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Abstract

Study of CVD deposited i-ZnO layers in CIGS thin film
solar cells

Fredrik Larsson

CIGS thin film solar cells usually include a thin layer of intrinsic zinc oxide (i-ZnO)
deposited on a CdS buffer layer by sputtering. However an interest has grown in
using chemical vapor deposition (CVD) instead. Hence, the aim of this thesis was to
study how well CVD i-ZnO performs on a CdS buffer layer in a CIGS solar cell and
how the properties of the layer can be controlled when using a hot-wall CVD reactor
with diethylzinc and water as precursors. The process was characterized through
depositions on glass substrates and was then successfully implemented in solar cell
devices. The main influences of temperature, thickness and precursor flows on
resistivity, optical band gap and film structure were mapped out. The analysis methods
used included X-ray diffraction (XRD), X-ray fluorescence (XRF), four point probe
resistivity measurements, mechanical profilometry and absorption
spectrophotometry. In addition, the solar cell devices were characterized using
external quantum efficiency (EQE) and current-voltage (IV) measurements. It was
found that the CVD process was sensitive to the condition of the CdS surface, which
resulted in a large distribution of shunted cells when grown on aged CdS. Unexpected
trends in open-circuit voltage and fill factor were found. Both these factors increased
when the growth temperature was decreased, resulting in higher conversion
efficiencies. Compared to i-ZnO deposited by an in-house baseline sputtering process,
the CVD process resulted in cells with higher short-circuit current due to higher EQE
in the short-wavelength region. It was shown that the CVD process used is capable of
producing solar cell devices whose performances contest those of cells manufactured
with sputtered i-ZnO.
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Populärvetenskaplig sammanfattning 
 
Solceller av koppar-indium-gallium-selenid (CIGS) är ett av de tre stora alternativen 
för tunnfilmssolceller på marknaden. Dessa solceller består av flera lager tunna filmer 
i en multilagerstruktur som inkluderar ett lager av zinkoxid i den så kallade 
fönsterstrukturen. Detta lager påverkar solcellernas egenskaper på olika sätt. 

Zinkoxidskiktet beläggs på ytan av det så kallade bufferlagret, som vanligtvis 
består av kadmiumsulfid. Idag sker detta oftast med en fysikalisk metod kallad PVD, 
men nyligen har även den kemiska ytbeläggningsmetoden CVD undersökts som ett 
tänkbart alternativ. I CVD reagerar olika gaser med varandra för att bilda en tunn 
solid film på en yta. 

Syftet med denna studie var att undersöka hur väl CVD-belagd zinkoxid fungerar i 
en tunnfilmssolcell av CIGS typ, samt hur filmens egenskaper kan styras genom 
variation av processparametrar.  

Filmer av zinkoxid belades både på glas och i solcellsstrukturer. Filmernas 
tillväxthastighet, struktur, resistivitet och optisk transmission studerades med 
röntgendiffraktion, röntgenfluorescens, ytresistansmätning med fyrpunktsprob, 
mekanisk profilometri och optisk absorptionsspektroskopi. Solcellerna utvärderades 
genom mätning av så kallade kvantutbyten och ström-spänning kurvor. 

Det visade sig att processen som undersöktes gick att kontrollera med förutsägbara 
tillväxthastigheter och CVD processen kunde med framgång användas i 
solcellsstrukturen. Hur parametrarna som undersöktes påverkade zinkoxidfilmernas 
resistivitet, optiskt bandgap och struktur kunde även kartläggas. Om en zinkoxidfilm 
med hög resistivitet och hög transmission önskades, tydde resultaten på att en låg 
temperatur och tunn filmtjocklek bör väljas; främst för att erhålla en hög resistivitet 
då transmissionen inte påverkades märkbart. 

Det visade sig dock vara så att CVD processen var känslig för ytans tillstånd. 
Beläggningar i solcellsstrukturer på en åldrad kadmiumsulfidyta gav väldigt spridda 
resultat. 

Solcellerna med CVD-beläggningarna jämfördes även med solceller med PVD-
belagd zinkoxid. CVD-beläggningarna visade sig kunna prestera minst lika bra. 
Väldigt intressanta trender upptäcktes även för vissa av solcellernas egenskaper. En 
minskad tillväxttemperatur ledde till högre värden på så kallade öppen-spänningen 
samt fyllnadsfaktorn. Detta ledde i sin tur till solceller med högre verkningsgrad.  
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1. Introduction 

1.1 Background 
 

Solar cells of Copper-Indium-Gallium-Selenide (CIGS) are one of the three main 
thin-film solar cell alternatives on the market today. Among those, CIGS solar cells 
currently have the highest conversion efficiencies [1]. Despite the low amount of 
material needed for the thin absorber layer that is only a few µm thick, conversion 
efficiencies above 21% have been achieved. 

CIGS solar cells usually have a multilayer structure that includes a thin (50-100 
nm) layer of intrinsic zinc oxide (i-ZnO) in the so called window structure. The role 
of this layer is not yet completely understood, but several different explanations to the 
apparent benefit of this layer have been proposed [2–4]. Despite of the current lack of 
understanding, it is clear that two properties are sought after; high electric resistivity 
and good optical transmittance. In addition, it has been stated that another benefit of 
the i-ZnO layer is that it can protect the underlying buffer layer (commonly CdS) 
from sputter damage in the subsequent step of the fabrication process, where a 
transparent conducting oxide (TCO) is sputtered on top of the i-ZnO [2]. Especially in 
the cases when the buffer layer has been replaced with Cd-free alternatives that may 
be more sensitive to sputter damage than CdS. 

At present the intrinsic zinc oxide layer is typically deposited with physical vapor 
deposition (PVD) processes. However CVD of i-ZnO layers is an interesting 
alternative, as it offers another type of material structure control in addition to the 
possibility to seamlessly deposit a doped ZnO TCO on top of the i-ZnO in the same 
process step. 

It seems that very few, if any, studies have been published on CVD deposited i-
ZnO for use in CIGS/CdS structures, but plenty of other relevant studies can be found 
[4–11]. Some have deposited i-ZnO directly on the absorber material with CVD [5–7] 
and more importantly, an extensive work has been done on CVD n-type ZnO for use 
as a TCO [4,8–11]. 

1.2 Aim of thesis 
 

The aim of this thesis is to study how an intrinsic layer of non-doped zinc oxide 
performs on a CdS buffer layer in a CIGS solar cell, when deposited with CVD. Also, 
how the properties of the layer can be controlled by variation of the system 
parameters when using a hot-wall CVD reactor with diethylzinc and water as 
precursors. 

2. Theory 

2.1 Chemical vapor deposition (CVD) 

2.1.1 General 

Chemical vapor deposition (CVD) is the name for a wide range of techniques where a 
solid material is deposited from gaseous precursors on a substrate by chemical 
reactions on or in the vicinity of the surface.  

Commonly the solid material is deposited as a thin-film coating, but it is also 
possible to manufacture other forms of material with CVD; like powders, fibers and 
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other nanostructures [12,13]. The materials that can be deposited include many metals 
and ceramics such as oxides, nitrides and carbides. 

The CVD process is generally associated with high temperatures, which may be 
required to activate the precursors in thermally activated CVD. However, the required 
temperature can be significantly lowered by initiating the reaction with other means, 
such as laser radiation (photo-assisted CVD) or with plasma (plasma-enhanced CVD). 

