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1.1 Renewable energy

In the previous 100 years, the demand for energy has increased
substantially. Fossil fuels are applied globally to genamsehanical power,
electrical power, and heat. The global economy depends on tlee gbriail,
while the availability of oil gives reason to political anditary instabilities.
The growing consumption of fossil fuels has led to environmentaition.
The reserve of fossil fuels is decreasing and will no longexvh#éable in due
time.

Many reasons motivate the development of renewable enelglyalG
warming may stop, nature will recover, and hopefully people vdp $ighting
over natural resources of fossil fuel. Furthermore, despiteethr@onmental
problems and political needs, it should be realized that fassd# fike oil and
natural gas are no longer available in the not too distant future.

For the last decades, more and more successful sourcaseofatde
energy have been explored. New systems in which renewabley én¢hg key
factor are being developed. Sources of renewable energy, suchdasnergy,
hydropower, solar energy, and bio-energy are combined with relestarage
of energy (rechargeable batteries or hydrogen storage). Togeitierthe
developments of electrical applications, such as the fuelaoéllthe electric
motor, fossil fuels can be replaced. The global introduction ofnawable
energy source is determined by its commercial potential. @$teof renewable
energy has to compete with the cost of fossil fuels. To be ctehpienewable,
the amount of energy that is generated by a renewable energg saisrto be
more than the energy that is needed for the production of thesporrding
energy device.

Scientific research is needed for the development of ndmaémies.
This thesis is part of a scientific research project tmitributes to the
development of an economically and energetically favorable soddir
Recently, it has been shown that for large solar power pthetssnergy-
payback-time is less than 3 ye€ardhe solar cells of the type that are
investigated in this thesis (spray-pyrolysis deposited GtbhaSed solar cells)
have already shown their economical potential. The company Advanced
Photovoltaic Applications is building a factory that produces kspeay-
deposited CulngSbased solar cell. These solar cells will operate mainigrge
power plants and are not (yet) available for customer applications.
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1.2 Semiconductor solar cells

1.2.1 Power from the sun

The sun generates an enormous amount of energy, of which a small
fraction reaches the surface of the earth. However, thsu@imof 162.000
TeraWatt power is sufficient to supply the entire world of energy. Tolars
power that hits the surface has the physical nature of UV ligdib)erlight, and
near-infrared radiation. The challenge of solar cell agraknt is to convert
solar light as much as possible into electricity. This coimerfias to be
energetically and economically favorable. The development ofluptimn
methods that consume little energy and the reduction of matest is needed
to improve the energetic and economic efficiency of solar cells.

The discovery of the photovoltaic effect by A.C. Becquerdl889 has
initiated the subject of photovoltafcsCharles Fritts developed a 1% efficient
solar cell in 1883. After years of research, Bell Laboratanesnted the silicon
solar cell, which still is the standard solar cell techndlogdowadays, the
efficiency of silicon solar cells has reached up to 24.7% atdatry scaléand
18% for commercial cells.

Three solar cell generations can be distingui$hBuk first generation
is initiated by the invention of the silicon solar cell and incbuddl bulk
semiconductor solar cells. This generation of solar cells Haw &fficiency
and high production costs, as is evident from Figure 1.1. The sdlanaridet,
however, is still dominated by this generation of solar Tellhe second
generation solar cells consist of cells in which new techndcayiel materials
improved the economical viability by decreasing the production .cAstthe
time of writing, the ¥ generation of solar cells is being commercialized and
solar power plants are now under construétiddowever, research is still
needed to further improve these solar cells and to improve ffieiercy. The
3 generation of solar cells is expected to be the solar céfleofuture. The
development of functional materials, nano-technologies, and quantum dots
combined with theoretical approaches, will lead to a large isergasolar cell
efficiency. Years of development are needed before these dewittebe
commercialized.
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Figure 1.1: Efficiency and cost projections for first,- second-, and third-
generation photovoltaic technoldgy
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1.2.2 Principles of solar cell operation

The principle of a solar cell is demonstrated in Figure 1.2. Tt wf
the energy gaj, of a semiconductor is, in contrast to insulators, small enough
to excite electrons from the valence band to the conduction bandheby t
absorption of light. This property makes semiconductors excellatdrials for
photovoltaic applications. The use of dopants determines whether a
semiconductor has n-type or p-type conductivity. Joining an n-type
semiconductor to a p-type semiconductor forces the Fermi-levelguilibrate,
by a change of the relative position of the energy bands, illasisated in
Figure 1.2b. The result is an electric field across thgupction region. After
illumination with sunlight, excited electrons migrate under infaee of the
electric field, and cause an electrical current. The n-type sanhictor allows a
selective electrical contact to the conduction band, while phHgpe
semiconductor allows a selective electrical contact tovédence band. As is
shown in Figure 1.2c, the potential-difference between the elctimtacts
provides the photo-voltag¥. This way, sunlight is converted into electrical
energy. The electrical energy can be used directly, or storembfisumption at
another time. A solar cell does not produce any pollution or haremfiigsion
upon operation, but the Si-based solar cells have a relatargly énergy-return
time.
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(a) p-type and n-type

Si-based semiconductor

p-type n-l,ype

semiconductor semiconductor

(b) pn-homojunction

' electric field

)

Illllllv.
\

Figure 1.2: Principle of a homojunction Si-based solar cell. Graph tjajvs

the band structure of a p-type and an n-type semiconductor. Grapbws the
pn-junction under illumination. Graph (c) shows the pn-junction under
illumination in an external electrical circuit.

6



charge carrier dynamicsin CulnS;-based solar cells

1.2.3 Types of solar cells

Homojunction solar cells

Different types of solar cells have been developed siealiscovery
of the PV effect. The most famous is the crystalline silicdar sll. By doping
silicon either n-type (Phosphorus doped) or p-type (Boron doped) sikcon
formed. Upon joining the n-type and p-type silicon, a pn junction &ksied.
Since one type of semiconductor material is used, solarbaedksd on this type
of pn-junction are classified as homojunction solar cells.

The largest disadvantage of the silicon solar celléshtgh production
costs of the silicon wafers, which are used in de productioregsoaf single
crystalline and multi crystalline silicon solar cells.gHitemperature, high
vacuum, and clean rooms are needed for the production of singtaling
silicon solar cells. Currently, alternatives are being bpesl, such as
amorphous silicon solar cells, which have reached an efficiepdo 9.5% at
the time of writing. Also, the development of the thin-film silicon solar cell is
in progress. This way, the amount of material and thus the productisncans
be reduced.

Heterojunction solar cells

Another type of solar cell consists of two different semicondsctaf
which one is n-type and one is p-type. Joining the matersstdbleshes a pn-
junction, similar to the homojunction cell. Carefully selecting material band
structures leads to better solar cell efficiencies.

When the bandgaps of the two materials are not equal, the energy bands
may not match perfectly, as is exemplified in Figure 1.3. Atsgontrast to
homojunction solar cells, the crystallographic properties of thg&-and p-
type materials do not necessarily match. Among the heterdguorsalar cells,
the window-layer design has attracted wide attention. In #8&gd, the n-type
semiconductor has a wide bandgap, which avoids the absorption oé Vigitil
by this part of the solar cell. In homojunction solar cells, the layers bdads
thin as possible to allow excited charge carriers to migoateetjunction before
recombination occurs. In the window-layer design all visiblbtligbhsorption
occurs in the p-type semiconductor. When a strong absorber is msed i
combination with illumination through a window layer, charge carrier
generation within a small region close to the junction is setuféis way, the
migration-length of excited charge carriers to the junctiomirimized, which
lowers charge carrier recombination during the migration psocdhis
increases the efficiency of the window-layer design soldr @é&tely known
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(a) p-type and n-type semiconductor

p-type n-type

semiconductor semiconductor

(b) pn-heterojunction

4 electric field

Figure 1.3: (a): p-type semiconductor and n-type wide-bandgap semiconductor.
(b) pn-heterojunction.




charge carrier dynamicsin CulnS;-based solar cells

heterojunction solar cells are based on combinations of GaAs, InkR, ©dT
Cu(In,Ga)(Se,S)solar cells.

3D cell

The design of the Gratzel cell inspired researchers teiuinvestigate
new solar cell designs. The 3D concept is an example of an innovaavesl
design, in which the nano-porous GiGtructure is filled with a solid p-type
semiconductor. This concept combines the benefit of the 3D struitiren
all-solid-state solar cell, preventing the difficultiesusing a liquid electrode. It
is shown that a Tig¥ CulnS 3D solar cell has an efficiency of 8%

Although the 3D structure provides better solar cell effigemnthan
thin film pn-junction$, in this thesis only thin films are investigated. The 3D
structure does not allow focusing on a single material snasnoscaled
mixture of different materials is present.

1.2.4 Synthesisof semiconductor solar cells

All semiconductor solar cells have in common that the satlestf the
cell has to be transparent and conductive. Transparent Condi@tides
(TCO's), such as Snddoped) or 1p0O; (doped) have excellent properties to
serve as a semiconductor substrate and electrical comtanei TCO's can be
easily deposited on glass, which forms a stable basis for solar cells.

Conventional deposition methods

Typical deposition methods for semiconductors include Chemical
Vapor Depositioy Sputter Depositidfi, and Atomic Layer Depositidh These
methods produce high-quality materials with optimal solar efitiencies.
Usually, additional treatments are required after the deposifiinthese
deposition methods are classified as 'expensive’, since high témnesra high
vacuum, and often a clean environment are essential for producinguatty
materials. For solar cells for which a high efficiengyriore important than low
deposition costs, these deposition methods are the best choice.

Low-cost deposition methods

In order to reduce the production costs of solar cells, less éxpens
deposition methods have been developed. Chemical Spray Pyrolysis is
promising method. This method is developed during the last decadebamsl
promising results. Spray pyrolysis does not require extrehighytemperatures,

9
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a vacuum, or a clean room. The quality of the materials is ldaar for
conventional deposition methods, which lowers the efficiencid¢heotievices.

The low production costs, however, increases the economical pbtentiee
resulting solar cells. Other methods which are being investigaire
electrodepositing and dip-coating. Low cost deposition methods become
important when the costs of the solar cell are dominaathigh efficiency, i.e.,

in large area application.

1.3 Efficiency losses in semiconductors

1.3.1 Efficiency lossesin semiconductor solar cells

The efficiency of a solar cell is determined by the peeggnbf solar
energy that is converted into electrical energy. The amoluavailable solar
energy is defined by the AM 1.5 solar spectrum. To achieve haddlar cell
efficiency, the absorption of photons has to be large. A diosst of solar
energy is caused by photons that have an energy which is sthalfethe
bandgap. The ideal bandgap of a single-junction solar cell, withmibet
efficient absorption of the solar spectrum, is 1.4-1.8eV

The major energy-loss mechanisms of absorbed photons for a pn-
junction solar cell are shown schematically in Figuré®1l4€ss mechanism 1 is
the relaxation of excited electrons and holes that have morgyetiem the
bottom of the conduction band. This loss is responsible for a decirase
efficiency of 44%, when an optimal band-gap semiconductor is used. Los
mechanism 2 occurs when the excited charge carriers traeskabe junction
and loss mechanism 3 when the charge carriers are injatbethe electronic
contacts. The losses 1, 2 and 3 are part of the Queisser-Shaaiteyvhich
predicts a maximum efficiency of 33% for single junction semitictor solar
cells.

Loss mechanism 4 is the loss of excited electrons and holes that
recombine before migration to the electronic contacts is cordpl€kés type of
loss is related to the material quality and physical progewied will be
discussed in the next section.

10
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Figure 1.4: Major efficiency losses in single junction semiconductor solar cells.

1.3.2 Therecombination of electrons and holes

The recombination of electrons and holes in pn-semiconductors is a
important issue for semiconductor devices. In some devices, as light-
emitting diodes (LED's), a high recombination rate is prefemtie for solar
cells a high recombination rate destroys the device operatfdhen
recombination occurs, the (solar) energy is lost into the amisé photons or
phonons. The current of a solar cell decreases directly witm@aeasing
recombination rate. Recombination of electrons and holes can occarlinlka
material or at interfaces.

Interface states

Missing atomic bonds at a surface or interface createtdstses, i.e.,
surface states or interface states. Interface stegdanawn as highly favorable
recombination centers for electrons and holes, which reduceotae czll
efficiency strongly by encouraging electron-hole recombinatioheajunction.
A buffer layer, which is a relatively thin layer betwe#me p-and n-type
semiconductor, slightly changes the electronic structure aintedace. This
way, recombination of electrons and holes that occurs after hbege
separation process has finished, is prevénted

11
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Bulk recombination mechanisms

The recombination in a bulk semiconductor is opposite to the exuitatio
process. Recombination occurs when an excited electron is reduceergy e
by filling a hole. Recombination can occur from the conduction lanithe
valence band, referred to as band-to-band or direct recombinatittmpogh a
defect state in the bandgap. The recombination mechanism in eosdmitor
has been modeled by Shockley, Read and'#&ilin 1952. Their so-called
SRH-theory is widely used for modeling and explaining recombination
mechanisms. This theory calculates the recombination nate the statistical
probability that an electron or a hole recombines. The model-paranatiide
the density of electrons in the conduction band, the density of holdse
valence band, the energy-level of the defect state, the ylefgiefect states,
the electron- or hole population of defect states, and the hole aculogl
capture cross sections.

Figure 1.5a shows schematically the recombination of electnotis a
holes for direct recombination and via a single defect séatmrding to the
SRH model. External charge carrier generation changes theatiopullensity
for both the valence- and the conduction band with respect to thebeagumili
situation. Subsequent recombination induces a change in the stetect-
population density. These changes in population density are described by
differential equations that describe the corresponding recombinatien For
the valence- and conduction band, these differential equations read

(%j:g_ud _Un (11)
do
(?pj:g—ud -u, (1.2).

in which én is the deviation from the thermal equilibrium electron catregion

in the conduction banddp the deviation from the thermal equilibrium hole
concentration in the valence bargl,the charge carrier generation rate by
external meangd)q the direct recombination ratd,, the electron recombination
rate to the defect state, abij the hole recombination rate to the defect state.
For the defect state, the deviation from the thermal edquitibrelectron
populationdN is

Ny Ly, 0

12
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(a) Charge Carrier (b) Thermal Equilibrium
Recombination Paths e=U,U=U,
@ O @ on=0 Q0
electron recombination| 4 A
to a defect state g : é
¢ (rate = U,) H H
direct recombination
(rate = U,)
hole recombination g
to a defect statte : Ud
(rate = U) § v :
8 C000000LOLO0OO0OLOOOOOO
op=0
(c) Steady State (d) Not a Steady State
g=U,+U, - Up g#zU +U - Up
ioo oo ¢ On/dt=0 % eeeeee¢eaoe N0
S - ON/5t=0 ON/3t>0
= % 000
E EUP UP
- [OF : U, :
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Sp/dt=0 5p/5r>0

Figure 1.5: Charge carrier recombination models. (a) recombination paths,
(b) system in thermal equilibrium, (c) system in steadyestatd (d) system not
in a steady-state.

13



charge carrier dynamicsin CulnS;-based solar cells

As is evident from Equation (1.3), the population density of elestin
the defect state increases wh#y< U, and decreases wheh > U,

With the SRH model the recombination of optically excited daharg
carriers in semiconductors can be simulated. Three situations bea
distinguished, which are shown in Figure 1.5b, ¢, and d.

I The system is in thermal equilibrium.
Without any external charge carrier generatignOj, the population
densities do not change in time. The recombination rates arfg sma
depending on the temperature.

Il. The system is in a steady-state (but not in equilibrium).
When continuous charge carrier generation ocogef)( the system
reaches a steady state after a stabilization time. The populi@nsities
do not change, but differ from the equilibrium value, as is indidayed
the symbold. The recombination rates depend on the temperature and
the generation rate, as well as the recombination parameters.

[l The system is not in a steady-state situation.
When, by external means, the system is not in a steady $tetBosi,
the population densities and the recombination rates will charthe wi
time, until a steady state or thermal equilibrium is reached

Situation Il can be experimentally studied by means of
photoluminescence spectroscopy. Situation Ill can be experimestadigd by
using a pulsed excitation technique, as is described elsewhere in tiiis thes

14
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Multiple defect states

The SRH-theory is limited to a single defect in the bapdgfathe
semiconductor. Wertheith has extended the SRH-model to multiple defect
states, as is shown in Figure 1.6b. Multiple defect states, vallicdct as an
individual recombination center, are present in this model. Like the I8&d,
direct recombination is also present.

In this thesis, the model of Wertheim is extended to a nészinain
which also state-to-state recombination is involved, as isdteticby the bold
arrow in Figure 1.6c. State-to-state recombination is allowed whign the
corresponding crystallographic defects are located within tunnéistgnce to
each other in the crystal. The differential equations tkatribe the state-to-
state recombination model are coupled, which complicates the modehekal
analytical solution does not exist, only numerical methods can énahdse
problems. Modern computational facilities enable the exploration of
complicated recombination models.

Shockley-Read-  Wertheim This Thesis
Hall model Model

Uul
O

U,

n;

n2

U lU,,l U,

Figure 1.6: Electron-recombination mechanisms of (a) Shockley, Read and
Hall, (b) Wertheim, and (c) this thesis. The recombinatiorh@ve from the
electron point of view only.
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1.4 CulnS,

In the past decades, Cu-chalcopyrite materials have tatiragide
attention for the application in solar céll The combination of a large
bandgap (1.1 to 1.7 eV) and a high absorption coefficient ¢hd') are
excellent for solar cell applications. The large bandgap has kitiey dor
substantial absorption of the visible part of the solar spect The high
absorption coefficient is beneficial for use in thin-film saotells, such as the
window-layer design. The use of thin films reduces the productosts’.
Different Cu-chalcopyrite compounds have demonstrated photovoltarityact
such as CulnS#, Cu(In,Ga)S&? CulnS?® and CuGaSé".

This thesis focuses on the electro-optical propertighethalcopyrite
material Culng This material has several advantages with respect to other
chalcopyrite-based materials. First of all, the bandgap of 1.55°@¥ ideal for
optimal absorption of the solar spectrum. Second, unlike CylitS#oes not
contain the poisoning element Se. Third, Culn&n be deposited by a cheap
spray pyrolysis depositiérf’ % which lowers the production costs.

For Culn$ materials the best solar cell efficiencies have beenddor
p-type Culn$in combination with n-type window layers, such as $iZnC®,
or I,S?" 28 To date, the maximum reported efficiency for a CyH&sed solar
cell is 12.5% for a Mo/CulnBcdS/ZnO cefl’. The theoretical efficiency of
CulnS-based solar cells, however, is 28.5%

1.4.1 Crystal structure and electronic properties of CulnS;

CulnS belongs to the I-111-V4 family of compounds. These ternary
compounds are derived from the-Ul, sphalerites, where the two group-lIl
atoms are replaced by one group-l atom and one group-lll atom.gdreral
notation for Cu-chalcopyrites vyields CUBC,”'. Upon crystallization,
tetrahedra of GiB(4-n)" are formed around the C-atom. At low temperatures,
the highest thermodynamically stable ordering is that of thdcagite
structuré®. The Cu-Au (copper-gold) ordering is closely related to the
chalcopyrite structure. The formation-energy differs only 2 ra@f® from
that of the chalcopyrite structure. The crystal structuraghef chalcopyrite
ordering and the Cu-Au ordering are shown in Figure 1.7.

16
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(b)

Figure 1.7: Atomic ordering for the ternary 'B"C,"' compound in (a) the
chalcopyrite structure and (b) the Cu-Au-like strucfure

The crystal structure of CulpaScan be identified by Raman
spectroscopy ™ This method is excellent to determine whether the material
has the desired chalcopyrite structure or if the Cu-Au ordstedtture is
present. The chalcopyrite structure shows a Raman-peak atr?9%vhile the
Cu-Au ordered structure has a Raman-peak at 305 Eigure 1.8 shows the
Raman-spectrum for the chalcopyrite structure and for aumsixpf the
chalcopyrite structure and the Cu-Au ordered structure.

It is shown that the width of the chalcopyrite Raman-pea&l&ed to
the solar cell performance of CulaBased solar ceft§ Narrowing of the Full
Width Half Maximum (FWHM) value of the chalcopyrite Rampeak is found
to be related to better solar cell efficiencies for CpHo&sed solar cell.

Ideally, the crystal structure of Culn$ollows that of Figure 1.7a,
which holds for perfect crystalline chalcopyrite CulnSowever, in reality this
type of perfection is never reached. Material imperfectiorns) a8 vacancies,
interstitial atoms, and substitutional atoms introduce local ergogitions in
the bandgap of the material. Also, a lattice distortion atfattes can introduce
imperfections. The application of cost-reducing deposition methgagsrithe
use of low-purity chemicals (<99%), non-perfect atmospheric conditand
less control of the material growth. Therefore, material mepgons will
increase when cost-reducing deposition methods are being appliese The
imperfections include not only native defects, but also thaatrgsowth is not
ideal.

