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GaSb Reflectivity

• Infrared detectors based on GaSb often have GaSb as their 
first surface

• GaSb has high index (n≈3.71), leading to a reflectivity of 
~35%; photons thrown away

• To prevent this loss of light, antireflective coatings are needed 
and commonly used
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Antireflective Coatings

• Standard approach: broadband dielectric AR coatings
• Multiple quarter wave layers to block light of different 

wavelengths
• But, disadvantages:

• Coating can delaminate with frequent thermal cycling
• Bandwidth limited; 2 octaves highest commonly available (some 

experimental work up to 2.6 octaves, see Willey, Appl. Opt., 50(9) 
2011)

• Angle of incidence can be limited
• Needs to be designed for each application
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GaSb Grass

• Technique is common in the silicon world
• Used widely on black silicon to prevent stray light reflection (e.g. 

author K. Yee @ JPL)
• Used for absorption on solar cells and IR detectors (see e.g. 

Juntunen et al., Nat. Phot. 10(777), 2016)
• Has also appeared previously on GaSb

• Cl ICP etch with O2 micromasking (Lin et al., Nano Lett. 15(8), 
2015), demonstrated AR to 2 µm

• Cl ICP etch with silica colloidal array (Min et al., APL 92(14), 
2008), demonstrated AR to 1.7 µm

• Cl2/SF6 FAB etching with e-beam mask (Kanamori et al., Jpn. J. 
Appl. Phys. 42, 2003), demonstrated AR to 2.3 µm
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GaSb grass (cont.)

Lin et al., Nano Lett. 15(8), 2015:
• Etch with BCl3/O2 or Cl2/O2

• O2 creates random 
micromasking blocking etch

• Grows up nanopillars or 
“grass” that block reflection of 
light

• GaSb is visibly “black” (but 
above bandgap, transmissive)
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GaSb nanostructures, the vertical etching of GaSb material
follows these mechanisms, while the lateral etching of GaSb on
the sidewall of GaSb nanostructure is mainly attributed to the
nondirectional chemical etching by Cl radicals.
In this work, by combining with O2 plasma, RIE of GaSb

substrates using BCl3 resulted in a self-masked fabrication of
GaSb nanopillars. We hypothesize that, in addition to etching
of GaSb, there are two other critical processes, including
formation of oxide by O2 plasma and removal of oxide through
ion sputter etching and BCl3 chemical etching, occurring
simultaneously in the etching chamber. It is the collective effect
of all processes leading to the formation of the vertical GaSb
nanopillars. Particularly, the partially formed oxide on the
surface of GaSb serves as a mask, and the unprotected GaSb
substrate will be etched away (Figure 2a), resulting in surface

nanostructuring. Oxide masks formed and remained on top of
GaSb nanopillars will eventually be removed through direc-
tional sputter etching by kinetic ions and directional and
nondirectional chemical etching by radicals or ions,34,35 which
limits the height of nanopillars. Notably, oxide on the sidewall
of GaSb nanopillars is also expected to form and to be removed
by nondirectional chemical etching by radicals.
Based on the discussion above, we hypothesize that it is

possible to vary the nanopillar dimensions by tuning the
reactive agent. Cl2 is an alternative reactive agent for RIE
etching of GaSb additional to BCl3. Compared to Cl2 plasma,
BCl3 plasma scavenges oxide more efficiently through
participating in the reduction process of oxygen and forming
highly volatile boron−oxygen−chlorine compound,35 such as
BOCl, (BOCl)3, and BO2,

34 which leads to stronger etching of
oxide from the top of nanopillars, resulting in smaller oxide
masks and a faster consumption of oxide masks, therefore

thinner and shorter nanowires. When switching from BCl3/O2
plasma to Cl2/O2 plasma, we expected stronger vertical etching
of unprotected GaSb and weaker etching of the oxide self-
masks, resulting in longer and thicker nanopillars. Additionally,
if using the Cl2/O2 plasma, less efficient removal of the sidewall
oxide will also result in a smaller lateral etching rate, and
therefore thicker nanopillars are expected. In other words, the
height and the diameter of the nanowire is expected to be
indirectly controlled by selecting the chemical agent, in our case,
BCl3 vs Cl2 with desirable reactivity with, particularly, oxides.
The other difference between BCl3/O2 and Cl2/O2 etching
chemistry is that the chemical etching rate by radicals for GaSb
using Cl2 plasma was found to be higher than that using BCl3
plasma32,36 due to the fact that Cl2 produces more Cl radicals
than BCl3 in the plasma state.37 Therefore, the isotropic
chemical etching by Cl radicals is a more dominating process in
Cl2 etching process, while isotropic chemical etching and
directional ion etching synergistically occur in BCl3 etching
process. Such difference was found to result in different etch
profiles in bulk,38 which, for nanowires, could correspond to
tapered versus uniform wires.
To verify our expectation, we performed Cl2/O2 plasma RIE

of GaSb wafer samples using the same etching conditions
discussed for BCl3/O2. After etching, vertical nanopillar arrays
were also observed, shown in Figure 3. The density of
nanopillar arrays etched by Cl2/O2 plasma was estimated to be
3.5 × 109 cm−2. Cl2/O2 plasma etched nanopillars show smooth
side walls (Figure 3c), consistent with that the chemical etching
dominates the lateral etching. EDX measurements also
suggested that the Cl2/O2 etched nanopillars consist of 45−
46% Ga and 55−54% Sb.
Figure 3 also demonstrated several key features of nanopillar

arrays different from results showing in Figure 1. First, the
height of nanopillars measured from 28 nanopillars is 1206 ±
110 nm, twice of those etched by BCl3/O2 plasma (555 ± 35
nm). This result is consistent with our expectation on
nanopillar lengths discussed above. Second, compared to that
the average diameter for those prepared by BCl3/O2 plasma
etching, these nanopillars produced by Cl2/O2 etching were
found to be thicker and demonstrated a more pronounced
tapered geometry, with top and bottom diameters measured
from 11 nanopillars as 84 ± 13 nm and 197 ± 35 nm,
respectively. The larger diameter and the tapered geometry
observed are both consistent with the expectation discussed
above. Third, an oxide outer layer was observed on the
nanopillar in the low resolution TEM image (Figure 3c),
evident for the low chemical reactivity of the Cl radicals with
the sidewall oxide layer of GaSb nanopillars.39 Collectively,
these results confirm the different dimension and morphology
expected for BCl3/O2 and Cl2/O2 etching processes, as

Figure 2. Schematic of GaSb nanopillar formation. (a) Formation of
oxide on the GaSb substrate by oxygen radicals. (b) Formation of
nanopillars. Positive ions include Cl+ and BClx

+. Negative ions include
Cl− and BClx

−. E⃗ indicates the electrical field applied to the plasma.

