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1. Introduction

In recent years considerable attention has been paid to research and develop wide bandgap

solar cells. The wide bandgap cells have a better solar cell temperature coefficient and

perform more stable under real working conditions [1, 2]. Further, widening the bandgap

reduces the current density which in turn lowers the electric losses in the cell [1, 2]. The

theoretical calculations of Shockley–Queisser estimates the highest conversion efficiency

for a single junction at a bandgap value of 1.4 eV [3], but also as a multi-junction they are

promising for top cell of a tandem staking solar cell.

Among the different compounds, the Cu(In,Ga)Se2 (CIGSe) semiconductor is one candi-

date to fabricate highly efficient solar cell. The material has a direct band gap and offers

a large absorption coefficient. As a result a thin layer (2 - 3 µm) would suffice to absorb

the incident photons from the sun [4]. Despite the advantage that wide-gap Cu(In,Ga)Se2

absorbers offer, higher efficiency than 12% is not achieved yet [5].

The Cu(In,Ga)Se2 absorbers with high-gallium content have many order of magnitude

smaller minority carrier lifetime compared to low-gallium content samples, which reduces

the open-circuit voltage [4, 6]. Further, the increase of the gallium content in the absorber

leads to a strong voltage dependency of the carrier collection that deteriorates the fillfactor

[7]. The voltage dependency of the carrier collection comes from the poor minority carrier

diffusion length, which is also related to the reduced minority carrier lifetime [7].

The fall-off of the fillfactor and reduction of the open-circuit voltage due to the low minority

carrier lifetime are one reason that lowers the efficiency of wide-gap Cu(In,Ga)Se2 cells.

The main reason of the low performance of wide-gap Cu(In,Ga)Se2 devices is the high

recombination rate at the charge collecting interface that prevents the open-circuit voltage

to reach the level expected for the bandgap of the absorber [2].

One reason of the high interface recombination is the unfavorable band offset between

absorber and buffer layer, that changes from a spike to a cliff for wide-gap Cu(In,Ga)Se2

cells and provides high concentration of holes at the interface [8]. In order to reduce the

recombination at the interface one solution is to lower the valence band edge [8]. This can

be accomplished for instance with addition of sulfur [9]. Recently, it has been reported

that the post-deposition treatment of alkalis on small bandgap CIGSe absorbers reduces

the recombination rate at the interface by shifting the valence band edge downward at the

hetero-interface between Cu(In,Ga)Se2 and CdS layer [10–12]. However, most studies are

on small bandgap CIGSe cells and little is known about the impact of the post-deposition
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treatment of alkalis on wide-gap CIGSe devices. Therefore, in the present work, the influ-

ence of the post-deposition treatment with alkaline elements on wide-gap Cu(In,Ga)Se2

cells is investigated. From temperature dependent current-voltage analysis, the electronic

transport of the charge carriers is simulated and finally the dominant recombination path

is examined.

The outline of this thesis is as follows:

• In Chapter 2, the basic equations of hetero-junction solar cells are presented. The

charge carrier transport in the bulk and at the interface is explained and the fundamental

equations of recombination regions are given.

• In Chapter 3, the steps from preparation of the Cu(In,Ga)Se2 absorber to the fin-

ished solar-cell are described, and the methods used to characterize the cells are introduced.

• In Chapter 4, the role of a gallium gradient of wide-gap Cu(In,Ga)Se2 cells on sodium

containing substrates is examined. The influence of a gallium gradient on the electronic

parameters, collection probability and collection efficiency is investigated.

• In Chapter 5, the influence of post-deposition treatment of heavy alkalis on the

electronic parameters of Cu(In,Ga)Se2 cells is investigated. The measurement results of

temperature dependent current-voltage analysis are presented and numerical simulations

with SynopsisR○ TCAD are performed to explain two effects “crossover” and “double-diode”

occurring for the alkali-treated current-voltage curves.

• In Chapter 6, the dominant recombination path of the wide-gap alkali-treated devices is

examined. This is accomplished by measuring the open-circuit voltage transients (VOC(t)).

By measuring the transients of the doping density, the VOC(t) is recalculated and the

different slopes of the VOC(t) are discussed.

• In Chapter 7, the impact of alternative substrates on the electronic parameters of the

wide-gap Cu(In,Ga)Se2 cells are examined. In section 7.1, the effect of the post-deposition

treatment of sodium and potassium on the solar cell parameters of Cu(In,Ga)Se2 absorber

is investigated. In section 7.2, the role of substrate temperature during absorber growth

on the electronic properties of the wide-gap Cu(In,Ga)Se2 cells is studied.

• In Chapter 8, the results of the present work are summarized and final conclusions are

drawn.
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2. Fundamentals of solar cells

In this chapter the basic equations to describe an absorber/buffer/window hetero-structure

are introduced. Different kinds of recombination types and regions are discussed in section

2.3. Finally, a review on wide gap Cu(In,Ga)Se2 cells and the latest investigations on the

alkali post deposition treatment will be given.

2.1. Physics of an absorber/buffer/window hetero-structure

The structure of the solar cells studied in this thesis consists of an absorber (Cu(In,Ga)Se2),

buffer layer (CdS) and a window (ZnO) layer. The window layer is a highly doped material

(1018 cm−3), and the buffer layer is very low doped (1015 cm−3) [4]. Depending on the

gallium and sodium concentration the doping density of the absorber varies in the range

of 5×1014 - 1.5×1016 cm−3 [13, 14]. The hetero-structure of a wide-gap Cu(In,Ga)Se2 cell

is sketched in the figure 2.1(a - d). The built-in potential (Vbi) across the space charge

region is defined by:

qVbi = Eg,a − Ep,a − En,w + ∆Ea,bc + ∆Eb,wc (2.1.1)

where Eg,a is the bandgap of the absorber, Ep,a is the energy difference between the hole

fermi level and the valence band edge of the the neutral bulk region, En,w is the energy

difference between the electron Fermi level and the conduction band edge of the neutral

bulk region in the window layer, and ∆Ea,b
c +∆Eb,w

c are the conduction band offsets at the

absorber/buffer and buffer/window interface. The hole barrier at the interface between

CIGSe and CdS is the sum of the potential drop in the absorber layer and Ep,a [15]:

Eifp,a =Ep,a + q(Vbi − V ) +
q2ND,bd

2
b

2εb
+
q2εaNA,ad

2
b

ε2b

−
2εaNA,ad

2
b

ε2b

√
d2
b +

εbND,bd
2
b

εaNA,a
+

2ε2b
q2εaNA,a

q(Vbi − V )

(2.1.2)

where db is the thickness of the buffer layer, and NA,a and ND,b are the doping density of

the absorber and the buffer layer, respectively. The volume charge can be calculated by

equation 2.1.3:

ρ =
q

ε0

(
p(z)− n(z)−N+

D (z)−N−A (z)
)

(2.1.3)
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Figure 2.1.: Simulation of an absober/buffer/window hetero-structure with interface states of 2×109 cm−2 at
the absorber/buffer interface charge, (a) band diagram in equilibrium, (b) volume charge on a logarithmic scale,
(c) densities of electrons and holes, (d) electric field. The images are adapted from [4].

where p(z) and n(z) are the free charges and N+
D (z) and N−A (z) are the ionized donors

and acceptors, respectively [16]. As can be seen in figure 2.1(b), the electrical charge in

the buffer layer is very low. Due to the low doping density of the buffer layer, the width of

the space charge region extends into the window layer (Fig. 2.1(b - c)). Furthermore, the

highly doped window layer results in a large space charge width in the absorber layer (Fig.

2.1(b - c)). The space charge width of the absorber (wa) can be calculated by equation

2.1.4 [4]:

wa = −dbεa
εb

+

√(
dbεa
εb

)2

+
2ε0εa
q2NA,a

(
q(Vbi − V ) +

(qdb)2ND,b
2ε0εb

)
(2.1.4)

In figure 2.1(d), the distribution of electrons and holes are depicted. The figure 2.1(c),

indicates that the densities of holes and electrons of the buffer layer are lower than the

absorber and window layer. Consequently, the buffer layer is depleted and leads to a

constant electric field as can be seen in figure 2.1(d). By the use of equation 2.1.4, the

total capacitance can be calculated [4]. With the assumption that the width of the space

charge region in the window is negligible (ww −→0) and the buffer layer is completely
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depleted (wb = db), the total capacitance is given by [4]:

1

Cscr
=

(
wa

ε0εa
+

wb

ε0εb
+

ww

ε0εw

)−1

=

√(
db

εaεb

)2

+
2

q2NA,aε0εa

(
q(Vbi − V ) +

(qdb)2ND,b
2ε0εb

) (2.1.5)

2.2. Charge carrier transport

2.2.1. Transport equations in the bulk

The transport equations for electrons and holes under bias in one dimension is given by

[17]:

Jn(z) = µn n(z)∇zEFn(z) (2.2.1a)

Jp(z) = µpp(z)∇zEFp(z) (2.2.1b)

where Jp(z) and Jn(z) are the electric current densities of holes and electrons and µp and

µn are the mobilities of the holes and electrons, respectively. The current densities (Jn/p)

consist of two terms; drift and diffusion term and can be expressed as following:

Jn(z) = µnn(z)

(
q E(z)− d

dz
χ(z)

)
+ qDn

d

dz
n(z) (2.2.2a)

Jp(z) = µpp(z)

(
q E(z)− d

dz
χ(z) +

d

dz
Eg

)
− qDp

d

dz
p(z) (2.2.2b)

The first parentheses in equations 2.2.2a and 2.2.2b is called the drift current and is the

migration of carriers due to the presence of an electric field. Such a force-field can be

induced by a bandgap grading [18–20]. The second term in equations 2.2.2a and 2.2.2b is

the diffusion current and is proportional to the gradient of the carrier concentration and

arises from non-uniform illumination or local injection of carriers [17]. The substitution of

the current densities of holes and electrons from equation 2.2.2 into the continuity equation

yields to [17, 21]:

∂n(z)

∂t
= Gn − Un +

1

q

d

dz

(
µnn(z)

(
q E(z)− d

dz
χ(z)

)
+ qDn

d

dz
n(z)

)
(2.2.3a)

∂p(z)

∂t
= Gp − Up −

1

q

d

dz

(
µpp(z)

(
q E(z)− d

dz
χ(z) +

d

dz
Eg

)
− qDp

d

dz
p(z)

)
(2.2.3b)
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In the steady state condition (
∂n(z)
∂t =

∂p(z)
∂t = 0) and with the assumption of a low carrier

injection (Eq.2.3.3), the equations 2.2.3 at zero field for minority carriers become:

0 = − n
τn

+ q Dn
d2n(z)

dz2
(2.2.4a)

0 =
p

τp
− q Dp

d2p(z)

dz2
(2.2.4b)

The general solution to the second-order equation 2.2.3 has the form of e
± z√

Dn,pτn,p . In

order to solve the equation 2.2.4, appropriate boundary conditions are required, which

will be explained in the next section.

The collection function (ηC(z))

The collection function (ηC) is the probability of an electron generated at the point z to

be collected [21]. The collection function at the point z is the ratio of the dark carrier

concentration (n(z)) to the carrier concentration in its thermal equilibrium value (n0(z)) [4]:

ηC(z) =

(
∆n(z)

n0(z)

)/(
∆n(−wa)

n0(−wa)

)
(2.2.5)

where ∆n(−wa) is the injected carrier concentration at the edge of space charge region.

Inserting the equation 2.2.5 into the continuity equation (Eq. 2.2.3) yields [21]:

d

dz

(
d

dz
ηC(z)− ηC(z)

kBT

(
qE(z)− d

dz
χ(z)

))
−
η2

C(z)

L2
n

= 0 (2.2.6)

where Ln is the diffusion length and is the average distance that a minority carrier will

diffuse before recombining [17, 22]. In order to determine the collection function of the

minority carriers, the following boundary conditions must be satisfied:

1. The electric field in the space charge region collects all the generated carriers within

this region. In other words, the collection function within the depletion region is

assumed to be unity [4]:

ηC(z = −wa) = 1 (2.2.7)

2. Far from the junction, the collection function extends to an interface characterised

by a surface recombination velocity of Sn [18]:

d

dz
ηC(z)

∣∣∣
z=−da

=
Sn

Dn
ηC(z) (2.2.8)

where da is the absorber thickness. The equation 2.2.6 will be used in chapter 4 to study
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the influence of different bandgap gradients on the collection function.

2.2.2. Transport equation across the interface

Thermionic emission across a potential barrier

Thermionic emission is a process in which the majority carriers at the interface have to

overcome a barrier (φb) [16]. For an electron barrier, the total current across the barrier is

the current density of electrons from the buffer to the absorber minus the current density

from the absorber to the buffer layer [4, 23]. The transport over an interface is proportional

to the carrier densities and can be written as [4, 23]:

JTE = vth

[
n(0+)− n(0−)exp(− φb

kBT
)

]
(2.2.9)

Here, vth is the thermal velocity, n(0+) and n(0−) are the electron densities in the buffer

layer and the absorber layer, respectively. The φb is the electron barrier height. The

equation 2.2.9 indicates that in order to overcome the barrier height, a high density of

electrons has to be present at the interface, or the temperature must be high. The electron

density in the buffer layer can be expressed as [23]:

n(0+) = n(0−) exp
(
− φb

kBT

)
exp

(
∆EFn

kBT

)
(2.2.10)

Here ∆EFn is the drop of the electron Fermi level at the interface [4]. The substitution of

equation 2.2.10 into equation 2.2.9 changes the thermionic current to [23]:

JTE = J0,TE

[
exp

(
∆EFn

kBT

)
− 1

]
(2.2.11)

with the saturation current density [16]:

J0,TE = vthn(0−)exp
(
− φb

kBT

)
= qA∗T 2exp

(
− φb

kBT

)
. (2.2.12)

Here, A∗ is the Richardson constant which depends on the materials involved at the

interface [19]. The equation 2.2.11 describes the charge transport over a barrier at the

interface and is very similar to the equation 2.4.1 which describes the charge transport

in the pn junctions. However, the expression of the saturation current density for the

thermionic emission (J0,TE) is proportional to T 2 (see Eq.2.2.12).

7



2.3. Recombination types

Upon illumination or forward-biasing the equilibrium state of the junction is disturbed and

the excess carrier density is generated [16]. The system wants to restore the equilibrium

state through a process inverse to generation [16]. If a photon is emitted then the

recombination process is classified as a radiative recombination. In a non-radiative

recombination the excess energy is dissipated by transferring the energy to phonons [16].

The recombination can be divided into band-to-band recombination, Auger recombination

and Shockley-Read-Hall recombination [4]. In the following, a description of the band-to-

band recombination process and Shockley-Read-Hall recombination process will be given.

The Auger recombination will not be discussed here, since it is not an active process in

CIGSe absorbers [4].

2.3.1. The radiative band-to-band recombination

In the band-to-band recombination, the electron that occupies a higher energy state

than it would under thermal equilibrium makes a transition to a lower state [22]. For a

band-to-band transition to take place, the presence of an electron and a hole is required

simultaneously. Therefore, the recombination process is the product of the electron and

hole densities and the net recombination rate can be written as [4]:

R = Un −G0 = B(n p− n0 p0) (2.3.1)

where Un is the recombination rate, G0 is the generation rate in equlibrium, B is the

radiative recombination constant and n0 and p0 are the densities of the electrons and

holes in thermal equilibrium, respectivly [4]. In the non-equilibrium condition the carrier

concentrations can be written as:

n = n0 + ∆n (2.3.2a)

p = p0 + ∆p (2.3.2b)

where ∆p and ∆n are the excess carrier concentrations of holes and electrons, respectively.

The recombination rate then under low-level injection ∆n = ∆p� (n0 + p0) can be written:

Un = B(n0 + p0)∆n =
∆n

τ
(2.3.3)

where τ is the characteristic lifetime and is defined as τ = 1
B(n0+p0)

[22].
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2.3.2. Shockley-Read-Hall recombination

In the Shockley-Read-Hall recombination, defect states within the bandgap of the semi-

conductor are responsible for recombination. This is in contrast to the band-to-band

transition, where the conduction band and the valence band are involved in the process.

The recombination involves four transitions as given in equation 2.3.4. The processes

caused by capture and re-emission of electrons and holes [24].

Cn = σn vn(Nt − nt)n (2.3.4a)

Cp = σpvp nt p (2.3.4b)

En = βn nt (2.3.4c)

Ep = βp(Nt − nt) (2.3.4d)

Here, (Nt - nt) is the density of unoccupied defect states, Cn and Cp are the capture rates

of electrons and holes, En/p is the emission rate, and βn and βp the emission coefficients

of electrons and holes, respectively. With the aid of the continuity equation and charge

neutrality equation, the net recombination through a single trap state is [16]:

R = U −G0 =
n p− n2

i

τp(n∗ + n)− τn(p∗ + p)
(2.3.5)

where n∗ = NC exp
(
ET−EC
kBT

)
and p∗ = NV exp

(
EV−ET

kBT

)
are the auxiliary densities with NC

and NV the effective densities of states in the conduction and valence band, respectively

[25]. The minority carrier lifetimes τp and τn for holes and electrons respectively are

defined as [4]:

τp =
1

σpνthNt
and τn =

1

σnνthNt
(2.3.6)

Here, σp,n is the capture cross section for holes/electrons and νth is the thermal velocity.

