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ORIGINAL ARTICLE

An imaging spectrometer employing tunable
hyperchromatic microlenses

Phuong-Ha Cu-Nguyen1, Adrian Grewe2, Patrik Feßer2, Andreas Seifert1, Stefan Sinzinger2 and Hans Zappe1

We present the design, fabrication and characterization of hydraulically-tunable hyperchromatic lenses for two-dimensional (2D)

spectrally-resolved spectral imaging. These hyperchromatic lenses, consisting of a positive diffractive lens and a tunable concave

lens, are designed to have a large longitudinal chromatic dispersion and thus axially separate the images of different wavelengths

from each other. 2D objects of different wavelengths can consequently be imaged using the tunability of the lens system. Two

hyperchromatic lens concepts are demonstrated and their spectral characteristics as well as their functionality in spectral imaging

applications are shown.
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INTRODUCTION

Chromatic aberration of a refractive lens is characterized by a
wavelength-dependent focal length and is typically an undesirable
phenomenon. As a result, numerous types of hybrid lenses, frequently
consisting of two or more refractive or diffractive components, have
been conceived to reduce or eliminate this effect1,2. However, some
applications can take advantage of the chromatic aberration, using
dispersion to realize micro-spectrometers or micro spectral filters. For
example, a diffractive micro-Fresnel lens with high dispersion has been
used with a movable pinhole along the axial axis to filter out the
intensity of a certain wavelength, producing a highly compact and
cost-efficient spectrometer3,4. In chromatic confocal imaging or sur-
face profile sensing, the variably focused wavelengths are encoded for
depth measurement. By using a diffractive optical zone plate or a
combination of refractive elements with large chromatic aberration,
three-dimensional imaging without the axial scanning as required in
conventional confocal microscopes can be accomplished5–7. Finally,
large chromatic aberration has also been used for quantitative phase
imaging8,9.
Waller et al.8 have developed a new method for high-resolution

quantitative phase imaging by utilizing the chromatic dispersion of a
fixed borosilicate crown glass (BK-7, Schott AG, Mainz, Germany)
refractive lens and a standard color camera in a 4f system configura-
tion. Using an approach employed by techniques such as phase
contrast electron microscopy, multiple images at various values of
defocus are captured to determine how the intensity of the wave varies
along the optical axis, from which the phase information of the
incident wave can be derived. By taking advantage of the chromatic
aberration of the lens, different defocused and focused images are
captured without physical movement. The phase information can be
computed using the modified transport of intensity equation.

Increasing the chromatic dispersion can provide better signal-to-
noise ratio in the derivative measurement8.

Another approach for quantitative phase microscopy was intro-
duced by Harm et al.9 by using a hybrid diffractive–refractive optical
lens doublet with tunable chromatic dispersion. The lens system
consists of a varifocal Moiré Fresnel diffractive lens and a tunable
liquid lens. The working principle is also based on separating the
focused and defocused images, from which the phase objects can be
numerically calculated. The focal length of both lenses can be changed,
thus allowing variation of the chromatic dispersion while maintaining
the constant focal length for the center wavelength. This approach
helps the lens adapt to different samples where the phase gradient
varies and the chromatic dispersion needs to be sufficiently large to
allow numerical post-processing.
In the concept presented here, instead of capturing the focused and

defocused images in one frame, we aim to utilize the high chromatic
dispersion of a lens to axially separate and discretely collect only the
focused images at different narrow wavelength bands. When combin-
ing all of those narrow-band images into a hyperspectral datacube, the
spectrum for each pixel of the image can be extracted as has been
shown in previous work10–12. The lens we employ to achieve this
functionality, namely a tunable hyperchromatic lens (HCL), has a
changeable focal length and a chromatic dispersion designed to be as
large as possible. We first discuss the theoretical background con-
cerning the relation between the chromatic dispersion and the resolved
spectral resolution and subsequently present two fully-integrated
designs of the tunable HCL including an outline of the required
fabrication processes. The two lenses are both spectrally characterized
and the results show a good functionality in confocal spectral filtering
as well as in two-dimensional (2D) spectral imaging.
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MATERIALS AND METHODS

