https://iopscience.orgl/ijem

SCIE, El, SCOPUS, INSPEC, CAS, DOAJ, etc.

g International Journal of Extreme Manufacturing

Precision integration of grating-based polarizers onto
focal plane arrays of near-infrared photovoltaic

detectors for enhanced contrast polarimetric imaging
Bo Feng, Yifang Chen, Duo Sun, Zongyao Yang, Bo Yang, Xue Li and Tao Li

Highlights:

(a) 2x2 array of FPA pixels

e A number of fundamental technical problems in scaling 7
up by monolithically integrating grating-based polarizers o %J///ﬁ -
onto a focal plane array (FPA) of infrared detectors were : %/” radiation
il
successfully solved. _
y §

e Polarimetric and photovoltaic chips with divisions of the ybrid integration Filters
focal plane of 540 x 4 pixels and 300 x 256 superpixels  © ©
were successfully manufactured. Polarimetric imaging e >~ w};@/

K
/

with enhanced contrast was demonstrated.

e A broad avenue toward industrialization of high quality
polarimetric imaging in infrared wavelengths was
opened up.

View online: https://iopscience.iop.org/article/10.1088/2631-7990/abf5c8
Article Download:https://iopscience.iop.org/article/10.1088/2631-7990/abf5c8/pdf

Citation: Feng B, Chen Y F, Sun D, Yang Z Y, Yang B et al. Precision integration of grating-based polarizers onto focal
plane arrays of near-infrared photovoltaic detectors for enhanced contrast polarimetric imaging. Int. J. Extrem. Manuf. 3,
035201(2021).

Related articles:

Laser synthesis and functionalization of nanostructures
Costas P. Grigoropoulos

Citation: Grigoropoulos C P. Laser synthesis and functionalization of nanostructures. Int. J. Extrem. Manuf. 1, 012002
(2019).

At wavelength coherent scatterometry microscope using high-order harmonics for EUV mask inspection
Yutaka Nagata, Tetsuo Harada, Takeo Watanabe, Hiroo Kinoshita and Katsumi Midorikawa

Citation: Nagata Y, Harada T, Watanabe T, Kinoshita H, Midorikawa K. At wavelength coherent scatterometry microscope
using high-order harmonics for EUV mask inspection. Int. J. Extrem. Manuf. 1, 032001 (2019).

Scanning probe lithography on calixarene towards single-digit nanometer fabrication
Marcus Kaestner and lvo W Rangelow

Citation: Kaestner M, Rangelow I W. Scanning probe lithography on calixarene towards single-digit nanometer
fabrication. Int. J. Extrem. Manuf. 2, 032005 (2020).

Directed self-assembly of block copolymers for sub-10 nm fabrication

Yu Chen and Shisheng Xiong

Citation: ChenY, Xiong S S. Directed self-assembly of block copolymers for sub-10 nm fabrication. Int. J. Extrem. Manuf. 2,
032006 (2020).



https://iopscience.iop.org/article/10.1088/2631-7990/abf5c8
https://iopscience.iop.org/article/10.1088/2631-7990/abf5c8/pdf
https://doi.org/10.1088/2631-7990/ab0eca
https://doi.org/10.1088/2631-7990/ab3b4e
https://doi.org/10.1088/2631-7990/aba2d8
https://doi.org/10.1088/2631-7990/aba3ae
https://iopscience.org/ijem

OPEN ACCESS

10P Publishing | immT

International Journal of Extreme Manufacturing

Int. J. Extrem. Manuf. 3 (2021) 035201 (8pp)

https://doi.org/10.1088/2631-7990/abf5c8

Precision integration of grating-based
polarizers onto focal plane arrays of
near-infrared photovoltaic detectors for
enhanced contrast polarimetric imaging

Bo Feng', Yifang Chen'*(®, Duo Sun’, Zongyao Yang', Bo Yang’, Xue Li’ and Tao Li**

! Nanolithography and Application Research Group, State Key Laboratory of ASIC and System, School
of Information Science and Technology, Fudan University, Shanghai 200433, People’s Republic of China
2 State Key Laboratories of Transducer Technology, Shanghai Institute of Technical Physics, Chinese

