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photons in ultraviolet and infrared region of solar spectra, in which the localized states originated
from nanosilicon doped with oxygen are built to avoid Auger recombination, and some interesting
quantum phenomena in the localized states have been observed. The quantum effect of photo-
generated carriers has been observed in I-V curve measurement on the photovoltaic sample prepared
in oxygen by using nanosecond pulsed laser. More interesting, the twin states of quantum vibration are
measured in the localized states originated from the impuritied nanosilicon, which provides a stable
reservoir for electrons in the photovaltaic system. It should be noted that the amplitude change of the
quantum vibration occurs under magnetic field with 0.33T on the sample prepared in oxygen, owing to
the electron spin in the localized states. The photoluminescence (PL) spectra measured from 300 nm
to 1700 nm exhibit the localized states in various regions in the photovoltaic system, in which the
electrons can stand in the localized states with longer lifetime to be uneasy into Auger recombination.

Surface-induced effects on micro-nanopattern and quantum confinement effect in Si nanostructures offer inter-
esting features that could be used to boost the efficiency of photovoltaic energy conversion and to overcome
some of the restraints that lead to the Shockley-Queisser limit'~. Micro-nanostructuring has been suggested as
a promising method to find a new path to get an effective absorber for solar cells with higher efficiency in a pho-
tovoltaic system®-2!. Recently, significant effort has been focused on enhancing the light absorption by nanoscale
light trapping using nanowires, nanocones, nanodomes and nanoholes?*-*!. Despite the exciting success in light
trapping, the power conversion efficiency of nano-structured Si solar cells, however, remain lower efficiency for
the thick devices and the thin devices*>%. The Si solar cells with nanostructures are not efficient because of severe
Auger recombination. In addition it is also needed for Si solar cells with higher efficiency to pick up photons in
ultraviolet and infrared region of solar spectra.

Here, we have found the new methods in which the localized electronic states with longer lifetime due to the
Heisenberg principle related to At ~ h/AE?* are built from the impurities on the nanostructures for avoiding
severe Auger recombination, which involve the electronic states due to impurities built on the smaller nanostruc-
tures doped with oxygen and the electronic states owing to impurities built on the defects doped with oxygen for
improving photovoltaic conversion in ultraviolet and infrared regions.

In the article, the quantum effect of photo-generated carriers in the localized states is observed in I-V curve
measurement on the photovoltaic sample prepared in oxygen, which provides a stable reservoir for electrons. It is
very interesting that the quantum vibration on the quantum platform of I-V curve is discovered on the Si quan-
tum dots (QDs) doped with oxygen, and the quantum twin-state occurs in the localized states under irradiation
of laser at 633 nm. The amplitude change of the quantum vibration occurring in the magnetic field with 0.33T
should be related to the electron spin in the localized states. The quantum twin-state in the localized states origi-
nated from the QDs impuritied should have an application in quantum entangle and code.

The photoluminescence (PL) spectra measured from 300 nm to 1700 nm exhibit the electronic states in vari-
ous regions, especially the localized states for avoiding Auger recombination on the photovoltaic system, in which

!nstitute of Nanophotonic Physics, Guizhou University, Guiyang, 550025, China. ?State key laboratory of Surface
Physics, Key Laboratory of Micro and Nano Photonic Structures (Ministry of Education) and Department of Physics,
Fudan University, Shanghai, 200433, China. 3State Key Laboratory of Ore Deposit Geochemistry Institute of
Geochemistry, Chinese Academy of Science Institute of Geochemistry, Guiyang, 550003, China. Correspondence
and requests for materials should be addressed to W.-Q.H. (email: wghuang@gzu.edu.cn)

SCIENTIFICREPORTS|7:7221 | DOI:10.1038/s41598-017-07663-1 1


mailto:wqhuang@gzu.edu.cn

www.nature.com/scientificreports/

Figure 1. (a) In the PLE process, the plasmonic lattice structure induced by ns-laser as shown in the left optical
image, and the diffraction pattern on the plasmonic lattice structure (similar with Wigner crystal structure) as
exhibited in the right optical image; (b) The SEM image showing the pillars structure prepared by using ns-laser,
where the inset exhibits the detail shape on the single tip of pillars.

the electrons can stand in the localized states with longer lifetime originated from the impurities on the nanosili-
con or on the defects of silicon to be uneasy into Auger recombination.

