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Abstract

Research in photovoltaic devices is focusing towards cost-effective technologies
to compete with traditional energy sources. In this sense, silicon heterojunction
(SHJ) solar cells have excelled owing to their high efficiency and low-temperature
processing. Nevertheless, manufacture of conventional SHJ solar cells requires
complex deposition systems that involve the use of hazardous gases.

Recently, alternative materials have demonstrated good charge-carrier selectiv-
ity on silicon. Concretely, oxides of transition metals such as tungsten, molybde-
num or vanadium are very effective hole-selective contacts. Furthermore, these
materials can be easily deposited by thermal evaporation or sputtering. Sev-
eral studies have reported successful performance of thermal evaporated transition
metal oxides (TMO’s) acting as selective contacts. However, a parametrizable de-
position technique such as sputtering is more suitable for industrial applications.
For this reason, research is needed to be carried out for sputtered TMO'’s.

In this project, molybdenum oxide layers have been deposited by sputtering
on crystalline silicon wafers. These layers have been characterized, focusing on
composition, structure, and optoelectronic properties. Additionally, solar cell test
devices have been fabricated and characterized in order to evaluate the perfor-
mance of these layers.



Acknowledgements

First, I would like to acknowledge Cristébal and Joan, directors of this bachelor
thesis, for initiating me in the world of research and helping me so much.

I am very grateful to Mireia, for carrying out XPS analysis, and helping me with
transmittance measurements and sputtering depositions.

I want to thank my friend Eloi, with whom I have exchanged so many interesting
ideas and good moments.

I also acknowledge Guillermo, who previously had carried out the studies of evap-
orated transition metal oxides. His work has been essential for the development
of this project.

I acknowledge Quim, who always contributes with wise ideas.

[ am grateful to all the people who, somehow, took some part in this and helped me
when I asked: Gema, the cleanroom staff, the PhD students, and the researchers
of the GECFET group of Universitat de Barcelona and of the MNT group of
Universitat Politecnica de Catalunya.

And specially, thanks to my family, my friends, and to Gemma, for being always
there.



Contents

Abstract

Acknowledgements

1

2

Introduction

Theoretical basis

2.1 Basic principles of solar cells . . . . . ... ... ... ... .....
2.1.1  Absorption of photons . . . . ... ..o
2.1.2 Review of semiconductor physics . . . .. ... .. ... ..
2.1.3 Charge carrier separation and collection . . . . .. ... ..

2.2 Molybdenum oxide as hole-selective contact . . . . . . .. ... ..

Fabrication and characterization

3.1 Fabrication processes and facilities . . . . . . ... ... ... ...
3.1.1 Clean room . . . . . . . .o
3.1.2  Wafer cleaning . . . . .. ... ..o o
3.1.3 Deposition methods . . . . . . . ... ...
3.1.4 Lithography . . . . . .. .. ...
3.1.5 Fabrication steps . . . . . .. ...

3.2 Characterization methods . . . . . . . . ... ... ... ... ..
3.2.1 Thickness measurements . . . . . . . . . ... ... ... ..
3.2.2 Electrical characterization . . . . . .. .. .. .. ... ...
3.2.3 Optoelectronic characterization . . . . . ... .. ... ...
3.2.4 Optical characterization . . . . .. .. ... ... ......
3.2.5 Structural characterization . . . . . . . . ... ... ... ..

Results

4.1 Molybdenum oxide characterization . . . . . . . ... ... ... ..
4.1.1 Deposition characteristics . . . . . . . ... ... ... ...
4.1.2 Annealing and lifetime improvement . . . . . . . .. .. ..

10
17
18

19
19
19
20
20
23
24
26
26
26
29
30
30



4.1.3 Optical characterization . . . .. ... ... ... .. .... 34

4.1.4 Effect of deposition temperature on conductivity . . . . . . . 34

4.2 Molybdenum oxide/silicon heterojunction characterization . . . . . 35
4.2.1 Contact and sheet resistances . . . . . ... ... ... ... 36

4.2.2 Diode test devices . . . . . . ... Lo 38

4.2.3 XPS measurements . . . . .. ... .. L. 41

4.3 Solar cell test devices . . . . . . . . ... 43
4.3.1 Illuminated and dark current-voltage characteristics . . . . . 43

4.3.2 EQE measurements . . . . . ... ... 46

5 Conclusions 48
References 51



Chapter 1

Introduction

The need for clean energies

In the last century, world energy consumption has risen in parallel with the ex-
ponential increase of population and better living standards, which, in turn, have
been produced by a fast scientific progress in medicine and technology. In order to
satisfy the demand, coal has been —and still is— the main energy source, alongside
oil and natural gas. This is due to its abundance, easy extraction and the sim-
ple process to generate energy from its combustion. However, the excessive and
uncontrolled use of these fossil fuels is, at long term, harmful for humanity. This
is mainly for two reasons: (1) the exploitation time of these sources is far smaller
than their regeneration time, and hence these sources will be depleted in few years
[1]; and (2) their extraction, treatment and combustion processes are detrimental

for nature [2-9].
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Figure 1.1: World electricity production by source (2014). Data from [10].



Currently, two-thirds of the electricity produced in the entire world are gener-
ated from fossil fuels, as shown in Fig. 1.1. In order to be able to produce clean
energy in the future, renewable alternatives need to become the main source of
energy. Wind and water flows, geothermal energy or the Sun’s light are different
types of renewable energies that can be used to produce electricity. Not only one,
but the combination of all of them is necessary in order to satisfy the consumption
demand. This work explores a novel technology to be applied in photovoltaic solar
cells, which are devices able to convert sunlight directly into electricity.

Photovoltaic energy

The photovoltaic effect is the responsible for the production of electricity from
photons being absorbed by semiconductor materials and producing electron-hole
pairs that are collected.

Silicon (Si) is the most used semiconductor to fabricate solar cells. Because
of its band-gap of 1.1 eV, it can absorb much of the light incident to the Earth’s
surface. However, it is not due to its physical properties that silicon is the most
popular material in photovoltaic technologies, but the fact that its prominence
in the integrated circuit industry has made it a very well studied material. The
device physics of silicon is well understood, and its high purity production is largely
perfected. This predominance of silicon over other materials is reflected in Fig. 1.2,
where it is seen that more of the 90 % of the photovoltaic production in 2015 was
achieved using silicon technologies.
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Figure 1.2: Photovoltaic production by technology. Percentage of global annual
production from 1980 to 2015. Figure obtained from [11]. (©) Fraunhofer ISE.



In order to reduce fabrication costs of Si-based solar cells, the thickness of sil-
icon wafers is wanted to be reduced. However, standard fabrication techniques
consist on inducing a highly doped region in a wafer to create a p™n (or an n'p)
junction by annealing it at high temperatures (~ 1000 °C) in a phosphorous or
boron environment, and this is not compatible with thin wafers. When a thin
silicon wafer is heated up to high temperatures, it becomes curved. Therefore,
in the encapsulation process, it can break. Consequently, low temperature pro-
cesses are desired in order to further reduce the thickness of the wafers. Moreover,
lower processing temperatures would also decrease the energetic cost of solar cell
fabrication.

In this sense, silicon heterojunction (SHJ) solar cells have been extensively in-
vestigated during the last decades. This technology consists on depositing selective
contacts rather than diffusing a dopant into the wafer. The main example of this
is heterojunction with intrinsic thin film (HIT) technology, which consists on de-
positing an intrinsic/doped stack of amorphous Si (a-Si) on each side of a Si wafer.
Thus, each stack will act as a selective contact, with an n-doped layer to transfer
electrons and a p-doped layer to transfer holes. Using this cost-effective technolo-
gies, efficiencies higher than 25 % have been achieved [12, 13]. Nevertheless, a-Si
deposition require the use of toxic and flammable gases such as silane, phosphine,
diborane or methane. Since any danger and its consequent additional costs are
desired to be avoided, alternatives to this technology need to be investigated.

Very recently, different materials have been proposed to replace doped amor-
phous silicon layers in a new kind of heterojunction solar cells [14]. Among them,
transition metal oxides (TMO’s) arise as excellent hole-selective contacts. Some of
these TMO’s that have been reported to work successfully are molybdenum [15-
19], vanadium [19] and tungsten [18, 19] oxides. The high band-gap and workfunc-
tion of these materials, alongside their semiconductor characteristics accentuated
by oxygen vacancies [20], allow them to block electrons and transfer holes. Par-
ticularly, molybdenum oxide (MoOj3) has been widely studied in the literature
[21].