17
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Culn82 A1 (CA)

A, (CH) /

A, (CH)
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Figure 1.8: Raman spectrum of CulpSpresenting only chalcopyrite (CH)
ordering (left) and a mixture of CH and Cu-Au ordering (right)
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1.4.2 Defect chemistry of Cu-rich CulnS,

CulnS can be either a p-type or an n-type semiconductor. Cu-rich
CulnS has p-type conductivity while the Cu-poor (In-rich) type hagpe-t
conductivity”® “¢ For solar cells, p-type Cula$ preferred, which means that
the Cu-rich variant is used. In Cu-rich Cuinfhe deviation from molecularity
can be described by three defect reactfomehich are

Cu,SO ™™, 2Cus, + 2V, + S+ 3/ (1.4)
Cu,SOMM- CuX, +Cu +V," + SE+V,' (1.5)

Cu, SO " Cu}, +Cu, +V¢' (L.6)

The most energetic favorable is Equation (1.6) because it irsvtiheesmallest
number of defects with low electric charges. However, the pratyalof
occurrence of the other equations is not completely excluded. digoto
Equations (1.4), (1.5), and (1.6) sulfur-and indium vacancies are present
compensate for the excess of copper. These defects introducy-kenvels
within the bandgap of Cu-rich CulpS

1.4.3 Defect-levelsin Cu-rich CulnS;

Theoretical calculations of the position of the defect letleds arise
from material imperfections are known for Cula®e® *° but not much for
CulnS. The calculations of Culngean be applied qualitatively to CulnS
since both compounds have a similar atomic structure. The ex#aipos$ the
defect levels, however, has to be determined experimentally foSCDefect
states in the bandgap can be determined using photoluminescence (PL)
spectroscopy. Shallow defects induce photoluminescence emission in the visibl
spectrum of the light, which are relatively easy to detette Tork of
Binsma® *! pioneered the experimental determination of defects in GuInS
crystals in 1982. Uerly§ extended this research and published a detailed
description of the defect states in CulnSFigure 1.9 summarizes the most
important defects that can be present in p-type (Cu-rich) GuinS
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Deep defect states

Deep defect states have energy levels that are sitnadeel in the
center of the bandgap. Recombination of electrons and holes that occurs
between the deep defect states, as well as state-taestatabination, emits a
photon with an energy that is below 1.2 eV. These photons are ive#r infra-
red spectrum of the light, which is not easy to detect, edpecsvhen the
emission is weak. The existence of deep defects in Cu-chalkeopsystals is
recently discovered, but their exact position and physical dggtill a subject
of debate. PL measurements have shown that deep defecastapessefit °*
%, Also in this thesis, evidence for deep defect states is presented.

————————————————
V"S I 0.035 eV

Figure 1.9: Shallow defects in CulnS
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1.5 Aim and outline of this thesis

The application of cost-reducing deposition methods for chalcopyrite
solar cells increases the density of material impediest which affects the
electron recombination rate and decreases the solar ceilémdfic In order to
increase the solar cell efficiency, it is important toaobtknowledge of the
recombination mechanisms of the excited electrons.

In this thesis, steady-state and time-resolved optical methods ar® used
determine the behavior of excited electrons in CulnBased on the
experimental results, the recombination mechanisms of the agiectare
modeled, using semiconductor physics. The developed models, therefore, a
applicable to a wide range of solar cells materials.

Also, the influence of a heterojunction on the dynamics of elestis
investigated for TiQCulnS heterojuction solar cells. For this purpose, Time-
of-Flight measurements have been applied to actual solastoatitures. The
role of surface states has been elaborated in detail.

Chapter 2 describes how Time-of-Flight measurements provide
information about the surface states in Culfi®, heterojunctions. An
electrostatic model supports the experimental findings. Chaputescribes how
transient absorption experiments provide information about the bication
mechanism and defect structure of Cultldn films. These experiments are
carefully modeled and from the simulations important conclusitwsitathe
recombination mechanism of CulnSan be drawn. Chapter 4 describes PL
experiments on CulnSthin films, which are performed as a function of
excitation power. The recombination mechanism is modeled and cppliae
PL experiments. In Chapter 5, transient absorption experimasitsvell as
Raman-spectroscopy and PL experiments are applied to spray-defasiss
before and after heat-treatment. These experiments show how atefeciation
is involved in the recombination of electron-hole pairs.
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Time-of-Flight studies
on TiIO, / CulnS;
heterojunctions

Abstract

Time-of-Flight (ToF) measurements have been performed on n-type
TiO, / p-type CulnS; (CIS) heterojunctions. The TiO, film thickness has been
varied between 200 and 400 nm, while the CulnS; film thickness has been fixed
at 500 nm. The ToF response can be accurately modeled, if the potential drop
across the pn-heterojunction with a large density of interface states is properly
accounted for. Also electron transport in a space-charge region for a not fully
depleted semiconductor has to be considered. The electron mobility in TiO, is
found to be 10%cm?V*s*, independent of the TiO, layer thickness. The interface-
state densities are 5x10™, 2x10* and 6x10" eV'cmi® for 200, 300 and 400 nm
thick TiO, films, respectively.
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2.1 Introduction

In order to reduce the energy payback time and the production costs of
solar cells, alternative materials and device concepts toebd developed. In
the past years, research in our laboratory has been focused devéh@oment
of all solid-state 3D solar cell§ in which n-type and p-type semiconductors
are blended on a nanometer scale. Nanocomposites of anastaaadiCuing
with In,S; as a buffer layer, exhibit an energy conversion efficiesfcgbout
5%°. Since these solar cells have been obtained by spray pyrolysisat a
substrate temperature of about 300°C, the economical potemtidifalevice
concept has been demonstrated convincingly. Spray pyrblysisa simple
technique open to large-scale production of thin-film solls.0c®bviously, the
material quality is less than that obtained with more advatemduohologies and
relative high defect concentrations can be expected. Defecd®uInS, i.e.
interstitials, vacancies, impurities, and anti-sites def@upper-gold ordering)
have a negative effect on the energy conversion efficiemuye shey reduce
the lifetime and mobility of the charge carrfers

In chalcopyrite-based photovoltaic devices, a heterojunction between
the chalcopyrite-structured absorber and the n-type buffer matefiarmed.
Formation of a heterojunction can give rise to interfacesstatkich reduce the
efficiency of the device when energy levels are locatethé bandgap of the
light-absorbing material. When the interface state condemtrs high Fermi-
level pinning may occur, which affects the internal electric fieltiajunctiod®
1 Not much is known about the influence of interface statehercharge
carrier transport in chalcopyrite-based solar cells. The presady is directed
to elucidate the relationship between the density of iderfstates and the
charge carrier dynamics in Ti@ulnS heterojunctions using the Time-of-
Flight (ToF) technique. In ToF, a short laser pulse creditaige carriers at the
TiO, / CulnS junction, which drift away from the junction region by the
internal electric field. The mobile charges are detected usiaghon-blocking
electrodes. In this way, the samples under investigation e s and the
outcome of ToF experiments is closely related to the trangpararriers in
solar cells under operational conditions.

The magnitude of the internal electric field at the local jonst in
nanocomposites is difficult to determine. Therefore, in the presedy thin-
film bi-layer devices are investigated instead of 3D nanocomposites.
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2.1.1 Time-of-Flight background

With the Time-of-Flight technique, the transport time ofheet of
charge carriers through a material is measdratharge carriers, which are
generated by laser-induced excitation, drift through a sample detive
electrodes under the influence of an applied electric fiélthel width of the
sheet of charge carriers is small compared to the thiclofetise film, the
carrier transit time can be detected. The width of the shestawfe carriers is
related to the duration of the laser pulse and is broadenmgwhat during the
flight®. The transit timer is defined as the moment when half of the charge
carriers has crossed the sample. In the simplest case, the mobditysfiriom

d/t
E 2.1)

ml<

wherey andv are the charge carrier mobility and velocity, respectj\eig the
electric field,d the sample thickness, amdthe transit time. A relation between
the transit time and the electric field can be derived from Equation (2.1),

N
SHAS

in which V is the applied bias, which in this approximation decreasegliinea
over the thickness of the sample. A plotldf as a function o¥ will show a
straight line of which the slope relates to the mobility of the chaagesc

Several important conditions need to be fulfilled in a welfgrened
Time-of-Flight experiment. First, the generated charge shouhuioh less than
the surface charge on the electrodes, to ensure that thealngctric field is
not affected by the injected charge carfiersSSecond, to freeze-in slow
dielectric relaxation, the DC voltage must be applied just befiertaser pulsé.
Third, the response time of the electrical measurememersyéncluding the
sample) must be less than the transit time. If not, theuregsurrent response
is affected by the instrumental bandwidthFourth, changing the thickness of
the film should not affect the derived carrier mobility when napelisive
transport is considered.
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2.1.2 Time-of-Flight on pn-heterojunctions

The aim of this work is to measure the transport of cheaggers in n-
TiO,/ p-CulnS heterojunctions. In contrast to conventional ToF experiments,
two semiconductor materials, instead of one, are involved. Howéware of
the two semiconductors has a much higher charge carrier mobility thanehe oth
it merely acts as an electrical contact for the semicdndugth the low charge
carrier mobility. In that case, the only difference with themad ToF
experiment is, that the applied voltage is divided over bothcesmaictors,
which implies that the local electric field is not simplig. To determine which
of the two semiconductors has the lowest charge carrier molitigy film
thickness of both layers has been varied. It appears that in/ T@DInS
heterojunctions the electron mobility in Ti@® much smaller than the hole
mobility in CulnS. By measuring the electron transit time in TiOis possible
to assess the voltage distribution in TiOCulnS heterojunctions, which
depends strongly on the electronic properties of the /TEDINS interface.

To relate the measured transit-time values with theeappias voltage
and the film thickness, a model of the TiOCulnS heterojunction has been
elaborated, which is further discussed below.
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2.2 Experimental aspects

Both the TiQ and the Culngfilms have been deposited on ShO
coated glass substrates (TCO) using automated aerosol spodysisy More
information about the synthesis of Ti@nd Culngcan be found in referendes
8 The back contact is a vacuum-evaporated disc of gold witaraetér of 2
mm. Carbon paint is used to make electrical contact with th® TiGnt
electrode. Three samples have been investigated, in which tin&Cayer
thickness is kept at 500 nm and the Jifickness was varied, i.e., 200, 300 and
400 nm. Figure 2.1 schematically describes the Time-of-Flight sétuyd-
YAG laser (SpectraPhysics QCR) operating at 355 nm, 7 nsiddeand 10
Hz repetition rate, pumps a MOPO (SpectraPhysics MOPO 711@). pdissing
through several neutral density filters and a pinhole, the emdrthe pulse is
0.5 pJ/cnt. A fast photodiode is used to trigger the detecting electroAics.
pulse generator (Agilent) provides the voltage pulse. The éxaicty of the
applied voltage pulse is set using the delay-option of the pulseag@mein
oscilloscope (Tektronix TDS 744), being triggered by the photodiode,dsecor
the photocurrent through its internal 50 Ohm resistance. To neetisudark
current at the applied voltage an electronic shutter is clogesl.samples are
mounted in a liquid-nitrogen cooled cryostat (Oxford Optistat it
stabilizing and varying the temperature.
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Figure 2.1: Schematical representation of the ToF setup. The solid lines
represent electrical wiring. The dashed line represents e |zath. The
sample is mounted in an LN-cooled cryostat. The complete experiipe
computer controlled.
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2.3 Results

Figure 2.2 shows a typical IV-curve in the dark and under iation
for a TiO/ CulnS heterojunction with a Tigthickness of 300 nm. The sample
shows good diode behavior with a rectification ratio at +/- 1ol G°. Charge
extraction experiments have been performed. In these experinteatbias
voltage is set at 0 for some time. At t=0, the biasagdtis stepped to a reverse
bias (i.e. —1 volt) and the current transient is measured. Trinentuesponse
shows an exponential decay with a time constant &f(s)) as shown in the
inset of Figure 2.3. The area under the curve represents tilagted charge,
which is plotted in Figure 2.3 as a function of applied bias. A linelation
between the extracted charge and the applied bias is foundaflindetween
the extracted charg® and the voltag®/, i.e., 4Q/4V is the cell capacitance,
which is 8x10' F/cnf.

Figure 2.4 shows a ToF photocurrent response on a linear scale. The
ToF response shows only a very week temperature dependenaeihet@0
and 310 K. The area under the ToF curve represents a chargé’ eblibmb.
For a 300 nm thick sample, with a diameter of 2 mm, the injechadge
density amounts to bem?3, which is well below the donor density in TiOf
about 16" cm®. Accordingly, the injected charge carriers do not disturb the
internal electric field.
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Figure 2.2: IV-curves for the 300 nm TiO2 sample in the dark (dashed line) and
under illumination (solid line).
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Figure 2.3: Charge extraction measurements. Extracted charge for a 300 nm
thick TiO, sample. The inset shows the current response after applyiias a
step of 2 V.
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Figure 2.4: Time-of-Flight photocurrent on a linear scale for a 400 nm thick
TiO, sample at an applied bias of 2.5 V.
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Figure 2.5: Time-of-Flight photocurrent from Figure 2.4 on a log-log scale.
The transit time is found from the intersects of the tangents .
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As can be seen from Figure 2.4, it is impossible to deterthimdransit time
from this graph in a direct way. Figure 2.5, therefore, showsahe transient
on a log-log scale. The transit time is indicated in tharé. Plots ofLl/7Tas a

function of the applied DC bias are presented in Figure 2.6lftrrab samples
at a temperature of 290 K. For voltages less than 1.5 V thd tiaresis almost
independent of the applied bias. For voltages above 1.5/¥,is voltage

dependent, but the voltage and the film thickness dependence dolloat

Equation (2.2). Furthermore, the transit time changes with the TEger

thickness and does not change upon variation of the €lap& thickness (not
shown). We conclude that the current response is related toatispadrt of

electrons in TiQ.

—=—200 nm TiO, .
6.0x10°F —*—300 nm Ti02 Vs
400 nm TiO, -
__ 4.0x10°F . .
= /
: [ Jen - I
2.0x10° RO
-.li_lr I\’,’,’.L,,/—/I”/
o0e®00008® o g
0.0 \ ) .
0 > 7 .
(V)

applied
Figure 2.6: The transit time as a function of the applied voltage for 200, 300
and 400 nm thick Ti@samples.
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2.4 Discussion

From the charge extraction measurements a capacitance of Bt
is found. When comparing this capacitance with a parallel giapacitance
with a dielectric constant of 10 (for Cul)Sa thickness of about 10 nm is
found, which is well below the thickness of the Ti@hd Culn$ films. We
conclude that this huge capacitance is not due to space charggidarrhut is
related to the presence of a high density of interface stlés indicates that
storage of charge in interface states is substantial and chenoeglected.
Furthermore, the donor and acceptor densities found foy di@ Culn$ are
Ng=10" and N,=10'® respectively, as has been determined in previous
investigation¥’. Therefore, we cannot expect that full depletion is reached in the
TiO, films at the applied voltages. Accordingly, the assumptiontkieaelectric
field is constant throughout the TiCyer cannot be made in our case.

In order to interpret the ToF results a model is developedhier
potential distribution in a pn junction with interface stated with one of the
components (Culnp in full depletion. Next, a charge transport model is
developed, in which the inhomogeneous electric field is incorparaVith the
aid of these models the ToF results can be explained accuByelifting the
model parameters to the ToF response, it is possible to deterthe
concentration and the neutrality level of the interfacdestawhich is of
paramount importance for understanding the device physics of Cé8-bakar
cells.
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TCO TiO, CulnS, - Au
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—v
Eg’p_AEF,n_d)O

Figure 2.7: Electrostatic model of the THCulnS heterojunction. The
potential distribution is governed by the population of the interface states
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2.4.1 Electrostatic mode

In the present configuration, the applied voltadgés distributed over
the TiG, and Culngfilms according to

V=¢+g¢ (2.3)

in which ¢ and ¢ are the potential drops over the Fifdm and the Culng
film, respectively. In analogy with Raat al.'>*?a model is elaborated in which
interface states determine the distribution of the potent@ dver the Ti@
and the Culng The model is presented in Figure 2.7.

Following Rauet al., we assume that the interface-state occupation is
determined by the Fermi-level in the Cujre®d that the interface state density
Ni (number of states per area per energy unit) is constant. Ratges are
relevant in this modeRx,, Qais, Qi ,andQroz, Which are the charges in the gold
back contact, the fully depleted CupnShe interface states, and the 7iO
respectively. The charge of the interface stafgsshown schematically in the
lower part of Figure 2.7, is given by

Qi = qu (qV + Eg,p _AEF,n _%) (24)

in which q is the elementary charg#\ the interface states densitg, the
neutrality level of the interface states in &,the bandgap of the CulpS/
the applied bias andE,  the difference between the Fermi-level in the ;TiO

and the conduction band of the Cuin&s can be seen in Figure 2.7. Charge
neutrality implies

Qau +QCIS +Qi -'-QTiO2 =0 (25)
i.e.,

LU

QAu _qNadp + qN| (qV + Eg,p _AEF,n _%) + (2q£nNd )1/2(441 - q )1/2 = 0 (26)

in which d, is the thickness of the Culp$ayer, &, the dielectric constant of
anastase Ti§) k Boltzmann’s constant, and the temperature in Kelvin. A
closed energy sum can be constructed if one assumes that itiddveis are
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flat in the n- and p-type materials. The applied bias relates $e inrthe Fermi-
level with qV. Starting at the Fermi-level in the gold contact, fingt €nergy is

lowered by the valence band offs&rEVWb and the potential drop across the
fully-depleted Culng Next, the energy raises with,, to reach the CulnS
conduction band. Upon lowering the energy witk. = one meets the TiO

Fermi-level. Finally, raising the energy witlly the Culn$ Fermi-level is
reached. This is expressed in the following equations,

aNAdj | Qud
-AE)" - P+ —LP+E -AE., +qV =0 2.7)
2¢, £, P
-AE) -q@, +E, , —AE.  +qV =0 (2.8)

in which &, is the dielectric constant of CulnS-rom Egs.(2.7) and (2.8), the
charge on the back contact can be derived according to

N,d? £
Q. = (AE™ +%—Eg,p +0E, ,~aV) 2 2.9)

p p

Similar, an expression faAE.  can be derived from Eq.(2.8), leading to
AE. , =-0@ +qV +E, , —AE)". (2.10)

Upon substitution of Eqgs. (2.8) and (2.10) into Eq. (2¢8)and ¢, can be
calculated for every applied bias voltage with the interfsteges density as
parameter. A maximum value fbk is derived from the capacitan€e which is
found with the charge extraction method. From Egn. (2.4) it follows

d[aN (GV +E.  -AE. - |
_dQ _d[aN(aVv +E,, -AF,, %)Ld(qzv'\")quNi=8x107|:/cm2 (2.11)
av av av

The interface state density that follows from this formula has fite un
J'cm? and one must divide this loyto calculate the interface states per eV. We
find an interface states density of 2.5%16m%V™". Figure 2.8 presents the
voltage drop over the TiOfilm as a function of the applied biag with
Ni=2.5x10° cmi’eV?'. Other parameters aré,=10'° cm?® Ng=2x10"" cm?,
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% =0.3 eV, d;=500 nm,E,;=1.55 eV,AE'®=0.1 eV, =55 andT=293 K.

Figure 2.8 reveals that the voltage drop over the, Tiltn has a similar
appearance as the ToF plot in Figure 2.6 , i.e., for low applied tlizg®s the
potential drop over the TiOfilm remains almost constant. This implies that
Fermi-level pinning in the Ti@is responsible for the ToF behavior of the
samples, as will further be discussed below. Moreover, the small vditagén
the TiG; film confirms that the Ti@film does not reach full depletion in the
ToF experiments.

voltage drop over TiO, (V)

0 P L ' L
0 1 2 3 4 5

applied bias (V)

Figure 2.8: Calculated voltage drop over a 300 nm thick JjIfiln as a function
of the applied biag\,=10"* cm
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depletion layer

electric field

driff diffusion

velocity of the
electron

2.----- -

d}x

A LT Ty Cr

Figure 2.9: Schematical representation of the electric field and elecelutTity
in the TiG. The electric field drops linearly over the depletion regiding,
which lies within the depletion region, the velocity becomes  ddfus
dominated.

2.4.2 Charge transport model

In ToF experiments on T ulnS heterojunctions, the voltage drop
over the TiQ film establishes an electric field, which is a drivingcforfor
electron transport. However, as discussed above; di@@s not reach full
depletion during the ToF experiment. Following the approach by Emoet
et al., the TiQ layer is divided into two regions, a depletion regigrin which
the potential drop occurs, and a neutral regian The depletion widthv of the
space-charge region in Ti@ given by

w= |[Zadh 2.12)
aNy
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In the present experiment, the electrons cross thewii® a velocity
V= Vit ¥ Vaire (2.13)

in which vy is the drift velocity andvgs the diffusion velocity. In the
depletion layer the electron velocity is dominatedviy. The electric fieldE,
in the depletion region is a function of the distamckom the junction and
reads

E(x) = qgﬂ(w— X) (2.14)

As indicated in Figure 2.9 , the electric field drops lihefnom qN—dW at the

n

surface to zero in the bulk. Accordingly, the drift velogiy, is given by

Vo (09 = HE() = 2T (w39 (2.15)

n

and also decreases withuntil it equals the diffusion velocity &t At this point,

a change from drift-dominated to diffusion-dominated electramsport occurs.
In Figure 2.9 the division of Ti©Din a drift-dominated and a diffusion-
dominated region is shown. The painwvhere diffusion takes over, lies close to
the depletion region edge.

The above model can be used to explain the ToF results. Th# trans
time for the drift component is found by integrating Equation (2.15) kento
x=¢ (see Figure 2.9) and yields

Torire = HaRy (w-x) = o ln( = ] (2.16)
U

According to the Einstein equation, the diffusion transit timguas

2 2
Ty _(d-¢)” _(d=¢9)q (2.17)
2D 2ukT
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The total transit time is the sum ofr ;. and 7 ;4

r:l[ £ In( w J+(d_‘z)2q] (2.18)

JAR\'P w-¢ 2KT

Sincew is related tag, and¢ is related tow, ¢ actually determines the value of
T in Equation (2.18).

