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Resonance reflection of light from the ordered arrays of silicon nanopillars (Si NP) was investigated. The height

of Si NP was 450 nm. The effect of Si NP oxidation in concentrated nitric acid on the position of resonances

in reflection spectra was studied. A weak influence of the additional polymeric coating on the characteristics of

reflection from the structures was proven. It is established on the basis of the results of experimental investigation

and direct numerical modeling by means of three-dimensional finite difference time domain algorithm (3D FDTD)
that the dependence of the resonant wavelength for Si NP on the diameter of Si NP is a linear function with

nonzero displacement depending on the pitch.
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1. Introduction

Future development of the state-of-the-art nanophotonics

is closely linked with the investigations of optical properties

of metal and dielectric nanostructures [1–5]. As opposed

to plasmonic nanoobjects, dielectric nanoparticles are

characterized by strong optically-induced magnetic dipole

resonance and low loss [6]. Spherical silicon nanoparticles

with typical sizes from 100 to 200 nm demonstrate strong

magnetic dipole resonance in the visible spectrum [7]. The
researchers were initially interested in the most simple

version of silicon nanoparticles — nanospheres. It should

be noted that with the development of semiconductor

technology, the shape and arrangement of the nanoobjects

of interest may become more complicated within a wide

size range [8]. However, silicon nanopillars (Si NP) are still

the most important and understudied subject of research.

Unusual optical and electrical properties of Si NP are

investigated in order to implement new space-saving Si NP-

based devices in various applications: photovoltaics [9],
nanosensorics [10] and color printing [11,12]. Structural

color of dielectric nanoobject assemblies is a very interesting

and useful phenomenon for various photon applications. It

is important that the same material may have a different

color, when its surface is nanostructured in different ways.

Organic dye and pigments widely used as filters have

a set of significant disadvantages: resolution restrictions,

degradation with time, insufficient intensity level etc.

Prototypes of reflecting and transmission color filters based

on Si nanodisks and nanopillars with low aspect ratio p
(p = height/diameter) have been already developed [13–15].
The interest in high-aspect Si NP is directly associated with

the investigations carried out in order to improve the solar

cell performance [16]. Decreased reflectance is directly

associated with the increased Si NP length [17].
Si NP with a height of 450 nm with vertical internal

p−n-junction was investigated here. This paper follows

our investigations. In [18], we demonstrated that such

Si NP with vertical internal p−n-junction have a selective

photoresponse. Spectral features of structural photoresponse

may be controlled by choosing certain properties and array

of Si NP. In spite of a great number of studies of optical pro-

perties of Si NP, Si NP with vertical p−n-junction have been

still understudied. Si NP with radial p−n-junction are used

more widely. It shall be noted that structures with vertical

p−n-junction can be introduced more easily into the current

manufacturing of thin-film silicon solar cells [19]. A Si NP

square lattice is investigated herein for the following reasons.

This is the most popular of the array arrangement forms.

Only deep understanding of properties of the simplest Si NP

system will enable the achievement of more complicated

Si NP shapes and array geometry. Experimental and theore-

tical research has shown that lattice resonances occurred in

the reflection spectra from Si NP square arrays (for example,

see [20]). When considering optical properties of single

Si NP or Si NP arrays with a pitch greater that the incident

wavelength, features associated with the radial mode are

focused. The influence of height on the optical properties
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distribution was studied to a lesser extent. A recent

paper [21] showed that longitudinal modes excited in Si NP

influence the light absorption resonance position in Si NP.

In [21], separation of radial and longitudinal resonances and

prevailing Mie resonances in the presence of light absorption

are reported. The findings described in our paper prove the

conclusions in [21] regarding the prevailing Mie resonances

since the visible light absorption in silicon may be increased

in epitaxial structures with p−n-junction. In addition,

dependence of optical resonances vs. pitch and diameter

of Si NP with vertical p−n-junction is investigated herein.

