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Chapter 1 Introduction

To satisfy the energy requirement, more and more fossil fuel resources, such as
petroleum, coal and gas, are consumed. However, these energy sources will be used up
one day and their consumption is hostile to the environment. In recent years, there has
been a trend towards the increased commercialization of renewable sources. Renewable
sources contains wind, hydropower, geothermal heat, biomass and solar energy. Wind
power depends on the wind speed, so wind turbines should be installed in areas of higher
wind resources, such as offshore and high altitude sites. Typically, turbines with rated
output of 1.5-3 MW can be used for commercial use. Hydropower is derived from the
kinetic energy of falling water from higher potential to lower potential. This power can be
generated by large-scale hydroelectric dam. Geothermal energy is from thermal energy
originating from the original formation of the planet and from radioactive decay of the
minerals. This power is theoretically more than adequate to supply the energy needs, but
only a very fraction may be exploited because of the high-cost of the drilling and
exploration for deep resources. Biomass is a renewable energy source only if the
extraction rate doesn't exceed the production rate. The energy information administration
projected that by 2017, biomass will be more expensive than natural gas. About 16.7% of
global final energy consumption comes from renewable resources, with 11 % of energy
from biomass, and 3.3 % from hydropower and 3% from new renewable resources (wind,
solar, geothermal), as shown in fig.1. However, according to a 2011 projection by the
international energy agency, photovoltaic and solar-thermal plants may produce most of
the world's electricity by 2060, and wind, hydropower and biomass will supply much of the

remaining generation.

Renewables

B Biomass heat 11.44%
B Solar hotwater 0.17%
B Geothermal heat 0.12%
Hydropower 3.34%
m Ethanol 0.50%
B Biodiesel 0.17%
B Biomass electricity 0.28%
B Wind power 0.51%
B Geothermal electricity 0.07%
Solar PV power 0.06%
\ m Solar CSP 0.002%

B Ocean power 0.001%

Total World Energy
u I(gzﬁfluels 80.6"{: Consumption by
= udearzre - Source (2010)
Figure 1 Total world energy consumption by source
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Solar power source is radiation from the sun. The measured solar spectrum on the
earth's surface depends on various factors, such as latitude and the angle of incidence,

which impact the total air mass (AM) density of the atmosphere through which the sun light

has passed. More specifically, AM:ﬁ ,where 0 is the angle of incidence relative to

radiation directly normal to the earth's surface. AMO, i.e. no atmosphere, represent the
solar energy arriving at the top of atmosphere. To facilitate the comparison of photovoltaic
technologies, two standard spectra at the earth surface have been defined, the global and
direct AM1.5 spectra, i.e. AM1.5G ( includes both direct and diffuse radiation) and AM1.5D
(includes direct radiation only). Fig.2 gives ASTM (American Society For Testing And
Materials) standard AMO, AM1.5G, AM1.5D solar spectra. [
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Figure 2 ASTM standard AMO, AM1.5G, AM1.5D solar spectra

1.1 Photovoltaics

1.1.1 Introduction

The science and technology of converting solar radiation energy directly into current is
defined as Photovoltaics (PV). The first solar cell with a power conversion efficiency of

~6% was realized using silicon by researches from AT &T Bell Labs in 1954, 115 years
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after when the concept was first defined by french physicist Edmond Becquerel!. Over the
past years, the detailed understanding of the physics and chemistry of PV and moreover,
the introduction of nanotechnology, enable the rapid developments in the field of PV.

To begin with we will provide a brief introduction on the basic behavior of solar cell.
Solar cell is realized by forming a p-n junction, where the build-in electrical field separates
photogenerated electron-hole pairs that diffuse to this region, so that the electrons are
swept to the n-side and holes are swept to the p-side to complete a circuit.

The ideal p-n junction with no light emitting on it has a total current as follows:

exp(%—;)—l =J0[exp(%)— l]

where J, and J, are the minority carrier diffusion current densities on n and p side of the

quPI10+annp0
L L

P n

J=J,+J,=

junction, respectively. D, and D, are the diffusion coefficients of holes (on n-side) and
electrons (on p-side), respectively. L, and L, are minority carrier diffusion lengths. P,, and
neare the thermal equilibrium density of holes and electrons in n-side and p-side,
respectively. q is the charge of electron. V is the applied forward bias. T is the temperature
and K is the Boltzman constant.

However, some electron-hole pairs get lost before collection due to the recombination,

so the equation becomes:

J=J,| exp —1| where n is the ideality factor

q
nkT
When light is applied to the p-n junction, a current J_ will be generated, so the general

expression for a semiconductor p-n diode solar cell is:
v \_4
exp(w)

The J-V curve, as shown in Fig.3, contains critical informations relating to the efficiency

J=J, —J,

of the solar cell.
- short-circuit current density Js, which is equal to the light generated current density,

provides the maximum current density at zero voltage;

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

-open-circuit voltage V.., provides the maximum voltage at zero current.

IL
1,

cument Hark

voltage J'.igm f'-g

¢ J: J‘ V., E N4 v
'

*

J

sSC

(@) (b)

Figure 3 (a) Typical representation of an |-V curve, showing short-circuit current (Js,) and open-circuit
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- fill factor (FF), can be defined as the ratio of maximum power of the solar cell
P,.=1,V, ,tothe power P=I_V , . This parameter shows the quality of pn junction
and can be calculated by the empirical equation for the ideal diode:

1V, Vee=In(V,+0.72)
_Ichoy_ VvOC—i_1

FF

- conversion efficiency n
v, J.V,FF
TR

in which Py is the applied power density to the device.
Additionally, quantum efficiency of the device as a function of wavelength is another
important feature, which includes external quantum efficiency (EQE) and internal quantum

efficiency (IQE). EQE is based on the I, measured for the solar cell as a function of
wavelength:

/ 1
pop=tt L . BOE__EQE
qnpn 4N pn A 1-R-T

nen is the incident photons flux as a function of wavelength, per unit time, A is the

absorbed light, R is the reflected light and T is the transmitted light.

doc.univ-lille1.fr
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Spectral response (SR) is typically used to characterize the performance of solar cell.

]SC
P.(1)

The quantum efficiency can provide valuable insight into the loss mechanisms of the

SR=

:qﬁ EQE , Pin(A) is the power of incident light.

solar cell, including front surface recombination and back recombination.!'!

1.1.2 Solar cell technologies

Si solar cells have been realized with an efficiency of approximately 27.6%, close to the
theoretical limit for Si single junction, nevertheless, with high cost for mass production. For
commercial application, increasing efficiency while decreasing cost have to be taken into
consideration. Fig.4 depicted the efficiency of different solar cells as a function of time. If
we compare the efficiency of single junction solar cells, we can see the efficiency relations
as follows: GaAs solar cells >Si crystalline solar cells>Cu(In,Ga)Se; and other thin films
solar cells >organic solar cells, quantum dot cells and other emerging cells. Although the
efficiencies of organic cells are lower, they attract more and more attention, because of
their low-cost and flexibility. It can be seen that multijunction cells achieve higher
efficiencies than the best single junction cells, especially with concentrator. The maximum
efficiency is 44%. So far, solar cell technologies have been classified into three
generations. The first generation is based on crystalline Si bulk, with high efficiency but
high cost. In order to decrease the cost, the second generation based on low-cost thin
films have been developed. However, their efficiencies are lower than that of crystalline Si
cells. Due to its lower efficiency, nanostructures are introduced to the second generation

solar cells, as is called the third generation. The details will be discussed below.
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Figure 4 Reported timeline of solar cell efficiency (from National Renewable Energy Laboratory (USA))

First generation devices

The first-generation devices are mainly fabricated from bulk silicon. As we mentioned

before, the best commercial solar cells based on single-crystal silicon are about 18%

efficient, less than the theoretical efficiency because of the Shockley-Queisser limit, which

places maximum solar conversion efficiency around 30% for a single p-n junction with a

bandgap of 1.1 eV (typical for silicon) with consideration of the effect of blackbody

radiation, recombination and spectrum loss. It was first calculated by William Shockley and

Hans Queisser in 19614,

In pursuit of this high efficiency, the cost was sacrificed to produce thick and high-purity

single crystalline Si.

To lower the price, polysilicon or multicrystalline silicon are suitable alternatives, in spite

of their lower efficiencies owing to the presence of a high density of defects and grain

boundaries. However, the efficiency can be improved by various methods such as

purification (by purifying atmosphere, mold and coating materials) and enlargement of

grain size.! The highest efficiency for multicrystalline silicon solar cell reported so far is

© 2014 Tous droits réservés.
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20.3% on small device area (1 cm?), with a passivated rear surface in combination with a

textured front surface. ©
Second generation devices

The second-generation devices are fabricated on low-cost substrates, such as
polymers, metal foils and glass. Thin films consisting of Crystalline silicon, amorphous
silicon, CIG (Cu(ln,Ga)Se:), organic, dye-sensitized and CdTe, are deposited directly on
these substrates rather than bulk, so will reduce the price by a factor of 2 to 5 times.
However, these thin-film solar cells yield efficiencies less than ~12%.

1 crystalline Si thin films solar cell

Si thin films solar cells contain monocrystalline Si, polycrystalline Si, multicrystalline Si
and nanocrystalline Si solar cell. Crystalline Si thin film solar cells with efficiency
comparable to bulk Si solar cell have merely been achieved with polycrystalline silicon and
monocrystalline Si on high-temperature-resistant substrates. CSG solar cell (crystalline
silicon on glass) combining the advantages of standard silicon wafer-based technology
with the advantages of thin films, has an efficiency of 8-9%.!"!

Owing to the low absorption coefficient of crystalline Si, typically, solar cell should be
thick enough to absorb more light. For thin film solar cell, this problem has been addressed
by light trapping schemes, for instance, texturing either substrate or surface to increase
the path length of light through solar cell and depositing an anti reflection coating on the
top of solar cell to reduce the reflection. The use of highly textured transparent conducting
oxides such as Al-doped ZnO have been shown to increase Js. by increasing the
absorption and EQE in the near-IR portion of the solar spectrum®®.

Besides, the recombination at grain boundaries and crystal defects in the grains further
lower the efficiency, which can be addressed by surface passivation. The passivation
scheme relies on the doping type and resistivity of Si. Typically, SisNs, SiO,, Al,O3; and
amorphous Si are used as effective passivation schemes in crystalline Si solar cells™.
Additionally, rapid thermal annealing or plasma hydrogenation are widely used to
passivate polycrystalline silicon!'”.

Due to the high density of grain boundaries and low minority carrier lifetime, intrinsic

layer is used in nanocrystalline Si solar cell to increase the solar cell efficiency. The p-i-n
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junction with amorphous Si passivation layer shows an efficiency of 8.6%, up to 10.9% by
adding a texture back reflector.!""

2 amorphous Si(a-Si:H) thin-film solar cells

Hydrogenated amorphous Si(a-Si:H) thin-film solar cells have been widely spread, with
the efficiency below 8%, because a-Si:H is based on low temperature process and it can
absorb light very efficiently with an absorption depth of 1 um, several hundred times
thinner than that of the crystalline silicon. However, its carrier mobilities (1) and lifetimes (t)

are significantly reduced compared to crystalline Si, with mobilities of approximately 1 to

20 cm?/V-s (50-1300cm?/V-s for typical c-Si ) and 7 less than 1 s (1 ys to 1ms for typical
c-Si). "4

3 CIG(Cu(In,Ga)Se;) solar cells

Chalcopyrite semiconductors such as CulnSe; (CIS) and Culn,sGasSe; (CIGS) are of
particular interest for solar-cells applications, because its conversion efficiency exceeds
19.9% in active areas. CIGS thin films are primarily deposited by many methods at high
temperatures, such as co-evaporation, sputtering and electrodeposition. The high
temperature makes it difficult to deposit thin flms on some low melting point substrates.
And because of the toxic of selenization, vacuum and selenization treatment are required,
which lead to high cost.[™® Many efforts have been done to avoid high temperature process
in vacuum and selenization treatment, so that it is possible to deposit thin film on flexible
substrates in low-cost way.

4 Organic and dye-sensitized solar cell

Organic solar cells have become an alternative to silicon solar cell because of their
inexpensive solution-based processing and significant flexibility. Organic solar cell uses a
polymer or dye as an electron donor and a second material as the electron acceptor.

Unlike traditional semiconductor solar cells where the photogenerated electron-hole
pairs were separated by build-in electrical field of p-n junction, photogenerated electron-
hole pairs in organic solar cell are known as a Frenkel exciton. In one component device,
the excitons are dissociated by charge transfer in organic-metal interface, while in two
component devices, the excitons will be separated if the differences in potential energy
between two materials are larger than the exciton binding energy.

Although organic solar cells cost less, the efficiency is relatively lower, due to the poor

light absorption; most of the organic semiconductor have a relatively large bandgap (above

10

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

2 eV), so the light absorption are efficient for blue light but poor for red light. In addition,
the exciton energy of these materials is in the range of 0.1 eV to 1 eV, which is too large to
be easily separated, so the photocurrent generation is limited. Besides, holes mobility in
polymer are very poor.

Dye-sensitized solar cell (DSSC) is an important branch of organic solar cell. It consists
of three-components: a dye or inorganic sensitizer are adsorbed onto the surface of
mesoporous n-type materials such as TiO, and the rest of the pores are filled with p-type
hole-transporting materials (HTMs), including Is/I" electrolyte solution and polymer
electrolyte!™"®l. The first DSSC was demonstrated by Gréatzel and coworkers.!"® This solar
cell separates the charge generation which is done at the semiconductor-dye interface,
and the charge transport which is done by the semiconductor and the electrolyte. Equally
important, the porous material can adsorb more dye, which in turn enhances the light
absorption. So the efficiency is relatively higher compared with normal organic solar cell.
Schematic representation of a DSSC is shown in Fig 5. Its working principle is: (1) the
incident photon is absorbed by the dye molecule and an electron of dye is excited; (2) the
excited electron is injected into the conduction band of TiO, particles, leaving the dye
molecule to an oxidized states; (3) after passing through the porous particles to the TCO
layer on the glass substrate (negative electrode) and then going through an external load
to the positive electrode, the injected electron is finally transferred to the triiodide (l5) in

electrolyte and iodide (I") is obtained; (4) iodide(l") reduce the oxidized dye to complete the

circuit.['-18l
TCO layer  TiO, dye electrolyte I,ggl',:r"
L] ——
A ) —
f:? —= ‘_’f_ \ _ __  _ _ __ Fermilevel under
light illumination {
voltage undet
- @ load
g
2 @ Pt
5 ® ——]
E 11
& oo+
(] VB = |
L e |
— —|—
! II load @

alontrical venrk

Figure 5 Working principle of DSSC
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These cells are still in their early infancy, compared with inorganic thin-film cells. The
commercialization of DSSC is slowly under way, due to the difficulties of packaging solar
cells, poor heat resistance and ageing issues. The first problem can be solved by
introducing solid-state electrolytes such as 2,2'7,7'-tetrakis-(n,N-di-p-methoxyphenyl-
amine)-9,9'-spirobifluorene  (or  spiro-MeOTAD), PCPDTBT (poly(2,6-(4,4-bis-(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b'ldithiophene)-alt-4,7(2,1,3-benzothiadiazole))  into
DSSCs, and yet these solid-state devices achieve efficiencies on the order of 4%, which
is quite low. In spite of the low efficiency and many issues, organic solar cells are still very
suitable substitutes in solar cell application due to the attractive low production costs and
their flexibility.

5 Cadmium telluride (CdTe) solar cell

Cadmium telluride (CdTe) with a bandgap of 1.45 eV, close to the optimal bandgap for
photovoltaic energy conversion, has long been recognized as a strong candidate for thin
film solar cell applications. CdTe solar cells are typically heterojunctions with cadmium
sulfide (CdS) fabricated by a variety of low-cost deposition technologies, such as close
spaced sublimation (CSS) and sputtering. Small area efficiencies of these solar cells have
approached the value of 16.0% and in order to commercialize this technology,
considerable efforts are made to decrease the price, increase the efficiency and protect
environment from pollution associated with Cd in the manufacturing process and at the

end of cell life, which is the key technological challenges for CdTe solar cell.['™

Third generation devices

Second generation devices significantly decrease the price of solar cell, but decrease
the efficiency. Third-generation device is based on second generation devices, adding
nanostructures, which provide significant larger area surface to increase the light
harvesting. So the new generation devices will achieve higher efficiency by combining the
advantage of the second generation devices with the advantage of nanostructures.

The mechanisms that attempt to increase the efficiency of single-bandgap solar cells
are: (1) broader the absorption and conversion spectra of the solar cell, primarily in the
low-energy regions where the photons are not absorbed by a single-bandgap
semiconductor; (2) improving the photogeneration rate by using high-energy photons in

the solar spectrum better, typically, those photons are thermalized by interaction with

12
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lattice phonon or are absorbed in the surface of solar cell; (3) creating more than one
electron or photon per each absorbed photon to improve the photocurrent. !

The third-generation solar cells contain tandem solar cells, intermediate band solar
cells, hot electron solar cells, multiple-exciton generation based solar cells, upconversion
and downconversion based solar cells.

1 Tandem solar cell

The tandem cell, consisting of two or three semiconductor p-n junctions of different
bandgaps, have a broad light absorption spectrum and yield higher efficiency compared to
single-bandgap devices. To achieve the highest efficiency, the key parameters during
fabrication are appropriate bandgaps, thicknesses, junction depths, and doping, which
should be optimized, so that the incident solar spectrum is split between the cells most
effectively.

There are two configurations, ‘mechanically stacked’ cell, in which each cell in the stack
is treated as a separate device with two terminals; another configuration is an ‘in-series’
cell with each cell in the stack connected in series, such that the overall cell has just two
terminals on the front and back of the whole cell. Although these two configurations have
the same efficiency, the mechanically stacked solar cell is more flexible in practical,
because each cell can be made individually, and then be connected with each other in the
external circuit.

The higher efficiency tandem devices with over 40% efficiency are made from single-
crystal IlI-V materials, experimental multijunction cell, using metamorphic materials, four or
more junctions, and other design approaches have the potential to increase cell
efficiencies over 45%, or even to 50%* Those high quality material are grown by very
expensive epitaxial processes, so they are merely used in the space market where cost is
less of a technology concern than supplying sufficient power ',

To reduce the price, non-toxic or abundant elements or compounds such as a-Si or Si
nanostructure are used as substitutes in tandem devices. Because of the high defect
density located in a-Si and at the surface of Si nanostructures, the solar cell efficiencies
are lower compared with epitaxial IlI-V materials solar cell. One popular way to improve
the efficiency is to introducing a thin intermediate reflector (IR) which enhances the Jsc of
the top cell without increasing the thickness of absorber layer, as showed in Fig 6. This

kind of solar cell yield the efficiency over 12%, with Js. up to almost 12 mA/cm?.1?4
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Figure 6 Design of n-i-p micromorph with IR

Additionally, the tandem solar cell can be made based on different second generation
solar cell. J.Kim et al.”? demonstrated tandem solar cell efficiencies of more than 6%, with
the low band-gap polymer-fullerene composite as the charge-separating layer in the front
cell and the high band-gap polymer composite as that in the back cell. S.Wenger et al.l**!
reported on the integration of dye-sensitized solar cell and Cu(In,Ga)Se; solar cell to cut
optical losses and material costs, achieving 12.2% conversion efficiency. The corrosion
issue originating from redox mediator (I” / I5™ couple) of the dye-sensitized cell can not be
neglected.

Besides, nanostructures such as quantum wells (QWs) or quantum dots (QDs), are
introduced in tandem solar cells. An effectively larger bandgap is formed if QWs or QDs
are closely spaced between layers of dielectric matrix. For QDs of 2 nm (QWs of 1 nm), an
effective bandgap is 1.7 eV which is quite ideal for a tandem cell element on top of Si
cell".,

2 Intermediate-band (IB) solar cell

The intermediate-band (IB) solar cell consists of an IB material between n- and p-type
semiconductors, as shown in fig.7(a). IB solar cells can deliver a high photovoltage by
absorbing two sub-bandgap photons to produce one high energy electron®!. As mentioned
before, close spacing QDs will form an effective bandgap, so they can be used as an IB
material. Fig.7(b) shows the quantum efficiency of GaAs/GaAs single-junction solar cells
with and without an array of InGaAs self-organized Qds. The introduction of a narrow-gap
material (QD array) increases the photocurrent in sub-bandgap region?®.

Dilute semiconductor alloys including InGaAsN and ZnTe:O can also be used as IB
materials®®”), where IB position is tunable by varying alloy composition. Compared with

reference cell, the bulk solar cells with IB material ZnTe:O have a larger short circuit
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current density Jsc and smaller open circuit voltage Voc, with an overall improvement of

50% in the power conversion efficiency.
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Figure 7 (a) Band diagram of an IB solar cell (1) and (2) represent sub-bandgap photon absorption; (3)
represents above-bandgap photon absorption. (b) Quantum efficiency of an QD-based IB solar cell

(QD-IBSC) and a reference (GaAs) solar cell.

3 Multiple-exciton generation based solar cells
Multiple-exciton generation based solar cells will increase the efficiency by increasing

the number of electron-hole pair per given photon to increase the photocurrent density.
Carrier multiplication in semiconductor nanocrystals are enhanced by impact ionization
process, as shown in Fig.8(a), where a high energy exciton was created in a nanocrystal
by absorbing a photon of energy >2Eg, and then it relaxes to the band edge, along with
the energy emission of at least 1Eg, which transfers to a valence band electron and
excites it above the energy gap. Thus, this process converts more light with high photon
energy into current.?®

R. D. Schaller et al.®® demonstrate for the first time that impact ionization in PbSe NCs
take place on an ultrafast time scale with high efficiency, so these NCs have potential to
significantly increase solar cell power conversion efficiency.

However, J.J.H.Pijpers et al.*demonstrated carrier multiplication is more efficient in
bulk materials than in quantum dots, due to the reduced density of states in quantum dots.
Carrier multiplication in quantum dots may be beneficial because extra carriers can be
exploited at higher voltages (Egspap is always larger than Egappuk), but the quantum

confinement doesn't lead to higher carrier multiplication efficiencies.
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Figure 8 Schematics of impact ionization process

4 Upconversion and downconversion

In order to increase the absorption of solar energy, there are two ways to adapt the
solar spectrum before it is absorbed by the solar cell. The first option is to transfer two
lower-energy photons to one higher-energy photon which can be absorbed by solar cell.
This process is known as upconversion (UC) and is particularly useful for solar cells with a
large band-gap. The second option is to split one higher energy photon to two photons
with a smaller energy which can be absorbed by the solar cell. This is known as
downconversion (DC) and is especially beneficial for solar cells with a smaller band-gap.
[1,19.31]

Lanthanide ions are very suitable to use for both DC and UC, thank to a rich energy
level structure. There are many examples of efficient upconversion and downconversion
using lanthanides, either with one type of lanthanide ion or a pair of lanthanide ions.

J.F.Suvyer demonstrated that upconversion lattices NaYF, codoped with Er®*",Yb**/Er®*
or Yb*/Tm* lead to as much as 50% of the excitation photons contributing to the
upconversion emission%,

Downconversion is focused on the conversion of a single UV photon into two visible
photons. J.Meijer et al. studied the efficiency of downconversion for the (Nd**,Yb**) couple
in YF3, downconversion is observed from the “Ds, level of Nd** with efficiencies up to
40%P".

5 Hot-carrier solar cell

A hot-carrier solar cell tends to slow the rate of photoexcited carrier cooling, which is
caused by phonon interaction in the lattice, to allow time for carriers to be collected while

they are still at elevated energies (‘hot’). This allows higher voltages to be achieved by the
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cell. In addition to an absorber material that slows the rate of carrier relaxation, a hot
carrier cell must allow extraction of carriers from the device through contacts that accept
only a very narrow range of energies (selective energy contacts)?".

