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A novel facile technique is proposed for fabricating three-dimensional (3D) concave nanolens arrays on a
silicon substrate. The technique leverages an inherent characteristic of the polymethyl methacrylate
(PMMA) resist during inductively coupled plasma (ICP) etching. The tendency for plasma ions to accu-
mulate at the edge of the PMMA resist helps create a local electric field that causes the ions to etch the
sidewall of the PMMA resist. This process progressively increases the uncovered area, resulting in a
graded etched depth or a concave structure in the substrate. In addition, using a given ICP etching recipe,
the time required for a PMMA resist to be removed by sidewall etching is determined by its width. The
use of PMMA resist of different widths enables one to achieve structures of varying etched depths and
thus a 3D lens array. Optical characteristics of the fabricated nanolens were simulated using the FDTD
(Finite-difference time-domain) method, and focal lengths ranging from 150 nm to 420 nm were ob-
tained. This type of nanolens is very useful in ultraviolet optical devices and CMOS image sensors.

© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

Microlens arrays have revolutionized the field of micro-optics
and been applied in photoelectric devices [1], CMOS imaging sen-
sors [2e5], bionic structures [3,6,7], anti-reflection solar cells [8,9]
and face recognition systems [10], etc. However, a lens with a single
focal and view angle is unable to satisfy the requirements of the
growing micro-optics devices development. For example, a precise
three-dimensional (3D) image [11] and a complex optical beam
shaping [12] require a combination of lenses with multiple focuses
and view angles. Therefore, it is highly desirable to develop a novel,
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flexible and controllable 3D structure fabrication technique for
microlens arrays with multiple focuses and varying view angles.

A variety of non-traditional techniques have been proposed to
fabricate single focal-length microlens arrays [13e16], including
beam-sensitive gray-scale masks [17], hot embossing [18], laser
direct writing [19], laser interference lithography [20] and PMMA
resist reflow [21,22], etc. However, one seldom comes across
methods for fabricating composite lens arrays, i.e 3D structure lens
arrays [23]. These fabrication techniques have many drawbacks,
such as technical complexity [23], relatively high cost, large
nonuniformity [20], etc. For example, a combination of laser direct
writing and reactive ion etching (RIE) methods [19] is common but
has a major drawback lies in the difficulty of controlling the RIE
process and fabricating microlens arrays with a submicrometer
scale. In addition, most techniques employ polymer [10,19,24] that
readily deforms, particularly in a harsh environment. Furthermore,
with the scaling of devices [24,25] came the era of extreme
manufacturing [26,27]. One of the characteristics of the extreme
manufacturing era is the ultrasmall micro-nano manufacturing.
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Therefore, the requirements for submicron lens and nanolens are
increasing [13,28e30], particularly with an ultrashort focal length
[31].

In this study, we propose a novel fabrication technique for
concave nanolens arrays. The technique utilizes the ion gathering
effect during inductively coupled plasma (ICP) etching, a commonly
used processing step in mainstream integrated circuit
manufacturing. The proposed method for fabricating concave
nanolens arrays uses the common photoresist as the etching mask,
that has the advantages of process easiness and low cost. The
PMMA resist is removed from the edge to the center and the un-
covered substrate area increases gradually, forming a concave lens
on the substrate. Our proposed technique has several advantages.
First, the size of the nanolens array varies over a wide range from
hundreds of nanometers to tens of micrometers. The technique for
submicron lens array fabrication has rarely been reported. Nano-
lens arrays are useful for scaled optical devices operating in the
ultraviolet regime [3,18,28], such as solar-blind ultraviolet photo-
detectors in the micro-optical system. Second, this technique is
applicable to many different substrates, such as silicon, quartz, III-V
semiconductors, glass and ceramics. Third, various etching depths
can be attained by controlling the unexposed PMMA resist area and
etching recipe. In this way, a 3D lens array can be achieved. Finally,
the concave lens might also serve as a model for convex lens
fabrication through nanoimprinting, yielding a simple and cost-
effective fabrication process.

