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Abstract

Recently, semiconductor nanograting layers have been introduced and their optical prop-
erties have been studied. Spectroscopic ellipsometry has shown that nanograting signifi-
cantly modifies the dielectric function of c-Si layers. Photoluminescence spectroscopy
reveals the emergence of an emission band with a remarkable peak structure. It has been
observed that nanograting also alters the electronic and magnetic properties. In this study,
we investigate the quantum efficiency and spectral response of Si p-n junctions fabri-
cated using subwavelength grating layers and aperiodically nanostructured layers. Our
findings indicate that the quantum efficiency and spectral response are enhanced in the
case of nanograting p-n junctions compared to plain reference junctions. Aperiodically
nanostructured junctions exhibit similar results to nanograting junctions. However, aperi-
odic nanostructuring is a more straightforward fabrication method and, consequently, more
appealing for the solar cell industry.

Keywords Nanograting - Quantum efficiency - Spectral response - p-n junction

1 Introduction

The latest advancements in nanotechnology have facilitated the production of submicron
periodic nanostructures (Chauvin et al. 2017; Li et al. 2018; Buhl et al. 2021), includ-
ing 1D and 2D nanogratings. The introduction of such periodic nanostructures has been
shown to have a significant impact on the optical properties (Sarnet et al. 2012; Torres et al.
2010; Halbwax et al. 2008; Oh et al. 2012), electronic properties (Vorobyev and Guo 2011;
Tavkhelidze et al. 2017, 2021a, b), and other characteristics (Kakulia et al. 2016; Tavkheli-
dze et al. 2019, 2021a, b) of materials, particularly when the dimensions of the nanogratings
(a and w in Fig. 1) are comparable to the wavelength of electrons (de Broglie wavelength).
Due to the boundary conditions imposed by the nanograting (NG) on the wave function,
certain quantum states (Kakulia et al. 2016) are prohibited, resulting in a reduction in their
density of states (DOS).

Extended author information available on the last page of the article
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Fig. 2 Schematic energy-band diagrams of an NG layer fabricated on the surface of p-n junction. (a)
energy levels of p-n junction; (b). energy levels of p-n junction after nanograting formation. Green lines
depict occupied energy levels and red ones are forbidden energy levels. For simplicity, the band gap is
scaled down and the energy levels are shown to be equidistant

This phenomenon is commonly known as the geometry-induced quantum effect. In the
vicinity of the nanograting (NG) with a layer of thickness d, the density of states (DOS) is
reduced (Fig. 1). The boundary conditions imposed by the NG only affect the wave func-
tions of electrons in close proximity to the surface. Conversely, electrons that are further
away from the surface experience decoherence. This decoherence arises from the loss of
coherence during scattering events, rendering the influence of the grating boundary condi-
tions negligible.

Figure 1 depicts a nanograting (NG) situated on top of an n-type layer (with a thickness
of d,)) that forms a p-n junction on the surface of a p-type semiconductor wafer. Figure 2
presents a schematic energy-band diagram of a p-n junction featuring NG patterns. In the
immediate vicinity of the NG, certain energy levels within the valence band and conduction
band become prohibited. As a result, the excluded electrons tend to occupy only the allowed
energy levels shown by green line in Fig. 2.

The higher energy levels at the bottom of the conduction band are occupied by the
rejected electrons in the close proximity of the nanograting (NG) layer. This results in
an increased concentration of electrons in the conduction band, a phenomenon known as
geometry-induced doping or G-doping (Tavkhelidze et al. 2017). In Fig. 2b, it is illustrated
that electrons are excluded from both the valence and conduction bands near the NG and
are pushed towards the high energy levels in the conduction band. As the Fermi energy
increases due to G-doping, it can be considered equivalent to donor doping. G-doping
leads to an elevation of the Fermi energy in the vicinity of the nanograting. Importantly, the
rejected electrons remain confined to the NG layer. Charge neutrality prohibits the deeper
penetration of charges into the substrate, thereby binding the carriers to the characteristic
depth d, as depicted in Fig. 2b.
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a) b)
Fig. 3 (a) AFM scan of nanograting; (b) AFM scan of aperiodic structure

