Research Article Vol. 25, No. 4 | 20 Feb 2017 | OPTICS EXPRESS 3069 I

Optics EXPRESS SN X

CMOS compatible fabrication of micro, nano
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Abstract: We present a novel CMOS-compatible fabrication technique for convex micro-
nano lens arrays (MNLAs) with high packing density on the wafer scale. By means of
conformal chemical vapor deposition (CVD) of hydrogenated amorphous silicon (a-Si:H)
following patterning of silicon pillars via electron beam lithography (EBL) and plasma
etching, large areas of a close packed silicon lens array with the diameter from a few
micrometers down to a few hundred nanometers was fabricated. The resulting structure shows
excellent surface roughness and high uniformity. The optical focusing properties of the lenses
at infrared wavelengths were verified by experimental measurements and numerical
simulation. This approach provides a feasible solution for fabricating silicon MNLAs
compatible for next generation large scale, miniaturized optical imaging detectors and related
optical devices.
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1. Introduction

Microlens arrays have been commonly incorporated in a variety of optical systems for optical
sensors [1-6], 3D displays [7], lighting and photovoltaic devices [8—11], as well as in
optofluidic lab-on-a-chip devices [12, 13]. During the past decades, enormous effort has been
devoted to developing new methods of fabricating various kinds of microlens arrays, such as
the VLSI-based binary method [14]; greyscale lithography [15]; polymer reflow [9,16,17];
femtosecond laser micromachining [18]; electrically templated de-wetting [19,20]; and most
recently, planar metamaterial focusing [21,22] and plasmonic focusing [23,24], etc. Among
these methods, thermal polymer reflow has been the most widely used as it is compatible with
standard semiconductor processes and the lens curvature can be defined by a properly
regulated temperature. This approach, however, suffers from the following drawbacks.
Firstly, almost all polymers have high absorption in the infrared band, thus hindering their
applications in infrared optics. Moreover, it is very difficult to form microlens array with high
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filling factor and a stable curvature over a large area due to merging of neighboring droplets
and volumetric shrinkage caused by thermally induced liquid evaporation. As a result the
method is not suitable for forming lens arrays at the sub-micron or even the nanometer scale
[25]. In some cases where extremely low temperature is required, the stress between the
polymer layer and the substrate can cause cracking and deformation, thus limiting its
applications in cooled detectors [26,27]. Additionally, most of alternative methods requires
sophisticated processes and suffer from low yield, which is not compatible with modern
CMOS process, thus it is hard to ensure high yield whilst remaining cost-effective.

Apart from being a major semiconductor material, silicon is also an excellent optical
material in the near and mid-infrared due to its broad mid-IR transparency and mechanical
stability. Silicon microlens has long been a highly desirable device for various infrared optical
devices, and are deemed as a vital component for next generation charge-coupled devices
(CCDs) with a pitch down to one or two times of operating wavelength [27,28]. Currently
silicon microlenses with a curved surface can only be manufactured via plasma etching with
thermally formed polymer microlens as the etch mask, and these suffer from the fundamental
hurdles stated above. Markweg et al [29] proposed a novel approach by engineering the
refractive index in the vertical direction whilst creating a geometrical profile in the orthogonal
direction parallel to the substrate. This allowed the beam to be focused along the propagation
axis. This method is used for planar beam shaping in chip scale integration within the
substrate. Until recently high quality silicon microlens arrays were fabricated by laser
enhanced wet etching [18,30]; unfortunately this method can only be used to fabricate
concave lens structures, which implies limited application in optical devices compared to the
convex counterpart.

In this letter we report a simple, yet efficient method for generating large scale, high
quality, convex microlens arrays by CMOS compatible processes with the lens size ranging
from several microns to as small as several hundred nanometers. This method consists of two
essential steps. First, plasma etching following lithography was used to define the position
and “seed” structure of MNLAs on a silicon wafer. As a result an array of silicon pillars was
patterned where the pillar structure was predesigned according to the desired lens structure.
Second, plasma-enhanced CVD of a-Si:H was performed for conformal growth of MNLAs.
The simplicity and cost-effectiveness of the approach could lead to wide applications in next
generation high resolution imaging detectors.