A CVD process is often very complex in which the deposition involves numerous 
reactions and different transport mechanisms. Despite that, the process can be 
described in a simplified manner. See Figure 1 for a schematic description of a CVD 
process based on explanations in ref. [12] and [14]. The description provides an 
overview of common important steps of the process. However, it should be noticed 
that it is not required for all steps to be part of a given growth process. Firstly, it is 
possible that the precursor gas mix is activated in the vapor phase, creating reaction 
intermediates (step 1). In Figure 1, the activation occurs outside the so-called 
boundary layer (BL), but it can also occur within the boundary layer [14]. The 
boundary layer is a region in which properties of the gas differ significantly from the 
main vapor phase. Precursors (or reaction intermediates) must transport through this 
boundary layer to provide the surface with reactants (step 2). This is followed by an 
adsorption of the reactants to the surface (step 3). After that, the adsorbed species 
must diffuse (step 4), in order to find a reactive site for growth and/or nucleation 
through surface chemical reactions (step 5). The last step in this description is the 
desorption of chemical species from the surface (step 6). These species include 
various products from the growth reaction, but also unreacted reactants may be 
desorbed.  

 
 
 
1. Vapor phase reactions 
2. Transport through boundary 

layer 
3. Adsorption 
4. Surface diffusion 
5. Growth reaction 
6. Desorption 

 
Figure 1: Schematic description of a general CVD process based on explanations in ref. [12] and [14]. 

A CVD process is affected by numerous factors. It is well known that the list includes 
temperature, total pressure, partial pressures of the precursors, gas flow, substrate, 
reactor geometry and naturally the choice of precursors. 

2.1.2 Metal-organic chemical vapor deposition (MOCVD) of ZnO 

Quite low process temperatures can be used when choosing metal-organic precursors. 
For instance, temperatures as low as 110 °C have previously been used when growing 
ZnO from diethylzinc and water [9]. 

The precursors in MOCVD commonly consist of a metal atom bound to several 
ligand alkyl groups [15]. Though, other classes of organic groups can also be used 
[12]. 
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In the case of ZnO, numerous different precursors have been used, including 
diethylzinc (DEZ), dimethylzinc (DMZ) and zinc acetylacetonate. The most 
commonly used is DEZ [16]. It is a pyrophoric liquid at room temperature and has a 
moderately high vapor pressure. DEZ can react with either oxygen or water to form 
ZnO according to Eq. 1 and 2 [4]. 

7 → 4 5 	 	 	 	 	 Eq.	1	

→ 2 		 	 	 	 	 Eq.	2	

Note, again, that these are simplified and only show the total reaction. One can 
suspect the presence of various carbon-containing species that need to be desorbed 
from the surface in order to gain a high purity deposition. 

2.1.3 Thermodynamics 

The driving force of a chemical reaction is ultimately determined by thermodynamics. 
Thermodynamic calculations can be used to identify the composition of the gas phase 
at given conditions (CVD phase diagrams), identify condensed states, identify 
possible reactions and estimate a theoretical deposition rate [17]. These are based on a 
minimization of Gibbs free energy. Although these calculations assume a 
thermodynamic equilibrium, which is rarely achieved in most CVD processes, they 
are invaluable for both the understanding of a process and for process optimization 
[12,17]. 

No further details are needed for the purpose of this theory section, but can be 
found in ref. [12] and [17]. 

2.1.4 Kinetics 

While thermodynamics determines the driving force of the reactions, the kinetics 
determines the rate control. The rate can be limited in several ways, but it is generally 
limited by either the surface reaction kinetics (surface kinetic control) or by the 
transfer of reactants to the surface through the boundary layer (mass transport 
control). 
   Surface kinetic control is achieved when the reaction speed is lower than the rate of 
diffusion through the boundary layer to the surface. Which type of control one can 
expect at given conditions depends on temperature, pressure and the flow dynamics of 
the gas through the reactor [17]. But generally, kinetic control is favored by low 
growth temperature and low pressure; since that would result in slow surface 
reactions and high diffusivity in the gas phase [12]. A lower pressure results however 
in a thicker boundary layer, although the effect the pressure has on the diffusivity is 
more significant. In addition, a higher gas velocity can be chosen to reduce the 
boundary layer thickness. 
   The temperature dependence of the growth rate constant can, just like with any 
other reaction, be described by an Arrhenius equation as seen in Eq. 3. 

/ 	 	 	 	 	 	 	 	 Eq.		3	

where k is the rate constant of the reaction, A is a prefactor, Ea is the activation 
energy of the reaction, T is the absolute temperature and R is the universal gas 
constant. 

The logarithm of Eq. 3 is shown in Eq. 4. 
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	 	 	 	 	 	 	 	 Eq.	4	

Assuming that the deposition rate is linearly dependent of the reaction rate (and thus 
the reaction rate constant), the logarithm of the growth rate should always decrease 
linearly with the temperature inverse in the case of surface kinetic control. While for 
mass transport control, a change in temperature should not yield such a significant 
change of growth rate [17]. Although the small rate change that can be observed can 
either be negative or positive, depending on if the growth process is exothermic or 
endothermic. A schematic diagram showing the temperature dependence of the 
growth rate is presented in Figure 2. This type of diagram can be a valuable tool when 
characterizing a CVD process. 

 
Figure 2: Schematic figure of the temperature dependence on the growth rate, v, in the case of two types of 
rate control in CVD. 

2.2 CIGS solar cells 

2.2.1 Layer structure 

The common feature of all CIGS solar cells is the use of the chalcopyrite structured 
Cu(InGa)Se2 as the absorber, although the exact composition may differ between 
manufacturers. 

The layer configuration can differ between different CIGS solar cells, but they 
basically consist of a substrate, back contact, absorber, buffer layer and front contact. 
An example of a layer structure of a CIGS solar cell is shown in Figure 3. A common 
substrate is soda lime glass. The soda lime glass acts as a source of sodium that later 
is incorporated in the CIGS layer and increasing the conversion efficiency, allegedly 
by passivating defects at the CIGS/CdS junction or in the CIGS material [18,19]. A 
layer of molybdenum is sputtered onto the glass to form a back contact. Molybdenum 
is a good conductor that can, if deposited correctly, allow sodium diffusion. A thin 
buffer layer of n-type CdS is usually deposited on the absorber using chemical bath 
deposition to create a hetero junction, although effective Cd-free alternatives are 
sought after [2,20]. The final layer is a TCO front contact; for example ZnO:Al 
(AZO) or In2O3:SnO2 (ITO). The thin highly resistive i-ZnO layer is often between 
the TCO and the buffer layer.  
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Figure 3: Schematic example of a CIGS solar cell layer structure. 

2.2.2 PN junction 

When an n-doped semiconductor shares an interface with a p-doped semiconductor, 
the majority carriers of respective side of the junction diffuse to the other side. This 
results in a depletion region; electrons leaving the n-type side leave positively charged 
ions behind and in turn, holes leaving the p-type side leave negatively charged ions 
behind [21]. This forms an electric field that acts as a barrier for further charge 
diffusion across the junction. This is illustrated by Figure 4. Note the effect this has 
on the band structure of the junction. A detailed description of the pn-junction physics 
can be found in ref. [22]. 

 
Figure 4: Illustration of a pn-junction and the effect the depletion region has on the band gap. 

Two currents are always present and equal to each other during equilibrium and zero 
applied voltage; the diffusion current and the drift current. The diffusion current is 
due to the diffusion of the majority carriers that happen to have enough energy across 
the junction. The drift current is due to minority carriers close to the depletion region, 
which are swept across the junction by the electric field. 

When applying a voltage in the opposite direction to the junction field, Vj, the 
potential difference across the junction get lowered. This results in a higher diffusion 
current, while the drift current is practically unaltered, and thus a net current flows 
through the device. 

