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and thus high efficiency can be realized. 
But the spherical surface will also bring 
spherical aberration and chromatic aberra-
tion to the optical imaging system.[6] More 
sophisticated designs such as aspherical 
surfaces may correct these aberrations. 
However, it is technically difficult to take 
precise control on the 3D morphology 
of the microlens with traditional self-
organized fabrication processes, such 
as vacuum melt-quenching and mask-
assisted etching.[7]

Recently, as one important applica-
tion of metasurfaces,[8–13] metalens has 
been proposed to realize lens on nano- 
and microscale. It is well known that 
metasurface can accurately modulate the 
phase,[14–16] amplitude,[17,18] and polari-
zation state[19–21] of light by selecting 
proper subwavelength resonant units on 
the surface.[22–25] Comparing to the tra-
ditional refractive or diffractive lenses, 
metalens can achieve the same or even 
better functions with greatly miniatur-
ized size and significantly mitigated 
weight.[26–36] With precise control of the 
phase profile, metalenses are free of 
spherical aberration, which have been 

successfully demonstrated in terahertz, infrared, and visible 
regions.[26,33–35] However, the precise phase modulation of 
metalenses usually relies on the resonance of subwavelength 
metastructures. Such modulation can bring chromatic aber-
ration to the focusing and imaging systems. To correct the 
chromatic aberration for a number of discrete wavelengths, 
people have proposed the dispersion phase compensation[30] 
and multilayer metasurfaces[32] to design the achromatic met-
alens. Recently, by incorporating the resonant phase with the 
Pancharatnam–Berry (PB) phase, broadband achromatic met-
alenses have been realized in near-infrared with a reflection 
scheme[37] and visible with a transmission scheme.[38,39] How-
ever, due to the limitation of the PB phase, the performance of 
the metalenses strongly depends on the polarization state of 
the light, which severely limits their applications in everyday-
life devices.[40] More recently, metastructures with complex 
cross-sectional geometries are reported to provide the required 
diverse phase dispersions for achromatic metalens, which can 
work with arbitrary polarization states.[41–43] In other words, a 
broadband achromatic metalens working well for arbitrarily 

Traditional microlens focuses the beam with spherical convex surface, which 
achieves high transmission by restraining the scattering loss yet brings 
spherical aberration and chromatic aberration. While recently-developed 
meta lens, which relies on phase modulation by elaborately designing local 
resonators, has realized diffraction-limited focusing. Yet, the issues of scat-
tering loss of nanoresonators and chromatic aberration remain serious. Here, 
the design strategies of both metalens and traditional microlens are com-
bined by introducing accurate phase modulation for the wavefront into micro-
lens designing; and a broadband, polarization-independent, and achromatic 
microlens with high efficiency is realized. With concentric-circular polymer 
(phenolic resin) terrace as basic building blocks, a precise thickness profile is 
constructed and a high-index polymer microlens is formed by electron-beam 
grayscale lithography. The diffraction-limited focusing possesses less than 
5% change of focal length when the wavelength varies from 425 to 700 nm, 
showing the full-color imaging and detection with a focusing efficiency of 
80% (at 700 nm wavelength). Moreover, the rotation symmetry of the micro-
structures of microlens makes it work for arbitrary polarization. The achro-
matic imaging capability of the microlens is verified by whitelight imaging. 
It is expected that this high-efficiency polarization-independent broadband 
achromatic polymer microlens may have wide applications in high-efficient 
imaging and sensing.
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1. Introduction

In the past decades, microlens and microlens array (MLA)[1–3] 
have been widely applied in integrated optical systems like 
charge-coupled devices (CCD) cameras or sensors.[4–7] To realize 
the focusing and imaging, microlens usually utilizes a spher-
ical convex surface to refract light.[4] Due to the smooth and 
continuous surface of sphere, scattering loss can be restrained 
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polarized light with high efficiency remains highly attractive 
for practical applications.