Various phenomena associated with geometry-induced quantum effects have been pre-
viously documented in different configurations of periodic nanostructures. These effects
have been observed in disordered nanostructures generated through wet-etching of p-Si
(Luchenko et al. 2016), as well as in nearly periodic nanostructures formed via laser radia-
tion interaction or Laser-Induced Periodic Surface Structures (LIPSS) on surfaces of various
semiconductor materials (Mastellone et al. 2022; Edgar et al. 2019; Shuleiko et al. 2021; Nie
et al. 2014a, b; Daniel Puerto et al. 2016), metals (Gnilitskyi et al. 2017), indium tin oxide
(Ma et al. 2021), and graphene oxide (Mortazavi et al. 2020) layers. Substantial increases
in conductivity (n-type conductivity) have been observed in ZnO crystals following the
formation of nanoparticles on their surfaces (Nie et al. 2014a, b). Significant alterations in
optical properties have been observed in nanograting fused silica materials (Zhou 2016),
where spectroscopic ellipsometry measurements have indicated a metallic-type dielectric
function (Sarnet et al. 2012; Torres et al. 2010). Strong photoluminescence spectra have
been recorded from nanograting surfaces of Si layers (Sarnet et al. 2012; Halbwax et al.
2008). It is noteworthy that the photoluminescence phenomenon is observed in indirect
band gap materials such as Si. In our measurements on nanograting (NG) samples, we have
observed additional periodic peaks in the photoluminescence spectrum, and the positions of
these peaks align with the predictions of the geometry-induced doping (G-doping) theory.

In this study, we present the fabrication of c-Si p-n junction samples incorporating sub-
wavelength gratings and aperiodic nanostructuring, and investigate their optical character-
istics, including quantum efficiency and spectral response.

2 Sample preparation and characterization

For sample preparation, p-type silicon< 100> substrates with resistivity ranging from 1 to
10 ©Q-cm were utilized. The standard technology for p-n junction formation was employed.
Phosphorus donor atoms were diffused into the top layer at a temperature of 1050 °C for a
duration of 5—7 min, resulting in a diffusion depth of 200-250 nm. The obtained large-area
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p-n junctions served as the basis for the fabrication of nanograting and aperiodically nano-
structured samples. These p-n junctions also served as reference plain samples.

To create the nanograting patterns on the surface of silicon substrates, laser interference
lithography and subsequent reactive ion etching were employed, resulting in nanogratings
with a depth of 20-30 nm and a period of 300 nm (Tavkhelidze et al. 2017). A nanograting
area of 3 mm x 3 mm was fabricated in the center of a 10 mm x 10 mm chip.

To prepare the samples for interference lithography, the following steps were undertaken:

The substrates were treated in a solution of H2SO4+H202+H20 (1:1:3) for 5-10 min.
They were then cleaned in deionized water for 10 min and dehydrated using a centrifuge.
The substrates were passivated in HF + H20 (1:20) and rinsed in deionized water for 10 min.
Dehydration was performed again using a centrifuge and a hotplate at 180 °C for 20 min. A
negative photoresist (ma-N 2401) was applied at a speed of 4000—4200 rpm for 30 s, result-
ing in a resist thickness of 70-90 nm. Finally, the resist was dried at 90115 °C for 10 min.

For laser interference lithography, a Blue-Violet (375 nm) semiconductor laser DL375-
010-SO with a coherence length of over 20 m was used as the light source (Tavkhelidze et
al. 2017; Shimizu 2021; Reif et al. 2006). The interference fringe width ranged from 140
to 1000 nm. The resist was exposed for 10-25 s and then developed in an alkaline solution
(AZ-400 K+H20, 1:3) for 20-35 s.

Reactive ion etching (RIE) was conducted using a homemade setup within a vacuum
chamber, along with DC magnetrons. CF4 gas was used at a pressure of P=6-7x10-2 Pa,
voltage V=3.8-4.2 kV, and current I=200 mA. The etching time varied from 6 to 20 min,
depending on the desired etching depth. A negative photoresist layer was employed during
interference lithography to ensure uniform etching of the entire chip’s surface, including the
reference plain area, as done in previous works (Tavkhelidze et al. 2021a, b). This step was
taken to eliminate the influence of reactive ion etching through comparison with the refer-
ence area. To control the nanograting depth, an on-chip step structure was utilized and mea-
sured using a profilometer. The surface roughness after etching did not exceed RMS=1 nm.

For the creation of aperiodic nanostructures, the MacEtch technology, specifically the
Ag nanoparticle-based technology (Ag-MacEtch) (Hee et al. 2014; Nichkalo et al. 2017),
was employed. An adhesive solution consisting of AgNO3+HF with Ag nanoparticles of
100-150 nm diameter was prepared. The backside-protected Si substrate was immersed in
the adhesive solution at room temperature for 10-20 s. Subsequently, following a stan-
dard cleaning procedure, the wafer with the large-area p-n junction was immersed in
an HF+H202 solution for Si etching. The etching rate was 1.1 nm/second. Finally, Ag
nanoparticles in an HNO3 solution were used.

Surface morphology was examined using an AFM (Atomic Force Microscopy) Bruker
Dimension Icon, while the quantum efficiency and spectral response were measured using
the solar cell parameter control system Rera Solutions SpeQuest.

