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Microstructuring of anti-reflection film for HgCdTe/Si
IRFPA with femtosecond laser pulse
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A systematic series of silicon (Si) wafer with microstructured anti-reflection film is prepared by femtosec-
ond laser pulse. The dependence of the morphology and optical properties of the microstructured Si on the
experimental parameters is thoroughly investigated. With the laser pulse duration of 40 fs, central wave-
length of 800 nm, repetition rate of 250 kHz, laser pulse power of 300 mW, 250 µm/s scanning speed, and 2
µm of displacement between the parallel scans in the air, the quasiordered arrays of grain microstructures
on the Si wafer up to 800-nm tall and 800-nm diameter at the bottom offered near-unity transmission
in the mid-infrared wavelength. An anti-reflection film of approximately 3 × 3 (mm) is developed on
the (211) Si substrate with the optimized parameters, Moreover, up to 30% improvement of the response
performance is demonstrated.
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Third-generation infrared (IR) imaging systems require
mercury cadmium telluride (HgCdTe)-based IR focal
plane arrays (IRFPAs) of increased formats and multi-
spectral detection capability to meet the advancement
in IR technology[1]. HgCdTe photovoltaic detector ar-
rays on a silicon (Si) wafer have been the focus of sev-
eral studies because of their large wafer size, thermal
matching (better reliability) to readout circuitry, and low
cost[2,3]. Quantum efficiency is a very important per-
formance parameter of photo-detectors. HgCdTe, as a
direct-bandgap semiconductor material, has a large in-
ternal quantum efficiency determined by the material
quality[4]. Therefore, the quantum efficiency of the de-
tector is mostly determined by the reflected light from
the backside illuminated HgCdTe IRFPAs’ window. The
Si substrate has a large refractive index (n ≈ 3.4) and
reflection loss R = (n−1

n+1 )2 close to 30% caused by the re-
flected light from the substrate. Thin film anti-reflection
(AR) treatments based on stacks of thin-film materials
have been exclusively used to minimize substrate reflec-
tions. However, the performance and lifetime of these
thin-film AR coatings are limited and can be inadequate
for some aerospace and military applications. Radia-
tion exposure and extreme temperature variations can
damage the coatings. Several studies have been devel-
oping new types of high performance AR treatment for
HgCdTe/Si FPAs with wide bandwidth operation, high
optical transmission, high durability, and increased life-
time in high radiation environments[5−7]. Femtosecond
laser direct-write technique has been comprehensively de-
veloped since 1970s[8,9]. However, the AR film made by
femtosecond laser for mid-IR (3 –5 µm) FPA has not been
investigated. This letter aims to determine the depen-
dence of the amorphous and optical properties of Si mi-
crostructure on the laser pulse power and scanning speed,

and find an appropriate experimental parameter to real-
ize the near-unity transmission in mid-IR with the AR.
The response improvement effect of the AR film on the
FPA response was also investigated.

Figure 1 shows a schematic of the experimental setup
for femtosecond laser micromachining. A regenerative
amplified mode-locked Ti:sapphire laser (Legend USP,
Coherent Inc.) with a pulse duration of ∼40 fs, a central
wavelength of 800 nm, and a repetition rate of 250 kHz
was used to produce the microstructures on the (211)
surface of the Si wafer. A circular aperture was used to
clip the initial 8.8-mm beam to a 5-mm beam diameter to
produce a high quality beam for fabrication. The energy
of the fs pulses was adjusted using a neutral density at-
tenuator; the laser beam was focused via a 5× objective
lens with a spot size of about 5 µm onto the surface of the
substrate, which was mounted on a computer-controlled
XYZ stage with a translation resolution of 1 µm. Peng
et al.[10] indicated that the laser fluence (φ) can be writ-
ten as

φ = (P · t)/S = (P · m)/(f · S), (1)

where P is the laser power, t is the interaction time be-
tween the laser and the Si, S is the irradiated area of the
laser beam, m is the irradiated pulse number, and f is
the laser repetition frequency. For the sample affected
by moving laser beam, m can be expressed as

m = t × f =
2rt

v
. (2)

φ deposited on a single spot can be written as

φ =
2P × r

v × s
=

2P

πvr
, (3)
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Fig. 1. Schematic of the experimental setup for femtosecond
laser micromachining.

where v is the moving velocity of the laser beam and r is
the radius of the laser spot. This formation shows that
φ is proportional to P and v. The morphology of the Si
surface was changed using different combinations of P
and v.

The reflection of the substrate surface should be min-
imized and the absorption of the impurities in the mi-
crostructures should be avoided to obtain the near-unity
IR transmittance[11]. Thus, air was chosen as the am-
bient gas. Uniform optical quality films with maximum
transmittance can be formed by adjusting the experimen-
tal conditions, such as pulse energy, translating velocity
of the stage, and displacement between the parallel scans.
The total transmittance of the films was measured using
a Fourier IR spectrograph (NEXUS 670, Nicolet Inc).
The morphology and thickness of the films were deter-
mined using a scanning electron microscope (SEM).