2.2.3 Solid state solar cells 

The pn-junction is used in a solid state solar cell to separate charge carriers generated 
by interband absorption [23]. During the absorption, an electron from the valence 
band is excited to the conduction band and an electron-hole pair is created. Given that 
the electron-hole pair is created within diffusion length of the junction, the minor 
carrier will be swept over to the opposite side because of the junction field [24,25]. If 
the two sides are not connected by an external circuit, the charges will accumulate and 
an electric field builds up opposite to the junction field; the potential difference at 
equilibrium is the open circuit voltage, VOC [24]. Likewise, when the two sides are 
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externally connected without a load, almost all generated minority carriers can 
migrate to the other side. The short-circuit current, ISC, is ideally the same as the light-
generated current and therefor the highest possible current achieved from the solar 
cell [26]. 

2.2.4 Characterization 

Two valuable characterization techniques for solar cells are current-voltage 
measurements (IV-curves) and external quantum efficiency (EQE) measurements. 

The current-voltage dependence of a solar cell follows the relationship in Eq. 5 
[27], which is a superposition of the diode equation and the light generated current, IL. 

1 	 	 	 	 	 	 	 Eq.	5	

I is the current, I0 is the so called dark saturation current, q is the electron charge, V is 
applied voltage, k is Boltzmann’s constant, T is the temperature and n is an ideality 
factor which is equal to one for an ideal diode. 
   If the current-voltage dependence of a solar cell is measured a so called IV-curve 
can be constructed. An example of an IV-curve is shown in Figure 5. The point that 
yields the maximum power is marked with Pmax. The maximum power is the product 
of Vmax and Imax. 

 
Figure 5: Example IV-curve generated with Eq. 5. The point that yields the maximum power is denoted Pmax. 

An additional commonly used parameter is the fill factor (FF) that describes the 
maximum power with respect to VOC and ISC. FF can be calculated using Eq. 6. 

	 	 	 	 	 	 	 	 	 Eq.	6	

The conversion efficiency (η) of a solar cell is defined as the ratio off the power 
gained from the device (Pout) to the power input from the radiating source (Pin). The 
efficiency can be calculated from an IV-curve using Eq. 7 when Pin is known: 

∙ 	 	 	 	 	 	 	 	 Eq.	7	

The external quantum efficiency (EQE) of a solar cell is defined as the ratio of 
collected charge carriers per incoming photon of a given wavelength [27]. This can be 
determined by measuring the spectral response (SR) defined as the ratio of the 
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generated current to the incident power. The EQE(λ) can then be calculated from the 
SR(λ) by using the relation given by Eq. 8 [27]. 

	 	 	 	 	 	 	 	 Eq.	8	

The standard test condition for characterizing solar cells are using a radiative flux of 
1000 W/m2, air mass of 1.5 (AM1.5) at 25 °C. 

2.3 Four point probe resistivity measurement 
 

The sheet resistivity and bulk resistivity of a thin film can be measured by a four point 
probe, using an experimental setup such as the one illustrated in Figure 6 [28].  

 
Figure 6: Illustration of an experimental setup for a four point probe resistivity measurement. 

The bulk resistivity for a semi-infinite sample is given by Eq. 9: 

2 ∗ ∗ 	 	 	 	 	 	 	 	 Eq.	9	

where ρ is the bulk resistivity, s is the spacing between probes, I is the current 
between the outer probes and V is the voltage across the inner probes. 

When measuring on thin films, Eq. 9 is not good enough and has to be adjusted 
with several correction factors in order to get precise measurements. These factors 
depend on the sample size, film thickness and temperature. 

The sheet resistance Rs can simply be related to the bulk resistivity using Eq. 10, 
where t is the thickness of the film: 

	 	 	       Eq. 10 

2.4 Mechanical profilometry 
 

A simple way to measure the thickness of a thin film is by using a mechanical 
profilometer, also called stylus profilometer. The instrument uses a stylus which is 
swept across the surface while in contact. The changes in height caused by the surface 
morphology are recorded. One method to measure film thickness with this technique 
is through etching. A segment of the film is first etched away from the substrate. The 
profilometer can afterwards be used to measure the height difference between the film 
and the substrate, as illustrated in Figure 7. As seen in the figure, the resolution of the 
measurement can be limited by the geometry of the stylus. However, this is not likely 
to be of a disturbance when measuring the step height between two well-defined 
plateaus. 
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Figure 7: Illustration of mechanical profilometry over a low step. The dashed line shows the apparent profile 
of the surface that is measured. 

2.5 X-ray fluorescence (XRF) 
 

X-ray fluorescence (XRF) is a qualitative and quantitative method for elemental 
analysis where X-rays are used to generate characteristic radiation from elements in 
the sample. 

In general when X-ray photons enter a material they can interact in three ways; 
through elastic scattering, inelastic scattering or absorption [29]. The absorption in 
XRF generally occurs through a photo-electric effect, where the photons energy is 
transferred to an electron which is emitted from the excited atom. This ionizing 
process is illustrated in the left part of Figure 8. The incoming photon must have a 
higher energy than the binding energy of the electron for this absorption to occur. In 
fact, the photoionization cross section (probability) is highest just after the absorption 
edge since the cross section is generally reduced with increased photon energy  [30]. 

Photoionization is followed by one of two competing mechanisms; X-ray 
fluorescence or Auger electron emission. It is only the fluorescence process that is of 
interest in XRF, which only dominates in heavy elements. 

The fluorescence process is due to an electronic transition from higher to lower 
energy states. The excess energy converts into radiation with an energy characteristic 
of the electron transition and the element. This is illustrated by the right part of Figure 
8.  

The intensity of the characteristic radiation is measured and can be related to the 
amount of the element in the sample. The measured count is approximately linearly 
dependent of the number of atoms, for low concentrations or thin films [29]. This 
makes it possible to use a series of standard samples with known element amounts to 
construct a calibration curve. When measuring the thickness of thin films with XRF, 
the amount of atoms is proportional to the thickness. A calibration curve constructed 
of samples with known thicknesses (and same composition and density) can thus be 
used. Calibration curves of this kind eliminate the need to consider matrix effects, 
which are otherwise present in XRF. 
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Figure 8: Basic principle behind the photon-matter interaction in X-ray fluorescence. 

2.6 X-ray diffraction (XRD) 
 

By using X-ray diffraction (XRD), various information about a crystalline material 
can be gained at an atomic resolution; such as crystal structure, cell parameters, phase 
composition, degree of crystallinity, stresses, film texture and to some extent grain 
size. 

XRD is based on a photon diffraction phenomenon. The sample is irradiated by 
monochromatic light with a wavelength shorter than the distance between two atomic 
planes. This incoming wave, which can be described as an oscillating electromagnetic 
field, periodically accelerates and decelerates an electron. This generates a new 
electromagnetic wave with the same frequency as the incoming had [31]. This is 
generally referred to as Thomson scattering, or simply elastic scattering. The outgoing 
waves from the different scattering centers (atoms) interfere with each other and give 
rise to a diffraction pattern when detected. 

The diffraction in crystals can be more intuitively explained by Bragg’s law shown 
in Eq. 11: 

2 	 	 	 	 	 	 	 	 Eq.	11	

where d is the distance between two diffracting planes, n is a positive integer, λ is the 
wavelength of light and θ is the incidence angle of the incoming light. Bragg’s law 
can be explained with a simple geometric arrangement which is shown in Figure 9. It 
can be seen from the figure that the phase shift is equal to one wavelength only when 
it is also equal to two lengths of dsinθ. The phase shift is marked with red in the 
figure. 
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Figure 9: Geometric explanation of the Bragg condition. The phase shift is marked with red. 

Each peak in the diffraction pattern arises from different diffraction planes in a crystal 
which are associated with a set of Miller indices. The indices are the reciprocal of the 
fractional intercept with the crystallographic axes [31]. In other words a (hkl) plane 
intercepts the axes of the crystallographic unit cell in (a/h, b/k, c/l), where a,b, and c 
are the lengths of the cell edges. Miller indices are also used when referring to 
different surface planes. 