Since this is a novel and developing research topic, layers of these materials
have been deposited using thermal evaporation, which is a very easy way to deposit
thin films on a substrate. Nevertheless, this method is poorly controllable and not
suitable for industrial applications. In contrast, sputtering is a deposition method
used in industry that has many controllable variables: temperature, pressure, gas
flow, and RF power. For this reason, in this project, the characteristics of sputtered
layers of one of the most investigated transition metal oxides, molybdenum oxide,
are studied.



Chapter 2

Theoretical basis

2.1 Basic principles of solar cells

2.1.1 Absorption of photons

The first step of the photovoltaic effect takes place with the absorption of a photon.
The energy lost by the absorbed photon is gained by an electron excited into states
of higher energy. In order for a photon of any arbitrary energy to be absorbed,
1.e. for a body to be black, a continuous range of energy states must be available
for electrons to be excited. The most approximate case are metals !, which have
an uninterrupted density of states nearby the Fermi level. Within this case, an
excited electron will relax easily, generating a phonon for each small loss of energy,
until it reaches the Fermi level. This relaxation process, depicted in Fig. 2.1, takes
place in times of the order of picoseconds (10712 s) [22]. Due to their low lifetime
of excitation, metals are not suitable for producing electricity efficiently.

On the other hand, this mechanism is different in semiconductors. In semi-
conductor materials, the Fermi level is surrounded by a gap of forbidden states
that separates the valence and the conduction bands. The valence band contains
the electronic states with energies below the gap and is nearly completely occu-
pied. In contrast, the conduction band contains the electronic states with energies
above the gap and is nearly empty. Since there are not states inside the gap, an
electron cannot be excited by a photon with energy smaller than Eg, so photons
with energy hw < Eg are not absorbed by the material, i.e. they are either re-
flected or transmitted. As shown in Fig. 2.1, an electron being excited into the
conduction band starts to lose its energy as quickly as in a metal by step-wise
generation of phonons. However, once the electron has reached the lower limit F¢o

! Actually, metals reflect most of the light, except when their surface is roughened. In this
case, a metal behaves as a black body absorbing most of the incident light.



of the conduction band, losing energy in small steps by generating phonons is no
longer possible, since the only states available for the electron to lose energy are
located at an energy Eg below Eo. Hence, in order to return to £y the electron
must lose an amount of energy Eg in a single step. Possible relaxation processes
are the emission of a photon or the simultaneous generation of a large number
of phonons. However, both processes are much less probable than the step-wise
generation of phonons in a continuous range of available states. Consequently, the
lifetime of these excited electrons is far larger than in metals, usually of the order
of milliseconds (1072 s) [22]. This long time of excitation allows electrons to be
collected in the contacts so as to generate electricity.
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Figure 2.1: Excitation and subsequent thermal relaxation of an electron when a
photon of energy Aw is absorbed in a metal (left) and in a semiconductor (right).

2.1.2 Review of semiconductor physics

In this section, the fundamentals of the physics of semiconductors are briefly ex-
plained as in [23]. The aim is to review the basis of traditional theory in order to
go beyond and understand modern explanations.

Density of states

When electrons move in a particular direction in a semiconductor crystal, their
movements can be described by standing-wave oscillations. Thus, the wavelength
A of the oscillations must be a multiple of the material length L in that particular
direction, i.e. nA = L, where n is an integer.

According to the De Broglie relation, the wavelength can be expressed in terms
of the electron’s momentum: \ = p%, where h is the Planck constant and p; is the
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electron momentum in the ¢ direction. Thus, we obtain that Lp; = hn,;. 2

For a unity increase of n;, the needed increment of the momentum dp; is L dp; =
h. Considering a three-dimensional cube of side L, we have that L3dp,dp,dp, = h?,
meaning that the volume for an energy state in momentum space is h3.

The differential volume of the momentum can be written as dp,dp,dp. =
4mp?dp, which represents the volume between two concentric spheres from p to
P+ dp. Thus, the density of states N(FE) between energies E and F + dFE can be
written as N(E)dE = 8rp*dph~3.

From the relation of the kinetic energy with the momentum, £ = %va = %,
where m, is the electron effective mass, the expression for the density of states can
be found:

N(E) = 4r (2%) : E? (2.1)

Carrier concentration

In an intrinsic semiconductor, the concentration of electrons in the conduction
band and holes in the valence band is mainly due to thermal excitation. Their
concentration in an energy range dE can be calculated as the product of the density
of states and the probability of occupying these states. Since electron and holes are
half-integer spin particles, their behaviour is described by Fermi-Dirac statistics,
and their probability of occupation is given by the Fermi distribution function

FE)= — 1 (2.2)

E—Ep

14T

where kp is the Boltzmann constant, 7' the temperature, and Er the Fermi

level, which accounts for the energy at which the probability of occupation is %

Since we are only concerned by energies F >> kgT', the probability of occupation
E—E

can also be described by Boltzmann distribution: F(FE) ~ e BT Then, the
concentration of electrons can be computed as

3
> 2rmekgT \ 2 Er.

This derivation can be found in more detail at [23]. If we consider the bottom
of the conduction band as E¢ instead of E = 0, the electron concentration at the

2Here n; refers to the number of wavelengths contained within the dimension i of the semi-
conductor. It should not be misunderstood as the intrinsic carrier concentration, which will be
introduced later in this manuscript
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conduction band is obtained:

Ec-Ep

n = Nge *5T (2.4)

3
with Ng = 2 (2’””,1#) > being the effective density of states in the conduction

band. Similarly, for holes at the valence band,

Ep—Ey

p= Nye 5T (2.5)

with Ny = 2 (%)% being the effective density of states in the valence
band.

In an intrinsic semiconductor, n = p = n;, where n; is the intrinsic carrier
density. Thus,

Eg

np = ni = NoNye *5T (2.6)

This is called the mass action law, and it is fulfilled under thermal equilibrium.

Extrinsic semiconductors

In doped (extrinsic) semiconductors, there are acceptor and donor impurities that,
due to thermal excitation, promote holes into the valence band and electrons into
the conduction band, respectively. Thus, materials with more donor than acceptor
impurities become n-type semiconductors, and the opposite with p-type semicon-
ductors. This is depicted in Fig. 2.2.
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Figure 2.2: Schematic energy band representation of extrinsic semiconductors with
donor (left) and acceptor (right) impurities. Black circles represent electrons in
the conduction band and white circles represent holes in the valence band.

The concentration of carriers in an extrinsic semiconductor can be found through
the condition of charge carrier neutrality, i.e. n + Ny = p + Np, and from the
mass action law. However, at usual device operation temperatures, n,, =~ Np — Ny
when Np >> Ny, and p, = Ny — Np when Ny >> Np. Here the subindexes n

12



and p account for n and p-type semiconductors. N4 and Np are the acceptor and
donor concentrations.

Carrier transport

Carrier transport in semiconductors is due to two phenomena: drift and diffusion.
Drift current of charged particles is due to the force applied by an electric field.
On the other hand, diffusion moves carriers along a spatial concentration gradient
(from higher to lower concentrations).

Drift. The momentum gained by an electron in a semiconductor where an elec-
tric field is applied is m.v., where m, and v, are the electron’s effective mass and
its drift velocity, respectively. Moreover, the momentum applied to the electron
by the electric field is given by —q¢&7,., where q is the elementary charge, £ is the
electric field, and 7, is the mean time between collisions. Thus, v. = —u,, &, with
pn = £ being the mobility of electrons. Respectively, vj = 1,& for holes.

The drift current density for electrons can be written as the sum of the contri-
butions of all of them, i.e. J, = & = 3.(—qv;). The contributions of all electrons,
though, can be substituted by the product of the mean drift velocity and the elec-
tron concentration. This is, J, = —gnv. = gqnu,E. Thus, the total drift current,
which is the sum of electron and hole drift currents, can be formulated as follows:

Jasite = (qnpin + qppp)E = o€ (2.7)

where o is the conductivity of the material, which is the inverse of the resistivity.

Diffusion. Diffusion current results from the thermal motion of carriers in a
concentration gradient. This is described by Fick’s law, which states that the
diffusion current is proportional to the concentration gradient by a factor D called
diffusivity. Thus, the electric current due to diffusion for electrons is J, = qD,, 2’;,
while J, = _QDP% accounts for holes.