Academy of Sciences, Shanghai 200083, People’s Republic of China

E-mail: yifangchen @fudan.edu.cn and litao @mail.sitp.ac.cn
Received 1 July 2020, revised 2 December 2020

Accepted for publication 7 April 2021
Published 30 April 2021

Abstract

®

CrossMark

Polarimetric imaging enhances the ability to distinguish objects from a bright background by
detecting their particular polarization status, which offers another degree of freedom in infrared
remote sensing. However, to scale up by monolithically integrating grating-based polarizers
onto a focal plane array (FPA) of infrared detectors, fundamental technical obstacles must be
overcome, including reductions of the extinction ratio by the misalignment between the
polarizer and the detector, grating line width fluctuations, the line edge roughness, etc. This
paper reports the authors’ latest achievements in overcoming those problems by solving key
technical issues regarding the integration of large-scale polarizers onto the chips of FPAs with
individual indium gallium arsenide/indium phosphide (InGaAs/InP) sensors as the basic
building blocks. Polarimetric and photovoltaic chips with divisions of the focal plane of 540 x 4
pixels and 320 x 256 superpixels have been successfully manufactured. Polarimetric imaging
with enhanced contrast has been demonstrated. The progress made in this work has opened up a
broad avenue toward industrialization of high quality polarimetric imaging in infrared

wavelengths.

Supplementary material for this article is available online
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1. Introduction

Extensive applications of polarimetric detection in
infrared wavelengths can be found in climate observation,
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environmental monitoring, space science/technology, secur-
ity, and submarine imaging [1-18]. Several techniques have
been reported to realize polarization imaging, including divi-
sions of time, amplitude, focal plane, and aperture [19]. Our
earlier work has demonstrated that subwavelength metallic
gratings acting as polarizers integrated with an indium gallium
arsenide/indium phosphide (InGaAs/InP) focal plane array
(FPA) in the division of the focal plane (DoFP) exhibit great
advantages, such as high quantum efficiency and low dark
current at room temperature operation [19-25]. However, in
the scale up for integration of subwavelength metallic gratings
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Figure 1. Schematics of the devices fabricated in this work. (a) A polarization filter array and a FPA sensor comprising an imaging
polarimeter by the division-of-focal-plane modulation scheme; and (b), (c) the specially designed grating-based polarizers with the
InGaAs/InP detectors by DoFP with 540 x 4 pixels and 320 x 256 superpixels.

with an FPA of 540 x 4 pixels and 320 x 256 superpixels (each
pixel contains four subpixels with four different polarization
orientations) by electron beam lithography (EBL), a number
of key technical problems must be addressed before the fab-
ricated polarization FPA is able to demonstrate polarimetric
imaging with enhanced contrast.

First, the misalignment of the gratings with the detector
array may lead to dramatic reduction of the extinction ratio
of the fabricated polarimetric detector (ratio of the maximum
to minimum value of the electronic signal), according to
our earlier results [19]. Highly precise alignment is required.
Second, the line-width, in association with the duty ratio (grat-
ing line-width/space), can significantly influence the extinc-
tion ratio of polarizers, i.e. the ratio of the transmittances
between the cross-polarized light and the parallel polarized
light as discovered in our previous work [23, 24]. In replic-
ating gratings with either an orientation of 45° or 135° by
EBL, diagonal lines (45° or 135°) are always narrower than
the horizontal or the vertical lines, due to the difference in
grid resolution between the orthogonal and the diagonal ori-
entations, leading to nonuniform transmission. Third, it was
first found in our work that the line edge roughness (LER) is
also significantly responsible for the decrease in the extinc-
tion ratio of polarizers. Although the origin of the LER effect
on the extinction is still under investigation, effective meas-
ures must be taken to eliminate the LER as much as possible
to maintain a high extinction ratio. Therefore, to break through
those fundamental obstacles, an innovative technique must be
developed to overcome a number of vital issues in the scaling
up of the infrared FPA of polarization detectors.