Initial experimental progress has been made on selective energy contacts using double-
barrier resonant tunneling structures, with a single layer of Si quantum dots providing the
resonant level. The problem of slowing carrier cooling is very difficult. It has been observed
at very high illumination intensities via a phonon bottleneck effect in which carrier energy
decay mechanisms are restricted. Compounds with large mass difference between their
anions and cations have a gap in their allowed phonon modes that can slow down these
decay mechanisms and enhance the bottleneck effect. Examples are GaN and InN, with
some experimental evidence for slowed cooling in the latter. Theoretical work on
replicating this effect by modifying the phonic band structures of QD nanostructure
superlattices will soon be attempted experimentally. Nevertheless, the hot carrier cell,
while promising, is still a long way from demonstration.

In addition, semiconductor NCs can also be used for down shifting. The most used NCs
are CdSe NCs, which lead to a strong enhancement of photocurrent in the high-energy

portion of solar spectrum.?®?

1.2 Nanowires

1.2.1 Introduction

The above discussion on the third generation solar cells highlights the strong potential
role of nanostructures on contributing to achieve low-cost, high-efficiency solar cells. The
nanostructures are classified by dimensionality, i.e. nanostructured bulk materials and
composites (3D), quantum wells (2D), nanowires and nanotubes (1D), and nanoparticles
and quantum dots (0D).

Among the nanowires, silicon nanowires (SiINWs) are introduced in this work, because
Si is widely considered as an important material for solar cell, although the indirect
bandgap of Si is not the ideal for solar cell. In addition, its optical thickness is ~125 um,
whereas the optical thickness of direct bandgap material such as GaAs is ~0,9 uym. The
key reason why Si is favored for PV industry today is that it is the second most abundant

element in the earth, inexpensive and non-toxic compared to the other materials.

17

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

Particularly, the tremendous Si technologies have been developed in the last few decades.

In this thesis, we will concentrate on SiNWs. B!

1.2.2 Fabrication of silicon nanowires

To begin with, we should briefly introduce the fabrication of SINWs, which is essential to
the properties of silicon nanowires.

In principle, there are two basic approaches for preparing nanowires, i.e. the bottom-up
and top-down approaches. The bottom-up approach is an assembly process which joins Si
atoms to form nanowires, including vapor-liquid-solid (VLS) growth®*! oxide-assisted
growth (OAG), supercritical-fluid-based and solution-based growth, and related methods.

The preparation of SiINWs via the gold-catalyzed VLS growth process involves: (1)
depositing gold on a heated Si wafer to form gold droplets or evaporating gold layer on a
Si wafer passivated by H®®; (2) Si precipitation to form SiNWs from the droplet. Gold is the
most popular metallic catalyst used in VLS growth process, but the presence of gold
frequently induces deep-level electronic states in the Si bandgap and decreases the
carrier lifetime and diffusion length, which is not beneficial for solar cells. Therefore, other
metals, such as copper (Cu), platinum (Pt) and aluminum (Al), which are less detrimental
to the carrier lifetime, are preferred.

The top-down approach prepares SiNWs via dimensional reduction of bulk Si by
lithography and etching®®®. Electron beam lithography, reaction ion etching (RIE), natural
lithography (chemically synthesized nanospheres as masks for patterning different shapes
of particles and pillars), and the newly developed metal-catalyzed electroless etching
(MCEE) are widely used to fabricate nanowires with dimensions ranging from tens to
hundreds of nanometers. Weisse et al. fabricated silicon nanowires by the well-established
Ag-assisted electroless wet etching technique, where they pattern Ag films by using silica
spheres via Langmuir-Blodgett assembly®’!. In this process, nanowires keep the uniform
electrical characteristics from the mother wafers, whereas the electrical properties of
nanowires produced by the bottom-up approach depends on the dopant distribution during
the fabrication processP’. Fig.9 shows the boron distribution of nanowires made by top-
down method and bottom-up method. The axial and radial B distribution in nanowires
made by top-down are spatially homogeneous, while B distributes inhomogeneous in VSL-

nanowires. The properties of nanowires will be discussed in the next section.
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(a) (b)

Figure 9 Boron distribution of nanowires measured by laser-assist atom probe tomography.

(a) Nanowires are made by top-down method.(b) Nanowires are made by bottom-up method

1.2.3 Properties of silicon nanowires

In pursuit of solar cell with high efficiency, two important considerations have to be
taken into account: high absorption and high carrier collection probability. SINWs receive
more attention as efficient light absorber for photovoltaic application owing to its high
broadband optical absorption. As shown in fig.10, compared to thin films, the nanowire
structures have the advantage of small reflection in a wide spectrum range even without
antireflection coating!*?’. The absorption of nanowires varies with the changing of array
dimensions, including diameter, the period and the length. With the increase of diameter,
the onset energy for absorption will be tuned from ultra-violet radiations to the visible light
spectrum, as confirmed by experimental photocurrent measurement.®' Using longer wires
will improve the absorption in the low-frequency region where the absorption is limited by
the small extinction coefficient of Si.[*?! It was calculated that nanowires with a tapered tip

will enhance the anti reflection properties.
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Figure 10 (a) Total reflectance and (b) transmission spectra of silicon nanowire and solid Si film
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In order to obtain high efficiency, apart from high absorption, high carrier-collection
probability is also important. Carrier-collection probability depends on the minority carrier
diffusion length. As we mentioned before, SiNWs prepared by two methods have different
electrical transport properties. Top-down nanowires keep the transport properties from the
mother wafers, so the high carrier-collection can be obtained by choosing suitable mother
wafer and making properly surface passivation. Whereas the transport properties of
bottom-up nanowires depends on the growth process. Doped Au-catalyzed VLS-grown
SiNWs has a lower mobility of 16 cm?Vs'¥! and low minority carrier diffusion length (up to
4 um) as a result of Au incorporation into the wires. So carrier-collection probability can be
improved by replacing Au with non-Au catalysts. Using Cu VLS catalyst, SiNWs have
relatively higher minority carrier diffusion length of ~10 um, while their diffusion length are

all considerably smaller than the diffusion length in high-purity bulk Si.**!

1.2.4 Photovoltaic devices based on silicon nanowires

Because of the excellent optical properties and transport properties, SiNWs are regarded
as the most attractive candidate for photovoltaic application. Many solar cells have been
fabricated, such as: single SiNW solar cell, SINWs based heterojunction solar cells and

homojunction solar cells.
Single SiNW solar cell

As shown in fig.11, single SiNW solar cell with Schottky metal/semiconductor junction,
has an overall efficiency of 0,46%."! Another single SiNW solar cell based on p/i/n coaxial
junction shows the overall efficiency of ~3%.°! These researches will provide an insight
into nanowires charge transport and collection properties, which will contribute to optimize

the efficiency of the NW arrays solar cells.
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Figure 11 (a) SEM image of a single SiNW solar cell, the rectifying junction was formed by sourcing
current between the adjacent upper contacts (upward-facing arrows) until the enclosed wire segment
was destroyed. The /V data were then measured between the two inner contacts (downward-facing

arrows).(b) J-V curve and I-V curve of this solar cell in the dark and under AM 1.5G illumination
SiNWs arrays based heterojunction solar cells

Recently, SiNWs/organic-semiconductor hybrid solar cell has attracted a lot of attention,
because it exploits the advantage of SiNW for higher light absorption and organic
semiconductor for low-cost. This hybrid solar cell fabrication process requires lower
temperature (less than 200°C), so it's inexpensive compared to conventional Si p-n
junction. Typical organic materials for the hybrid device are conjugated polymers, including
poly (p-phenylenevinylene) (PPV) and its derivatives (CN-PPV, MEH-PPV,MEH-CN-PPV),
MDMO-PPV, polythiophene (PT) and its derivatives (P3HT and PTEBS), and the
polyanilines (PAn). They are mainly p-type semiconductors. N-type polymers are also
available, but less effort has been made to synthesize and characterize them.!"

Hybrid solar cell on the glass substrate were made using n-type SiNW arrays and poly(3-
hexylthiophene):-phenyl-C61-butyric acid methyl ester (P3HT:PCBM). Fig.12 shows the
transfer process: chemical etched n-type SiNWs were pressed into the polymer film, and
then the donor wafer was removed by a lateral force. Metal contact was subsequently
deposited on the exposed SiNWSs tips to complete a solar cell. Compared to organic solar
cell without SiINWs (with efficiency of 1.21%), hybrid solar cell shows higher efficiency of
1.91%.17

Owing to the large chains which prevent polymer from penetrating the small gaps in the
SiNWSs, the efficiency of the solar cell is limited. Short chain polymers, such as 2,2'7,7'-

Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-OMeTAD) can easily

21

© 2014 Tous droits réservés. doc.univ-lille1.fr



© 2014 Tous droits réservés.

Thése de Di Zhou, Lille 1, 2013

penetrate into the small gaps between NWs. This device has a power conversion

efficiency of 10,3%.!
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Figure 12 Schematic of the hybrid solar cell using SiNWs and P3HT:PCBM blend: (a) depositing
polymer blend on ITO; (b) pressing SiNWs into the blend; and (c) silicon wafer was seperated from the

polymer blend.

In addition to polymer semiconductor, carbon nanotubes (CNT) and graphene are
appropriate electrode materials in solar cells. Hybrid solar cells composed of a
CNT/SiNWs heterojunction cell and a SiNW array-based photoelectrochemical (PEC) cell
show a conversion efficiency of 1.29%. Conductive CNT film formed heterojunctions with
SiNWs and also acted as the transparent counter electrode in PEC cell, as shown in
fig.13.14]

DWNT film

"N\ Ti/Pd/Ag electrode

Figure 13 Hybrid heterojunction/PEC solar cell structure

Graphene, with ultrahigh mobility, outstanding flexibility, stability and high transmittance
within the visible - infrared region, has attracted tremendous attention in photoelectronic
devices. Theoretical studies have been performed to simulate the conversion efficiency of
graphene/semiconductor heterojunction solar cell. It was shown that a maximum efficiency

of ~9.2% can be achieved by tuning graphene work function, changing layer numbers and
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adding an anti reflection film (SiNWs arrays). Subsequently, the experimental studies show

that graphene/SiNWs solar cell give an efficiency of up to 7.7%.%°
SiNWs arrays homojunction solar cell
Axial p-n junction

Axial p-n junction SINW arrays solar cells possess greater light absorption and
essentially work similarly to conventional planar p-n junction cells, but their p-n junction
areas are smaller.B" Sivakov et al. " have reported the fabrication of axial p-n junction
SiNWs arrays solar cell using an electroless wet chemical etching process of a

microcrystalline (mc)-p*-n-n* Si layer on glass, as shown in fig.14. This solar cell have an

overall power efficiency of 4.4% under AM1.5G illumination.

me-Si{p) ~ 400 nm

E':y
\«.,-

Figure 14 Schematics of the axial p-n juntion SiNW arrays solar cell fabrication process, the mc-Si p-n

junction layers were deposited by electron beam evaporation (EBE) on a glass substrate (middle) and

the SINWSs were obtained by wet chemical etching (right).

Weisse et al. reported a new method to fabricate axial junction SiNWSs electronic devices
on arbitrary substrates by vertical transfer printing methods(V-TPM), as shown in fig.15.
Axial SINWs arrays were formed by chemical etching of p-n junction wafer, and the crack
which was introduced by inserting a wafer soaking step between two consecutive etching
steps, enables the device to be transferred. This method facilitates the fabrication of large
area SiNWs arrays on arbitrary substrates, including plastic sheets, metal foils and glass
slides.’”! Solar cells on inexpensive substrates have big potential, although their efficiency

is still under improvement.
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Figure 15. Schematic of SINW arrays electronic device fabrication process with V-TPM: (a) forming
horizontally crack (b) covering SiNWs with PDMS. (c) etching PDMS to expose SiNW tips. (d)

depositing metal contact on the exposed SiNW. (e) attaching the metal contact to an arbitrary substrate.
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(f) peeling off SINW arrays from wafer. (g) exposing the other side of SINW tips. (h) depositing another

metal contact to complete the device.
Radial p-n junction

In conventional planar p-n junction solar cell, as shown in fig.16(a), an incident photon
creates an electron-hole pair which is separated by a built-in electric field. To generate
power, the carriers (electrons and holes) must be able to traverse the thickness of the
cells. i.e. they must have the carrier diffusion length Ln > 1/a, where 1/a is the optical
thickness of the material (optical thickness is the thickness of material required to absorb
90% of the incident photons with energy above the band-gap energy). And in order to have
more absorption, the cell thickness should be bigger than 1/a, which will decrease the
device efficiency because of the carrier recombination.®? So for a conventional planar
solar cell, there are two key constraints: (1) the material must be sufficiently thick in order
to absorb more photons; (2) the material must have a high minority carrier diffusion length
to effectively collect the photogenerated charge carriers.

A semiconductor device consisting of arrays of radial p-n junction nanowires will provide
a solution to this contradictory. Fig.16 (b) depicts the radial p-n junction nanowires solar
cell and its corresponding energy band diagram. The exterior shell of the nanowire was
assumed to be n-type and the interior core was assumed to be p-type. A nanowire with a

p-n junction in the radial direction would enable a decoupling of the requirement for light
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absorption and carrier extraction into orthogonal spatial directions. Each nanowire would
be sufficiently long in the direction of incident light in order to have a higher light
absorption, but sufficiently thin in another dimension to facilitate radial collection of

carriers.

~la

Energy

Energy
—

(@) (b)

Figure 16 Schematics of (a) planar pn junction solar cell and (b) nanowires radial p-n junction

The optimal wire dimensions are obtained when the wire has a radius approximately
equal to carrier diffusion length, and their doping level must be high enough to be sure that
a rod with small radius is not fully depleted. The length approximately equals to the optical
thickness. Such a wire geometry device allows excellent optical absorption and high
carrier-collection efficiency even using low-quality Si, leading to lower material cost in Si
PV cells.

Garnetee et al.®®'described the fabrication of radial p-n junction solar cell using a low-
energy, scalable process. They made n-type SiINW with aqueous electroless etching and
deposited p-type amorphous Si (a-Si) by LPCVD, and subsequent crystallization with rapid
thermal annealing. This solar cell has a lower efficiency, up to 0,5%. The low efficiency is
due to the interfacial recombination and high resistance. Later, they dramatically reduced
surface roughness (one way they proposed to reduce recombination) and improved the
efficiency by a factor of 10. They also studied the light trapping effect in SINW by changing
the Si film thickness and SiINW length and found that there is a competition between

improved absorption and increased surface recombination. For very thin absorbing layers,
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the light trapping effect dominates over recombination. But for the thicker layer, the
recombination effect is more important.®*

Because of the recombination effect in SiNWSs, it is necessary to passivate it before
forming p-n junction. Researchers in Stanford passivated their hybrid Si microwire radial
junction solar cell by adding intrinsic polysilicon films. They increased the efficiency from
7% to 9%, i.e. a relative enhancement of 30%. Furthermore, they passivated the top
surface of pin junction by depositing thin a-SiN:H films and further increased the efficiency

to 11%, i.e. an increase of 20%.1%

1.3 Nanoparticles and quantum dots

Nanoparticles, quantum dots have been implemented in various solar cell application to
advance solar conversion techniques. Quantum dots are nanocrystals with diameters
which are smaller than Bohr radius. Their excitons are confined in a three spatial
dimensions, which leads to quantum confinement. Fig.17 shows the splitting of energy
level quantum dots. When the quantum confinement effects are completely dominant, the
energy levels split up. By varying the radius of QDs, the quantum confinement energy of

exciton can be controlled, leading to changes of the optical properties.

Es
conduction
band
valence
band

Figure 17 Splitting of energy levels for small quantum dots. The horizontal axis is the radius of the

guantum dots and ab* is the Exciton Bohr radius.

There are generally two broad classes of QD used in solar cells: inorganic colloidal
quantum dots in an organic matrix and epitaxial or vapor-phase grown crystalline QDs.
The first class can be used for multi-exciton generation in DSSC and electrolyte-based
solar cells. The second class includes IlI-V materials and IV materials QDs.

Crystalline group IV quantum dots are grown using simple CVD or sputtering deposition.

[1I-V quantum dots have been grown using epitaxy.®® Typical dots, such as cadmium
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selenide (CdSe), cadmium sulfide (CdS), indium arsenide (InAs) and indium phosphide
(InP) can be synthesized from a three-component system composed of precursors,
organic surfactants and solvents. A common method for colloidal QD formation is to rapidly
inject the precursors containing the group IlI, IV, or VI species into a hot and vigorously
stirred solvent. As a consequence, a great number of nucleation centers are formed, and
the coordinating ligands in the hot solvent prevent particle growth. In order to narrow the
size distribution, surface selective precipitations are used, because of the slow addition of
precursors and subsequent centrifugation of the colloidal solution of particles. !

Because of the quantum confinement, QDs can be used in the third generation solar cell
to increase the ultimate efficiency, such as intermediate band solar cell, hot-carrier solar
cells, down-conversion and up-conversion, as discussed before.

Metallic nanoparticles that support surface plasmons can be used to increase the light
absorption. There are two main basic mechanisms which have been proposed to explain
the enhancement of light absorption: light scattering and near field concentration of light.
The nanoparticles placed inside the absorbing layers will generate surface plasmons
which produce evanescent waves by a strong coupling between an incident
electromagnetic (EM) wave and the electrons of the conduction band of a metal. This
coupling occurs when the frequency of an incident wave is equal to the frequency of the
plasmon resonance. So the EMs around metallic particles increase, which make it possible
to improve absorption in the surrounding medium. The resonance frequency varies
according to the sizes of the nanoparticles, the material of the nanoparticles and the
optical constants of the surrounding medium.[%

Tan et al. implemented the self-assembled Ag NPs based plasmonic back reflector in
thin film silicon solar cell.®® Because of the strong light scattering of Ag NPs, the plasmonic
back reflector can provide efficient light trapping, leading to a short circuit current as high
as 15.1 mA/cm?, without any deterioration of Vo or FF.

Quantum dots are often not connected electrically, although they have strong and
tunable optical absorption. One-dimensional nanowires can carry electrical currents and
deliver optical energy to external circuits. It is expected that the combination of QD and
NW will provide another option to modulate the performance of solar cells. It is known that
the QD-NW complex has the ability to extract optical energy from QDs via the Forster

energy transfer.® Fig.18 gives the schema of QD-NW complex and energy diagram.
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Incident photons will generate excitons in QDs. If QDs and NWs are very close to each

other, excitons in the QDs can excite NWs by coulombic transfer.
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a) NW l = jE-c=Tds |}
0“ ....... R | '. =
B e s : Ll \

(a) (b)
Figure18 (a)Schematic of NP-NW complex. (b) Energy diagram of physical process

Hernandez-Martinez et al.®" studied the process of exciton transfer in SINW-CdTe QD
complex. Fig.19 shows the schematics of the complex and calculated enhacement of
carrier generation in this complex as a function of QD-NW distance. This energy-transfer
efficiency is proportional to 1/d° (d is the distance between NWs and QDs). So it is
expected that solar cells based on QD-NW complex will have high efficiency associated
with increased absorption. However, so far, there is no experimental result which

evidences a great enhanced solar cell efficiency associated with this effect.

CdTe NP - Si NW complex

104 Ry=33nm R _=2nm
d_=007 nm
) Eut™ 2.2; Ec.mnp=7'2
Unpolarized N,=8
5 light

008000
SiNW & (_':E:LJ 00
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NP-NWV distance, d (nm)

Pens™ 582nm; 2, =535 nm

En hancement’ nexcw!on.ijnexcnm.NWG

Figure 19 (a) and (b) Schematics of the complex. QDs form a shell around NW. And p-n junction inside
the NWs will seperate photogenerated excitons. (c) Calculated ratio Nexciton nw/Nexciton nwo fOr unpolarized
light and polarized light for a SINW-CdTe QD complex. Here, Nexcitonnw @Nd Nexcitonnwo @re the number of

optically generated excitons inside a NW with and without QDs shell.
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1.4 Scope of work

For planar p-n junction solar cell, the material must be thick enough to have enough
absorption, whereas increasing the thickness increases the carrier recombination. In order
to decouple the requirement of light absorption and carrier collection, nanopillars (or
nanocones) radial p-n junctions are introduced. Nanopillars (or nanocones) have great
light absorption and radial geometry offers minimal recombination if the diameter of
nanopillars (or nanocones) is smaller than the minority carrier diffusion length.

This work focuses on the realization and characterization of low-cost Si nanostructures
(nanopillars and nanocones) solar cells with sol-gel derived Al-doped ZnO (AZO)
transparent electrodes. There are two things have to be taken into consideration: cost and
efficiency. In order to decrease the fabrication price, silica balls and Langmuir-Blodgett
techniques are used as the substitutes of photoresist and electrical beam lithography,
respectively. Additionally, AZO thin film transparent electrodes are synthesized by low-cost
sol-gel methods. In pursuit of high efficiency, on one hand, we have optimized the
absorption of nanopillars and nanocones by varying their periods, diameters, lengths and
sidewalls. On the other hand, we have optimized the electrical properties of AZO thin films
by changing the synthesis parameters, such as doping concentration, baking temperature,
annealing temperature and hydrogen treatment. At the end, solar cells have been realized
based on optimized Si nanostructures and optimized AZO thin films. Associated with
surface defects, surface passivation methods have been performed to reduce the defect
concentration in n*-i-p junction and to improve the efficiency of solar cells.

The organization of the manuscript is the following:

Chapter 2 introduces the experimental techniques used in this work, including the
nanostructure fabrication systems, sol-gel techniques, solar cell integration process and
relevant characterization equipments.

Chapter 3 investigates the influence of periods, diameters, lengths and sidewalls on the
optical properties of nanopillars (or nanocones) both theoretically and experimentally. In
order to understand the light absorption within nanopillars (or nanocones), we use finite
difference time domain (FDTD) method to calculate their optical properties and we deduce
general trends for the optimization of the solar cell efficiencies by varying the morphology
of Si nanostructures (diameters, period, length of nanopillars or nanocones). By comparing

their absorption spectra, Si nanostructures are optimized. At the end, we make a
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comparison between experimental and calculated reflectance of nanostructural surface of
Si.

Chapter 4 deals with the influence of doping concentration, baking temperature,
annealing temperature and hydrogen treatment on the optical and electrical properties of
AZO thin films. The optimized AZO films should have high transparency and low resistivity.

In chapter 5, the integration of solar cells devices is realized on planar and nanocones
n*-i-p junction and AZO films are used as top transparent electrodes. The effect of different
passivation methods on the electrical properties of the solar cells is also investigated.
Finally, the effect of AZO films on the optical and electrical properties of solar cells is
evidenced.

Chapter 6 gives the conclusions and the prospects of the thesis.
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Chapter 2 Experimental techniques

This chapter presents the experimental techniques which have been used to realize Si
nanopillars (or nanocones) solar cells in a low-cost and flexible way. Fig.1 is a schematic
view of these solar cells. Nanopillars (nanocones) are obtained by etching Si wafer using
silica balls as a mask, and then p-n junction (or p-i-n junction) is formed by depositing
polysilicon on nanopillars (or nanocones). In order to transport electrons from p-n junction
to the metal conduct, sol-gel derived transparent conductive oxide AZO (Al-doped ZnO)
thin films are coated on the top of p-n (or p-i-n) junction. Adding AZO thin films will also
decrease the reflection of solar cell because of its adaptive refractive index. Al electrode is
deposited at the rear side of p-n (or p-i-n) junction, and Ti/Au electrodes with a U-shape
are evaporated at the surface of AZO thin films subsequently.

