
The linear dimensions of a typical mini-
ature spectrometer (see fig. 1) are in the 
range of some cen-
timeters. Versions 
with Si-photodi-
ode-arrays or CCD-
arrays are availa-

ble for the spectral range from 250 nm to 
1,100 nm. The NIR-range from 900 nm 
to 1,700 nm is covered by InGaAs-detec-
tors. Spectral sensors usually are de-
signed for a spectral bandwidth (resolu-
tion) of about 10 nm. Some companies 
have focused on a rugged design and of-
fer spectral sensors optimized with re-
spect to compactness, stability and the 
requirements of mass production. Minia-
ture spectrometers are mature compo-
nents and well suited as spectral sensors 
for industrial applications such as colour 
measurements or inspection of thin films 
in the production line. They may even be 
used in harsh environments like in      
mining or precision farming [1].

Concepts

The system elements of spectral sensors 
are the optical input for pick-up of radia-
tion from a target or a light source, the 
miniature spectrometer, which spreads 
the incoming radiation according to its 
wavelength distribution along a small 
strip in the dispersion plane, a linear de-
tector array, and the front-end electron-
ics. Two different configurations are in 
use for the spectrometer component, the 
so-called Czerny-Turner mount with a 
plane grating and a modified Rowland-
circle mount with a spherical grating [2]. 
For both designs, a small entrance slit is 
illuminated with the radiation sampled 
by the optical input. The Czerny-Turner 
mount, shown schematically in figure 2, 
images the entrance slit to infinity by 
means of a spherical mirror, thus pro-
ducing a bundle of parallel rays which il-
luminates a plane grating. Diffraction 
produces different bundles of parallel 
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Fig. 1: Spectral sensor with dimensions  
7 x 6 x 4 cm³ incl. front-end electronics  
(Photo: Carl Zeiss MicroImaging GmbH)

B A S I C S

16 Inspect 4/2009 www.inspect-online.com



rays emerging from the grating under 
different angles, each angle depending 
upon the wavelength of the radiation 
within this bundle. A second spherical 
mirror focuses these bundles to different 
points in the dispersion plane. The spec-
tral distribution is thus transformed to a 
distribution of intensities along a line, 
which can be picked-up by a detector ar-
ray. Such a design basically is a miniatur-
ized optical bench with discrete optical 
components. A typical entrance slit has a 
width of 100 µm, the length of a spec-
trum is about some millimetres. This con-
cept has been employed by Ocean Optics, 
e.g., for their miniature spectrometers. 
The alternative approach, depicted in 
figure 3, is based on a concave grating, 
which combines focusing and diffraction 
within a single optical component. The 
intention of the optical design is to allow 
for a very long entrance slit and to image 
this slit very precisely to a flat strip in the 
dispersion plane [3, 4]. Such imaging, ab-
erration-corrected flat-field gratings are 
a masterpiece of technical optics and are 
produced with holographic methods. Typ-
ical representatives of this technique are 
the miniature spectrometers from Zeiss 
or Jobin-Yvon. Some designs, the so-

called monolithic spectrometers, are 
based on a rigid block of glass with a 
curved backside, where the grating is 
embossed.

Pros and Cons

The footprint of a spectral sensor is sub-
stantially determined by the dimensions 
of the detector array and the front-end 
electronics. Thus, the optical design usu-
ally is tailored to the pixel-pitch and the 

dimensions of an available detector ar-
ray. The concept of the optical bench with 
discreet elements can utilize simple opti-
cal components, but proper mounting 
and adjustment require much care and 
effort. The monolithic concept with the 
spherical grating in a massive block of 
glass is promising with regard to stability 
and robustness. It requires a special opti-
cal element, but has a single reflecting 
surface and can handle a very long en-
trance slit, resulting in high efficiency for 

Fig. 2: The Czerny-Turner-mount 
with a plane grating in parallel 
light
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pick-up and throughput of the radiation 
emitted by a target or a light source.

