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Abstract 

Due to its high transparency and low resistivity, polycrystalline zinc oxide (ZnO) is used as a 

transparent conductive oxide (TCO) in thin film photovoltaics. In this research, an expanding thermal 

plasma (ETP) is used to deposit (doped) ZnO films (70-600 nm), using metal-organic precursors, i.e. 

diethylzinc and trimethylaluminum, and oxygen. Process conditions of high pressure and high 

diethylzinc flow rate allowed for dense films, with resistivity values as low as  44 10 cm Ω−⋅  at 300 nm 

film thickness. 

The conductivity of ZnO is determined by its carrier density and electron mobility. Intrinsic ZnO is an 

n-type semiconductor, and by doping with aluminum, the carrier density can be increased. However, 

free-carrier absorption reduces the transmission of light in the infrared (IR) spectral region. By 

studying the behavior of this free-carrier absorption by means of optical diagnostic tools, 

information can be inferred on the ingrain electrical properties. 

In this work, a novel approach was used to further evaluate the ZnO films, based on extensive optical 

modeling by means of spectroscopic ellipsometry and reflection Fourier transform infrared 

spectroscopy. A Drude model was used to model the free-carrier absorption, and was extended by 

taking a frequency-dependent broadening term, to correctly account for the decreased ionized 

impurity scattering of the free electrons at high frequencies. By combining the Drude, Psemi-M0 and 

Tauc-Lorentz oscillator models, the SE and FTIR data of ZnO films could be modeled. The optical 

model was suitable to characterize ZnO films in terms of ingrain resistivity, i.e. optical mobility and 

carrier density, thickness and transparency, and therefore provided a link between the optical and 

electrical properties of ZnO. 

Since optical diagnostic tools are not sensitive in probing grain boundary scattering, from a 

combination of optical tools and direct-current measurements (i.e. Hall and four-point probe), the 

grain boundary mobility could be derived. By following this approach, it was concluded that the grain 

boundary scattering was only significant when the average grain size was small, i.e. at low film 

thicknesses, and was more pronounced in aluminum-doped ZnO films than in intrinsic ZnO films. The 

ingrain scattering mechanisms were further evaluated by applying Masetti model fits, to disclose the 

limiting factor of the electron mobility in ZnO layers.  
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Chapter 1 Introduction to Zinc Oxide 

1.1 Zinc oxide and its applications 

Zinc oxide (ZnO) is a widely used material, either present or finding its way in numerous applications, 

varying from cosmetics to corrosion protection, from rubber production to concrete industry and 

food additives. Zinc oxide is a II-VI semiconductor, with a direct bandgap of 3.4∼ eV. This wide 

bandgap enables its use as a transparent conductive oxide (TCO), since it makes ZnO transparent in 

the visible region. Zinc oxide thin films are found in many opto-electronic devices, such as light 

emitting and laser diodes, (transparent) field effect transistors,1,2 transparent electrodes for flat 

panel displays (e.g. in Figure 1),3 and thin film solar cells.4–6 

Zinc oxide naturally occurs as a mineral and can crystallize in hexagonal wurtzite structured crystals. 

Single-crystalline ZnO can be created by using for instance pressurized melt in a cold crucible and 

hydrothermal growth in autoclaves. However, within most thin film applications ZnO is deposited in 

a polycrystalline form. An application making direct use of the ZnO polycrystallinity and its grain 

boundarys is for instance a voltage-dependent resistor, a varistor. The piezoelectric properties of 

ZnO enable its use in surface acoustic wave devices and piezoelectric sensors (e.g. chemical, torque, 

pressure, mass and temperature sensors).7 

 

Figure 1. Comparison of images from the world's first 20-inch LCD TV with a gallium-doped 

ZnO transparent electrode prepared using dc magnetron sputtering and from a 

commercially available 20-inch LCD TV with an indium-doped tin oxide electrode. Adapted 

from Yamamoto et al.
3
 

ZnO is intrinsically an n-type conductor, and its electrical properties can be tuned by enhancing the 

conductivity of intrinsic-ZnO (i-ZnO) by the incorporation of extrinsic dopants. The conductivity of i-

ZnO can also change upon gas exposure, making it of interest for the application as a gas sensor for 

for instance H2, O2, CO and NOx gasses. The sensitivity to gasses can also unintentionally increase its 

resistivity, causing aging effects, in which e.g. H2O diffuses into grain boundaries.8 For certain 
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applications like light emitting devices, it would be desirable to also achieve p-type conductivity. 

There are however still certain issues concerning the p-type doping of ZnO, e.g. its stability.7 In this 

research, the focus will be on the manufacturing of ZnO thin films as a TCO for thin film 

photovoltaics. 

ZnO as a TCO in photovoltaics 

Due to its high transparency and low resistivity, doped zinc oxide like aluminum-doped zinc oxide, 

(AZO) is used as a TCO in various thin film photovoltaic devices. Its function is to conduct the photo-

generated carriers out of the solar cell, while exhibiting a high transmission as a window to incident 

light. There are several requirements which a TCO layer needs to fulfill to make it suitable for the 

solar cell industry:7 

• A high transparency in the visible and near-IR spectral region, 

• A sheet resistance of 5-10 ,
sq

Ω  

• The possibility for up-scaling, 

• The possibility to be prepared at low substrate temperature,  

• The possibility to tailor the surfaces for suitable light scattering properties, 

• The development of a good interface with the absorber layer, 

• Based on abundant, inexpensive and non-toxic materials. 

 

Widely used TCOs are indium tin oxide, (In2O3:Sn or ITO), fluorine doped tin oxide (SnO2:F, or FTO) 

and ZnO doped with aluminum (ZnO:Al, or AZO). Although ITO in general shows low resistivity values 

of around 41.2 10 Ωcm−⋅ , compared to 4(1.5 3.0) m10 Ωc−− ⋅  for AZO,7 it is based on a scarce element, 

i.e. indium. ZnO is non-toxic, abundant in the earth’s crust, and it can be deposited at suitable 

substrate temperatures (<200 °C). Furthermore, it exhibits high transparency,9,10 and since ZnO is 

highly resistive to hydrogen etching,11 it is compatible to the production of hydrogenated amorphous 

silicon (a-Si:H) thin film solar cells. Altogether, ZnO is an excellent candidate as a TCO. 

ZnO needs to fulfill several requirements when acting as TCO. In thin film amorphous (a-Si:H),5,12 and 

micro-crystalline (μc-Si:H) silicon solar cells,13,14 when the cell is developed according to the p-i-n 

configuration, the TCO is deposited first, and needs to be resistant to the H2 plasma environment 

(needed for the deposition of the absorber). Furthermore, the development of surface 

roughness/texturing is fundamental in optimizing the light absorption within the cell.15 Also the 

different absorbing limits of the two cells (800 and 1000 nm for a-Si:H and μc-Si:H resp.) have to be 

taken into account in the transmission requirements of the ZnO. Among the silicon-based solar cells, 

ZnO is not only used as a TCO, but also functions as a part of the back reflector. 
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In tandem a-Si:H/μc-Si:H solar cells, the so-called micromorph solar cells (see Figure 2), the ZnO layer 

can also play the role of intermediate reflecting layer (IRL),16 to properly back scatter or forward 

scatter the light, which has not been absorbed yet, towards the top and bottom cells, respectively. 

When sandwiched between the two cells, in case of monolithic cell integration, the ZnO layer acts 

also as tunneling layer.  

 

Figure 2. A micromorph solar cell, in which the ZnO functions as a front TCO, intermediate 

reflection layer and as a part of the back reflector. Adapted from Ellmer et al.
7
 

ZnO is used not only as a TCO in silicon-based solar cells, but also within for instance copper indium 

gallium (di)selenide (CuInxGa(1-x)Se2 or CIGS) solar cells. Within the area of thin film photovoltaics, 

CIGS cells have shown the highest reported laboratory efficiencies of 20%, utilizing a ZnO window 

layer.17 CIGS is a direct bandgap semiconductor, with a tunable bandgap from about 1.0 eV for 

copper indium selenide to about 1.7 eV for copper gallium selenide.18 CIGS solar cells generally 

consist of a window layer of ZnO, followed by a cadmium sulfide (CdS) buffer layer, a CIGS absorber 

layer, a molybdenum (Mo) layer and a glass substrate, as is shown in Figure 3. In CIGS, the window 

layer is last-deposited, and should be transparent to light with wavelengths up to 1300 nm. The 

transparent window layer consists of a (thick) ZnO TCO, which is deposited on a resistive, thin 

(typically 50 nm) i-ZnO layer. The resistive i-ZnO reduces shunt currents, which are unwanted short 

circuits between the front and back electrodes of the solar cell which reduce its efficiency. 

Furthermore, it is shown that this i-ZnO layer can improve the ZnO TCO conductivity.6 To establish 

good interface properties between the CIGS absorber and the ZnO window layer and to prevent a 

large negative conduction band offset, a CdS buffer layer of typically 20-70 nm thick is required. 

Although CdS is conventionally used as a buffer layer in CIGS,19 alternatives are investigated to 

replace the toxic Cd, as well as to replace the chemical bath deposition step for CdS. Alternatives are 

among others ZnO, Zn(O,S), Zn(Mg,O), buffer layers.20   
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Figure 3. A cross-sectional FESEM image of a fabricated CIGS cell, adapted from Shi et al.
6
 It 

consists of a 60 nm thick CdS buffer layer, 100 nm i-ZnO, 700 nm AZO on top of the 

absorber layer. 

1.2 Deposition of ZnO films 

ZnO thin films are synthesized in different ways, including magnetron sputtering,21–25 spray 

pyrolysis,26 pulsed-laser deposition (PLD),26,27 molecular beam epitaxy (MBE), sol-gel preparation,28 

chemical vapor deposition (CVD),10,14,29–32 and atomic layer deposition (ALD).33,34 In general, 

sputtering, chemical vapor deposition and pulsed-laser deposition lead to the best ZnO films, with 

high conductivities and high transparency.7 PLD however has the lowest deposition rates and 

showed complications in the deposition for large areas, when compared to CVD and sputtering, 

which are compatible with large area production.  

CVD has a specific advantage over (flat) sputtered ZnO films, since it is characterized by the 

development of a native surface roughness,35 an essential element for light trapping in PV. 

Furthermore, it allows for easy tuning of the film composition (e.g. amount of doping) by changing 

gas flow rates, whereas for sputtering the deposited film composition depends on the composition 

of the sputtered target. CVD utilizes metal-organic precursors (the so called metal-organic CVD, or 

MOCVD) to deposit ZnO, and its reactions are thermally activated at the surface. An alternative to 

the thermal MOCVD process is plasma-enhanced CVD (PE-CVD). In PE-CVD, a plasma is used which 

consists of reactive species (e.g. ions, metastables, radicals and electrons), which can initiate 

reactions and promotes the dissociation of the precursor molecules under low thermal budget 

conditions, leading to low substrate temperatures (T< 300 °C) when compared to CVD processes. 
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This research focusses on plasma-enhanced MOCVD by means of an expanding thermal plasma (ETP-

MOCVD), created by an cascaded arc, which is described more detailed in section 2.1. The ETP is a 

remote plasma source, which enables to have an independent control on the plasma parameters and 

on the downstream region where the precursors are injected and the deposition occurs. 

Furthermore, given the remote character of the plasma, the ion bombardment at the surface is 

negligible. The possibility of high-quality ZnO deposition using the ETP-MOCVD process is 

demonstrated by R. Groenen et al.
36,37, I.Volintiru et al.

38, and M.V. Ponomarev et al.
5,39

, who 

developed a process based on the metalorganic precursors diethylzinc (DEZ) and trimethylaluminum 

(TMA). More details about the ETP-MOCVD setup used for ZnO deposition can be found in section 

2.1. Recently, OTB Solar developed the ETP-MOCVD process for the production of ZnO as a TCO on 

an industrial scale, using the ‘DEPx’ deposition setup, which is displayed in Figure 4.  

 

Figure 4. OTB Solar - Roth & Rau has developed PE-CVD equipment, the DEPx, for the 

deposition of silicon nitride, silicon oxide, zinc oxide and amorphous silicon. Image 

obtained from http://www.roth-rau.de/. 

1.3 Conductivity of ZnO 

One of the important properties of a TCO is its sheet resistance, ,
s

R  which should be typically 5-10 

,
sq

Ω  to conduct the photogenerated current out of the device. The thickness of the TCO, t , 

required to achieve this sheet resistance is determined by the resistivity of the film, .ρ  The 

resistivity is deduced from the measured sheet resistance by 

 
s

tRρ = ⋅ . 1.1 

The resistivity (and its reverse the conductivity σ ), of the n-type ZnO films is determined by its 

electron carrier concentration (also referred to as the carrier density), ,n  and its electron mobility, 

.µ  For high carrier concentrations, the Fermi level shifts in the conduction band and the ZnO 

becomes a degenerate, (n-type) semiconductor, for which the following relation holds: 
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1 1

ne
ρ

σ µ
= = . 1.2 

 The origin of free carriers in ZnO 

Unintentionally doped zinc oxide exhibits n-type conductivity naturally. The exact mechanism where 

this intrinsic doping originates from is still under debate. It is often suggested to originate from non-

stoichiometry of the film, in which oxygen vacancies or zinc interstitials would be responsible for the 

free carriers. This would be supported by the fact that for instance an annealing in oxygen 

atmosphere provides high resistivity films. This fact can however also point out other mechanisms, 

like the presence of hydrogen in the ZnO films. Hydrogen present as interstitial or in oxygen 

vacancies in ZnO, is found as a shallow dopant by Van der Walle.40 Another support for this last 

hypothesis is that hydrogen is present in almost all deposition processes. In this research, intrinsically 

doped ZnO is referred to as i-ZnO or undoped ZnO.  