Here, we try to combine the design strategies of both meta-
lens and traditional microlens by introducing accurate phase 
modulation for the wavefront into microlens designing, and 
realize a broadband, polarization-independent, and achromatic 
microlens with high working efficiency. We choose concentric-
circular polymer terrace as the basic building blocks to realize 
a precise thickness profile, which can provide an ideal achro-
matic phase profile for the microlens with nonresonant effect 
and weak material dispersion. To demonstrate the achromatic 
design, we fabricate a polymer (phenolic resin) microlens with 
a diameter of 10 µm and numerical aperture (NA) of 0.24 with 
electron-beam grayscale lithography. The achromatic focusing 
has been realized with less than 5% change of focal length 
when the wavelength varies from 425 to 700 nm. Due to the rel-
atively smooth and continuous surface of the microlens, which 
can largely reduce the scattering loss, an average efficiency of 
near 60% is achieved and the maximum efficiency is more than 
80% at 700 nm wavelength. We further demonstrate the full-
color imaging ability of an achromatic microlens. Even at dif-
ferent wavelengths, the focal planes keep the identical, and the 
full-color images of the target object remain clearly at the same 
position. Finally, we demonstrate the polarization-independent 
imaging ability of the achromatic microlens. The polarization 
insensitivity originates from the rotation symmetry of concen-
tric circular terraces. We can expect that this work may has wide 
applications in realizing achromatic, high-efficient imaging, 
and sensing.

2. Results and Discussion

2.1. Design Principle and Fabrication of the Broadband  
Achromatic Microlens

The principles for a conventional chromatic refractive lens and 
the achromatic microlens are illustrated in Figure  1a,b. Due 
to the optical dispersion of a bulk material, a refractive lens 
without chromatic correction usually possesses a longer focal 
length for the longer wavelength. Hence, different wavelength 
corresponds to different focal length, as illustrated in Figure 1a. 
This effect can be corrected by introducing the geometry-
induced phase distribution. The spatial phase profile of a lens 
can be expressed as[27]

r f f
2

1
2 2α λ π

λ ( )( ) = − + −  (1)

where λ,  f,  and r represent the wavelength, focal length, and 
radial coordinate, respectively. To realize a broadband achro-
matic response, α1(λ) × λ = Const. should be satisfied for dif-
ferent wavelengths. To meet this requirement, we accurately 
tune the thickness profile of the microlens. The thickness-
dependent phase can be expressed as

n d d
2

12 0α λ π
λ
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where n is the refractive index of the material; λ is the working 
wavelength; d0 is the thickness of the microlens’s central point; 
d is the thickness of the dielectric layer at different position. 
Here, to guarantee that the phase modulation of microlens only 
originates from the thickness profile, two conditions should 
be satisfied in this system. First, the phase difference caused 
by the dispersion of the material should be neglected. Second, 
there is no or weak resonance inside the metastructures, so no 
extra resonance phase occurs as that in normal metasurfaces. 
In other words, the metastructures only work in nonresonant 
mode. In this case, if α1(λ) equals to α2(λ), the focal length will 
keep a constant over a broad frequency range, as illustrated in 
Figure 1c. Hence, the chromatic aberration of the lens is elimi-
nated. It follows that the lens should satisfy the thickness pro-
file as

Figure 1. Schematic for a) refractive lens and b) achromatic microlens. 
As the incident wavelength increases, the focal length will increase for the 
refractive lens but remain constant for the achromatic microlens. c) The 
design principle of achromatic microlens. α1 is the typical phase distribu-
tion for a microlens and α2 is the propagation phase when light travels 
through a dielectric layer, in which λ,  f,  and r represent the wavelength, 
focal length, and radial coordinate, respectively. d represents the thick-
ness of the dielectric layer. If we set α1(λ) equals to α2(λ), which means 
phase modulation is realized by dielectric layer with different height, we 
can get f  =  ((d − d0)2(n − 1)2 − r2)/(2(d − d0)/(n − 1)). This demonstrates 
that the focal length keeps constant as wavelength changes and the chro-
matic aberration is corrected.
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which is quite different from normal spherical microlens.
Here, we choose concentric circular dielectric terraces as 

the basic building blocks to realize the precise thickness pro-
file (Figure  1b). We discretize the height into 48 levels with a 
stepsize of 15  nm, realizing a height field from 0 to 720  nm. 
Each circular terrace possesses the same width (50 nm) but dif-
ferent height, which is determined by Equation  (3) according 
to the radial distance. The small stepsize not only results in a 
relatively smooth aspherical surface, which can reduce the scat-
tering loss and increase the working efficiency, but also sup-
ports accurate phase modulation (48 phase levels) to the wave-
front, which makes a better achromatic performance of the 
microlens. Moreover, the small mode volume of each concen-
tric circular terrace is not high enough for strong resonances, 
which guarantees the nonresonant effect of the metastructure.