So in general, the fabrication of a solar cell involves 3 steps:

() fabrication and characterization of Si nanopillars (or nanocones)

(i) fabrication and characterization of AZO thin films

(iii) realization and characterization of final device

The purpose of this approach can be outlined as follows: a low-cost fabrication process,
an optimization of the optical and electrical properties of Si nanopillars (or nanocones) and
the addition of AZO films to increase the energy conversion efficiency of solar cells.

The details of each part will be discussed later.
Au electrode

/ Ti electrode
%L/MO antireflection coating

"a—-type polysilicon
P-type crystalline silicon

Al electrode

Figure 1 Si nanopillars p-n junction solar cell structure

2.1 Fabrication and characterization of Si nanopillars (or nanocones)

To begin with, we present the low-cost fabrication process of Si nanopillars (or
nanocones), as illustrated in fig.2(a): first, silica balls used as masks are deposited on the

planar p-type silicon substrate by Langmuir-Blodgett techniques (LB), as shown in fig.2(b);
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secondly, reactive ion etching (RIE) is performed to reduce the silica ball, as shown in
fig.2(c); thirdly, deep reactive ion etching (DRIE) and RIE are used to obtain cylindrical Si
nanopillars (or nanocones), shown in fig.2(d); the last but not the least, silica balls are
removed by hydrofluoric acid (HF), as shown in fig.2(e). The main advantage of this
process is to use silica balls deposited by LB techniques as etching mask, rather than
expensive photoresist and electron beam lithography (EBL) to achieve a low cost
approach.

We can optimize the nanopillars (or nanocones) by changing their periods, lengths and
diameters. The period of nanopillars (or nanocones) are determined by the sizes of silica
balls. After shrinkage of silica balls, their size will decide the diameters of nanopillars (or
nanocones), and by controlling the etching time of nanopillars (or nanocones), the length
of them can be controlled.

Scan electron microscopy (SEM) is used to scan the morphology of the nanopillars (or
nanocones) and UV-vis-infrared spectroscopy is performed to characterize their optical
properties. By simulating the influence of period, length and diameter of the nanopillars (or
nanocones) on the total absorption, we optimize the fabrication process in order to achieve

the nanopillars (or nanocones) with high absorption.
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Reactive ion etching

ﬂ ﬂ ﬂ Deep reactive ion etching (or RIE )
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Figure 2 Schematic drawing of Si nanostructure fabrication process
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2.1.1 Langmuir-Blodgett deposition

To fabricate nanopillars (or nanocones), masks with suitable sizes should be deposited
on the substrate. In this work, we choose silica balls as mask and the Langmuir-Blodgett
technique is used to deposit modified silica monolayer on the Si substrate, due to their
lower-cost compared with photoresist and photolithography.

To determine the size of silica balls, the diameter of nanopillar (or nanocones) (do), the
thickness of polysilicon (d) and the thickness of AZO films have to be taken into
consideration. Indeed, as shown in fig.3, if the space between two nanopillars is equal or
smaller than 2d, there will be no place to deposit AZO thin films which will transport
electrons from p-n junction to the metal conduct. So in this work, two types of silica balls
with the diameter of 880 nm and 380 nm bought from Gmbh Microparticles company, are
used. To satisfy the needs of LB techniques and obtain amphiphilic silica balls, surface
modification is required. The experimental process is :

period

AZO
n-type polysilicon
intrinsic
polysilicon

P-ype c-Si

(1) 1 mL of silica ball solution (5% in water) is centrifugalized at 5000 tr/min for 4
minutes. After that, the supernatant is removed and replaced by 1.5 mL of ethanol. This
new solution is put in the ultrasonic bath to be well dispersed and then is centrifugalized
again to remove the supernatant and replaced by ethanol.

(2) 10 pL of Aminopropyl-dimethyl-ethoxy silane is put into the solution to react with
particles for 24 hours at room temperature.

(3) centrifugal and ultrasonic processes, as step (1), are repeated three times. The
modified silica balls are diluted into the mixture of 250 uL ethanol and 250 pL chloroform.

Thanks to the amphiphilic nature of modified silica balls, when silica balls spread at the
air/water interface, the hydrophilic group is immersed in the water and hydrophobic part is

pointing towards air. The monolayer can be compressed by the barrier moving system,
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meanwhile, the surface pressure is measured by electrobalance.

The most important indicator of the monolayer quality is given by the surface pressure
as a function of the area per molecule, so called a surface press — area isotherm, as
illustrated in fig.4. During the formation of the first monolayer, the monolayer phase
transfers from gaseous state (relatively easy to compress) to the liquid state (relatively
condensed). Upon further compression, the monolayer reaches the solid state (higher
density). If the monolayer is further compressed, it will form the second layer, which will
cause a sharp increase in the surface pressure.!"

Silica balls can be transferred into the substrate by successively dipping the substrate
down and up through the monolayer under a constant surface pressure (pressure of dip-
coating as shown in fig.4.

In this technique, any contamination will lower surface tension, so the cleaning steps
are performed before deposition process:chloroform, isopropanol and deionized water are

used successively to wash the LB trough.
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Figure 4 Surface pressure-area isotherm of silica ball

2.1.2 Dry etching (plasma etching)

In order to obtain nanopillars (or nanocones) with required diameters, silica balls are

reduced by RIE plasma etchings system. Fig.5 shows the photography of RIE system.

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

Figure 5 Photography of RIE etching system in IEMN

The plasma in a RIE system is obtained by applying an electric field to the molecular
gas in the chamber. The ions diffuse to the surface of the sample and are absorbed to
produce volatile compounds which are desorbed and diffuse into the chamber, so the
material is etched.

The etching process contains chemical etching and physical etching

-chemical etching: so called isotropic etching, whose etching mechanism is a reaction
between ions and samples

-physical etching: so called anisotropic etching, due to the ions with higher energy,
which bombard the samples and break it. This etching process will always happen along
with the chemical etching.

In this work, we use CHF; and O, to etch silica balls, the parameters of the plasma are
given in table 1. Fig.6 shows the morphology of reduced silica balls with different
parameters. The variation of power and pressure will result in the configuration change of
silica balls. The reduced balls with parameter d (in table 1) is an ellipsoid and others are

spheres.
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CHF;(zcem) O, (scem) Power (W) Preszsure {(mTorm)
a 40 3 50 300
b 40 3 TO 350
c 40 3 100 550
d 40 3 100 250

Table 1 RIE parameter for etching silica balls
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EHT = 200K Signal A= InLens  Signal=05528 WO= 2Emm .
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'
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200 EHT = 00Ky Sigral A = InLans  Eignal= 05250 Wh= 38 mm -
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Figure 6 SEM images of reduced silica balls with different etching parameter, images(a), (b), (c) and

(d)correspond to parameters a,b,c,d in table 1, respectively.

Fig.7(a) compares the anisotropy factor (horizontal length divided by vertical length) of
reduced silica balls as a function of etching time. The parameters are labelled following
table 1. A general trend can be observed, i.e. the anisotropy factor increases with time.
There are two different regimes in the figure: one with fast increasing rate and another with
slow increasing rate. In the first regime, the samples are etched using parameters with
high power (100 W, 70 W) and low pressure (250 mTorr). In the second regime, the
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samples are etched using parameters with low power (50 W, 70 W) and high pressure
(300 mTorr, 350mTorr and 550 mTorr). If the pressure increases, we can assume that the
attack of the plasma ions are everywhere (top, lateral) and the anisotropic factor is weak.
With low pressure, the attack is mainly on top and thus, anisotropy increases.

Fig.7(b) shows the etching rate of different recipes with different pressure and power. It
can be seen that vertical etching rate is always greater than horizontal rate and both of
them increase with the increase of power. However, when the pressure is too high (500
mTorr) and gas fluxes are not changed, in order to obtain this high pressure in the
chamber, it is necessary to have the valve ( where gases are pumped out ) closed, which
means produced gas (a mixture of plasma ions and removed silicon oxide) can not be
removed from the chamber quickly. This will decrease the etching rate. The anisotropic
etching parameter with pressure of 250 mTorr and power of 100 W shows fastest etching
rates than other anisotropic etching parameters. So we use this anisotropic etching

parameter d to reduce the silica balls quickly.
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Figure 7 (a) Anisotropy factor as the function of etching time, horizontal length and vertical length are
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labelled (b) etching rate of different recipes with different power and pressure

Silica balls have been reduced to a required size, and DRIE etching and RIE etching
are subsequently used to fabricate nanopillars and nanocones, respectively. The main
techniques of DRIE used in this work is Bosch process, which is also called time-multiplex
etching process, alternating between etching step and passivation step and then repeating

them until the required length is reached. Passivation step is done with a mixture of SFs

42

doc.univ-lille1.fr



© 2014 Tous droits réservés.

Thése de Di Zhou, Lille 1, 2013

and Oy, This step will deposit polymer on the surface, protecting the sidewall from etching.
But etching step will completely remove polymer on the bottom and partially remove the
polymer on the sidewall.”! This process produces structure with highly anisotropy at a
higher etch rate, but the drawback is the scallop profiles sidewall, as illustrated in fig.8(a).
The etching parameters are shown in table 2.

200 nm EHT = 2.00 kV Signal A=InLens Signal= 1.000 WD= 4.7 mm . 300 nm EHT = 2.00 kv Signal A=InLens Signal= 1.000 WD = 2.7 mm .
— Mag= 2339KX  SignalB=SE2  Mixing=Off StageatT= 0.0° MJEHIH— | — Mag= 2000KX  SignalB=ESB  Miing=Off StageatT= 0.0° MJEHIH—

(a) (b)
Figure 8 SEM image of Si naopillars made by (a) DRIE etching and (b) ICP etching.

Etching time(s) SFi{zcem) Ox{=scem) EtchingPower(W)
2 450 45 2100
Passivation time(s) CHFs(=scocm) Passivation Power(W)
26 200 2000

Table 2 DRIE parameter for fabricating Si nanopillars

ICP-RIE systems is RIE system with ICP generator applying a high density of ions
which enhances the etching rate, along with RF generator to supply an electrical field near
the sample to increase the degree of anisotropy. In this work, Cl, is used to fabricate Si
nanopillars, as shown in fig.8 (b).The etching parameters are shown in table 3.

Clzgcem) pressure(mTorm) Power(W)
30 10 40

Table 3 ICP parameter for fabricating Si nanopillars

RIE system is used to fabricate nanocones in this work, the etching parameters are

shown in table 4. Fig.9 is an illustration of the morphology of nanocones obtained by RIE
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etching.

CHFs{scem) Oe{zcem) | Power(W) Pressure(mTorm)
40 8 100 250

Table 4 RIE parameter for fabricating Si nanocones

EHT = 5.00kV Signal A= InLens ~ Signal =0.6250 WD = 2.9 m
Mag= 6299KX  Signal B=InLens Miing=Off StageatT= ADW

Figure 9 SEM image of Si nanocones made by RIE etching

After etching, we remove the remaining silica balls by immersing them into HF solution
(50%HF) for 30 s.

2.1.3 Scan electron microsocopy

In this work, SEM Zeiss ultra 55 is used to obtain morphology image of a sample by
scanning it with a focused electrons beam. Field emission gun (FEG) is used to produce
electron beam. The signals are produced by the interaction between electrons beam and
the atoms in the sample. The detector will detect the signal emitted from the sample to
produce an image.

There are two different kinds of detector associated with different signals.

-secondary electrons (SE) detector: In-lens SE detector (so called immersion-lens) is
immersed in the electrical field, which will collect SE signals with high spatial resolution
information.

-back-scattered electrons (BSE) detector: BSE are electrons reflected from the sample
by elastic scattering. The intensity of the signal will be proportional to the atomic number of
the sample, so the BSE image shows the information about the distribution of elements of

the sample.
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2.1.4 UV/VisINIR spectroscopy

Cary 5000 ultraviolet-visible-infrared spectroscopy equipped with integrating spheres

was used in this work to measure the total reflectance of nanopillars (or nanocones).

Thanks to the integrating spheres, as shown in fig.10, which is a hollow sphere with its

interior covered with a diffuse white reflective coating, such as magnesium oxide (MgO) or

barium sulfate (BaSO.), the total light reflected from the sample in all directions can be

measured precisely (I). The reflectance (R), usually expressed as a percentage, is the

ratio (I/lo), where |y is the intensity of light reflected from reference. Fig.11 gives an

example of the reflectance spectrum measured by UV/VIS/NIR spectroscopy with

integrating sphere.

@o = deiecions

sample

reference

Figure 10 Schematic of spectroscopy with integrating sphere

reflectance/%

100

90
80

70 +

60{
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40 -
30

20 +
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T T T
600 800
wavelength/nm

1000

Figure 11 Reflectance spectrum of Si wafer measured by spectroscopy with integrating sphere
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Because the transmission of the specimen in the range of 300 nm to 1000 nm is very
small, so it can be neglected. The absorption in this region is equal to 1-R. For
photovoltaic application, the larger the absorption of Si nanopillars (or nanocones), the
better. So Si nanopillars (or nanocones) can be optimized by selecting the larger

absorption or smaller reflectance.

2.2 Fabrication and characterization of AZO thin films

To transport electrons from nanopillars (nanocones) p-n junction to front metal
electrodes, we use transparent conductive oxide AZO thin films, which can reduce the
reflection of solar cell, thanks to the adaptive refractive index of AZO films. Sol-gel
technique is used to produce AZO thin films here, because this technique allows to
prepare large-area coating in ambient condition in a low cost way, and the optical and
electrical properties of sol-gel derived AZO films are tunable by varying the fabrication
parameters. Moreover, sol-gel deposition leads to conformal AZO layer on nanostructured
surfaceas, a key advantage compared to sputtering deposition. As the substitute for ITO
(indium tin oxide), AZO films are supposed to exhibit transparency (above 80% in the
visible range) and the resistivity comparable to ITO (typically in the order of 10 Qcm).

UV-VIS-NIR spectroscopy is applied to characterize the optical properties of AZO films,
and hall effect measurement is used for measuring the electrical properties of AZO thin
films. By changing the fabrication parameters and comparing the transmittance spectra

and resistivity of AZO thin films, the fabrication parameters are optimized.

2.2.1 Sol-gel techniques

Sol-gel technique is widely used to fabricate materials (typically metal oxides) from sol
(colloidal solution) to gel containing either particles or network polymers. Typical
precursors are easily hydrolyzable metal compounds (metal inorganic salts or matal
alkoxides). After hydrolysis and polycondensation reaction, precursors form a colloidal
suspension, which will solidify a new phase (gel).

Fig.12 shows the main steps of sol—gel process:

(1) Synthesis of precursors: zinc salt, solvent, additives and dopant are put into a beaker.

The mixture is stirred at 60 °C for 60 mins by magnetic stirrer.
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(2) Preparation of sol: the precursors are left to age in a sealed bottle at room
temperature for 48 hours.

(3) Preparation of xerogel film: the sol is deposited onto the substrate by spin-coating
with the speed of 3000 r/min for 30 s. Subsequently, the substrate with thin film is baked
on a hot plate for 10 mins. Repeating these steps until the require thickness (250 nm, 10
layers for the sol with Zn?*concentration of 0.8 mol/L, 20 layers for the sol with Zn*
concentration of 0.17 mol/L) is obtained. In this work, there are two substrates, quartz and
silicon covered with 500 nm silicon oxide films, used in optical and electrical
measurements, respectively.

(4) Fabrication of AZO dense film: the sample is annealed at a higher temperature in
ambient atmosphere for 1h. Fig.13 shows the furnace temperature as a function of time in
this work. The heating rate keeps constant (1 °C/min) in different experiments, since this
slow rate prevents crack formation. For the sake of lower resistivity, hydrogen treatment is
performed afterward.

Aged at room
o temperature for
‘ 48 hours -

—

Clear and homogeneous

solution of precursors

|
Spinning-coating ‘ oz ‘
3000r/min for 30 s

Transparent sol

Post anneal
for 1 hour
‘ R
D fil )
(Z%r(lﬁﬁn; m Xerogel film

Figure 12 Schematic diagram of sol-gel process
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Figure 13 Temperature as a function of times during heat treatment

The process involves several parameters: (1) the nature and concentration of the
precursor, solvent, additives and dopant, (2) the baking and post-heat treatment of the
materials, (3) hydrogen treatment. These parameters govern the optical and electrical
properties of AZO thin films.

In this work, precursor is zinc acetate dihydrate (Zn(CH;COO),.2H,0), because its
acetate groups can be decomposed and produce combustion volatile by-products. The
concentration of zinc salt (0.8 mol/L and 0.17 mol/L) have an effect on the optical
properties of AZO film, as shown in fig.14(a). Lower concentration (0.17 mol/L) results in a
higher transmittance of thin film in the ultraviolet region while it results in a lower
transmittance in the visible region which is a more important region in photovoltaic
application. So here the concentration of 0.8 mol/L is used.

Before choosing solvent, we compare the transmittance of AZO films using different
solvent, as represented in fig.14(b). It can be observed that sample using 2-
methoxyethanol as a solvent have higher transmittance. So we use 2-methoxyethanol in
this work.

Additive, acting as a chelating ligand, is applied to form a stable sol by bridging two zinc
atoms to avoid the rapid precipitation of Zinc hydroxide. Here, monoethanolamine (MEA) is
used.?

This work is focused on the influence of doping concentration, baking temperature,

post-treatment and hydrogen treatment on the optical, electrical properties of AZO films.
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By optimizing these parameters, we expect to obtain AZO films with high transparency and

low resistivity.
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Figure14 (a) Transmittance spectra of AZO film with different Zn concentration (b) Transmittance

spectra of AZO film using different solvent

2.2.2 UV/Vis/INIR spectroscopy

UV-VIS-NIR spectroscopy is used to measure the transmittance of the AZO films

deposited on quartz. In this system, the light is split into two beams, one beam is used as

the reference (lo) and another beam will pass through the sample (1), the ratio (I/l,) is called

transmittance (T), which is usually expressed as a percentage (%T). Fig.15 shows the

transmittance spectrum of quartz. It can be seen that quartz is transparent in the range
from 300 nm to 1000 nm.
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Figure 15 Transmittance spectrum of quartz
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2.2.3 Hall effect system

In this work, electrical properties of AZO thin films are measured by Hall effect system.
When a perpendicular magnetic field is applied to an electric current, due to the lorentz
force, the electrons move to the left side or holes move to the opposite side and create an
electrical field, which give the moving carriers a force against lorentz force. In steady-state,
this electrical field will be strong enough to balance out lorentz force, so the carriers will
move without deviation. It is the so called hall effect.

In order to diminish error, suitable geometry is required during this measurement.

Sample geometry (van der pauw geometry) for hall effect system is shown in fig.16.
2mm

-l -
il - 1

~ Indium ball

]

2 3

Figure 16 Van der pauw geometry

Sample preparation: first, AZO films are deposited on SiO, /Si substrate; second,
depositing photoresist (S1818) with the thickness of 1.5 ym on AZO films; third,
transferring patterns from mask to the sample by optical lithography and developing the
sample with MF-319 developer in order to reveal the clover pattern; next, obtaining the
geometry by dry etching or wet etching (ammonium chloride solution (10 wt.%)); last,
removing the photoresist. Four indium balls are melt down on the four squares of the

samples to form four ohmic contacts, labeled 1,2,3 and 4 respectively, as shown in fig.16.
Resistivity measurement

The current (l12) is sourced through 1 and 2 and the voltage drop (V43) is measured
between 3 and 4. Additionally, the current (l23) is applied between 2 and 3 and the voltage

drop (V14) is measured between 1 and 4.
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Two characteristic resistances Ra and Rg are calculated by the following expressions:

V43 V14
R=-"2 R=-"1
4 112 5 122
Ra and Rg are related to the sheet resistance Rsthrough the van der pauw equation:
RA RB
—n—=)+ —n—)=1
exp TtRS) exp ( nRS)

The bulk resistivity p can be calculated using p=R;d , where d is the thickness of the
thin film.

Hall effect measurement

Applying a constant magnetic field B perpendicular to the sample and a current (l43)

between 1 and 3, the voltage drop (V.sp) is measured between 2 and 4, which is equal to

BI
qVu

the hall voltage V4. So the sheet carrier concentration can be calculated by: p,=

(

—BI,; . . Dy ng .
n,=——— ), the bulk concentration is p=— ( n=— ) and then the hall mobility
qV u d d

can be obtained from sheet carrier concentration (ps or ns) and sheet

o
"lgn*R)

resistance (Rs).!

2.3 Realization and characterization of solar cell

After optimization of the reflectance of Si nanopillars (or nanocones) and electrical
properties of AZO thin films, solar cells are realized. Si nanopillars (or nanocones) are
used to make radial p-n junction, which, as discussed before, can decouple the
requirement for light absorption and carrier collection. Transparent AZO thin films are
coated on p-n junction to transport electrons from p-n junction to metal contacts, and these
thin films can reduce the reflectance of p-n junction due to the dielectric adaptation effect.
In order to vyield high efficiency, optimized nanopillars (or nanocones) with lower
reflectance and higher absorption and optimized AZO thin films are used. The fabrication
processes are shown in fig 17 (a):

(i) depositing n+-type polysilicon or intrinsic polysilicon on Si nanostructure (see fig.17

(b)) to form p-n junction or p-i-n junction, as shown in fig.17 (c).
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(i) depositing optimized AZO films as transparent electrode and antireflection layer, as
shown in fig.17(d).

(iii) depositing metal contact on the front and rear side.

Au electrode

Ti
Al-doped ZnO film | L —

P-type Si  Intrinsic n*-type Si

Al electrode

(d)

Figure 17. Schematic diagram of the fabrication process of solar cells

In this part, the reflectance of solar cells are measured by UV-VIS-NIR spectroscopy.
The photoconductivity measurements are performed by photocurrent spectroscopy, and

the efficiency of solar cells are measured by solar simulator.

2.3.1 Realization process

Polysilicon:

N+-doped polysilicon is deposited on p-type Si wafer or Si nanopillars (nanocones) to
form n+-p junction. A majority of depletion region of n+-p junction is in p-type
monocrystalline Si with less defects instead of polysilicon with defects associated with
grain boundary. So, normally, the recombination of photocarriers is minimized. In order to
increase the efficiency of solar cells, we add intrinsic polysilicon to form n*-i-p junction.

This n*-i-p junction has a wider depletion region, so it can seperate more photogenerated
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electron-hole pairs. Nevertheless, in order to reduce significantly the carrier recombination
at the interface between polysilicon and monocrystalline Si, wet oxidation passivation
method is used. Additionally, hydrogen passivation is performed to reduce the defects in
polysilicon. These passivation methods will be presented in chapter 5.

LP-CVD (low pressure chemical vapor deposition), is used to deposit polysilicon. During
the process, the wafer is exposed to one or more volatile precusors reacting with each
other or decomposing on the wafer to obtain required materials.

In this work, SiH. is used to deposit intrinsic polysilicon layer, and SiHs and PH; are used

to deposit phosphorus polysilicon layer. The parameters are shown in table 5.

SiHa(=scem) PHzlscem) |pressure{mTorm) temperature(®C) |resistivity{{cm)
instrinsic 80 200 585 =10
polysilicon
n+-doped 70 5 100 700 0.02
polysilicon

Table 5 CVD parameters for polysilicon deposition

Metal contact:

To complete the fabrication of solar cell, 100 nm titanium (Ti) and 500 nm gold (Au) are
deposited in turn on the front side of the samples with a U shape (as shown in fig.18), and

200 nm aluminium is evaporated on the rear side of the samples.