The carrier concentration of ZnO can be tuned by the addition of extrinsic dopants. n-type dopants 

within ZnO belong to Group III of the periodic table and are metals such as Al,35 B,41 In and Ga,31 

which are built within a Zn lattice site (AlZn, BZn.. etc). The extra electron which they have compared 

to Zn is not required for bonding to oxygen, and therefore can contribute to the conduction. Also 

other dopants such as fluorine exist, which gives n-type doping since it has one electron more than 

the oxygen it replaces. Within the ZnO film, dopants should be electronically active to contribute to 

the conductivity; e.g. Al present as Al2O3 does not behave as donor. In general, the doping 

concentration which is active, also referred to as the doping efficiency, decreases for higher carrier 

densities, since phase segregation (e.g., formation of the oxides of the dopants instead of 

substitutional incorporation) is favored more thermodynamically.7  

The origin of the mobility in ZnO 

In ZnO there are several electron scattering mechanisms which limit its electron mobility. All the 

individual scattering processes can be expressed in their corresponding electron mobilities, 
n

µ , and 

together they account for the effective (=total) electron mobility, ,effµ  by Matthiessen’s rule: 

 
1 1

eff n n
µ µ

=∑ . 1.3 

The effective mobility can be determined by for instance Hall measurements. The scattering 

mechanisms contributing to the effective mobility include intrinsic lattice scattering processes, which 

are independent of the carrier density, and increase with temperature. Together, they account for 
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lattice
µ , which is the intrinsic lattice limited mobility, and are considered dominant in undoped, single 

crystalline ZnO:7,14 

 

• Optical phonon scattering. The lattice vibrations which create an electric field, 

interact with electrons. This isotropic scattering mechanism is the most dominant 

among the intrinsic lattice scattering processes at room temperature. 

• Acoustic phonon scattering. These lattice waves can locally shift the position of the 

conduction band, and in this way can scatter electrons. 

• Piezoelectric scattering. Since ZnO is piezoelectric, acoustic phonons and extrinsic 

stress and strain can create electric fields which can scatter electrons. Piezoelectric 

scattering in ZnO is anisotropic, and dominates at low temperatures (~100K). Due 

to this anisotropy, at low temperatures different electron mobilities in various 

lattice directions exist.   

Besides the intrinsic lattice scattering processes, also other lattice defects present in polycrystalline 

ZnO films can cause scattering of the conduction electrons: 

• Ionized impurity scattering (
ii

µ ). Dopants within ZnO which are active are charged. 

By coulomb interaction these charges interfere with the free electrons. For 

degenerate ZnO films, the ionization energy of the dopants is zero, and the ionized 

impurity scattering is independent of the temperature.42 For highly doped films 

with 20 -3 10 cm ,n > ≈  the ionized impurities can form clusters which have a higher 

scattering power.7 To describe the influence of the ionized impurities on the 

effective electron mobility, an empirical expression, originally given by Masetti et 

al.
43 for silicon, can be used: 

 min
m

1

,1

in

,21 ( ) 1 ( / )
lattice

ref ref

eff
n n n n

α β

µ µ µ
µ µ

−
= + −

+ +
. 1.4 

In this expression fitting parameter minµ  represents 
ii

µ  at high carrier 

concentrations (in respect to the reference carrier density ,1ref
n ), min 1µ µ−  

represents the clustering mobility at very high carrier concentrations ( 20 -310 cm> ), 

and α  and β  are additional fitting parameters. The expression is fitted for mobility 

data of ZnO films by Ellmer et al.7,44,45 , and a typical result is displayed in Figure 6. 

Note that the a wrong equation is given in some of these references,7,45. An intrinsic 

lattice limited mobility 
lattice

µ  was found for single crystalline ZnO of 200-210 
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2 -1 -1Vcm s ,  for films with a low carrier density of 17 -310 cmn ∼ , whereas for high 

carrier densities of 20 -310 cmn ∼ , ionized impurity limited mobilities of 50-55 

2 -1 -1m Vc s  were found.   

• Grain boundary scattering (
GB

µ ). Since the ZnO films are polycrystalline, grain 

boundaries in the film are defined. At these boundaries, electrons can be trapped, 

with a corresponding trapping density .
t

N  The charge at this boundary acts as 

potential barrier 
B

Φ  for the conduction electrons, leaving an electron depletion 

region around the barriers of width .W  The electrons from the grain can cross the 

potential barrier by thermionic emission or by quantum mechanical tunneling. Seto 

et al.
46

 found that for polycrystalline materials the grain barrier height is dependent 

on the carrier density, and with the assumption that the trapping states are filled, 

the barrier height is given by:7
 

 
2 2

08
t

B

Ne

nεε
Φ = . 1.5 

In the Seto model, the conduction is assumed to originate from the thermoionic 

emission only, and for simplicity, all grain sizes and barrier heights are assumed to 

be similar. The corresponding grain boundary-limited mobility, 
GB

µ , are given by 

 0 exp B
GB

kT
µ µ

Φ = − 
 

,  1.6 

in which 0µ  is a pre-factor taking into account the grain boundary density, and 

should not be confused with the ingrain mobility of the films. The band-bending 

according to this grain boundary model is schematically depicted in Figure 5.14 In 

literature, also more advanced models are used to describe the grain boundary 

mobility, which for instance include tunneling, or model varying barrier heights.14,42 

The models which include tunneling, show that for high carrier concentrations, the 

depletion region W  between the grains is narrowed, and the barriers can be easily 

tunneled by free electrons.41,42 

• Surface and interface- scattering (
SI

µ ). This inelastic scattering occurs for instance 

at the surfaces of the ZnO films, and is therefore relatively more pronounced for 

thinner films. In practice, it is found to be very difficult to discriminate between 

grain boundary scattering and this scattering mechanism.42 
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• Others (
others

µ ). These scattering centers include crystallographic defects, stacking 

faults, and dislocations, and are particularly present in polycrystalline ZnO films. 

Unionized dopants can also act as neutral scattering centers. Furthermore, the 

dislocations can contain, or trap, charges. Note that the material stress caused by 

the dislocations can create electric fields within the ZnO, due to its piezoelectric 

properties.  

 

Figure 5. Adapted from Steinhauser et al.
14

 The schematic energy diagram of ZnO with 

grains with size ,L  where grain boundaries trap electrons with density .
t

N  The conduction 

band level ,
c

E  the Fermi level ,
Fermi

E  and the valence band 
v

E  are indicated. The grain 

boundary limited conduction occurs by thermionic emission over and tunneling through 

the potential barrier. 

 Discriminating between scattering mechanisms in ZnO 

To understand the scattering mechanisms of ZnO, several attempts are made in literature to 

discriminate between the contributions of separate scattering mechanisms to the effective mobility. 

This is done by:  

• fitting experimental data of single- and polycrystalline ZnO films with several models, which 

take into account the different scattering mechanisms, (including fitting with an advanced 

Seto model, and the Masetti model). In these fits, usually the carrier density of the films is 

varied, and it is assumed that the grain size is not changed by the varying carrier density and 

the addition of more dopants.42,45,47 

• fitting temperature dependent resistivity and mobility measurements (e.g. four-point probe, 

and Hall direct-current measurements), since the various scatter mechanisms have different 

temperature dependencies.14,42,48 
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• optical evaluation of the ingrain resistivity and the so-called ingrain mobility, since in optical 

measurements the grain boundary scattering is not probed, and therefore its mobility 
GB

µ  is 

excluded from Matthiessen’s rule.14,41,47,49,50 This method will be discussed further in detail in 

section 4.2. 

Here, some results of the first method are briefly described. In Figure 6, experimental values of the 

effective mobility of various ZnO films are compared, by Ellmer et al.
44. For single-crystalline ZnO 

films, an increasing carrier density causes a strong decrease of the effective mobility due to ionized 

impurity scattering from the active (ionized) dopants, and is fitted with the Masetti model (eq. 1.4). 

For polycrystalline films, there are several trends describing the effective mobility as a function of 

the carrier density, due to a large variation in quality of polycrystalline films for various deposition 

processes. In general, the mobility of single-crystalline ZnO is higher than for polycrystalline ZnO 

films, since in the latter grain boundary scattering exists. In polycrystalline ZnO films, for low carrier 

densities, the grain boundary mobility limits the effective mobility. This effective mobility increases 

with increasing carrier densities, due to a decrease in grain barrier height (eq. 1.5) and an increase in 

grain boundary tunneling. However, for increasing carrier concentrations, the amount of ionized 

impurities in the ZnO due to the higher dopant level increases, and this ionized impurity scattering 

decreases the effective mobility and eventually becomes the limiting factor. It is clear that with the 

increase of doping, a balance can be found between ionized impurity scattering and grain boundary 

scattering for which the effective mobility is maximal. The maximal achievable effective mobility of 

polycrystalline ZnO is dependent on the quality (the amount of electron trapping centers) and 

density of the grain boundaries, and the grain material quality (the amount neutral/dislocation 

scattering).  
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Figure 6. Adapted from Ellmer et al.
44

, and references therein. Hall mobilities (= effµ ) of 

(doped-) zinc oxide thin films as a function of the carrier concentration using data of 

several research groups. The mobility values of ZnO single crystals (♦) and its fit curve to a 

Masetti model are also displayed. Furthermore, mobilities for polycrystalline ZnO films 

made by several sputtering processes (■, Δ, ▹▹▹▹, ◃◃◃◃) and pulsed laser depositions (all other 

symbols) are given. The thin film mobility data have been fitted by a combined ionized 

impurity and grain boundary model.   

1.4 Optical properties of ZnO 

Besides being conductive, TCOs should exhibit a high transparency, especially in the active spectral 

region of the device it is used in. In Figure 7, the transmission spectra of several (doped-) ZnO films 

are shown. In the figure, different regions are observed. For wavelengths <300 nm, the photon 

energy is higher than the ZnO bandgap, and the light is absorbed by electronic interband excitation. 

A highly transparent region is found between 300 and 1500 nm, with a total transmission between 

80-90%. The total transmission of ZnO in this region is limited by e.g. reflection at the surface and 

defects within the ZnO. For higher wavelengths, in the infrared (IR) spectral region, the transmission 

decreases due to (metallic-like) free-carrier absorption and reflection. This effect becomes more 

pronounced for higher carrier densities, as can be seen from the figure, in which the carrier density 

of ZnO films is increased by increasing the aluminum doping. Furthermore, by increasing the carrier 

density, the ZnO becomes a degenerate semiconductor. Since electrons cannot be excited into a part 

of the conduction band which is already filled with electrons,51 the band gap increases for increasing 

carrier concentrations, which is called the Burstein-Moss shift.52,53  
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Figure 7. Adapted from Groenen et al.

36
 The total transmittance of i-ZnO and AZO films for 

different aluminum doping levels as a function of the wavelength. The aluminum content 

was changed by adjusting the trimethylaluminum (TMA) flow rate. The film thicknesses are 

kept constant at ~100 nm. As a reference, the transmission of the substrate is included.  

To meet the sheet resistance required for the device it is used for, the TCOs carrier density or its 

thickness can be tuned, as can be seen from equations 1.1 and 1.2. The free-carrier absorption in the 

IR is proportional to both the film thickness and to its carrier density. However, it is also inversely 

proportional to the electron mobility.7 The mobility decreases for higher doping levels, due to higher 

ionized impurity scattering, whereas for higher film thicknesses, the mobility can increase, as will be 

discussed in the next section. Therefore, from the perspective of transmission it is more desirable to 

increase the film thickness than to increase the doping level of the films. Note however, that there 

are also limits to the maximal film thickness, in terms of production costs and the extrinsic film 

quality (i.e. cracking, adhesion). Therefore, in practice an optimum is found between the amount of 

doping and the thickness of the TCO. Note that this optimum is found at different carrier densities 

for different photovoltaic applications, since the TCO only needs to be transparent in the active 

region.  

In conclusion, the film thickness, carrier density and the mobility directly affect the transmission of 

ZnO films in the IR-spectral region, and by tuning the three parameters, the TCO can be optimized for 

the specific solar cell it is used for. Interestingly, from measuring the optical response, the electrical 

properties of the film like the carrier density and mobility can be derived, as is discussed further in 

chapter 3.   
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1.5 ETP-MOCVD of AZO 

The electrical and optical properties of (ETP-MOCVD) ZnO films are found to be highly dependent on 

the ZnO morphology. Therefore, it is necessary to control and understand the growth of the 

polycrystalline ZnO. It has been shown that the growth of aluminum-doped ZnO by ETP-MOCVD is 

dependent on the processing pressure and precursor flow rate. The effect of the processing pressure 

on the growth mechanism of ZnO has been studied by Volintiru et al.38, and is illustrated in Figure 8. 

The low-pressure process conditions (0.38 mbar) showed smaller and columnar-like grain evolution, 

compared to a relatively high process pressure (1.5 mbar). In these conditions, the grains are 

developing according to a pyramid-like growth, accompanied by the development of surface 

roughness. The corresponding resistivity development for both growth processes is given in Figure 9. 

It is clear that the pyramidal growth mode exhibits a longer incubation phase, and therefore a 

stronger gradient in resistivity. Due to the evolution of large grains, this growth mode eventually 

leads towards less grain boundary scattering and allows the reaching of lower resistivity values. 

 

 
Figure 8. Adapted from Volintiru et al.

38
 (a) Low pressure ETP-MOCVD conditions lead to 

columnar growth, exhibiting low surface roughness, high nucleation density and many 

grain boundaries as compared to (b), which shows a different nucleation. This high-

pressure nucleation evolves into pyramid-like growth, with higher surface roughness and 

larger grains.  

More recently, Ponomarev et al.
39 described a new experimental approach towards the decrease of 

the resistivity gradient in AZO, with significantly lower resistivity values as the result. Using relatively 

high DEZ flow rates, several AZO crystal orientations were allowed to develop at the initial stages of 

growth, causing the formation of a dense nucleation layer. With the so-defined “high DEZ 

conditions”, densely packed crystallites allow for a resistivity as low as 44 10 cm −⋅ Ω  at 300 nm∼  

film thickness (Figure 9). For higher thicknesses, this resistivity value saturates, since the grains are 

developed.  
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Figure 9. The resistivity of AZO films as function of the film thickness, as grown by ETP-

MOCVD, for varying processing pressures and DEZ flow rates. The results of the 3.5 g/h and 

9.0 g/h DEZ conditions are obtained by Volintiru et al.
38

 and Ponomarev et al.
39

, 

respectively. 

1.6 Routes to improve the properties of ZnO  

An obvious way to improve the conductivity of the (ETP-MOCVD) ZnO films, is to increase the 

amount of free-carriers (as can be seen from eq. 1.2), by increasing the amount of doping. This 

however can, dependent on the application, interfere with transmission requirements due the free-

carrier response in the IR. Therefore, a more appropriate way to improve the quality of ZnO films as 

a TCO is by first improving the mobility, before optimizing the carrier density. Improvements in ZnO 

quality are in general mainly attributed to an increase in the effective electron mobility. However, to 

improve the effective mobility of the ZnO, individual scattering mechanisms should be reduced, since 

these mechanisms together account for the effective mobility via Matthiesen’s rule (eq. 1.3). 