Figure 3. (a) 30° tilted view and (b) side view SEM images of GaSb nanopillars etched by Cl2 /O2. (c) Low resolution TEM image of a GaSb
nanopillar from the same sample. Scale bars are (a) 3 μm, (b) 300 nm, and (c) 40 nm, respectively.
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plotted in Figure 8a. Compared to the GaSb wafer (Figure 8a,
black), all GaSb nanopillar samples exhibit a significant

reduction in the optical reflectance. The nanopillar heights of
S1 (Figure 8a, green) and S2 (blue) are comparable yet the
density of S2 is about an order higher than that in S1. This
higher density leads to a reduced reflectance from approx-
imately 25% to 1% between 250 and 750 nm. Compared to S2,
the larger nanopillar height in S3, 947 nm, leads to a strongest
coupling among three samples with the photons in the near-
infrared regime and shows a noticeable reduction of reflectance
from 10% down to 5% between 900 to 1700 nm.
To understand the measured reflectance of GaSb nanopillar

arrays, we also implemented rigorous coupled-wave analysis
(RCWA) to model the reflectance of GaSb nanopillar arrays
with parameters corresponding to experimental values. RCWA
is a semianalytic simulation method to solve light scattering
problems in periodic structures.49−51 In RCWA, the periodic
dielectric structures and electromagnetic field are represented
as a sum of spatial harmonics in Fourier space. By dividing the
dielectric structures into each uniform film along the light
propagating axis and solving the corresponding boundary
conditions, the optical reflection and transmission properties of
this structure can be understood. Notably, the experimental
samples are completely disordered, while RCWA simulations
were based on assumption of ordered hexagonal arrays of which
the densities were estimated from samples. Simulations were
carried out from wavelength ranging from 250 to 990 nm, over
which dielectric constant data for GaSb is available through
NanoHub52,53 and used here. In general, the RCWA
simulations of ordered nanowire arrays agree with the overall
trends and confirmed the large reduction observed in the
measured reflectance.
We have noticed the following features when comparing the

simulated results to experimental data. The simulated optical
reflectance for S1 (Figure 8b, green dash) is found to be
significantly lower than the measured result for wavelengths
below 625 nm. This could be attributed to that ordering in
nanowire arrays enhances the absorption for wavelengths
comparable to the interwire distance. Considering the interwire
distance of 343 nm for S1, at the comparable wavelength range,

stronger light coupling and therefore smaller reflectance will be
expected for the simulated ordered array as compared to
experimental results. For S2, the interwire distance is 98 nm.
Therefore, for visible wavelengths the absorption is not that
sensitive to order of the nanopillar arrangement, and simulated
results obtained are fairly consistent. However, for wavelengths
substantially larger than the diameters of nanopillars, where
nanopillars can be roughly viewed as point scatters, disordering
increases scattering and therefore consequentially absorption.54

This can explain the observation that simulated reflectance for
S2 and S3 were found to be significantly larger than measured
results for long wavelengths. Collectively, these experimental
and simulation results demonstrate that the desired broadband
antireflection can be achieved in GaSb nanopillar arrays
prepared by our mask-free reactive ion etching process.
In conclusion, we have demonstrated that GaSb nanopillar

arrays can be fabricated by O2 assisted BCl3 or Cl2 plasma RIE
of substrates through a self-mask effect. By introducing O2
during the etching process, nanoscale oxide self-mask could
form thereby facilitating the formation of GaSb nanopillars.
Significantly, we have applied similar O2 assisted Cl2 plasma
RIE to GaAs and successfully obtained GaAs vertical nanopillar
arrays (Figure S3), indicating the self-mask approach could be
general for Ga−V semiconductors39 due to similar resistivity of
Ga oxide against chlorine plasma formed during the etching
process. Choosing the desired plasma chemistry and tuning
etching conditions, such as the bias power and etching pressure,
can directly adjust the key processes, including chemical and
sputtering etching of GaSb and/or oxide, and therefore adjust
the density and dimension of nanowires. We have achieved
nanopillars with diameters ranging from 23 to 300 nm and
heights ranging and from 500 nm to 1.2 μm, respectively. Such
controllability in density and dimension through fabrication
provides an excellent platform to experimentally study the light
trapping and optical coupling properties in GaSb nanostruc-
tures for potential phototovoltaic, photocatalytic, photo-
detection and sensing applications.
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GaSb nanostructures, the vertical etching of GaSb material
follows these mechanisms, while the lateral etching of GaSb on
the sidewall of GaSb nanostructure is mainly attributed to the
nondirectional chemical etching by Cl radicals.
In this work, by combining with O2 plasma, RIE of GaSb
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GaSb nanopillars. We hypothesize that, in addition to etching
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simultaneously in the etching chamber. It is the collective effect
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surface of GaSb serves as a mask, and the unprotected GaSb
substrate will be etched away (Figure 2a), resulting in surface

nanostructuring. Oxide masks formed and remained on top of
GaSb nanopillars will eventually be removed through direc-
tional sputter etching by kinetic ions and directional and
nondirectional chemical etching by radicals or ions,34,35 which
limits the height of nanopillars. Notably, oxide on the sidewall
of GaSb nanopillars is also expected to form and to be removed
by nondirectional chemical etching by radicals.
Based on the discussion above, we hypothesize that it is

possible to vary the nanopillar dimensions by tuning the
reactive agent. Cl2 is an alternative reactive agent for RIE
etching of GaSb additional to BCl3. Compared to Cl2 plasma,
BCl3 plasma scavenges oxide more efficiently through
participating in the reduction process of oxygen and forming
highly volatile boron−oxygen−chlorine compound,35 such as
BOCl, (BOCl)3, and BO2,