Tmm

20mm mm

mm

20mm

Figure 18 U shape mask for front metal contact

2.3.2 Photocurrent spectroscopy

53

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

To measure the photocurrent as a function of wavelength and photocurrent as a function

of voltage, photocurrent spectroscopy is used, as shown in fig.19.

100W Xenon lamp

chopper ’
J
n

Bias voltage

sample monochromator

(b)
Figure 19 (a) Schematic and (b) photograph of the photocurrent spectroscopy

Light source used in this work is a monochromator with a 100 W Xenon lamp (range
from 350 nm to 2500 nm). The light is chopped at the frequency of 32 Hz to decrease the
influence of noise on the photocurrent. This photocurrent is detected by a synchronous
model 7225 lock-in amplifier™, with synchronized frequency of 32 Hz. To calibrate the
photon flux emitted from the lamp, we use a thermopile detector, which measure the
irradiance of the lamp. Hence, all the results are normalized. Fig.20 shows a typical

photocurrent of the thermopile detector versus the energy of irradiation.
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Figure 20 Photocurrent spectrum of the thermopile detector

2.3.3 Solar simulator

To know the efficiency of solar cell, Oriel Class AAA solar simulator is used. The system
includes two parts:

(I) An illuminator housing (as shown in fig.21) with a built-in Xenon arc lamp, air mass
1.5 Global filter (AM 1.5G) and an integrated shutter; AM1.5 is typically used to
characterize the performance of solar cell under standard condition. AM is air mass

coefficient, expressed as a ratio of optical path (L) through the atmosphere at solar zenith

AM = L 1
angle of z to the path (Lo) at the zenith "L, cos(z)

Number 1,5 represent the

spectrum at mid-latitudes,where z=48,2°.1 The AM1.5 Global spectrum is designed for flat

plate modules and has an integrated power of 1000 W/m?2.
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Figure 21 Photograph of solar simulator

(i) 1-V test station: Model 4200-SCS Semiconductor Characterization System is used to

characterize the electrical properties using 4-wire probing, obtaining |-V curve and some

critical parameters such as short circuit current (lsc), current density (Jsc), open circuit

voltage (V..), fill factor (ff), maximum output power (Pmax), cell efficiency (n), and other

standard photovoltaic cell parameters, as shown in fig.22.
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Figure 22 Graphs of measurements results using the Oriel® IV test station software

The |-V test station use the reference cell which consists of a solar cell and an

electronic display, for calibrating the solar simulator power level, as shown in fig.23.
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Figure 23 Photograph of reference cell and electronic display

Conclusion

We have described all the technical processes used to elaborate our samples, from
simple nanostructured surface to solar cell devices. In the following chapters, we present
detailed optimizations of Si nanopillars (and nanocones) by varying geometry parameters
(diameter, period and length), and AZO films by changing operating parameters (doping
concentration, baking temperatures, post-annealing temperatures and hydrogen
treatment). Finally, we integrate solar cells and investigate the influence of passivation on

the properties of solar cells in details.

57

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

[1] Langmuir and langmuir-blodgett films.KSV instruments. (Application note)

[2] B. Wu, A. Kumar et al. High aspect ratio silicon etch: a review. Journal of Applied
Physics. 108, 051101(2010).

[3] L. Znaidi. Sol—gel-deposited ZnO thin films: A review. Material Science And Engineering
B. 174,18 (2010).

[4] Test Methods for Measuring Resistivity and Hall Coefficient and Determining Hall
Mobility in Single-Crystal Semiconductors. Active Standard ASTM F76.10.04 (2011).

[5] T. Xu, Y. Lambert et al. Optical absorption of silicon nanowires. Journal of Applied
Physics. 112, 033506 (2012).

[6] L. Tsakalakos. Nanotechnology for Photovoltaics. CRC press, 2010. (book)

58

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

Chapter 3 Optical properties of Si nanopillars and nanocones

Due to the small absorption coefficient of Si, typical crystalline Si solar cells reach
several hundreds microns of thickness to obtain high efficiency, which results in an
increase of the cost. In order to obtain solar cells with low-cost and high efficiency, new
conceptions are applied to thin film solar cells. Light trapping methods, such as surface
texturing and surface nanostructuring, have been reported to increase the optical
absorption and address this issue. Surface texturing randomizes the direction of light
within the device and increases optical absorption by a factor of 4n? (n is the refractive
index of materials)!". Surface nanostructuring, such as nanowires (nanopillars) and
nanocones, can trap light through a combination of multiple-reflection and increase
concentration of light energy within the materials. Additionally, in radial p-n junction, each
nanopillars (nanocones) allows for more carrier collection when they have a diameter of
the order of the carrier diffusion length.** Such geometries promise high efficiencies at
lower-cost than typical single crystalline Si solar cells, so they are promising building
blocks which are incorporated into photovoltaic cell. However, the optical absorption
depends on the structure parameters, such as filling factor, length, diameters and
sidewalls.?"! So the optimization and theroretical understanding of optical absorption within
SiNPs and SiNCs are critical in improving the efficiency of solar cells.

Optical properties of Si NWs or NCs arrays have been reported before. J.S.Li et al.”!
studied NPs arrays by varying diameters, periods and length. They showed that more
efficient light absorption compared to the Si wafer with the same thickness was found
when the period is between 250 nm and 1200 nm and the ratio of diameter (D) to period
(P) is bigger than 0.5. The maximum efficiency is obtained when the ratio is D=0.8. It was
also found that longer wires lead to higher efficiency with an optimized length of 20 um®!.
However, long wires will increase the cost and also it will be difficult to deposit ZnO
antireflection layer and make metal contact. It appears necessary to use an ideal wire
length at least shorter than 5 um.

In this work, we fabricated SiNPs and SiNCs arrays using dry etching. By changing the
dry etching parameters, SiNPs and SiNCs with different diameters, length or sidewalls
were obtained. SiNPs and SiNCs were tested by comparing their experimental reflectance

spectra. The lower the reflectances are, the better SiNPs and SiNCs are. Owing to the
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limitation of the system of characterization, it's impossible to obtain directly an
experimental absorption spectrum. In order to understand the light absorption within SiNPs
and SiNCs, we used home-made 3D finite difference time domain (3D-FDTD) method to
calculate their optical properties. This method leads to the knowledge of the reflection, the
transmission and the total absorption spectra of the nanostructured surface. Finally, we

make a comparison between experimental and simulated results.

3.1 Influence of the structural parameters on the experimental optical

properties

In this part, SiNPs with different diameters, D/P (where D is the diameter of SiNPs and P
is the period), length and sidewalls are fabricated by top-down method. By comparing
these reflectance spectra, the influence of these structure parameters on measured

reflectance spectra are discussed.
Diameter

First, we discussed the influence of diameters on the optical properties. Fig 1 shows the
SEM image of SiNPs with different diameters made by ICP etching, and their parameters
are given in Table 1. These NPs have the same period of 380 nm and same length of 750
nm. The diameters were controlled by varying the shrinking time of silica balls, as shown in
Chapter 2. Fig.2 presents the reflectance spectra of SiNPs of two diameters: 270 nm
(D/P= 0.7) and 320 nm (D/P= 0.8) and Si wafer with same thickness in the wavelength
range of 300 -1000 nm, which corresponds to the major spectral irradiance of sunlight. It is
clear that nanopillars impart a significant reduction of reflectance compared to the solid
film. It can be seen in fig.2 that diameters have an effect on the reflectance. The
reflectance is ranged from 20%- 28% in the 300-1000 nm energy range when the diameter
is 320 nm. When the diameter decreased to 270 nm, the reflectance is ranged from 15%-
25%. So with the decrease of diameter, the reflectance decreased. When the SiNPs have
the period of 380 nm and length of 750 nm, the best fabricated NPs have a diameter of
270 nm.
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Figure 1 SEM images of SiNPs with length of 750 nm, period of 380 nm and diameter of (a) 320 nm

and (b) 270 nm

Samples Diameters/nm Period/nm D/P Length/nm
a 320 380 08 750
b 270 380 0.7 750

Table 1 Parameters of SiNPs corresponding to images a and b in fig.1.
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Figure 2 Total reflectance spectra from integrated sphere measurement for Si wafer and SiNPs with
length of 750 nm, period of 380 nm and diameter of (a) 320 nm and (b) 270 nm.
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D/P

Fig.3 shows the SEM image of SiNPs with different D/P made by ICP etching. This ratio
can be changed by varying either the diameters or the periods. Table 2 gives the
parameters of these SiNPs. They have the same length of 1300 nm and with D/P varying
from 0.6 to 0.7. NPs with the diameters of 240 nm (with period of 380 nm) and 520 nm
(with period of 880 nm) have the same ratio of 0.6. NPs with the diameters of 630 nm (with
period of 880 nm) and NPs with the diameters of 320 nm (with period of 380 nm) have the
ratio of 0.7 and 0.8, respectively.
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Mag= 2000KX%  Sgnal@=E58  Muing= Of SegeaT= 00 s —

Figure 3 SEM images of SiNPs with length of 1300 nm, period of 380 nm and diameter of (a) 240 nm
and (b) 320 nm, respectively. And SiNPs with length of 1300 nm, period of 880 nm and diameter of (c)
520 nm and (d) 630 nm, respectively.
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Samples Diameters/nm Period/nm D/P Length/nm
a 240 380 0.6 1300
b 320 380 08 1300
c 520 880 0.6 1300
d 630 880 0.7 1300

Table 2 Parameters of SiNPs corresponding to images a, b,c and d in fig.3.

Fig.4 presents the corresponding reflectance spectra of these SiNPs in the wavelength

range of 300 -1000 nm. In the range from 700 nm to 1000 nm, the reflectance spectra of

SiNPs with different D/P are similar. However, in the range from 300 nm to 700 nm, SiNPs

with the D/P=0.6 show clearly the smallest reflectance. When the ratio increases, the

reflectance increases with a best fabricated NPs of D/P=0.6. Comparing the reflectance

spectra of NPs with a same D/P=0.6, i.e. diameter of 240 nm with period of 380 nm and

diameter of 520 nm with period of 880 nm, we can observe that the NPs with smaller

diameters and smaller period present a lower reflectance.

Reflectance/%
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Figure 4 Total reflectance spectra for SiNPs film with different D/P, (a), (b), (c) and (d) are

Length

corresponding to the SiNPs in fig.3

To study the influence of length on the antireflection characteristics of SiNPs, the total

reflectance of SiNPs with different lengths have been measured. The length was controlled

by varying the deep etching time. As shown in fig.5, the length of SiNPs obtained by ICP

© 2014 Tous droits réservés.
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etching increases linearly with etching time. The etching rate is equal to 55 nm/min.
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Figure 5 Length of SiNPs as a function of deep etching time

Fig.6 shows the SEM images of SiNPs with optimized diameter of 270 nm, period of 380
nm and lengths of 800 nm, 1300 nm and 1900 nm. Their parameter are shown in table 3. It
can be seen that with the increase of etching time, the sidewalls are more tapered. This
point has been already reported in other samples from literature® and this is due to the
silica mask. The selectivity of Si to silica is about 26, so the mask erosion will increase the
lateral etching. Moreover, during the etching process, the etched products are deposited,
which decrease the etching rate from the top to the bottom of SiNPs, so tapered sidewalls
can occur.®! Fig.7(a) presents the correspondent reflectance spectra of SiNPs with
different length in the wavelength range of 300 -1000 nm. Compared to the reflectance of
Si wafer, the average reflectance of SiNPs with length of 800 nm decreases to 20%. For
higher length, the reflectance decreases again. As shown in fig.7(b), the reflectance

decreases linearly with the length. This behavior is linked to the fact that when the length

increases, the amount of silicon increases as well.

T FMTe 2wy DgmalAsblem Dgeale (D01 WO Mmoo T BHT= 2505 DgwAeklea Sgwe 000 ROeddme E Pale plwy  DgadAeblen Dgeade 1001 WGR3Tmm oo

Figure 6 SEM images of SiNPs with diameter of 270 nm, period of 380 nm and length of (a) 800 nm, (b)
1300 nm and (c)1900 nm, respectively.
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Samples Diameters/nm Period/nm D/P Length/nm
a 270 380 0.7 800
b 270 380 0.7 1300
c 270 380 0.7 1900

Table 3 Parameters of SiNPs corresponding to images a, b and c in fig.6.
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Figure 7 (a)Total reflectance spectra for SiNPs with diameter of 270 nm, period of 380 nm and length of

800 nm, 1300 nm and 1900 nm, respectively. (b) Average reflectance as a function of length.

Sidewalls

As discussed in chapter 2, SiNPs etched by different methods have different sidewalls.
In order to know the influence of sidewalls on the reflectance of SiNPs, we have fabricated
two kinds of SiNPs with the same length of 1000 nm, same diameters of 600 nm and same
period of 880 nm, by ICP etching and DRIE etching, respectively, as shown in fig.8. Table
4 shows the parameters of these SiNPs.

Fig.9 presents the corresponding reflectance spectra of SiNPs with different sidewalls in
the wavelength range of 300 -1000 nm. Their average reflectances are comparable. This
is because the size of this scallop profiles sidewalls is smaller than the measured

wavelength, which is shown in fig.8(b). So the small sidewalls have no effect on the
reflectance spectra.
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Figure 8 SEM images of SiNPs with (a) smooth sidewalls and (b) scallop profiles sidewall, respectively.

Samples Diameters/nm Period/nm D/P Length/nm
a 600 880 0.68 1000
b 600 880 0.68 1000

Table 4 Parameters of SiNPs corresponding to images a and b in fig.8.
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Figure 9 Total reflectance spectra for SiNPs with smooth sidewalls and scallop profiles sidewalls

Nanocones

As discussed before, SiINPs have excellent antireflection properties, and the reflectance

are tunable by varying the diameter and length. Besides, NCs can also reduce the

reflection by graded transition of effective refractive index from air to Si. &
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Fig.10 shows the SEM image of SiNCs with different parameters, which were fabricated

by changing the RIE etching time and etching gas. The corespondent parameters are

given in table 5. Fig.11 shows the reflectance spectra of SiINCs. With the decrease of

diameters, the reflectance decreases, while with the increase of length, the reflectance

decreases. So for a given period of 880 nm, the best fabricated SiNCs is the one with top

diameter of 400 nm,bottom diameter of 806 nm and the length of 470 nm.

Figure 10 SEM images of SiNCs with (a) length of 470 nm, bottom diameter of 806 nm, top diameter of
400 nm (b) length of 480 nm, bottom diameter of 880 nm, top diameter of 414 nm (c) length of 420 nm,
bottom diameter of 837 nm, top diameter of 436 nm and (d) length of 340 nm, bottom diameter of 804

nm, top diameter of 375 nm, respectively.

Samples Top diameters/nm Period/nm Bottom diameters/nm D/P Length/nm
a 400 880 806 06 470
b 414 880 880 08 480
c 436 880 837 0.6 420
d 375 880 804 07 340

Table 5 Parameters of SiNPs corresponding to images a, b,c and d in fig.10.
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Figure 11 Total reflectance spectra for SiNCs
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3.2 Influence of the structural parameters on the simulated optical properties

The experimental studies have been done in the previous section by comparing the
reflectance spectra. Due to the limitation of fabrication technology and measurement
system, it's impossible to study the absorption of SiNPs with too many different sizes. In
order to better understand the behavior of SiNPs and SiNCs, we investigated the
simulated optical properties of Si nanostrutures by the finite difference time domain
(FDTD) method. In this method, the calculations are performed on periodic array of vertical
NPs on Si substrate. The structure of the unit cell is shown in fig.12. The incident source is
placed in the air medium and propagate along the z-direction. At each left and right sides
of unit cell, perfectly matched layers (PML) were used to avoid the reflection wave which
penetrate inside them. Periodic boundary conditions (PBC) are applied on both top and
down sides of the unit cell to build the perodic structure. As shown in fig.12(b), these
SiNPs repeated periodically, so the structure is infinite in the (x, y) plane. To study the
absorption of SiNPs, a reflection detector is placed in the air medium and a transmission

one is placed close to the interface between Si wafer and NPs in the Si medium.

y
Incident i
light Reflection detector transmission detector
Il Il JL
15 -
S PML e air -
—

>

(a) (b)
Figure 12 Schematic representation of (a) Si NPs periodic array structure and (b) cross section of

SiNPs array.
Principle of FDTD method

The FDTD method is performed considering the calculation in a 3D box both in tima and

space, the cartesian coordinates of the electromagnetic wave:

E, H,
E={E } for electrical fieldand #/={H | for magnetic field
E H

z y
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The optical properties of the unit cell are described through the Maxwell’s equations:

F_—0B
V x Fp (1)
VxB=ee, S (2)

taking an example of the first equations in the i direction gives:

OH, OE, OF,
W, -= -
ot oz Oy

where €=€y€, and B=u,H

3)

It is impossible to obtain analytical resolution of those equations for the system studied.
So we use a numerical method, the FDTD, which use finite central difference
approximation in both time and space rather than partial differential equation.

In this method, a continuous function f(h) was used to represent one component of the

electric or magnetic field, as shown in fig.13. Taylor series of this function are:

f(h0+%)=f(ho)+%f’(h)|,1_h0+2%(%)2f"(h)|h_,10+... 4)

e I RIS A VAR

the first derivative of f(h) in ho is

oo ey A

oh

)+0(A2) (6) where o(A?) is the error term

h=h,

Ld

Sy 4

i) ]

Figure 13 Principle of first derivative of f(h) in ho

The FDTD method is based on two discretizations: a temporal one and a spatial one.
The 3D space is discretized by a mesh with spatial increment Ax=Ay= Az (in fig.14) and

time is discretized by temporal increment At.
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Figure 14 Spatial discretization of unit cell for FDTD application

The discretization of £ and H is made on moved grids. K. Yee first proposed
spatial staggering of the vector components of the E-field and H-field about rectangular
unit cells of a cartesian grid. Each E field component is surrounded by four H field

components, and each H field component is surrounded by four E field components, as
shown in fig.15.

Cube(ij.k) ,
\ Elijieny  Dyiiie)

Hejg
Exijn

Byt

Figure 15 Representation of the position of the electromagnetic field components for Yee cell, located

within the staggered cartesian grid.

The discretization in time is performed in a leap frog manner where the E-field and H-
field updates are staggered, as shown in fig.16. The E-field (resp. H-field) updates are

deduced midway during each time-step between successive H-field (resp. E-field)
updates.
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Figure 16 Representation of temporal discretization

After discretization, the partial differential equation (3) is changed :

3 1
(n+3) (n+5) At 1 ntl

2/, . _ 2/, . ar) 1
H, " (i, j.k)=H, (i, k)+F AZ[Ey
(77+1)
where g’ 2, k)

axis, at the coordinates point
Equation (9) shows that at time t=(n+%)At

calculated from:

- component Hz at the same coordinates point, but at time

- the four nearest electrical field components at time

i g k) =BV k=)= —[E (i,

' LB -1k (7)

Ay

represents the value of the magnetic field components along the x-
(x=iAx,y=jAy,z=kAz) and at time t=(n+%)At

, the component Hy of the magnetic field is

1
t_(n+2)At

t=(n+1)At

In total, there are six equations similar to equation (7), given as follows:

1 p=n AI—Z[EZ“(Lj,k)—EZ“(z:j,k—l)]—ALy[EZ*‘(z:j,k)—E’.i“(i,j—l,k)]]
1 = H i[Ez“(z’,j,k)—E’;”(i—l,j,k)]—i[Efz“(z',j,k)—Efz”(z',j,k—l)]]
H g )= Al—y[ET‘(i,j,k)—EZ”(i,j—l,k)]—t[E'j,“(i,j,k)—Ef,“(i—l,j,k)]]
E.&”*”(i,j,k>:E'1(z‘,j,k)—%[AI—Z[H'T%(Lj,k)—HT%(i,j,k—1)]—5[1{3*%(11j,k)—HT%(z’,j—l,k)]I

1 1

At 1 n+= n+=

1
n+=

n+1) (. . ni. - .. . . 1 .o ..
ESi, o k)=Eli k)= [ He 2 k)= H (i1, ), k)= [H 2 k)= H i, k=1)])

Ax
At 1

1

1
n+= n+=

ENi, jok)=Ei, j k) =S ——[H, *(i,j.k)=H, (i, j-1,k)]-

Ay

Az

1 n+l* . r1+l

The process is repeated many times as required until the last time-step is reached.

Dielectrical function of Si

In the FDTD method, the permittivity of dispersive materials cannot be directly

subsituted into the FDTD scheme. Instead, the frequency-dependent complex permittivity
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can be described by Lorentz mode of the form

4 2

S0,
e(E)=¢_+) ¢ (E e (E)=—F5—"—5"
( ) * ,Z:] "( ) p( ) wii—w2+iy‘.(n

where ¢(E) is the dielectric permittivity, ¢(«) is high frequency dielectric constant, w
is the light energy (eV), f; is the ith oscillator strength, we and y; are the transition energy
and the dampling constant of the ith oscillator, respectively. We fit the permittivity by using
Spectroscopic ellipsometry, which is a technique based on the measurement of a relative
phase change of reflected and polarized light in order to characterize the thin film optical
functions. A model has been made to evaluate the thickness and the optical properties of
the materials by adjusting specific parameters in DeltaPsi2 software. This software fit the

obtained permittivity automatically. The fitting parameters are shown in table 6.

i f ¥ g Ex

1 1.5511 0.2368 3.3997 2.6638
2 29212 0.6397 3.6895

3 45495 0.6877 42073
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Table 6 Values of the parameters of the Lorentz oscillator model for bulk crystalline silicon

Fig.17 shows the experimental reflectivity measured by UV-visble spectroscopy (green
dotted line) and simulated reflectivity using the measured fitting date (red dotted line) and
the data from reference®. The Lorentz model data taken from literature were accurated
only in the visible spectrum (black line in fig.17), while a peak was observed in the
ultraviolet range. The simulated reflectivity using the fitting data is in excellent agreement
with standard Si reference, weakly smaller than the experimental reflectivity measured by
UV-vis spectroscopy. The difference originated from the mismatch between UV-visble

spectroscopy and ellipsometry.
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Figure 17 Experimental reflectivity measured by UV-visble spectroscopy (green dotted line) and

simulated reflectivity using the measured fitting date (red dotted line) and the data from reference
Simulated results
Diameters

From the experimental results, it has been shown that the optical reflectance of SiNPs
varies with their diameters. With the increase of diameter, the reflectance increases. We
found that the best fabricated NPs with low reflectance, have the diameter of 270 nm.

In simulation, we put the reflection detector in air and transmission detector at the
surface of Si bulk. The difference between the incident signal 'I' and the summation of the
reflectance 'R' and the transmission 'T' at the surface corresponds to the part of energy 'A'
absorbed through the NPs (NCs): A=I-(R+T). Fig.18(a) shows the simulated absorptivity
spectra of NPs with various diameters ranging from 50 nm to 380 nm with a same length
of 1000 nm and a period of 380 nm. Fig.18 (b) shows the threshold wavelength as a
function of the diameters. The threshold wavelength is the wavelength corresponding to
the half maximum intensity of absorption. With the increase of diameters, the threshold
wavelength redshift occurs. It can be seen that when the diameter is smaller than 270 nm,
the threshold wavelength is linearly proportional to the diameter. In previous work, the

tendency are similar, when the threshold wavelength is studied as a function of diameter. P!
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Figure 18 (a) Absorptivity spectra of NPs for diameters ranging from 50 nm to 380 nm, with a same
length of 1000 nm and period of 380 nm. (b) Evolution of the threshold wavelength as a function of

diameter

In order to correlate the intensity of absorption with the distribution map of
electromagnetic field intensity in NPs arrays, we calculate the electromagnetic field
intensity for NPs with diameter of 150 nm, the period of 380 nm and the length of 1000 nm
at the illumination wavelength of 509 nm and 1200 nm, respectively. As shown in fig.19(a),
when we take the incident light with the wavelength of 509 nm, which corresponds to the
maximum absorptivity, the electromagnetic field is focus on the top of the NPs. When the
wavelength is 1200 nm, which corresponds to the minimal absorption, there is no

electromagnetic field localized inside the pillars, in agreement with its minimal absorption.

