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Chapter 1

Introduction

1.1 Topicality of photovoltaics

1.1.1 World energy consumption

The continuous increase in world population reflects in the growing consumption
of goods and therefore energy for production. The German Advisory Council on
Global Change demonstrated in its report prognosis [1], that the global primary
energy demand will be more than doubled by 2050, from approx. 470 exajoules
(EJ)1 in 2010 to around 1,100 EJ per year. The world energy consumption is
at the center of climate change debate, since associated emissions of greenhouse
gases are primarily resulting from combustion of fossil fuels. With a probability
of around 99 %, the emissions that would be associated with the increased energy
demand would lead to overcome the 2 °C guard rail. This designates the mean
temperature limit above preindustrial levels, set by the United Nations Framework
Convention on Climate Change to prevent extinction of species through Earth
run-away climate changes. The average surface temperature of the Earth has
increased by about 0.8 °C with about 0.6 °C increase over the last three decades [2],
due to the increasing concentration of greenhouse gases (major ones are: carbon
dioxide-CO2, methane-CH4, nitrous oxide-N2O, ozone-O3 and water vapor) in the
atmosphere as a result of human activities and usually attributed to deforestation
and burning of fossil fuels.

According to the estimates of the International Energy Agency (IEA), CO2

emissions from fossil fuel combustion reached 31.6 Gigatonnes (Gt) in 2011 and
will increase to 43.2 Gt by 2035 [3]. The share of coal accounted for 45 %,
oil 35 % and natural gas 20 % in the total 2011 energy-related CO2 emissions.
Projected growth in CO2 emissions is mainly attributed to developing countries
that continue to rely heavily on fossil fuels to meet the increasingly growing energy
demand [3]. The emissions of these countries are projected to account for total

11 EJ=1018 J=278·109 kWh
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28.9 Gt in 2035, or about 67 % of global emissions. Non-CO2 greenhouse gases,
such as CH4 and N2O also contribute to the global warming, accounting for one-
third of CO2 equivalent [4]. Global emissions trend must be reversed by 2020
at the latest (no more than 44 Gt CO2 equivalent per year), to reduce global
greenhouse gas emissions to a minimum by 2050 and thereby to maintain the
possibility of avoiding dangerous climate change.

With all the growing demand for energy and consequent use of the traditional,
nonrenewable fuels it is also important to know the limitations of the natural
reserves of these fuels. In 2011, the proven world oil reserves were estimated at
1,471 billion barrels. These are the reserves which are already known to exist
and are economically exploitable at current prices and technology. Regarding
the ultimate geological resource, the various sources show different estimates,
generally, between 2-3 trillion barrels. Thus the ultimate reserves of oil will be
enough only up to 2100. The global natural gas reserves in 2011 were estimated
at 6,675 trillion cubic feet. Worldwide, the reserves-to production ratio of natural
gas is estimated at 60.2 years. Total recoverable reserves of coal around the world
are estimated at 948 billion tons—reflecting a current reserves-to-production ratio
of 126 years [3].

At the same time the number of people without access to electricity up to now
remained unacceptably high at 1.3 billion, around 20 % of the world’s population,
and 2.7 billion people still rely on the traditional use of biomass for cooking [5].
The assumptions of a global population that increases by 1.7 billion people and
3.5 % annual average growth in the global economy generate ever-higher demand
for energy services and mobility. Therefore the global transition to renewable
energy is already underway. Thanks to the United Nations 2002 World Sum-
mit on Sustainable Development in Johannesburg, South Africa, the importance
of access to clean and renewable energy was highlighted supporting sustainable
development and poverty eradication .

1.1.2 Present time share of renewable energy

The renewable energy supplied in 2009 was estimated to be 16 % of global final
energy consumption [6] (see Figure 1.1). Traditional biomass, which is used pri-
marily for cooking and heating in rural areas of developing countries, accounted for
approximately 10 % of the total renewable energy share. Hydropower represented
3.4 %, growing modestly. All other renewables accounted for approximately 2.8 %
in 2009 and are growing very rapidly in many developed countries as well as in
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Fossil fuels 81%

Renewables 16%

Nuclear 2.8%

     Wind/solar/biomass/
geothermal power generation 0.7%

Biofuels 0.6%
Biomass/solar/geothermal

                        hot water/heating 1.5%

Hydropower 3.4%

Traditional biomass 10%

16%

Figure 1.1. Renewable energy share in global final energy consumption, 2009 [6].

some developing countries.
During the period from the end of 2005 through 2010 the total global capacity

of solar photovoltaics (PV) increased the fastest (nearly 50 % annually) amongst
all renewable technologies during this period, followed by biodiesel and wind [6].
One of the drivers to cause that growth is a PV module price reduction, leading to
a low electricity price of ∼0.1 Euro/kWh in EU countries, which is matching the
utility electricity prices (so-called grid parity) [7]. Moreover, that strong growth
of PV is also caused by the advantages of solar-generated electricity:

• Inexhaustible and free energy directly from the Sun (3.8·106 EJ/year), more
than enough to cover all human needs: amount of energy received in about
an hour covers present world energy consumption during 1 year (energy
demand in 2010 was 470 EJ and prognosis is 1100 EJ in 2050) and in 20
minutes the annual electricity consumption in 2010;

• Safety and reliability are proven. For example, PV modules based on crys-
talline silicon and cadmium telluride have output warranty of at least 25
years, which becomes a common standard. Systems can be recycled at the
end of their life and the materials can be re-used. For example, First Solar
(www.firstsolar.com) claims to reuse about 95 % of semiconductor materials
of the old modules for production of the new ones;

• Easy installation, automatic operation (noise-, and pollutions-free) and very
low maintenance requirements;

• The energy used for manufacturing can be recouped quickly (between six
months and three years, often called energy payback-time) and that time-

http://www.firstsolar.com
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frame is constantly decreasing as technology improves with the shortest
times for organic-based PV and cadmium telluride technologies [8];

• Energy generation in line with demand: small-scale installations in remote
areas that are not connected to the grid; roof-top or building-integrated PV
devices supplying energy to a growing community thus also saving space for
installation.

1.1.3 Basic principle of PV

PV is a method to convert solar radiation into DC electricity by means of the
photovoltaic effect in semiconductor absorber materials and PV devices are com-
monly known as solar cells (SCs). The general principle is shown in Figure 1.2.

The PV conversion starts with absorption of incident solar radiation in the ab-
sorber (active) layer of the SC. Most common absorber materials are: amorphous,
micro-, poly- and monocrystalline silicon; cadmium telluride; copper-indium-
gallium selenide; ruthenium dye and semiconductor polymers. Each of them has
its own advantages and drawbacks, but the general challenge is to achieve high
cell efficiency (fraction of solar energy which is converted into electrical energy) at
low production costs. The photons with energy higher than the band gap of the
semiconductor material used in this layer are getting absorbed and electron-hole
pairs are generated. The separation of these charge carriers occurs via drift due
to electric field established across the device and/or diffusion, depending on the
adopted cell configuration. Further, the charge carriers are collected at the front
and back contacts of the SC and transported to the external load. This function
is commonly performed by either zinc oxide (ZnO) or tin-doped indium oxide
(In2O3:Sn)-ITO, also called transparent conductive oxide (TCO) layers. Silver is
commonly applied as metal bus bar transporting charge carriers generated in a
solar cell to external load. The efficiency increase is achieved by addressing the
cell in terms of electrical, optical and structural properties. The TCO-related
optimization can be achieved by:

• Decrease of losses of generated charges when transported to the external
load (i.e. decrease in the TCO resistivity);

• Decrease of absorption losses when the light travels towards the active layer
using high band gap TCO materials. The two main examples are ITO
(Eg=3.8-4.0 eV) and ZnO (Eg=3.3-3.4 eV);
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V

Figure 1.2. Basic principle of a solar cell. Upon absorption of the incident solar
radiation the electron-hole pairs are generated. Further, they are collected and
transported by TCO layers to the metal contacts with external load.



8 1.2. ZnO in photovoltaic applications

• Increase in absorption within the absorber layer by increasing the light op-
tical path within the device. TCO scatters the light at the interface front
TCO/absorber or back-reflects unabsorbed photons at the back contact;

• Increase in grain size and decrease of charge trapping centers can improve
the mobility of the charge carriers.

This thesis addresses selected research lines all related to the role of transparent
conductive oxides in PV, in particular ZnO. It should be mentioned, however,
that PV is not the only application field for ZnO. Besides of the environmentally-
friendly energy production, efficient energy utilization and energy saving solu-
tions are parallel and equally important concerns for sustainable future. That
is why the new concepts of energy-efficient cars, indoor and outdoor lighting [9–
13], “green buildings” with “smart windows” and many others increasingly often
appear nowadays [14–17].

Section 1.2 will further elaborate various PV applications, as being a target
concept, where the subject of this thesis, zinc oxide, can readily contribute to.

1.2 ZnO in photovoltaic applications

ZnO production is approximately 105 tons/year and the large fraction of that
is used in production of rubber (e.g. used to dissipate heat in car tires) and
concrete (used to increase processing time and improves resistance of concrete
against water) [18]. Also, ZnO is used in food and medical industries, in paints
and anti-corrosive coatings for metals. Among the modern applications of ZnO gas
sensors should also be mentioned, where a change in resistivity upon absorption
of gas molecules is detected, optoelectronics and PV. The general properties of
ZnO in PV are given in more detail in Table 1.1.

Below several examples are addressed to demonstrate diversity of modern ZnO
applications.

Thin–film solar cells consist of thin (up to ∼1 µm) layers of semiconductor ma-
terials developed on inexpensive substrates such as glass, stainless steel and poly-
mers. Thin films greatly reduce the amount of semiconductor material required
for each cell, when compared to the silicon wafers (180-500 µm), thus lowering the
production cost of PV cells [23]. The main examples of thin film solar cells are
amorphous (a-Si:H), micro-crystalline (µc-Si:H) silicon-based, cadmium-telluride
(CdTe) and Cu(In,Ga)Se2 (CIGS)–based cells.
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Table 1.1. ZnO properties relevant for PV applications

Function Property
Optical
transparency to
the incident
sunlight

Direct wide band gap of Eg=3.37 eV at 300 K [19].
Required transmittance > 85 % for energy range above
the band gap of the absorber.

Electrical
charge
transport

Addition of doping elements (commonly used are: Al, B,
F, Ga, In [20]) changes the electrical resistivity from
insulator through n-type semiconductor to metal-like
(achieving resistivity of ρ<10−4 Ω·cm for the best doped
ZnO [21]).

Enhancement of
the light
scattering into
absorber layer

High surface roughness of several tens of nanometers
can be achieved either by natively grown ZnO, or after
wet-etching procedure.

Suitability for
device
fabrication

Compatible with wet etching; resistant to hydrogen-rich
plasma (e.g. during deposition of silicon layers on top)
[22]. Competitor to ITO: partly due to the limited
availability of indium and very high market price, partly
due to the toxic nature and instability of ITO in the
reducing environment.

Silicon-based thin film solar cells usually employ the multi-junction approach,
where generally two absorbers characterized by different band gaps are stacked
together in one single device (e.g. a-Si:H (0.1-0.2 µm-thick) and µc-Si:H (0.5-1.5
µm-thick) – “micromorph”, tandem solar cells) [24]. In this way the entire solar
spectrum can be efficiently used and the upper cell (Eg(a-Si:H)=1.7 eV), absorbing
higher energy photons in the range 1.7-4.1 eV, act as a filter, allowing bottom cell
(Eg(µc-Si:H)=1.1 eV) to absorb photons with lower energies 1.1-2.3 eV [24, 25].
In this case, ZnO can be used as a TCO – front and back electrode (Figure 1.3),
transparent to the incident sunlight with ability to transport generated charge
carriers to the contacts of solar cell.

Light absorption in the active layers of solar cell can further be enhanced
by using textured ZnO, either natively grown by Chemical Vapor Deposition
(CVD) [26, 27] or sputtering [28, 29], or by etching crater-like structures on the
smooth surface of sputtered ZnO [30]. For example, CVD-deposited ZnO is cur-
rently being successfully applied as front and back contacts in industrial-scale 1.43
m2 micromorph solar modules by Oerlikon Solar (www.oerlikon.com/solar) in the
ThinFab™ production line with the record cell efficiency of 12.5 %. The tran-

http://www.oerlikon.com/solar
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Figure 1.3. Basic design concept of silicon-based tandem solar cell with an intermediate
reflective layer.

sition from flat as-deposited to textured etched aluminum-doped ZnO (ZnO:Al)

ZnO functions in silicon-based thin-

film solar cells are: optical trans-

parency to the incident sunlight; trans-

port of generated charges; enhance-

ment of light scattering. If intro-

duced as IRL, it allows for spectrally-

selective reflection/transmission in-

between sub-cells in a tandem configu-

ration.

was demonstrated to increase the short-
circuit current in the µc-Si:H-based SC
from 16.3 mA/cm2 to 23.4 mA/cm2 [30].

Also, ZnO can act as an intermediate
reflective layer (IRL) in-between cells of
the different band gaps, reflecting unab-
sorbed high-energy photons to the upper
cell and transmitting low-energy photons
to the lower one (Figure 1.3). The effect is
achieved due to the refractive index con-
trast and intentional interface roughness
between IRL and the top/bottom cells. In

this way photocurrent in the top a-Si:H cell can be increased, which allows to make
it thinner, thus reduce amount of recombination centers and make less prone to



Chapter 1. Introduction 11

light-induced degradation, also known as Staebler-Wronski effect [31]. In the bot-
tom cell IRL helps to reduce absorption loss by trapping the light within µc-Si:H
layer, as demonstrated by Yamomoto et al. [32]. Also, the IRL should act as
a tunnel junction for transport and recombination of generated charges between
a-Si:H/IRL and IRL/µc-Si:H interfaces of the top and bottom cells, correspond-
ingly.

Polycrystalline silicon thin film SCs on inexpensive glass substrates also use

In CdTe and CIGS thin-film solar cells
ZnO has the following functions.
Doped ZnO: optical transparency to
the incident sunlight; light trapping;
transport of generated charges.

Undoped ZnO: providing local series

resistance to eliminate electric shunts.

Zn-Sn-O layer is a valid alternative to

the currently used CdS.

ZnO as a TCO layer [24, 33, 34]. CSG So-
lar achieved an efficiency of 10.4 % in this
type of SCs applying ZnO for light trap-
ping and transparent electrode functional-
ities [35].

ZnO also has TCO functionality in
CdTe SCs (Figure 1.4), increasing absorp-
tion path in ∼5 µm-thick p-type CdTe ab-
sorber [36]. The best reported efficiency to
date was announced in July 2011 by the US
company First Solar (www.firstsolar.com)
for a test cell to be 17.3 % and half a year
later a record of 14.4 % for PV module.

In CIGS cells (Figure 1.4) a 50 nm-thick intrinsic ZnO (i-ZnO) layer is de-
posited to provide a local series resistance and to prevent electrical inhomo-
geneities, e.g. short circuits [37]. Then, ∼1 µm-thick front TCO (Al-doped ZnO)
layer is deposited on top [36]. The best CIGS SC efficiency reported to date
is 20.3 % [38]. Thin Zn-Sn-O buffer layers can replace CdS with toxic Cd and
positively contribute to one of the challenges in CIGS SCs - i.e. band alignment
between TCO window layer and CIGS absorber [39–41]. Also, CdS deposition
is the only wet step in the whole deposition process, which is not desirable for
industrial-scale production.

In hybrid polymer-inorganic and dye sensitized SCs [42] ZnO is applied as an
electron transport material and has become a favorable alternative to commonly
used TiO2 due to the possibility to be produced in a large range of nano-forms
(nanorods, nanosheets, nanoribbons, etc.) by low-cost synthesis methods. The
highest reported efficiencies appear in the range of 6.6-7.2 % for dye-sensitized
cells, where ZnO nanoparticles and porous single-crystals are applied [43]. Im-
portant and challenging factors here are reproducibility of a ZnO nanostructure

http://www.firstsolar.com
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Figure 1.4. Basic design concept of: CdTe solar cell (left) and CIGS solar cell (right).

and control of its dimensions at large-scale production.
ZnO is used as a TCO and anti-reflection layer in heterojunction SCs with

intrinsic thin layers (HIT), introduced by SANYO. The SANYO HIT cells show
record open-circuit voltage (Voc) of 0.739 V (typically ∼0.6 V for conventional
c-Si solar cells [36]) among all the PV devices based on bulk Si wafers. The best
demonstrated cell efficiency up to now is 23 % [44] and module efficiency is 18.3 %
(www.panasonic.net/energy/solar).

1.3 General properties of ZnO

From the vast field of ZnO properties presently known from both theoretical and
experimental studies, the attention of this section is mainly devoted to the studies
providing a background for the research developed in this thesis.

1.3.1 Structural properties

Undoped, doped ZnO and ZnO-based alloys crystallize under normal conditions
in the hexagonal wurtzite-type structure [18], represented in Figure 1.5. It has

http://www.panasonic.net/energy/solar
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a polar hexagonal threefold c-axis, parallel to z; the translation vectors a and b
(a=b) include the angle of 120° and are situated in the base plane. The lattice
constants mostly range from 3.2475 to 3.2501 Å for the a parameter and from
5.2042 to 5.2075 Å for the c parameter [19]. The ZnO crystal structure belongs
to the space group C4

6ν (P63mc) in the Schoenfiles (short standard) notation [45].

Since the wurtzite structure does not possess inversion symmetry, ZnO crystal
exhibits crystallographic polarity, which indicates the direction of the bonds, i.e.
(0001) planes differ from (000-1) ones. The convention is that the [0001] axis
points from the face of the O plane to the Zn plane and is the positive z-direction.
Zn-polarity means that the bonds along c direction are from cation (Zn) to anion
(O). For the O-polarity it is vice versa. There are several material properties,
which can also depend on polarity, such as growth, etching, generation of the
defects, plasticity, spontaneous polarization and piezoelectricity [19]. Besides the
primary polar plane (0001) and associated direction <0001>, which are the most
common surface and direction for growth for wurtzite ZnO, there are many other
secondary directions and planes in the crystal structure. The relation of this
aspect with the electrical properties of ZnO will be extensively treated in Chapters
3, 4 and 5.

1.3.2 Electrical properties

Band structure

ZnO is a semiconductor with a direct band gap (Eg) of 3.44 eV at low temperatures
and 3.37 eV at room temperature [46]. It is just above the visible light energy
(1.65 eV < hν < 3.26 eV), which makes ZnO transparent in the visible range.
A schematic representation of the ZnO band structure is given in Figure 1.6.
Since ZnO is a direct band gap semiconductor, the minimum and maximum of
the valence and conduction bands, respectively, are at the same point of Brillouin
zone at k=0 (at the Γ-point) [18]. Undoped ZnO is an n-type semiconductor,
however, the origin of that is still under debate. Some authors state that n-type
conductivity is due to the point defects, such as Zn interstitials and O vacancies
[47, 48]. Others suggest hydrogen, which forms a shallow donor in ZnO, to be a
cause of n-type conductivity [49–52].

In n-type materials the Fermi level is closer to the conduction band. N-type
doping introduces electron energy levels near the top of the band gap that can
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Figure 1.5. ZnO unit cell (left) and crystal structure (right-perspective view perpen-
dicular to c-axis; bottom-view along c-axis on the Zn-terminated (0001) plane)
(based on the figures published in the book of Ellmer et al. [45]).
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Figure 1.6. Schematic energy band diagram of doped ZnO as a degenerate semicon-
ductor.

donate electrons into the conduction band via thermal or an optical excitation.
The elements normally applied as intentional donor dopants are Al, B, Cr, F, Ga,
In, Li and Na. Al, B, Ga, and In substitute Zn site in ZnO and act as shallow
donors [20]. Fluorine can be easily incorporated in the oxygen site [53], donating
one electron to conduction band. At high doping concentrations these individual
impurity levels become close enough to merge into a band filled states, so such
system tends to show conductor-like behavior and the Fermi level appears in the
conduction band (Figure 1.6). However, there are still fewer charge carriers than
in the conductor, therefore the behavior is intermediary between semiconductor
and metal, so material is often referred as degenerate semiconductor. Figure 1.6
demonstrates band structure of degenerately doped ZnO, which leads to an un-
usual combination of high electrical conductivity and optical transparency in the
visible range.

Due to the filled states in the proximity of conduction band minimum, the
photons with the energy equal to Eg could not be absorbed, as it was noted by
Burstein [54]. Rather, a little extra energy is needed to excite an electron into
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an empty state in the conduction band. The minimum energy needed for that to
occur is EO, as denoted in Figure 1.6. That is why the band gap has larger values
as determined by optical measurements and the phenomenon is called Burstein-
Moss shift.

Electrical transport

Degenerately doped ZnO exhibits a metal-like behavior, so the resistivity ρ is
determined as following:

ρ =
1

σ
=

1

eNµ
=

m∗

Ne2τ
(1.1)

where σ is conductivity, e is the electron charge, N is the free carrier density,
µ their mobility, m∗ their effective mass2, and τ is the average scattering time.

There are several events within a bulk ZnO crystal, which affect the mobility
of the electrons:

• Optical phonon scattering, caused by interaction of the electrons with the
electric field induced by lattice vibration polarization (polar longitudinal-
optical phonons) at optical frequencies.

• Acoustic phonon scattering is a lattice deformations scattering because of a
local energetic shift of the band edges.