34 which leads to stronger etching of
oxide from the top of nanopillars, resulting in smaller oxide
masks and a faster consumption of oxide masks, therefore

thinner and shorter nanowires. When switching from BCl3/O2
plasma to Cl2/O2 plasma, we expected stronger vertical etching
of unprotected GaSb and weaker etching of the oxide self-
masks, resulting in longer and thicker nanopillars. Additionally,
if using the Cl2/O2 plasma, less efficient removal of the sidewall
oxide will also result in a smaller lateral etching rate, and
therefore thicker nanopillars are expected. In other words, the
height and the diameter of the nanowire is expected to be
indirectly controlled by selecting the chemical agent, in our case,
BCl3 vs Cl2 with desirable reactivity with, particularly, oxides.
The other difference between BCl3/O2 and Cl2/O2 etching
chemistry is that the chemical etching rate by radicals for GaSb
using Cl2 plasma was found to be higher than that using BCl3
plasma32,36 due to the fact that Cl2 produces more Cl radicals
than BCl3 in the plasma state.37 Therefore, the isotropic
chemical etching by Cl radicals is a more dominating process in
Cl2 etching process, while isotropic chemical etching and
directional ion etching synergistically occur in BCl3 etching
process. Such difference was found to result in different etch
profiles in bulk,38 which, for nanowires, could correspond to
tapered versus uniform wires.
To verify our expectation, we performed Cl2/O2 plasma RIE

of GaSb wafer samples using the same etching conditions
discussed for BCl3/O2. After etching, vertical nanopillar arrays
were also observed, shown in Figure 3. The density of
nanopillar arrays etched by Cl2/O2 plasma was estimated to be
3.5 × 109 cm−2. Cl2/O2 plasma etched nanopillars show smooth
side walls (Figure 3c), consistent with that the chemical etching
dominates the lateral etching. EDX measurements also
suggested that the Cl2/O2 etched nanopillars consist of 45−
46% Ga and 55−54% Sb.
Figure 3 also demonstrated several key features of nanopillar

arrays different from results showing in Figure 1. First, the
height of nanopillars measured from 28 nanopillars is 1206 ±
110 nm, twice of those etched by BCl3/O2 plasma (555 ± 35
nm). This result is consistent with our expectation on
nanopillar lengths discussed above. Second, compared to that
the average diameter for those prepared by BCl3/O2 plasma
etching, these nanopillars produced by Cl2/O2 etching were
found to be thicker and demonstrated a more pronounced
tapered geometry, with top and bottom diameters measured
from 11 nanopillars as 84 ± 13 nm and 197 ± 35 nm,
respectively. The larger diameter and the tapered geometry
observed are both consistent with the expectation discussed
above. Third, an oxide outer layer was observed on the
nanopillar in the low resolution TEM image (Figure 3c),
evident for the low chemical reactivity of the Cl radicals with
the sidewall oxide layer of GaSb nanopillars.39 Collectively,
these results confirm the different dimension and morphology
expected for BCl3/O2 and Cl2/O2 etching processes, as

Figure 2. Schematic of GaSb nanopillar formation. (a) Formation of
oxide on the GaSb substrate by oxygen radicals. (b) Formation of
nanopillars. Positive ions include Cl+ and BClx

+. Negative ions include
Cl− and BClx

−. E⃗ indicates the electrical field applied to the plasma.

Figure 3. (a) 30° tilted view and (b) side view SEM images of GaSb nanopillars etched by Cl2 /O2. (c) Low resolution TEM image of a GaSb
nanopillar from the same sample. Scale bars are (a) 3 μm, (b) 300 nm, and (c) 40 nm, respectively.
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Theory
(from Deinega et al., JOSA A 28(5), 2011)

• Long λ limit (λ≫L):

• Effective gradient-index 
material

• Reflectivity is complicated:

• Linear profile: R ∝ (d/λ)-2

• Breaks down when d ~ λ
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with the period Λ. In the following, we specially distinguish
two cases (Fig. 1): complete tiling case when pyramids bases
touch each other at every point of their perimeters (this corre-
sponds to the polygon base pyramids in our study) and incom-
plete tiling case when there are gaps between bases (this
corresponds to cones). Most of the results presented here
are calculated for the normal light incidence case. However,
as shown below, generalization to oblique incidence is
possible.

The remaining paper is organized as follows. In Sections 2
and 3, we estimate asymptotic behavior of the reflection with
the increasing height-to-base size ratio for the pyramids for
long and short wavelength limits. In Section 4, we consider
antireflective properties of the textured surfaces at the whole
range of their sizes and find the location of the global reflec-
tion minimum with respect to pyramid geometrical param-
eters. In these three sections, we study the nondispersive case
considering glass-textured surfaces (the refractive index
n ¼ 1:5). In Section 5, we present results for silicon-textured
surfaces used in solar cell technology. In Section 6, we sum-
marize our results.

