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Abstract
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The material supply to build renewable energy conversion systems needs to be considered from
both a cost and an energy security perspective. For Cu(In,Ga)Se, (CIGS) thin film solar cells
the use of indium in the absorber layer is most problematic. The material input per service unit
can be reduced, if the absorber layers are thinned down without a loss in power conversion
efficiency.

Thinning down absorber layers can increase the conversion efficiency. However, for real
CIGS solar cells absorption losses and recombination rates at the rear surface between the
CIGS absorber and the Mo rear contact as well as shunt-like behavior increase. Thus, both rear
surface passivation and optical management are essential for maintaining high power conversion
efficiencies.

In this work, thin oxide layers, so-called passivation layers, are introduced between the
CIGS absorber layer and the Mo contact. They can passivate the CIGS surface, if the CIGS-
oxide interface has a lower defect density than the CIGS-Mo interface and/or if they contain
a negative fixed oxide charge, which increases the hole concentration and reduces the electron
concentration in the CIGS in the vicinity of the oxide.

As these oxides are insulators, electrical conduction through the passivation layer has to be
ensured. In this work, nanopoint contacts were etched into ALD-ALO; passivation layers in
CIGS solar cells. These solar cells had 0.5 -1.5 pm thin absorber layers with a low In content
and a high band gap. Ga grading was not used. Although absorber layers with a high Ga content
have a short minority carrier diffusion length, a passivation effect could be discerned with the
help of external quantum efficiency measurements and current-voltage measurements under
varying temperatures in combination with optical and electrical modeling with a two-diode
model. Moreover, the possibility of leaving out the additional fabrication step has been explored
for ALD-ALO; and HfO, as passivation layers. The results suggest that the passivation layer
does not necessarily need to be opened for electrical conduction in an additional fabrication
step, if sodium fluoride (NaF) is deposited onto Al,O; layers prior to CIGS evaporation. In this
case solar cells with 215 nm absorber layers and 6 nm thin passivation layers have a power
conversion efficiency of 8.6 %, which is 3 % (absolute) higher than the conversion efficiency on
areference. Shunt-like behavior is additionally reduced. For the HfO, layers photoluminescence
data indicate a good passivation effect, but the layers need to be opened up to ensure conduction.
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Abbreviations and symbols

Symbol Description or physical quantity Unit
A Diode ideality factor
Ay Universal Richardson constant A/(cm’K?)
AA) Absorptance/absorbance
AIGS Ag(In,Ga)Se»
AFM Atomic force microscopy
ALD Atomic layer deposition
Apar Parasitic absorptance at the rear contact
AQE Apparent quantum efficiency
b Position of the rear surface
BF Bright field
c Velocity of light cm/s
CBD Chemical bath deposition
CcGl Cu-content in the absorber layer; [Cu]/([In]+[Ga])
CIGS Cu(In,Ga)Se;
c-Si Crystalline silicon
cv Capacitance-voltage
da Thickness of the absorber layer cm
dpu Thickness of the buffer layer
d Position of the quasi-neutral boundary between bulk
and contact region
D¢ Electron diffusion coefficient cm/s
DF Dark field
D" Hole diffusion coefficient cm/s
DI Deionized
E Energy per electron hole pair
e, ey Elementary charge As
E, Activation energy eV
EDX Energy dispersive X-ray spectrometry
EELS Electron energy-loss spectrometry
Eg Energy of the band gap eV

EQFE External quantum efficiency



E, Energy level of a defect eV

Ey Energy of holes at the valence band edge eV

F Free Energy per electron-hole pair eV

FF Fill factor

FIB Focused ion beam

G Shunt resistance (one diode model) S/cm?

G(x) Generation function, local generation rate 1/(cm’s")

Gy Shunt resistance in parallel to rear diode S/em?

G° Total generation rate for electrons 1/(cm’s")

G" Total generation rate for holes 1/(cm’s")

GGI Ga content; [Ga]/[Ga]+[In]

Gu(x,4) Normalized spectral generation function

G, Radiative generation rate for holes due to thermal 1/(cm’s')
back-ground radiation in equilibrium

Go,* Radiative recombination rate for electrons due to 1/(cm’s')
thermal back-ground radiation in equilibrium

Gon(x,4) Spectral generation function 1/(cm’s")

G’ Generation rate for free electrons due to illumination 1/(cm’s)

Gphh Generation rate for free holes due to illumination 1/(crn3 sl)

G* Radiative recombination rate for electrons 1/(cm’s")

G Radiative generation rate for holes 1/(cm’s")

h h Planck’s constant, reduced Planck’s constant eVs

HAADF  High-angle annular dark field

i Intrinsic

I Current A
IOF Internal quantum efficiency

4 Current-voltage

J Current density Alem?
Jdark Dark current density Alem?
Jaiode Diode current density Alem?
7y Photon current density/photon flux density 1/(cm?s')
Jgen Generation current density Alem?
Jiight Total current density under illumination Alem?
Jmp Current density at the maximum power point

Jo Saturation current density Alem?
Jom Saturation current density of the main diode Alem?
Job Saturation current density of the rear diode A/em?

Jobegy Effective saturation current density of the rear diode A/cm’



Jor Saturation current density due to radiative A/cm’
recombination/generation

Joo Reference current density of a diode Alem?
Joom Reference current density of the main diode Alem?
Joos Reference current density of the rear diode Alem?
o Photocurrent density Alem?
Jonb Photocurrent density from the rear diode Alem?
JohEQE Photocurrent  density —determined by EQE A/cm’
measurements

Jph loss Photocurrent density loss Alem?
Jphm Photocurrent density from the main diode Alem?
Jrec Recombination current density Alem?
Jrech Recombination current density at the rear surface ~ A/cm’
Jsc Short current density Alem?
JV Current-density-voltage

JVT, JV(T) Temperature dependent JV

k Boltzmann’s constant eV/K

LED Light-emitting diode

Lonr Minority carrier diffusion length in the quasi-neutral cm
region

L¢ Diffusion length for electrons cm

L Diffusion length for holes cm

Lf Radiative diffusion length for electrons cm

L' Radiative diffusion length for holes cm

MIS Metal-insulator-semiconductor

MPP Maximum power point

n Electron concentration 1/em’

Ny Acceptor concentration 1/em?

Nc Effective density of states in the conduction band ~ 1/cm’

Np Electron concentration in the semiconductor at the 1/cm’
rear surface

ng Electron concentration at the quasi-neutral boundary 1/cm?
between bulk and contact region

Np Donor concentration 1/cm’

ng Equilibrium electron concentration 1/cm?

n; Intrinsic carrier concentration l/em®

np Electron concentration in a p-doped semiconductor 1/cm’
layer

Ny Effective density of states in the valence band 1/cm
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Introduction

Efforts are being made worldwide to transition from fossil energy sources to
renewable energy sources like solar energy, as fossil energy sources have
severe limitations. Firstly, both the amount and the exploitation rate of fossil
energy resources are limited. Secondly, fossil energy resources are unevenly
distributed over the globe to the disadvantage of regions with a low density.
Therefore, fossil energy prices and supply are partially politically determined
and fluctuate heavily, endangering energy security[1]. Finally, the use of fossil
energy is the main contributor to human-caused global warming[2].

Renewable energy resources are however not directly usable, but an energy
system component needs to convert them into an energy carrier or secondary
energy, which in turn can provide an energy service to the end consumer[3].
Solar cells are such a renewable energy conversion system. They convert solar
energy into electrical energy, which can be finally converted for example into
potential energy, when a mechanic lifts a weight with a crane. Thus, the
material supply to build renewable energy conversion systems needs also to
be considered from both a cost and an energy security perspective. The
amount and the production rate of materials from primary and secondary
resources (i.e. from end-of-life recycling) are in principle limited and
exploitable ores are unevenly distributed over the globe. Shortages and large
price fluctuations are thus not uncommon. For Cu(In,Ga)Se; (CIGS) thin film
solar cells it is indium in the absorber layer that is most problematic[4].

Thus, a reduction of material input per unit of service (MIPS)[5] can
enhance energy security and help to stabilize and/or decrease the levelized
cost of energy despite finite material resources. Everything else being equal,
the material input per unit of service is reduced, if (1) the same amount of
energy services is provided with less material input to the energy conversion
system or (2) if the amount of energy service provided is increased for the
same material input.

In the case of solar cells for example, the material input per service unit is
reduced, if the absorber layers are thinned down without a loss in power
conversion efficiency or if the conversion efficiency is enhanced without an
increase in material usage. A loss in conversion efficiency is especially
detrimental to the levelized cost of energy[6] from photovoltaics, as the so-
called balance of system costs, such as framing and mounting materials,
cabling, inverters and labor costs for the installation make up a large and
increasing share of the turnkey price of photovoltaic systems. As the balance-
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of-system costs scale more with the module area of the photovoltaic
installation than with its power conversion efficiency, it is important to
maintain or increase power conversion efficiencies, even though production
cost or material input at module level are decreased[7].

Fortunately, thinning down absorber layers can in principle increase the
conversion efficiency. When absorber layers are thinned down, the same
number of excess free charge carriers is confined into a smaller absorber
volume, assuming an equal total generation rate and equal recombination rates
at the front and rear surfaces. Elevated free charge carrier concentrations in
the absorber bulk widen the splitting of the quasi-Fermi levels and can finally
increase the open-circuit voltage.

However, for real CIGS solar cells, both absorption losses and
recombination rates at the surface between the CIGS absorber and the Mo rear
contact increase when thinning down absorber layers. The splitting of the
quasi-Fermi levels in the absorber bulk, the open-circuit voltage, the short-
circuit current density, the fill factor, and thus the power conversion efficiency
decrease instead. Thus, both rear surface passivation and optical
management[8] are essential for maintaining high power conversion
efficiencies in CIGS solar cells, when the solar cells’ absorber layers are
thinned down.

Rear surface passivation reduces per definition the local recombination
rates at the rear surface. A surface can be passivated by either reducing the
density of defects at the surface (chemical passivation) and/or by making one
carrier concentration much smaller than the other (carrier population control),
thereby inhibiting recombination[9]. The absorbers in state-of the art CIGS
solar cells are commonly Ga graded with high Ga contents close to the rear
surface to elevate the hole concentration and reduce the electron concentration
at the rear surface[10]. Instead, in this work, thin oxide layers, so-called
passivation layers, are introduced between the CIGS absorber layer and the
contact. They can passivate the CIGS surface, if the CIGS-oxide interface has
a lower defect density than the CIGS-Mo interface and/or if they contain a
negative fixed oxide charge, which similarly to the Ga grading increases the
hole concentration and reduces the electron concentration in the CIGS in the
vicinity of the oxide.

As oxides are insulators, electrical conduction through the passivation layer
has to be ensured. This is commonly done by opening the passivation layer in
an additional fabrication step[11,12], thereby establishing a direct electrical
contact between the CIGS absorber layer and the Mo rear contact.
Accordingly, in a part of this work nanopoint contacts have been etched into
the oxide passivation layers in solar cells. These solar cells had CIGS
absorbers with a high band gap, i.e. CIGS with a high Ga content and a low In
content, as GIGS with high Ga contents is used at the rear of state-of-the-art
CIGS solar cells[13]. Additionally, the possibility of leaving out the additional
fabrication step has been explored for two different oxides. The results
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suggest, that the passivation layer does not necessarily need to be opened for
electrical conduction in an additional fabrication step, if the appropriate
combination of passivation material and sodium fluoride (NaF) deposition is
used.
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Overview

In a first attempt (paper I), I produced, electrically characterized and
electrically modeled a series of unpassivated CIGS solar cells to get
acquainted with both processing and trends for primary and secondary solar
cell parameters in dependence on the GGI = [Ga]/([Ga]+[In]) = 0.15, 0.30,
0.45, 0.60 of the absorber layer and its thickness d, = 0.5, 1.0 and 1.5 um. The
absorber layers in CIGS solar cells are usually about 2 pm thick, much thinner
than a hair (50 um) and silicon solar cells (300 um). Like for all solar cell
samples in this work, elemental grading of the absorbers was not used to avoid
its passivating effects.

High values of the GGI are used at the rear surface of state-of-the-art solar
cell devices to reduce recombination at the rear surface. Therefore, I explored
the influence of AlO; rear surface passivation layers on solar cells with
absorbers with high band gaps/GGI (paper II). Thereby, I varied the thickness
of the absorber layers, because the influence of rear surface recombination
increases with declining absorber layer thickness. I described the current
density-voltage characteristics of passivated and unpassivated reference solar
cells by an equivalent circuit model (papers II and III) with two diodes in
series. In this model, one diode describes the main junction and the other a
hole barrier at the rear contact. By varying the temperature during the current-
voltage measurements, four current density components over the rear contact
could be discerned, one of them being a detrimental photocurrent density. This
component of the current density increases for thinner layers and is reduced
by passivation layers (paper II).

As AlOs is an insulator, point contacts were created by opening nanoholes
in the passivation layer in paper II. To explore, if the costly patterning step
can be avoided, the possibility of conduction via tunneling was explored in
paper III by varying the AL,O3 layer thickness in another solar cell series. As
Na is assumed to reduce the majority carrier barrier at the rear contact, Na was
added in the form of NaF and the deposition methods and amount of NaF were
additionally varied. The two-diode model was applied again and allowed for
an estimation of the majority carrier barrier for these constellations.

Surprisingly, current density-voltage curves for solar cells that were
processed with a NaF precursor layer on top of the Al,O3 layer did not show
any signs of photocurrent blocking regardless of the Al,O3 layer thickness. On
the other hand, if no precursor layer was applied, the photocurrent was
increasingly blocked for increasing passivation layer thickness as expected.
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As paper III had only proven the concept, but not the effectiveness of
unpatterned Al,Osz passivation layers, the absorber thickness was reduced
from 1 pm in paper III to 215 nm in the final study (paper IV). Such a
reduction of the absorber thickness increases the impact of rear surface
recombination on the solar cell parameters and a passivation effect can thus
be more easily shown. Furthermore, I was curious if other oxides could be
used as rear surface passivation layers and if the extra patterning step could
be avoided for those materials. Due to its promising characteristics as a
passivation material for silicon solar cells, we identified HfO, as a candidate.
The HfO, layers however blocked the photocurrent despite NaF precursor
layers, but the results of photoluminescence measurements indicate that HfO,
also passivates the rear surface, i.e. it reduces the interface recombination rate.

In the following thesis summary, I rearrange the content that has been split up
into four papers to give perspectives and contexts that were not elucidated in
the papers. Additionally, I reflect on a fundamental shift in the understanding
of solar cells and of junctions, both the pn-junction at the front contact and the
semiconductor-metal junction at the rear contact.

This thesis summary also documents how I struggled with limited resources
in the broadest sense, the messy reality of science and the confrontation with
the border of human knowledge, while researchers improved standardized
power conversion efficiencies from 19.6% to 22.9% [14,15] for CIGS solar
cells. It is a tiny, blurry, broken and bumpy mirror of the world that enlarges
certain aspects and shrinks others into oblivion. It leaves much unsaid under
the cloak of objectivity and scientificity. It reflects the epistemologies of its
time and place; it mirrors the physical, human and knowledge resources that
were available to me under this period; it reveals some aspects of my
relationships with this world; it mirrors a tiny part of me.
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1 CIGS solar cell structure and processing

n-type ZnO:Al
and i-ZnO

n-type CdS
p-type CIGS
Passivation layer

Mo contact

Figure 1. Cross-section of an ultra-thin CIGS solar cell reproduced from paper IV. A
rear surface passivation layer has been added to the baseline CIGS solar cell process
and the absorber thickness d, has been reduced to only 215 nm. Image credit: Lars
Riekehr.

In thin film processing, the different functional layers of a device are
sequentially deposited on a substrate. The thin film solar cell group at the
Angstrém Laboratory in Uppsala uses a baseline approach for processing solar
cells. In a baseline approach, the processing of all layers is kept as constant as
possible for all batches and only few parameters are intentionally varied.
Thereby, ideally, these intentional changes in processing can be connected to
changes in the solar cells’ electrical and optical characteristics. The baseline
solar cells are built in the substrate configuration and have a soda-lime
glass/Mo/CIGS/CdS/i-ZnO/ZnO:Al/Ni/Al/Ni stack. Instead of the inline-co-
evaporation system described in the “baseline paper’[16], a Balzer’s BAK was
used for CIGS co-evaporation in all of this work.

I have intentionally

e added oxide passivation layers between the Mo rear contact and the CIGS
absorber to reduce the recombination rate at the rear surface (papers II,
III and IV),

e added alkali-diffusion blocking layers onto the glass substrate to compare
the impact of Na on solar cells with and without rear surface passivation
layers (paper III),
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e added NaF precursor layers onto the passivation layers (papers I1I and
IV) to supply Na to the absorber layer when the Na supply from the glass
is blocked,

e added a NaF in-situ post-deposition treatment of the CIGS layer (papers
II and III), which is another way to supply Na to the absorber layer if Na
diffusion from the glass is blocked,
varied the thickness of the CIGS layer (papers L, II),
varied the composition of the CIGS layers (paper I),
varied the material of the passivation layer (paper 1V) to compare their
effectiveness as a passivation layer and their sensitivity to NaF,

e varied the thickness of the passivation layers (paper III) and NaF
precursor layers (papers III, IV) to optimize the combination of
passivation layer thickness, material and NaF supply.

In paper IV the cells were not mechanically scribed but separated by etching
assisted by a photolithography process. Figure I depicts a solar cell from
paper 1V, with an ultra-thin CIGS layer and a passivation layer between the
Mo contact and the CIGS layer.

Despite the baseline approach, reproducibility is hard to achieve over
longer time periods. Therefore, in this thesis all passivated samples are
compared to reference samples that were produced under the most similar
conditions possible and comparison of runs over long periods of time serve
mostly to exclude production errors.

In the following chapter, I describe the baseline processes based on [16]
and the functionality of the layers based on [17] and [18]. I also describe those
processes and layers that [ used but are not part of the baseline.

1.1 Soda-lime glass substrates

Low-iron soda-lime glasses (SLG) with a thickness of 1 mm or 2 mm are used
as substrates. SLG is available at large quantities and at low cost, electrically
insulating and stable up to 550°C. Its thermal expansion coefficient matches
the expansion coefficient of the absorber layer well and it has a smooth
surface. If no layers blocking alkali-diffusion are deposited onto the glass, Na
diffuses during CIGS co-evaporation from the glass through the oxygenated
grain boundaries of the Mo rear contact into the CIGS layer. The effects of Na
on CIGS deserve its own chapter in this work (see chapter 4).

Before Mo sputtering, the substrates are cleaned to increase reproducibility.
They are immersed into a tank with deionized (DI) water at room temperature
and Cole-Parmer Micro-90 detergent. The tank is subsequently heated to 60°C
and put into an ultrasonic cleaning bath. After the cleaning step, the glass
sheets are rinsed four times in 60°C warm DI water using ultrasonic agitation.
Finally, the substrates are dried in a spin rinse dryer in a nitrogen atmosphere.
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1.2 Sputtering the Mo rear contact

The polycrystalline Mo rear contact layer is deposited in a vertical inline MRC
603 direct current magnetron sputtering system using a Mo target. A first layer
is deposited at high sputter gas pressure and a second layer at low sputter gas
pressure. The first layer is under tensile stress and thus adheres better to the
glass, but it suffers from a low conductivity. The second layer has a high
conductivity. The sheet resistance of the resulting Mo (double-)layer is
0.6 + 0.1 Q/square and its thickness is 350 + 20 nm.

Mo is used as a rear contact, because it is cheap and stable against alloying
with Cu, In and Ga during the CIGS co-evaporation. However, a part of the
Mo layer reacts with Se to form a thin film of MoSe,, which is a layered
semiconductor with an indirect band gap of 1.06-1.16 eV. The questions,
whether the rear contact is completely “ohmic” and whether Na and/or MoSe;
layer affect the barrier height for holes are however still under discussion.
Paper II contributes regarding this topic. Additionally, the properties of the
Mo layer influence the Na transport from the glass to the CIGS.

1.3 Atomic layer deposition of Al,Os and HfO, rear
surface passivation layers

Rear surface passivation layers are not a part of the baseline process, but are
added in the experimental work for papers II, III and IV to study their
influence on device performance and their sensitivity to NaF precursor layers.
HfO, (Hafnia) is grown by atomic layer deposition (ALD) in a Picosun Sunale
R200 hot wall, viscous flow reactor. Tetrakis(dimethylamino)hafhium(I'V)
(TDMAH, Sigma Aldrich) and water serve as precursors. The substrate
temperature is 170°C and the TDMAH source container is heated to 75°C.
The HfO, layer grows linearly at a velocity of 1.2 A/cycle, as observed by in-
situ spectroscopic ellipsometry and from TEM (transmission electron
microscopy) cross sections.

To deposit the Al,Oj layers, trimethylaluminum (TMA) and water are used
as reactants and nitrogen is used a purge gas in another Picosun Sunale R200
ALD system. In this case, the substrate temperature is 300°C and the
precursors are kept at room temperature. A constant growth rate of 0.9 A is
achieved according to ex-situ spectroscopic ellipsometry.

For the study on high band gap solar cells (paper II), a quadratic pattern
of contact openings, each with a length of 0.7 um and a width of 0.4 um and
a pitch of 2 um between the openings, was carefully etched into the Al,Os3
layer by reactive ion etching after defining the pattern using electron beam
lithography as in reference[l1]. The diameter and depth of the contact
openings was determined by atomic force microscopy in tapping mode to
verify that the etching process was complete. Such a patterned rear surface is

23



sometimes referred to as partial rear contact, as only a part of its surface
conducts current and serves as a contact in a more narrow sense[19-21].

1.4 Co-evaporation of the CIGS absorber

The polycrystalline CIGS layer is the absorber of the CIGS solar cell. It is
intrinsically p-doped due to defects (most likely Cu vacancies V¢,) and has —
as a direct band gap semiconductor — a high absorption coefficient in the order
of 10* to 10° cm™.