• Piezoelectric scattering, caused by interaction of the electrons with the elec-
tric fields produced by the strain associated with acoustical phonons in the
crystal. Among the polar optical, acoustic and piezoelectric scattering, the
mobility at room temperature is limited by polar optical scattering.

• Neutral impurity scattering due to the interactions of the electrons with un-
charged defects. Scattering at crystallographic defects, such as dislocations
or stacking faults in single crystals can be neglected, since the concentration
of such defects in single crystals is sufficiently low.

2Electron effective mass in solid state physics is a dynamical mass, which appears when
electron moves in a periodic potential of the crystal. It can be shown that electrons and holes in
a crystal respond to the electric field as if they were moving freely in a vacuum, but with some
effective mass. It is usually defined in units of the rest mass of the electron (9.11·10−31 kg). Due
to the non-parabolicity of the conduction band in degenerate semiconductors, electron effective
mass increases with increase in carrier density. For undoped ZnO it is usually (0.25-0.28) me,
for doped increases up to 0.5me.
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• Ionized impurity scattering is caused by screened Coulomb potential of
charged impurities (dopants) or defects.

Besides the above mentioned scattering mechanisms in bulk single crystal ZnO
material, one should consider additional scattering mechanisms, since ZnO films
are usually polycrystalline when deposited by means of gas phase synthesis:

• Dislocation scattering, as a neutral impurity scattering, is a characteristic
scattering process in polycrystalline materials, since they exhibit high con-
centration of crystallographic defects, compared to the bulk single crystals.
However, this process is rarely used to explain experimental data on the
carrier transport in TCOs, which is mainly due to the fact that in most
works the density of defects was not determined [45]. The concentration of
the dislocations is highly dependent on the actual deposition process.

• Grain boundary scattering caused by the charge accumulated at the in-
terfaces between neighboring crystallites of ZnO. The grain boundary is a
complex structure, usually consisting of a few atomic layers of disordered
atoms, representing a transitional region between two neighboring crystal-
lites. These defect zones are getting filled with electrons in n-type ZnO
and a space charge region is formed on both sides of the grain boundary
accompanied by a potential barrier for the electrons.

The transport of the charge carriers across a grain boundary was first described
by Seto [55] for polycrystalline silicon. He distinguished two important contribu-
tions for that: thermionic emission for the carriers possessing high enough energy
to overcome a potential barrier and tunneling (field emission) for the carriers with
the energy less than the barrier height traveling through by quantum-mechanical
tunneling. The former one characterizes lower doping levels, while for the very
high carrier concentrations (N>1020 cm-3) in the grains, the width of depletion
barrier reduces, enabling tunneling. The theory was also supported by works of
Kamins [56] and Orton [57]. Detailed description of barrier height dependence
from carrier concentration is given by Ellmer et al. [45]. For high carrier con-
centrations (N>1020 cm-3), which are necessary to achieve low resistivity, the
barrier height is reduced in the presence of higher N. Because of the exponen-
tial dependence of resistivity from the barrier height, it will decrease faster than
the resistivity of crystallites until the grain boundary region will no longer limit
conductivity and the sample properties will correspond more closely to those of
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crystallites [56]. In this case ionized impurity scattering becomes dominant loss
mechanism.

Figure 1.7. Hall mobilities of undoped and doped zinc oxide thin films as a function
of the carrier concentration, from Ellmer and Mientus [58]. Symbols and fitting
curves represent experimental data of several research groups.

By combining experimental data of several research groups for undoped and
doped ZnO, Ellmer and Mientus [58] elaborated more on the electrical transport
in ZnO. The results were summarized as a dependence of the Hall mobility from
carrier concentration, shown in Figure 1.7. For carrier concentrations above 1-
3·1020 cm-3 the single crystalline and polycrystalline films exhibit similar mobility,
which means that the mobility is dominated by ionized impurity scattering in this
carrier concentration regime. For a carrier concentration lower than 1-3·1020 cm-3

the mobility values of the polycrystalline and hetero-epitaxial films are consider-
ably lower than that of single crystalline ZnO and steeply reducing with lower
carrier concentration. This is caused by the limitation of the carrier transport by
the grain boundary potential mentioned earlier. Large scattering of mobility as
a factor 2-4 at the same carrier concentration in Figure 1.7 is attributed by the
authors to point defects and/or dislocations at the grain boundaries leading to
the higher grain boundary barriers for the lateral current transport. This points
out on the importance of the control on the electrical properties in the ZnO layer
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Figure 1.8. Transmittance, reflectance and absorbance spectra of a typical ZnO:Al
film (thickness 515 nm) obtained in this work by expanding thermal plasma.

depending on the deposition technique. The lowest densities of grain boundary
traps, and so the best mobility values, generally appear to be attributed to tech-
niques with the lowest direct particle bombardment towards the growing film, i.e.
pulsed laser deposition and magnetron sputtering.

1.3.3 Optical properties

Optical properties of materials are related to their electronic structure. High
optical transparency of ZnO is a direct consequence of the wide band of 3.37
eV [46]. As for other semiconductors, optical properties of ZnO are related to
both intrinsic and extrinsic effects. Intrinsic optical transitions are related to
the transitions between valence and conduction bands, including excitonic effects
(free and bound excitons) due to the Coulomb interaction. These latter are be-
yond the scope of this thesis and will not be discussed further, but the reader
can refer to [45, 19]. Extrinsic properties are related to dopants or defects, which
usually lead to discrete electronic states within the band gap, and therefore in-
fluence both optical-absorption and emission processes [19]. The transmittance,
reflectance, and absorbance spectra of a typical Al-doped ZnO (ZnO:Al) are shown
in Figure 1.8.

There are three characteristic regions in the spectra [59]:
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• First, light with energy above the band gap is absorbed in band transitions.
This occurs as an abrupt drop in transmission and increase in absorption
at shorter wavelengths (<350 nm or 3.5 eV). This fundamental absorption
edge shifts to shorter wavelengths with increasing carrier concentration. The
shift is due to the filling of the states near the bottom of the conduction
band and is well known as the Moss-Burstein shift [60].

• Second, a TCO ZnO:Al film must be transparent in the visible region of
the spectrum, typically within λ = 400–750 nm (hν = 3.1–1.7 eV). There
are several factors limiting transmission in this region: reflection losses at
the optical interface; residual absorption due to free carriers and material
defects; interference phenomena, depending on the film thickness.

• Third, another decrease in transmission and increase in reflection is observed
at longer wavelengths λ > 1000 nm with a gradual long wavelength decrease
in the transmission and the corresponding increase in the reflection. This
transition, corresponding to a maximum in absorption, is referred to as the
plasma wavelength (λp), where the frequency of the light is the same as the
frequency of the collective oscillation of electrons in the material [60]:

λp = 2πc

√
ε0m∗

Ne2
(1.2)

where N is the carrier concentration, e the electron charge, ε0 the permittivity
of free space and m∗ the electron effective mass. Oscillation of the electrons in
phase with the electric field component of the incident light results in absorption.
When λ < λp the wave function is oscillatory and radiation can propagate, re-
sulting in a transparent material. When λ > λp the wave function decays and
no radiation can propagate, resulting in the onset of the reflecting IR region.
The carrier concentration is inversely related to the plasma wavelength, as λp is
proportional to 1/

√
N . Therefore, there is a trade-off between transmission and

carrier concentration, so the range of near-IR transparency of the films is deter-
mined by the magnitude of λp, or, by carrier concentration N . At high N , which
is necessary for good electrical properties, the control on the transmittance can
be achieved by reducing the film thickness, keeping in mind the specific growth
development of ZnO grains.
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1.4 Deposition processes

Thin ZnO films are obtained by various fabrication processes yielding films with
diverse structural, optical and electrical properties. The chosen deposition tech-
nique plays a significant role in determining the properties of the films. The most
commonly used techniques for ZnO growth are:

1.4.1 Physical Vapor Deposition (PVD) techniques

Pulsed Laser Deposition (PLD) is quite new in the field of TCOs, very
efficient technique and commonly used for epitaxial growth [61]. Nanosecond

PLD ZnO:Al : excellent electrical
(8·10−5

W·cm for 280 nm) and optical
properties due to the pre-determined
stoichiometry and low structural de-
fects [21]. Mobility is approaching the
values of single crystals. But, low vol-
ume deposition rate, energetically low
efficiency process and with scalability
issues [45].

laser pulses with the energy density of
more than 108 W/cm2 are used to ablate
the pellet of ZnO and ∼1–3 wt. % Al2O3

placed in a vacuum chamber in front of
the substrate [62, 63, 19]. The material
gets vaporized from the pellet in a plasma
plume, then transported in a plume with a
possible interaction with a background gas
and afterwards deposited on the substrate.

The resistivity as low as 8.5·10-5
Ω·cm

and an average transmittance of more than
88 % in the visible range can be achieved
for 280 nm - thick ZnO:Al films grown on Corning 7059 glass substrates [64]. The
PLD ZnO films exhibit mobilities comparable to values reported for ZnO single
crystals and very low trap density at the grain boundaries (Nt=5·1012 cm−2) [58].
More detailed overview of PLD-deposited ZnO film properties, substrates, dopants
and comparison with results of other techniques can be found in the references [45,
63].

Magnetron sputtering is one of the most extensively used techniques for
deposition TCO films and ZnO in particular. The term “sputtering” designates the
process in which highly energetic species, usually positive ions, eject atoms from
solid target material. In magnetron configuration of the sputtering magnetically
trapped electrons in the vicinity of the cathode raise the plasma density in front
of the target. This gives rise to the deposition rate at the reduced thermal load
on the substrate.

Sputtering generally provides smooth ZnO films with good electrical prop-
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erties [65–67]. Highly conductive ZnO:Al films with resistivity (2-3)·10−4 Ω·cm
could be obtained at 400-600 nm by sputtering [68–72], which is slightly higher

RF sputtered ZnO:Al : slightly higher
than for PLD resistivity (2-3)·10−4

W·cm at 400-600 nm associated with re-
duced mobility values due to the higher
trap density at the grain boundaries.
High energy ion damage is especially
detrimental in HIT and CIGS SCs,
where ZnO is deposited on top of ac-
tive layers underneath.

than the values obtained by PLD [22].
This is attributed to the lower mobility
due to the higher trap density at the grain
boundaries [58]. In addition, a recent re-
view of Ellmer and Welzel [73] drew spe-
cial attention to the problem of ion bom-
bardment towards the growing ZnO sur-
face highlighting effects of induced film
crystallization and crystallographic defects
due to high energies of the impinging oxy-
gen ions. To overcome this effect a variety
of modified magnetron sputter processes
can be used [74, 75, 45]. More extensive information about magnetron sputtering
process could be found in literature [58, 76–81].

The thermal evaporation method is typically carried out in a furnace-tube
system at high temperature up to ∼1100 °C [82, 83]. Despite of its simplicity,
thermal oxidation deposition technique has found very little attention by research
groups [84], mainly due to scalability limitations and has been mainly applied for
growing various ZnO nanostructures at a lab-scale [82, 85, 86].

1.4.2 Solution-based techniques

Solution-based techniques are well suited for the deposition of ZnO on large areas
without any vacuum process. The film preparation consists of three steps: (i)
preparation of the precursor solution; (ii) deposition of the prepared solution on
the substrate by the chosen technique; and (iii) heat treatment of the deposited
film [87]. There is a vast variety of solution-based deposition configurations:
chemical bath deposition [88]; spin-, dip-coating; slit, slot, die casting; spray
pyrolysis, ink-jet printing and aerosol jet. Generally, solution-based techniques
lead to the low film quality, with resistivity 5-10 times higher than for sputtered
and PLD-deposited ZnO [59, 89]. One of the best resistivity results is achieved by
dip-coating followed by annealing of deposited ZnO:Al films at 450 °C in vacuum,
achieving resistivity of (0.7-1)·10-3

Ω·cm [59]. A more detailed overview of the
variety of solution-based techniques is presented by Pasquarelli et al. [59] and the
influence of the processing steps on the ZnO quality is reviewed by Znaidi [87].
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1.4.3 Chemical Vapor Deposition (CVD) techniques

Chemical vapor deposition techniques are commonly used to deposit TCOs. They
employ thermal decomposition of precursor gases and/or vapors in a vacuum
reactor and further interaction with a hot substrate to form a thin film. CVD
has the advantage of being a moderate temperature process (150 – 600 °C), with
large scale production capability and growth rates higher than PVD. Another
advantage of CVD is that as-deposited ZnO exhibits high surface roughness, which
is beneficial for light scattering functionality in thin-film SCs.

CVD techniques can be divided into three categories: atmospheric pressure
(APCVD), low pressure (LPCVD) and plasma enhanced (PECVD) chemical va-
por deposition.

Atmospheric Pressure CVD (APCVD) of ZnO using different dopants has
been thoroughly studied by Hu and Gordon [90–93]. APCVD is a diffusion-limited
process, rather than kinetics-limited: the transport of the reactants

APCVD ZnO:Al: 3.3·10−2
W·cm for

1350 nm-thick film at reduced deposi-
tion temperature. Transport of reac-
tants to the growing surface is a main
limitation, requires reduction of depo-
sition pressure and quite high temper-
ature.

to the growing surface is the limiting factor
due to high process pressure. Lowering the
pressure allows to increase deposition rate
and reduce the deposition temperature be-
low 400 °C [45]. Furthermore, deposition
temperature can also be reduced when us-
ing plasma. Plasma-assisted APCVD of
ZnO:Al at 225 °C showed clear advantages
over thermal APCVD, achieving 2.2·10-2

Ω·cm and no delamination from the sub-
strate [94].

Low-Pressure CVD (LPCVD) is very similar to the APCVD process. The
main difference is associated with the lower pressure range from less than 1

LPCVD-grown ZnO:B demonstrates
limited increase in the grain size with
thickness, therefore achievement of re-
sistivity ∼1·10−3

W·cm is possible for
quite thick films: 1.4-5 µm.

mbar to about 30 mbar. LPCVD is char-
acterized by the fast precursor transport
to the growing surface and limited by the
kinetics of reactions occurring at the sur-
face [45]. The low pressure growth at <0.5
mbar is preferred to control chemical reac-
tions in a gas phase during deposition [95–
97]. Due to the limited increase in the
grain size with thickness, achievement of resistivity ∼1·10-3

Ω·cm is possible for
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quite thick films: 1.4-5 µm [98]. LPCVD-grown ZnO:Al has been demonstrated to
be a valid replacement of ITO in a-Si:H thin film solar cells [99]. Establishment of
the various surface texturing schemes for ZnO:B allowed to achieve 10 % relative
efficiency gain in µc-Si:H solar cells [26], best a-Si:H cell efficiency of 10.9 % [100]
and total current gain of 5 % in micromorph SC with efficiency of 13 % [27].

Atomic-Layer Deposition (ALD) can be carried out both at atmospheric
pressure and in vacuum. The precursors - diethylzinc (DEZ, chemical formula

ZnO:Al resistivity as low as 6·10−4

W·cm is achieved in ALD process for
the thickness 105-140 nm, but low
growth rate might be the issue.

Zn(C2H5)2), trimethylaluminum (TMA,
chemical formula Al(CH3)3) and H2O are
dosed into a chamber sequentially, sepa-
rated in time by a purge step, which is
typically used to remove excess precursors
and reactants [101–103]. Oxygen plasma
could also assist ALD process [104], replac-

ing H2O. Simultaneous dosing of DEZ+TMA provides more efficient intermix and
homogeneous Al-doping, resulting in resistivity as low as 6·10-4

Ω·cm at 105-140
nm thickness [105]. The growth rate during ALD process is strongly limited by
the purge steps between the time-sequenced injection of the precursors. It has
been overcome in spatially separated ALD configuration, where precursors dosing
occurs in different zones of the reactor and a moving substrate is sequentially
exposed to each of these zones [106].

Plasma-Enhanced CVD (PECVD) is technically a LPCVD process, with a
difference that precursor dissociation chemistry is initiated by plasma,

Resistivity of 8·10−4
W·cm in PECVD

ZnO:Ga achieved at the thickness of
410 nm.

changing overall reactivity to a more com-
plex reaction routes in a gas phase. The
addition of a plasma environment allows
dissociation of precursors in the gas phase
leading to reduction of substrate temper-
ature (200 °C and below) [107–109]. Fur-

thermore, the presence of ion bombardment can contribute to the specific growth
development of the deposited film [110, 111]. This provides resistivity level of
∼8·10−4 Ω·cm with a carrier concentration of 5·1020 cm−3 and mobility of ∼15
cm2/V·s, for the case of Ga doping at the substrate temperature of 350 °C and
thickness 410 nm [112].

Metal-Organic PECVD (MO-PECVD) is a special case of PECVD process,
where metal-organic (chemical compounds containing metals and organic ligands)
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precursors are used as sources of growth species to be dissociated by plasma. Few
examples of PECVD systems reveal a limited knowledge of the reactions occurring
in the plasma and at the substrate [108, 110, 113–115], due to complexity related
to the metal organic precursors used. At the same time, this approach allows for
a large variety of growth modes and morphologies, each with specific structural,
optical and electrical characteristics [116, 112, 117]. In this section a detailed
description of MO-PECVD technique is given, in particular, the configuration
used throughout this study.

ZnO:Al films in this study were deposited by means of a remote plasma -
the Expanding Thermal Plasma (ETP) technique [118]. It has proven to be a
viable deposition tool for silicon oxide [119, 120] and silicon nitride [121, 122];
hydrogenated amorphous silicon [123, 124] and carbon [125, 126]; and, zinc ox-
ide [116, 117]. The best resistivity level achieved with ETP before this work
was 8·10−4 Ω·cm, as measured for 1100 nm ZnO:Al film deposited at a substrate
temperature of 200ºC [116].

As shown on the schematic representation (Figure 1.9), the general operation
principle of the ETP technique is based on the interaction of generated plasma jet

ETP MO-CVD ZnO:Al resistivity:
8·10−4

W·cm at the thickness of 1100
nm. This growth mode is characterized
by the undesired gradient in resistivity.

with precursors injected downstream thus
creating reactive species responsible for
film deposition. The plasma source is a
cascaded arc unit, where a DC discharge
is generated between three cathodes and
grounded anode plate, throughout 4 mm
channel in the stack of circular copper
plates with boron nitride insulation rings in-between. The cathodes, plates and
anode are water-cooled to prevent melting of the cascaded arc components. The
argon plasma is created at sub-atmospheric pressure (typically 0.3-0.4·105 Pa).
Due to the pressure difference, the ionized argon expands through 4 mm open-
ing in the nozzle of the cascaded arc into the low pressure deposition chamber
(typically 30-200 Pa) and dissociates precursors injected through rings into the
plasma jet: oxygen was injected at 6.5 cm downstream from the plasma source;
evaporated and pre-mixed DEZ and TMA were injected further downstream at 30
cm from the plasma source. The growth precursors were convectively transported
with the flow towards the substrate placed at 50 cm from the plasma source to
deposit the ZnO:Al film.

Substrate temperature could be controlled within the range of 20-400 °C. Usu-
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Figure 1.9. Schematic representation of ETP deposition geometry and the photograph
of ZOPHIA (Zinc Oxide for PHotovoltaIc Applications) experimental setup.
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ally, there were 3 substrates, all of 1 inch2 size, placed in a row on the sample
holder for each deposition and the sample holder was loaded on the heater chuck
through adjoining load-lock chamber. Crystalline silicon <100> with native ox-
ide, 400 nm-thick thermal SiO2/c-silicon <100> and Corning 7059 glass were used
as substrates. Helium gas was injected through the 3 holes in the sample holder
to maintain a good thermal conductivity between the substrates and the sample
holder. A Pfeiffer Vacuum Prisma QME 200 quadrupole mass-spectrometer was
located on a side of the deposition chamber at the substrate level to monitor the
background gas composition through 100 µm orifice. The deposition chamber is
equipped with several ports used to attach Spectroscopic Ellipsometry equipment
and Langmuir probe for diagnostics, sputtering source for deposition Ag nanopar-
ticles and 3 viewing ports – 2 on the both sides at the level of 1st injection ring
and one at the substrate level. Shutter in front of the sample holder was used to
protect the substrates from deposition before all the flows are set and stabilized
and after the experiment time is over. Inner walls of the deposition chamber were
covered with Al foil, which was regularly replaced as a part of the reactor cleaning
procedure.

The advantages of the ETP MOCVD process are:

• Remote plasma environment – plasma generation, precursor dissociation
and film deposition are geometrically separated;

• Convective transport of reactive species – potential for high growth rates;

• Low energy of ions arriving at the substrate – favorable conditions for low
defect formation (contrary to, e.g., sputtering).

The precursor dissociation is dominated by ions (Te=0.1-0.3 eV) and the plasma
processes are characterized by a combustion chemistry with negligible ion bom-
bardment of the growing film, compared to, for example, magnetron sputtering.
The ionization degree of the argon flowing through the cascaded arc is up to
10 % [127], which is controlled by the arc current and argon flow. The technique
offers a multiple parameter control of the film properties (morphology, electrical
and optical properties) via plasma properties (pressure, chemistry) and substrate
temperature.

