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This work focuses on the ideal broadband antireflection structure designs based on the impedance-

matching and the effective medium theory. Graded refractive index profiles that satisfy the

impedance-matching condition between two media result in zero reflection over the entire wave-

length range. Our studies found that both the thickness of the graded refractive index layer and the

refractive indices of the adjacent two media determine the dispersion properties of the graded

refractive index profiles. Specifically, we case-studied the dispersion properties of the gradient re-

fractive index profiles for silicon, GaN, and glass substrates. The effective medium theory was uti-

lized to design interface structures that match the ideal graded refractive index profiles. The

accuracy of this design approach was assessed by comparing the filling factor as a function of

thickness by using effective medium theory with zeroth-order and second-order approximations. A

novel interface structure with concaved-dome geometrical shape was studied as a new type of

impedance-matching antireflection structure (concaved-dome impedance-matching II), which has

the advantage of reduced effective feature size and thus can better match the ideal graded refractive

index profiles by applying the effective medium theory more accurately. The interface reflection

properties of the impedance-matching II structure were computed via a three-dimensional finite dif-

ference time domain method. The interface reflections were compared with that of a conventional

flat surface, a previously proposed micro-dome structure, and a traditional impedance-matching

structure (impedance-matching I), which revealed that the concaved-dome impedance-matching II

structure has the best antireflection performance over a broad wavelength range and wide incidence

angles. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954692]

I. INTRODUCTION

High performance photovoltaic (PV) devices can effi-

ciently convert sunlight to electrical energy. Among the vari-

ous PV device technologies, the following three types of PV

cells represent the most important ones: Si-based solar cells,

III-V multi-junction solar cells, and organic solar cells. In

the past decades, Si-based solar cells with efficiency up to

�22% have dominated the commercial market.1–3 The key

for further advancing PV technology is to enhance solar cell

conversion efficiency and meanwhile to reduce their costs.

Currently, III-V multi-junction solar cells achieve efficien-

cies over 44% with a small amount of material usage in con-

trast to Si-based solar cells.4–7 Organic solar cells have the

potential to achieve low cost and large-scale fabrication,

which are still under development with the goal of improving

efficiency and reliability.8–10 A common feature of materials

such as Si, III-Vs, and glass applied in PV technologies is

their high refractive indices, which results in undesired

energy loss due to interfacial reflections. Hence, one oppor-

tunity to further enhance PV efficiencies is to solve the issue

of interface or surface reflections in solar cell devices.

With a large refractive index difference between two

materials, light passing through the interface experiences a

strong reflectance as a function of the incident wavelength.

For Si-based solar cells, due to the high refractive index

(n¼ 3.1–6.4) of Si over the solar spectrum, more than 40%

of the incident solar energy is lost due to surface reflec-

tions.11,12 For high efficiency III-V multi-junction solar cells,

it is also critical to minimize the surface or interface reflec-

tions over the solar spectrum to allow a maximum absorption

of the solar energy into the PV cells. Glass is one of most

commonly used window or substrate material in organic so-

lar cells, and thus, it is important to suppress any surface

reflections from glass.

Antireflection coating (ARC) technology is the most

widely used approach to reduce surface reflections in current

solar cell devices.13–17 However, this approach is mainly

limited by the limitation of the available materials with

appropriate refractive index, especially for those with low re-

fractive indices. In addition, significant efforts have been

devoted for studying surface texturing technologies, such as

surface roughness,18–20 nanorods,21 nanohemispheres,22–24

nanocones,25 nanopyramids,26 and microdomes.27 However,

there still lacks an established design rule for an ideal struc-

ture with desired antireflection properties such as to achieve

minimum interface or surface reflection over a broad wave-

length range and a wide incidence angle. Note that this is an

important issue not only in PV technologies but also broadly

exists in sensing, imaging, and photodetector technologies.