The SRH recombination can be further extended for interface recombination [15]. In this

case the term τp/n is replaced by S−1
n/p

. The Sn/p stands for the recombination velocity at

the interface [15]. More information is given in section 2.5.3.

2.4. IV characteristics

When a solar cell is illuminated, the photo-gernerated carriers leads to a splitting of

the Fermi levels. The electric field at the junction separates the electron-hole pairs by

driving the minority carriers across the junction. Illuminating the junction, results in a

considerable increase of the minority carriers, while the increase of the majority carriers
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is negligible [16]. Therefore, the current density of a non-illuminated diode is modified

by the photo-generated minority carriers flux (|Jph|) which add up a negative flux of charges:

Jtot = Jdiode(V )− Jph = J0

(
exp
( qV

AkBT

)
− 1

)
− Jph (2.4.1)

with the saturation current density of (J0):

J0 = J00 exp

(
− EA

AkBT

)
. (2.4.2)

where J00 is the reference current density and is weakly temperature dependent, EA is

the activation energy of the saturation current density, A is the diode quality factor. The

photo-current density (Jph) is defined as:

Jph = η(V ) JSC (2.4.3)

where η(V ) is the external collection efficiency and varies between [0, 1]. In the ideal case

it is assumed that η(V ) is not voltage dependent and is equal to 1, within all voltage

ranges [26]. The influence of the collection efficiency on the solar cell parameter will be

discussed in chapter 4.

2.4.1. Solar cell parameters

To characterize a solar cell, a few parameters are briefly introduced in the following:

• open-circuit voltage (VOC) is the voltage that can be achieved at J = 0.

If the current density is set to zero in equation 2.4.1, the VOC will be:

VOC =
AkBT

q
ln

(
Jph

J0
+ 1

)
(2.4.4)

Another term which is used in this dissertation is the VOC-deficit. The VOC-deficit is

the difference between the open-circuit voltage and the bandgap value (Eg/q - VOC).

For low-gap CIGSe absorbers (Eg < 1.2 eV) the VOC-deficit is smaller than 0.5 V

[2]. For wide-gap CIGSe absorbers (Eg > 1.2 eV), the VOC saturates and the VOC -

deficit increases to values above 0.7 V [2].

• short-circuit current density (JSC) is the current density upon illumination at zero

bias.

• maximum power point is the point where the product of the V J(V ) has its maximum
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value (Pm = Vmpp Jmpp). The maximum point can be found by a partial differential

with respect to voltage [4, 26]:

dJ(V )

dV

∣∣∣
V mpp

= −
Jmpp

Vmpp
(2.4.5)

• fillfactor (FF ) is the ratio of the maximum power density (Pm) to the product

JSC VOC

FF =
Jmpp Vmpp

JSC VOC
(2.4.6)

the fillfactor describes how squared the JV curve is [22]. and finally

• conversion efficiency (η) is the ratio of the maximum power density to the incident

light power density which is 1000 Wm−2 (Pi) under the AM1.5G.

η =
Jmpp Vmpp

Pi
(2.4.7)

2.4.2. External quantum efficiency

The external quantum efficiency is the ratio of charge carriers that are collected to the

amount of the incident photons per wavelength, per unit area. The EQE measurement

is a valuable method to diagnose the origin of recombination losses. For instance, if

the sample is limited by the interface recombination, then the photo-generated carriers

recombine at the interface and this can be observed as a poor EQE signal at all wavelength

regions. If the diffusion length of the minority carriers (Ln) is not large enough then the

photo-generated carriers cannot be collected completely and reduces the EQE signal in the

long wavelength region [27]. From the EQE results, the optical bandgap of the absorber

can be determined by linearly fitting the long wavelength slope of the EQE spectrum,

since the photons with energy smaller than the bandgap value cannot be absorbed (hν =

Eg).The EQE can be calculated with the collection function (ηC(z,V)):

EQE =

∫
ηC(z, V )g(z, λ)dz (2.4.8)

where g(z, λ) is the normalized generation rate [4]. The maximum value of the EQE that

can be achieved is one, however due the optical losses and electronic losses the value is

smaller. In order to minimize the optical losses originated from the reflection losses usually

an anti-reflection coating is used. From an absolute value of the EQE and integration over

the solar spectrum the short-circuit current can be calculated:

JSC = q

∫
EQE(λ)φ(λ)dλ (2.4.9)
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Figure 2.2: Band diagram under applied bias voltage for an
absorber/buffer/window hetero-structure showing the possible
recombination paths. The arrows indicate a recombination pro-
cesses, (1) in the quasi-neutral region, (2) space charge region,
(3) at the absorber/buffer interface. The image is adapted from
reference [28].

2
3

1

Here, the photon flux (φ(λ)) is the AM1.5G flux density per unit wavelength. The

calculation of the short-circuit current density by integration over the EQE is advantageous

since the effect of the shadowing from the finger grids can be neglected.

2.5. Regions of recombination

The recombination can occur at different regions of the solar cell. In figure 2.2, different

recombination paths in a Cu(In,Ga)Se2 cell under a small applied bias voltage are depicted.

The recombination in the quasi neutral region (QNR) (path number 1), in the space charge

region (SCR) (path number 2), and recombination at the buffer/absorber interface (path

number 3) are indicated with arrows. In a solar cell all recombination paths are active in

parallel and contribute to the diode current, however one recombination path is always

dominant [4].

The total diode current density is described by [4]:

Jdiode = qDn
d

dz
n(z)

∣∣
z=−wa

+ q

∫ 0

−wa
(Un(z)−G0(z))dz + q Rif (2.5.1)

The right hand side of equation 2.5.1 describes the contribution of the QNR, SCR and

interface recombination, respectively. In the following for each recombination path the net

recombination rate is written and the open-circuit voltage is given.

2.5.1. Recombination in the quasi-neutral region

If the carrier lifetime is long, then the injected carriers can pass the SCR without recom-

bination and enter into the QNR region. For a deep defect present in the bulk of the

absorber the relation p � n, p∗, n∗ and p = NA,a is valid. With these assumptions the

equation 2.3.5 becomes [4]:
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R =
n p

τnNA,a
(2.5.2)

For an absorber limited by recombination in the QNR region, the VOC can described by [29]:

VOC =
Eg

q
− kBT

q
ln
(qDnNC,aNV,a

JSCNA L2
n

)
(2.5.3)

From equation 2.5.3, it can be understood that with the enhancement of the doping density

the VOC increases, and the extrapolation of VOC to T → 0 K leads to EA = Eg. For a

dominant recombination in the QNR, the diode quality factor is 1.

2.5.2. Recombination in the space charge region

The location of a maximum recombination is at the position where the condition

n τ−1
n = p τ−1

p (2.5.4)

is fulfilled and this is within the SCR [4]. Close to the point of maximum recombination,

it holds n, p� n∗, p∗. This simplifies the equation 2.3.5 to [4]:

R =
n p− n2

i

τn p+ τp n
(2.5.5)

The recombination current in the SCR region can be obtained by integrating the recombi-

nation rate (Eq. 2.3.5) over the volume of the space charge region [4], this yields:

J(V ) =
πkBT

2Fm

(
NC,aNV,a

τn,a τp,a

) 1
2

exp
(
−

Eg

2 kBT

)
exp
( q V

2 kBT

)
(2.5.6)

The equation 2.5.6 shows that for a cell limited by space charge region the diode qual-

ity factor is 2, which means that the quasi Fermi levels of electrons and holes move

symmetrically with respect to the dominating defect level under applied bias voltage

[4, 29]. The Fm is the electrical field at the position of maximum recombination and

is dependent on the doping density and the built-in voltage [4]. The VOC can be written [29]:

VOC =
Eg

q
− 2 kBT

q
ln

(
π kBT Dn

√
NC,aNV,a

JSC Fm L2
n

)
(2.5.7)

From equation 2.5.7, it can be understood that the extrapolation of VOC to T→ 0 K results

in an activation energy equal to the bandgap. Similar to equation 2.5.3, the equation 2.5.7

scales logarithmically with the doping density [29].
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2.5.3. Recombination at the interface

The net recombination rate for a recombination at the interface is given by [15]:

R = U −G0 =
nif pif − n2

i

S−1
p (n∗ + nif )− S−1

n (p∗ + pif )
(2.5.8)

where pif and nif are the densities of holes and electrons at the interface. With the

assumption that the absorber is inverted, i.e. that nif � pif at the interface, the

quantities n∗ and p∗ can be neglected. Hence the recombination rate reduces to [15]:

Rif (z) ≈ paz=0(z)Sp (2.5.9)

with the surface recombination velocity [4]:

Sp = τ−1
p N

− 1
3

d . (2.5.10)

From the recombination rate, the current density can be calculated and the saturation

current density for an absorber/buffer/window hetero-structure is [15]:

J0 = qSpNV,aexp

(
−
En,w

kBT

)
exp

(
− EA

AkBT

)
(2.5.11)

with the reference current density J00 [15]:

J00 = qSpNV,aexp

(
−
En,w

kBT

)
. (2.5.12)

while J00 does not have to be temperature dependent, the derived equation 2.5.12 by

Wihelm et al. [15] shows strong temperature dependency. To eliminate the temperature

dependency, it can be assumed that all the dopants are ionized and substitute the exp-term

with the Boltzmann approximation [30]. The diode quality factor of a sample with a

dominant interface recombination is a value between 1 and 2 [15]. The parameters such as

doping density, built-in voltage, buffer thickness have an impact on the diode quality factor

[15]. For dominant recombination at the CdS/Cu(In,Ga)Se2 interface, the open-circuit

voltage is [15]:

VOC = Vbi − φifa (V = VOC) +
qND,bd

2
b

2εb
− db

εb

√
2εaNA,aqφif

a (V = VOC) (2.5.13)

with the electrostatic potential (φif (V = VOC)) [15]:

qφifa (V = VOC) = kBT ln

(
q SpNV,a
JSC

)
− Ep,a. (2.5.14)
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As can be seen in equation 2.5.13, with the increase of the doping density the VOC is being

reduced. This is in contrast to the previous cases of QNR and SCR recombination, where

the increase of the doping density was accompanied with the increase of the VOC (Eq.

2.5.7 and 2.5.3).

In section 2.1, an introduction to the absorber/buffer/window hetero-structure was given.

In the following, the challenges of wide-gap CIGSe cells are introduced, and a solution will

be given.

2.6. Cu(Inx,Ga1-x)Se2 solar cells

The increase of the gallium concentration in a Cu(Inx,Ga1-x)Se2-absorber (CIGSe) increases

the bandgap value. The bandgap of the Cu(Inx,Ga1-x)Se2 absorber changes according to

the following equation [31]:

Eg(x) = (1− x)ECuInSe2
g + xECuGaSe2

g − b x(1− x) (2.6.1)

where b is the bowing parameter and it’s value is in the range of 0≤ b ≤0.3 eV [31]. As the

gallium concentration increases, the conduction band shifts to higher values and the valence

band remains constant [32]. In figure 2.3 the effect of low and high gallium concentration

on the band diagram is shown. For a low-gap CIGSe absorber, the band offset between the

CIGSe and the CdS is positive (∆EC > 0). This means that a large density of electrons is

available at the hetero-interface and the absorber surface is inverted (Fig. 2.3(a)) [33]. The

inversion induces a large hole barrier and suppresses the recombination at the interface [8].

In contrast to the low-gap CIGSe cells, the wide-gap CIGSe cells have a negative conduction

band offset to CdS (∆EC < 0) (Fig. 2.3(b)). The negative coduction band offset reduces

the inversion strength and brings a high density of holes at the interface. As a result the

interface recombination increases and the open circuit voltage does not increase linearly

with increasing the bandgap [6, 34, 35].

But besides the detrimental band alignment of wide gap CIGSe cells at the hetero-interface

[8], the low open-circuit voltage has other origins as well. For instance, it has been

claimed that as the gallium concentration of the CIGSe absorber increases, the formation

of Cu-poor phases is impeded. The existence of such phases is necessary to shift the

valence band edge downward and increase the open-circuit voltage. One solution to lower

the valence band edge is to sulfurize the absorber surface [36]. In the last few years, it has

been shown that post-deposition treatement of alkalis is also a helpful method to increase

the open-circuit voltage [36–38]. This matter will be discussed in the next section.
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Figure 2.3.: The band diagram of Cu(Inx,Ga1-x)Se2 solar cell with different gallium concentration, (a) low-gap,
(b) wide-gap. As the gallium concentration increases, the conduction band offset changes from a spike to a cliff.
All parameters except for the electron affinity and the bandgap of CIGSe are identical.

2.7. Review on the post-deposition treatment of alkalis

For many years sodium was assumed to be the sole alkali that is required to improve the

efficiency of CIGSe devices. In the last few years, it has been found that besides sodium

heavier alkali such as potassium, rubidium and caesium can further improve the efficiency

[36–38]. The post-deposition treatment of alkalis (K, RbF, and CsF) improves mostly the

VOC and FF [36–38]. Jackson et al. have shown that a post-deposition treatment of the

potassium on CIGSe absorbers independent of the gallium concentration increases the

VOC and can partially overcome the VOC saturation [39]. In order to explain the increase

of the VOC, different explanations are given which are summarized in the following:

1. Increase of the minority carrier lifetime It has been reported that the post-

deposition of alkalis on small bandgap CIGSe cells increases the minority carrier

lifetime [36, 40–43]. Kato et al. have discovered that as the alkali gets heavier the

transients of the TRPL are getting longer. The VOC is logarithmically dependent on

the minority carrier lifetime [44], thus an increase of the VOC with the increase of

the minority carrier lifetime can be expected.

2. Influence on the doping density The measurements of the doping density on

alkali-treated and untreated cells have shown that the post-deposition treatment of

alkali increases the doping density (NA,a) of the low-gap CIGSe cells [42, 43, 45].

Usually, the low-gap CIGSe cells are limited by the recombination in the QNR or

SCR, and for those cells the VOC increases logarithmically with the NA,a (Eq.2.5.3).

3. Modification of the band diagram One model to explain the increase of the

VOC has been suggested by Pianezzi, claiming that the post-deposition treatment

of potassium induces a high density of donor states at the interface [43]. The high
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density of donor states shift the conduction band closer to the Fermi level and improve

the inversion [43]. At the same time, it has been discovered that the post-deposition

treatment of the alkalis depletes the copper content at the surface and forms a new

surface layer [10–12, 37, 46, 47]. Handick et al. measurements indicated that the

conduction band and the valence band are shifted away from the Fermi level when the

sample is treated with KF-PDT [10]. Pistor et al. have found that the valence band

edge of the KF-treated absorber surface is shifted downward [12]. For RbF-treated

absorbers, the same effect has been reported [11]. Lowering the valence band edge

depletes the holes at the interface and improves the VOC.

In chapters 5 and 6 the influence of the post-deposition treatment of alkalis on the band

diagram will be investigated and the proposed models will be simulated.
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3. CIGSe solar cell preparation and

characterization methods

In order to prepare Cu(In,Ga)Se2 thin film solar cells, a stack of functional layers needs

to be deposited on a substrate (Fig. 3.1). In section 3.1 different substrates used for this

thesis are presented. The deposition methods for the individual layers are discussed in

sections 3.2 through 3.5. Characterization and simulation methods for the completed solar

cells are introduced in sections 3.6 and 3.7, respectively.

3.1. Substrate

A number of substrate materials can be used for the preparation of highly efficient CIGSe

solar cells, among them polymer foils and various kinds of glasses [37, 48]. However,

current champion cells are made with soda lime glass [48]. The latter was also used for

this thesis together with two other types of glasses, which are described in the following

subsections.

3.1.1. Soda-lime glass substrate (SLG)

Soda-lime glass (SLG) is a suitable substrate for CIGSe solar cells mainly because of its

well-matched thermal expansion coefficient, smooth surface, and low production costs

[49, 50]. Another advantage is that SLG delivers sodium at elevated temperatures, which

Figure 3.1.: Schematic of a Cu(In,Ga)Se2-based solar-cell device.
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incorporates in the absorber during its deposition and enhances the solar cell efficiency

[50–53]. It has been shown that sodium passivates the donor defects at the grain boundary

and increases the doping density. This effect increases the open-circuit voltage and fillfactor

[50, 54, 55].

3.1.2. Sodium-free substrate

While sodium incorporation in the CIGSe absorber is required for high solar cell perfor-

mance [56], the amount of sodium diffusing into the absorber can hardly be controlled

when using plain soda-lime glass as a substrate [55]. However, for some of the experiments

presented in this thesis control of the sodium content of the absorber was necessary,

especially for the investigation of the influence of alkali metals. In these cases, SLG coated

with a SiOxNy layer as a diffusion barrier for alkali metals was used. The sodium-free

substrate and SLG substrates were provided by Guardian Industries.