It was previously demonstrated that the control on the ZnO properties can
be achieved by tuning the deposition pressure and temperature (to control film
morphology); zinc to oxygen ratio (to control deposition rate and electrical proper-
ties) [117]. Presence of reactive species and corresponding processes in depositing
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plasma were reviewed and several suggestions regarding the growth mechanism
were given [114]. Furthermore, it was shown that the control of the deposition
pressure plays an important role in development of the electrical and structural
properties of the film as function of the thickness [128]. It was observed that
there is a correlation between thickness-dependent grain size and sheet resistance
at “high” (1.5 mbar) and “low” (0.38 mbar) deposition pressure [116]. The “low”
pressure conditions exhibit very limited lateral grain development, thus constant
sheet resistance as a function of thickness, so called “pillar-like”, or, columnar
growth development. At “high” pressure there is a gradual increase in the lat-
eral grain size and corresponding reduction of sheet resistance with increase in
thickness, so called “pyramid-like” growth. The work presented in this thesis is
focused on understanding the cause of the “pyramid-like” growth and providing
the ways to control this type of growth. From the early works on “pyramid-like”
ETP-grown ZnO:Al and the experimental data in this thesis, next section intro-
duces and provides a detailed preknowledge for the following chapters, based on
relationships between the growth and physical properties.

1.5 Relationships between the growth and physi-

cal properties of ETP “pyramid-like” ZnO:Al

A typical example of pyramid-like growth is demonstrated on the Scanning-
Electron Microscopy image shown in the Figure 1.10. As it was earlier demon-
strated [116], the ZnO lateral grain size is increasing with the film thickness. In
that way, the initial growth stage is characterized by a high nucleation density and
small crystallites, which develop in lateral, as well as in vertical directions as the
growth proceeds. Some of them are being suppressed, in a favor of others to de-
velop in lateral direction even further. Thus, the formed grains have pyramid-like
profile, with the vertex of the pyramid pointing towards the substrate, where the
grain nucleated. Also, the top part of the grain is not flat, but rather has a sharp
vertex, which is advantageous for light scattering capability in SCs. This kind of
structural development has a pronounced effect on the electrical properties, since
the grain boundary traps, as addressed earlier in subsection 1.3.2, strongly affect
electrical transport in the lateral direction. Since thinner films have a smaller
grain size, they are more prone to electrical losses at the grain boundaries, com-
pare to the thick ones with the large grain size. Another characteristic parameter
is the native surface roughness, which is directly related to the lateral size of



Chapter 1. Introduction 29

100 nm

ZnO:Al

c-Si/SiO2

Figure 1.10. Cross-sectional view of pyramid-like growth (outlined red contours) de-
velopment of ETP grown ZnO:Al grains.

pyramid-like grains and increasing linearly with increase in the grain size (here
and further in the text the term grain size will designate lateral grain diameter
of the largest top part of the developed crystallite). However, deposition pressure
was observed to be a powerful tool to determine the ETP growth of ZnO [116],
reducing the grain size and switching from pyramid-like to pillar-like mode just
by reducing the pressure. The pillar-like mode is characterized by limited devel-
opment of the grain size during the film growth such, that the crystallites look
like densely packed parallel columns with domed tops and the surface roughness
is low.

The optical characteristics of pyramid-like ZnO:Al can be deduced from its
dielectric function ε(ω). This complex function is frequency dependent and related
to material refractive index (n) and extinction coefficient (k) as following:

√
ε(ω) = n+ ik (1.3)

For free electrons in metals the complex dielectric function is given by the
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Drude model and can be also applied for degenerately doped ZnO:Al [60]:

ε(ω) = (n− ik)2 = ε∞ −
Ne2

ε0m∗
(
ω2 − iω

τ

) (1.4)

where ε∞ is the high frequency dielectric function, τ the scattering time. Since
the Drude model is valid at hν <‌< Eg, it has to be combined with another func-
tion, e.g. a Lorentz oscillator, to account for the inter-band transitions and to
obtain the optical properties of the material in the broad range of the spectrum,
from UV to near-IR. This function was applied to study electrical properties of
ZnO:Al obtained in this work by accurate and non-destructive optical measure-
ment technique-Spectroscopic Ellipsometry (SE).

The name “Ellipsometry” comes from the fact that the polarized incident light
(on the left in the Figure 1.11) becomes “elliptical” upon reflection from the sample
(on the right in the Figure 1.11). As shown in the Figure 1.11, SE measures
amplitude ratio ψ and phase difference ∆ between p- and s-polarized light waves
as given by:

ρ = tanψ exp(i∆) =
rp
rs

=

(
Erp

Eip

)
(
Ers

Eis

) (1.5)

where indices p and s stand for p- and s-polarized components of light (p
corresponds oscillations parallel to the plane of incidence; s to the oscillations
perpendicular to the plane of incidence and parallel to the surface plane); i and
r for incident and reflected light.

For the ZnO:Al samples obtained in this work, a combination of Drude and
Tauc-Lorentz (TL) was used, similar to reported by Fujiwara and Kondo for
Ga-doped ZnO [129]. Dielectric functions resulted in a quite good fit of the
experimental data and in a strong match with other external measurements. The
dielectric function of ZnO:Al ε(E) = ε1(E)− iε2(E) is expressed by:

ε(E) = εTL(E) + εD(E) (1.6)

where εTL(E) and εD(E) stand for dielectric functions calculated by the TL
and Drude models, respectively. In the TL model, the dielectric function is ob-
tained from five parameters (ATL, C, ET , E0 , ε1(∞)), which represent the am-
plitude, broadening parameter, Tauc optical gap, peak transition energy, and
energy-independent contribution to ε1(E), respectively [130]. ZnO:Al films de-
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Figure 1.11. Measurement principle of spectroscopic ellipsometry and list of the main
film properties which can be obtained for ZnO with this technique.

posited on c-Si wafers with ∼400nm of SiO2 were analyzed with SE using the
model shown in the Figure 1.12.

It consists of substrate (c-Si with SiO2 measured before ZnO:Al deposition, to
provide a good base for fitting ZnO:Al layer on top), bulk ZnO:Al parametrized
with dielectric function as in Formula (1.6) and a roughness layer on top (effective-
medium approximation of 50 % ZnO:Al and 50 % voids). To overcome the chal-
lenges of film inhomogeneity with thickness and high surface roughness, the mea-
surements were performed in a wide wavelength range (250 to 1700 nm) at several
angles of incidence (50 to 80 degree with a step of 5). Results of this procedure are
shown in the Figure 1.13, where mobility, carrier concentration and roughness are
plotted as a function of effective thickness (taken as a sum of bulk layer thickness
and ½ of surface roughness layer).

Since Drude model consider independently moving free electrons, it is a Lorentz
oscillator without restoring force and a main fitting parameter unscreened plasma
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Figure 1.12. Optical model used in Spectroscopic Ellipsometry analysis of ZnO:Al.

frequency ωp. From fitting the Drude term of dielectric function carrier concen-
tration Nopt can be determined, when setting effective mass m∗:

ω2
p =

e2Nopt
ε0m∗

(1.7)

The best fit was achieved at the m*=0.4me, which corresponds to degenerately
doped ZnO:Al. The broadening from the Drude function gives optical electron
mobility:

µopt =
eτ

m∗
(1.8)

This optical mobility is fundamentally different from the one obtained from elec-
trical measurements – Hall mobility. Contrary to the Hall measurements, optical
electron displacement by SE is very limited, usually smaller than the grain size.
Therefore, SE measurements are generally considered to account for intra-grain
properties, but not for the grain boundary transport. However, it is important to
determine in-grain electrical properties, since they can provide complimentary in-
formation about the effect of ionized impurity scattering on electrical properties.
Also, if compared with electrical measurements, results of optical measurement
can demonstrate how strong is the influence of grain boundary scattering on the
effective resistivity of the ZnO:Al film.

For the thickness range above 400 nm both SE mobility and carrier concen-
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Figure 1.13. Comparison of the ellipsometry results with those obtained by Hall and
AFM measurements for the same ZnO:Al samples. The effective film thickness
(thickness of the bulk layer + 50 % of thickness of surface roughness layer) is
indicated on the horizontal axis.
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tration nicely correlate with the Hall results. As it was addressed earlier in sub-
section 1.3.2, one of the major loss mechanisms in polycrystalline material is the
potential formed due to the high trap density at the grain boundaries of these
layers. So, slightly lower Hall mobility is attributed to grain boundary losses.

For the thinner films (<400 nm) the Hall mobility is significantly lower, be-
cause, unlike SE measurements, it includes carrier transport across the grain
boundaries, causing grain boundary scattering. Since the structural feature of
these ZnO:Al films is a pyramid-like grain development, thinner layers have effec-
tively larger volume fraction of the grain boundaries due to the small grain size.
Therefore, the grain boundary barrier is especially detrimental for thinner layers,
so the largest discrepancy between Hall and SE measurements is for the thinnest
90 nm film. The difference in carrier concentration between optical and electrical
measurement of the thin films is caused by inaccuracy of Hall measurement due
to the high film resistivity at this low thickness range. Correlation of the surface
roughness with the Root-Mean-Square (RMS) values from AFM could be also
considered as reasonably good, within a general empirical observation, that AFM
roughness is about 30 % lower than the one from SE. The general trend towards
increasing RMS roughness, as it was addressed in subsection 1.3.1, is related to
increasing grain size and so the height of the vertexes of the grains.

As the resistivity ρ is inversely proportional to mobility µ (see Formula 1.1),
the mobility trend at the constant N rationalizes the presence of the gradient in
resistivity ρ, which is developed as function of the film thickness (Figure 1.14)
and related to the pyramid-like growth development in Figure 1.10. This is a
characteristic feature of CVD techniques in general and can be observed at a
different extent (usually, more than factor of 10 resistivity reduction in the wide
thickness range of several hundred nm). Small grains develop at low film thick-
ness and characterized by charge carrier trapping phenomena occurring at the
grain boundaries. As the grain further develops in lateral size as function of film
thickness, scattering at the grain boundaries becomes progressively less dominant
with respect to other mechanisms (e.g. scattering at ionized impurities) and lower
resistivity values are achieved for large film thickness, as it has been addressed in
Figure 1.13. As can be seen from the Figure 1.14, the ETP process has a potential
to achieve even lower resistivity, than demonstrated before this work [116], close
to the best values for magnetron sputtering (about (2-3)·10−4 Ω·cm). This is an
effective, or, averaged resistivity value, integrated over the whole film thickness.
Obviously, due to the resistivity gradient in ETP ZnO:Al, the resistivity of the
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Figure 1.14. Characteristic resistivity gradient in ETP grown ZnO:Al at pyramid-like
growth conditions in this work (effective resistivity and the values estimated for
the top layer).

top part of the film is influenced by the more resistive underlying part. To account
for that and demonstrate the quality of the top layer, Volintiru et al. [116] per-
formed a correction, which takes into consideration the steepness of the resistivity
gradient. With a similar correction procedure applied here, the effective resistiv-
ity of 3.0·10−4 Ω·cm measured at 1100 nm would be equal to 1.1·10−4 Ω·cm for
the top part of the ZnO:Al layer at that thickness. Quantitative comparison of
the top-layer resistivity with the effective resistivity at each film thickness in this
deposition series can be seen in the Figure 1.14. Application-wise, achievement of
low resistivity for large thickness will increase production costs of ZnO:Al layer
and will undesirably raise the price of the device in which it is applied. The con-
trol on the growth of ZnO:Al layers is, therefore, essential to define the properties
of a ZnO:Al layer, as transparent semiconductor.

The growth control requires control over nucleation and grain size develop-
ment during the growth. Although several aspects to control ZnO growth were
previously demonstrated, there are still some remaining challenges. The main
one is to be able to control resistivity gradient, while maintaining good elec-
trical properties and high optical transmittance. That implies a more detailed
understanding of growth, where factors affecting grain size development and im-
plications of that development are studied in detail. For example, as derived from
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the Figure 1.13, grain boundary scattering should be reduced significantly. One of
the ways is to use hydrogen for passivation grain boundaries. Moreover, hydrogen
is the strongest candidate for being unintentional, n-type “extrinsic dopant”, since
it is present in almost every growth and processing environment. However, H in
interstitial state is very mobile and can easily diffuse out of the samples [131].
Recently it has been suggested, that H can also substitute for O in ZnO and act
as a shallow donor. Substitutional H is much more stable than interstitial H, so
can explain the stability of n-type conductivity [132] and be a good candidate
to be incorporated in grains and at the grain boundaries. The concentration of
hydrogen varies between 1015 cm−3 in single crystals and 1020 cm−3 in polycrys-
talline ZnO deposited by magnetron sputtering [133] and CVD. Understanding
of the plasma processes, which determine the ZnO growth and properties, is also
necessary to know the growth mechanism and its correlation with the electrical
properties of the actual film.

1.6 Scope and outline of the thesis

The field of ZnO applications is quite large. In the photovoltaic area, it ranges
from thin film solar cells, LEDs, up to large-area coatings for smart windows.
All of these applications are especially important for sustainable energy-efficient
future. The extensive range of applications requires an educated design and en-
gineering of the ZnO layer in terms of structure and optoelectronic properties,
amongst others.

The work presented in this thesis is focused on one particular application –
thin film solar cells. However, this application also involves variety of possible
structures and different functions, which ZnO can perform, as demonstrated ear-
lier in section 1.2. Thus, the ability to achieve required properties for each specific
application/function necessitates of a good control on the ZnO growth on the basis
of the understanding of its growth mechanism. Additionally, each specific deposi-
tion technique has its own peculiarities and plays a significant role in determining
the properties of the films. Particular challenges of the case of ETP process
are the complex gas phase reactions related to the metal-organic precursors used
and the strong dependence of electrical properties on the film thickness – the so
called resistivity gradient (Figure 1.14). The latter is a characteristic of all CVD
techniques, but the main focus of this thesis is on ETP. The resistivity gradient
requires growing thick films to be able to achieve a reasonably low resistivity.
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Certainly, this affects optical transmittance of the deposited layer and increases
production cost, which can respectively result in reduced performance of a solar
cell and higher market price. The understanding of the deposition process in
terms of plasma-related and structural mechanisms, both at the nucleation stage
and during the growth, is required to be able to control the resistivity gradient
and formulate the routes towards achievement better optoelectronic properties of
ETP ZnO:Al.

Hence, the study of the ETP ZnO growth development is a topic of much
interest in this PhD project. In this respect the IRTES project was initiated be-
tween TUDelft, NUON Heliantos (now Hyet Solar) and TU/e to provide solutions
towards higher efficiency thin film silicon based solar cells. The task of TU/e was
to provide a process control over ZnO growth development to be able to deliver
films with tailored structure, surface texture, conductivity and transmittance.

Therefore, the goal of this research can be summarized as:

• to provide understanding on ZnO:Al growth development in the ETP pro-
cess with a focus on the gradient in ZnO:Al resistivity which develops as
function of the film thickness;

• to find the routes for the improvement of the electrical and optical properties
of ZnO:Al by controlling the growth process at the nucleation stage, during
the development of the bulk and/or in a post-deposition treatment.

Generally, both the electron transport properties and the optical constants in the
ultra thin films are thickness dependent [60]. This may be caused by: (a) the
presence of oxygen-rich surface layers, such as grain boundaries; (b) increased
mobility resulting from increased grain size and (c) change in the preferred orien-
tation of crystallites with thickness and, consequently, variation in the refractive
index.

These common mechanisms were also discussed throughout this work and
addressed as follows:

• The presence of oxygen at the grain boundaries can be addressed when
studying the evolution of the electrical properties and grain size development
with the increase in thickness. The addition of hydrogen to the system
can have a passivation effect followed by improved electrical properties, as
demonstrated in Chapter 2.

• The improved mobility with an increase in grain size, as well as the evolution
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of crystallographic orientations in ZnO:Al with thickness are extensively
addressed in Chapters 3 and 5.

• Void development throughout the film bulk is quite common in CVD growth,
due to the increasingly extending lateral grain size with increase in film
thickness. The distribution of the voids within the layer determines the
electrical, optical properties and is related to the specific deposition tech-
nique and experimental parameters. This is further addressed in Chapters 3,
4 and 5.

• The electrical conductivity, optical transparency in the visible region and IR
reflectivity are interrelated and are markedly dependent on the deposition
conditions, in particular on the oxidation processes that occur during or
after deposition. Therefore the role of atomic and molecular oxygen was
examined under the deposition conditions and correlated with the material
properties in Chapter 4.

Thus, the outline of the remaining part of this manuscript is the following:

• Chapter 2 addresses the route to control the resistivity gradient by intro-
ducing hydrogen diffusing from silicon capping layers on top of ZnO:Al, i.e.
a configuration adopted in poly-Si solar cells. After high temperature pro-
cessing, the resistivity gradient was drastically reduced and the conductivity
of ZnO:Al films improved by a factor of ∼50 (for ∼100 nm ZnO:Al). This
was attributed to the improved quality of the grain boundaries due to the
hydrogen passivation;

• Chapter 3 shows the correlation between structure, electrical and optical
properties of ZnO:Al. It also demonstrates the way to control the resistivity
gradient and to improve electrical properties of ZnO:Al by enabling a differ-
ent growth mode. Also, it provides a detailed study of the layer development
with increase in film thickness in terms of electrical, optical properties and
structure. This gives a valuable insight for the growth development control
and understanding of the ZnO:Al growth mechanism;

• Chapter 4 elaborates the processes in the plasma and at the substrate sur-
face, associated to the different growth modes and reduced resistivity gradi-
ent, as investigated in Chapter 3. The role of atomic oxygen in the growth
of ZnO:Al film is highlighted. A possible mechanism of ZnO:Al growth in
ETP is proposed;
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• Chapter 5 demonstrates the importance of the substrate effect on the nucle-
ation, subsequent growth and resulting electrical properties of ZnO:Al, with
the aid of Ag nanoparticles sputtered prior to the ZnO:Al deposition. This
approach allows for the earlier onset of the dominant <002> orientation
with effective suppression of other, competitive orientations. This leads to
a reduced void fraction and a more compact structure, which is reflected in
the improved electrical properties and optical transmittance of ZnO:Al.
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Chapter 2

Improved conductivity of aluminum-
doped ZnO: the effect of hydrogen
diffusion from a hydrogenated amor-
phous silicon capping layer∗

Abstract

Plasma-deposited aluminum-doped ZnO (ZnO:Al) demonstrated a resistivity gra-
dient as function of the film thickness, extending up to about 600 nm. This gradi-
ent decreased sharply when the ZnO:Al was capped by a hydrogenated amorphous
silicon layer (a-Si:H) and subsequently treated according to the solid phase crys-
tallization (SPC) procedure at 600 °C. The resistivity reduced from 1.2·10−1 to
2.6·10−3 Ω·cm for a film thickness of 130 nm, while for thicker films the decrease
in resistivity was less pronounced, i.e. a factor of 2 for a film thickness of 810
nm. While the carrier concentration was not affected, the mobility significantly
increased from 7 to 30 cm2/V·s for the thick ZnO:Al layers. This increase was
ascribed to the passivation of grain boundary defects by hydrogen, which diffused
from the a-Si:H towards the ZnO:Al during the SPC procedure. The passivation
effect was more pronounced in thinner ZnO:Al layers, characterized by a smaller
grain size, due to the presence of large grain boundaries. For thicker films with
grain sizes up to 200-300 nm the mobility became progressively less affected by
the presence of grain boundaries. Therefore, the hydrogen-induced improvement
in conductivity was less significant for the thick ZnO:Al films.

∗Published as: M. V. Ponomarev, K. Sharma, M. A. Verheijen, M. C. M. van de Sanden,
and M. Creatore, Journal of Applied Physics 111, 063715 (2012).
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2.1 Introduction

Due to their wide band gap, transparent conductive oxides (TCOs) exhibit a high
transparency in the solar spectral range. Therefore, they are used as transparent
electrodes in many applications, e.g. in flat panel displays [1, 2], for architectural
and automotive glazing [3], in solar thermal applications and in thin film solar
cells (SC) [4–6], either silicon- [7, 8] or non-silicon based, such as cadmium tel-
luride [9] and copper indium gallium diselenide [10]. Within the field of thin film
silicon-based solar cells, poly-crystalline silicon (poly-Si) receives attention be-
cause it couples the potential for high conversion efficiency and lower production
costs. One of the approaches towards poly-Si is plasma deposition of amorphous
silicon followed by Solid-Phase Crystallization (SPC) [11, 12], which has deliv-
ered efficiencies up to 10 % [13, 14]: for example, CSG Solar [15] has achieved
an efficiency of 10.4 % by developing a 2.5 µm-thick poly-Si on glass, which was
also confirmed by studies reported by Green et al. [15]. In this case, the TCO
can be applied as front contact and aluminum-doped zinc oxide (ZnO:Al) is often
referred to as a valid alternative to e.g. indium tin oxide. The ZnO is considered
appealing due to the relatively low cost, high abundance, non-toxicity [16, 17],
resistance to H2 etching [18, 19] and, under specific conditions, surface texturing
for light management/trapping.

This manuscript addresses the changes in the electrical properties which the
ZnO:Al film undergoes upon SPC treatment of the hydrogenated amorphous sil-
icon (a-Si:H) film deposited on top of the ZnO:Al. As already demonstrated by
Lee et al. [20], due to the application of a 300 nm - thick a-Si capping layer on top
of 700 nm sputtered ZnO:Al, a decrease in resistivity of the TCO layer was mea-
sured, i.e. from (4.3±0.1)·10−4 to (2.2±0.1)·10−4 Ω·cm after an SPC procedure
up to 600. The authors attributed this improvement to the increase in mobility
of the charge carriers, which reached a value of 53 cm2/V·s. No further details
were reported on the modification of the ZnO:Al layers upon annealing.