Hyperchromatic lens concept
The hyperchromatic lens, on which we base the spectral imaging
system, is a combination of a diffractive lens and a hydraulically-
tunable refractive lens. The tunable lens consists of a liquid-filled
microfluidic cavity bounded by a distensible polymer membrane,
which forms the refractive surface. By changing the pressure on the
liquid in the cavity, the curvature of the membrane changes, allowing
concave and convex profiles with a tunable radius of curvature and
thus focal length13,14.
The diffractive part is designed as a Fresnel lens with a focal length

strongly dependent on wavelength. Due to the high dispersion, the

diffractive lens is employed to focus different wavelengths at different
positions distributed along the optical axis. When the chromatic
dispersion is broad enough, a certain wavelength can be focused to a
point on an image plane while other wavelengths are strongly
defocused, yielding a very low intensity for these at any given position
on the plane.
The HCL itself is then a combination of these refractive and

diffractive components. The refractive lens, operated with a variable
concave profile, is joined to the diffractive component and the system
focal length is tuned using hydraulic actuation. Due to the high
chromatic aberration, only a narrow wavelength band is focused on
the optical axis for a given focal length, and the wavelength at a given
point is then tuned as the system focal length is tuned. With this
configuration, thus, no physical translation of the lens components is
needed for the wavelength scanning.
We develop here two designs for the hyperchromatic lens, namely a

discrete HCL and a compact HCL, as illustrated in Figure 1. The
discrete HCL is based on a static Fresnel diffractive lens fabricated on
quartz glass and the tunable membrane-based liquid lens. In contrast,
the compact HCL is fabricated by integrating the structure of the
Fresnel lens onto the polymer membrane of the tunable liquid lens
itself, hence providing a highly-compact HCL.
The working principle of a tunable HCL for chromatic confocal

sensing is shown in Figure 2a and that for a hyperspectral imaging
system is shown in Figure 2b. In the confocal approach, a HCL is used
to disperse and focus the light from a white light point source on the
optical axis. By placing a confocal pinhole in the image plane of the
lens, a narrow spectral band can be filtered out as shown in Figure 2a.
A detector behind the pinhole is used to measure the intensity of this
wavelength. By tuning the refractive lens and scanning through
different wavelengths, the complete spectrum of the incident light
can be reconstructed3. As shown on the right of Figure 2a, the narrow
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Figure 1 Schematic diagrams of the two hyperchromatic lens concepts: (a)
the ‘discrete HCL’ with separate hydraulically-actuated refractive and fixed
diffractive components; and (b) the ‘compact HCL’, for which the diffractive
structure is etched onto the flexible refractive membrane. The curvatures of
the refractive lenses are deformed by changing the pressure on an optical
liquid in the lens chamber, thus tuning the focal length of hyperchromatic
lenses.
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Figure 2 Working principles of a tunable hyperchromatic lens used for: (a) chromatic confocal sensing and (b) hyperspectral imaging. In a, a pinhole is
placed in the image plane for spatial spectral filtering while the tunable lens is used for the wavelength scanning. Before tuning: the blue wavelength is
focused on the pinhole and appears as a narrow spectral band on the detector; after tuning: the red wavelength is in focus on the pinhole so the spectral
signal moves to the red wavelength. In b an object including red/green/blue parts is imaged by a hyperchromatic lens. The blue part is in focus while others
are strongly blurred due to the high chromaticity; by tuning the lens, the green and red parts sequentially appear in focus on the camera.
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spectral band on the detector moves from blue to red wavelengths
when tuning the focal length of the HCL.
The hyperspectral imaging for 2D object can be realized with the

configuration shown in Figure 2b. When imaging an object with the
HCL, only a single wavelength is in focus on the camera at any time.
The out-of-focus wavelengths also contribute light to the image, but
the intensity of the focused wavelength strongly dominates the
intensity of the out-of-focus wavelengths. Therefore, the HCL can
generate the sharp image of an object in a narrow spectral band even
without using a pinhole for spectral filtering. By scanning through the
spectral range, the images in narrow bands can be obtained and the
spectra for each pixel on the image can be derived. The spectral
resolution of the HCL will be discussed in the next section.