There are mainly three factors that determine the intensity of a reflection at a 
certain angle; the number of lattice points activated, geometrical arrangement of 
atoms (geometrical structure factor) and the atomic form factor which consider the 
density of electrons around an atom [32]. It is due to the latter two factors that the 
diffraction pattern can be related to specific structures. Analyzing thin films with 
XRD can sometimes be troublesome because of the few lattice points activated in the 
film, while the underlying substrate is activated as well. A strong signal from the 
substrate can easily disturb the measurement. Though this can be countered by using a 
method known as grazing incidence x-ray diffraction (GI-XRD), where a low 
incidence angle is used to make the method more surface sensitive and thus limiting 
the intensity from the substrate [33]. Though it is important to point out that planes 
parallel to the surface does not contribute to the Bragg reflections in GI-XRD, unlike 
the common θ-2θ setup where the only detectable planes are those parallel to the 
surface [34]. This is due to the fixed incidence angle used in GI-XRD. 

2.7 Absorption spectrophotometry of semiconductors 
 
The absorption (A) of a material can be quantified by measuring the reflectance (R) 
and transmission (T) of a sample, using the relationship given by Eq. 12. 

1 	 	 	 	 	 	 	 	 Eq.	12	

Pure semiconductors are generally highly transparent in the spectrophotometry 
wavelength region (UV to near-IR) until the photon energy reaches the fundamental 
absorption edge and interband absorption occurs, resulting in an abrupt decrease in 
transmission [35]. 

A simplified expression for the transmission can be constructed by applying Beer-
Lambert law and is shown in Eq. 13 [36]. Note that this expression neglects all 
multiple scattering and is thus only valid for high values of the absorption 
coefficients, i.e. at the absorption edge [35]. In addition, Eq. 13 requires a non-
absorbing substrate if a thin film is analyzed. 

1 	 	 	 	 	 	 	 	 Eq.	13	
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α is the absorption coefficient and d is the sample thickness. The absorption 
coefficient can thus easily be extracted if the thickness is known. 

Measuring the photon energy dependence of the absorption coefficient is the key to 
determine the optical band gap of a semiconductor. The absorption coefficient of a 
semiconductor with a direct band gap follows the relationship in Eq. 14 [37]. 

∝
/

			 	 	 	 	 	 	 	 Eq.	14	

A linear region is found right after the fundamental absorption edge when (α ω)2 is 
plotted against ω, in a so called Tauc plot. After a straight line has been fitted to this 
region, the optical band gap can be extracted from the point where y = 0 (which 
corresponds to ω - Eg = 0). 

3. Experimental 

3.1 ZnO film synthesis 

3.1.1 Equipment 

The system used for the CVD coatings was the Microchemistry F-120 ALD reactor 
(ASM Microchemistry). The chemical sources were purified diethylzinc and water, 
with nitrogen as a carrier- and purging gas. The system can be described as a laminar-
flow vertical hot-wall reactor with a mixing zone just before the substrate front, where 
the gases enter through a horizontal slit. The substrates are placed parallel to the flow, 
as seen in the simple schematic of the reactor shown in Figure 10. 

 
Figure 10: Simple schematic of the reactor geometry. 

The substrates primarily used where 1 mm thick 5x5 cm2 soda-lime glass. Some of 
these had been coated with molybdenum for selected depositions. A 
glass/Mo/CIGS/CdS multi-layer structure manufactured by Solibro Research AB was 
used as substrate when constructing solar cell devices. 

A commercial RF magnetron sputter (Von Ardenne) with stoichiometric targets 
was used to produce PVD i-ZnO reference samples and n-ZnO TCO as front contact 
in the solar cell devices. The targets were made of ZnO with or without 1-2 wt% 
Al2O3. 

3.1.2 Substrate preparation 

All glass substrates were cleaned with a standard procedure prior to their use. First the 
substrates were sonicated in a solution of Micro-90® detergent at 60 °C for 5+15 
minutes, where the first five minutes were while using a degassing program. After the 
cleaning, the substrates were rinsed with purified water (hereafter only referred to as 
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water), followed by 15 minutes sonication in water. The rinsing and sonication were 
then repeated three more times, whereafter the glasses were dried through 
centrifugation. 

The CIGS substrates were used without treatment, unless stated otherwise. 

3.1.3 MOCVD process 

The substrates were first heated at the selected reactor temperature for a certain time 
to ensure a correct substrate temperature, generally for 30 minutes. A pressure of 
about 2 mbar and a nitrogen flow of 500 sccm were always used, if not stated 
otherwise in the text. The deposition was initiated by opening the gas valves, 
releasing water- and DEZ vapor into the chamber. The partial pressures of these 
precursors were regulated by manually adjusting the opening of needle valves to the 
sources, which controls the precursor flow rate. After the deposition time, the DEZ 
flow was stopped, while maintaining the water flow for five minutes to purge the 
reactor. This was followed by five minutes purging with only nitrogen gas before the 
pressure was raised and the samples were removed from the reactor. 

The parameters that were varied in this study were the opening of the two 
precursor needle valves (and thus flow rates and partial pressures), time and 
temperature. 

3.1.4 i-ZnO on glass substrates 

The effect of varying the needle valve opening of water and DEZ was studied by 
looking at the trends when varying the flow rate of respective gas independently of 
each other. Thus possible interactions between the two factors were not investigated. 
The performed experiments are presented in Figure 11. First the effects of different 
flows of DEZ were studied, before choosing a DEZ flow rate to hold constant when 
later varying the water flow. A temperature of 135 °C and a deposition time of two 
minutes were used for all these experiments. 

The produced films were studied in terms of uniformity, growth rate, sheet 
resistivity and optical properties. Characterization with XRD was also performed. 

In order to study the effects of film thickness and temperature, a series of 
experiments was done varying deposition time and temperature. The combinations of 
times and temperatures used are presented in Figure 12. All of these depositions were 
performed using three DEZ valve turns and eight H2O valve turns. 

The analysis of these samples focused on trends in growth rate, structure, 
resistivity and optical band gap. 

In addition, a temperature series of five i-ZnO films on glass with a thickness of 
70-80 nm grown at temperatures between 95 °C and 175 °C were produced to be used 
in an evaluation of temperature effects on the structure and optical band gap. The 
deposition times used can be found in Table 1. Three DEZ valve turns and eight H2O 
valve turns were used. 
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Figure 11: Experiments performed for studying the 
effects of different precursor flow rates, using T = 135 
°C, t = 2 min and Ptot = 2 mbar. The labels indicate 
number of replicates, if performed. 

 
Figure 12: Matrix of performed experiments for 
studying the effects of time and temperature. The 
depositions were performed using three DEZ valve 
turns and eight H2O valve turns at Ptot = 2 mbar. 

To compare the CVD films with a PVD process, an in-house baseline sputtering 
process was used to deposit i-ZnO films on glass. An RF magnetron sputter was used 
at 200 W for 90 sec, at a 10 mtorr pressure and with 14 sccm argon flow. No external 
heating was applied. 

3.1.5 MOCVD i-ZnO in CIGS solar cells 

Five depositions were performed on glass/Mo/CIGS/CdS structures using five 
different temperatures between 95 and 175 °C. The deposition times were chosen so 
that the films would be around 80 nm thick. The exact parameters can be found in 
Table 1. This thickness was supposed to match the thickness of the sputtered 
reference sample. Note that these times were calculated using the results presented in 
section 4.1.2. Three DEZ valve turns and eight H2O valve turns were used. 
 
Table 1: Temperatures and deposition times used when incorporating MOCVD ZnO films in CIGS solar cells. 