3.1.3. High temperature substrate

One of the drawbacks of conventional SLG is that it deforms at temperatures above 850 K

[2]. Lately, a specific kind of glass is available that tolerates temperatures above 850 K and

is beneficial to improve the solar cell parameters of wide-gap CIGSe cells [2]. Therefore,

some of the samples used for this thesis, were grown on more temperature-stable glass.

This specific glass is manufactured by Schott AG and contains sodium, which releases

during absorber growth [2].

3.2. Back contact

For all solar cell samples mentioned in this thesis a molybdenum layer covering the

substrate was used as a back contact. During absorber deposition a thin MoSe2 layer is

created at the interface leading to good adhesion of the absorber layer [57]. No further

chemical reaction whatsoever between molybdenum and CIGSe absorber occurs and good

ohmic contact is readily established under suitable deposition conditions [58, 59]. The

molybdenum-coated substrates were provided by the industry and no further optimization

on the molybdenum was performed in the lab.
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Figure 3.2.: Schematic of the co-evaporation chamber used for growing CIGSe absorbers, (a) crucible for KF/RbF
or CsF, (b) crucible for NaF, (c) quartz crystal microbalance (QCM), (d) substrate holder, (e) substrate heater,
(f) infrared and red-light lasers, (g) detector for in-situ laser light signals.

3.3. Growth of Cu(In,Ga)Se2 absorber

3.3.1. The evaporation chamber

The Cu(In,Ga)Se2 absorber layers investigated in this thesis were deposited by co-

evaporation of the individual elements in the high vacuum chamber BAK600. The

chamber is equipped with a rotary vane pump and an oil diffusion pump which establish a

minimum pressure of the order of 10−6 mbar during the deposition processes and a base

pressure of 1×10−7 mbar. A schematic diagram of the chamber interior is shown in figure

3.2. Effusion cells dedicated to the evaporation of copper, indium, gallium and selenium,

respectively, are arranged within the chamber together with two additional cells for the

evaporation of alkali fluorides. Prior to deposition, the evaporation rates were determined

with the help of a quartz microbalance, which is mounted in the vicinity of the sample

holder. Both the effusion cells and the sample holder are equipped with shutters. The

sample holder is rotated during the deposition process. The temperature of the samples is

monitored by a thermocouple, which is positioned at the back side of the sample holder,

and can be controlled by heating from the back side. A laser light scattering system

consisting of a red (650 nm) and an infrared (1550 nm) laser together with a light detector

connected to a lock-in amplifier is installed inside the chamber in order to monitor the

thickness of the layers during deposition.
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3.3.2. Growth process of Cu(In,Ga)Se2 absorber

The absorber layers were deposited in so-called three-stage processes. For this thesis, two

process variations were used (Fig. 3.3(a-b)): one which will be referred to as the multi-stage

process [60], and one which will be named the modified process. In the multi-stage process,

the first stage starts with the evaporation of indium, gallium and selenium at a substrate

temperature of 673 K. The evaporation rate of selenium is several times higher than the

sum of the metal rates. During the first stage, an (In,Ga)2Se3-layer is created, that can be

monitored by interference oscillations of the scattered light intensity of the infrared laser

[61]. In the second stage the substrate temperature is increased to 898 K and – in case of

the multi-stage process – only copper and selenium are evaporated until the copper content

of the deposited layer exceeds the stoichiometric composition of CIGSe. The copper-rich

phase, which is then present, has a higher surface roughness and an enhanced emissivity

compared to the previous, copper-poor phase. Therefore, the crossing of the stoichiometric

point can be detected as an increase of the scattered light intensity of the red laser as

well as an increase of the sample heater temperature [62, 63]. The second stage continues

until the [Cu]/([In]+[Ga]) (CGI) ratio reaches to 1.09. In the third stage, again indium,

gallium and selenium are evaporated in order to return to the copper-poor phase. Once

more, the crossing of the stoichiometric point is visible in the laser light signal and in the

sample heater temperature. After that, the substrate temperature is kept constant for

250 seconds in a selenium atmosphere, before the sample is slowly cooled down. The final

thickness of these absorbers are between 2.2 - 2.5 µm and have a CGI of 0.8 - 0.93.

The modified deposition process (Fig. 3.3(b)) was used for growing absorber layers on

SLG with [Ga]/([Ga]+[In] (GGI) above 0.65. In the modified deposition process, gallium

is evaporated in all stages. In the first stage, indium and gallium are evaporated in the

presence of selenium. Due to the presence of gallium in the second stage, the first stage

is shorter to obtain the same overall thickness as in the regular process, and the second

stage needs to be longer until the copper-rich phase is reached. Finally, in the third stage,

the evaporation ratio of gallium to indium was changed to reduce the front gradient. The

aim of these modifications was to moderate the gallium gradient throughout the absorber

layer. The gallium gradient will be discussed in more detail in chapter 4.

3.3.3. Post-deposition treatments of heavy alkalis

One of the main objectives of this thesis is the investigation of the influence of heavy alkali

metals on the absorber, which were introduced by means of post-deposition treatment.

Subsequent to the growth of the absorber layer the samples were cooled down to 723 K

and the alkali metals were deposited from dedicated evaporation sources in a selenium

atmosphere. Using this procedure, samples with differing gallium content were exposed to
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Figure 3.3.: Deposition recipe for CIGSe absorber (a) multi-stage process,(b) modified recipe. In the modified
recipe (b), the first stage is shorter and the second stage is longer compared to deposition recipe (a). The modified
recipe (b) is used for deposition of high Ga-content CIGSe absorbers (GGI > 0.65) on SLG.

different combinations and varying amounts of alkali metals. An overview of the prepared

samples together with the chapters of this thesis containing the experimental results

obtained from the respective samples is given in Table 3.1.

Table 3.1.: List of samples investigated in this work

Chapter Substrate PDT GGI

4 Na-containing SLG - 0.8

5 Na-containing SLG KF/RbF/CsF 0.3 - 0.8

6 Na-containing SLG KF/RbF/CsF 0.3 and 0.8

7 sodium-free substrates NaF+KF 0.3 - 0.85

7 High-Temperature substrates RbF 0.3 - 0.85

3.4. Buffer layer

CIGSe solar cells with the highest efficiencies have been achievd by a CdS buffer layer

between the absorber and the window [36–38]. Despite a few drawbacks of CdS – namely

its toxicity [64] and the relatively small band gap [65] – using it as a buffer layer is

beneficial for the solar cell performance in several ways. Among them are the protection
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of the absorber against the sputter damage from the window deposition [66] and the

removal of shunts [67]. The CdS buffer layer was grown on the absorber in a chemical

bath containing a solution of thiourea (CS(NH2)2), cadmium acetate (Cd(CH3COO)2)

and ammonia (NH3) [68]. A uniform CdS film of approx. 50 nm thickness was achieved

after dipping the sample for 8 minutes at a bath temperature of 333 K. The thiourea

and cadmium acetate serve as sulfur and cadmium sources, respectively. The ammonia

provides the proper pH for the chemical reaction and simultaneously removes unwanted

secondary phases like Cu2Se and oxides from the absorber surface [67]. The removal of

these secondary phases enhances the type inversion and consequently the efficiency [69].

3.5. Window layer and front contact

In the samples investigated in this thesis, the window layer consists of two sub-layers:

100 nm of intrinsic ZnO (i-ZnO) and 300 nm of aluminium doped ZnO (ZnO:Al). Both

layers were deposited by means of RF sputtering at a substrate temperature of 413 K.

Introduction of the i-ZnO layer below the actual ZnO:Al window layer with a band gap of

3.6 eV reduces shunts and enhances the open-circuit voltage of the final solar cell [70, 71].

Finally, a Ni/Al/Al grid was deposited as front contact by means of e-beam evaporation.

Afterwards, individual solar cells were defined through mechanical scribing. A typical cell

area is 0.5 cm2 with little variation among the samples. None of the solar cells discussed

in this thesis have received an anti-reflection coating.

3.6. Characterization method

3.6.1. Determination of the collection efficiency (η(V ))

As shown in equation 2.4.3, a voltage dependent collection efficiency will cause the photo-

current to be voltage dependent. A voltage dependent photo-current (Eq. 2.4.3) reduces

the FF and the VOC [72]. In order to analyze the collection efficiency, the JV -curves of a

sample were measured at different light intensities. But the parasitic losses such as series

resistance (Rs) lowers the actual η(V ). Therefore, the measured voltage must be corrected

for Rs to give the correct voltage across the absorber by [72, 73]:

V ′ −→ V −RsJ (3.6.1)

In this thesis the Rs was determined in dark. The collection efficiency can be calculated

by [72, 73]

η(V ′) =
J(V ′, Jn)− J(V ′, Jm)

JnSC − J
m
SC

(3.6.2)
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where Jn/m denotes to different light intensities. In order to determine the collection

efficiency, a Mathematica program written by Obereigner et al. was used [74].

3.6.2. Measurement of the VOC-transient (VOC(t))

Under red-light illumination the doping density of CIGSe absorber increases [4]. Depending

on the dominant recombination path, this leads to different behavior of the open-circuit

voltage of solar cells (see chapter 6). Hence, by monitoring the evolution of VOC(t) under

red-light illumination, the dominant recombination path can be determined [14, 38, 75,

76]. Prior to measuring VOC(t), the samples were relaxed for 16 hours at 318 K in the

dark and subsequently cooled down to 298 K. The measurement of VOC(t) was started

simultaneously with illumination of the sample by opening a light shutter and continued

for several hours. For red-light illumination, a xenon lamp solar simulator (AM 1.5, 1000

W/m2) with an optical cut-off filter (λ > 630 nm) was used. The initial temperature

deviation, which is connected to the heat flow from the lamp, was corrected using measured

changes of VOC at different temperatures [14].

3.6.3. Measurement of the doping transient (NA,a(t))

The procedure of time-dependent measurement of the doping density (NA,a(t)) follows the

one introduced by Obereigner et al. [14]. Initially the samples were transitioned into the

relaxed state by keeping them in the dark at 310 K for 16 hours. Subsequently, they were

cooled down to 100 – 120 K in order to determine the doping density (NA,a(t0)). This was

done by extracting the capacitance of the space-charge region from a frequency-dependent

measurement of the sample capacitance and calculating the doping density after equations

2.1.5 and 2.1.1 [14]. In the next step, the samples were heated to 298 K, exposed to red

light for a certain time and cooled down once more in order to determine the doping

density again (NA,a(t)). The measurement routine is illustrated in Fig. 3.4.

Figure 3.4.: Schematic measurement routine of C(f)-spectra to determine the doping density transients (NA,a(t)).
The image is adapted from the reference [14].
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3.7. Simulation method

The simulations were performed with the help of SynopsysR○ TCAD, a multidimensional

device simulator, in order to study the electronic transport in wide-gap CIGSe cells.

At the beginning of each simulation routine, the geometry of the cell under investigation

has to be defined. Using Delaunay triangulation, the sample is decomposed into triangles

or tetrahedra, thereby generating a mathematical mesh. Here, the mesh generation can be

controlled with regard to number or maximum distance of the mesh points. Each vertex

contains information on the material properties at the respective site. In the second step of

the simulation routine, the discretized Poisson and the continuity equations for electrons

and holes are solved self-consistently accounting for the applied boundary conditions. It is

emphasized, that Senaturus TCAD (in contrast to plenty of other simulation tools) uses

the Fermi-Dirac distribution rather than the Boltzmann approximation, which allows for

accurate results even at low temperatures [77].
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4. Band gap engineering of wide bandgap

CIGSe

Increasing the bandgap is a tempting approach in order to get closer to the Shockley–Queisser

limit [3]. However, in the case of CIGSe cells, the increase of the gallium content is accom-

panied by a strong voltage dependency of the carrier collection [7, 78]. A voltage dependent

carrier collection (ηC(V )) influences the FF and the JSC [7, 79]. This dependency can be

partially suppressed if a gallium gradient is implemented in the absorber [7]. Shafarman

et al. have observed that the films with gallium grading have a higher current collection

and thereby an improved FF [7]. The benefit of the gradient on the electronic properties

of low-gallium content CIGSe solar cells has been studied intensively (see e.g. [80–82]).

Besides the beneficial effect of the gradients, both experiments [83] and simulations [20, 84]

indicate that an excessive front gradient affects adversly the carrier collection and reduces

the FF , and also blocks the current [83–85]. It has been suggested that one of the reasons

of the low performance of the high-gallium content CIGSe materials is low fillfactor values.

Therefore, the question that arises is if there is any room for the wide-gap CIGSe cells to

adjust the gradient and improve the FF and JSC. In the following chapter the influence of

strong composition grading on the electronic transport will be studied. The improvement of

the FF of wide-gap CIGSe solar cells by adjusting the bandgap grading of the absorber is

going to be discussed.

4.1. Influence of the compositional gradient on the electronic

properties of Cu(Inx,Ga1-x)Se2 solar cells

The influence of gallium concentration on the depth profile of CIGSe absorber is shown in

figure 4.1(a). The absorbers were grown on a soda-lime glass by the typical multi-stage

process (section 3.3.2-recipe (a)). In order to prepare the CIGSe absorbers with different

gallium concentrations, the duration of each stage was kept constant and only the evapo-

ration rate of gallium and indium was changed in the first and third stage. As a result,

the time for inter-diffusion of materials in the second stage was approximately the same

for all three processes.
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Figure 4.1.: Influence of the increased gallium concentration on the (a) gradient profile according to deposition
recipe (a), (b) JV -curves of the corresponding GGI profiles. As the gallium concentration increases, the gradient
profile of the CIGSe absorber gets more pronounced and FF reduces.

Simultaneously with the increase of the gallium concentration, the back gradient height

as well as the front gradient height increases and results in a pronounced gradient profile

(Fig.4.1(a)). Thus the increase of gallium concentration does not only shift the bandgap

to higher values but also modifies the gradient profile (Fig.4.1(a)). The JV -curves of

the corresponding GGI profiles are shown in figure 4.1(b). As the gallium concentration

increases, VOC increases and simultaneously JSC reduces, but FF reduces to 45% for GGI

of 0.80. The low FF of the wide-gap CIGSe absorbers is a known phenomenon and is one

of the problems limiting the efficiency of wide-gap CIGSe [78]. But is the low FF arising

from the pronounced gradient profile?

In order to address this issue, the deposition procedure of the absorber with the GGI of

0.8 was modified to smoothen the gradient profile. Therefore, the modified deposition

recipe explained in section 3.3.2 (recipe(b)) was used. The resulting GGI depth profile

of the absorber with the modified recipe and the multi-stage process is shown in figure

4.2(a). The modified deposition recipe has reduced the back barrier height of the sample

and has removed the strong front gradient. As a result the notch is less deep compared to

the reference sample.

The JV -curves of solar cells prepared by the multi-stage and modified recipe is shown

in figure 4.2(b). As it can be seen, JSC is enhanced for the sample with the modified

deposition recipe (Figures 4.2(b) and 4.3(a)). The EQE signal of the sample deposited by

the multi-stage process shows a very weak carrier collection in the long wavelength region

(600 - 900 nm) (Fig. 4.3(a)), possibly due to an incomplete absorption originating from

the strong gallium gradient. In contrast, the EQE signal of the modified recipe sample is

substantially improved not only at long wavelength regions but also the whole spectrum
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Figure 4.2.: Influence of different deposition recipes on the (a) gallium gradient (GGI depth profile), (b)
corresponding JV -curves of the reference and modified-recipe sample with an integral GGI value ∼ 0.8.

is higher than for the multi-stage process. The influence of the gallium gradient on the

current density will be examined in more detail in section 4.2.

Besides the improved VOC and JSC, the JV curve of the modified recipe shows a more

rectangular shape (Fig. 4.2(b)). By computing the collection efficiency (η(V )) from

different light intensities of JV curves [73, 74], it can be observed that the collection

efficiency of the modified recipe is improved (Fig. 4.3(b)), which is reflected in the FF [79].

The influence of the collection efficiency (η(V )) on the FF will be derived and discussed

in section 4.3.
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Figure 4.3.: Influence of the different gallium gradients of the reference and modified-recipe sample on the (a)
EQE signal, (b) collection efficiency (η(V )) of the corresponding samples.

Figures 4.2 and 4.3 show that an excessive front grading deteriorates the FF and JSC.

This is also consistent with previous findings on small bandgap CIGSe cells [83, 86], and
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indicates that indeed the compositional gradient is an important issue in wide bandgap

CIGSe solar cells. Therefore, considerable attention must be paid to the deposition recipe

of the wide-gap CIGSe absorbers.

So far, it has been shown that a pronounced gallium gradient deteriorates the electronic

properties of wide gap CIGSe cells and the deposition recipe of the wide band gap CIGSe

absorbers requires some modification. In the next section, the influence of a gallium gradient

on the JSC will be investigated by calculating the collection function (section 4.2). Then,

in section 4.3 a relation between the collection efficiency and FF will be derived.