In experiment, polymer material phenolic resin is chosen 
to fabricated the dielectric microlens based on the electron-
beam grayscale lithography[44] as shown in Figure  2a. First, a 
1 µm-thick layer of phenolic resin is spin-coated on an ITO-
coated glass substrate. Then the sample is loaded into Electron-
beam Lithographic System (Raith, E-Line) for the grayscale 
exposure. The line exposure dose of electron beam is precisely 
controlled at different positions, varying from 0 to 63 µC cm−1. 
After the exposure, the sample is developed by immersion in 
developer (AR 300-47) for 90–180 s and deionized water for 
30–90 s in sequence. Finally, the achromatic polymer (phenolic 
resin) microlens with a desired thickness profile (satisfying 
Equation  (3)) remains on the substrate. The hallmark advan-
tage of phenolic resin is the negligible intrinsic dispersion over 
the whole visible frequency range, with a complex refractive 
index varying from 1.71 + 0.02i (at 400 nm) to 1.65 + 0.005i (at 
700 nm), as measured by variable angle spectroscopic ellipsom-
etry. Due to the thickness of microlens is comparable to the 
wavelength, the optical path inside the device is so small that 
the phase difference caused by the material dispersion can be 
neglected and the working efficiency of the achromatic micro-
lens is high. The phenolic resin is also chemically stable and 

thermostable, and able to be fabricated easily by electron-beam 
grayscale lithography.

The thickness profile of the fabricated achromatic microlens 
is measured by atomic force microscopy (AFM) (Figure  2b). 
The diameter of the microlens is 10  µm and the NA is 0.24. 
As described in the design part and Equation  (3), the achro-
matic microlens is composed of many concentric circular ter-
races with different heights. Figure  2c reveals that the meas-
ured thickness of the lens gradually increases from 85 to 
694  nm from the edge to the center, which agrees well with 
the design. The scanning electron microscopy (SEM) image 
(Figure 2d,e) indicates that there are many radial lines with the 
width of about 250 nm and the depth of less than 25 nm, which 
are induced by the electron exposure lines. Actually, both the 
depth and the width of these lines are much smaller than the 
working wavelength, which will not excite additional resonance 
inside the microlens. And the depth of these radial lines (less 
than 25 nm) brings less than 3.5% distortion for the wavefront 
(based on Equation (2)). From this point of view, the existence 
of radial lines in the microlens will have little influence on the 
focusing and imaging performance.

2.2. The Broadband Achromatic Focusing Ability

In order to experimentally demonstrate the achromatic focusing 
ability of the microlens, we build an optical focusing setup as 
shown in Figure 3a. A supercontinuous laser is employed as a 
light source to emit the plane wave with the wavelength from 
425 to 700 nm. A CCD detector is used to characterize the light 
intensity profile along the main optical axis (z-axis) at the speci-
fied z coordinates. By shifting the microlens stepwise along the 
optical axis of the system with a step size of 1 µm, the light 
intensity profiles on different x–y planes are subsequently cap-
tured. Figure 3b illustrates the measured light intensity profiles 
on x–z plane from 425 to 700 nm, respectively. It is obvious that 
the focal points remain on the same z position (21 µm) for dif-
ferent incident wavelengths, which demonstrates the perfect 
achromatic feature of the microlens. Moreover, we also numeri-
cally simulate the focusing performance of the achromatic 

Figure 2. a) Schematic for the fabrication process of achromatic microlens. The electron-beam resist layer of phenolic resin is spin-coated on the ITO-
coated glass substrate. Using electron-beam grayscale lithography, the exposure dose is precisely controlled at specific positions. After being developed, 
an achromatic microlens remains on the substrate. b) AFM image of the microlens with NA = 0.24. The diameter is 10 µm. c) The thickness profile 
gradually increases from 85 to 694 nm from the edge to the center, which is extracted from the results of (b). The measured profile agrees well with 
the design. d,e) SEM images of the sample, where both height stages and radial lines are very clear.
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microlens at these wavelengths based on finite-difference 
time-domain (FDTD) method. A commercial software package 
(Lumerical, FDTD Solutions) is used and the simulated results 
are shown in Figure 3c. One may find that the measured inten-
sity profiles are in excellent agreement with the simulated 
ones, which indicates our electron-beam grayscale lithography 
method has a precise control of the thickness profile and the 
radial lines as mentioned above have little impact on focusing 
as predicted. These results confirm that we indeed realize an 
achromatic microlens across nearly the whole visible region 
and the design principle of the achromatic microlens is effec-
tive. It should be pointed out that current experiments and sim-
ulations are carried out with the incidence of plane waves. Once 
the Gaussian waves are applied, similar achromatic focusing 
effect can be observed if the waist radius of the Gaussian wave 
is large enough.