We use the pulsed laser etching (PLE) device with a ns laser to fabricate the pillars structure, in which the spot
diameter of laser beam is about 1 pm focused on the silicon wafers of P-type substrate with 10 Qcm in vacuum
(sample I) or in oxygen environment with 80 Pa (sample II). It can be assumed that the pure nanosilicon occurs
in the sample I, and the sample II involves the nanosilicon doped with oxygen. It is interesting that the plasma
lattice pattern occurs in the process of etching the pillars structure as shown in Fig. 1(a), in which the left optical
image exhibits the plasmonic lattice structure induced by ns-laser and the right optical image shows the diffrac-
tion pattern on the plasmonic lattice structure (similar with Wigner crystal structure). After etching, the suitable
annealing process on the pillars structure is important for its crystallizing to form the nanostructures and defects.
The SEM image in Fig. 1(b) shows the pillars structure prepared by using ns-laser, where the inset exhibits the
cross sectional shape in nanoscale on the single tip of pillars. The refractive index is about 1.88 in visible range on
the SiO, surface of the pillars and the experimental result obeys the K-K relations*.

As shown in Fig. 2(a), the three layers involving ultraviolet layer, visible layer and infrared layer are built under
pillars surface. The localized states from the smaller nanosilicon doped with oxygen in the ultraviolet layer can
transfer the ultraviolet photons into pairs of electron and hole. The localized states from the bigger nanosilicon
doped with oxygen in the visible layer can hold carriers by absorbing visible photons. And the localized electronic
states from defects doped with oxygen in the infrared layer can transfer the infrared photons into carriers. The
combinational transformation of the energy states in the three layers conformation can almost cover the solar
spectra, as shown in Fig. 2(b), in which the inset shows the ultraviolet spectrum in the ultraviolet layer, the visible
spectrum in the visible layer and the infrared spectrum in the infrared layer.

For confirmation of oxygen doping in nanosilicon, the comparison between the sample I prepared in vacuum
and the sample IT prepared in oxygen environment with 80 Pa has been taken in the TEM images. In Fig. 3(a), the
TEM image of Si nanolayer prepared in vacuum exhibits the pure silicon occurs in the sample I after annealing
for 30 min, and the inset shows FFT pattern of silicon crystal. The TEM image of Si nanolayer doped with oxygen
after annealing for 30 min shows the impurities structure of the sample II prepared in oxygen environment with
80 Pa, where the stronger condensed structure of Si-O bonds occurs on the surface of Si nanolayer, as shown in
Fig. 3(b), in which the FFT pattern of the inset exhibits the broken symmetry of silicon crystal doped with oxygen.

Localized states effect on nanosilicon doped with oxygen

The PL spectrum from 350 nm to 500 nm measured in the ultraviolet layer exhibits the localized states from the
smaller nanosilicon doped with oxygen. Here, the localized states originated from impurities on nanosilicon
effectively avoid the Auger recombination on the photovoltaic system. In Fig. 4(a), the TEM image shows the
smaller QDs of silicon doped with oxygen in the ultraviolet layer. And the PL peak near 450 nm related to the
localized states is shown in Fig. 4(b), in which it is interesting to make a comparison for PL spectra on the sam-
ple I (black curve) prepared in vacuum and on the sample II (red curve) prepared in oxygen of 80 Pa. Here, the
enhanced broader peak (red curve) near 450 nm is related to the localized states emission on the smaller QDs
doped with oxygen.

The TEM image in Fig. 5(a) shows the bigger nanosilicon doped with oxygen of 80 Pa, where the Si-O bonds
are obvious on the Si QDs, and the inset shows the density distribution of states with the localized states origi-
nated from impurities on nanosilicon in the simulating calculation, which effectively avoid the Auger recombi-
nation on the photovoltaic system due to the carriers have a longer lifetime in the localized states. In Fig. 5(b),
the comparison for the PL spectra from 550 nm to 850 nm measured in the visible layer exhibits that the localized
states from the bigger QDs doped with oxygen occur on the sample II prepared in oxygen related to the black
curve in the spectra.
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Figure 2. (a) The three layers structure of photovoltaic system involving ultraviolet layer, visible layer and
infrared layer built under the silicon pillars surface; (b) The solar spectrum and the spectra related to the
electronic states in the inset showing the ultraviolet spectrum in the ultraviolet layer, the visible spectrum in the
visible layer and the infrared spectrum in the infrared layer.