The optical input for spectral sensors 
usually is a fibre-optical element. Simple 
sensors use a single fibre with an effec-
tive diameter of typically 100 µm. The 
output of the fibre is directly used as the 
entrance slit. The magnification often is 
about 1, resulting in an image of the fibre 
with a diameter of about 100 µm on the 
detector under ideal conditions. This di-
ameter sets the lower limit for the spec-
tral bandwidth of the system, since the 
optical parameters of the grating deter-
mine the relationship between the scal-
ing in the dispersion plane and the wave-
length-scale. The corresponding figure of 
merit is the linear dispersion, which 
might have a value of 150 nm/mm, e.g., 
resulting in a bandwidth of 15 nm for the 
system mentioned above, where the di-
ameter of the image of the entrance slit 
in the focal plane of the spectrometer is 
100 µm. The bandwidth usually is sam-
pled with 3 or 4 pixels of the detector. 
Oversampling would result in lower sig-
nals in the pixels, but not in a better 
bandwidth. Undersampling, however, 
would not fully exploit the optical band-
width with the detector signal and would 
result in a deterioration of the resolution 
of the sensor. The minimum diameter of 
the image of the entrance slit on the de-
tector depends upon the width of the en-
trance slit and upon the optical proper-
ties of the grating and the other imaging 
components. The optical elements and 
the dimensions of the entrance slit thus 
must be carefully tailored to the geome-
try of the detector. Spectral sensors with 
aberration-corrected optical elements 
can handle not only circular, but also 
long rectangular entrance slits. For this 

purpose, several single fibres are used 
for the optical input, which are mounted 
in a straight line as the entrance slit or 
integrated in a cross-section converter. 
The Zeiss MMS-1, e.g., uses a cross-sec-
tion converter from a circular fibre-bun-
dle with a diameter of 0.5 mm as the in-
put and a rectangular slit with a width of 
70 µm and a height of 2,500 µm as the 
output. This device utilizes the 15-fold 
optical input area compared to a simple 
100 µm-fibre. The pixels of the detector 
array of the MMS-1 have a width of 
25 µm and a height of 2,500 µm and are 
well suited for this geometry.

The dispersion along the detector ar-
ray is not necessarily constant. The pixel 
scale thus has to be calibrated with well-
known wavelengths to establish a proper 
transformation of pixel coordinates to 
the wavelength scale. The remaining un-
certainty may be important for some ap-
plications. For industrial applications, 
the thermal drift of the wavelength scale 
sometimes is a critical parameter. When 
high dynamic range is the most impor-
tant requirement, like in chemometrics, 
the stray light level may be not negligi-
ble. Stray light may produce pseudo-sig-
nals in some regions of the spectrum or 
can contribute to a diffuse background in 
the signal. Therefore, it is a good idea to 
pick up radiation from those parts of the 
spectrum only which are within the spec-
ified spectral range of the spectrometer. 
For the same reason, it may be helpful to 
restrict the wavelength range to a single 
octave, like between 380 nm and 760 nm 
or between 500 nm and 1000 nm and so 
on, to avoid the problems originating 
from signals due to diffraction into higher 
orders [2]. The optical performance of 
the spectrometer is an important issue, 

but the properties of the detector array 
and the front-end electronics have a huge 
influence upon the quality of the signal of 
the spectral sensor. The effective dynamic 
range, the sensitivity and the signal-
noise-ratio may be much more important 
for certain applications than the spectral 
bandwidth. These parameters will usu-
ally vary as function of the wavelength 
and may thereby determine the effective 
spectral range of the sensor, even when 
the miniature spectrometer is optically 
well suited for a larger spectral range.

Conclusion

Spectral sensors are devices for the 
measurement of the spectral distribution 
of radiation. Their key optical element is 
a miniaturized spectrometer. They are 
designed for a spectral bandwidth of 
about 10 nm and are well suited, when 
compactness and robustness are more 
important than spectral bandwidth. Spec-
trometers with similar optical data may 
well be quite different with regard to sig-
nal quality, like dynamic range or noise, 
depending upon the type of detector ar-
ray or the performance of the front-end 
electronics. The figures of merit for spec-
tral sensors are complex concepts. For a 
comparison of spectral sensors from dif-
ferent sources, the underlying definitions 
and the methods used for the determina-
tion of theses figures should be carefully 
examined.
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Fig. 3: A concave imaging grating produces images of the long rectangular entrance slit in the focal 
plane, separated according to their wavelength
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