In Fig. 3(a), a typical AFM scan of the nanograting is presented. The shape of the grating
cross-section was observed to be slightly disproportional and occasionally sinusoidal, con-
sistent with our previous studies (Torres et al. 2010; Tavkhelidze et al. 2017, 2019), which
is characteristic of laser interference lithography. Based on the AFM image, the depth of the
nanograting ranged from 20 to 30 nm, and the lateral period was 2w=300 nm. As a refer-
ence, we also prepared a continuous, un-patterned (plain) Si layer on the same substrate,
which underwent the same reactive ion etching process to eliminate any influence from RIE.
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Figure 3(b) displays a typical AFM scan of an aperiodic nanostructure. The depth of the
structure varies between 20 and 30 nm, and its morphology appears quite irregular.

3 Results and discussion

The responsivity spectra (SR) and quantum efficiency (QE) of the p-n Si junction with
nanograting and aperiodic nanostructures in the n-type layer of the p-n junction were mea-
sured at room temperature and are presented in Figs. 4 and 5, respectively. The depth of the
structures varies across the measured area and has an average value of 20 nm for both the
nanograting and aperiodic structures. The diodes were illuminated through the top layer of
the n-type Si.

The devices exhibit photosensitivity in the visible spectral region, covering wavelengths
from approximately 350 nm up to 1100 nm. From the presented figures, it is evident that the
signal intensity strongly depends on the surface texture. The devices with the textured sur-
face show higher photovoltaic signal intensity throughout the wavelength range. This leads
to an increase in SR and QE, as indicated by the green curves in Figs. 4 and 5.

For both the nanograting and aperiodic structures, the increase in QE is estimated to be
around 25% compared to reference structures without a textured surface (plain p-n junc-
tion). It is worth noting that no surface grinding or any extra partner materials (as anti-
reflection layer) were utilized in these measurements.

In both cases of nanograting and aperiodic nanostructures, the maximum increase in QE
and SR occurs within the wavelength range of 600 to 900 nm. This effect is distinct from
the photoluminescence observed in quantum dots and other nanostructures with sizes on the
order of a few nanometers. For instance, silicon quantum dots exhibit photoluminescence
despite the material’s indirect band gap (Lu et al. 2017).

To ensure that the observed increase in QE and SR is not influenced by photolumines-
cence or other factors, we conducted reactive ion etching on both the plain reference samples
and the nanograting samples. This ensures the presence of defects introduced by the reactive
ion etching process in the reference samples as well. The observed photoluminescence in
G-doped layers may contribute to the increase in QE and SR.

T T T T T 014

Nanograting area Nanograting area

Reference

Reference
plain area

plain area

Spectral Response [AW]

Quantum Efficiency

T T T T
600 800 1000 1200

Wavelength [nm]

o4

200 400

T T T
200 400 600 800 1000 1200

Wavelength [nm]

Fig. 4 QE and SR of nanograting sample. Green curves correspond to nanograting area. Red curves cor-
respond to adjacent plain (reference) area
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Fig.5 QE and SR of aperiodically structured sample. Green curves correspond to aperiodic nanostructure
area. Red curves correspond to adjacent plain (reference) area

There is a slight difference in the spectra of the nanograting and aperiodic nanostructures.
The maxima of QE in the aperiodic structure exhibit a minor blue shift (Fig. 5), which can
be attributed to electromagnetic wave scattering.

The significant increase (25%) in QE and SR can be attributed to the changes in the opti-
cal properties of the Si material, specifically the reduction of DOS (density of states). This
reduction in DOS affects the interband density of states and subsequently alters the optical
properties of the material. This observation aligns with our previous findings of substantial
changes in the dielectric function (Sarnet et al. 2012) and the emergence of a new and
intense photoluminescence band (Halbwax et al. 2008) in nanostructured Si.

Moving forward, our plan is to fabricate prototypes of solar cells utilizing nanostructured
junctions and investigate their efficiency as a function of nanostructuring. This research
aims to further explore the potential benefits of incorporating nanostructures in solar cell
designs and evaluate their impact on overall solar cell performance.

4 Conclusions

On Si substrates, large area p-n junctions were fabricated. The n-type top layer was nano-
structured using subwavelength nanograting and aperiodic structures. Quantum efficiency
and spectral response were studied. The results revealed that the nanograting device exhib-
ited a significant increase of up to 25% in both quantum efficiency and spectral response
compared to the reference plain device. This improvement can be attributed to geometry-
induced quantum effects, which alter the dielectric function of Si and induce strong photolu-
minescence in the indirect band gap material. Interestingly, the aperiodically nanostructured
junction showed similar results to the nanograting device. However, aperiodic nanostructur-
ing offers the advantage of being easier to fabricate, making it more attractive for the solar
cell industry. In the next phase, prototypes of solar cells based on nanostructured junctions
will be fabricated, and their efficiency dependence on nanostructuring will be thoroughly
investigated in future studies.
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