2. LONG WAVELENGTH LIMIT
In the long wavelength limit Λ ≪ λ, electromagnetic waves
propagate in a heterogeneous structure as in an anisotropic
medium of some effective (or homogenized) dielectric permit-
tivity. Its value is determined by the shapes and the relative
fractions of the structure components [20]. In our case, tex-
tured surface can be treated as a layer with gradually changing
dielectric permittivity tensor ε̂ðzÞ [11]. Here, the z direction is
aligned along the pyramid axis (see Fig. 2), with z ¼ 0 at the
pyramid tops and z ¼ d at the pyramid bases. The z compo-
nent of ε̂ðzÞ is the average [11]

εzðzÞ ¼ f ðzÞεs þ ð1 − f ðzÞÞεi; ð1Þ

where εs is the pyramid’s permittivity, εi is the incident
medium permittivity, and f ðzÞ is the filling fraction occupied
by the pyramid at z, which is equal to the ratio between the
cross-sectional area of the pyramid and the area of the unit
cell of the lattice. Other components of ε̂ðzÞ depend on the
pyramid base shape. For example, εxðzÞ ¼ εyðzÞ for some
symmetrical cases.

For a circle base, the Maxwell–Garnett [20,21] expression
can be used:

εx ¼ εy ¼ εi þ 2f εi
εs − εi

εs þ εi − f ðεs − εiÞ
: ð2Þ

For a square shape, Brauer and Bryngdahl [22] proposed the
following empirical expression:

εx ¼ εy ¼ ð½!nþ 2n̂þ 2n
✓&=5Þ2; ð3Þ

where

!n ¼ ð1 − f Þε1=2i þ f ε1=2s ; ð4Þ

n̂2 ¼ ð1 − f 1=2Þεi þ f 1=2
!
f 1=2

εs
þ 1 − f 1=2

εi

"
−1
; ð5Þ

1=n
✓2

¼ ð1 − f 1=2Þ
εi

þ f 1=2

f 1=2εs þ ð1 − f 1=2Þεi
: ð6Þ

As was shown previously, an increase in the pyramid height d
and a decrease in the optical contrast between the incident
medium and the texture reduces the reflection [10,11]. Some
special profiles f ðzÞ were proposed to reduce the reflection
as well [10]. In this section, we first estimate the asymptotic
behavior of the reflection coefficient with the increasing d and
show how it depends on the tiling of the pyramid bases.

In the case of complete tiling, the filling fraction at the top
of the pyramid is f ð0Þ ¼ 0 and f ðdÞ ¼ 1 at the base of the
pyramid; therefore, εð0Þ ¼ εi and εðdÞ ¼ εs. For the normal
incidence case, if the reflectivity ρ is low, the expression
derived by Franceschetti is applicable [23]:

ρ ¼ −

Z
d

0

1
2 ~n

d ~n
dz

exp
#
−i

4π
λ

Z
z

0
~nðz0Þdz0

$
dz; ð7Þ

where ~nðzÞ ¼ ε1=2ðzÞ ¼ Fðεi; εs; f ðzÞÞ is the effective refrac-
tive index, F is the function defined by the pyramid base shape
and the incident wave polarization [e.g., see Eqs. (2) and (3)].
If εxðzÞ ¼ εyðzÞ, F does not depend on the incident wave
polarization.

Fig. 1. (Color online) Antireflective textured surface: front and
side view.

Fig. 2. In a long wavelength limit, textured surface can be treated as
a layer with gradually changing dielectric permittivity tensor ε̂ðzÞ.
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Let us introduce a new integration variable g ¼ 4πR
z
0 ~nðz0Þdz0. Under the assumption of infinite differentiability
of the function ~n and correspondingly h ¼ 1

2 ~n
d ~n
dz

dz
dg, we can in-

tegrate Eq. (7) by parts:

ρ ¼ −

Z
gðdÞ

0
he−ig=λdg ¼

X

k¼1

ð−iÞkλkhðk−1Þe−ig=λ
!!!!
gðdÞ

0
: ð8Þ

One can see from Eq. (8) that the polynomial degree of the
dependence of the reflectance R ¼ jρj2 on λ is determined by
the index k0 of the first nonzero item in Eq. (8) as R ∼ λ2k0 . Note
that, for the effective medium limit, the only scaling parameter
of the system is d=λ, so R ∼ ðd=λÞ−2k0 at different d and λ. For
the linear profile case, f ðzÞ ¼ z=d, the first term in Eq. (8) is
nonzero due to h ∼ d ~n

dz ∼
df
dz ≠ 0; therefore, R ∼ ðd=λÞ−2.

One can influence the rate of the reflectance reduction with
the growth of d=λ using a special profile f ðzÞ. For example,
f ðzÞ can be chosen as polynomial of the degree of ð2k0 − 1Þ
and f ðiÞð0Þ ¼ f ðiÞðdÞ ¼ 0 for i < k0, where f ðiÞ is the i derivative
of f . This leads to hðiÞð0Þ ¼ hðiÞðdÞ ¼ 0 for i < k0 − 1; therefore,
the first k0 − 1 items in Eq. (8) are zero and R ∼ ðd=λÞ−2k0 .
In particular for the profiles proposed by Southwell [10],
f ðzÞ ¼ 3z2 − 2z3 and f ðzÞ ¼ 10z3 − 15z4 þ 6z5 (in these
expressions, d ¼ 1), we obtain R ∼ ðd=λÞ−4 and R ∼ ðd=λÞ−6
correspondingly.

Let us find a profile characterized by zero derivatives of all
orders at the points 0 and d : f ðiÞð0Þ ¼ f ðiÞðdÞ ¼ 0, ∀i > 0.
Without any restriction, assume that d ¼ 1. Consider first
the infinitely differentiable function e−z−1ð1−zÞ−1 , which is zero
with all its derivatives at z ¼ 0 and z ¼ 1. After its integration,
we get a monotone function increasing from 0 to 1 f ðzÞ ¼
C
R
z
o e−ζ−1ð1−ζÞ−1dζ, where the value of C is chosen to ensure

f ð1Þ ¼ 1. Using this “integral” profile leads to the exponential
decrease of the reflectance with the growth of d=λ due to
f ðiÞð0Þ ¼ f ðiÞðdÞ ¼ 0, ∀i > 0. The shapes of the discussed pro-
files are presented in Fig. 3.