:E- --
(a) (b)

N A =

O.0e4+C5.0e+C1 .08+01 . 52402 . Op+02 . Se+007

Figure 19 Distribution map of electromagentic filed intensity for NPs with diameter of 150 nm, period of
380 nm and length of 1000 nm, (a) the illumination wavelength is 509 nm, which corresponds to the
maximum absorption of this NPs (b) the illumination wavelength is 1200 nm,which corresponds to the

minimum absorption of this NPs
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In order to evaluate the absorption performance, we calculated the ultimate efficiency

54

from 1= —
[1(0)dn
0

where, Aq is the wavelength corresponding to the bandgap

energy, I(A) is the solar irradiance spectrum, taken to be the AM1.5G spectrum (see
chapter 2) and A(A) is the absorption. The ultimate efficiency describes the photocurrent
when each absorbed photon produces one pair of electron-hole.These carriers are
collected without taking into account the recombination.

Fig.20 shows the ultimate efficiency of NPs as a funtion of diameters.The red line
corresponds to the efficiency of the Si wafer with same thickness. The results show that an
optimum diameter exists for the NPs, with a maximum efficiency of 30 %, for a given
period and length. This optimized diameter is 270 nm (D/P=0.7), which is in agreement
with the experimental results. It appears from fig.20 that NPs with diameter smaller than
210 nm can not achieve higher absorption than the wafer with same thickness, so the
critical diameter is 210 nm (D/P=0.55). In order to increase the solar cell harvesting, the

NPs should have a diameter bigger than that critical diameter.
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Figure 20 Theoretical ultimate efficiency of NPs with diameters ranging from 50 nm to 380 nm, the
same length of 1000 nm and periods of 380 nm, red line shows the ultimate efficiency of Si wafer with

same thickness
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Period

As shown in many references!* %" the absorption is also senstive to the period. When
diameter versus period is larger than 0.5 (D/P>0.5), the light absorption is enhanced
compared to the wafer with same thickness. To confirm this results, we studied the
absorption of NPs with critical diameter of 210 nm, length of 1000 nm and different periods
of 210 nm, 260 nm, 310 nm, 380 nm, 430 nm, 480 nm, 580 nm and 880 nm, respectively.
Fig.21(a) shows the absorptivity spectra of these NPs. Fig.21(b) shows the threshold
wavelength as a function of the period. The decrease of periods would shift the threshold
wavelength towards higher wavelength, facilitating the absorption in a large spectrum. As
shown in fig.21(c), the efficiency is significantly enhanced compared to the wafer with
same thickness of 1000 nm, when the period is smaller than 430 nm (D/P=0.5). So the
critical period is 430 nm. To increase the efficiency, the NPs should have a period smaller
than that critical period. It is observed that the optimized period is 260 nm (D/P=0.8),
because the NPs with this period has the maximum efficiency of 33 %, for a given

diameter of 210 nm and length of 1000 nm.

76

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

1,0
1200
——p210 |=
e 1100
p380 1
‘ \ p430 € 1000 -
/ \ p480 £ []
| /- L\ p580 = |
5. 0.6+ ' A - p880 o 900 .
z a N R
g Voo \ RN 0 800+ .
2 \ - g
2 044 | 7\\ ] o5 700 x
\ . ° 1 i
ﬁ 600
0,2 = 1 [
£ 500
T 1 L]
B e — 400
00 T T — T J T T T T T T g T T T
400 600 800 1000 1200 200 300 400 500 600 700 800 90
wavelength/nm period/nm
(a) (b)
u
]
0.3 4
| |
- Wafer with same thickness
[ ]
-, 024
(5] [ ]
=
ke
h]
=
@ n
0.1 4
n
0.0 T T T T T T
200 300 400 500 600 700 800 900
period/nm
(c)
Figure 21 (a) Absorptivity spectra of NPs with various periods from 210 nm to 880 nm, the same
length of 1000 nm and diameters of 210 nm. (b) Threshold wavelength as a function of period .
(c)Ultimate efficiency as a function of periods
Length

As discussed in the experimental results, the longer the NPs is, the lower the

reflectance is. So the best fabricated NPs have a length of 1900 nm. In order to

understand the properties of NPs, we calculated the absorption of NPs with optimized

diameter of 270 nm, period of 380 nm (D/P=0.7) and various lengths from 20 nm to 3000

nm. Fig.22 (a) shows the absorptivity spectra of NPs with different length. Fig.22 (b)shows

the ultimate effficiency of these NPs. It can be seen that the increase of length will lead to
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the increase of efficiency, so the longer the NPs, the better the efficiency, which is also in

agreement with experimental results. This tendency is due to both the increasing volume

of Si and the structural effect.
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Figure 22 (a) Absorptivity spectra of NPs with different length from 20 nm to 3000 nm, the same

diameter of 270 nm and periods of 380 nm. (b)Ultimate efficiency as a function of length

In order to distinguish the origin of this enhancement, we compared the efficiency of

NPs to that of wafer with equivalent volume, as represented in fig.23(a). Compared to

wafer with same volume, the efficiency of NPs is always higher. We calculated the ratio of

Nnes/ Nuaters @S shown in fig.23(b), which represents the gain of NP structural effect.

Increasing the length will lead to an increase of the structural effect, when the length of

NPs is up to 200 nm, the structural effect is maximum. After, the structural effect decreases

with the increase of length and tend to be a constant. So when the length is longer than

400 nm, the efficiency enhancement with the variation of length is mainly due to the

increase of Si volume.
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Figure 23 (a) Efficiency of NPs with different length from 20 nm to 3000 nm, the same diameter of 270

nm and periods of 380 nm and efficiency of Si wafer with equivalent volume. (b) Ratio of NPs efficiency

and efficiency of wafer with equivalent volume as a funtion of NP length

Efficiency as a function of diameter, period and length

The influence of diameter, period and length on the optical properties have been studied

© 2014 Tous droits réservés.

individually. But the efficiency is a function of these multiple factors. So in order to deeply
understand the influence of these multiple factors, we have performed multiple parameters
simulations, as shown in fig.24. Part A in the figure shows that for a given period of 380
nm, the optimized diameter is 270 nm (D/P=0.7), which is independent of the length of
NPs. Of course, the efficiency of NPs with optimized diameters increases when the length
of NPs increases.

We did the same calculation for a period of 600 nm (part B) and 900 nm (part C). For a
given period of 600 nm (resp. 900 nm), the optimized diameter is 480 nm (resp.720 nm). In
all investigated curves, the ratio D/P= 0.8.

To summarize, the optimized diameters depend on the period of NPs with the ratio

D/P=0.7-0.8. This ratio is independent of the length of the SiNPs.
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Figure 24 Efficiency of the NPs as a function of length, diameters and period
Same D/P

As discussed before, when D/P =0.7-0.8, the efficiency is maximum for a given length.
Another question is to know whether it is more efficient to cover the Si surface with bigger
(see fig.25 (a))or smaller SiNPs (see fig.25 (b)) with the ratio D/P=0.7. To answer this
question, we compared the absorptivity spectra and efficiency of NPs with same D/P=0.7.
Table 7 gives the parameters of these NPs. They have the diameters of 68 nm (with period
of 95 nm), 135 nm (with period of 190 nm), 270 nm (with period of 380 nm), 540 nm (with
period of 760 nm) and 1080 nm (with period of 1520 nm), respectively. As shown in fig.26,
with the increase of diameters, the absorption edge shift toward the lower wavelength, and
the efficiency decreases. When the diameter and period are bigger (D=1080 nm and
P=1520 nm), the efficiency of NPs is close to that of Si bulk with same thickness.

So the efficiency of NPs with the same ratio D/P is not constant. The efficiency depends
on the diameter and period of NPs. If the diameter and period of NPs are smaller (fig.25

(b)), the efficiency is higher.
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(a) (b)

Figure 25 Schema of (a) bigger SiNPs and (b) smaller SiNPs with same D/P
samples Diameter/nm Period/nm D/P Length/nm
a 68 95 0.7 1000
b 135 190 07 1000
c 270 380 07 1000
d 540 760 07 1000
e 1080 1520 07 1000

Table 7 Parameters of SiNPs with same D/P=0.7
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Figure 26 (a) Absorptivity spectra of NPs with same D/P=0.7, different diameters of 68 nm, 135 nm, 270

nm, 540 nm and 1080 nm. (b) Ultimate efficiency of these NPs
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Nanocones

Nanopillars are special instances of nanocones, where the top diameter is equal to the
bottom diameter. The influence of bottom diameter, period and length on the optical
properties of nanopillars can be extrapolated to nanocones. When fixing the bottom
diameter and height, rotating the lateral sides by the angle 8, we obtain nanocones with
different shapes, as shown in fig.27. In this part, we studied the influence of angle 8 on the

absorption of NCs.

\ B

Figure 27 Schematic view of NCs with same diameter of 704 nm for a given period of 880 nm and

length of 350 nm. 6 is the angle between lateral sides and bottom.

Fig.28 (a) shows the absorptivity spectra and efficiency of NCs with different angles 6.
When 8 increased from 50° to 90°, the absorption edge moved to the longer wavelength.
The evolution of the efficiency as a function of 6 (figure 28(b)) shows that NCs with angle
of 80° and 85° exhibited a maximum of efficiency.

Because the effective refractive index changes gradually from the root to the top of
NCs, the Ncs demonstrated excellent antireflection properties over a broad range of
wavelengths. It has been demonstrated that compared the absorption of NCs and NPs
with same thickness, both the experimental and caclulated results show the NCs exhibited
enhanced absorption?®!,

So from an experimental point of view, in order to reach higher absorption, it's better to
make NCs with bigger angle 6 (from 80° to 90°), for given period, bottom diameters and
height.
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Figure 28 (a) Absorptivity spectra of NCs with the same height,same period,same bottom diameter but

different angle 8. (b)Ultimate efficiency of these NCs

3.3 Comparison between experimental and simulated results

the experimental results.

Nanopillars

In this section, we simulate the reflectance of samples we made, and compare them to

First, we simulated the reflectance of SiNPs, samples of same length and period with

different diameters as reported in table 1 with same length of 750 nm, same period of 380

nm and different diameters of 320 nm and 270 nm, the SEM images of NPs are shown in

fig.1. Fig.29 gives the simulated reflectance spectra of these SiNPs. It can be observed

that the simulated reflectance spectra exhibit a great oscillation while the experimental

reflectance spectra are smooth (see fig.2). This discrepancy can be due to the size

dispersity of the NPs. While experimentally, the size of the NPs is not uniform, the

simulations have been done with uniform NPs with an average value of the experimental

sizes. The experimental reflectance spectra is the results of interfence between the

reflectance spectra of NPs with different diameters. The experimental reflectance spectra

appear smoothly compared to theoretical spectra.

© 2014 Tous droits réservés.

83

doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

1,0

ICP nanopillars with length 750nm
a diameter 320nm

081 —— b diameter 270nm

0,6

[0}
O
c
Y
O
2
D 044
o \
4 \//\
L\ a
024 // \ \
b\\ PR \/ \\7//A
00 . . . , ; . —
400 600 800 1000 120(

wavelength/nm

Figure 29 Simulated reflectance spectra of NPs with same length of 750 nm, same period of 380 nm

and different diameters of 320 nm and 270 nm

To overcome this difficulty, we have calculated the average reflectances for
experimental results and have compared them to the simulated ones, as shown in fig.30.
The experimental and theoretical average reflectance values are not the same, while the
behavior is almost the same. This difference originates from the error of UV-VIS
spectroscopy. The measured reflectance for standard Si reference is larger than the
simulated results (see fig.17). In spite of this difference, the simulated average reflectance
as a function of diameters is the same as experimental one. With the increase of
diameters, the average reflectance first decrease and then increase. The simulated results
shows that the best NPs have a diameter of 270 nm with D/P=0.7, in agreement with

experimental results.
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Figure 30 Experimental (black squares) and theoretical (red squares) average reflectance as a function
of diameters. NPs have the same length of 750 nm, same period of 380 nm and different diameters of
320 nm and 270 nm

Secondly, we simulate the reflectance spectra of NPs with same length of 1300 nm and
different D/P of 0.6, 0.7 and 0.8 (see fig. 3 and table 2). Fig.31 gives a comparison of the
average reflectance between experimental results and simulated results. The calculated
results are always smaller than the experimental results a few percent, but the average
reflectance behavior as a function of D/P is quite similar. It can be seen that the NPs with
D/P =0.6 show the lower reflectance, and when we compare the reflectance of NPs with
D/P=0.6, the NPs with smaller period of 380 nm and smaller diameters of 240 nm have the
lowest reflectance. So the best NPs have the D/P=0.6, diameters of 240 nm and period of

380 nm, which agrees with the experimental results.
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Figure 31 Experimental (black squares) and theoretical (red squares) average reflectance as a function
of D/P. NPs have the same length of 1300 nm, and different D/P.

Thirdly, we simulated the reflectance of SiNPs with different lengths of 800 nm, 1000 nm
and 1300 nm (see fig.6 and table 3). Fig.32 gives the average reflectance of simulated
results, compared with experimental results. It can be seen that the reflectance is not
sensitive to the length, when the length is longer than 800 nm. The average reflectance as
a function of length is a constant. This is not in agreement with experimental results. As
shown in fig.6, we can notice that the fabricated NPs with length of 1900 nm have tapered
tips. It has been investigated that NCs with the tapered tip have an enhanced antireflection
properties.[ The effect of conical shape on the reflectance spectra has to be taken into
consideration in the theoretical calculation. We expect that a conical shape, associated

with the largest length, will decrease the reflectance. (optical adaptation effect)
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Figure 32 Experimental (black squares) and theoretical (red squares) average reflectance as a function
of length. NPs have the same diameters of 270 nm, and same period of 380 nm

Conclusion

In summary, we have studied the influence of diameter, period and length of NPs and
NCs on the experimental and calculated optical properties for photovoltaic application. In
order to achieve superior ultimate efficiency than Si wafer with same thickness, the ratio of
D/P should be between 0.5 and 1, the period as small as possible and the conical angle 6
between 80° and 90°.

(a) The optimized diameter changes with the variation of period. When D/P=0.7-0.8, the
NPs shows the highest efficiency, and this ratio is independent of the length.

(b) For a given ratio D/P, NPs with smaller diameters and periods exhibited higher
efficiency.

(c) The longer the length, the higher the efficiency. This enhancement is due to both the
increasing Si volume and the surface structural effect. When the length is up to 400 nm,
the gain of structural effect is constant, so the enhancement is consequently due to the
increase of Si volume

(d) When the size of the sidewalls is smaller than the measured wavelength, the
sidewalls have no effect on the reflectance spectra of NPs.

(e) If the bottom diameter, period and height are constant, NCs with bigger angle 6
exhibit higher efficiency.
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Chapter 4 Al-doped ZnO transparent conductive oxide

4 1 Introduction

Transparent and conductive oxides (TCOs) are required to improve solar cell efficiency.
To be a good TCOs, these materials must exhibit simultaneously high electrical
conductivity and high visible wavelength transparency. They are usually prepared with thin
film technologies and used in opto-electrical devices such as flat panel displays, thin film
transistors, light emitting diodes and light absorbing devices (solar cells).!'!

The most common TCO used in such applications is doped Indium Tin Oxide (ITO).
Indeed, it has been widely used as transparent electrodes in solar cells, because it is
transparent to visible light, and by virtue of its refractive index, it forms an antireflecting
coating on silicon which can overcome these losses.

However, due to the cost and the scarcity of indium, some alternatives are being

searched.” Because ITO exhibits a resistivity of the order of 10 Qcm and an average

transmittance above 80% in the visible range, the alternatives should have a carrier

concentration of the order of 102° cm™ and a band gap energy above approximately 3 eV.
Table 1 shows the TCO (transparent conducting oxide) semiconductors for thin-film
transparent electrodes which have been developed up to now. Among these
semiconductors, Al-doped Zinc oxide (AZO) is a common choice because Al and Zn are
common and inexpensive materials and they have lowest resistivities comparable to other

ZnO films doped with other impurities, as shown in table 2.

Table 1. TCO semiconductors for thin-film transparent electrodes.
Material Dopant or compound

SniDy Sb.F, As,Nb, Ta

In,O5 Sn, Ge, Mo, F, Th, Zr, Hf, Nb, Ta, W, Te
Zn0 Al, Ga, B, In, Y, Sc,F, V, Si, Ge, Ti, Zr, Hf
CdO In. Sn

Zn0-—Sn- ZnzEn0y, ZnSn0,

ZnO—In20; ZmzInz s, ZnalnaOg

InyO—Sns IngSnz 04

CdO—Sn0; Cd,Sn0y, CdSnids

CdO—In, 05 CdIna0,

MglIna Oy

GalnOs, (Ga, In):0s Sn, Ge

CdSbaOy Y

Zn0In;053—5Sn04 ZnizInz0s—IngSnz0y -

CdO—In,C—8n0, CdIn.0,—Cd>Sn0,

Zn0—CdO—In.0—Sn0-

Table 1 TCO semiconductors for thin-film transparent electrodes and prepared by pulsed laser

deposition
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Dopant Carrier

content Resistivity = 107"  concentration = 10
Dopant  {wt%) (£2 cm) fem™)
AlOy 1-2 0.85 15.0
Ga0, 27 1.2 14.5
B0 2 2.0 54
Scay 2 i1 6.7
510 6 48 8.8
Va0 0.5-3 5.0 49
F 0.5 (at%) 4.0 5.0
None 0 4.5 2.0

Table 2 Resistivity, dopant content and carrier concentration for typical ZnO films doped with various

impuritiesand prepared by pulsed laser deposition.

More than 1500 publications have been edited on AZO materials. In this chapter, we will
just give a very brief review about the most important parameters used to elaborate AZO
thin films and we will begin with the synthesis method.

A lot of methods have been used for AZO film synthesis, including molecular beam
epitaxy (MBE), pulsed laser deposition (PLD), atomic layer deposition (ALD), chemical
vapor deposition (CVD), sputtering, cathodic magnetron sputtering, spray pyrolysis and
sol-gel methodsP. Table 3 lists the drawbacks and advantages of these methods. MBE,
PLD, ALD and CVD methods are quite expensive. Spray pyrolysis method is a low-cost
method but it will lead to environment pollution. Sputtering technology is one of the most
widely used technologies to prepare AZO films with lower resistivity of the order of 10+
Qcm. However, during this process, the non-uniformity of the magnetic field results in a
non-uniformity of resistivity. Additionally, AZO films deposited by this method cannot cover
nanostructures with high aspect ratios (length-to-width ratio) and it's not easy to do low
temperature sputtering. Sol-gel methods allow to prepare uniform coatings in ambient
conditions at low equipment cost, their properties of films are tunable and films can fully
cover nanostructures with high aspect ratios by spin coating, so we use this method in this

work.
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Different methods advantage disadvantage
magnetron sputtering |Used on different shapes of substract| Mot easy to do low temperature
or large area substract sputtering,
high speed to form films and film with non-uniformity of resistivity
good adhesion can not fully cover nanostructures
with high aspect ratios
PLD Easy to control the stoichiometry, High cost of equipment

low roughness of film and sample is
hard to be polluted

MBE Easy to control the stoichiometry and | High cost of equipment and low
make high concentration doping growing rate
ALD Extremely precise processing and low growth rate at the
uniform deposition of thin film vertical direction
CvD High productivity, obtain uniform film, | The lackage and high-cost of the
good adhesive film precusar

spray pyrolysis Low cost Environment pollution
sol-gel process Easy to control the stoichiometry, Chemical and physical parameters

low-cost and uniform films

Table 3 Comparison of different technologies !

During sol-gel process, several parameters can affect the properties of AZO films, which
have been studied by many researchers (more than 200 publications). Table 4 gives some
examples of the parameters of sol-gel derived Al-doped ZnO films previously reported in
some publications. Starting materials, solvent, coating method, doping concentration and
heat treatment will significantly vary the resistivity. But the variation of resistivity as a
function of one operating parameter is still a very complicated problem. If the starting
materials are zinc acetate dihydrate (Zn(CH;COOQ),-:2H,O) and aluminium nitrate
nonahydrate (AI(NOs);9H.0), the solvent and additive are 2-Methoxyethanol and
monoethanolamine (MEA), the lowest resistivities of AZO thin films deposited by spin-
coating are different. For example, Ref [10] gives the lowest resistivity of 2.57 Qcm,
corresponding to the AZO films with Al doping concentration of 2 wt.%, baking temperature
of 150 °C and post-annealing temperature of 500 °C, while Ref [15] shows the lowest
resistivity of 6.2x10* Qcm and the corresponding AZO films have the Al doping
concentration of 1.5 wt.%, baking temperature of 400 °C and post-annealing temperature
of 530 °C. When choosing AICI; 6H,0 instead of Al(NO3); 9H,O and depositing thin films by
dip-coating, the obtained lowest resistivities are also different. In order to obtain AZO film

with high transparency and conductivity used in our solar cells, it's necessary to optimize
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these parameters.

Starting materials soblvent coating |transparency |Lowest | Comesponding

resistivity | parameters

ZnCH.CO0)2H0 | 2-Methoxyethanol | dip- transparent |1,3X10% |2 wt %% Al

AICI:E6HO = MEA coating {cm preheated at 400 °C +
post-heated at 600°C +
annealing under a
reduced atmosphere

Zn{CHC OO0 :2H0 | 2-methoxyethanol | spin- fransparent |2.570cm |2 wi.% Al,

AI[NO3); 9H-00 MEA coating preheated at 150 °C +
post-heated at 500°C

Zn{CH:C OO ):2HO [ 2-methoxyethanol |dip- transparent [2.9x10° |2 wi % Al

AlC|z EH O MEA coating Clem preheated at 400 °C +
post-heated at 600°C

ZnCHaC OO )2HD | 2-methoxyethanol | dip- transparent |[6.5x107 |05 wt% Al

AICI: BH0M MEA coating Cem preheated at 400 °C +
post-heated at 600°C+
post-heated at 600°C in
nitrogen

Zn{CHC OO ):2H0 | 2Z-miethoxyethanol | spin- transparent |0.099 preheated at 350 °C +

na MEA, coating Qcm post-heated at 600°C in
air + post annealing at
S00°C in forming gas

Zn{CH,CO0)2H0 | dehydrated Drain transparent |0.225 preheated at 120 °C +

14 isopropyl alcohel |coating Oem post-heated at 550°C in

DEA VaCUUm

ZnCHaC OO ):2H20 | 2-methoxyethanol | spin- transparent |6 2x10% |1,5 wt % Al,

AI[NO3); IHO0S MEA coating Ocm preheated at 400 *C +
post-heated at 530°C

Zn{CHC OO0 ):2H20 | lsopropancl Spin- fransparent |220cm |1 at 9% Al

AT BHZOM MEA coating preheated at 275°C +
post-heated at 650°C

Zn{CHC OO0 ):2H0  |isopropyl dip- transparent |18200/ o [1.0at% Al.

AIMO=)s GHOM™ alcohol and coafing Preheated at &00°C+

ethanol post-heated at 600°C

Zn{CHC OO )2H0 | Absolute ethanol | dip- transparent [4.2x107 |1 at% Al,

AI[NO3); 9H0M diethanolamine coating Cem preheated at 400 *C +

(DEA) post-heated at 650°C

Zn{CHCO0)2H0 Spin- transparent | 1.54x10° |1 6mol¥s Al

Al(NO,); 9H O coating [ l)a] preheated at 350 “C+
post-heated at TS0°C.