2. Experiment

Si NP were formed on an initial 〈100〉 substrate by means

of reactive ion etching via a negative electron resist mask.

The silicon substrate had a p−n-junction that constituted

epitaxial structures grown using a molecular beam epitaxy

method. On the silicon (100) surface at 700◦C, a 100 nm

buffer silicon layer was grown above which a heavily boron

compound-doped 100 nm p-type silicon layer was grown at

500◦C. Si NP microarrays were patterned on this substrate

by means of scanning electron lithography on a negative

resist with subsequent reactive ion etching. For the detailed

description of our patterning procedure see [18,22,23]. It is
important that no metal mask is used for structuring, since

metal dopes silicon. Si NP microarrays with a diameter

from 150 to 280 nm, a height of 0.45 µm, a pitch of 400,

600, 700, 800, 900, and 1000 nm were formed. After etch-

ing, a slight polymer coating remained on the walls — a film

with a thickness up to 20 nm. During etching, passivating

coating is deposited on the structure walls to ensure addi-

tional protection of the side walls. Figure 1 shows a Si NP

image obtained using a scanning electron microscopy (SEM
image) immediately after etching. Additional passivating

coating is deposited during etching, but is considered as

transparent for optical emission within 400−900 nm. Expe-

rimental measurements of reflection spectra were carried

out before and after removal of the coating. The coating was

200 nm Mag = 134.97 KX

Figure 1. SEM image of Si NP array with a pitch of 400 nm after

etching with polymer coating on the walls (slope angle is 54◦ with

Y axis correction, 200 nm scale bar).

removed by boiling Si NP samples in concentrated nitric

acid. Figure 2 shows SEM images of Si NP after boiling in

concentrated nitric acid: Fig. 2, a is an image without Y axis

correction, Fig. 2, b is an image with Y axis correction.

Figure A.1 (Appendix) shows additional SEM images

explaining the features of Y axis size correction. The formed

Si NP microarrays demonstrated different color — structural

color. Figure A.2 (Appendix) shows optical images of some

Si NP arrays in bright field (Fig. A.2, a) and dark field

(Fig. A.2, b). Size of each square array is 40× 40 µm.

The caption of Fig. A.2 contains Si NP diameters measured

including polymer coating with diameter without polymer

coating given in brackets. Diameter measurement accuracy

was ±5−7 nm. Reflection angles of Si NP microarrays were

measured using Hyperion 2000 microscope combined with

Bruker Vertex 80v FT-IR spectrometer. A 40x, NA= 0.45

objective lens was used for the measurements. The signal

was normalized by the silicon slice signal. Numerical

calculation of the microarray reflection spectra was carried

out using Rsoft FullWave software package [24] using

3D finite difference time domain (3D FDTD) and periodic

boundary conditions for a single Si NP [21]. The calculation

was focused on normal incidence and reflection of linearity

polarized light as well as absorption in NP.

3. Experimental results

Earlier in [18], similar Si NP structures were formed

with similar geometry. On the walls of these Si NP, an

additional polymer layer was formed during etching, and

this layer was not removed before optical measurements

and the diameter was measured including the layer. Real

Si NP diameter without the layer was not specified in our

paper [18]. The purpose of the investigation was to define

whether the layer influences the optical emission reflection

or not. Si NP microarrays were formed experimentally and

reflection spectra were measured before and after boiling

in concentrated nitric acid. Figure 3 shows reflection

spectra for Si NP microarrays with a pitch of 500 and

600 nm obtained before and after boiling in nitric acid.

It is apparent that the spectra almost coincide. Thus, the

additional polymer coating remaining after etching has a

negligible influence on the optical resonances of structures.