We calculated dependence of the reflectance on d=λ for
gradient index layers corresponding to closely packed square
pyramids with flat-sided (f ðzÞ ¼ z2, k0 ¼ 1 because, for flat-
sided pyramids, the width depends linearly on the height
and the filling fraction is proportional to the width squared),
cubic (f ðzÞ ¼ 3z2 − 2z3, k0 ¼ 2), and quintic (f ðzÞ ¼ 10z3−
15z4 þ 6z5, k0 ¼ 3) profiles. We used Eq. (3) for the effective
refractive index of square pyramids. Calculations were
performed using the 2 × 2 matrix technique described in [1].
We obtained R ∼ ðd=λÞ−2, R ∼ ðd=λÞ−4, and R ∼ ðd=λÞ−6 for
the cases considered here (Fig. 4, left).

We calculated the reflectance for the gradient index film
corresponding to a single periodic grating with the integral
profile. One can see that using this profile leads to an expo-
nential decrease of the reflection with the growth of d=λ
(Fig. 4, right).

At the incomplete tiling case, there are gaps between
pyramid bases: 0 < f ðdÞ < 1 (see cones in Fig. 1), causing a
discontinuity of the permittivity εðzÞ at the pyramid bases
z ¼ d : εðdÞ ≠ εi. Because of this fact, by increasing d=λ, the
reflectance tends to a constant value equal to the reflectance
between the media with εðdÞ and εi. To demonstrate this, we
calculated the reflectance for the gradient index film corre-
sponding to cones closely packed in the triangular lattice
(Fig. 4, right). We used the Maxwell–Garnett expression
[Eq. (2)] for the effective refractive index of cones.

We performed FDTD calculations for pyramidally textured
surfaces corresponding to the gradient index films considered
here at a wavelength larger than the pyramid base size:
4 < λ < ∞, Λ ¼ 1, d ¼ 16 (FDTD mesh step δx ¼ 0:01). Calcu-
lations were performed using the subpixel smoothing method
[24,25], which allowed us to increase the accuracy compared
to the usual staircase model of the pyramids. One can see from
Fig. 4 that the FDTD results for pyramids and the results for
a layer with gradually changing refractive index are in good
agreement. However, a deviation of the FDTD results from
the effective medium theory is still seen at large d=λ for
pyramids with quintic profiles (k0 ¼ 3) and gratings with
the integral profile. It may be explained by the insufficient
mesh resolution to represent the pointed pyramid tips, char-
acterizing the selected profiles.

3. SHORT WAVELENGTH LIMIT
In the short wavelength limit Λ ≫ λ, the optical properties of
textured surfaces do not depend on the wavelength λ and are
defined by geometry only. The ray tracing technique (e.g., see
[14]) is widely used for their numerical modeling.

We calculated the reflection for closely packed triangular,
hexagonal, and square pyramids (complete tiling) and cones
(incomplete tiling) for different values of d=Λ using this
technique (Fig. 5). We obtained exponential decrease of the

Fig. 3. (Color online) Profiles f ðzÞ ¼ z, f ðzÞ ¼ 3z2 − 2z3, f ðzÞ ¼
10z3 − 15z4 þ 6z5, and f ðzÞ ¼ C

R
z
o e−ζ−1ð1−ζÞ−1dζ.

Fig. 4. (Color online) Curves are the reflectance from a graded index
film with the optical properties corresponding to square pyramids
with flat-sided, cubic, and quintic profiles closely packed in the
square lattice (left side); grating with the integral profile f ðzÞ ¼
C
R
z
o e−ζ−1ðd−ζÞ−1dζ, f ðdÞ ¼ 1, TE case; cones closely packed in the

triangular lattice (right side). For the effective dielectric permittivity
of square pyramids and cones, Eqs. (2) and (3) were used. The FDTD
calculations (points) were performed for the corresponding pyramids
with Λ ¼ 1, d ¼ 16, and 4 < λ < ∞ (FDTD mesh step δx ¼ 0:01).
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• Short λ limit (λ≪L):

• Geometric optics (forest traps 
light)

• Reflectivity:

• Doesn’t necessarily break 
down, since n→1 as λ→0
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with the period Λ. In the following, we specially distinguish
two cases (Fig. 1): complete tiling case when pyramids bases
touch each other at every point of their perimeters (this corre-
sponds to the polygon base pyramids in our study) and incom-
plete tiling case when there are gaps between bases (this
corresponds to cones). Most of the results presented here
are calculated for the normal light incidence case. However,
as shown below, generalization to oblique incidence is
possible.

The remaining paper is organized as follows. In Sections 2
and 3, we estimate asymptotic behavior of the reflection with
the increasing height-to-base size ratio for the pyramids for
long and short wavelength limits. In Section 4, we consider
antireflective properties of the textured surfaces at the whole
range of their sizes and find the location of the global reflec-
tion minimum with respect to pyramid geometrical param-
eters. In these three sections, we study the nondispersive case
considering glass-textured surfaces (the refractive index
n ¼ 1:5). In Section 5, we present results for silicon-textured
surfaces used in solar cell technology. In Section 6, we sum-
marize our results.

2. LONG WAVELENGTH LIMIT
In the long wavelength limit Λ ≪ λ, electromagnetic waves
propagate in a heterogeneous structure as in an anisotropic
medium of some effective (or homogenized) dielectric permit-
tivity. Its value is determined by the shapes and the relative
fractions of the structure components [20]. In our case, tex-
tured surface can be treated as a layer with gradually changing
dielectric permittivity tensor ε̂ðzÞ [11]. Here, the z direction is
aligned along the pyramid axis (see Fig. 2), with z ¼ 0 at the
pyramid tops and z ¼ d at the pyramid bases. The z compo-
nent of ε̂ðzÞ is the average [11]

εzðzÞ ¼ f ðzÞεs þ ð1 − f ðzÞÞεi; ð1Þ

where εs is the pyramid’s permittivity, εi is the incident
medium permittivity, and f ðzÞ is the filling fraction occupied
by the pyramid at z, which is equal to the ratio between the
cross-sectional area of the pyramid and the area of the unit
cell of the lattice. Other components of ε̂ðzÞ depend on the
pyramid base shape. For example, εxðzÞ ¼ εyðzÞ for some
symmetrical cases.