The higher mobility was attributed to an improved crystallinity of the ZnO:Al
layer, not further supported by any experimental evidence. Later, Ruske et al. [21]
presented a more extended analysis of the above-mentioned results and reported
an increase in mobility as well as in carrier concentration, reaching a value above
1020 cm−3, upon annealing. The excellent results in terms of improved conduc-
tivity of the ZnO:Al layer upon annealing were attributed to hydrogen diffusion
(i.e., as source of additional charge carriers) and to a decrease of defects at grain
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boundaries. Recently, the same research group improved the electrical proper-
ties of thermally degraded ZnO:Al films by means of a capping/annealing proce-
dure [22]. They concluded that a transition from grain boundary scattering to
ionized impurity scattering had occurred upon reduction of the defect density at
the grain boundaries, after annealing of the films capped with a-Si:H.

In the present contribution, a 1 µm-thick a-Si:H layer, as typically used in poly-
Si based solar cells, was deposited on ZnO:Al layers with a thickness in the range
of 100-800 nm. Both layers were synthesized by the expanding thermal plasma
(ETP) technique [11, 23]. In particular, following our previous studies [23] on
highly conductive (7·10−4 Ω·cm at a film thickness of 1300 nm) plasma-deposited
ZnO:Al layers characterized by a strong gradient in resistivity as a function of the
thickness, the present study focuses on the impact of the capping layer and the
annealing on the gradient in resistivity of the ZnO:Al thickness series. Therefore,
the electrical properties of the pristine ZnO:Al layer prior, as well as after the
SPC treatment in the absence/presence of the a-Si:H layer, were determined.
Moreover, the evaluation of the electrical properties is discussed as a function of
the hydrogen diffusion profiles in the poly-Si/ZnO:Al stacks.

This chapter is organized as follows: in Section 2.2 experimental details about
sample preparation, post-deposition treatment and analysis techniques are pro-
vided. In Section 2.3 the experimental results on the correlation between the
electrical and structural properties of the ZnO:Al films are presented and dis-
cussed. The gradient in resistivity of the as-deposited films, reduction of the
gradient of capped, as well as a deterioration of the uncapped ZnO:Al films upon
annealing are reported. Next to the changes in electrical properties, the hydrogen
profile in the studied stacks was quantitatively followed by means of ToF-SIMS
analysis. The obtained results, i.e. a massive reduction of the resistivity gradient
of the capped ZnO:Al layer upon annealing and crystallization of the a-Si:H layer
into poly-Si, was interpreted also in view of the ZnO:Al morphology development
with thickness.

2.2 Experimental details

A remote plasma - enhanced chemical vapor deposition process, i.e. the ETP,
was used for both depositions of ZnO:Al films on Corning 7059 glass and a-Si:H
layers on top of ZnO:Al films. The plasma source was a cascaded arc, which
generates a DC discharge between three cathodes and an anode plate at sub-
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atmospheric pressure (typically Parc=0.3-0.5·105 Pa). Due to the pressure differ-
ence, the ionized argon expands into the low pressure deposition chamber (typi-
cally Pdep=30-200 Pa) and dissociates the precursors injected through rings in the
plasma jet: at 6.5 cm downstream from the plasma source oxygen was injected;
further downstream at 30 cm from the plasma source pre-mixed diethylzinc (DEZ)
and trimethylaluminum (TMA) were injected. ZnO:Al films have simultaneously
been deposited on two glass (Corning 7059) and one mono-crystalline silicon sub-
strates (<100> n-type Si), placed on a preheated substrate holder located at
50 cm from the plasma source.

In the present work the experimental conditions were chosen to achieve highly
conductive ZnO:Al with large surface roughness. In general these conditions are
appropriate for applications in solar cells, as earlier described [18, 23]. As shown
in Table 2.1, the experimental parameters were kept constant, but the ZnO:Al
thickness was in the range of 100 to 800 nm at the deposition rate of 1 nm/s.

On top of the glass substrates covered by ZnO:Al, 1000 nm - thick a-Si:H films
were grown at 400 °C. In this case the expanding thermal plasma was generated
in an argon/hydrogen mixture. As a precursor for a-Si:H growth, silane (SiH4)
was used. It was fed into the plasma via an injection ring placed at 5 cm from
the plasma source. More details were reported elsewhere [24, 25].

As a next step, an SPC process for 10 hours at 600 °C in vacuum (P=10−4 Pa) was
performed to fully crystallize a-Si:H. The heating rate was programmed as follows:
10 degree/min from room temperature to 400 °C followed by 1 degree/min in the
range of 400-600 °C and 10 hours at 600 °C. Afterwards, the power of the heater
was switched off to let the samples cool down to room temperature.

The electrical properties were measured using a Jandel universal four-point probe
with a cylindrical 25mm probe head, following the approach of Ruske et al. [21]
A VEECO Dektak 8 step-profiler was used to determine the thickness of the
deposited films. Hall measurements were performed by means of a Phystech RH
2010 to determine the carrier concentration and mobility. A small preparation
procedure was carried out to make good contacts with the capped ZnO:Al layer.
On each corner of a 10x10 mm2 poly-Si/ZnO:Al/glass samples ion beam etching
of poly-Si layer was performed with a spot size of 2x1 mm2. An argon-ion gun at
3000 eV and 3.85 µA was used for that, leading to an etch rate of ∼0.13 nm/s.

Surface morphology characterization was performed on an NT-MDT Solver
P47 Atomic Force Microscope (AFM) in a semi-contact mode with a scan size of
2x2 µm2. In addition, cross-sectional Transmission Electron Microscopy (TEM)
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Table 2.1. Summary of the experimental settings. Type of film and varied experimental
conditions are indicated.

Experimental parameter Type of film

ZnO:Al a-Si:H

GAr, sccm 1000 3300

GH2 , sccm - 600

IArc, A 50 45

PArc·105, Pa 0.41 0.32

PDep, Pa 170 15

GDEZ , g/h 3.5 -

GTMA, g/h 0.2 -

GO2
, sccm 100 -

GSiH4 , sccm - 600

Tsub., 0C 200 400

Thickness, nm 100-800 1000

(FEI Tecnai F30ST Transmission electron microscope operated at 300 kV) and
Scanning Electron Microscopy (SEM) (Jeol JSM-7500 FA) analyses were used to
visualize the ZnO:Al grain development.

Rutherford Backscattering Spectroscopy (RBS) was employed to obtain quanti-
tative information about the composition of the ZnO:Al films. In particular, RBS
was used to measure zinc, oxygen and aluminum content in the ZnO:Al films,
needed for the calibration of data provided by the Time-of-Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) measurements. Hydrogen content was measured
by means of Elastic Recoil Detection analysis (ERD). Both RBS and ERD mea-
surements were performed using 2 MeV He+ ions produced by an HVE 3.5 MV
singletron. In addition, the hydrogen concentration in a-Si:H films on c-Si sub-
strate was calculated from the 640 cm−1 wagging mode in the spectra obtained by
the Fourier Transform Infrared (FTIR) technique (Bruker Tensor 27), as described
elsewhere[26, 27].

The ToF-SIMS analysis on the ZnO:Al capped with SPC a-Si:H was performed
to determine the elemental composition as a function of depth by means of a
IONTOF ToF-SIMS IV instrument, using 25 keV Bi+ ions from a 3-lens in both
positive and negative modes. By calibrating these measurements with results



54 2.3. Results

determined from the ERD measurements, the hydrogen concentration in poly-Si
on ZnO:Al was determined.

X-Ray Diffraction (XRD) measurements combined with in situ annealing at 600
°C were performed on a Philips MPD Control PW3710 X-Ray diffractometer to
study the crystallization behavior of a-Si:H in more detail.

2.3 Results

The resistivity trends as a function of the thickness for the as-deposited and
annealed ZnO:Al films in the absence/presence of a capping layer are shown in
Figure 2.1a. In agreement with the previous work [23], a gradient in resistivity as
function of the thickness was observed for the as-deposited ZnO:Al layers (Fig-
ure 2.1a, square symbol). This result was attributed to structural changes occur-
ring during the growth of the poly-crystalline ZnO:Al layer, namely, a pyramid-like
growth development of the ZnO:Al grains [23]. This type of growth is character-
ized by an increase in grain size and, consequently, a reduction in the density
of grain boundaries and charge trapping centers, leading to an enhanced mobil-
ity [23]. At the same time, the ZnO:Al, which was capped with a-Si:H and had
received an SPC treatment (Figure 2.1a, circle symbol), exhibited a decrease in
resistivity. In particular, the effect had a major impact on the thinner films,
leading to a significant decrease of resistivity and a suppression of the resistivity
gradient. On the contrary, annealing the uncapped ZnO:Al at SPC conditions
in vacuum deteriorated its electrical properties (Figure 2.1a, triangle symbol), in
agreement with Minami et al.[28], and the effect was more pronounced for larger
ZnO:Al thickness values.

The deterioration of the electrical properties of the uncapped ZnO:Al can be
related to the oxygen present at the grain boundaries. One possible explanation
is the formation of Al2O3 at the grain boundaries, based on the presence of residual
oxygen during vacuum annealing. This oxidation is thermodynamically favored
due to its high formation enthalpy4. The increase in resistivity clearly correlates
with measurements of the VIS-NIR (650-1700 nm) transmittance of the uncapped
ZnO:Al films, which significantly increased after annealing under SPC conditions,
as shown in the inset of Figure 2.1b for the 810 nm - thick ZnO:Al sample. The
effect is in agreement with observations of Lee et al. [20] and suggests that the
absorption by free charge carriers in the near-infrared is considerably reduced.
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Figure 2.1. a - Changes in resistivity of the ZnO:Al layer as function of the thickness
upon anneal in the absence/presence of a capping a-Si:H layer; b - Changes in
the straight-through transmittance for the 810 nm - thick ZnO:Al film before and
after SPC treatment.
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Therefore, it can be concluded that a decrease in doping efficiency can be caused
by the formation of Al2O3, which acts as neutral impurity scattering center.

Another reason for the deterioration effect observed in Figure 2.1a is based
on the considerations reported by Minami et al. [28]: oxygen chemisorbed at the
grain boundaries can capture free electrons from the bulk of the grain, creating
extrinsic interface states. There are several factors related to the grain boundaries
that can reduce the mobility, namely, fairly high densities of interface states which
trap free carriers from the bulk of the grains, scattering of free carriers induced
by the inherent disorder and the presence of trapped charges [29]. According
to the grain boundary carrier-trapping model [30–32], oxygen adsorbed at the
grain boundaries results in an additional interface charge, which gives rise to
band-bending (the energy difference between the conduction band edge at the
grain boundary and in the bulk of the grain) in the bulk of the grain and to the
creation of potential energy barriers [29]. These grain boundary barriers hinder
the motion of free carriers from one grain to another by scattering them back to
the bulk of the grain, thereby their inter-grain mobility is reduced and overall the
film resistivity increases.

Next to the study of the uncapped layers, the properties of ZnO:Al layers
capped with a-Si:H were evaluated. As pointed out by Ruske et al. [21], the
improvement of the electrical properties of capped ZnO:Al was caused by the
hydrogen available in the a-Si:H capping layer before the SPC procedure, although
an additional source of hydrogen was present in their sample, i.e. a SiNx:H layer
between the glass substrate and the ZnO:Al layer.

On the basis of the FTIR analysis of the present experiments, the hydrogen con-
centration in the as-deposited a-Si:H was equal to (3.6±0.3)·1021 at/cm3. The
ERD-measured hydrogen concentration in the as-deposited ZnO:Al layer was
(2.7±0.3)·1020 at/cm3, which is one order of magnitude lower than in a-Si:H.
Therefore, during the SPC process of a-Si:H, it is expected that hydrogen diffuses
into the ZnO:Al layer, as well escapes towards the ambient [33] (i.e., the oven).
Within the ZnO:Al layer, hydrogen can reduce the grain boundary defects that
limit the film conductivity. It also forms a strong bond with oxygen, providing
a powerful driving force for its incorporation in the ZnO crystal [34]. According
to Van de Walle [34], hydrogen in ZnO appears exclusively in the positive charge
state, i.e. it always acts as a donor causing an increase in carrier concentration.
Therefore, it tends to reduce the energy barriers at the grain boundaries, thus
being the main reason for the improved electrical properties [35], in agreement
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with Ruske et al. [21] Other mechanisms, such as reduction of point defects and
activation of the Al from Al-oxide phase [36, 37] are also possible and should not
be disregarded. For example, Kim et al. [37] showed activation of Al dopants
through deoxidation of Al-oxides, after annealing ZnO:Al films at 900 °C for 3
minutes.

However, as shown in Figure 2.1a, the hydrogen impact on the electrical prop-
erties is dependent on the thickness of the ZnO:Al film. For the 130 nm-thick
ZnO:Al film, the resistivity improved by a factor 45 (to 2.6·10−3 Ω·cm), while for
the 810 nm - thick layer the improvement was only a factor of 2 (to 1.2·10−3 Ω·cm).
This is because of the large influence of the grain boundary states on the lateral
film resistivity/mobility, as already concluded by Volintiru et al. [38] A similar
effect was observed by Wimmer et al. [22] for 900 nm-thick ZnO:Al: capping and
annealing of as-deposited film resulted in a factor of 2 improvement in resistivity
(∼2.4·10−4 Ω·cm), while this latter was increasing by more than a factor of 100 for
the thermally degraded films with the lowest carrier concentration and mobility.

The carrier concentration measured in the capped ZnO:Al was about 3·1020

cm−3 and the mobility was around 30 cm2/V·s for the 600 nm - thick ZnO:Al layer
and about the same value for the 200 nm - thick film. The carrier concentration
is in agreement with the value associated to the pristine ZnO:Al (2·1020 cm−3)
and the mobility significantly increased from the as-deposited state (7 cm2/V·s
at 600 nm). This result also points out that the grain boundaries are passivated
by hydrogen. Moreover, it agrees well with the observations of Ruske et al. [21],
who reported a significant increase of the mobility. The same research group also
showed a faster poly-crystalline silicon nuclei development on ZnO:Al films, as
compared to SiNx:H films [39], in agreement with in situ crystallization study of
this work (data not shown here). As inferred from in situ XRDmeasurements [40],
the formation of nuclei in the a-Si:H capping layer occurred already after 60
minutes of annealing at 600 °C in the case of 810 nm– thick ZnO:Al, while, in the
case of a-Si:H deposited on glass, the nucleation started after 180 minutes.

To understand the effect of annealing in more detail, the in-depth hydrogen
distribution was studied in the poly-Si/ZnO:Al stacks. In Figure 2.2 ToF-SIMS
depth profiles are presented for the ZnO:Al capped with SPC a-Si:H samples with
810 nm - thick (Figure 2.2a) and 130 nm - thick (Figure 2.2b) ZnO:Al. For sim-
plicity, only the hydrogen, silicon, zinc oxide and silicon dioxide profiles are shown.
The Si signal intensity was constant and equal in both samples, pointing out sim-
ilar properties of the poly-Si capping layer in both cases. The poly-Si/ZnO:Al
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and ZnO:Al/glass interfaces for both samples are for sake of simplicity defined by
means of two vertical lines in Figure 2.2. Due to the larger roughness of the 800
nm-thick ZnO:Al layer as compared to the 130 nm layer (r.m.s. values obtained
from AFM measurements: 40 vs. 15 nm, respectively), the poly-Si/ZnO:Al in-
terface region is found to be broader for the thicker ZnO:Al layer. Therefore,
it appeared earlier on the timescale of the ToF-SIMS analysis (Figure 2.2a) as
compared to the sample with a thinner ZnO:Al layer (Figure 2.2b). At the same
time, the hydrogen profiles are significantly different. In order to extract quanti-
tative information, the hydrogen depth profiles were calibrated by means of the
ERD analysis, and the results are shown on the right axis in Figure 2.2. The
hydrogen in the poly-Si on 130 nm - thick ZnO:Al is below the detection limit
(i.e. 1-2·1019 at/cm3) almost through the whole poly-Si layer and abruptly rises
just at the interface with the ZnO:Al film to 1021 at/cm3. For the sample with
810 nm - thick ZnO:Al the hydrogen concentration increases gradually from the
poly-Si layer to 1021 at/cm3 at the interface with the ZnO:Al layer and up to
3·1021 at/cm3 half way the ZnO:Al layer thickness. The conclusion is that for
both ZnO:Al films the hydrogen concentration is significantly higher when com-
pared to the one in the pristine ZnO:Al film (also shown in Figure 2.2). This
implies that hydrogen diffused from the a-Si:H layer into the ZnO:Al and was
effectively stored after the SPC process.

The reason why the hydrogen concentration is higher for the thicker ZnO:Al film
may be related to the layer structure providing a larger grain-boundary surface
available for atomic hydrogen to be trapped and stored. This hypothesis is sup-
ported by the fact that the ZnO:Al layers were grown under the same experimental
conditions and presented the same doping concentration (0.37 % Al in 130 nm
ZnO:Al and 0.36 % Al in 810 nm ZnO:Al, as measured by ToF-SIMS and cali-
brated by means of the RBS results). Therefore, cross-sectional TEM analyses
were carried out to get an insight into the ZnO:Al growth development (Figure 2.3,
cross-sectional High Angle Annular Dark Field - Scanning Transmission Electron
Microscopy (HAADF-STEM)).

At early growth stages, below 100 nm of film thickness, there was a layer of very
densely packed crystallites extending over few tens of nm. During film growth,
some grain orientations were suppressed, while others continued to develop either
vertically and/or laterally. As observed in Figure 2.3, this growth was accompa-
nied by the inclusion of large voids extending up to few hundred nanometers in
height developing at 100-600 nm from the substrate surface. Then, the developed
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Figure 2.2. ToF-SIMS profiles of poly-Si/ZnO:Al/glass samples: a - dZnO:Al=810 nm,
b - dZnO:Al=130 nm. The local maximum in the hydrogen profile at the poly-
Si/ZnO:Al interface is accompanied by an enhancement in count rate for several
other signals, i.e. F-, S- (both are not shown here) and SiO2. This result could
be morphology-related (i.e. the surface roughness of the ZnO:Al layer can induce
an artifact in the ToF-SIMS profile, especially in the case of the thickest sample)
and possibly dependent from an intermixing effect during the ToF-SIMS analysis.
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Figure 2.3. Scanning Electron Microscopy image of poly-Si (1000nm) on ZnO:Al
(810nm)/glass. Inset: Cross-sectional HAADF-STEM image of ZnO:Al film on
glass. Dark areas represent voids in the layer.

grains coalesced at 600-700 nm height and formed a dense matrix with no further
inclusion of voids. This is important for the lateral current propagation, especially
within thinner layers of ZnO:Al, where the total area of the grain boundaries is
higher due to the smaller crystal size. If defects at the grain boundaries are not
passivated, the grain boundary scattering together with the presence of voids
can significantly limit the lateral conductivity. For the ZnO:Al films grown un-
der these conditions, the carrier concentration was about 2·1020 cm−3, which is
considered to be a rather high doping level. According to the grain boundary
carrier-trapping model [29–31], the charge carriers can be trapped at the grain
boundaries, producing a charged grain boundary surrounded by a space-charge
region. The resistivity of this space-charge region can limit the conductivity of
the sample. With an increase in doping concentration the barrier height decreases
and the space-charge region gets narrower. Because there is an exponential depen-
dence of the grain boundary resistivity on the barrier height [30],this resistivity
will decrease faster than the one of the grains. Therefore, at heavy doping lev-
els, grain boundaries do not limit the conductivity anymore [41], so the mobility
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becomes independent from the grain size. However, from Figure 2.1a the resis-
tivity of the as-deposited samples is thickness-dependent, or, since the grain size
is increasing with thickness, grain size - dependent. Thus, the potential at the
grain boundaries has to be considered, as influencing the mobility of the charge
carriers.

As extensively discussed in our previously published work [23], the lateral
conductivity is effectively limited by the relatively high grain boundary density at
the early stages of ZnO:Al growth. With an increase in film thickness, the lateral
conductivity becomes gradually less affected by the grain boundary scattering
and more by the ionized impurity scattering phenomena, as the grains develop in
size. At intermediate thicknesses, i.e. where large voids develop, the percolation
path for the charge carriers becomes longer and the scattering mechanisms in the
bulk ZnO:Al become relevant. In agreement with Wimmer et al. [22], the impact
of hydrogen in improving the ZnO:Al conductivity is attributed to the reduction
of the defect density at the grain boundaries of the ZnO:Al layer. This effect is
larger in the case of low ZnO:Al film thickness, because the mobility is limited
here by the small grain size and, thus, by the grain boundaries. In case of 700-
800 nm-thick ZnO:Al films the passivation of grain boundaries still occurs, under
the reasonable assumption that the grain boundary defect density is independent
from the layer thickness. However, due to the developed larger grain size (200-300
nm), the passivation has a less pronounced effect on the resistivity, as shown in
Figure 2.1a. It can be expected that the limited improvement in conductivity for
large ZnO:Al thickness values observed in Figure 2.1a is also caused by hydrogen
diffusing in the grains, providing additional doping [33, 34, 42, 43] and, thereby,
promoting a stronger contribution of the ionized impurity scattering. It has been
recently demonstrated [22] that upon annealing of the capped ZnO:Al films the
scattering mechanism shifts from grain boundary scattering to ionized impurity
scattering.