Theoretical considerations
Chromatic aberration. The Fresnel diffractive lens in the HCL
system is configured as a circular structure with a focal length fdiff at
wavelength λ given by

1

fdiff lð Þ ¼
l

f 0l0
ð1Þ

where f0 is the designed focal length at the design wavelength λ0.
On the other hand, the focal length fref of the tunable refractive lens

is given by the Lensmaker’s formula

1

fref lð Þ ¼ n lð Þ � 1ð Þ 1

R1
� 1

R2

� �
ð2Þ

where n(λ) is the refractive index of the liquid inside the lens (typically
water) at wavelength λ, and R1 and R2 are the curvatures of the front
and back surfaces of the lens, respectively.
Assuming that the diffractive and refractive lenses are thin lenses

and in close contact, the effective focal length feff of the HCL is given,
as a function of wavelength, as

1

feff lð Þ ¼
1

fdiff lð Þ þ
1

fref lð Þ ð3Þ

feff lð Þ ¼ l
f0l0

þ n lð Þ � 1ð Þ 1

R1
� 1

R2

� �� ��1

ð4Þ

When the HCL is illuminated by a polychromatic plane wave, the focal
points of different wavelengths are distributed on the optical axis, as
shown in Figure 3a, and the relationship between the focal length and
the wavelength is shown in Figure 3b. We see that the λ–z correlation
is nearly linear, with a correlation coefficient of R2= 0.99.

The longitudinal chromatic aberration (LCA) of the lens is defined
as the difference between the focal lengths at the red and blue
Fraunhofer lines (656.2 and 486.1 nm, respectively), that is, LCA=
f= fB− fR. A high value for LCA is an important property of the
hyperchromatic lens since it acts as the dispersive element in the
spectral imager. The LCA of a lens system was derived by Kingslake
and Johnson15 and can be rewritten for the HCL as

f ¼ feff
2 1

fdiffVdiff
þ 1

frefVref

� �
ð5Þ

where Vdiff and Vref are the Abbe numbers of the diffractive and
refractive lenses, respectively.
The Abbe number of a refractive lens Vref in the visible wavelength

range is given by

Vref ¼ ne � 1

nF � nC
ð6Þ

where nF, ne and nC are the refractive indices of the lens material at the
Fraunhofer F-, e- and C-lines, respectively.
In contrast, the Abbe number of a diffractive lens is given by

Vdiff ¼ le
lF � lC

ð7Þ

where λF, λe and λC are again defined as above.
In this work we used a positive diffractive lens with a negative Abbe

number (Vdiff= − 3.452) and a negative (concave) refractive water-
filled lens with a positive Abbe number (Vref= 58); both values are
defined for the visible wavelength range. The combination of those
lenses will yield a high absolute value of LCA as is required for this
application.
For the simplified case, where the dispersion of the refractive part of

the lens can be neglected, combining Equations (1) and (7) then
allows us to write the LCA for the HCL as

f ¼ feff
2 1

fdiffVdiff

� �
¼ feff

2 lF � lC
f0l0

� �
ð8Þ

Spectral resolution. To determine the spectral resolution of the
HCL, we consider the case where it is illuminated by a monochro-
matic plane wave. The intensity distribution for a single wavelength on
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Figure 3 (a) Dispersion of the hyperchromatic lens with red/green/blue wavelengths focused on the optical axis z, when the lens is positioned at z=0;
(b) distribution of the different wavelengths on the z axis; and (c) the intensity distribution of a single wavelength on the z axis where dz is the distance
between the peak maximum and the first minimum of the curve.
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the optical z axis for an ideal lens with the paraxial approximation was
derived by Webb16 and the axial resolution was given by

dz ¼ 2l
NA2 ð9Þ

where NA is the numerical aperture of the lens. A calculated value is
shown in Figure 3c for a wavelength of 550 nm and an NA of 0.037;
the axial resolution dz is found to be about 800 μm.
If we assume that two wavelengths are well resolved on the optical

axis when the maximum of one coincides with the first minimum of
the other (the typical Rayleigh criterion), thus the distance dz between
two peaks represents the limit of the spectral resolution3. When using
the approximate linear correlation between wavelength and focal
length as seen in Figure 3b, dz can then be used to define the spectral
resolution Δλ, given by