2. Experiments

In the present study, a p-doped <100> monocrystalline silicon
wafer (SUNSON Ltd.) was selected as the substrate for demonstra-
tion. The fabrication process was started with a standard cleaning
procedure with SC1 (H2O2:NH4OH:H2O ¼ 1:1:5), SC2
(H2O2:HCl:H2O ¼ 1:1:5), and buffered oxide etchant (BOE,
HF:NH4F ¼ 1:7). After baking the cleaned samples at 180 �C for
10 min for surface dehydration, they were coated with a layer of
polymethyl methacrylate (PMMA, AR-P 672.03, Allresist Company)
and then baked at 150 �C for 3 min to remove the solvent. The
thickness of the PMMA resist was 230 nm as measured using a
spectroscopic ellipsometer (UVISEL, HORIBA). Then, the samples
were transferred into an electron beam lithography (EBL) system
chamber (nB5, NanoBeam). After electron beam exposure with an
80 kV acceleration voltage and a 9 nA beam current, the samples
were developed in a IPA:MIBK solution with a 3:1 ratio for 3 min
and driedwith N2 gas. The samples were then etched for 300 s in an
ICP system using two different recipes: Recipe 1e70 sccm CHF3 and
11 sccm SF6; recipe 2e70 sccm CHF3, 11 sccm SF6, and 5 sccm O2.
Finally, the PMMA resist was stripped using O2 plasma. All samples
were examined in a scanning electron microscope (SEM, Merlin,
ZEISS) at a tilt angle of 45� and an atomic force microscope (AFM,
MFP-3D-Stand Alone, Asylum Research).

3. Results and discussions

3.1. Brief description of the results obtained from the nanolens

Fig. 1(a) shows the mask pattern used to achieve an array of
circular concave lens. The red circles denote areas to be exposed to
ICP etching. Each circle has a diameter of 200 nm and the pitch is
500 nm in both the x and y directions. After ICP etching, the
diameter increases to 350 nm, as shown by the SEM picture in
Fig. 1(b). AFMmeasurement reveals an etched depth that decreases
from the circle center to the edge, confirming that a concave lens is
formed (Fig. 1(c)). At an AFM scanning frequency of 1 Hz, a slight
discrepancy is observed between the dimensions for the mesa
depicted by the height curve in Fig. 1(c) and the SEM image shown
in Fig. 1(b). Fig. 1(d) shows the mask pattern for an array of square
concave lens. Similar to the circular case, the red squares, each of
dimension 200 nm and pitched at a distance of 500 nm from one
another, denote areas to be exposed during etching. After etching,
the dimension of the square concave lens is 450 nm (Fig. 1(e)). The
etched depth also decreases from the center towards the edge of
the circle, indicating that a concave lens is formed (Fig. 1(f)).

The depth and shape of the fabricated nanolens are adjusted by
changing the shape and pitch of the mask patterns. Table I sum-
marizes the etched depth h and the etched circle diameter D of
various nanolens patterns. The average surface roughness in a
9 mm2 area is 8.8 nm, indicating that the lens surface exhibits good
optical smoothness.

3.2. Characteristics of the fabricated concave nanolens determined
from simulations

The optical characteristics of the concave nanolens were studied
using simulations. For the circular nanolens (Fig. 1(a)e(c)), the
profile of etched depth was fitted to a polynomial equation using
OriginLab, as shown in Fig. 2(a). The origin is assigned to the bottom
of the lens for the simulation. The FDTD method (FDTD solutions,
Lumerical) is used to simulate the electromagnetic behavior of the
lens by inputting a plane wave of a 200 nm wavelength. The result
shows a focal length of about 0.42 mm with maximum light in-
tensity in the normal direction (Fig. 2(b)). The good focusing per-
formance at a wavelength of 200 nmwavelength indicates the lens
has a great potential in ultraviolet light application.

Since CMOS image sensors operate in the visible light spectrum,
the focusing performing of our concave nanolens was also exam-
ined under blue (0.4358 mm), green (0.5461 mm) and red (0.7 mm)
light using the FDTD method. The results are presented in Fig. 3.
Although the lens does not provide a good focusing over the entire
visible spectrum, it could enhance the signal in the near field. In the
future, further optimization of the etched depth profile may give
the lens better focusing performance over a broader wavelength
range.