Figure 3. (a) TEM image of Si nanolayer prepared in vacuum, where the inset shows FFT pattern of silicon
crystal after annealing for 30 min; (b) TEM image of Si nanolayer prepared in oxygen of 80 Pa, in which the
FFT pattern of the inset exhibits the broken symmetry of silicon crystal doped with oxygen after annealing for
30 min.

Impurities states effect on silicon defects

It is interesting to make a comparison of electron states between the pillars samples prepared in vacuum and
in oxygen of 80 Pa, whose PL spectra on the two kinds of samples are exhibited in Fig. 6. In Fig. 6(a), the TEM
image shows the crystal structures of the pillars sample I prepared in vacuum, and their FFT pattern is shown in
the inset, which exhibits the various defects. In contrast to the sample I, the TEM image of Fig. 6(b) shows the
crystal structures of the pillars sample II prepared in oxygen of 80 Pa, their FFT pattern is shown in the inset,
which exhibits the defects doped with oxygen. In Fig. 6(c), the PL spectrum on the pillars sample I indicate the
defects states from D1 to D4 respectively related to the peaks near 1250 nm, 1310 nm, 1400 nm and 1540 nm. And
in Fig. 6(d), the PL spectrum on the pillars sample II prepared in oxygen exposures the broader impurities states
near the defects states.
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Figure 4. (a) TEM image showing the smaller nanosilicon doped with oxygen in the ultraviolet layer; (b) PL

spectra on the sample I (black curve) prepared in vacuum and on the smple II (red curve) prepared in oxygen
of 80 Pa, in which PL peak near 450 nm is related to the localized electronic states owing to the smaller Si QDs
doped with oxygen.

Quantum effect of photo-generated carriers

In the photovoltaic measurement, much more photo-generated carriers under irradiation obviously occur on the
sample I prepared in oxygen, as shown in Fig. 7. More interesting for making a comparison between Fig. 7(a) and (b),
in the localized states, much more photo-generated carriers produced by laser at 405 nm obviously appear in
the photo-generated current curve just on the sample II prepared in oxygen of 80 Pa; but the photo-generated
current is very weaker on the sample I prepared in vacuum. The quantum effect of photo-generated carriers
obviously occurs as shown in Fig. 7(b), where the two quantum steps in the I-V curve occur with laser irradiation
power at 20mW and 40 mW, in which the quantum platform is built in the localized states owing to exhausted
photo-generated carriers in nanolayer with certain irradiation photons on the sample II. The changing of quan-
tum steps with irradiation photons in the I-V curves could be applied for photo-amplifier. In the same way, the
quantum effect of photo-generated carriers also appears in the I-V curves on the sample II under irradiation of
laser at 532 nm and 632.8 nm respectively, as shown in Fig. 8(a) and (b). The quantum effect of photo-generated
carriers involves the two processes, at first the photo-generated carriers jump up from the localized states and
tunneling out to form the quantum step in which the voltage threshold decreases obviously, then the exhaustion
of photo-generated carriers form the quantum platform.

In the experiments, the external quantum efficiency (EQE) was measured directly under laser radiation at
633 nm on the sample II and the sample I. The EQE on the sample II is about 70% which is ten times higher than
the EQE on the sample I. The better inversion of photo-voltage on the sample II prepared in oxygen environment
should be originated from the reservoir of carriers avoiding Auger recombination in the localized states due to
the nanosilicon doped with oxygen.

It is very interesting that the localized states originated from impurities on nanosilicon is really the trap states
with longer lifetime localizing under the opened conduction band of nanocrystals owing to the Heisenberg prin-
ciple related to At ~ h/AE, in which the longer At can be obtained with the narrower AE in the localized states.
The photo-generated electrons in the localized states flow out to form current, which has the quantum tunneling
characteristic in the nanolayer doped with oxygen. The carriers density in the localized states can be described by
the formula: N =3} (4n mKyT/h) In{1 + exp[(E¢— E;)/(KgT)1}p;", where E;is the Fermi energy level, E; and
is energy value and wave function of the carriers in the localized state, respectively®.