Furthermore, the local maximum observed in the hydrogen profile in Fig-
ure 2.2a at 2700 seconds of the ToF-SIMS analysis can be attributed to the pres-
ence of the voids as indicated by the HAADF STEM image in Figure 2.3. The
maximum corresponds to a height of about 300 nm of ZnO:Al, where the large
pores start to appear allowing atomic hydrogen to readily distribute within the
network of voids and be trapped at the large grain boundary surface available.

The structural development of ZnO:Al can also explain the behavior of the
uncapped films, where annealing mostly affected films from intermediate to larger
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thicknesses (Figure 2.1a, triangles). As shown in the HAADF STEM image inset
in Figure 2.3, the grain size is quite large at the intermediate thickness (300-600
nm), but there are also large voids at that thickness which allow for easier oxygen
diffusion within the ZnO:Al film, adsorbing at the grain boundaries. There, it
increases the grain boundary potential for the charge carriers and, in combination
with the presence of voids, it induces a longer percolation path for the charge
carriers. Therefore, the resistivity at intermediate thicknesses is more affected by
annealing. With the further increase in film thickness (600-800 nm), when there
are no voids and the grain boundary surface area is reduced, the degradation
effect on electrical properties is limited.

2.4 Conclusions

The application of a capping layer of a-Si:H on ZnO:Al layers followed by SPC
treatment allows for a strong reduction of the gradient in resistivity as function
of the thickness of the ZnO:Al layer underneath. A major improvement of the
electrical properties was observed in the thinner films: for the 130 nm - thick film,
the resistivity is reduced by a factor 45 down to 2.6·10−3 Ω·cm. For the thicker
films the effect was less pronounced and mainly caused by the increased mobility
of the charge carriers, e.g. from 7 cm2/V·s to 30 cm2/V·s for the 600 nm-thick
ZnO:Al.

The improvement of the electrical properties was attributed to the passiva-
tion of the grain boundaries by hydrogen diffused from the a-Si:H capping layer.
Although a higher concentration of hydrogen was measured in the stack poly-
Si/ZnO:Al layers in the case of the thick ZnO:Al film, the passivation of grain
boundaries was found to have a larger impact in the case of thin ZnO:Al films. In
this case, charge carrier mobility is strongly limited by the rather small grain size
and, therefore, grain boundary effects. On the contrary, at large ZnO:Al thickness
values, characterized by a larger grain size and compact structure, the mobility
of the charge carriers was less affected by the grain boundaries. Therefore, the
passivation had a significantly smaller effect on the resistivity of the thick films.
In the case of uncapped ZnO:Al films the annealing mainly deteriorated the areas
with the developed network of voids.

In conclusion, highly conductive and thinner front contacts for thin film poly-
Si based PV can be obtained upon SPC processing of the a-Si:H layer. Hydrogen
provides efficient passivation of the trapping states at the grain boundaries, which
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improves the electrical properties significantly and, if stable in time, provides a
novel approach to improve the electrical properties of thin ZnO:Al films.
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Chapter 3

Controlling the resistivity gradient in
aluminum-doped zinc oxide grown by
plasma-enhanced chemical vapor de-
position ∗

Abstract

Aluminum-doped ZnO (ZnO:Al) grown by Chemical Vapor Deposition (CVD)
generally exhibit a major drawback, i.e. a gradient in resistivity extending over
a large range of film thickness. The present contribution addresses the plasma-
enhanced CVD deposition of ZnO:Al layers by focusing on the control of the
resistivity gradient and providing the solution towards thin (≤ 300 nm) ZnO:Al
layers, exhibiting a resistivity value as low as 4·10−4 Ω·cm. The approach chosen
in this work is to enable the development of several ZnO:Al crystal orientations
at the initial stages of the CVD-growth, which allow the formation of a densely
packed structure exhibiting a grain size of 60-80 nm for a film thickness of 95
nm. By providing an insight into the growth of ZnO:Al layers, the present study
allows exploring their application into several solar cell technologies.
Controlling the resistivity gradient in aluminum-doped zinc oxide grown by plasma-
enhanced chemical vapor deposition

∗Published as: M. V. Ponomarev, M. A. Verheijen, W. Keuning, M. C. M. van de Sanden,
and M. Creatore, Journal of Applied Physics 112, 043708 (2012).
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3.1 Introduction

Highly conducting (doped) ZnO thin films are being used in diverse applications,
such as light-emitting [1] and laser diodes [2], architectural and automotive glaz-
ing [3], thin-film transistors [4, 5] and high efficiency thin-film solar cells [6]. This
latter makes use of ZnO as transparent conducting oxide (TCO), where a high
electrical conductivity in combination with a high optical transmittance and sur-
face texture for an enhanced optical path length [7] are required. N-type doped
(Al, Ga, B) ZnO strongly competes in these applications with indium tin oxide
(ITO), although ITO shows lower resistivity (∼ 10−4 Ω·cm) and higher trans-
mittance [8] than ZnO. Also, ZnO is non-toxic, inexpensive and abundant, which
becomes a very important factor, considering the limited supply of indium and
the growing demand for ITO large-scale production [9]. Moreover, ZnO is chem-
ically and thermally stable in hydrogen-containing plasmas, which are employed,
in the presence of SiH4 gas, for the deposition of silicon-based thin film p-i-n
junctions [10–13]. Therefore, impurity-doped ZnO, e.g. ZnO:Al, is considered to
be an attractive candidate to replace ITO [8].

There are several deposition techniques applied to synthesize ZnO, such as
sol-gel [14], spray pyrolysis [15], magnetron sputtering [16–18], pulsed laser de-
position [19, 20], atomic layer deposition [21, 22] and metal-organic chemical va-
por deposition (MO-CVD) [23]. Gas phase-based techniques, as MO-CVD, have
also shown potential to grow high quality aluminum-doped ZnO (ZnO:Al) lay-
ers [24, 25] at deposition rates as high as ∼ 14 nm/s [26] on a large surface area
(> 10 cm2) [25, 26]. In the plasma CVD techniques the overall heat load of the
process is lowered, as the substrate temperature is reduced down to the range of
100-200 °C. For example, in the past years, we have shown that the expanding
thermal plasma (ETP) leads to good quality ZnO:Al layers deposited up to 1
nm/s with a resistivity of 8·10−4 Ω·cm for 1100 nm film thickness, at a substrate
temperature of 200 °C, as reported by Volintiru et al. [27]. One of the drawbacks
of the CVD processes [27–29], unlike the sputtering approach, is the development
of a gradient in resistivity as function of the film thickness, usually present over a
large thickness range. In the case of ZnO:Al sputtering, the gradient is typically
limited and confined within a small thickness range, i.e. below 200 nm [30]. In the
case of the ETP-grown layers, this effect resulted in a factor 50 decrease in resis-
tivity within a thickness range of 70-1300 nm and was related to the development
of pyramid-like ZnO:Al grains. As inferred by means of near-IR Spectroscopic El-
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lipsometry [31], the relatively high in-grain quality was affected by the scattering
losses at the grain boundaries present in the case of thin films, characterized by
a small grain size (50-75 nm).

In general, the development of high quality doped ZnO CVD layers appears
to be intrinsically related to the competition between the nucleation phase (i.e.
density and initial grain size) at the early stages of growth and the grain size and
crystal orientation/morphology development during the bulk growth. Earlier, an
attempt has been performed by Volintiru et al. [31] to study the impact of the
process parameters (e.g. the process pressure in the deposition chamber) in the
ETP with the aim of reducing the gradient in resistivity, described above. The
gradient in resistivity was effectively reduced by reducing the process pressure,
however the overall resistivity increased up to ∼ 10−2 Ω·cm in the whole thickness
range, because the growth mode shifted from pyramid- to pillar-like, leading to a
limited grain size extending through the whole film bulk.

The present contribution introduces and describes a new experimental ap-
proach towards the decrease of resistivity gradient in ZnO:Al without compro-
mising the conductivity of the deposited layers. Under specific experimental con-
ditions we enable the development of several ZnO:Al crystal orientations, which
allow formation of a rather dense nucleation layer in the early stages of growth.
These densely packed crystallites allow for a resistivity as low as 4·10−4 Ω·cm
at ∼ 300 nm film thickness exhibiting no gradient up to 1100 nm. Using an ex-
tensive analytical approach, a full characterization of the deposited ZnO:Al layers
was obtained, providing insights into the parameters influencing the ZnO:Al resis-
tivity. The control on the resistivity gradient can definitely allow a more versatile
application of the CVD-ZnO layers for the several solar cell technologies, i.e. as
transparent conductive oxide in thin film silicon and CIGS solar cells, as well as
novel emitter in silicon heterojunction solar cells.

The chapter is organized as follows: section 3.2 describes the experimental
details of the deposition technique and the analysis tools. Section 3.3 presents
and discusses the resistivity studies on two thickness series obtained at different
deposition conditions, under which the resistivity gradient exhibits a different be-
havior. Subsequently, the differences in resistivity in the two series of ETP-grown
ZnO:Al films are directly correlated with: (1) mobility and carrier concentra-
tion; and (2) morphological and crystallographic properties. A special emphasis
is given to the presence of voids within a certain range of the film thickness, which
appeared to be a key parameter controlling occurrence of the resistivity gradient
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in the ZnO:Al and electrical properties of the bulk layer.

3.2 Experimental details

ZnO:Al films were deposited by means of a remote plasma - enhanced chemical
vapor deposition process, i.e. the Expanding Thermal Plasma (ETP) [24, 27, 32].
The technique is based on generating a plasma jet, which expands into a vac-
uum chamber, dissociates precursors injected downstream and generates reactive
species, responsible for film deposition. The plasma source is a cascaded arc unit,
where a DC discharge is generated between three cathodes and an anode plate at
sub-atmospheric pressure (typically 0.3-0.4·105 Pa) in argon. Due to the pressure
difference, the ionized argon expands into the low pressure deposition chamber
(typically 30-200 Pa) and dissociates precursors injected through rings into the
plasma jet: oxygen was injected at 6.5 cm downstream from the plasma source;
evaporated and pre-mixed diethylzinc (DEZ) and trimethylaluminum (TMA) were
injected further downstream at 30 cm from the plasma source. The growth pre-
cursors convectively flow towards the substrate placed at 50 cm to deposit the
ZnO:Al film. A 400 nm-thick thermal SiO2/c-silicon <100> and Corning 7059
glass both of 1 inch2 size were used as substrates. As shown in Table 3.1, all the
experimental parameters were kept constant, but the DEZ flow rate, ranging from
3.2 to 9 g/h.

Table 3.1. Summary of experimental settings.

Type of film ZnO:Al
GAr, sccm 1000
IArc, A 50
PArc ·105, Pa 0.41
PDep., Pa 200
GDEZ , g/h 3.2-9.0
GTMA, g/h 0.2
GO2 , sccm 100
Tsub, °C 200
Thickness, nm 50-1100

The electrical properties were measured using a Jandel universal four-point
probe with cylindrical 25mm probe head. Additionally, Hall measurements were
performed on a Phystech RH 2010 to determine the carrier concentration and
mobility.



Chapter 3. Controlling the resistivity gradient ... 73

A VEECO Dektak 8 step-profiler was used to determine the thickness of the
deposited films. Cross-sectional Transmission Electron Microscopy (TEM) FEI
Tecnai F30ST Transmission electron microscope operated at 300 kV was used to
visualize the ZnO:Al grain development at different stages of the growth. Surface
morphology imaging was performed on Scanning Electron Microscopy (SEM) Jeol
JSM-7500 FA. Additionally, the Root-Mean Square (RMS) surface roughness of
the deposited films was calculated from the scans performed on an NT-MDT
Solver P47 Atomic Force Microscope (AFM) in a semi-contact mode with a scan
size of 2x2 µm2.

Rutherford Backscattering Spectrometry (RBS) was employed to obtain quan-
titative information about the composition of ZnO:Al films and to determine the
zinc-to-oxygen ratio. RBS measurements were performed using 2 MeV He+ ions
produced by a HVE 3.5 MV singletron. X-ray Photoelectron Spectroscopy (XPS)
depth profiling using a Thermo Scientific K-Alpha was performed to indepen-
dently validate the results of the RBS measurements.

The X-Ray Diffraction (XRD) measurements were performed on a Philips
PanAlytical X’pert PRO Material Research Diffractometer to study the texture
development of the both ZnO:Al thickness series in more detail. All scans in
each of the configurations (Θ-2Θ and Psi-scans) were performed using the same
acquisition parameters in order to be able to compare absolute intensities. The
optical transmittance of ZnO:Al deposited on glass was measured on Shimadzu
UV-3600 spectrophotometer in the wavelength range of 280-2500 nm.

3.3 Results

3.3.1 Evaluation of the electrical properties

In Figure 3.1a the ZnO:Al resistivity is shown as a function of DEZ flow rate.
Because the resistivity is a thickness-dependent property as discussed above, the
resistivity values are reported for films deposited in the same thickness range, with
a limited spread between 260 and 300 nm. It can be concluded that an increase in
DEZ flow rate from 3.8 to 9 g/h induces an improvement in the layer conductivity.
This improvement may find origin either in a different growth mode of the ZnO:Al
layers leading to larger grains and/or in an improved doping efficiency. Therefore,
the investigation was limited to two experimental conditions, i.e. GDEZ=5.5 g/h
and GDEZ=9 g/h, where the growth and characterization of the ZnO:Al layers is
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followed as a function of film thickness in the range of 50-1100 nm. For simplicity,
designations “ low DEZ ” corresponding to the series deposited at GDEZ=5.5 g/h
conditions and “high DEZ ” corresponding to the one at GDEZ=9 g/h are used
throughout the text of this chapter.

In Figure 3.1b the dependence of ZnO:Al resistivity as a function of film thick-
ness is shown. A resistivity gradient is present at low DEZ conditions, similarly
to what previously reported by Volintiru et al. [27]. Because of further process
optimization, mainly due to a change in the oxygen/DEZ/TMA flow rates, the
layers in Figure 3.1b have a higher quality, than those previously reported by
Volintiru et al. [27], i.e. lower resistivity at the same thickness ((3.0±0.15)·10−4

Ω·cm vs. 8.3·10−4 Ω·cm of Volintiru et al. [27], measured for 1100 nm - thick film)
and a less steep gradient. One should note here, that resistivity and mobility data
were not corrected for the gradient, compared to the previously published work of
Volintiru et al. [27], where a correction procedure was carried out to quantify the
electrical properties of the top ZnO:Al layer. The effective (measured) resistivity
of 8.3·10−4 Ω·cm at 1100 nm achieved by Volintiru et al. [27], resulted in a resis-
tivity value of 2.5·10−4 Ω·cm for the top layer. Similarly, effective resistivity of
3.0·10−4 Ω·cm measured at 1100 nm for low DEZ conditions in this work would
be equal to 1.1·10−4 Ω·cm for the top ZnO:Al layer. The exact correction proce-
dure is reported in more detail by Volintiru et al. [27]. At high DEZ conditions
the resistivity gradient is significantly reduced, and present up to ∼300 nm film
thickness (Figure 3.1b). Therefore, the procedure to correct for resistivity gradi-
ent is not applicable for high DEZ at the thickness above 300 nm, so resistivity
of top layer at 1100 nm remains 4.0·10−4 Ω·cm. Also, at the thickness below 300
nm the resistivity at high DEZ is 3-6 times lower than at low DEZ conditions
reaching the level of 3.9·10−4 Ω·cm at 300 nm, while for the low DEZ series it is
achieved only at ∼700 nm. This remarkable difference in the resistivity is further
discussed in terms of mobility and carrier concentration of the two series.

In Figure 3.2 the development of mobility and carrier concentration as a func-
tion of the film thickness is shown for both low DEZ and high DEZ conditions.
At thickness values below 300 nm the mobility is higher for the high DEZ flow.
For thicker films its mobility saturates at the level of 20 cm2/V·s at ∼300 nm
and the one associated to low DEZ conditions becomes larger up to 33 cm2/V·s
at 1100 nm (Figure 3.2). This difference may point out to a larger grain size
when increasing the DEZ flow rate. The carrier concentration at high DEZ is
larger (7-9) ·1020 cm−3 than the one at low DEZ (3-6) ·1020 cm−3 (Figure 3.2).
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Figure 3.1. a) ZnO:Al resistivity as function of the DEZ flow rate; b) Resistivity
development as function of the thickness for two ZnO:Al growth conditions, “ low
DEZ ” = 5.5 g/h and “high DEZ ”= 9.0 g/h.
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Figure 3.2. Mobility and carrier concentration as a function of layer thickness at low
and high DEZ flow rate.

The error bar associated to this measurement is 10 %, therefore, the difference in
carrier concentration between two conditions is considered accurate. This latter
is directly related to the atomic concentration of Al in ZnO, measured by RBS: at
low DEZ conditions the Al concentration is 0.87±0.09 at. %, while at high DEZ
it is 1.43±0.14 at. %. At high DEZ conditions growth flux of 1.9·1015 at/cm2·s is
significantly lower, than the one of low DEZ, 5.5·1015 at/cm2·s, respectively: this
comparison suggests an easier incorporation of Al in the ZnO lattice, developed
under the lower growth rate, high DEZ conditions. Furthermore, the less ox-
idative environment developed under high DEZ conditions (i.e. lower O2-to-DEZ
flow rate ratio) agrees with a higher Al activation efficiency, i.e. 60 % at high DEZ
vs. 53 % for low DEZ. Hydrogen can also act as a dopant [33], however, as inferred
from ERD measurements, the hydrogen concentration was 1.5·1021 at/cm3 in the
high DEZ sample in comparison to 1.8·1021 at/cm3 in the low DEZ sample, both
measured at 1100 nm film thickness. The difference in hydrogen concentrations
is quite small and so the effect of hydrogen on ZnO doping can be here neglected.
The less oxidative plasma environment in the case of high DEZ does not lead to
carbon contamination in the deposited layer as RBS measurements point out to
stoichiometric ZnO having the same density of 7.5·1020 at/cm3.

The difference in carrier concentration (Figure 3.2) is also confirmed by the
transmittance data shown in Figure 3.3: the high DEZ sample exhibited a lower
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Figure 3.3. Total transmittance of the samples deposited at low (solid blue) and high
(dashed red) DEZ flow rates. Inset: total transmittance for two samples with
the same resistivity: 700 nm-thick low DEZ and 290 nm-thick high DEZ.

transmittance the NIR regions, which is attributed to a higher absorbance by free
carriers in the film. In agreement with carrier concentration trends in Figure 3.2,
the lower NIR transmittance of high DEZ samples was observed in the whole range
of deposited thicknesses (data not shown here). However, when the thicknesses of
300 nm at high DEZ and 700 nm at low DEZ are compared, the transmittance
of the former is higher (inset of Figure 3.3), which is more favorable for solar
cell applications. At high DEZ, thicker films exhibit a lower transmittance in
the visible range, which is usually attributed to light scattering properties as
promoted by surface roughness development. However, the RMS data reported
in Figure 3.4 clearly show that the surface roughness of high DEZ conditions
is generally lower than the one of low DEZ, within an error bar of 5 %. The
difference in transmittance is further investigated by studying the morphology of
the layers.

3.3.2 Structural properties

In Figure 3.5 cross-sectional High Angle Annular Dark Field (HAADF) Scanning
TEM (STEM) images of the two 1100 nm - thick ZnO:Al films deposited at low
(Figure 3.5a) and high (Figure 3.5b) DEZ conditions are shown. Darker areas
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Figure 3.4. Root-mean-square roughness of the samples deposited at low (open
squares) and high (filled squares) DEZ flow rates as function of the film thickness.

represent voids in the ZnO:Al layer. The ZnO:Al layer deposited at low DEZ
conditions exhibits voids in-between grains in the first 500 nm. As the grains
develop in size, the voids further extend, but at around 500 nm the grains merge
together and larger grain sizes are developed. Thus, from 500 nm film thickness
a rather dense structure developed characterized by a grain size above 150 nm
(in lateral dimensions). On the contrary, at the high DEZ flow conditions the
structure shown in Figure 3.5b consists of a rather dense voids-free initial phase,
and only from 300-400 nm upwards the voids start to appear in the ZnO:Al layer
and propagate up to the top (at 1100 nm). It is therefore argued that these large
voids induce multiple scattering and result in light trapping within the ZnO:Al
film, causing a reduction in layer VIS transmittance, as shown in Figure 3.2.

Furthermore, the morphology studies allow commenting further on the resis-
tivity trends earlier presented in Figure 3.1b. The presence of voids within the
lower thickness range for the low DEZ condition appears to correlate with the
strong gradient in ZnO:Al resistivity (Figure 3.1b): the voids can, in fact, induce
a longer percolation path for electrons to diffuse in the lateral direction. While
the grain size is increasing and the layer becomes more compact, the resistivity
decreases. At about 400nm the grains coalesce and the layer becomes denser; as
the grain size gradually develops, the resistivity further decreases till a plateau is
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500 nm
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a

b

Figure 3.5. Cross-sectional HAADF STEM images : a) low DEZ flow conditions, b)
high DEZ flow conditions. Darker areas represent voids in the material. Note:
the images were recorded at different magnification, therefore, scale bars differ
from each other.

reached. This correlation between structural development and resistivity at low
DEZ conditions also agrees with the mobility trend in Figure 3.2, where the mobil-
ity of the low DEZ series increases in the whole thickness range up to 33 cm2/V·s
for 1100 nm - thick ZnO:Al. This indicates that the grain boundary scattering
becomes less influential on resistivity, while ionized impurity scattering becomes
also relevant. The latter factor, according to the grain boundary carrier-trapping
model [34, 35], develops with an increase in carrier concentration.