ZnCHL,C OO )2H0 \methanol Spin- transparent |8.68x10™|0.8 at.% Al,

AlCIP coating 0 cm preheated at 300 *C+
post-heated at 575°C in
air + second post-heated
at 350°C in Hz

ZnCHaC OO0 )2HD | Propylene glycol Spin- transparent |1.94=10%|1 at% Al

ANMNO )R methyl ether coating Ocm annealed at 600°C in Mz +

(PGME) annealed at S00°C in
MEA MzHz
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As mentioned before, sol-gel method is a particularly interesting method, because of the
low-cost and tunable properties of AZO films. Additionally, it is allowed to prepare large-
area coatings. So in this chapter, we synthesis sol-gel derived AZO films and investigate
the influence of doping concentration, baking temperature, post-treatment and hydrogen

treatment on the optical, electrical properties of AZO films.

4.2 Preparation and structural characterization of AZO films

The properties of AZO films depend on the operating parameters, so it is important to
choose the operating parameters before synthesis process. The synthesis process
contains three main parts: precursor preparation, deposition of the prepared sol on the
substrate and heat treatment of the xerogel film. In each part, there are several operating

parameters. Table 5 gives the parameters we used in this work.

Operating parameters Owr choice
constant parameters Starting materials Zn{CH:C00 R2H:0 and
ANMNO3)3
solvent 2-methoxyethancl and MEA
Concentration of zinc 0.8 molfL
Synthesis temperature and time 60°C for 1h
Aging time 48h
Deposition methods and parameters Spin-coating with speed of
3000r'min for 305
AZ0 film thickness 250 nm
‘Variable parameters Concentration of Al 0—-5wt%
Baking temperature and time 200°C to 400°C for 10 mins
Post-annealing temperature and time 500 *C to 700 *C for 1h
Hydrogen treatment 400 *C to 70O0"C for 1h

Table 5 Operating parameters used in our work

To prepare oligomer zinc precusor, we have chosen Zn(CH3;COOQO), 2H,O and AI(NOs);
as starting materials, and 2-methoxyethanol and MEA as solvent and additive,
respectively. The use of several zinc precursors has been previously reported: nitrate,
chloride, perchlorate, acetylacetonate and alkoxides but the most often used is the acetate
dehydrate. Metal alkoxides, although they offer several chemical advantages, are not
suitable because they are very sensitive to moisture, highly reactive and remain still rather
expensive. Because of their low cost, facility of use, and commercial availability, metal

salts are interesting as precursors and could be more appropriate for large-scale
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applications. Znaidi has written a review in 2010 on sol—gel-deposited ZnO thin films.? In
this review, he summarized the main chemical routes used in the sol—gel synthesis of
undoped ZnO thin films and highlights the chemical and physical parameters influencing
their structural properties. He concluded that “the use of organic salts as precursors in
alcoholic media remains advantageous, on the one hand because of the low cost and the
facility of the metal salt use in general and on the other hand by the fact of avoiding the
problems presented by certain inorganic anions and the washing steps. Moreover, using
zinc acetate as a precursor, the acetate groups, as contaminants of the gel, decompose

under annealing producing combustion volatile by-products. The choice of the solvent has
been explained in the chapter 2 as well as the choice of Zn?* concentration which was 0.8

mol.L".

We stir the mixture of starting materials and solvent at 60 °C for 1h and then leave it to
age for 48h at room temperature. Fig.1 shows the complexation in the initial solutions. The
oligomer precusor solution were prepared by dissolving the Zn(CH;COO), 2H,0 in 2-
methoxyethanol. The hydrolysis and condensation of Zn?* are relatively slow, the addition
of MEA will facilitate the dissolution of zinc salt. MEA acts as complexing agent, which play
a role in chelating and stabilizing ligands against precipitation of zinc hydroxide. In the
system, there are three nucleophilic species (MEA, CH;COO and HO") which can react
with the Zn?* lewis acid center. During aging, the small zinc-oxo-acetate oligomers are
formed from Zn-MEA or Zn-OCOCH; soluble complexes. The condensation of the

hydrolyzed moieties give rise to colloids or precipitates which are filtered before coating.®!

SR
Znr—) Zn*<e---— OH
/ PR S
(@] ’ \
// \\.

Figure 1 Sketch of chemical equilibria taking place in the initial solutions.
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After preparing the initial solution, films are deposited by spin-coating with speed of
3000 r/min for 30s. In order to evaporate the solvent and organic compounds, a pre-heat
treatment is performed after each deposition. The process is repeated for several times
until the required thickness (250 nm) is reached. Finally, we perform heat treatment to
make more crystalline and dense AZO films. Heat treatments, including pre-heat
treatment, post-annealing and H, treatment, are very important steps governing the film
orientation, so it has to be carefully chosen. The baking temperature range we discussed
here is from 200 °C to 400 °C, the post-annealing temperature is from 500 °C to 700 °C
and the H, treatment temperature range is 400 °C to 700 °C. Additionally, Al dopant
increases the creat extra carriers, which leads to a big variation of resistivity. But different
aluminum doping concentrations are cited in publications to be the optimized concentration
for the best conductivity. So we have decided to vary Al doping concentration from 0 wt.%
to 5 wt. % and compare the transmittance and electrical properties of AZO films.

Before discussing the influence of these parameters, we study the structural properties
of AZO films. Here, AZO films with 2 wt.% Al doping concentration, 200 °C baking

temperature and 600 °C post-annealing temperature are used.

4.2.1 Crystal structures

The crystal structures of ZnO are wurtzite, zinc blende, and rocksalt, as shown in fig.2.
The zinc-blende ZnO structure can be stabilized only by growth on cubic substrates, and
the rocksalt NaCl structure may be obtained at relatively high pressures. The

thermodynamically stable phase is wurtzite.
Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

Figure 2 Representation of ZnO crystal structures: (a) rocksalt (B1), (b) zinc blende( B3), and (c)

hexagonal wurtzite (B4).The shaded gray and black spheres denote Zn and O atoms, respectively.
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The wurtzite structure has a hexagonal unit cell with two lattice parameters a and ¢ (a =
3.249 A, ¢ = 5.205 A) and belongs to the space group C%, with two formula units per
primitive cell. The Raman active zone-center optical phonons predicted by the group
theory are As+E +2E, The polar phonons with symmetry A; and E; exhibit different
frequencies for transverse-optic (TO) and longitudinal-optic (LO) phonons. Nonpolar
phonon modes with symmetry E, have two frequencies, E,(high) and E; (low).?*

We deposited sol-gel derived AZO films on the SiO./Si substrate by spin-coating, and
measured their Raman spectrum at room temperature using a LabRAM HR Horiba

spectrometer between 200-1300 cm™!. Excitation wavelength we have chosen is 325 nm,
because our AZO films are too thin to be detected by visible excitation wavelengths. The
excitation power was kept lower than 10 mW in order to avoid thermal decomposition of
the samples at the beam focus.

The raman spectrum of AZO films is shown in fig.3. It can be observed that E,"9"=438
cm™, A4(LO)=570 cm™ and 2A+(LO)=1140 cm™ modes are shown in the Raman spectrum
of AZO films, which indicates the formation of the wurztite structure. No difference was

observed with the increase of aluminum doping concentration.
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Figure 3 Raman spectrum of Al-doped ZnO thin films

The crystallinity of AZO films were measured by a Rigaku SMARTLAB diffractometer in

high resolution mode (Parallel beam or with a Bragg—Brentano geometry) with CuK,

radiation. The scan angle 26 is between 30 to 40°. Fig.4 shows the XRD patterns of this
AZO thin films on SiO,/Si substrate. It can be seen that a highly c-axis oriented (002) peak
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and two weak (100) and (101) peaks are observed at 34°, 31° and 36°, respectively. The
films exhibite a strong orientation of the c-axis, which usually has good electrical

properties'?.
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Figure 4 XRD pattern of Al-doped ZnO thin films

Ours XRD results are similar with the results reported in the literature. Indeed, in the
review of Znaidi®?, he has tried to find a relation between sol-gel operating parameters
and undoped ZnO film orientation. Unfortunately, no clear correlation does exist between
each of these parameters and such crystallographic orientation. But he has reported that
the use of solvents and additives with higher boiling points, like 2-methoxyethanol and
MEA, resulted in strongly preferential orientation of ZnO crystals and thin films. A solvent
with a high boiling point would evaporate more slowly on heating, allowing the structural

relaxation of the gel film before crystallization.

4.2.2 Surface morphology

Fig.5 shows the SEM images for AZO thin films deposited on SiO,/Si substrate, (a) is
the cross-section SEM image of AZO film, (b) shows the surface of AZO films. The fig.5 (a)
reveals that the flms are homogeneous on the substrates, and have a thickness of 250
nm. Each film is composed of many fine and compact AZO particles. As shown in fig.5 (b),
all AZO particles are uniformly distributed. Inset of fig.5(b) shows two-dimensional AFM
surface height morphology of AZO films, proving that the sphere-shaped particles of AZO

films are within 50 nm.
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(a) (b)
Figure 5 SEM images of Al-doped ZnO thin films (a) cross-section (b) top-view. The inset of
(b) shows the AFM image of AZO films

4.2.3 Defects

Defects are the origin of the conductivity of materials. In ZnO films, Zn;,Vo" H/*, Ali" and
Or are the main defects®®.. In order to understand the origin of the conductivity of AZO
films, it's necessary to study their defects. Typically, photoluminescence (PL) and electron
paramagnetic resonance (EPR) are used to study the defects.

Room-temperature Photoluminescence spectra from AZO can exhibit a number of
different peaks in the visible spectral region, corresponding to the defect emission. Green
emission (~510 nm) is the most commonly observed defect emission in ZnO
nanostructures, which is often attributed to singly ionized oxygen vacancies.?" Yellow
defect emission (~564 nm) is typically attributed to an oxygen interstitial. In addition to
green and yellow emissions, orange-red emissions are often also observed at 626 nm in
ZnO nanorods, and this emission was attributed to oxygen interstitials.’"! As shown in fig.6,
the PL spectrum of AZO films in our work shows one broad red-NIR emission centered at
about 700 nm, which is due to oxygen interstitials (in the range from 620 nm to 690 nm)

and oxygen vacancies (in the range from 690 nm to 750 nm).?4
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Figure 6 Photoluminescence spectrum of Al-doped ZnO thin films (Aex,=331 nm)

In order to confirm the type of defects in our AZO films, we performed X-band CW-EPR

(electron paramagnetic resonance) experiments at room temperature. It is known that

: 1 . 1
every electron has a magnetic moment S=5 and spin quantum number ms=i§ . In
e 1 1
the presence of an external magnetic field, the gap between the me==5 and m=-=

energy states is AE=g,uzB, , where g. is the electron's g-factor, ps is the Bohr
magneton and B, is the strength of external magnetic field. When an unpaired electron
move from the lower energy level to the higher energy level by absorbing a photon with the
energy of hv ,where hv=AE | a spin resonance occurs. This absorption is monitored
and converted into a spectrum. Here, EPR spectrum is recorded as the first derivative of
this absorption spectrum.

EPR is a useful tool to investigate defects in the material. Different g-factors are
associated with different defects. When g-factor is 1.96, the absorption peaks in AZO film
are attributed to shallow donors, such as Zn;* %% substitutional Al atoms®” or interstitial
H:"8. When g-factor is 1.996, the associated defects could be Vo or O/,

Fig.7 shows the EPR spectrum of AZO thin films. This AZO films have only one signal at
Bo=3517 Gauss. The operating frequency is at 9.6 GHz, so the g factor can be calculated

hv
Byu,

by equation: &.= g =1,99, which is associated with oxygen interstitial and oxygen
vacancy®”
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So the native point defects: oxygen interstitial and oxygen vacancy contribute greatly to
the conductivity in AZO films.
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Figure 7 EPR spectra of Al-doped ZnO thin film

4.3 Influence of operating parameters on the properties of AZO films

4.3.1 Influence of doping concentration on the properties of AZO films

As mentioned before, Al doping concentration have an effect on the properties of AZO
films. It is well known that the change of the doping concentration will lead to the variation
of carrier concentration. According to the burstein-Moss effect, when the carrier
concentration increases, the donor electron will occupy the lowest state of the conduction
band, which will increase the position of fermi level in the conduction band, so the
bandgap will be broadened.**? This broadening will lead to the change of AZO thin film
properties. However, high Al concentration does not always increase the carrier
concentration, owing to the limited solubility of Al inside ZnO, the extra Al will deform the
crystal structure. So the doping concentration range in this work is set from 0 wt.% to 5 wt.
%.

Optical properties

The transmittance spectra of AZO thin film as a function of the wavelength at different

doping concentration (0 wt.% to 5 wt.%) are shown in fig.8. These thin films were
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deposited on quartz under the same heating condition (baking temperature of 200 °C and

post annealing temperature of 500 °C in air). We have tried to study the effect of the

operating parameters, for example, here, AI%* concentration on the value of the optical

band gap but our results are not consistent with the literature. No increase of the value of

the optical band gap was observed with the increase of AI%* concentration. Even in the
literature, we can find some contradictory results. This problem can be explained by the
fact that the optical gap shift is contributed by two competing effects, Burstein-Moss (B-M)
band-filling effect and band-gap narrowing (BGN) effect." The well-known optical band-
gap (Eg) blue shift in heavily doped semiconductors occurs because the lower states in the
conduction band are blocked. Conversely, band-gap narrowing is caused by exchange
interactions in the free-electron gas and electrostatic interactions between free electrons
and ionized impurities. The fact that BGN effect is largely compensated by B-M effect and
temperature or doping are two influence factors in the Ey behavior makes it difficult to
separate these two effects by means of current experiments.

Compared to other samples, samples with 0 wt.% and 5 wt.% Al doping concentration
have lower transmittance in the visible and near infra-red range but higher transmittance in
the ultraviolet range. Increasing the doping concentration from 1 % to 4 %, the
transmittance are almost constant. It can be seen that all films have high transparency
(transmittance > 80 %) in the visible and near infared region, which is good for
photovoltaic application, so in order to optimize the parameters, we compared their

electrical properties.
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Figure 8 Transmittance spectra of undoped and Al doped ZnO thin films as a function of the wavelength

at different doping concentration.

Electrical properties

To measure the electrical properties of AZO films, thin films with different doping
concentration were deposited on SiO./Si substrate, and the resistivity was obtained by hall
effect system measurement. Variation of resistivity of the AZO fiims with doping

concentration are shown in figure 9.
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Figure 9 Effect of doping concentration on the resistivity of AZO films
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With increasing Al doping concentration, the resistivity of AZO films first decrease.
When the doping concentration is up to 1 wt.% and 2 wt.%, the resisitivity is minimal, and
then the resisitivity increases with the increase of doping concentration. This is because
A" can easily substitute Zn?* and creat extra carriers.?" Resistivity is inversely proportional
to the carrier concentration, so the resistivity of AZO are smaller than undoped ZnO.
However, when the doping concentration reaches saturation point, AI** will segregated in
the form of Al,O; at the gain boundaries which acts as a trap for free electrons and
increase the potential barrier of grain boundary, so the mobility will decrease and resistivity
increases.

As shown in table 4, the lowest resistivity is always observed in a limited Al
concentration range of 0.5-2 wt.%. In our work, when the same heat treatments are
performed, AZO films with 1-2 wt.% shows the lowest resistivity of 7x10?Qcm and high

transparency, so the optimized Al concentration is between 1 to 2 wt.%.

4.3.2 Influence of baking temperature on the properties of AZO films

After choosing the best doping concentration, we optimize the pre-heat treatment
(baking). Baking temperature is one of the most important factors during the synthesis,
which governs the film orientation.??? In table 4, the minimum resistivity is observed when
the baking temperature is in the range of 150 °C to 600 °C. The aim of baking is to
evaporate the solvent and remove organic compounds, so this temperature should be
higher than the boiling point of solvent and close to the crystallization temperature of AZO.
The boiling point of 2-methoxyethanol and MEA are 124.6 °C and 171.1 °C, respectively.??
Fig.10 shows the weight loss as a function of baking temperature. After 400 °C, the weight
loss keep constant, which means that zinc acetate decomposition is done and ZnO films
are obtained at 400 °C. So the temperature range discussed in this part is from 200 °C to
400 °C.
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Figure 10 Thermogravimetric analysis curve as a function of temperature

Optical properties

Fig.11 shows the transmittance spectrum of AZO thin film as a function of the
wavelength at different baking temperatures. These samples have the same doping
concentration of 2 wt%, same post-annealing temperature of 600 °C in air and second
post-annealing temperature of 450 °C in H,. With the increase of the baking temperature
from 200 °C to 400 °C, the transmittance first decreases and then increases in the visible
and near-infared range. AZO films with 200 °C and 400 °C baking temperature have
higher transmittance (>80 %), so in order to use them as transparent electrodes in solar
cells, we have to investigate their electrical properties.
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Figure 11 Transmittance spectrum of AZO thin films at different baking temperature

104

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

Electrical properties

The variation of resistivity of the AZO films with baking temperature is shown in Fig 12.
The results indicate that as the baking temperature goes from 200 °C to 400 °C, the
resisitivity reduce significantly, and shows a minimum value of 1.5x102 Qcm when baking
temperature is 400 °C. Increasing temperature will remove more organic compounds
which lead to less porosity and make the films denser, so the higher temperature of 400 °C
gives the lowest resistivity of 1.5x102 Qcm and high transparency, so the optimized baking

temperature is 400 °C.
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Figure 12 Resistivity of AZO thin films as a function of different baking temperature

4.3.3 Influence of post annealing temperature on the properties of AZO films

Beside the baking temperature, the post annealing temperature is also important for
optimization of optical and electrical properties of AZO films. Because as-deposited films
are usually amorphous and have a high density of structural defects which affect the
properties. The main contributions of this post treatment is to improve the crystallinity as
well as chemisorbing or desorbing of oxygen from the grain boundaries.®3* This
temperature should be higher than the formation temperature of AZO films. As shown
before, the formation temperature of AZO is 400 °C, so the post annealing temperature is
set from 500 °C.
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Optical properties

Fig.13 shows the transmittance spectrum of AZO thin film as a function of the
wavelength at different post annealing temperature from 500 °C to 700 °C. These films
have the optimized doping concentration of 2 wt% and baking temperature of 200 °C. The
results indicate that with the increase of the temperature, the transmittance is almost
constant in the visible and near-infared range. So all the tranparency of these samples

with different post annealing temperatures are good for solar cells applications.
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Figure13 Transmittance spectrum of Al doped ZnO thin films as a function of the wavelength at different

post annealing temperature

Electrical properties

After investigating the optical properties of samples with different post-annealing
temperature, we discuss the influence of these temperatures on the electrical properties of
AZO films. The plot of variation of resistivity with temperature for the film are shown in

Fig.14. During post annealing treatment, the reactions for dissolution of Al,Ozin ZnO might
be formulated as below:

ALO,~2AL,+205+2 0, +2¢ 1
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If the heat treatment atmosphere is air, the oxygen will diffuse into the film, removing
oxygen vacancies and then reducing the carrier concentration. However, when the
temperature is smaller than 600 °C, the crystallinity and grain size increase with the
increase of temperature, the decrease in resistivity is mainly attributed to these competitive
effects. The minimum resistivity of 3.3x10? Qcm corresponds to the sample with post
annealing temperature of 600 °C.

But when it is further annealed after the formation of crystalline phase, the resistivity

increases, due to the diffusion of oxygen and decrease of carrier concentration.
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Figure14 Resistivity of Al doped ZnO thin films as a function of different post annealing temperature

4.3.4 Influence of hydrogen treatment on the properties of AZO films

In table 4, some researchers performed second annealing in reduced atmosphere after
post-annealing treatment, and the samples they obtained show lower resistivity compared
to other samples without this step. In order to further decrease the resistivity of AZO films,
we performed this heat treatment in hydrogen gas. As discussed before, the oxidizing
atmosphere will absorb oxygen and decrease the carrier concentration. If the hydrogen
treatment is performed, it will remove the absorbed oxygen and increase the oxygen
vacancies, so the resistivity will decrease. On the other hand, because the reaction

ZnO+H,=Zn+H,0 happens when the temperature is above 400 °C, which produces

the interstitial zinc atoms, according to the reaction:
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Zn0—0,— Zn+ e'+%02(g) , this increase of Zn; will bring more native point defects and

decrease the resistivity®®. However, the influence of hydrogen treatment temperature on
the properties of AZO films is still under consideration®-¢ and will be discussed in this
part.

Optical properties

Fig.15 shows the transmittance spectrum of AZO thin film without and with hydrogen
treatment as a function of the wavelength. These samples have the same doping
concentration of 2 wt.%, baking temperature of 200 °C and post-annealing temperature of
600 °C. The results indicate that this hydrogen treatment will shift the wavelength of the
absorption edge to the higher energy side, which is due to the increase of carrier

concentration caused by this treatment, and resulting in the broadening of the bandgap, so
called Burstein-Moss effect.
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Figure 15 Transmittance spectrum of Al doped ZnO thin films without and with hydrogen treatment as a

function of the wavelength

Electrical properties

The plot of variation of resistivity with different hydrogen treatment temperatures for the
film are shown in Fig .16. It can be seen that hydrogen treatment decreases the resistivity

of AZO films compared to the sample without hydrogen treatment and the lowest resistivity
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of 1.6x102 Qcm is observed at the temperature from 400 °C to 500 °C, but at the

temperature > 500 °C, the resistivity significantly increases.
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Figure15 Resistivity of Al doped ZnO thin films as a function of different hydrogen treatment

temperature
Conclusion

Al doped ZnO films have been synthesized by sol-gel method, which exhibit wurtizite
structure with (002) preferred orientation of grain growth. AFM and SEM images show an
uniform particles distribution in the films. The resistivity of these AZO films is dominated by
electrons generated by oxygen vacancies and oxygen interstitials. Sol-gel technology is a
low-cost and simple method compared to other technology, however, the operating
parameters can affect the properties of AZO films, such as Al concentration, pre- and post-
heat treatment and hydrogen treatment.

APP* concentration strongly influences the optical and electrical properties of thin films.
When the baking temperature and post annealing temperature are 200 °C and 500 °C,
respectively, AZO films with doping concentration from 1 wt.% to 2 wt.% show the lowest
resistivity of 7x102Qcm.

When the doping concentration is 2 wt.%, the best post-annealing temperature is 600
°C and hydrogen treatment temperature is 450 °C, AZO films with baking temperature of

400 °C show the lowest resistivity of 1.5x102Qcm.
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When the doping concentration is 2 wt.%, baking temperature is 200 °C, AZO films with
post annealing temperature of 600 °C show the lowest resistivity of 3.3x102Qcm.

When the doping concentration is 2 wt.%, baking temperature is 200 °C and post-
annealing temperature is 600 °C, AZO films with hydrogen treatment temperature from 400
°C to 500 °C show the lowest resistivity of 1.6x102Qcm.

Transmittance spectra indicate that all these films have high transmittance (above 80
%) in the visible and NIR region.

So the optimized sample is the one with doping concentration is 2 wt.%, baking
temperature is 400 °C, post-annealing temperature is 600 °C and hydrogen treatment
temperature of 450 °C, which has the minimum resistivity of 1.5x102 Qcm and a
transmittance >80 %.