To further characterize the focusing performances of the 
achromatic microlens, we fix the z coordinate of CCD to exactly 
capture the intensity profiles at the same focal plane (z = 21 µm). 
The top row of Figure 4 illustrates the experimentally captured 
intensity profiles in the focal planes for seven different wave-
lengths from 425 to 700 nm, respectively. It is noteworthy that 
the focusing remains sharp across the whole visible region. 
Based on FDTD method, we also simulate the same results that 
are shown on the middle row of Figure 4. It can be seen that 
the focal points of experimental profiles and simulated profiles 

are in excellent agreement, which is consistent with the results 
of Figure 3b,c. In order to further analyze the focusing points 
at different wavelengths, we plot x-direction cross sections 
of the intensity profiles (the bottom row of Figure  4), where 
the blue dots represent the measurement results and the red 
curves denote the simulation ones. Then the full width at half 
maximum (FWHM) of these focusing points can be extracted 
from these graphs. The relation between the FWHM and inci-
dent wavelengths for the achromatic microlens has also been 
plotted in Figure 5b (the blue dots). Theoretical prediction (the 
blue line), which corresponds to the ultimate condition of a 
lens (∆  = λ/2NA),[26,27,45] increases linearly as the wavelength 
changes from 425 to 700 nm. This tendency is consistant with 
the experiment data, which indicates the realization of the near 
diffraction-limit focusing.

Furthermore, in order to demonstrate the versatility of our 
approach to realize the achromatic microlens, we design and 
fabricate five achromatic microlenses with different NA values 
of 0.07, 0.09, 0.11, 0.16, and 0.24, respectively. These five sam-
ples also have different diameters of 50, 40, 30, 20, and 10 µm, 
respectively. The relationship between the diameter and NA 
values can be illustrated by d0 ≅ NA × D/4(n − 1), in which D 
is the diameter of the lens. From this equation, we can see 
that if we need to realize the achromatic microlens with larger 
diameter and larger NA value, a thicker height profile should 
be introduced. We take the similar measurements as shown 

Figure 3. a) Schematic for optical setup used to characterize the focusing performances of the microlens. b) Experimental measurements and  
c) numerical simulations of x–z axis intensity distributions for a microlens with NA = 0.24 at different wavelengths in the visible. Both of experimental and 
simulated results show that the focal length remains constant nearly 21 µm as wavelength increases from 425 to 700 nm, indicating that it is really achromatic.
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in Figure  3 to analyze the focal lengths, FWHM of the focal 
points, and the focusing efficiencies of these lenses. The focal 
lengths of the microlens have been further characterized as a 
function of the incident wavelength for these five achromatic 
microlenses with different NA values. As shown in Figure 5a, 
the measured change ratio of the focal length (R) across the 
whole bandwidth is defined as[35]

R
f f

f

max min

mean
( ) ( )

( )
=

−
 (4)

where max( f ), min( f ), and mean( f ) represent the maxi mum, 
minimum, and average value of focal length when the wave-
length varies from 425 to 700  nm, respectively. In our experi-
ments, R is less than 5% for all the five samples with different 

Figure 4. Normalized intensity distributions in focal plane for different wavelengths (from 425 to 700 nm) with NA = 0.24. Top row is from the experi-
ments and middle one is the simulations. Bottom row is the comparison of two results along x-axis. The blue circles represent the experimental results 
and the red lines represent the simulations. The experimental circles are shown with a sampling frequency as 0.25. The FWHMs are all near 1 µm and 
demonstrate near diffraction-limit focusing. Scale bars, 2 µm.