Temperature [°C] Deposition time 
95 5 min 29 sec 
115 2 min 26 sec 
135 1 min 23 sec 
155 41 sec 
175 25 sec 
 
Based on results presented in section 4.2.1, the choice was made to repeat the 
deposition at 95 °C with a fresh CdS layer in order to exclude possible effects caused 
by an aged CdS surface. First, the old layer was etched away using a 15 wt% 
hydrochloric acid solution. Then a new CdS layer was deposited using an in-house 
baseline chemical bath deposition process that takes place in an aqueous solution of 
cadmium acetate, ammonia and thiourea at a temperature of 60 °C.  

3.2 Thin film analysis 

3.2.1 Four point probe resistivity measurement 

The automatic four point probe CMT-SR2000N (Advanced Instrument Technology) 
was used for resistivity measurements. The instrument can only measure sheet 
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resistivity up to 2 MΩ/sq or bulk resistivity up to 200 kΩcm according to its data 
sheet. The four point probe was primarily used to ensure that the grown i-ZnO layers 
had a greater resistivity than these threshold values. 

3.2.2 Surface profilometry 

The stylus profilometer Dektak 150 (Bruker/Veeco) was used for film thickness and 
uniformity determination by measuring step heights.  

A part of the ZnO film was etched off by immersion in a 10 wt% HCl (aq) solution 
for ten seconds. An acid resistive tape was used for masking to ensure the formation 
of a well-defined step. The etching was stopped by rinsing with water. A line-scan 
was thereafter performed over the step to measure the height difference.  

The samples were measured in the middle of the front and rear edges, 5 mm from 
respective edge. The ratio of the front thickness to the rear was used as a measure of 
film uniformity. 

3.2.3 X-ray fluorescence (XRF) 

Thickness determination with the XRF spectrometer Epsilon 5 (Panalytical) was 
performed on all films deposited on glass. A Ge target was used and the cathode was 
running at 9 mA with an acceleration voltage of 65 kV. The Zn k-alpha peak was 
recorded by integration of the counts between 8.4 and 8.9 keV. A glass substrate was 
used as a reference to remove the background intensity. 

A thickness calibration curve was constructed through a series of mechanical 
profilometry measurements. The calibration curve can be found in appendix A.1. 

3.2.4 X-ray diffraction (XRD) 

The diffractometer D5000 (Siemens/Bruker) was used for crystallographic 
characterization of the ZnO thin films. A Cu Kα (λ = 1.541 Å) X-ray source was used 
in a parallel beam setup. The system was equipped with a curved crystal 
monochromator and a 0.40° parallel-plates collimator.  

This setup was used for both θ-2θ and GI-XRD measurements. When using θ-2θ, 
the scan rate was set to 1°(2θ)/min and the step size to 0.04°(2θ). While the 
corresponding values for GI-XRD were: 12°(2θ)/min scan rate and 0.02°(2θ) step 
size. An incidence angle of 0.6° was used for GI-XRD measurements. 

3.2.5 Absorption spectrophotometry 

The transmission and reflectance curves were recorded with the spectrometer Lambda 
900 (PerkinElmer) using photon wavelengths ranging from 300 to 1300 nm. The 
instrument uses a double-beam and double-monochromator optical system and was 
equipped with an integrating sphere. 

3.3 Solar cell device completion 
 

An in-house base-line production process for CIGS solar cells was used to complete 
the solar cell devices. After the i-ZnO deposition, a TCO front contact of ZnO:Al was 
added by sputtering of a stoichiometric target. A Ni/Al/Ni contact grid was then 
evaporated onto the solar cells. The design of the grid can be seen in Figure 13. 
Lastly, several 5x10 mm2 rectangles were isolated from each other, for each fork-
shaped contact seen in the figure. This was done with mechanical scribing, which 
mechanically removes all material down to the molybdenum back contact. A number 
of solar cells were thus fabricated from each sample. 
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In the preparation for solar cell characterization, two regions of back contact were 
bared by mechanically scraping of the material on top of the molybdenum. This was 
done in order to enable access to the back contact. In addition, those areas were later 
soldered with indium to improve the electrical contact. 

 
Figure 13: Photograph of a completed sample with 16 isolated solar cells. Each cell on the picture is 5x10 
mm2. 

3.4 Solar cell characterization 

3.4.1 External quantum efficiency measurement 

The EQE measurements were made with a custom set-up; a light beam was focused 
on a cell and scanned over the wavelength region 340-1400 nm with an Oriel Apex 
Monochromator Illuminator (Newport). The photo-generated current was measured 
across the front grid- and Mo back contact. The EQE could then be calculated for 
each wavelength (see section 2.2.4). 

The instrument was calibrated by measuring on Si and InGaAs detectors to 
determine the incoming photon flux for each wavelength. 

3.4.2 Current-voltage measurement 

A non-commercial system was used to measure the IV curves for each cell. The 
current was measured while scanning the voltage from -0.5 V to +1.0 V. This was 
done while illuminating the sample with a 120 V (300W) ELH lamp (GE). The 
sample was shadowed between measurements to minimize heating effects.  

To calibrate the illumination to match standard test conditions (1000 W/m2, 
AM1.5), the height of the light source was adjusted so that the measured ISC current 
from a certain cell matches the anticipated current (IQE,AM1.5G) based on EQE 
measurements from the same cell. IQE,AM1.5G is the current that would be expected if 
the standard AM1.5G spectrum (ISO 9845-1:1992) is used, given the known quantum 
efficiency of the cell. 

4. Results and discussion 

4.1 i-ZnO on glass substrates 

4.1.1 Influences of precursor flow 

The first part of this study was to examine the growth behavior when varying the 
precursor gas flows. Both the diethylzinc and water flow rates had a significant 
impact on the growth rate. This can be seen in Figure 14 and Figure 15 respectively, 
which show the front- and rear edge thickness of the films measured with 
profilometry. Not surprisingly, the growth rate generally increases with an increased 
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amount of precursors. Though the flow characteristics of the gas transport system is 
unfortunately presently unknown. The numeric dependence on precursor flow can 
thus not be determined. In addition, the effect of flow rates and partial pressures 
cannot be distinguished from each other. This means that the presented thickness 
versus valve turns data are system specific, but were nonetheless invaluable for the 
study. More general trends can be found in the literature. It has been reported that at 
155 °C and 0.5 mbar, the growth rate should be essentially independent of the H2O 
flow rate when the molar ratio n(H2O)/n(DEZ) > 1 [4]. Also, the growth rate has been 
found to increase linearly with DEZ flow for rates below ~14 sccm [4,8]. 

One can also notice in Figure 14 and Figure 15 that the thickness ratio between 
front and back remains essentially constant. In other words, the change of precursor 
amounts did not significantly affect the uniformity of the films. The thickness in the 
front edge was generally around 20-30% thicker; although this interval was found to 
slightly increase to 30-40% when the temperature was increased from 135 °C to 175 
°C (see appendix A.2).  

 

Figure 14: Front and rear film thickness measured with 
mechanical profilometry. The error bars indicate ± two 
measurement standard deviations. The temperature was 
set to 135 °C, the deposition time was 2 min and eight 
H2O valve turns were used. 

Figure 15: Front and rear film thickness measured 
with mechanical profilometry. The error bars indicate ± 
two measurement standard deviations. The temperature 
was set to 135 °C, the deposition time was 2 min and 
three DEZ valve turns were used. The data points for 
16 valve turns have been adjusted after XRF 
measurements to compensate for an extended warm-up 
time which resulted in an increased growth rate. 

 
It was found that the sheet resistivity of these samples were too high to be measured 
with the available equipment. The sheet resistivity was thus at minimum in the MΩ/sq 
order of magnitude, considering the instrument limit. 