The experimentally measured reflection spectra recorded

one deep minimum that was in strong dependence on

the Si NP diameter and one small minimum that was in

low dependence on the Si NP diameter which is clearly

shown in Fig. 4. This was outlined in our paper [18], but
the nature of these minima was not explained. Numerical

simulation shows that occurrence of additional minima in

the reflection signal whose positions do not depend on the

Si NP diameter may be attributable to a periodic structure

resonance scattering at wavelength λ equal to its pitch (3)
or to the interference of light waves reflected from NP

boundaries and free surface (between NP).
Figure 4, a shows a reflection spectrum for Si NP

microarrays with a pitch of 400 nm and different diameters.

Semiconductors, 2022, Vol. 56, No. 3



Optical properties of silicon nanopillars with a built-in vertical p−n-junction 229

500 nm

Y

X
1 mm

Y

X

a b

Figure 2. SEM image of Si NP with a pitch of 400 nm after boiling in HNO3, slope angle is 30◦: a — without Y axis correction; b —
with Y axis correction.
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Figure 3. Reflection spectra before and after boiling in nitric acid for Si NP with an array pitch of 500 (a) and 600 nm (b).
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Figure 4. a — reflection spectra of Si NP microarrays with a pitch of 400 nm (Si NP diameter is 171 and 151 nm) after boiling in nitric

acid; b — reflection spectra of Si NP microarrays with a pitch of 600 nm (Si NP diameter is 175, 183, 199 nm) after boiling in nitric acid.

In the detail in brackets, an Si NP diameter is given that was measured with an additional polymer coating before boiling in nitric acid.

Black arrows show the radial mode position, arrow � 1 shows resonance λ = 3 (3 is a square lattice pitch).
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Figure 5. Calculated reflection spectra (a, c) and absorption spectra (b, d) of optical wave from NP shown in Fig. 2, a and b.

The black arrow shows the minimum that depends strongly

on the diameter and moves into a long-wave region, when

the Si NP diameter is increased. However, for structures

with a pitch of 600 nm (see Fig. 4, b), a weak minimum

is observed (in a short-wave region) that is shown with

arrow � 1 and that does not depend on the Si NP diameter

as specified above.

Figure 4, b shows that the main minimum position

(shown with small black arrows) strongly depends on the

diameter and moves into a long-wave region with the

increase in the Si NP diameter.

4. Numerical simulation of Si NP
reflection and absorption spectra

In order to explain the nature of the observed experimen-

tal minima, numerical simulation of the Si NP reflection and

absorption spectral characteristics was performed. Figure 5

shows calculated reflection and absorption spectra for the

optical wave from the Si NP microarrays.

It shall be noted that the Si NP reflection spectra have

fundamental differences from the experimental spectra that

shall be explained. In the Si NP reflection spectra, we

observe the interference of optical waves reflected from a

free surface and reradiated Si NP waves. These waves

are summed up in opposition when the reflection signal

minimum is formed.

The energy of the wave reflected from the free surface at

the nanopillar base depends on the reflectance and relative

area:

SD =
432

πD2
− 1,

where 3 is the nanopillar pitch in the square lattice,

D is the Si NP diameter. For the free surface, the

reflectance is in small dependence from the wavelength

and is equal to ∼ 0.4. For experimental structures, it may

significantly differ due to increased surface roughness after

Si NP etching. SEM images of experimentally formed

structures show that the free silicon surface near Si NP

is characterized by significant etching roughness (see Figs. 1

and 2). Contribution of a scattered wave from Si NP

may be higher or lower than the contribution of the

reflection from the free surface. When the pitch is rather

large, then the contribution from the free surface is always
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Figure 6. SEM image of Si NP with a pitch of 1000 nm, slope

angle 30◦, without Y axis correction.

governing, therefore a single main minimum is always

observed in a large-pitch structures, which is observed

both in the experiment and calculation. In addition, for

our experimentally formed structures, large-pitch Si NP are

characterized by a significant increase in the silicon surface

roughness. Figure 6 shows a SEM image of Si NP with

a pitch of 1000 nm. In this case, it can be observed that

the silicon surface roughness between Si NP is significantly

higher than for Si NP with a pitch of 400 nm (Fig. 2, a).