2. Experimental Details
2.1 Chemicals and material

Hydrogenated amorphous silicon (a-Si:H) is widely used in photonic applications such as
waveguides, photonic crystals and related integrated optical devices because it can be
deposited at relatively low temperature on almost any substrate and has comparable optical
transmission to crystalline silicon (c-Si) [31-33]. The existence of narrow absorption peaks
(FWHM~0.1um) of Si-H/Si-H, at S5um in a-Si:H has only a minor effect on the overall
performance of MNLAs required for wide band focusing within the infrared atmospheric
window. Here, a-Si:H was used to build the MNLASs because it exhibits similar refractive
index (An<0.1 @1.5um~10um, see Fig. 1) to c-Si [34] and this is crucial to enhance light
throughput by reducing the Fresnel reflection at the interface between deposition layer and
substrate template. Moreover, low temperature deposition by PECVD, a standard CMOS
compatible process, can mitigate the thermal stress between a-Si:H and c-Si because of their
different thermal expansion coefficients. The deposition rate using our recipe was 20nm/min
for a PECVD tool designed for R&D, however, the typical deposition rate in tools used for
production is higher ranging from 100~200nm/min [35], which means these lens structures
can be created reasonably rapidly.

We, firstly, developed a deposition recipe for a-Si:H films that led to a smooth surface
with the lowest optical attenuation based on our previous work [31]. As we can see from Fig.
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1, a-Si:H deposited in optimized conditions shows a negligible extinction coefficient (<0.001,
measured by IR-VASE, JA Woollam, Inc.) over the wavelength range from 1.5 um all the
way down to 10 um. Compared to our previous work, the deposition temperature was reduced
from 250°C to 200 °C to mitigate the compressive thermal stress between a-Si:H layer and c-

Si substrate.
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Fig. 1. The index of refraction and extinction coefficients of a-Si:H film grown by PECVD of
2 um thickness. For comparison, refractive index of c-Si is added [33].

2.2 Experiment procedure

The overall procedure for fabricating the MNLAs is shown schematically in Fig. 2, and
mainly consists of two parts: silicon template fabrication [Figs. 2(a)-2(d)] and a-Si:H
deposition [Figs. 2(e)-2(f)]. Firstly, a two dimensional periodic array pattern was defined by
electron beam lithography (EBL, Raith150) using a positive resist, ZEP 520A, and 70 nm of
chromium (Cr) was deposited on top by electron beam evaporation (Temescal BJD-2000).
Then, the resist was dissolved in resist remover (ZDMAC from ZEON Co.), leaving a
patterned mask of Cr metal. Finally, a template consisting of silicon pillars was obtained by
vertical etching the silicon by inductively-coupled-plasma reactive ion etching (ICP-RIE,
Oxford Plasmalab System 100) using CHF; and SF¢ gas mixture. The residual Cr was
removed by immersing the sample in chromium etchant (CR-7 from Cyantek). The inset next
to Fig. 2(d), shows a scanning electron micrograph of the resulting c-Si pillar array where the
structure parameters such as diameter and height were predesigned according to the MNLAs
structure that was required. a-Si:H was then deposited onto the silicon template using the
PECVD. In the initial stage of deposition [Fig. 2(e)], the a-Si:H was mainly deposited on the
top surface of the silicon pillars and the other horizontal surfaces. As the deposition
continued, a-Si:H gradually cover the pillars in a conformal manner such that the deposition
rate becomes substantially the same in all directions. Thus, the “lens” diameter increases as
the deposition proceeds until the lateral diameter reaches that of the lattice pitch [Fig. 2(f)].
Then the lens boundaries begin to overlap and the overall surface merges to form a
continuous corrugated honeycomb structure and the fill factor increases to 100% [Fig. 2(g)].
In this way we could obtain individual isolated hemispheres, as well as closely packed micro
or nano dome structures.
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Fig. 2. Schematic of microlens fabrication procedure. Inset: (d): SEM image of silicon
template, (f): isolated hemispheres. Scale bar: 5 pm.



Research Article Vol. 25, No. 4 | 20 Feb 2017 | OPTICS EXPRESS 3073 I

Optics EXPRESS NN e

3. Results and discussion

Different pillar array structures could be designed in order to obtain microlenses with
particular shapes. The detailed relation between the evolution of the surface profile and a-
Si:H deposition onto specific initial pillar structure is rather complex, and is being carefully
studied using molecular dynamics models by Monte-Carlo method and deposition
experiments, but this is beyond the scope of this paper. However, a linear dependence
between lens radius and deposition thickness can be deduced by studying the cross-section,
and is discussed in detail in the following part. It is clear that the lattice size and pitch of the
MNLAs is defined by that of the c-Si pillars, whilst the radius of each lens generally increases
as the thickness of the deposited film increases, which leads to an increasing focal length.