For a circle base, the Maxwell–Garnett [20,21] expression
can be used:

εx ¼ εy ¼ εi þ 2f εi
εs − εi

εs þ εi − f ðεs − εiÞ
: ð2Þ

For a square shape, Brauer and Bryngdahl [22] proposed the
following empirical expression:

εx ¼ εy ¼ ð½!nþ 2n̂þ 2n
✓&=5Þ2; ð3Þ

where

!n ¼ ð1 − f Þε1=2i þ f ε1=2s ; ð4Þ

n̂2 ¼ ð1 − f 1=2Þεi þ f 1=2
!
f 1=2

εs
þ 1 − f 1=2

εi

"
−1
; ð5Þ

1=n
✓2

¼ ð1 − f 1=2Þ
εi

þ f 1=2

f 1=2εs þ ð1 − f 1=2Þεi
: ð6Þ

As was shown previously, an increase in the pyramid height d
and a decrease in the optical contrast between the incident
medium and the texture reduces the reflection [10,11]. Some
special profiles f ðzÞ were proposed to reduce the reflection
as well [10]. In this section, we first estimate the asymptotic
behavior of the reflection coefficient with the increasing d and
show how it depends on the tiling of the pyramid bases.

In the case of complete tiling, the filling fraction at the top
of the pyramid is f ð0Þ ¼ 0 and f ðdÞ ¼ 1 at the base of the
pyramid; therefore, εð0Þ ¼ εi and εðdÞ ¼ εs. For the normal
incidence case, if the reflectivity ρ is low, the expression
derived by Franceschetti is applicable [23]:

ρ ¼ −

Z
d

0

1
2 ~n

d ~n
dz

exp
#
−i

4π
λ

Z
z

0
~nðz0Þdz0

$
dz; ð7Þ

where ~nðzÞ ¼ ε1=2ðzÞ ¼ Fðεi; εs; f ðzÞÞ is the effective refrac-
tive index, F is the function defined by the pyramid base shape
and the incident wave polarization [e.g., see Eqs. (2) and (3)].
If εxðzÞ ¼ εyðzÞ, F does not depend on the incident wave
polarization.

Fig. 1. (Color online) Antireflective textured surface: front and
side view.

Fig. 2. In a long wavelength limit, textured surface can be treated as
a layer with gradually changing dielectric permittivity tensor ε̂ðzÞ.
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reflection with the growth d=Λ for the complete tiling case.
For the incomplete tiling case, the reflection tends to a con-
stant value passing a local minimum while d=Λ increases. In
the following, we give our explanation of these results.

According to [26], we introduce the following ray classifi-
cation: (a) incident rays; (b) reflected rays formed by incident
rays after their reflection from the texture, which revert back
into the incident medium after some numberM of consecutive
reflections; (c) refracted rays formed by incident or reflected
rays after they get into the texture; and (d) secondary rays
formed by refracted rays if they leave the texture (Fig. 6). Only
reflected and secondary rays make contributions to the total
reflection R ¼ Rrefl þ Rsec. Here, the partial reflections are de-
fined as the total reflected intensity of the corresponding ray
type divided by the incident light intensity. Consider these par-
tial contributions for the complete tiling case. Each incident
ray consists of two subrays with parallel or perpendicular
polarization relative to the plane of incidence (this plane is
defined by the ray and the normal to the pyramid side at
the point the ray moves onto it).

At the complete tiling case, bases touch each other at every
point of their perimeters. Therefore, the incidence plane does
not change, while a ray consecutively reflects between neigh-
bouring sides [Fig. 7(a)]. Thus, the total reflection is Rrefl ¼
ðRrefl;∥ þ Rrefl;⊥Þ=2. We assume that the rays with parallel
and perpendicular polarizations make equal contributions
to the total incident light intensity (which is achieved in case
of uniform illumination).

Let us estimate Rrefl;⊥. As was shown in [26], during each
mth reflection, the ray comes onto the pyramid side at the
angle jπ=2 − ð2m − 1Þβj, where β is half of the angle between
sides of the neighboring pyramids (Fig. 1). Therefore, after m
reflections, the ray intensity is multiplied by R

⊥

ðjπ=2−
ð2m − 1ÞβjÞ, where R

⊥

ðϕÞ is Fresnel reflection coefficient
for the incidence angle ϕ and perpendicular polarization.
According to [26], the number of reflections required for
the ray to finally revert back into the incident medium is equal
to M or M þ 1, where

M ≤ π=ð2βÞ ≤ M þ 1: ð9Þ

Therefore,

Rrefl;⊥ ≈

YM

m¼1

R
⊥

ðjπ=2 − ð2m − 1ÞβjÞ: ð10Þ

Taking the logarithm of this expression and assuming that β is
small and M is large, we obtain

lnRrefl;⊥ ≈

XM

m¼1

lnR
⊥

ðjπ=2 − ð2m − 1ÞβjÞ ≈

≈

2M
π

Z π=2

0
lnR

⊥

ðϕÞdϕ ≈

1
β

Z π=2

0
lnR

⊥

ðϕÞdϕ

¼ −Cβ−1; ð11Þ

where C > 0 since R
⊥

ðϕÞ ≤ 1 and lnR
⊥

ðϕÞ ≤ 0. Since β is
small, β ¼ arctan L

d ≈
L
d, where L is the distance between the

base side and its center (Fig. 1). As a result, we obtain

Rrefl;⊥ ≈ exp
!
−C

d
L

"
: ð12Þ

R∥ðϕÞ ≤ R
⊥

ðϕÞ for any ϕ, therefore, Rrefl;∥ ≤ Rrefl;⊥ (for some
values of β, Rrefl;⊥ can be zero since, after some mth
reflection, a ray can move onto the pyramid side under the
Brewster’s angle). Therefore,

Rrefl ≈ exp
!
−C

d
L

"
: ð13Þ

According to our calculations, secondary rays make a small
contribution to the reflection Rsec ≈ Rrefl, which can be
explained by the following considerations. First, pyramids
deflect secondary rays downward since ns > ni, preventing
them from reverting back to the incident medium [Fig. 7(b)].

