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A novel self-alignment method for high precision silicon diffraction microlens
arrays preparation and its integration with infrared focal plane arrays
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Abstract: Silicon (Si) diffraction microlens arrays are usually used to integrate with infrared focal plane arrays
(IRFPAs) to improve their performance. The errors of lithography are unavoidable in the process of the Si diffrac-
tion microlens arrays preparation in the conventional engraving method. It has a serious impact on its performance
and subsequent applications. In response to the problem of errors of Si diffraction microlens arrays in the conven-
tional method, a novel self-alignment method for high precision Si diffraction microlens arrays preparation is pro-
posed. The accuracy of the Si diffractive microlens arrays preparation is determined by the accuracy of the first li-
thography mask in the novel self-alignment method. In the subsequent etching, the etched area will be protected
by the mask layer and the sacrifice layer or the protective layer. The unprotection area is carved to effectively
block the non-etching areas, accurately etch the etching area required, and solve the problem of errors. The high
precision Si diffraction microlens arrays are obtained by the novel self-alignment method and the diffraction effi-
ciency could reach 92. 6%. After integrating with IRFPAs, the average blackbody responsity increased by 8. 3%,
and the average blackbody detectivity increased by 10. 3%. It indicates that the Si diffraction microlens arrays can
improve the filling factor and reduce the crosstalk of IRFPAs through convergence, thereby improving the perfor-
mance of IRFPAs. The results are of great reference significance for improving their performance through optimiz-

ing the preparation level of micro nano devices.
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Introduction
Infrared focal plane arrays (IRFPAs) have the ad-

vantages of high sensitivity, good environmental adapt-
ability, and strong anti-interference. They are widely
used in military and civilians such as defense weapons,
infrared remote sensing and meteorological environ-
ment'". As the scale of IRFPAs is getting larger and
larger and the size of the elements are getting smaller and
smaller, the filling factor of the IRFPAs is getting small-
er and smaller. For example, the size of the elements of
the IRFPAs is 25 pm X 25 pm, the size of mesa of the
IRFPAs is 20 pum X 20 pm, so the filling factor of the IR-
FPAs is (20 pm X 20 um) / (25 wm X 25 wm), and the
calculation which can be seen is only 64 %. Low-filled
factor not only affects the performance of the IRFPAs,
but also restrict its systematic application.

The diffraction microlens arrays can be used to im-
prove the filling factor of the IRFPAs ™', The diffrac-
tion microlens arrays is a kind of relief-type pure phase
diffraction optical elements with small advantages such
as small volume, high integration, high diffraction effi-
ciency, and large filling factor. The methods of the dif-
fraction microlens arrays preparation are mainly binary
optical technology, laser direct writing technology, and
grayscale mask technology "7, Most of the diffraction
microlens arrays preparation adopt binary optical technol-
ogy containing photoresses and etching technology. The
diffraction microlens arrays using the binary optical tech-
nology is easy to be neat and sharp. The filling factor of
the diffraction microlens arrays can reach 100 % . The
diffraction microlens arrays have many other advantages,
such as, light weight, low cost, easy to miniature and ar-
ray.

The diffraction microlens arrays based on Si materi-
als are usually used to integrate with IRFPAs to improve
their performance. On one hand, it can optimize the
stress of IRFPAs by using the Si (microlens arrays) -
semiconductor -Si (readout circuit) structure to solve the
chip cracking problem. On the other hand, the light can
be collected to the elements of IRFPAs by the conver-
gence of the microlens arrays to improve the performance
of the IRFPAs.

The diffraction microlens array for the IRFPAs is
usually prepared by the conventional engraving method of
the binary optical technology. As the size of element of
the IRFPAs is getting smaller and smaller, the corre-
sponding radius of each zone of the Si diffraction micro-
lens arrays is also smaller and smaller. At the same
time, the size of the lithographic and etching areas is get-
ting smaller and smaller. It brings many errors happen-
ing of the Si diffraction microlens arrays preparation. It
has a serious impact on the performance of the Si diffrac-
tion microlens arrays and the subsequent application. In
this paper, the errors of Si diffraction microlens array
preparation in the conventional method are analyzed.