In this paper, we present a design protocol for desired

interface antireflection structures based on a first-principlea)Email: hongping.zhao@case.edu
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theory. A concaved-dome structure with impedance-

matching was studied as a novel structure with broadband

omnidirectional antireflection properties. The presentation of

the paper is organized as follows. Section II presents our

studies on the gradient refractive index (GRI) profiles with

impedance-matching condition for materials (Si, GaN, and

glass) with different refractive indices over a broad wave-

length range. Section III describes the design of interfacial

antireflection structures with impedance-matching by using

the effective medium theory (EMT). The accuracy of the

EMT with zeroth-order and second-order approximations is

evaluated. In Section IV, the interface reflection properties

of impedance-matching structures are calculated and com-

pared with other structures by using a three-dimensional

finite difference time domain (3D-FDTD) method.

II. FIRST-PRINCIPLE ANALYSIS OF IMPEDANCE-
MATCHING REFRACTIVE INDEX PROFILES

A. Impedance-matching condition for broadband zero
reflection

At an interface between two media with different refrac-

tive indices, the incident light experiences reflections due to

impedance-mismatch of light in the two media. If the incident

light satisfies the impedance-matching condition at the inter-

face, then zero reflection of light can be achieved at the inter-

face. Recently, Kim and Park28 reported their derivations of

the impedance-matching condition for normal incident light

from the Maxwell’s equations. From that, they obtained the

GRI profiles that satisfy the impedance-matching condition

between two media. Ideally, any medium that satisfies the

impedance-matching GRI profiles between two materials can

achieve zero reflections over the entire frequency range.

However, there are also strict demands that require the

impedance-matching layer to satisfy such as the impedance-

matching layer is inhomogeneous that possesses both the nor-

mal dispersion region and the anomalous dispersion region,

and the impedance-matching layer also requires the graded

index profile to be discontinuous at each interface.

In this paper, we will study the requirements of

impedance-matching conditions for selected materials

including Si, GaN, and glass (SiO2). The analyses take into

account the wavelength dependence of the refractive index

of each material. Figure 1 shows the refractive index spectra

of Si, GaN, and glass ranging between 300 nm and 1300 nm.

The surface reflection spectra of the flat surface of each ma-

terial are plotted, which clearly indicate that the surface

reflection is proportional to the refractive index contrast at

the interface between two media: the higher of the refractive

index contrast, the higher of the interface reflection. For both

Si and GaN, the refractive index spectra are largely wave-

length dependent, especially at the ultra-violet to the visible

wavelength range.

B. Impedance-matching GRI profiles between Si
and Air, GaN and air, and glass and air

Si is a semiconductor material with a relatively high refrac-

tive index, which also varies widely from 6.47 to 3.5 in a

wavelength range between 300 nm and 1300 nm as shown in

Fig. 1. The impedance-matching GRI profiles between Si and

air with different incidence wavelengths (k¼ 500 nm–1700 nm)

were computed by analytically solving Maxwell’s equations

that satisfy zero reflection with normal incidence, using the

derivation from Ref. 28. The GRI profiles with different

thicknesses of the impedance-matching layers (t¼ 100 nm,

200 nm, 400 nm, and 1000 nm) were calculated and plotted

in Fig. 2. From Fig. 2, we observe a severe dispersion of the

GRI profiles as a function of impedance-matching layer

thickness at different wavelengths ranging from 500 nm to

1700 nm. As shown in Fig. 2(a), with a layer thickness of

200 nm, the GRI profiles are separated into two regions: an

anomalous dispersion region (t¼ 0–100 nm) and a normal

dispersion region (t¼ 100–200 nm). The crossing point

locates at around the center of the layer thickness. As the

thickness of the impedance-matching layer increases from

200 nm to 400 nm [Fig. 2(b)], 1000 nm [Fig. 2(c)], and

3000 nm [Fig. 2(d)], we observe that the dispersion proper-

ties of the GRI profiles are different. First, as the layer thick-

ness increases, both the anomalous and normal dispersions

are suppressed. The anomalous dispersion almost disappears

when the layer thickness increases to 1000–3000 nm.