3.1 Nanolens array overgrowth

The EBL and the lift off process were used to define nano pillars on a silicon template. The
diameter of the pillars, d, was nominally 200 nm, and the pillar height, h, was 200 nm.
Typical SEM image of the silicon nano pillar template is shown in Fig. 3(a). Because of
proximity effect during EBL exposure, pillars with different diameters were obtained in a
single array depending on the relative position of each pillar. Thus, the diameter of the silicon
pillars near the boundary was 200 nm, while those located near the center had a smaller
diameter closer to 70 nm. After depositing 800 nm of a-Si:H, a nano lens array with good
surface quality was obtained, as shown in the SEM image of Fig. 3(b). The final lens diameter
was completely defined by the template so that the lenses near the boundary were larger than
those in the central area. The structure shows high fidelity to the templates and demonstrates
the feasibility of this overgrowth process.

Fig. 3. Nano lens array formation. (a) SEM image of nano-pillar template, (b) nano lens array
after overgrowth, tilted 45°, Scale bar: 5 pm.

3.2 Microlens array overgrowth

Microlens arrays with different lattice type and pitch were designed and fabricated. At this
scale the period of pillars is at the micron level and was not affected by the proximity effect,
thus all the pillar templates had the same diameter within each array, as is depicted in the
inset in Fig. 2(d), as a result all the microlens array had uniform size distribution. Hexagonal
and rectangular lattices were patterned and three different pitches of 4, 8, and 12 um were
designed for each lattice type in order to obtain lens arrays with various unit cell size. The
pillar diameter and height were set to be 1 um and 2 pm, respectively. The obtained microlens
arrays with 4 um pitch are shown in Figs. 4(a)-4(d), for the different lattice types and
deposition thickness. After 3pm of a-Si:H deposition, the lens structure takes up most of the
space between the pillars, and the outermost boundaries begin to overlap, increasing the fill
factor close to 100%. With further a-Si:H deposition, Figs. 4(c) and 4(d), the space between
these micro-domes begins to disappear thus forming microlens structures with 100% fill
factor. The radius of curvature of each lenslet increased as the deposition progressed, and the
MLAs exhibit high uniformity. We verified that the lens surface has a root-mean-square
roughness below 20nm from measurements using Wyko NT9100 optical profiler; however,
this roughness would incur only marginal surface scattering at least in the mid infrared range.
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Microlens arrays with larger pitch were also characterized. Figure 5 shows MLAs with 8
pm and 12 pm pitch under high magnification where the a-Si:H deposition thickness was 5
pm. Focused Ion Beam (FIB, FEI Helios 600 NanoLab) milling was used to investigate the
cross-sectional profile of an isolated lens structure. As is evident from the FIB cross-section
[Fig. 5(g)], the boundary of the deposited layer can be clearly seen and has a spherical shape
with smooth surface. When a microlens is isolated, i.e., the radius of the individual lens is
smaller than the pitch and the structure of all the microlenses remained the same regardless of
the lattice type and pitch. As we can see in Fig. 5(g), the thickness over the curved region of
the lens (At ) is equal to that on the plane surface nearby (Atz,), which indicates that the

deposition was conformal. The radius increment AR depends linearly on the deposition
thickness A7. One can fit this linear dependence using measured data points (for template
pillar d =1 ym and h = 2 pm, and this results in the relation R =0.49x¢+1.35, where R is
the radius and ¢ is the deposition thickness). This linear relation can be applied for other
templates where different pillar structures are used. After a certain deposition thickness, the
lens radius reaches to a point where lens boundary begins to overlap with its neighbors (i.e.
Figure 4), the lens radius in this deposition regime can be fully controlled by the designed
templates (equals to half of lattice constant). This structure is always preferred in practical
applications as it can achieve a 100% fill factor.

Fig. 4. Microlens array with different lattice and deposition thickness. (a) Rectangular and (b)
hexagonal array with 3um deposition. (c) Rectangular and (d) hexagonal, 5 pm. Insets shows
45° tilted view from SEM. Scale bar 4 um.