3.3. Tuning etched depth and thus focal length via etching recipe

Fig. 4(a) compares the results of the two samples etched using
recipes 1 and 2. Compared to recipe 1, the O2 content in recipe 2
increases the etching rate because O2 increases the fluoride ion
plasma etching capability and lead to a larger depth and curvature.
Focusing performance of the two lenses were also simulated at a
wavelength of 200 nm (Fig. 4(b)). The lens fabricated by recipe 1
has a focal length of 160 nmwhile that fabricated by recipe 2 has a
focal length of 150 nm. The results reveal the possibility of fine-
tuning of the focal length by varying the etching recipe, demon-
strating the high control of our technique.

During the etching process, the CHF3 and SF6 gases provide
fluorine radicals for silicon etching, together with some side re-
actions (see Eqs. (1)e(5) [32e35] and others in the Supplementary
information). At the same time, the recombination of fluorine rad-
icals and CF2, CF3 radicals from the side reactions (e.g. Eq. (4)
reproduced below) reduces the etching rate due to the consump-
tion of fluorine radicals (Eqs. (6)e(8) [36]). On the other hand, the
addition of oxygen in recipe 2 provides three benefits: First, the
oxygen radicals initially react with silicon, thus enhancing the
etching rate (Eqs. 9e11 [34]). Second, more fluorine radicals are
produced and they form a passivation layer that increases the
etching depth (Eqs. 12e14 [33,37]). Third, the oxygen may inhibit
the recombination of CFx radicals (Eq. 15e17 [36], see for example
Eq. (16) reproduced below). These effects allow one to adjust the



Fig. 1. (a) The designed patterns of a circle array with a diameter of 200 nm and x/y pitch of 500 nm. (b) The concave lens array formed after ICP etching. (c) The AFM results of the
circle nanolens array, and the topographical map of the scanned area is given in the inset. (d) A designed square array with edge of 200 nm and x and y pitches of 500 nm. (e) The
concave lens array formed after ICP etching. (f) AFM result of the square array, and the inset gives the topographical map of the scanned area.

Table 1
Dimensions of nanolens formed using different mask patterns and etch recipes.

Figure Shape Design diameter (nm) Pitch (mm) ICP Recipe NO. h (nm) D (nm)

1(a) circle 200 0.5 1 45 350
1(d) square 200 0.5 1 48 450
4(1) circle 500 1 1 77 1000
4(2) circle 500 1 2 89 1000
\ circle 200 1 1 47 690
\ circle 200 1 2 58 750
\ circle 500 2 1 120 1000

Fig. 2. (a) Etched depth profile of the circular concave nanolens fitted by a polynomial.
(b) Electric-field intensity distribution simulated by the FDTD method at a wavelength
of 200 nm.
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curvature of the concave nanolens by varying the oxygen content in
the etching recipe.
CHF3 þ e/CF3 þ H þ e (4)

OF þCF3/COF2 þ 2F (16)
3.4. Fabrication of 3D structure

This can be achieved by using patterns of various sizes and
densities, that in turn produce different etched depths and curva-
tures after etching. In the mask pattern shown in Fig. 5(a), all the
lines have a width of 200 nm but the line density in alternate rows
are very different. Moreover, the red lines denote areas to be
exposed to ICP etching. After ICP etching, the fabricated structures
were investigated using an SEM and the image is shown in Fig. 5(b).
Fig. 5(c) shows the etched depth profiles measured along two
straight lines (red and black) shown in Fig. 5(b). For the regionwith
a lower line density, the etched depth is deeper (red line), whereas
for the region with denser lines, the etched depth is shallower
(black dotted line), forming two different concave lens arrays in the
same area. From the simulation, the corresponding lenses show
distinct focusing performances due to the difference in etched
depths and curvatures. The lens pertaining to the red line has a
focal length of 340 nm, while the lens pertaining to the black dotted
line has a focal length of 217 nm and a higher focusing efficiency
(Fig. 5(d)).



Fig. 3. Cross-sectional electric-field intensity distribution near the focal point for (a) blue light (436 nm wavelength); (b) green light (546 nm wavelength); (c) red light (700 nm
wavelength). (d) A comparison of these three situations using the same scale bar.

Fig. 4. (a) Comparison of the etched depth profiles of two circular nanolens (based on a mask pattern with a diameter of 500 nm and a pitch of 1 mm) fabricated using recipes 1 and
2. (b) Cross-sectional electric-field intensity distributions of two lenses near the focal points.