4.2. Influence of the gallium-gradient on the collection function

(ηC(z))

In this section, the collection probability (ηC(z)) for the GGI depth profiles of figure 4.2

is calculated. The gallium gradient induces an effective field that influences the carrier

collection [18].

The influence of the gradient can be studied from the viewpoint of the reciprocity theorem

[87] and, as shown in equation 2.2.6, is being reflected as the derivative of the electron

affinity (dχ(z)/dz). In order to calculate the electron affinity, the gallium gradient was

recalculated to the bandgap values according to equation 2.6.1, considering b = 0.3 eV.

Further, it was assumed that the diffusion length is small and the carriers within the space

charge region cannot be collected completely. This means the collection function is not

unity within the depletion region and the boundary condition (2.2.7) is not valid. Therefore

the electrostatic field is also considered in the calculation of the collection function (ηC(z))

and equation 2.2.6 changes to (Eq 4.2.1):

d2ηC(z)

dz2
+

1

kBT

(
dχ(z)

dz
− q2NA,a

εa
(wa − z)

)
d ηC(z)

dz
− n(z)

L2
n

= 0 (4.2.1)

where wa is the width of the space charge region and NA,a is the doping density of the

absorber. Solving the equation 4.2.1 numerically requires information on few parameters,

which are given in Table 4.1. The resulting ηC(z) for both smooth and pronounced gradient

is shown in figure 4.4(a). The collection function in CdS is assumed to be unity (similar to

reference [4]) and falls off to zero after 0.1 µm in ZnO. The width of the space charge region

is highlighted in figure 4.4(a) and is marked with −wa. The calculated collection function

from the GGI profiles (Fig.4.2) shows that the sample with the pronounced gradient suffers

from a low collection probability in the QNR (-2 µm < z < -0.3 µm) and SCR (-0.3 µm <

z < 0) region, while the collection function of the sample from modified recipe sample is

higher both in the SCR and in the QNR. As a result, the smooth gradient enhances the
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Table 4.1.: parameters for computation of the collection function (ηC(z)) in equation 4.2.1

simulation parameter value

absorber doping (NA,a) 7×1015 cm−3

width of space charge region (wa) 0.3 µm

mobility of electrons (µn) 1 cm2/(V s)

minority carrier lifetime (τn) 10−9 s

back surface recombination velocity (Sn0) 105cm/s

buffer thickness (db) 0.05 µm

window thickness (dn) 0.5 µm
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Figure 4.4.: Influence of the gallium gradient on (a) collection function (ηC(z)), (b) calculated EQE for GGI
profiles of figure 4.2. The width of the space charge region is highlighted and is marked with −wa.

carrier collection, while the pronounced gradient profile deteriorates the carrier collection.

From the collection function in figure 4.4(a) the EQE can be calculated (Eq. 2.4.8). For

this purpose the absorption coefficient for each layer must be known and the generation

profile must be calculated. Optical absorption of the CIGS material with GGI = 0.78 is

taken from experimental data reported by Orgassa [88]. Further, it was assumed that the

optical absorption is constant through the absorber and any variation of the Eg(z) was

omitted.

The calculated EQE’s of both gradient profiles of figure 4.2 are shown in figure 4.4(b) and

are very similar to the measured EQE’s in figure 4.3(b). Both the measured and calculated

EQE of the multi-stage process sample from recipe (a) show a weak signal at the long

wavelength region. This is due to the low collection function at large depths and reflects

the pronounced gradient. Thus, this gradient is the cause of the small of the short-circuit

current density (JSC) (Eq. 2.4.9). In contrast the calculated EQE for the modified recipe

indicates the higher collection function is the reason for the larger JSC of this sample. In

the calculation of the collection function all the parameters were identical, except the
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bandgap profile. Therefore, from a weak EQE signal of the multi-stage process can be

understand that the pronounced gradient profile induces a barrier for the photo-current

and reduces the current density.

4.3. Influence of the collection efficiency (η(V)) on the FF

In this section, the aim is to describe the FF as a function of the collection efficiency

(η(V)). From the dependency of the VOC to η(V ) a relation for the Vmpp is derived. From

equation 2.4.4 and equation 2.4.3 the open-circuit voltage (VOC(η(VOC))) for a one-diode

model can be written as:

VOC(η(VOC)) =
AkBT

q
ln

(
JSC η(VOC)

J0

)
= V 0

OC +
AkBT

q
ln (η(VOC)) .

(4.3.1)

where V 0
OC is the open-circuit voltage if it is assumed that η(VOC) = 1 [79]. Note that 0 ≤

η(V ) <1, therefore the ln-value is always a negative value. With improving the collection

efficiency and getting closer to 1, the ln-value increases and has a smaller impact on the

VOC(η(VOC))-losses.

In order to find a relation for the Vmpp, the power (P (V ) = V J(V )) is maximized with

respect to the voltage (Eq. 2.4.5). In the next step, the Jmpp(Vmpp) of the one-diode

model is inserted in equation 2.4.5. This gives:

J0

( q

AkBT

)
exp
(qVmpp

AkBT

)
− JSC

d

dV
η(V )

∣∣∣
Vmpp

=

− 1

Vmpp

(
J0

(
exp
(qVmpp

AkBT

)
− 1
)
− η(Vmpp)JSC

)
.

(4.3.2)

This equation can be rearranged:(
1 +

qVmpp

AkBT

)
exp
(qVmpp

AkBT

)
= 1 +

JSC

J0

(
η(Vmpp) + Vmpp

d

dV
η(V )

∣∣∣
Vmpp

)
(4.3.3)

On the right hand-side of the equation 4.3.3, the relation between JSC and J0 can be

substituted from equation 4.3.1. As a result the dependency of equation 4.3.3 on current

density is removed and VOC(η) is inserted. The collection function of η(VOC) in equation

4.3.1 can be expanded around η(Vmpp). This results in η(VOC) = η(Vmpp) + (VOC-Vmpp) d
dV

η(Vmpp). For the sake of simplicity, it is assumed that η(VOC) ≈ η(Vmpp). The substitution

of JSC/J0 from equation 4.3.1 into equation 4.3.3 leads to:
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(
1 +

qVmpp

AkBT

)
exp
(qVmpp

AkBT

)
= exp

(qVOC(η)

AkBT

)
(4.3.4)

The derived relation is similar to the relation derived by De Vos [26], however, now the

VOC and Vmpp are also dependent on η(V ). In the next step, for convenience the term

υmpp = qVmpp

AkBT
and υOC =

qVOC(η)
AkBT

is introduced in equation 4.3.4 [26]. Taking logarithm

from both sides of equation 4.3.4 yields to:

υmpp + ln (1 + υmpp) = υOC (4.3.5)

For large υOC, the equation can be approximated as follows [26]:

υmpp

υOC
= 1− 1

υOC
ln(υOC) +

1

υ2
OC

ln(υOC − 1) + ... (4.3.6)

This derivation suggests that the ratio of υmpp/υOC has no dependency to η(VOC), however

extreme caution must be paid, since the υOC is logarithmically dependent on η(VOC)

(equation 4.3.1).

So far, a relation between υmpp and υOC was derived. In the next step the ratio of

Jmpp/JSC will be calculated. For the one-diode model this ratio is defined as:

Jmpp

JSC
=

J0

JSC

(
exp

(
qVmpp

AkBT

)
− 1

)
− η(Vmpp) (4.3.7)

By inserting the ratio of J0/JSC from equation 4.3.1, equation 4.3.7 becomes:

Jmpp

JSC
= η(VOC)

exp(υmpp)− 1

exp(υOC)− 1
− η(Vmpp). (4.3.8)

Substitution of equation 4.3.5 into equation 4.3.8 and considering that η(Vmpp)≈ η(VOC)

gives:

Jmpp

JSC
= −η(υOC)

(
υmpp

υmpp + 1

)
exp(υOC)

exp(υOC)− 1
(4.3.9)

The appearance of a minus sign in equation 4.3.9 is due to the convention of taking

the current flow to the right as a positive current. Thus, from equation 4.3.9, it can

be perceived that Jmpp/JSC rises with η(V ). For large υOC the last-term in equation

4.3.9 approaches to unity and simplifies the equation 4.3.9. Furthermore υmpp can be

substituted with the equation 4.3.6. By multiplying Jmpp/JSC (Eq. 4.3.9) with υmpp/υOC

(Eq. 4.3.6), the fill factor for a one-diode model is obtained:

FF [η(VOC),υOC] = −η(VOC)
(υOC − ln(υOC))

(υOC − ln(υOC) + 1)

(υOC − ln(υOC))

υOC
(4.3.10)
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The obtained relation for the fillfactor is solely dependent on υOC and η(VOC). The

relation 4.3.10 shows the linear dependency of the FF from the η(VOC). The relation

further indicates that with the increase of the υOC, the fillfactor increases. This can be

accomplished either by the increase of VOC or decrease of the diode quality factor. The

second term in equation 4.3.10 can be approximated as follows:

υOC − ln(υOC)

υOC − ln(υOC) + 1
=

υOC − ln(υOC)

(υOC − ln(υOC))
(

1 + 1
υOC−ln(υOC)

)
=
υOC − ln(υOC)− 1

υOC − ln(υOC)
.

(4.3.11)

Then the fillfactor reduces to:

FF [η(VOC), VOC(η)] = −η(VOC)

(
qVOC(η)
AkBT

)
− ln

(
qVOC(η)
AkBT

)
− 1(

qVOC(η)
AkBT

) (4.3.12)

It must be mentioned, that the attained fill factor in equation 4.3.12 is an approximate

solution and shows a good accuracy for large VOC-values (VOC > 0.73 V), which is in the

range of wide-gap CIGSe solar cells. In general, it is found that the FF increases linearly

with increasing η(VOC).

4.4. Concluding remarks

In the first section, it was shown that as the gallium concentration in the CIGSe absorber

increases, the depth profile of the gallium gradient from the typically multi-stage process

becomes more pronounced. The investigated pronounced gradient profile of the high

gallium content CIGSe cells has a few drawbacks including:

• reduction of the collection probability (ηC(z)), which is reflected in the short circuit

current density (JSC),

• strong voltage dependency of the collection efficiency (η(V )), that is reflected in the

VOC and FF .

Such a pronounced gradient can be avoided by modifying the deposition process. By

modification of the multi-stage deposition process all the electronic parameters are improved

to a large extent. Therefore, adjusting the gradient profile of wide bandgap CIGSe solar

cells is necessary to achieve high efficiency.
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5. Doping with heavy alkaline elements: K, Rb,

and Cs

The main reason holding the efficiency of wide-gap CIGSe solar cells back is the saturation

of VOC [2]. This is mainly due to a high interface recombination, originating from a

unfavorable band alignment at the interface [8, 89]. The interface recombination rate can

be partially quenched by lowering the valence band edge at the hetero-junction interface [4,

8]. In this way, a higher degree of inversion is achieved and the VOC increases. Recently,

it has been shown that the post-deposition treatment of alkalis (K, Rb, and Cs) on small

bandgap CIGSe absorbers induces a new phase near the surface region that widens the

CIGSe surface bandgap and increases the VOC [10, 11, 37]. Therefore, it becomes important

to examine if the post-deposition treatment of alkalis has the same effect on wide-gap

CIGSe solar cells. In this chapter the following questions will be explored: Does the

post-deposition treatment with alkali elements improve the solar cell properties of wide-gap

CIGSe absorbers; How does the post-deposition treatment with alkali elements influence

the electronic charge transport in wide-gap CIGSe cells. To answer the last question,

temperature dependent current-voltage curves on alkali treated and untreated wide-gap

CIGSe cells are recorded and numerical simulations with Sentaurus R○ TCAD are conducted

to explain the observed phenomena of the JV (T ) curves.

5.1. Introduction of heavy alkaline elements

5.1.1. Experimental section

The influence of heavy alkali post deposition treatment was examined on CIGSe samples

with different GGI in the range of 0.3 - 0.85. The small bandgap CIGSe absorbers (Eg <

1.3 eV), were grown according to the multi-stage process (chapter 3). But the high

gallium-content absorbers (Eg > 1.3 eV) were deposited according to the modified recipe

introduced in chapter 3. In this way the formation of a pronounced gallium gradient of

wide bandgap CIGSe absorbers could be avoided (chapter 4). The grown CIGSe absorbers

were treated with KF, RbF, and CsF with an evaporation rate of 0.1 Å/s for 600 s, 1925 s,

and 800 s, respectively. Afterwards the absorbers were finished to solar cells as described

in chapter 3.
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Figure 5.1.: Measured VOC for alkali-treated and untreated CIGSe devices versus the bandgap value (Eg). The
values of Eg were determined from the leading edge of the EQE. Dashed-dotted lines indicate different values of
∆VOC. The CGI of these samples varies between 0.83 - 0.93. Reproduced with permission from [90].

5.1.2. Influence of alkali-PDT on the electronic properties

The measured VOC versus the extracted bandgap (Eg) for treated and untreated samples

is plotted in Fig. 5.1. The VOC increases with an alkali-treatment and the highest gain is

observed in VOC is for cells with Eg ∼ 1.35 eV. RbF-PDT proves to be the most effective

treatment for increasing VOC. However, in some cases the VOC of CsF-treated samples is as

high as that of RbF-treated samples. Despite the gain in VOC, the VOC-deficit increases as

the bandgap increases. The increasing VOC-deficit in wide-gap cells can originate from an

increased deep defect density [91, 92] or from an interface band offset promoting interface

recombination [6, 8]. The increased VOC for the RbF and CsF-treated samples are in

line with our inital report on KF-treated CIGSe samples [93]. In this case, however, the

absorbers were grown in one-stage instead of the multi-stage process [93]. Furthermore, it

was found that KF-PDT increases the VOC of wide-gap CIGSe absorber devices and the

VOC-deficit increases as the gallium concentration increases [93].

A number of studies have shown that alkali-PDT on low-gap CIGSe absorbers suppresses

the recombination at the interface and improves the VOC [12, 37, 39]. Besides the beneficial

effect of alkali-PDT on the solar cell parameters, Lepetit et al. report on the detrimental

side of the KF-PDT [94]. They claim that potassium must be deposited in a Cu-poor

phase of CIGSe absorber deposition, otherwise all the electronic parameters will reduce

[46, 94]. In figure 5.1, there is one KF-treated sample which shows a lower VOC-value than

the untreated sample. The final CGI of this sample is 0.9 and the sample is Cu-poor.

Therefore, the low VOC of this sample cannot necessarily be explained by the copper
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Figure 5.2.: TRPL transients of alkali-treated and untreated absorber layers for different bandgap value (a) Eg

= 1.12 eV, (b) Eg = 1.34 eV, (c) Eg = 1.44 eV, and (d) Eg = 1.52 eV. Due to the shorter decay times of high
gallium-content absorbers compared to low Ga-content absorbers, the time-axis of figures (b - d) are illustrated in
a smaller range.

concentration. For RbF- and CsF-treated sample, such an effect was not observed.

While the influence of heavy alkalis on CIGSe devices with GGI = 0.3 is widely examined

[11, 38, 95, 96], studies relating the influence of alkali-PDT on wide-gap CIGSe absorbers

are very limited [6, 38]. For instance, Jackson et al. have shown that the saturation of VOC

for CIGSe cells with a bandgap value smaller than 1.30 eV can be partially suppressed by

potassium treatment [39]. Ishizuka et al. have shown that the RbF-PDT does not increase

the VOC of CuGaSe2 devices [6].

But what is the origin of the increased VOC via alkali-PDT? One of the parameters which

correlates with VOC is the minority carrier lifetime (τn) [44, 97]. The time resolved photo-

luminescence (TRPL) signals of treated and untreated samples with different bandgap

values (Eg = 1.12, 1.34, 1.44 and 1.52 eV) are illustrated in figure 5.2. In order to allow

meaningful interpretation of the TRPL decays, measurements were conducted on bare

absorbers and the intensity of the laser was low, to be in the low injection regime [97, 98].

Due to the short decay times of wide-gap absorbers compared to small bandgap absorbers,

the time-axis of figures 5.2(b - d) are depicted in a smaller range.

For samples with the bandgap value of 1.12 eV (GGI = 0.3) in figure 5.2(a), the post-

deposition treatment with heavy alkali elements has lead to longer TRPL decay times. The

TRPL curve of the untreated sample and RbF-PDT can be described by a bi-exponential

function with a fast and slow decay-time component. The fast lifetime, is interpreted as

an interface lifetime and the slow lifetime is correlated to the bulk lifetime that reflects the

VOC [99]. The TRPL curves of KF and CsF-treated absorbers, show a mono-exponential

decay, which hints to a reduced recombination in the interface. Thus the figure 5.2(a)

might suggest an increase of the lifetime of the minority carriers of the alkali treated

samples. Reports on TRPL measurements on CIGSe absorbers with the bandgap value of

1.12 eV indicate that the post-deposition treatment of alkalis enhances the decay times

and with heavier alkalis the decay curves gets longer [36]. It has to be noted that the

interpretation of the TRPL decay curves is not straightforward, and it might be that the
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longer decay curves are an indication of shallow defects [100].