2.4.3 Combining the modelsand fitting the ToF
experiments

Equation (2.18), in combination wighobtained from the electrostatic
model, explains the ToF results very well. The following fit paeters are used:
N;=10"° cm® Nj=2x10" cm®, ¢ =0.3 eV,d,=500 nm,E,,=1.55 eV,AE*=0.1
eV, =55, andg,=10. The remaining free parameters are the electron mobility
and the interface states density. As a result of the Fevsili-l@nning, the
voltage dropg, is almost independent on the applied bias at low applied bias.

Furthermore, because of the low valuegarthe drift component is much less

than the diffusion component in most of the Tfim, i.e. w<<d.

Figure 2.10, Figure 2.11, and Figure 2.12 present the experimental dat po
and the curves obtained from the model. The agreement is good.Hewerfits,
the electron mobility is found to be i@nfVv's* for all three TiQ film
thicknesses. Furthermore, the interface states densigsvabstantially with
the TiO, film thickness i.e., 5x16, 2x10? and 6x16° eVicm? for 200, 300
and 400 nm thick Ti@films, respectively. Uncertainty in the found values for
the mobility and the interface states density has to be cordjdgnee two

model parameters (i.ggand AEva) are estimated. Within a range of 0.1-0.5

eV for both parameters, the interface state densitises/~10% for the 200 nm
thick TiO, film and 50% for the 400 nm thick Tj@ilm. This variation of the
interface state density is of minor importance and does nott affer
conclusions. The found values for the mobilities are even lessidepeon the

@and AE! estimates.
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TiO2 thickness = 200 nm

model fit -
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Figure 2.10: Calculated (line) and measured (squares) ToF response for the 200
nm thick TiG film.

TiO, thickness = 300 nm

model fit n
6.0x1 06 = measurement

4.0x10°

2.0x10°

1/transit time (s™)

0.0 1 1 1 1
0 1 2 3 4 5

applied bias (V)

Figure 2.11: Calculated (line) and measured (squares) ToF response for the 300
nm thick TiG; film.
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Figure 2.12: Calculated (line) and measured (squares) ToF response for the 400
nm thick TiG; film.

Mobility values for electrons in Ti£in literature range from beyond 1
cn/Vs for flat-layer TiQ to as small as 10cnf/Vs for nanoporous Tig)" '8
A value of 10° cnf/Vs for the electron mobility in Tighas also been reported
by Hendryet al.'® for their nanoporous TiQ It is known that the process
parameters of spray pyrolysis influence the surface morpholdygh ranges
from flat to porou%o. The mobility found in this work, indicates that the TiO
films contain some porosity, which is indeed not unexpected fory-spra
deposited films.

It is found in this study that an increase of the interfades@ensity
with increasing layer thickness occurs. Thicker sprayés Tiims have more
surface roughness, leading to a larger interfacial contaat Accordingly, the
concentration of interface states increases, as it haddedeed as the number
of states per eV per area. The interface states neutrality &€ €V above the
CulnS valance band, irrespective of the Tifilm thickness. It is concluded
that a rougher surface with a larger contact area resul@niincrease of
interface states, and a stronger pinning of the Fermi level.
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2.5 Conclusions

This study successfully performed ToF measurements osQuMS
heterojunctions. To allow interpretation of the data, an el@atrosmodel is
introduced in which interface states are dominant and in whidhSzis in full
depletion. Furthermore, electron transport in JJHas a drift and a diffusion
contribution. With the aid of this model, the ToF data can be @quai
accurately. The concentration of interface states is foundarige between
0.5x10% and 6x16* eV'cmi®. The larger surface roughness of thicker ;TiO
films explains this variation well. The neutrality leveltbése interface states is
0.3 eV above the valence band of CuylrfSnally, the electron mobility of Ti©
is 10%cn?V's? irrespective of the film thickness.
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Elucidation of the
excited-state dynamics
IN CulnS; thin films

Abstract

Transient Absorption (TA) and photoluminescence (PL) spectroscopy have been
performed on spray-deposited CulnS; thin films. Sulfur and indium vacancies
introduce electronic states in the bandgap located at 1.5 and 0.15 eV above the
valence band, respectively. Deep donor and deep acceptor doublet states at 1.1
and 0.2 eV are assighed to copper/indium anti-site defects. The excited-state
dynamics, which are derived from TA experiments, show electronic coupling
between indium anti-site defects and indium vacancies. The Shockley, Read, and
Hall recombination model has been modified to account for this coupling and to
simulate the TA results. Furthermore, the lifetime of the 1.1 eV state is found to
be 20-50 us, which is related to the low photovoltage of CulnS, based solar
cells.
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3.1 Introduction

As member of the Cu-chalcopyrite family, CulnB an excellent
candidate as absorber in low-cost solar cells. It has & t@edgap of 1.55 €y
an absorption coefficiehbf 10 cmi* at 500 nm , is chemically stable, has self-
healing properti€s and can be made on a large area with simple deposition
techniques. As for all Cu-chalcopyrite based solar cellsathgal efficiency is
much below the theoretical efficiency. For Culreé® efficiency of 12.5% has
been obtainell while the theoretical value is 28.8% Different cell
configurations and preparation methods have been developed in order to
maximize the solar cell efficiency and to lower the productiost®& A
maximum efficiency of 5.5% has been reported for aB:l6ulnS cell made
with spray pyrolysis, using a halogen lamp in combination with amiiter’.
The spray deposited 3D nanocomposite f@DINS cell has reached a
reproducible efficiency of 5% measured with a solar simflaSpray pyrolysis
is a simple technique open to large-scale production offithinsolar cells.
Previous investigations in our laboratory have shown that thetygolspray
deposited Cu-rich p-type Culp$s good enough to produce thin film solar
cell$ ° with an efficiency of more than 5%. At Advanced Surface Teduyol
a spin off company of our group, the deposition parameters have djasted
to obtain a conversion efficiency of 7%. Obviously, the material qualitgrafys
deposited films is still less than that obtained with more acdhdeposition
techniques and relative high defect concentrations can be expected.

Recombination via defects in the bandgap is a major causkcofrafy
loss in solar cells. Shallow defect levels are alwaysepteis the bandgap of
CulnS and are related to native point deféttd For Culng, copper vacancies,
indium vacancies and sulfur vacancies are the dominating point defectspbut als
interstitials and anti-site defects can o¢td? As for all Cu-chalcopyrite solar
cells, the open circuit voltage of Culnisas reached a value of about half of the
band gap Native point defects are not responsible for this limipén cell
voltage. Recently, photo-emissions at shorter wavelengths teem found,
indicating the presence of deep defect states for which timicdieorigin has
not been assigned y&t® Rudigier et al.® show that the presence of a
photoluminescence (PL) emission at 1.1 eV is strongly relatdtetefticiency
of a CulnS solar cell. If the PL emission at 1.1 eV is strong, the ojgdin-c
voltage is low. Surprisingly, the presence of a 1.1 eV eanissbes not seem to
affect the photocurrent much. They relate the 1.1 eV emissithre tdensity of
defect centers but the type of defects that are involved could not bieegheci
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Krustok et al.***® have developed a donor-acceptor pair (DAP) model,
in which the presence of deep defect states explains the neaeithfPd bands.

In agreement with Onistet al.’’, the DAP model predicts that charge carrier
recombination between donor-acceptor pairs at nearest neighbor &nd ne
nearest neighbor positions leads to two PL-bands (D1 and D2) at 0.95 and 0.85
eV, respectively. We will refer to these states as a ddooblet state and an
acceptor doublet state. Based on a defect model calculatiostoKrconcluded

that at least one of the defects involved is an intersatiain. Onishiet al.

found PL-emissions at 0.83, 0.99, and 1.24 eV, which show no temperature
dependence. They suggest that the deep electronic statasaterifiom a
deformation of the crystal structure rather than from a tewiafrom
stoichiometry.

In this paper, we postulate the occurrence of Cu/ln antielgtect
association in CulnS At low concentrations, the Cu/ln anti-site defects are
expected to be present as insulated point defects withichttieopyrite crystal.

An increase of the concentration of Cu/ln anti-site defeetxld to pair
association. At even higher concentrations the defect pairslgster and form
a new phase, which is known as Cu-Au ordering.

In the present investigations, the defect structure anoimtgnation
dynamics of spray pyrolysis deposited Cuyln&e studied by means of
photoluminescence and transient absorption spectroscopy. To the lmest of
knowledge this is the first transient absorption study on Guhi8 films. We
have been able to determine the energy positions of the shafidwdeep
electronic states in the bandgap of CuliSurthermore, also the dynamics of
filling and emptying of these states could be elucidated.
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3.2 Transient absorption

With the transient absorption technique, the change of the &bsoop
a probe light beam as response to charge carrier geneisatiogasured, as is
illustrated in Figure 3.1. In our setup, the sample under invastigatprobed
with continues monochromatic light. The transition of intereseiected by the
energy of the probe light. A0, a short laser pulse excites electrons from the
valence band into the conduction band. Thermalisation of the elemtoums
within the laser pulse duration. The excited electrons efdeambine directly
or are first trapped in a defect state. The charge cacmrpation of the defect
states changes temporarily, which affects the absorption gfrtthe light. By
measuring the change of the transmission of the probe light msctoh of
time, the lifetime of charges in a defect state can berdeted. The change of
the absorption is defined as

AA(t) = —I(t)—_lo, (3.1)

o

in which I(t) is the intensity of the transmitted probe light dadhe initial
transmitted light intensity. The change of the absorption of theepgoeam can
either be positive (transient absorption) or negative (ahdleaching), as
indicated in Figure 3.1.
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Figure 3.1: schematic representation of the transient absorption metinad. T
upper graph illustrates transient bleaching.The graph below sshransient
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3.3 Experimental aspects

3.3.1 Sample preparation

CulnS samples have been prepared on quartz substrates using spray
pyrolysis deposition as is described elsewh&fe Sample production is
performed by the company Advanced Surface Technology (AST)svdjiej
the Netherlands. An automatic spray robot is used to depobih dayer of
CulnS onto quartz substrates. The quartz substrates (thickness of) 2am
cleaned by successive immersion in acetone and ethanol in asoniltrdath.
The deposition of CulnSilms requires the use of Cu@ H,O (98% Aldrich),
InCl; (98%, Aldrich), and thiourea (98%, Aldrich) solved in demiavaflhe
composition of the solution is such that Cu-rich materidbismed. The best
results are obtained if the deposition temperature is riglgrongintained at
300 °C. Small deviation in temperature results in largerdiffages in the opto-
electronic properties of CulaSThe film thickness is controlled by the number
of sprays, which has been varied between 10 and 20. The sprayssyisl
performed in ambient atmosphere. The film thickness is estinfratedoptical
absorption measurements being about 250 nm.

3.3.2 Photoluminescence spectroscopy

Photoluminescence measurements are performed in the kbamksca
mode. The sample is mounted in a closed-cycle helium Cryostad (AP
Cryogenics CSW-204sl) and cooled to 10 K. Excitation occurs bg:#\’O,
laser, operating at a wavelength of 532 nm (SpectraPhysiesifii) with 200
mW power. Neutral density filters are used to vary theerlgopower. The
excitation wavelength is removed from the PL signal by amfitter (Kaiser)
and a 620 nm Schott high-pass filter. An optical fiber cathessignal to a
monochromator (Acton SpectroPro 2500i). Finally, the spectruecided by
a liquid-nitrogen cooled CCD array (Princeton InstrumentsddD-1100PB)
for the visible range, or a liquid-nitrogen cooled InGaAs dete@@oinceton
Instruments OMA-V) for the NIR range. PL measurements degjiated over
60 seconds.
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3.3.3 Transient Absorption

The transient absorption (TA) setup is schematically presented
Figure 3.2. The probe beam is generated by a halogen lamp) (@mikla
monochromator (Acton SpectroPro 150) and is focused onto the sample. Behind
the sample, another lens is used to direct the beam into @ndsec
monochromator (Acton SpectroPro 150), Silicon and InGaAs photodiodes are
used as detectors. The electrical signal is amplifiech{&&ICA-200M-20K-C)
and recorded with an oscilloscope (Tektronix TDS 744). The pulse lea
generated by a Nd-YAG laser (SpectraPhysics QCR) operatiB§5 nm and
10 Hz repetition rate, which pumps an optical parametric osxillat
(SpectraPhysics MOPO 710) to generate 532 nm pulses withteodwi5 ns.

After passing through several neutral density filters thergy of the pulse is 4

uJ/pulse.

MOPO pulsed laser

neutral density, o
filters g
R
'l
shutt(?:[\ ’
S
Y 2
U
lens & lens
monochromator H ’ ( monochromator
I I I
’
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photodiod i
'\ .
amplifier beam dump 250 W halogen lamp

|digita| osciliscoggl

Figure 3.2: Schematical presentation of the TA setup. The probe beam is
indicated by a solid line and the pump beam is indicated by a dashed line.
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3.4 Results

3.4.1 PL results

Figure 3.3 shows the photoluminescence spectra of gumShe
visible (Figure 3.3a) and near-infra red (Figure 3.3b) reginsetamperature of
10 K. Several peaks are observed, which are summarized ie Bdbl The
photoluminescence peaks are collected in groups, which have bebéeradm
(1-6) as given in Figure 3.3a, Figure 3.3b, and Table 3.1.

3.4.2 TAreaults

Transient absorption is performed between 800 and 1700 nm probe
wavelengths, corresponding with 1.65-0.85 eV, at a fixed pump wavelehgth
532 nm. The transients are fitted with a multiple component expohdatiay
function with two or three time constants. For each PL-group, ansiént will
be shown below. The corresponding decay times and the exponential pre-factors
are given in Table 3.2.

Table 3.1: PL emissions and their assignments, according to literature.

PL PL energy | Transition defect involved ref.
Group | (eV)
1 1.520 donor to VB V' (0.035 eV) 10
1.513 bound exciton emission - 10
1.509 bound exciton emission - 10
2 1.47/1.46 | donor to VB In"™ /' Inc,” (0.072 eV) =
1.41 CBto V" Vi (0.15 eV) 1
1.35 Vs™to V" V< and \," 10, 1T
3 1.30 CBto 0.2 eV state Cuy," this work
1.26 CB to 0.25 eV state Cu," this work
4 1.1-1.2 1.1-1.2 eV state to VB INcy” this work
5 0.95 DAP pair - nearest neighbor - 12-1s
6 0.85 DAP pair - next nearest neighbar- 14-16
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Figure 3.3: (a) Photoluminescence spectrum of Culirsthe visible region,
recorded at 10 K. The peaks are collected in three groujsdiaated in the
figure. (b) Photoluminescence spectrum of Cyin3he near- infrared region,
recorded at 10 K. The peaks are collected in three groupsdiaated in the
figure.
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Figure 3.4: Transient Absorption of CulnSor a probe energy of 1.65 eV,
corresponding with PL-group #1.

Figure 3.4 shows the transient absorption for a probe energy of\1,65
corresponding with PL-group #1. The curve shows a bleach of theptibeor
and can be fitted with a three-exponential decay function. The foecayd
times are 0.5, 5.6, and 48.

Figure 3.5 shows the transient absorption at a probe energy of 1,.38 eV
which corresponds to PL-group #2. First a fast bleach of the absoogtars,
which is followed by a long increase of the absorption. The &atssare fitted
with a three-exponential decay function. The time constants found gie fa#
the fast bleach and 3.0 and 89for the double-exponential absorption decay.

Figure 3.6 shows the transient absorption for a probe energy of 1.3 eV
which belongs to PL-group #3. A fast bleach is followed by slovoraiisn
with two decay times. The found time constants are @s6for the fast bleach
and 3.8 and 5(s for the double-exponential absorption decay.

Figure 3.7 shows the transient absorption for a probe energy of\1,08
which corresponds to PL-group #4. A fast bleach is followed by alsleach
with a single decay time. The found time constants are @s2fr the fast
bleach and 2Qs for the slow bleach.
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Figure 3.5: Transient Absorption of CulnSor a probe energy of 1.38 eV,
corresponding with PL-group #2.
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Figure 3.6: Transient Absorption of CulaSor a probe energy of 1.30 eV,
corresponding with PL-group #3.

59



charge carrier dynamicsin CulnS;-based solar cells

0.0L

-2.0x10°}

Transition #4
probe energy = 1.03 eV

-4.0x10°}

-6.0x10” 4 . . . . ’
-1.0x10° 0.0 1.0x10° 2.0x10° 3.0x10° 4.0x10° 5.0x10°

time (s)
Figure 3.7: Transient Absorption of CulaSor a probe energy of 1.03 eV,
corresponding with PL-group #4.

Table 3.2: Transient Absorption results. The pre-factors indicate whetieer
signal is a bleach (negative pre-factor) or an absorption (pogitesfactor).

PL probe Al Tl A2 12 A3 13
group | energy | x10° (us) x10° | (us) x10°% | (us)

# (eV)

1 1.65 -13.2 0.51+0.06 | -2.66 | 5.6+2.4 | -1.81 | 40+ 20
2 1.38 -5.00 0.40+0.05|1.80 |3.0+0.1 | 1.76 | 30+0.7
3 1.30 -2.2 0.65+0.05 | 0.6 3.8+£05 | 094 |50+05
4 1.08 -3.73 0.22+0.01 -0.32 | 20+ 0.5
5 0.95 -3.45 0.36+0.01 -0.85 | 20+ 0.5
6 0.86 -2.3 0.50+ 0.05 -0.84 | 20+ 0.2

Figure 3.8 shows the transient absorption for PL-group #5 ableep
energy of 0.95 eV and Figure 3.9 shows the transient absorption foloRh-gr
#6 at a probe energy of 0.86 eV. Both transitions show a bleach pfdhe
light with a short and a long decay component. The decay timed fre 0.36
and 20us for the 0.95 eV probe energy and (s5and 2Qus for the 0.85 eV
probe energy.
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Figure 3.8: Transient Absorption of CulaSor a probe energy of 0.95 eV,
corresponding with PL-group #5.
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Figure 3.9: Transient Absorption of CulnSor a probe energy of 0.86 eV,
corresponding with PL-group #6.
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3.5 Discussion

3.5.1 Discussion of the PL data

The spray-deposited Culp8lm exists of numerous microscopic sized
grains, slightly different in orientation, composition, and siZgis Tauses the
dispersion of the PL spectra. Inhomogeneous broadening occurs and only the
strongest emission lines emerge from the background. It shou&hlised that
the spectral line width of our set-up as well as the readvoise of the CCD
camera is much less than the observed emission peaks.visibie region, the
band-to-band emission and emission from shallow traps close toritdaation
band is found above 1.5 eV (group #1). PL emissions at 1.509, 1.513, and 1.520
eV (see Figure 3.4a) are found, in agreement with the observationssofdt
al.'°. These emissions have been assigned to shallow donor-shatieptaac
transitions” X No emissions are found that can be related to In-rich GuInS
from which we conclude that the studied CuylfieSCu-rich (p-type). Cu-rich
CulnS is known to have indium-vacancies,{Vj at 0.15 eV above the valence
band®. Additional peaks at 1.41, 1.46, 1.4, and 1.35 eV (group #2) are also
observed, which have been assigned to PL transitions from thewskanor
states to the acceptor state at 0.15 e)/"|V/".

Peaks at 1.3 and 1.26 eV (group #3) indicate transitions from the
conduction band and shallow donor states to deep acceptor states at 0.2 and 0.25
eV. In the NIR photoluminescence spectrum, a broad peak at 1.1-{g2oeN
#4) attracts attention. Unfortunately, second order reflectigdheohotch-filter
in the setup blocks some part of the spectrum, which doeslowtie to define
the exact peak position. Still, it is clear than an emission obeiwgeen 1.1 and
1.2 eV. This emission cannot be assigned to a transition between kiedect
levels, but since the emission is very strong, we conclude tdeep defect
state is present at 1.1-1.2 eV above the valence band. Abvewgixplained
below, a doublet state is present at 1.1 eV above the valence band.

Transitions at 0.95 and 0.85 eV (group #5 and #6) are present, which is
in agreement with the observations of Krudtdk and indicate transitions
between the DAP doublets. The energy difference between thad@22b eV
acceptor states is in agreement with the acceptor douttle¢ @AP model. At
0.95 and 0.85 eV above the 0.2 and 0.25 eV states the donor doublet can be
found at 1.15 and 1.1 eV, respectively. It appears that the found slalela?
eV actually is a deep donor doublet. Furthermore, the DAP moddicizre
discrete energy levels, which explains the sharp PL peaksoop g#5. In
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agreement with the DAP model, the 0.95 eV emission is relatdtetnearest
neighbor transition (1.15 eV state to 0.2 eV state) and theed.&nission is
related to the next-nearest neighbor transition (1.1 eV state tceV.2%ate).
The final band diagram, extracted from the PL measurementshdwn in
Figure 3.10, which includes the doublet states.

conduction band

V. 15ev | A
1.1eV

A 1,05 eV 4

A 3

1 2 3 4 5| 6 &
vv 0.25 eV
Y V' o1sev =y

\ 4

valence band

Figure 3.10: Band diagram for CulnSextracted from the PL spectra at 10K.
The numbers corresponds to the PL bands of Figure 3.3. The aapresent
the PL emissions and the TA probe energies.
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3.5.2 Discussion of the TA data

Since the optical resolution of the TA measurements isightémough
to discriminate between the deep donor doublet and the deep aateyibbst
these states are considered as two single states at 1.1 e@t & eV,
respectively. The band diagram of Figure 3.10 is used to diioeidsansient
absorption response. The transitions in this figure are numbered accorthieg t
data in Table 3.2. Transition #1 shows a bleach of the absorptionhndth t
decay times. This bleach is caused by an increase in hole-a@atioenin the
valence band, which reduces the band-to-band optical absorptiowtisire
Direct electron-hole recombination has been investigated tyt&\&h al .>* and
has a lifetime in the order of 40-70 ps at a temperature of Whi¢h is much
shorter than the time-resolution of our TA setup. Therefore, thmyde
component of 0.;is can not be assigned to direct recombination. Since the TA
measurements have been carried out at room temperature, thesoesdses are
important. The 0.5us component can be explained by a thermal process, in
which trapped electrons in the shallow donor state at 1.5 eViemmaadlly back-
injected into the conduction band. This process increases ldutroa
population of the conduction band, which reduces the band-to-band optical
absorption. The existence of two longer decay times shows that sbemee/
band holes live longer and disappear with lifetimes of 2 and40

Transition #2 corresponds to a transition from the 0.15 acceptertsta
the conduction band. The signal first shows a fast bleach afbw@ ption with
a decay time that corresponds to the thermally-activajedtion from the 1.5
eV state. This bleach is the result of electrons that paptiiatconduction band,
which inhibits the absorption of the probe. An increase in electron gigguin
the acceptor states causes an increase of the absorptioteddyetime of this
increased absorption relates to the population decay of 0.15a&d/ vgith a
component of 4-7is and a component of p@8.