Dl ¼ dz

Df
lR � lBð Þ ð10Þ

Replacing Equations (8) and (9) into Equation (10), Δλ can be
rewritten as

Dl ¼ 2l
a2
f 0l0 ð11Þ

where a is the radius of the lens.
We see thus that the main factors affecting the spectral resolution

are the size of the lens system and the design parameters of the
diffractive lens. Fabricating a large-diameter Fresnel lens can thus
improve the spectral resolution but realizing a short-focal length
diffractive lens with a large diameter, implying high numerical
aperture, requires that small feature sizes be resolved over a large
area, which is demanding on the fabrication technology. The mini-
mum feature size that can easily be defined with the technologies
available to us was 0.8 m. In the following demonstrator, we therefore
used a Fresnel lens with four phase levels, a diameter of 3 mm, a focal
length of 20 mm and a maximum numerical aperture of 0.17.
According to Equation (11), this lens is expected to yield a spectral
resolution of 5.4 nm at the design wavelength of 550 nm. Resolution
will decrease as wavelength shifts from this design value.
We note that the spectral resolution derived above is based on the

intensity distribution on the optical axis, that is, assuming an infinitely
small detector. In experimental measurements, where the light is of
course detected in a finite area, the spectral resolution is thus expected
to be larger than the value calculated3.

Lens design
Refractive component. We now turn to the numerical design of the
refractive and diffractive components of the HCL. As we saw above,
the tunable refractive structure is a liquid membrane-based lens as
shown schematically in the inset of Figure 4a. The magnetic actuator,
which we will describe in the Fabrication and assembly section below,
is employed to tune the lens by pumping the optical liquid into and
out of the lens chamber. Design considerations for this refractive
component have been extensively discussed elsewhere13,14 and the
HCL structure uses this standard design.
However, detailed knowledge of the actual refractive membrane

curvature is required for the design optimization of the diffractive
component, considered in Diffractive component section below.
Therefore, the variation of lens curvature as a function of hydraulic
actuation level was measured using a stylus profilometer; the profiles
are plotted in Figure 4b. An eighth-order polynomial function is used
to fit the surface profile based on this measured data, and is given by

href rð Þ ¼
X8
i¼1

airi ð12Þ

where ρ is the radius of the lens aperture and the αi are the polynomial
fit coefficients, which are calculated and given in Table 1. These values
allow an accurate numerical representation of the refractive profile as a
function of lens tuning and is required as input for the design
optimization of the diffractive component, discussed in the following
section.

Diffractive component. The profile of the Fresnel lens is typically
described by its required phase function, which may be represented by
a higher order polynomial, namely

j rð Þ ¼
XN
i¼1

Air2i ð13Þ

where ρ is the radius of the lens and Ai are coefficients which can be
freely set to optimize the imaging quality. In our case, the phase
function was designed to yield the smallest focus spot size on the
optical axis for an object at infinity. The phase function is then
transformed into a surface relief profile, as shown in Figure 4b, which
is given by

hdiff rð Þ ¼ 1

n0 � 1ð Þ
l0
2p

j rð Þmod2pð Þ ð14Þ
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Figure 4 Lens profiles. (a) Measured concave refractive membrane profiles of the hydraulically tunable lens at different actuation settings, as measured by a
stylus profilometer; the current values are those of the magnetic actuator; (b) the calculated profile of the diffractive Fresnel lens, calculated from the phase
function.
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where n0 is the refractive index of the lens material at the design
wavelength λ0.
As mentioned above, the diffractive lens is optimized to obtain the