In figure 5.2(b) the TRPL decay curves of samples with the bandgap value of 1.34 eV are

presented. At this bandgap value, the maximum gain of VOC for RbF-treated sample was

achieved (Fig. 5.1). In comparison to samples with Eg = 1.12 eV, the curves show a faster

decay time, which hints to a higher non-radiative recombination rate. But still it can be

observed that the TRPL decay curves of the alkali-treated samples have a longer decay

times than the untreated sample. To the best of our knowledge, no reports on the influence

of alkali-treatment on TRPL on CIGSe with this bandgap value have been published yet.

The TRPL-transients of CIGSe samples with Eg = 1.44 eV are depicted in figure 5.2(c).

The KF-treated and untreated absorbers show the same TRPL-transients, but as can be

seen in figure 5.1, the VOC of the KF-treated sample shows an increase of at least 60 mV

relative to the untreated sample. For RbF-treated sample can be seen the same. The

VOC of the RbF-treated is increased by about 120 mV compared to the untreated sample,

but the TRPL decay curve shows a very fast initial decay and a slightly longer second

decay-time compared to the untreated sample. The CsF-treated samples shows the longest

decay time compared to other absorbers, but the open-circuit voltage of the RbF and

CsF-treated cells are comparable as can be seen in figure 5.4. Hence, the TRPL-transients

cannot explain the increase of VOC of wide-gap CIGSe cells.

The TRPL-transients of the alkali-treated and untreated samples with the Eg = 1.52 eV

(GGI = 0.83) show similar decay curves, but for instance the VOC of the RbF-treated cell

is about 100 mV higher than the untreated cell (Fig. 5.1), or the VOC of the KF-treated is

about 80 mV higher than the untreated sample. Therefore, the TRPL fails to explain the

increased VOC of the wide-gap CIGSe cells. In our initial report on KF-treated samples

which was conducted in one-stage process, it was also mentioned that despite the increase

of the VOC the minority carrier lifetime of the untreated and KF-treated CIGSe absorbers

are very similar [93]. Ishizuka has shown that the TRPL signal of the CuGaSe2 sample

does not change by alkali post-deposition treatment [6]. Therefore, the TRPL results of

figure 5.2(c) confirm our earlier findings [93] and are well in agreement with [6].

The increased VOC can also stem from the increased doping density provided that the cells

are limited by SCR or QNR recombination [4]. For low-gap CIGSe cells with a dominant

recombination in the bulk of the absorber, an increase of the doping density can explain

the increase of the VOC. It has been observed that the doping density of the KF-treated

CIGSe samples increases one order by magnitude [41, 42, 46, 101], which corresponds to

an increase of VOC of about 60 mV. RbF-PDT has also shown to be an effective alkali

to increase the doping density for small bandgap CIGSe cells [96, 102]. But for wide

bandgap CIGSe solar cells whose dominant recombination path is at the interface [8, 89],

the increase of the doping density cannot improve the VOC of the solar cell. The reason

is that the increase of the doping density reduces the inversion and thereby the VOC [4].

Hence, another factor must be the origin of the increased VOC of the alkali-treated wide
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(b) Eg = 1.34 eV, (c) Eg = 1.44 eV, and (d) Eg = 1.52 eV.

gap cells. This will be addressed in section 5.2.

The alkali-PDT on CIGSe absorbers not only had an impact on the VOC, but also on the

JSC. In figure 5.3, the EQE signals of RbF-treated and untreated samples for CIGSe cells

with different bandgap values are illustrated. Due to the similar EQE results of KF- and

CsF-treated samples to RbF-PDT, the EQE results are presented in figure E.3. In order

to compare the EQE signals accurately and eliminate any process variations, the untreated

and RbF-treated samples were processed in the same CdS-bath and coated with i-ZnO

and ZnO:Al in the same deposition run.

The EQE signals of RbF-treated samples with bandgap values of 1.12, 1.34, and 1.44 eV

show an increase at long wavelengths. However, the relative increase is dependent on the

GGI concentration. For instance, the highest gain in JSC is observed for the bandgap value

of 1.34 eV (Fig. 5.3(c)), where the smallest VOC-deficit is achieved (Fig. 5.1), and the

sample with the bandgap value of 1.52 eV shows no substantial increase in the EQE signal.

Interestingly, for the samples with the Eg = 1.34 eV, the EQE signal of RbF-treated

sample is not just increased at long wavelengths, but the overall spectra is higher than the

untreated case (Fig. 5.3(b)), which hints of a reduced recombination rate at the interface.

Most researchers have reported that the JSC upon alkali-treatment increases [36, 37, 46,

103]. However the findings of the references [36, 37] need to be interpreted with caution,

since they have also reduced the thickness of the buffer layer. For Ga-rich samples, Ishizuka

et al. has shown that RbF-PDT increases the EQE signal at long wavelengths [6], which

correlates fairly well with the findings in fig 5.3.

The increased spectral response at long wavelengths is an indication of an improved

diffusion length (Ln) which is related to the minority carrier lifetime (τn) and the mobility
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Figure 5.4.: The solar cell parameters of samples with the bandgap of 1.44 eV (a) VOC, (b) JSC, (c) FF , and (d)
η. The samples have the final CGI of 0.85 - 0.88.

of the electrons (µn). In figure 5.2, the alkali-treated absorbers with the bandgap value of

1.12 eV, 1.34 eV show a longer decay curve but fails to explain the increase of EQE signal

of the sample with Eg = 1.44 eV.

The solar cell parameters of a series with the bandgap value 1.44 eV and different alkali-

PDT (KF, RbF, and CsF) is shown in figure 5.4. The absorbers were deposited according

to modified recipe (see section 3.3.2) and then treated with heavy alkalis (section 5.1.1).

The samples have the final CGI of 0.85 - 0.88. It can be observed that simultaneously with

the improved VOC and JSC of alkali-treated cells, the FF and η (Fig. 5.4) have increased.

RbF-PDT proves again to be the best alkali for increasing the efficiency.

In the next section (section 5.2), the electronic charge transport of CIGSe cells with

a bandgap value of 1.44 eV is analyzed. For this purpose temperature dependent current-

voltage curves are measured and numerical simulations are performed.

5.2. Temperature dependent current-voltage analysis

Dark and white light illuminated JV -curves of alkali treated and untreated CIGSe cells

measured between 100 K and 300 K are shown in figure 5.5 (a - d). All the samples

have the same bandgap value (Eg = 1.44 eV), and the lower open-circuit voltage of the

untreated sample in figure 5.5(a) is due the absence of the alkali treatment (Fig. 5.1).

All samples in figure 5.5 show a crossover between the dark and light JV curves, i.e. at

forward bias the current under illumination is higher than in darkness. This anomaly hints
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treatment, (b) KF-PDT, (c) RbF-PDT, and (d) CsF-PDT. All CIGSe layers have a bandgap value of 1.44 eV.
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KF, RbF and CsF are 6 nm, 25 nm, and 8 nm, respectively.
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to a barrier for the diode current and has been reported frequently for small bandgap

CIGSe solar cells [104–106]. In addition, the alkali-treated samples reveal the double-diode

behavior of the JV (T ) curves under white-light illumination, while the untreated CIGSe

sample does not show a blocking behavior at low temperatures (Fig. 5.5(a)).

Studies performed on alkali-treated small band gap CIGSe cells, have never reported a

double-diode behaviour so far [101, 107]. For small bandgap CIGSe cells with NaF and

KF-PDT a rollover for the illuminated JV curves at low temperatures was observed which

was explained by a barrier at the Mo/CIGSe interface [101]. For RbF-treated samples

also a rollover was observed but the authors come to the conclusion that RbF induces a

barrier at the front contact [107]. In the case of a barrier at the back contact both the

dark and the illuminated JV (T ) curves have to show current saturation at large forward

bias [4], which is not observed in figure 5.5(b - d). Therefore, it can be concluded that the

double-diode behavior in figure 5.5 is due to a barrier at the front and not at the back

contact.

Another important finding is that the short-circuit current density of the alkali-treated

samples becomes temperature dependent (Fig. 5.5(b - d)). The short-circuit current

density of the alkali-treated samples reduces as the temperature decreases (Fig. 5.5 (b -

d)), while the short-circuit current density of the untreated sample is not influenced by

temperature (Fig. 5.5 (a)).

The VOC(a - d) data from figure 5.5 are plotted in figure 5.6 as a function of temperature.

The extrapolation of VOC measured at high temperatures (T > 200 K) towards T =

0 K roughly gives the activation energy of the saturation current density, EA. The

measurement result in figure 5.6 indicates that EA of the untreated cell (w/o PDT) is

smaller than the bandgap of Eg = 1.44 eV. The alkali treated samples, to the contrary,

exhibit EA approximately equaling the bandgap (EA ≈ Eg+3kBT ). This indicates that the

untreated device is limited by interface recombination [4, 15] and that the alkali treatment

modifies the surface of the absorber. It has to be noted that a bandgap widening does

not necessarily mean that the recombination path is changed into the bulk recombination.

The recombination path of the alkali-treated samples will be investigated in chapter 6.

Another important finding is that the VOC of the alkali-treated samples saturates at low

temperature. Ott et al. suggested that the extrapolation of VOC at low temperatures

determines the barrier height at the back contact [108]. Therefore, one might conclude

from figure 5.6 that the post-deposition treatment of alkalis induces a barrier at the back

contact (Mo/CIGSe). But for a barrier at the back contact the JV -curves have to show a

rollover at low temperatures, which is not observed for the alkali-treated samples. Hence, a

barrier at the back contact cannot be the origin of the VOC saturation at low temperatures.

In the following, the distinct features in the temperature dependent JV curves of the wide

gap CIGSe solar cells of figure 5.5(a - d) are summarized in Table 5.1. The Table 5.1

indicates that the alkali-treated samples regardless of the alkali (KF, RbF and CsF) show
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Figure 5.6.: Open-circuit voltages versus temperature from figure 5.5.

the same anomalies, while the untreated sample just exhibits a crossover.

Table 5.1.: Summary of the observed phenomena from the JV (T ) curves of the treated and untreated samples.

phenomena crossover double-diode JSC(T ) VOC-saturation

wo PDT X

KF-PDT X X X X

RbF-PDT X X X X

CsF-PDT X X X X

In the following, first different models for the crossover will be introduced and the JV(T)-

curves of the untreated sample will be simulated (section 5.3). Then, in section 5.4, the

observed phenomena of alkali-treated samples will be simulated.

5.3. Simulation of the untreated sample

One of the typically associated failures of CIGSe solar cells is the crossover between the

light and dark JV -curves [109]. Some theories have been put forth in literature to explain

this effect [104, 109, 110], which will be discussed in the following:

5.3.1. Impurities in CdS

The widely accepted model for the crossover is proposed by Eisgruber et al. [110]. The

model suggests a crossover arises from an electron barrier for the injection (forward)

current whose height reduces upon illumination [4]. An electron barrier (Φb) in the CIGSe
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solar cell typically is referred to a negative conduction band offset, ∆EC at the CdS/i-ZnO

interface and a potential drop in the buffer layer (Fig. 5.7) [4]. The conduction band

offset (∆EC (CdS/i-ZnO)) is a constant parameter and does not change upon illumination.

Therefore, the potential drop in the CdS is the sole quantity which can be illumination

dependent. In order to bring out the crossover, deep acceptor states in the CdS with very

different capture cross section for carriers is required [110]. The acceptor states have a

large capture cross section for the holes and small capture cross section for electrons (σn

� σp) [111]. In darkness, the acceptor states are occupied by electrons compensating

the ionized donors. This high compensation and low net doping causes a large potential

drop in the CdS layer. Upon illumination, the acceptor states in the CdS are filled by

holes, become neutral, the compensation is reduced, and a higher net positive charge (by

uncompensated donors) lead to a band bending in CdS. This reduces the electron barrier

(Φb). The reduced barrier height increases the recombination rate and lowers the voltage

[110]. In figure 5.7 the conduction band of a wide-gap CIGSe cell with high acceptor

density in CdS at the temperature of 300 K is shown. It can be seen that the barrier height

decreases upon illumination, which leads to the crossover of the dark and light JV -curves.

Following the model proposed by Eisgruber et al. [110], a high density of deep acceptor

Figure 5.7: The influence of deep acceptor states
in CdS on the conduction band of a wide bandgap
CIGSe/CdS/i-ZnO/Al:ZnO structure in dark (solid
line) and upon illumination (dash-dotted line) at T
= 300 K. Under illumination the acceptor states are
ionized and shift the CdS conduction band downward.
Hence, the electron barrier (Φb) upon illumination
reduces compared to the dark case.
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states in the CdS was introduced in the simulation. The doping density of the buffer layer

was set 5×1018 cm−3 and the density of the acceptors was set 4.999×1018 cm−3. As a

result a net doping of 1×1015 cm−3 was used for the simulation of the buffer layer.

Concerning the band offset at the CdS/i-ZnO interface, Schmid et al have measured a band

offset of ∆EC (CdS/i-ZnO) = - 0.3 eV [112]. Researchers have always considered a negative

value between [- 0.3, - 0.1] eV for the conduction band offset (∆EC) at CdS/i-ZnO layers

[43, 107, 113, 114]. Therefore, the chosen band offset of ∆EC (CdS/i-ZnO) =−0.20 eV for

the simulation is in an agreeable range. It must be reminded that the ∆EC (CdS/i-ZnO)

has an impact on the crossover, a slight decrease of the ∆EC (CdS/i-ZnO) leads to a

pronounced crossover. But the ∆EC(CdS/i-ZnO) is not a voltage dependent parameter,

thus reducing the ∆EC(CdS/i-ZnO) to values smaller than -0.3 eV blocks the forward
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Figure 5.8.: Simulation results of deep acceptor states in CdS on wide bandgap CIGSe solar cells (Eg = 1.5 eV)
(a) Band diagram in equilibrium at T = 300 K, (b) dark, and (c) illuminated JV (T ) evolution from T = 100 – 300
K in 10 K steps. The crossover between dark/illuminated JV is more pronounced at low temperatures (see Table
A.1).

current completely and leads to a rollover in the simulated JV curves.

The bandgap of the absorber was chosen Eg = 1.5 eV. Due to the wide bandgap of the

absorber, a negative conduction band offset between CIGSe and CdS was programmed

(∆EC (CIGSe/CdS) = - 0.25 eV). For all layers in the simulation, a midgap defect similar

to reference [4] was implemented.

The resulting band diagram and the simulated temperature dependent JV curves are

shown in figure 5.8 (a - c). The comparison of figures 5.8(b) and (c) indicates that a

crossover between the light/dark JV -curves occurs. Further, the simulated JV (T ) curves

upon white light illumination do not show any distortion and shift with a constant rate to

higher voltages.

So far, the corresponding model has always been examined for CIGSe cells with small

bandgap value, where a positive conduction band offset between CIGSe and CdS exist

[105, 106, 110]. But figure 5.8(b - c) indicates that the presence of deep acceptor states in

the CdS, can also simulate the crossover between the dark and light JV curves of wide-gap

CIGSe cells. It has to be reminded again that the important parameter in this simulation

is the ratio of σn/σp which was set here to 105. By reducing the ratio to 103 the potential

drop in CdS will not change very large and the crossover will disappear.

5.3.2. p+-layer on the surface of CIGSe layer

An alternative model for the crossover is a high acceptor concentration (p+-layer) at the

interface between CIGSe and CdS [104]. In equilibrium the negative charge density of
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Figure 5.9: Conduction band of a wide bandgap
CIGSe/p+-layer/CdS/i-ZnO/Al:ZnO structure in dark
(solid line) and upon illumination (dash-dotted line)
with high density of donor states at the p+-layer/CdS
interface. The high density of acceptor states in the
p+-layer shifts the conduction band upward in dark-
ness. Under illumination the photo-generated holes
reduce the acceptor charge in the p+-layer and thereby
the Φb.
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the p+-layer induces a large potential drop in CdS and a small drop in CIGSe absorber.

Upon illumination, the holes photo-generated in the buffer layer are transported to the

p+-layer reduce the acceptor charge in the p+-layer and thereby reduce the electron barrier

[4, 104, 106]. A schematic band diagram of a wide-gap CIGSe cell with a p+-layer within

CIGSe and CdS at T = 300 K is shown in figure 5.9, that the barrier height reduces under

illumination.

In order to simulate the suggested model by Niemegeers et al. [104], a thin p+-layer (10

nm) next to the absorber, between the CIGSe and CdS was added. In simulation, the

maximum acceptor density of the p+-layer was 1.5×1017 cm−3. Nimegeers et al. [104] have

considered a larger bandgap for the p+-layer due to the existence of Cu-poor phase at the

surface of CIGSe. But in this simulation, the p+-layer has the same bandgap value of the

CIGSe absorber, since lowering the valence band offset of the p+-layer does not influence

the crossover. The p+-layer shifts the conduction band upward and eliminates the inversion.