The polycrystalline CIGS absorber layer is co-evaporated in a vacuum
chamber (Balzer BAK 550). Before the CIGS deposition, the samples are cut
into 5 cm x 5 cm pieces that later contain 32 cells with an area of 0.5 cm” or
into 2.5 cm x 5 cm pieces that later contain 12 cells of the same size. The
sample holder has space for up to three 5 cm x 5 cm substrates and is heated
from the back side by infrared radiation from halogen lamps. The temperature
of the substrate holder is measured with a thermocouple which is inserted in a
hole in the substrate holder and thereby is in thermal equilibrium with the
substrate holder. The power of the lamps is adjusted via a feedback loop
controlled by a computer to achieve a predefined profile. The heat source was
rebuilt between sample production for papers I and II and the sample holder
was exchanged for a sample holder with less thermal mass for increased
temperature dynamics during cool-down. Between papers II and III a
graphite plate was added on top of the samples to increase the thermal mass
again, since the temperature fluctuated unintentionally for the low thermal
mass.

Cu, In and Ga are evaporated from open-boat sources and Se is evaporated
in excess from an effusion cell. The individual metal evaporation rates are
monitored by a Balzer QmG 420 quadruple mass spectrometer and computer-
controlled feedback loops control the electrical power to the sources
individually. In this way, the actual evaporation rates follow the pre-defined
evaporation rates and constant elemental profiles can also be achieved for very
thin absorber layers as confirmed by energy-dispersive X-ray spectroscopy
(EDX) for the samples in paper IV. As the relationship between the actual
rates and the pre-determined rates shifts over time, the actual composition is
evaluated by x-ray fluorescence (XRF). To achieve an as similar composition
as possible for different CIGS layer thicknesses in papers I and II, the
evaporation rates were not changed, but the evaporation time was adjusted
accordingly. The temperature of the sample holder is lower at the beginning
of the deposition to facilitate nucleation and increases to the end of the
process. In this work, the substrates had temperatures between 410 to 530°C
during the evaporation and the times for evaporation ranged between about 5
and 20 minutes.
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In all my work all elements were evaporated with constant evaporation
rates. The CIGS is Cu poor, with a CGI=[Cu]/([Ga] + [In]) of 0.8-0.9,
whereas a CGI =1 would indicate stoichiometry. Stoichiometry means that
the elements have the same atomic ratios as given in the chemical sum
formula. No intermediate Cu-rich stage (CGI/ > 1) that would facilitate larger
grain sizes was used and a Cu-rich end product was avoided to avert the
agglomeration of binary phases that shunt the cells.

The co-evaporation process can be unstable from run to run, so that only
CIGS layers produced in one run or at least within few days can be reliably
compared. Additionally, the maximum number of 0.5 cm* devices that can
have their CIGS layer co-evaporated in one evaporation run is also severely
limited and the number of devices per sample needs to be weighed against the
number of samples that can be compared with each other. In paper I, two
samples of 12 cells with the same sample stack were produced in the same co-
evaporation run. All CIGS layers with a certain GG/ were co-evaporated on
the same day, and thus deviations between the samples can be attributed to the
variation of the absorber thickness d,. Samples with a different GG/ on the
other hand were produced over the span of a year, and their opto-electrical
differences should be interpreted with more caution.

Samples with 32 cells were produced in the projects for papers II and IV
to achieve more reliable results. Thereby, the CIGS layers of the passivated
and reference samples with otherwise equal sample stack were co-evaporated
in the same CIGS run. All CIGS layers for paper II (and paper IV) were co-
evaporated on the same day. The aim of the research for paper III was to
show in principle if thin unpatterned passivation layers can provide a
sufficiently strong passivation effect without blocking the current and to
evaluate the influence of Na. In this case, the samples were produced over few
months. The measurement results indicate very different trends for the
different Na supply methods but should not be over-interpreted to quantify a
possible passivation effect.

1.5 Chemical bath deposition of CdS buffer layer

The CdS buffer layer is deposited by a standard chemical bath deposition
process with a specific recipe developed in our lab. To avoid experimental
variation caused by differences in oxidation of the CIGS surface, this process
is done within minutes after unloading the BAK. The CBD bath contains an
alkaline aqueous solution with 1.1 M ammonia as a complexing agent, 0.1 M
thiourea as a sulfur precursor, and 0.003 M cadmium acetate as a cadmium
source. The samples are immersed into a beaker containing the solution at
room temperature. Thereafter, the beaker is immersed into a 60°C water bath
and the solution is stirred for 15 s each minute. At the end of the process time
of 8 min and 15 s, the samples are directly moved from the CBD beaker into
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a beaker with clean DI water to stop the growth process, thoroughly rinsed
under a flow of DI water and thereafter dried with a nitrogen gun. According
to transmission electron microscopy (paper IV), the CdS is 55-60 nm thick.

CdS is the first of three layers that together form the electron contact,
sometimes referred to as buffer/window layer stack. The task of the
buffer/window layer stack is to transmit light to the absorber and to conduct
electrons. Unfortunately, CdS has a relatively low band gap of 2.4 eV and
parasitically absorbs light, but it also has advantages. The polycrystalline CdS
covers the CIGS densely and the CIGS/CdS interface has a lower
recombination rate, than the interface created by directly sputtering the i-ZnO
or ZnO:Al onto the CIGS layer. Additionally, unwanted native oxides are
removed by the ammonia in the CBD.

1.6 Sputtering the 1-ZnO-ZnO:Al front contact

A von Ardenne CS600S radio frequency (RF) horizontal sputtering system
deposits an intrinsic ZnO layer (i-ZnO) and an Al-doped ZnO (ZnO:Al) front
contact in a single run. The substrates are stationary during deposition. The
ceramic ZnO:AlO; target contains 1 or 2 weight percent of Al,O3 and all
targets have a purity of 3N. The highly resistive i-ZnO layer has a typical
thickness of 90 = 10 nm and the thickness of the ZnO:Al front contact is about
200 + 40 nm. The sheet resistance of the stack is 30 & 10 Q/square.

The sputtering of the window layer can only be done for one 5 cm x 5 cm

sample per run and the process has been unstable from day to day, affecting
the sheet resistance. Therefore, all samples in papers II and IV had their
respective window layer sputtered within a few hours. The samples in papers
I and III were produced over several months, so that the window layer could
not be deposited on the same day for all samples. In paper I two samples were
produced for every sample type (GGI and thickness) and all samples with the
same value of the GGI had their window layer sputtered on the same day.
Samples with different values of the GGI were however produced over several
months. Therefore, I cannot completely exclude that some of the deviations in
the measurement results between samples with different values of the GG/
stem from unintentional deviations in the window layers.
The baseline recipes for these sputtering processes and the targets were
changed several times during my work due to a creeping degradation of
transparency and conductivity and due to target changes. No such changes
were however made while processing the solar cells for a paper.

The i-ZnO layer’s high resistance reduces electrical inhomogeneities over
the area and reduces the influence of shunting defects and increases
reproducibility but reduces the short-circuit current density Jsc only slightly.
Zn0:Al is an n-doped transparent conducting oxide (TCO). It needs to have
both a sufficiently high electron conductivity ¢° to transport electrons laterally
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to the grid fingers and a large band gap and low free carrier absorption, i.e. a
low free carrier concentration, to allow for high transmittance. Therefore, the
electron mobility should be high. ¢~ 20 cm*/Vs for the baseline.

1.7 Electron-beam evaporation of the Ni/Al/Ni metal
contact

The metal contacts are deposited by electron-beam evaporation of the metals
through an aperture mask and consist of a Ni/Al/Ni stack. The first nickel layer
improves the contact resistance of the metal contact to the ZnO:Al and
prevents the Al from reacting with oxygen in the ZnO and thus from forming
a layer of highly resistive Al,Os. The second layer protects the Al against
oxidation in air. The contact consists of a contact pad that is contacted for
electrical characterization and grid fingers that collect the current from the
Zn0:Al. The metal contact reduces the series resistance of the cells and allows
for thinning down the ZnO layer, but it shadows a part of the cell.

1.8 Cell definition

Solar cells are defined on the samples by mechanical scribing with a stylus or
by photolithography assisted etching. Etching is used to avoid shunting along
the scribed lines in ultra-thin devices. Such shunts are visible in both dark and
light JV curves and thus most probably not related to the voltage and light
dependent current collection described in chapter 3.3. The etching removes all
window layers along a closed line around the individual cells, the mechanical
scribing also removes the CIGS layer. In some cases, the samples with rear
surface passivation had to be mechanically scribed several times, to remove
the CIGS from the oxide layer. Baseline cells have a size of 0.5 cm®.
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2 Solar cell device physics

2.1 What drives a solar cell?

The temperature difference between the surface of the sun and the solar cell is
the driving force of any solar cell[22]. Correspondingly, solar cells are a
thermodynamic energy converter that converts solar radiation first into
chemical energy and then the chemical energy into electrical energy[23].
Nevertheless, they are traditionally described based on semiconductor device
physics.

The basic differential equations[22,23] that govern all semiconductor-
based solar cell devices, are well known. They consist of the Poisson equation

V(eVe) = —p (1)

the continuity equations for electron and holes
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and the equations governing the hole and electron current densities,
respectively[22].

F’: 1e nVepc (4)
7= uh pVegy (5)

In these equations ¢ is the dielectric constant, ¢ the electrical potential related
to the local vacuum level, p the space charge density, ¢ the elemental charge
and ¢ time; G° and G" are the generation rates, R® and R" the recombination
rates and u° and u" the mobilities for electrons and holes, respectively; n and
p are the free electron and hole concentrations and grc and ery the quasi-Fermi
levels for the electrons in the conduction band and valence band, respectively.
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The Maxwell-Boltzmann approximation of the carrier concentrations can be
used, if the semiconductors are non-degenerate, which is in general the case
for CIGS solar cells in the dark and in unconcentrated sunlight.

erc—Ec

n = Nge kT (6)
Ev—¢pv

p = Nye kT @)

Here, Ec and Ey are the energies of the conduction and the valence band edge,
and Nc¢ and Ny the effective density of states in the conduction and the valence
band, respectively. In the dark, the product of n = ng and p = py is equal to the
square of the intrinsic carrier concentration »; independently of the doping
(law of mass action).

—Eg
n{ = ngpy = NcNye kT €)

E¢is the semiconductor’s band gap. Already at room temperature and in the
dark — often referred to as under equilibrium conditions - all shallow donors
and acceptors are ionized so that the equilibrium electron concentration is
equal to the net-donor concentration 9=~ Np and pp= n’/Np if Np> 0 (n-type
semiconductor) and the equilibrium hole concentration is equal to the net-
acceptor concentration po=~Ny and np=n’/Ns if N4>0 (p-type
semiconductor).

The gradients of the quasi-Fermi levels can then be rewritten as the sum of
a drift and a diffusion component.

1 1
Vepy = —an—VnO + kT;Vn =—qVp +Vu 9
0

The first term is the gradient of the electrical potential ¢, and the second term
is the gradient of the chemical potential x. The electrical potential depends on
the equilibrium carrier density and thus not on excitation, while the chemical
potential depends on the total carrier concentration and is the potential acting
on the access carrier concentration under illumination[24].

Equation 1-5 are in the general case highly non-linear, cannot be solved
analytically and their mathematics is hard to understand intuitively. They can
however be solved numerically. To solve them for every point in the different
semiconductor layers of the solar cell, the boundary conditions of the
simulation domain are to be specified. Numerical modeling typically involves
over 100 parameters, that need to be measured or estimated, and the influence
of single parameters on different effects is a-priori unknown[25].
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While numerical modeling has enabled researchers to understand and
predict experimental results, it can still be hard to translate simulation results
into a picture of the underlying physics[23]. In contrast, analytical models
enable a verbal description of the physical processes and are conductive for
yet another layer of comprehension called “ingenuity”, “art”, “deeper
understanding”[26], but require simplifications that are not always justifiable.
Only under specific conditions and assumptions, can the non-linear
differential equations 1-6 be brought into a linear form and be analytically
solved[18,25,27-33].

To my surprise, solar cell researchers do not agree on how solar cells work.
P. and U. Wiirfel, A., Cuevas et al. and S. Smit [20,23,24,26,30,34,35]
amongst others, argue that parts of the common physical picture(s) of solar
cells are thermodynamically incorrect, incoherent or naive and suggest models
based on thermodynamics. I do not intend to provide the reader with more
than those scraps of information that are needed to understand the gist of their
arguments, but I recommend reading those works. I advise to start with [36],
where the function of a pn-diode as rectifier, light emitter and solar cell is
explained in a very intuitive way. In this context, it also becomes obvious that
an excellent solar cell (with a high Voc) must also be an excellent light
emitting diode with excellent external and internal luminescence efficiencies
and an excellent photon mirror at the rear surface[8]. In their text book
“Physics of solar cells” [23] P. and U. Wiirfel present the most comprehensive
elaboration of solar cells as thermodynamic energy converters. The paper,
“Charge carrier separation in solar cells”[30], should not be missed, as it
addresses the little criticism that has been levelled against this interpretation.
Finally, S. Smit has expanded on P. Wiirfel’s thermodynamic arguments and
introduced a solar cell model based on non-equilibrium thermodynamics[26].

Although above equations clearly state that J° and J" are driven by gradients
in quasi-Fermi levels, photocurrent transport and charge separation in solar
cells with pn-junctions are conventionally described as being driven by the
electric field established over the pn-junction (see Figure 2). P. Wiirfel argues
that the notion that built-in electrical fields (over the pn-junction and also over
the unipolar junction at the rear contact) drive the photocurrent density J,h is
physically wrong, as the electrostatic force is conservative and energy would
be dissipated due the charge carrier’s collisions with the lattice; the depletion
region’s capacitance would get discharged and the current flow would vanish
after a dielectric relaxation time. According to him, “a gradient of the
electrical potential is only maintained because it is compensated by the
gradient of the chemical potential. Otherwise, the pn-junction would be
discharged in the same way as a capacitor.”[23] Neither is the electrical field’s
ability to dissipate energy the driving force. Only free energy F, which is the
part of the energy E of an electron hole pair that is free of entropy, can be
dissipated when electrons move from the p to the n-side. lons within a battery
also move against the electrical force, because the gradient of their chemical
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potential overcompensates the gradient of their electrical potential as the
charge currents need to fulfil the continuity equation. The gradient in the
electrochemical potential is the ions’ only driving force. It points into the same
direction as the gradient of the chemical potential.

Furthermore, in many text books[37-39] J" and J° are split into diffusion
and drift currents that flow simultaneously in different directions over the pn-
junction. This description violates energy conservation, as these currents
would dissipate energy even if the electrons and holes are in thermal and
electrochemical equilibrium. Instead, the electrical and chemical force need to
first be summed up to give the electro-chemical force, i.e. the gradient in the
quasi-Fermi levels just as in equations 4 and 5. Two kinds of electrons, that
either only are subject to the electrical field or only to the gradient in the
chemical potential, do not exist, just as two different kinds of molecules that
either get pushed down due to the gravitational force or pushed upwards due
to the pressure gradient do not exist in air. The forces need to be added up first
to a total force acting on every molecule instead. In air, two simultaneous
upwards and downwards currents of molecules do not exist.

Space charge Doped
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Figure 2. Conventional (left) and selective membrane model (right) of a hole contact
based on a pn-homojunction. The conventional picture emphasizes the built-in
electrical potential V; and the force that the electrical field in the space charge region
exerts on the charge carriers. Furthermore, the solar cell is depicted in equilibrium
although light shines on it, as the Fermi level ¢r is not split into two quasi-Fermi levels.
Finally, the thermalization loss of an electron-pair on the left is drawn as the loss of
internal energy. On the right-hand side, electron-hole pairs thermalize to the
difference in quasi-Fermi levels F'=¢rc-¢py. The gradients of the quasi-Fermi levels
transport the charge carriers. As the gradient for holes towards the hole contact is
much smaller than the gradient for electrons, the electron transport towards the hole
contact needs to be mitigated by a very low electron conductivity ¢° and hole transport
needs to be supported by a very high hole conductivity ¢”. (Adopted from [26]).

Finally, the thermodynamic view of solar cells emphasizes the quasi-Fermi
levels that represent the free energy of the electrons and holes, as only free
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energy is available to generate work. Therefore, thermalization should be seen
as free energy thermalization instead of internal energy thermalization as
shown in Figure 2.

2.2 The carrier-selective membrane model

Figure 3. Band diagram of a mobility-junction solar cell in the dark and without
applied voltage (left) and under illumination and at the voltage at the maximum power
point V,, (right) with Fermi level ¢r, quasi-Fermi energy levels ¢rc and epp for
electrons in the conduction band and the valence band, respectively, electrical
potential energy —epp and conduction and valence band edge ec and ¢y. There is no
built-in electric field as none of the layers is doped and they have the same band gap
and the same electron affinity. The electron contact is located at x =0 and the hole
contact at x = 10.2 um. The vertical lines at x = 0.1 pm and x = 10.1 pm are a guide to
the eyes and depict the interfaces between absorber and selective transport layers.
(Source: [30])

If the charge transport to the contact is selective, solar cells that either lack a
built-in electrical field in the dark and/or have an electrical field directed
against the carrier flow at the maximum power point (see Figure 3) reach the
Shockley-Queisser conversion limit in simulations based on equations 1-6
[30]. As the force stemming from the gradients in the Fermi level is not
selective (i.e. it cannot facilitate charge separation), this selectivity needs to
be achieved by a strong asymmetry in the conductivities of electrons
o°(x) = q-1°(x)n(x) and holes ¢"(x) = g-1/"(x)-p(x) in two regions of the device
(see Figure 2). A selective region acts as a current transport layer towards the
contact for one type of charge, but strongly reduces the transport of the other
charge. It ensure that the least resistive recombination pathway for carriers is
located at the correct contact and that they only lose minimal free
energy/generate minimal entropy on the way to that contact. The differences
in conductivity need to be so large, that the majority carrier current towards
the contact is much larger than the minority carrier current, even though the
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gradient in the majority carrier quasi-Fermi level is much smaller than the
gradient in the minority carrier quasi-Fermi level (see Figure 2).

The entropy generation S due to carrier transport into the hole contact is
proportional to various electrical quantities in the following way[26]

th

Soc—epc)®+ & py) < o8 (e pc)? + oM (e py)? U— + — (10)

According to equation 10, the transport losses can be split into transport losses
for the hole and for the electron current towards the contact. To reduce entropy
generation from hole transport, an upwards bending Aery or a small ¢ need to
be avoided as J" is necessarily large. Aepy reduces qVoc approximately linearly
(see chapter 2.4)

qVoc = (epc — gFV)lbulk,Voc - AgFVlVOC (11)

The large gradient in ¢rc cannot be avoided, because in the absorber bulk a
large quasi-Fermi level splitting is required to generate useful work and in the
metallic contact the quasi-Fermi level splitting is zero. Therefore, in an ideally
selective membrane J° = () and the only way to reduce entropy generation from
minority carrier transport is to minimize ¢°. If electrons are generated in a
selective hole-conducting membrane, they will not be transported to the
absorber bulk but recombine at the hole contact, as the resistance towards the
hole contact is lower than the resistance towards the electron contact. Minority
carrier transport to and recombination at the hole contact mostly affects the
quasi-Fermi level splitting (see chapter 2.4). Therefore, light absorption and
free carrier generation should be avoided in the selective membranes.

According to the selective-membrane model, pn-junctions work as solar
cells, because the doping provides a large density of majority carriers and a
small density of minority carriers and thus a high conductivity for majority
carriers and a low conductivity for minority carriers in the p- and n-doped
regions. The p- and n-doped regions however select poorly for the respective
majority charge carriers, as illumination enhances the minority carrier
concentrations by a much larger factor (about 12 orders of magnitude) than
the majority carrier concentrations. Thus, majority carrier concentrations in
the dark must be at least as large as the additional concentrations generated by
illumination in the selective charge transport regions. Np and N, must match
the potential difference ¢"-¢” in the dark between the n- and p-doped areas to
the expected chemical energy per electron-hole pair during illumination. This
condition can be expressed as (ref. [23]):

*Na ‘n
kT ln 7 - = q(@" — @P) = epc — epy = KT lnn— (12)
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Figure 4. Band diagram with quasi-Fermi-energy levels erc and ery for electrons in
the conduction band and the valence band, respectively, electrical potential energy eg
and conduction and valence band edge ¢c and ¢y in a homogenously illuminated pn-
structure under open-circuit conditions. (Source: [23])

For the pn-homojunction based solar cell in Figure 4, the doping of the p- and
n-sides is chosen so that ¢ is constant under the applied illumination and open-
circuit conditions. The open-circuit voltage Voc is equal to the difference in
quasi-Fermi levels on the left and right side, erei-€F rign:- It 1s not equal to the
difference in electrical potential at the left and right side, which is zero in this
case. At the contact, recombination pins the (quasi-)Fermi levels under
illumination to the Fermi level in the dark. Therefore, the split of the quasi-
Fermi levels F=¢pc- gpyl ik 0 the center is larger, than qVoc = €ref-€F right-
For the continuity equations to hold, the gradient toward the contacts in quasi-
Fermi level for the majority carriers is smaller than the gradient in quasi-Fermi
level for minority carriers. In the carrier selective regions, a strong bending of
the minority carrier quasi-Fermi level and thus a decrease in the quasi-Fermi
level splitting in the semiconductor is necessary for a decrease of the minority
carrier conductivity.

Unfortunately, a low concentration of minority carriers reduces the voltage
at the maximum power point. Only high concentrations of both majority and
minority carriers lead to a large split of the quasi-Fermi levels (see equation
12). A high voltage V,, and high current density J,, at the maximum power
point can thus not be achieved in a solar cell with single pn-homojunction.
Only if the recombination rate of the minority carriers at the contacts or the
contact area is strongly reduced as in partial contacts, can they reach the
Shockley-Queisser limit according to simulations[30].

Conversely, for solar cells based on pn-heterojunctions, highly asymmetric
conductivities can be caused by highly asymmetric carrier mobilities, instead
of highly asymmetric carrier concentrations. The selective transport layer that
faces the sun is called window layer in inorganic thin film solar cells (compare
chapter 1.6).
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Although the fundamental equations governing solar cells are undisputed
and the works criticizing the traditional description are available and
accessible, many solar cell researchers are only familiar with the traditional
descriptions and not with their criticism. Considering the citations in the peer-
reviewed literature, the engagement with the criticism seems to be quite low.
However, some parts of the silicon solar cell research community focusing on
selective and passivating contacts and parts of the organic and dye-sensitized
solar cell research community have formulated their models considering the
criticism, as citations show[26,40—49].