Second, the crossing point shifts toward the direction closer

to the low-index material (air) side as the layer thickness

increases, and it disappears with layer thickness of 3000 nm.

Third, the normal dispersion of the GRI profiles still exist

with layer thickness of 3000 nm, which is due to the wave-

length dependence of the refractive index of Si.

Similarly, we performed the studies of the impedance-

matching GRI profiles for GaN and air, as shown in Fig. 3.

The general trend is similar as the case of Si and air shown

in Fig. 2. We observe the suppression of both anomalous and

normal dispersions as the thickness of the impedance-

matching layer increases. The anomalous dispersion region

disappears as the layer thickness increases to 1000–3000 nm.

The normal dispersion region still exists with the increase in

the layer thickness, which is due to the wavelength depend-

ence of the refractive index of GaN. Both of the refractive

FIG. 1. Refractive index n and conventional flat surface reflection R as a

function of wavelength ranging from 300 nm to 1300 nm for three materials:

Si, GaN, and glass.
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index of Si and GaN have a strong wavelength dependence,

especially in the ultraviolet wavelength range, as shown in

Fig. 1. This leads to a strong dispersion of the GRI profiles

in the short wavelength range for both Si and GaN.

For the case of the impedance-matching layer between

glass and air, we calculated the GRI profiles for different layer

thicknesses of t¼ 100 nm, 200 nm, 400 nm, and 1000 nm, as

shown in Fig. 4. The general trend is still similar as the cases

of Si and GaN as shown in Figs. 2 and 3. Both anomalous and

normal dispersions are suppressed with the increase in the

layer thickness. Differently, the normal dispersion for this

case almost disappears as the layer thickness increases to

FIG. 2. Gradient refractive index pro-

files of impedance-matching layers

between Si and air with layer thick-

nesses of (a) t¼ 200 nm; (b)

t¼ 400 nm; (c) t¼ 1000 nm; and (d)

t¼ 3000 nm at different incidence

wavelengths ranging from 500 nm to

1700 nm.

FIG. 3. Gradient refractive index pro-

files of impedance-matching layers

between GaN and air with layer thick-

nesses of (a) t¼ 200 nm; (b)

t¼ 400 nm; (c) t¼ 1000 nm; and (d)

t¼ 3000 nm at different incidence

wavelengths ranging from 360 nm to

1000 nm.
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1000 nm. This is due to the fact that the refractive index of

glass remains almost a constant as a function of the wave-

length in the visible wavelength range, as shown in Fig. 1.

From this study, we find that (i) the impedance-matching

GRI profiles between two materials with different refractive

indices significantly depend on the index difference between

the two media and the layer thickness; (ii) the dispersion prop-

erties of the GRI profiles depend on the layer thickness, as

well as the wavelength dependence of the refractive index of

both media; (iii) with a thin layer thickness of the impedance-

matching layer, the GRI profiles show both obvious anoma-

lous and normal dispersions, and both regions are suppressed

as the layer thickness increases; and (iv) the normal dispersion

of the GRI profiles is related to the wavelength dependence of

the refractive index of the high-index medium, which will

only disappear if the refractive index of the high-index me-

dium keeps as a constant at different wavelengths and with

thick enough impedance-matching layer. In addition, the

required thickness of the impedance-matching layer to sup-

press the dispersion of the GRI profiles depends on the refrac-

tive index difference between the two media: a larger

difference of the refractive indices requires a thicker

impedance-matching layer to suppress the dispersion. Thus, in

order to achieve a broadband antireflection at an interface

between two media, a relative thick impedance-matching layer

is required to suppress the dispersion of the GRI profiles.

III. ANTIREFLECTION INTERFACIAL STRUCTURE
DESIGNS

From the above studies, an interfacial layer between two

media with a GRI profile that matches with the impedance-

matching condition leads to a zero reflection at the interface.