For structures with a small pitch, contribution of scat-

tering from Si NP may exceed the contribution from the

free surface. Contribution from Si NP may be evaluated

using a wave energy absorbed within Si NP itself (due to

significant virtual component of the silicon refraction index

in the visible spectrum). In addition, the contribution of

nanopillars in the experiment can significantly differ from

the calculated one due to additional scattering sources on

NP interface discontinuities as well as due to additional

absorption on the internal p−n-junction.
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Figure 7. Calculated reflection (a) and absorption (b) spectra of the optical wave from small diameter NP for pitch 3 = 0.4 µm.

Thus, it is preferable to compare with the experiment of

our structures based on the calculated absorption spectra

of Si NP that are shown in Fig. 5, b and d. An absorption

peak is observed in 0.6−0.9 µm spectral region of interest.

In the spectrum maximum region, contribution from Si NP

exceeds the contribution of scattering from the free sur-

face and a local maximum is observed in the calculated

reflectance dependences whose position corresponds to

the maximum in the reflectance spectrum. When the

measured wavelength deflects from the maximum position,

the reflected energy amplitude is gradually decreased,

crosses zero and then again begins to rise. This is the reason

why two minima in the reflection spectrum are observed

for several small-pitch structures. Therefore, as mentioned

above, calculation of the Si NP optical wave absorption

spectrum shall be preferably used for correct analysis of

such structures.

In our experimental conditions, scattering power from

Si NP and reflection power from the mirror surface

differ greatly and no contribution matching conditions are

observed. Therefore, on Fig. 4, only one main minimum is

observed. Thus, the difference in data in Figs. 4 and 5 is not

an experimental or calculation error and is a consequence

of changed surface properties of silicon and NP (increased
roughness) after preparation of Si NP during selective

etching.

It shall be noted that the use of smaller geometrical

sizes is more advantageous than those that were used

in our experiments (see Fig. 7) due to the existing

technological constraints. For small sizes, high contribution

of scattering from NP is observed (see Fig. 7) which is

characterized by deep single minima of reflected power

and high absorption level of NP. In combination with the

internal p−n-junction, this will give a high photoresponse

level with a spectral peak defined by the NP diameter.

It shall be noted that our calculations are well corre-

lated with the similar data obtained earlier by means
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of experiment and calculation for NP with a diameter

of 80 nm [21].

5. Mie resonance observance condition
and evaluation of coefficient K

A calculation method may be used for simple evaluation

of minima positions in the Si NP reflection spectra.

Generally, for the description of interaction between the

optical emission and dielectric nanoresonators no simple

relationships are used. When it comes to Mie resonances of

nanoparticles, an approximate relationship of the observed

resonances is often provided (2):

λ ∼ nd, (2)

where n is a refraction index, d is a Si NP diameter.

Expression (2) matches expression (3):

nkr ∼ π, (3)

where k is a wave number, r is a Si NP radius.

As shown in [25], Si NP resonant wavelengths may

be also evaluated using a coupled leaking mode theory

(CLMT). The optical response in the nanostructure is sig-

nificantly enhanced, when the incident wavelength matches

the leaking modes supported by a nanopillar [25].
Similar to the infinite cylinder leaking modes or confined

modes in a strong reflecting end cylinder, relationship (4) is
true

kr a =
(

(nSik)2 − k2
z

)1/2
a = K, (4)

where kr is a radial wave vector, k is a free space wave

vector, a is a cylinder radius, kz is a wave vector describing

the field amplitude change along the cylinder axis, nSi is the

silicon refraction index.

Thus, [26] represents a resonance relationship for mode 1

and mode 2 as follows

nkr = K, (5)

where K = 2.6 is for mode 1 and K = 5.6 is for mode 2.