The doping concentrations and therefore d,/d, ratio vary strongly between
different types of solar cells. In both organic solar cells, dye sensitized solar
cells and crystalline silicon solar cells, w, in the dark and without applied bias
is very small compared to d, (and even smaller at forward bias and under
light). Therefore, the electrical field only plays a minor role in the charge
carrier separation regardless of the model. On the other hand, for typical
inorganic thin film solar cells, the d,./d, ratio varies from around 1/10 in CIGS
solar cells to 1 in fully depleted devices like amorphous, microcrystalline Si
solar cells [50] or pin solar cells [30]. Therefore, for inorganic thin film solar
cells a larger shift in the understanding of the physics is required and a
discussion of the underlying physics might advance the understanding of these
solar cells considerably.

For the thin film heterojunction solar cell under illumination and short
circuit conditions in Figure 5, the gradients of the quasi-Fermi levels in the
absorber space charge region are large and indeed similar to the gradients in
Ec, Ey and the electrical potential, which is about equal to the electrical
potential energy in equilibrium —gg= g@o. Therefore, drift dominates strongly
over diffusion and EQE, AQE and JV data recorded at negative bias or short-
circuit can be crudely discussed by assuming that all minority charge carriers
reaching the space charge region are collected (as I have done in chapter 2.3.2
and 3.1 and for the negatively biased junction at the rear contact in chapter
5.4.2). In stark contrast, under open-circuit conditions, the (positive) gradients
of Ec Ey and —g¢ and the width of the space charge region d,, are strongly
reduced compared to the equilibrium condition, and the quasi-Fermi levels
have a slightly negative gradient, in the opposite direction compared to the
electrical field. The band diagram at the maximum power point (not depicted)
is very similar to the one at open circuit, with approximately horizontal quasi-
Fermi levels in the diminished space charge region. Thus, when discussing the
solar cell at strong forward bias, or the efficiency # or J,,, the electrical field
should in general not be considered.
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Figure 5. Band diagram, carrier densities p and n and currents J¢, J" and Jygn in a thin-
film heterojunction solar cell with an absorber/buffer/window layer stack under
illumination at short circuit (left) and at open circuit (right). ge denotes the electrical
potential energy under the applied conditions, g@y at equilibrium (i.e. in the dark and
without applied voltage). (Source: [18])

Most articles in the CIGS solar cell field are based more or less explicitly on
the traditional interpretation, and a language describing CIGS solar cells
regarding the above-mentioned criticism has not been established to my best
knowledge. Some researchers have tried to unite the various interpretations,
but have not directly contradicted P. Wiirfel’s claim that parts of traditional
interpretations are wrong[22,50-52] and/or Wiirfel has replied to their
criticism[30]. The traditional interpretations are still taught to students without
mentioning the on-going discussion and alternative interpretation, nearly a
decade after the publication of Wiirfel’s “The physics of solar cells” in
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English. Hopefully, the fact that P. Wiirfel got awarded the Becquerel prize
for outstanding merits in photovoltaics in 2018, will increase the visibility of
the different models and interpretations and the debates surrounding them.

In this thesis, papers I, II, and III are based on the conventional solar cell
models and their interpretations. Only, when I read several papers by Cuevas
et al. [9,20,24], did I conclude that I could not avoid the topic if I wanted to
explain rear surface passivation to my best knowledge. The electrical field
itself is not responsible for the rear surface passivation, but asymmetric charge
carrier densities held in place by the electrical field are (see chapter 2.4).
Therefore, I motivated the usage of rear surface passivation with help of the
newly found understanding in paper I'V. I hope that my thesis exemplifies how
we develop our understanding and make progress, both personally and in
science.

2.3 Current-density voltage characteristics of a solar
cell

The interfaces between the different layers in a solar cell stack form pn-homo-
or heterojunctions or semiconductor-metal junctions. Researchers devoted to
the front contact study the pn-heterojunctions between the CIGS layer and the
buffer layer, which is the main junction in CIGS solar cells, and the
heterojunction between the buffer layer and the window layers. At the rear
contact, there is a heterojunction between the CIGS layer and MoSe; layer and
a semiconductor-metal junction between the MoSe; and the Mo, if the solar
cells are processed according to the baseline. If an ultra-thin oxide passivation
layer is added on top of the Mo, a metal-insulator-semiconductor (MIS)
contact is formed. Such a MIS contact might have been formed for solar cells
with an unpattterned ultra-thin oxide layer between the semiconductor
absorber and the metal contact in paper III and IV (see chapter 5.2.2).

2.3.1 An ideal solar cell

To be able to describe solar cells analytically, to understand how they work in
principle and to quantify losses, assumptions that simplify the equations
governing solar cells behavior are made. The solar cells described by these
simplified models are often called “ideal solar cells”, but in which way they
are ideal differs from author to author, and model to model. The following
chapter uses the assumptions and paraphrases the derivation of the diode
equation presented in [23]. In this ideal solar cell model, only one junction and
only radiative recombination and generation is considered, i.e. defect related
recombination and generation, including surface recombination and
generation are not considered. The absorber layer is thus assumed to be thicker
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than the minority carrier diffusion length . All other assumptions made in this
model will be mentioned at the appropriate places throughout this chapter.
As a pn-junction rectifies the current, its current-voltage characteristics can
be described as those of a diode. If the device is biased in reverse, i.e.
positively at the n-side relative to the p-side, only thermally generated
minority charge carriers that have not radiatively recombined before reaching
the region, where they are majority carriers, can flow over the junction. Thus,
only minority carriers generated within a diffusion length L, or L/ for
radiative recombination from the junction contribute to the current across the
junction. At forward bias, both electrons and holes move from the regions
where they are majority carriers into the oppositely doped regions, where they
are minority carriers. There, they recombine radiatively in average after one
minority carrier diffusion length, again L, or L,". In the rest of the p and n-
regions, the minority carrier concentration is much smaller than the majority
carrier concentration and the current is carried only by the majority carriers.
This assumption is valid in the case of weak excitation, i.e. if the concentration
of additional minority carriers from light bias and voltage bias stays smaller
than the concentration of minority carriers due to the doping. For both forward
and reverse direction, the charge current is transferred from the minority
charge carriers to the majority carriers within a diffusion length on both sides
of the pn-junction. The charge current density under illumination Jjg,=J+J"
can then be calculated by integrating only over the divergence of one charge
current density component considering that J* = 0 for x < -L" and J" = Jygn
for x<L,". (see Figure 6). As the absorber layer is intrinsically p-doped in
CIGS solar cells, I have chosen to integrate over the hole current density.

"
Jiight = — f div J"dx (13)

_in

Under steady-state conditions the continuity equation for holes (equation 3)
can be simplified to

divJ* = q(G} — R}) (14)
Where G," and R," are the generation and the recombination rates for holes,
respectively. G," under illumination can be split into a generation rate Gy,”" due
to the thermal background radiation in the dark and G,," due to illumination.

G =Gl + Gy (15)

R/ is proportional to the concentration of both holes and electrons with a
proportionality constant f

38



n-p .
Rg = ﬁnp = R(’)l,rn_ = R(})l,re kT (16)

(b) -, O L %

Figure 6. Electron and hole currents in a pn-junction. (a) For a negative bias of the n-
region with respect to the p-region, i.e. in the forward direction, electrons and holes
flow towards the pn-junction, where they recombine. (b) At reverse bias, i.e. for a
positive bias at the n-region compared to the p-region, electrons and holes are
produced in the pn-junction and flow away from it. (Source: [23])

Considering finally that

Gl = Rb, (17)
we arrive at
. n-p n-p
div], =q (G(’},r + Gy — R(’;r—2> =q (Gg (1 ——2> + G{,‘h> =
n n;
EFC—EFV
=q(6l (1—e 7 ) +Gh). (18)
n-
U =R -G}, = RY, (—f - 1) = Rb,u (19)
, \ n }
1s often referred to as net-recombination rate.
n-p EFC—EFV
u=—2—1=e kT —1 (20)
n

i
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is the normalized excess np-product. When inserting equation 18 and 20 into
equation 13, the current density under illumination becomes

"
& —&
Jiignt = 4 f (G&r (e o 1) ~ Gl ) dx =
i
LS
=q f (G(’,‘,r u-— G{,’h) dx (21)
ik

The current through a pn-junction is usually not limited by the transport
resistance, but by the reactions of holes, electrons, photons and phonons.
Therefore, no more electrons and holes can flow away from the junction than
are produced there, and no more charge carriers can flow towards the junction
than can disappear there due to recombination. Thus, the difference between
the quasi-Fermi levels can be assumed to be constant for -L,” <x < L./ and
equal to gV. This assumption makes the continuity equation linear, but it is
not always an adequate approximation (see chapter 3.3). Then, the integrand
in equation 18 is constant over the range of the integration and the integration
is simplified to

18
h h e av h
Jutgne = a6l (L + 15) (e = 1) = q [ Gy dx =
ik
qv
=Jor (e"T - 1) —Jsc¢ = Jaark = Jsc- (22)

Jsc is the current density that flows at external short circuit (¥ = 0) and Jygr 18
the current density over the junction in the dark. That Jsc can be simply added
to Juark 1s called shifting approximation. If no current flows, the voltage over
the pn-junction is the open-circuit voltage

kT

In the dark G,," = 0 and we find for large negative voltage bias a small current
density Jy,, referred to as reverse or recombination current density or dark
saturation current density or recombination current density pre-factor[24]. In
an ideal solar cell in the dark at room temperature, this current density is only
produced by the absorption of 300 K background radiation within a radiative
diffusion length from the junction.
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—E
Jor = GG (Lt + 12) = qBn? (Lt + L2) = qBNcNye FT (Lh + 12) (24)

In real pn-junctions non-radiative generation rates (see chapter 2.3.2) are
much larger than radiative generation rates. These generation (and
recombination) rates can be expressed in terms of minority charge carrier
lifetimes

2 2
n _ p_TL _ Tll' _ nl'

n, n,
Goe=Roe=—3 = =
T Tn Nyt Nptp

(25)
Here, n, is the electron concentration in the p-side and p, is the hole
concentration in the n-side. Using the relationship

LZ
T = E (26)

between the minority carrier lifetime z, the minority carrier diffusion length
L' and the diffusion coefficient D, the reverse saturation current density can
be rewritten as

De Dh __EG De Dh
Jo = qni2< +—5 | = q NcNye kT ( + > (27)

nyLé  npl nyl®  nplh

As seen from equation 23, a high Jj reduces the Voc.

Another assumption for this ideal solar cell is, that only photons absorbed
within L¢ in the p-side and L" in the n-side of the pn-junction can contribute to
Jsc. (The collection function #¢ as defined in chapter 2.3.2 is equal to 1 within
a distance L° and L" from the junction and equal to 0 outside.) Assuming that
the n-layer faces the sunlight, the pn-junction needs to lie no further than L"
from the surface. In the following, the n-layer is assumed to be very thin, so
that absorption in it can be neglected, and it is called the window layer. In this
constellation, the p-layer is called the absorber layer. A photon density
spectrum dj, (4, x = 0) incident on the absorber at x=0 generates the following
differential generation rate in the absorber

dj,(4,x = 0)

dGpn = (1= R(D))a,(De~ %P —

da (28)

Here, a, is the absorber’s absorption coefficient and R the total reflectance of
the solar cell. Jsc is equal to the generation current density Je., generated
within a diffusion length from the junction.
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Le
dfsc = QI dG{,‘hdx =
0

L¢ dj,(L,x =0
=q(1- R(A))aa(ﬂ)f e‘“a(’nxdx%dl =
0
e\ &y (L x =0
= (1 - RW)(1 - e ) HEEZ0 gy
dj, (A, x =0
=q- A4, LB)Mda (29)
dA
Here,
A4, L8) = (1= R))(1 — %@L (30)

is the absorptance of the absorber layer within L° (compare to the equations in
chapter 3.5). If L° is longer than the thickness of the absorber layer d,, d, is to
be used instead of L°, if the rear surface is perfectly passivated to prevent the
electrons from reaching the rear surface and recombining there. Otherwise not
all generated minority carriers are collected and equation 29 is not valid. Rear
surface passivation for CIGS solar cells has become more urgent, as both L°
has improved in recent years and the aim is to decrease d, (see chapter 2.4).
The Jsc originates from the photons absorbed within the shorter of the two
lengths, d, or L. For L° < d,

dj,(4,x = 0)

17 dA (31)

Jsc =q f A (A, L%)
0

Even though equations 22-27 are in principle equal to the equations found in
the conventional literature on semiconductor device physics, the exponential
dependence of the current on the voltage is not caused by the potential barrier
between the n- and p-sides in above derivation. Here, the majority carriers
diffusing towards the junction at forward bias do not need to surmount a
potential barrier (as for example in [37,39,53]). Instead, the exponential rise
of the forward current is caused by the dependence of the recombination rate
on the carrier concentrations, which in turn depends on the voltage and differs
for different recombination mechanisms[18,23] (see chapter 2.3.2).

2.3.2 A more general solar cell

This chapter is based on [18,23] and J. Malmstrom’s excellent PhD thesis[54],
as those three works are to a good extent compatible. In a real solar cell several
types of recombination processes occur in parallel, each carrying a part of the
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current. Although those currents are determined by recombination processes,
they are commonly referred to as diode currents and not recombination
currents, as recombination via defects also reduces the J,,[18]. Thus, the term
“diode model” refers to the expression for the voltage-dependency of the
current for a recombination process[54]. Solar cells are often described by
several diodes in parallel and the diode current density components are
summed up.

Jaiode = Z Jdiode,i (32)
i

It can be shown that any contribution to the total diode current density can be
expressed as [18]

v
Jaiode,i = Jo,i <3A"kT - 1) (33)
with
_Ea,i
Joi = Joo,ie kT (34)

A; is the ideality factor of the recombination process i, £,; the activation
energy and Jy; the reference current density, which is only weakly
temperature dependent. Which component is dominating the Ja.q at which
voltage and temperature is determined by 4; and Jy;. According to equation
17,19 and 20 4; = I and E,; = E¢ for radiative recombination, but 4; = 2 for
example for Shockley-Read-Hall recombination via a mid-dap defect in the
space charge region.

Recombination processes can be categorized in two different ways:
according to the recombination mechanism and according to the path, where
the recombination takes place (space charge region, quasi neutral region, rear
surface, front contact, interfaces). A concise overview of different
recombination mechanisms in different regions of the solar cells is given in
[55] and a comprehensive one is given in [18]. Recombination at the rear
surface adds another summand Jyiode,i t0 Juiode (s€€ chapter 2.4).

The different recombination paths are not only responsible for the diode
current density, but also for the photocurrent density loss Jpioss due to
incomplete collection.

]rec(jy) = Jdiode (V'jy) +]ph,loss(V'jy) (35)

The relative magnitude of different recombination paths is different for those
two components of Jy... In CIGS solar cells Jaiode is usually dominated by the
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interface path at the front contact, but J, 1055 is dominated by recombination in
the absorber bulk[54].

Now, let us have a look at the photocurrent density .J,», which shall be the
current density generated by illumination and collected at the contacts in a
solar cell with an absorber layer, a window layer and a rear contact. The
probability that a photon gets absorbed in the absorber is expressed as the
absorber’s absorptance [23] or absorbance[18].

Ag(D) =1-T,(A) = R(AD)—Aper(D) (36)

Photons are not absorbed in the absorber, if they do not pass through the
window layers (7 # 0) due to absorption, if they get reflected from the solar
cell (R # 0) or if they are parasitically absorbed at the rear contact A, # 0.
The current density generated by illumination in the absorber is then

A,(D)da (37)

Agadj (A, x = 0)
]gen(iy) =q f ]Y—

dA

g.w

By setting the limits of the integral to the wavelength corresponding to the
band gap of the absorber /g4, and of the window layer A, ., the absorption of
photons with energies lower than the absorber’s band gap and higher than the
window layer’s band gap has been excluded. A position and wavelength
dependent generation rate, here called spectral generation function, can be
defined for Az, > 1 > Ag,

dj,(4,x = 0)

I dA  (38)

A6y (1,2%y) = (1= RO g4, w)e~ el

From dG,; the local generation rate of charge carriers at the position x in the
absorber can be calculated (see Figure 7):

G(x ]y) f “Mdl (39)

The spectral generation rate can also be normalized to the photon flux:

deh(/L x,jy)

G2 == Gx)

(40)
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Figure 7. Optical generation function of a thin film heterojunction solar cell with a
buffer-window layer stack thickness d,,=0.5 um and a buffer layer thickness

dpu = 0.05 pm. The decline of the generation rate in the absorber is supra-exponential.
(Source: [18])

Jeen can be written in dependence on the spectral, local or normalized
generation function or the absorptance.

] dg ).g,a dG h(/l! x’j ) dg
]gen(]y) =q f f %dﬂdx = qf G(x,jy)dx =
0 Agw 0

A9a dj,(A,x = 0) ( [da
— . —y d =
—q f it ( Gk x)dx) da

flg,a dj, (4, x = 0)

Agw

A (DdA (41)

Agw

A part of J,e, does not contribute to J,;, due to recombination losses.

]gen(jy) = ]ph (V' ]y) +]ph,loss (V' ]y) (42)

Jpnioss and Jp; can be voltage dependent. J,; can be written as the convolution
of the generation function G, j,) and the collection function #¢(x, V,j,), which
is a unique function of the device[18]. nc(x,V,j,) gives the probability for a
generated charge carrier to be collected at the contacts and to contribute to J,.

]ph(V'jy) = qfnc(x, V,jy)G(x,jy) dx (43)
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The integral here and in the rest of the chapter include the whole solar cell and
not only the absorber. For example, a high interface recombination velocity at
the contacts lowers 7¢(x, V,j,) locally. The Jyp 055 1s then

]ph,loss(V: ]y) = CIf (1 —1Nc (x, V,jy)) G(x,jy) dx (44)

ne(x, V) 1is often assumed to be independent of the generation rate (and thereby
independent of the photon flux density) and is traditionally expressed in
dependence on the d., wa(V), the minority carrier diffusion length Loy in the
quasi-neutral region and the effective rear surface recombination velocity Sey
(in cm/s). Its light dependence is neglected. Thereby, 7¢(V) = 1 is assumed for
the whole depletion region, which is a good approximation in the case for long
minority carrier lifetimes in the depletion region and small interface
recombination velocities at the front contact. If Lonz < d,, the collection
function can be approximated by[18]

x+wg (V)
nc(x, V) =e Lonr (45)

This approximation is used in the derivation of the Gértner formula[28] for
the external quantum efficiency (see next chapter). The sum wy(V) + Lonr is
referred to as collection length.

If Lonr > d,, then recombination at the rear surface is to be considered, and
the boundary condition at the rear surface is often set to

dne(x) _ Sefr
dx = e nc(x) (46)

x=dg

with S donating the effective recombination velocity at the rear surface.
Solutions to equation 46 are found in Figure 8. nc(x, V) also acts on Jgioqee and
limits it in the diffusion limit (i.e. when diffusion and not recombination and
generation limit the current transport). The reciprocity theorem establishes a
link between the collection function of J,; under illumination and Jgioe in the
dark. If the continuity equation can be linearized by applying only small
deviations of the minority carrier concentration from equilibrium the
generalized reciprocity theorem can be used and the collection function can
be written as[18,54]:

) SFC(x)k_TSFV(x) 1 @) @)

) u(x e — Epc(x) — epp(x

nc(x, v, Jy) = qv = qv ~ % (47)
ek — 1 ek — 1 q

Considering this equation, it becomes obvious that 5c(x) = I for -L" <x < L¢
in the ideal solar cell in chapter 2.3.1.
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Figure 8. Collection function #¢ in the absorber as a function of the position x. The
diffusion constant for electrons was set to D° =1 cm/s and the absorber thickness d,
is 1.5 um. The space charge region is located between 0 and w,. In a) the diffusion
length Long is varied at a fixed S,;= 107 cm/s. In b), the diffusion length is fixed at
Long =1 um and the effective recombination velocity S.yat the rear surface is varied.
The curves of S.y=10% and S.;= 107 are not distinguishable in the graph. (Adapted
from: [18])

Equation 44 is only valid, if the net recombination rate of the recombination
path considered is linear in u(x), i.e. if 4 = I and U, = Ry" u(x). See equation
20 for a definition of the normalized carrier excess np-product. If 4 # 1, then
U" = R(x)-u(x)”™. The total current density for a solar cell under
illumination can then be written in the following general way

Jiignt(V2iy) = Jrec(V.iy) = Jgen(iy) = —a f (R(x.V.iy) = 6(x.jy)) dx =
= ]diode(V'jy) _]ph(V:jy) =

=—q f nec(xV,jy) [R(x) <eA<?f¥kT - 1) - G(x, jy)] dx (48)
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2.4 Electric models of the rear contact

Absorber bulk TR Metal Absorber bulk SCR TR Metal

f——————

Efmet
Ekmet

Po

- x:b’

Figure 9. Lumped diode model (left) and metal-insulator-semiconductor M(I)S
model (right) suggested in [47]. The transition region TR between the absorber
bulk and metal contact is hard to model in full detail. In different simplified
empirical models, it is modelled with various numbers of input-parameters. To the
basic M(I)S model (green) consisting of SRH recombination and thermionic
emission TE of the majority carriers, an ohmic resistor and thermionic emission TE
of the minority carriers can be added (pink). The lowered conductivities for hole and
electron transport in the space charge region (SCR) can also be considered.

In a small, finite transition region between the semiconductor and the metal
neither of them can be described as bulk. As many material parameters needed
for modeling are not empirically accessible, it is hard to model numerically in
full detail. The positions of the quasi-Fermi levels are also unknown in the
transition region. Therefore, the current through the region is sometimes
modelled with smaller numbers of empirical input-parameters in various
empirical models.

These empirical electric models of the rear contact can be divided into two
categories: Models in the first category describe effective carrier
recombination at the rear surface in parallel to all other recombination paths
(see chapter 2.3.1). Models in the second category neglect net recombination
at the rear surface and use exchange currents into the contact.