The high precision Si diffraction microlens array is fabri-
cated by the proposed novel self-alignment method. The
IRFPA integrated with the Si diffraction microlens array
is studied. The results are of great reference significance
for improving the performance of micro nano devices by
optimizing the production level to meet the system appli-
cation requirements.

1 Analysis of the errors of Si diffraction
microlens arrays preparation in the con-
ventional method

The conventional method of diffraction microlens ar-
rays preparation includes three sets of engravings and
three etching. The main contents of each etching include
rotating the photoresist on the surface of the clean silicon
base, using a lithographic mask for lithographic, and ex-
posing the erosion area for etching.

In the process of diffraction microlens arrays prepa-
ration by the conventional method, it has a problem of
alignment deviation of photocalation, as shown in Figure
1. Figure 1 shows that the graphic of chip after the sec-
ond etching in the conventional method observed by a mi-
croscope. After many experiments, it is found that the
phenomenon is more common in the engraving, especial-
ly it is more significant in the third etching. Therefore,
the errors generated by the conventional method is ana-
lyzed, as shown in Figure 2.
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Fig. 1 The microscope graphic of chip after the second etching
in the conventional method
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Figure 2 shows that the analysis of the errors of Si
diffraction microlens arrays preparation in the conven-
tional method. It is difficult to engrave when the conven-
tional method is applied to diffraction microlens arrays
with the size of element 25 wm X 25 wm. On the one
hand, there is a problem with excessive development or
lack of appearance during the lithography process. It
brings that the radius of zones of diffraction microlens ar-
rays between the actual graphic and the original design
will be different, resulting in excess zones on the edge.
The preparation accuracy will affect the performance of
Si diffraction microlens arrays. On the other hand, it is
very difficult by using this method for the lithography
alignment of small elements. If the error of zones occurs,
it will make lithography alignment more difficult, result-
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ing in protrusions or depression on the edge, which will
affect the performance of the diffraction microlens arrays.
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Fig. 2 The analysis diagram of the errors of Si diffraction mi-
crolens arrays preparation in the conventional method
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2 A novel self-alignment method for
high precision Si diffraction microlens ar-
rays preparation

The errors are unavoidable in the process of the Si
diffraction microlens arrays preparation in the convention-
al method. The double-sided exposure method "* has
been reported to avoid errors, but it only applies to the
quartz glass and other materials that transparent ultravio-
let light, and it is not suitable for Si and other materials
that are not penetrated. Therefore, how to prepare high-
precision diffraction microlens arrays based on materials
that are opaque to ultraviolet light such as Si has become
a difficult research point.

In response to this problem, a novel self-alignment
method is proposed to achieve high precision Si diffrac-
tion microlens arrays preparation in this article. The pro-
cess in the novel self-alignment method is introduced and
the Si diffraction microlens array is prepared. The ap-
pearance of the zones of the Si diffraction microlens array
is studied by high power microscope and tested by the op-
tical testing system.

2.1 The novel self-alignment method and parame-
ter design

The etched area is protected and the non-protected
area is etched in the novel self-alignment method, as
shown in Figure 3.

The experimental steps are as follows :

(D Sacrifice layer and chromium are made. Nega-
tive lithography is used as a sacrifice layer. The chromi-
um window is made by engraving and wet eroding. Then
the sacrifice layer window and the second, fourth, and
sixth zones are generated by the reactive ion etching in
turn. In this step, the edge of each zone of the diffraction
microlens arrays is determined by the edge of wetting
etching of the chromium, as shown in Figure 3 (a).

@) The fourth and eighth zones are generated by the
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Fig. 3 The schematic diagrams of a novel self-alignment meth-
od: (a) the first etching; (b) the second etching; (c¢) the third
etching; (d) the forth etching; (e) the fifth etching
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reactive ion etching. The edge of the zones is determined
by the edge of the mask layer and the wetting etching of
the chromium in past step, as shown in Figure 3 (b).

@) The protective layer is made. After the sacrifice
layer is stripped off, the protective layer is left. Then the
sacrifice layer and chromium are made again. The third
and seventh zones are generated by the reactive ion etch-
ing. The edge of the zones is determined by the edge of
the mask layer and protective layer. In this step, silicon
dioxide is used as a protective layer, as shown in Figure
3 (c).