Therefore, instead of in terms of effective mobilities, the improvements of the ZnO quality can also 

be expressed in terms of the individual mobilities, like 
GB

µ  and 
ii

µ .  

Various routes to improve ZnO in terms of the two most dominant mobilities in ZnO, 
GB

µ  and ,
ii

µ are 

given in Figure 10. Routes to reduce grain boundary scattering include promoting the development 

of larger grains, passivation of the grain boundaries, and an increase of carrier density, whereas 

ionized impurity scattering is reduced by a decrease in doping or by the use of different doping 

strategies.  
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Towards larger grains 

As can be seen in literature,2,10,38 the mobility of ZnO is found to be grain size dependent. The grain 

size is found to be strongly dependent on process conditions, as already seen in changes in the 

crystal growth for ETP-MOCVD grown ZnO, for increasing pressure and DEZ flow rates. Therefore, for 

CVD, process conditions are key in obtaining large grains and high .
GB

µ  

However, several studies show that besides by changing the process conditions, enhanced grain 

growth also can be obtained by deposition on a seed layer.22,54 For instance, Nomoto et al.
22 

achieved a decrease in overall resistivity of AZO using an i-ZnO seed layer. Such a seed layer can be 

compatible with the application of ZnO within CIGS, which already uses i-ZnO as a buffer layer.  

Passivation of the grain boundaries 

Another way to reduce grain boundary scattering is by post-deposition treatments, like annealing 

under specific atmosphere or vacuum and by post-plasma treatment, which can reduce the carrier 

trapping density .
t

N  It has to be noted that the post-annealing often also modifies intrinsic defects, 

and therefore can affect the bulk electrical properties,2 and not only on the trapping centers at the 

boundaries. Other annealing processes, like in oxygen and nitrogen atmospheres, can improve 

crystallinity.55  

As an example of passivation, the effect of hydrogen as passivation of the grain boundaries is shown. 

First of all, the effect of annealing of an AZO film in hydrogen atmosphere is discussed by Tong et 

al.
55 The authors attribute the increase in mobility to the desorption of oxygen at grain boundaries, 

hence lowering the boundary potential. Secondly, Ponomarev et al.
5 showed recently that hydrogen 

diffusion by annealing an a-Si:H/AZO stack improves the AZO conductivity, and the authors explained 
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Figure 10. A flow chart describing several possible routes to improve the grain boundary 

limited mobility, ,
GB

µ and ionized impurity mobility limited mobility, .
ii

µ  



 
 

22 
 

this effect by passivation of the grain boundaries. A strong decrease of resistivity for low thicknesses 

was the result. Finally, the effect of hydrogen-plasma post-treatment on ZnO is shown in the 

literature. Bang et al.
2 denote its positive effect on the film resistivity, to the improved mobility due 

to the passivation of intrinsic defects. Cai et al.
56 find that a substantial fraction of the incorporated 

hydrogen is passivating defects at grain boundaries and/or acceptor impurities. It should be 

mentioned that none of the works here reported aim to discern between the improvements in terms 

of grain boundary limited mobility and ingrain mobility.  

Optimization of the doping 

As seen in section 1.3, by increasing the carrier density the effective grain barrier height can be 

decreased. That this in principle can be beneficial to improve not only the grain boundary mobility, 

but also the effective mobility of ZnO can be seen in Figure 6. However, the increased doping level 

necessary to achieve a higher carrier density inevitably leads to higher ionized impurity scattering. 

Furthermore, the amount of carriers is optimized to the transmission requirements of the ZnO film.  

Without compromising on the carrier density, the ionized impurity limited mobility can still be 

optimized, by for instance looking at different dopants, which induce less scattering. Also advanced 

doping designs exist, like the so-called modulation doping method.7 In this approach, highly doped 

layers are alternated by undoped ZnO layers. While the doped layers are producing the free carriers, 

the conduction can take place in the undoped ZnO conduction channels, which are not delimited by 

ionized impurity scattering, with higher effective mobilities as a consequence. 

1.7 Goals of this work  

As the quality of a ZnO acting as TCO for a given carrier concentration is mainly determined by its 

mobility, this thesis work aims to discern among the several factors affecting the mobility in intrinsic 

and Al-doped ZnO layers. In this way, insights into the scattering mechanisms of ZnO can be gained. 

A novel approach is used by combining optical techniques, to obtain ingrain electrical properties. The 

different scattering contributions to the ingrain mobility are further evaluated using fits from the 

Masetti model. 

The differences between AZO and i-ZnO can provide further insights in the conduction mechanisms, 

since for undoped zinc oxide films, the ionized impurity scattering is expected to be significantly 

lower. i-ZnO and AZO films are deposited by means of ETP-MOCVD. Both type of films are studied as 

a function of the thickness, to find correlations between the scattering mechanisms of ZnO and its 

growth.  
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Specifically, this thesis work addresses the following areas and research questions: 

• Deposition of intrinsic and aluminum-doped ZnO layers by means of ETP-MOCVD, 

to serve as model system for the opto-electrical evaluation. How do the layers 

morphologically develop? 

• Development of an optical diagnostic tool, based on the combination of Fourier 

transform infrared spectroscopy and spectroscopic ellipsometry, aimed to 

determine the ingrain electrical properties of the ZnO layers. What is the physical 

meaning of the model and its parameters? How sensitive is the new optical 

characterization for various carrier concentrations and mobilities? What are the 

potential implications of this model in terms of e.g. transmittance and optical 

mobility? 

• Discerning among the different scattering mechanisms contributing to the mobility 

in the ZnO films. Which insights in the conduction mechanism of ZnO are inferred?  

1.8 Thesis outline  

The thesis is structured in the following way. In chapter 2, details of the deposition process and the 

ETP-MOCVD setup are given. Furthermore, the used analysis techniques, together with their 

corresponding instrument settings, are described. Following, in chapter 3, ETP-MOCVD deposited i-

ZnO and AZO are characterized in terms of morphology and composition. Next, in chapter 4 the 

optical model, to derive physical quantities including thickness, transmission, and ingrain electrical 

properties of the ZnO films is extensively discussed. In chapter 5, the optical characterization is 

applied to the i-ZnO and AZO series of chapter 3, and combined with direct-current electrical 

analysis, to gain insights into the fundamentals of the conduction mechanisms in ZnO. The ingrain 

mobilities are further evaluated by using fits of the Masetti model. The main conclusions and outlook 

of this work are given in chapter 6.  
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Chapter 2 Experimental Details 

In this chapter, first the ZnO deposition setup is explained in detail, and its corresponding settings 

are given. Next, the various analysis tools used to determine the ZnO structure, its optical 

characteristics and its electrical properties are described. Furthermore, the most important 

instruments settings of the used tools are given. 

2.1 ETP-MOCVD setup 

For the deposition of i-ZnO and AZO, a plasma reactor was used, as schematically displayed in Figure 

11. The substrates on which ZnO was deposited were Corning 7059 glass, and single-side polished, 

boron-doped single crystalline silicon wafer (c-Si), or such c-Si wafer with 450 nm-thick thermal SiO2 

on each side (referred to as c-Si/SiO2), all with the dimensions of 2.5x2.5 cm2. The substrates were 

loaded into the reactor from a pumped loadlock via a magnetic transfer arm. In the reactor the 

substrate holder was heated to 200 °C for 15 minutes prior to deposition, and this temperature was 

controlled during deposition. To make sure that the substrate temperature was homogeneous and 

accurate, helium gas was injected between the holder and the samples, acting as a thermal contact. 

During plasma ignition and deposition start-up, the substrates were protected by a shutter.  

The expanding thermal plasma (ETP) used during deposition was created in a so-called cascaded arc, 

as schematically shown in Figure 12. In short, in this remote plasma source, consisting of three 

cathode tips and an anode plate, argon gas is injected (1000 ml/min), and ignited by a DC discharge. 

The argon plasma is powered by a DC voltage of ~62 volt per cathode tip with respect to the anode 

Vacuum chamber 

 

Figure 11. The ETP-MOCVD reactor, used for deposition of ZnO films. A thermal argon 

plasma is created in a cascaded arc, which expands in vacuum chamber. At 6.5 cm from 

the source, oxygen is admixed in the plasma, and at 31 cm precursors DEZ and TMA. 

Finally the chemical vapor deposition of ZnO takes place at the heated substrate. 
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plate, while each tip is carrying a current of ~15 A. The thermal argon plasma in the arc has a 

pressure of ~365 mbar and expands supersonically into the deposition chamber, in which the 

pressure is manually kept constant at 2.0 mbar. More details about the plasma source and the ETP 

process can be found elsewhere.57  

 

Figure 12. A cascaded arc plasma source, in which argon is injected through a channel, 

which then is ignited by a DC discharge between three cathode tips, and an anode plate. In 

between, there are water cooled copper plates, which are isolated from each other by 

boron nitride rings. 

For i-ZnO deposition, the precursors oxygen, and diethylzinc (DEZ) are used, while for AZO films 

trimethylaluminum (TMA) is added. Both TMA and DEZ are pyrophoric liquids, and care must be 

taken in handling these chemicals to prevent them from contact with oxygen or water. Before they 

enter the reactor, DEZ and TMA are vaporized in two separate, controlled evaporation mixers 

(CEMs), where the incoming precursor flow is controlled, diluted with 75 ml/min argon, and heated 

to vaporization. The temperature of the CEMs and the feeding lines into the reactor were heated to 

~57°C, to prevent condensation of the precursors. In this way, the chemicals were also kept below 

their decomposition temperature (~120 °C for TMA and ~70 °C for DEZ). The precursors are injected 

simultaneously in the reactor, the oxygen via an injection ring placed at 6.5 cm from the source exit, 

TMA and DEZ both via a single injection ring at 31 cm from the source exit, as schematically shown in 

Figure 11. The injected precursors can ionize via charge exchange reactions with the argon ions in 

the plasma, before recombination reactions with electrons dissociates the precursor molecules. The 

mixture of reactive particles flows at subsonic velocities to the substrate, placed at 52 cm from the 

plasma source, where the ZnO deposition takes place. All deposition parameters are summarized in 

Table 1. 

Table 1. The ETP-MOCVD deposition parameters used for the deposition of ZnO films.  

Dep. time 

min 

GAr, 

ml/min 

IArc, 

A 

PDep, 

mbar 

GDEZ, 

g/h 

GTMA, 

g/h 

GO2, 

ml/m 

Tsub, 

°C 

ZnO Thickness, 

nm 

5-60 1000 47.5 2.0 9.0 0-0.2 100 200 50-650 
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To maintain a low pressure during deposition, three pumps are used in series; two roots vacuum 

pumps, (pumping speeds of 2700 m3/s, and 500 m3/s), and a positive displacement pump (10 m3/s). 

By controlling the size of the opening of a valve towards the pumps, the reactor pressure was 

controlled. The reactor has several viewing ports, enabling for instance in situ spectroscopic 

ellipsometry measurements.  

2.2 Structural analysis techniques 

 X-ray diffraction (XRD)  

 

Crystallographic orientations within the polycrystalline ZnO films were measured by X-ray diffraction. 

In the XRD configuration used ( 2θ θ− ), Bragg reflection to the crystallographic lattice planes of the 

ZnO is measured. It is detected when the lattice planes (Figure 13) are parallel to the substrate, and 

constructive interference occurs, i.e. the following equation is satisfied: 

 2 sin( )d nθ λ=  2.1 

with d  the distance between the lattice planes, θ  the angle of incidence and the angle of 

reflectance, n  the diffraction order, and λ  the wavelength of the x-rays. Since for different 

crystallographic orientations the reflectivity and hence the measured intensity is different, a 
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 Figure 13. Adapted from Ellmer et al.
7
 a) wurzite-structure ZnO, with the unit cell indicated 

with the heavy lines, with a and c the lattice constants. b) Schematic drawing of surfaces 

cut from a hexagonal single crystal, indicating different crystallographic orientations.  
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reference measurement of a random orientated ZnO powder, the so-called powder diffraction 

spectrum (Figure 14) is used when interpreting the data.  

X-Ray Diffraction (XRD) measurements were performed on a Philips PanAlytical X’pert PRO Material 

Research Diffractometer, with the Fixed divergence slit prefix module on the source, and a Pixcel 

detector. All scans were performed in configuration on ZnO on glass and c-Si substrates. Copper Kα1 

radiation with wavelength of 1.540598 Å is used, which is generated by applying a current of 40 mA 

and 45 kV acceleration voltage to the X-ray source. 
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Figure 14. Powder diffraction pattern of wurtzite ZnO, showing the relative diffraction 

intensities of crystal planes at the angles 2 .θ  Adapted from JCPDS-International Centre for 

Diffraction Data, 1999. 

 Atomic force microscopy (AFM) 

AFM measurements were used to evaluate surface morphology and grain development, as well as 

the rout mean square roughness (RMS). AFM works with a cantilever, with a sharp tip on the end. 

The tip is brought near the sample surface, and is oscillated above the surface (the semi-contact 

mode). Forces between the tip and the sample surface change its oscillation amplitude. The tip 

movement is monitored, by measuring the position of a laser beam which is reflected from the 

cantilever. 

To obtain roughness information, an area of 2 by 2 μm2 was scanned. The root-RMS values are 

evaluated from the AFM measurements in the following way: 

 
0

2

2

0

1
L L

RMS z dxdy
L

= ∫ ∫ , 2.2 
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L  being the scanned length, and z  being the height of the surface as derived from the AFM. The scan rate was 

1 μm/s, with a set point of 4.5 (a.u.) and a feedback-gain of 0.133. All measurements were performed twice on 

ZnO samples on c-Si/SiO2 substrates, with a NT-MDT Solver P47 Atomic Force Microscope.  

 Scanning electron microscopy (SEM) 

In scanning electron microscopy an electron beam is created, which is focused by magnetic lenses on 

the surface of the material. Electrons from the beam can cause emission of electrons from the 

surface, (secondary electrons), from which by detection an image is formed.  

To evaluate the surface morphology of the ZnO films, and to visualize the grain development, a Jeol 

JSM-7500 FA scanning electron microscope was used. Cross-sectional SEM was performed to image 

the grain development the samples, and to this end ZnO films on c-Si/SiO2 and c-Si substrates were 

cut. The acceleration voltage was kept at 5.0 kV, while scanning in SEI mode. Much care was taken to 

prevent carbon deposition during SEM imaging on the less conducting samples, (i.e. ZnO on c-Si/SiO2 

substrates). Therefore, electron beam settings like stigmation and focus were tuned on an area 

adjacent to the area where the final scans were taken. 