Joining these two transport contributions, the total carrier transport for elec-

trons, J,, and for holes, J,, can be written as:

dn
_ p. 2.
= quan€ + qDn— (2.8)
dp
Jp = appp€ — qDp (2.9)
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Generation and recombination

When there is injection of excess carriers the thermal equilibrium condition is
broken (np # n?). The mechanism responsible of restoring equilibrium is the
recombination of an electron in the conduction band with a hole in the valence
band, thus annihilating one electron-hole pair. This process can be a direct band-
to-band recombination (important for direct band gap semiconductors) or trap-
assisted recombination through recombination centers. The opposite process is
called generation and can be either due to thermal or light-induced excitation.

In most cases, the recombination rate can be described as the excess of minority
carriers, e.g. Ap, for holes in an n-type semiconductor, divided by their lifetime
Ty R = AT—I;”.

The change of carrier concentration in time is then equal to the generation
minus the recombination of carriers. However, if the current is not uniform along
the material, its gradient has to be taken into account. These considerations lead
to the so called continuity equations:

on 10J,
dp 1 0J,
50 = G o= (2.11)

Because of the abrupt discontinuity of the semiconductor’s lattice structure
at the surface, a large number of recombination centers may be introduced at the
surface region. In this case, the recombination rate has the form of Ug = SAp, (for
holes in an n-type semiconductor), where S represents the surface recombination
velocity and has units of velocity (cm - s™!). At a recombinative surface, the
diffusion current density of minority carriers is equal to the surface recombination
rate:

dpn
qD, % = ¢SAp, (0) (2.12)
=0

P-N junction

Let’s consider a p-n junction under equilibrium conditions. The current density for
each carrier is then equal to zero, so the drift and diffusion currents compensate
each other: qu,& = qu . Using Einstein’s relation 2 = kT = V. where Vi is
the thermal voltage, the electrlc field can be found. Smce the electric field is the
negative gradient of the voltage V', the built-in voltage Vj; of the junction can be
calculated by integrating at both sides of the equality, leading to

14



where z,, and z, represent the limits of the depletion region at the p and n
zones, respectively. To fulfill the neutral charge condition, the sum of the charges
must be zero: @), + @, =0 = ¢Npx, = ¢Nax,. From this equality, the width

of the depletion region can be written as W = x,, + 2, = (1 + %—Z) T

From Gauss law, and from the relation between the electric field and the electric
potential, Cé%/ = —2, where p is the charge density and € = €.y, being €, the
dielectric constant of the material and ¢, the vacuum permittivity. Solving for V|
and after some algebraic manipulations, the width of the depletion region is found

to be

2¢,¢g Ny + Np
— : 2.1
1% \/ NN (V + Vi) (2.16)

Here it has been considered that the electric potential along the junction is the
built-in potential plus the applied bias V.

The capacitance of the depletion region can be computed with the formula for
two parallel infinite plates, i.e. C = % The squared inverse of the capacitance
has a linear behaviour in terms of the applied bias. In the case of a p™n junction,
when N4 >> Np, the width of the p* depletion region can be neglected, and the

following expression is obtained:

T 2(V =V
12V -V (2.17)
C? qer€0Np

Current-voltage characteristics. When a bias is applied, Eq. (2.15) becomes

i Vo Vi
n(z,) = n(z,)e "7 =n(z,)e"re v Considering that n(z,) ~ Np and using
Vv
Eq. (2.13) and the mass law action, we find that n(z,) = ]ZieW and p(x,) =
1%
;—ieW. Defining ny,o = "—i, one can find the expression for the excess of minority

v
carriers: An(x,) = ny (e Vr — 1), and respectively for holes.

The total current is constant along the junction, so we can take any point to
calculate it. For simplicity, we take the point x = x,. There, the total current is
Jr = Jn(xp) + Jp(x,). At the point x,, the drift current of electrons is negligible

15



since electrons here are minority carriers and the electric field is small. Then,
In(zp) = qDy, fil_;‘x . The drift current of holes at x,, is also negligible.

From the contil;luity equation, considering stationary regime and that genera-
tion equals recombination, we find that the current density of holes at x, is the
same at x,. Thus, the total current is equal to the diffusion currents of electrons
and holes at z, and z,, respectively.

Solving the continuity equation considering stationary regime (Ccll—? = 0), zero
generation (G = 0), that the diffusion length L; of carriers n or p is longer than
the wafer material’s length, and that the drift current for minority carriers in

quasi-neutral regions is negligible, the excess carrier concentration is found to be
2 x v
An(z) = ;—;e_ﬁ (e Vr — 1) for electrons, and respectively for holes. In this case,

the total current is found to be the characteristic one of diodes:

J=Jy (evV? - 1) (2.18)

; — 2 [ _Dn D
with Jy = gn; <LnNA + N, )
In a photodiode (or a solar cell), the diode expression is added to the photocur-

rent, which is equal to the short-circuit current with negative sign: J,, = —Jg.

This leads to the expression J = Jy (e% — 1) — Jpr. From this, the open-circuit
voltage is found to be V,. = VrIn (JJL: + 1) ~ Vpln (%’7)

Quasi-Fermi level

Irradiation in a direct-gap semiconductor leads to generation of electron-hole pairs,
so the concentration of both charge carriers is larger than their respective in dark.
Hence, the action mass law is not accomplished a priori: np > n?. Moreover,
due to the increased electron density, the Fermi level describing their distribu-
tion in the conduction band must be closer to E¢ than in dark, and analogously
with holes at the valence band. The solution to this is to describe differently
the distribution of electrons at the conduction band and of holes at the valence
band by introducing two different Fermi distributions with Fermi energies Erc

and Epy called quasi-Fermi levels. Thus, the carrier concentrations can be de-
' _Eg—Epc _Epy-Ey
scribed as n = Nee  *8T  for electrons and p = Nye  *8T  for holes, so that
9 Epc—Epy
np =mnje ka7

16



2.1.3 Charge carrier separation and collection
Charge carrier transport. Wiirfel’s approach

In their article [24], Wiirfel et al. rewrite the expressions for carrier transport
using an alternative perspective in three simple steps.

First, the drift current can be written as Jgix = 0, = —%"V(qgo), where
on = qnpu, is the conductivity of electrons, ¢ is the electric potential, and the
electric force acting on the electrons is —V/(gy).

Second, the diffusion current can be described as Jgg = ¢D,Vn = ann% =

%V By, Where Sepenn = Petemno + kT In (ﬁ) is the chemical potential of

electrons. Here, the chemical force acting on electrons and causing diffusion is
_V(I)chem,n-

Adding both expressions, the resulting current is found to be due to the force
—V®hemn—qp = —Vn,, where n, is the electrochemical potential. Using that the
electrochemical potential is the same as the Fermi level [22], we find the following
expressions for the current density of electrons and holes:

Jn = 2V Epc (2.19)

This can be understood as the fact that particles move in a direction where
their free energy decreases, thereby allowing entropy to be generated. Since the
electrochemical potential is the free energy of charged particles at constant tem-
perature and constant volume, the expressions above follow this statement without
need of using fields or concentration gradients. Thus, it can be stated that charge
carriers move by gradients of their quasi-Fermi levels.

Charge carrier separation in solar cells

In order to generate an electrical current in solar cells, electrons and holes gener-
ated from illumination have to move toward different contacts. Thus, films defined
as hole transport (HTL) or electron transport (ETL) layers are needed. The ETL
would be located at the vicinity of the “electron contact” (electron collector),
whereas the HTL would be located at the vicinity of the “hole contact” (electron
injector). According to Eq. (2.19) and (2.20), this can only be achieved by having a
high conductivity of electrons (holes) and a low conductivity of holes (electrons) at
the ETL (HTL). Thus, an amount of electrons (holes) larger than holes (electrons)
will flow through the ETL (HTL). This can be achieved by different manners, such

17



as having an n-doped region as ETL or a high energy barrier for the carriers that
are wanted to be blocked.

2.2 Molybdenum oxide as hole-selective contact

Stoichiomoetric molybdenum oxide (MoOs) is an insulator, due to its large band
gap of ~ 3 eV [25]. However, when it is reduced to MoO, (with x < 3), the
oxygen vacancies act as donor impurities doping the material and shifting its Fermi
level closer to the conduction band (which corresponds to the lowest unoccupied
molecular orbital) [20]. Since molybdenum oxide also has a high workfunction of
~ 6 eV [20], an energy barrier is created for electrons in the conduction band in
a MoO,/Si heterojunction. As depicted in Fig. 2.3, holes do not seem likely to
flow through MoO,. However, one can think that electrons coming from the front
contact flow through the band of defect-states created by donor oxygen vacancies,
which is the same as saying that holes flow from c¢-Si towards ITO and the front
contact.