(@ The protective layer is corroded. The protective
layer silicon can be removed by corrosion, and the sur-
face coverage can be removed together. The sixth, sev-
enth, and eighth zones are generated by the reactive ion
etching. The edge of the zone is determined by the edge
of the mask layer and the wetting etching of the chromi-
um in past step, as shown in Figure 3 (d).

(® The protective layer is made again. After the sac-
rifice layer is stripped off, the protective layer is left.
The fifth zone is generated by the reactive ion etching.
The edge of the zone is determined by the edge of the
mask layer and protective layer, as shown in Figure
3 (e).

According to the above method, the Si diffraction
microlens arrays are obtained. There are no errors in the
novel self-alignment method. But it needs to use more
lithographic masks than before.

It can be seen in Figure 3 that in order to obtain the
high-precision Si diffraction microlens arrays, compared
with the conventional method, the novel self-alignment
method needs to be eroded several times. Referring to
the double-sided exposure method, five lithographic
masks are required. Each etch depth is different. The
comparison of parameter design value is shown in Table
1. In Table 1, the etching depths of the conventional
method are 0. 868 pm, 0.434 pm, 0.217 wm, and the
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Fig. 4 (a) Elements alignment configuration; (b) alignment marking for Si diffractive microlens arrays and IRFPAs
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etching depths of the novel self-alignment method are
0.217 pm, 0.434 pm, 0.434 pm, 0.868 pwm, and
0. 868 pm. The radius of each zone is same, with 6.2
pm, 8. 8 pm, 10.8 wm, 12.45 pm, 13.95 pm, 15.3
pm, 16.5 wm, 17.7 wm. The minimum zone width is
1.2 pm.

Table 1 Comparison of parameter design value of Si
diffraction microlens arrays preparation by the
conventional method and the novel self-align-
ment method
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Novel self-alignment
Conventional method

method
Size of element 25 pwm X25 pm 25 wm X25 pm
Pitch of two neighbor
25 pm 25 pm

elements

Middle wave band

3-5 um (4.2 pm) 3-5 um (4.2 pm)

(Center wavelength)
The refractive index
3.42 3.42
of Si
6.2 um, 8.8 um,
" " 6.2 pm, 8.8 pm, 10.8
10. 8 pm, 12.45
The radius of each pm, 12.45 pm, 13.95
pm, 13.95 wm,
zone pm, 15.3 pm, 16.5
15.3 pm, 16.5 pm,
pm, 17.7 pm.
17.7 pm.

0.217 pm,0. 434 pm,
0.434 pum, 0. 868 wm,
0. 868 wm
(Five etching)

0. 868 wm, 0. 434

The depth of each
pm, 0.217 pm

etching ste
gsep (Three etching)

The minimum zone

1.2 pm
width "

1.2 pm

2.2 Preparation, test and integration

AZ1500 is used as photoresist. SISO0E type equip-
ment is used as reactive ion etching. The etching condi-
tions are as follows: the gas flow of CHF,: O, is 24 ml:6 ml,
the ICP source power is 400 W, the RF source power is
150 W, and the pressure of reaction room is 0. 5 Pa. The
Si diffraction microlens array is prepared by the novel
self-alignment method. In order to increase the transmis-
sion of the Si diffraction microlens array, the double-sid-
ed transplantation film is coated. The zones of the Si dif-

fraction microlens array are tested with the help of Alpha
Step 500 steps and Eeco’s Wyko HD300 contours. The
surface morphology is tested with a stereomicroscope.
The focal point and optical energy distribution are tested
by the optical testing system.

The Si diffractive microlens array is thinned and pol-
ished to focus on a point. The alignments are designed
and prepared on the surface of the readout circuit of IRF-
PAs and Si diffraction microlens arrays. The glue without
bubbles is used to couple the Si diffractive microlens ar-
ray and the IRFPAs. Each element of Si diffraction mi-
crolens array and each element of the IRFPAs will be
aligned according to the alignment marking, as shown in
Figure 4. The integration IRFPAs detector is encapsulat-
ed in metal shell and characterized by IRFPAs test-bench.

3 Result and discussion

The microscope graphics and unit surface profile of
Si diffractive microlens arrays are shown in Figure 5 and
Figure 6, respectively.