At high DEZ conditions there is a small gradient in resistivity at thickness
values below 300nm (Figure 3.1b), which agrees with the thickness range necessary
to develop a compact ZnO:Al layer with larger grains, according to the TEM image
in Figure 3.5b, the strong increase in mobility up to 20 cm2/V·s in Figure 3.2. Due
to the void-free structure, the mobility of the charge carriers is 2-3 times higher at
high DEZ conditions causing the resistivity gradient to be strongly reduced and
the resistivity values to be lower than the low DEZ condition. For thicker films
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(> 300 nm) the voids develop in the bulk of the film, therefore the mobility trend
saturates, and the resistivity is constant.

In Figure 3.6 top-view SEM images of the samples grown at low DEZ (left
column) and high DEZ (right column) conditions are shown. In agreement with
the TEM results, the grain size is larger for the 95 nm - thick ZnO:Al grown at high
DEZ conditions (right-top image), in comparison with the low DEZ conditions
(left-top image). This is in agreement with the higher RMS roughness observed
in Figure 3.4 for thinner films and supports also the higher mobility and lower
resistivity of the ZnO:Al films below 500 nm grown at high DEZ. The 1100 nm-
thick ZnO:Al deposited at high DEZ exhibits voids in-between grains, supporting
the previously discussed TEM results in Figure 3.5b.

A larger grain size developed at high DEZ conditions in the early stages of
growth suggests a preferred growth/development of the grains in the lateral di-
rection. This result can be further investigated by carrying out a crystal growth
characterization study with XRD. The absolute peak intensities of XRD spectra
obtained in Θ-2Θ geometry are plotted in Figure 3.7 for different DEZ flow rates
at constant ZnO:Al thickness (∼300 nm). As mentioned in the experimental part,
all Θ-2Θ scans were performed using the same acquisition parameters in order to
be able to compare these absolute intensities. As can be seen, already at 300 nm
thickness the low DEZ flow rates of 4 and 5 g/h are characterized by a strongly
developed <002> texture , i.e. a large fraction of the crystals growing with their
c-axis aligned to the surface normal. The highest intensity of the <002> peak was
observed for the sample deposited at the flow of 5 g/h (Figure 3.7). The diffrac-
tion pattern of ZnO:Al grown at high DEZ conditions also displays a significant
<002> peak. However, an additional set of peaks is present: <101>, <102> and
<103>, as shown in the insets in Figure 3.7, implying the co-existence of sev-
eral crystal growth directions. This observation nicely correlates with the densely
packed structure observed by TEM for the low thickness films at high DEZ con-
ditions in Figure 3.5b. The difference in absolute height of the <002> peak can
either be attributed to differences in the number density of crystals having <002>
orientation, or to a difference in the angular spread of this preferential texture.
Psi-scans were therefore performed.

The angular distribution of the <002> reflection intensity, most pronounced
in the Θ-2Θ scans in Figure 3.7, is displayed in Figure 3.8 for the same set of
films. The samples deposited at lower DEZ flow rates (4 and 5 g/h) are char-
acterized by a single peak centered at the surface normal, suggesting a <002>
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95 nm

1100 nm1100 nm

high DEZlow DEZ 95 nm

Figure 3.6. Top-view SEM images of the two conditions (left column – low DEZ flow,
right column – high DEZ flow) at different thickness: top row - 95 nm (scale bar
is 100 nm), bottom row – 1100 nm (scale bar is 1 µm).
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Figure 3.7. XRD signal intensities in 2J scan of ZnO:Al films. Development of different
texture components with a change of DEZ flow rate at the same film thickness.

preferred growth direction normal to the surface. A 20 % smaller peak width
(FWHM=22.7) of the sample deposited at DEZ=5 g/h, compared to the sample
deposited at DEZ=4 g/h (FWHM=28.5) indicates that the ZnO:Al deposited at
DEZ=5 g/h is more ordered in the vertical direction. However, the high DEZ (9
g/h) sample displays a totally different angular distribution: a superposition of
several texture contributions can be recognized. Here, an <uvw>texture implies
a large fraction of crystals that have a <uvw> zone axis parallel to the surface
normal: the high DEZ distribution consists of a superposition of peaks around
0°, 30° and 42°, reflecting <002>, <103> and <102> texture contributions, re-
spectively. Here, the peaks at 30° and 42° reflect the off-normal orientation of
the <002> lattice planes for crystals that have <103> and <102> crystal ori-
entations running vertically. In addition, all the analyzed samples did not show
any preferred in-plane orientation, exhibiting fiber texture in the pole figures (not
shown here).

Further development of the texture components at the final thickness of 1100
nm at low and high DEZ conditions is shown in the Figure 3.9a. Growing 1100
nm-thick ZnO:Al at high DEZ does not lead to the perfect <002> texture: the
intensity of <002> peak is lower with additional <101>, <102> and <103>
orientations appearing in the spectrum. In the ZnO powder spectrum [36] shown
in the Figure 3.9b <002> and <103> contributions occupy only third and fifth
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Figure 3.8. XRD angular distribution of <002> reflection intensity in ∼300 nm - thick
ZnO:Al deposited at different DEZ conditions. The surface normal is at psi = 0°.

places on the intensity scale with 44 and 28 % of the strongest <101> peak
intensity, respectively. In a relative comparison with the powder spectrum high
DEZ sample still exhibits dominant <002> and <103> components, although
being less <002>-textured (factor of 10 lower intensity of <002> peak).

The development of texture can be now related to the presence of voids in the
ZnO:Al layer and, eventually, to the electrical properties of ZnO:Al obtained at
each of the two discussed conditions. The initial growth (i.e. within 100-150 nm of
film thickness) of all investigated conditions starts with the development of several
growth directions, which leads to a “mixed texture”, i.e. a dense, voids-free layer.
The onset of pronounced growth of the <002> oriented grains in the low DEZ
samples is accompanied by diagonally expanding side-facets, allowing for voids
inclusion in the layer at intermediate thicknesses (150-500 nm). As the <002>
texture develops more rapidly at low DEZ conditions, voids develop earlier in this
layer. A top layer with only <002> grains will yield grains with parallel, vertical
grain boundaries, forming a dense layer, as shown by TEM (Figure 3.5). These
developed grains lead to the lower resistivity with respect to the thinner films,
which are rich of voids, and this morphology development support the presence
of the gradient in resistivity with film thickness earlier addressed in Figure 3.1b.

At 9 g/h DEZ, the initial phase of the growth is characterized by several com-
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Figure 3.9. XRD signal intensities in J-2J scan of ZnO:Al films. Development of
different texture components with a change of DEZ flow rate at the same film
thickness of 1100 nm.

peting orientations developing up to few hundreds of nanometers. The texture
development starts at a later stage. Because of the mixed <002> - <103> tex-
ture up to 1100 nm film thickness, differences in lateral growth rates of the two
orientations will result in void formation throughout the entire top part of the
layer. Note that the difference in texture between low and high DEZ samples can
be recognized from the TEM images: in Figure 3.5b the shape of the top facets is
not symmetric, while the one associated to low DEZ conditions in Figure 3.5a is
symmetric, as it should be when the <002> develops along the sample’s normal.
Formation and further development of the voids up to 1100 nm forces the elec-
trons to diffuse through a longer percolation path, when traveling in the lateral
direction, thus causing additional losses by, e.g., ionized impurities. Therefore,
with the onset in void development, the resistivity does not further decrease with
thickness.
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3.4 Conclusions

Two ZnO:Al thickness series have been investigated in details, one showing a
strong resistivity gradient as function of the thickness with a minimum of 3·10-4

Ω·cm at a film thickness of 1100 nm and the other one characterized by a constant
resistivity of 4·10-4

Ω·cm from 300 nm film thickness onwards. It is striking, that
the film deposited at high DEZ conditions shows the same resistivity as 700 nm-
thick at the low DEZ, but at the thickness of only 300 nm, exhibiting even higher
transmittance. The difference in resistivity, which is dependent on the injected
diethylzinc flow rate, is interpreted in terms of electrical properties, morphology
and initial ZnO:Al growth development. A correlation between the mobility and
resistivity trends was observed under both growth conditions: the reduction of
resistivity was accompanied by an increase in mobility (up to 33 cm2/V·s) in the
whole thickness range of low DEZ, the constant resistivity starting from 300 nm
at high DEZ conditions was related to the constant mobility trend observed in
that thickness range. Films deposited at high DEZ flow are characterized by a
lower deposition rate accompanied by an initial (within first ∼100 nm) growth of
randomly textured, dense and large grain size ZnO:Al. With the further develop-
ment of the bulk of the layer, only <002> and <103> orientations dominate the
film growth and lead to the formation of voids in material, starting from ∼300
nm onwards. On the contrary, voids are already present in the initial stages of
growth in the low DEZ thickness series, because of the preferred crystallographic
orientation <002>. This void-rich initial phase is responsible for the gradient
in resistivity and, eventually, mobility. The control on the growth development
in terms of crystal orientation selection in the early phases of growth appears
fundamental in determining the AZO layer electrical properties.
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Chapter 4

Plasma processes and the role of oxy-
gen during Expanding Thermal Plasma
deposition of aluminum-doped ZnO∗

Abstract

(Plasma-enhanced) chemical vapor deposition processing of transparent conduc-
tive oxides, such as ZnO, is often accompanied by the development of a resistivity
gradient as function of the film thickness, which can hamper its application as
well as affect its production costs. Recently, the development of the resistivity
gradient has been investigated with respect to the several growth steps involved
in plasma-enhanced (expanding thermal plasma) chemical vapor deposited ZnO
layers. The role of the precursor feed composition, i.e. the diethylzinc-to-O2 flow
rate ratio, has been identified as responsible for the gradient in resistivity, since
it affects the early stages of growth in terms of nucleation, grain size and crystal
orientation, allowing to reach a resistivity value of 4·10−4 Ω·cm for a film thick-
ness of 300 nm. The present contribution investigates the experimental conditions
under which the control on the resistivity gradient is achieved, in terms of plasma
processes and plasma/surface interaction. In particular, the chemistry channels
developed in the downstream region of the expanding thermal plasma, i.e. where
diethylzinc and O2 are injected, are presented as supported by Langmuir Probe
and Mass Spectrometry measurements. The results are then correlated with the
crystal orientations developed as function of the diethylzinc-to-O2 ratio and the
layer growth rate. It is concluded that the diethylizinc-to-O2 ratio allows tuning
the atomic oxygen flux availability at the surface, therefore influencing the devel-
opment of specific crystal orientations, which eventually affect the early stages of
growth of the ZnO layers and therefore its electrical properties.

∗To be submitted
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4.1 Introduction

In the quest for low resistivity, high transmittance and reduced material costs,
several deposition techniques, such as spray pyrolysis [1], sol-gel [2], magnetron
sputtering [3–5], pulsed laser deposition [6, 7], atomic layer deposition [8, 9] and
chemical vapor deposition (CVD) [10] are being investigated for the deposition
of ZnO layers. CVD techniques, such as metal-organic chemical vapor deposition
(MO-CVD), demonstrated high quality ZnO:Al layers [11, 12]: amongst them,
the Expanding Thermal Plasma (ETP), has achieved ZnO:Al layers deposited
up to 0.75 nm/s with a resistivity of about 3·10−4 Ω·cm for 1100 nm - thick
film [13]. However, a significant drawback of CVD processes [14–16] is the de-
velopment of a gradient in resistivity extended over a thickness range of several
hundred nanometers. In the case of ETP-grown ZnO:Al, this effect resulted in a
factor 500 reduction in resistivity when the thickness increased from 70 to 1300
nm and this was found to be correlated with the development of a pyramid-like
morphology during the growth of the ZnO:Al grains [14]. Ellipsometry studies
demonstrated that the high in-grain quality was mainly limited by scattering
at the grain boundaries [17]: a pyramid-like growth allowed the development of
ZnO:Al layers progressively less affected by scattering at the grain boundaries, as
the grain size increased with film thickness, leading to low resistivity layers.

Our recent efforts have been dedicated to the massive reduction of the resistivity
gradient and the development of highly conductive thin ZnO:Al layers, exhibiting
a resistivity value as low as 4·10−4 Ω·cm for a film thickness of 300 nm [13]. The
reduction of resistivity gradient has been experimentally controlled by the flow
rate of the deposition precursor, i.e. diethylzinc (DEZ).

In short, from the growth point of view, the following was demonstrated: films
characterized by a resistivity gradient exhibited a small grain size in the initial
layer (30-50 nm for 100 nm film thickness), dominant <002> texture and void
inclusion up to ∼500 nm of ZnO:Al film thickness. As a consequence, the resistiv-
ity was reduced over 2 orders of magnitude in the range of 50-1100 nm, reaching
3.0·10−4 Ω·cm at 1100 nm. In contrast, films with a limited gradient obtained at
higher DEZ flow showed already a larger grain size in the initial stages of growth
(60-80 nm for 100 nm film thickness) and the coexistence of multiple crystal orien-
tations. From 300 nm onwards a competitive growth of <002> and <103> crystal
orientations and void inclusion were observed, limiting the further development
of the grain size and leading to the saturation of the resistivity values to 4·10−4
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Ω·cm. Next to the control of electrical properties as a function of film thickness,
it was also observed that the change in DEZ flow rate led to a decrease in growth
rate, namely from ∼0.75 nm/s for the ZnO:Al characterized by the resistivity
gradient, down to ∼0.25 nm/s for the ZnO:Al grown under high DEZ flow rate
conditions.

The above-reported overview of the most recent efforts and results towards ex-
cellent quality ZnO:Al layers point out towards not yet unraveled effects of the
DEZ flow rate on the developed plasma chemistry and plasma/surface interaction
processes. Thus, it is desired to investigate the clear effect of DEZ flow on the
ZnO:Al growth in terms of plasma processes, in particular, radical formation and
atomic oxygen flux at the film surface as a function of DEZ flow.

The present contribution, therefore, aims identifying and addressing the plasma
and plasma/surface interaction processes, which develop under the earlier de-
scribed deposition conditions for the ZnO:Al films, characterized by a limited and
extended resistivity gradient. In this framework, the evolution of the plasma-
generated species with the increase in DEZ flow rate is studied by means of Mass
Spectrometry, with the purpose of identifying the key parameter during the film
growth leading to the earlier described morphological and electrical properties of
the ZnO:Al layers.

The chapter is organized as follows: section 4.2 describes the experimental details
and the analysis tools. Section 4.3 addresses the reactions involving the deposition
precursor DEZ in the presence of an O2-fed expanding thermal plasma, based on
earlier literature studies and mass spectrometry measurements as function of the
injected DEZ flow rate. The surface processes during the ZnO:Al growth are then
addressed and conclusions are drawn.

4.2 Experimental details

ZnO:Al films were deposited by means of a remote plasma-enhanced chemical
vapor deposition process, the ETP [11, 14, 18]. A cascaded arc unit, used as the
plasma source, generates a DC discharge between three cathodes and an anode
plate (I=50 A) at sub-atmospheric pressure (0.41·105 Pa) in argon (GAr=1000
sccm). Due to the pressure difference between the plasma source and the low
pressure deposition chamber (170 Pa), the ionized argon expands into the cham-
ber and dissociates the precursors, injected via rings into the plasma jet. At 6.5
cm downstream from the plasma source oxygen was injected (GO2

= 100 sccm);
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Table 4.1. Differences between the high and low DEZ conditions.

Parameter high DEZ low DEZ
DEZ flow rate, g/h 9.0 5.5
Grain size of initial layer (∼100 nm), nm 60-80 30-50
Carrier concentration, cm−3 (7-9)·1020 (3-6)·1020
Aluminum concentration, at. % 1.4±0.1 0.9±0.1
Stoichiometry Zn/O/H 1/1/0.04 1/1/0.05
Growth flux, at/cm2·s (1.9±0.2)·1015 (5.5±0.6)·1015

further downstream at 30 cm from the plasma source evaporated and pre-mixed
diethylzinc (DEZ) and trimethylaluminum (TMA) were injected (GDEZ=3.2-9.0
g/h; GTMA=0.2 g/h). The plasma generates growth radicals, which convectively
reach the substrate placed at 50 cm from the source and lead to the deposition
of ZnO:Al films. Material comparison was performed at two chosen experimen-
tal conditions, i.e., at GDEZ=5.5 g/h (for simplicity defined as “ low DEZ ”) and
GDEZ=9 g/h (defined as “high DEZ ”), representing films with and without resis-
tivity gradient, respectively.

Characterization of the films was carried out on mono-crystalline silicon sub-
strates of 1x1 inch2 size with 400 nm thermal oxide. Thickness and sheet resistance
were measured with profilometer and four-point probe, respectively. Rutherford
Backscattering Spectrometry (RBS) analysis was employed to quantify the ele-
mental concentration of Zn, O and Al elements. Hydrogen content was measured
by means of elastic recoil detection analysis (ERD). Both RBS and ERD were
performed using 2 MeV He+ ions produced by a HVE 3.5 MV singletron. Mass-
spectrometry (MS) analysis was performed using a Pfeiffer Vacuum Prisma QME
200 quadrupole mass-spectrometer located on the side of the deposition chamber
at the substrate level. Background gas was sampled through a 10 µm pinhole, so
only stable reaction products could be detected. Since only the DEZ flow rate
was changed, the signal intensities of the measured masses were normalized to
the one of argon to exclude any pressure effect. In order to determine the de-
pletion of O2 in the presence of an increasing DEZ flow rate, oxygen-containing
ion masses (m/z=16 and 32 amu) have been investigated and the depletion of O2

has been calculated as D=(Ioff -Ion)/Ioff . Here, Ioff is the signal intensity of the
corresponding m/z, when the plasma source is switched off and Ion is the signal
intensity of the corresponding m/z, when the plasma switched on and the oxygen,
DEZ and TMA precursors were injected.

As plasma ionization and dissociation processes are driven in ETP by argon
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ions (Ar+) and electrons [19–21], it is essential to determine the Ar+ flux produced
by the plasma source, i.e. the plasma source ionization efficiency. Following the
procedure described by van Hest et al. [22], the efficiency of the plasma source
was determined by Langmuir probe measurements in pure Ar plasma under the
same cascaded arc conditions used for the deposition. From the measurements
across the plasma jet, at a position of 10 mm from the substrate holder the
ion density profile was obtained. According to van Hest et al. [22], when no
oxygen is added to the plasma, the ion flow is independent from the distance to
the arc exit, which indicates that there is no significant recombination between
argon ions and electrons in the plasma beam [18]. Therefore, the distance from
the plasma source can be chosen arbitrarily. The obtained ion density profile is
further used to calculate the flux (ions/cm2·s) of Ar+ ions as a function of the
distance across the jet. The integration over the exposed surface area provides a
total ion flow rate. With the reasonable assumption of a drift velocity of 400 m/s
at the measurement level, the plasma source ionization efficiency was calculated
to be ∼3 % and considered throughout the manuscript.

In order to identify the plasma processes responsible for the observed changes
in terms of the earlier described morphological and electrical properties of the
ZnO:Al layers, Table 1.1 summarizes the growth and film properties of the low
DEZ and high DEZ ZnO:Al layers. The large grain size of high DEZ ZnO:Al
at the initial growth stage is also accompanied by a high carrier concentration,
which correlates with the higher aluminum concentration. Despite the significant
differences in electrical properties and structure, films are characterized by the
same stoichiometry, as derived from RBS measurements. The hydrogen content
is quantified to be 1.9 at. % at high DEZ conditions and 2.4 at. % at low DEZ
conditions. Furthermore, both layers are found carbon-free, within the detection
limit of 5 at. %. The growth flux was a factor 3 lower at high DEZ conditions:
Φ(high DEZ )=1.9·1015 at/cm2·s, as compared to Φ(low DEZ )=5.5·1015 at/cm2·s,
despite the factor 1.6 higher DEZ dosing rate. To summarize, a change in DEZ
flow rate appears to massively influence the growth and electrical properties of
ZnO:Al layer, although without affecting the layer stoichiometry. In the next
section, therefore, it is addressed whether the change in DEZ flow rate affects the
plasma chemistry channels and eventually the plasma/surface interaction pro-
cesses.
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4.3 Results and Discussion

The gas phase chemistry is here addressed by describing the global reaction route
to ZnO synthesis from DEZ and oxygen, and the reactions, which presumably
take place in argon-fed expanding thermal plasma. On the basis of these reaction
paths the trends of the stable species monitored by means of Mass Spectrometry
are interpreted. Finally, the plasma chemistry studies are correlated with the
material properties and conclusions are drawn with respect to the ZnO:Al growth
development.

A global reaction of DEZ with oxygen leads to the formation of ZnO according
to 4.1:

Zn (C2H5)2 +
(14− x)

2
O2 → ZnO + xCO + (4− x)CO2 + 5H2O (4.1)

Where x is in the range (0-4). By tuning the O2/ DEZ ratio injected in the
plasma, the reaction can shift from CO to CO2 production, which is detected by
means of mass-spectrometry.