For models in the first category, the total current over the contact interface
consists only of majority carriers. The effective contact resistance for the total
current is usually modelled by an ohmic resistor in series to the diode(s). This
lumped diode model (see Figure 9) is commonly used to describe the rear
surface in Si solar cells [35,40,42,45,48], but it can neither describe the
temperature dependence of the contact resistance nor can it model kinks and
roll-over behavior in the JV curve [47] as measured for CIGS solar cells at
low temperatures or with a Na deficiency (see chapter 3.7).

Joy representing the recombination flux of the blocked (minority) carriers
and the contact resistivity pc representing the interface resistance to the
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collected majority carriers have been combined into the so-called “upper-
limit” voltage at the maximum power point Vy; [35,45], which has been
shown to be an important parameter for cell efficiency.

_ kT (Jgen
Vyr = 7[71 <]0b ) —JgenPc (49)

Efficiency (%)

I
107 29 27 24 21 18 15

Contact recombination J,_ (Acm™)

18

0" 10° 10" 10° 0* 10" 10" 10

Contact resistivity p_(Qcm’)
Figure 10. Power conversion efficiency in dependence of Jy, = Jy-and p¢ as simulated
full-area Si solar cell. The “upper-limit” voltage at the maximum power point Vyr

(black lines) follow the color contours indicating the power conversion efficiency
from the simulation very well. (Source: [45])

According to simulations for a Si solar cell with a full-area contact (see Figure
10), the relationship between V,, and the contact resistivity pc is
approximately linear (pc¢ introduces a voltage drop, i.e. a step in the Fermi
level) so that pc does not impact V,, for sufficiently low values. Conversely,
Vup depends approximately logarithmically on Jy, and a smaller Jy, improves
Vmp, until another recombination path becomes dominant. Thus, the simulated
efficiency contours and Vy; align very well in Figure 10.

Some models in the first category assume location-independent majority
and minority carrier quasi-Fermi levels in semiconductor within a distance d
from the contact (in contrast to the band-diagrams in chapter 2.2), low level
injection (p = py), recombination rates that are independent of the majority
carrier concentration and that the surface charge does not affect the effective
surface recombination velocity Sey (see also chapter 2.3.2). In this case, the
relation between the recombination current density at the rear surface Jecs, the
net recombination rate U, and Sy can be expressed as
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Jreecv = qUp = qSerrAng (50)

Here 4nq=n - ny is the excess minority carrier concentration in the absorber at
a distance d from the rear surface so that the minority carrier density is not
affected by the surface charge and the recombination is modelled to take place
at an imaginary quasi-neutral boundary located at d instead of directly at the
contact. S,y does not depend on Ang as long as U, is only limited by the supply
of minority carriers. In this case majority carrier transport is not limited and
the contact resistance for majority carriers can be neglected, and Se is
sufficient to describe the contact.

When U, is limited by the supply of both carrier species, the SRH equation
for the recombination rate through defect states indicates that Sy generally
depends on An,. In this case, Jy.c» 1s often better described by a diode model
(see chapter 2.3.1):

Jree = aUp = Jon (2g = 1) =
Nip

EFCb—EFVD vy
= Jon (T = 1) = Jo (e — 1) (51)
Here, the subscript b refers to the actual surface at the rear contact. In case of
a small surface charge, Jy, depends on 4n, and the surface charge, but it in
case of a large surface charge, it is independent of both. The SRH equation for
a single defect energy can be rewritten to show how Jy is determined by the

defect parameters:

2 2
PpNp — Nip nip, aVp )
U, = — kT — 1 2
b Pb+P1+nb+n1 Pb+P1+nb+n1<e (52)
S s(’)l S s(’)l
Et—Ej
Py = ngpe T (53)
&i—E¢
ny = ngye kT (54)
Sg = vthitO-fec (55)
S(;L = vgthito-;lec (56)

E, is the energy of the defect state, ¢;the intrinsic Fermi level, NV the interface
defect density, Sy° and Sy" are the surface recombination velocities, oy..° and
0" the capture cross sections and v, and v4" are the thermal velocities for
electrons and holes respectively. An overview over the conditions which
warrant either the use of equation 50 or 51 is given in [56].
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As stated above, models in the second category neglect net recombination
at the rear surface. Instead, they model the minority carrier current as
exchange current into the contact [26], or both minority and majority carrier
currents as exchange currents into the contact[41]. In the context of an
inorganic semiconductor-metal contact the exchange currents are modelled as
thermionic emission currents [57]. In this case, the recombination current
density pre-factor at the rear contact Jy, parametrizes thermionic emission
current and not SRH recombination. According to the thermionic emission
model the electron and hole exchange currents through the transition region
are expressed by [26,47]

—®h ( ermet—Erclx=b
Jore = K€ A T?e’xkT (e kT _ 1) (57)
h B 2 ~9b [ Ermet=¢rvlx=b
Jore = K" AgT e kT (e kT _ 1) (58)

In above equations «° and " are the transmission coefficients, ¢, and ¢, the
barrier heights for electrons and holes, respectively, erme: the Fermi level of
the metal, which can be changed by a applying a bias (referenced to the
semiconductor bulk) and A the universal Richardson constant. The interface
can thus be seen as non-linear point-like resistance for electrons and holes and
the total resistance is given by the sum of the transport resistance in the space
_(pe

charge region and the resistance of the transition region. The ek_deependency
should however not be interpreted as charge carriers having to cross an energy
barrier, but that the barrier depletes the interface[26].

The ratio of the minority to majority exchange current determines the
position of the applied potential within the quasi-Fermi level split in the bulk.
As ¢)"+ ¢, = Eg, an increase in the majority carrier barrier lowers the
minority barrier height. This eventually leads to a step or gradient in g7y even
at Voc, reducing the Voc below the difference of the quasi-Fermi levels in the
bulk[47]. Such a loss has been associated with high-level injection[41].

Inserting a tunneling oxide between the semiconductor and the metal (MIS

contact, see paper III), reduces both x° and #”, usually (and unfortunately
-91
regarding carrier selectivity) by the same factor e T, where ¢y is the barrier

height for transport through/over the insulator layer[41,47]. Inserting a partial
contact as in paper II can also be viewed as reducing x for both electrons and
holes. Then, if the minority carrier exchange current dominates the other
recombination currents and if the contact operates under low-level injection,
Voc improves as the quasi-Fermi level splitting in the bulk increases. If the
majority carrier exchange current is further reduced, the contact operates
under high-injection conditions and the Voc is reduced below the quasi-Fermi
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level splitting in the bulk. A small majority carrier exchange current can
eventually degrade the fill factor [41,47] (see also Figure 24 from paper III).

A combination of the lumped diode model and the exchange current model
has been suggested in [47] and [26]. In [47] (see Figure 9), the minority
carriers recombine at the rear surface according to a diode model and the
contact resistance is modelled by thermionic emission of the majority carriers
in series with the recombination paths, which are modelled by the diode(s).
For the majority carriers, a current through an ohmic resistance can be added
in parallel to the thermionic emission current. For the minority carriers a
thermionic emission current into the rear contact can be added. In the extended
model in [26] both generation and recombination are taken into account as a
point-like source/sink of minority carriers in addition to the minority carrier
exchange current. If the sink is close to the bulk, it adds directly to the total
recombination current and reduces the cell-performance significantly.
Conversely, if the sink is close to the rear surface, it is only slightly detrimental
to the cell performance, since the minority carriers would have recombined
via the minority carrier exchange current anyways.

As stated in paper III, the rear contact of CIGS and CdTe solar cells has
been associated with a kink and roll-over in the JV curves especially if
measured at low temperatures[58—67]. These solar cells can thus not be
described with a model of the first category. The kink has been explained by
a hole extraction barrier[60], whereas the roll-over has been explained by a
hole injection barrier[58,60,62] and/or a Schottky barrier [63,65,68]. Some
studies identified the valence band off-set between CIGS and MoSe,, that is
usually formed between the CIGS and Mo[60,67], as the hole injection barrier.
A cross-over between the dark and light curve can also be explained by a
barrier at the rear contact as exemplified for CdTe solar cells[61,69]. An
overview over the effects of a barrier at the rear contact on JV curves is given
in [18].

Assuming that a hole barrier at the rear contact is responsible for the roll-
over of JV curves, that the two depletion regions do not overlap and that the
minority carriers are not collected by the junction at the rear contact, these JV
curves have been modelled by a diode in series with the main junction
[61,62,66,67,69-73], (see Figure 11 a). If the holes accumulate between the
two space charge regions, compensate the negative charge, lower the hole
barrier and modulate the injection of electrons from the Mo into the CIGS, the
solar cell works as a phototransistor [63,65]. In both models, the voltage over
the complete solar cell is split into the voltage over the primary photodiode
and over the secondary diode, so that the primary diode is forward biased and
the secondary diode is reverse biased for bias voltages V>Voc over the
complete solar cell.
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Figure 11. a) Model of the rear contact in CIGS or CdTe solar with optically thick
absorbers and a hole barrier described as a diode and shunt resistor in parallel. b) In
the solar cells in paper I1I the minority carriers are both generated at the rear contact
and reach the rear contact by drift-diffusion. Therefore, I substituted the diode by a
photodiode and thus added a photocurrent generator in parallel to the diode.

In papers III and IV, I proposed a hole barrier at the rear contact, without
stating the exact location of this barrier nor the exact current transport
mechanisms. The (highest) hole barrier could be located at the CIGS-MoSe,,
or the MoSe»-Mo, or the CIGS-Mo interface if MoSe; is not formed. In the
case of rear contacts with an ultra-thin oxide passivation layer inserted
between the Mo and the CIGS, the oxide layer might constitute the highest
barrier for holes (see chapter 5.4.3). The current limiting transport mechanism
could be thermionic emission (with or without tunneling), drift-diffusion or
trap-assisted transport through the passivation layer. All three mechanisms
can be described by a diode equation, so that the current transport mechanism
is not important for the mathematical description.

The secondary diode’s dark saturation current density Jy» consists of holes
that are injected over the rear barrier from Mo into CIGS. It depends
exponentially on the temperature according to

o

Job = JoopeAbKT (59)

Hereby, Joos is the reference current density, 4, is the diode’s ideality factor
and " is the height of a barrier for holes at the rear contact, i.e. the energy
difference between the Fermi level in the CIGS and the valence band at the
CIGS-rear contact interface. At room temperature and for sufficiently small
values of ¢,", Jys is several orders of magnitude larger than the photocurrent
density from the main junction so that the current is not limited, and no roll-
over occurs. For high enough voltages over the rear contact barrier the dark
saturation current density can increase due to tunneling or a breakthrough.
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For optically thin solar cells or solar cells with a long Lowr, some minority
carriers reach the rear surface and J,» is additionally generated (paper I1, see
Figure 11 b). This current density is approximately temperature independent
and consists of electrons that with a higher statistical probability end up in the
rear contact than in the front contact, as the conductivity for transport to and
transfer into the rear contact is higher than for the front contact. By measuring
at low temperatures (100 K), Jy», can be reduced to about the same level as the
secondary photocurrent density Ju» at 1% light flux, so that J,u can be
discerned. As it is a photocurrent density, it depends on the amount of photons
absorbed and the collection function of the secondary junction, and thereby
on the incident primary light flux on the solar cell, the absorption profile and
the absorber layer thickness (see chapter 2.3.2). If the collection function of
the main diode depends on the carrier loss at the rear surface, the photocurrent
over the main diode J,;, and the photocurrent over the secondary diode Jpu
cannot be described independently from each other. J,,» corresponds
approximately to a minority carrier recombination current into the contact. It
is however neither modelled by a diode model for a recombination path at the
rear surface in parallel to other recombination paths as in the models of the
first category [9,20,45,48,56] nor by a thermionic emission model for the
transport of minority carriers into the contact in parallel to the thermionic
emission of majority carriers as in the models of the second category
[26,41,47]. Instead, J,us is generated by a current source in parallel with the
majority carrier diode at the rear contact (see the equivalent circuit in Figure
18).

A shunt conductance G, can be added in parallel to the secondary
(photo-)diode [61,71]. While such a G, was not necessary to model the cells
in paper II, we introduced it in paper III to explain the absence of roll-overs
in the JV curves measured at low temperatures.

Thus, four current density components can flow over the reversely-biased
rear contact: the secondary diode’s saturation current density Jy, carried by
holes, a breakthrough current for reverse biases over the secondary diode
higher than its breakthrough voltage also carried by holes, the secondary
photocurrent density J, carried by electrons and the hole current density over
the secondary shunt Jys. Jo» and J,» determine the JV point above Voc, where
the JV curve becomes current limited, and the slope of the roll-over curve is
determined by Gy. If /G5 equals or is smaller than the lumped series resistance
of the device, the slope of the roll-over matches the slope of the JV curve at
Voc and the roll-over disappears regardless of 5" [61]. ¢»" may be quantified
by JVT measurements, either by extracting Jy» for independent diodes for
optically thick solar cells [66,67,72] or from Voc-T graphs for the
phototransistor model[63] and also for two independent junctions for optically
thin solar cells as I showed in the appendix to paper IIL. I repeat this
derivation in chapter 3.4.
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2.5 Rear surface passivation

Thinning down the CIGS absorber decreases material consumption and may
increase throughput in production. It can also increase the Voc, namely if the
same number of free carriers is confined into a smaller absorber volume
compared to common absorber volumes, so that the free hole and electron
density and thus the difference between the quasi-Fermi levels increases.
Therefore, CIGS solar cells with thin and ultra-thin absorber layers are
increasingly being explored by researchers.

In reality, thin absorber layers do not confine the same number of free
carriers, as thinning down the absorber layer also reduces photo-absorption in
the absorber and increases the impact of rear surface recombination on the
collection function. Furthermore, voltage-dependent photocurrent collection
and shunt like behavior under illumination have been observed and the
superposition principle may fail[55,74-77]. To increase the reflection at the
rear surface, oxide layers, nanoparticles and nanopatterns have been
introduced into the rear contact region[78-83]. Interface recombination has
been curbed by front surface[84,85] and rear surface oxide passivation layers
(citations are given in detail in chapter 5).

According to equation 52, recombination at the absorber interfaces can be
suppressed by reducing N (chemical passivation) and/or by making one
carrier concentration much smaller than the other (carrier population
control[35]). At a fixed difference of the quasi-Fermi levels F=¢rc - €y, Up is
highest for p-c,.." = n'o,.* and decreases strongly for asymmetric carrier
concentration densities[9,35,46].

Relative charge carrier concentrations can be modified by

a. heavy doping or use of high band gap materials with an asymmetric
band gap offset to the absorber layer (for example as in a p" rear
contact layer in p-type Si solar cells[9,24] or for a high Na
concentration at the rear contact in CIGS solar cells, as mentioned in
chapter 3.7)
grading of the conduction band,

c. adjusting the metal contact work function so that majority charge
carriers are accumulated[9] and

d. by other charge assisted control (for example fixed charges in
insulator passivation layers)[9].

Band diagrams for these methods are depicted in Figure 12.
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Figure 12. Band diagrams at Voc for different methods to establish asymmetrical
conductivities in the selective membrane at a hole contact. al) p*p homojunction, a2)
heterojunction, b) conduction band grading, d) fixed oxide charge (adopted from:

[42])

If the insulator passivation layer has a high concentration of negative charges,
the positive charge of a thin sub-surface (accumulation layer) with strongly
elevated hole concentration and reduced electron concentration mirrors the
insulator charge in a p-type semiconductor such as CIGS. A sufficiently high
positive oxide charge would form an inversion layer, with a high concentration
of electrons and a low concentration of holes.

In addition, the layer with strongly asymmetrical carrier concentrations acts
as a carrier selective membrane, as the charge carrier conductivities o°=q-u*n
and o'=qu"p and thus J°=(0°/q)(derc/dx) and J'=(c"/q)(derv/dx) become
much larger for the majority carriers, even in the presence of a large driving
force derc/dx on the minority carriers close to the contact. Conduction by a
single carrier type and a reduction of surface recombination thus go hand in
hand, as both require an asymmetry in carrier concentrations[9,23,30].

Thus, a negative oxide charge as found in annealed ALD-ALOs (see
chapter 5.1.1) passivates the contact in the following ways:

1) TItlowers ¢3" in its vicinity, which can reduce majority carrier transport

losses (see equations 10, 11 and 49)

2) Itincreases the asymmetry of the minority and majority carrier density,

which decreases the SRH recombination or the minority carrier transfer
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current into the rear contact or J,x» depending on the empirical model
used.

The lowering of the hole barrier can be seen as a measure for the increase in
asymmetry of the minority and majority carrier density and vice versa. For
which sample types and to what extent @," is lowered is discussed in paper II
and III and in chapter 5.2.4.1 and chapter 5.4.3.

Traditionally, all four passivation methods named above are explained by
electrical fields[33] acting on the photo-generated excess minority charge
carriers: a) electrical field (back surface field) at the p‘p-homojunction , b)
quasi-electric field due to band grading (for example Ga grading with higher
Ga concentration at the rear contact in CIGS solar cells[10,55,86]), ¢) electrical
field at a metal-semiconductor junction and d) quasi-electrical field due to a
fixed oxide charge. The following explanation of the passivation effect is used
[87-91]: An electric field acts like an electron mirror and drifts away light
generated minority carriers from the passivated contact so that they cannot
recombine there. The term “drift assisted minority carrier diffusion
enhancement”[90] is sometimes used to describe the electrical field’s effect
on the minority carrier diffusion length. According to [9], this picture cannot
explain cases where a depletion region is formed at the rear contact in silicon
solar cells, but recombination becomes worse. It is just another face of the
notion that the built-in electrical field is directly responsible for the separation
of excess charge carriers at pn-junctions (compare chapter 2), disregarding
that the electrical field exerts a conservative force.

In the introduction to papers II and I1I, I have referred to the field effect
(implying that it acts on excess minority carriers) to motivate the usage of a
charged oxide layer. In the introduction to paper IV, however, I have shifted
to a motivation based on charge carrier concentration asymmetries as
explained above. The two-diode model describing the majority carrier current
in papers II and III is not strongly affected by this re-interpretation. The
oxide charge might however not reduce the drift component, but increase ¢°
in series with a reduced recombination rate due to the asymmetry of carrier
densities[35]. Therefore, I have reformulated some important details in this
thesis compared to the papers.
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3 Characterization and modeling

Unintentional deviations between the solar cells on a single sample can be
large. Whereas a high number of processing steps is not at all uncommon in
thin film processing for solid state electronics, the large area of solar cell
devices makes defects more probable. At an area of 0.5 cm?, the solar cells in
this work are over 7 orders of magnitude larger than the area of many silicon
based electronic devices. Moreover, the CIGS peels often from passivated rear
surfaces during the chemical bath deposition of CdS, especially if thick NaF
precursor layers or thick passivation layers without nanopatterning are used.
The peeling starts often in the corners of the sample, so that either the number
of devices to be analyzed is reduced or the sample cannot be used at all. |
excluded cells that are obvious outliers (for example shunted cells or cells with
too high Jsc due to poor scribing) from the analysis or used only a certain
amount of the best cells (that are not positive outliers) in the analysis. This
selection process is not completely objective. In paper 1V, I show the results
of all cells as by far more unpassivated reference cells than passivated cells
were shunted (Figure 23).

Measurement results for a single cell cannot be reproduced, if this cell is
not stable over time. As not all device characterization can be done on the
same day, a subjective decision has to be taken concerning which results can
be reported together. For example, if I measure current density-voltage (JV)
curves, thereafter capacitance-voltage (CV) curves and JV curves again and
the measurement results differ, do I report the first JV or the second JV curves
together with the CV curves? Do I report both? If I report only the first JV
curves, do I mention that I measured them again, and that the results were
different? Will my honesty backfire, as the paper’s story becomes muddled
and is drowned out by details? In paper III, we decided to present those
results that indicated a smaller passivation effect and focused on the general
trends for the different Na supply methods instead.

If I had to describe and justify all small subjective decisions I have made
in my work, that description would fill pages. That being said, I have still
described the sample processing, the number of samples and cells per sample,
the number of cells actually used for the analysis and measurement in more
detail than common to enable the reader to judge the quality of the data
themselves.
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3.1 External, internal and apparent quantum efficiency

Figure 13. Schematic external quantum efficiency and optical losses for a CIGS solar
cell. (A) sub-band gap generation losses, (B) incomplete absorption in the CIGS
absorber layer corresponding to parasitic absorption in the Mo rear contact, (C)
shading from the grid, (D) front surface reflection, (E) parasitic absorption in the
window layers including free carrier absorption, (F) parasitic absorption in the CdS
layer, (G) incomplete collection due to rear contact recombination, (H) incomplete
collection due to front surface recombination, (I) incomplete collection due to
recombination losses in the bulk. (Source: [92])

If one measures Jsc of a monochromatically illuminated solar cell, and divides
the number of charge carriers extracted from the solar cell by the number of
photons hitting the solar cell, one arrives at the external quantum efficiency
EQE for that wavelength (see Figure 13).

dJpn(V =0,1,j,)

q djy, (1)
The EQE is thus the probability that an incident photon contributes to Jsc and
can therefore be written as the product of the absorptance (see chapter 2.3.2)
and a collection probability, the so-called internal quantum efficiency, /QE.

EQE(1): = (60)

EQE(4,j,) = Ag(DIQE(4,],) (61)

Thus, the IQF quantifies the recombination losses at different wavelengths.
The absorptance is often simplified by neglecting the 7, and A4,4-. This means
that all photons not reflected at the solar cell are assumed to generate electron
hole pairs.

Ag() =1-T,(A) = R —Aper(1) = 1 - R(A) (62)
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R can be measured on the whole solar cell stack and the /QF can be calculated
from the EQF and R data. For CIGS solar cells with thin absorber layers this
simplification cannot be made for photons with energy values close to Eg.