smallest spot size of an object at infinity, which leads to a small value
for axial resolution dz and thus a high spectral resolution Δλ. The
optimization process, performed using tracing-software (Zemax,
Zemax, Kirkland, WA, USA), was done on the entire diffractive/
refractive system with a flat membrane (radius of curvature infinite)
for the tunable refractive lens and a wavelength of 550 nm. The root
mean square value of the focal spot size on the optical axis was used as
the merit function for the optimization. The variables in the procedure
are the coefficients Ai of the diffractive lens as given in Equation (13)
with N= 3, which then yield an optimized phase function

j rð Þ ¼ �3826:597r2 þ 30:979r4 � 0:480r6 ð15Þ
Incorporating Equation (15) into Equation (14) then yields the
diffractive Fresnel height profile, optimized for the case, where the

refractive lens has a focal length of infinity. Wave-optical simulations
show that for non-infinite membrane curvatures of the refractive lens,
given by fits to the measurement data (Table 1), the axial resolution dz
increases, but does not degrade appreciably compared to the theore-
tical optimum.

Hybrid HCL. As described in the Hyperchromatic lens concept
section, two HCL concepts were developed: the discrete HCL, in
which the diffractive and refractive components are separate entities, as
modeled above; and the compact HCL, for which the diffractive Fresnel
structure was patterned onto the refractive membrane. We consider
here a comparison of the spectral resolution at the wavelength of
550 nm of these two HCL modalities. We use the diffractive lens
described in Equation (15) and the water lens (refractive index
n= 1.33) with the membrane curvature at the actuation current of
129 mA in Table 1.
For the discrete HCL, we assume that the diffractive and refractive

lenses are thin ideal lenses and in close contact, thus the equations for
the ideal lens presented above are applicable and employed to identify
the LCA and the distance dz. For the compact HCL, on the other
hand, we employed a wave-optical simulation, as developed by Thiele
et al.17 and based on evaluation of the Huygens–Fresnel diffraction
integral, to estimate the intensity distribution along the optical axis.
Based on the intensity distribution of the three primary wavelengths
(red/green/blue) on the optical axis, the LCA and the distance dz are
determined.
The design parameters and simulated performance results, includ-

ing the effective focal length, longitudinal chromatic aberration, axial
resolution and spectral resolution for the discrete and compact HCL,
are shown in Table 2. We see that, with the same design parameters,
the spectral resolution limits for the discrete and compact HCL
structures almost identical, despite the fact that the diffractive
structure is designed for a flat substrate. As the refractive lens
in the compact HCL is tuned, the Fresnel lens is deformed, but we
see that the degradation in performance is minimal since its simulated

Table 1 Polynomial coefficients for modeling the refractive membrane curvatures of the hydraulically tunable lens; calculated by MATLAB as

fit to the measured data from Figure 4a

Current (mA) α8 α7 α6 α5 α4 α3 α2 α1 α0

0 7.3e-05 �5.6e-05 �2.4e-04 1.6e-04 2.3e-04 �1.0e-04 9.7e-04 8.6e-05 �2.6e-03

22 2.6e-05 �1.9e-05 �6.8e-05 2.9e-05 6.2e-05 2.6e-05 2.3e-03 �1.8e-04 �5.6e-03

45 3.4e-05 2.9e-05 �1.0e-04 �1.0e-04 1.0e-04 1.3e-04 7.4e-03 8.8e-05 �1.7e-02

65 3.4e-06 5.5e-05 1.4e-05 �2.0e-04 �1.9e-06 2.0e-04 1.3e-02 �7.9e-06 �3.0e-02

86 �4.6e-06 5.6e-05 6.9e-05 �2.2e-04 �1.0e-04 2.1e-04 1.8e-02 2.2e-04 �4.1e-02

102 �2.8e-05 3.4e-05 1.6e-04 �1.5e-04 �1.9e-04 9.1e-05 2.2e-02 8.0e-04 �5.1e-02

117 �5.4e-05 7.1e-05 2.9e-04 �2.8e-04 �3.6e-04 1.7e-04 2.6e-02 1.0e-04 �6.0e-02

129 �2.1e-04 1.3e-04 8.8e-04 �4.1e-04 �1.1e-03 �3.4e-05 3.0e-02 �3.2e-04 �6.7e-02

The current values are those of the magnetic actuator.