Fig. 5. (Color online) Curves are reflectance from different closely
packed structures in the geometric optics limit. FDTD calculations
(points) are performed for Λ=λ ¼ 15.

Fig. 6. (Color online) Rays propagated in the texture (the ray tracing
simulation). Gray color intensity corresponds to the intensity of
the rays.

Fig. 7. (Color online) Rays propagated in the texture.
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reflection with the growth d=Λ for the complete tiling case.
For the incomplete tiling case, the reflection tends to a con-
stant value passing a local minimum while d=Λ increases. In
the following, we give our explanation of these results.

According to [26], we introduce the following ray classifi-
cation: (a) incident rays; (b) reflected rays formed by incident
rays after their reflection from the texture, which revert back
into the incident medium after some numberM of consecutive
reflections; (c) refracted rays formed by incident or reflected
rays after they get into the texture; and (d) secondary rays
formed by refracted rays if they leave the texture (Fig. 6). Only
reflected and secondary rays make contributions to the total
reflection R ¼ Rrefl þ Rsec. Here, the partial reflections are de-
fined as the total reflected intensity of the corresponding ray
type divided by the incident light intensity. Consider these par-
tial contributions for the complete tiling case. Each incident
ray consists of two subrays with parallel or perpendicular
polarization relative to the plane of incidence (this plane is
defined by the ray and the normal to the pyramid side at
the point the ray moves onto it).

At the complete tiling case, bases touch each other at every
point of their perimeters. Therefore, the incidence plane does
not change, while a ray consecutively reflects between neigh-
bouring sides [Fig. 7(a)]. Thus, the total reflection is Rrefl ¼
ðRrefl;∥ þ Rrefl;⊥Þ=2. We assume that the rays with parallel
and perpendicular polarizations make equal contributions
to the total incident light intensity (which is achieved in case
of uniform illumination).

Let us estimate Rrefl;⊥. As was shown in [26], during each
mth reflection, the ray comes onto the pyramid side at the
angle jπ=2 − ð2m − 1Þβj, where β is half of the angle between
sides of the neighboring pyramids (Fig. 1). Therefore, after m
reflections, the ray intensity is multiplied by R

⊥

ðjπ=2−
ð2m − 1ÞβjÞ, where R

⊥

ðϕÞ is Fresnel reflection coefficient
for the incidence angle ϕ and perpendicular polarization.
According to [26], the number of reflections required for
the ray to finally revert back into the incident medium is equal
to M or M þ 1, where

M ≤ π=ð2βÞ ≤ M þ 1: ð9Þ

Therefore,

Rrefl;⊥ ≈

YM

m¼1

R
⊥

ðjπ=2 − ð2m − 1ÞβjÞ: ð10Þ

Taking the logarithm of this expression and assuming that β is
small and M is large, we obtain

lnRrefl;⊥ ≈

XM

m¼1

lnR
⊥

ðjπ=2 − ð2m − 1ÞβjÞ ≈

≈

2M
π

Z π=2

0
lnR

⊥

ðϕÞdϕ ≈

1
β

Z π=2

0
lnR

⊥

ðϕÞdϕ

¼ −Cβ−1; ð11Þ

where C > 0 since R
⊥

ðϕÞ ≤ 1 and lnR
⊥

ðϕÞ ≤ 0. Since β is
small, β ¼ arctan L

d ≈
L
d, where L is the distance between the

base side and its center (Fig. 1). As a result, we obtain

Rrefl;⊥ ≈ exp
!
−C

d
L

"
: ð12Þ

R∥ðϕÞ ≤ R
⊥

ðϕÞ for any ϕ, therefore, Rrefl;∥ ≤ Rrefl;⊥ (for some
values of β, Rrefl;⊥ can be zero since, after some mth
reflection, a ray can move onto the pyramid side under the
Brewster’s angle). Therefore,

Rrefl ≈ exp
!
−C

d
L

"
: ð13Þ

According to our calculations, secondary rays make a small
contribution to the reflection Rsec ≈ Rrefl, which can be
explained by the following considerations. First, pyramids
deflect secondary rays downward since ns > ni, preventing
them from reverting back to the incident medium [Fig. 7(b)].

Fig. 5. (Color online) Curves are reflectance from different closely
packed structures in the geometric optics limit. FDTD calculations
(points) are performed for Λ=λ ¼ 15.

Fig. 6. (Color online) Rays propagated in the texture (the ray tracing
simulation). Gray color intensity corresponds to the intensity of
the rays.

Fig. 7. (Color online) Rays propagated in the texture.
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• Intermediate λ limit (λ ~ L): 
Neither picture is quite true

• Full FDTD Maxwell simulations 
necessary

• But in general, reflectivity still 
suppressed
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with the period Λ. In the following, we specially distinguish
two cases (Fig. 1): complete tiling case when pyramids bases
touch each other at every point of their perimeters (this corre-
sponds to the polygon base pyramids in our study) and incom-
plete tiling case when there are gaps between bases (this
corresponds to cones). Most of the results presented here
are calculated for the normal light incidence case. However,
as shown below, generalization to oblique incidence is
possible.

The remaining paper is organized as follows. In Sections 2
and 3, we estimate asymptotic behavior of the reflection with
the increasing height-to-base size ratio for the pyramids for
long and short wavelength limits. In Section 4, we consider
antireflective properties of the textured surfaces at the whole
range of their sizes and find the location of the global reflec-
tion minimum with respect to pyramid geometrical param-
eters. In these three sections, we study the nondispersive case
considering glass-textured surfaces (the refractive index
n ¼ 1:5). In Section 5, we present results for silicon-textured
surfaces used in solar cell technology. In Section 6, we sum-
marize our results.