However, in real applications, it is challenging to form a

layer with a desired continuous tuning of the refractive index

that satisfies the impedance-matching GRI profiles between

two media. Alternatively, one can use periodic sub-

wavelength structures, such as the moth’s eye antireflection

structures, to tune the effective refractive index between two

media. The sub-wavelength antireflection structures act as a

band-pass filter. The reflectance and phase retardation from

the sub-wavelength structures can be determined by using

the EMT. Here, we introduce our approach to design interfa-

cial antireflection structures that satisfy the impedance-

matching GRI profiles by using the EMT.

A. Zeroth-order and second-order EMT

The effective medium theory is typically applied in sub-

wavelength grating structures, i.e., the period of grating is

smaller than the incidence wavelength.29,30 The accuracy of

the EMT depends on several parameters such as the normal-

ized period of the structure, the filling factor f, and the refrac-

tive index of the material. The normalized period of grating

is defined as the ratio of the structure period (K) to the inci-

dence wavelength (k). When the normalized period of the

structure (K/k) is much smaller than one, the effective refrac-

tive index of the structure can be accurately determined by

the zeroth-order EMT by using the following equations for

transverse electric (TE) and transverse magnetic (TM)

polarizations:29,30

n
ð0Þ
eff ; TE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� f Þn2

1 þ fn2
2

q
; (1)

n 0ð Þ
eff ; TM ¼

n1n2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� fð Þn2

1 þ fn2
2

p ; (2)

FIG. 4. Gradient refractive index pro-

files of impedance-matching layers

between glass (SiO2) and air with layer

thicknesses of (a) t¼ 100 nm; (b)

t¼ 200 nm; (c) t¼ 400 nm; and (d)

t¼ 1000 nm at different incidence

wavelengths ranging from 400 nm to

700 nm.
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where n
ð0Þ
eff ; TE represents the zeroth-order effective index for

TE polarization; n
ð0Þ
eff ; TM represents the zeroth-order effective

index for TM polarization; f represents the filling factor of the

sub-wavelength antireflection structure; and n1 and n2 repre-

sent the refractive index of the two media at the interface.

The concept of the filling factor comes from the filling

fraction of the structure occupied over the volume of the per-

iodic unit cell of the pattern.20,30 For structures with chang-

ing cross-section along the height, the filling factor is

typically defined as the ratio of the cross-section dimension

(D) to the grating period (K), i.e., f¼D/K, as shown in the

schematic of Fig. 5(a). Thus, the value of the filling factor

varies between 0 and 1. Note that the key design parameter

filling factor has been calculated for a specific incident wave-

length. In theory, this wavelength dependent filling ratio

diminishes the ideal broadband antireflection nature of the

impedance-matching structures. In practice, it still provides

quite broadband antireflection properties if the thickness of

the structure is thick enough.

When a structure period (K) is comparable with the

incidence wavelength (k), the EMT with a higher-order

approximation is required to estimate the effective refrac-

tive index accurately. The effective refractive indices

determined from the second-order EMT for TE and TM

polarizations29 are

n 2ð Þ
eff ; TE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n 0ð Þ

eff ; TE
2 þ p2

3

K
k

� �2

f 2 1� fð Þ2 n2
2 � n2

1

� �2

s
; (3)

n 2ð Þ
eff ; TM ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n 0ð Þ

eff ; TM
2 þ p2

3

K
k

� �2

f 2 1� fð Þ2 1

n2
2

� 1

n2
1

� �2

n 0ð Þ
eff ; TM

� �6

n 0ð Þ
eff ; TE

� �2

s
; (4)

where n
ð2Þ
eff;TE represents the second-order effective refractive

index for TE polarization, and n
ð2Þ
eff;TM is the second-order

effective refractive index for TM polarization. From Equations

(3) and (4), the term (K/k)2 in the higher order component,

becomes non-negligible when it is close to 1 or higher.