The EQE can also be expressed as the convolution of the normalized
generation rate G, and the collection function nc(x, V).

da
EQE = f G, )nc(x,V = 0,j, )dx (63)
0

If G, respectively 4, are equal for two solar cells, all differences in the EQFE
data stem from differences in #¢ respectively in /QE. Thus, we estimated how
much of the difference in EQF stemmed from a difference in 4, (papers II,
II1, IV) by comparing two otherwise equal solar cells with and without a rear
surface passivation layer. The reflectance of the whole sample stacks was
measured for both passivated and unpassivated reference samples with a
Perkin Elmer L900 spectrophotometer with an integrating sphere. The
differences in reflectance at the whole sample stacks can only explain a small
part of the differences in EQE. The thickness of the Al,Os layers and the
complex refractive indices of the Mo, the Al,O; and the CIGS (with
GGI=10.15 for papers III and IV and GG/=0.60 for paper II) were
determined by spectroscopic ellipsometry on different sample stacks with a
Woolam VASE instrument. The reflectance at the rear surface was determined
to be only slightly larger when a passivation layer is introduced between the
Mo and the CIGS. For example, it increases from 13% to 16% at 785 nm
wavelength if an AlO; passivation layer with a thickness of 6 nm is
introduced between the Mo and the CIGS with a GGI = 0.15. The obtained
refractive index and absorption coefficient were used to calculate the light
intensity reaching the rear surface at different wavelengths using the transfer
matrix method. According to these calculations most light is absorbed in a
single pass of the absorber, even for the thinnest absorber layers. For example,
for the samples with a 450 nm absorber layer with a GGI = 0.60, only 10% of
the increase in the Jsc due to the 27 nm thick Al,Os passivation layer could be
explained by a higher A4..

For a certain photon density spectrum, J,; can be calculated from the EQFE.

di,(1,x=0

Joneee(V =0.jy) =4q f %EQE(M&)CM =

A,(MIQE(2,j,)dA (64)

3 fdjy()l,x =0)
=4 i

Measuring the EQE and calculating the J,;,e0e(AM1.5G) for the AM1.5G
spectrum can be more accurate than measuring the Jsc with the JV set-up, as
the spectrum of the lamp of the JV set-up does not reproduce the AM1.5G
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spectrum well in the infrared region. The infrared region of the spectrum
influences the Jsc differently for different band gaps, so that the Jsc from the
JV measurements cannot be reliably compared. Therefore, the Jsc was re-
adjusted according to the Jyneoe(AMI1.5G) derived from EQFE measurements
in paper I. The light intensity reaching the solar cell in most EFQE
measurement set-ups is however much smaller than 1000 W/m?. If Jsc
depends on j,, Jon, eoe(AM1.5G) is not equal to Jsc(AM1.5G) (see chapter 3.3).

The band gap can be extracted from the EQE by plotting EQE” against the
photon energy /e and fitting the low photon energy part of the curve linearly.
The intercept of the fitted line with the Zw-axis, gives the approximate band
gap energy (see paper III). If the quantum efficiency is measured under a
voltage bias, it is referred to as apparent quantum efficiency AQFE. By
comparing the values of the AQF at different biases, the bias-dependency of
the main recombination mechanism can be explored. In papers I and IV the
EQEF and AQE was used to analyze the apparent shunt behavior of (ultra-)thin
solar cells without a rear surface passivation layer and with such a layer. In all
other papers the EQF and IQFE data is only analyzed qualitatively, for
example to distinguish parasitical absorption from recombination losses at the
rear surface.

The ratio between the AQE and EQE for a solar cell according to the
Girtner formula[18,28] is

. ) e~ a@Wwa(V)
AQE T = R( )<1 1+ aa(?\)LQNR>

EQE e—2aWwa(V=0)
T - RO (1-17 aam)LQNR)

_ 1+ aa()\)LQNR — e_aaO\)Wa(V)
- 1+ aaO\)LQNR — e~ aM)wq(V=0)

(65)

and is a measure for voltage dependent photocurrent collection due to an
increase in d,, at negative bias. For short wavelengths a,(A)w, (V) > 1, and
the EQE approaches unity regardless of bias. The dependency of the AQE on
bias increases with longer wavelengths, as can be seen from Figure 14.

The group’s EQF measurement set-up consists of a Xenon arc lamp and a
monochromatic filter wheel, which varies the wavelength of the light beam
from ultra-violet (UV) to infrared (IR). To prevent photons from the ambient
light to contribute to the EQE signal, the beam is chopped, and the
measurement signal is processed by a lock-in amplifier synchronized with the
chopper. Then, the beam is split by a semitransparent mirror, which transmits
a part of the beam to a monitoring detector which monitors changes in light
intensity over time. The main part of the beam is focused on the solar cell,
which generates a current. Before EQF measurements, the set-up is calibrated
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with a GaAs and a Si calibration sample. The preliminary quantum efficiency
value is multiplied with the ratio of intensity on the monitor detector during
calibration and during the measurement for every wavelength. Finally, the
current is converted to a voltage, which is the input signal for the lock-in
amplifier.

Figure 14. Simulated ratio of the AQE to EQE for an AQF at -0.5 V reverse bias and
0.5 V forward bias. (Source: [18])

3.2 Current-voltage measurements

The first electrical measurement on newly fabricated solar cells are current-
voltage (/V) measurements in the dark and under light at 25°C. As the current
density J is independent of the solar cell area, current-density-voltage (JV)
curves are usually published. The sample temperature is maintained by a
Peltier element in the sample stage. The light source of our home-built solar
simulator is a Quartz Halogen lamp with a cold mirror. The distance between
the lamp and the sample stage is adjusted so that a certified reference solar
cell gives a pre-defined Jsc. A Keithley 2401 source measure unit sweeps the
voltage between a probe contacting a pad of the Ni-Al-Ni grid and a probe
contacting the rear contact. The current is measured between two other probes,
just next to the voltage probes to avoid the influence of resistive losses in the
cables and the contact resistance on the measurement results (four-point probe
technique).

From the JV curve, the primary characteristic parameters of a solar cell,
Jsc, Voc, fill-factor FF and the maximum power point (¥, Jup), can be easily
read. The Jsc and Voc are the two points where the JV curve intersects the
voltage and current density axis, respectively (see Figure 15). The FF gives
the ratio between the maximum power density P, = Viyp'Jmp and the product
OfJSC and Voc.

FF = Vmp ']mp

= 66
Voc " Jsc (66)
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Figure 15. Current density-voltage (JV) curve and power density-voltage (PV) curve
of a solar cell from paper I. The absorber of this solar cell is 1.50 um thick and has a
GGI=0.6. The short-circuit current density Jsc, the open-circuit voltage Voc, the
maximum power point (MPP), the voltage V,,, the current density J,, and the
maximum power density P, at the MPP are marked.

The maximum power conversion efficiency 7 is the ratio between maximum
output power density and the power density P;, arriving at the solar cell from
the light source.

Vmp -] mp
= 67)
JV curves were also measured at different temperatures in a home-built
cryostat with a sample stage cooled with liquid nitrogen. Such measurements
are often referred to as JV'T or JV(T) measurements. Even here, a four point-
measurement technique is used. The power of the light source, three white
LEDs, is adjusted so that the solar cell produces the same Jsc as in the JV-set
up. The spectrum of the white LEDs covers the whole visible spectrum, with
two large peaks around 450 and 550 nm, which gives a poor approximation of
the AM1.5G spectrum. As the sample stage is only 5 cmx 5 cm and the
illumination is very inhomogeneous, the samples have to be cut so that the
solar cell under test can be placed into the middle of the sample stage. These
measurements are therefore usually the last conducted on a sample. The
influence of the temperature on JV curves and how the band gap and the height
of the hole barrier at the rear contact can be extracted from Voc(7T) curves is
discussed in chapters 3.4 and 5.4.2.
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3.3 Equivalent circuit with one diode and apparent
shunt conductance

In paper I, the parameters of a one-diode model have been extracted from the
JV curves according to a method proposed in [93]. This one-diode model
describes the solar cell with a single diode modeling the main junction/main
recombination path at medium voltages in the dark, a current source depicting
Joi, @ lumped shunt conductance G in parallel to the diode and a series
resistance Rs, which lumps together the spreading resistance through the front
and back electrodes, contact resistances, the resistance in all films and the
collection grid. The analytical form of the JV curve according to this one-
diode model is

q(V—Rs)
Jigne =Jo (€ AT = 1)+ G (V = JugneRs) ~Jsc  (68)

As Gy, R, Jsc and Jy are assumed to be constant, this model can only describe
solar cells that fulfil these assumptions. As the light JV curves of the solar
cells in paper I could not be described by equation 68, we decided to publish
only the extracted parameters for the dark JV curves.

To improve the model, we introduced first a voltage-dependent external
collection efficiency

nv) _Jon) _qfnc V)G(x) dx

Isc Isc

(69)

(see chapter 2.3.2). As traditionally described, voltage dependent photocurrent
collection[94] takes place in devices with a collection probability < 1 in the
quasi neutral region, caused by either a low bulk minority carrier diffusion
length or by rear surface recombination, in combination with negligible
recombination in the space-charge region. The collected current is then
dominated by carriers from the depletion region. When the solar cell is
increasingly forward biased, d, is gradually reduced and hence, current
collection is decreased (compare to equation 65). Voltage dependent
photocurrent collection can also stem from interface recombination at the front
contact and/or a photocurrent barrier at the front contact [18]. As the front
contact has not been intentionally changed between the different sample types
in papers I and IV, we assume that the front contact is not responsible for the
increase in voltage dependent photocurrent collection in solar cells with thin
absorber layers and unpassivated rear surface.
Neglecting Rg but adding #(¥), equation 54 can be expanded to

Jiignt V) = Jaioae (V) + GspV = Jpn (V) = Jaark V) =n(V) - Js¢  (70)
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to consider voltage-dependent photocurrent collection. Then the slope
dJiigh/dV 1s the sum of the slope dJuw/dV and the slope of dJ,/dV, which
corresponds to the slope between J,; calculated from the AQF and the EQE
(see Figure 16).

d]light — d]diode +G | _ d]ph _
av |, AV lyeo M0 vl
— d]dark _ d]ph (71)
dv V<o dav V<o
10 |
E ool J
— |
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Figure 16. Dark and light current density-voltage (JV) curve for a cell with a
GGI=0.15 and a thickness of 0.5 um (paper I). The stars denote the measured
photocurrent densities Jy,zor deducted from voltage-biased apparent quantum
efficiency AQF and external quantum efficiency (EQFE) measurements.

As equation 71 could still not describe the measured AQE, EQFE and JV data
in paper I, we added a third term on the right-hand side, which we called
“residual slope” dJ,./dV.

d]light _ d]diode d]ph d]res
A P e e W W
V<0 V<0 V<0 V<o
dJ dJpn d
V<0 V<o

As the AQFE and EQE were measured under much lower photon fluxes j,» than
the light JV curves, which are measured under AM1.5 light bias j,;, this
residual slope stems from the light dependency of one or several of the terms
in equation 70, namely Juode(V,j,), Gsi(jy) or n(V,j,). If only (V,j,) depends on
J»» then
AJres _ d]ph(v = Orjyl) _ d]ph(V = Oljyz)
av ly<o av av
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and the solar cell is described by

Jiight (Vo) = Jaioae V) + GsnV — (V. j, ) sc
= Jaark(V) — U(V;jy)/sc (73)
If only Gs(j,) depends on the solar photon flux, then

d]res

v = Gsh(jyl) - Gsh(jyz)

V<o

and the current density under illumination becomes
Jiight (Vi) = Jaioae (V) + Gsn (G )V — n(V)]sc (74)

If all three parameters, Gu(j,), Jaiode(V,j,) and 5(V,j,) depend on the solar
photon flux, the solar cell needs to be described by the following general
equation:

Jiight V) = Jaioae(V.Jy) + Gsn(y )V — Jon (V. Jyy) =
= ]diode (V'jy) + Gsh(jy)v - n(V:jy)]SC (75)

Reasons for the light dependence of Juiws include, amongst others, an
illumination dependent carrier lifetime, a large series resistance changing the
boundary condition for recombination in the quasi-neutral region or a change
from low to high injection under illumination[18]. G(j,) can depend on the
solar photon flux density, due to light dependent shunt paths. #(V,j,) can
become light dependent due to a phototransistor effect as proposed in
reference [12] and a high recombination rate at the rear surface.

In Figure 17 a quantitative comparison of the four slopes
d/light| dJdark d]ph| dJres
v lyco’ av lyco” av V<Y av lyoo
varying GGI and d, in paper I. For all cells the dark shunt conductance
G=Ja/dV (the slope for the dark JV curve) is smaller than d.Jjn/dV (the slope
for the light JV curve) and voltage dependent current collection (dJ,/dV) (the
slope from J,; derived from AQF or EQF data) can only partially explain this
discrepancy. The remaining part of the light JV curve’s slope (dJ,./dV) is also
shown. For the cells with 0.5 pum thin absorbers and regardless of the GGI,
about 70% of the value of dJig/dV cannot be explained by a voltage
dependent current collection (dJ,»/dV) that is independent of light bias and
remain as a residual slope dJ,./dV. dJ,./dV decreases with increasing absorber
thickness, regardless of GGI. The dark shunt conductance contributes only
with less than 5% to the slope of the light JV curve (dJugt/dV). The
dependency of the dark shunt conductance on the GGI becomes therefore
negligible. According to unpublished EQF and AQFE measurement data, which

is depicted for the samples with
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was recorded under different photon flux densities, the EQFE and AQFE indeed
increase with increasing j,. A light bias dependent EQE indicates that #(V, j,)
is light dependent. With the available EQF set-up it was however not possible
to quantify the dependency of (7, j,) on the light bias.

I present more details in chapter 5.4.4 but state already here that the large
apparent shunts for CIGS solar cells with ultra-thin absorber layers are
strongly reduced by rear surface passivation in paper IV. For those solar cell
samples, the ALLOs rear surface passivation layer reduces both the voltage
dependent current collection and the residual shunt compared to the
unpassivated references.

[+
[+<]

Es Ee 4
3 3
E £
=1 >4
4 2
2 - 82 4
0 ; - , 0 — B :
0.5 pm 1.0pm 1.5 um 0.5 pm 1.0um 1.5 um
Absorber thickness Absorber thickness
8 8
T6 - E6
o L]
3 3
Egq Ey4
g g
—82 A _£2
= ©
0.5 um 1.0 um 1.5 pum 0.5 um 1.0um 1.5um
Absorber thickness Absorber thickness

Figure 17. Apparent shunt behavior of samples with different values of the
GGI=0.15, 0.30, 0.45 and 0.60 and absorber layer thickness (paper I). Apparent
shunt conductance derived from a) the light JV curves, b) the dark JV curves and c)
EQE/AQE measurements(c). In d) the residual slope dJ,.,/dV is plotted.
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3.4 Equivalent circuit with two diodes in series

Figure 18. Equivalent circuit of the two-diode model for thin film solar cells used in
papers II and II1. The primary diode with a current source in parallel, represents the
main junction and the associated currents, i.e. the diode current density J,, and the
photocurrent density Juum», the secondary diode with a current source and a shunt in
parallel represents an energy barrier at the rear contact and the associated current
densities: a diode current density Jp, a secondary photocurrent density J,x» and a shunt
current density Jus=G» V3. The different series resistance components are combined
in a lumped series resistance Rs.

By adding the equivalent circuit of the rear contact described at the end of
chapter 2.4 to the one-diode equivalent circuit in chapter 3.3, we arrive at an
equivalent circuit with two diodes in series (see Figure 18 ). As | have already
described the currents at the rear contact in chapter 2.4, I only present the
derivation of the Voc-T behavior for the two diode model here and explain
how ¢, can be extracted from J¥ measurements at different temperatures.

The derivation of the Voc-T behavior for the phototransistor model[63] can
be generalized, so that the Voc-T behavior also decribes solar cells not
functioning as a phototransistor. At open circuit the current densities J,, and
Jp over the main junction and the rear contact, respectively, are given as

AVocm

—Eq DVocm
Jm =Jom <eAka - 1> _]phm = JoomeAmkT <eAka - 1) _]phm = 0(76)

aVocp
Jo= —Jop | e4*T =1+ Jppp —Gp-Vp =
—_<P’1} aVoch
= —Joope® T ( e KT =1 |+ Jppp — GV = 0 (77)

where E, is the activation energy for the dominant recombination process in
the solar cell (band to band recombination over the CIGS band gap or the
interface band gap or recombination over interface states in the case of Fermi
level pinning at the interface[95]), 4,,» and A, are the ideality factors for the
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two junctions, Vocw and Vocs are the voltages over the main junction and the
barrier at the rear contact under open circuit conditions, respectively,
(compare Figure 18). As both junctions are in series, the Voc over the device
is

Voc = Vocm + Voco (78)
By substituting
A kT
Voem = ——In (]”ﬂ + 1) (79)
q Jom

and

(80)

A kT — GV,
Ve = — b ln(]phb b 0Cb+1)

]ob

the Voc can be written as

Voc = kq—T(Am In (]”ﬂ + 1) —Apln (]”"” _]G” Voo 1)) (81)

om ob

At high temperatures Jop>>Jpn (low injection) and if Jp>> GpVocs, the
second term can be neglected and equation 81 simplifies to

A kT
Voo ~ 2 In (J”ﬂ + 1) (82)
q Jom

As Jom<<Jphm, Voc can be further simplified and Jy, can be substituted
according to equation 76, giving an approximately linear relationship between
the Voc and the temperature at high temperatures:

E, AnkT
Vocz—a+m—ln(]pﬂ) (83)
q q 0om

At low temperatures (and high photon flux densities), Jo<<Jym and
Jom<<Jpim, s0 that Voc simplifies to

kT Johm Jonp — Gy * Voo
v, z—(A 2 _ 4, In )=
¢ q m ]Om b ]ob
kT Am Ap
- (]phm) < ]Ob ) (84-)
q Jom Johb — Gy " Vocp
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By substituting for Jy, and Jy, according to equations 76 and 77, Voc for low
temperatures finally becomes

A
Ea - ‘/)1’71 kT ]phm Am (, ]OOb ) b
Voo x ——24+—1In ( ) (85)
o¢ q q oom phb — Gy " Voco

If GyVocy < Jpms or if Vocp 1s approximately temperature independent, and if
An and A, are approximately temperature independent, the In-term is only
slightly temperature dependent and the relationship of the Voc and the
temperature is also approximately linear at low temperature.

The slope and the constant describing the linear relation differ between the
low and high temperature behavior (compare equation 82 and 85). Therefore,
two values ¢; and ¢y can be extrapolated for 7 = 0 K from linear fits to the
Voc-T data at low and high temperature (see Figure 19). If the ideality factor
of the main diode stays constant in the temperature range used for the
extrapolation, ¢ = E,. If ¢; = E, is equal to the band gap, the difference
Ap = E,— oy = @) is the height of the barrier for hole transport at the rear
contact. Thus, it is possible to determine A as the difference Ap = ¢pr-pun
between the extrapolated Voc at 0 K for a linear fit of the low and high
temperature regions of the Voc - T curve.

For the phototransistor, equation 82 is equivalent, but equation 84 becomes
independent of the photocurrents [63]. In equation 86, which is valid for the
phototransistor behavior, f denotes the gain, which is influenced by L¢ and the
base width:

E,—@p kT Joon
Vye ~ -2 B, (—)
o¢ q q Bloom

(86)
Therefore, the phototransistor can be differentiated from the model with two
independent diodes by evaluating the dependency of the Voc on the
photocurrent at low temperatures. As the Voc was not light independent for
the solar cells in both papers II and III, they could be better described by
independent diodes. According to [41,96], where both majority and minority
carrier currents into the front and rear contact were modelled by a diode-like
behavior, a photocurrent-independent Voc indicates high injection conditions
at both contacts. Under these conditions, recombination depends on the
concentration of both minority and majority carriers at the contacts instead of
only the minority carrier concentration under low-injection conditions. Under
high injection conditions the Voc depends on the ratio of the majority to
minority carrier current into the contacts, i.e. the contact selectivity as defined
in [41], instead of depending on the ratio of the photocurrent to minority
carrier current.
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Figure 19. Voc-T graphs for the JV'T measurements presented in paper III on a) the
post-DTO, the post-DT10 and the barrier0 sample and b) the pre-DT20 and pre-DT50
sample. A definition of the sample names can be found in Table 1 in chapter 4.1. In
graph a) the extrapolations towards 0 K at low (150-180 K) and high temperatures
(300-330 K) are illustrated for post-DT samples and the values ¢;, ¢, and A¢ are
marked on the Voc-axis. In graph b) the extrapolation of graphs at low and high
temperatures is exemplified for the 7.5pre-DT20 sample. In both cases the green lines
mark the extrapolation at low temperatures and magenta lines the extrapolation at high
temperatures.

In paper 111, (see Figure 19) two categories of samples can be discerned
concerning the bending of the JV curve: the JV curves of the unpassivated
post-DT (postDTO) sample, the barrier sample and the two 15pre-DT samples
bend only slightly towards lower Voc for decreasing temperatures. Contrary,
the JV curves of the post-DT10 and the 7.5pre-DT samples bend strongly
towards a much lower Voc at decreasing temperatures (see chapters 4.3 and
5.4.3).
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3.5 Photoluminescence

As introduced in paper IV, spectral PL has been used to characterize CIGS
and CZTS (Cux(Zn,Sn)x(Se,S)s) solar cells with and without passivation
layers. Passivation layers applied on top of the absorber layer can increase the
PL yield[97-99]. However, as these passivation layers have not undergone the
heat-treatment and Se atmosphere during CIGS processing, they are not
representative for the passivation layers at the rear contact in a substrate
structure[99]. To get samples that are more representative of an actual rear
contact, Joel et al[99] built a “rear” PL structure of soda-lime
glass/Mo/ALLO3/CIGS/CdS to be illuminated through the glass. In order to
achieve transparency, these samples had an only 10 nm thin Mo rear contact.
As their AlLOs passivation layers were too thick and did not have openings for
charge transport, the characterization of complete solar cells on these samples
was not possible. To make the PL results and the solar cell characteristics
directly comparable in the study leading to paper IV, we attempted to
measure spectral PL and then to complete the solar cell processing to
characterize the completed solar cells. Only recently, Salomé et al.[94]
compared the PL signals measured on completed unpassivated and passivated
CIGS solar cells with a 350 nm thick absorber and found a larger width of the
peak for the unpassivated cells after normalization to peak height, but they
were cautious and did not report intensities. Generally, PL intensities are very
low, if measured on completed CIGS solar cells with a ZnO/ZnO:Al layer. As
the full stack of window layers induces a much stronger electric field in the
CIGS than only CdS, it separates the charges fast and efficiently as explained
in [100] (in a traditional way), so that the radiative recombination rate and thus
the PL intensity are strongly reduced. Therefore, we measured on the samples
only with a CdS buffer layer but without ZnO/ZnO:Al window layers on the
absorber.