This paper reports our technical progress in monolithic
integration of uniform aluminum (Al) subwavelength gratings
as the polarizers with 540 x 4 pixelated and 320 x 256 super-
pixelated FPAs of InGaAs/InP detectors by the mix-and-match
of ultraviolet (UV) exposure/EBL through a highly precise
registration technique. Optimized parameters in sample-size-
compatible EBL and reduction of the LER of Al gratings has
been worked out to ensure a highly accurate alignment and
high extinction ratio in the polarimetric performance. Initial
results with the enhanced contrast quality of the infrared ima-
ging in 0.9-1.7 um by the fabricated chips have been obtained.
The solutions to the technical difficulties encountered in this
work should be beneficial for the monolithic integration of
subwavelength gratings with the FPA of detectors in an even
larger scale.

2. Methods

2.1 Design of InGaAs/InP-based polarimetric detectors

A typical DoFP method was adopted by using the Bayer pat-
tern with four subwavelength gratings at an orientation of 0°,
45°,90° and 135°, to calculate the first three Stokes vectors,
as schematically illustrated in figure 1(a). The Stokes paramet-
ers were reconstructed based on the intensity measurements by
equation (1) [5]:

So §|Ex|2+ |Ey|2§ Ip+1Ioo
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Figure 2. The prefabricated InGaAs/InP FPA detectors with different sample scales. (a) 540 x 4 pixels detector, whose wafer dimensions
were 3.242 cm in length and 0.91 cm in width; and (b) 320 x 256 superpixels detector, whose wafer dimensions were 2.2 cm in length and
1.8 cm in width; (c)—(e) photos of the device by a scanning electron microscope (SEM); and (f) the measured response spectrum of an

individual detector.

where Sy is the total intensity of the light, S; is the difference
between horizontal and vertical polarization, and S is the dif-
ference between linear 45° and 135° polarization.

The InGaAs/InP-based FPA with 540 x 4 pixels, integrated
with metallic grating polarizers for detection in near infrared
wavelengths, is schematically shown in figure 1(b). Backside-
illuminated InGaAs FPA sensing pixels reduced the space
between the polarizer and the photodiode, therefore, elimin-
ated the likelihood of crosstalk, where an incident light passes
through the filter of one pixel but is registered by an adja-
cent pixel. Since the polarizer to be integrated was composed
of four groups of linear arrays of subwavelength Al gratings,
each of which had a specific orientation of 0°, 45°, 90° and
135°, the target chip was able to gain a large view of the field
for polarization imaging by a push-broom scanning pattern
[20]. Figure 1(c) depicts a 320 x 256-superpixel-structured
polarimetric InGaAs FPA in which each superpixel consists
of 2 x 2 Al gratings with four different angles, similar to the
well-known Bayer pattern. The polarization FPA detector with
superpixels was able to determine the degree and the angle of
linear polarization of the image. A sufficient number of sens-
ing pixels at both the x-axis and y-axis directions also made
it meet staring imaging patterns [19]. Meanwhile, all of the
polarimetric FPAs can acquire the near-infrared spectral and
polarization characteristics of the imaged object in real time
to significantly enhance the image contrast.

2.2. Prefabrication of InGaAs/InP FPA detectors

The prefabricated InGaAs/InP-based FPA detector with
540 x 4 pixels (wafer dimensions: 3.242 cm in length
and 0.91 cm in width) is presented in figure 2(a); and the
InGaAs/InP-based FPA detector with 320 x 256 superpixels
(wafer dimensions: 2.2 cm in length and 1.8 cm in width) is