B. Impedance-matching antireflection structure
designs using EMT

Equations (1)–(4) relate the effective refractive index

(neff) and the filling factor (f), with a constant structure period

K and an incidence wavelength k. Thus, by using the calcu-

lated impedance-matching GRI profiles, we can extract the

filling factor as a function of the layer thickness for a fixed

structure period and an incidence wavelength. In order to eval-

uate the accuracy of the EMT, here we used the case of the

impedance-matching GRI profiles for the Si and air interface,

with incidence wavelength of 900 nm. Figs. 5(b)–5(d) plot the

filling factor as a function of the layer thickness for different

structure periods (K¼ 200 nm, 600 nm, and 1000 nm) using

both zeroth-order and second-order EMT. From Fig. 5, we

observe that (i) with a small structure period (K¼ 200 nm)

FIG. 5. (a) Schematic illustrating the

definition of the filling factor f: ratio of

the cross-section diameter (D) to the

grating period (K) of the structure, i.e.,

f¼D/K. The comparison of the filling

factor profiles obtained by using zer-

oth- and second-order effective me-

dium theory with different grating

periods (K¼ 200 nm, 600 nm, and

1000 nm) for different layer thick-

nesses: (b) t¼ 200 nm; (c) t¼ 400 nm;

and (d) t¼ 1000 nm. The calculated

filling factor profiles were based on the

impedance-matching refractive index

profile (k¼ 900 nm) for Si/air.
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relative to the incidence wavelength (k¼ 900 nm), the filling

factor curves obtained from the zeroth- and second-order

EMT match very well; (ii) with the increase in the structure

period K from 200 nm to 1000 nm, the filling factor curves

obtained from the second-order EMT deviate away from that

of the zeroth-order ones. The trend is similar for the cases

with different thicknesses of the impedance-matching layer.

In addition, we find that the thickness of the impedance-

matching layer or the height of the antireflection structure also

affects the accuracy of the EMT. With a relative thick layer,

the deviations of the filling factor curves obtained using the

zeroth-order and second-order EMT are suppressed. From this

study, we can conclude that an ideal impedance-matching

antireflection structure should have a relative small lateral fea-

ture size (K) and a relative large vertical height (t), i.e., a large

aspect ratio.

Using the obtained filling factor as a function of the

thickness and the definition of the filling factor, we can

then obtain the lateral diameter D as a function of the

height of the antireflection structure. Figure 6 plots the 3D

schematics of the impedance-matching structures for Si

and air interface with structure period of K¼ 200 nm [Figs.