The photon current density[23] or photon flux density[18] dj,/d(hw) per
unit area and unit energy emitted from the surface of a semiconductor into the
environment via radiative recombination depends exponentially on the
difference of the quasi-Fermi levels according to [23]

erc=ery QO (Aw)?

d]y = A(hw)e kT WT dhw =
ekT —1
Vocmax {2 (ha))2
= A(hw) e kT T3 e dhw (87)
4mscs @
ekT —1

This equation is the Boltzmann approximated version of Planck’s generalized
law. The absorptance A(hw) is a characteristic of a body and a function of the
body’s geometry (see also chapter 2.3.2) and Vocmar = €rc - érv is the
maximally extractable Voc for a certain minority carrier recombination rate.
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is the solid angle, ¢ the velocity of light, / the reduced plank constant, & the
Boltzmann constant and ¢ the elemental charge. As this equation was derived
with help of the Boltzmann approximation of the Fermi distribution, it is only
valid for non-degenerate semiconductors. In contrast to Planck’s law,
however, they do not need to be black bodies and can have different Fermi
distributions for electrons and holes over states, as is the case in illuminated
semiconductors. As

EFC—EFV ‘n

s i
2
i

e (88)

n

dj, is proportional to the concentration of free charge carriers. As non-radiative
recombination reduces those concentrations and the Fermi level splitting in
the absorber bulk, a low PL intensity indicates high non-radiative radiation
rates. A difference in Voc between two samples with similar absorptance can
be thus estimated from the PL intensities j,1 and j,» measured at a fixed
wavelength according to

kT j
AVocpL = — ln]-y_l (89)
q ]y2

The results of the PL measurements presented in paper IV are discussed in
the chapter 5.1.

On all samples in paper IV, photoluminescence (PL) was measured at
room temperature in a Renishaw inVia confocal Raman microscope after the
CBD of the CdS buffer layer, but before the sputtering of the i-ZnO/ZnO:Al
window layer. On every sample, five random measurement spots were
selected and illuminated by a 785 nm continuous wave laser at a power of
0.07 uW and a spot size of about 20 pm. An InGaAs photodetector was used
to measure the PL response between 0.81 and 1.55 eV. The data was integrated
over the whole spectrum, which essentially consisted of a single broad PL
peak centered at about 1.08 eV.

3.6 Transmission electron microscopy (TEM)
3.6.1 Sample preparation

For papers III and IV, TEM cross-section lamellae were prepared with a dual
beam focused ion beam and scanning electron microscope (FIB-SEM, FEI
Strata DB235) by the in-situ lift out technique[101]. First, a 2 um thick Pt
protective layer is deposited with assistance of the electron beam. Thereafter,
the lamella is formed by removing a step profile along both of its sides with a
30 kV Ga beam controlled by a script. It is welded to a W needle by ion
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deposited Pt, cut free, removed from the sample and transferred to a TEM grid.
There, it is welded in place with Pt and the W needle is removed. Afterwards,
the lamella is polished to electron transparency with a slightly tilted Ga ion
beam. In the final step of the polishing procedure, the beam current is 50 pA
and the ions are accelerated by a voltage of 5kV. A comprehensive
description of the lamellae preparation is found in [102].

3.6.2 Scanning transmission electron microscopy (STEM)

In this work, TEM was used in scanning mode. Thereby, the electron beam is
focused and scanned over the lamella. From the signals of the transmitted
electrons for all beam positions, the bright-field (BF) image is built. The signal
of the diffracted electrons is detected by an annular dark field detector and the
dark-field (DF) image is assembled. A high-angle annular dark-field image
(HAADF) is produced from the signal of electrons, that are scattered
incoherently and at a high angle. As these electrons are Rutherford scattered
from the nucleus, HAADF is highly sensitive to variations in the atomic
number Z of atoms in the sample (Z-contrast images).

3.6.3 Energy dispersive X-Ray Spectroscopy (EDX)

EDX can be used to obtain a chemical contrast in TEM. A primary electron
beam is focused and scanned in STEM mode over the lamella and the energy
spectrum of the emitted X-rays is detected, recorded and analyzed for every
exposed point. Some primary electrons are inelastically scattered by ionizing
the atoms in the lamella through ejecting inner shell electrons. X-rays with
characteristic energies are emitted upon relaxation, i.e. when an electron from
an outer, higher-energy shell fills the hole left by the secondary electron. As
the samples for TEM are thin lamellae, the reabsorption of the X-rays can be
neglected. Therefore, relative peak intensities can be used to map local
compositional changes.

For the EDX analysis in paper IV a probe corrected FEI Titan Themis
operated at 200 kV and equipped with a SuperX system was used. The STEM-
EDX spectral images were acquired and evaluated with the Esprit software by
Burker.

3.6.4 Electron Energy Loss Spectroscopy (EELS)

Again, the primary electron beam is focused and scanned over the sample and
some electrons inelastically scattered. The transmitted electrons are collected
and sent into an energy filter. There, the Lorentz force distributes them
according to their energy onto a detection plane. The spectrum consists of a
high zero-loss peak, a background due to plasmon excitations and
characteristic ionization edges rising from the background. In this thesis
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(paper I1I), only the inner-shell ionization losses that are characteristic of
each element were analyzed. The signal intensity depends strongly on the
lamella thickness. A correct background subtraction is necessary for
quantification. EELS works best for light elements, as the excitation edges
tend to be sharp and the energy losses are experimentally accessible.

For paper 111, the EELS data was collected using a FEI Tecnai F30ST with
a Tridiem post filter (863, Gatan).

3.7 X-ray fluorescence and profilometer measurements

X-ray fluorescence (XRF) is a fast method to determine the average
composition and thickness of the CIGS layer. In a PANanalytica Epsilon 5 a
primary X-ray beam is directed at the CIGS layer and removes core electrons
from the material. When other bound electrons relax into the empty core
orbitals, X-rays with characteristic energy values are emitted. These
secondary X-rays are detected in an energy-dispersive semiconductor
detector. The measured peak intensities can be compared with the peak
intensities of a calibration sample with known thickness and composition and
the elemental concentrations and thickness of the layer can be estimated. As
the samples in this thesis have thicknesses and compositions far from the
standard sample, the CIGS layer thickness was additionally measured with a
Bruker Dektak stylus profiler. Here, the CIGS layer is scratched away at a part
of the sample and the stylus tip is physically moved along the surface and over
the step. The force from the sample pushing up against the tip as it is drawn
along the surface and the position of the arm are monitored.
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4

Sodium and sodium fluoride

In this chapter, I present content from papers II, III and IV, add some
background information and hopefully make it more easily accessible to the
reader compared to reading the three articles. Process data can be found in the
articles.

4.1 Sodium application methods

Among the multiple methods of introducing Na into the absorber layer[103],
three methods have been used in this work.

1.

3.

76

In the baseline process, soda-lime glass substrates act as a source of Na
during the CIGS co-evaporation. Thereby, the Na diffuses from the soda
lime glass along the oxygenated grain boundaries of the polycrystalline
Mo into the CIGS[103]. This indiffusion can be prevented by an alkali
diffusion barrier, as for example a thick (here 26 nm) Al,Os layer on top
of the glass.

A thin NaF precursor layer can be evaporated on the rear surface before
CIGS evaporation (pre-deposition treatment, pre-DT)[104]. Most authors
report a NaF layer thickness between 10 and 20 nm. Thinner layers result
in lower values of the Voc, indicating a Na deficiency. Thicker layers can
lead to cell degradation or delamination of the CIGS layer from the rear
surface. As high concentrations of Na and F are found in the Mo layer, the
Mo layer might act as a sink for Na and F during the CIGS evaporation.
The effects of F onto CIGS have not been reported upon, but F has been
found in the CIGS absorber at a concentration of 10'” compared to the Na
concentration of 10'°[103].

NaF can be evaporated on top of the freshly co-evaporated CIGS layer
during an anneal step under a Se atmosphere (post-deposition treatment,
post-DT)[59]. Even in this case, Na reaches the rear contact[105].



Table 1. Overview over solar cell sample stacks processed for paper III. xx stands
for the number of ALD cycles for the Al,O3 deposition. 10 ALD cycles correspond
to 0.9 nm.

Sample type Sample name
Post-Deposition post-DTxx
7.5 nm pre-Deposition 7.5pre-DTxx
15 nm pre-Deposition 15pre-DTxx
Diffusion barrier barrierxx
Baseline baselinexx

In this work, the amount of Na(F) and the application methods have been
varied in the following ways: For paper I, Na was supplied to all CIGS
absorbers by indiffusion from the soda-lime glass substrate. For paper 11, a
NaF post-deposition treatment was used for all CIGS absorbers. For paper
1, we studied the influence of Na(F) on Al,Os rear surface passivation layers
and therefore we used a variety of methods (compare Figure 20): a) post-
deposition treatment, b) pre-deposition treatment with a 7.5 or 15 nm NaF
precursor layer, ¢) an alkali diffusion barrier between the soda-lime glass and
the Mo rear contact and d) Na indiffusion from the rear contact (referred to as
baseline). The sample names can be found in Table 1. During the solar cell
processing for paper IV, 7.5 and 15 nm NaF were applied onto the Al,O3 and
HfO, passivation layers prior to absorber deposition.

!l L!r L«rer !! !! |ayer | !l [u!r Lrer
NaF (Post-

Mo rear contact Mo rear contact Mo rear contact Mo rear contact

Soda-lime glass Soda-lime glass 11 Soda-lime glass Soda-lime glass

Figure 20. Schematic representation of the different sample types used in paper III.
From the left to the right: a) NaF post-deposition treated (post-DT) b) NaF pre-
deposition treated (pre-DT), ¢) barrier, d) baseline. The passivation layer is very thin
compared to all other layers and is indicated as a red line on top of the Mo rear contact.

The amount of NaF that arrives at the samples during the post-DT is solely

determined by the (constant) evaporation geometry and the amount of NaF in
the crucible, as all NaF in the crucible is evaporated. To control the amount of
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NaF in the crucibles accurately, NaF is first dissolved in water. Then, the
crucibles are filled with a well-defined amount of the solution and dried at
room temperature.

4.2 Sodium and the CIGS absorber

Na(F) is known to play a major role for the structural and electronic properties
of the CIGS absorbers. Based on [103,105-107], I present a short review. Na
incorporation at optimal concentrations increases the free majority carrier
concentration by decreasing the number of electrically active donors
dramatically, thus reducing the compensation level. A high majority carrier
concentration in turn increases the Fermi level splitting, which translates into
a higher Voc and FF, compared to lower Na concentrations (see equations 12,
88 and 90). It also reduces the resistivity of CIGS films by one to two orders
of magnitude compared to Na free films. The JV curves of solar cells with too
low Na concentrations can also suffer from a roll-over effect. Too high
concentrations lead to small grain sizes, porous films and low cell efficiencies.
The optimum concentration depends on the Na incorporation method and the
CIGS growth process, but generally lies in the order of 0.1% atom percent
(~10" atoms/cm®). The underlying mechanism of the increase in carrier
concentration is however still debated. Na can influence CIGS in four different
ways: (1) if Na is present during film growth, it influences the growth process
(grain size and crystal orientation) and the elemental intermixing of Ga and
In, (2) Na may be built into the CIGS lattice, for example by taking Cu sites
Nac, during growth [108,109] and precipitating during cool-down leaving Cu
vacancies V¢, behind[110], (3) Na accumulates at grain boundaries and
passivates defects there, (4) Na might act indirectly, by for example
influencing other parameters such as defects. The effectiveness of post-
deposition treatments and the observation of higher Na concentrations in
absorber regions with smaller grain size, indicate that the accumulation of Na
in grain boundaries is of major importance. Effect (2) and (4) can however not
be excluded. In paper 11, we used capacitance-voltage (CV) measurements to
determine the apparent free majority carrier concentration for the different
sample types. Indeed, we found a positive correlation between the amount of
Na applied, and the apparent free carrier concentration.

4.3 Sodium and the rear contact

As summarized in the introduction to paper III, the rear contact region is
strongly affected by the presence of Na. While there is a general agreement,
that Na enhances the electrical properties of the rear contact, the exact
mechanism is unclear. For example, according to[60,104] a roll-over
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measured on Na-free devices at room temperature can be reduced by a NaF
pre-deposition treatment. Pre-deposited Na[104] or Na from the soda-lime
glass acts as a catalyst and promotes the formation of MoSe,, which in turn
creates an ohmic contact[67,111,112]. In contrast, Yoon et al.[113] doubt that
the MoSe; layer is the origin of the ohmic nature of the rear contact. They
suggest that Na reduces the hole barrier at the CIGS/MoSe; interface as it
increases the (effective) doping and thus the majority carrier concentration in
the CIGS or the MoSe; layer. Umehara et al.[114] found a kink and roll-over
in the JV curves and a disadvantageous band-bending for hole transport
towards the rear contact when they simulated Ag(In,Ga)Se, solar cells,
although they modelled an ohmic MoSe,/Mo contact without a hole barrier in
the dark. Increasing the majority carrier concentration (by a Na post-
deposition treatment), reduced the kink and roll-over in both the simulated and
the fabricated solar cells. Jarzembowski et al.[115] observed that the rear
surface recombination velocity for samples with an alkali diffusion barrier is
lowered by NaF post-deposition treatment. They concluded that Na reduces
the defect concentration at either the MoSe,/CIGS interface or the MoSe>/Mo
interface.

NaF precursor layers have been widely used on Al,Os passivation layers
without any intention to ensure unimpeded current transport and without any
intentions to change the properties of the Al,O3/CIGS interface[12,82,94,116—
118]. Only in rare cases have Al,Os rear contact reflection/passivation layers
been implemented into CIGS solar cells without any extra Na added [81,119]
or NaF being added after CIGS deposition (post-deposition
treatment)[89,119]. In contrast, the electronic properties of AlO3;/CIGS
interfaces have been investigated without taking the influence of heat-
treatment of the Al,Oj3 layer in presence of Na(F) (and Se) into account. The
AlL,Os layers were either deposited on top of the CIGS layer or a NaF precursor
was not used, if the CIGS was co-evaporated on top of the Al,O3
layer[91,99,119,120].

We showed that NaF precursor layers allow unimpeded current transport
through unpatterned ALD-AL,Os rear surface passivation layers and decrease
the photoluminescence intensity of glass/ALD-Al,O3/CIGS/CdS stacks with
increasing NaF layer thickness (papers III and IV). Therefore, the results
from the previous studies might need to be revisited. No such effects of NaF
were found for HfO, passivation layers (paper 1V).

Furthermore, an analysis of the dependence of the Voc on T indicates that
a thicker NaF precursor layer lowers the height of the hole barrier at Al,O;3
passivated rear surfaces (paper III). The method can however not distinguish
between whether that hole barrier is a barrier at a CIGS/Mo(Se:) contact in
possible openings of the Al,Os layer or whether the barrier is associated with
current transport through the Al,Os layer, as for example in Frenkel-Poole
emission. Transmission electron microscopy (TEM) analysis suggested that
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openings have been formed in the Al,Os layer, so that it is most likely the
barrier at the CIGS/Mo(Se;) contact that is reduced by the NaF treatment.

80



5 Rear surface passivation with metal oxides

In this chapter, I present material from papers II, III and IV, add some
background information and hopefully make it more easily accessible to the
reader compared to reading the three articles.

5.1 Passivation materials
5.1.1 ALD-Alumina

A large variety of oxides have been studied as passivation or reflection layers
in CIGS solar cells, namely for example TiO,[119], Si0,[79,121,122] and
ZnO [123] at the rear surface and Ga,0s[85], Al,03[84], SiOx and Si3Ny [124]
at the front surface. The most commonly investigated rear surface passivation
layer material is Al,Os though. It has been shown to increase solar cell
efficiencies for both c-Si and CIGS solar cells. Thin (<15nm) AlO;
passivation layers mostly increase Voc by lowering the recombination rate at
the rear surface[118]. Both, thicker Al,Os layers (30 nm)[12] and Mo
nanospheres[82] also increase the Jsc by increased reflection at the rear
surface and/or by absorption-enhancing phonons between Mo nanospheres.
The electrical passivation effect increases strongly from 5 to 50 nm
passivation layer thickness[120]. Both its oxide charge and the reduced
interface trap density[91,120] are seen as responsible for its efficiency. Both
a negative and positive charge[91,120,124] have been observed in Al,Os3
layers deposited by ALD on top of CIGS. In the latter case the oxide charge
can become negative after an anneal[91,125]. As the AlLO3 layer also gets
heat-treated during CIGS deposition, it probably has a negative charge as a
rear surface passivation layer. The negative oxide charge is attributed to
negatively charged centers (aluminum vacancies Va and/or oxygen
interstitials O;) in oxygen rich Al,Os layers.

In the study published in paper II1, J,; is increasingly blocked in solar cells
samples that have > 1 nm thick Al,Os rear passivation layers and either have
an alkali diffusion barrier or were NaF post-deposition treated (see Figure 21).
In contrast, if 7.5 or 15 nm NaF precursor layers are deposited onto the Al,O3
rear passivation layers prior to absorber deposition, no such blocking can be
observed up to 6.3 nm passivation layer thickness. For even thicker Al,O3
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layers the CIGS layer peeled from the passivation layer during chemical bath
deposition (CBD).
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Figure 21. Average open-circuit voltage Voc, short-circuit current density Jsc, fill
factor FF and efficiency for all sample types. The error bars indicate the standard
deviation o, which is in most cases smaller than the marker and thus not visible.

In our study presented in paper IV, we showed with the help of PL
measurements that Al,Os rear surface passivated CIGS solar cells have a large
potential to achieve high values of Voc (+170 mV compared to an
unpassivated reference), but also that the potential gain in Voc as estimated
from the PL intensities is reduced to 100 mV if the thickness of a NaF
precursor layer is doubled from 7.5 nm to 15 nm (Figure 22). Unfortunately,
15 nm NaF precursor layers are necessary to ensure sufficiently unimpeded
current transport through the 6 nm thick ALD-Al,Os layers in the solar cells
processed from the same samples. Fortunately, even the lower-quality
passivation achieved is beneficial for the ultra-thin CIGS solar cells processed
from the samples used for the PL measurements: apart from an increase in Voc
(+120 mV), it also increases the Jsc (+6 mA/cm?) and thus the efficiency
significantly (+3%) (Figure 23). Additionally, it decreases the number of
strongly shunted cells (Figure 23) and decreases the apparent shunt
conductance dJiigr/dV under illumination (see Figure 27). The theory for the
shunt-behavior can be found in chapter 3.3 and the results in discussion in
chapter 5.4.4.We cannot exclude that the observed effects of NaF only happen
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in ALD deposited Al,Os, which involves the use of a metal-organic precursor,
and not for example in sputtered AL, O3,
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Figure 22. a) Photoluminescence (PL) intensities for the investigated samples in
paper IV. 7.5NaF and 15NaF denotes the samples that had a 7.5 and 15 nm NaF
precursor deposited onto the rear contact prior to CIGS co-evaporation. b) Estimated
open-circuit voltage gains 4 V¢ pr. of the passivated samples compared to the baseline
reference calculated from the PL intensities.

Passivation with Al,O; layers with NaF on top might thus be the best choice,
if expensive and time-consuming patterning steps are to be avoided. In this
case, Na(F) precursor deposition needs to be used (which does not exclude
other additional Na application methods), and a compromise between
conduction through the Al,Os layer, passivation effectiveness of the Al,Os
layer and beneficial and detrimental effects of Na on the absorber needs to be
found.

Nanopatterned Al,Os layers will not only enable thicker Al,Os layers and
thus a slightly higher reflectance of the rear surface, but probably make above
mentioned optimization easier. If patterning is used, NaF does not need to be
applied to ensure conduction through the passivation layer and other Na
application methods can be used that impact the passivation quality less than
NaF precursor deposition. Then, the optimization tasks are split between the
patterning method and the Na application method. The patterning method has
to be optimized for both conduction and passivation effectiveness. The
optimal Na application method and concentration then only need to minimize
the negative effect of NaF on the passivation effectiveness and optimize the
Na content in the absorber. However, a compromise between these two
parameters might still be necessary. In addition, the patterning will determine
the amount of Na diffusion through the Al,Os, so that the problem might be
hard to solve, unless an alkali-diffusion barrier is used on soda-lime glass. Any
dependency of Al,Os characteristics on NaF might thus be of disadvantage if
the layer is patterned in an extra fabrication step and the large passivation
potential of Al,O3 might never be fully exploited.
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Figure 23. Paper IV. Solar cell parameters short-circuit current density (Jsc), open-
circuit voltage (Vo¢), fill-factor (FF) and efficiency for all 12 cells on all samples. The
Al,03 and HfO; rear surface passivation layers were deposited by ALD to a thickness
of 6 nm. A 7.5 or 15 nm thick NaF precursor layer was evaporated onto the passivated
rear surface prior to absorber co-evaporation. The samples are referred to according
to their passivation and precursor layer thicknesses as “baseline reference”,
“7.5NaF6Al”, “15NaF6Al”, “7.5NaF6Hf” and “15NaF6Hf”, respectively.

5.1.2 ALD-Hafnia

Hafnia (HfO,) has been considered as a material for passivation layers in solar
cells, as for example c-Si solar cells[125-129] and organic solar cells[130],
and recently even for front surface passivation in CIGS solar cells[124]. It has
a higher refractive index of 2.09 compared to 1.66[131] for ALOs. Its band
gap is 5.3 eV compared to 6.5 eV for AL,Os and its valence band edge energy
is 0.83 eV higher and its electron affinity 0.43 eV larger compared to
Al,03[132]. The effectiveness of HfO, passivation layers on crystalline Si (c-
Si) and the sign of its charge depend on several factors, like on the cleaning
method[129], ALD precursor, process and temperature[129], the post-
deposition annealing method[125] and also on illumination[129]. Therefore,
the passivation properties of HfO, as passivation layer in CIGS solar cells
could not be deducted from the existing literature. This gap in knowledge
motivated paper IV.