Figure 5. Performance of broadband achromatic microlens. a) Measured focal lengths for five microlenses with different NA values. b) Measured 
FWHM of the focal points and c) focusing efficiencies as a function of wavelength. The efficiency is defined by the power of focal spot divided by that 
of light passing through an area with the same diameter as the microlens.
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NA (NA = 0.24, R1  = 4.6%; NA = 0.16, R2  = 2.2%;  NA = 0.11, 
R3 = 2.1%; NA = 0.09, R4 = 3.1%; NA = 0.07, R5 = 0.7%). These 
results suggest that the achromatic feature of the micro-
lenses is as good as the design. We also take an analysis of 
the FWHM from x-direction cross sections of the focusing 
profiles. Figure 5b shows that the measured FWHM of all five 
microlenses are quite close to the diffraction-limited values as 
indicated by the solid lines. It can be concluded therefore that 
the realization of the near diffraction-limit focusing is quite 
versatile based on our design and fabrication. In addition, the 
focusing efficiency is a significant performance of an achro-
matic microlens, which is defined as the ratio of light inten-
sity from the focal spot at corresponding focal plane to the total 
incident light. This parameter determines the potential of the 
fabricated device in real applications. The high efficiency of a 
lens requires optimizing both structure designing and fab-
rication accuracy. In our work, an average efficiency of ≈60% 
is achieved, and the maximum efficiency is more than 80% at 
700 nm wavelength as shown in Figure 5c. This high efficiency 
is mainly attributed to the relatively smooth and continuous 
surface of the achromatic microlens, which can reduce the 
scattering loss considerably. It should be pointed out that the 
focusing efficiencies highly depend on the wavelength of the 
incident light. Figure  5c shows that the efficiency varies from 
30% to 80% as the wavelength changes from 425 to 700  nm. 
The lower efficiency at the shorter wavelength is due to the 
material absorption in the near-UV region. To achieve a high 
efficiency over all visible frequency, lossless dielectric materials 
should be introduced to this design.

2.3. Polarization-Independent Full-Color Imaging

To further demonstrate the full-color imaging ability of the fab-
ricated achromatic microlens, an experimental setup of optical 
imaging system is prepared as shown in Figure  6a. An ach-
romatic microlens with diameter of 30 µm and NA of 0.11 is  
chosen for lens imaging as a demostration. The object con-
sists of three letters “N”, “J”, and “U”, which are fabricated by 
the lift-off process after a silver film 60 nm in thickness depo-
siting on a glass substrate, and each letter has a lateral size as 
100 µm. To conveniently adjust the relative distance between 
the object and the microlens, we employ a 50× objective to form 
a smaller image of the real object. Thus the second image is 
able to be formed behind microlens and captured by the CCD 
imaging detector. In the beginning, we set the laser wavelength 
to 532 nm and adjust the relative position of optical elements 
in the setup until the images of “N”, “J”, and “U” are clearly 
observed. Then we fix the position of all the optical elements but 
only change the wavelength of laser from 450 to 700 nm. And 
the images on the same z plane but at 12 different wavelengths 
are able to be captured sequentially as shown in Figure 6b. We 
can see that the images of “N”, “J”, and “U” are quite clear at 
the wavelength changing from 450 to 700  nm, which demon-
strates the imaging plane remains the same across the entire 
visible range and the achromatic imaging have been indeed 
realized. One may notice that the linewidth of each letter in the 
images will increase with the incident wavelength. When the 
wavelength is set as 450 nm, the linewidth of letter “U” is about 

5 µm. When the wavelength changes to 700 nm, the linewidth 
increases to about 8 µm. This effect originates from the diffrac-
tion-limit as shown in Figure 5b. The microlens we used here 
has an NA of 0.11, thus the focusing is near the diffraction-
limited resolution (≈2.42 µm), and the images formed by this 
microlens are not sharp. If we need to realize a sharper image, 
an achromatic microlens with higher NA value should be 
applied. To further illustrate the resolution of this achromatic 
microlens, the 1951 United State Air Force (USAF) resolution 
test chart is used as the imaging target, and the experimental 
results are shown in Figure 6c. The smallest line that could be 
resolved in these images has a width about 2.96 µm, which is 
close to the measured FWHM values and diffraction-limited 
values as shown in Figure  5b. Moreover, due to the working 
efficiency of the achromatic microlens is lower in the near-UV 
region as shown in Figure 5c, the signal-to-noise ratio (SNR) of 
the device is low and results in distortion of the images espe-
cially with blue light. When the wavelength of the incident light 
becomes longer (700nm, for example), where the focusing effi-
ciency is more than 80%, thus the SNR is high, and the distor-
tions almost disappear.