2.3 Optical analysis techniques 

 Spectroscopic ellipsometry (SE) 

The ellipsometer used in variable angle ex situ measurements is a J.A Woollam Co., Inc Spectroscopic 

Ellipsometer, with Lamp XLS-100 and Detectors EC-400 and M-2000. The SE unit uses polarized light 

in the range of 1.24 to 6.50 eV to obtain reflection spectra of ZnO films on c-Si/SiO2 substrates. To 

obtain additional information in the near-IR range, a variable angle NIR-SE is used, which measures in 

the range from 0.75 to 5.03 eV. Measurements are performed under several angles of incidence θ , 

ranging from 65 to 85 degrees, by 5 degree intervals.  

From the data, the dielectric function is modeled by the parameterizations given in chapter 3, by the 

CompleteEASE v.4.48 software, (J.A. Woollam Co., Inc.). The software uses the Marquardt-Levenberg 

algorithm,58 to minimize the MSE. From the SE model, the film thickness is derived. Note that the 

thickness provided by the CompleteEASE software is calculated as the thickness of the full ZnO layer, 

plus half of the thickness of the determined roughness layer.  

Transmission measurements were also performed using a NIR-SE on ZnO/glass samples. First, a 

background spectrum was recorded in which light from the source directly hits the detector, before 

each measurement. Next, a ZnO film on glass substrate was inserted in a straight line between the 

source and detector, with the ZnO facing the source. The transmission was measured and corrected 
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for the background spectrum. Note that with SE, only the directly transmitted light can be measured, 

so no diffuse light, scattered by the sample, is measured. Further characteristics of SE, like the main 

physical principles and the modeling of the data, are discussed in detail in chapter 4. 

 Reflectance Fourier transform infrared spectroscopy (FTIR) 

To enhance the sensitivity of the Drude parameterization, the SE spectral range (0.75 – 6.50 eV) can 

be extended with reflectance FTIR (0.05-0.87 eV). The FTIR data is acquired using a Bruker Tensor 27, 

and the data is implemented within the completeEASE software. However, this software requires Psi 

& Delta values, which are not provided by FTIR measurements. This is circumvented by providing 

dummy psi and delta values, which were ignored by setting “including intensity data” ON and by 

setting the corresponding weight to 710 .  Note, that FTIR & SE data are not simultaneously fitted due 

to limitations of the CompleteEASE software. To suppress any disturbance in the measurements due 

to CO2 from the atmosphere, the device was kept in a Nitrogen atmosphere. More details about the 

physical principles of FTIR are explained in section 4.3.  

 Integrating sphere 

 

The total and diffuse transmission and reflectance of the ZnO films was measured by a Shimadzu UV-

3600 spectrophotometer, as schematically shown in Figure 15. Light within the wavelength range of 

280-2500 nm is used, and first enters the integrating sphere without a sample, acting as a reference. 

Next, the glass/ZnO stack is placed with the ZnO layer facing the inside of the sphere, to measure the 

transmission. By opening the aperture, the direct transmitted light can be excluded from the 

detected light, to obtain the diffuse transmission. For reflection measurements, the sample is placed 

Integrating 

Sphere  
Integrating 

Sphere 

detector 

 

detector 

sample sample 

A) 

aperture aperture 

B) 

Figure 15. The integrating sphere setup, in which all light in the sphere is detected, except 

for light entering a second, absorbing chamber. In A) the light which is transmitted by the 

sample is collected, and depending on the aperture, total transmission (closed apert.) and 

diffuse transmission (open apert.) is detected. In B) the diffuse and total reflectance are 

measured by using an open or closed aperture, respectively. 
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on the end of the sphere and the total reflection is measured. By opening an aperture on the other 

side, the diffuse reflectance is measured. 

2.4 Electrical analysis techniques 

 Four-point probe (FPP) 

The sheet resistance, ,
sh

R  from which the resistivity is calculated with equation 1.1, is obtained by 

four-point probe measurements on ZnO films on a non-conduction c-Si/SiO2 substrate, using a 

Signaton four-point probe. A current I  is applied though the two outer probes, while the voltage 

drop between the two inner probes, V , was measured. From this I-V curve the sheet resistance was 

deduced: 

 
ln(2)

sh

V
R

I

π
= ⋅ . 2.3 

The FPP measurements were repeated at 6 different locations on the sample and averaged, to 

account for an inhomogeneous composition or thickness.  

 Hall  

Besides from FPP measurements, the sheet resistance was also obtained from Hall measurements, 

which were performed on a Phystech RH 2010. Furthermore, Hall measurements provided the 

carrier concentration and mobility. Measurements were performed on 1.2 by 1.2 cm2 square 

samples in the Van der Pauw configuration.59 In this configuration, on all corners of the sample 

contacts are made by adding silver paste. Similarly to FPP, the resistivity is calculated from 
sh

R  

(obtained by the van der Pauw method,59) using equation 1.1, while using the thickness derived from 

SE measurements.  

 

Figure 16. Adapted from Steinhauser et al. 
14

 Four contacts are made on sample corners, 

A,B,C,D in the Hall measurement in the van der Pauw configuration. By applying a 

magnetic field B, electrons e
-
 are moved by a Lorentz force F. 

The mobility can be obtained by applying a current between contacts A and C, 
AC

I , and measuring 

the voltage between B and D, 
BD

V , of which the ratio /
BD AC

V I  is a resistance value, 
BDAC

R .14 By 
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applying a magnetic field ≥ 0.411 T, electrons are deviated by the Lorentz force, the resistance 

changes, giving a 
BDAC

R∆ , and the Hall mobility can be calculated from:14 

 B
hall

sh

DAC
R

BR
µ

∆
= .  2.4 

Furthermore, from the sign of 
BDAC

R∆ , the type of conductance is determined (n-type or p-type). 

Taken the derived mobility and resistivity, the carrier density was derived from equation 1.2. The 

used software of the Hall setup used various checks and corrections during measurements, for 

instance by switching the contacts, (applying a current 
BD

I , and measuring 
AC

V ). 
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Chapter 3 Growth of ETP-MOCVD 

ZnO 

The “High DEZ” reactor conditions as investigated by Ponomarev et al.
39

 for AZO (see the 

experimental conditions in section 2.1) are here addressed for the deposition of intrinsic ZnO films in 

the thicknesses range of ~70-650 nm. The growth of i-ZnO films is studied in terms of morphology 

and composition by a wide range of analysis techniques. The growth is compared to AZO film 

growth, to evaluate the influence of aluminum doping on the growth of ZnO. This chapter 

introduces, therefore, a basic characterization of the i-ZnO and AZO layers, which will be optically 

and electrically investigated in chapters 4 and 5. 

XPS depth-profiling measurements of ~550 nm AZO and i-ZnO films, showed the absence of carbon. 

Furthermore, both layers resulted to be stoichiometric and the aluminum content in the AZO films 

was found to be ~2.2 at. %, and constant throughout the film.  

To highlight possible differences between the i-ZnO and AZO growth modes, the growth rates of 

both films are studied. The growth rates (here, defined as total thickness divided by the total 

deposition time) are derived from ex situ SE measurements on as-deposited films. The results are 

shown in Figure 17. For small thickness values of i-ZnO, the growth rates increase with thickness. In 

the case of the AZO layers, the growth has been followed for layer thickness only down to 100 nm 

and it is found to be constant as function of the thickness. A result similar to the i-ZnO case was 

found by Volintiru et al.
10, who revealed by in situ SE studies a reduced growth rate in the first 150-

200 nm in the case of pyramid-like1* growth of AZO. Note that in this study, this effect was not 

observed for the columnar-like growth mode.  

The lower initial growth rates for the i-ZnO layers may indicate the presence of an incubation phase. 

The incubation phase may be also present for the AZO series, although it would be limited to 

thickness values lower than 100 nm. Furthermore, the saturated growth rate for i-ZnO is significantly 

lower than for AZO, this in contrast to other CVD processes, which show minimal growth rate 

decrease with the addition of dopants.7 A possible explanation is a different plasma or surface 

chemistry due to the addition of TMA, and needs further research.  

  

                                                            
1* See section 1.5 
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Figure 17. The growth rate ( /T t∆ ∆ ) as a function of film thickness, as obtained by 

modeling SE data after deposition of i-ZnO and AZO films.  

The incubation phase may be associated to a different morphology development as function of the 

film thickness: small grains within the first 100 nm are observed in cross-sectional SEM images of 

both AZO and i-ZnO films, as is shown in Figure 18. After this incubation phase, larger grains appear 

for large thickness values, corresponding to more developed pyramids. The film morphology 

evolution is also investigated by means of AFM measurements, reported in Figure 19. Results 

indicate clearly the development from small grains for the 70 nm film into large grains for larger film 

thickness values. 
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100 nm 

100 nm 

Figure 18. Cross-sectional SEM images of a 628 nm i-ZnO film on c-Si/SiO2 substrate 

(top) and of a 541 nm AZO film on c-Si substrate (bottom). Both SEM images were 

obtained using 5.0 kV acceleration voltage and 90.000x magnification. The difference in 

sharpness of the images is caused by a difference in conductance of both substrates. 
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70 nm i-ZnO, RMS = 8.0 nm 

208 nm i-ZnO, RMS = 17.4 nm  

628 nm i-ZnO, RMS = 39.1 nm  
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         Figure 19. Left: 2x2 μm AFM scans of the surface of a 70, 208 and 628 nm thick i-ZnO films. 

The obtained rout-mean-square (RMS) roughness is indicated. On the right, the 

corresponding XRD patterns with the wurtzite ZnO crystallographic orientations are given.  
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In the figure, also the root-mean square (RMS) values of the films are indicated. The RMS is a 

measure for the mean height of the pyramids on top of the bulk ZnO grains. When the grains 

become larger and wider, one can assume that the pyramids have a larger base and are therefore 

higher. The assumption that the RMS corresponds to the grain size is used before for ETP-MOCVD 

grown AZO films.10 In Figure 20, the RMS values from AFM measurements are given for i-ZnO and 

AZO, the latter provided by Ponomarev et al.
39. RMS roughness increases almost linearly in thickness 

for both ZnO films. The higher RMS roughness for i-ZnO as compared to AZO implies the 

development into larger grains for i-ZnO. This effect is also observed in the literature before for CVD-

grown ZnO films.7,15 From the increased grain size in the case of undoped ZnO, it can be understood 

that the use of an i-ZnO seed layer can enhance the mobility of the doped-TCO deposited on top, as 

is the case for window layers within CIGS solar cells,6 (section 1.1).  
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Figure 20. Root-mean-square roughness as a function of thickness for aluminum-doped 

and undoped ZnO films, as derived from AFM measurements. 

To further evaluate the differences in AZO and i-ZnO growth, XRD measurements are performed. 

XRD 2θ measurements on the i-ZnO films point out to strong c-axis (002) oriented wurzite ZnO films, 

as observed in Figure 19. Already in the early stage, for ~70 nm films, the i-ZnO is highly (002) 

oriented. This in contrast with the AZO films, as observed by Ponomarev et al.,39 who revealed that 

several orientations coexist, i.e. the (101), (102) and (103). Furthermore, the ratios between 

(002)/(101), (002)/(100) and (002)/(103) as observed from the XRD measurements decrease when 

the ZnO films are doped. The difference in initial growth for the i-ZnO and AZO layers can therefore 

explain the difference in growth rate for thinner films. In the case of the AZO series, the co-existence 

of several crystal orientations at the early stages of growth allow a limited incubation phase, which 
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correspondingly lead to a constant growth rate for film thickness values larger than 100 nm. In the 

case of the i-ZnO layers, the (002) is the only crystal orientation developing from the early stages of 

growth, most certainly leading to lower nucleation density and an incubation phase, extending up to 

a film thickness of 200 nm.  
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Chapter 4 Optical Modeling of ZnO 

The i-ZnO and AZO films are analyzed by various nondestructive optical techniques. The main 

experimental technique applied is spectroscopic ellipsometry (SE), which was complemented by 

reflectance Fourier transform infrared spectroscopy (FTIR) to extend the wavelength range to the 

mid-infrared. After the main physical principles of SE are discussed, it is explained how the 

substrates, and secondly, the ZnO films are measured and modeled with SE. Next, the models used 

to derive the desired optical and electrical quantities are elucidated, i.e. the Psemi-M0, the Tauc-

Lorentz, the Drude and the extended Drude models. In section 4.3, the novel approach of combining 

FTIR with SE to derive important electrical parameters using the different Drude models is discussed 

in detail. In this section, it is shown how the substrates and subsequently the ZnO films are analyzed 

by FTIR, and how the optical models of SE are extended into the FTIR wavelength range. Also, typical 

fitting results of the models, and their corresponding dielectric functions are given. Finally, in section 

4.4, the transmission of the films, as measured by an integrating sphere and SE, is included within 

the optical modeling as presented in this chapter. 

4.1 Spectroscopic ellipsometry  

 

Figure 21. The principle of spectroscopic ellipsometry; linearly polarized light with s- and p- 

polarized electric field components 
is

E and 
ip

E is reflected from a sample. The reflected 

light is circular polarized, with s- and p- polarized electric field components 
rs

E and ,
rp

E  

providing the spectroscopic parameters Ψ  and .∆  Measurements can be performed at 

various angles of incidenceθ . 

SE measures the change in polarization of light as a function of its wavelength, after being reflected 

from a sample, as schematically displayed in Figure 21. The ratio between the electric field before, 

i
E , and after reflection, 

r
E , gives the Fresnel reflection coefficient .

x
R  The sample causes a 

difference in Fresnel reflection coefficients 
p

R  and 
s

R , which are the coefficients for parallel (p-) and 
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perpendicular (s-) polarized light respectively. SE provides the spectroscopic parameters Ψ  and ∆ , 

representing the magnitude ( tan( )Ψ ) and the phase (∆ ) of the complex ratio of the reflection 

coefficients, i.e. the spectroscopic parameter ,ρ which is given by 

 ta )
/

(
/

np rp ip i

s rs is

ER E
e

E ER
ρ ∆≡ = = Ψ ⋅ . 4.1 

The spectroscopic parameters are collected as a function of wavelength, for one or multiple angles 

of incidence, .θ  From the spectroscopic parameters the complex dielectric function 1 2iε ε ε= +  can 

be deduced. Since only for isotropic, smooth, non-layered bulk samples this dielectric function can 

be derived directly,51,60 the SE data has to be converted using an appropriate optical model for the 

ZnO film and its substrate. Such a model of the sample should take into account the thicknesses of 

the individual layers, the roughness and the individual dielectric functions. This model then can be 

fitted to the experimental SE data, to derive the corresponding dielectric function of the material. 