The diagram depicted below shows the band structure and conduction mecha-
nisms of a ¢-Si solar cell with MoOy acting as HTL and an intrinsic (i)/n stack of
hydrogenated a-Si (a-Si:H) acting as a semiclassical approach for the ETL. Indium
tin oxide (ITO), which is a transparent conductive material, acts as an antireflec-
tive layer used to improve photocurrent generation.

Q
¥ &

QO O« Q,'“ ) QO =X
PR N & v

Figure 2.3: Schematic band diagram of a c¢-Si solar cell with MoO, as HTL and
an i/n a-Si:H stack as ETL.
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Chapter 3

Fabrication and characterization

3.1 Fabrication processes and facilities

3.1.1 Clean room

A clean room is a room in which the concentration of airborne particles is con-
trolled. It is constructed and used in a way to minimize the introduction, gener-
ation and retention of particles inside the room. In this kind of facilities, other
relevant parameters, e.g. temperature, humidity, and pressure, are controlled as
necessary.

This environment is achieved through the use of appropriate heating, ventila-
tion and air conditioning systems, beside high efficiency particulate air filters that
maintain the correct pressurization, temperature, and humidity of the facility, as
well as the air flow of the circulating, continuously filtered air.

In micro and nano-technology fields, small undesired particles can damage the
behaviour of the fabricated devices. The steps of fabrication usually involve thin
film deposition on a wafer. It is essential that the surface of the wafer is completely
clean before each deposition takes place because, otherwise, some particles (from
air, our clothes, skin, mouth...) can deposit there and create pinholes that could
lead to short-circuits or bad performance of the devices.

In this project, clean room facilities of Universitat Politecnica de Catalunya
(UPC) and Universitat de Barcelona (UB) are used to perform different steps of
the fabrication of test devices. In UB, the deposition of molybdenum oxide by
RF magnetron sputtering has been carried out. In UPC, several technological
processes have been performed: depositions (thermal evaporation and plasma en-
hanced chemical vapor deposition), wafer cleaning, lithography and annealing in
forming gas environment.
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3.1.2 Wafer cleaning

The principal wafer cleaning process is known as RCA Standard Clean, which was
developed by Werner Kern while working for the Radio Corporation of America
(RCA) [26]. The recipe used in UPC’s cleanroom consists of two processes: RCA
1 and RCA 2:

RCA 1 Solution used: 1500 ml deionized (DI) HoO (18 M£2), 250 ml Hy04, 250 ml
NHj;. Introduce wafers in the cold solution. Heat up the solution at heater
level 9 for 13 min and then 7 min more at position 3. Quenching of hot
solution for 5 min under running water (18 MQ). HF 1 % dip for 1 min.

RCA 2 Solution used: 1800 ml H,O DI (18 MS2), 100 ml HyO,, 100 ml HCl. Heat
up the solution at heater level 9 for 10 min. Introduce wafers (solution have
to be boiling) and then 10 min more at position 3. (4) Quenching of hot
solution for 4 min under running water (18 MQ). (5) HF 1 % dip for 1 min.

Whereas RCA 1 removes organic residues, RCA 2 removes traces of metallic
(ionic) contaminants. The HF dipping removes the thin oxide layer formed at the
surface of the silicon wafer. This process is applied to bare wafers before the first
film deposition.

3.1.3 Deposition methods
RF magnetron sputtering

Sputtering is a physical vapour deposition method in which atoms are ejected
from a source surface through the impact of high-energy gaseous ions [27]. A
radio-frequency (RF) discharge is applied between the target and the substrate
(and the chamber walls) in a vacuum chamber where an inert gas such as argon
(Ar) flows.

The process starts with the ionization of Ar atoms (Ar™) by collisions from
electrons accelerated by the electric field. The cations are accelerated as well,
colliding with neutral atoms and thus forming new ions —if their kinetic energy
is greater than the gas ionization energy. In this environment, a self-sustaining
plasma is formed as long as the pressure and the electric potential are maintained
in an appropriate range. If the Ar* ions have enough momentum, target molecules
are ejected in vapour phase. In this low pressure environment, condensation occurs
under concurrent bombardment by energetic species, which promotes nucleation,
compound formation and film growth on the substrate and the chamber walls |28,
29].
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Figure 3.1: Schematic representation of a sputtering system. The inert gas bom-
bards the target, and target particles are deposited on the substrate. Image ob-
tained from [30].

The efficiency of this process is dramatically increased with magnetic confine-
ment of charged plasma particles close to the target. A higher amount of collisions
occurs and, thus, more Ar™ cations are created. Consequently, the deposition rate
is risen. This improved technique is called magnetron sputtering [31].

The RF magnetron sputtering equipment ATC-ORION 8 HV from AJA In-
ternational, Inc with a MoOgs ceramic target was used to deposit molybdenum
oxide controlling parameters such as pressure, RF power, gas flow and substrate
temperature.

Thermal evaporation

In this technique, a tungsten boat is connected to a current source. On the boat,
the material to be deposited is placed (in form of powder, wire, pellets; etc.), and
the substrate is located at some distance above the boat. When large current
intensities (~ 300 A) flow through the tungsten boat, the boat is heated up to
temperatures high enough to evaporate the material, which is deposited on the
walls of the vacuum chamber as well as on the surface of the substrate.

This method was used to deposit metal contacts with materials such as gold,
aluminum and silver.
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Plasma enhanced chemical vapour deposition

Plasma enhanced chemical vapour deposition (PECVD) is the most commonly
used technique for the deposition of amorphous silicon. In this method, reactive
gases such as silane (SiH,) and methane (CHy) are introduced into a vacuum cham-
ber, where a RF discharge is applied between two parallel plates at a frequency of
13.56 MHz !, creating a plasma of these gases, which react within the plasma and
condensate on the substrate forming a film.

This method allows growing both intrinsic and extrinsic layers of a-Si. Only
SiH, and CH,4 are needed to deposit films of intrinsic hydrogenated amorphous sili-
con carbon (i a-SiCy:H). On the other hand, combining SiH, with phosphine (PHj3)
or diborane (ByHg) results in the deposition of n or p-type a-Si. Characteristics of
these thin films such as bandgap and conductivity can be tailored by playing with
the pressure and the ratio between gas flows. Several works have demonstrated
that the passivation of c-Si wafer’s surface by a-Si:H allows the fabrication of high
efficiency solar cells using a low temperature process such as PECVD [32, 33].
However, as discussed earlier, the gases involved are dangerous, so alternatives are
desired. In this project, a stack of i/n a-Si:H was used as a semiclassical approach
for the electron contact.

!See https://en.wikipedia.org/wiki/ISM_band
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3.1.4 Lithography

Lithography is a technique used to obtain a pat-
terned film over a substrate. In this project, it was
carried out several times for defining the active areas
of solar cells in wafer quarters before depositing the
metallic contacts. The process works as follows:

1. A film (in our case MoOy + ITO) is deposited
on a silicon wafer quarter.

2. The photoresist is deposited onto the film by
spin coating. The photoresist is also deposited
on the rear side of the wafer to protect the rear
films. The coated sample has to be annealed
for 20 min in order to dry.

3. A photomask is aligned with the wafer. This
mask has transparent and opaque regions that
will let light go through or block it so that spe-
cific regions of the photoresist are illuminated.

4. The sample is exposed to ultraviolet light and
is left to rest for 45 minutes without being illu-
minated by high-energy light that could excite
the photoresist. During this time, the excited
photoresist will react in order to be removable
by the developer.

5. After these 45 minutes, the sample is developed
with the photoresist’s specific developer. Thus,
the illuminated photoresist is removed.

6. The MoO, + ITO film is etched with hydroflu-
oric acid. Only the regions that are not pro-
tected by the resist will be etched.

7. The remaining photoresist is removed with ace-
tone.
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3.1.5 Fabrication steps
TLM test devices

The transfer length method (TLM) has been used in this project to determine the
contact and sheet resistances of a material from current-voltage measurements of
contacts located at different distances. Its physical principles will be explained in
Section 3.2.2. For the moment, only the fabrication steps will be detailed.

Figure 3.3: Top view of a fabricated TLM test device.

1. A silicon wafer (p or n) is RCA cleaned. Usually the HF step of RCA 2 is
not done if the cleaning process is not carried out the same day than step 2.