presented in figure 2(b). Both detectors mainly consist of an
InGaAs photosensitive chip interconnected with silicon (Si)
complementary metal oxide semiconductor (CMOS) read-out
circuits (ROICs). The Ings3Gag47As/InP FPA photosensitive
chip has the layer structure of a 350 pum-thick InP substrate
covered by a 200 nm thick N-type InP buffer layer, then a
2.5 pm-thick, unintentionally doped InGaAs absorption layer,
finished by a 1 um P-type InP layer formed by the thermal dif-
fusion of zinc (Zn) into InP. The Si-based CMOS ROIC was
electrically interconnected with a photosensitive chip via the
indium bumps flip-chip bonding technique for reading elec-
trical signals. The area and the pitch of each sensing pixel was
11 pm and 30 pm. The details are depicted in figures 2(c)—(e).
A 200 nm thick silicon dioxide (SiO;,) dielectric layer was then
back grown on the conventional InP substrate by inductively
coupled plasma chemical vapor deposition, which was essen-
tial for the metallic subwavelength gratings to act as a polar-
izer in the infrared wavelength for a high extinction ratio [22].
Figure 2(f) depicts the measured normalized response spec-
trum of the InGaAs FPA. The response wavelength ranged
between 0.9 and 1.7 pum, and the peak responsivity was as
high as up to 0.71 A W~! at 1.55 pm, corresponding to
a quantum efficiency of 56.8%. The detectivity of photo-
sensitive elements was ~1.95 x 10'2 cm Hz!'?/W at room
temperature.

3. Experiments and results

3.1. Integration of metallic gratings directly onto InGaAs/InP
detectors

In the integration of the subwavelength gratings onto the
FPA of InGaAs/InP detectors, a mix-and-match technique
was applied, i.e. a UV exposure by a mask aligner (SUSS
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Figure 3. The technical issues related to the line-width control. (a) The optical image of spin-coated, uneven PMMA with different colors,
indicating the thickness fluctuations throughout the rectangular wafer; (b) the AFM-measured PMMA thickness in the central and the edge
region; (c) the resultant line width vs. the exposure dose in two different regions with different PMMA thicknesses for the 45° oriented
grating; (d) the line width with three different orientations of the lines on the 450 nm thick PMMA; (e)—(g) the schematic diagrams show the
differences of the writing grid densities on the line edges for the three different orientations of grating; and (h) the SEM photos of fabricated
0°,45°,90° and 135° orientated gratings with a consistent 150 nm line width and 300 nm pitch in uneven PMMA resist (scaling bar,

300 nm).

MAG6) was carried out for both detectors and alignment
marks simultaneously, which would be used in EBL for sub-
wavelength gratings. The alignment mark consisted of 20 nm
titanium (Ti)/100 nm platinum (Pt) on the top of a SiO, layer
(figure 1(b)), in which the Ti layer acted as an adhesion. In
replicating the metallic gratings, EBL was carried out by a
JEOL 6300 FS system with a beam of 7 nm spot size and
500 pA beam current at 100 KeV to generate equal line/space
patterns in polymethyl methacrylate (PMMA) (MW350K) for
Al pixel/superpixel gratings. The precise mounting of the
sample with a rectangular shape (3.242 cm in length and
2.2 cm in width) to the standard holder of the JEOL beam
writer was extremely critical to the e-beam focusing and align-
ment accuracy. As mentioned in the introduction, a small
misalignment between the polarizer and the sensor area may
cause a big loss of extinction ratio for fabricated polarimet-
ric detectors. A specially designed sample-size-compatible
procedure was developed to realize the precise integration
of grating based polarizers directly onto FPAs (see figure

S1, Supporting information (available online at stacks.iop.org/
1JEM/3/035201/mmedia)).

In this work, the line width, the pitch, and the thickness
of the subwavelength Al gratings to be integrated was fixed
at 150 nm, 300 nm, and 100 nm, based on the design in our
earlier work [19, 20]. A 450 nm thick PMMA (MW350K) was
first spin coated and then baked on a hot plate at 110 °C for
8 min. Due to the rectangular shape of the wafers, the thickness
of the PMMA layer was uneven, as can been seen by various
colors on the coated sample in figure 3(a). The thickness dif-
ference was measured by an atomic force microscope (AFM)
supplied by Bruker, as shown in figure 3(b). The PMMA thick-
ness was measured to be 450 nm in the center and 530 nm on
the edge of the sample. With such a deviation in resist thick-
ness, it was rather difficult to achieve a consistent line-width
(150 nm) from site to site. To solve this problem, the depend-
ence of the line-width on the exposure dose at different PMMA
thickness was first characterized, as shown in figure 3(c). To
maintain a constant duty cycle (50%) throughout the 300 nm
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Figure 4. The successfully integrated photoelectronic chips in near infrared wavelengths. (a), (b) The 3.242 cm long FPA of 540 x 4
pixelated conventional InGaAs/InP detectors, integrated with Al grating-based polarizers. (c)—(e) The 2.2 cm long FPA of 320 x 256

superpixelated detectors integrated with grating-based polarizers.