Generally, there are electrons, argon atoms, ions and metastables present in
an Ar plasma and only Ar+ ions and electrons play an important role in pre-
cursor dissociation processes [19–21, 23]. As it was previously reported for the
ETP growth of ZnO:Al, Ar+ ions dissociate precursor molecules and allow the
formation of hydrocarbon species [21], according to equations (4.2) and (4.3).
Previous studies carried out on organosilicon precursors such as hexamethyldis-
iloxane (HMDSO) [23, 24], showed that the charge exchange reaction rate between
Ar+ and HMDSO is at least one order of magnitude higher than the charge ex-
change reaction rate of Ar+ with O2 molecules. Also, reaction rate of Ar+ with
trimethylaluminum was demonstrated to be (5.9±0.5)·10−16 m3/s [25], which is
in the same order of magnitude as reaction Ar+ with HMDSO. Therefore, for
the present study, it is reasonable to assume that the charge exchange reactions
of Ar+ with DEZ (4.2) and (4.3) are faster, than those with O2. Therefore, the
reaction between Ar+ and DEZ molecules leads to dissociative ionization of the
DEZ molecule:

Ar+ + Zn (C2H5)2 → ZnC2H
+
5 + C2H5 +Ar (4.2)
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Table 4.2. Flow rates of Ar ions and precursors at low and high DEZ conditions

Substance Flow rate, stand. units Flow rate, molecules/s
Argon ions (Ar+) 33 sccm 1.48·1019

Oxygen (O2) 100 sccm 4.48·1019

DEZ (low DEZ ) 5.5 g/h 7.45·1018

DEZ (high DEZ ) 9.0 g/h 1.22·1019

Ar+ + Zn (C2H5)2 → ZnC2H5 + C2H
+
5 +Ar (4.3)

Both reactions (4.2) and (4.3) can take place, since Jiao et al. [26] demon-
strated branching ratios for these reactions to be equal to 32 % and 28 %, re-
spectively. The other routes to organic and Zn-containing ions are less dominant,
each below 10 % [26]. Electron-induced dissociation of the precursor molecules is
considered to have a negligible contribution under the given plasma conditions.
The dissociation of the first and second Zn-C bond in a DEZ molecule require
2.27 and 0.95 eV, respectively [27]. Since the average electron temperature is
below 0.3 eV, the electron density with the energy above 0.95 eV is smaller than
the Ar+ density, and therefore the charge exchange processes dominate. Based
on the plasma source efficiency of about 3 %, as derived from Langmuir probe
measurements, the Ar+/DEZ ratio is equal to 2 at low DEZ and about 1 at high
DEZ conditions (see Table 4.2). In conclusion, Ar+ ions are always in surplus
compared to DEZ, as reported in the Table 4.2.

The reactions (4.2) and (4.3) are followed by dissociative recombination of
ZnC2H5 and C2H5 with an electron (for ions), or further dissociative charge ex-
change with Ar+ ion (for radicals):

ZnC2H
+
5 + e− → Zn+ C2H5 (4.4)

C2H
+
5 + e− → C2H4 +H (4.5)

ZnC2H5 +Ar+ → Zn+ C2H
+
5 +Ar (4.6)

C2H5 +Ar+ → CH+
3 + CH2 +Ar (4.7)

The produced alkyl radicals and hydrogen atoms allow the development of
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the hydrocarbon chemistry. The surplus of Ar+ ions can then contribute to the
production of atomic oxygen via charge exchange reactions (1.8) with oxygen,
followed by dissociative recombination (4.9) of the produced O+

2 with electrons:

Ar+ +O2 → Ar +O+
2 (4.8)

O+
2 + e− → O +O∗ (4.9)

Here, the charge exchange reaction rate is significantly lower (6·10−17 m3/s),
compared to the rate of dissociative recombination of molecular oxygen (1·10−13

m3/s), pointing out that charge exchange reaction (1.8) is a rate-limiting step
for atomic oxygen formation. As mentioned above, the charge exchange rate of
reaction (1.8) with O2 is also lower than the one with DEZ (4.2) and (4.3). Oxygen
is however expected to affect the hydrocarbon and oxidation chemistry also in its
molecular form by reacting with the alkyl radicals produced in (4.4)-(1.7).

The mean-free path of DEZ molecules in the plasma is not affected by increas-
ing the DEZ flow rate at a constant pressure in the deposition reactor, since the
volume of the expanding plasma beam increases. Therefore, the probability for
reactions between (Ar+, e−) and DEZ is expected to stay constant. The injected
O2 flow rate is constant and always larger than the DEZ and (Ar+, e−) flow
rates (Table 4.2). Under the oxygen-rich conditions, such as low DEZ, it can be
expected that the surplus of (Ar+, e−) can react with O2, according to reactions
(1.8) and (4.9), with a theoretical maximum depletion of O2 equal to 33 % (ra-
tio between flow rates of Ar+ ions and molecular oxygen from the Table 4.2) in
the absence of DEZ molecules. The measured O2 depletion is shown in the as a
function of DEZ flow rate.

Already for a DEZ flow rate of 3.2 g/h (Figure 4.1) the O2 depletion is above
50 %, i.e. larger than the theoretical maximum of 33 %, based on the assumption
that O2 depletion occurs only from the interaction with (Ar+, e−). Experimen-
tally, the O2 depletion in Ar/O2 plasma was measured to be significantly low
and equal to 5 % (Figure 4.1), which also includes atomic oxygen recombination
losses to O2 at the walls of the deposition chamber. From this comparison it
can be then concluded that O2 is consumed mostly through combustion of DEZ
fragments produced through reactions (4.4)-(1.7) in an Ar/O2/DEZ plasma and
heterogeneous reactions at the surface of the growing layer. For the same oxygen
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Figure 4.1. Depletion of the m/z= 16 and 32 as a function of DEZ flow rate. Black
dashed line: expected depletion profile, if m/z=16 would be related only to O+,
based on the cracking pattern of O2 in the mass-spectrometer. Reduction of
m/z=16 depletion, caused by the increasing contribution of CH+

4 to the 16 amu
signal, is also shown.

flow rate as used in this work and GDEZ=1.7 g/h, the O2 depletion measured by
Groenen et al. [21] was equal to 25 %, in agreement with the trend reported in
the Figure 4.1. It is worth noticing that this agreement in terms of O2 depletion
occurs even in the presence of different Ar+ fluxes, i.e. ∼3.8·1019 ions/sec in the
work of Groenen et al. and 1.5·1019 ions/sec in this work. This leads to the
general conclusion that the oxygen depletion is controlled by the injected DEZ
flow rate, provided that there is a surplus of the Ar+ ions with respect to DEZ,
to promote DEZ dissociation. The latter condition is satisfied in both cases here
under investigation.

It can be furthermore concluded that there is always enough O2 to promote the
deposition of carbon-free ZnO layers, since the depletion of O2 is not quantitative,
even at large DEZ flow rates (Figure 4.1). Furthermore, it is also known that ZnO
has a lower formation enthalpy (-351 kJ/mol) than Al2O3 (-1676 kJ/mol) [28,
29]. Due to the lower atomic oxygen available at high DEZ conditions, Al2O3

development is less favorite, therefore leading to more Al present in the active
form and higher carrier concentration (Table 4.1). Moreover, it is plausible to
conclude that the direct reaction of undecomposed DEZ with molecular oxygen is
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unlikely to occur, otherwise, the O2 depletion in Figure 4.1 would increase linearly
with the injected DEZ flow rate. Therefore, after reactions (4.2) and (4.3) one of
the possible reactions would see oxygen taking part in:

ZnC2H5 +O2 → Zn+ CO + CH4 +OH (4.10)

C2H5 +O2 → CO + CH4 +OH (4.11)

There was no Zn observed in mass-spectra, pointing to the low gas phase con-
centration of Zn-related products. The depletion of O2 can be ideally calculated
by both signals at masses 16 and 32 amu. Being a result of DEZ decomposition,
the contribution of CH+

4 in m/z=16 is increasing with increase in DEZ flow rate,
therefore, the depletion curve of m/z=16 deviates from the one corresponding to
the signal at 32 amu (Figure 4.1). The strongest difference is observed for the
largest DEZ flow rate here under investigation, i.e. 9 g/h, where contribution of
CH+

4 in m/z=16 is up to 60 %. Such a strong increase in CH+
4 is in agreement

with a production of other hydrocarbons shown in Figure 4.2.
Signal intensities of several oxygen- and hydrocarbons-containing masses are

measured and plotted in Figure 4.2 as function of the DEZ flow rate. The analyzed
masses could be divided into two sub-groups, i.e. one related to hydrocarbon
species and one related to hydrocarbons and/or oxidation products. The first sub-
group, namely m/z=27 (C2H+

3 ) and 29 (C2H+
5 ), is attributed to the fragments of

DEZ decomposition and characterized by a linear increase with DEZ flow. The
second sub-group shows either a sub-linear increase as in the case of m/z=28
(C2H+

4 and CO+) or a plateau for m/z=18 (H2O) and 44 (C3H+
8 and CO+

2 ) or a
strong increase as in the case of m/z=2 (H+

2 ). The diversity of the trends in this
sub-group can be related to the oxygen involvement in formation of these species,
so the balance between hydrocarbon- and oxygen-containing ions can strongly
change as a function of DEZ concentration in plasma. A limited increase in the
H2O associated signal (m/z=18 in Figure 4.2) in the investigated range of DEZ
flow rate suggests that the produced water is being consumed in reactions with
DEZ [30, 31], i.e.:

Zn (C2H5)2 +H2O → ZnC2H5OH + C2H6 (4.12)

In the case of m/z=28, also present in Figure 4.2, it is hard to discern between
C2H+

4 and CO+ contributions, since formation of both of them is likely, due to
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the surplus of oxygen introduced into the process and reactions (4.10)-(4.12). As
support for C2H6 production, an increasing signal from C2H+

5 (m/z=29) develops
as function of the DEZ flow rate. So, there is a strong evidence of hydrocarbons
production with increase in DEZ flow and oxygen consumption in reactions with
hydrocarbons.

As concluded earlier, the injected oxygen is not fully depleted even under the
high DEZ conditions and its consumption is controlled by the injected DEZ flow
rate. The fact that the growth flux is a factor of 3 lower at high DEZ conditions
(see Table 4.1) with respect to the low DEZ conditions, although all layers are
equally stoichiometric and carbon-free, provides strong evidence that the growth
rate of the ZnO:Al film is controlled by the atomic oxygen flux arriving at the
surface.

Under the plausible assumption that the charge exchange reaction of Ar+

with DEZ molecules is the dominant reaction occurring in the plasma phase, it is
possible to estimate the Ar+ flux still available for reactions with O2 molecules.
Under the hypothesis that each Ar+ ion reacts with one DEZ molecule, the excess
amount of Ar+ at low DEZ conditions is ΦAr+,low=7.5·1018 ions/s, while at high
DEZ is only ΦAr+,high=2.5·1018 ions/s. This difference corresponds to the factor
3 difference in terms of growth flux earlier mentioned. It can be therefore argued
that the ZnO:Al growth is primarily controlled by the atomic oxygen flux reaching
the surface, therefore influencing the ZnO:Al properties in terms of abstraction of
carbon-containing moieties and efficient Al doping. At the same time, molecular
oxygen is mainly involved in the combustion reactions with DEZ fragments. All
these experimental observations point out towards the synthesis of Zn-O bonds
occurring at the surface of the growing layer, which is in agreement with the
suggestion earlier raised by Groenen et al. [21].

Keeping in mind the conclusion just drawn on the role of the atomic oxygen
flux at the surface as limiting step to the ZnO crystal growth, it is possible
to comment on the role of the plasma processes on the film morphology earlier
reported in [13]. There are two processes which can be influenced by the atomic
oxygen flux arriving at the growing ZnO surfaces: 1) surface diffusion and 2)
surface stability of the different facets of ZnO.

Here, it is essential to highlight that the ZnO hexagonal wurtzite crystal struc-
ture lacks inversion symmetry [32, 33]. This means that the opposing polar (0001)
and (000-1) facets differ from each other and are Zn- and O-terminated, respec-
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Figure 4.2. Ion current of reaction products (corresponding m/z values are shown in
the legend) obtained from mass-spectrometry measurements and normalized to
ion current of argon (m/z=40), plotted as a function of DEZ flow rate.

tively. Dong et al. [34] demonstrated that Zn- and O- polarity of the ZnO (0001)
polar surface affects its optical properties, with oxygen-terminated facets exhibit-
ing twice higher defect emission. Yu and Liu [35] showed that the surface rough-
ness of the Zn-polar and O-polar surfaces are different and dependent on the oxy-
gen concentration on the surface. On a Zn-polar surface, the topmost Zn atoms
are connected to O adatoms by a single dangling bond. At high concentrations,
this surface is covered by a monolayer of O adatoms, enabling fast 2-dimensional
growth. Under similar conditions, the O-polar surface leads to 3-dimensional is-
land growth. Thus, it can be expected that decreasing the atomic oxygen flux
at the surface will lead to a limited coverage of the surface with oxygen, thereby
reducing the growth rate of these facets. Furthermore, Zn-polar face is instable to
atomic hydrogen [36], which is particularly abundant under high DEZ conditions
(Figure 4.2), also being a factor contributing to the reduced growth rate observed
under high DEZ condition. As a result of this decrease in growth rate, crystals
with other facets pointing upwards (such as (103) facets) are less limited in the
competition for the vertical/columnar growth. Thus, by reducing the availability
of the atomic oxygen flux, the development of a <002> texture may be suppressed
in favor of e.g. the <103> texture, as observed for high DEZ conditions.
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4.4 Conclusions

Following our previous studies mainly focused on the tunability and control of
electrical properties of the plasma-deposited ZnO:Al, in particular, resistivity gra-
dient, the present work investigated the plasma processes developed in an Ar-fed
ETP in the presence of O2/DEZ/TMA mixtures. The plasma processes have been
interpreted on the basis of mass spectrometry and a detailed quantification of the
reactants present in the downstream region of the ETP, namely, the Ar+ flow rate
(determined by means of Langmuir probe measurements) and the O2 and DEZ
flow rates. The charge exchange reaction of Ar+ with DEZ molecules appears to
be the dominant reaction occurring in the plasma phase, and the excess amount
of Ar+ at low DEZ and high DEZ conditions, available for O2 dissociation, cor-
relates with the growth flux towards the surface. It is therefore concluded that
the ZnO:Al growth is primarily controlled by the atomic oxygen flux reaching
the surface, influencing the ZnO:Al properties in terms of carbon abstraction and
efficient Al doping. The decrease in atomic oxygen flux at the surface leads to a
limited coverage of the surface with oxygen, thereby reducing the growth rate of
the polar facets, i.e. (002). As a result of this decrease in growth rate, crystals
with other facets pointing upwards (such as (103) facets) are less limited in the
competition for the vertical/columnar growth. Thus, by reducing the availability
of the atomic oxygen flux, the development of a <002> texture may be suppressed
in favor of e.g. the <103> texture, as observed for high DEZ conditions. The
effect also opens up a route to increase of ZnO:Al growth rate with a low resis-
tivity gradient and, next to obtaining highly conductive layers at low thickness,
to reduce production cost even further.
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Chapter 5

The influence of silver nanoparticles
on the growth of aluminum-doped ZnO∗

Abstract

Aluminum-doped ZnO (ZnO:Al) is presently adopted in several fields of appli-
cation as transparent conductive oxide and acknowledged as valid alternative to
indium doped tin oxide. Recently, we have reported on high quality ZnO:Al lay-
ers achieved by means of the expanding thermal plasma technique and exhibiting
resistivity values as low as 4·10−4 Ω·cm for a film thickness of 300 nm. The excel-
lent results in terms of conductivity are related to the control on the initial stages
of growth of the layer in terms of high density of nuclei, competition of several
crystal orientations and large grain size. In this contribution the role of silver
nanoparticles (3-5 nm in diameter) prior to the ZnO:Al growth is investigated in
terms of their influence on the structure and electrical properties of the ZnO:Al
layers. The silver nanoparticles act as epitaxial template, inducing an improve-
ment in the nucleation of ZnO:Al and reduction of void inclusion throughout the
film thickness: this leads to a factor two lower resistivity, mainly associated to
the improved electron mobility.

∗To be submitted
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5.1 Introduction

Aluminum-doped ZnO (ZnO:Al) is presently adopted in several applications [1–
5] as transparent conductive oxide (TCO) since it is a valid alternative to the
commonly used ITO [6, 7]. Various deposition techniques have already shown
high quality ZnO:Al [8–11]. For example, magnetron sputtering-grown ZnO:Al is
characterized by a high transmittance combined with good electrical properties,
i.e. a resistivity value down to ∼3·10−4 Ω·cm [11]. The Expanding Thermal
Plasma (ETP) growth of ZnO:Al is also a very valid approach to obtain high-
quality ZnO:Al layers [12, 13], exhibiting a resistivity of 4·10−4 Ω·cm for 300
nm – thick ZnO:Al as recently shown in [14]. The excellent results in terms of
ZnO:Al conductivity at such low thickness were achieved by investigating and
controlling the initial stages of growth of the layers in terms of nucleation, crystal
orientation and grain size. It was concluded that a compact layer with multiple
crystal orientations and a large grain size of 60-80 nm is formed within the first
100 nm of growth and further developed up to 300 nm with dominant <002> and
<103> crystal planes.

In the present contribution, another route towards the improvement of the elec-
trical properties of ZnO:Al as TCO is chosen, by applying metal nanoparticles
(NPs) to favor semi-epitaxial nucleation of ZnO:Al grains. For this purpose silver
was selected, since the lattice parameters of its <111> orientation match with
the <002> in ZnO, which is the main crystal orientation in our films. Ag NPs of
approximately a diameter equal to 3-5 nm were deposited on a glass substrate and
followed by a ZnO:Al layer deposition. The presence of NPs noticeably affects
the nucleation of ZnO:Al and subsequent growth, as deduced from the extensive
analysis employed to study the development of the structure as function of the
ZnO:Al film thickness. The Ag NPs enable the structural and optical improve-
ment of ZnO:Al, which leads to a reduction in resistivity in the whole thickness
range.

5.2 Experimental details

An Expanding Thermal Plasma deposition (ETP) setup [15, 16] was used in
combination with a radio-frequency (RF) magnetron sputtering unit in the same
vacuum chamber. The metal NPs were sputtered from 1 inch silver target (Kurt
J. Lesker, 99.99 % purity) at the distance of 100 mm to the substrate and an angle
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Table 5.1. Summary of experimental settings for sputtering Ag NPs and for subsequent
ZnO:Al deposition.

Experiment Ag sputtering ZnO:Al
Magnetron input power, W 15 -
Applied voltage, V 185 -190 -
Argon flow, sccm 1000 1000
Arc current, A 50 50
Arc pressure ·105, Pa 0.41 0.41
Deposition pressure, Pa 14 150
DEZ/TMA flow, g/h - 3.5/0.2
Oxygen flow, sccm - 100
Substrate temp., °C 200 200

40° from the substrate normal. This geometry was chosen to bring the sputtering
source close to the substrate normal for homogeneous surface coverage, while pre-
venting shadowing the substrates from argon plasma. An RF power of 15 W was
coupled to the magnetron unit assembled with a Ag target. The argon plasma
generated in the plasma source, placed perpendicular to the substrate, facilitated
the sputtering process, in the similar configuration to the earlier described [16].
The plasma source is a cascaded arc where a DC discharge is generated in ar-
gon at sub-atmospheric pressure between three cathode tips and an anode plate.
This ionized argon expands into the low pressure deposition chamber due to the
pressure difference, thus creating a plasma jet. Argon ions emanating from the
cascaded arc are involved into the sputtering process of the metallic silver target,
which leads to a factor of 4-6 increased deposition rate of metal NPs, compared
to the RF sputtering process in the absence of the ignited cascaded arc [16]. The
increase in the deposition rate is strongly related to the density and energy of the
species bombarding the metal target involved in the sputtering process. Corning
7059 glass of 25x25 mm2 and 0.7 mm – thick substrates were used during ex-
periments. The experimental parameters for sputtering process are shown in the
Table 5.1.

To prevent oxidation of the sputtered Ag NPs, a ZnO:Al layer was deposited
without breaking the vacuum using diethylzinc (DEZ) and trimethylaluminum
(TMA) as main precursors for zinc and aluminum, respectively. In this case, the
argon plasma jet dissociated precursors injected through rings around the jet:
oxygen was injected at 6.5 cm downstream from the plasma source; evaporated
and pre-mixed diethylzinc (DEZ) and trimethylaluminum (TMA) were injected
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further downstream at 30 cm from the plasma source. The growth precursors
convectively flow towards the substrate placed at 50 cm to deposit the ZnO:Al film.
Based on previous findings [13] the deposition parameters were chosen to obtain
ZnO:Al with high native texturing and electrical properties suitable to serve as a
front contact for thin film solar cells. The experimental parameters, as shown in
Table 5.1, were kept constant for all the experiments, while the deposition time
was varied to obtain different ZnO:Al layer thickness in the range of 50-950 nm.
For each Ag/ZnO:Al thickness, reference samples of ZnO:Al deposited on pristine
Corning glass samples were prepared at the same conditions.

The electrical properties of ZnO:Al were measured using a Jandel universal
four-point probe with a cylindrical 25 mm probe head. Film thickness measure-
ments were performed on a VEECO Dektak 8 step-profiler. The optical trans-
mittance of ZnO:Al deposited on glass was measured by means of a Shimadzu
UV-3600 spectrophotometer with integrating sphere in the wavelength range of
280-2500 nm. Cross-sectional Transmission Electron Microscopy (TEM) FEI Tec-
nai F30ST operating at 300 kV was used to visualize the ZnO:Al grain develop-
ment at different stages of the ZnO:Al growth occurring on Ag NPs and on the
pristine glass substrate. Moreover, the initial growth of ZnO:Al was investigated
by depositing 50 nm – thick films on carbon-coated copper grids (TEM grids) of 5
mm in diameter. Additionally, X-Ray Diffraction (XRD) measurements were per-
formed on a Philips PanAlytical X’pert PRO Material Research Diffractometer
to study the grain development of the ZnO:Al thickness series in detail.