Based on the results of the PL. measurements in paper IV, solar cells with
a patterned HfO, rear surface passivation layer can be expected to have high
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Voc values (+160 mV compared to an unpassivated reference) (Figure 22). As
no dependencies of the passivation effectiveness and conduction on NaF have
been observed for HfO; layers in the study presented in paper 1V (Figure 23),
it might be the passivation material of choice, if conduction through the HfO,
layer is obtained by an extra fabrication step such as nanopatterning. Good
surface passivation properties are then ensured independently of the Na
incorporation method and concentration and no compromise concerning these
is needed. Conduction through the passivation layer and passivation
effectiveness can be optimized by the nanopatterning method, and
independently of the optimization of the Na application method to achieve
good electrical absorber properties.

5.2 Current transport through the passivation layer

5.2.1 Nanopatterning (partial rear contact)

As all the oxide passivation layers mentioned are electric insulators, they are
usually nanostructured when used as a passivation layer. On CIGS solar cells
the nanostructures include point contacts and line contacts[81,133]. Mo
nanoparticles  forming at contacting points[82], electron-beam
lithography([89,118], photo-lithography[79,81,133], laser-interference
lithography[121] and nanoimprint lithography[119] have been used to open up
the passivation layers. Nanosphere shaped CdS particles precipitated during a
CBDJ12,116,117] have been used in lift-off processing. A self-organized
spray-pyrolysis process has also been applied to deposit porous Al,O3 onto a
transparent SnOs:F rear-contact[134]. The passivation layers in paper I1 were
opened up by electron-beam lithography in combination with reactive ion
etching as described in [11] and in chapter 1.3.
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5.2.2 Tunneling or pinhole assisted current transport

I
o

— 0 cycles —10 cycles

s ]
o

- —20 cycles —30 cycles

y (mA/cm?)

o

Currenlt densit
(3]
o

b
o

-0.4 -0.2 0.0 0.2 0.4 0.6
Voltage (V)

Figure 24. Paper I11. Current density -voltage (J¥) curves (left) in the dark and under
illumination for selected post-deposition treated (post-DT) samples with different
ALD-ALO; thicknesses. 1 ALD cycle corresponds to 0.9 A.

Above listed nanopatterning processes require several additional fabrication
steps and increase production cost. In our study for paper III, we wanted to
find out if the rear surface could be effectively passivated without these
additional steps. More specifically, we wanted to know if there exist Al,O3
thicknesses that on the one hand allow sufficiently high tunneling currents or
currents through pinholes and on the other hand still have a sufficient
passivation effect. This type of contact is known as metal-insulator-
semiconductor (MIS) contact in device physics[135-138]. We introduced
AlOj; rear surface passivation layers with thicknesses between 0.9 and 27 nm
into solar cells. We found, that J,; is blocked by Al,O; rear surface passivation
layers deposited by more than 10 ALD cycles (~0.9 nm) if no NaF precursor
layer is used (see Figure 24) (post-deposition treated samples and samples
with a diffusion barrier). Although the 0.9 nm thin ALOs layers increase the
Jsc, they do not increase the solar cell efficiency either due to a lower FF
and/or due to a lower Voc For samples with Al,O; deposited by 20 ALD cycles
(~1.8 nm), the JV curve has a kink and roll-over, indicating that both, hole
injection and extraction by the rear contact, are blocked. For even thicker
Al O3 layers, J, is increasingly blocked, so that the device mostly acts as a
resistor. This result can be interpreted as ¢; increasingly reducing the carrier
transmission coefficient in equation 58.

Similarly blocking JV curves have been measured on solar cell samples,
which were passivated with a <5 nm thick Al,Os passivation layer from the
same ALD process without contact openings and were produced on soda-lime
glass and without extra Na supply[12]. The authors concluded that their
measured JV curves disprove a sufficient contact through the passivation layer
and indicate that the passivation layer is intact. For solar cell samples with a
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front surface passivation layer, a thickness of about 1 nm is the maximum
thickness that still allows for negligible current losses, either due to
sufficiently high tunneling currents[84] or currents through pinholes. The
series resistance increases significantly for solar cells with 1.7 nm thick
passivation layers compared to solar cells on a reference sample. For solar
cells with a 2.2 nm thick passivation layer, the light JV curve has a kink and
roll-over. In agreement with these references, we concluded that the
passivation layer for the post-deposition treated samples and the samples with
an alkali diffusion barrier are completely covering after CIGS processing for
more than 20 ALD cycles, i.e. 1.8 nm.

5.2.3 NaF assisted current transport
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Figure 25. Paper III. Current density-voltage (JV) curves in the dark and under
illumination for selected samples with a 15 nm NaF precursor layer (15PreDT
samples) and different ALD-Al,O3 passivation layer thicknesses. One ALD cycle
corresponds to 0.9 A.

Whereas the effects of Na(F) on CIGS absorbers were well known (even if not
completely explained) when I started my work on rear surface passivation, its
effects on passivation layers had not been studied in detail. Vermang et
al.[12,116] had concluded that 2 and 5 nm thick Al,Os rear surface passivation
layers do not conduct sufficient current in the completed solar cells and that
point contacts are required in the passivation layers, by comparing rear surface
passivated samples without NaF precursor and without nanopatterning with a
rear surface passivated samples with NaF precursor and nanopatterning. They
did not report any results from samples with both unpatterned Al,Os layers
and a NaF precursor, motivating us to have a look at this combination in our
study for paper IIL.

We showed in paper 111 (and later in paper I'V) that using a NaF precursor
layer on top of <7 nm thin Al,Os rear surface passivation layers can increase
the conduction through the Al,Os layers sufficiently to make the extra
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fabrication step of opening up the passivation layer unnecessary (see Figure
25). Therefore, the assumption that intentionally patterned Al,Os passivation
layers conduct current only via the point contacts needs to be reconsidered.
Al,O3 passivation layers, that were deposited by the same ALD process to
similar thicknesses and intentionally patterned either by nanoparticles
[12,118] or electron-beam lithography [82] and had a NaF precursor applied
onto them before the CIGS evaporation, probably do not conduct current only
through the intentional contacts. On the other hand, we had already shown in
paper II that post-DT solar cells with 27 nm thick Al,O3 passivation layers
that were patterned by electron-beam lithography with a similar pitch and
contact area are sufficiently conductive (paper II).

5.2.4 The unsolved riddle: How do NaF precursor layers
enhance current transport through and the passivation
effectiveness of ALD-ALO; layers?

The increase in conduction and decrease in passivation effectiveness of Al,O3
passivation layers due to the use of a (thicker) NaF precursor layer raises the
question how a NaF precursor modifies the rear contact region. In paper I1I
and IV, we proposed two hypotheses on how the NaF precursor alters the
current transport through the Al,Os layer and the passivation effectiveness: 1)
It opens up holes in the Al,O3; and a MoSe; layer is formed between the Mo
and CIGS layer, so that the current transport occurs from the CIGS to the Mo
via the MoSe, layer. These openings are probably areas with a higher
recombination rate. The recombination rate at a solar cell’s rear surface is then
a weighted average recombination rate of the Al,Os passivated rear surface
area and the unpassivated area of the nanocontacts. 2) Chemical changes in
the Al,Os passivation layer due to the presence of Na and/or F could enhance
the conductivity and/or oxide charge. For example, it has been shown that
oxygen vacancies Vo in AlOx can form a defect band close to the band edge,
which acts as a “conduction band”’[139]. A quasi-conduction band consisting
of a wide range of defect states has also been observed in LaAlO;[140].
Doping can also introduce traps that increase the likelihood for Frenkel-Poole
emission, which is a trap-assisted carrier transport mechanism[141]. The
proposed traps/quasi-conduction band would have to either compensate the
negative oxide charge or increase the interface trap density to enhance both
the conductivity and decrease the passivation effectivity simultaneously.
Whereas we could collect some indications that point to hypothesis 1 in our
studies, we have been unable to rule out hypothesis 2. The two hypotheses do
however not exclude each other. It is for example possible that the openings
provide for conduction, but that the passivation effectiveness is additionally
reduced by changes in the oxide charge or interface defect density. In this case,
NaF precursor layers would have a negative effect even on the passivation
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quality of thick Al,Os layers, which block the current transport completely
regardless of a NaF precursor layer.

5.2.4.1 Temperature dependent current density-voltage measurements
(paper III)

If we assume that there are openings in the Al,O3 layer for the pre-deposition
treated samples (hypothesis 1), the measured 4¢ is an estimate of ¢;" at the
CIGS-MoSe; interface. If the openings in the Al,O3 layer were large enough,
the band bending at the CIGS-MoSe; interface would not be affected by the
oxide charge. Even though the oxide charge increases with AlLO; layer
thickness[120], ;" would not depend on the thickness of the passivation layer.
Indeed, our results do not show any correlation between Agp and the
passivation layer thickness.

According to the literature[104,113] the contact resistance, ¢," and the
likelihood for a roll-over in a temperature range between 100 and 300 K
decreases for higher Na concentrations at CIGS-MoSe; interfaces. A¢ is
indeed 0.2 eV lower for the 15preDT20 and the 15preDT50 sample compared
to the 7.5PreDT20 (and 0.3 eV lower compared to the 7.5PreDT50 sample,
which had however degraded; for the definition of sample names see Table
1). In summary, our results do not contradict hypothesis 1.

The current blocking for the post-DT samples with more than 2 nm thick
Al,Os layers indicate that the direct tunneling of holes and current transport
through pinholes can be excluded for these Al,O; layers and that the energy
barrier ¢; associated with an assumed current transport through the Al,Os layer
via traps or a quasi-conduction band is too large to be overcome. The carrier
exchange coefficient in equation 58 has become too low. According to
hypothesis 2 then, Na or F doping lowers ¢;. However, the JV'T measurements
probe the largest hole barrier in the valence band at the rear contact and cannot
per-se distinguish the hole barrier associated with the Al,Os layer from the one
associated with the band bending in the CIGS. If Na or F doping reduces the
former below the latter, the latter will be detected and changes in barrier height
will be changes in band bending. Yoon et al[113] proposed that Na directly
reduces the hole barrier height at the CIGS-MoSe; interface by increasing the
carrier concentration in the CIGS or MoSe;, and not indirectly by enhancing
the formation of MoSe;, Even this effect can explain our results. In conclusion,
the JVT measurement cannot distinguish between the two hypotheses,
conduction through openings in the passivation layer or an increase in
conductivity due to a change of the electrical properties of the passivation
layer.

5.2.4.2 X-ray photospectroscopy (XPS)

In the course of a Master thesis project in our group[l142], X-ray
photospectroscopy (XPS) was used to confirm hypothesis 1. MoSe; is
probably formed in the holes of a locally non-covering passivation layer,
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whereas no MoSe; is formed on a closed passivation layer. Thus, detecting
MoSe, would indicate that the passivation layer is not closed. The XPS
analysis could however not confirm the existence of MoSe, on samples with
a NaF precursor layer on a Mo-coated glass substrate with an ALOs layer,
which had been annealed in a Se atmosphere and in vacuum as a reference.
This result neither excludes nor confirms hypothesis 1. A possibility to verify
hypothesis 2 is to prove the existence of other Al-compounds than Al,Os at
the rear contact. However, when comparing annealed glass-Mo-Al,Os stacks
with and without a NaF precursor on top, the existence of an additional
chemical shift in the Al signal for the samples with NaF could not be verified.
Especially, AlF; signals could not be distinguished from the Al signals. This
result neither confirms nor contradicts hypothesis 2.

5.2.43 TEM, EELS (paper III)

The TEM and EELS analysis in paper III confirmed a conformal Al>O; layer
growth but Ga is incorporated into the oxide layer, apparently as GaOx,
regardless if NaF was supplied before or after CIGS evaporation. If a NaF
precursor layer is applied on top of the Al,Os layer, the layer deteriorates at
some locations, probably leading to direct contact between the CIGS absorber
layer and the Mo rear contact. In such locations the intensity of the Mo signal
drops consistently more gradually, which can indicate a formation of MoSe;.
If NaF is supplied in a post-deposition treatment, the integrity of the oxide
layer is preserved, even though GaOy is formed. This result is evidence for
hypothesis 1 but does not exclude hypothesis 2.

5.2.4.4 TEM, EDX (paper 1V)

The TEM and EDX data presented in paper IV confirms that both the Al,O;
and HfO, layers are generally conformal. Areas that could be interpreted as
openings are visible in all passivation layers, also in the HfO, ones, although
these should be closed according to the JV analysis of the solar cells. While
the analysis in paper I1I was done on very thin lamellae, the lamellae in paper
IV were probably thicker. Thus, the surface/interface roughness made the
interpretation of the data more difficult. In conclusion, we were not able to use
this TEM work neither to support nor contradict hypothesis 1 or 2.

5.3 CIGS solar cells with a high band gap absorber

This chapter is based on paper I and II. Grading the GG/ of the absorber
reduces the surface recombination rate and thus solar cell efficiencies[10,143].
For both single and double graded absorbers, a high GGI is used at the rear
contact. For single graded absorbers, a small GG/ is used at the front contact
and the GGI is continuously varied between the two extremes. For double
graded absorbers, the GG/ decreases towards a minimum and increases again
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towards the front contact. The GGI at the rear contact in both single-graded
and double-graded solar cells is often in the order of 0.6[144]. A better
understanding of both, the bulk properties of high Ga CIGS and the rear
surface passivation of absorbers with high GG/ at the rear contact, might help
to optimize Ga graded solar cells with or without an additional passivation
layer. A high GGI increases the band gap of CIGS by elevating mostly the
conduction band edge. A discussion of the underlying passivation mechanism
is provided in chapter 2.4. Moreover, a high Ga content also implies a low In
content, In being more pricy and more limited in supply than Ga[4].

In paper I we studied a two-dimensional matrix of solar cells with absorber
layers without Ga grading and with a GG/ = 0.15, 0.30, 0.45 and 0.60 and a
thickness of 0.5, 1.0 and 1.5 um. Neither NaF nor any rear surface passivation
was used. The samples with a GGI = 0.60 showed nearly identical EQE curves
for CIGS thicknesses of 1.0 and 1.5 um even for long wavelengths, while the
EQE increased for all wavelengths with increasing d, for all other values of
the GGI (see Figure 26). As the generation rate (see chapter 2.3.2) is not
reduced accordingly for photons with energies close to the band gap energy,
it is the collection function that is very low close to the rear surface for these
high Ga absorbers (see chapter 3.1). Recombination at the rear surface should
play a smaller role for thicker absorbers and thus not be responsible for the
reduction in EQE for the 1.5 um absorber. Therefore, a short collection length
(Lonr + dy; see chapter 2.3.2) for the samples with a GGI = 0.60 was proposed
in paper L.

A hypothesis was that by changing d,, only the generation function and the
recombination rate at the rear contact would be changed, and not the defect
density in the bulk. We hoped that we therefore would be able to distinguish
the influence of recombination in the space charge region and the bulk from
the influence of recombination at the rear surface on the collection function.
We also aimed at quantifying the recombination rate at the rear contact for
these unpassivated samples, but also later for a similar series of passivated
samples. The solar cells were modelled with the numerical solar cell
simulation tool SCAPS [145] and with an EQE simulation tool applying the
collection function derived in [33]. Absorption coefficient data from both
literature[ 146—148] and data derived from own reflection and transmission
measurements on thin films on glass were used. The simulation results showed
that differences in generation and the rear contact recombination rate cannot
explain the low EQE and Jsc for solar cells with 0.5 um thin absorbers
compared to the solar cells with thicker absorbers. There must exist additional
recombination centers in these thin solar cells to explain the results. The
simulation results have not been published and the idea of quantifying the
contributions abandoned.

When I joined the research group, the rear surface passivation of absorber
layers without Ga grading and with a low GGI = 0.3 was studied [12,82,118]
and no studies had been done yet for high values of GGI. Considering the
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results in paper I, we

hypothesized that a passivation effect would not be

observable for solar cells with 1.5 pm thick absorber layers with a GGI = 0.60
(paper II). Furthermore, we wanted to verify that the collection length and
not the rear surface recombination reduces the collection function at the rear
surface. Therefore, both passivated and rear surface passivated solar cells with
similar d, as in paper I were produced and compared with each other. To our

surprise, a passivation

effect could be discerned from the /QF data even for

the 1.50 um thick absorbers (see chapter 5.4.1).
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Figure 26. Paper 1. External quantum efficiencies (EQFE) of CIGS solar cells with
absorbers with values of x =: GGI = 0.15, 0.30, 0.60 and absorber thicknesses d, of

0.5, 1.0 and 1.5 pm.
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5.4 The effect of passivation layers at the rear surface
on the device properties

5.4.1 Fill factor, external quantum efficiency and short-circuit
current density

In addition to increasing Voc, the surface passivation can increase the
Jsc/ EQE, as fewer charge carriers recombine at the rear surface and more
charge carriers are collected at the contacts. A reduction of the fill-factor (and
eventually even the Voc, see chapter 2.4) is expected, if
1. the resistance for the hole transport towards a contact opening is
large (spreading resistance)[ 149—156]
2. the specific contact resistance at the contact openings is large
3. the resistance of the Al,Os layer is large (if no contact openings
exist).

On the other hand, an increase in Voc should also lead to an increase in FF
according to[23]

qVoc 9Voc
Ter — n (1 +986)

qVoc
L+t

FF = (90)

In this work, the fill-factor did not change significantly, neither for the high
band gap solar cells with nanopatterned Al,O; rear surface passivation layers
(paper II), nor for the solar cells with unpatterned Al;Os rear surface
passivation layers, if sufficiently thin Al,Os layers and sufficiently thick NaF
layers were used.

In paper II, i.e. for the high band gap solar cells, the passivation effect
could only be discerned with the help of the /QF data, although the efficiencies
of the passivated samples exceed those of the unpassivated references by 1.1
to 1.6 % (absolute), as the gains in Voc were lower compared to gains in the
literature for similar, but not identical sample stacks[12,116—118]. In paper
III, the efficiency of the passivated samples did generally not exceed the
efficiency of the unpassivated samples for 1 um thick absorbers (Figure 23),
but a small passivation effect could still be discerned by comparing the EQEs
of the samples with different passivation layer thicknesses within one sample
type. Finally, in case of the ultra-thin cells (paper IV), we attributed most of
the gain in efficiency of 3% (absolute) to the passivation effect (compare
Figure 27).

Five effects can be responsible for differences in EQE for different solar
cells: differences in the absorptance A, (see chapter 3.1), differences in
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recombination rate at the front contact, differences in d,, with 5c~=1,
differences in Lgnz in the quasi-neutral region and/or differences in the
recombination rate at the rear surface. Generally, no intentional optical or
electronic differences have been introduced at the front surface of the absorber
between the passivated samples and the unpassivated references. In paper I1,
all samples were post-deposition treated. In paper 1V, none of the samples
were post-deposition treated. Therefore, a similar surface recombination rate
at the front contact can be expected for both the passivated samples and the
unpassivated reference samples in papers II and IV, and also within a sample
category in paper I11.

On the other hand, larger concentrations of Na in the absorber increase the
net acceptor concentration and shorten d,. The Na concentration also
influences Long and Na post- and pre-deposition treatment are not equal in
their effects on the absorber, as Na is present during crystal growth in the latter
case but not in the former (see chapter 4). Therefore, the EQE of different
samples can only be compared in a straightforward manner, if the same Na
supply methods and concentrations have been used.
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Figure 27. Dark and light current density-voltage (JV) curves for the best cell of each
sample in paper IV. The ALLO3; and HfO, rear surface passivation layers were
deposited by ALD to a thickness of 6 nm. A 7.5 or 15 nm thick NaF precursor layer
was evaporated onto the passivated rear surfaces prior to absorber co-evaporation. The
samples are referred to according to their passivation and precursor layer thicknesses
as “baseline reference”, “7.5NaF6Al”, “15NaF6Al”, “7.5NaF6Hf” and “15NaF6Hf”,
respectively.

In paper II, the Na concentration might be larger for the unpassivated
references than for the passivated samples, as they were both subjected to a
post-deposition treatment and Na indiffusion was inhibited only in the
passivated samples by the 26 nm thick Al,O; passivation layer. As a lower Na
concentration corresponds to a lower net acceptor concentration, the increase
in EQF for the passivated samples (see Figure 28), can be partially explained
by a larger d,. The lower net acceptor concentration is also detrimental to the
Vocaccording to [18]
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AV, ~ Akt <NA"’“S) (91)
q NA,ref

where Ny, pas and Ny, s are the net acceptor concentration of the passivated and the

reference solar cells, respectively. Therefore, gains in Voc due to the passivation

effect are probably counteracted by losses in Voc due to the lower acceptor

concentration and converted into gains in Jsc (see Figure 28 and Table 2).

For the ultra-thin solar cells in paper IV, Na was supplied via diffusion
from the glass for the baseline reference and via a NaF precursor for the
passivated samples, but Na indiffusion probably still happens for 6 nm thin
passivation layers.
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Figure 28. Solar cells with a high band gap absorber with a GGI = 0.60 from paper
I1. EQE for two devices per sample and /-R (1-reflectance) of the complete solar cell
stack for the samples with a 1.45 um thick absorber layer.

The five effects can be in some cases distinguished, as they impact the EQF in
different wavelength regions. Front surface recombination reduces the EQF at all
wavelengths[54] (compare also Figure 13). A higher reflection at the rear surface
enhances especially the absorption of photons with long wavelengths, as photons
with short wavelengths have a high absorption coefficient and are to a large degree
already absorbed before they reach the rear surface.

Table 2. Solar cells with a high band gap absorber with a GGI = 0.60 from paper I1.
Summary of solar cell parameters (arithmetic average + standard deviation).

Absorber thickness | Passi- Voc Ise Fill factor | Efficiency
d, in pm vation inv in mA/cm? | in % in %

0.6 yes 0.732+0.003 18.8+0.5 68+3 9.3£0.5
0.6 no 0.709+0.004 15.6+0.2 69+1 7.7£0.2
0.85 yes 0.721+0.010 20.0+0.2 69+0 9.9+0.1
0.85 no 0.727+0.003 17.6+0.2 69+1 8.8+0.1
1.45 yes 0.747+0.004 22.9+0.7 70+1 12.0+0.4
1.45 no 0.718+0.010 20.7+0.3 71+1 10.5+0.1
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Whether the passivation effect increases the FQF only for long wavelengths
or evenly for medium to long wavelengths depends on the relations between
the Lownr, w, and d, (see chapter 2.4). Light with a long wavelength creates free
electrons closer to the rear surface. Thus, the collection probability and the
EQE for these free electrons is reduced, if the recombination rate at the rear
surface is large or if Lowr is small compared to d,. If the space charge region
reaches far back into the CIGS layer, the influence of the rear surface
recombination and a short Lonz on the collection probability is counteracted
by the electrical field in the space charge region at short circuit. In this case,
the rear surface passivation enhances the EQF mostly in the long wavelength
region.