pitched Al gratings to ensure the same transmission of each
polarizer with minimized extracting errors for the Stokes para-
meters, a higher exposure dose (580 1.C cm™?2) was applied for
the 530 nm thick PMMA than that with a 450 nm thickness
(537 uC cm~2). The change in the line-width from 60 nm to
240 nm with the exposure dose from 430 to 700 xC cm™2, as
presented in figure 3(c), also indicated the excellent line width
control of the process with a broad dose window.

Another equally important issue related to the line width
control in EBL is the grating line orientation effect on the line
width. There are a total of four gratings in one superpixel,
each of them orientated at 0°, 45°, 90° and 135°, to the hori-
zontal direction, i.e. 0°. Dose tests of the line width against
the exposure doses for three different orientation angles of
the gratings, i.e. 0°, 45° and 90°, to the horizon were car-
ried out; and the results are presented in figure 3(d). Clearly,
when exposed by the same dose, the vertically oriented grating
gave rise to the widest lines, the one with diagonal lines gave

rise to the narrowest lines, and the one with horizontally ori-
ented lines had a line width in between the other two gratings.
The line width deviations between different oriented gratings
were caused by the differences in writing grid density along
the lines, as schematically illustrated in figures 3(e)—(g). The
red dots represent the e-beam writing grids. Comparing the
diagonal lines (figure 3(f)) with the vertical (figure 3(e)) or
horizontal lines (figure 3(g)), it had the lowest grid density on
the line edge, leading to the reduced exposure dose. Although
the grid density on the line edges of both the vertical and hori-
zontal gratings were identical, the LER of the horizontal grat-
ing was larger than that of the vertical one because the e-beam
writing trace of the JEOL 6300 FS was vertical, as shown by
the dashed lines with green color, which was in line with the
vertical grating, causing relatively low edge roughness.
Taking the grating orientation effect into account, three
different base doses (537 pC cm™2, 520 uC cm~—2 and
508 uC cm~2) were used for the exposures of the three
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Figure 5. The effect of the LER on the polarization property. (a) The fabricated metallic Al gratings with an LER of 37.5 nm and 6.7 nm,
respectively, on the 200 nm SiO; coated on a 350 pm thick InP substrate. The comparison of the extinction ratios in near infrared
wavelengths from the two Al gratings was obtained by the FDTD simulation (b) and the measured results (c). Both the theoretical and
experimental results showed the LER may deteriorate the polarization performance.

orientated gratings in the layout (figure S2, supporting inform-
ation). Furthermore, to overcome the problem of the uneven
thickness of PMMA in different regions on the 540 x 4 FPAs
with a wafer length of 3.242 cm, as mentioned above, the
sample area was divided into two regions according to the
PMMA thicknesses, from 450 nm to 530 nm (figure S2(a),
supporting information). EBL was carried out by using the
corresponding doses to ensure the grating line-width was con-
sistent from one region to the other. Therefore, different ori-
entated grating patterns with 150 nm line-width and 300 nm
pitch were achieved in the uneven PMMA on the whole FPA
chip, as show figure 3(h). No difference in the PMMA thick-
ness was observed for the 320 x 256 pixelated FPAs with the
sample length of 2.2 cm, and regional exposure was not neces-
sary.