2. LONG WAVELENGTH LIMIT
In the long wavelength limit Λ ≪ λ, electromagnetic waves
propagate in a heterogeneous structure as in an anisotropic
medium of some effective (or homogenized) dielectric permit-
tivity. Its value is determined by the shapes and the relative
fractions of the structure components [20]. In our case, tex-
tured surface can be treated as a layer with gradually changing
dielectric permittivity tensor ε̂ðzÞ [11]. Here, the z direction is
aligned along the pyramid axis (see Fig. 2), with z ¼ 0 at the
pyramid tops and z ¼ d at the pyramid bases. The z compo-
nent of ε̂ðzÞ is the average [11]

εzðzÞ ¼ f ðzÞεs þ ð1 − f ðzÞÞεi; ð1Þ

where εs is the pyramid’s permittivity, εi is the incident
medium permittivity, and f ðzÞ is the filling fraction occupied
by the pyramid at z, which is equal to the ratio between the
cross-sectional area of the pyramid and the area of the unit
cell of the lattice. Other components of ε̂ðzÞ depend on the
pyramid base shape. For example, εxðzÞ ¼ εyðzÞ for some
symmetrical cases.

For a circle base, the Maxwell–Garnett [20,21] expression
can be used:

εx ¼ εy ¼ εi þ 2f εi
εs − εi

εs þ εi − f ðεs − εiÞ
: ð2Þ

For a square shape, Brauer and Bryngdahl [22] proposed the
following empirical expression:

εx ¼ εy ¼ ð½!nþ 2n̂þ 2n
✓&=5Þ2; ð3Þ

where

!n ¼ ð1 − f Þε1=2i þ f ε1=2s ; ð4Þ

n̂2 ¼ ð1 − f 1=2Þεi þ f 1=2
!
f 1=2

εs
þ 1 − f 1=2

εi

"
−1
; ð5Þ

1=n
✓2

¼ ð1 − f 1=2Þ
εi

þ f 1=2

f 1=2εs þ ð1 − f 1=2Þεi
: ð6Þ

As was shown previously, an increase in the pyramid height d
and a decrease in the optical contrast between the incident
medium and the texture reduces the reflection [10,11]. Some
special profiles f ðzÞ were proposed to reduce the reflection
as well [10]. In this section, we first estimate the asymptotic
behavior of the reflection coefficient with the increasing d and
show how it depends on the tiling of the pyramid bases.

In the case of complete tiling, the filling fraction at the top
of the pyramid is f ð0Þ ¼ 0 and f ðdÞ ¼ 1 at the base of the
pyramid; therefore, εð0Þ ¼ εi and εðdÞ ¼ εs. For the normal
incidence case, if the reflectivity ρ is low, the expression
derived by Franceschetti is applicable [23]:

ρ ¼ −

Z
d

0

1
2 ~n

d ~n
dz

exp
#
−i

4π
λ

Z
z

0
~nðz0Þdz0

$
dz; ð7Þ

where ~nðzÞ ¼ ε1=2ðzÞ ¼ Fðεi; εs; f ðzÞÞ is the effective refrac-
tive index, F is the function defined by the pyramid base shape
and the incident wave polarization [e.g., see Eqs. (2) and (3)].
If εxðzÞ ¼ εyðzÞ, F does not depend on the incident wave
polarization.

Fig. 1. (Color online) Antireflective textured surface: front and
side view.

Fig. 2. In a long wavelength limit, textured surface can be treated as
a layer with gradually changing dielectric permittivity tensor ε̂ðzÞ.
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Optimized Micromasked Etch

• Adapted Cl2/O2 micromasked
ICP etch process of Lin et al., 
Nano Lett. 15(8), 2015

• Tuning of etch parameters for 
our chamber and optimization of 
height, width, density

• Performed etch on highly-doped 
GaSb to avoid back side 
reflection (highly absorbing 
substrate)

• Examined specular and diffuse 
reflection
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Total Reflectance

• Sub-10% total reflectance 
from 200 nm to 12.2 µm

• Nearly 6 octaves*!
• Reflectance primarily 

specular; diffuse 
reflectance under 1%

• Not very optimized; black 
silicon routinely achieves 
antireflection out to 25 µm

* Of course, GaSb is absorbing below bandgap

SPIE DCS 2019
April 16th, 2019

The Grass is Always Blacker
GaSb Grass as a Novel Antireflective Surface on IR Detectors 11

0

10

20

30

40

50

60

70

80

0.2 0.4 0.8 1.6 3.2 6.4 12.8 25.6

Re
fle

ct
an

ce
 (%

)

Wavelength (μm)

Total Reflectance of Black GaSb

Sample 401 Sample 402 Sample 403 Untreated



jpl.nasa.gov

Specular Reflectance vs. Angle of Incidence

• Specular reflectance vs. 
angle of incidence for 
sample 403

• Demonstrate antireflectivity
for angles of incidence 
from normal to 58°

• Not very optimized; black 
silicon has achieved 70°
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Integration of Black GaSb w/ Infrared Detector
(patent pending)
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Bulk InAsSb nBn Before Etch
(patent pending)
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Bulk InAsSb nBn After Etch
(patent pending)
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Conclusion

• Improvement of micromasked Cl2/O2 ICP etch technique 
originally from Lin et al., Nano Lett. 15(8), 2015

• Demonstration of antireflective “black” GaSb at wavelengths 
from 200 nm to 12.2 µm (nearly 6 octaves!) and at angles of 
incidence from normal to 58°

• Integration of black GaSb with infrared detectors (patent 
pending)

• Demonstration on bulk InAsSb nBn
• Demonstrated QE improvement from ~30% to ~50%
• Advantages over dielectric coatings (bandwidth, angle of inc., 

delamination, simplicity)
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