Fig. 5. (a) Mask pattern showing alternating rows of different line densities. All lines have a width of 200 nm. In rows with denser lines, the line pitch is 400 nm. (b) SEM image of
the structures after ICP etching. (c) The etched depth profiles measured by AFM along the two horizontal lines (red and black) indicated in Fig. 5(b). (d) Cross-sectional electric-field
intensity distribution near the focal points of two lenses.
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3.5. The underlying mechanism of our technique

The progress of ICP etching and the proposed mechanism that
produces the concave lens are schematically illustrated in Fig. 6.
During etching at the plasma atmosphere, the ions tend to
accumulate at the edges of the PMMA resist patterns. The
accumulated ions build up a local electric field that changes the
subsequent ions’ trajectory and results in sidewall etching (i.e.
lateral etching) (Fig. 6(a)). The sidewall etching gradually
removes the PMMA resist from the edge towards the center
[29,30] and this helps us to achieve a concave lens as further
explained as follows.



Fig. 6. (a)e(c) Schematic illustrations for the formation of a concave lens structure in the substrate. (d)e(f) SEM images showing the evolution of resist pattern resembling the letter
“A” pattern during etching and the eventual formation of a concave structure in the substrate. (g)e(i) Generation of different etched depths by PMMA resist of different widths.
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In the initial period of etching, vertical etching of the exposed
area is dominant. At the same time, resist at the edge is removed by
sidewall etching and this increases the substrate area exposed to the
plasma. This newly uncovered areawill also be etched by the plasma
but the etch depth will be lesser since the etching begins later. As
sidewall etching exposes more substrate area to the plasma, the
etched depth of the later exposed areas will increase shallower
(Fig. 6(b)), yielding finally a concave structure as shown in Fig. 6(c).

The aforementioned hypothesis is verified by the etching
experiment illustrated in Fig. 6(d) to 6(f). A resist pattern with
exposed area resembling the letter “A” was developed as shown in
Fig. 6(d). After etching with recipe 1 for 150 s, the size of the
triangular resist island in the middle of the figure obviously
reduced (Fig. 6(e)). The letter “A” has also become “fatter”, showing
a larger exposed area. These observations support our proposition
on the presence of non-negligible sidewall etching. When the
etching time increased to 300 s, a concave pattern was formed in
the substrate, as shown in Fig. 6(f). The type of resist and substrate
as well as the size and density of the resist pattern influence extent
of ion accumulation at the sidewall and the resultant etching rate.
Together with the thickness of the resist and the vertical etch rate,
they allow one to achieve concave lens of different etched depths
and curvatures [33,36], and wide range of sizes.

In the present study, we used the PMMA resist for electron beam
and EBL to perform the technique. However, our technique is not
limited to only this resist type and patterning technology. It may be
applied to the UV PMMA resist or any types of resist that is able to
be gradually removed from the edge to the center during the
etching.

The mechanism underlying the formation of 3D nanolens is
illustrated in Fig. 6(gei). Here, two PMMA resists of different
widths, W and w (W > w) are used as an example. During the
etching process, the resist of width w will be etched away faster
than the one of width W. Once that happens, the substrate under
the resist of widthwwill be etched downwhile the substrate under
the resist of widthW is still protected. Consequently, the heightH of
the structure under the resist of widthW is larger than the height h
of the structure under the resist of widthw. Thus, by controlling the
PMMA resist width, onemay achieve different etching depths and a
3D lens structure.
4. Conclusions

Concave nanolens arrays have been fabricated with a novel,
facile technique using ICP etching. During etching, the plasma ions
accumulate at the edge of the PMMA resist patterns and build up a
local electric field, that changes the subsequent ions’ trajectory and
leads to sidewall etching. As the PMMA resist is gradually etched
away from the sides, an additional area is exposed for etching at
later stages. This creates a graded etched depth in the substrate,
giving rise to a concave lens structure. In addition, the time
required to remove the PMMA resist is controlled by the width of
the PMMA resist. Therefore, PMMA resist of different widths can
give rise to structures having different heights and a 3D nanolens
array can be formed in this manner. Our proposed technique may
be easily applied in the fabrication of CMOS image sensors and
other kinds of photoelectric devices.
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