6(a) and 6(b)] and K¼ 600 nm [Figs. 6(c) and 6(d)], and

height of H¼ 1000 nm. Here, the structures were generated

based on the impedance-matching GRI profiles for Si and

air interface at an incidence wavelength of 900 nm and by

using the second-order EMT. The periodic structures are

arranged with a hexagonal pattern. Note that the hexagonal

patterns can be experimentally formed by using self-

assembly micro-/nano-sphere lithography fabrication

methods.23,24

Next, we numerically studied the effects of the feature

size of the designed impedance-matching antireflection

structures on the interface reflections as a function of the

wavelength, by using 3D-FDTD method. The details of the

FDTD simulation model for interface reflection calculations

were presented in our previous works.20,27 Here, we created

the impedance-matching structures by using the second-

order EMT for TE mode. The Si impedance-matching GRI

profile with a thickness of 1000 nm at a wavelength of

900 nm was used to design the structures. Figure 7 plots the

simulated surface reflections of five structures with different

lateral dimensions (D¼ 50 nm, 100 nm, 200 nm, 500 nm, and

600 nm) and fixed height of H¼ 1000 nm as a function of the

incidence wavelength for Si and air interface. The results are

compared with those of the conventional Si flat surface. The

inset of Fig. 7 shows the same plot with logarithm scale. The

results indicate that the surface reflection significantly

depends on the lateral feature size. The general trend shows

that with a small diameter D (D¼ 50–200 nm), the surface

reflection is lower over a broad wavelength range, due to the

accuracy of the EMT. However, when the lateral dimension

D increases (D¼ 500–600 nm), the surface reflection

increases over the calculated wavelength regime, due to the

inaccuracy of the EMT. For example, at k¼ 900 nm, the sur-

face reflection from the structure with D¼ 50 nm is 0.03%,

as compared to 4.1% from the structure with D¼ 600 nm,

and 32.3% from the Si flat surface. This trend is applicable

for structures with different thicknesses. Although the design

of the impedance-matching structures was using the GRI

profile at a particular wavelength of 900 nm, the general

trend applies to a broad wavelength range. The studies reveal

FIG. 6. 3D schematics of Si based

impedance-matching antireflection

structures with (a) and (b) period of

K¼ 200 nm, height of H¼ 1000 nm,

and (c) and (d) period of K¼ 600 nm,

height of H¼ 1000 nm; (b) and (d)

show the corresponding 3D views of

the structures with a hexagonal close-

packed pattern.
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that the designed impedance-matching structures have dem-

onstrated with excellent antireflection properties close to

zero reflection over a broad wavelength range.

As compared with the reported experimental results

from Si surface antireflection structures, our designed

impedance-matching structures show a significant suppres-

sion on the broadband surface reflection. For example, a sur-

face reflection of 6%–30% in the wavelength range from

350 nm to 850 nm was reported by using Si nanorod struc-

tures,31 a surface reflection of 5%–11% in the wavelength

range from 350 nm to 2000 nm was reported by using Si

nanocone structures,32 and a surface reflection of 5%–28%

in the wavelength range from 350 nm to 1000 nm was

reported by using nanopyramid structures.33

C. Concaved-dome impedance-matching antireflection
structure

From the above studies, impedance-matching antireflec-

tion structures with a relatively small lateral dimension and a

relatively large vertical dimension are desired for ideal inter-

face antireflection designs for minimum broadband reflec-

tions between two media. However, it is challenging to

fabricate these types of structures using low cost large-scale

fabrication processes. Here, we propose a novel

FIG. 8. (a) A 2D cross-section and (b) 3D schematic of concaved-dome im-

pedance-matching II structure, with the period of � and the actual height of

H. Design of the impedance-matching II structure is based on the hemiellip-

soid structure with the height of H0.

FIG. 7. 3D-FDTD simulation of the surface reflections from impedance-

matching Si antireflection structures with different feature diameters

(D¼ 50 nm, 100 nm, 200 nm, 500 nm, and 600 nm) and with fixed height

(H¼ 1000 nm) as a function of the incident light wavelength ranging from

300 nm to 1300 nm. The incident angle is 0�. Surface reflection from Si flat

surface is plotted for comparison. The inset plot shows surface reflections in

logarithm scale.

FIG. 9. Schematics of 2D cross-section of surface textured structures: (i) the

flat surface; (ii) the hemisphere structure; (iii) the hemiellipsoid structure;

(iv) the impedance-matching I structure; and (v) the concaved-dome imped-

ance-matching II structure.
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antireflection structure with concaved-dome geometrical

shape satisfying impedance-matching condition, as shown in

Fig. 8.

Figure 8(a) shows the schematic of the cross-section of a

concaved-dome impedance-matching II structure, with the

period of K and height of H. This structure is designed based

on a hemiellipsoid structure with the same period of K and

height of H0, as shown in Fig. 8(a). As compared with the

structure (impedance-matching I structure) shown in Fig. 6,

the impedance-matching II structure has an advantage of the

feasibility of experimental fabrication by using the well-

developed nano-/micro-sphere lithography. More importantly,

due to its unique hollow structure, the effective feature size of

the impedance-matching II structure is significantly reduced as

compared with that of the impedance-matching I structure,

which is a critical factor that determines the accuracy of the

applied EMT during the design of the ideal antireflection

structures.