From the difference of Ψ  and ∆  as derived from the model and the experimental values, the mean 

squared error (MSE) is determined.60,61 The model is adjusted until the MSE has reached a (local-) 

minimal value. It is important, that to have this approach based on MSE working, good starting 

points of the models have to be chosen.  

When an acceptable MSE is obtained during the fitting procedure, physical quantities about the 

modeled film can be extracted, such as thickness, optical bandgap, concentration of free carriers, 

and optical electron mobility, as is shown later. For simplicity, for all the models used in this chapter, 

no anisotropy was considered. 

 Modeling the substrates (SE) 

The model used to convert the spectroscopic parameters Ψ  and ∆  into the dielectric function of 

ZnO is the modeled substrate, followed by a general oscillator model, the latter representing the ZnO 

film (Figure 22). The general oscillator model includes a ZnO surface roughness, described by the 

Bruggeman effective medium approximation51,61,62 (BEMA), consisting of 50% voids and 50% ZnO. 

From the model, both the thickness of the roughness layer and the thickness of the ZnO are 

determined.  
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 Modeling the ZnO films (SE) 

The model used to convert the spectroscopic parameters Ψ  and ∆  into the dielectric function of 

ZnO is the modeled substrate, plus in addition a general oscillator model, the latter representing the 

ZnO film (Figure 22). The general oscillator model includes a ZnO surface roughness, which is a 

Bruggeman effective medium approximation51,61,62 (BEMA), of a mixture of optical constants of 50% 

voids and 50% material. From the model, both the thickness of the roughness layer and the thickness 

of the ZnO are determined.  

 

Figure 23. A representation of free-carrier and interband absorption in a semiconductor. 

The conduction band is partly filled due to free carriers. Adapted from Fujiwara et al.
51

. 

The general oscillator model, both for i-ZnO and AZO, consists of several oscillators. The first one is 

describing the fundamental interband absorption of the material, ( )
interband

Eε , and the second one is 

accounting for the free-carrier (intraband) absorption, ( )
free carrier

Eε − . Higher energy contributions to 

the dielectric function are taken into account by an offset in the real part of the dielectric function, 

the ε∞  offset parameter. All together, the dielectric function given by the general oscillator model is 

given by: 

 ( ) ( ) ( )
free carriers interband

E E Eε ε ε ε∞ −= + + . 4.2 

Figure 22. The SE model used for the SiO2 substrate (left) and the SE model to fit the ZnO 

film+substrate, including surface roughness (right). The layer thicknesses which were 

fitted in the model are indicated. 

  
ZnO

d  

  1 nm 

 
2SiO

d  

INTR_JAW 

SI_JAW 

GEN-OSC Gen-Osc 

SiO2_JAW SiO2_JAW 

INTR_JAW 

SI_JAW 

   
Roughness

d  

Interband 

absorption 



 
 

41 

For the interband transitions the oscillators used are the Psemi-M0 and the Tauc-Lorentz 

parameterizations, which are discussed in the next sections. The oscillators used to account for the 

free-carrier absorption within the general oscillator model are the Drude and the extended-Drude 

parameterizations, which are discussed in detail in the next section. It depends on the material 

(doping level, film thickness etc.) which parameterization gives the best approximation of the 

dielectric function.  

4.2 Optical models of ZnO   

 Psemi-M0 model 

To describe the interband transitions in crystalline, direct semiconductors, the Psemi-M0 

parameterization is used, since it can model a sharp transition in 2ε  around the bandgap. The 2ε of 

the Psemi-M0 consists of four polynomial splines, smoothly connected end-to-end, and which 

maintain Kramers-Kronig consistency.60,61 The Psemi-M0 model is a variation of the Herzinger-Johs 

parameterized Semiconductor Oscillator function.
63 For the Psemi-M0 model, seven out of the twelve 

free parameters as contained in the Herzinger-Johs function can be fitted: 0 ,E ,A ,B ,WR ,PR ,AR  

and 2 .O R  0E  represents the center-energy, A  the amplitude at 0 ,E  B  the broadening, WR  the 

width of the oscillator on right side. PR  gives the relative horizontal position of the control point on 

the right side, as compared to 0E  and ,WR  while AR  gives the relative magnitude of the right 

control point compared to the amplitude .A  The 2O R  coefficient provides additional flexibility to 

the shape of the function. The parameters which are fixed in the Psemi-M0 parameterization are 

0,WL = 0.5,PL = 0.5,AL = 2 0O L =  and the discontinuity factor, which is fixed at zero.61 The main 

effects of the fitting parameters on the resulting imaginary dielectric function 2ε  are illustrated in 

Figure 24.  
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Figure 24. Adapted from J.A. Woollam, Inc. 
61

. The effect of the different fitting parameters 

0 ,E ,A ,B ,WR ,PR ,AR  and 2O R  of the Psemi-M0 model on the imaginary dielectric 

constant 2.ε  78 

 Tauc-Lorentz model 

The electronic interband absorption can also be modeled by the Tauc-Lorentz 

parameterization,51,64,65 giving .
TL
ε  A Tauc-Lorentz oscillator has a defined bandgap, the Tauc gap,66 

and the Tauc-Lorentz model is the product of this bandgap and a Lorentz model*2,51 which gives 
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where 
Tauc

A  represents the oscillator strength, E  the photon energy, and 
g

E  the beginning of the 

interband-absorption and 0E  the peak transition energy. The real part of the dielectric function ( 1ε ) 

of the Tauc-Lorentz model is derived by using the Kramers-Kronig integration of 2 ,ε  and its detailed 

expression can be found elsewhere.65 Typical settings and an example of the resulting dielectric 

function of AZO fitted by the Tauc-Lorentz are given in section 4.3. 

 

The optical bandgap of the ZnO can be determined from 2, ,
TL

ε  by deriving a Tauc-plot. In a Tauc-plot, 

2
2,TL

Eε is plotted versus the photon energy ,E  where the intersection of the linear extrapolation of 

this function with 2
2, 0

TL
Eε =  gives the Tauc optical bandgap.66 Note that in literature,2,55,67 the 

Tauc bandgap is often found using a similar method, using the absorption coefficient α . 

                                                            
*2 The Lorentz model is a classical model, describing the interactions of independently moving electrons with a 
nucleus as a damped mass-spring system. From this system, a dielectric response is derived. 
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 Drude model  

Free carriers within ZnO absorb light and hence alter its dielectric function. The optical response of 

free carriers within ZnO is typically modeled by a Drude parameterization,7,10,41,49,51,68 which is a 

classical model based on free, independently moving electrons, which encounter a constant 

probability to scatter. Since the free electrons do not have a restoring force, the Drude model is a 

Lorentz oscillator without restoring force, and is given by: 

 

2

2
)( p

Drude
i τ

ω
ω

ω ωω
ε = −

+
, 4.4 

where 
p

ω  represents the (unscreened) plasma frequency, and is given by 

 
2

2

*
0

opt

p

ne

m
ω

ε
= , 4.5 

in which *
m  is the effective electron mass, 

opt
n  the optical electron carrier density as determined 

from the Drude modeling, and τω  represents the damping term or broadening given by  

 
*

opt

e

m
τω µ
= , 4.6 

and is inversely related to the optical electron mobility 
opt

µ . By assuming 
opt hall

n n= , the effective 

mass of the electrons, can be calculated from carrier densities obtained by Hall measurements, 
Hall

n , 

and the fitted plasma frequency:  

 
2

*

2
0

hall

p

e n
m

ε ω
= . 4.7 

Moreover, *
m  can be estimated from literature,69 and theoretical calculations of *

m  in ZnO can be 

found.7,69 Due to the non-parabolicity of the conduction band for degenerate semiconductors, *
m  

increases for increasing carrier densities.7,45,49,51 This non-parabolicity is caused by filling the 

conduction band with electrons.51 For undoped zinc oxide, the effective mass at the bottom of the 

conduction band is according to literature,7,51,69 *
0 (0.25 0.28)

e
m m= −  and increases up to 0.5

e
m∼ for 

highly doped AZO.  

 

With the *
m  known, using equation 4.6 the optical mobility can be derived. Interestingly, the optical 

measurements only provide ,
opt

µ  but by the combination with FPP measurements of the (direct-
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current) resistivity, the effective mobility can be determined, without the necessity to perform Hall 

measurements: 

 
1

eff

opt
n e

µ
ρ

=  4.8 

In polycrystalline ZnO, the mobility derived from the optical modeling is fundamentally different 

from the mobility derived from the electrical measurements, as schematically displayed in Figure 25. 

For FTIR and SE measurements, the grain boundary scattering can be neglected, and .
opt ingrain

µ µ≈  

This approach is extensively used in literature,7,10,41,49,51 and is valid if the distance the electron 

travels while being affected by the photon, (derived from multiplying its speed, 
fermi

v  with the 

interaction time with the light, τ ) is short compared to the size of the grains, 
fermi grains

v Lτ ⋅ � . 

Besides the carrier density and optical mobility, with the Drude model also the optical resistivity 
opt

ρ  

can be determined, by combining equations 1.2, 4.5 and 4.6. Interestingly, this 
opt

ρ  is independent 

of the effective electron mass: 

 , 2
0

DC opt

p

τωρ
ωε

= . 4.9 

 

 

 
Hall measurements provide the effective mobility 

 Extended Drude model 

The Drude broadening factor, ,τω  in eq. 4.4 is based on the assumption of a constant probability of 

the free electrons to scatter. Therefore, its resistivity , ,
DC opt

ρ  (eq. 4.9) is considered to be constant 

for all frequencies, or equivalently, all photon energies .E
14,69,70 In ZnO however, there are many 

electron scattering processes, like grain boundary scattering and ionized impurity scattering, each 

playing a role at different length scales. As the interaction distances of free electrons with light 

e

Figure 25. Hall measurements provide the effective mobility ,
eff

µ  taking into account 

grain boundary scattering. For FTIR and SE measurements, the grain boundary scattering 

can be neglected, resulting in .
opt ingrain

µ µ≈  

e

Hall, FPP 

FTIR 
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decreases for higher energies, scattering mechanisms can attenuate. For instance, ionized impurity 

scattering decreases if the interaction distance between the electron and the photon becomes 

shorter than the average distance between the scatterers.71 This transition in scattering is related to 

a certain transition energy of the light, .
tr

E  In short, it can be stated that the resistivity of ZnO is 

approximately constant in frequency, when ,
tr

E E<  whereas for higher energies, the resistivity 

decreases due to the attenuating ionized impurity scattering. The Drude assumption of the constant 

probability to scatter thus no longer holds for .
tr

E E>  For this range the Drude model has to be 

modified. Note however that 
tr

E  is not a constant for all ZnO films. For higher carrier densities, the 

average distance between ionized scatterers decreases, and therefore the transition energy 

increases. 

Now we consider the energy dependent, or dynamic resistivity, developing at .
tr

E E>  It has been 

shown that the dynamic resistivity of semiconductors follows a power law, ( ) E
αρ ω ∼  in which the 

exponent α  depends on the dominant scattering mechanism.72 For ionized impurity scattering, this 

exponent α  is found to be 3
2− .72 For a given plasma frequency 

p
ω , the broadening term is 

proportional to the dynamic resistivity, as can be seen from 4.9. Therefore, the broadening term 

should also be energy dependent, ( )Eτ τω ω= , and Equation 4.4 becomes 

 

2

. 2
)(

( )
p

ext Drude
i Eτ

ε
ω

ω
ω ωω

= −
+

. 4.10 

This modified Drude model is used in literature by Mergel et al.
73 for ITO, and Pflug et al.

70
, Ruske et 

al.
69

 and Erhmann et al.
71

 for AZO films. Different (empirical) relations are used to describe the 

energy dependent broadening term ( ).Eτω  In this work, a semi-empirical relation of Ruske et al.
69, is 

used: 
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, 4.11 

where 0τω  is the zero energy limit of the broadening frequency, 1τω  determines the broadening 

factor at the transition energy and σ  is the broadening of the transition regime. An example of the 

broadening as function of the energy is given in Figure 26. From the so-called ‘extended Drude 

model’, also electrical properties of the material can be determined. It is important to note that 
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within optical mobility used in this work, the contributions due to ionized impurity scattering are 

included. Therefore, only the broadening term for 
t r

E E<  can be used, since for 
t r

E E> , the ionized 

impurity scattering decreases, and the acquired optical mobility by the model is overestimated. To 

obtain the electron optical mobility, carrier density and DC resistivity, therefore equations 4.5 to 4.9 

still hold for the extended Drude model, when the low energy limit of ( )Eτω  is used, i.e. 0.τω Note, 

that for 
tr

E E< , the normal Drude can be fitted, and remains valid, since below the extended Drude 

transition energy, the broadening term τω  is approximately constant as is seen from Figure 26. If τω  

is constant, the normal Drude model is valid. An example of using the extended Drude to model the 

spectroscopic parameters of AZO films is given in the next section.  
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Figure 26. The broadening factor τω  as a function of the energy, for the extended and the 

normal Drude model. The extended Drude is fitted taken typical parameters for a highly-

doped ZnO film { 1.7eV,
p

ω =� 0.02eV,σ = 1.0eV
tr

E =  and 
1

0.08eVτω =� }. The transition 

energy 
tr

E  and the unscreened plasma frequency 
p

ω  of the extended Drude model are 

indicated. 

4.3 Combining SE with reflectance FTIR 

Since for decreasing carrier densities, the plasma frequencies shift to lower energies (see eq. 4.5), it 

can become difficult to properly model the free-electron absorption using SE data only. Furthermore, 

the broadening term of the Drude models only includes the ionized impurity scattering when photon 

energies less than 
t r

E  are considered. Therefore, the SE spectral range (0.75 – 6.50 eV) was 

extended with reflectance FTIR (0.05-0.87 eV). FTIR is commonly used in transmission mode, to 



 
 

47 

identify the chemical bonds in films. When FTIR is used in reflection mode, it provides a tool to 

measure the free-electron response in the IR, even for highly reflective, metal-like samples. 