However, compared to AZO films made by other methods, the resistivity is still under

improvement.
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Chapter 5 Realization and characterization of solar cell

After discussing the influence of geometry on the optical properties of Si nanopillars (or
nanocones) and optimizing the optical and electrical properties of AZO transparent films by
varying the operating parameters, we fabricate complete solar cells based on Si
nanopillars (or nanocones). Intrinsic and n*-doped polysilicon are deposited on the top of
Si nanopillars (or nanocones) in turn to form n*-i-p junctions which are used to separate
photogenerated electron-hole pairs. After, we deposite AZO antireflection coatings on the
top of n*-i-p junction to reduce the optical loss. In addition, AZO films form conformal
coatings to enhance the electrical properties of solar cells. To complete the solar cell, front
contact and back contact are deposited on the top of AZO films and p-type Si wafer,

respectively. The structure of solar cells is shown in fig.1.
Au electrode (500nm)

Ti electrode (100nm)

AZO antireflection coating
'/ (250 nm, resistivity of 0.03 Qcm)

n-type polysilicon
(80nm,resistivity of 0.02 Qcm)

"« i-type polysilicon (20nm)

P-type crystalline silicon
(300pm,resistivity of 0.03 Qcm)

Al electrode (200nm)

Figure 1 lllustration of solar cells structure based on nanopillars

However, the efficiency of this solar cell is not ideal. First of all, the defects on the rough
surfaces of Si nanopillars (or nanocones) made by plasma etching are not negligible!", and
a source of performance degradation of electronic devices, including transport properties
and resistivity®. Second, defects located at grain boundary in polysilicon will also
deteriorate the efficiency of solar cells. So it is necessary to perform passivation of
nanopillars and polysilicon in order to decrease defect concentration.

In this chapter, we integrate the complete solar cells and then perform different
passivation and investigate the influence of passivation of nanopillars and polysilicon on

the electrical properties of solar cells. Finally, we discuss the influence of AZO films on the
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optical and electrical properties of solar cells.

5.1 The influence of passivation on the properties of solar cell

Defects on the surface of Si wafer or nanopillars (nanocones) made by plasma etching
can change the interface properties of pn junction, so they have to be removed before
forming pn junction. Typically, these surfaces are treated by wet oxidation and then the
generated SiO, layer are removed by HF etching!™3.

The high resolution TEM images (see fig.2) show the comparison between the surface
of nanowires obtained by plasma etching with the step of wet oxidation and without wet
oxidation step. It can be seen that after oxidation, the disordered surface is reduced and

the atomically abrupt surface is obtained.?

Figure 2. HRTEM images showing the Si NW surface after RIE etchlng (Ieft) and after the oxidation

step (right). An atomically abrupt Si NW surface has been obtained. Scale bar is 5 nm."!

This reduction of defects can also be detected by other methods. It has been reported
that surface passivations have an effect on the transport properties of SiINWs.FB! A five
order difference in effective carrier concentration was observed, when comparing SiNWs
fabricated with and without a thermal oxide. And the removal of the surface oxide by HF
treatment results in a SINW conductance drop up to six orders of magnitude?.

Regarding the defects associated with grain boundary in polysilicon, one way to
decrease the defects is to increase the grain size by RTA (rapid thermal anneal). During

RTA process, the grains grow to minimize grain boundary area and reduce the overall
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surface energy.! However, this way is not sufficient because the defects in the form of Si
dangling bonds in polysilicon still exist after RTA process. Hydrogen has the ability to bond
to the dangling bonds and passivate these defects. So hydrogen passivation is useful.
There are several ways to introduce hydrogen into Si, such as annealing in hydrogen gas
at high temperatures(more than 900 °C), SiNx:H and H; plasma.

Simulations® show that hydrogenation from a gas source at a few hundred degrees
Celsius is very inefficient, except in the presence of surface damage. Experimental results
found that shallow impurities in Si can be passivated by annealing in H, at high
temperature and quenching to room temperature, and the total number of shallow centers
passivated by this method is comparable to that of the hydrogen plasma passivation at
moderated temperature (in the range of 200- 600 °C).

Hydrogen plasma passivation is an effective method to dissociate H, gas and provide
sufficient atomic H with a large kinetic energy, so they easily adsorb on the surface and
passivate the defects. However, the quality of passivation depends on the passivation
parameters, especailly temperature and time, because the in-diffusion and out-diffusion of
H vary with the change of these two parameters. Higher temperature leads to a fast H
diffusion, but prolonged passivation time creates new defects and disorder.®!

The most widely used passivation way in virtually all solar cells (laboratory and
industrial) is depositing silicon nitrate (SiNx:H) onto the surface of polysilicon and
performing a thermal annealing to make H diffusing into the materials.!”! Without annealing,
H atom are still linked to Si or to nitrogen, so they cannot participate to the passivation.
Compared to hydrogen plasma passivation, SiNx:H passivation leads to an increase of
solar cell properties without damage to the surface.®

In this work, we investigate the effect of three different passivation treatments (wet
oxidation passivation and two different hydrogen passivation treatments) of planar solar
cells. First of all, we perform two different hydrogen passivation of polysilicon on planar
solar cells, the first method employs annealing in hydrogen gas and the second method is
to deposit SiNx:H films and then perform annealing treatment. The quality of passivation is
characterized by |-V curves in dark and under illumination. Second, we perform wet
oxidation passivation on the planar solar cells. The main objective is to choose an efficient
passivation, which leads to a higher efficiency of solar cells. Finally, we passivate

nanocones solar cells in the most efficient way and compare their quality of passivation
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with that of planar solar cells.

5.1.1 The influence of passivation on the properties of planar solar cell

Hydrogen passivation

After depositing intrinsic and n-type polysilicon on the same Si wafer to form planar n*-
i-p junction, we cut this wafer into three pieces (see fig.3). Sample A without treatment is
kept as a reference, sample B is annealed in H,gas at 900 °C for 2 hours and sample C is
covered with 100 nm SiNx:H films, which are prepared by plasma-enhanced CVD with a
mixture of SiH4 (5 % N.) and NHs, the deposition temperature is 340 °C, pressure is 1 Torr
and the power is 10 W. After that, sample C is annealed at 500 °C in Ar for 30 mins to

make H diffuse into polysilicon and then the SiNx:H films are removed by HF.

| Annealingin H,

Ihitial sample

Y

Sample B
900°C, 2h

Anneallng in Ar HF treatment
SiNx:H film depositio Sample C Sarmple C Sample C
340°C 1 Tarr and 10 500 C, 30mins

Figure 3 Schematic illustration of hydrogen passivation experiment

To measure the |-V curves of these samples, we deposite 100 nm Ti and 500 nm Au on
the top of these three samples as front contact and deposite 200 nm Al as the back
contact.

Fig.4 shows the |-V curve of planar n*-i-p junctions with different hydrogen passivation
compared to the one without passivation. Sample A (without passivation) has an nearly
linear I-V curve with leakage current of 3.5 mA (for a reverse voltage of 0.2 V) and no
threshold voltage, i.e. it is almost ohmic contact, which cannot separate electron-hole
pairs. So in order to use it as a solar cell, we have to passivate it.

Compared to sample A, sample B (with hydrogen annealing passivation) has the
leakage current of 17 mA when reverse voltage is 0.2 V, i.e. a 5 fold increase. So this
passivation brings more recombination. This is because thermal annealing at 900 °C

(higher than polysilicon deposition temperature of 700 °C) will activate doping atoms.

118

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

When the doping concentration increases, the resistance and the diffusion length
decrease, so the recombination increases. So this hydrogen annealing passivation is not
efficient.

It's can be seen that SiNx:H films passivation treatment improves the quality of n*-i-p
junction. As shown in fig.4, the leakage current of sample C is 0.3 mA at reverse voltage of
0.2 V. SiNx:H films passivation treatment decreases the leakage current by a factor of 10.
Additionally, sample C has a threshold voltage closed to that of standard p-n junction. So
Sample C is suitable for solar cell applications.

To passivate polysilicon, annealing has to be performed after SiNx:H films depostion.
However, this annealing temperature (500 °C) is not high enough to activate doping atoms,
so it doesn't bring more recombination as hydrogen annealing passivation. At the same
time, during annealing, SiNx:H films will release H atoms, which diffuse into polysilicon and
reduce dangling bonds. So this passivation method is more efficient to improve the quality
of n+-i-p junction.

0.020
sample A without passivation
0.015 4 sample B with H2 passivation B
1 sample C with SiNXH passivation A
0.010 + C
0.005
c 0.000
= oos] ]
=
O  -0.005 - - /
-0.010 -
-0.015 4
-0.020 . T . T . T . T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4

Voltage/V

Figure 4 |-V curve of planar n+-i-p junction, sample A is the solar cell without passivation, sample B is
the solar cell with hydrogen annealing passivation and sample C is the solar cell with SiNx:H

passivation

Fig.5 compares the electrical characteristics under illumination of planar n+-i-p junction
solar cells with and without SiNx:H passivation.
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Figure 5 |-V curve in dark and under illumination of (a) sample A planar n+-i-p junction solar cells

without passivation and (b) sample C planar n+-i-p junction solar cells with SiNx:H passivation

The quality of the solar cell yield is associated to the efficiency factor, n, given by the

max

Oriel® |V test station software: n= ( , where Ssmpe is the sample area, Py is

PyxS§ sample)
the power of the illuminator and Pnrax is the maximum power of the solar cell. However, the
sample area exposed to the illuminator is smaller than the sample area owing to the metal
mask and because of the limited diffusion length, the effective collection area is much

smaller than the overall illuminated surface. So we have to take these two factors into

consideration and normalize the efficiency by the equation: normalizedn:n*gi‘;@’e ,
where Seris the effective collection area exposed to the illuminator. If the area exposed to
the illuminator light is far away from the rim of the electrode (> 1.5 mm), the collected
photogenerated carrier is negligible (see part 5.2.2). So the Ser is the yellow area around
the electrode, and the distance between the rim of this area and electrode is 1.5 mm, as
shown in fig.6. Ser for sample with U-shape electrode and the sample with two small
circular electrodes are 44 mm? and 6.28 mm?, respectively. Both sample A and Sample C

with U-shape electrode have the effective area of 44 mm? (sample area is 1 cm?).
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Figure 6 Schema of effective area expose to the source, (a) samples with U-shape electrode and (b)
samples with two small circular electrodes. The yellow part is the effective carrier collection area, the

blue part is the electrodes and the light brown square is the sample.

Table 1 lists the solar cell parameters of sample A and sample B. It is observed from
table 1 that after SiNx:H passivation, the normalized efficiency of n+-i-p junction increases
from 0.02 % to 0.36 %, i.e. a 18-fold increase. The measured open circuit voltage V. of the
reference sample is 32 mV under AM1.5 conditions. After SiNx:H passivation, V. is 231
mV. This passivation increase V.. by a factor of 6. It has been reported that the
improvement of V.. by SiNx:H passivation (PECVD deposition at 400 °C and annealing in
nitrogen at 500 °C) is of the order of 70 %. So this passivation significantly improves the

efficiency of solar cells.

sample WVoe Jsc Efficiency Normalized efficiency
(mV) (mA/cm?) (%) (%)
A 32 1.3 0.01 0.02
C 231 20 0.16 0.36

Table 1 Solar cell parameters of sample A and sample C

Wet oxidation passivation

Polysilicon surface passivation has been discussed before and SiNx:H passivation is an

efficient way. In addition, the surface of Si nanopillars (nanocones) or Si wafer should be
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passivated to have better n+-i-p junction. So before forming n+-i-p junction, we perform
wet oxidation in tubular furnace at 950 °C under a flow of 1.5 sim (standard litre per
minute) of O,, 2.5 sim of H, for 32 mins and remove SiO, by HF solution. After this
passivation, we deposit polysilicon and perform SiNx:H passivation (making SiNx:H films,
annealing them in Ar and then removing SiNx:H films). In the end, we deposite electrodes
(see part 2.3.1 in chapter 2) to complete the solar cells.

Fig.7 shows the I-V curve of planar n+-i-p junction solar cells with wet oxidation and
SiNx:H passivation (sample D) and planar n+-i-p junction solar cells with SiNx:H
passivation (sample C). It can be seen that wet oxidation passivation decreases the
leakage current, compared to the sample with only SiNx:H passivation. Table 2 shows the
leakage current of sample A, B, C and D. The addition of wet oxidation decreases the
leakage current by a factor of 30, compared to the sample C which has the leakage
current of 0.3 mA at voltage of -0.2V. So the sample with wet oxidation and SiNx:H

passivation is more close to the ideal n+-i-p junction, which is beneficial to solar cell

application.
0,04
sample C with SiNx:H passivation
sample D with wet oxidation and Silx:H passivation
0,03 - .
< 0,02 D
= ] _
£
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Q
0,01
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voltage/V

Figure 7 |-V curve of sample C and sample D
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Sample Leakage current / mA
(at reverse voltage of 0.2V )
A 35
B 17
C 0.3
D 0.01

Table 2 Electrical parameters of sample A, B, C and D

Table 3 represents the efficiencies and normalized efficiencies of these two solar cells.
Sample D with two small circular electrodes has the effective collection area of 6.28 mm?2.
The improvement of efficiency associated with the wet oxidation passivation is of the order
of 11 %. So both of the passivations are important to solar cell applications. SiNx:H
passivation improves the efficiency by a factor of 18 and the combination of SiNx:H

passivation and wet oxidation improve the efficiency of our samples by a factor of 20.

sample Efficiency(%) Normalized efficiency (%)
C 0.16 0.36
D 0.05 0.40

Table 3 Efficiency of sample C (n+-i-p junction solar cells with SiNx:H passivation ) and sample D (with

wet oxidation and SiNx:H passivation )

5.1.2 The influence of passivations on the properties of nanocones solar cells

The combination of SiNx:H passivation and wet oxidation significantly improve the
efficiency of planar solar cells. Because there are more defects on the surface of
nanocones, the efficiency of solar cell without passivation is negligible. We carry out the
combination of two passivation on nanocones n+-i-p junction solar cells. It is expected that
the efficiencies of nanocones solar cells will be also improved.

Sample E is the passivated solar cells based on nanocones with top diameter of 375
nm, bottom diameter of 804 nm and length of 340 nm, and sample F is the one based on
nanocones with top diameter of 414 nm, bottom diameter of 880 nm and length of 480 nm
(see fig.10 in chapter 3). Fig.8 plots the |-V curves of these two different nanocones n+-i-p
junction solar cells with wet oxidation and SiNx:H passivation compared to planar solar
cells with same passivation treatment. The leakage current and threshold voltage of

nanocones solar cells are comparable to planar solar cells, as shown in table 4, while the
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series resistance of nanocones solar cells are bigger than that of planar solar cells.

sample D planar with two passivation
0,04 4 sample E nanocone a with two passivation
sample F nanccone b with two passivation
0,03 - o FE
g
e 0,024
2
3 .
0
0,01 -
0,00 4 N o T
I ' 1 " I ! I ' I ! | ! I
-1.5 -1.0 -0,5 0,0 0,5 1,0 15
voltage/V

Figure 8 |-V curve of nanocones n+-i-p junction solar cells with SiNx:H passivation and wet oxidation
Sample D is planar solar cells, sample E is the solar cell based on nanocones with top diameter of 375
nm, bottom diameter of 804 nm and length of 340 nm and sample F is the solar cell based on

nanocones with top diameter of 414 nm, bottom diameter of 880 nm and length of 480 nm.

Sample Leakage current / mA Series resistance (Q)
(at reverse voltage of 0.2V )
0.01 13
0.01 23
F 0.01 24

Table 4 Electrical parameters of sample D, E and F

Fig.9 shows the efficiency improvement of planar solar cells and nanocones solar cells
after passivation. It can be observed that after passivation, the normalized efficiency of
nanocones solar cell (sample F) increases up to 0.4 %, which is comparable to that of the
planar solar cells. The efficiency improvement of this nanocones solar cells is larger than
that of planar solar cells after passivation, due to the passivation of a higher defect
concentration.

The efficiency of sample E (0.32 %) is smaller than that of sample F (0.4 %). This is
because nanocones of sample E has higher reflectance (average reflectance is 30 %) than

sample F (average reflectance is 25 %), as shown in fig.11 in chapter 3. Samples with
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lower reflectance have higher absorption which leads to a higher efficiency.

As the reflectance of these two nanocones are not optimized (see chapter 3), the
efficiencies of solar cells based on them are not ideal. Due to the technical problem, it's
impossible to fabricate nanocones with all the different shapes, instead, we optimize the
absorption of nanocones by a complementary simulation. But the simulation takes a lot of
time. In order to continue the experiment, we integrate solar cells on as-prepared
nanocones no matter how big the reflectance is, because the main object is to choose the
efficient passivation method. It is expected that after two passivations, solar cells based

on optimized nanocones will have higher efficiency than planar solar cells.

0.4% [ 0d4%,
oad [ O 7
0.32%
0,3 4
-2 After two
Es\ passivation After two
Q go passivation
S After two
'O passivation
=
wl
0.1 5
—— 0% 0%
N i — . / \
0,0-
Planar solar cell nanocones solar cell nanocongs solar cell
{sample E) (sample F)

Figure 9 Efficiency improvement of planar solar cells and two different nanocones solar cell (sample E

and sample F). Yellow part represents sample E and red part represents sample F

5.2 The influence of AZO films on the properties of solar cells

Because of the high refractive index of Si (n=3.5 at A=600 nm), the reflection of bare
silicon is over 30 %, which is calculated by:

R:(@) No is the refractive index of the surroundings (air) which is equal to 1 and
RyT g

nsi is the refractive index of Si. This optical loss is one of the reasons why the efficiency of
solar cells is lower. This can be reduced by introducing nanostructure (nanopillars or

nanocones) or applying anti-reflection coatings (ARC). In the second approach, to achieve

low reflectance, the refractive index of the anti-reflection coating is the geometric mean of
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that of the materials on either side. This is expressed by:

”1=m , Ny is the refractive index of anti-reflection coating. When ny=1 and ng=3.5, n,
should be equal to 1.87. Typically, ARC layers are TiO, and SiN«:H, and these ARC layers
are not electrically conductive material, so the forming of front-metal contact is a problem.
(9]

Here, we use sol-gel derived AZO films. Ellipsometry measurements result shows that
AZO films we made has the refractive index of 1.86 which is suitable to be a ARC layer.
Unlike SiNx:H films, AZO films and gold forms an ohmic contact!'?. Additionally, it has been
found the AZO films form conformal coatings to enhance the electrical properties of solar
cells.

In this part, we deposited AZO films on the planar, nanopillars and nanocones n+-i-p
junction to investigate the effect of AZO films on the optical properties of solar cells. And
then we study the effect of AZO conformal coatings on the electrical properties of solar

cells.

5.2.1 The influence of AZO films on the optical properties of solar cells

To begin with, we deposit AZO films with 2 wt.% doping concentration on planar,
nanopillars and nanocones n+-i-p junctions by spin coating, and then we perform heat
treatment in air at 600 °C for 1h. The resisitivity of this transparent AZO films is 0.03 Qcm.
SEM images of nanocones n+-i-p junction with and without AZO films are shown in fig.10.
The bright films in fig.10 (b) is AZO films. It is observed that AZO made by sol-gel methods

forms homogenous films on the top of nanocones.

EWT=500k/  SignalA=Inlens Signal=07763 WD= 44mm . n EHT=1000kv  Signal A= Inlens Signal= 1000 WD= 79mm .
Mag= 3835KX  SignalB=Inlens Miing=Off StageatT= 00° M@K — | ——— Mag= 4984KX  SignalB=ESB  Miing=Off StageatT= 13° My@HIH—

(a) (b)
Fig.10 SEM images of (a) nanocones n+-i-p junction without AZO films and (b) with AZO films
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We measure the reflectance spectra of these samples and compare them with the
reflectance of planar n+-i-p junction withou AZO films. Fig.11 shows the reflectance
spectra of planar n+-i-p junction without AZO films and planar, nanopillars and nanocones
n+-i-p junction with AZO films. It can be seen that the reflectance spectra of planar solar
cell with AZO films shows great oscillations. Neverthless, the addition of AZO film

significantly decreases the average reflectance of planar solar cell, as illustrated in table 5.
The decrease is of the order of 46 %.

100

90

80 ——an'-i-p planar
—— b n"-i-p planar + AZO

¢ n'-i-p nanopillars + AZO
60 ——d n™-i-p nanocones + AZO

70

reflectance/%

T T T T T T T
400 600 800 1000
wavelength/nm

Figure 11 Reflectance spectra of planar n+-i-p junction without AZO films, planar, nanopillars and

nanocones n+-i-p junction with AZO films.

samples Average reflectance (%)
Planar junction 398
Planar junction+AZ0 2148
Nanopillars junction + AZO 986
Nanocones junction+AZ0 1217

Table 5 Average reflectance of different solar cells

These oscillations correspond to the optical interference effect between the AZO films
and substrate!"'2. As shown in fig.12, the optical path difference d between R;and R; is
equal to 2dn;xcos® | where d is the thickness of AZO films (250 nm) and n; is its
refractive index. If the light strikes the film at normal incidence angle (6=0°), constructive

interference occurs when 2d n,=mA (1), where m is integer and A is the wavelength of
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incident light. And destructive interference when 2n,d=(m—

1
2

)A (2). Fig.13 shows the

refractive index of our AZO films. It can be caclulated that when A=384 nm, 477 nm and

880 nm with m=3, 2 and 1, respectively, constructive interference occurs following

equation (1), which agrees with experiment results. When A=409 nm and 610 nm with

m=2.5 and 1.5, respectively, so the destructive interference occurs following equation (2),

in agreement with experimental results (see fig.11 (b)).

Figure 12 Schematic diagram showing the interference effect

n1 nSi

2,4 4

234

224

2,14

2,04

refractive index n

\\\\\\\\\\“““\¥—\4\“‘\4\,

T
400

T T T T T
600 800 1000
wavelength/nm

1200

Figure 13 Measured refractive index of AZO as a function of wavelength

The addition of nanostructures will further decrease the reflectance of solar cells.

Nanocones and nanopillars solar cells with AZO films have the average reflectance of

12.17 % and 9.86 %, respectively. This decrease is associated with the decrease of

© 2014 Tous droits réservés.
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effective refractive index, according to ref.11 and 13. The effective refractive index of

1 , - ,
nanostructure is n=n f+ny(1- 1) ,where f is the filling factor. Concerning about

, , L
nanostructure covered with AZO films, n =l ”iﬂo f+ni(1=1)P

ngp=n,f"+ng(1—f')  where f is the fraction of AZO.

The calculated effective refractive index profiles of nanocones and nanopillars solar
cells with AZO films are shown in fig.14. AZO films deposited on nanopillars will have
constant effective index of 3,2, which provides an intermediate refractive index step. And
AZO films have a graded transition of the effective refractive index from 1 to 1.87, leading

to the decrease of the reflectance.

A”’ = 1000

|- 800

AZO films

- 600

k400
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- 200

Si T \ T T T
1,0 15 20 25 a0 a5
Refractive index
(a)
Air 1000
. 800
AZO films
E
e &
=3
&
“
5
Fao 3
. 200
Si hanocones
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Si 10 15 20 25 30 35
refractive index

Figure 14 Calculated effective refractive index profiles of AZO/Si structure. (a) nanopillars solar cell (b)

nanocones solar cell

AZO films deposited on nanocones will have a gradient effective refractive index from

1.55 to 3.2, which will have better antireflective properties in broad range of
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wavelength('24,

So AZO films with adaptive refractive index decrease the reflectance of silicon planar
solar cell, and the addition of nanostructure will further decrease the reflectance owing to
the effective refractive index profile. Since this refractive index profile depends on the ratio
of AZO films and Si nanostructures and also depends on the filling factor of

nanostructures, the next work should be the optimization of the AZO/Si nanostructure.