Transition #3 corresponds to the transition from the 0.2 and 0.25 eV
states to the conduction band. Similar to Transition #2, firstsa deeach
indicates electron-population of the conduction band. The slow absorption
represents the population of the 0.2 and 0.25 eV states, which alsachas
decay times being 4-8 and 5@, respectively. The pre-factor of the slow
component of transition #2 is much larger than that of transition #3hwhic
indicates that the slow component of transition #2 is a dominant process.

Transition #4 corresponds to a transition from the valence bare to t
state at 1.1 eV and shows a transient bleach with two timeéacdsisSimilar to
Transition #1, a fast bleach occurs because of the increashe ohole
concentration in the valence band. The long bleach is the resulingfthe 1.1
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eV state, which reduces the probe beam absorption. It hasgle slecay
component of 2@s.

Finally, Transition #5 and Transition #6 represent the transition
between the DAP defects for the nearest neighbor (#5) and theesrist
neighbor (#6) situation, respectively. As with all other tréms#, first a fast
bleach occurs. The initial high concentration of holes in whlence band
increases the hole capture rate of the 0.2 eV doublet, leading t@asit
depopulation. After the fast bleach, when the electron populatitmed.2 eV
state increased, a long bleach with a lifetime of 2@ present. This bleach
is caused by population of the 1.1 eV state which reduces the fratmgion.
The multi-component recombination mechanism extracted from the TA
measurements is summarized in Figure 3.11. Since both the 0.1&te\asd
the 0.2 eV doublet state have an identical decay component, wedmiicat
electron transfer between the 1.1 eV doublet and both accepaw ataurs, as
indicated in Figure 3.11. By introducing this population pathway oh bot
acceptor states the lifetime of these states is coupldtat of the 1.1 eV state,
as is experimentally observed.

conduction band

B
r
>

1.1eV
doublet state

Eg=1.55eV

v 0.2eV
doublet state

V'l 0.15 eVY
| - v

valence band

Figure 3.11: Recombination mechanism for CupSextracted from the
transient absorption experiments.
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3.5.3 Modeling the recombination mechanism

In order to better understand the kinetics of charging/digtitaof the
sub-bandgap states, a kinetic model has been elaborated. This =ode c
used to simulate the TA experiments using the recombination mschaf
Figure 3.11. The well-known Shockley, Read, and Hall mech&hi$meferred
to as the SRH-model, is generally applied to describe the bhcation of
excited charge carriers via a single recombination centerth@iler extended
this model by adding multiple recombination cerfterslowever, coupling
between two or more recombination centers is not included in \ifatthe
model. Therefore, we extended his model and included the electratngp
between deep donors and -acceptors. Our model consists of madtigéed
differential equations, which can be solved analytically only uragtain
restrictiond®, but can be solved with numerical methods. In this way, we
calculated the occupation of the recombination centers as a functioreof

The model

Following Wertheim, the recombination mechanism for a non-
degenerate semiconductor can be described in terms of the capé&srdéora
electrons and holesl, andUy;, respectively, in which indesi denotes electron
capture from the conduction band to sfa@dpi hole capture from the valence
band to state All the symbols are explained in Table 3.3.

U, =a,[ N°on—(n, +n, +3n)3N, | (3.2)

U, :api[Ni‘5p+(p0+pﬂ+5p)5NJ (3.3)
The rate of recombination by direct procesggs, without the involvement of a
recombination center, is

U, =a,(n,dp+ p,on+9onop) (3.4)

The Wertheim-model is extended to include state-to-statemaioation. First,
we define the capture rate for an electron from dtdte statei, Uy, in which
E>E

U, =a, (N, +IN (N’ -ON.) - &, (N”+IN)(N? -ON,) (3.5)
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In equilibrium,oN,=0, 6N,=0, andUk;=0 leading to

NN’

£ =q, —*—
ik ki Ni_NI?

(3.6)

Fermi-Dirac statistics is applied for the deep stdesN,.,N.",and N°, i.e.,

- N
N = —F 3.7)
1+e KT
N
Ng =—F =% (3.8)
1+e KT
- N.
1+e KT
NF:——QQE- (3.10)
1+e KT

Upon substituting of Egns. (3.7), (3.8), (3.9), and (3.10) into Egn. (3.6) we find

E-E
& =ae (3.11)

Substitution of Eqn.(3.11) into Eqn.(3.5), yields

E-E
Uki =4aj |:(Nio_5Ni)(Nk_ +5Nk)_e ol (NI?_JNk)(Ni_ +5Ni) (3.12)
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In this way the deviation from equilibrium of the charge casriarthe bands
and the recombination centers, denotednagp andd\;, are found via

%: g-U,-ZU, (3.13)

djtp:g—Ud—ZUpi (3.14)
ECE, E<E

%:Um -U,+ Z U, - Z U, (3.15)

Obviously, the electro-neutrality condition must be fulfilled at allets

D> 0N, +dn=0p (3.16)

To solve the set of differential equations (Egns. (3.13)-(R.1t6e initial
conditions have to be known. We define t=0 as the moment that theldse
has excited the charge carriers over the bandgap. To obtaintidlecimditions,

on(0)=9op(0) (3.17)
and
ON.(0)=0 (3.18)

The model parameters are the capture cross sectipnghich determine the
probability that an electron or a hole is being captured byistate
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Table 3.3 symbols used in the extended SRH-Wertheim model

O product of electron-capture cross section and
thermal velocity of electrons for state
api as above, but for holes for state
0 as above, but for the transition from stiate statd, with E,>E;
Eik as above, but for the transition from stiate statek, with E,>E;
NS density of empty recombination center
(from the electron point of view)
N density of filled recombination center

deviation from the thermal equilibrium occupancy
of a set of recombination centers

No, Po | thermal equilibrium carrier concentration

Ny, Py | carrier concentration with the Fermi-level at
the energy level of the trap for state

on, op | deviations from the thermal-equilibrium carrier concentrations

g rate of external generation of carriers

3.5.4 Simulation results

The model described above has been used to simulate the exgatim
data following the proposed mechanism of Figure 3.11 and the resalts
presented in Figure 3.12 and Table 3.4. The capture crossnseiciimd are in
good agreement with values found for Cu(In,Ga)8aterial> * which vary
from 10% to 10% cm?. The deviation of the equilibrium carrier concentration
for the bands and the states as a function of time is showmuneF8.12. To
reveal the exponential decay processes, a single logarithagb ¢ used. First
of all, from Figure 3.12a, it is evident that immediately rafite laser pulse the
hole concentration is larger than the electron concentration, stothiat
electrons are being trapped. The initial process shown irFipige involves
the population of the conduction band which is coupled to the depopulation of
the 1.5 eV state. In addition, Figure 3.12b shows the fillindhefdeep defect
states with a similar rate. The 1.5 eV state is empfied a10us, but the other
states stay populated a much longer time. It can be seen ie Bid2b that the
electron occupation decay of the 0.15 and the 0.2 eV doublet state das tw
decay times. For the 1.1 eV doublet state the numerical sioulegveals a
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single decay component, in agreement with the TA response.\Cldgmle is

an excellent correspondence between this recombination model and the TA
experimental findings. Disabling the state-to-state recombinatiohe model

(not shown), restores the original Wertheim-model, i.e. aesidgtay-time for

all defect states. This contradicts our findings. Stateat®stecombination
explains the experimentally found multi-component recombination meohanis

In a future paper we shall elaborate on how state-to-gatenbination affects

the photoluminescence yield.

Table 3.4:parameters used for simulating the TA experiments

defect state # 1 2 3 4 5 6
energy level (eV) | 0.15 0.2 0.25 1.05 1.1 15
Density of States | 10" 10" 10" 10 10 10*
(cm®)

electron capture | 10% 10™° 10™° 10t | 10% 10"’
cross section (cth

hole capture 1.4x10%° | 2.4x10%° | 2.5x10%° | 2x10** | 2x10** | 1x10*
cross section (cth

electron state-to-state cross sections’(cm

state5to 1 | 10%°

state5to2 | 10%°

state4to 3| 10%°

direct 2x10%
recombinatiorugy

70



charge carrier dynamicsin CulnS;-based solar cells

10"} a
>
()
2 10" F hole concentration in the valence band
pd
O
[Ze]
o 1
S 10"
w
Ch electron concentration in the conduction band
2 10°}
1.5 eV state
101 'l 'l '] '] '] ']
0.0 20.0p 40.0up 60.0p 80.0u 100.0p
time (s)
10" |
r 1.1 8 1.05 eV states
Z —
©
[2e]
0.2 & 0.25 eV states
0.15 eV state
1011 M 3 L L L L
0.0 20.0p 40.0p 60.0n 80.0p 100.0p
time (s)

Figure 3.12: Numerical simulation of the excited state dynamics. The used
model parameters are given in Table 3.4.
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3.5.5 Cu/In anti-site defects

We have determined the energy positions of the deep doubletshizom
DAP model and related the emission at 1.1-1.2 eV to the DAPtd&aman
scattering shows a peak at 295 'cronfirming the presence of the chalcopyrite
structure in our materidi > The FWHM of this peak is 12 ¢mRudigieret al.
related the Raman peak-width to the intensity of the 1.1 e¥rRiksion, which
is a measure for defect concentration. The 1.1 eV PL emissiom ffor our
samples confirms the presence of a large concentration of défattsan be
responsible for the broad Raman-peak.

We postulate that the deep donor — deep acceptor pair is rileates
presence of associated copper/indium anti-site defects in CuleSCy," and
Inc,”. A Cul/ln ansi-site defect that is present in a chalcopyrigdrimis
described as the interchange of copper- and indium atoms. In rifide
notation, Cu/ln anti-site defects are a combination of the fallgvdefects:
Incy , Iney”, Cun' and Cy". Zhanget al.** have calculated the energy levels of
these four defect states for CulpSwhich is closely related to CulpSThe
calculated values are 0.29 and 0.58 eV from the valence band jforaQu
Cuy", respectively and 0.25 and 0.34 eV from the conduction bandfoai
Inc,”, respectively. Although these values are based on computational
approximations for CulnSgthey correspond to the observed deep defect levels
that we and others, i.e., Krustok, Onishi, and Rudigier, find. In tloeleébns
of Zhang, it is assumed that the defect is always at thd kattice position,
which does not need to be the case since defects may polarize the material.

We postulate that the 1.1 eV donor doublet and the 0.2 eV acceptor
doublet originate from Iy~ and Cy" defects, respectively. Since the defect
levels are deep, the charge of the defects is expected tddzstaR times the
elementary charge, in analogy with the calculations of Zhand Wei.
Additionally, the 1.05 eV and 0.25 eV defect levels are the nerest
neighbor I~ and Cy," defects, in agreement with the DAP model. Cu/In anti-
site defect association explains the electronic coupling leetwes 1.1 and 0.2
eV defect states that is responsible for the DAP-transitiomsdf by Krustok,
which is confirmed by the transient absorption experimentshisf work.
Krustok et al. have suggested that one of the two DAP defects most likely
involves an interstitial position. Indeed it seems possibletifeaCy," defect
occupies an off-center lattice position. Therefore, we postthatethe DAP
defects are related to the presence of Cu/ln anti-site tdeféwrther
investigations are in progress to clarify this hypothesis.
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Although the energy of the anti-site defect is neutral, the méahaof
its formation has not yet been reported. With both photoluminescand
transient absorption we found electronic coupling between thealecstates
at 1.1 and 0.15 eV. This electronic coupling between the anti-dietsleand
the V,,"" strongly suggests a mechanism of anti-site defectaftbom Below, we
propose a mechanism in which,Vinitiates the formation of anti-site defects.
As has been pointed out aboveg,"Vare present in p-type Cu-rich CupnSFhe
first step of the mechanism is the occupation of th& by a copper ion

Cuc + V" - Cu"+ Ve (3.19)
Next, the indium ion jumps to the vacant copper position, leaving'adéhind,
Ve +Iny 5 Ingy™ + V" (3.20)

Accordingly anti-site defects are preferably formed newlium vacancies,
leading to a (MW" - Incy” - Cu,")" defect association. This explains the
observed electronic coupling between the 0.15 gV ¥nd the 1.1 eV "
defects.

3.5.6 Effect on solar cell properties

Rudigieret al. have related the PL emission at 1.1 eV to the solar cell
efficiency’®. They found a correlation between the intensity of the 1.1 eV PL
peak and the photovoltage that is generated by a solar cell.LTémiBsion at
1.1 eV shows that the dji is present in the sample. The measured TA lifetime
of 20-50us for the 1.1 eV doublet state explains the observations of Rudigier. A
defect state in the bandgap, with such a long lifetime, istaldtore charge by
which the quasi Fermi-level of electrons and, therefore, the selavoltage
output, i.e., the difference between the electron and hole quasi-legels at
the electrodes, is affected. However, because of its loagnm#, this defect
level does not act as a recombination center and, theréfsdittle effect on
the photocurrent yield. To our best knowledge we are therémirting the
lifetime of the defect state at 1.1 eV in the bandgap of Gui@gers have
reported the relation between this defect state and thecsdlgrerformanck.
Further research is in progress to elucidate the effetteof tl eV defect state
on electron capture rate in order to clarify the performance of ¢ati& cells.
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3.6 Conclusions

This study successfully elaborated the excited state dynanmsgsayf deposited
CulnS thin films. A kinetic model has been developed, which supportststate-
state electron recombination and explains the experimentaivatieas. Deep
donor and deep acceptor doublet states at 1.1 eV and 0.2 eV have lpwdassi
to the associated anti-site defectg,Inand Cy", respectively. The 1.1 eV
doublet state shows an electron lifetime of 20+50This state is electronically
coupled to the 0.15 eV state, which indicate thgt' \dssociates to &°. The
long electron lifetime of the " defect explains the low photovoltage that is
generally observed in Culp$ased solar cells.
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How multiple decay

paths affect the
photoluminescence
intensity in CulnS;

Abstract

The influence of the excitation power on the photoluminescence (PL) intensity
of spray-deposited CulnS; has been studied. Above a certain threshold power,
the PL intensity decreases when the excitation power increases, which is a new
phenomenon for these materials. The recombination model that we devel oped
earlier to explain the transient absorption behavior of CulnS; is modified to
simulate the power dependent PL measurements. The modd includes state-to-
state recombination pathways. It is found that saturation of deep defect states at
1.1 eV inhibits the recombination from the conduction band to defect states at
0.15 and 0.2 eV, when state-to-state coupling is enabl ed.
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4.1 Introduction

Fundamental understanding of recombination processes of excited
charge carriers in semiconductors is of paramount importanceogto-
electronic devices. Photoluminescence (PL) spectroscopy idedywised tool
for the investigation of recombination in semiconductors. From
photoluminescence spectroscopy, bandgaps can be determined along with the
relative energetic position of sub-bandgap defect states-b&udgap PL
emission is related to electron-hole recombination mediated defeat state.

As will be shown in this paper the (sub-bandgap) PL intensity function of

the excitation power contains valuable information about the ieioaton
mechanisth Phenomenological studies have shown that the PL emission
intensityl and the excitation powéroften follows a power lafyi.e.,

| ~L¥ (4.1)

It is found that for band-to-band recombinatio&<®, while for band-to-state
and donor-acceptor pair transitidasl holds.

Three types of electron-hole recombination can be distinguishked. T
first one (Type I) involves a single defect state in the banddapg with band-
to-band recombination. This recombination type is described by éle w
known Shockley, Read, and Hall (SRH) mechari§nin which band-to-band
recombination and recombination via a single defect statensd=yed. Using
the SRH model, the lifetime of a charge carrier in a adeftate can be
calculated.

The second type of recombination mechanism (Type Il), which is
modeled by Wertheifhas multiple defect states in the bandgap. This model is
an extension of the SRH model and describes band-to-band recombination as
well as recombination via multiple defect states. In Wertlseimodel, the
defect states do not have interactions with each other.

A more complicated situation occurs when, besides band-to-band and
multiple band-to-state recombination, also state-to-stat®@migioation is
present. This is the third type of recombination mechanism (Ti)pdhiis type
Il recombination model is developed by Schnedal.%. In order to explain the
deviations from the power law of Eq.(4.1) Schmétital. elaborated on the
intensity-dependence of near-band-edge PL, using a set of rat#oesfar
band-to-band, band-to-state, state-to-band, and state-to-statmbneation,
respectively. Numerical solutions obtained by Schreidil. are in agreement
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with experimental findings, in which different types of transitiars involved.
They also report thak-values (see EQq.(4.1)) for different recombination
pathways which occur simultaneously are related. Regh® have studied the
temperature and excitation power dependence of the PL in CajBgQGhin
films. Their experiments show a relation betweenktiralues for band-to-band
and defect-related emissions, in analogy with the model of Sclnaidt

In the present paper, the PL of CuWrBin films is investigated as a
function of excitation power. To explain the observations, our pusly
developed recombination model, which is of Type lll, is applied. Todel
can be applied to any defect structure and recombination mechanikrdirigc
that of Types | and Il. It is an extension of the model of Sdhet al., which
only considers a single donor-acceptor pair. In the present modah/)iarited
number of donor-acceptor pairs can be included. Furthermore, Sdatiraldt
assume that the electron concentration in the conduction band dwuhlsld
concentration in the valence band, thus neglecting the chargs teatporarily
stored in the defect states. As will be shown in this paperctiaege carrier
population in the defect states is of paramount importance whiertGistate
coupling is present.
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4.2 Experimental aspects

CulnS samples have been prepared on quartz substrates using sprayigyrolys
deposition as is described elsewliéteThe quartz substrates (thickness of 2
mm) are cleaned by successive immersion in acetone and -etinamol
ultrasonic bath. The deposition of Cuyfims requires the use of Cud H,O
(99.99% Aldrich), InC§ (98%, Aldrich), and thiourea (98%, Aldrich) solved in
demi-water. The best results are obtained if the deposition tetaperis
rigorously maintained at 300 °C. Small deviation in tempegakesults in large
differences in the CulnSpto-electronic properties. The thickness is controlled
by the number of sprays, which has been varied between 10 andra@. Sp
pyrolysis is performed in ambient atmosphere.

Photoluminescence measurements are performed in the H#eksca
mode. The sample is mounted in a closed-cycle helium cryostab (A
Cryogenics CSW-204sl) and cooled to 10 K. Excitation occurs bg:¥\ND,
laser, operating at a wavelength of 532 nm (SpectraPhysics Mijewith a
power range of 200 mW to 5 W. Neutral-density filters are usedhry the
laser power below 200 mW. The excitation wavelength is removedtfrerRL
signal by a 620 nm Schott high-pass filter. An optical fiberiemthe signal to
a monochromator (Acton SpectroPro 2500i). Finally, the spectrum isdegto
by a CCD array (Princeton Instruments PIXIS-100). PL measuntsnere
integrated over 60 seconds.
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4.3 Results

Figure 4.1 shows the PL spectra for thin films of CulaS10K for
excitation intensities of 0.02, 0.2, 2, 20, and 50 mW. The PL spectfitede
by multiple Gaussian functions. Emissions are observed at 1.28, 1.3754nd 1.
eV. Figure 4.2 shows the PL intensity, as derived from the Gau#siaas a
function of excitation power. The emissions at 1.28, 1.37, and 1.54 e\asecre
strongly with increasing excitation power for values below 5 mibwever,
when the excitation power rises above 5 mW, the PL intensitlyeol.28 and
1.37 eV emissions decrease and saturates at a low leveéniibsion at 1.54
eV behaves differently. After the initial increase, Ble intensity stabilizes at
the maximum value obtained at 5 mW. The PL spectra are pehdent on the
excitation history; the same PL behavior is found upon intrgas decreasing
the excitation power.
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Figure 4.1: PL emissions of CulriSfor excitation powers of 0.02, 0.2, 2, 20,
and 50 mW.
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Figure 4.2: PL intensity as a function of excitation power for the eioissat
1.37, 1.28, and 1.54 eV. The intensity is derived from the peak-maximum of the

Gaussian fit of the PL emissions.
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4.4 Discussion

The PL spectrum of CulnShows three emissions, which have been
assigned in a previous paffeiThe emission at 1.54 eV originates from band-
to-band and/or shallow defects recombination. Recombination from the
conduction band to the V' state at 0.15 eV yields an emission at 1.37 eV.
Recombination from the conduction band and shallow donor states to the
acceptor doublet state at 0.2 eV yields an emission at 1.28 e\édiaaighbor
and next-nearest neighbor interactions split the energy level dbtiiget state
in two levels, at 0.2 and 0.25 eV, respectively.

