometer with a semiconductor 

laser as a fluorescence excitation source and microfluidic 
channels delivering the liquid to be analyzed. 
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Figure 7. Simulated intensity distribution at the image 
sensor in a microspectrometer based on a diffractive 
optical element. The scale is in micrometers. 
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