In order to increase the inversion, donor states with the density of 1×1013 cm−2 and

capture cross section of σn = 10−15 cm/s and σp = 10−13 cm/s at the interface between

the p+-layer and CdS were considered. The simulated band diagram and JV (T )-curves

are shown in figure 5.10(a - c). The dark JV -curves at temperatures of 110 K and 120

K had some convergence problems and could not be simulated for very large forward

bias, but still it can be observed that between the dark and illuminated JV -curves the

crossover is formed. Furthermore, the simulated illuminated JV (T ) curves do not show

any distortion and is consistent with the measurement results in figure 5.5(a). It has

to mentioned that the doping density of the p+-layer and the interface states are very

important. For instance, if the doping density of the p+-layer increases or the density of

interface states reduces, the conduction band of the p+-layer is shifted upward and leads

to a barrier for the photo-current [4].

In section 5.3, two different models for the crossover between the light and dark JV -

curves were introduced and simulated. In the first simulation model, deep acceptor states
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Figure 5.10.: Simulation results of p+-layer within CIGSe and CdS for wide bandgap CIGSe solar cells (Eg =
1.5 eV) (a) band diagram in equilibrium at T = 300 K, (b) dark, and (c) illuminated JV (T ) curves from T = 100
– 300 K in 10K steps (see Table A.2).

were programmed in the buffer layer. In the second simulation model, a p+-layer between

CIGSe and CdS was considered. The simulation results in figures 5.7 and 5.9 indicate

that the crossover between the dark and light JV -curves can be simulated for the wide-gap

CIGSe cells by the proposed models. In section 5.4, the model presented in section 5.3.1

will be further extended to simulate the observed phenomenon of alkali-treated samples.

The model in section 5.3.2 will be discussed in chapter 7, where sodium-free substrates are

studied and sodium is introduced as a post-deposition treatment.

5.4. Simulation of the alkali-treated samples

5.4.1. Modeling the JSC(T )

A temperature dependent JSC(T ) was also reported for KF treated small bandgap CIGSe

solar cells [115]. It was shown that KF-PDT induces a shallow donor state below the

conduction band of CIGSe (below EC) that can act both as recombination center or as

trap state depending on temperature [115]. At low temperature, the electrons captured

in the defect state recombine instead of being re-emitted. This reduces JSC. At higher

temperatures, however, the electrons are re-emitted from the defect state before they

recombine and thus can contribute to JSC [115]. An alternative explanation for the tem-

perature dependent JSC would be a mobility of electrons µn(T ) which is strongly varying

with temperature. This would mean that the carrier scattering mechanism is drastically

changing upon alkali-treatment providing a higher temperature dependence than without

alkali. For simulation of the JSC(T ) in figure 5.11, defect states with asymmetric capture
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Figure 5.11.: Simulation results of a deep valence band edge of the surface layer on the CIGSe/SL/CdS/i-
ZnO/ZnO:Al hetero-structure. The surface layer has a bandgap of 2.7 eV, (a) band diagram, (b) dark, and
(c) illuminated JV (T ) evolution from T = 100 – 300 K in 10K steps. In the CdS, deep acceptor states was
programmed to simulate the crossover (see Table A.3).

cross sections below the CIGSe conduction band was considered (for parameters see Table

A.3). Similar to the experimental data in figure 5.5, the short circuit current density comes

out temperature dependent.

5.4.2. Modeling the double-diode behavior

In figure 5.5(b - d), a double-diode behavior was observed for the alkali-treated samples.

This form of illuminated JV -curve is a sign for a secondary barrier in the solar cell [86, 116,

117]. In contrast to a kink which occurs in the third or fourth quadrant of the JV -curve

and which is due to a barrier for the photo-current [4], the resumption of the injection

current depicting a double-diode behavior occurs in the first quadrant. It indicates a

barrier for the diode current which is not removed by illumination.

In order to simulate the double-diode behavior in figure 5.5(b - d), a surface layer formed by

the alkali-PDT is used which has the following properties: (i) a conduction band alignment

to the underlying CIGSe, (ii) aligned valence band edges at the SL/CdS interface, and (iii)

defect states present at the newly formed CIGSe/SL interface. All other physical properties

such as doping density and mobility are programmed identical to the CIGSe layer. The

resulting band diagram and the simulated JV (T ) curves are shown in figure 5.11(a - c).

The crossover is simulated with deep acceptor states in the buffer layer and the JSC(T ) by

a shallow donor state. Comparing figure 5.11(a) with figure 5.8(a) reveals that the main

difference of the band diagrams is the local position of the valence band discontinuity

which is shifted by introducing the SL, with respect to the conduction band discontinuity.
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In figure 5.11(c) it is visible that this band diagram produces the double-diode behavior

as found in the measurement results of the alkali-treated sample in figure 5.5. Above VOC,

the simulated JV -curves at low temperature show a plateau at around zero current in

case of the applied SL in figure 5.11(a). By simulation it was found that reducing the SL

thickness to 5 nm instead of 10 nm substantially reduces the double-diode behavior. This

indicates that the thickness of the SL is in the range of 10 nm.

In order to explain the formation of the double-diode behavior of the alkali-treated sample,

first the untreated case will be discussed based on figure 5.12(a) where no double-diode

behavior is observed. For large forward bias in figure 5.12(a), an accumulation layer

for electrons on the CdS side and an accumulation layer for holes on the CIGSe side is

formed (note that this simulation requires the use of Fermi-Dirac statistics implemented

in Sentaurus TCAD). Both electron and hole densities form a double-layer of equal charge

density as depicted in figure 5.12(a2). The high density of electrons on the CdS side now

allows thermionic emission of electrons over the remaining barrier. This explains why there

is no double-diode behavior for the untreated cell in experiment (Fig. 5.5) and simulation

(Fig. 5.8). However, if the two accumulation layers for n and p become more distant

through implementation of an additional layer, the charge densities in the accumulation

regions reduces (see Fig. 5.12(b2)) and the electron concentration (at intermediate voltage

bias) does not suffice to drive a high current by thermionic emission. This brings out

the double-diode behavior also in simulation (Fig. 5.11). Only under strongly increased

simulated voltage bias, the thermionic emission current is reestablished as is the case for

the experimental JV -curve of alkali- treated devices in figure 5.5(b - d). In figure 5.13(a

- b), the influence of the valence band edge position of the surfae layer on the interface

carrier densities versus the voltage at T = 300 K is illustrated. If the surface layer has

the same bandgap of the absorber layer, then the holes and electrons at the interface

increases with the voltage (Fig. 5.13(a)). However, if the bandgap of the SL is increased

to 2.7 eV (Fig. 5.13(b)), the hole densities are reduced for all voltage biases. As the hole

density decreases, the recombination rate at the interface reduces (Eq. 2.5.9), which in

turn increases the VOC [118].

5.4.3. Modeling the VOC saturation

Figure 5.14 gives the data of VOC(T ) simulated for the devices in figure 5.8 and figure

5.11. As for the untreated experimental device in Figure 5.5, an overall reduced VOC(T )

is simulated in figure 5.14 (red open squares) which extrapolates to 1.29 V at 0 K. The

simulated small extrapolated VOC(0 K) indicates the dominance of interface recombination

under open-circuit condition which was programmed by defect states at the CIGSe/CdS

interface (see Table A.3). The VOC(T ) curve of the untreated device can be fitted by a

mostly linear relation over the complete temperature range. Figure 5.14 also includes the

50



0 . 0 0 . 5 1 . 0 1 . 51 0 9

1 0 1 2

1 0 1 5

1 0 1 8

0 . 5 1 . 0 1 . 5

T  =  3 0 0  KT  =  3 0 0  K ( b )( a )

Int
erf

ace
 de

nsi
ties

 [c
m-2 ]

V o l t a g e   [ V ]

n

p En
erg

y [
eV

]

D i s t a n c e  [ µm ]

V o l t a g e   [ V ]

n

p En
erg

y [
eV

]

D i s t a n c e  [ µm ]

Figure 5.13.: Influence of the valence band edge on the interface carrier densities. Simulation results of the
carrier densities at the interface, (a)Eg (SL) = 1.5 eV, and (b) Eg (SL) = 2.7 eV. The low valence band edge,
reduces the hole concentration at the interface.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 00 . 6

0 . 8

1 . 0

1 . 2

1 . 4

F i g .  5 - 1 1  ( c )

V O
C [

V]

T e m p e r a t u r e  [ K ]

F i g .  5 - 8  ( c )

Figure 5.14: The open circuit voltage
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5.8 and 5.11. The VOC of the samples
with the double-diode behavior satu-
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back barrier height was programmed
in the simulation.

simulated VOC(T) for the solar cell in Figure 5.11 (blue open triangles) which represents the

RbF-treated device. In agreement with the experimental data in figure 5.6, a saturation of

VOC(T) towards low temperatures is simulated. This saturation is the result of a reduction

of the collection efficiency η(V ) at high voltages (see Fig. E.4). Consulting figure 5.12(b3),

an electron barrier in the conduction band – formed by the accumulation layer at distance

-0.01 µm plus the potential drop in the SL – can be seen. This barrier impedes the electron

current towards the n-side of the junction at low temperature and leads to a small η(VOC)

for the device in figure 5.11(a). In consequence, the VOC(T ) for the device with SL deviates

from the linear behavior at low temperatures. This deviation is similar to a back barrier

[108, 119]. Also the untreated device shows a barrier for the photo-current in figure 5.12.

However, this barrier consists only of the band bending in the accumulation layer and

therefore is smaller than the barrier from accumulation layer plus potential drop in the

SL. Thus, the potential drop in the SL is a result of the lowered valence band edge.
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5.4.4. Discussion on the simulation model

As shown in figure 5.11 a good correlation between the simulation and measurement results

in figure 5.5(b - d) was obtained. The simulation model in figure 5.11 suggests that the

alkali-PDT forms a new surface layer between the CIGSe and the CdS (see Fig. 5.11).

The addition of the surface layer next to the CIGSe absorber explains the double-diode

behavior and the saturation of the VOC at low temperatures of the alkali-treated samples

(see figures. 5.11 and 5.14). Reports on KF-treated CIGSe samples with low bandgap have

revealed that the potassium forms a new phase on the CIGSe surface and shifts the valence

band edge downward [10, 12]. For RbF-treated samples, it has also been indicated that the

valence band edge is lower compared to an untreated sample [11]. But all these findings

are limited to CIGSe absorbers with small bandgap value and such an examinations is

not conducted for wide-gap CIGSe absorbers, yet. Nevertheless, it was assumed that the

alkalis lower the valence band edge and does not have any impact on the conduction band.

The reason is that a positive conduction band leads to a barrier for the photo-current and

brings a kink in the fourth quadrant.

Another phenomenon of the alkali-treated samples was the temperature dependency of the

short-circuit current density. Simillar to Pianezzi et al. a shallow donor state below the

conduction band in the bulk of the absorber was considered to bring out the JSC(T ) [115].

The alkali-treated samples (see Table 5.1) induced three different phenomena, and two of

them (the double-diode behavior and the saturation of the VOC) could be explained by a

surface layer with a deep valence band edge at the CIGSe/CdS hetero-interface, and the

JSC(T ) could be simulated by programming a defect in the bulk of the absorber. The exact

origin of the temperature dependency of the alkali-treated requires further investigations,

but it might that the JSC(T ) is also related to a modification at the hetero-interface and

not the bulk.

In chapter 6, it will be shown that the recombination at the interface is still dominant for

wide-gap alkali-treated samples. Therefore, interface states between the CIGSe absorber

and the surface layer was programmed to keep the dominant recombination at the interface

(see Table A.3).

5.5. Concluding remarks

In agreement with the previous reports on small bandgap CIGSe cells, it was observed that

the introduction of alkalis (K, Rb, and Cs) after the deposition of CIGSe improves the

VOC and the efficiency. It was shown that although the VOC of RbF-treated cell increases

about 100 mV compared to the untreated sample, the TRPL-transients of the untreated
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and alkali-treated samples show the same decay curves.

In section 5.2, the electronic charge transport of wide-gap CIGSe cells was studied. For this

purpose, the temperature dependent JV curves in dark and upon white light illumination

were measured and simulated. For the untreated and treated samples a crossover between

the dark and the light JV curves was observed. This anomaly could be simulated in two

different ways; either considering deep midgap defects in CdS or a p+-layer between the

CIGSe and CdS. As indicated in figures 5.8 and 5.10, both models could explain the

crossover between the light and dark JV -curves of wide-gap CIGSe cells.

Besides the crossover, for the alkali-treated samples a double-diode behavior at low tem-

peratures was observed. The numerical simulations suggests that the post-deposition

treatment of the alkalis introduce a new surface layer (SL) next to CIGSe layer (between

CIGSe and CdS) and shifts the valence band edge downward (Fig. 5.11), which correlates

fairly well with the previous findings [10–12].
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6. Dominant recombination path

Cu(In1−x,Gax)Se2

In chapter 5, it has been shown that the VOC of the CIGSe cells with different gallium

concentrations increases when the absorber is treated with heavy alkalis (K, Rb and Cs).

Furthermore, the activation energy (EA) of the wide-gap cells increases to values close

to the bandgap values (EA ≈ Eg), while the untreated cell was showing an EA below

the bandgap value (EA < Eg). Although an activation energy smaller than the bandgap

value hints to a dominant recombination at the interface, an EA equal to the bandgap

is not necessarily an indication of a dominant recombination in the bulk [4, 120]. An

experiment which can be used to diagnose the dominant recombination path is monitoring

the open-circuit voltage upon illumination [28, 75, 121]. In this chapter, the VOC transients

(∆VOC(t)) of samples with GGI = 0.3 and GGI = 0.75 for both treated and untreated are

studied to evaluate the dominant recombination path. At the end for each recombination

path a relation for ∆VOC(t) is derived and the meaning of different slopes of the measured

∆VOC(t) are explained.

6.1. Review

Upon red-light illumination, the doping density of the CIGSe increases and dependent

on the dominant recombination path different transients of open-circuit voltage can be

observed [14, 28]. This can be summarized as follows:

• For a cell limited by recombination in the QNR, the VOC(t) increases under illumina-

tion because the increased doping density shifts the hole-Fermi level closer to the

valence band and increases the built-in voltage and thereby the VOC(t) [122]. The

band diagrams of a device limited by recombination in the QNR at VOC with doping

densities of 1×1016cm−3 and 5×1016cm−3 are illustrated (Fig. 6.1(a - b)). The red

line below the conduction band is a shallow defect state. As can be seen in figure

6.1(b), the splitting of the quasi-Fermi levels is increased upon higher doping density

which increases the VOC.
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Figure 6.1.: The band diagrams of a sample limited by recombination in the QNR under red-light illumination
at VOC for different doping densities, (a) NA,a = 1×1016cm−3, (b) NA,a = 5×1016cm−3. The red line below the
conduction band is a shallow defect state. Under red-light illumination the net doping density increases and the
VOC increases.

• If a device is limited by recombination in the SCR, the increased doping density

(Fig. 6.2(b)) reduces the total width of the SCR. The band diagrams of a sample

limited by SCR recombination at two different doping densities are illustrated in

figure 6.2. For a device limited by recombination in the SCR, a midgap defect is

programmed which is sketched with a red solid line (Fig. 6.2(a - b)). As the doping

density increases (Fig. 6.2(b)), the zone of the highest recombination rate reduces,

this effect leads to a gradual increase of VOC during illumination.

- 1 . 0 - 0 . 5 0 . 0
- 1 . 5

0 . 0

0 . 5

1 . 0

- 1 . 0 - 0 . 5 0 . 0 0 . 5
D i s t a n c e  [ µm ]

En
erg

y [
eV

]

( a ) ( b )

D i s t a n c e  [ µm ]
Figure 6.2.: The band diagrams of a sample limited by recombination in the SCR under red-light illumination
at VOC, (a) NA,a = 1×1016 cm−3, (b) NA,a = 5×1016 cm−3. The red line is a midgap defect state, and the
recombination zone is highlighted in yellow. Under red-light illumination, the recombination zone reduces and
VOC increases.

• If the device is limited by the interface recombination, then the open-circuit voltage

decreases upon illumination. The reason is that the recombination is controlled by

holes at the interface (Eq. 2.5.9). With the increase of the doping density the hole
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Figure 6.3.: The band diagrams of a sample limited by recombination at the interface under red-light illumination
at VOC, (a) NA,a = 1×1016cm−3, (b) NA,a = 5×1016cm−3. The red line marks the position of the interface state.

barrier (Eifp,a) decreases (Fig. 6.3(b)). In figure 6.3, the band diagrams of a sample

limited by interface recombination with two different doping densities are depicted.

In comparison to figures 6.2 and 6.1 a negative band offset between the absorber and

the buffer layer is programmed and defect states at the absorber/buffer interface are

introduced. It can be observed that when the doping density increases from 1×1016

cm−3 to 5×1016 cm−3, the hole barrier is reduced from 0.36 to 0.3 eV. The reduced

hole barrier increases the hole density at the interface and thus the recombination

rate at the interface (Eq. 2.5.9). The increased recombination rate at the interface

results in a VOC drop under illumination. The reduced splitting of the quasi-Fermi

levels at the interface (Distance = 0 µm) due to the higher doping density of the

absorber can be seen in figure 6.3.