One likely explanation to a part of this high resistivity is a low degree of 
crystallinity in the films, i.e. presence of disordered atomic planes. This became 
evident from XRD measurements. Figure 16 and Figure 17 both show the diffraction 
patterns of two films with a high DEZ flow rate and high H2O flow rate respectively. 
Figure 16 shows the θ-2θ pattern and Figure 17 shows the GI-XRD pattern. It is only 
the (002) peak that is visible in the θ-2θ pattern. This corresponds to grains with their 
c-axis perpendicular to the surface. This is generally interpreted as an indication of 
film texture (presence of preferred orientation). This may indeed also be the case, but 
this is rather contradicted by the GI-XRD pattern where the (002) peak is still 
dominating. For a highly textured film (i.e. all crystallites have essentially the same 
orientation) the peak intensity of the preferred orientation should be very weak in GI-
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XRD. This is due to the geometric arrangement of the two different instrument set-
ups. Furthermore, some other peaks not seen with θ-2θ are expected to be clearly 
visible with a glancing incidence angle. But as seen in Figure 17, the other peaks have 
low intensities and are distinctly broader than the sharp (002) peak. It is therefore 
supposed that the non-close-packed planes exhibit a low degree of ordering, while the 
close-packed (002) planes are more ordered. It is expected that the (002) plane is the 
most ordered plane, as the close-packed plane has the fewest dangling bonds which 
indicates a low surface energy. It has indeed been reported that [002] is often the 
preferred orientation of ZnO films and attribute this to the low energy of the (002) 
surface [38,39]; although it is also reliant on both temperature and substrate [9,40]. 

It was not possible to distinguish any difference between these samples with 
different precursor ratios. The precursor ratio had therefore no significant effect on 
the film structure within the studied parameter window. However, others have found 
that the precursor ratio can have a great impact on the film morphology [4,8], 
although this effect may not have an observable impact at the thin film thicknesses of 
interest in this study. 

It should also be mentioned that a resistivity dependence on the flow ratio 
q(DEZ)/q(H2O) is expected. It has previously been shown that a decreased oxygen 
partial pressure increases the conductivity when growing i-ZnO using DEZ and O2 as 
precursors [41]. The conductivity increase was attributed to n-type doping by oxygen 
vacancies. That oxygen vacancies contribute to n-type conductivity is however 
debated [3,42]. It is instead argued that unintentional extrinsic doping by impurities is 
the most likely cause to the conductivity. Nevertheless, it is assumed in this study that 
an excess of the oxygen source (water) could reduce the amount of oxygen vacancies. 
In addition; as mentioned, the precursor ratio may also affect the grain size which in 
turn affect the resistivity by changing the influence of grain boundary scattering [43]. 

 

Figure 16: θ-2θ XRD diffraction patterns of MOCVD 
i-ZnO (TS = 135°C) grown with either a high DEZ flow 
rate (six DEZ valve turns, eight H2O valve turns) or a 
high H2O flow rate (three DEZ valve turns, sixteen H2O 
valve turns ). 

Figure 17: GI-XRD diffraction patterns of MOCVD i-
ZnO (TS = 135°C) grown with either a high DEZ flow 
rate (six DEZ valve turns, eight H2O valve turns) or a 
high H2O flow rate (three DEZ valve turns, sixteen H2O 
valve turns ). A 0.6° incidence angle was used. 

 
The samples with high DEZ flow respectively high H2O flow were also measured 
with absorption spectrophotometry. It is common that ZnO films can turn yellow, 
which is due to oxygen vacancy absorption resulting in a broad absorption band near 
409 nm [42]. But neither of the samples showed any significant absorption for photon 
energies below the band gap; i.e. no or little transmission loss was observed due to 
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possible oxygen vacancies regardless of precursor ratio. The optical band gaps were 
determined to be Eg = 3.34 eV for both samples using Tauc plots (see section 2.7). 
The absorption curves and corresponding Tauc plots can be found in appendix A.3. 

In the end, the valve turn setting three DEZ- and eight H2O valve turns were 
chosen for the later parts of the study, even though no significant difference in 
structure, resistivity or optical properties had been observed with respect to precursor 
ratio. The reasons behind this choice included that; i) an excess of H2O was desired 
and ii) a slow enough growth was favored to maintain good process control at higher 
temperatures. 

4.1.2 Growth rate and kinetics 

In the subsequent part of the study, different temperatures and deposition times were 
used. The resulting film thicknesses, measured with XRF, are shown in Figure 18. 
The growth rates were extracted with linear regression for each temperature and are 
presented in Table 2. These rates correspond to ZnO-on-ZnO growth and should 
therefore also be valid when growing ZnO on top of CdS (or any other buffer layer) 
when producing solar cell devices; though the total deposition time should be 
corrected according to the nucleation times on the buffer layer used. No significant 
nucleation time could be observed when depositing on glass substrates. 

An Arrhenius plot was constructed (Figure 19) and the activation energy of the rate 
limiting step was determined to Ea = 43 kJ/mol. This is a very low energy that enables 
quick growth even at low temperatures. In addition, it became evident from the plot 
that the CVD process was in the surface kinetic control regime for all temperatures 
used.  

 

 
Figure 18: Film thicknesses, measured with XRF, of i-ZnO films 
grown on glass substrates at various temperatures and deposition 
times. The open circle in the figure marks a thickness measured with 
profilometry, which shows that the XRF signal was attenuated at a 
high film thickness. 

Table 2: Growth rates for each 
temperature extracted from Figure 18 
with linear regression. Margin errors for 
95% CI within parentheses. 

T [°C] Growth rate 
[nm/min] 

95 15 (±3) 
115 36 (±4) 
135 61 (±11) 
155 120 (±20) 
175 200 (±30) 
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Figure 19: Growth rate Arrhenius plot. The activation energy was extracted through linear regression. Margin 
error for 95% CI within parentheses. 

4.1.3 Influence of film thickness 

When the film thickness was increased in combination with a high enough growth 
temperature, the sheet resistance became low enough to be measured. The sheet 
resistances were converted to bulk resistivities (using Eq. 10) and are presented in 
Figure 20. Notice that the bulk resistivity of the baseline sputtered i-ZnO is several 
degrees of magnitude below the CVD films that are of comparable thicknesses, but 
has a higher resistivity than the thickest CVD i-ZnO grown at 175 °C. It is apparent 
that the bulk resistivity depends on both film thickness and growth temperature. This 
may be explained by the observation that that the grain size in thin ZnO films 
generally increases with an increased film thickness [4]. This should in turn reduce 
the influence of grain boundary scattering [43]. Though it is not entirely unlikely that 
the resistivity change is due to a structure change within the actual grains. It is in fact 
so that a structure change could be observed with XRD. 
 

 
Figure 20: Bulk resistivities of i-ZnO on glass, showing a temperature and thickness dependency. The dashed 
lines are guides for the eyes. 

Figure 21 shows the diffraction patterns measured using XRD in both θ-2θ and 
glancing incidence geometry. It is evident that the degree of crystallinity increased 
with film thickness, which is especially true for planes with (hkl) ≠ (002). This is 
perhaps easiest seen when regarding the (103) peak in the GI-XRD pattern that is 
barely visible in the noise at 0.1 µm, while more intense at 1.5 µm. It should be 
pointed out that this structure change is mostly seen when considering a large 
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thickness interval; the structure change is not so noticeable for thicknesses around 50-
100 nm, which is in fact the region of interest in this study. For instance, the main 
difference between the 0.1 µm and 0.2 µm films is the difference in signal to 
background ratio, which is likely a thickness effect. 

The θ-2θ patterns are generally dominated by the (002) reflection, while the (101) 
reflection emerges at higher temperatures.  In the case of the 1.5 µm film, which has a 
relatively well defined degree of crystallinity, this is an indication of a [002] preferred 
orientation. However, based on the GI-XRD pattern, it is also concluded that the films 
also possess a randomly oriented contribution that includes (002) planes that are not 
parallel to the substrate surface. 