The observed decrease of the PL intensities of the 1.37 and\..28 e
emissions above a threshold excitation power is not predicted by the
recombination models of Types | and Il. The reason for this rexbkrk
behavior is that for CulnSnore than one recombination pathway is present for
certain defect states, as we concluded from PL and TA exgmaisnin our
previous investigatiodd Associated defects at nearest-neighbor and next-
nearest neighbor lattice positions enable state-to-statemi@nation, in
addition to band-to-state and state-to-band recombination. The recdiobi
pathways for Culng derived from TA spectroscopy, are presented in Figure
4.3. For the 0.15 eV state and the 0.2 eV doublet state, two populatisrapa
present, and for the 1.1 eV state three depopulation pathwaysWits this
model, the recombination dynamics of Culrt@&n be explained accurately. In
this paper, the same model is applied to study the excitation mtependent

PL of CulnS.
L i condui:tion bandl
e Y vz l A
1.1eV
doublet state

Eg =1.55 eV

v 0.2eV
V|||| os evv doublet state
— 1 v
Y \/ \ 4
Iv valence band

Figure 4.3: recombination diagram for CulpSerived from PL and transient
absorption measuremetits
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4.4.1 Therecombination model

Following Wertheim, the recombination dynamics for a non-
degenerate semiconductor can be described in terms of the capésrdéora
electrons and holesl,; andU,, respectively, in which indesi denotes electron
capture from the conduction band to standpi the hole capture from the
valence band to stateAll the symbols are explained in Table 4.1. For band-to-
state and state-to band recombination, the following expressions hold.

U,=a, [Nioa'n—(n0+n]j +5n)5NJ (4.2)

U, :api[Ni‘5p+(p0+pﬂ+5p)5NJ (4.3)

The band-to-band (geminate) recombination rate is given by
U, =a,(n,dp+ p,dn+3ndp) (4.4)

State-to-state recombination, in which indéxdenotes electron transfer from
statek to statd, is given by

E-E
Uki =4a |:(Ni0_5Ni)(Nk_ +5Nk)_e ol (NI?_de)(Ni_ +5Ni) (4.5)

The derivation of this expression can be found in our previous publitfation
The deviation from equilibrium of the charge carriers in the bandshe states,
denoted agn, dp, andAN;, can be derived from

don

T: g-U,-2U, (4.6)
do

Tp: g-U,-3U, 4.7)
45N E>F E<F

T:Uni U, + ZUki_ ZUik (4.8)

85



charge carrier dynamicsin CulnS;-based solar cells

Table 4.1: Symbols used in the present recombination model

O product of electron-capture cross section andrbkvelocity of electrons fof
statei

api as above, but for holes for state

Oy as above, but for the transition from state stata, with E.>E;

Eik as above, but for the transition from state statek, with E,>E;

N? density of empty stateqfrom the electron point of view)

N, density of filled states

ON. deviation from the thermal equilibrium occupancystate

No,Po thermal equilibrium carrier concentration

Ny, Pri carrier concentration with the Fermi-level at #meergy level of the trap far
statei

on,op deviations from the thermal-equilibrium electrardaole concentrations

g rate of external generation of carriers

Obviously, the electro-neutrality condition must be fulfilled at allets.

D> 0N +Jn=0p. (4.9)

The two summations in Eq. (4.8) represent the extension of Welshmiodel.
Eqgns. (4.6)-(4.9) form a set of differential equations that desciihe charge
carrier population as a function of time.

4.4.2 Simulating power dependent PL experiments

In PL experiments, a continuous excitation source is used dite ex
charge carriers beyond the bandgap energy, which is representde by
parameteg in Eqns. (4.6) and (4.7). The PL intensity is related to the thies
U, andUy,. We assume that a constant fraction of the decay is radi&tor
instance, the PL intensity from the conduction band to State 1&s biwU.;
and the PL intensity from State 3 to the valence babig,isTo simulate steady-
state PL experiments, integration of Egns. (4.6) and (4.7) nonsinae until
stable solutions for the carrier concentrations are found.

To explain the outcome of the present model, first a siraglifi
recombination scheme, involving three defect states, is eledofatFigure 4.4,
the recombination pathways that are included are indicatedrdoysa States 1
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and 2 are acceptor states at 0.1 eV above the valence band. iStateipled to
State 3 at 1.1 eV above the valence band, while State 2 is moefdite, for
States 1 and 3 multiple recombination paths are present. ReriStanultiple
population pathways exist, and for State 3 multiple depopulation paths ar
present. The corresponding time-dependent recombination modeEdres.
(4.6)-(4.9), is numerically solved at 10 K and the capture eatesxtracted for
the steady-state situation. The model parameters are sh@wabla4.2 and the
results of the simulation are shown in Figure 4.5 - Figure 4.8.

I conduction band I
1
FUnB A
Un1 % %
__'state 3 U, o
~ Un2 :‘_"
D“')
U3p Il
i
state 17_ state 2'_
] ] v
U ¥ U
I A A Vo2
valence band

Figure 4.4: Simplified recombination diagram for demonstrating the state-to-
state coupling recombination model.

Table 4.2: Parameters used for simulating the model presented ineFgar
These parameters are estimations based on literature data.

defect state # |1 2 3
energy level (eV) | o1 0.1 1.1
Density of States (ct) | 10° 10" 10'°
electron capture cross section {tmj 10 10" 10%
hole capture cross section (@m | 1x10%° 1x10%° 2x10°*

electron state-to-state cross sections (cn)

state 3to 1 | 16

direct recombinatiomy I 1x10%°
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Figure 4.5 shows the calculated deviation from the thermalil@gum
occupation as a function of time for the electrons and holes iootiguction-
and valence bandgr{anddp), and for the 3 defect statadNg, IN,, and ANy). It
can be seen that steady state is reached long ttefores. The influence of the
excitation powerg on the occupation of States 1, 2, and 3 are shown in Figs.
Figure 4.6, Figure 4.7, and Figure 4.8, respectively. In these figthes
normalized deviation from the defect-state equilibrium occapatiN/N; (a),
the recombination rate from the defect state to/from the béndsand, if
present, the state-to-state recombination rate (c) are shoath.cases, 1 ms is
chosen as the reference time to ascertain that a steady stattabished.

10°} g oo ooooooooeoeoew

18
< 107} W
b3 —

- 1016 —e— p
= —— state 1
"O: —O— state 2
2\\ —A— state 3
s

1014 i
‘,—A—A—A—A—A—A—A—A—A—A—A—A—A—A

0 200p  400p  600n  800p 1m
time (s)

Figure 4.5: Results of the recombination model as a function of time=+a6*

m3s’. AN for States 1, 2, and 3, and the electron concentration in the
conduction band and the hole concentration in the valence band are shown. |
can be seen that the concentrations reach a steady state long before 1 ms.
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Figure 4.6a shows the normalized deviation from the equilibrium
occupation of State 2N,/N,, which starts to increases g#10”>m>s®. From
g=1027 m3s? AN,/N, increases slower witty until it settles at a value of 0.5 for
MN,/N,. Figure 4.6b shows thdt, follows the I~L* law, and thek-factor
changes ag=10"" m3s™ from 1.0 to 0.2. Since a steady state for the population
of State 2 has establishedtall ms,U,=U,,. It should be noted that tHe
factor changes at the same excitation power widbkéN, starts to increase
slower withg. Here, we define the threshold excitation poggras is indicated
in Figure 4.6. The correspondence between the chang&dator, the change
in ANL/N,, andgy, will be discussed below.

1.0 ¢

Figure 4.6: Results for the recombination model &tl ms for State 2,
according to the recombination mechanism in Figure 4.4. IndGN, is
shown. Graph (b) shows the electron capture rate, which equals ¢heabtire
rate.
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Figure 4.7 shows that the calculated behavior of State 1 dififem
that of State 2. The normalized deviation from the equilibrium oditupa
SNi/N, starts to increases g£10™ m>s?, but it increases much faster than is
found for State 2. AgainjNi/N; saturates aiN/N;=0.5, but now this already
occurs at the threshold excitation powgr Figure 4.7b shows that the capture
rate U5 starts to become smaller just befgie In Figure 4.7¢ can be seen that
the capture rat&J;; shows a change in the slopegat Finally, it is also clear
thatU,, does not equdl,,, which is due to the multiple population pathways of
State 1.

Figure 4.7: Results of the simulations &1 ms for State 1, according to the
recombination mechanism in Figure 4.4. In partddyN; is shown, part (b)
shows the electron-and hole capture rates, and part (c) showaptuee rate
from State 3 to State 1.
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Figure 4.8 shows the calculated behavior for State 3. The npetbali
deviation from the equilibrium occupatiofi)s/Ns, shown in Figure 4.8a, starts
to increase ag=10°" m>s* and is much larger than for State 1 and State 2.
Again, it settles at a value of 0.5 #@X3/Ns. In Figure 4.8b can be seen tikj,
does not equdls, which is caused by the multiple depopulation states that are
present for State 3. Ay, the capture ratbs, starts to increase until it equals
U,s. Figure 4.8c is similar to Figure 4.7c and illustrates the behavlds; of

=
)

dN,/N,

U,

U31

Figure 4.8: Results of the simulations at t=1 ms for State 3, accordingeto t
recombination mechanism in Figure 4.4. In partofdyN; is shown. Part (b)
shows the electron-and hole capture rates, and part (c) showaptuee rate
from State 3 to State 1.
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4.4.3 Filling of the defect states

For State 1U,; decreases abowg, but this does not happen for State 2.
The difference in behavior gf, between State 1 and State 2 can be understood
by taking a closer look at Eqgns. (4.2) and (4.5), which desctilee t
recombination ratebln;, Up,, Uns, andUsy. In Eq. 2, parametay? reflects the
density of empty defect states. In the dark, when the systam ttsermal
equiIibrium,NiOdark is determined by the Fermi-Dirac distribution

E-Er 1
f:(1+e kT J , (4.10)

and the density of empty defect states in the dark follows from

N°.. =N —-NIf, (4.11)

in which N; is the defect-state density. Upon charge carrier excitation and
recombination,JN; increases and, consequentlw? decreases. According to
Eq.(4.6),0n is determined by the generation ra@eUpon increasing, the
population of electrons in the conduction band and in all the stateases:. At
a certain generation rate, the increase in the state popusdtjanatches the
density of empty statebl’. When this happensN=N’ and, according to
Eq.(4.2), the filling ratesU, become independent afn and hence also
independent of. Accordingly, the increase of the state populatiNpsaturates
at N°. It should be noted that actually the conditii= N is never reached
completely, but close enough to reduce the influenem ¢hndg) onU,; in Eq.
(4.2), as will be discussed below.

Wheng is increased tgy, U, is affected by an increase &f anddN,,
which brings the defect-state population to the conditfss N,°. The shape of
the curve in Figure 4.6a shows that the dependena®N@N, on g starts to
decrease ai, (the slope of the curve decreases). At this point reztuct the
onterm in Eq.(4.2) becomes prominent, andkifi@ctor changes.

For State 1, when the conditidd,’=0N; is reached for 50%, the
dependency o), on g is expected to decrease, similar to State 2. However, in
contrast to State 2, the increase of the occupation &8\, does not change,
as can be seen clearly in Figure 4.7a. This is caused bydbedspopulation
pathway of State 1)z, which is not limited by\l1°=5N1. Because the increase
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of Ny/N; does not change, the population of State 1 will reach the cmmditi
SN;=N;°much closer than for State 2. This strengthens the canoelliatithe
on term in Eq.(4.2) and finally results in a decrease gf rather than a change
in k-factor. This explains why the presence of state-to-statenigination leads
to a drop of the PL emission of the conduction band to State 1nitbaising
excitation power.

4.4.4 Theinfluence of temperature upon defect-state
saturation and gy,

It is worth noting that the simulated defect-state pojmratf all three
states settles exactly @&/N;=0.5. The value at whicBN/N; settles is related
directly to the temperature, as will be explained below. Abavbas been
shown that stabilization of the defect-state population occurs whennt#ion
ON=N? is fulfilled. At a temperature of 10 K, is approximately zero and
N%.=N.. In this case the conditiodN=NCis fulfilled at 0.3\;, and IN/N,
yields 0.5. Note that the conditiofN;= N? is reached at different values for
for the different defect states.

0.6 m state 1
3 O state 2
z & 8 e
g 0.4}

g 8

c

o]

g 02 ®

5 )
0.0

0 50 100 150 200 250 300
Temperature (K)

Figure 4.9: Influence of the temperature on the value at whibl/N; and
AN,/N, saturate.
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At elevated temperatureb,increases. ConsequentN;Odark decreases
with temperature, which affects the value dbk where the conditiodNi=N° is
fulfilled. Figure 4.9 illustrates for State 1 and State 2 Hiosvsaturation value
for ANy/N; and ANL/N, vary upon temperaturéit elevated temperatures, the
defect-state occupation saturates at lower values, indicdtinghe condition
SNi= N is reached for lower values dif.

Figure 4.10 shows the influence of the temperaturgypfor State 1
and State 2. From this figure it can be seen that at eletatgzbraturegy, is
lower for the coupled defect State 1. This reveals thhigher temperatures a
lower excitation power is needed to enable the effect of defate coupling.
Surprisingly, for the uncoupled Stated, does not increase with temperature
until 200 K, which is in contrast to the behaviorgpfrelated to State 1. This
illustrates the effect of thermal ionization, by which #@l@es are thermally
excited to an acceptor state, leaving a hole in the valenué. Gde hole
concentration,p, increases and\,’s« decreases, as is described above.
According to Eq.(4.4), direct recombination increases,\&pdecreases (which
is the PL intensity) according to Eq.(4.2). The decreasheo$uib-bandgap PL
intensity with increasing temperature is commonly known for semicongucto

1107
8x10” |
s 6x10”}
(@)
4x10*
—e— gth state 1
o gth state 2
2x10*

0 50 100 150 200 250 300

Temperature (K)

Figure 4.10:Effect of temperature ogy, for defect State 1 and 2.
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4.4.5 Applying the mode to CulnS,

This elaborated recombination model is how applied to Guheing
a recombination mechanism as presented in Figure 4.3. Thevaitigls of the
simulation parameters are obtained from the transient absoep@niments of
our previous work¥, for which the same model is used. Next, the parameters are
varied carefully to match the experimental observation@®edas possible. For
the capture cross section of traps in Cu(In,Ga)&dues have been found
varying from 10°* to 10% cmiusing the method of DLT8 ™ The range of
10%%-10%° cnf that we find for the cross section of holes in CulisSin good
agreement with those. The densities of defect-states ofsamples are
estimated to be around 40 10 cm?, It appears, however, that the simulation
results do not change qualitatively when the defect-ginsity is varied over a
large range. The excitation power dengjtig obtained from the diameter of the
focused laser beam, which estimated to be 2 um. The generatioranges
from 1x1G° (photons/n) to 4x13® (photons/m) for the power range used in
the experiment

In Table 4.3 the simulation parameters are collected andd-i4.11a,
b, and c show the results for the three emissions at 1.37, 1.28, aneVl.54
respectively. In these figures, the simulation and the measured
photoluminescence are shown together. Figure 4.11a shows the ismofat
Uno1s and the emission at 1.37 eV as a function of the excitation powgereFi
4.11b shows the simulation &f,,, and the PL emission at 1.28 eV as a
function of the excitation power, and Figure 4.11c shows the simulatidpsgf
and the PL emission at 1.54 eV as a function of the excitation ptivetiould
be noted that a linear scale is used in all figures. THe st#he x-axis, which
represents the laser power and the paranggter similar for all three figures.
The simulation shows thét, ¢, andU,. s first increase sharply with increasing
excitation power. At a certain power a maximum is reached afich the
capture rate starts to decrease. While the decreaseialyirguite strong it
becomes more gradual at higher laser powers. As is evidengumeFR4.11,
good agreement between the simulated curve and the experimiaiatadoints
is found. We conclude that the recombination model derived fronsiénat
absorption spectroscopy explains the steady-state photoluminest&€wa$
very well.
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Figure 4.11: Simulation of the PL of CulnSaccording to the recombination
model in Figure 4.3. Shown are the capture réigs:;s (a), Uno2 (b), and
Uisp(c), which correspond to the PL signal of 1.37, 1.28 and 1.54 eV,
respectively, in Figure 4.1 and Figure 4.2. The squares represent the
experimental PL data.
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The simulation ofJ,, o5, however, is not completely in agreement with
the experiment for high values @f see Figure 4.11a. Miinzbery al.
investigated the effect of a nearest-neighbor interactiordohar-acceptor pair
on the capture cross section. They found that the capture crogsn sis
dependent on the charge carrier concentration in the ddédet A change of 2
orders of magnitude is found, when the relative defect-state owmmupat
increases above P0As is shown above, the relative electron concentration of
the 0.15 eV state reaches 0.5 at high excitation powers. Folloaenigndings
of Miinzberget al., a decrease of the capture cross section at high excitation
powers can be expected.

In our model, the capture cross section is considered as mons
according to the SRH-theory. To investigate the influence ajreentration-
dependent capture cross section, we have extended our model by chiheging
model parameten, which is the product of the capture cross sectipand the
thermal velocity of the charge carriesg,. Since no physical relation of the
concentration dependence of the cross section is known, threardybinosen
types of dependencies are investigated, which are presenteghin @.12),
(4.13), and (4.14).

N —-dN

ﬂz\ftheml[b'[( N j (4.12)
N -dN )’

a:vtherma,[bf( N j (4.13)

and

(4.14)

A = Vinermal [bﬂeXp( N- dN)

The best result is found for correction according to Eq.(4.13). é&igut2
shows the results of the modeling, including the concentration degiende
capture cross section f&f,q15. As can be seen, the fit matches much better
with the experiment.
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Table 4.3:Parameters used for simulating the PL experiments

defect state # 1 2 3 4 5 6
energy level (eV) 0.15 0.2 0.25 1.05 1.1 1.5
Density of States 4x10° | 8x10° | 10" 10'° 10 10"
(cm?)

electron capture crosq 10% 107 10" 10% 104 10"
section (cr! 1

hole capture cross 5x10°* | 10% 2.5x10° | 2x10% | 2x10# | 10%
section (crf) |

electron state-to-state cross sections’{cm

state 5to 1 1x16
state 5 to 2 1x18
state 4 to 3 6x 1t

direct recombinationy 1x10%°

laser power (mW)

150 20 40 .
6x10 T T T T . 4x10
— Simulation
experiment
F
/
4x10"° F i
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Figure 4.12: Simulation of the PL of CulnS according to the extended
recombination model for the capture ratg,;s. The model has been extended
by a concentration dependent capture cross section.
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4.5 Summary and conclusions

A recombination model, in which multiple recombination pathways f
a single defect state and state-to-state coupling arerpréms been developed.
This model is applied to simulate excitation power dependemédsurements.
It is shown that the PL intensity of a coupled defect stateedses with
increasing excitation power above a certain threshold if state-toestapling is
strong. The effect of state-to-state coupling is more pronouatedevated
temperatures. The model is applied to explain the laser power depenfifrece o
sub-bandgap photoluminescence of Culitln films. It is shown that the
model explains the experimental findings for Cuylu&ry well.
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5

How flash-annealing
affects defect
association in spray
deposited CulnS;

Abstract

Soray-deposited CulnS; is subjected to a flash-anneal experiment in a
sulfur environment. Raman-, photoluminescence,- and transient absorption
spectroscopy are applied to elucidate the effect of flash-annealing on the crystal
quality and the excited state dynamics. It is found that the crystal quality
improves substantially upon flash-annealing in sulfur. Deep defect states at 0.2
and 1.1-1.3 eV above the valence band are observed, which are assigned to
Cu/In anti-site defects. Excited charge carrier recombination via the deep
defect states is found to be present for as-deposited CulnS;. The recombination
rate via the deep defect states decreases after flash-annealing in sulfur, while
the Cu/ln anti-site defect is not removed. The sulfur vacancy is found to be
responsible for charge carrier recombination to the deep defect states. Flash-
annealing in sulfur removes the sulfur vacancy and inhibits the recombination
via the deep defect states, which is related to the efficiency of CulnS- based
solar cdls.
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5.1 Introduction

CulnS (CIS) has excellent properties for conversion of sunligtat in
electricity. It has a bandgap of 1.55%\&and an absorption coefficiéwnf 10°
cm® . CulnS-based solar cells with an efficiency of 12.5 % have been
demonstrated by Klaet al.2. However, the theoretical efficiency of a CujnS
based solar cell of 28.5% is much beyond the record cell for yet unknow
reason$

In order to lower the production costs, novel methods for depositing
CIS and CulnSg(CISe) thin films have been developed in the past decade. A
reliable and low-cost deposition method for CuylniS spray pyrolysis
depositiori®, which is also investigated in our laboratdry’ The spin-off
company from our laboratory, i.e., Advanced Surface Technology (AST,
Bleiswijk, The Netherlands) has optimized the spray pyrolgkposition
parameters, resulting in an all-sprayed solar cell with &iniexfcy of 7%.
Recently, Valdest al. have successfully deposited Culp®ato nanoporous
TiO, using electrodepositidh Surprisingly, expensive deposition techniques
are not essential for production of cost-efficient CIS-baselhr scells.
Nevertheless, fundamental research is still needed forer beiderstanding of
the opto-electronic processes in chalcopyrite-based solar cells.