 

The reflection-FTIR setup is designed as illustrated in Figure 27. The light is reflected twice by the 

ZnO sample, for higher accuracy. The reflection coefficient of the mirror is taken into account by 

doing a reference measurement. In short, an IR-beam is sent on the sample at the angle of incidence, 

12 .θ = °  This beam reflects from the sample with corresponding reflection coefficient 1 ,R  reflects on 

a mirror (refl. coeff. 1M ) and again reflects on the sample (refl. coeff. 2R ), before it is being collected. 

To extract the reflectance of the sample, ,
sample

R  from the data ,
measurement

I first the reflectance of the 

mirror is measured as a reference, 
reference

I . Under the assumption that 1 2sample
R R R= = , the following 

relation holds: 

 1 2 1

1

measurement

sample

sou

sour

rce referenc

ce

e

R R M I I
R

M I I
= = . 4.12 

For more details about the FTIR setup and the processing of the FTIR data see section 2.3. 

 Modeling the substrate (FTIR+SE) 

In the FTIR modeling of ZnO films, first the substrates are measured and modeled separately. The 

Si_JAW and SiO2_JAW tabulated values of the optical constants, used to model the SE data of the c-

Si/SiO2 substrates (section 4.1), do not extend into the FTIR wavelength range. In this section, all 

parameterizations used to replace the Si_JAW and SiO2_JAW are summarized, and plots are given of 

the resulting dielectric functions of the substrate layers over the complete FTIR + SE wavelength 

range.  

Figure 27. The two configurations used in reflectance FTIR. In 1 the reflectance of the mirror 

is measured as a reference, in 2 the reflectance of the ZnO is measured. 1 ,M  1 ,R  and 2R  are 

the corresponding reflection coefficients, 
x

I  is the IR intensity, and 12θ = °  the angle of 

incidence. 
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To model the substrate in the FTIR range, the SiO2_JAW used in section 4.1 is replaced with a general 

oscillator model, consisting of a UV-pole and a Gaussian oscillator, which is described in the 

literature.51,60,61 The UV-pole oscillator is used to account for contributions to the modeled dielectric 

function by electronic transitions higher than the measured range, and is parameterized by an 

energy 
UV

E  and broadening 
UV

B , and is combined with an 1ε  offset, .ε∞  The Gaussian 

parameterization uses three parameters, an amplitude A , center energy 
n

E  and broadening B , and 

is Kramers-Kronig consistent.60 The thickness used to model the layer is the thickness as determined 

from the SE substrate modeling, and no roughness is included in the FTIR model of the SiO2 layer.*3 In 

Figure 28, the complete dielectric function of the layer as modeled for the full FTIR and SE range is 

given. It can be seen that the two models used for SE and FTIR approximately connect, which serves 

as a conformation of the procedure. Typical fitting parameters used to obtain the dielectric function 

in the FTIR wavelength range are summarized in Table 2. 

The INTR_JAW tabulated values of the dielectric function in the SE range, used in section 4.1, are 

extrapolated by the software to the FTIR range. This extrapolation is used within the FTIR modeling 

of c-Si/SiO2 substrates. 

Table 2. The parameters of the fitted c-Si/SiO2 model fitted in the FTIR wavelength range, 

used to replace the SiO2_JAW layer used in the SE modeling. The model consisted of an UV-

pole in combination with a Gaussian oscillator.  

Parameter 00  Value 

2SiO
d (nm) 00  456 

ε∞ 00  1.8 

UV
A 00  59 

UV
E (eV) 00  15 

A 00  9.6 

n
E (eV) 00  0.13 

B (eV) 00  0.009 

                                                            
3 * The FTIR and SE data are not simultaneously fitted. 
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Figure 28. The dielectric function of the SiO2 layer versus the photon energy, which is 

plotted on a logarithmic scale. Results are obtained from fitting FTIR data (0.05-0.87 eV) of 

a c-Si/SiO2 substrate with an UV-pole and a Gaussian oscillator. SiO2_JAW tabulated values 

were used to provide the dielectric function within the SE range (0.75 – 5.0 eV). 

To model the dielectric constants of c-Si layer of the c-Si/SiO2 substrate in the FTIR wavelength 

range, IR- and UV-poles are used, in combination with a normal Drude model. The IR- and UV-poles 

include out-of-range electronic transitions, which contribute to the dielectric function, and are used 

in combination with an 1ε  offset parameter, .ε∞  The position of the IR pole is fixed at 0E = , and the 

fitting parameters of the UV- and IR-poles are the position of the high energy transition, 
UV

E , and the 

two pole amplitudes 
UV

A  and 
IR

A . The Drude model is used to account for the free electrons in the c-

Si substrate layer. The Drude model is expressed in a DC resistivity parameter and an electron 

scattering time, .
s
τ 61 The fitted parameters are summarized in Table 3. The obtained dielectric 

function of the substrate layer in the FTIR and SE wavelength range is given in Figure 29. Similarly to 

the case of the SiO2 substrate layer, the dielectric functions of the SE and FTIR models approximately 

connect, serving as a conformation of the procedure. 

Table 3. The optimized parameters of a c-Si layer used in the FTIR range, obtained by fitting 

FTIR data of a c-Si/SiO2 substrate. The model uses IR- and UV-poles in combination with a 

Drude parameterization.  

Parameter 00  Value 00  

ε∞ 00  2.3 

UV
A 00  276 

UV
E (eV) 00  5.5 
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IR
A 00  -0.02 

ρ (Ωcm) 00  0.02 

s
τ (fs) 00  0.009 
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Figure 29. The dielectric function of c-Si layer of a c-Si/SiO2 substrate, obtained from fitting 

FTIR data (0.05-0.87 eV) with IR- and UV-poles and a Drude oscillator, combined with the 

SI_JAW tabulated values used for the SE wavelength range (0.75 – 5.0 eV). 

As a result, in Figure 30 the full optical model of the c-Si/SiO2 substrate is compared to the acquired 

FTIR data of the substrate.  
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Figure 30. FTIR reflection intensity of a c-Si/SiO2 substrate versus photon energy, as 

compared to the fit of its optical model.  
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 Modeling ZnO films (FTIR+SE) 

With the substrate modeled over the full range, the complete ZnO/substrate stack can now be 

modeled, by characterizing the ZnO layers using both its FTIR and its SE data. In principle, all of the 

ZnO fit parameters can be determined by SE only. For low carrier densities however, the Drude 

absorption mainly takes place in the infrared. Therefore, a suitable approach would be to first model 

the interband transitions using the SE measurements, while modeling the free-carrier contributions 

using the FTIR measurements. Note that also when the extended Drude transition energy, 
t r

E , lies in 

the FTIR wavelength range, FTIR has to be used, since the extended Drude parameter of interest, 

0τω , is determined for 
tr

E E< . 

As an example of an optical characterization of ZnO, an i-ZnO film is considered here. First of all, the 

ZnO film is fitted to its SE data, using a Psemi-M0 and a normal Drude parameterization. The 

effectiveness of the Psemi-M0 can be understood since it can model a sharp transition in 2 ,ε  and 

describes interband transition direct semiconductor materials like i-ZnO. Since it was expected that 

the transition energy 
tr

E  used within the extended Drude model was found within the FTIR 

wavelength range for the low carrier concentration of i-ZnO, the Drude parameters were only fitted 

to FTIR data. It has to be noted here, that although it was expected that the transition energy 
tr

E was 

within the FTIR wavelength range, the extended Drude model did not lead to large improvements in 

MSE compared to the normal Drude model, despite the fact that fit parameters were added. The 

final results of the modeling of a 629 nm i-ZnO layer on a c-Si/SiO2 substrate, as compared to its FTIR 

data is displayed in Figure 31. In Table 4, all fitting parameters of the normal Drude and Psemi-M0 

for the i-ZnO film are summarized. The obtained dielectric function of the i-ZnO film is given for the 

full FTIR and SE wavelength range in Figure 32.   

Next, a typical AZO film (529 nm) is characterized by SE and FTIR. MSE values obtained on AZO films 

pointed out that in contrast with i-ZnO, the Tauc-Lorentz model was best suited to model the 

interband transitions, following the approach of Fujiwara et al.74 The free-carrier absorption in AZO is 

due to its higher carrier concentrations stronger than in i-ZnO films. Furthermore, the transition 

energy of the extended Drude model was found to be within the SE range (> 0.87 eV). Therefore, the 

extended Drude model should be used to model the free-carrier contributions in the SE range, and 

this model provided significant improvements over the normal Drude model in terms of MSE. 

Therefore, for 
t r

E E< , both the extended Drude, and normal Drude model both are found to 

accurately fit the measured data for AZO films. In conclusion, the AZO film is fitted to SE data using 

the Tauc-Lorentz and extended Drude parameterizations. The parameters found are summarized in 
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Table 4. As a result, the FTIR reflectance is compared to its modeled reflectance in Figure 31. The 

resulting dielectric function of the AZO layer is illustrated in Figure 32.  

Table 4. Best-fit parameters determined by SE and FTIR for an 629 nm i-ZnO thin film on a 

c-Si/SiO2 substrate (left), and for an 542 nm AZO film on a c-Si substrate (right). The 

parameters of the models correspond to the dielectric function as illustrated in Figure 32. 

The i-ZnO is modeled by the Psemi-M0, which was fitted to the SE data, and a normal 

Drude model which was fitted to the FTIR data. For AZO, the SE data was fitted using Tauc-

Lorentz and the extended Drude models. 

Parameters 00  i-ZnO 00   Parameters 00  AZO 00  

MSE 00  96  MSE 00  39 

roughnessd  (nm)  45.9  
roughnessd  (nm)  36 

ZnO
d (nm)  629  

ZnO
d (nm)  542 

ε∞  2.0  ε∞  2.9 

A (eV) 00  14  A (eV) 00  22 

B (eV) 00  1.9  B (eV) 00  0.7 

0E (eV) 00  4.7  
0E (eV) 00  4.7 

WR (eV) 00  12.6  
g

E (eV) 00  

pω� (eV) 00  

2.7 

1.7 PR 00  0.8 

AR 00  0.06  
0τω� (eV) 00  0.10 

2O R 00  3  
tr

E (eV) 00  1.0 

p
ω� (eV) 00  0.2  σ (eV)

00

 0.02 

τω� (eV) 00  0.077  
1τω� (eV) 00  0.08 
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Figure 31. The FTIR reflection intensity as a function of the photon energy, for a typical 

AZO film (541 nm) and i-ZnO film (628 nm) on c-Si/SiO2 substrates respectively. The AZO 

film is fitted with the Tauc-Lorentz and the extended Drude parameterizations, the i-ZnO 

film with the Psemi-M0 and the normal Drude parameterizations. 
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Figure 32. The dielectric function of a typical i-ZnO (629 nm) and an AZO (541 nm) film, 

obtained by fitting SE and FTIR data. The dielectric function of the i-ZnO is modeled by a 

normal Drude model and a Psemi-M0 parameterization. The AZO film is fitted using an 

extended Drude model and a Tauc-Lorentz parameterization. The transition energy 
tr

E  

and the unscreened plasma frequency 
p

ω  of the extended Drude model are indicated. 

In Figure 32 the modeled dielectric functions of an i-ZnO and AZO film are shown. At low energies, 

2ε  is higher for AZO films, as compared to i-ZnO films. The increase is linked to free-carrier 
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absorption, and the increased carrier density of AZO films also leads to a significant reduction in 1ε  

in this region, as found elsewhere.36,74 In the presence of a strong dielectric contribution of the free 

carriers, AZO films can be modeled adequately using SE data only.  

For higher energies (~ 2.5-4.0 eV ), an excitonic transition occurs, which is characterized by a strong 

increase in 2ε  and a peak in 1ε . For AZO, the transition is shifted towards higher energies, due to the 

Burstein-Moss effect. For higher energies, (~4.0-5.0 eV ), a high depolarization value4* is observed in 

SE measurements, and the resulting dielectric function has a high uncertainty (not shown). This 

depolarization can be caused by scattering of light due to a high surface roughness.10 

4.4 Modeling the transmission of ZnO 

The optical model, applied for reflection data from SE and FTIR, is now applied to the ZnO 

transmission. The transmission data was collected by transmission SE and integrating sphere 

measurements (described in detail in section 2.3) on ZnO films deposited on glass substrates. The 

integrating sphere detects the diffuse and total transmission, DT and ,TT  and the diffuse and total 

reflection, DR  and TR  respectively. SE however only measures direct transmission, which provides 

no complementary information as compared to the integrating sphere, since the direct transmission 

can be calculated from .TT DT−  The absorption of the ZnO film, A , can be calculated from TR  and 

:TT  

 1A TT TR= − − . 4.13 

Also its haze factor, H , can be determined from 

 H
DT

TT
= . 4.14 

The haze is found to be an important parameter for zinc oxide TCOs, especially when applied 

together with indirect bandgap absorber layers in photovoltaics.7 The indirect bandgap is typically 

associated with low absorption coefficients. By scattering the light (diffuse transmission) the path 

length of the light through the solar cell is increased, and hence its absorption.15 Therefore, by this 

improved light trapping, high-haze ZnO films can increase solar cell efficiency.  

 

An example of a transmission measurement of a typical ETP-MOCVD deposited AZO film (541 nm) as 

acquired by the integrating sphere is given in Figure 33. For wavelength’s <300 nm, the light is 

                                                            
4* When samples have a depolarization effect, totally polarized light used in SE is transformed into partially 
polarized light.51 
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absorbed, due to electronic interband excitation. A highly transparent region is found between 300 

and 1000 nm, with a total transmission between 80-90%. Between 300 and 800 nm, there is diffuse 

transmission and reflection, which is caused by native surface roughness.15 From the figure, the haze 

factor is calculated to be ~2% at 600 nm, a small value compared to values of 2-96%, as reported 

elsewhere,14 which is due to the limited thickness of the investigated layer (i.e. 541 nm). Therefore, it 

is expected that the Haze factor is increased by increasing the film thickness, since this will increase 

the surface roughness, as was shown in chapter 3. For wavelengths >1000 nm, the free carriers 

within the AZO film strongly limit the transmission by absorption and reflection.   
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Figure 33. The transmission and reflection intensities as a function of the wavelength for a 

541 nm AZO film, as measured by an integrating sphere. From the total transmission and 

total reflection, the absorption by the film is calculated. 