It is amazed that the quantum vibration on the quantum platform of I-V curve is discovered on the pillars
structure doped with oxygen, as shown in Fig. 9(a), in which the quantum effect only occurs on the sample II
owing to the localized states related to the red curve. And the quantum twin-state occurs in the localized states in
which the vibration of photo-generated current forms under irradiation of laser at 633 nm, as shown in Fig. 9(b).
Here, the energy difference AE in the quantum twin-state is about 10meV as exhibited in the twin peaks of PL
spectrum in the inset of Fig. 9(b). The resonance between the twin states in light field has the characteristic of the
quantum vibration confined in the localized states. It should be noted that the amplitude change of the quantum
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Figure 5. (a) The TEM image showing the bigger Si QDs doped with oxygen of 80 Pa, and the inset showing
the density distribution of states with the localized states originated from impurities on nanocrystals in the
simulating calculation; (b) The comparison for the PL spectra from 550 nm to 850 nm measured in the visible
layer, in which the red curve is related to the spectrum on the sample I prepared in vacuum and the black curve
is related to the spectrum on the sample II prepared in oxygen owing to the localized electronic states from the
bigger nanocrystals doped with oxygen.

vibration occurs on the sample II in the magnetic field with 0.33T as shown in Fig. 9(c), which is related to the
electron spin in the localized states. The quantum twin-state in the localized states should has an application in
quantum entangle and quantum code.

In the simulating calculation, the structure models of the Si quantum dot and the impuritied quantum dot
have been built in order to simulate the experiment process, as shown in the inset of Fig. 10(a) and (b). An abini-
tio non-relativistic quantum mechanical analysis is used to investigate the electronic behavior. The DFT calcula-
tion is carried out by using the local density approximation (LDA) and the generalized gradient approximation
(GGA) for the self-consistent total energy calculation. It is interested to make a comparison between Fig. 10(a)
and (b), in which the localized states originated from the quantum dot doped with oxygen appear in the band gap
of the density of states (DOS) just in Fig. 10(b). Figure 10(c) shows the DOS distribution on Si quantum dot with
four Si=0 bonds on surface in the simulating calculation, where it should be noted that the fine split structure
occurs in the localized states owing to Si=0 bonds. Therefore, the physical model for explaining the localized
states effect on the quantum dot doped with oxygen is built in Fig. 10(d), in which the spin split effect can be
amplified in the fine split structure of localized states under the magnetic field.

In conclusion, the multiple impuritied nanolayers on the pillars structure have been fabricated for Si solar
cells to pick up photons in ultraviolet and infrared region of solar spectra. The localized states with longer lifetime
originated from impurities on nanosilicon effectively avoid Auger recombination in the photovoltaic system.
The calculation results indicate that the localized states occur in various regions on the pillars structure with the
multiple impuritied nanolayers, which is demonstrated in the PL spectra measurement. The quantum effect of
photo-generated carriers is observed in I-V curve measurement on the photovoltaic sample prepared in oxygen.
The quantum vibration on the I-V quantum platform is discovered on the pillars structure doped with oxygen,
and the quantum twin-state occurs in the localized states under irradiation of laser at 633 nm, in which the ampli-
tude change of the quantum vibration appears in magnetic field related to the electron spin in the localized states.
This kind of quantum twin-state in the localized states should have an application in quantum code and quantum
entanglement in the photo-communication.
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Figure 6. (a) The TEM image of the crystal structures of the pillars sample I prepared in vacuum and their FFT

pattern shown in the inset, which exhibits the various defects; (b) The TEM image of the crystal structures of the
pillars sample II prepared in oxygen of 80 Pa and their FFT pattern shown in the inset, which exhibits the defects
doped with oxygen; (c) The PL spectrum on the sample I indicating the defects states from D1 to D4; (d) The PL
spectrum on the sample II prepared in oxygen showing the broader impurities states near the defects states.
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Figure 7. (a) The I-V curves in dark (black curve) and in light field (red and blue curve) of laser at 405nm on
the pillars sample I prepared in vacuum; (b) The I-V curves in dark (black curve) and in light field (red and blue
curve) of laser at 405 nm on the pillars sample II prepared in oxygen, in which the quantum effect of photo-
generated carriers obviously occurs.