Next, we experimentally demonstrate the ability of white-
light imaging with the achromatic microlens. Here, we output 
a mixing light from the laser consisting of three primary 
colors, red light (700 nm), green light (546 nm), and blue light 
(435  nm). An appropriate luminous flux proportion of these 
three types of light is chosen to obtain a relatively pure white 
light source. As a result, the white images of three letters “N”, 
“J”, and “U” are captured as shown in the first row of Figure 6d. 
This demonstration indicates that the chromatic aberration has 
been well-corrected and implies a potential application to broad-
band imaging. Due to the difference in focusing efficiency of 
different wavelengths as shown in Figure  5c, we can see that 
these images exhibit more red light than green and blue light. 
This drawback could be amended via balancing the focusing 
efficiencies of the three primary colors. If examining the edges 
around the “N”, “J”, and “U” white images, we find it is colorful 
and the outermost layer is usually red. This is ascribed to the 
diffraction limit as shown in Figure 5b.

Furthermore, the property of polarization-independent 
focusing and imaging is another significant characteristic to a 
microlens. To demonstrate the polarization-independent imaging 
ability of the achromatic microlens, we adjust the polarizer in 
the white-light lens imaging setup to tune the linear polarization 
white light to any polarization directions. Six images are captured 
when linearly polarization direction varies in the whole 2π 
ranges, as shown in Figure  6d. It is obvious that these white 
images are almost identical when the polarization directions are 
changed. Specifically the linewidth of letter “U” remains about 
7.5 µm for all cases. The results demonstrate that the achromatic 
microlens can indeed work at arbitrary polarization.

3. Conclusion

To summarize, by introducing a well-designed thickness pro-
file with nonresonant effect and weak material dispersion, we 
have produced an achromatic polymer microlens with a fixed 
focal length for the wavelength ranging from 425 to 700  nm. 
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The achromatic focusing has been realized with less than 5% 
change of focal length. More significantly, with the smooth 
and continuous-like surface, the scattering loss of microlens 
can be avoided and thus high focusing efficiency is achieved. 
All these features are independent of the polarization. Com-
paring with traditional microlenses, which usually utilize the 
spherical convex surface to refract the light[4] and thus bring 
spherical aberration and chromatic aberration to the optical 
imaging system,[6] here we rely on an accurate aspherical 

surface fabricated by the electron-beam grayscale lithography 
and significantly correct these aberrations, eventually realize 
the achromatic imaging across the whole visible region. While 
compared with achromatic metalens, which utilizes rela-
tively complex metastructures to provide the required diverse 
phase dispersions yet cause extra scattering loss and reduced 
working efficiency (As reported, the best results are 50% in 
the infrared[41] and nearly 47% in the visible region[42,43]), the 
present microlens significantly retrains scattering loss via a 

Figure 6. a) Schematic of the optical configuration used for full-color imaging demonstrations. The letters “NJU” are illuminated by the incident light. 
b) Images of “NJU” formed by achromatic microlens at different incident wavelengths from 450 to 700 nm. There is a weak dot in several “U” and “J” 
images, mainly coming from the Poisson bright spot generated at the boundary of microlens and the multiple-beam interference in the target objects 
(“U” and “J”). The scale bar is 20 µm. c) Images of 1951 USAF resolution test chart formed by achromatic microlens at different incident wavelengths. 
Because the microlens has the diameter of 30 µm only, the object is divided into the pieces with about 10 µm × 15 µm each, and imaged separately. 
The scale bar is 20 µm. d) Images of “NJU” formed by achromatic microlens at white light source. Different θ value corresponds to different incident 
polarization direction. The scale bar is 20 µm.
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well-designed thickness profile, and achieves an average effi-
ciency of near 60% and the maximum focusing efficiency of 
80% at 700 nm wavelength. The achromatic and polarization-
independent imaging has also been demonstrated in the whole 
visible region. We suggest that our study enriches the material 
database for dielectric microlens and make a significant step 
forward in realizing achromatic, high efficient imaging, and 
sensing.
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