5.1.1 Chalcopyrite material quality

The efficiency of a solar cell is determined by variousapeters,
among which the presence of crystallographic defects. Tacapyrite
structure of Culngis complicated because a small deviation from the
stoichiometric and/or molecular composition can introduce iomd/aa
electronic defects in the mateffal®® From earlier studies of the defect
chemistry of chalcopyrite semiconductors the energy positionsrefaeative
defects are knowfr’. Most of these defects form shallow donor or acceptor
states. Furthermore, besides the chalcopyrite structure amoyiséal structure
for CIS is known, which is referred to as the Cu-Au orderadatsire®. The
effect of sulfur- or HS-annealing on the quality of chalcopyrite thin films, both
CIS and ClSe, is a topic of interest. It has been shown that diffuses into
the film by which the crystalline quality of a Cu(In,Gaj$bn improves after
annealing in an p& atmosperé. Siemeret al. developed a rapid annealing
process, in which the chalcopyrite Cujrs®ructure is formed by sulfurisation of
a Cu-In alloy’. Rodrigruez-Alvarezt al.?* contributed to this synthesis route
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and investigated the annealing of sputtered Cu-In films sulfur or HS
environment. The improvement of the crystalline quality of splepesited
CulnS upon annealing in sulfur has been demonstrated by Maratibhé.

5.1.2 Anti-Site defects

Recently, near infra-red (NIR) photoluminescence (PL) emmsai€IS
has been investigated in different research grddpsRudigieret al.?’ have
shown that the intensity of the NIR-PL emission is stronglsited to the solar
cell efficiency. The NIR-PL emissions indicate the pneseof deep defect
states in the bandgap of CIS. Krustekal.”®*® have developed a nearest
neighbor donor-acceptor pair model that explains the origin of tRePl
emissions.

In a previous pap&twe have postulated the occurrence of the Cul/ln
anti-site defect association in Cupn$ which the indium-ion and the copper-
ion have interchanged their lattice positions, denoted ag"liGey’)”. At low
concentration, the Cu/In anti-site defect pair is expectebet@resent as an
isolated point defect within the chalcopyrite structure. Anedase of the
concentration of these anti-site defects will lead to Canfti-site pair ordering.

At even higher concentrations the defect pairs can cluster and & new
crystallographic phase, which is known as the Cu-Au ordered phiiseugh
the crystallographic geometry of the (Clnc,”)* anti-site defect is similar to
that of the Cu-Au ordered structure, they are not identida¢ Cu-Au ordered
structure should be considered as a separate crystallogaipdse that co-
exists with the chalcopyrite structure. The anti-site defemivever, is a local
defect associate and, therefore, does not form long-range ordeu Guiéred
crystals can be identified by XRD and/or Raman-spectroscopie anti-site
defects are isolated, or weakly associated defects thatarappthin the
chalcopyrite structure.

We have assigned the NIR-PL emissions to the Cu/In anti-site defect, as
is summarized in Table 5.1. Strong evidence is found that theset ghefirs
prefer a nearest neighbor configuration, which matches with thes idé
Krustok®?, Furthermore, we have found that the indium vacancy is assbciate
to the Cu/In anti-site defect.
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Table 5.1: PL emissions related to the (inc,")* anti-site defeét

PL emission] initial state final state

(eV)

1.15 In.," at nearest valence band
neighbor position

1.10 Ity at next-nearest | valence band
neighbor position

0.95 In.," at nearest Cu," at nearest
neighbor position neighbor position

0.85 Iney” at next-nearest | Cu," at next-nearest
neighbor position neighbor position

5.1.3 Recombination mechanism

The recombination of excited charge carriers via defeotsstat the
bandgap is a major route for the loss of solar energy conmetsis important
to understand the influence of the defect chemistry on themfgoation
mechanisms of charge carriers, in order to develop strategi@sprove the
conversion efficiency. We have shown that NIR-PL and transiesrption
(TA) spectroscopy are excellent tools for studying the role o€tlén anti-site
defect on the recombination mechanism of Cuth# films?,

In this paper a rapid thermal procedure in a sulfur envirabrse
applied to spray-deposited Culni8in films, in order to improve the crystalline
quality of the films. The recombination mechanism of the anndaiddS
films is studied in detail with PL and TA spectroscopy. orirthese
investigations we have been able to elucidate how the Caotirsite defect
affects the recombination mechanism of excited charge cameCuln$ thin
films.
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5.2 Experimental aspects

5.2.1 Sample preparation

CulnS samples have been deposited on quartz substrates by spray
pyrolysis deposition as described elsewh&rAn automatic spray robot is used
to deposit a thin layer of Cula®nto TCO (Pilkington TEC 15, 2.5 mm
thickness) substrates. The TCO substrates are cleaneddsssive immersion
in ethanol in an ultrasonic bath. The deposition of Cufit®s was performed
by the use of CuGR H,O (99.99% Aldrich), InG (98%, Aldrich), and
thiourea (98%, Aldrich) solved in demi-water. The compositiothefsolution
is such that Cu-rich material is formed. The best resuésohatained if the
deposition temperature is maintained at 300 °C. The film thickeesstrolled
by the number of sprays, which has been varied between 50 and H®0. T
thickness of the film is estimated from the optical density @elds about 0.5-
1.0 um. Spray pyrolysis is performed in ambient atmosphere. Aftesphay
deposition the samples are chemically etched in a 0.5 M KCNimolto
remove the excess 3ifrom the surface.

CulnS that is classified as 'as-deposited' follows the above dedcrib
deposition sequence. Culn@&noted as ‘flash-annealed' is additionally annealed
in a sulfur environment by a rapid thermal anneal (RTA) prodasthe RTA
process the sample is placed in a quartz tube together witthuenina boat
containing sulfur power (Sigma Aldrich, 99.998%). After flushing thigetto
remove the oxygen and water from the atmosphere, it is filled aigon
slightly above atmospheric pressure, thus preventing air frokintgan. To
maintain the small overpressure, a continuous flow is applied dilmingntire
flash-anneal procedure. The sample and the sulfur powder aes ligaan IR
oven (Research Inc., quad ellipse chamber 5528), which brings the tempera
to 500-600C within a few minutes. The temperature, which heats up t¢@00
within the first minute and reaches 8Q@0after 3 minutes, is monitored by a
thermocouple. The maximum temperature is limited tc°638y adjusting the
power of the IR oven to prevent thermal cracking of the glasstiate. After
the anneal time of 5 minutes the IR oven is turned off andah®le is cooled
down to room temperature. The cooling down rate is abotsB015 minutes.
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5.2.2 Photoluminescence spectroscopy

Photoluminescence measurements are performed in the ksemksca
mode. The sample is mounted in a closed-cycle helium cryostab (A
Cryogenics CSW-204sl) and cooled to 10 K. Excitation occurs bg:#\lO,
laser, operating at a wavelength of 532 nm (SpectraPhysics Mijewith a
power range of 200 mW to 5 W. Neutral-density filters are useddiace the
laser power below 200 mW. The excitation wavelength is removedtfrerRL
signal by a 620 nm Schott high-pass filter. An optical fibereathe signal to
a monochromator (Acton SpectroPro 2500i). Finally, the spectrum isdegto
by a liquid-nitrogen cooled InGaAs detector (Princeton Instrum@Ma-V),
which is sensitive to the near infra-red (NIR) spectral winthetween 900 and
1700 nm. PL measurements are integrated over 60 seconds. Then&lLissig
corrected for the spectral response of the combination of monocloroarat
CCD camera using a black body spectrum.

Raman measurements are performed in the same setup, als® in t
backscatter mode. A microscopic lens is used to focus thedagbe sample.
A notch filter (Kaiser) is used to filter the excitationweiength at 532 nm. The
Raman-signal is recorded by a silicon CCD array (Princetstnument PIXIS-
100).

5.2.3 Transient absorption

Transient absorption (TA) spectroscopy is a well know tiecienbut is
used scarcely in thin-film solar cell studies. In our previaugdyswe introduced
the technique to investigate Cupnghin films?®. With transient absorption
spectroscopy changes in the optical absorption by electronies siiatthe
bandgap are monitored. A continuous wave monochromatic light beam passes
the sample. The photon energy of this so-called probe beam iselarabktan
be made resonant with an optical transition. A short lasee |filie pump beam)
excites electrons from the valence band to the conduction band. &tuitssl
electrons relax back via the inter bandgap states. This prgoess rise to a
temporal change in the state populations, which is coupled to thealopti
absorption strength. A temporal change of the probe beam absorption is
measured. The absorption increases when either the initialistiiied or the
final state is emptied. The absorption decreases when the opmagits. Such
temporal decrease in the absorption is referred to as a bleach.

The transient absorption setup is schematically presentédure 5.1.
The probe beam is generated by a halogen lamp (Oriel) and a monatdrrom
(Acton SpectroPro 150) and is focused onto the sample. Behind theesampl
another lens is positioned to direct the beam into a second monotbroma
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(Acton SpectroPro 150). Silicon and InGaAs photodiodes are useteatode
The electrical signal is amplified (Femto HCA-200M-20K-C) and reabwdi¢h

an oscilloscope (Tektronix TDS 744). The pulse beam is gendrgtedNd-
YAG laser (SpectraPhysics QCR) operating at 355 nm and 10pdtitien rate,
which pumps an optical parametric oscillator (SpectraPhysio®®™ 710) to
generate 532 nm pulses with a duration of 5 ns. After padsinggh several

neutral density filters the energy of the pulse jgfulse.

MOPO pulsed laser

neutral density.

filters e
R
'l
shutter
¢
q
|ens ' |enS
monochromator K H monochromator
I VAN
I ]
| U sample
photodiodd

|amp|ifier| beam dump 250 W halogen lamp

|digita| osciliscoggl

Figure 5.1: Schematic presentation of the TA setup. The probe beam is
indicated by a solid line and the pump beam is indicated by a dashed line.
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5.3 Results

5.3.1 Raman and PL spectroscopy

Figure 5.2a and b show the Raman spectra for as-deposited, @athS
flash-annealed CulnSrespectively. The as-deposited sample has a Raman-
peak at 290 cthwith a Full Width Half Maximum (FWHM) of 20 cth The
flash-annealed sample has a Raman-peak at 29@vittna FWHM of 3.4 crl.

For flash-annealed samples, a second peak is observed at323 cm
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Figure 5.2: (a) Raman spectrum of as-deposited Culdi®e Raman-peak at

290 cm' has a FWHM of 20 cth (b) Raman spectrum of flash-annealed
CulnS. The Raman-peak at 290 ¢rhas a FWHM of 3.4 cth At 323 cnt' a
second vibration mode is observed.

108



charge carrier dynamicsin CulnS;-based solar cells

Figure 5.3 shows the PL spectrum in the NIR regime for as ideghos
and flash-annealed CulnS2, respectively. The PL curves aé fist multiple
Gaussian distributions, which are shown by the dashed curvesiire B. For
the as-deposited CulpSan emission at 1.29 eV and a broad emission at 1.15
eV are present. Also PL emissions at 0.85 and 0.95 eV are found.

Compared to as-deposited Cuin$he PL spectrum of the flash-
annealed Culnghas less emission at 1.29 eV. The broad emission at 1.15 eV
has shifted to 1.18 eV and is reduced in intensity. The insegofe-5.3 shows
that for flash-annealed CIS a small emission is observed ated/9 but no

emission is found at 0.85 eV.

as-deposited CulnS,
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Figure 5.3: Near infra-red PL response of the as-deposited and flash-annealed
CuInS. The inset shows a magnification of the PL response of the - flash
annealed sample between 0.8 and 1.2 eV.
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5.3.2 Transient absorption spectroscopy

Transient absorption experiments are performed at a number of
different probe energies for the as-deposited and flash-anneala&,.CAll
transients are fitted to an exponential decay function with dwthree time
constants. Table 5.2 and Table 5.3 summarize the transient absoestitis
for the as-deposited and the flash-annealed GuhaeSpectively. These tables
include the exponential pre-factors and the time constants thdt fimm the
exponential fit. A positive pre-factor indicates a transidmgogption and a
negative pre-factor indicates a bleach of the probe beam.

Table 5.2: TA results for the as-deposited sample.

energy| Al 1 | A2 2 | A3 3
(ev) | (x10% | (us)| (x10%) | (us) | (x10°) | (ns)

1.38 6.00 0.1| 1856 4.2 537 72

1.31 7.00 0.1} 1158 5.1 3.62 7%

1.24 2.57 01| 7.24 57 244 74

1.13 |-230 |13 | 221 76| 0.83 57

1.08 |-367 |15 | 0.99 5.5| 0.72 23

103 |-432 |15 0.63 11
099 ]1-489 |15 -0.12 | 20
095 |-53 |19 -0.63 | 170
092 |-578 |22 -0.95 | 112
0.88 |-617 |26 -1.27 | 101
086 |-623 |3.0 -1.62 |91

Table 5.3: TA results for the flash-annealed sample.

energy] Al 1 | A2 12 | A3 3
(eV) | (x10°) | (us) | (x20°) | (us) | (x10%) | (us)

1.38 13.5 0.42 5.73 49| 242 85

131 4.95 0.85 2.49 7.1 1.21 96

1.24 3.31 1.20 1.87 8.1 | 0.97 97

1.13 2.79 3.4 1.06 61
1.08 2.33 3.9 0.92 63
1.03 2.01 42| 0.81 61
0.99 1.66 4.4, 0.67 58
0.95 1.32 45| 0.53 a7
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5.3.3 Transient absorption spectroscopy at 1.38 eV

Figure 5.4a and b show the TA response at a probe energy of 1.38 eV
for as-deposited and the flash-annealed CilIrsspectively. The as-deposited
sample shows a transient absorption with three time constanits) are 0.1,

4.2, and 72us. The flash-annealed CulnBas a similar transient. The three
time constants for annealed samples are 0.4, 4.9 apd. 8%he pre-factors for

the second and third time constants (A2 and A3 in Table 5.2 and Table 5.3)
become smaller by flash-annealing the Culfin. The pre-factor of the
shortest time constant (Al) increases by flash-annealing.

3x107} a
2x10°%}F as-deposited-sample
probe = 1.4 eV
< 2
< 1x10”f
oF

-20p 0 20p 40u 60p 80u 100p
time (s)
b
2x10°}
flash-annealed sample
probe = 1.4 eV
< 1x107°f
<
of —.
-20p 0 20p 40u 60p 80u 100p
time (s)

Figure 5.4: Transient Absorption of (a) as deposited Cylasd
(b) flash-annealed Culn%or a probe energy of 1.38 eV.
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5.3.4 Transient absorption spectroscopy at 1.13-1.03 eV

Figure 5.5a, b, and ¢ show the TA response for the as-deposited
samples for probe energies of 1.13, 1.08, and 1.03 eV, respectively. These
transients combine a bleach and an absorption with one andrie/@dinstants,
respectively. At a probe of 1.13 eV, see Figure 5.5a, the tramdisatption is
dominant and the bleach is weak. At a probe of 1.08 eV, seecFighip, the
transient absorption has decreased while the bleach haased. Figure 5.5¢
shows that for a probe energy of 1.03 eV the absorption is weakyabtetich
has become dominant. The time constant of the bleach is 1}8,14&nd the
time constants of the absorption are 5.5g&@&nd 11-571s, respectively.

(1 3 a
as-deposited sample  -x10°} as-t;epfiltgg s;el/mple
probe = 1.13 eV prove = [.US e
“1x10°F
-2x10°F
<
p <
-3
-2x10 3x10°}
_3x10° a a 2 A A : 4x10° " M M " M M
-20p 0 20p 40p 60p 80p 100p -20p 0 20p 40p 60p 80p 100p
time (s) time (s)
Ax10° ¢ 4x10° ¢
X c X d
-2x10° b 3x10° flash-annealed sample
probe = 1.13 eV
ax10°} 2x10°F
as-deposited sample 10°
< 0%} probe = 1.03 eV < ™
of
-5x10° F
Ax10°F
6x10°
2 2 2 2 2 '] -2)(10‘3 2 A A A A 3
-20p 0 20p 40p 60p 80p 100p -20p 0 20p 40p 60p 80p 100p
time (s) time (s)

Figure 5.5: Transient Absorption of the as-deposited Culio® a probe energy
of (&) 1.13 eV, (b) 1.08 eV, and (c) 1.03 eV. (d) Transient absorptiomeof t
flash-annealed sample for a probe energy of 1.13 eV.
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Figure 5.5d shows the TA result for flash-annealed CGuli®e
transients for these three probe energies are the samrefore, only the
transient at a probe energy of 1.13 eV is shown. This transient heach llith
two time constants 38 and 62us, respectively.

5.3.5 Transient absorption spectroscopy at 0.95 and 0.85 eV

Figure 5.6 shows the TA response for probe energies of 0.95 and 0.85
eV for as-deposited and flash-annealed Cyln&spectively. The as-deposited
samples have a transient bleach with two time constaritQefs and 17Qus
for the 0.95 eV probe, and 33 and 91us for the 0.85 eV probe. These
transients are shown in Figure 5.6 a and b.

The TA response for the flash-annealed CyplisSshown Figure 5.6¢
and d. At 0.95 eV, a weak absorption with two time constants of 4.5 ps 47
present. At 0.85 eV, no TA signal is found.

a ol b
2x10°F T
2x10°
-4x10° -4x10°F
g as-deposited sample & . | as-deposited sample
x10° probe = 0.95 eV probe = 0.85 eV
8x10°
-8x10° “Ax10% f
-20p 0 20p 40p 60p 80p 100p -20p 0 20p 40p 60p 80p 100p
time (s) time (s)
1x10° c of d
flash-annealed sample
probe = 0.95 eV
of
2x10°F
<
p s
-1x10° b flash-annealed sample
-4x10° b probe = 0.85 eV
2x10°}
-20p 0 20p 40p 60p 80p 100p -20p 0 20p 40p 60p 80p 100p
time (s) time (s)

Figure 5.6: Transient absorption for the as-deposited CulfgSand b) and
flash-annealed CulnS (c and d) for a probe energy of 0.95 and 0.85 eV,
respectively.
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5.4 Discussion

5.4.1 Raman and PL measurements of the as-deposited

samples

The Raman-peak at 290 ¢nfior the as-deposited Culp$ilms (see
Figure 5.2) shows that the Culnfim has the chalcopyrite structdfe®* No
Cu-Au crystals are present, since a Raman-peak at 305scnot observed.
Rudigieret al.”’ correlated the width of the 290 énRaman peak to the defect
concentration From the FWHM of 20 cih for as-deposited CulaSa high
defect density is concluded.

The NIR PL spectrum of the as-deposited sample, see Figure 5.3,
confirms this conclusion. Strong PL emissions are found, which have been
assigned to donor-acceptor transitions in previous investigatidite peak at
1.29 eV is assigned to a PL transition from the conduction bandatiowh
donor state to the 0.2 eV Rudefect state and the 1.15 eV emission is related
to recombination from the &y" anti-site defect at 1.15 eV to the valence band.
The PL emissions at 0.95 and 0.85 eV are assigned to deep-danoy tdn
deep-acceptor (Gil) transitions at nearest neighbor and next-nearest neighbor
positions, respectively®. Raman and PL measurements of the flash-annealed
samples

The FWHM of the 290 cthRaman-peak for the flash-annealed sample
is similar to that of high-quality CulnS which is grown with more
conventional methods # *° Also, a peak at 323 c¢happears after flash-
annealing the CulnSfilms, which is assigned to the, Bibrational mode of
CulnS single crystafS' * It is concluded that flash-annealing spray-deposited
CulnS films in a sulfur atmosphere improves the material quality sigmnifiga

The PL spectrum of the flash-annealed sample, see Figure 5.3, shows
that the deep-donor to deep-acceptor transition at 0.85 eV hppetsad. This
transition is assigned to the next-nearest neighbor transitidre ¢, "Inc,”)*
anti-site defect, as is presented in Table 5.1. Fromithgsgconcluded that the
next-nearest neighbor defect state association is removed ghyafi@ealing
CulnSin sulfur. A small emission at 0.95 eV shows that the nearagtbw
defect association is not completely removed, but is reducedght in PL
emission strength. Also the 1.29 and 1.15 eV PL transmissions areddduc
intensity after annealing.
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5.4.2 Construction of the band diagrams

As-deposited CulnS,

The PL measurements of as-deposited Gidh&w similar behavior as
in our previous work. Therefore, the band diagram for as-deposited GignS
taken from this work, and is shown in Figure 5.7a. The PL emissibd &tV is
assigned to the nearest neighbor and next-nearest neighfoanti-site defect
at 1.15 and 1.1 eV above the valence band, respectively. The PLoen@ssi
0.95 eV is assigned to theclii - Cu," transition in the nearest neighbor
configuration and the PL emission at 0.85 eV to thg 'l Cu," transition in
the next-nearest neighbor configuration. The defect states tlaigbt the
nearest neighbor anti-site defect (0.2 eV and 1.15 eV) and the neasinear
neighbor anti-site defect (0.25 and 1.1 eV) differ only 0.05 eV in energy
Therefore, the GyI' and Ir," defect states are considered as doublet states at
0.2 and 1.1 eV, respectively.