Methods

Fabrication of the pillars structure by using nanosecond pulsed laser. A silicon wafer of P-type
(100) oriented substrate with 1-10 Qcm is taken on the sample stage in the fabrication system with nanosecond
pulsed laser etching (ns-PLE) devices. A third harmonic of pulsed Nd:YAG laser at 355 nm with nanosecond
pulsed width is used to etch Si surface by controlling with points and lines array scanning in vacuum or in various
environment. For making a comparison between the samples prepared in different environment, we fabricate the
pillars sample I prepared in vacuum to build the pure nanosilicon and the pillars sample II prepared in oxygen of
80 Pa to build the impurities structure on nanosilicon surface. After the etching process, in the amorphous layer
on the pillars surface, the Si QDs can grow up through crystallizing in the irradiation of electron beam or the
laser annealing and the furnace annealing process, in which their size range is narrower due to layer thickness
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Figure 8. (a) The I-V curves in dark (black curve) and in light field (red curve) of laser at 532 nm on the pillars
sample II prepared in oxygen; (b) The I-V curves in dark (black curve) and in light field (red curve) of laser at
633 nm on the pillars sample II prepared in oxygen.
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Figure 9. (a) The I-V curves in light field of laser at 405 nm on the pillars sample II prepared in oxygen (red
curve) and on the Si wafer (green curve), in which the quantum vibration and the quantum platform in the I-V
curve occur on the pillars structure doped with oxygen; (b) The detail of quantum vibration on the quantum
platform of I-V curve on the pillars sample II, in which the twin peaks in the PL spectrum indicate the twin
states in the localized states; (c) The change of the quantum vibration in magnetic field with 0.33T (red curve)
on the sample II.

confinement. The doping process with oxygen can be carried out through the gas tube in the chamber of the PLE
combination fabrication system.

Preparation of multiple nanolayers impuritied on the pillars structure. On the pillars surface,
the nanolayers can be prepared in the combination fabrication system with PLE and pulsed laser deposition
(PLD) devices. A third harmonic of pulsed Nd:YAG laser at 355 nm is used to deposit nanolayers on the pil-
lars in PLD process in various environment. The smaller QDs in the ultraviolet nanolayer (layer thickness:
2-3nm) and the bigger QDs in the visible nanolayer (layer thickness: 3-5nm) can be fabricated by using
PLD method and controlling the annealing time. The defects in the infrared nanolayer (layer thickness:
8-10nm) can be prepared by the faster annealing after PLD process. The doping process on the nanosilicon
or on the defects can be carried out in the PLD method with oxygen environment for producing the local-
ized states.

Photoluminescence (PL) measurement. PL spectra on the pillars samples are measured under the
266 nm or 488 nm excitation at room temperature (300 K) and lower temperature (10K ~ 200 K) in sample cham-
ber of 1 Pa. In the PL measurement system, The ultraviolet laser beam at 266 nm is used to measure the ultraviolet
spectrum, and the light beam at 488 nm in Ar ion laser is focused on the pillars samples for excitation to detect
the visible spectrum and the infrared spectrum for identifying the electronic states on the impuritied QDs or on
the defects doped with oxygen.

Photovoltaic measurement. The construction of photovoltaic system is shown in Fig. 2(a), in which
the PIN structure involves the bottom buffer silicon layer on p-type silicon substrate, the multiple nanolayers
N-type doped with oxygen in which the nanosilicon such as the impuritied QDs and the defects are confined
to form the inter-layer, and the top pillars surface. The positive pole is connected on the gold film under the
P-type Si layer and the negative pole is connected with the ITO film on the N-type Si top layer. The I-V char-
acter of the PIN junction is measured with voltage from —10V to 15V, in which the threshold effect and the
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Figure 10. (a) The model structure of Si quantum dot (the inset:Si atom(yellow ball) and hydrogen atom(white
ball)) and the DOS distribution in the first principle calculation; (b) The model structure of quantum dot doped
with oxygen (the inset:Si atom(yellow ball), oxygen atom(red ball) and hydrogen atom(white ball)) and the DOS
distribution in the first principle calculation, in which the localized states occur in the band gap; (c) The DOS
distribution involving the localized states in the band gap in the first principle calculation related to Si=0 bonds
on Si QDs surface; (d) The forming model of the localized states on the pillars sample II prepared in oxygen.

quantum tunneling effect are obviously observed. The negative resistance phenomenon and the resonant vibra-
tion between the twin states in light field are measured, which have the characteristic of the quantum vibration
confined in the localized states. The amplitude change of the quantum vibration with AE~10meV is observed
on the pillars sample II prepared in oxygen in magnetic field with 0.33 T, which is related to the electron spin
in the localized states.
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