6.2. Open circuit voltage transients (VOC(t))

The VOC-transients of the two series of samples with GGI = 0.3 and 0.75 are shown in

figure 6.4(a - b). The VOC(t) data of the first 600 s have been discarded due to anticipated

thermal instability after initial light exposure. All samples with GGI = 0.3 exhibit VOC-

transients with positive slope, which indicates dominant recombination in the bulk (space

charge or quasi-neutral region) [14, 75]. The slopes of the ∆VOC(t) (treated and untreated

samples) change to negative values as the GGI ratio increases to 0.75. The decline of the

VOC(t) for high gallium content samples confirm a dominant recombination path at the

interface [14, 28, 75], regardless of the increased EA of the alkali-treated samples as shown

in figure 5.6. Such a difference between low GGI cells and high GGI cells is known and

indicates that the recombination path changes from the Bulk/SCR to the interface [14,

75].
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Figure 6.4.: The VOC-transient of untreated and treated samples with the (a) GGI = 0.3, and (b) GGI = 0.75.
The CGI of samples with the GGI = 0.3 varies between 0.83 - 0.85 and the CGI of the samples with the GGI =
0.75 changes between 0.85 - 0.88. The thickness of KF, RbF and CsF are 6 nm, 25 nm, and 8 nm, respectively.

While the sign of d∆VOC(t)/dt points out the dominant recombination path, one has to

notice the different slopes for one identical GGI. As can be seen for GGI = 0.3 devices

(Fig. 6.4(a)), the ∆VOC(t) of the RbF-treated sample increases at a faster pace, while the

∆VOC of the untreated sample grows slowly. The ∆VOC(t) of samples with the GGI =

0.75 show different slopes for the alkali-treated and untreated cells as well (Fig. 6.4(b)).

The VOC(t)-slope of the untreated sample falls down sharply, while the VOC(t) of RbF and

CsF-treated samples decreases in a slower rate.

In order to explain the different slopes of the alkali-treated and untreated samples a

relation for the ∆VOC(t) is required. From the JV -curve of the one-diode model the time

dependent VOC can be written as [4]:

VOC(t) = −A(t) kB T

q
ln

(
J0(t)

Jph

)
. (6.2.1)

For samples with the dominant recombination path at the interface, the diode quality

factor (A(t)) changes under light soaking. The reason is that the doping density (NA,a(t))

is hidden in the diode quality factor [4, 15, 30], which makes the diode quality factor not

a constant but a variable parameter. Therefore the notation A(t) is used in equation 6.2.1.

The changes of VOC(t) (i.e. ∆VOC(t)) is defined as:

∆VOC(t) = VOC(t)− VOC(t0) = −kBT

q

[
A(t) ln

(
J0(t)

Jph

)
− A(t0) ln

(
J0(t0)

Jph

)]
. (6.2.2)

Here, t0 is the initial state or the relaxed state. The relaxed state is achieved after keeping

the sample for few hours at elevated temperatures in the dark [4]. At this state, the doping

density (NA,a) and the VOC are very low [4]. In the next step the logarithm of equation
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6.2.2 is expanded and equation 2.4.2 is used to replace the saturation current density (J0)

with the reference current density (J00). A more detailed derivation is shown in appendix

B. The final relation for ∆VOC(t) is reduced to:

∆VOC(t) =− kBT

q
A(t0) ln

(
J00(t)

J00(t0)

)
− kBT

q
(∆A) ln

(
J00(t)

Jph

)
.

(6.2.3)

Equation 6.2.3 indicates that the ∆VOC(t) is related to the reference current density

(J00(t)), photo current density (Jph), and the diode quality factor (A(t)). The term ∆A is

the changes of the diode quality factor and is defined via A(t) = A(t0) + ∆A. In order to

calculate the ∆VOC(t), the J00(t) must be known, but J00(t) is related to the dominant

recombination path. Therefore, in the following ∆VOC(t) for different recombination paths

is derived. For the sake of the simplicity instead of the absorber/buffer/window structure,

a simple absorber/window (p/n+) is assumed.

6.2.1. ∆VOC(t) for QNR recombination

The reference current density (J00(t)) for a dominant recombination path in the QNR is

[4]:

Jqnr00 (t) =
DnNc,aNv,a

NA,a(t)

dη(z)

dz

∣∣∣
z=−wa

(6.2.4)

To calculate
dη(z)
dz

∣∣∣
z=−wa

, it is assumed that the electron diffusion length (Ln) is shorter

than the absorbers thickness (Ln � dn). In this case the recombination at the back contact

is not the dominant process and the collection function is defined by exp ((z + wa)/Ln) [18].

As a result the derivative of
dη(z)
dz

∣∣∣
z=−wa

is a constant parameter (L−1
n ) and does not change

upon illumination. Furthermore, the diode quality factor of the samples with dominant

recombination in the QNR is equal to one. Consequently, ∆A = 0, and the second term

in equation 6.2.3 vanishes. With these considerations, for a dominant recombination in

the QNR the relation for ∆V qnr
OC (t) is obtained:

∆V qnr
OC (t) =

kBT

q
ln

(
NA,a(t)

NA,a(t0)

)
. (6.2.5)

From equation 6.2.5, it can be understood that ∆VOC(t) is logarithmically dependent on

the variation of the doping density NA,a(t). As a result, with the fast growth of the doping

density NA,a(t), a larger positive slope for ∆VOC(t) is calculated.
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6.2.2. ∆VOC(t) for SCR recombination

The J00(t) for a dominant recombination in the SCR is [4]:

Jscr00 (t) =
π kBT

2Fm(t)

(
Nc,aNv,a

τn0,aτp0,a

)1
2

. (6.2.6)

In order to derive a relation for ∆V scr
OC (t) the equation 6.2.6 is inserted in equation 6.2.3.

The diode quality factor is constant, but the electric field (Fm) is dependent on the doping

density and changes upon illumination. To obtain the ∆V scr
OC (t), some assumptions are

made which are shown in appendix B. The final relation for ∆V scr
OC (t) reduces to:

∆V scr
OC (t) =

kBT

q
ln

(
NA,a(t)

NA,a(t0)

)
(6.2.7)

Comparing the equations 6.2.7 and 6.2.5 indicates that the ∆VOC(t) for the QNR and

SCR are identical and solely dependent on the doping density. Therefore, by monitoring

the VOC-transients upon red light illumination the dominant recombination path between

SCR and QNR cannot be distinguished.

6.2.3. ∆VOC(t) for interface recombination

In chapter 5, it has been shown that the post-deposition treatment of alkalis introduces a

new surface layer (SL) that shifts the valence band edge downward at the hetero-interface.

Therefore, a simple absorber/window junction cannot describe the VOC-transients of

the alkali-treated samples. Obereigner et al. have suggested that considering an ab-

sorber/buffer/window layer would be more precise to describe the VOC-transients of

wide-gap CIGSe cells [14]. Therefore, there was a motivation to find the accurate band-

diagram model that describes the VOC-transients. In the following two different band

diagrams are examined:

• an absorber/SL/window hetero-structure, where the surface layer has a low valence

band edge relative to the absorber,

• an absorber/SL/buffer/window hetero-structure, where the surface layer has a deep

valence band edge relative to the absorber layer.

The absorber/SL/window hetero-structure

For an inverted interface, the electrons are the majority carriers at the interface and their

recombination rate is Rif ≈ pifSp. The hole density for an absorber/SL/window structure
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E n , w} Figure 6.5: The band diagram of an absorber/S-
L/window hetero-structure. The surface layer has a
deep valence band edge relative to the absorber layer.

according to figure 6.5 is given by [34]:

pif (V ) = NV,a exp

(
−
E
if,(1)
p,a (NA,a, VOC) + ∆EifV

kBT

)
(6.2.8)

From equation 6.2.8, it can be seen that a deep valence band edge reduces the hole density

at the interface. If the valence band edge is not shifted downward (∆EifV = 0), then the

hole barrier reduces to E
if,(1)
p,a (NA,a, VOC) and is given by [4]:

E
if,(1)
p,a (NA,a, VOC) =

(
εwND,w

εwND,w + εaNA,a

)
q (Vbi − VOC) + Ep,a (6.2.9)

The term (εwND,w)/(εwND,w + εaNA,a) influences the inversion degree of the hole barrier.

It can be seen that if the term εwND,w becomes large then E
if,(1)
p,a (NA,a, VOC) increases

[4]. In the next step, from equation 6.2.8, the recombination current density must be

calculated and the saturation current density has to be extracted. For the simple case

with ∆EifV = 0, the equations are derived in appendix B, but as mentioned earlier, the

absorber/window band diagram is just applicable for an untreated sample and not an

alkali-treated sample. Due to the complexity of the relations, the equation 6.2.10 will be

solved numerically [14] for different ∆EifV -values in order to determine the VOC(t).

0 = qSpNV,aexp

(
−
E
if,(1)
Fp (NA,a, VOC) + ∆EifV

kBT

)
+ JSC (6.2.10)

The absorber/SL/buffer/window hetero-structure

In figure 6.6 an absorber/SL/buffer/window structure is assumed. Similar to figure 6.5,

the surface layer has a deep valence band edge relative to the absorber layer. The modified

hole barrier in this case is the sum of E
if,(2)
p,a and the constant term ∆EifV . Therefore, the
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Figure 6.6: The band diagram of an absorber/S-
L/buffer/window hetero structure. The surface layer
has a deep valence band edge relative to the absorber
layer.
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hole density at the interface is the same as in equation 6.2.8 but instead of E
if,(1)
p,a , the

term E
if,(2)
p,a must be employed. The E

if,(2)
p,a for an absorber/buffer/window is given in

equation 2.1.2. In order to compute the VOC(t) for an absorber/buffer/window structure,

the term E
if,(1)
p,a has to be substituted by E

if,(2)
p,a in equation 6.2.10. The equation 6.2.10

has to be solved numerically. Except for the doping density and the built-in voltage in

equation 2.1.2 other parameters are constant and their values can be found in reference [4].

In chapter 5, it has been shown that for an untreated sample, the bandgap of the absorber

bulk and the near-surface region of the absorber are identical and the valence band edge

is not shifted downward. Therefore for calculation of the ∆VOC(t) for the untreated case,

the equation 6.2.10 is solved numerically with the condition that ∆EifV = 0. For the

alkali-treated sample, the ∆EifV is set as a variable parameter that changes between 0 -

0.4 eV.

So far, it was shown that samples with the same GGI have different slopes of ∆VOC

upon red-light illumination (Fig. 6.4). Therefore, in the second section, relations for

∆VOC(t) were derived to obtain the influential parameters in the ∆VOC(t)-slope. The

relations for ∆VOC(t) in the QNR and SCR suggest that the slope of ∆VOC(t) is dependent

on changes of the doping density. For cells limited by interface recombination the doping

density is also one of the parameters that can influence the slope of the ∆VOC(t). Therefore,

in the next section the doping transients of the untreated and RbF-treated samples will be

examined.

6.3. Correlation of the doping transients and open-circuit voltage

In order to determine the doping transient of the absorber (NA,a(t)), the admittance

spectra of the samples were measured as explained in section 3.6.3. The admittance

spectra of the samples are shown in the appendix C. In the second step the capacitance
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spectrum at the space charge region was extracted which is a function of doping density

(Eq. 2.1.5) and the built-in voltage. The built-in-voltage is also dependent on the doping

density (Eq. 2.1.1). Then by solving simultaneously the equations 2.1.5 and 2.1.1 the

doping density was calculated [14]. The calculated doping densities were plotted versus

time and are shown in the following. The time here is the duration that the sample was

illuminated at a constant temperature of 298 K. To calculate the ∆VOC(t), the doping

transient (NA,a(t)) was fitted with a power law function [14]:

NA,a(t) = NA,a(t0)

(
1 + (

t

τc
)

)β
(6.3.1)

Here, NA,a(t0) is the doping density in the relaxed state, τ−1
c is the transition rate, and β

is the slope of the doping transients at large time scales [14].

6.3.1. Samples with GGI = 0.3

The doping transients, NA,a(t), of samples with GGI = 0.3 are illustrated in figure 6.7(a).

The fitted doping transients are shown as dashed lines in figure 6.7(a). The fitted pa-

rameters are shown in figure 6.7. In the relaxed state (t = 0) the doping density of

the alkali-treated is slightly higher than the untreated sample (Fig. 6.7(a)). This is in

agreement with previous reports that post deposition treatment of alkalis increases the

doping density NA,a(t0) [6, 41, 45, 96].
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Figure 6.7.: The correlation between the doping transients and ∆VOC(t) for samples with the GGI = 0.3, (a)
measured doping transients (NA,a(t)) of RbF-treated and untreated samples, (b) calculated ∆VOC(t) from the
doping transients (NA,a(t)). In order to calculate the ∆VOC(t) the equation 6.2.7 was used.

As the samples are exposed to red light at 298 K, the doping densities (NA,a(t)) show a

large increase from the relaxed state, followed by a slowing down of the growth rates at
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larger times. As can be seen in figure 6.7, the doping densities of both samples increase,

but the doping density of the RbF-treated sample shows a larger growth rate than of the

untreated sample at larger times (βRbF > βwo).

In section 6.2.2, it was shown that regardless of the dominant recombination path either in

SCR or QNR, the ∆VOC(t) relations are identical. Therefore, from the known NA,a(t), the

∆VOC(t) is calculated from equation 6.2.7 and is depicted in figure 6.7(b). As can be seen,

the calculated ∆VOC(t) of the RbF-treated sample increases faster than the untreated

sample (Fig. 6.7(b)) and correlates favorably well with the measurement results in figure

6.4. This indicates that for devices with the dominant recombination in the QNR and

SCR, the doping density is the crucial quantity to describe the slopes of the VOC-transients.

6.3.2. Samples with GGI = 0.75

The doping transients of RbF-treated and untreated samples with high gallium concentra-

tion are shown in figure 6.8(a). In the relaxed state, the RbF-treated sample shows slightly

a higher doping density (NA,a(t0)) than the untreated sample. This means similar to the

case with GGI = 0.3, RbF-PDT increases the doping density in the relaxed state. In the

initial phase of illumination, the doping density increases to larger values for both samples,

however, there is a large difference in the magnitude. In the initial phase, NA,a of the

RbF-treated sample increases by a factor of 6 times beyond its relaxed state value, while

for the untreated sample it increases by a factor of just 2. The strong increase at the initial

phase for RbF-treated is reflected in equation 6.3.1 by a small τc. The doping transients

fitted with the power law function from equation 6.3.1 are shown with dashed lines in

figure 6.8(a). It must be reminded that both samples were measured simultaneously. This

means that the relaxation times of both samples were the same and the influence of any

errors such as lamp intensity can be discarded.

In order to examine the reproducibility of the VOC(t)-transients and the doping transients

of high gallium content devices, another set of samples with a GGI of 0.83 (RbF-treated

and untreated) was analyzed. The measured ∆VOC(t) and doping-transients are shown

in figure C.2(a - b). Both set of samples with high gallium concentration show a good

reproducibility. Similar to figure 6.4, the VOC(t) of RbF-treated decreases with a smaller

rate than the untreated samples (Fig. C.2(a)). For samples with GGI = 0.83 the doping

transients (NA,a(t)) of the RbF-treated sample shows a stronger increase than the un-

treated samples Fig. C.2(b) at the initial phase, which is similar to results in figure 6.8(a).

In order to compute the ∆VOC(t) for an absorber/SL/window, the interface recombination

velocity (Sp) was set to 107 cm/s for both treated and untreated cells and the doping

density of the window layer was 4×1017 cm−3. With the known doping transients, NA,a(t)

from figure 6.8(a) and the given parameters, the ∆VOC(t) transients of both cells were

64



2 0 0 0 4 0 0 0 8 0 0 0

2
4
6
8

1 0

2 0 0 0 4 0 0 0 8 0 0 0- 3 0
- 2 5
- 2 0
- 1 5
- 1 0
- 5
0

2 0 0 0 4 0 0 0 8 0 0 0- 3 0

- 2 5

- 2 0

- 1 5

- 1 0

- 5

0 2 0 0 0 4 0 0 0 8 0 0 0

( c )
N A

,a /1
016  [c

m-3 ]

T i m e  [ s ]

R b F - t r e a t e d

u n t r e a t e d

( a ) ( b )

u n t r e a t e d 0 . 0 6 8 6 9 1 6
R b F - t r e a t e d 0 . 0 3 5 3 . 3 E 2 1

β  [ s - 1 ]τ−1
C

u n t r e a t e d

 R b F -
t r e a t e d

T i m e  [ s ]

∆E i f
V

 R b F -
t r e a t e d∆V

OC
 [m

V]
T i m e  [ s ]

u n t r e a t e d

=  0 . 4  e V∆E i f
V

=  0 . 0  e V

=  0 . 4  e V∆E i f
V

∆E i f
V =  0 . 0  e V

Figure 6.8.: The correlation between the doping density and ∆VOC(t) for samples with the GGI = 0.75. (a)
Measured doping transients for RbF-treated and untreated samples, (b) calculated ∆VOC(t) considering an
absorber/SL/window structure, where for the untreated sample the ∆EifV = 0, (c) calculated ∆VOC(t) considering
an absorber/SL/buffer/window structure. The slope of the ∆VOC(t) reduces in a slower rate when the valence
band at the hetero-interface is shifted downward.

calculated according to equation 6.2.9 and are shown in figure 6.8(b).