1 - -~ S
A e T Wl
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0.8 | /
@06 | % —15NaF6Al
—
w
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02
—AIQE
0 1 1 1 1

300 500 700 900 1100
Wavelength [nm]

Figure 29. Ultra-thin solar cells in paper IV. Dashed lines: 1-reflectance (1-R) of the
whole solar cell stack. Sold lines (except green): Internal quantum efficiency (IQE),
Green solid line: /QF difference between the 15NaF6Al sample and the baseline
reference.

On the other hand, if L. is long and w, is small compared to d,, a high
recombination rate at the rear surface decreases the EQFE for both medium and
long wavelengths. In this case, a rear surface passivation enhances the EQF in
this wavelength region.

For the solar cells with a high band gap absorber (paper II) the EQFE is
larger for the passivated samples than for the unpassivated samples for
wavelengths larger than 530 nm, even for the sample with the thickest
absorber (1.45 um) (see Figure 28). For the samples with ultra-thin (215 nm
absorbers) studied in paper 1V, the EQE for wavelengths larger than 330 nm
is higher for solar cells with an Al;O; passivation layer and NaF pre-
deposition treatment, compared to the unpassivated reference (see Figure 29).

The increase in EQE for all wavelengths also indicates a narrow space
charge region or incomplete collection in the space charge region for the ultra-
thin solar cells. Additionally, optical and electrical modeling show that the
higher EQE for passivated samples can only partially (< 10%) be explained
by the higher reflection at the passivated contact in both cases. Thus,
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differences in the EQE most probably stem from electrical effects. For the
high band gap solar cells, they likely stem from a combination of passivation
effects and doping effects. For the ultra-thin solar cells in paper IV, it is most
likely the rear surface passivation layer that enhances the EQF for the samples
passivated by an AL,Os layer.

5.4.2 Current densities in the 2-diode model

In Figure 30 the results of current density-voltage measurement at 100 K of
the high band gap solar cells in paper II are shown. The measurements were
performed in darkness and for three different illumination intensities. We
observe for all samples in that study that for low temperatures the forward
current density is limited at forward biases larger than Vo, i.e. the JV curves
have a roll-over. The magnitude of the roll-over current density is — as
expected for a photocurrent density - larger for higher photon flux densities.
It is also larger for the unpassivated samples as compared to the passivated
samples in paper II. For the unpassivated samples it increases with reduced
absorber layer thickness, but not so for the passivated samples. At even higher
voltages and for low photon flux densities, the slopes of the current density
curves increase again for most samples. Ju+ is also severely limited for
voltages over Voc at low temperatures. When plotting the Vocas a function of
temperature for the different illumination intensities, the Voc saturates at low
temperatures for all illumination intensities, but at different values. The Voc
for small light fluxes is always lower than the Voc for larger light fluxes at the
same temperature — in agreement with 85 but disagreement with 86[63].

To explain these results we proposed an energy barrier at the rear contact
and applied the 2-diode model as described in chapter 2.4 and chapter 3.4.
According to this model, the temperature independent .J,;» dominates the roll-
over current density for the unpassivated samples at low temperatures. As a
photocurrent density, it depends on the amount of photons absorbed and the
collection function, and thereby on the incident primary light flux on the solar
cell, the absorption profile and the absorber layer thickness (see also chapter
2.3.2). With decreasing d, more electrons are generated close to the rear
contact and thus have a higher probability of reaching the rear contact and
contributing to Jym. For the passivated samples, the fixed charges in the
passivation layer reduce the electrical field of the secondary junction, increase
the carrier concentration asymmetry and decrease the conductivity for electron
transport towards the contact. Therefore, J,» and thus the roll-over current
density decrease and become independent of the absorber layer thickness, and
Jynmincreases. In contrast to the unpassivated case, Jys is also a significant part
of the roll-over current density at low temperatures. Thus, by comparing
passivated and unpassivated samples and different d,, J,u can be discerned.
As Jyu 1s temperature independent, we can conclude that for unpassivated
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samples Jscand Voc are reduced due to the rear surface also for these CIGS
solar cells, with a high band gap and a flat Ga profile.
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Figure 30. High band gap solar cells in Paper II. Current density-voltage (JV) curves
measured at a temperature 7=100 K for 0, 1, 10 and 100% photon flux density for
samples with a a) 0.60 um, b) 0.85 um and c) 1.45 pm absorber layer. The left chart
shows the curves for the passivated sample, the right chart shows the curves for the
unpassivated reference sample. To be able to depict the current densities for the
different photon flux densities on one axis, the measured current densities have been
multiplied with a factor of 10 for the measurements at 10 % photon flux density and
with a factor 100 for the measurements at 1 % photon flux density.

For the JV'T measurement results at 100% light flux, no general trend for
A and thus for Jy, was observed. This lack of a trend means that the band
diagram of the contact for J* is not observably influenced by the electrical
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field stemming from the oxide charge in the passivation layer although V;, < 0
(see chapter 2.2). This can be explained in two ways: the passivation layer
does not induce an additional electrical field and the passivation layer only
passivates chemically, or the electrical field does not spread far enough
laterally into the point contacts. We assume here that the electrical field
spreads both longitudinally into the absorber layer, but also laterally into the
CIGS at the point contacts and thus to the CIGS-MoSe; interface. As the rear
contact barrier height remains unchanged in the experiment, there probably is
a path for the holes in the middle of the point contacts through the CIGS-
MoSe; interface that lies outside of the region affected by the field of the fixed
oxide charges. As the smallest dimension of the contact opening is 0.4 pm,
the d,, has to be smaller than half of that value, namely 0.2 um. Only charge
carriers within that distance or less from the oxide layer are affected by the
additional electrical field.

5.4.3 Barrier height for holes in the 2-diode model

As described in paper I1I, we found that a 0.9 nm thick Al,Os passivation
layer lowers the hole barrier at the rear contact by 0.2 eV for the post-
deposition treated samples compared to the unpassivated reference. If we
assume that the Al,Oj; layer is completely covering for post-deposition treated
samples, the holes need to tunnel through the Al,O; layer and pass the rear
interface region of the CIGS absorber, where the electrical field effect
stemming from the negative charges in the passivation layer reduces the band
bending and thus the associated hole barrier height. As long as the passivation
layer is so thin that the holes can tunnel through it, the energy off-set at the
passivation layer is not visible in the JV'T measurements, but the reduced band
bending due to the negative oxide charge in the Al;Os is. On the other hand,
if sufficiently large openings existed in the passivation layer, J* will not be
affected by the electrical field as we showed in paper II for the samples with
point contacts. We could thus conclude that the AlO; layer in post-DT
samples not only completely covers the rear contact, but that the current
probably tunnels through the layer and that the Al,Os3 layer lowers the barrier
for hole transport associated to the band bending in the CIGS at the rear
contact.

5.4.4 Components of the apparent shunt conductance

For CIGS solar cells with thin and ultra-thin absorbers [76,94,117-119] the
light JV curves of the unpassivated reference samples have larger values of
the apparent shunt conductance (dJiign/dV]y=0p) than the light JV curves of the
passivated samples. The large apparent shunt conductances for the
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unpassivated case have been explained by voltage dependent current

collection[157,158]. However, when quantifying the voltage dependent
current collection by biased AQF measurements, a residual shunt %

V=0
the light JV curve still remains unexplained for solar cells without passivation
djres

av ly=o
light-dependent photocurrent collection #(j,, V), light depend shunt paths
Gsi(j,) or light dependent diode current densities Jaiode(Vjy)-

Here I present the comparison of a sample with AlOs; rear surface
passivation (15NaF6Al) and an unpassivated reference sample from paper
IV. As seen in Figure 27, the light JV curve of the unpassivated reference has
a larger slope around V' = 0 V than the light JV curve of the sample with Al,O3

rear surface passivation (15NaF6Al). The slope of the dark curve is
dJdark
av lyxo

layer in paper L, (see chapter 3.3). can be attributed to a voltage and

~ (.08 mS/cm” on the unpassivated reference sample. It increases

djy; . L
by a factor 46 to % ~ 3.7 mS/cm” under illumination. In contrast, the

|Vz0
slope only doubles from dld—“;”‘

~ 0.58 to ZLlart ~ 1.15 mS/cm’ on

V=0 av lyxo

the passivated 15NaF6Al sample. As derived from AQE/EQFE measurements

% 1.7 mS/cm? for the reference and 1.0 mS/cm? for the passivated
V=0

sample. Thus, whereas the dark shunt together with the voltage-dependent

current collection can completely explain the observed shunt-like behavior for
. . d .
the passivated sample, a residual slope of % ~ 2 mS/cm’ is left
V=0
unexplained for the reference. Summarizing, the passivation layer reduces not
only voltage-dependent current collection, but also extinguishes the residual

shunt-like behavior in the ultra-thin devices in paper IV.
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6 Concluding remarks

First, I would like to summarize the results and discussion presented in chapter
3,4 and 5.

For CIGS solar cells with 0.45, 0.85 and 1.45 um thick absorber layers
with a GGI = 0.60 and without Ga grading, a passivation effect could be
discerned for 30 nm thick Al,Os; rear surface passivation layers by
comparing and modeling the /QF and JV'T data for the passivated solar
cells and the unpassivated reference solar cells.

The rear contact of CIGS solar cells could be electrically described by a
hole current over a hole barrier (including a breakthrough current at high
voltages), an electron photocurrent and a hole shunt current.

A high hole barrier reduces the asymmetry between the majority and
minority carriers at the rear contact, which increases the detrimental
electron photocurrent into the rear contact or the rear surface
recombination rate (depending on the electrical model of the contact
used).

The results indicate that the barrier can be decreased if the charge carriers
tunnel through a passivating MIS contact structure with ALD-AlOj in the
role of the insulator. The Al,Os layer probably lowers the barrier for hole
transport associated with the band bending in the CIGS at the rear contact.
The AlOj3 layer probably covers the rear contact completely already for
10 ALD cycles, thus establishing a MIS contact. The charge carriers
probably tunnel through the Al,O; layer.

A (tunneling) MIS rear contact does not increase the efficiency compared
to samples with a standard rear contact if a NaF precursor is not used. An
optimal thickness for the Al,Oj3 layer in these MIS contacts was not found.
Nano-structuring is necessary for sufficient conduction through ALD-
Al>,O3 layers thicker than 1 nm, if NaF is not applied at all or in a post-
deposition treatment after CIGS deposition. Otherwise, J,» is blocked.

A partial rear contact (i.e. a rear contact with a nanostructured Al,O3
passivation layer inserted between the absorber and the contact) can
decrease the electron photocurrent over the hole barrier.

The hole barrier at the MoSe,-CIGS interface in the point contacts of a
partial rear contact may be decreased by using a thicker NaF precursor
layer.

According to a one-diode model, rear surface passivation with ALO;
decreases the apparent shunt conductance dJiign/dV under illumination. It
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does not only reduce the part of the apparent shunt conductance stemming
from voltage-dependent current collection, but also strongly reduces a
residual shunt-like behavior. Thus, the residual shunt-like behavior is
probably associated with recombination at the rear surface.

Inserting an Al,O3 passivation layer can reduce the number of shunted
cells per sample.

NaF precursor layers deposited on ALD-AI,Os passivation layers prior to
CIGS evaporation can ensure unimpeded current transport, so that an
additional fabrication step for contacting can be avoided.

Sufficient conduction has been shown for up to 6 nm thick ALD-Al,O3
passivation layers in this work. The thickness of the NaF precursor layer
is a factor in determining the maximum thickness of the AlO; layer that
still allows for sufficient conduction.

PL measurement results indicate that Al,Os rear surface passivated CIGS
solar cells can potentially achieve high values of Voc. They also suggest
that the potential gain in Voc may be reduced if the thickness of a NaF
precursor layer is increased. Unfortunately, thick precursor layers are
necessary to obtain sufficient conduction through unpatterned ALD-ALO;
layers.

This lower-quality passivation is nevertheless beneficial for the ultra-thin
CIGS solar cells with a d, of 215 nm. Compared to reference samples, the
passivated samples had a higher Voc (+120 mV), an increased Jsc
(+6 mA/cm?) and EQE and thus a higher efficiency (+3% to 8.6%). Most
of the gain stems from the passivation and not from optical effects.

Any studies on the electrical properties of Al,O3 passivation layers should
consider the Na(F) concentration at the rear contact and the Na(F) supply
method.

In previous studies, if a few nanometers thin Al,Os passivation layers were
used in combination with NaF precursor layers, the current did most likely
not only flow through the intentional nanocontacts. Details on the contact
area, pitch and contact size might thus be misleading.

For the high band gap solar cells with a partial rear contact, the applied
nanostructuring was sufficient for conduction. The Al,Os rear surface
passivation layers were 30 nm thick and not subjected to a NaF precursor,
so that conduction through the layers themselves can be excluded.
Passivation with Al,Os layers with a NaF precursor layer on top might be
the best choice, if expensive and time-consuming patterning steps are to
be avoided. In this case, Na(F) precursor deposition needs to be used
(which does not exclude other additional Na application methods) and a
compromise between conduction through the Al,Os layer, passivation
effectiveness of the Al,Os layer and beneficial and detrimental effects of
Na on the absorber needs to be found.

Photoluminescence data indicate that ALD-HfO, layers passivate the rear
contact well, though slightly worse than ALD-Al,Os layers. In their case,



the PL signal does not depend on the NaF concentration in the used
samples. Thus, CIGS solar cells with a patterned HfO, rear surface
passivation layer can be expected to have high Voc values regardless of
NaF application method.

e Solar cells with unpatterned HfO, layers block the current regardless of
NaF supply.

e HfO, might be the passivation material of choice, if conduction through
the HfO, layer is obtained by an extra fabrication step such as
nanopatterning. Good surface passivation properties are then ensured
independently of the Na incorporation method and concentration and no
compromise concerning these is needed. Conduction through the
passivation layer and passivation effectiveness can be optimized by the
nanopatterning method and independently of the optimization of the Na
application method to achieve good electrical absorber properties.

In 2012/2013 the idea of partial rear contacts from the Si solar cell world was
imported to the CIGS world. Unfortunately, partial rear contacts usually
require time consuming and expensive patterning steps and the contacts
themselves (in the narrow sense, i.e. the point contacts) are left unpassivated.
Today, Si solar cell researchers are turning away from partial rear contacts and
rear contact research focuses increasingly on Si heterojunction solar cells,
described by the selective membrane model. In these solar cells, current
transport to the contacts is selective. The complete rear surface both serves as
a contact and is passivated, namely both chemically and due a strong carrier
density asymmetry. Passivation and conduction are in series instead of parallel
as in cells with partial rear contacts. Not patterning the passivation layer as |
have done in two papers in this thesis — no matter if the rear contact is in fact
partial or not- is a first step into this direction. I hope that the CIGS solar cell
community in future considers both CIGS solar cells with a heterojunction at
the rear contact and the selective membrane model.
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Sammanfattning pd Svenska

Omfattande anstrdngningar gors for att stilla om energisystem fran fossila
energikidllor till fornybara energikéllor, som solenergi, eftersom fossila
energikillor har allvarliga begriansningar. For det forsta dr bade mingden och
utnyttjandetakten av fossila resurser begrénsade. For det andra ér de ojamnt
fordelade over vérlden. Dérfor &r priser och tillgang till fossil energi delvis
politiskt bestdmda och fluktuerar sa kraftigt, att energisékerheten &r hotad.
Slutligen bidrar anvéndningen av fossil energi allra mest till den méanskligt
orsakade globala uppvarmningen.

Fornybara energiresurser dr dock inte direkt anvéndbara, utan en
energisystemkomponent behdver omvandla dem till en energibérare eller till
sekundér energi, som 1 sin tur levererar en energitjénst (pa engelska: energy
service) till slutkonsumenten. Solceller dr en sddan energisystemkomponent
for fornybar energi. De omvandlar solenergi till elektrisk energi, som
omvandlas till slutet till exempel till potentiell energi nir en kranforare lyfter
en vikt med hjidlp av en lyftkran. Behovet av material for att bygga
energisystemkomponenter behover ocksé betraktas bade fran ett kostnads-
och ett energisdkerhetsperspektiv. Mingden och produktionstakten for
material frdn primér- och sekundérresurser (dvs. frén dtervinning) ar i princip
begrinsade och exploaterbara malmer &r ojdmnt fordelade Over vérlden.
Brister och stora prisfluktuationer ar saledes inte heller ovanliga. For
Cu(In,Ga)Se; (CIGS) tunnfilmssolceller ér det indium i det ljusabsorberande
skiktet som dr mest problematiskt.

Saledes kan en minskning av materialanvindning per serviceenhet (fran
engelskan: material input per unit of service (MIPS)) forbittra
energisikerheten och bidra till att stabilisera och/eller minska
energikostnaden. Allt annat lika reduceras materialanvindningen per
serviceenhet om (1) samma méngd energitjanster tillhandahélls med mindre
materialanvidndning i energisystemkomponenten eller (2) om energitjanstens
méngd okar for samma materialanvindning. I fallet med solceller reduceras
materialanvdndningen per energiserviceenhet om tex. de ljusabsorberande
skikten tunnas ner utan forlust i omvandlingseffektivitet eller om
omvandlingseffektiviteten forbattras utan en Okning av material-
anvindningen.

Lyckligtvis kan en minskning av de ljusabsorberande skikten i solceller 6ka
omvandlingseffektiviteten. Nér dessa skikt tunnas ner, begransas samma antal
fria laddningsbérare (i.e. elektron och hal) till en mindre absorptionsvolym,
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forutsatt att generationstakten och rekombinationstakten av fria
laddningsbérare vid fram- och bakytorna av det absorberande skiktet inte
fordndras. Forhojda koncentrationer av fria laddningsbérare dkar avstdndet
mellan kvasi-Fermi-nivderna, vilket kan oOka spénningen i en Oppen
stromkrets.

For verkliga CIGS-solceller okar emellertid bade absorptionsforlusterna
och rekombinationstakten i gransytan mellan det absorberande CIGS-skiktet
och Mo-bakkontakten vid minskningen av CIGS-skiktets tjocklek. Avstandet
mellan kvasi-Fermi-nivderna i CIGS-skiktet, spidnningen vid &ppen
stromkrets, kortslutningsstrommen, fyllnadsfaktorn, och dérigenom
omvandlingseffektiviteten minskar. Salunda ar bade en passivering av CIGS-
skiktets bakre yta och en optisk optimering avgdrande for att bibehélla en hog
omvandlingseffektivitet i CIGS-solceller, nir solcellens CIGS-skikt tunnas
ner.

Passivering av en yta minskar per definition den lokala rekombinations-
takten av elektroner och hél dir. En yta kan passiveras genom att antingen
minska titheten av defekter pa ytan (kemisk passivering) och/eller genom att
gora en laddningsbérarkoncentration mycket mindre &n den andra
(populationskontroll av laddningsbédrare). CIGS-skikten i moderna CIGS-
solceller &r vanligen Ga-graderade med ett hogt Ga-innehall och ddrmed hogre
bandgap vid baksidan for att hdja halkoncentrationen och minska
elektronkoncentrationen dar. Istéllet for Ga-gradering, infors i detta arbete
tunna oxidskikt, sd kallade passiveringsskikt, mellan CIGS skitet och Mo-
kontakten. De kan passivera CIGS-ytan om CIGS-oxid-gransytan har en ldgre
defekttithet 4n CIGS-Mo-gransytan och/eller om de innehéller en negativ
oxidladdning, vilket oOkar hélkoncentrationen och minskar elektron-
koncentration i CIGS i nérheten av oxiden.

Eftersom oxider &r isolatorer maste den elektriska ledningsférmagan
genom passiveringsskiktet sikerstillas. Detta gors vanligtvis genom att 6ppna
passiveringsskiktet i ett extra tillverkningssteg, varigenom en direkt elektrisk
kontakt upprittas mellan CIGS och Mo. Foljaktligen gjordes i en del av detta
arbete nanopunktkontakter i passiveringsskiktet. Passiveringsskiktet anvéndes
i solceller med ett CIGS-skikt med ett stort bandgap, dvs. CIGS med ett hogt
gallliuminnehall och ett 14gt indiuminnehall, for att utforska om ett sadant
CIGS-material kan passiveras med hjilp av ett passiveringsskikt.
Diffusionsldngden for minoritetsladdningsbiarare i CIGS med s& hogt
galliuminnehall ar kort jamfort med diffusionslingden i CIGS med ligre
galliuminnehall. Darfor dr en passiveringseffekt mindre sannolik. Trots detta
kunde en passiveringseffekt faststdllas med hjidlp av maétningar av
kvanteffektiviteten och strom-spénningsmétningar under olika temperaturer i
samband med optisk och elektrisk modellering.

Dessutom har mojligheten att undvika det extra tillverkningssteget med
monstring av oxiden utforskats for tva olika oxider. Resultaten tyder pa att
passiveringsskiktet inte nddvéndigtvis behdver oppnas for elektrisk ledning i
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ett ytterligare tillverkningssteg, om en ldmplig kombination av det
passiverande materialet och ett tillrickligt tjockt lager av NaF lidggs pé
passiveringsskiktet innan CIGS-forangningen. I detta fall har solceller med ett
215nm tunt CIGS-skikt och ett 6 nm tunt passiverande Al,Os-skikt en
omvandlingseffektivitet pa 8,6%, vilket &r 3% (absolut) hogre é&n
omvandlingseffektiviteten péd referenssolceller utan passiverande skikt. For
HfO,-skikten indikerar fotoluminescensdata en bra passiveringseffekt, men
NaF okade inte HfO,-skiktens ledningsforméga i tillrdckligt hog utstrackning
och skiktet méste darfor 6ppnas for att sdkerstélla ledningsformégan.
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