IV. INTERFACE REFLECTION PROPERTIES
OF IMPEDANCE-MATCHING STRUCTURES

To study the interface reflection properties of the

impedance-matching structures as a function of the incidence

wavelength and the incidence angle, we quantitatively calcu-

lated the reflections for the following five structures as shown

in Fig. 9: (i) the Si flat surface; (ii) the hemisphere structure;

(iii) the hemiellipsoid structure; (iv) the impedance-matching I

structure; and (v) the concaved-dome impedance-matching II

structure. Figures 10(a) and 10(b) show the surface reflections

as a function of the incidence wavelength for the following

five structures: (i) the conventional Si with flat surface; (ii) the

Si hemisphere structure (diameter D¼ 600 nm, height

H¼ 300 nm); (iii) the Si hemiellipsoid structures (D¼ 600 nm,

H¼ 1000 nm); (iv) the Si impedance-matching I structures

FIG. 10. 3D-FDTD simulation of the surface reflection for the following

five structures: (i) the conventional Si with flat surface; (ii) the Si hemi-

sphere structure (D¼ 600 nm, H¼ 300 nm); (iii) the Si hemiellipsoid struc-

ture (D¼ 600 nm, H¼ 1000 nm); (iv) the Si impedance-matching I structure

(D¼ 600 nm, H¼ 1000 nm); and (v) the Si concaved-dome impedance-

matching II structure (D¼ 600 nm, H0 ¼ 1000 nm) as a function of incidence

wavelength ranging from 300 nm to 1300 nm for (a) S polarization and (b) P

polarization. The incidence angle is 0�.

FIG. 11. 3D-FDTD simulation of the surface reflection for the following

five structures: (i) the conventional Si with flat surface; (ii) the Si hemi-

sphere structure (D¼ 600 nm, H¼ 300 nm); (iii) the Si hemiellipsoid struc-

ture (D¼ 600 nm, H¼ 1000 nm); (iv) the Si impedance-matching I structure

(D¼ 600 nm, H¼ 1000 nm); and (v) the Si concaved-dome impedance-

matching II structure (D¼ 600 nm, H0 ¼ 1000 nm) as a function of incidence

angle from 0� to 80� for (a) S polarization and (b) P polarization. The inci-

dence wavelength is 1100 nm.
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(D¼ 600 nm, H¼ 1000 nm); and (v) the Si concaved-dome

impedance-matching II structures (D¼ 600 nm, H0 ¼ 1000 nm)

for both S [Fig. 10(a)] and P [Fig. 10(b)] polarizations and

with normal incidence. Here, the lateral feature sizes of the

four structures are the same (D¼ 600 nm). The vertical heights

of these structures vary, which means the relative aspect ratio

of the structures is different. From Fig. 10, we observe the fol-

lowing: First, the structures ((ii)–(iv)) all have low reflections

over a broad wavelength range from 300 to 1300 nm as com-

pared with that of the conventional Si flat surface. Second, the

hemiellipsoid structure (iii) shows lower reflections as com-

pared with that of the hemisphere structure (ii) for both S and

P polarizations. Third, the impedance-matching II structure (v)

shows the lowest reflection close to zero over the broad wave-

length for both S and P polarizations. These results can be

explained by our conclusion mentioned above: smaller lateral

dimension and larger vertical dimension are preferred for ideal

antireflection structure designs. Structure (iii) has a larger as-

pect ratio than that of the structure (ii). Structure (v) has a

smaller lateral feature size and thus has a larger aspect ratio

than that of the structures (iii) and (iv). For the comparison

between the structures (iii) and (iv), although structure (iv)

satisfies the impedance-matching condition, it shows larger

reflections than that of the structure (iii) especially in the long

wavelength range (k> 600 nm). Note that although the struc-

ture (iv) satisfies the impedance-matching, when the incidence

wavelength is comparable or longer than that of the lateral fea-

ture size of the structure, the accuracy of the EMT is signifi-

cantly reduced, which leads to the higher reflections with

wavelength k> 600 nm. For the shorter wavelength range

k< 600 nm, the reflection of structure (iv) is still comparable

or lower than that of the structure (iii), due to the improved ac-

curacy of the EMT in this wavelength range.