Flash-annealed CulnS,

The band diagram of the flash-annealed Cula$onstructed from the
PL data of this work, in analogy to the as-deposited samples. dwegdo the
PL emission at 1.1-1.2 eV, a defect state at 1.1 eV above theceaband is
expected. This defect level belongs to the,lnanti-site defect. The PL
emission at 0.95 eV is assigned to thg,In- Cu," transition in the nearest
neighbor configuration, which gives reason to include a defetet ateD.2 eV
that is assigned to the udefect. The Cyl' and I, defect states at 0.2 and
1.1 eV, respectively, are not a doublet for the flash-annealéuSCsince the
next-nearest neighbor emission at 0.85 eV is not present. BettamidelL
emission at 1.1 eV is more intense than the 0.95 eV emission, tipéngo
between the associated defects, i.e., thg In Cu," transition, is not strong,
as is indicated by the thickness of the arrows in Figure 5.7.c®hstructed
band-diagrams will be used to explain the TA experiments.
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as-deposited CulnS, flash-annealed CulnS,
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Figure 5.7: Band-diagrams and recombination mechanisms for the as-deposited
(left) and the flash-annealed (right) CujnS

5.4.3 Introduction transient absor ption measurements

The recombination mechanism of the excited charge carrierbecan
extracted from transient absorption spectroscopy. Our previoegtyrted TA
results for as-deposited Culn®ill be summarized first as they serve as a
reference for the annealed samples. The films of the prdseytare produced
under slightly different circumstances, which lead to sméfiergnces in
composition and, therefore, defects and defect densities. A clirardgfects
and defect densities affects the recombination mechanisms arefpteethe
TA behavior, as will be shown below. The TA results areudised starting
with large probe energies. First the as-deposited Gugn&nsidered, followed
by the flash-annealed material.
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5.4.4 Probeenergy of 1.38 eV

As-deposited CulnS,

The probe energy of 1.38 eV probes the transitions from the 0.15 and
0.2 eV doublet acceptor states to the 1.5 eV state and the tionchend, see
Figure 5.7a. Three lifetimes are found, being 0.1, 4.2, angs7R is assumed
that the short lifetime components correspond to shallow defees stad that
deep defect states have longer lifetime components. In comtrast previous
results, the 0.Jus component is an absorption, while in our earlier study a
bleach with a similar time constant has been found. The obsdeachbn the
previous investigation was assigned to saturation of the 1.5a¢8/ which has
a lifetime of 0.1us. The presence of a transient absorption in this work indicates
that the 1.5 eV state is no longer saturated and, therefore, doieibitthe
probe absorption. Accordingly, transient absorption from the 0.15 ¥ tsta
the 1.5 eV state becomes possible and reflects the population 0fitheV
state, which has a lifetime of Qus.

The second and third lifetime components, being 4.2 anas/hkave
been assigned beféfe Population of the 0.2 eV doublet state after the
excitation pulse enables absorption to the conduction band. Thmdifef the
0.2 eV population is 4.@s. The time constant of {1 is the depopulation time
of the 1.1 eV doublet state, which empties via the 0.15 e¥ atat the 0.2 eV
doublet state.

Flash-annealed CulnS;

For the flash-annealed Culn® similar transient with three time
constants is found. The lifetime components can be assigned siragddy the
as-deposited samples. While the time-constants are the sanmetfaetors
differ from those of as-deposited CunShis can also be seen from the shape
of the TA curve, which differs from the as-deposited TA curee, Bigure 5.4a
and b. The pre-factors A2 and A3, which belong to the 0.2 eV defect state
population and the 1.1 eV defect state population, respectively, heneased.
From this, we conclude that recombination via deep defectsswteeduced
after annealing the samples. The increase of the pre-factor Ach fadlongs to
the population of the 0.15 eV defect state, shows that more &xtiteges now
recombine directly to the 0.15 eV state.
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545 Probeenergiesof 1.13eV - 1.03 eV

As-deposited CulnS,

The observed sum of a bleach and an absorption for as-deposited
CulnS differs from the findings in our previous work, where only ansient
bleach and no absorption is observed at these probe efferigiesir previous
work the transitions in this energy range are assigned to electrortierditam
the valence band into thec|fi doublet state at 1.15 eV. The observed bleach
could be explained by a saturation of the,Indefect state. In the present
samples a transient absorption, and not a bleach, is observed at theneady
of 1.13 eV. We find it hard to believe that at 1.13-1.03 eV an ptisorfrom
the valence band is probed, since it suggests an increase @fettieon
population in the valence band. Therefore, we believe that the 1.13-1.03 eV
probe starts in the 0.15 eV state and probes up to a level at 1TheWand-
diagram of Figure 5.7 does not include a state at 1.3 eV, ére¢ dre good
reasons to postulate the presence of such a state, as will be explaimed bel

The following observations bring us to conclusions that at 1.3 eV above
the valence band defect states are present. First, anRkien at 1.29 eV is
observed. Second, the width of the 1.15 eV PL emission indidses tlarge
spread in energy states is involved. This spread in energybmustated either
to the Iy, defect state, or to the valence band. The spread in enerbg of t
holes in the valence band is limited to about 50 meV at room tetupera
Therefore, we conclude that the spread in energy states ofidfiemust be
wide, up to 1.3 eV. Third, Zhang al.* have calculated the defect transition
levels of an lg,” anti-site defect in Culn$eThey found two levels at 0.76 and
0.85 eV above the valence band, which are separated 0.09 eV from e=&ch oth
If for CulnS; the lower state lies at 1.15 eV the higher state is expabimat
1.25eV.

By assuming that the dg° defect introduces a distribution of states
between 1.1-1.3 eV, this does not change the conclusions from our earlier
investigations. Therefore, we consider the 1.15 eV defect adeadigtribution
of energy-states, which ranges from 1.1 to 1.3 eV, as is shown in Figure 5.8. We
assume that when this wide distribution of energy statéiieid with charge
carriers, the filling starts at the lowest energy level.
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Figure 5.8: Band diagram of CulnSincluding the 1.1-1.3 eV defect band. The
filling of the 1.1-1.3 eV defect band is presented by the shaded areas. The
transient absorption probes of 1.13, 1.03, 0.95 and 0.85 eV are indicdked i
picture. A solid line indicates a transient absorption addshed line indicates

a transient bleach.

First the transient bleach at 1.03 eV having a decay tinfe5qgis is
considered, according to Figure 5.8. This bleach dominates at thegmedyy
of 1.03 eV and is caused by a filling of the middle energgltewof the 1.1-1.3
eV distribution of energy states, as is shown in Figure 5.&. fllling inhibits
the absorption of the probe from the 0.15 eV defect statetiffikecomponent
of 1.5us is the lifetime of electrons that fill the middle leeélthe 1.1-1.3 eV
distribution of energy states.

Next, we consider the transient absorption at 1.13 eV and wih t
decay times being 7.6 and f$. This energy probes from the 0.15 eV state to
the upper part of the 1.1-1.3 eV distribution of energy states slsown in
Figure 5.8. Because the upper part of the 1.1-1.3 distribution afyestates is
empty, absorption of the probe from the 0.15 eV state is possitdeo&erved
lifetimes correspond to the population time of the 0.15 eV state, whitbus,

119



charge carrier dynamicsin CulnS;-based solar cells

and the population of the 1.1-1.3 eV distribution of energy states tha
depopulates via the 0.15 eV state, which isi&7

Flash-annealed CulnS,

From the PL experiments it is found that flash-annealed Gals8 has
a distribution of energy states at 1.1-1.3 eV, according twithe PL emission
at 1.15 eV. Accordingly, at probe energies between 1.13-1.03 eV also the
transition from the 0.15 eV state to the 1.1-1.3 eV distribution afggretates
is probed, as is shown in Figure 5.8. In contrast to as-depositeb,Ca
transient bleach is not found for annealed Cylhtead a transient absorption
is observed. This can only occur when the 1.1-1.3 eV distributienefgy
states is not saturated. The transient absorption is chyspdpulation of the
V" at 0.15 eV and the corresponding lifetime of 3.444s2reflects the
population of the }{". The second lifetime of 61-6@s is the population
lifetime of the 1.1-1.3 eV distribution of energy states, whighogelates via
the Vi,

5.4.6 Probeenergy of 0.95 eV and 0.85 eV

As-deposited CulnS,

At probe energies of 0.95 and 0.85 eV the transition between the 0.2 eV
doublet state (Gy) and the 1.1-1.3 eV distribution of energy stateg,()nis
monitored. For as-deposited Cujn& strong transient bleach with two lifetimes,
2-3 us and 91-17Qus, is found. In our earlier investigations, a fast bleach
component (<0.4us) is found at these energies, which has been assigned to a
fast depopulation of the 0.2 eV doublet state. For the presentesarapgbleach
of 2-3 us is found, which is too long to be assigned to fast depopulatidre of t
0.2 eV doublet state. Population of the middle part of the 1.1-1.3 eibdigin
of energy states inhibits the absorption of the probe. A ligetih2-3 s is
assigned to this part of the defect band, as is indicated in Fagdir&he long
lifetime of 91-170us is caused by population of the lower part of the 1.1-1.3 eV
distribution of energy states, which also inhibits the absorption of the.probe

Flash-annealed CulnS;

Flash-annealed CulpaShows a transient absorption at a probe of 0.95
eV, which probes the transition from the 0.2 eV statg,(Cto the 1.1-1.3 eV
distribution of energy states @ii). A transient absorption can occur only when
the 1.1-1.3 eV distribution of energy states is not saturatéd electrons.
Population of the 0.2 eV defect state allows absorption gbribiee beam to the
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1.1-1.3 eV distribution of energy states. The lifetime componentqisdis the
population time of the Gyi at 0.2 eV and the lifetime component of 45
reflects the depopulation of theclii defect state, which depopulates via the
Cu," defect state at 0.2 eV. At 0.85 eV, no TA signal is found, wkidn
agreement with the results of the PL experiment that alsessho emission at
this energy.

5.4.7 The effect of flash-annealing on the recombination
mechanism of Cul nS; thin films and the associated
defect state association.

State-to-state recombination

In our earlier investigations we postulated a mechanism for the
formation of defect-state association in CuffiS®® We believe that the
(Cun"Inc”)s, Vi, and the V" defects are associated, which leads to high state-
to-state recombination rates. In the previous work, we havelopedk a
recombination model that is based on the Shockley, Read, and SfRiH) (
theory, which is modified to include state-to-state recombinatiihs. The TA
experiments have been successfully simulated using our model. \&sh@vn
that the observed multiple lifetime components can only occur \state-to-
state recombination paths are present. In GulrtBese state-to-state
recombinations include &° — Cu," at both the nearest neighbor and the
next-nearest neighbor configuration ang,Tn- V,,", as is shown in Figure 5.7.

The PL emissions and the TA transitions at 0.95 and 0.85 eV slabw t
the Ine,” - Cuy" recombination path is present in the current batchsef a
deposited CulnS From the presence of multiple exponential decay times for
the 0.15 eV state, we conclude that also th¢'In. V|,"" recombination path is
present.

It is concluded from the PL experiments that,,In — Cu,"
recombination path for the next-nearest neighbor configuration is eggon
flash-annealing CulnS in a sulfur environment. The di° - Cu,"
recombination path for the nearest neighbor configuration, whichahB&
emission at 0.95 eV, is still present but shows a strongly eeldBt intensity.
Additionally, the PL emission at 1.15 eV, which is the recombinatidm fipain
the In,,” to the valence band, is also reduced in strength. From the TA
experiments, it is concluded that the /h— Cu," recombination path is still
present after the flash-anneal experiment. Multiple lifetcoenponents are
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observed for the " at 0.15 eV, which indicates the presence of the'In.
V»" recombination path for flash-annealed CuylnS

Population rate from the conduction band to the \,"" at 0.15 eV.

From the change in shape of the transient absorption at 1.38ceV w
conclude that the recombination rate from the conduction band to,theatv
0.15 eV is larger after flash-annealing Culits sulfur, as is explained below.
The first peak is much sharper for the flash-annealed Gulms for as-
deposited CulnS This peak belongs to the population of thg"\Wefect state
from the conduction band. When more excited charge carriers recombine
directly to the " defect state, the population density of the 0.15 eV defect
state is larger and the transient absorption signal that Isetortbis population
path is stronger.

When more excited charges recombine to thg',Mess charges will
populate the other defect states. A decrease of the populatioty denthie
Cu," defect state at 0.2 eV and the,ndefect state at 1.1-1.3 eV defect states
and an increase in population of thg"Vdefect state at 0.15 eV will reduce the
state-to-state recombination rates, according to our SRHrasembination
modef®. This lowers the intensity of the long tail in the transipsorption at
1.38 eV, which accordingly sharpens the first peak.

This change in shape of the transient absorption signabiguldent in
the exponential pre-factors that belong to the transientratimo at 1.38 eV.

For flash-annealed CulpSthe pre-factors for the CB, V,," transition are

much larger than for the as-deposited Cpim8 vice versa. From this, we
conclude that the recombination rate of the CBV,," transition increases
upon flash-annealing in sulfur, while the state-to-state regmtibin rates

decrease.

Population rate of the 1.1-1.3 eV distribution of energy states

The sign of the TA signal at 0.95 eV has changed after annealing
sulfur. The as-deposited Culnshows a transient bleach, which is the result of
a saturation of the 1.1-1.3 eV distribution of energy states, aplamed above.
The flash-annealed CulpShowever, shows a transient absorption, which can
only occur when the 1.1-1.3 eV distribution of energy statewissaturated.

Saturation of a defect state occurs when the populatiorisrate

larger than the depopulation rate. As is evident from theiétainabsorption
experiments, the lifetime of the dii defect state at 1.1-1.3 eV, which
represents the depopulation rate of this state, does not chaegeflagh-
annealing. Since saturation is not found for flash-annealed Cain& the
depopulation rate does not change, it is concluded that the population tee of t
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1.1-1.3 eV distribution of energy states decreases upon flashiagnédiis
conclusion is supported by the reduced PL intensity, which indeslosérved
for the 1.1-1.3 eV distribution of energy states after flagiealing Culngin
sulfur.

5.4.8 Therole of sulfur

It is expected that sulfur vacancies are removed by anndéalagulfur
environment and that annealing improves the crystal quality. Heivs not
expected that annealing in sulfur repairs the,(Gw,")* anti-site defect. We
have no indications that the concentration of the,(®4,”)* anti-site defect
decreased after annealing in sulfur. The change in PL intermitythe I, at
1.1-1.3 eV is explained by a change of the recombination rate. In trder
explain the effect of sulfur vacancies on the recombinati@ehanism, we
postulate that a sulfur vacancy is associated to the #mtilefect as is found
before for the \". It is concluded that recombination to the anti-site defect
occurs via the sulfur vacancy. Upon removing the sulfur vaesiy annealing
in sulfur the recombination path to thecfhis inhibited. This explains the
decrease in PL emission from the /hdefect state to the valence band and the
change in TA pre-factors for the transition to thg,/Irdefect state, even though
the concentration of the Cu/In anti-site defect does not change.

The disappearance of the next-nearest neighbor coupling can also be
explained by removing the sulfur vacancy. When a sulfur vacargmgsent in
the same unit cell, it provides space for a Cu- or In-ion ¢oime an off-center
or interstitial position. Krustolet al. suggest next-nearest neighbor coupling
involving interstitial defecfS. By removing a sulfur vacancy, the lattice energy
of the next-nearest neighbor defect at an interstial positioantes too high.
The interstitial shifts to a lattice position, which canctie next-nearest
neighbor defect. Meanwhile, the anti-site defect, in which thg' Cand I,"
both occupy a lattice position, remains.

123



charge carrier dynamicsin CulnS;-based solar cells

5.4.9 Solar cells

It is shown that the recombination rate to the 1.15 eV stateatss
after annealing in sulfur. This indirectly affects the opeli potential of the
CuInS-based solar cell. Rudigiet al. have shown that the open cell potential
of CulnS-based solar cells increases when the intensity of the 1ALedeak
decreaséd Because the lifetime of charges that are trapped at diefet
states can be long, a significant amount of charge can be sthiedfluences
the Fermi-level of the CulnSwhich is of direct relevance to the solar cell
voltage. In this study, we have shown that saturation of theVldefects does
not occur when the recombination path through the sulfur vacancy is not present.
This explains why the open cell voltage is related tarttensity of the 1.15 eV
PL peak.

5.5 Summary and conclusions

We have studied the effect of flash-annealing in a safiironment
on spray-deposited CulaSThe crystal quality of spray-deposited CunS
improves after flash-annealing in sulfur, as is evident frdra Raman
spectroscopy. From PL spectroscopy it is concluded that aftérdtasealing
the PL emission from deep defect states has decreased.rifanrthethe next-
nearest neighbor Cu/ln anti-site defect association disappeaeseffect of
flash-annealing in sulfur on the charge carrier recombinatiechanism of
spray-deposited CulaSis studied by means of Transient Absorption
spectroscopy. It is shown that the recombination rate via the al@epite
defect In,” decreases and the next-nearest neighbor effect disapgars a
annealing in sulfur. It is elaborated that sulfur vacancieaset recombination
trap for the g, defect and initiate the next-nearest neighbor association. These
findings can be related to the solar cell efficiency of Cutliesed solar cells.
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Summary and Outlook

New materials and production methods are needed to lower tiseo€os
solar cells. Spray pyrolysis deposition is a promising metlodpfoducing
thin-film CulnS-based solar cells. To date, however, the material qudlity o
spray-deposited Culn$s lower than that of Culn®btained with conventional
deposition methods. Defects in spray-deposited Guin®., interstitials,
vacancies, impurities, and anti-site defects have a negdfea on the energy
conversion efficiency. Defect states act as recombinationrsesate stimulate
electron-hole recombination. This directly influences theeruroutput of a
solar cell.

Formation of a pn-heterojunction introduces interface statieish can
affect the solar cell efficiency. Time-of-Flight (ToF) rsaeements have been
performed on Ti@CulnS heterojunctions to elucidate the relationship between
the presence of interface states and the charge calyie@mics. In ToF
experiments, a short laser pulse creates minority carrietisealiQ/CulnS
junction, which drift away by the internal electric field. Thamples under
investigation are solar cells and the outcome of ToF experinentksely
related to the transport of charge carriers in solar aelider operational
conditions.

In contrast to conventional ToF experiments, two semiconductor
materials are involved, instead of one. Accordingly, the ridefeeld is divided
over two semiconductor materials. Because the carrier nyomliCulnS is
much larger than that in Tgdthe Culng merely acts as an electrical contact to
the TiQ.. By measuring the electron-transit time in Ti@ is possible to assess
the voltage distribution at the TiI@ulnS heterojunction, which depends
strongly on the electronic properties of the F{QuInS interface.

It is observed that the drift of electrons through the,Ti&yer is
independent of the applied electric field below an applied dia2 V. This
observation is not expected for the drift velocity of electrarigch should be
linearly dependent on the electric field.

An electrostatic model is developed, in which the surfactesstat the
heterojunction are included. The electric field distribution fobdws from the
externally applied bias is derived from this electrostamiclel. It is found that
the presence of surface states leads to Fermi-level pirmthg iTiQ below an
applied bias of 2 volt. As a result, the voltage drop dverTiO, is almost zero.
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The electric field in the Tig) therefore, is small and excited electrons only
show diffusion type migration. Above 2 volt bias the Fermi-lgsi@ning is
lifted and the voltage drop over the TGi@creases linearly with the applied
voltage.

In addition to the electrostatic model, a charge transpodeinis
developed, which describes the drift and diffusion velocity ettebns. The
TiO, layer is divided in a depletion region, in which the potentiapdvyccurs
and a drift velocity is present, and a neutral region, in which ewiri field is
present and a diffusion velocity remains. The width of the tepleegion
depends on the voltage drop, which follows from the electrostatic lmidge
combining the electrostatic model with the transport model, tikeekperiment
is simulated. Carefully estimating the model parameters shiost Fermi-level
pinning indeed is responsible for the ToF observations. An efeatobility of
102 cnf/Vs is found for all three TiOlayer thicknesses. The interface state
density increases with TiQayer thickness from 5x1bto 6x13? eV'cm? for
200-400 nm thick Ti@ Thicker sprayed Ti©@has more surface roughness,
leading to a larger interfacial contact area. Accordingtg, interface states
density increases with a thicker Gitayer.

In Cu-rich Culn$ indium vacancies and sulfur vacancies introduce
defect states near the valence band and the conduction bandtivespéehe
band structure of spray deposited CulisSextracted from photoluminescence
(PL) experiments. A defect state at 0.15 eV above thaemleand is observed,
which is assigned to the indium vacancy. Deep defect states @&.262,1.1,
and 1.15 eV are observed, which have not been assigned before. Redscatst
nearest and next-nearest neighbor lattice positions causexigtenee of
doublet states at 0.2 and 1.15 eV above the valence band. PL emissions
observed at 0.95 and 0.85 eV are in agreement with the nearest andarest
neighbor defect model.

Transient absorption measurements have been performed at room
temperature, from which the recombination mechanism of exatedge
carriers is extracted. First, the population lifetime of thefect states is
determined. It is found that the 1.15 eV doublet state has a Efetird0-50us,
the 0.2 eV doublet state has a lifetime of @s5and the 0.15 eV defect state has
a lifetime of 0.5us. Remarkably, the 0.2 eV doublet state shows a second
lifetime component, which equals that of the 1.15 eV doublet $tageldition,
the 0.15 eV defect state shows three lifetime components, of whilequals
that of the 1.15 eV state and one that of the 0.2 eV state.

The presence of multiple lifetime components gives reasomaboraite
a state-to-state recombination mechanism. In this mechanisme azargers do
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not only recombine between the energy bands and the defect statatgobut
recombine from one defect state to another. The well-known Sclp&idad,
and Hall recombination model has been extended to include stasdeo-s
recombination and the transient absorption experiments are tohuby
solving this model numerically. The simulations are in goodegent with the
experiment if state-to-state recombination is enabled.