5.3 Results and discussion

5.3.1 Structural properties

There were significant changes in the ZnO:Al structure upon growth on Ag NPs,
as observed by several measurement techniques. A first indication is given by the
change in deposition rate for a 50 nm – thick ZnO:Al layer, equal to 0.94±0.09
nm/s in the case of a deposition on the pristine glass and of 0.74±0.07 nm/s in
the case of growth on the Ag NPs. With the further development in ZnO:Al film
thickness, the growth rate on Ag NPs increases and approaches the average growth
rate of 0.96±0.09 nm/s of the series without Ag NPs, but consistently about 8 %
lower. Moreover, the Root-Mean-Square (RMS) surface roughness measured by
AFM is higher for the case without Ag NPs (Figure 5.1). The noticeable difference
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Figure 5.1. RMS roughness obtained from AFM measurements as a function of film
thickness.

starts already for 100 nm – thick films (RMS(ZnO:Al)=7 nm, RMS(ZnO:Al+Ag
NPs)=5 nm) and becomes progressively more significant. For ∼950 nm – thick
ZnO:Al films the RMS roughness reaches 87 nm for the case without NPs and 50
nm for sample with Ag NPs.

The structural difference is also confirmed by the top-view High Angle Annular
Dark Field Scanning TEM (HAADF STEM) results. In Figure 5.2 two 50 nm
– thick ZnO:Al films are shown: Figure 5.2a displays films grown directly on
carbon-coated TEM grid and Figure 5.2b shows the ZnO:Al developed on top of
the Ag NPs on the TEM grid. Ag NPs of 3-5nm in diameter are visible as bright
dots. It appears that ZnO:Al grown on top of Ag NPs exhibited smaller grains.
For the ZnO:Al on TEM grid the grain size is 40-50 nm, while for ZnO:Al on Ag
NPs/TEM grid the grains are about 20-30 nm large. Each individual ZnO:Al grain
looks as developed on top of several adjacent NPs. Parallel electron diffraction
(ED) studies of these two samples as well as from a sample only containing Ag NPs
have shown a random orientation distribution for both ZnO:Al and Ag crystals.
This demonstrates that at 50 nm film thickness there is no preferred orientation
in Ag NPs and there is no clear development of a dominant orientation in ZnO:Al
yet.

Furthermore, the development of ZnO grains was investigated in cross-sectional
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50 nm

 a

50 nm

 b

10 nm

Figure 5.2. HAADF TEM images (magnification ×2.7·105 for both large images and
×1.1·106 for the inset in the right image), top – ZnO:Al on the TEM grid, bottom
– ZnO:Al on Ag NPs deposited on TEM grid (visible as bright spots).
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Figure 5.3. Cross-sectional HAADF TEM images left – ZnO:Al on bare glass, right –
ZnO:Al on Ag NPs.

view and shown in HAADF STEM images in Figure 5.3. From this analysis based
on 950 nm – thick ZnO:Al layers, it is observed that both films exhibit a so-called
pyramid-like growth development, similarly to what earlier reported in litera-
ture [13], with a lateral grain size increasing with film thickness. The reference
ZnO:Al grown without NPs exhibits voids starting from ∼100 nm up to about
600 nm film thickness (Figure 5.3a). With the further growth a dense structure
develops. In contrast, the ZnO:Al deposited on Ag NPs is characterized by voids
present in a limited thickness range of 100-400 nm and a compact, voids-free
structure is developed further with larger film thickness. Thereby, the Ag NPs
enabled a different growth mode causing formation of smaller crystallites at the
nucleation stage (Figure 5.2), which developed into material with less pronounced
voids and a more compact top layer. However, the difference in the final grain
size of 950 nm – thick films is not as significant (Figure 5.3).

Additionally, the evidence of the different ZnO:Al growth development on
top of NPs was also concluded from XRD measurements. While there was no
difference observed from the 2Θ measurement of the 50 nm – thick layers, for
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Figure 5.4. XRD signal intensities in 2J scan of ZnO:Al films. Suppression of several
texture components with the addition of Ag nanoparticles at the same ZnO:Al
film thickness.

the thicker ZnO:Al films the effect of Ag NPs was immediate. As it can be
seen from Figure 5.4, the dominant XRD texture pattern is <002> (2Θ=34.4).
Ag NPs suppressed the growth development of <101> (2Θ=36.3 degree) and
<110> (2Θ=56.7 degree) orientations, while promoting the <002> orientation.
The <110> orientation is perpendicular to <002> orientation and, thus, repre-
sents a limit to the <002> development. The XRD texture measurements of this
<110> orientation (not shown here) confirmed the observation of significantly re-
duced <110> texture displayed in Figure 5.4. The texture measurement at <002>
position demonstrated a narrower distribution along c-axis with the higher peak
intensity for ZnO:Al on Ag: 2028 counts, compared to 1304 counts for ZnO:Al on
glass at the same XRD measurement settings and a similar film thickness of 950
nm (Figure 5.5). For the case of <103> orientation (2Θ=62.8 degree) there was
no difference in texture observed between the two conditions. The observations
from XRD measurements imply that the Ag NPs promoted the growth of a more
textured structure in the <002> direction.

The origin of the differences in the number of counts observed for <002>
texture can be related to the presence of Ag NPs. It is known that there is a lattice
match between ZnO <002> and Ag <111> [17, 18], likely promoting the epitaxial
growth of ZnO <002> on the <111> surface of Ag. For example, ZnO nanorods
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Figure 5.5. Texture measurement at <002> position for ZnO:Al of 950 nm thickness:
a-reference ZnO:Al; b-ZnO:Al on Ag NPs.
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Figure 5.6. HAADF HRTEM image of ZnO:Al on deposited on Ag NPs, in the cross-
sectional view. Grain with a lattice spacing ∼5.2 Å is outlined by the two dashed
lines and Ag NPs are outlined with circles.

can be grown in the <001> direction on the <111> facets of Ag NPs from aqueous
solution [17]. Therefore, the array of Ag NPs on the surface can act as a series of
nucleation sites for the early stages of ZnO growth. As mentioned above, electron
diffraction studies of the layer of Ag NPs did not show a preferential orientation of
the NPs. Thus, the enhancement of <002> texture in the ZnO:Al layer by the Ag
NPs cannot be attributed to one single texture introduced by the Ag. Instead, the
selective epitaxial growth of ZnO on Ag must be the cause for texture development
in ZnO:Al. As epitaxial growth is only possible on <111> Ag facets, NPs having
their <111> orientation in-plane will induce the lateral growth of ZnO:Al grains,
while NPs having their <111> orientation out-of-plane will induce the vertical
growth of ZnO:Al. The lateral development of ZnO:Al crystals has limited free
space, up to the neighboring grains, causing rapid annihilation of their growth.
The continuous film is created and the contribution of non-<002> vertical growth
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directions gets effectively reduced during further film growth.
This model is confirmed by high resolution TEM studies of the nucleation

layer (one example is shown in the Figure 5.6): in the first 20 nm of the film
thickness the number of ZnO:Al grains and lateral size are in the same order of
magnitude as the Ag NPs, showing a strong reduction in the number of grains
and increase in grain size directly above that layer (Figure 5.2 and Figure 5.3).
In the first 20 nm of the film thickness lateral grain size is about the size of Ag
NPs. Further increase in film thickness is characterized by the strong increase
in the lateral grain dimensions and, therefore, reduced number of grains. As
an example, cross-section of the film showing a grain with the lattice spacing
corresponding to <002> orientation is demonstrated in Figure 5.6. In the case
of the reference ZnO:Al, a clear onset of the grains in TEM cross-section images
appears at larger thickness, ∼40 nm. This delayed nucleation caused smaller
lateral grain dimensions, and so lower surface roughness, if compared to the same
film thickness of ZnO:Al grown on Ag NPs, as shown in Figure 5.1.

5.3.2 Electrical properties

Similarly to the results previously reported for the same deposition method [13],
a clear gradient in resistivity with the thickness of deposited ZnO:Al films is also
observed for the sample series growth on Ag NPs, shown in Figure 5.7. The
presence of the gradient is inevitably related to the structure: the grain size is
increasing both vertically and laterally with increase in film thickness. Therefore,
electron mobility is increasing, which enables reduction in resistivity for the thicker
films. It is important to emphasize, that resistivity plotted in Figure 5.7 is an
integrated value over the film thickness. Therefore, the resistivity of the top
layer is influenced by the underlying more resistive layers and can be determined
from the resistivity trend as a function of thickness. This approach has been
demonstrated by Volintiru et al. [13], who determined the scaling factor for top
resistivity from the slope of the linear fit in the double logarithmic plot of the
measured resistivity and thickness. That gives resistivity of the top layer more
than factor of 3 lower, as compared to the integrated value [13]. A similar to that
value, scaling factor of 3.1±0.2, is obtained for the both curves in the Figure 5.7.
So the top layer resistivity at, i.e., 950 nm for the ZnO:Al on Ag NPs is 3.4·10−4

Ω·cm. Corrected resistivity values for both reference ZnO:Al and ZnO:Al on Ag
NPs are also plotted in Figure 5.7 (open symbols).

It is important to note, that the effect of the Ag NPs present below the ZnO:Al
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Figure 5.7. Dependence of ZnO:Al resistivity from thickness, with and without silver
NPs present on the substrate.

layer resulted in a factor of 2 improvement in the electrical conductivity of ZnO:Al
in the whole thickness range (Figure 5.7). This improvement could be explained
by: i) the contribution of the metal NPs to the conductivity, acting as small
electrical shunts; ii) the structural changes induced by the Ag NPs, which caused
different growth of ZnO:Al crystals.

The first factor can be excluded, as here motivated. The reduction of the grain
boundary surface with thickness leads to a reduced resistivity [13, 19]. Thus, the
resistivity of ZnO:Al, measured in its lateral direction, decreases with increase
in the film thickness, developing a gradient. If the Ag NPs would contribute
to the measured conductivity, their influence would be the largest in the case
of thin ZnO:Al layers, as these are more resistive. The metal NPs could act
as electrical shunts within resistive media, thereby reducing resistivity for the
current propagation in lateral direction [20]. Due to the gradient in resistivity
with increase in film thickness, the effect of the electric shunts within the resistive
media of the bottom layer, would be gradually less present, with an increase
in thickness. However, the occurrence of the factor of 2 reduced resistivity is
observed in the whole thickness range, up to 950 nm (Figure 5.7).

Another aspect suggesting the same conclusion is that if the NPs would act as
shunts in the bottom layer, the scaling factor determined following the procedure



Chapter 5. The influence of silver ... 117

of Volintiru et al. [13] would be lower than for the reference ZnO:Al series due to
the different slope of resistivity in a double logarithmic plot. Thus, the possibility
of Ag NPs contribution to the resistivity can be excluded and the effect of NPs on
the resistivity is attributed only to the changes in ZnO:Al growth development.
The thickness-dependent doping can be also excluded as responsible for the resis-
tivity trend, because the carrier concentration measured for different thicknesses
was (3.5±0.7)·1020 cm−3 for both sets of samples. In XPS depth profiles the Al
relative content was found constant throughout the whole film thickness at the
level of 0.7±0.2 at. % for both series, which supports the measured equal carrier
concentration level, under the plausible hypothesis of the same doping efficiency.

However, charge carrier mobility was generally found higher for the samples
with NPs. Mobility obtained from the optical measurement, similar to the earlier
described by Volintiru et al. [19], reached 27±5 cm2/V·s for the sample on Ag
NPs, in comparison with 13±3 cm2/V·s for reference ZnO:Al, both at 950 nm.
Optical mobility in this thickness range corresponds closely to the Hall mobility,
since the latter is less influenced by the gradient feature. This factor of 2 improved
mobility in the ZnO:Al grown on NPs and constant carrier concentration together
are in agreement with the reduced factor of 2 resistivity and the structural changes
discussed earlier in the text. The pyramid-like grain development on NPs allowed
for the onset of a compact layer by means of larger grains earlier developed when
compared to the reference ZnO:Al series. If voids are suppressed, the transport
path for the charge carriers is shorter and the associated losses are significantly
reduced resulting in higher mobility values, provided a good passivation of the
grain boundary surface. Since the scaling factor is the same (3.1±0.2) for the
both reference and ZnO:Al on Ag NPs, it is concluded that the grain development
is equal, but the improved resistivity can be attributed to the earlier nucleation
of ZnO:Al grains on Ag NPs.

5.3.3 Optical properties

The optical properties of ZnO:Al grown on Ag NPs were also improved, even
taking into account the absorption of light by NPs. As can be observed in Fig-
ure 5.8a, Ag NPs deposited on glass substrates exhibit an absorption peak at 450
nm, indicating plasmonic absorption [21, 22]. With increase in magnetron power,
or, in other words, particle size and Ag surface fraction [16], the absorption peak
increases and shifts towards higher wavelength. At the maximum power of 50
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Figure 5.8. Total transmittance of: a – Ag NPs sputtered on glass at different mag-
netron power and time; b – thick ZnO:Al layers deposited on bare glass and on
glass covered with Ag NPs.
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W and sputtering time of 20 minutes there was a thick continuous Ag layer de-
posited, that absorbed most of the incident light (Figure 5.8a). A high absorption
in the TCO window layer is an undesirable effect for solar cell applications and the
absorption must be minimized to obtain high solar cell efficiency. Therefore, the
deposition conditions for Ag NPs were chosen as 15 W for the magnetron power,
as earlier reported in Table 5.1, and 5 minutes for sputtering time. At those con-
ditions, as can be seen from the Figure 5.8a, the layer exhibited a transmittance
equal to 75 % at the wavelength of ∼450 nm.

In Figure 5.8b the influence of Ag NPs on the total transmission of the 950
nm – thick ZnO:Al films is shown. Keeping in mind the light absorption by
NPs at ∼450 nm wavelength, it is surprising that the total transmittance of the
ZnO:Al film grown on Ag NPs is higher than the reference ZnO:Al deposited on
bare glass, in the whole wavelength range from 350 to 1200 nm. This increased
optical transmittance may be related to the reduced effect of light trapping within
ZnO:Al layer due to reduced voids content, as observed by TEM measurements.
The absorbance calculated from the measured transmittance and reflectance is
lower in the case of Ag NPs. To summarize, the layer of Ag NPs on the substrate
surface appeared to be acting as a template for ZnO:Al nucleation. It provided
an early onset of the dominant <002> orientation and further growth into a layer
with compact and large grains. At the same time, voids propagation throughout
the film thickness was limited, compared to the reference films. These structural
changes were reflected in a factor of 2 lower resistivity, independent of the film
thickness, and in an improved optical transmittance.

5.4 Conclusions

Small, ∼3-5 nm in diameter, Ag NPs were employed to serve as an epitaxial tem-
plate for improved nucleation of ZnO:Al grains, growth development and elec-
trical properties. Due to the lattice matching between Ag <111> and ZnO:Al
<002>, the contribution of this ZnO:Al texture component was significantly en-
hanced, while <101> and <110> components were reduced. Also, the onset of
nucleation was observed at the lower thickness of ∼20 nm, as compared to the
reference ZnO:Al at ∼40 nm. Therefore, the subsequent growth was substantially
improved by Ag NPs, resulting in reduced voids inclusion throughout the film
thickness and higher optical transmittance. Associated reduction of resistivity as
a factor of 2 was observed in the whole thickness range and attributed to a factor
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of 2 improved electron mobility. Therefore, introduction of the Ag NPs on the
substrate surface is a valid approach to improve nucleation, subsequent growth
and electrical properties of ZnO:Al.
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Summary
Aluminum-doped Zinc Oxide (ZnO:Al) is a polycrystalline semiconductor mate-
rial, widely used in optoelectronic applications. Due to the wide band gap (3.4 eV)
and high electrical conductivity, ZnO:Al combines a high optical transparency in
the visible region with an efficient transport of electric charges. These represent
valid motivations, besides non-toxicity, to apply ZnO:Al as transparent conduc-
tive layer in the rapidly developing sustainable applications, such as thin film
solar cells. The commercial feasibility of the application renders mandatory the
achievement of a minimum in electrical resistivity with high optical transmittance
at low production costs, i.e. thin, conductive ZnO:Al layers.

Nowadays, magnetron sputtering is one of the most commonly used deposition
techniques. However, the low deposition rate hampers the wide industrialization
of this technique for commercial production. Moreover, a characteristic columnar
growth and a limited development in the lateral dimensions of ZnO:Al grains with
increase in film thickness force to deposit thicker layers (> 1 µm) to achieve a
large lateral grain size and a low film resistivity.

In this work, the Expanding Thermal Plasma (ETP) deposition technique was
employed to study the growth development of ZnO:Al films. The ETP has the
potential for high deposition rates, as already shown in the case of amorphous
silicon films. Characteristic for ETP-grown ZnO:Al is a gradually reducing re-
sistivity of the growing layer, so-called resistivity gradient, due to the increasing
grain size and mobility of the electrons. The X-Ray diffraction study at different
stages of ZnO:Al growth revealed a random nucleation, proceeded by a compet-
itive growth of various crystallographic orientations, which finally evolve in the
dominant <002> orientation. That random nucleation and competitive growth
are the results of negligible ion bombardment during ETP growth of ZnO:Al.
Small grains develop at low film thickness and are, therefore, characterized by
charge carrier trapping phenomena occurring at the grain boundaries. As the
grain further develops in lateral size as function of the film thickness, the scat-
tering at the grain boundaries becomes progressively less dominant with respect
to other mechanisms (e.g. scattering at ionized impurities) and lower resistivity
values are only achieved for large film thickness.

If the grain boundary trapping centers are passivated, electrical performance
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of the ZnO:Al can be dramatically improved. That has been achieved by capping
the ZnO:Al films with hydrogen-rich amorphous silicon (a-Si:H) layers followed by
a high temperature treatment. This process mimics the experimental procedure
of crystallization of a-Si:H to poly-Si layers during the manufacturing of poly-
Si based solar cells. With the support of Time-of-Flight Secondary Ion Mass
Spectrometry it is shown that, upon thermal treatment, the hydrogen present in
the capping layer diffuses towards ZnO:Al, passivating its grain boundaries. Thus,
the resistivity of the grain boundary-rich areas is strongly reduced (by a factor 45
for 130 nm-thick layers), eliminating the resistivity gradient of the as-deposited
films.

Another approach for reduction of the resistivity gradient is to modify the
growth of ZnO:Al crystals. This was achieved by exploring experimental condi-
tions leading to a compact nucleation layer with a large grain size and multiple
crystal orientations. This resulted in a significantly reduced resistivity gradient
down to ∼300 nm thickness. Moreover, the resistivity achieved at this thickness,
was equal to 3.9·10−4 Ω·cm obtained for 700 nm-thick reference film, in the pres-
ence of the gradient. However, further growth is characterized by the competitive
development of only two crystal orientations, <002> and <103>, and formation
of large voids between grains, as shown by Transmission Electron Microscopy. In
comparison, voids are already present from the nucleation stage of the films char-
acterized by the gradient. The distribution of voids throughout the film thickness
appears to be a key parameter in controlling the electrical properties of the bulk
layer: a void-rich initial phase is responsible for the gradient in resistivity, but if
developed at the later stage (>300 nm), it hinders the gradient formation. The
control on the growth development in terms of selection specific crystal orienta-
tions in the early phases of growth appears fundamental in determining electrical
properties of the CVD ZnO:Al. It is also closely related to understanding of the
processes in the depositing plasma, and the question arise: "what mechanisms
drive the growth of ZnO:Al?"

To address this question Mass-Spectrometry was employed to provide an in-
sight in the investigation of the plasma processes accompanying the growth of
the high quality ZnO:Al films, both with and without resistivity gradient. Un-
der the experimental conditions leading to a massive decrease in the resistivity
gradient, a significantly reduced growth flux was measured, accompanied by the
substantial production of hydrocarbon species observed during the deposition pro-
cess. The abundance of the zinc precursor, i.e. the diethylzinc-to-O2 flow rate
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ratio, has been identified as responsible for the gradient in resistivity. In partic-
ular, the chemistry channels developed in the proximity of the substrate surface
are investigated and correlated with structural and electrical characteristics of the
deposited ZnO:Al films. It is found that the diethylizinc-to-O2 ratio allows tuning
the atomic oxygen flux availability at the surface of the growing film, which affects
nucleation of the ZnO:Al layers, the development of specific crystal orientations,
grain size and, eventually, electrical properties.

A modified nucleation stage of the ZnO:Al grains can also be achieved without
changing the deposition conditions, but affecting the substrate conditions, which
appears to have a noticeable impact on the development of the structure and the
final resistivity of the deposited film. Dedicated experiments show that small (3-5
nm in diameter) silver nanoparticles deposited prior ZnO:Al growth can affect
the ZnO:Al growth. Since the lattice parameters of the silver <111> orientation
match with the <002> in ZnO, which is the main crystal orientation in the
deposited ZnO:Al films, an earlier onset of <002> orientation observed. The
silver NPs act as an epitaxial template, also causing reduction of void inclusion
throughout the film thickness. Although the gradient in resistivity is still present,
the overall resistivity reduced of a factor of 2 in the whole thickness range up to
1000 nm, mainly due to the improved electron mobility and was accompanied by
increased transmittance of the ZnO:Al layer.
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