Table 2 Comparison of the effective focal length, longitudinal chromatic aberration, axial resolution, and spectral resolution of the discrete and

compact HCL structures

D (mm) fdiff (mm) fref (mm) feff (mm) Δf (mm) dz (mm) Δλ (nm)

Discrete HCL 3 20 -55 31.4 15 0.48 5.4

Compact HCL 3 20 -55 31.5 15 0.49 5.5

All values are given in unit mm, except the spectral resolution.

c

4 mm

8 mm

625.8

469.3 μm

a

b

Figure 5 The diffractive and refractive components for the discrete HCL:
(a) the Si aperture for the refractive lens with the circular aperture etched by
DRIE and the polymeric membrane bonded on top; (b) the diffractive
Fresnel lens fabricated on quartz glass; and (c) the center part of the
Fresnel lens measured by white light interferometry.
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spectral resolution, 5.5 nm, is very close to the value of 5.4 nm
determined for the ideal lenses of the discrete HCL.

Fabrication and assembly
The fabrication of the diffractive lens and the silicon aperture for the
refractive lens employ standard high-precision microfabrication techni-
ques; photographs of these two elements are shown in Figure 5 for the
discrete HCL. The rigid lens frame, on which the polymeric membrane
is suspended, is fabricated by micro-machining with potassium hydro-
xide (KOH) etching 400 μm deep from the back side and deep reactive-
ion etching (DRIE) etching through from the front side to create the
circular aperture 3 mm in diameter.
The diffractive lens is designed as a positive lens with the focal

length of 20 mm at the wavelength of 550 nm, and optimized for the
diffraction limited on the optical axis with the phase function shown
in Equation (15). The lens is fabricated on quartz glass by 2-step
lithography using inductively coupled plasma (ICP)-reactive-ion
etching (RIE) etching, thus forming a 4-level structure to enhance
the diffraction efficiency; a detail of the Fresnel structure imaged using
white light interferometry is shown in Figure 5c.
The design and assembly process for the discrete HCL with the

integrated actuator are summarized in Figure 6a. The lens chamber and
the actuation reservoir are generated by successively stacking different
layers of a laser-patterned adhesive transfer tape (3M 467MP 200MP,

3M Center, St Paul, MN, USA) and a Poly(methyl methacrylate)
(PMMA) baseplate together. The cavities are sealed by a polyacrylate
membrane (3M VHB4905, 3M Center, St Paul, MN, USA) and the lens
chamber is filled with deionized (DI) water. The quartz Fresnel lens is
mounted on the PMMA base plate, outside the fluidic cavity.
As is indicated in Figure 6, the hydraulic lens tuned using a

magnetic actuator, seen at the left of the schematic, consisting of a
permanent NeFeB magnet mounted on a flexible membrane and a
spiral coil configured outside the fluid chamber. By increasing or
decreasing the current to the coil, the induced repulsive force on the
magnet changes the pressure inside the fluid chamber, tuning the
curvature of the refractive lens, at the right.
The fabrication and assembly process for the compact HCL are

presented in Figure 6b. In this case, the lens is an all-silicone frame with
the diffractive Fresnel structures replicated directly on the refractive
membrane in a one-step molding process. The lens is designed to have a
lens aperture of 10 mm and a focal length of 50 mm at the wavelength
of 550 nm. The metal mold for the replication is realized as shown in
Figure 6b with the diffractive optical elements quartz chip used as a
master and aligned to the top of the refractive lens; a second planar glass
plate is used to seal the hollow. The silicone elastomer polydimethylsi-
loxane (PDMS) Sylgard 184 is injected into the resulting mold and
cured at 90 for 30 min. The PDMS frame is subsequently removed from
the mold and bonded onto a PMMA baseplate after being activated in
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Figure 6 From top to bottom: schematic cross-sections; assembly processes; and photographs of the completed tunable hyperchromatic lenses with
integrated magnetic actuators. From left to right: fabrication process for the discrete hyperchromatic lens (a) and fabrication process for the compact
hyperchromatic lens (b).
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oxygen radio frequency plasma. The magnetic actuator is then
integrated and the lens is filled with DI water using a needle and
syringe.
Photographs of the discrete HCL and the compact HCL with fully

integrated actuator are shown in the lower part of Figure 6.