2. A stack of intrinsic and n-doped hydrogenated amorphous silicon (i a-SiCy:H
+ n a-Si:H) is deposited on the rear side of the wafer by PECVD. If the RCA
has not been done the same day, the wafer is HF dipped for 1 min. This
deposit is only needed when diodes are wanted to be measured -the TLM
mask also includes small circles to measure diodes— since the diode need to
have an ohmic contact at the rear side.

3. Deposition of MoO, by sputtering. Prior to deposition, the wafer is dipped
in HF for 1 min.

4. Deposition of metallic contacts by thermal evaporation: aluminum (Al) on
the a-Si side, gold and silver (Au/Ag) on the MoOy side. Au is used for the
MoO, contact because of its high workfunction, but since it is expensive,
just a very thin layer is deposited, and the contact is thickened by Ag.

The TLM and diode contacts of a fabricated device are shown in Fig. 3.3
and 3.4. In order to get this patterns, a mask is used for the thermal evaporation
of Au and Ag.
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Figure 3.4: Top view of TLM (left) and diode (right) contacts.

Solar cells

There are only a few differences between the fabrication of solar cells and of TLM
test devices: an indium tin oxide (ITO) film is used for optical improvement (see
Fig. 3.5), the front contact is deposited using a different grid, and lithography is
used to define the active area of solar cells. We use wafer quarters, and deposit the
materials over all the surface. However, in order to compute the characteristics of a
solar cell, a well defined area is needed. In our case, the wafer quarter is patterned
defining square active areas which are the actual solar cells (See Fig. 3.5). The
fabrication steps are the following:

1. The first steps are the same as in TLM device fabrication: RCA to clean
wafers, PECVD to deposit a-Si, and sputtering to deposit MoOy.

2. An ITO layer is sputter deposited over MoO, at a substrate temperature
of 200 °C. Typically another ITO layer could be deposited on the rear side,
over a-Si. However, for simplicity, and in order to speed up the fabrication
process, this step is not carried out. The solar cells will then loose some
optical performance, but it will not affect the study of MoO, as HTL.

3. Active areas are defined by photolithography. ITO and MoO, of the non-
active areas are etched by HF dipping.

4. Back (Al) and front (Ag) contacts are deposited by thermal evaporation. In
the front contact, a grid pattern is achieved with a mask.
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Figure 3.5: Left: Solar cell test device. Right: Schematic representation of the
fabricated solar cells.

3.2 Characterization methods

3.2.1 Thickness measurements

A mechanical surface profiler equipped with a stylus was used for the film thickness
determination. Due to its low accuracy, this system was only used for determina-
tion of contact thicknesses (~ 1 pm).

For determination of thin film thickness, ellipsometry was used. The basic
principle of ellipsometry is to measure the changes in incident light’s polarization
after being reflected in the thin film. From these changes, the film thickness and
its refractive index can be computed. More information can be found at [35].

3.2.2 Electrical characterization

Transfer length method

Transfer length method (TLM) was first proposed by Shockley [36]. It consists
on measuring the current-voltage characteristics between two coplanar contacts
at different distances on a semiconductor device in order to compute the sheet
resistance of the material. From the expression that relates the resistance R with
the resistivity p, one can easily obtain the expression of the sheet resistance: R =
pz% = Rsh%, i.e. Ry = £, where t is the film thickness. The units of R, are /0.
The sheet resistance can be understood as the resistance of a square area of the
material.
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In Fig. 3.6, the contacts of a TLM device are depicted. Since the current enters
through a contact and leaves through another contact, the total resistance will be
Rr =2Rc —|—Rsh%, where d denotes the distance between the contacts and Z is the
contact width. Moreover, the contact resistance can be expressed as R¢o ~ Rsh%,
where L is the contact length. However, the current does not use all the contact
length, so a more realistic expression would be Ry ~ Rsh% [37], where Ly denotes
the transfer length, which is the length of the contact through which the current
flows. Fig. 3.6 also shows how to calculate the contact and sheet resistances from
a TLM measurement.

1o
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L lal | dy | k—d— k—a,—

Slope = Ry/Z

l AR

0 d

Figure 3.6: Top: schematic representation of the TLM contacts. Bottom: typical
plot of the resistances measured and the regression line from which the parameters
are obtained. Image from [37].

As can be seen in Fig. 2.3, the region of ¢-Si close to the interface with MoOy
is supposed to be pT-inverted. Thus, in a TLM device, the current between the
contacts will flow through the inversion layer if this region is much more conductive
than MoOy. Otherwise, the current will flow in parallel through both regions, and
can be described as two resistances in parallel. The sheet resistance of the inversion
layer can be written as Ry, = (0Lp)~!, where o & gpu, is the conductivity of the
inversion layer and Lp = +/e€Vr(gp)~! is its Debye length. Thus, since R, is
obtained by TLM measurements, the hole density of the inversion layer can be
computed.
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Figure 3.7: Layer structure and current flow in TLM (left) and diode (right) test

devices.

Diodes

When measuring diodes, the current be-
tween a front and the back contacts is mea-
sured. Due to the induction of a p*n junc-
tion, a diode behaviour is seen when vary-
ing the bias. The equivalent circuit is the
one shown in Fig. 3.8. Thus, the I — V
curves measured can be fitted by using the
following function:

vosn, V - JR,
- 1) + L (3

J=Jy (e T

By fitting the curves measured with this
function, Jy, the ideality factor n, and the
resistances 7y and IR, can be obtained.

Figure 3.8: Equivalent circuit of the
diode measurement.

The height of the energy barrier between the conduction bands of the n-type
silicon wafer and the MoOy, layer can be approximated as a Schottky barrier, which
is obtained from Eq. (3.2) [23]. Thus, from Jy, the value of the energy barrier can
be calculated. This amount quantifies the electron-blocking ability of the layer.
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Capacitance-voltage-frequency

The capacitance-bias curve of the diodes can provide information about the built-
in voltage of the device by fitting the linear region near 0 V using Eq. (2.17).
The defect states of MoO, induce a capacitance that should be considered when
computing the impedance of the device. However, since the response time of these
defects is much slower than the one of the p*tn junction, the total impedance can

be approximated by the capacitance of the depletion region, Cy, and the dynamic
ﬂ)_l

resistance of the diode, ry = ( 2

3.2.3 Optoelectronic characterization
Quasi-steady state photoconductance

Quasi-steady state photoconductance (QSSPC) is used to measure the effective
lifetime of the minority carriers of a semiconductor device. In this technique, a sam-
ple is illuminated by a slow varying light pulse (compared to the effective lifetime),
and the light-induced excess conductance (photoconductance o) is measured. A
coil couples to the conductivity of the wafer, and o, is obtained with respect to a
reference. From the photoconductance, the average excess minority carrier density
can be calculated using the following relation: o = qAn.y (in, + pp)W, where W
is the wafer thickness and the equality An = Ap has been used. Under steady-
state illumination, the generation and recombination of electron-hole pairs must
be equal, i.e. Jph = Jree = Jph = qW%. Using the expression for the photo-
conductance, this can be written as 7oy = o, (Jpn(tn + up))_l. Since the mobilities
for silicon are known, the generation current is measured by the reference sample,
and the photoconductance is measured by the coupled coil, the effective lifetime of
the minority carriers as a function of their spatial density can be obtained. More
information can be found at [37, 3§]

External quantum efficiency

The external quantum efficiency (EQE) is the ratio between the collected charge
carriers and the incident photons as a function of the wavelength 2. The EQE is
calculated by illuminating the solar cell with a monochromatic source and mea-
suring the current intensity produced by the solar cell for a range of wavelengths.

As depicted in Fig. 3.9, the EQE is high at wavelengths lower than the gap.
However, it is significantly reduced at ultraviolet frequencies because the solar
spectra is very low below the UV considering AM1.5. Air mass (AM) 1.5 refers

2EQE must not be confused with IQE (internal quantum efficiency), which is the ratio between
the collected charge carriers and the absorbed photons.
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to the fact that the photons from the Sun go through 1.5 atmospheres in regions
such as Europe or USA. The EQE is lower at blue-UV and red-IR wavelengths
because the electron-hole pairs generated with photons of these wavelengths are
located near the front and rear sides of the Si wafer, which might have a significant
surface recombination.

The red response is
reduced due to rear
surface recombination,

A Blue response is reduced o reduced absorption at
due to front surface recombination. long wavelengths and
/ low diffusion lengths.
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Figure 3.9: External quantum efficiency of a silicon solar cell. Quantum efficiency
is usually not measured much below 350 nm as the power from the AM1.5 contained
in such low wavelengths is low. Image from [39].