5.2.2 The influence of AZO films on the electrical properties of solar cells

AZO films can be used as ARC layers, and because of their electrically conductive
properties, it would be interesting to study their effect on the electrical properties of solar
cells. Electrodes contacts are deposited on AZO films by evaporation. To form ohmic
contact, we perform a thermal annealing (600 °C) after gold deposition. It is known that Au
will be incorporated into silicon during high thermal process, which will deteriorate the
performance of solar cells. Here, AZO films will prevent the gold diffusion inside silicon.

In this part, we measure the photocurrent of nanocones solar cells with AZO film when
the light spot is focused on different position along z axis, as shown in fig.15, and compare
them with the result of solar cells without AZO film to investigate the effect of AZO films on

electrical properties of solar cells.

z=0

z
Figure 15 lllustation of photocurrent measurement of solar cells with U-shape electrode, black square is
the solar cell and blue hollow square is the incident light spot which will move along z axis during

mearement

Fig.16 plots the photocurrent density of solar cells with and without AZO films as a
function of light spot positon. When we move the light spot along z axis, the photocurrent
changes associated with effective carrier collection area. Solar cell without AZO films
shows a decay ratio (which is the ratio of maximum photocurrent density and minimum

photocurrent density) is 12. The addition of AZO films decreases it by a factor of 5, i.e. the
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effective carrier collection area of solar cell with AZO films is better.

30

] = Nanocones p-i-n
= Nanocones p-i-n + AZO film

25

20 +

Photocurrent density(nA/mm?)

15 4 ]
- n
10 H n
[ | | |
| |
5 [
| |
4 n
0 T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
z(mm)

Figure 16 Photocurent density of solar cells as a function of light spot position, black square represent
the results of nanocones solar cells without AZO films and red square represent the results of solar
cells with AZO films

However, the photocurrent density of solar cell with AZO films is smaller than that of
solar cell without AZO films. As discussed before, the addition of AZO films significantly
decreases the reflectance, so the photocurrent should be improved. However, the
resistivity of AZO films (0.03 Qcm) used here is comparable to that of Si (0.02 Qcm), and

this leads to the increase of serial resistance and the decrease of photocurrent.

Conclusion

In this part, in order to make complete solar cell with higher efficiency, first, we have
investigated the effect of hydrogen passivation and wet oxidation passivation on the
electrical properties of solar cells. Then, we have studied the influence of AZO films on the
optical and electrical properties of solar cells.

It is observed that SiNx:H passivation improve the efficiency of our planar solar cells by
a factor of 18 and the combination of SiNx:H passivation and wet oxidation improve the
efficiency by a factor of 20. So these two passivation methods are efficienct and necessary
for improving the solar cell efficiency.

Because there are more defects in nanocones, the efficiency of nanocones solar cells

without passivation is negligible. After the two passivations, the efficiency of nanocones

131

doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

solar cells is comparable to that of planar solar cells. A significant improvement is
achieved. It is expected that after two passivations, solar cells based on nanocones with
optimized absorption will have higher efficiency than planar solar cells.

Equally important, the addition of AZO films decreases the reflectance of solar cells and
AZO films combined with nanostructure will further decrease the reflectance, but AZO/ Si
nanostructures have to be optimized.

The electrical properties of solar cells are also enhanced by adding AZO conformal
coatings. The effective carrier collection area increase by a factor of 5 when adding AZO
films. However, because the resistivity of AZO films is comparable to that of Si, an
associated series resitance is added to the solar cells and the photocurrent decreases.

So in order to increase the photocurrent intensity of solar cells, the next step would be

the optimization of AZO films.
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Conclusion and prospects
Conclusion

The objective of this thesis was to realize low-cost Si nanostructures (nanopillars and
nanocones) based radial p-i-n junction solar cells. These solar cells have a great potential
to achieve high efficiency, because nanopillars and nanocones have excellent
antireflection properties and this radial geometry can minimize the carrier recombination.
After giving an overview of solar cells and nanostructures used in solar cells, specifically
nanowires and quantum dots, we have introduced all the techniques used to elaborate our
solar cells in chapter 2. The fabrication process involves three parts: (I) low-cost
fabrication based on silica balls which is used as etching mask and deposited through
Langmuir-Blodgett technology, and optimization of optical properties of Si nanopillars (or
nanocones); (ii) low-cost fabrication and optimization of AZO thin films transparent
electrodes using sol-gel technique; (iii) integration and passivation of final device.

Si nanopillars and nanocones have excellent optical properties which vary with the
geometry parameters, so in order to achieve high absorption of our solar cells, we have to
optimize the absorption of nanopillars (or nanocones). Chapter 3 investigates the influence
of geometry parameters, such as periods, diameters, lengths and sidewalls on the
reflectance of nanopillars (or nanocones). As a complementary methods, we use FDTD
method to calculate the absorption of nanopillars and nanocones. By comparing their
absorption spectra, Si nanostructures are optimized. We have found that: (1) the optimized
ratio of diameter and period D/P=0.7-0.8; (2) for a given ratio D/P, NPs with smaller
diameters and periods have higher efficiencies; (3) nanopillars with long length have high
efficiencies; (4) the influence of bottom diameter, period and length on the optical
properties of nanopillars can be extrapolated to nanocones; (5) when the period, bottom
diameters and height are fixed, the optimized NCs have the angle 8 between 80° and 90.

Sol-gel derived Al-doped ZnO films used as transparent electrodes in solar cells should
be transparent and conductive, but the operating parameters of sol-gel process affect the
properties of AZO films. In chapter 4, we study the influence of doping concentration,
baking temperature, annealing temperature and hydrogen treatment on the optical and
electrical properties of AZO thin films. It has been found that the best AZO films with the
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doping concentration of 2 wt.%, baking temperature of 200°C, post-annealing temperature
of 600°C and hydrogen treatment temperature between 400°C and 500°C have the lowest
resistivity of 1.6x102 Qcm and have high transmittance (above 80%) in the visible and NIR
region.

Finally, chapter 5 presents complete integrated planar or Si nanocones solar cells. For
nanocones, the efficiency is not ideal, due to the defects on their surface and defects
located at grain boundary in polysilicon. The effect of different passivation methods on the
electrical properties of the solar cells has been studied. The results show that the
combination of SiNx:H passivation and wet oxidation are efficient; they have improved the
efficiency of our solar cells by a factor of 20.

In addition, we investigate the effect of AZO films on the optical and electrical properties
of solar cells. Owing to the adaptive refractive index, AZO films are good antireflection
layers. And this conformal coatings increase the effective carrier collection area of solar

cells.
Prospects

The efficiencies of our solar cells are low, mainly due to very thin intrinsic layer in p-i-n
diode. Nanocones solar cells should have higher efficiencies because of their high
absorption, but the results show that nanocones solar cells after passivation have
efficiencies comparable to planar solar cells after passivation. In order to improve the
efficiency, firstly, we could optimize the thickness of intrinsic layer to increase the thickness
of depletion region. Secondly, we could fabricate solar cells based on the optimized
nanocones with great absorption. In chapter 3, the calculated results show that the
optimized nanocones should have D/P= 0.7-0.8, conical angle between 80° and 90°. We
will realize solar cells based on these nanocones with a period of 880 nm and a length of
450 nm. Thirdly, the two passivation methods should be optimized. (1) for wet oxidation
method, the oxidation temperature and oxidation time have effect on the properties of Si.
So it is necessary to change them. (2) for SiNx:H passivation, the power, the pressure, the
deposition temperature and the time of PE-CVD (plasma-enhanced chemical vapor
deposition) which are used to deposit SiNx:H layer will change the open circuit voltage V.
of polysilicon based solar cells. The annealing temperature and time can also affect the

electrical properties of polysilicon. So it will be interesting to investigate the influence of

136

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Di Zhou, Lille 1, 2013

these parameters on the solar cell efficiencies and optimize them.
Finally, the resistivity of AZO films we obtained should be decreased. So, the next work
would be further optimization of AZO films by varying other parameters, such as PH value

of precusor, aging time, heat treatment in vacuum, heat treatment time.
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Annexe

Progressive multi-layer drop-casting of CdSe nanoparticles for

photocurrent down shifing monitoring
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We investigated the spectroscopic photocurrent response of photovoltaic devices versus an
increasing number of drop-casted CdSe nanoparticles onto planar and nanocones silicon p-i-n
junctions. For all samples, a strong enhancement of the photocurrent in the UV range was detected
as well as a constant increase of the photocurrent up to 20% (16%) for a planar (nanocones)
junction in the range 600-800nm. The analysis of the photocurrent versus the number of drop
casted nanoparticles layers allows us to evidence a down-shifting mechanism in the U-V range
and an adaptative index effect below the threshold of absorption. © 2013 AIP Publishing LLC.

[http://dx.dolorg/10.1063/1.4816956]

In order to increase the energy conversion efficiency of
semiconductor solar cells, many improvements have been
studied (see Ref. 1 for a recent review) such as (i) hot carrier
collection which reduces thermalization losses, (ii) multi-
junction cell which allows absorption of a wider range of
wavelengths in the solar spectrum, (iii) multi-exciton genera-
tion which promises the generation of a few excitons for one
absorbed photon, (iv) intermediate band collection in which
low-energy photons can be absorbed in a two-photon pro-
cess, (v) up-conversion layers which convert two IR photons
into one UV photon, and finally (vi) absorbing layers which
convert one high UV energy photon into one low energy IR
photon (down shifting) or one UV photon into more than one
IR photons (down-conversion). This paper is focussed on
down-shifting CdSe nanoparticle (NP) layers drop-casted on
silicon junction.

Down-conversion was first proposed by Dexter” in
1957. Detailed analyses of the possible performance
enhancement have been published®* and experimental evi-
dences were obtained in 1974 using rare earths” and are still
of interest today."® Another promising way for down-
conversion layers is the use of NPs which exhibit a series of
advantages: their gap can be tuned by their size, they have
high brightness, stability, and quantum efficiency.” Efficient
light harvesting was demonstrated in planar or nanostruc-
tured junctions by adding varous NPs layers such as
ZnS.* ' PbS,"" ZnSe,'* CdS." or Si'* ones. Since their
down-shifting effect evidenced by Lysen et al.,"”” the most
used nanoparticles are CdSe ones,'® with observations of
non-radiative energy transfer (Forster effect),'” simulated by
Govorov et al.'®

Generally, the NPs are deposited using one shot, Le.,
with one thick layer of nanoparticles, excepted in the case of
ZnS NPs® deposited using four different liquid concentra-
tions. In this work, we have measured the photocurrent
of n+4-i-p planar junctions and nanostructured ones with

“Email: didier.stievenard@isen.fr
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nanocones versus the number of CdSe drop-casted nanopar-
ticle layers. This analysis allows us to distinguish a down
shifting effect observed with an excitation in the UV band
and a dielectric effect observed even for a few layers of de-
posited NPs.

The planar junctions were obtained by LPCVD deposi-
tion of 20nm intrinsic silicon layer followed by 70 nm n-
doped silicon layer (typically 2 x 10" As cm™) on a planar
p doped silicon substrate (typically 5x 10" B em ™).
Aluminium (200nm) was deposited as back contact. Ti
(100 nm)—Au (200nm) electrodes with a U shape were
evaporated on the top of the structures. The technological
process for nanostructured junctions was the same except
that starting from bulk silicon; nanocones were obtained by
Reactive Ion Etching with 5i0; used as mask. The typical
dimensions of the nanocones are: 700nm at the bottom,
165nm at the top, 440 nm for the height, and with an average
density of 1.5 x 10* nanocones cm™=. The CdSe NPs were
obtained by a classical method developed by Kim et al. with
minor modifications'” and a target 3nm mean size. At the
end of the growth, precipitated NPs were redispersed into
hexane. Additional washing (by adding methanol and using
centrifugation) was needed for four more times to remove
extra unreacted organics. At least, three cycles of dispersion
in chloroform and drying under azote gas flow and then
redispersion in chloroform were done. The photoconductiv-
ity measurements were performed using a monochromator
source (ORIEL), with a 100 W Xenon light, allowing a spec-
troscopic analysis from 300 nm to 1100 nm. The photon flux
was calibrated using a thermopile detector with a broad flat
spectral response from 200nm to 50 ym. All the photocur-
rent curves were therefore normalized. In order to mcrease
the signal/noise ratio, the light flux was chopped at a fre-
quency of 30 Hz and a lock-in detection™ was used. In order
to correlate the morphology of the drop-casted NPs layers
with their absorption spectra, AFM (Atomic Force
Microscopy ) measurements were performed, as illustrated in
Figure 1. The large scale view shows different layers of NPs
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FIG. 1. {a) AFM image (5 pm = 5 pm)of dropcasted CdSe NPs on the xili-
oon subsirate; (h) enlrged image (L5 pm = (L5 pm) with height onss sec
tion showing seps s=zocisted with CdSe compact biyvers; oross sectional
SEM images of 3 sample with nanoocmnes and {c) wighout and &) with drop
casied CdSe nanoparticles.

with partially filled top layers (Fig. 1{a)). On the enlarged
view (Fig. 1(b)), compact plateaux are clearly observed
along a height cross section with step height of typically
34200 nm Figure lic) is a SEM image of a cleaved sam-
ple with nanocones, without MPs and Figure 1(d) is the same
sample after drop casting of CdSe nanoparticles (black con-
tmst between the nanocones). We observed that the NPs ame
mainly deposited between the nanocones and not on their
top. Moreover, the CdSe laver does not exhibit visible stack-
ing defects, 1.e., the drop casted layer has a good homogene-
ous stacking.

The absorption spectra of the CdSe NPs is maximom at
550nm. According to the equation proposed by Yu er al ™
the preferential diameter size of the NPs should be 3 nm. For
the same absorption peak, de Freitas er al.,™ measured a di-
ameter mnging from 26 to 48om with high-resolution
tmnsmission electron micmoscopy techmgue. So, the values
we mensuned are well associated with typically one layer of
CdSe NP5 with an average diameter of 3-3.5 nm. This is in
agreement with their absorption spectrum. It was also
observed (Figure 2) in the photoconductivity spectrum of a
thick layer of CdSe NPs dropcasted on silicon, where the
variation of the photocument is perfectly superimposed to the
optical absorption spectrum of the CdSe NPs. (The insert in
Fig. 2 shows the photoluminescence of CdSe NPs in solution.)

In the following, we present photoconductivity measure-
ments recorded versus the number of drop-casted NPs layers,

The photocument measured on planar junctions vemsus
the number of drops (Figure 3) shows a dramatic increase up
to 550% for an excitation around 350 nm. This spectrum is
obtained as follows: at each wavelength, we caleulate the ra-
tio (11-100/10 where 11 is the photocurrent measured after the
deposition of NPs and 10 is the photocurrent measured with-
out any NPs.

In order to acocount for this effect. the following mecha-

nisms are discussed. First, down conversion is ruled out
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FIG. 2. Comparizon of the phonoument vanation according to the CdSe
HNPs shammption spectnum for §& drops (nsert: PL of 2 solwion of CdSe
namoparticles).

because it is associated with the absorption of one UV photon
tmnsformed to two IR photons, In our case, the abs ion is
madmum at 354 nom (3 50eV) and the photoluminescence
emission of the CdSe NPs isat 560nm (2.21 V). S0, a photon
at 3 50eV camnot be transformed into two photons at 221 eV,
Second, a Forster effect needs Coulombic transfer betwesn
nanoparticles with a nanoparticle size larger and larger as the
transfert of the exciton is made at energy lower and lower. As
the lifetime of an exciton in CdSe is of the onder of a few ns
and as the tmnsfer ime for the Forster effect s of the onder of
100 s, a typical series of ten tansfers is possible through
the CdSe nanoparicles layer. But, the observed effect
increnses with the thickness of dropeasted nanoparticles and
the Forster effect should decresse accondingly because it is
mon: and more difficult to achieve an increasing number of
bonds, with an efficacity of the transfert which varics as 1/d."
wherns d is the distance between two neighboring particles.
Faorster effect is unprobable.

S0, we propose that a down shifting effect is observed.
Indeed. this effect should be proportional to the volume of
the NPs, as observed in the insert of Figure 3. Moreover, the
saturation of the photocurrent 15 explained as the absorption

GO0 -
— £ goo
= 500 £ a0n cmg
= 400 L
£ 400 £ a00 .
@ E zan -
= =" L]
E 300 %:1':": - ® ds4nm
£ s "2
- = 2 € 8 13 12
= 200 o Nur:harurdrapfls !
=
z 100
2
2 04
o
100 T

350 400 450 500 550 600
Wavelength (nm)

FI{i. 3. Relative morease of #he phoinouwment versus the mmmber of doops of
CdSe NPs byers for an optical excitation ranging from 350 to 600nm;
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CdSe NPs layers measured for an optical exciiation of 354 nm.
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of a high energy photon by the down-shifting laver can only
result in the generation of one electron-hole pair in the junc-
tion, i.e., this mechanism cannot overcome the Shockley-
Queisser efficiency limit.

As shown in Figure 4, the same effects have been
observed in nanocones n+—-i-p junction.

However, a dectease of the photocurmrent is observed at
3pbnm. A simulation wsing the Finie Difference Time
Domain (ADTD) method shows a different behavior of the re-
flectance between a planar and a NCs structure. At 366nm
{maximum of the n index of silicon), a peak is observed for re-
flectance. Relatively, this peak (amplitude of 10%) has more
importance for NCs (average reflectance of 2060 ) than for pla-
nar structure {average reflectance of 45% ) and. themfore, it is
casily detected. As the NPs can be considered as mesonators
coupled to the structuns, they “feel” the global behavior of the
stmcture. Moreover, simulations show a decrease of the elec-
tric field near the surface for excitation at 366 nm, compared
to the one obtwined at 354 nm. So, the absorption of the NPs is
less enhanced at 366nm, leading to a lowering of the down
shift effect. i.e, ademease of the photocurment.

Another increase of the photocurrent correlated with the
number of dropcasted NPs is also observed in the range 600
to 800 nm, below the threshold of the absorption in the NPs.

Figure 5 shows the relative increase of the photocurrent
measured at 650 nm and versus the number of drops (layems)
on planar junctions (filled squares). As soon as one or two
drops are deposited, i.e., for a few ten monolayvers of MPs, a
relative increase of the photocurment ranging from 18% to
2045% is observed.

We attribute  this increase to a dielectric adaptation
effect. The photocurrent is directly bound to the transmission
coefficien! lassticon between air (nes= 1) and silicon
(Mg =343) or ty,camesnas when CdSe nanoparticles ame
dropeasted. This coefficient, batween two matenials | and 2,
is equal to dnynyin+ ny I where n is the optical index equal
to the square root of the dielectnc constant of the matenal .
For three matenals (e, air, CdSe, and s licon), the transmis-
sion coefficient is equal to the product betwesn the one
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FIG. 5. Rebtive increase of the photooument versus the number drop-casied
CdSe NPs layer measured for an optical exciiation at 650nm for a plaar
Jjumction {square=) or 2 manoomes hased junction (filled circles).

calculated at the air-CdSe interface by the one calculated
at the CdSe silicon interface. We find tg, gpnae =0.70 and
tasCase oo = (LE32, ie, a relative increase of 19%, in
good agmement with the experimental value. For the dielec-
tric constant of CdSe (equal to 7 for bulk material), we have
taken into account the filling factor of a compact network of
spherical nanoparticles (sse Figure 1), equal to (.48, i.e., the
effective dielectric constant of the nanoparticles layer is
equal to 7 =048, Another correction can be taken into
account: the top layers are not filled at 100% as shown in
Figure 1(a). But, as only a few top layem are concemed,
compared to a great number of undedayers, the effect on the
total filling factor is less than 5%, i.e. a final impact on the
transmission coefficient of 1 or 2% (because the transmi ssion
function versus the n index 15 a smooth function around its
maximum, which is our experimental case), alwayvs in agree-
ment with the experimental results.

The same effect is observed on nanocones hased junc-
tioms, as shown in Figure 5 (filled circles). In that case, the
relative increase of the photocurent associated with the
graded dielectric effect is a little lower compared to the prec-
edent one, ie., of the order of 16%. This is logical since
there is already a dielectric effect associated with the nano-
cones (the dielectric constant associated with the silicon
nanocones is lower than the bulk silicon one because their
silicon filling factor is less than one). So, the CdSe layer
dielectric effet is just an additional effect. Morsover, for the
fimt drops, as shown in Figure 1(d), the NPs are preferen-
tially betwesn the nanocones and thersfore the associated
dielectric effect is lower compared to the effect observed on
the planar junction.

In conclusion, we have evidenced an increase of photo-
current of a planar sihcon junaion or of nanocones based =il-
icon junction associated with a progressive number of CdSe
dropeasted nanoparticles lavers. This onginal pogressive
appmach allows to unambiguously separate an efficient
down-shifting effect and a graded dielectric effect.
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Conception et réalisation de cellules solaires a base de
nanostructures silicium

Dans les cellules solaires planaires silicium, le matériau doit étre assez épais pour que
'absorption des photons soit efficace, et dans le méme temps, I'accroissement de
I'épaisseur augmente les chances de recombinaison des porteurs. Afin d’avoir a la fois
absorption et couche mince, des structures radiales (nanopiliers ou nanocones) peuvent
étre utilisées, qui ont des diamétres inférieurs a la longueur de diffusion des porteurs
minoritaires, ce qui garantit une bonne collecte des porteurs.

Ce travail présente la réalisation et la caractérisation de cellules solaires silicium bas
colt, basées sur des nanostructures (piliers ou cones). Pour la nanostructuration, 'usage
d’'un masqueur électronique est évité grace a I'utilisation de microbilles de silice, déposées
par technique Langmuir-Blodget et servant de masque a la gravure seche des
nanostructures. L'électrode face avant est en ZnO, obtenue par technique sol-gel. Avant la
fabrication, une simulation des propriétés optiques des nanostructures en fonction de leur
forme (densité, hauteur, diamétre,) a été réalisée a l'aide de calculs FDTD (Finite
Difference Time Domain). La synthése des films ZnO par sol gel a été optimisée
(concentration des dopants, recuit thermique, hydrogénation, ...) afin d’avoir la meilleure
transparence optique et la plus faible résistivité. Finalement, des cellules solaires n*- i - p
ont été réalisées, assemblant nanostructures et couche ZnO. Des étapes supplémentaires
de passivation des défauts de surface et d’interfaces associés aux nanostructures ont été
finalement menées.

Conception and realization of solar cells based on silicon
nanostructures

For planar p-n junction solar cell, the material must be thick enough to have enough
absorption, whereas increasing the thickness leads to the increase of recombination of
carriers. In order to decouple the requirement of light absorption and carrier collection,
nanopillars (or nanocones) radial p-n junction are introduced. Nanopillars (or nanocones)
have greater absorption and radial geometry offers minimal recombination if the diameter
of nanopillars (or nanocones) is smaller than the minority carrier diffusion length.

This work presents the realization and characterization of low-cost Si nanostructures
(nanopillars and nanocones) solar cell with sol-gel derived ZnO transparent electrodes. In
order to decrease the fabrication price, silica balls and Lamuguir-Blodgett techniques are
used as the substitutes of photoresist and electrical beam lithography, respectively.
Besides, ZnO thin film transparent electrodes are synthesized by low-cost sol-gel methods
For pursuiting high efficiency, first of all, we have tested the absorption of nanopillars and
nanocones by varying their periods, diameters, lengths and sidewalls. Second, we have
optimized the electrical properties of ZnO thin film by changing the synthesis parameters,
such as doping concentration, baking temperature, anneal temperature and hydrogen
treatment. In the end, solar cells were fabricated based on optimized Si nanostructures
and optimized ZnO thin films. Due to their bad electrical properties associated with surface
defects, surface passivation methods were performed to reduce the defects concentration
in p-i-n junction and improve the efficiency of solar cells.
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