 Fitting the transmission data 

Here, the optical model of an AZO film, as obtained by fitting the SE and FTIR reflection data of the 

AZO on c-Si substrate, is modified to fit transmission data of a similar AZO film, which was deposited 

on glass substrate. To model the glass layer within both the SE and FTIR wavelength range, 7059 

Glass + intermix thickness (3.35 nm) tabulated values from the software are used.60 Any backside 

reflection by the glass substrate was not taken into account within the optical modeling, since this 

did not lead to any improvements of the MSE. The parameterization obtained from fitting the 

reflection data of an AZO film on c-Si is not changed when modeling transmission data of the similar 

AZO film on glass, except for the Drude parameters. Both a normal Drude, and an extended Drude 

model are used within the optical model, and are fitted to the transmission data, of which the results 

are shown in Figure 34. As can be seen from the figure is that the Tauc-Lorentz model accurately 

predicts the interband absorption at ~300 nm. Between 400 and 600 nm, there is a discrepancy 
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between the model and the data. A possible reason could be that in this region, where the diffuse 

transmission is high, pathways through the ZnO are increased due to the surface scattering, and the 

actual absorption by the ZnO is higher. Therefore, the model predicts higher total transmission than 

the measurement. Between 600 and 1100 nm, the difference between the extended and the normal 

Drude becomes clear. While the extended Drude accurately models the free-carrier absorption, the 

normal Drude has its limitations, and shows a large discrepancy from the measurements in the range 

between 600 nm to the transition energy of the extended Drude, similar as was observed before by 

Ruske et al.
69.  
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Figure 34. The total transmission of a 541 nm AZO film on glass substrate as function of the 

wavelength, as measured by an integrating sphere. The data is compared to fits by a 

normal and extended Drude model. Of the extended Drude model, the corresponding 
p

ω  

and 
tr

E  are given. Furthermore, the absorption limits for a-Si:H and CIGS solar cells are 

given. 

The decreased transmission as predicted by the normal Drude model takes place in the visible 

region, which is the region of interest for solar applications. Therefore, it is expected that the 

extended Drude model can help in better predicting the transmission of ZnO for high carrier 

densities. Since the extended Drude accurately describes the relation between the transmission and 

the electrical properties of the ZnO film, the modeling can be a tool in optimizing the transmittance 

of the AZO for its specific application as TCO. 

As an example, the application of AZO as a TCO for CIGS solar cells is discussed here. CIGS has an 

absorption limit of ~1300 nm.7 Due to the high carrier density of the AZO in Figure 34, it is not 

transparent in active region of the CIGS. Therefore, it would be beneficial to decrease the carrier 
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density and to dope less. As a downside, the AZO thickness should be increased, to compensate for 

the higher resistivity of the film and to fulfill the required sheet resistance. But, as mentioned in 

section 1.4, this would overall be beneficial for the TCO transmittance. For the application of AZO as 

a TCO within amorphous silicon (a-Si:H) thin film solar cells, the Drude absorption by the free carriers 

of the example in Figure 34 does not affect the transmission in the active solar cell range, and for this 

application the amount of doping would not have to be changed. The example illustrates that the 

TCO can be optimized for each individual application. This optimization can for instance be done by 

accurate modeling. It has to be noted, that the actual transmission in a photovoltaic application 

would be also effected by having an absorber layer and buffer layer attached to the TCO, having 

different refractive indexes than in the case of the ZnO on glass. However, in principle this can be 

included within future ZnO transmission studies. 

At last, the measured transmission and reflection data of an i-ZnO film (208 nm), as shown in Figure 

35, are discussed. The figure shows a higher transmittance in the IR-spectral region than in the AZO 

case, which is due to the decrease in the carrier density due to the absence of aluminum doping and 

the decrease in film thickness. This decrease in film thickness also resolves in less surface roughness, 

(see chapter 3), and therefore less light is scattered, resulting in a decrease in diffuse transmission 

and reflection for the i-ZnO as compared to AZO. Similarly to the AZO case, the transmission data of 

the i-ZnO film on glass substrates is fitted by an optical model, of which the results are shown in the 

figure. The Psemi-M0 parameters used in the fit are obtained by fitting a SE reflection data of an 

similar i-ZnO film on c-Si/SiO2 substrate, while the normal Drude model is fitted to the transmission 

data only. Interestingly, for i-ZnO, the normal Drude parameterization accurately describes the free-

carrier absorption. This is consistent with observations before, while fitting the SE and FTIR reflection 

data, which also showed the normal Drude model was suitable for the modeling of films with low 

carrier density.  
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Figure 35. The transmission and reflection intensities as a function of the wavelength of a 

208 nm thick i-ZnO film, as measured by an integrating sphere. From the total transmission 

and total reflection, the absorption by the film is calculated. Transmission data is modeled 

and is fitted to a normal Drude model. 
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Chapter 5 Opto-Electrical Evaluation 

of ZnO 

In this chapter, the electrical properties of the i-ZnO and AZO films are evaluated to gain insights into 

their conduction mechanisms. Besides the direct-current Hall and FPP measurements, also the 

optical modeling as described in chapter 4 is used to derive the ingrain resistivity, the mobility and 

the carrier density. The Hall measurements of AZO films, i.e. the resistivity, mobility and carrier 

concentration, are data from Ponomarev et al.
39

 Furthermore, by comparing the opto-electrical 

results with Hall measurements, the validity of the optical modeling is demonstrated. Finally, insights 

into the fundamentals of the conductivity of both AZO and i-ZnO are gained by combination with fits 

from the Masetti model. 

5.1 Opto-electrical properties of AZO 
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Figure 36. The resistivity of the AZO films as obtained from optical modeling and Hall 

analysis, as a function of film thickness. Hall results of AZO are adapted from Ponomarev et 

al.
39

 

The Hall results on AZO films in Figure 36, show a decrease in resistivity for thicknesses up to 300∼  

nm. Interestingly, the optical modeling of AZO reveals a resistivity which is approximately constant. 

The discrepancy is explained by the fact that optical measurements do not probe grain boundary 

scattering, and therefore the grain barriers decrease conductivity <300 nm, which is consistent with 

earlier statements.39 For higher thicknesses, the optical and Hall resistivities are similar, showing that 

the grain barrier scattering decreases and negligible for these thickness values, when compared to 
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ingrain scattering processes. The observations are in agreement with the fact that the grains 

develop, as is discussed in chapter 3, and that the density of grain boundaries decreases in thickness.  

To further understand the decrease in resistivity, the carrier concentrations of the AZO films were 

measured by Hall. The carrier density is approximately constant at 20 -3(8.0 0.5) 10 cm ,± ⋅  indicating a 

homogeneous (active) doping concentration throughout the film. Assuming the theoretical limit of 

the carrier density originating from 2.2 at% aluminum, (i.e. 21 31.9 10  cm−⋅ ) as is addressed in Frame 1, 

a resulting doping efficiency of 20 217.7 10 / 1.8 10 100% 42%⋅ ⋅ × =  is calculated.  

 

From the optical modeling of AZO, it was found that the (unscreened) plasma frequency of the 

extended Drude model, which is directly proportional to the carrier density (see eq. 4.5), was 

constant for varying film thickness. Therefore, both the Hall measurements as well as the results 

from optical modeling indicate that the carrier density did not change in thickness. To determine the 

effective electron mass of AZO, the mean Hall carrier concentration and the mean optical plasma 

frequency were used in equation 4.7. In this way, an effective mass of 0.45
e

m , was found, which is 

comparable to the values reported elsewhere for these carrier concentrations.69,75 Taken the 

Taken an aluminum atomic percentage of ~2.2 %, in principle the amount of carriers in 

ZnO can be calculated, when assuming a doping efficiency of 100%, and neglecting the 

intrinsic doping. The atom mass of ZnO is 

(16 65.4) 81.4
AZO

M = + = ZnOg/mol . 

Taking a film density of 5.76
ZnO

ρ = 3g/cm ,7 and 
A

N the Avogadro constant, one can 

calculate the amount of ZnO units per unit of volume, 

2 324.26 10  units / cmd
A ZnO

AZO

N
M

ρ
⋅ = ⋅ , 

So there amount of atoms present per cm3 is twice this number, giving  

22 38.52 10 At/cm⋅ , 

With the assumption 2.2% of the atoms is Al, a carrier density of 21 31.8 10  cm−⋅  can be 

expected if all the aluminum atoms present in the AZO contribute to the doping. Since the 

carrier density of undoped ZnO is found to be typically less than 19 -3~ 4 10 cm⋅ , the 

assumption that the intrinsic carrier density can be neglected is justified.  

Frame 1. Calculation of the maximum carrier density for a given aluminum percentage in 

ZnO. 
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effective mass, and the optical carrier density using equation 4.5, the optical mobility (eq. 4.6) was 

determined, as shown in Figure 37. 
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Figure 37. The Hall mobility and optical mobility of AZO, as a function of the film thickness. 

The Hall results are adapted from Ponomarev et al.
39

 

As mentioned in chapter 4, the optical mobility represents the ingrain mobility and the Hall mobility 

represents the effective mobility. Taken this into account, it is found that the ingrain mobility of AZO 

is approximately constant in thickness. This indicates constant (bulk) material composition for AZO, 

and since the ingrain mobility is also affected by ionized impurity scattering, this result is therefore 

consistent with the observed constant carrier density of AZO films. Furthermore, for thicknesses 

>350 nm, the optical mobility equals the Hall mobility, which implies that the effective mobility is 

only determined by the ingrain electrical properties of the film. This can only be the case if the 

amount of grain boundary scattering is negligible, as was also observed in the resistivity of AZO 

(Figure 36). For thickness values <350 nm, the effective mobility is lower than the ingrain mobility. 

This difference is due to the contributions of the grain boundary limited mobility.  

5.2 Opto-electrical properties of i-ZnO 

Next, the resistivity, carrier density and mobility results for i-ZnO are given, and are compared to the 

the obtained results of AZO films. The resistivity of both i-ZnO and AZO films are plotted together in 

Figure 38. It is clear that by aluminum doping the resistivity of ZnO films is decreased from 21 10−⋅∼  

to 44 Ωcm.10  −⋅∼  For i-ZnO, the resistivities as determined by Hall and FPP are consistent with each 

other. In general, for i-ZnO the resistivity increases for higher thicknesses. In general, the optical 

resistivity is lower than the (direct-current) resistivity determined by Hall and FPP, especially for low 
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thicknesses <200 nm, which is once again ascribed to the grain barrier scattering. The fact that for 

high thicknesses (≥ 200 nm), both for i-ZnO as for AZO, the optical resistivity as obtained from fitting 

FTIR and SE measurements with the normal and extended Drude model is in close agreement with 

the resistivity as obtained from Hall and FPP, serves as a strong confirmation for the used approach 

during optical modeling.  
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Figure 38. The resistivity of i-ZnO and AZO films as obtained from optical, Hall and FPP 

analysis, as a function of film thickness. Hall results of AZO are adapted from Ponomarev et 

al.
39

 

 The origin of the free-carriers 

As can be clearly seen from Figure 39, AZO possesses a significantly higher carrier concentration 

compared to i-ZnO, which is due to the aluminum doping. For intrinsic zinc oxide films, the carrier 

concentration as determined by Hall measurements decreases with increasing thickness. The carrier 

densities as obtained from Hall are in agreement with carrier densities obtained from the optical 

modeling of the films. Within this optical model, *
m  is set to 0.28 ,

e
m  a commonly reported value 

for undoped zinc oxide in literature.74 The fact that the carrier densities obtained from both 

techniques are in agreement, supports that the optical modeling used is accurate, even for (very) low 

carrier concentrations in the order of ~ 19 -310 cm , in combination with low film thicknesses 100< nm. 



 
 

63 

0 100 200 300 400 500 600

1x1019

1x1020

1x1021

C
a

rr
ie

r 
co

n
ce

n
tr

a
tio

n
 (

cm
-3

)

Thickness (nm)

 i-ZnO, Hall
 i-ZnO, Optical 
 AZO, Hall
 AZO, Optical 

 

Figure 39. The carrier concentration of i-ZnO and AZO thin films, as determined by Hall, 

and by modeling of FTIR & NIR-SE data. The Hall data of AZO is taken from literature.
39

 

 A suggestion for the origin of the decreasing carrier density in the ETP i-ZnO film can be hydrogen 

present at the grain boundary/film surface and vacancies. As already shown by Ponomarev et al.
5, 

hydrogen can be located within voids in the film and this hydrogen can act as a dopant in ZnO.5,40 

Therefore, it is likely that hydrogen, which is abundantly present in the deposition process due to the 

(plasma-) dissociation of precursors molecules TMA and DEZ, is incorporated in the i-ZnO films, and 

is contributing to the carrier density. Since the density of grain boundaries decrease as the grains 

develop, less hydrogen is incorporated in the ZnO films for higher thicknesses. In this way, the 

decreasing trend in carrier density of i-ZnO is explained by hydrogen present at the grain boundaries. 

Furthermore, from calculations of the concentration of surface atoms in ZnO (see Frame 2) it can be 

seen that this is approximately one order of magnitude larger than the (two-dimensional) carrier 

concentration. To verify this hypothesis, it is suggested that time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) or elastic recoil detection is used in further studies, to detect any 

dishomogeneity in the hydrogen concentration profile with the film thickness. 
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Figure 40. The Hall mobility and optical mobility of AZO and i-ZnO films, as a function of 

the film thickness. The Hall results are from Ponomarev et al.
39

 

The i-ZnO is characterized by a higher ingrain and effective mobility than the AZO, as can be seen 

Figure 40. For thicknesses <200 nm, the effective mobility is significantly lower than the ingrain 

mobility. This effect is attributed to the grain boundary scattering. This results is remarkably in 

Frame 2. Estimations of the amount of surface sites necessary to explain the 

carrier density of undoped ZnO films 

The amount of surface sites present per square cm of ZnO film, can be estimated by 

considering the two wurtzite ZnO lattice constants 85.2 10 cmc
−= ⋅  and 

83.3 10 cma
−= ⋅ ,7 (Figure 23). The minimum amounts of surface sites of ZnO, even 

excluding additional ZnO surface by roughness and grain boundaries, is calculated from the 

taking the largest lattice constant c: 

14 -21
3.7 10 cm

c c
= ⋅

⋅
. 

Taken the amount of carriers in ZnO, it is possible to calculate the amount carriers present 

in the film per surface area of the ZnO film, .
s

n  For a film thickness of ~630 nm, and a 

(high) constant carrier density of 19 -34 10 cmn = ⋅ , this amount is 

13 -22.5 10 cm
s

n t n= × = ⋅ . 