RESULTS AND DISCUSSION

Chromatic confocal measurement
The optical configuration used to characterize the hyperchromatic
lenses was seen in Figure 2a for both the discrete and compact HCL
structures. The white light point source is the cleaved facet of a fiber,
which is connected to a white light source with a broad emission
spectrum and is confocally arranged with a pinhole in the image plane.
The optical fiber and the detector pinhole both have a 50-μm diameter.
Based on the hyperchromatic properties of the lens, the white light

is dispersed along the axial direction and the pinhole is used to
spatially filter out a certain narrow wavelength range. Seen at the top
of Figure 7 are the red/green/blue spots corresponding to the images of
the detector pinhole at different actuation states of the lenses, we see
clearly that different parts of the spectrum are transmitted. If the
pinhole is replaced by an optical fiber facet connected to a spectro-
meter, the spectral bands shown in the lower part of Figure 7, taken
for 10 discrete actuation states of the lens, result. The full width at half
maximum of the individual signals, corresponding to the spectral
resolution of the lens, are all between 12 and 14 nm for the discrete
HCL and 10 and 18 nm for the compact HCL over the entire tuning
range of 450–900 nm, showing the uniform response of the HCL over
a wide spectral range.
These linewidth values are larger than those analytically predicted in

the previous section. Reasons for this disparity include the fact that,
experimentally, the signal is detected in an extended circular region
(equal to the pinhole area), while in the theoretical analysis only the
intensity exactly on the optical axis is considered.
For the performance comparison between two lens models, we see

that during the tuning process, the spectral widths of the discrete HCL

vary in a narrow range (12–14 nm), while that of the compact HCL
fluctuate in wider range (10–18 nm). Moreover, from the spectral
signal shown in the lower part of Figure 7, we see that the noise signal
for the discrete HCL is less than that of the compact HCL. This can be
visualized in the images of the white light point source in the upper
part of Figure 7, where the discrete HCL gives sharper circular images
when compared with those from the compact HCL. This difference
can be explained by the fact that a possible slight misalignment
between the fabricated diffractive structures and the lens aperture of
the compact HCL has increased the stray light, and thereby broadened
the transmitted bandwidth. Thus we believe that the performance
of the compact HCL may be improved by use of a more precise
fabrication process.
The actuation currents for tuning the transmission wavelength are

given above the spectral peaks in Figure 7a and 7b. We notice that the
current levels for the compact HCL are lower than for the discrete
HCL, even though the same actuator concept is used. This difference
is due to the fact that the PDMS membrane in the compact HCL is
softer than the polyacrylate membrane used for the discrete HCL. The
more pliable membrane leads to lower required currents, but may also
yield an undefined curvature under some circumstances, thus leading
to increased optical aberrations.

2D hyperspectral imaging application
We demonstrate 2D hyperspectral imaging using a configuration
similar to the optical layout shown in Figure 2b. The 2D object is an
image on an LCD monitor, consisting of three different areas marked
with different colors, namely red, green and blue, with RGB values of
255 on each channel. The objects and the reference spectra for each
area are measured by the spectrometer and are shown in Figure 8a.
The object is then imaged by the hyperchromatic lenses. Due to the

chromatic dispersion, one distinct narrow spectral band is focused on
the camera at any given lens actuation level, forming a sharp image at
that wavelength, while the other wavelengths are strongly defocused.
As a result, the out-of-focus spectrum is not imaged and only
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Figure 7 Chromatic confocal measurement results for the discrete HCL (a) and the compact HCL (b). The measurement setup is shown in Figure 2a where
the white light point source is used. Upper parts are the images of the three colors (red, green and blue) dispersed from the white light source, focused on
the pinhole and seen by a camera. The lower diagrams are the normalized spectral transmissions through the hyperchromatic lens at various actuating
currents, detected by a spectrometer.
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contributes to a low level of background noise. Tuning the HCL
results in focusing a different image at other wavelengths on the
camera image plane. Seen on the left are three images generated on the
camera at different actuation states.
Each image delivers specific spectral information of the object, such