3.2.4 Optical characterization
Ultraviolet-visible spectrophotometry

Ultraviolet-visible (UV-Vis) spectrophotometry measures the transmittance or re-
flectance of a sample as a function of the wavelength. By using an integrating
sphere, both diffuse and specular measurements can be determined.

3.2.5 Structural characterization
X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to determine the atomic composi-
tion of a sample’s surface. Its operation principle is based on Einstein’s photoelec-
tric effect. The sample is irradiated by monoenergetic soft X-rays and the kinetic
energy of the emitted electrons is measured. The binding energy Eg of the atomic
orbital from which the photoelectron is originated follows that Ep = hv — (K + ¢),
where hv is the photon energy, K is the electron’s kinetic energy, and the work
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function ¢ represents an adjustable instrumental correction factor that accounts
for the energy given up by the electron as it becomes absorbed by the detector.
The kinetic energy of electrons is measured by a hemispherical deflection analyzer.
By measuring Ep, the specific orbital of the atom from which the electron has
been emitted can be known. More information can be found at [40].

Determination of O/Mo ratio. Usually, sample’s surface is sputtered with
argon so that it is cleaned prior to XPS measurement. However, this technique
can also significantly reduce Mo, thus modifying the results of the measurement. A
better method involves using fullerene instead of argon, though it is not available
at UB installations, which is where XPS measurements were carried out.

As an alternative, in this work surface cleaning has been avoided. Sample’s
surface XPS spectra was measured, and then the proportion of oxygen bound to
Mo was modeled. The oxygen not bound to Mo was approximated to be bound to
carbon. Thus, the 1s carbon peak corresponding to the CO bound was analyzed
and this contribution was subtracted to oxygen’s. Then, the remaining oxygen
was considered to be bound to Mo. The position of the peaks can be found in the
literature [40].
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Chapter 4

Results

4.1 Molybdenum oxide characterization

This work started with the characterization of MoO, sputter deposition. First, the
deposition rate was determined as a function of chamber pressure and RF power.
Afterwards, some layers were deposited on c-Si to test their lifetime and how it
changed by thermal annealing. Moreover, the optical and electrical characteristics
of MoOy on glass substrates were determined.

4.1.1 Deposition characteristics
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Figure 4.1: Sputter deposition rate of MoOy vs. pressure and power.
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Molybdenum oxide was sputter deposited at an argon flow of 8 sccm (standard
cubic centimeters per minute) for different values of chamber pressure and RF
source power. The results are shown in Fig. 4.1.

A high deposition rate is desired, and it is achieved by increasing the RF power.
However, a large RF power can lead to a high recombinative interface. Thus, a
trade-off must exist between the deposition rate and the RF power. In order to
combine a high deposition rate with a relatively low RF power, all the MoO,
sputter depositions have been carried out at 150 W and 5.0 mTorr.

4.1.2 Annealing and lifetime improvement

A sample was prepared consisting on a c-Si wafer with a stack of i/n a-Si:H on
the rear side and a ~ 50 nm thick MoOy layer on the front side deposited at room
temperature. The effective lifetime of its minority carriers was measured to be
18.9 ps. This sample was annealed at different temperatures with a forming gas
(a mixture of hydrogen and nitrogen) flow for 30 minutes. The effective lifetime
after each annealing step was measured by the QSSPC method.

As shown in Fig. 4.2, the lifetime initially improves with annealing temperature,
until it decays at temperatures higher than 250-300 °C. The improvement can be
due to the reduction of MoOy, which increases its n-type characteristics, and also
due to a slight passivation of the MoOy/c-Si interface. The fact that 7. starts
to decay at annealing temperatures close to 300 °C is most probably due to the
degradation of the a-Si stack [41].
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Figure 4.2: Left: Normalized effective lifetime (TT:;”H) of a c-5i wafer with a MoOy

layer on one side and an i/n a-Si stack on the other one. The effective lifetime
of the device as deposited is 7 .q = 18.9 ps. Right: Lifetime vs. minority carrier
density of a sample annealed at 200 °C for 30 min. The red triangle refers to 1
sun illumination conditions.
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4.1.3 Optical characterization

Transmittance curves were measured for t ~ 40nm thick MoOy layers sputtered on
glass for different deposition temperatures ranging from room temperature (RT)
up to 400 °C. As shown in Fig. 4.3, the transmittance is lower for films deposited
at higher temperatures. Moreover, the measured values are similar for RT /100 °C,
and for 200/300 °C, whereas the transmittance for samples deposited at 400 °C
is significantly lower. In all cases, bandgap analysis resulted in typical values for
glass (E, ~ 4 eV). This could be due to the fact that the MoOy layers were too
thin to detect a significant band-to-band optical absorption.
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Figure 4.3: Transmittance curves of MoO, deposited at different temperatures.

4.1.4 Effect of deposition temperature on conductivity

Using TLM technique, sheet resistance of MoOy layers deposited on glass sub-
strates was calculated. As shown in Table 4.1 and depicted in Fig. 4.4, MoOy
sputter deposited at room temperature (RT) or moderate temperatures such as
100 °C is an insulator —its sheet resistance cannot be even measured. Moreover,
although being highly resistive when deposited at 200 and 300 °C, there is a huge
improvement of four orders of magnitude down to Ry ~ 10 kQ /0 for layers de-
posited at 400 °C.
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T, (°C) | Rp (©/0)
RT NM™
100 NM*
200 3.4 x 108
300 1.4 x 107
400 8.1 x 103

Table 4.1: Sheet resistance of MoO, films deposited at RT, 100, 200, 300 and 400
°C on glass substrate. "NM: not measurable.
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Figure 4.4: Sheet resistance (Rp) of MoOy deposited on a glass substrate at 200,
300 and 400 °C. Rp was not measurable for 100 °C and RT samples.

4.2 Molybdenum oxide/silicon heterojunction char-
acterization

In order to determine the effect of MoO, on c¢-Si solar cells, samples with MoO,
layers deposited on n- and p-type ¢-Si wafers were studied. Electrical (TLM and

diode) and compositional (XPS) studies were carried out so as to characterize
these structures.

35



4.2.1 Contact and sheet resistances

Electrical characterization of MoO, was carried out for layers deposited on n- and
p-type ¢-Si. On n-type c¢-Si, sheet resistance gives information about the inversion
layer and thus about the electron blockage of the heterostructure. The R, value
should be as low as possible in order to ensure a good contact with the inversion
layer. On the other side, on p-type c-Si the contact resistance provides information
about the ability of MoO, to form an ohmic contact with p-type Si. The sheet
resistance should be similar to that of the silicon wafer, i.e. ~ 100 /0.

In order to characterize the inversion layer of the MoOy /n-type c-Si hetero-
junction, sheet resistances have been calculated. If the calculated sheet resistance
is sufficiently lower than the one measured for MoOy on glass (see Section 4.1.4),
it can be considered to be the sheet resistance of the inversion layer. Otherwise,
the measured sheet resistance is actually the parallel combination of the inversion
and MoO, layers. This has been considered to calculate the Ry values shown in
Fig. 4.5. There, it can be seen that Ry decreases one order of magnitude for each
100 °C increase in the deposition temperature up to 300 °C. Then, a huge decrease
over two orders of magnitude is observed at the highest T; = 400 °C. Although
at 300 °C depositions Ry, o ~ 100k/0 is still far from the 12k(2/0 reported by
Bullock et al. for evaporated MoOy [17], layers deposited at 400 °C have Rpn
values lower than 1 kQ/J —one order of magnitude less than in [17].

Contact resistance values decrease exponentially for MoO, /n-type c¢-Si struc-
tures, with the value for 400 °C being almost negligible.
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Figure 4.5: Sheet (left) and contact (right) resistance values obtained for MoOy /n-
type c-Si structures at different deposition temperatures.
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From R values, the inversion layer hole density was computed (shown in
Fig. 4.6). Since there is not sufficient inversion with room temperature and 100
°C deposited MoO, layers, the assumptions used to calculate p are not applicable.
Thus, only the values for 200 °C, 300 °C and 400 °C are shown (even the sample
at 200 °C seems not to be completely inverted, but it is shown for comparison).
The inversion layer hole density value of almost 10?* cm™ for 400 °C deposition
temperatures is much larger than the one of 8.6 x 10 cm =3 reported for evaporated
MoOy [17]. This result evidences the strong inversion of the Si surface achieved
with the MoOy layers deposited at the highest temperature.
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Figure 4.6: Hole density at the inversion layer of n-type c-Si calculated from R o
for different MoO, deposition temperatures.