A (211) Si wafer was cleaned with trichloroethylene,
ether, acetone, and methanol, and then dried with a
nitrogen gas flow. The sample was then mounted on
a three axis translation stage in the air and irradiated
in a square area using a femtosecond laser pulse with
certain fixed laser energy and translating velocity of 2
µm between the parallel scans. Figure 2 shows the pho-
tograph of the Si wafer with a microstructured layer.
Figure 3 shows the variations in surface morphology for
laser translation velocity, changing from 2 000 to 250
µm/s at a certain laser power of 200 mW. The morphol-
ogy changed with increasing shot number. At a velocity
of 2 000 µm/s, a coarse and honeycombed surface was
formed in the microstructured layer. However, the mi-
crostructure was inconspicuous. At a velocity of 1 000
µm/s, the surface was coarser and grain structures be-
came distinct. As the velocity continued to decrease to
250 µm/s, the honeycombed surface disappeared and
the surface microstructure was sharper and distinct than
before. Figure 4 shows the variations in surface mor-
phology for average laser power, changing from 125 to
300 mW at the moving velocity of 250 µm/s. Both
the microstructure height and distance between the mi-
crostructures increased when the laser power was less
than 200 mW. When the laser power was larger than
200 mW, the changes in morphology was small and the
surface of the sample showed some small debris. The
formation of the debris may be related to the gas at-
mosphere and experimental condition which resulted in
comparatively large liquid state associated with the slow

evaporation of atomic gas from the molten material prior
to solidification[12].

The cross-sectional profile of the structure in the AR
surface texture has a significant impact on the AR per-
formance. Figure 5 shows the measured transmittance
for the unstructured and microstructured Si, as well
as the theoretical value for one surface of Si. The
transmittance of the surface with distinct microstruc-
ture improved drastically over the mid-IR spectrum.
The highest performance over the widest bandwidth
was 70% by the AR-textured Si wafer. For a single-
side textured Si wafer, the reflection on the other side
of the wafer was 30%. Therefore, the transmittance
of the AR textured side was near 100%. The de-
gree of improvement was proportional to the distinct-
ness of the conical structures. A big absorption loss

Fig. 2. Photograph of Si sample treated by femtosecond laser.

Fig. 3. SEMs of a (211) Si surface after irradiation with a
laser translation velocity of (a) 2 000, (b) 1 000, and (c) 250
µm/s. Each SEM is taken normal to the surface.

Fig. 4. SEMs of a (211) Si surface after irradiation with laser
power of (a) 125, (b) 200, (c) 250, and (d) 300 mW. Each
SEM is taken normal to the surface.
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Fig. 5. (Color online) Transmittance of microstructured Si
for different conditions. Wavelength dependence of the trans-
mittance (a) on the translation velocity of laser pulse and (b)
on the average power of laser pulses used in microstructuring.
For reference, the same measurements are shown for unstruc-
tured (211) Si.

Fig. 6. SEM of a (211) Si surface after irradiation with laser
power.

was observed over a wavelength range spanning 8 to 11
µm. The origin of the big absorption may be attributed
to the incorporation of a high density of oxygen impurity
that originated from the atmosphere or the Si material
itself[13].

The 40-fs duration, central wavelength of 800 nm, rep-
etition rate of 250 kHz, laser pulse of 300 mW power, 250
µm/s of scanning speed, and 2 µm of displacement be-
tween the parallel scans in the air are the best experiment
parameters to the distinct microstructure and near-unity
transmittance. The Si wafer contain quasiordered arrays
of grain microstructures up to 800-nm tall and 800-nm
diameter at the bottom, as shown in Fig. 6.

A square area of approximately 3 × 3 (mm) was ob-
tained by femtosecond laser irradiation on the Si sub-
strate of HgCdTe/Si FPA using the optimized exper-
iment parameters. The sample photograph is shown
in Fig. 7. The detector (HgCdTe/Si) size was 10 × 8
(mm), and can respond to spectrum smaller than 5 µm.
The HgCdTe/Si detector was hybridized to Si readout

integrated circuit using in column and applied to the
fanout. The performance of the 320 × 256 elements mid-
IR wavelength HgCdTe/Si FPA with the new AR film
was tested after encapsulation in dewar and measured at
f/2.7 with a frame bias of 1 100 mV and an integration
time of 2 000 µs in 77 K. The AR-textured area was
darker than the untreated area because of the reflect
alleviation by the micromachining structures. Through
the FPA performance tested system, the photocurrent of
the pixel can be tested and calculated to the response.
At the tested condition, the response map of the FPA is
shown in Fig. 8. The degree of grey exhibits the magni-
tude of the response; the darker color corresponds to the
larger response. The microtextured area showed increas-
ing response than that of the untreated area. Figure 6
shows the response histogram of the pixel along the di-
rection vertical to each other. The laser structured area
(1.25×108 A/W) and untreated area (0.95×108 A/W)
exhibited 30% elevation of pixel response. For the photo-
voltaic IR detector, the relationship between the response
and quantum was R = λη/hc, where R is the response, η
is the quantum, λ is the cutoff wavelength of the diode,
h is the plank constant, and c is the speed of light. In
this study, λ=0.5 µm, h ≡6.626 × 10−34 J·s, and c ≡ 3
× 108 m/s. Thus, the increases of response corresponded
to the improvement of the detector quantum efficiency.

In conclusion, the (211) surface of a Si wafer is mi-
crostructured by 250-kHz femtosecond laser in the air.
Various parameters, such as spot size, energy density,
number of shots, and scanning parameter, are used
to make appropriate microstructure topography. The
impurity and structural defects into the lattice in the
microstructuring process can be avoided with the ap-
propriate ambient gas. The microstructure arrays pro-
vided a gradual change of the refractive index for light

Fig. 7. Photograph of FPA with the new anti-reflection film.

Fig. 8. Response performances of FPA with the new anti-
reflection film.
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propagating from air into the Si. The transmission is
reduced to a minimum for the mid-IR region. The fem-
tosecond laser micromachining has low effect on the
HgCdTe performance with high precision, low heat effect,
and damage threshold. Using the optimal experiment
parameters, FPA with AR by femtosecond laser mi-
crostructuring in the substrate is developed and tested.
The FPA with the new AR film has higher quantum
efficiency than that of the untreated substrate.
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of Key Laboratory of Infrared Imaging Material and De-
tectors, Shanghai Institute of Technical Physics, CAS.
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