After the replication of equal lines/spaces in PMMA with
high quality, as presented in figure 3(h), a 100 nm thick Al
film was then deposited by thermal evaporation in a high
vacuum system, supplied by Kurt J. Lesker Ltd (Nano 36).
The unwanted Al on the top of PMMA was washed away
by a lift-off process in warm (60 °C) acetone for 30 min.
The fabricated chips integrated with polarizers are presen-
ted in figure 4. If the pixels of the polarimeter were not per-
fectly orthogonal, the modulation of the incident light would
have been strongly affected. In this work, the locations of
both the sensing areas and alignment marks were simultan-
eously determined by the mask aligner (UV exposure). Based
on the prefabricated marks, the polarizer was then precisely
aligned with the InGaAs/InP FPA by using the registration
system of the JEOL 6300 FS beam writer. The alignment

error of the polarizer at both the x- and y-directions was well
controlled within 6 nm, giving rise to high accuracy estimation
of Stokes parameters, as shown in figure 4(d). Furthermore,
the identical 150 nm line-width (figure 4(f)) on each pixel
with different orientations of 0°, 45°, 90°, or 135° ensured
an approximately equal relative throughput/transmission of
incident infrared light, which is helpful to improve imaging
quality.

3.2. The effect of LER on the extinction ratio

As mentioned above, poor extinction ratios lead to cross-talk at
adjacent pixels. In this work, it was found that the LER of the
fabricated metallic grating can directly influence the extinc-
tion ratio of the polarizer. The LER on the fabricated samples
was measured using ProSEM software, supplied by GenlSys
Ltd. Figure 5(a) shows the LERs of 37.5 nm and 6.7 nm, which
were formed during the PMMA development process at 0 °C
and 23 °C, respectively. Developing at relatively high tem-
perature helps to reduce the line width fluctuation as well as
the LER. Figure 5(b) presents the comparison of the extinc-
tion ratios from the two Al gratings with different LER in
near infrared wavelength, calculated by the finite difference
time domain (FDTD) simulation method. Here, the extinction
ratio based on the simulation results was the ratio of transverse
magnetic-polarized wave transmittance to transverse electric-
polarized wave transmittance. Clearly, a low LER of grat-
ing is beneficial to the extinction ratio for polarization ima-
ging, which was further confirmed by the measured results, as
shown in figure 5(c).



Int. J. Extrem. Manuf. 3 (2021) 035201

B Feng et al

Figure 6. Comparisons of imaging quality by (a) CMOS imaging sensor at daytime, (b) conventional InGaAs detector, and (c) integrated

InGaAs/InP FPA with grating-based polarizers in the dark.

3.3. Polarimetric imaging by the fabricated FPASs in infrared
wavelengths

The staring imaging performance of the photoelectronic chip
integrated with Al gratings was characterized, as presented in
figure 6. The imaged scene, which was about 50 m away from
the camera, consisted of plants and artificial buildings. It was
clearly observed that the fabricated polarimetric InGaAs/InP
FPA in this work shows significantly enhanced contrast in the
image, compared to those images by a CMOS imaging sensor
(figure 6(a)) as well as a prefabricated conventional InGaAs
detector (figure 6(b)), which is important for promoting the
target recognition capacity.

4. Conclusions

In this work, an important milestone was successfully estab-
lished, i.e. the successful scaling up of the monolithic integra-
tion of grating-based polarizers to FPAs of InGaAs/InP detect-
ors up to 540 x 4 pixels and 320 x 256 superpixels. Such
an advance involves breakthroughs in a number of funda-
mental technical problems, including the effects of misalign-
ment, LER of gratings, and the line width fluctuation on the
extinction ratio of the fabricated polarimetric detector, which
was closely related to the imaging contrast. To address these
problems, novel nanoscale processes were developed. First,
an irregular wafer-friendly mounting facility was developed
to achieve highly precise alignment in the integration process.
Second, the effect of the LER on the reduction of the extinction
ratio was both theoretically studied and experimentally char-
acterized, which was instructive in our effort to reduce the LER
in the EBL process. Third, a regional e-beam exposure strategy
was applied to effectively eliminate the effect of the chip
shape irregularity on the line-width variation arising from the
nonuniform PMMA thickness. Finally, the orientation-related
deviations of the grating line-width caused by the intrinsic
difference in the grid density between the orthogonal and
the diagonal write were also avoided by adjusting the expos-
ure dose accordingly. Therefore, the technique established in
this work should be applicable to scale up photoelectronic
chips with even higher integrity for high quality polarimetric
imaging.
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