As expected, both contact and sheet resistances for MoO,/p-type c-Si struc-
tures are high for room temperature and 100 °C depositions due to the insulator
behaviour of MoO, deposited at these low temperatures. However, contact resis-
tances are less than 0.5 Qcm? for deposition temperatures greater than 200 °C,
meaning that a good contact quality to p-type c¢-Si can be obtained for solar cell
fabrication. It is also noticeable that the contact resistance at Ty; = 400 °C was
again negligible. Besides, the sheet resistance saturates at values near the one of
the p-type c¢-Si wafer.
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Figure 4.7: Sheet (left) and contact (right) resistance values obtained for MoOy /p-
type c-Si structures at different deposition temperatures.

4.2.2 Diode test devices

Diode test devices were fabricated using Au/MoOy as front contact and i/n a-
Si:H/Al as rear contact as depicted in Fig. 3.7. Current-voltage and capacitance-
voltage characteristics were measured in order to further characterize the effect of
MoOy on n-type c-Si wafers.

Current-voltage characteristics

Current-voltage measurements of diodes with MoO, layers deposited at different
temperatures are depicted in Fig. 4.8. From the fitting of these curves, the pa-
rameters shown in Table 4.2 are obtained. It is directly seen in the figure that
the behaviour for T; = RT, 100 °C is very similar, with the only noticeable differ-
ence being the series resistance, which is obviously greater for T; = RT because
the MoQy layer is less conductive at lower deposition temperatures. Analogously,
curves for T; = 200, 300 °C are very similar despite R, being lower for T, = 300 °C.
The most noticeable changes are the variations of Jy with Ty,. First, Jy increases
one order of magnitude from T; = 100 to 200 °C. This could indicate an increase
in the recombination current. Afterwards, Jy decreases two orders of magnitude
from T,; = 300 to 400 °C, probably due to an increase in the barrier height and
thus a better electron blockage at the inversion layer.
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Figure 4.8: Current density-voltage characteristics of fabricated MoO, /n-type c-
Si/i/n a-Si:H diodes for different sputter deposition temperatures.

It should be also noticed that at Ty = 400 °C the parallel resistance becomes
significant in the diode model. This could be related to the low sheet resistance of
the strongly inverted surface in test devices fabricated at the highest Tj.

T, (°C) | Jo (mA-cm™2) | Ry (-cm?) | R, (Q-em?) | n
RT 2.0 x 1073 1.0 00 1.06
100 2.8 x 1073 0.8 00 1.06
200 2.7 x 1072 0.3 00 1.06
300 3.2 x 1072 0.1 00 1.11
400 5.0 x 1074 0.5 1.5x10% | 1.15

Table 4.2: Diode parameters obtained from the fitting of J-V curves for different
MoQOy deposition temperatures.

Considering that, when there is inversion, Jy is mostly due to the performance
of the electron-blocking barrier induced by the MoOy /n-type ¢-Si heterojunction,
the height ¢p of this barrier can be approximated as a Schottky barrier. The
values of ¢p for different deposition temperatures are shown in Fig. 4.9, where it
is seen that at Ty; = 400 °C the barrier height increases to ~ 0.48 V. If recombi-
nation currents are of the order of the current due to the Schottky barrier, this
approximation is not valid.
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Figure 4.9: Barrier height of the MoO,/n-type ¢-Si interface conduction band
calculated from Jy values using the equation for the Schottky barrier.

Capacitance characteristics

Capacitance of the diodes measured at sufficiently high frequencies can be modelled
as the capacitance of the depletion region of a p™n junction. However, this only
makes sense when there is an inversion layer —and thus a p™n junction. It is for this
reason that the linear behaviour has not been found for devices with deposition
temperatures lower than 300 °C. Fig. 4.10 shows the measured data of a sample
with T; = 300 °C alongside the fitting of the linear region. According to the fitting,
this sample has a very low built-in voltage (~ 0.2 V).

The equation that relates the built-in potential and the Schottky barrier is
qos = ¢Vii + (Fc — Er) [23]. Using the measured values of ¢p ~ 0.4 eV and
Vii ~ 0.2 V| the position of the Fermi level at the n-type ¢-Si wafer is obtained:
Ec — Er ~ 0.2 eV, which is in agreement with the characteristics of the wafer.

The calculated V;; indicates that the open-circuit voltage of solar cells fab-
ricated with MoOy layers deposited at 300 °C on n-type c-Si will be possibly
smaller than the values of 0.7 V obtained with evaporated MoO, [15]. Unfortu-
nately, capacitance-voltage characteristics for T; = 400 °C could not be measured
due to technical problems in the laboratory.
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Figure 4.10: Squared inverse capacitance-voltage characteristics of fabricated
MoOy/n-type ¢-Si/i/n a-Si:H diodes for T, = 300 °C. The linear region is fitted
using the expression for the p™n junction capacitance. A straight line representing
a p™n junction with Np = 2.4 x 10'® cm™3 (the wafer’s dopant) and Vj; = 0.7 V
is shown as reference.

4.2.3 XPS measurements

XPS measurements were carried out in order to investigate the compositional
evolution of the MoO, layers for changing deposition temperatures. In Fig. 4.11,
the binding energy region of MoOj3 peaks is shown for layers deposited at different
temperatures. In layers deposited at temperatures up to 300 °C, the spectra look
the same. Two peaks of the Mo®" oxidized state appear: Mo" 3d3, at ~ 232.5
eV and Mo®" 3ds/, at ~ 236.0 eV. However, at T; = 400 °C, a peak abruptly
appears at Ep ~ 229.3 eV, coinciding with the Mo*" 3ds/2 peak. The Mo*t 3d3,
peak, located close to 232.5 eV, broadens the Mo%* 3ds/2 peak. The position of
all the peaks is in agreement with the values reported in the literature [40].
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Figure 4.11: XPS spectra of MoO, deposited at different temperatures. The region
shown corresponds to Mo 3d peaks.

From the convolution of both oxygen and molybdenum peaks, the proportion
of oxygen atoms bound to molybdenum can be calculated, thus obtaining the x
parameter of MoO,. The results are shown in Fig. 4.12. Although the decrease
in the O/Mo ratio is very slight until 7, = 300 °C, at T;; = 400 °C it significantly
decreases, coinciding with the appearance of the Mo** oxidized state and indicating
a transition from MoO3 to MoOs.

Notice that suboxidized MoOy, layers (z < 3) with semiconducting character are
desired for device fabrication. This can be achieved by increasing the deposition
temperature.
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Figure 4.12: Oxygen/molybdenum ratio for different deposition temperatures.

4.3 Solar cell test devices

The behaviour of sputter deposited MoO, layers on c¢-Si acting as hole-selective
contacts was further studied by fabricating preliminary solar cells using both n-
and p-type ¢-Si wafers. As the electron contact, i/n a-Si:H stacks were used.

4.3.1 Illuminated and dark current-voltage characteristics

At a first stage, solar cells with MoOy layers deposited at low temperatures (< 200
°C) and with different thicknesses were fabricated. The current-voltage character-
istics under AM1.5 illumination conditions of solar cells with 10, 25 and 30 nm
MoOy layers are shown in Fig. 4.13. It is noticed that, for thin layers, the pho-
tocurrent varies with the bias and, hence, an “S” shape is obtained. However, the
“S” shape seems to be corrected when the thickness of the MoO, layer is increased.
This can indicate that a minimum MoOy layer thickness is required to accumulate
enough oxygen vacancies for an efficient hole extraction. Another thing to be no-
ticed is that the open-circuit voltage is very low (~ 0.3 V). This can be due to a
combination of two factors: (1) an insufficient —or non-existent— barrier to block
electrons, and (2) a highly recombinative MoOy /n-type ¢-Si interface.
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Figure 4.13: Evolution of current-voltage characteristics under illumination for
solar cells with MoOy layers of different thicknesses.

In view of the results obtained from MoO, characterization, the application
of MoOy to n- and p-type Si-based solar cells was tested by fabricating two solar
cell test devices: a Ty = 400 °C sputtered (sp)MoOy/n ¢-Si, and a T, = 300 °C
p ¢-Si/(sp)MoOy structures with an i/n a-Si:H stack as the electron contact (see
Fig. 4.14).