State-to-state recombination can only occur when defectd aearest-
neighbor or next-nearest neighbor positions in the crystal. ThHe @nfi-site
defect has this property. It is postulated that the deep donor-deeptar pair
is related to the presence of associated copper/indiunsintilefects in the
chalcopyrite matrix. The defect doublet levels at 1.15 and 0.2 eV are assigned to
the Ine,” and the Cy anti-site defects, respectively. Since also the indium
vacancy at 0.15 eV is coupled to the 1.15 eV doublet state, the presence of
(V™ - Incy” - Cu,')™ defect state association is concluded.

The recombination mechanism of excited charge carriers iry-spra
deposited CulnSis also studied by means of excitation power dependent
photoluminescence (PL) spectroscopy. It is observed that thetétsity first
increases linearly with increasing excitation power, but the iRR&nsity
decreases above a threshold excitation power. This result is otexkped is
not predicted by the existing recombination models. These models do not
include state-to-state recombination, which is found to be présém current
samples, as is obtained from transient absorption spectroscopy.

The earlier developed recombination model, in which stat&ate-s
recombination is included, is applied to the excitation-power rabgpe PL
experiments. The effect of state-to-state recombination abomdted by
simulating the PL experiments using a simplified recombinatieohamnism. It
is found that defect state saturation occurs when strong-tgtstate
recombination is present. Recombination from the conduction band te& def
state is inhibited, if the state is saturated by the -tbas¢ate recombination
pathway. The PL emission intensity for the transition fromctiveduction band
to the defect state decreases above a threshold excitation power.

The state-to-state recombination model is applied to simutete
excitation-power dependent PL experiments on spray-deposited ,GhinS
films. This model explains the experimental observations weell. It is
concluded that the presence of state-to-state recombinatialtsrin a decrease
of the PL intensity above a threshold excitation power.

In the recombination model, the capture cross section is consitierad
constant, however, for a donor-acceptor pair the capture crassnsegn be
dependent on the charge carrier concentration. An empirical@gbasation
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between the capture cross section and the charge camegntration improves
the fit of the simulation to the experiment.

Annealing Culng in a sulfur environment is known to improve the
material quality. Spray-deposited CujniS subjected to a rapid thermal anneal
in a sulfur containing atmosphere. The material and transpoperies are
investigated using photoluminescence-, Raman-, and transient &bosorpt
spectroscopy. It is found from Raman spectroscopy that the Icoyshdity
improves upon flash annealing in sulfur and equals high-quality guotgStals.

It is observed from PL spectroscopy that after flash-aimgead sulfur
the PL emission at 0.85 eV disappears. From this, it is contthinde the next-
nearest neighbor state-to-state recombination pathway disappEss PL
emission at 0.95 eV, which is assigned to the nearest neighbotostidte
recombination pathway, and the PL emission from the 1.1 eV ded¢ettstthe
valence band both decrease in intensity after flash-annealing.

The effect of flash-annealing on the recombination mechanism is
derived from transient absorption spectroscopy. Both as-deposita|lass,
flash-annealed Culnre investigated. It is found that the as-deposited sample
shows similar behavior as in earlier research. In addition, theVldefect state
is found to range between 1.1 and 1.3 eV. In agreement with the Plineper
no transient absorption is found for the next-nearest neighbortctstate
transition, which confirms that the next-nearest neighborctedssociation
disappears after flash annealing in sulfur.

A change in sign for other transitions, including the neavesthbor
state-to-state transition, is observed when CulaSlash-annealed in a sulfur
atmosphere. This indicates a change of the defect-state populatianyhich
a change in the recombination rates is concluded. Analyzing &insignt
absorption data shows that the recombination rate to fHea¥0.15 eV above
the valence band has increased and the recombination ratelg theefect at
1.1 eV has decreased. The change in recombination rate is relatkd to
presence of sulfur vacancies, which are expected to disapiperathe flash-
annealing experiment. It is concluded that the sulfur vacanegiates the
recombination to the By~ defect. Removing the sulfur vacancy by flash-
annealing in a sulfur atmosphere removes the recombination patlavélyev
sulfur vacancy and thedp’ defect state.

Conclusions and outlook

The presence of deep defect states influences the efffodrCulnS-
based solar cells. Because of the long lifetime of electironise deep defect
state, electronic charge is stored in the bandgap of Quik& a direct
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consequence, the Fermi-level will rise and accordingly tiage output of a
CulnS-based solar cell is decreased. This explains why Gudlased solar
cells have not yet reached an output voltage above 50% of the theordtieal va

Flash annealing in a sulfur ambient does not remove the Quilgii@
defect. However the population rate of thg,frdefect is reduced strongly. This
will affect the current-output of the solar cell, sinceslebarge will recombine
through this defect. Because of the long lifetime of electmotise In.,” defect,
charge is still stored in this defect state, also if a low @t rate is present.
Therefore, it is not expected that the output voltage of a Glaged solar cell
will improve when flash-annealing in a sulfur ambient is applied to GuInS

The Cu/In antisite defect is present as a stable defdut ichalcopyrite
matrix and difficult to monitor, since the crystal structuseonly changed
locally. XRD- or Raman-spectroscopy do not indicate the presanaeCu/In
antisite defect. Photoluminescence spectroscopy can show tleaqeres the
defect, but precautions have to be taken into account. Firstxtitation level
has to be low enough to prevent defect-state saturation, as isnegplai
elsewhere in this thesis. Second, the detection level dlthequipment has to
be low enough to monitor the small signal that belongs to the &mtilsfect.
Especially, if low concentrations of the anti-site defect are preseytytay not
be found experimentally.

When the formation of the Cu/In anti-site defect can not be prevented or
solved, the efficiency of Culn$hased solar cells will not exceed the current
level. The Cu/In anti-site defect should be considered as eriaigbroperty,
which is present under all circumstances. A detailed studiyeofarmation of
the anti-site defect in order to remove the anti-siteaef@n solve the anti-site
issue. Such a study should include a detailed study of thd effeeposition
parameters and heat treatments upon charge carrier recoothi@implicated
synthesis procedures, however, will not improve the economaiezffly of the
CulnS-based solar cells. Regarding to low cost deposition techniques,
recombination to the anti-site defect can be minimized by saffoealing, but
the defect will not fully be removed and the voltage output reinain far
below the theoretical value. Inhibition of the recombination gathsulfur-
annealing can increase the current-output of the solar cellhwiiiiclead to a
higher economical potential.
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Samenvatting

Nieuwe materialen en productiemethoden zijn nodig om de keaten
zonnecellen te verlagen. Sproei-depositie is een veelbelovergetemm
zonnecellen, die gebaseerd zijn op dunne-laag GutaSproduceren. De
materiaalkwaliteit van gesproeide Cujni@gen is momenteel lager dan voor
lagen die met conventionele depositietechnieken zijn vervaardgfecten in
gesproeide lagen, zoals interstitiélen, vacatures, verowfirejen enanti-site
defecten hebben een negatief effect op het rendement van deeemzetting.
Defecten vormen locaties voor recombinatie en bevorderen deoalgeit
recombinatie. De stroom uit een zonnecel wordt hierdoor direct beinvioed.

Door de vorming van een pn-heterojunctie kunnen energietoestanden
aan het oppervlak ontstaan die het rendement van een zonnesdbdun.
Time-of-Flight (ToF) metingen aan T#ZulnS heterojuncties zijn uitgevoerd
om het verband tussen de aanwezigheid van opperviaktetoestanden en de
dynamiek van ladingdragers te onderzoeken. Bij ToF metingen waordbee
laserpuls gebruikt om ladingdragers te creéren aan hetClidS opperviak,
welke diffunderen onder invloed van een intern elektrisch @#donderzochte
samples zijn zonnecellen en het resultaat van de experimenteauw
gerelateerd aan het transport van ladingdragers in werkende zonnecellen.

In tegenstelling tot normale ToF metingen zijn twee halfdelei
materialen gebruikt, waar het normaal slechts één raatdretreft. Dit heeft tot
gevolg dat het elektrisch veld verdeeld wordt over beidigélaiders. Omdat
de mobiliteit van de ladingdragers in het Cyln8le malen hoger is dan die in
TiO, gedraagt het CulnSich als een elektronisch contact voor het,TiQoor
de reistijd van de electronen in het }it@ meten is het mogelijk de verdeling
van de spanning over de TiCuIlnS heterojunctie in kaart te brengen. Deze
verdeling is sterk afhankelijk van de elektronische eigammn van de
TiO,/CulnS overgang.

De experimenten laten zien dat de drift van elektronen doofifgt
onafhankelijk is van de laagdikte van het Ji@anneer een voltage lager dan 2
V wordt aangelegd. Deze waarneming is niet verwacht voor iftesigelheid
van elektronen, welke lineair afhankelijk van het elekiriseld zou moeten
zZijn.

Een elektrostatisch model waarin de energietoestanden aan he
grensvlak van de heterojunctie zijn meegenomen wordt ontworpen. De
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verdeling van het elektrisch veld, als gevolg van een extengebsgde
spanning, is afgeleid van dit electrostatische model. Het nhaalekien dat de
aanwezigheid van oppervlaktetoestanden leidtFestmi-level pinning in het
TiO, wanneer een externe spanning lager dan 2 volt wordt aangelegd. E
direct gevolg varrermi-level pinning is dat de spanningsval over het Ti@jna

nul is. Het elektrisch veld in het Ti@s daarom klein en aangeslagen elektronen
hebben alleen een diffusie-gerelateerde migratie. Bij erged=gde spanning
hoger dan 2 volt wordtFermi-level pinning opgeheven en neemt de
spanningsval over het Tidineair toe met de aangelegde spanning.

Als toevoeging aan het elektrostatische model is een mautm
ladingtransport ontworpen. Dit model beschijft de drift- efudiesnelheid van
elektronen. De Ti@ laag is verdeeld in een depletielaag, waarin de
spanningsval plaatsvindt, en een neutraal gebied waarin gdérisele veld
aanwezig is en dus alleen diffusie-transport plaatsvind. De tereeth de
depletielaag hangt af van de grootte van het spanningsvak welgt uit het
elektrostatische model.

Door het elektrostatische model en het model voor ladingtransyeort
elkaar te combineren kan het ToF experiment gesimuleerd wordameat de
verschillende parameters zorgvuldig gekozen worden laat ddasienzien dat
Fermi-level pinning verantwoordelijk is voor de waarnemingen van de ToF
metingen. Voor alle drie de TiQaagdikten is een elektronen beweeglijkheid
van 10? cnf/Vs. De dichtheid van de energietoestanden aan het opperviak
neemt toe met de laagdikte van 5X1t 6x13% eV'cm? voor 200-400 nm
dikke TiO, lagen. Dikker gesproeid TiCheeft meer oppervliakte ruwheid en
leidt tot een groter opperviak aan de materiaalovergang.détieris de
dichtheid van de oppervlaktetoestanden groter voor dikkergldi@n.

In koper-rijk Culn$ veroorzaken indium- en zwavelvacatures defecten
met een energieniveau in de buurt van respectievelijk datieband en de
geleidingsband. Met behulp van fotoluminescentiespectroscopie isPde
bandenstructuur van Culpigepaald. Op 0.15 eV boven de valentieband is een
defect gevonden, die is toegewezen aan de indium-vacature. Nogerder
toegewezen defecten zijn waargenomen op 0.2, 0.25, 1.1 en 1.15 eV boven de
valentieband. Defecten op naaste buur en volgend-naaste buur reasserpl
veroorzaken de aanwezigheid van dubbele defetcen op 0.2 en 1.15 e\deoven
valentieband. In overeenstemming met dit model zijn PL eesiggvonden op
0.95 en 0.85 eV. Uit transient absorptiemetingen bij kamertemperatungat
recombinatie-mechanisme van aangeslagen ladingdragers cf@ddeeerste is
de bezettingstijd van de defecten bepaald. Het 1.15 eV dubbele deffiatdn
levensduur van 20-50s, het 0.2 eV dubbele defect heeft een levensduur van 3-
5 us en het 0.15 eV defect heeft een levensduur vapd.Bet is opmerkelijk
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dat het 0.2 eV dubbele defect een tweede levensduur-component ledledt, w
gelijk is aan die van het 1.15 eV dubbele defect. Verder heef.15 eV defect
drie levensduur-componenten, waarvan er één gelijk is aaradibet 0.15 eV
defect en één aan die van et 0.2 eV defect.

De aanwezigheid van meerdere levensduur-componenten geeft
aanleiding om een defect-naar-defect recombinatiemodel afdenleBij dit
mechanisme recombineren ladingdragers niet alleen tusssredgebanden en
de defecten maar vindt ook recombinatie tussen twee defptdais. Het
bekende model van Schockley, Read en Hall is uitgereid tot edal waarin
defect-naar-defect recombinatie is inbegrepen. De transientmiemetingen
Zijn gesimuleerd door het model numeriek op te lossen. Dezeasi@sutijn in
goede overeenstemming met de experimenten wanneer het riedectefect
recombinatiemechanisme gebruikt wordt.

Defect-naar-defect recombinatie kan alleen plaatsvinden warde
defecten zich op naaste buur of volgend-naaste buur posities irristet k
bevinden. Het koper-indium anti-site defect heeft deze eigemsdtet is
gepostuleerd dat het diepe donor - diepe acceptor paar gerkblistesm het
geassocieerde koper-indium anti-site defect in de chalcopyrédtix. De
dubbele defecten op 1.15 en 0.2 eV zijn toegewezen aan respectibwdiijk’
en Cu" anti-site defecten. Omdat ook de indium vacature op 0.15 eV
gekoppeld is aan het 1.15 eV dubbele defect wordt de aanwezigheiteva
(V™ - Incy” - Cu,)™ defect-associaat geconcludeerd.

Het recombinatiemechanisme van aangeslagen ladingdragers in
gesproeid CulnSis ook bestudeerd met behulp van excitatievermogen-
afhankelijke fotoluminescentie-spectroscopie. De waargenorhemtensiteit
neemt eerst lineair toe met toenemend excitatievermogen,neaat af na het
bereiken van een grenswaarde van het excitatievermogeredbitaat is niet
verwacht en wordt niet voorspeld door de bestaande recombinadigien.
Deze modellen houden geen rekening met de defect-naar-defecbneatien
die is gevonden met behulp van transient absorptiespectroscopie.

Het eerder ontworpen model, waarin defect-naar-defect renatieis
inbegrepen, is toegepast op de excitatievermogen-afhank®lijkeetingen.
Het effect van de defect-naar-defect recombinatie is onderzbmbit PL
experimenten aan een defect recominatie aanwezig is, vindt verzadigingnvan e
defect plaats. Recombinatie van de geleidingsband naar een defedit
gehinderd als het defect is verzadigd door de defect-naatdetmmmbinatie.

De intensiteit van de PL emissie voor de overgang van e@&gejsband naar
het defect neemt af bij toenemend excitatievermogen.

Het defect-naar-defect recombinatie model is toegepast @pogae
CulnS dunne lagen en de excitatievermogen-afhankelijke PL metingestew
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gesimuleerd. Dit model verklaart de experimenten vrij goeda&avezigheid
van defect-naar-defect recombinatie resulteert in een afnamede PL
intensiteit boven een bepaald grenswaarde van het excitatievermogen.

In het recombinatie-model wordt de invangdoorsnede aangenomen als
een constante. Echter, voor een donor-acceptor paar kan de invangtd®orsne
afhankelijk zijn van de concentratie van ladingdragers. Een riscip
vergelijking tussen de invangdoorsnede en de concentratie vagdeatjers
verbetert de overeenkomst tussen de simulatie en het experiment.

Het is bekend dat het temperen van CulinSeen zwavel atmosfeer de
materiaalkwaliteit verbetert. Gesproeid Culn@dergaat een snelle temper
behandeling in een zwavelhoudende atmosfeer. De materiaal- epottans
eigenschappen zijn onderzocht met behulp van fotoluminescentiegnRa&m
transient absorptie spectroscopie. Raman spectroscopie ilatdat de
kristalkwaliteit verbetert tijdens flits-temperen in eemwazelhoudende
atmosfeer en gelijk wordt aan die van hoge-kwaliteit CuInS

Met behulp van PL spectroscopie wordt waargenomen dat ndtset fl
temperen in een zwavelhoudende atmosfeer de PL emissie van 0.85 eV
verdwijnt. Hieruit wordt geconcludeerd dat de volgende-naaste bdeactde
naar-defect recombinatie verdwijnt. De PL emissie van 0.95velke is
toegewezen aan de naaste-buur defect-naar-defect recombinatide Rln
emissie van het 1.1 eV defect naar de valentieband, nenuenaben intensiteit
na het flits-temperen.

Het effect van flits-temperen op het recombinatiemechanigne
afgeleid van transient-absorptiespectroscopie waarbij zovwett als wel-
getemperd CulnSs onderzocht. Het niet-getemperde Culu&toont dezelfde
eigensschappen als in een eerder onderzoek. Als toevoeging gesatden
dat het 1.1 eV defect een gebied tussen de 1.1 en 1.3 eV inneemt. In
overeenstemming met de PL experimenten wordt er geen traasisoiptie
gevonden voor de volgend-naaste buur overgang, wat bevestigt \aageied-
naaste buur defectassociatie verdwijnt na het flits-tempereneen
zwavelhoudende atmosfeer.

Een verandering van teken is waargenomen na flits-tempereanin
zwavelhoudende atmosfeer voor de andere overgangen, inclusiefste-baur
defect-naar-defect overgang. Dit geeft aan dat een veragdarde bezetting
van defecten plaatsvind, waaruit een verandering in de recoiebimaheid
wordt geconcludeerd. Uit de transient-absorptie metingen volgt dea
recombinatiesnelheid naar de,'V op 0.15 eV boven de geleidingsband is
toegenomen en de recombinatiesnelheid naar kgt tefect op 1.1 eV is
afgenomen. De verandering in recombinatiesnelheid is gerelateerddea
aanwezigheid van zwavel vacatures, waarvan wordt verwdeht deze
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verdwijnen na het flits-temperen experiment. Er wordt geconclddéatr de
zwavel vacature als schakel dient voor de recombinatie nab:lietlefect. De
verwijdering van de zwavel vacature door flits-temperen inn ee
zwavelhoudende atmosfeer verwijdert de recombinatie-mogelijkhigidde
zwavel vacature en hetdfi defect.

Conclusies en vooruitblik

De aanwezigheid van diepe defecten beinvlioedt het rendement van
CulnS-gebaseerde zonnecellen. De lange levensduur van electrod@éapén
defecten zorgen voor ladingsopslag in de verboden bandafstand var. CulnS
Een direct resultaat is een toename van de energie vanrh@trifeeau met als
gevolg een afname van de spanning van een Ggelsaseerde zonnecel. Dit
verklaart, waarom de uitvoerspanning van CwHg&baseerde zonnecellen niet
boven 50% van de theoretische waarde uitkomt.

Het flits-temperen in een zwavelhoudende atmosfeer veniifur
Cu/In anti-site defect niet. Echter, de vulsnelheid van gt Idefect neemt
sterk af. Hierdoor neemt de stroom door de zonncel toe, omdat middey la
recombineert via dit defect. De lange levensduur van electrionbet Int,”
defect resulteert echter nog steeds in de opslag van latdidg verboden
bandafstand, ook al is er een lage vulsnelheid. Om deze rgtiéetliniet in de
verwachting, dat de uitvoerspanning van een Cutiebaseerde zonnecel zal
toenemen, wanneer flits-temperen in een zwavelhoudende atmosfeer is
toegepast.

Het Cu/In anti-site defect is aanwezig als een stabifdctien de
chalopyriet matrix en moeilijk waar te nemen. Immers, deatsistictuur wordt
alleen lokaal aangetast. Met Rontgendiffractie of Raman sgeopie kan het
Cu/lIn antisite defect niet worden waargenomen. Fotoluminesckatiehet
defect wel zichtbaar maken, maar aan enkele voorwaarden modernwor
voldaan. Als eerste moet het excitatievermogen laag gerzjag om
verzadiging van de defecten te voorkomen, zoals elders in ditsphoif is
besproken. Ten tweede, de gevoeligheid van de detectieappatetirhoog
genoeg zijn om het kleine signaal van het anti-site defeat v¢ kunnen nemen.
Als slechts kleine hoeveelheden van het anti-site defectezamwijn is het
mogelijk dat deze experimenteel niet worden waargenomen.

Wanneer de vorming van het Cu/ln anti-site defect niet karemor
voorkomen of opgelost, zal het rendement van CugreBaseerde zonnecellen
niet boven het huidige niveau uitstijgen. Het Cu/In anti-siteeaiemoet
beschouwd worden als een materiaaleigenschap, die onder atindigheden
aanwezig is. Een gedetailleerd onderzoek naar de vorming vaantiette
defect, met als doel dit defect te verwijderen, kan lgenaaan een oplossing
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van dit probleem. Zo'n onderzoek zou een gedetailleerde studie veffeut
van depositie-instellingen en warmtebehandelingen op de recombiratie v
ladingdragers moeten bevatten.

Ingewikkelde syntheseprocedures leiden echter niet tot teeirige van
het economisch rendement van Cuylg8baseerde zonnecellen. Met betrekking
op goedkope depositietechnieken kan recombinatie naar het antisiet def
geminimaliseerd worden door de toepassing van een warmtebeharleary
zwavelhoudende atmosfeer, maar het anti-site defect zal nooiplemm
verdwijnen en de uitvoerspanning zal ver beneden de theoretisshrlav
blijven. Het voorkomen van het recombinatiemechanisme met behulp van
temperen in een zwavelhoudende atmosfeer kan de stroom uit de zonnecel
verhogen, waardoor het economisch rendement toeneemt.
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