According to the simulation, it has been found that the

resonant wave length did not substantially depend on the

NP height (within 100−215 nm). And the resonance

condition was mostly governed by the NP diameter. In [25],
for low-order leaking mode resonances for the infinite

cylinder with normal lighting K = 2.31 and 5.45 (kz = 0).
Thus, notwithstanding that the dielectric resonators are

generally not described with simple analytical expressions,

this equation provides capabilities for identification of

Mie resonances.

In equation (5) K ∼ 2.6 and ∼ 5.6, these are constants

specific to the observation of Mie resonances in Si NP with

a typical height of 272 nm and distance between the adjacent

Si NP equal to 188 nm (pitch 460 nm). Also, equation (5)
does not include several important factors that influence

the initiation of resonances (edge roughness, curvature,
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Figure 8. Experimental and calculated dependences of reflection

minima positions vs. the Si NP diameter obtained for Si NP with

a pitch of 400, 500, 600, 700 nm.
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Straight lines are a result of linear approximation with a single

slope coefficient 3.365.

taper, etc.). Figure 8 shows the experimental dependence of

resonant wavelength vs. the Si NP diameter that was found

during our investigation. It is apparent that the reflection

minimum position also depends on the Si NP pitch in array.

The calculation data for similar structures are shown in

Fig. 9, where the main minimum position was defined by

the maximum absorption spectrum. It can be clearly seen

that the peak positions may be described by a straight line

with a uniform slope κ = 3.365 from linear relationship (6):

λ(D) = κD + B . (6)

Coefficient B included in relationship (6) is a fundamental

difference of our structures from those described earlier

in [25], where the resonance position was approximated by

a linear dependence (without offset, i.e. B = 0). It shall be
noted that the experimental dependences shown in Fig. 8,
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also demonstrate a linear dependence of resonance position

vs. offset diameter B 6= 0.

Thus, based on the shown experimental data and numeri-

cal simulation using 3D FDTD method, it may be taken for

granted that for Si NP with a height of 450 nm with internal

vertical p−n-junction formed on a silicon substrate, reso-

nance position is described by an offset linear dependence.

6. Conclusion

Ordered Si NP microarrays that were formed by means

of scanning electron lithography on a negative resist with

subsequent reactive ion etching have been investigated

herein. Si NP had internal vertical p−n-junction that was

Appendix
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Y
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500 nm

a b

Y

X

Fig. A.1. SEM image of Si NP, slope angle 30◦, without Y axis correction (a) and with Y axis correction (b). Actual height of

Si NP is assessed using the figure with Y axis correction, the image without correction is compressed along Y axis.
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n
m
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Fig. A.2. Optical images of Si NP arrays in

bright field (a) and dark field (b). Pitch 500nm,

diameter: 1) d = 211 (181) nm, 2) d = 238 (217)nm,

3) d = 247 (238)nm; pitch 600nm, diameter: 1) d = 211

(183)nm, 2) d = 229 (199) nm, 3) d = 247 (204) nm; pitch

700nm, diameter: 1) d = 269 (238) nm, 2) d = 274 (255)nm,

3) d = 287 (247)nm; pitch 800nm, diameter: 1) d = 305

(258)nm, 2) d = 287 (270) nm, 3) d = 287 (258) nm.

formed on the initial substrate using a molecular beam

epitaxy method. The height of Si NP was equal to 450 nm

with varying diameter and pitch. It was observed that the

light reflection spectra from Si NP were unchanged after

Si NP oxidation in concentrated nitric acid. As a result

of oxidation in nitric acid, additional passivating coating

was removed from the Si NP walls. Numerical simulation

of the optical properties corresponded to experimental

measurements. Discrepancy between the experimental and

calculation results was explained for certain Si NP pitches in

array. It was shown that the absorption maximum position

dependence for Si NP is of nonzero offset linear type. Align-

ment of NP with internal p−n-junction will further enable

to make efficient photodetectors with selectively controlled

spectral response curve in a visible and near IR bands.
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