that continuously tuning the HCL over the visible wavelength range
yields a continuous range of spectral bands, from which the spectrum
for each pixel in the spatial dimension can be composed. The spectra
seen on the right of Figure 8b and 8c show the intensity variations of
three pixels in the middle of the red/green/blue areas when the HCL is
tuned to those wavelengths. The intensities are measured in terms of
gray scale values and are normalized with respect to the highest values;
we see good correlation with the reference spectra measured by the
commercial spectrometer and shown the top of the figure. The top
axis shows the applied actuation currents and the bottom the

corresponding wavelengths, indicating the nearly linear correlation
between the actuation current and the wavelength as shown previously
by Cu-Nguyen et al.12.

When comparing the behavior of the discrete and compact HCL
structures, we see that the 2D images generated by the compact HCL
are blurred around the squares due to optical aberration resulting from
the misalignment of the diffractive structures on the circular membrane
as well as the deformation of those structures during the tuning process.
In contrast, the images from the discrete HCL seem to be sharp,
especially the image at the green wavelength, which is comparable to
that generated by a normal glass lens as shown in Figure 2a.
Finally, an examination of the intensity profile across the square in

the image shows that, if the magnification is unity, the HCL can
resolve two adjacent squares with a spacing of 80 μm, where the
intensity drop at the mid-point is 20%, and the field of view can cover

2D objects and
reference spectra

Discrete HCL

Compact HCL

Blue at 38 mA

Blue at 22 mA

Green at 83 mA

Green at 36 mA

Red at 50 mA

Red at 115 mA

Object

5 mm 0.5 mm

B G R

Images from normal lens

N
or

m
al

iz
ed

 in
te

ns
ity

N
or

m
al

iz
ed

 in
te

ns
ity

N
or

m
al

iz
ed

 in
te

ns
ity

1

0.8

1.1
0 20 40 60 80 100 120 140

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.8

0.6

0.4

0.2

0

1

0 10 20 30 40 50 60 70

400 450 500 550 600 650

0.6

0.4

0.2

400 450 500 550
Wavelength (nm)

Actuating current (mA)

Actuating current (mA)

Matching wavelength (nm)

400 450 500 550 600 650
Matching wavelength (nm)

600 650 700

Red area
Green area
Blue area

a

b

c

Figure 8 A two-dimensional (2D) hyperspectral measurement of an object consisting of three different colored areas. Reference spectra measured by a
commercial spectrometer (a) and the hyperspectral images measured by the discrete HCL (b) and the compact HCL (c). The measurement setup is shown in
Figure 2b. On the left: the objects imaged by the hyperchromatic lenses; seen here are three images for each lens at the best focus at different actuation
currents; the magnification is 10:1. On the right: spectra of different areas on the object measured by the HCL; the intensity is measured in grayscale values
as a function of the actuation current.
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the entire 4.65× 3.72 mm image sensor. This spatial resolution can be
improved by a more precise fabrication process.

CONCLUSION

In summary, the hyperchromatic lenses presented here enable con-
tinuous spectral filtering in a wide range of 450–900 nm with a
spectral resolution of 13 nm in a confocal arrangement and a spatial
resolution of 80 μm in 2D imaging. These performance values
compare favorably with other miniaturized MEMS-based spectrometer
technologies, such as a hyper-spectral mosaic filter consisting of an
array of discrete micro Fabry–Perot filters grouped into 4× 4 pixels,
yielding 16 bands between 465 and 630 nm with a spectral resolution
of 11 nm and a spatial resolution limited by the size of filter group18.
Tunable hyperchromatic lenses such as these are thus suitable for use
in hyperspectral microscopy or as individual elements in a miniatur-
ized hyperspectral sensor.
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