 

  a)   b) 
Figure 21: Diffraction patterns of MOCVD i-ZnO (TS = 175°C) of different film thicknesses measured using a) θ-
2θ XRD and b) GI-XRD with an incidence angle of 0.6°. 

4.1.4 Influence of growth temperature 

As mentioned before, a temperature effect on the bulk resistivity was also observed. 
The bulk resistivity decreases when the growth temperature increases. This may have 
a number of causes; it might depend on a change in crystallinity [44], grain size or 
perhaps even due to an increased amount of oxygen vacancies [41]. 

Diffraction patterns of the temperature series with ZnO films with thicknesses 
around 80 nm are presented in Figure 22. By considering the peak-background 
intensity ratio, it is evident that the crystallinity distinctly improves with a 
temperature increase when deposited on glass substrates. An increased ordering of the 
(002) planes was attained at higher temperatures, while planes with (hkl) ≠ (002) were 
not well defined even when grown at 175 °C. 

In comparison with 80 nm sputtered baseline i-ZnO, it is found that the sputtered 
film has a similar structure as the CVD films. This is seen in the diffraction patterns 
presented in Figure 23. The patterns of the sputtered sample also have a strong (002) 
reflection, both in θ-2θ and in glancing incidence geometry, but the sputtered film 
shows a higher degree of crystallinity than the 80 nm CVD films. 
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   a)       b) 
Figure 22: Diffraction patterns of MOCVD i-ZnO (d ≈ 80 nm) grown at different temperatures measured using a) 
θ-2θ XRD and b) GI-XRD with an incidence angle of 0.6°. 

 
Figure 23: Diffraction patterns of sputtered baseline i-
ZnO, measured using θ-2θ XRD and GI-XRD with an 
incidence angle of 0.6°. 

 
Figure 24: Decrease in optical band gap in CVD i-ZnO 
when increasing the growth temperature. 

When measuring the optical absorption, it was not possible to neither confirm nor 
exclude the presence of any vacancy induced absorption. The small differences 
observed around 400 nm may simply have been caused by random measurement 
variation. Regardless, the effect of possible vacancy induced absorption is deemed to 
be low regardless of growth temperature. The absorption curves and respective Tauc 
plots from the 80 nm temperature series can be found in appendix A.3. 

When the optical band gaps were determined using the Tauc plots, it was found 
that they were affected by the growth temperature. The optical band gap decreased 
with 0.1 eV when the growth temperature increased from 95 °C to 175 °C. This is 
likely related to the temperature dependent structure changes observed. The band gap 
is known to possibly be affected by the grain size [41] and/or the degree of 
crystallinity [45]. 

It should lastly be pointed out that, at the thin film thicknesses that will be used in 
this application, the influence of the temperature dependence of the bulk resistivity 
will likely be negligible compared with the change in band gap, which can have a 
direct effect on the solar cell device performance by changing the band alignment in 
the device structure. 
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4.2 Incorporation in CIGS solar cells 

4.2.1 Film characterization 

When the substrates were changed from soda-lime glass to glass/Mo/CIGS/CdS, areas 
not coated were found after the deposition. The ZnO had most likely not nucleated on 
those parts of the surface. This effect was seen more on some surfaces than on others. 
It was deemed likely that this problem originated from an aged CdS surface. This 
poor coverage makes it a bit difficult to compare the diffraction pattern of ZnO on 
glass and CIGS/CdS respectively in detail, since the XRD peak intensities were 
affected by the varying surface coverage. Despite of that, the GI-XRD pattern of ZnO 
on CIGS/CdS structures are shown in Figure 25. The (002) reflection is still strongest, 
although (100) reflections can also be distinguished. 

The poor coverage made the thickness measurement with XRF uncertain. A 
comparison between the attained thicknesses on glass and CdS respectively are 
presented in Figure 26. When the sample had uncoated areas, the XRF signal was 
reduced and therefore so is the apparent thickness. If this is taken into consideration, 
it is deemed quite likely that the film thickness of CVD i-ZnO in the solar cells is 
essentially the same as the equivalent CVD i-ZnO on glass deposited at the same 
time. Indeed, the deposition at 155 °C resulted in the same measured thickness on 
glass as on CIGS/CdS. This was a sample without visible uncoated areas. These 
results indicate that the models of the growth rate developed through depositions on 
glass should still be fairly accurate. 

 

 
Figure 25: Diffraction patterns of i-ZnO (80 nm) on 
glass/Mo/CIGS/CdS multi-stacks measured using GI-XRD 
with an incidence angle of 0.6°. 

 

Figure 26: Film thicknesses of depositions on 
glass and CIGS/CdS in the solar cell temperature 
series, measured with XRF. Note that especially 
the film grown on CdS at 175 °C appears to have 
a lower thickness than reality, due to poor surface 
coverage. 

4.2.2 Solar cell performance 

The first performance difference between the CVD i-ZnO and the sputtered baseline 
i-ZnO became evident when the solar cell devices were characterized with quantum 
efficiency measurements. For all temperatures the CVD i-ZnO performed better than 
the baseline reference in terms of EQE. The measured EQE for a solar cell with CVD 
i-ZnO grown at 95 °C is shown in Figure 27, where it is compared with the baseline 
reference. This EQE is though considered to be representative for all tested solar cells 
with CVD i-ZnO. EQE curves for the other temperatures can be found in appendix 
A.4. The CVD process resulted in an EQE improvement in the short wavelength 
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region, marked with a dashed square in the figure. The EQE in this region strongly 
depends on the i-ZnO band gap, and the gain in EQE is therefore supposedly due to 
the observed band gap blue shift. Note that no certain conclusions can be drawn from 
the apparent win for medium wavelengths, as the EQE in that region is strongly 
influenced by the reflection that is very thickness dependent due to interference 
phenomena. The EQE gain at the high energy tail results in an increase of ISC and in 
turn the conversion efficiency, η. 
 

 
Figure 27: EQE of a solar cell device using CVD i-ZnO grown at 95 °C compared with a baseline device. This 
EQE is deemed to be representative for all growth temperatures tested. The most interesting region is found 
within the dashed area. 

All cells were characterized with IV measurements. All IV curves from cells with the 
aged CdS buffer layer are shown in Figure 28. There was in general a large 
distribution of shunted cells when using the CVD process. Although the sputtered 
baseline cells had two bad cells, the remaining cells were narrowly distributed. It has 
to be pointed out that the samples with i-ZnO grown at 115 °C, and to a lesser degree 
also 175 °C, attained a poor grid contact during the grid evaporation. This resulted in 
a significant series resistance which inevitably led to decreases in ISC and FF. But 
fortunately VOC remains unaffected by the series resistance [27]. 

The values of VOC, ISC, FF and so also the efficiency η were attained from the IV 
curves. The best values for each sample are presented in Table 3. 

 
Table 3: Best values attained from IV measurements in terms of VOC, FF, ISC and η of solar cells using CVD i-
ZnO (on aged CdS) and sputtered baseline i-ZnO (on aged CdS). 

Sample VOC, best [V] FFbest ISC, best [mA] ηbest [%] 
CVD i-ZnO 95 °C 0.680 74.62 31.95 16.15 
CVD i-ZnO115 °C 0.677 (73.75)ǂ (32.63) ǂ (16.06) ǂ 
CVD i-ZnO135 °C 0.674 74.06 32.21 16.05 
CVD i-ZnO155 °C 0.672 73.75 32.34 15.81 
CVD i-ZnO175 °C 0.670 (73.18) ǂ (33.04) ǂ (16.14) ǂ 
PVD baseline 0.675 74.45 31.60 15.86 
ǂMarked values may be influenced by a poor grid contact.  
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a) 

 
b) 

 
c) d) 

 
e) f) 

Figure 28: IV curves of solar cells manufactured using a) sputtered i-ZnO or b-f) CVD i-ZnO grown at 
temperatures between 95 °C and 175 °C. The depositions were made on an aged CdS surface.  