Figure 11 plots the surface reflection as a function of the

incidence angle from 0� (normal incidence) up to 80� with a

fixed incidence wavelength of k¼ 1100 nm. For S-polarization

as shown in Fig. 11(a), the general trend is that the reflection

increases as the incidence angle increases for all the five struc-

tures. The impedance-matching II structure shows the lowest

reflection for all the incidence angles. At h¼ 80�, the reflection

is reduced to 27.2% for the impedance-matching II structure as

compared to 83.4% for the conventional structure. For P polar-

ization as shown in Fig. 11(b), the conventional flat surface

shows the Brewster angle at around 70�. The micro-dome

based structures (hemisphere, hemiellipsoid, and impedance-

matching-II structures) all have an obvious Brewster angle.

The Brewster angles of the hemiellipsoid and the

impedance-matching II structures are shifted to smaller

angles at around 40�. The smaller Brewster angle further

brings down the reflection at small incidence angles. The

impedance-matching II structure shows the best performance

up to around 60�.
Figure 12 shows the time-averaged electric field inten-

sity distributions with S polarization for the following three

structures: (a) the Si with flat surface, (b) the impedance-

matching I structure (D¼ 600 nm, H¼ 1000 nm), and (c) the

concaved-dome impedance-matching II structure (D¼ 600 nm,

H0 ¼ 1000 nm). The simulations were performed with the

incidence wavelength of 1100 nm and with the normal inci-

dence angle. A plane wave source was set at z¼ 1600 nm

above the Si surface [Fig. 12(a)]. The electric field intensity

distributions were calculated in three different regions: (1)

the region above the plane wave source (region I); (2) the

region between the plane wave source and the Si surface

(region II); and (3) the region in the Si material (region III).

From the simulation results and comparisons, we observe the

following: In region I, the Si flat surface shows the strongest

intensity [Fig. 12(a)] due to a strong surface reflection, and

the impedance-matching I and II structures show a much

lower intensity due to very low surface reflections. In region

II, the Si flat surface structure shows a strong interference

between the incidence wave and the reflected wave. The

impedance-matching I structure shows a much weaker inter-

ference, and the weakest interference that is almost invisible

was observed in impedance-matching II structure due to

close to zero reflections.

V. SUMMARY

In summary, by solving the first-principle Maxwell’s

equations, impedance-matching GRI profiles were obtained

for interfaces of materials with different refractive indices.

FIG. 12. Time-averaged and normalized

electric field distributions with S polar-

ization simulated via 3D-FDTD for (a)

the conventional Si with flat surface, (b)

the Si impedance-matching I structure

(D¼ 600 nm, H¼ 1000 nm), and (c) the

Si concaved-dome impedance-matching

II structure (D¼ 600 nm, H0 ¼ 1000 nm)

with the incidence wavelength of

1100 nm at normal incidence.
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The EMT was used for the design of the impedance-

matching interface structures for minimum interface reflec-

tions. The studies indicate a relative high aspect ratio with

small lateral dimension and large vertical dimension is pre-

ferred for an ideal antireflection structure design. To over-

come the trade-off between the feasibility of structure

experimental fabrication that prefers a relatively large lateral

dimension and the accuracy of using the EMT that prefers a

small lateral dimension for antireflection structure designs,

we propose a concaved-dome impedance-matching structure.

Interface reflections calculated based on 3D-FDTD method

indicate that the novel concaved-dome impedance-matching

structure shows the best performance over the other designs.

The studies in this paper provide a design protocol of desired

interface antireflection structures considering the refractive

indices contrast between two media, the incidence wave-

length range and incidence angles, as well as the selection of

the appropriate lateral feature size that is feasible for experi-

mental fabrication processes. Broadly, the design approach

is applicable to any material interfaces.
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