Ag grid Ag grid
[ N [ [ [ | [ [ [ [

Figure 4.14: Structures of fabricated solar cells on p- (left) and n-type c-Si (right).
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Structure Voe mV) | Jon (mA -cm™2) | FF (%) | n (%)
(5p)MoO, /n c-Si | 340 29.1 52.3 | 5.2
p ¢-Si/(sp)MoOx 480 29.1 55.5 7.8
(ev)MoOy/n ¢-Si 610 33.7 73.2 15.0

Table 4.3: Solar cell parameters for the fabricated devices.

The current-voltage characteristics under AM1.5 illumination of these devices
is depicted in Fig. 4.15 alongside the curve for a reference evaporated (ev) MoOy/n
¢-Si structure. In addition, the parameters extracted from these curves are shown
in Table 4.3. Whereas the photocurrent of the fabricated devices is close to the
value for devices with evaporated MoQO,, the open-circuit voltage is much lower. In
the (sp)MoOy/n ¢-Si structure, this can be a combination of two factors: (1) that
the rear a-Si:H stack is degraded due to the high temperature of MoOy deposition
[41], and (2) that the high power and temperature of MoOy deposition contribute
to create a very recombinative MoOy/c-Si interface. In the p-type c¢-Si/MoOy
structure, V. is higher because its value is dominated by the front contact (i/n a-
Si:H). However, it is still far from the usual 600 mV obtained for good working solar
cells. This is probably due to the recombination in the MoO,/c-Si interface. These
problems are also reflected in the fill factor (FF), which is pretty bad compared to
the value for devices with evaporated MoOy.

10 I '
—— (ev)MoO,/n c-Si
(sp)MoO, /n ¢-Si
OF —— p ¢Si/(sp)MoO,

Current density (mA cm™2)

—02 0.0 0.2 0.4 0.6
Bias (V)

Figure 4.15: Current-voltage characteristics of (sp)MoOy/n c¢-Si and p c-
Si/(sp)MoOy alongside data for evaporated (ev)MoOy/n ¢-Si solar cells.
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Current-voltage characteristics of these devices measured in dark are shown
in Fig. 4.16. Some things are extracted from these curves. The J, value of
(sp)MoOy/n ¢-Si solar cell is the largest, indicating a large recombination cur-
rent. Besides, while (ev)MoOy-based solar cell curve has the classical two-diode
behaviour showing interface recombination dominated (n ~ 2 at low injection) and
bulk diffusion dominated (n ~ 1 at higher voltages) regions, (sp)MoOy-based solar
cells show a more diffuse combination of both, with more presence of the n ~ 2
region, indicating that the behaviour of the devices is mostly determined by the
recombination at the MoOy/c-Si interface.

10%f
101
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Figure 4.16: Current-voltage characteristics in dark of sputtered (sp) MoOy/n c-Si
and p ¢-Si/(sp)MoOy alongside data for evaporated (ev)MoOy/n c-Si solar cells.

4.3.2 EQE measurements

External quantum efficiency of the fabricated solar cells was measured. The results
are shown in Fig. 4.17 alongside the EQE of a reference (ev)MoOy/n ¢-Si device.
The fact that the area covered for the EQE of (ev)MoOy/n ¢-Si is larger is in
agreement with a higher photocurrent. Since the rear contact is the same in
(sp)MoOy/n ¢-Si and (ev)MoOy/n ¢-Si, i/n a-Si:H, the infrared response is similar
for both devices. However, both (sp)MoOy/n ¢-Si and p ¢-Si/(sp)MoOy structures
provide EQE’s at the central region that are lower than the values for (ev)MoOy/n
c-Si. The previous results clearly indicate that this behaviour could be most likely
attributed to interface recombination, which is more significant in the (sp)MoOy/n
c-Si structure. Less transparency of MoOy layers deposited at 400 °C could also
cause a decrease in EQE. Additionally, for both (ev) or (sp)MoO/n ¢-Si structures
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the response was higher at short wavelengths (A < 400 nm). This behaviour is due
to the higher transparency of front MoOy layers compared to a standard a-Si:H
heterojunction. The lower EQE of the p ¢-Si/(sp)MoO, device at long wavelengths
(A > 1000 nm) indicates a high interface recombination at the rear surface.
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Figure 4.17: External quantum efficiency of (sp)MoOy/n ¢-Si and p ¢-Si/(sp)MoOy
devices alongside data for evaporated (ev)MoO,/n ¢-Si solar cells.
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Chapter 5

Conclusions

This work has covered a broad range of investigation, starting from the charac-
terization of MoOy sputter deposition, passing through the characterization of the
optical and electronic properties of the material, and ending with the application
of the studied technology to fabricate preliminary solar cells.

TLM results have indicated that MoO, deposited by sputtering using a MoOj3
ceramic target is an insulator at low deposition temperatures. However, its con-
ductivity has been shown to increase progressively with 7;. On n-type c-Si, the
inversion layer sheet resistance decreases an order of magnitude each 100 °C step,
and a huge drop occurs at Ty = 400 °C. The appearance of a MoO, peak at the
XPS spectra has confirmed that this abrupt increase of the conductivity is related
to an increase in the density of MoO,’s oxygen vacancies. Besides, in parallel
with the increase of conductivity, the transmittance of MoOy layers has decreased,
probably because of sub-bandgap absorption related to oxygen vacancies. Char-
acterization of fabricated diodes and solar cells has demonstrated that a larger
MoOy conductivity leads to an increase in the MoO, /c-Si conduction band barrier
height and a better hole transport. The idea that a sufficient amount of oxygen
vacancies is needed in order to create enough inversion and efficiently extract holes
is reinforced by the fact that solar cells with too thin MoO, layers do not work
correctly (Fig. 4.13).

However, several results have shown the limitations of sputtered MoO; layers.
Open-circuit voltage of fabricated solar cells was already predicted to be small by
the calculation of the built-in voltage from capacitance-voltage characteristics. Be-
sides, a high Jj in the diodes’ current-voltage characteristics could indicate either a
high recombination current or an insufficient electron-blocking barrier height —or a
combination of both. While an insufficient barrier height is probable for Ty < 300
°C, it achieved a significant value (¢p ~ 0.5 V) at T; = 400 °C. This confirms
that the decrease in Jy for diodes with T; = 400 °C is due to an improvement of
electron-blockage. Nevertheless, Jj is still too high due to the recombination at
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the MoO,/c-Si interface. That’s the reason why V;. of the fabricated solar cells
is deteriorated. Besides, EQE characteristics show that, although a better blue
response is achieved for MoOy /n-type ¢-Si structures due to higher transparency,
the overall EQE is reduced because of a higher interface recombination. In regards
to p-type ¢-Si/MoOy solar cells, the MoOy layer acts as a rear ohmic hole-contact.
The contact resistance has been measured to be very low. The lower EQE values
in the infrared (A > 1000 nm) are attributable to a highly recombinative interface
with the wafer surface.

To sum up, sputtered MoO, acting as hole-transport layer for c-Si solar cell
fabrication works good, but the MoO,/c-Si interface must be successfully passi-
vated in order to obtain competitive open-circuit voltages. An idea that could
explain what is happening is that the combination of high deposition temperature
(400 °C) and high RF power (150 W) induces diffusion of molybdenum towards
¢-Si, creating recombinative centers. A solution to this could be to deposit the
MoQy layers starting with low RF power for the first nanometers and increasing
the power to reduce the deposition time without damaging the c-Si surface. How-
ever, a better approach would be to use reactive sputtering. Instead of using a
ceramic MoOj3 target and parametrizing the deposition temperature to obtain the
desired stoichiometry, in reactive sputtering a flow of oxygen would be included in
a sputtering chamber in which the target would be metallic Mo. Thus, the param-
eters to be varied would be oxygen partial pressure and RF power. Certainly, the
future of this project is to investigate the application of MoOy layers deposited by
reactive sputtering in c¢-Si solar cells.

Conference presentations

The work done in this project has given place to poster presentations in con-
ferences, either presenting the results obtained or as collaboration with another
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C. Voz, “Hole-selective contacts by RF magnetron sputtering for hetero-
junction silicon solar cell structures”, 11th Spanish Conference on Electron
Devices (CDE), Barcelona, Spain (2017).

e C. Voz, R. Perea, L.G. Gerling, E. Ros, J.M. Asensi, J. Puigdollers, J. An-
dreu, J. Bertomeu, “Transition-metal-oxide hole-selective contacts by RF
magnetron sputtering for heterojunction silicon solar cells”, 9th Interna-
tional Conference on Materials for Advanced Technologies (MRS), Singapore
(2017).
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