Fig. 5. Detailed view of selected MLAs with larger pitch. (a), (d) rectangular lattice, pitch:
8um; (b), (e) hexagonal lattice, pitch: 8 pm; (c), (f) hexagonal lattice, pitch: 12 pm, (g) top
view and cross section by FIB. (a-c) vertical angle, (d-f) tilted 45°. Scale bar: 5 um.

The optical performance of close-packed MLAs was characterized using the setup shown
in Fig. 6(a). Amplified spontaneous emission (ASE) from an erbium-doped fiber amplifier
(EDFA) was utilized as the illumination source as it produces less speckle and a relatively
uniform power pattern in the image plane compared with coherent sources. The objective lens
was anti-reflection coated for 1550 nm and the image was captured by an InGaAs infrared
camera (Xenics, Xeva-1.7-320). Figures 6(b) and 6(c) illustrate the focal spot array of short
band ASE centered at 1550 nm. An array of bright spots was observed with high spatial
resolution. For a hexagonal lattice with 8 um pitch, the full width at half-maximum (FWHM)
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of the point spread function (PSF) was fitted to be 2.1 um at 1550 nm incidence,
corresponding to 1.35 times the wavelength. We expect the actual FWHM should be smaller,
considering the limited resolution of the tube-lens used in the measurement system and
numerical aperture (NA) mismatch between individual microlens unit (~2.9) and imaging
objective lens (0.80). The transmitted light intensity of the lens array reached 85% of that of
un-patterned flat surface. This indicates that only marginal extra loss is added presumably due

to a-Si:H absorption and surface scattering.
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Fig. 6. (a) Schematic of optical measurement system. Focal spot array of ASE from EDFA, (b)
hexagonal and (c) rectangular array. Scale bar: 8 pm.

The broad transparency of a-Si:H in the infrared could also make the lenses useful in the
mid-infrared (MIR). Currently the resolution of optics used in the MIR in our laboratory is
not enough to distinguish between the array of focal spots from those caused by the
interference patterns caused by the periodic array. Instead we applied the highly accurate
finite-difference time-domain (FDTD from Lumerical, Vancouver) [36] method to calculate
the focal response of the MLAs in the MIR. The calculated results confirmed the focusing
ability of MLAs, as shown in Fig. 7 where the structural parameter was taken from Fig. 5(g)
with a numerical aperture around 2.9. We obtained a sub-wavelength focus reaching FWHM
about 0.84 um, which is close to the diffraction-limited (0.69 um). Note that the pixel pitch of
the most state-of-the-art commercial MIR cameras has been reduced to about two wavelength
(~10 pm) [27]. As a result the microlens array could be used to decrease the cross-talk and
increase the detectivity. Moreover the high NA and the diffraction-limited focal spot can also
make it possible to achieve smaller pixel pitch thus leading to a higher resolution comparable
to the more highly developed visual and NIR counterparts [4, 28]. The microlens array might
also find applications in MIR plasmonics where high intensity localized electromagnetic field
is preferred [37].

z(microns)

32101 2 3um

2 0
y(microns)

Fig. 7. The FDTD simulation showing the focal property of microlens array at 4um incidence.



Research Article Vol. 25, No. 4 | 20 Feb 2017 | OPTICS EXPRESS 3076 I

Optics EXPRESS SN X

4. Conclusion

In summary, we presented a novel CMOS compatible, mass producible approach to
fabricating convex lens arrays on a silicon substrate. The structure was characterized by SEM
and FIB and showed high surface quality and uniformity. Lens arrays with the size of several
microns down to several hundred nanometers can be easily fabricated over large areas with
high surface quality and uniformity with 100% fill factor. The relation between the lenses
radius and the deposition thickness was discussed. It was also verified that the fabricated
microlens array produces high resolution and uniform focal spot arrays at 1550 nm.
Furthermore, the focusing effect of the MLAs in the MIR (4 pm) was confirmed by FDTD
calculations. Due to the high transmission at broad wavelength band, this kind of micro-
optical devices promises wide application in next generation high resolution infrared imaging,
displays and other related fields. Besides, the excellent mechanical property of a-Si:H renders
the silicon convex lens arrays to be used as mold for polymer microlens imprinting.
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