Fig. 5 The microscope graphics of Si diffractive microlens ar-
rays
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From Figure 5 and Figure 6, it can be seen that the
novel self-alignment method has highly accurate. It is be-
cause the accuracy of the Si diffractive microlens arrays
is determined by the accuracy of the first lithography
mask. In the subsequent etching, the etched area will be
protected by the mask layer and the sacrifice layer or the
protective layer. The unprotection area is carved to effec-
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Fig. 6 The unit surface profile of Si diffractive microlens arrays
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tively block the non-etching areas, accurately etch the
etching area required, and solve the problem of errors
that are easily prone to Si diffractive microlens array
preparation in the process of mask alignment, lithogra-
phy, and etching. It meets the high precision require-
ments in the process of making Si diffractive microlens ar-
rays preparation, and effectively guarantees and im-
proves the optical properties such as the diffraction effi-
ciency of the Si diffractive microlens arrays.

Figure 7 shows the schematic diagram of optical test-
ing system. The prepared Si diffractive microlens array is
tested by the optical testing system. Local focal spots and
randomly selected a focal point intensity distribution of Si
diffractive microlens arrays are shown in Figure 8. The
diffraction efficiency of the Si diffractive microlens arrays
is calculated by the following formula:

n=E,/E =(E —E,)/E, . (D)

The diffraction efficiency m is the ratio of E, which
is the light energy in the main diffraction order range to
E, which is the total light energy of the exit surface after
deducting the reflection and absorption of the flat sub-
strate. Here, a background deduction method is used for
the diffraction efficiency calculation, where E, which is
the light energy in the main diffraction order range is the
difference between E which is the total light energy of
the exit surface after deducting the reflection and absorp-
tion of the flat substrate and K, which is the light energy
of background noise.

According to formula (1), the diffraction efficiency
of the Si diffractive microlens arrays is 92.6%. Com-
pared with the theoretical eight-level diffraction efficien-
cy, it is only 2. 4% lower.

Microlens array
Reflective parallel light tube

Camera lens

Thermal imager T 5
5 Focus plate |1 Filter mirror

Blackbody

Fig. 7 Schematic diagram of optical testing system
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The prepared Si diffractive microlens array is inte-
grated with InSb IRFPAs with the size of element 25 pm
x25 wm. It is encapsulated in metal shell and character-
ized by IRFPAs test-bench. Table 2 is comparison of the
performance of the IRFPAs before and after integrating Si
diffraction microlens arrays. According to the calculated
results of the Table 2, the average blackbody responsity
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Fig. 8 (a) Local focal spots; (b) randomly selected a focal point
intensity distribution of Si diffractive microlens arrays

8 FEATI OB B A (a) R A A5 () BEALIE E B AR KD
A1

increased by 8. 3%, and the average blackbody detectivi-
ty increased by 10.3%. The increase in the average
blackbody detectivity is greater than the increase in the
average blackbody responsity. It indicates that the Si dif-
fraction microlens arrays can improve the filling factor
and reduce crosstalk of IRFPAs through convergence,
thereby improving the performance of the IRFPAs.

Table 2 Comparison of the main performance of the
InSb IRFPAs before and after integrating with
Si diffraction microlens array
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Before integrating with  After integrating with Si

Indicator Si diffraction microlens  diffraction microlens ar-

arrays rays

Average blackbody
° ’ 7x10" em-Hz"?- W™ 7.58x107 cm+Hz" - W™

responsity

Average blackbody
& Y 16X10 em - HA? W 1. 28%10" em - Hz "2 W'
detectivity

4 Conclusion

In response to the problem of errors of Si diffraction
microlens arrays in the conventional engraving method,
the novel self-alignment method to realize the of high pre-
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cision Si diffraction microlens arrays preparation is pro-
posed. The experimental results show that the Si diffrac-
tion microlens arrays using the novel self-alignment meth-
od has high accuracy, and its diffraction efficiency can
reach 92. 6%. After integrating with IRFPAs, the aver-
age blackbody responsity increased by 8. 3%, and the av-
erage blackbody detectivity increased by 10. 3%. The in-
tegration optimization between the Si diffraction micro-
lens arrays and the IRFPAs will be the key to application
and the focus of next research. The results have impor-
tant reference significance for improving their perfor-
mance through optimizing the preparation level of micro
nano devices.
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