 Therefore it can be estimated, that if all the carriers present in undoped ZnO would 

originate from hydrogen present on the top surface, less than 10% 

( 13 142.5 10 / 3.7 10 100% 6.8⋅ ⋅ × = %) of the surface sites is necessary to be bounded to 

hydrogen.    
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comparison to results published by Steinhauser et al.
41, in which it is shown that CVD deposited ZnO 

films (>500 nm) are characterized by a large influence of the grain boundaries on the effective 

mobility, at least until carrier densities up to 20 -310 cm .>  For higher carrier densities, the grain 

boundary scattering diminishes. For the ETP-MOCVD i-ZnO films, which have carrier densities 

19 -34 10 cm< ⋅ , the grain boundary scattering is negligible for film thicknesses >200 nm. The absence 

of any significant grain barrier scattering at these thicknesses can be explained by the presence of 

large grains, which are well connected.39 

5.3 Grain boundary mobilities 

Next, the grain boundary mobilities of both the AZO and the i-ZnO films, were calculated by 

comparing 
eff

µ  with 
ingrain

µ , using Matthiessen’s rule: 

 1 1 1
GB eff ingrain

µ µ µ− − −= − , 5.1 

and the results are shown in Figure 41.  

0 100 200 300 400 500 600

10

100

 
E

le
ct

ro
n

 m
o

b
ili

ty
 (

cm
2
V

-1
s-2

)

 i-ZnO, µingrain

 i-ZnO, µeff

 i-ZnO, µGB

 AZO, µingrain

 AZO, µeff 

 AZO, µGB

Thickness (nm)
 

Figure 41. The grain boundary limited mobility 
GB

µ  is calculated from 
ingrain

µ and ,
eff

µ  

which are obtained from optical modeling and Hall measurements respectively. The 

mobilities are given as function of the i-ZnO and AZO film thickness. The dashed lines 

represent the upper and lower boundaries of the derived 
GB

µ , by taking into account the 

estimated errors of 
ingrain

µ and 
eff

µ . 

The figure shows, that with increasing film thickness, the grain boundary limited mobility increases, 

which can be explained by the increase in average grain size. Furthermore, Figure 41 shows that the 

grain boundary limited mobility is higher for i-ZnO than for AZO films. This is not what is expected 
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when only taking into account the grain boundary conduction model as proposed by Seto et al., 

(section 1.3). If the assumption is made that the influence of the aluminum doping on i-ZnO films 

was only an increase in carrier density, and no morphological and compositional changes were made 

by the introduction of TMA into the CVD process, one should expect that the doping raises the Fermi 

level. Due to this increased Fermi level, grain barrier heights effectively become lower, as can be 

deduced from equation 1.5. Furthermore, it is known that for higher carrier densities, the grain 

barrier width W  narrows, and the electron tunneling increases. However, 
GB

µ  for i-ZnO films, with 

low carrier densities is found to be higher than the 
GB

µ  of AZO, implying less grain boundary 

scattering. There are several explanations possible for this remarkable observation. First of all, as is 

shown in chapter 3, the growth of i-ZnO is different to AZO film growth, and the average grain size is 

found to be larger in i-ZnO. Furthermore, since the doping efficiency of ~42% suggests the presence 

of Al2O3, it can be speculated that alumina (Al2O3) is present on the grain boundaries in AZO films and 

acts as a conduction barrier and scattering center.  

As a conclusion, it is observed that the dominant scattering mechanisms for ETP-MOCVD deposited 

ZnO film with a thickness >100 nm, are bulk related and not grain boundary related. Interestingly, 

this holds even in the case of intrinsic ZnO which has low carrier concentrations. The determination 

of the grain barrier limited mobility can be a powerful tool to detect whether post-treatments, as 

often described in literature,2,26,56,76 lead to grain boundary passivation or change the bulk ZnO 

instead. Also aging effects, in which is assumed that oxygen and moisture permeate into the grain 

barriers, and thereby act as an electron trapping centers, can be interpreted in terms of grain barrier 

mobility.8,77 Moreover, the optical evaluation of the electron mobility, virtually enables to monitor 

electrical parameters like 
e

n  and 
ingrain

µ  in situ during ZnO growth.  

5.4 Discriminating between the ingrain scattering mechanisms 

The ingrain mobility, determined from the optical measurements, is further valuated by applying the 

Masetti model, (see section 1.3, and the Masetti equation, e.q. 1.4). This model was fitted to various 

ZnO films deposited by a large variety of deposition techniques (including sputtering, CVD and PLD) 

by Ellmer et al.
7,44,45

, whose results are summarized in Table 5. The results of the fits can be seen as 

an estimate of the maximum ionized impurity limited mobility 
ii

µ  and the intrinsic lattice mobility 

lattice
µ  for a given carrier density, in the best reported ZnO films, with a limited presence of lattice 

defects and singly ionized dopants. The ingrain mobility can be divided into different contributions: 

 1 1 1 1 1 1
ingrain lattice others Masettiii others

µ µ µ µ µ µ− − − − − −= ++ + = . 5.2 
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With 
others

µ  representing for instance neutral dislocation scattering, surface and interface scattering, 

and dislocations, lattice defects and so on 

 
11 1 ...

others ND SI
µ µ µ

−− −= +  5.3 

Table 5. The fit parameters of ZnO films by the Masetti model, as reported by Ellmer et al. 

in different studies. 

Fitting parameter Result,
44

 Result,
7
 Result,

45
 

μ,lattice ( 2 -1 -1cm V s ) 210 200 210 

μ,ii ( 2 -1 -1cm V s ) 55 50 50 

μ,1 ( 2 -1 -1cm V s ) 50 40 40 

n,ref1 ( 17 -310 cm× ) 4.0 15 20 

α  1 1 1 

n,ref2 ( 20 -310 cm× ) 6.0 6.0 6.0 

β  2 2 2 

 

Taking the results of Masetti fits from Table 5, the ingrain mobilities of the ZnO films can be further 

evaluated using equation 5.2. The results related to the ETP-MOCVD grown ZnO films at different 

thickness are summarized in Table 6. Furthermore, for comparison, i-ZnO and AZO films from a 

different deposition technique, atomic layer deposition (ALD), taken from Wu et al.
34 are evaluated 

and included. 

Table 6. The individual scattering mechanisms for particular i-ZnO and AZO films, deposited 

by ETP-MOCVD and ALD. Ranges are indicated for the ingrain scattering mechanisms 

(lattice scattering, ionized impurity scattering and others), due to the differences in the 

Masetti fits of Table 5. 

Mobility 

( 2 -1 -1cm V s ) 

“ETP” 

AZO 

608 nm 

“ETP”  

i-ZnO 

628 nm 

“ETP” 

AZO 

102 nm 

“ETP” 

 i-ZnO 

70 nm 

ALD  

AZO 

40 nm 

ALD 

 i-ZnO 

40 nm 

μ,eff 19 38 9 24 9 15 

• μ,gb - - 15-33 45-59 61 35 

• μ,ingrain 19 38 17 46 10 11 

            -  μ,lattice 200-210 200-210 200-210 200-210        200-210 200-210 

             - μ,ii 23-25 100-112 27-29 77-81 54-58 72-76 

             - μ,others >117 70-85 49-56 220-260 13 20-21 

 

As can be seen, the dominant scattering mechanism for the thick (608 nm) ETP-MOCVD AZO film is 

the fundamental ionized impurity scattering due to doping. The other scattering mechanisms, 

including (charged-) stacking faults, impurities, dislocations, and others, are negligible: this despite 
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the fact that the doping efficiency of the AZO films was calculated to be ~42%, and all the other 

aluminum doping is inactive and is present in the form of Al2O3, acting as a neutral impurity 

scatterer. A route to improve the AZO film can therefore be the reduction of its doping level. In the 

thick ETP-MOCVD i-ZnO film, 
ii

µ  as derived from the Masetti fits, is larger than in the case of AZO 

film, due to the lower carrier density. The mobility factor which is limiting the effective mobility, is 

shifted from 
ii

µ  to 
others

µ .  

Next, two thin (~100 nm) ETP-MOCVD deposited ZnO films are considered, and it is shown that for 

these films, grain barrier scattering plays a significant role. As discussed in the previous section, the 

grain barrier mobility of AZO is lower than of i-ZnO. Together with the grain barrier scattering, the 

fundamental ionized impurity scattering is dominant in the thin AZO film, as well as in the i-ZnO 

layer. Remarkably, the other scattering mechanisms for the thin ETP films are relatively insignificant. 

To illustrate the effectiveness of the used approach, two ALD films of 40 nm are evaluated. The ALD-

AZO film has a similar effective mobility as the ~100 nm ETP-MOCVD grown AZO. This effective 

mobility however is originating from different scattering mechanisms: ALD-AZO exhibits significantly 

higher grain boundary mobility and lower ingrain mobility. The grain boundary mobility of ALD-AZO 

is higher than for the ALD i-ZnO case, which can be explained by the Seto model (section 1.3), which 

states that the grain barrier height is decreased for increasing carrier densities (eq. 1.5). A decrease 

in ingrain mobility for ALD deposited films as compared to the ETP-MOCVD films is observed, and is 

caused by a strong decrease in .
others

µ  This mobility factor is the limiting the effective mobility, even 

in the highly-doped AZO film. Further analyses are required to reveal what these other scattering 

mechanisms are.  

In conclusion, the above-mentioned comparison between different films (AZO and ZnO), as  

deposited by different deposition techniques (ALD and ETP-MOCVD), show that for each type of ZnO 

film, different scattering contributions can be limiting the effective mobility. By the combination of 

the optical modeling, the Masetti-model, and the direct-current mobility measurements, the limiting 

factors to this effective mobility, like 
ii

µ , 
GB

µ  and 
other

µ , can be determined. In this way, a tool is 

developed to define the conduction mechanisms in ZnO, and the quality of the ZnO films can be 

examined in terms of the individual mobility contributions. 

. 
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Chapter 6 Conclusions and Outlook 

6.1 Conclusions 

In this work, i-ZnO and AZO films were grown by the expanding thermal plasma metal-organic 

chemical vapor position, in the thickness range of 100-600 nm, under the “high diethylzinc” flow rate 

conditions as found by Ponomarev et al.
39 The AZO films were characterized by excellent resistivity 

values of 44 10 cm Ω−⋅  at 300 nm film thickness. To gain insights into the conduction mechanisms 

associated with these films, an extensive optical model was used. 

 Optical modeling 

A novel approach for the opto-electrical evaluation of zinc oxide films was presented, based on the 

combination of spectroscopic ellipsometry with reflection Fourier transform infrared spectroscopy. 

The spectroscopic parameters were modeled by a Psemi-M0 or Tauc-Lorentz oscillator model, to 

describe the electronic interband transition, and a Drude model to describe the free-electron 

response. In this study, the Drude model was extended by taking a frequency-dependent broadening 

term, to account for the decreased ionized impurity scattering of the free electrons at high 

frequencies, and to prevent overestimation of the derived ingrain mobility.  

By combining the different oscillator models, both doped and undoped ZnO films were modeled and 

characterized, to directly obtain the transparency, ingrain resistivity and mobility, carrier density, 

thickness and growth rate. Using the extended Drude parameterization, not only the electrical 

properties could be accurately modeled, but it was also better suited to model the transmission data 

of (doped-)ZnO films.  

 Conduction mechanisms 

Due to the novel approach of including the IR wavelength range into an extended-Drude based 

model, the ingrain electrical properties could be adequately derived for doped as well as undoped 

ZnO films. Therefore, from the opto-electrical evaluation, combined with direct-current conductivity 

measurements (i.e. Hall and four point probe), it was possible to discern between and, to quantify, 

the ingrain and grain boundary limited mobility. In agreement with the morphology development of 

the two types of films, it was concluded that the dominant scattering mechanisms for ZnO films with 

thicknesses larger than 100 nm, were bulk related and not grain boundary related. Interestingly, this 

holds even in the case of intrinsic ZnO, which exhibits a relative high ingrain mobility. 

Finally, it was demonstrated that the optical (ingrain) mobility can be further evaluated by using 

semi-empirical Masetti model fits, and it was shown that for different types of ZnO films (e.g. ETP-
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MOCVD and ALD-grown ZnO), different scattering contributions were limiting the effective mobility, 

i.e. ionized impurity, grain boundary and other scattering mechanisms. In the approach used, the 

quality of the ZnO films was quantified in terms of the individual mobility components. For the ETP-

MOCVD grown AZO films with a large thickness (~600 nm), ionized impurity scattering was found to 

be the main significant limiting factor, while for i-ZnO with similar thickness, the ingrain mobility 

caused by other scattering phenomena was found to be the dominant limiting factor of the effective 

mobility. 

6.2 Outlook 
The evaluation based on the optical modeling, as developed in this work, can in future studies be 

applied to evaluate a variety of ZnO films, which for example are deposited by other reactor 

conditions or other deposition methods, to gain insights in their conduction mechanisms, and to 

check the quality of these ZnO films in terms of grain boundary and bulk mobility. From the 

comparison of ZnO films from different deposition conditions, further insights can be gained in the 

influence of the process conditions on the film quality of the deposited films. Furthermore, the 

presented evaluation of the different mobility factors, can be extended with temperature Hall 

measurements, or high-resolution transmission electron microscopy, to determine the individual 

contributions to the other scattering mechanisms, e.g. stacking faults, dislocation scattering etc., and 

in this way can be used to gain further insights in the conduction mechanisms and quality of ZnO 

films. 

Furthermore, with the opto-electrical evaluation, the routes for improvements of the ZnO as 

summarized in chapter 1, can be evaluated in terms of grain boundary mobility and ionized impurity 

limited mobility. For instance, the optical modeling can be of use in revealing the complex processes 

which take place during for instance hydrogen treatments, and it can be checked whether such 

treatments indeed passivate grain boundaries, or whether they change the bulk ZnO itself. Also aging 

effects, in which it is assumed that oxygen and moisture permeate into the grain boundaries, and 

thereby act as an electron trapping centers,8 can be quantified in terms of grain boundary mobility.  

Finally, the optical model presented in this study, could be modified to enable the characterization of 

other TCOs, like indium-doped tin oxide. The important electrical parameters like carrier density and 

ingrain mobility can in principle be monitored during TCO growth using in situ SE/FTIR. Since the 

extended Drude model provided the link between the electrical properties and the transmission of 

the TCO, the films can be optimized for the application within a specific photovoltaic application. It is 

recommended to include the optical properties of the other solar cell layers to the model, since the 
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transmission of the TCO is influenced by the adjacent materials, and their corresponding refractive 

indices.  
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