 

25 
 

Note that ISC is dependent on the reflection and one should therefore be careful not to 
focus on ISC trends, when not using an anti-reflective coating. This is equally true for 
efficiency trends as well, hence only trends in VOC and FF are presented in the 
following paragraphs.  

The five best VOC values for each sample are presented in Figure 29. A distinct 
temperature trend can be observed where lower growth temperatures resulted in 
higher VOC. There was a 10 mV difference in VOC between the samples that had used 
a low and high i-ZnO growth temperature. In addition, VOC for the 95 °C CVD i-ZnO 
was around 5 mV higher than that of the sputtered baseline reference. 

Furthermore, FF also seems to increase when the growth temperature is decreased. 
This can be seen in Figure 30 where the best five FF values from each sample are 
presented. No significant difference between the baseline reference and the best CVD 
sample was observed in terms of FF. Note again that the CVD i-ZnO grown at 115 °C 
and 175 °C received a poor grid contact resulting in lowered FF. 
 

Figure 29: VOC scatter plot of the best five values from 
each sample. The dashed line is a guide for the eyes. 

Figure 30: FF scatter plot of the best five values from 
each sample, with the exception that only one value is 
within the visible range from the sample processed at 
115 °C. Note that the FF values for the temperatures 
115 °C and 175 °C are reduced due to a poor grid 
contact. 

The major drawback of the CVD i-ZnO this far in this discussion is the large 
distribution of shunted cells. But when the deposition was repeated on a fresh CdS 
layer, that behavior seemed to have essentially vanished. And the CVD i-ZnO 
resulted in around 10 mV better VOC, best than the reference sample. Though some 
spread in fill factor was still discernible. The IV curves of sputtered i-ZnO and CVD 
i-ZnO grown at 95 °C is shown in Figure 31 and Figure 32 respectively. The 
corresponding best values of VOC, FF, ISC and η are presented in Table 4. These 
results indicate that problems may arise when using chemical methods to deposit ZnO 
on the CdS buffer layer, especially if it is in a heavily oxidized condition. It is deemed 
likely that the i-ZnO film had not nucleated on some parts of the buffer layer surface 
and thus resulted in a large performance distribution. This may not be seen when 
using the baseline sputtering process, as PVD processes in general are well known to 
be far less substrate sensitive than the chemical deposition processes. 

While the studied MOCVD process may present new challenges regarding surface 
demands, even better performances than those presented in this report are expected if 
the process would be optimized. But the precursor consumption efficiency would also 
have to be included due to financial and environmental concerns. It is unfortunately 
so that the percentage of consumed precursors is expected to decrease when 
decreasing the growth temperature, so this aspect would also have to be considered 
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when choosing growth temperature. In addition, if the temperature should be further 
decreased; unrealistic deposition times may be required to reach the desired thickness. 

Despite of those concerns, the presented results show that a CVD process may 
introduce new possibilities to increase the ISC, VOC while maintaining a decent fill 
factor. Or in another perspective; it has been shown that this chemical process does 
not necessarily degrade the performance of the solar cells. It can therefore 
advantageously be used as a first step if applying an n-ZnO TCO layer. 

 

 
Figure 31: IV curve of cells with sputtered i-ZnO on fresh 
CdS. 

 
Figure 32: IV curve of cells with CVD i-ZnO on fresh CdS, grown at 
95 °C. 

 
Table 4: Best values attained from IV measurements in terms of VOC, FF, ISC and η of solar cells using CVD i-
ZnO and sputtered baseline i-ZnO, after the old CdS had been etched away and replaced with fresh CdS. 

Sample VOC, best [V] FFbest ISC, best [mA] ηbest [%] 
CVD i-ZnO 95 °C 0.656 74.95 30.19 14.78% 
PVD baseline 0.646 75.28 29.75 14.39% 

5. Conclusions 
 
The aim of the thesis was reached. Good control of the MOCVD growth of i-ZnO 
using diethylzinc and water was achieved and successfully implemented on a CdS 
buffer layer in CIGS solar cell devices.  

The studied parameters’ influence on the resistivity, optical bandgap and film 
structure was mapped out for the system used.  

The CVD i-ZnO films with a thickness matching that of the sputtered baseline 
reference had a low degree of crystallinity. Only the close packed (002) planes were 
found to be well ordered. It is also supposed that the CVD films exhibited a partial 
preferential orientation in the [002] direction, especially at higher growth 
temperatures. 

If the objective is to create an i-ZnO film with high resistivity and low optical 
absorption, the results indicate that a thin thickness should be chosen and deposited at 
a low growth temperature, although if and how the thickness affects the final devices 
are yet to be investigated. Furthermore, it was concluded that the chosen growth 
temperature will have to be optimized in respect to DEZ consumption as well, due to 
environmental and financial aspects.  
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It was found that the CVD process was sensitive to the condition of the CdS 
surface. Deposition on aged CdS surfaces led to a large distribution of shunted cells, 
while this behavior was not observed when fresh CdS was used. 

There was unfortunately not enough statistical information to draw any 
conclusions regarding the allegedly shunt resistance property of CVD i-ZnO films. 
Instead, trends in VOC and FF were found. Both these factors increased when the 
growth temperature was decreased. Thus new interesting topics to explore were 
revealed. Lastly, it was shown that the current un-optimized CVD process was 
capable to produce solar cell devices whose performance are certainly comparable 
with the devices manufactured with the present sputtering processes. 

6. Future outlooks 
 
There are several interesting topics that can be pursued and tested, but only those 
considered most interesting as follow-up studies are mentioned here. Firstly, it would 
be interesting to investigate how the i-ZnO thickness affects the solar cell 
performance. This was not seen in the present study, as only one i-ZnO thickness was 
tested. It would also be of interest to implement the CVD i-ZnO on alternative buffer 
layer, as these are a hot research topic. And lastly, to expand the CVD process to 
include a front contact TCO consisting of n-type doped ZnO. 
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Appendix 

A.1 XRF calibration curve 
 

 
Figure 33: XRF calibration curve for CVD ZnO thickness determination. It was constructed using 
profilometry step scans. 

A.2 Profilometry measurements on thickness series at T = 175 °C 
 

 
Figure 34: Profilometry measurements on thickness series at 175 °C. Three DEZ valve turns and eight H2O 
valve turns were used. The front edge was 32-36% thicker than the rear edge. 
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A.3 Optical absorption curves and Tauc plots 
 

Figure 35: Optical absorption curves of the CVD i-
ZnO grown at high DEZ flow (six DEZ valve turns, 
eight H2O valve turns, d = 160 nm) or high H2O flow 
(three DEZ valve turns, sixteen H2O valve turns, d = 
180 nm). 

Figure 36: Tauc plots that correspond to the absorption 
curves presented in Figure 35. The optical band gap 3.34 
eV was attained for both samples. 

 

Figure 37: Optical absorption curves of three samples 
from the 80 nm temperature series; CVD i-ZnO 
grown at 95 °C (d = 81 nm), 135 °C (d = 72 nm) and 
175 °C (d = 79 nm).  

Figure 38: Tauc plots that correspond to the absorption 
curves presented in Figure 37. The attained optical band 
gaps were 3.29 eV, 3.34 eV and 3.39 eV. 
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A.4 EQE of solar cell temperature series 
 

Figure 39: EQE of solar cells with CVD i-ZnO grown at the temperatures 115 °C, 135 °C, 155 °C and 175 °C. 