The calculated ∆VOC of the untreated sample (red squares) in figure 6.8(b) is in a good

agreement with the measurement data in figure 6.4(b) by considering that ∆EifV = 0.

Thus, the assumption that the bandgap value of the absorber and the surface layer are

the same for the untreated sample, confirms the previous model presented in section 5.3.

The calculated ∆VOC of the RbF-treated sample in figure 6.8(b) decreases with a faster rate

than the untreated sample when ∆EifV = 0, which is in disagreement with the experimental

data in figure 6.4(b). Therefore, considering a simple absorber/window fails to describe

the ∆VOC(t) of the RbF-treated sample. However, if the ∆EifV of the alkali-treated sample

increases to 0.4 eV, the slope of ∆VOC(t) will reduce in a slower rate than the untreated

sample and if ∆EifV increases above 0.45 eV, the calculated ∆VOC(t) will show a positive

slope.

In figure 6.8(c), the ∆VOC(t) is calculated for the absorber/SL/buffer/window hetero-

structure. The calculated ∆VOC(t) of the untreated sample again shows a good agreement

with measurement data in figure 6.4(b) provided that ∆EifV is equal to zero. For RbF-

treated sample, the same behavior as in figure 6.8(b) can be observed. Considering that

∆EifV = 0, then the ∆VOC of the RbF-treated reduces sharply compared to the untreated

sample, which is not in agreement with the data presented in figure 6.4(b). But if the

valence band edge of the SL is shifted downward for the alkali-treated sample, then ∆VOC(t)

will reduce in a slower pace than the untreated sample. For ∆EifV above 0.45 eV, the

∆VOC(t) shows a positive slope, which is also similar to the absorber/SL/window model

in figure 6.8(b).

The figures 6.8(b - c) suggest that RbF- and CsF-treatment are the most effective alkalis
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to widen the bandgap at the interface, while KF-treatment has a lower impact on the

bandgap widening. This also explains why the RbF-treated samples had the largest gain

in VOC compared to other alkali-treated samples in (see Fig. 5.1). Further, figures 6.8(b

- c) indicate that in order to overcome the interface recombination it would suffice to

lower the valence band edge about 0.5 eV, which means that the bandgap at the surface

must be about 2 eV. In section 5.4, it was assumed that for the alkali-treated samples the

bandgap value of the surface-layer is 2.7 eV, to simulate the double-diode behavior in the

first quadrant. These assumption was based on the previous findings [10, 11]. Therefore,

there is a discrepancy between both models.

In the following the changes of ∆VOC(t) for models presented in figures 5.8 and 5.11 are

examined. In figure 6.8(a), it was shown that the doping density of the untreated sample

increases by a factor of 2 beyond its initial value under red illumination. Therefore the

JV -curves for the doping densities 1×1016cm−3 and 2×1016 cm−3 were simulated for the

model presented in figure 5.8. The doping density of the RbF-treated sample increases

by a factor of 6 above its initial value (figure 6.8(a)). Therefore the JV -curves for the

doping densities 1×1016cm−3 and 6×1016 cm−3 were computed for the model presented in

figure 5.11. The VOC(NA,a) of the resulting JV -curves for the RbF-treated and untreated

samples are given in Table 6.1. In the last column the ∆V ′OC is given which is the difference

between VOC(NA,a) and VOC(1× 1016).

As can be seen in Table 6.1, the VOC decreases for both cases as the doping density

Table 6.1.: Simulation results of doping density on VOC for models presented in figures 5.8 and 5.11.

figure VOC(1× 1016) VOC(2× 1016) VOC(6× 1016) ∆V ′OC

wo PDT 5.8 637 621 -18

RbF-PDT 5.11 872 867 -5

increases. Thus both models are limited by interface recombination. The ∆V ′OC versus

the doping density is plotted in figure 6.9. As can be seen in figure 6.9, the ∆V ′OC of the

Figure 6.9: Influence of doping density on ∆V ′OC for models in
figures 5.8 and 5.11.
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RbF-treated sample decreases in a slower pace than the untreated sample, although the

doping density is larger. Therefore the models presented in figures 5.8 and 5.11 can explain
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the decrease of the ∆VOC(t) slope, provided that interface states between the CIGSe and

SL exists for the figure 5.11 exist.

Finally it has to be reminded that there are also other solutions to slow down the decrease

of the ∆VOC(t). For instance it is possible to reduce the recombination velocity of the

holes (Sp). In this way the recombination rate at the interface reduces and the open-circuit

voltage decreases in a slower rate. The influence of Sp on ∆VOC(t) for RbF-treated sample

is shown in figure 6.10(a -b). The ∆VOC(t) is calculated for Sp between 107 − 103 cm/s

and considering ∆EifV = 0. For a comparison the ∆VOC(t) of the untreated sample is

shown in figure 6.10 with red open squares. It can be seen that reducing the hole velocity

has a small impact on ∆VOC(t). Even for Sp = 103 cm/s, the ∆VOC(t) reduces faster

than the untreated sample. Thus, reducing the slope velocity cannot explain ∆VOC(t) of

RbF-treated samples.

Another solution, is to increase the degree of inversion. This can be accomplished by
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Figure 6.10.: The influence of Sp on ∆VOC(t) for RbF-treated sample with ∆EifV = 0. (a) Calculated ∆VOC(t)
for an absorber/SL/window structure, (b) Calculated ∆VOC(t) for an absorber/SL/buffer/window structure. The
∆VOC(t) is calculated for Spbetween 107 − 103 cm/s.

introduction of high density of interface defects [34] or increasing the doping density of

window layer [4]. Increasing the inversion degree leads to a slow changing of the ∆VOC(t)

but it fails to explain the double-diode behavior in the first quadrant.

6.4. Concluding remarks

The aim of this chapter was to identify the dominant recombination path by measuring

the open-circuit voltage transients upon red light illumination. The positive slope of the

VOC-transients indicated that the low-gallium content CIGSe cells are limited by bulk

recombination. All devices with high-gallium concentration exhibited a negative VOC(t)

slopes indicating dominant recombination at the interface.
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In order to explain the different VOC(t) slopes, equations for VOC-transients for different

recombination paths were derived. It was shown that cells limited by QNR and SCR are

described by the same VOC(t) relation (see equations 6.2.5 and 6.2.7). Therefore, from the

VOC-transients, it is not possible to diagnose the recombination path from the SCR to

QNR.

The calculation of ∆VOC(t) for interface recombination, indicated that the doping density

is not the only quantity influencing the ∆VOC(t)-slope, but parameters such as the interface

recombination velocity (Sp), and the position of the valence band at the interface needs to

be taken into account.

By measuring the doping transient and recalculation of the VOC-transients for the untreated

sample a good agreement with the measurement data was achieved. But the ∆VOC(t) of

the RbF-treated sample could not be described properly by the deep valence band edge of

the surface layer.
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7. Influence of alternative substrates on CIGSe

performance

In chapter 4, it has been shown that the deposition of wide-gap CIGSe absorbers on

Na-containing substrates with the multi-stage process produces a pronounced gradient

that deteriorates the electronic properties. One strategy to prevent the formation of the

pronounced gallium gradient was to modify the deposition process to improve the electronic

parameters. In this chapter, two other strategies are adopted to flatten the gallium gradient

of wide-gap CIGSe absorbers. In the first section, the CIGSe absorber is grown in the

absence of sodium (sodium-free substrates). The absence of sodium during growth of the

absorber facilitates the inter-diffusion of the chemical elements and leads to a smooth

gallium gradient [52, 123]. But sodium is mandatory to achieve a high solar cell efficiency

with CIGSe. Thus, NaF post-deposition treatment is used to incorporate sodium into the

sodium-free grown CIGSe absorber. This method allows controlling the sodium amount

and at the same time does not hamper the inter-diffusion of the gallium and indium

[53]. In effect, detrimental gallium gradients can be avoided. In the second section,

the wide-gap CIGSe absorber is grown on high-temperature substrates. The increased

substrate temperature enhances the inter-diffusion of the gallium and indium and hinders

the formation of a pronounced gallium gradient [124].

7.1. The influence of sodium on CIGSe growth: barriers and

non-barrier substrate

In this section, the wide-gap CIGSe absorbers were deposited according to the multi-stage

process (Fig .3.3) on sodium-free substrate (section 3.1.2). After the absorber growth on

sodium-free substrates, first sodium and then potassium was deposited in the presence of a

selenium atmosphere. The effect of NaF and KF thicknesses was investigated in a NaF-KF

thickness matrix in order to map out possible multiple efficiency maxima. Throughout this

section, the term “barrier” sample will be used, due to the barrier layer that exists between

SLG and molybdenum that prevents the diffusion of sodium during CIGSe growth.

The “non-barrier” sample is a KF-treated sample from chapter 5 that has the same

bandgap value as the barrier sample and is used to evaluate the beneficial/negative effects

of the barrier sample. The thickness of the KF-PDT of the non-barrier sample is 6 nm.
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Figure 7.1.: The depth profiles of grown CIGSe absorbers deposited on barrier (with 15 nm NaF and 20 nm
KF PDT) and non-barrier substrate (with 6 nm KF PDT), (a) GGI, (b) Na profile. Both CIGSe samples have
an integral GGI value of ∼ 0.83. The barrier sample is grown according to multi-stage process (recipe (a)) and
non-barrier sample is grown according to the modified process (recipe (b)).

The non-barrier sample has been grown according to the modified process (recipe (b)) in

order to avoid a detrimental gallium gradient.

7.1.1. Depth profile analysis

The depth profiles of the GGI and the Na concentration of barrier and non-barrier samples

are shown in figure 7.1(a - b). The barrier sample was chosen from the matrix based on

the highest solar cell performance parameters. The highest performance was achieved for

the sample with 15 nm NaF and 20 nm KF-PDT. The GGI profile of the barrier sample

has a smooth gradient (Fig. 7.1(a)), and the notch of the sample prepared on a barrier

substrate is less deep than the non-barrier sample. For small bandgap CIGSe absorbers, it

was also reported that deposition of CIGSe absorber on sodium-free substrates promotes

the inter-diffusion of metals and leads to a smooth GGI profile [50, 125]. The small gallium

gradient of the barrier sample indicates that the diffusion of the metals is higher compared

to the non-barrier sample. It has been suggested that in the absence of sodium a large

number of metal vacancies is available that facilitate the interdiffusion of the gallium and

indium [125].

The sodium concentration of the barrier sample and the non-barrier sample is compared

on a logarithmic scale (Fig. 7.1(b)). For the non-barrier sample, the sodium diffuses from

the glass through the absorber and segregates at the surface and the back contact (Fig.

7.1(b)). The segregation of sodium at the surface is a known phenomenon and is also

reported for low-gap CIGSe absorbers [126]. The sodium profile of the barrier sample in

figure 7.1(b) indicates that although sodium is deposited at a low substrate temperature

of 723 K, sodium diffuses through the absorber and shows the same amount of sodium at

the back contact as in the case of non-barrier sample.
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7.1.2. Solar cell parameters

The solar cell parameters of CIGSe devices on barrier substrates having different thicknesses

of NaF and KF are presented as a color-map in figure 7.2. The effect of NaF and KF

thicknesses were investigated in a large scale to be certain, that any specific combination

of thicknesses that may results in a higher efficiency is not overlooked. The best efficiency

for wide-gap CIGSe solar cells was achieved for 15 nm NaF and 20 nm KF post deposition

treatment (Fig. 7.2(d)). The combination of these thicknesses is very close to the one of

high efficiency small bandgap CIGSe solar cells [37]. Chirilă et al. has reported their high

efficient solar cells has been achieved for the thickness of ∼ 26 nm NaF and ∼ 15 nm KF

[37]. Other data for wide bandgap CIGSe do not exist.

The VOC-deficit of different samples is plotted in figure 7.2(a). It can be seen that by

keeping the thickness of the KF-PDT by 5 nm and increasing the thickness of Na-PDT,

the VOC-deficit increases. Since sodium increases the doping density, from figure 7.2(a) it

can be understood that the cells with 5 nm KF-PDT are limited by recombination at the

interface. Otherwise, the increase of the doping density must reduce the VOC-deficit for

cells dominated by recombination in the QNR and SCR. But samples with low amount of

sodium concentration and large thickness of KF-PDT show also a poor VOC. The possible

explanation might be that the low amount of sodium cannot effectively passivate the

defects. However, there is an optimum of NaF-PDT and KF-PDT thickness that reduces

the VOC-deficit to 0.56 V.

The difference between the maximum possible current density and the measured one,

(∆JSC = Jmax
SC - J∗SC) is shown in figure 7.2(b). The current density J∗SC is derived

from integration of the measured EQE over AM1.5G. The maximum possible current

density, JmaxSC , is the integrated EQE over AM1.5G with the assumption that all the

incident photons contribute to the current density. In figure 7.2(b), a large loss in the

current density for samples with 30 nm NaF and low KF-thicknesses can be observed.

Unfortunately, few problems arose as the thickness of the NaF-PDT was increased. Firstly,

for NaF-PDT with a thickness above 20 nm (while keeping the thickness of KF-PDT by 5

nm), the excess alkali-PDT of the samples could not be washed away in the chemical bath.

This led to the situation that the CdS came in contact with the alkali-PDT and formed

a yellow layer on the absorber. In these cases, a large portion of light was lost and the

samples were showing a low JSC. Rinsing the samples with distilled water prior to the

deposition of the buffer layer was not helping as well.

Another problem with increasing the thickness of NaF-PDT was that the samples were

showing a kink at small voltag bias. In figures 7.3(a) and 7.4(b), a slight kink can be

observed. This indicates that even for moderate amount of NaF-PDT a barrier for the
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Figure 7.2.: The influence of NaF and KF-PDT thicknesses on the solar cell parameters. All absorbers prepared
on barrier substrate according to recipe (a) in figure 3.3. The integral GGI of used absorbers is 0.80 ± 0.05,
(a) VOC-deficit is the difference between Eq/q and the measured VOC, (b) ∆JSC is the difference between the
maximum achievable JmaxSC and the measured J∗SC, (c) FF , (d) η∗. The highest efficiency is achieved for 15 nm
NaF and 20 nm KF-PDT.

photo-current is formed. This effect was more pronounced for thick NaF-PDT. The sodium

increases the doping density [101], therefore it can be concluded that Na-PDT introduces

a p+-layer at the CIGSe interface and forms a barrier for the photo-generated electrons at

the front contact. The kink in the fourth quadrant reduces the JSC because the photo-

generated electrons cannot overcome the barrier and recombine [4, 127]. Furthermore, the

kink deteriorates the FF [4, 127].

The influence of NaF and KF-PDT thickness variation on the FF is shown in figure 7.2(c).

As can be seen in figure 7.2(c), a high FF is achieved for cells whose VOC-deficit is the

lowest. This is in agreement with the equation 4.3.10, which states that the FF increases

with VOC [4]. The lowest FF is achieved for samples with very low sodium concentration.

This low FF is partially related to the high VOC-deficit but it is also related to the sodium

concentration [50, 128]. A low sodium concentration reduces the conductivity and thereby

the FF [50, 128]. From figure 7.2 it can be seen that the best efficiency is achieved where

the highest VOC (smallest VOC-deficit) is obtained.

In figure 7.3, the JV -curves and EQE’s of the non-barrier and barrier samples are shown.

For these solar cells, an alternative i-ZnO/ZnO:Al with lower resistivity was used which

has reduced the VOC. The comparison of the JV -curves in figure 7.3(a) indicates that the

VOC and JSC of the barrier sample is lower than of the non-barrier sample, this might

originate from the small GGI back gradient [80, 86]. Dullweber et al. have suggested that
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a back gradient reduces the recombination at the back contact and increases the VOC [80].

Gloeckler has shown that the back grading improves the JSC slightly [86]. In figure 7.3(b),

the EQE signals of the corresponding JV -curves are given. It can be seen that the EQE

signal of the non-barrier sample with the modified deposition recipe shows a gain in the

long wavelength region. In chapter 4 it was shown that the appropriate gradient profile

improves the collection function and as a result the JSC. Since the VOC and JSC of the

barrier sample is lower than the non-barrier sample, the final conversion efficiency of the

barrier sample is lower than of the non-barrier sample.
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Figure 7.3.: Comparison of solar cell properties of CIGSe grown on barrier and non-barrier substrates (a)
JV -curves and (b) EQE. The non-barrier sample was grown with the modified deposition recipe with 6 nm
KF-PDT (recipe (b)). The barrier sample has 15 nm NaF and 20 nm KF-PDT. The GGI and Na profiles of these
samples are given in figure 7.1.

Therefore, from figure 7.3 it can be concluded that sodium must be present during the

growth of wide-gap CIGSe absorbers in oder to achieve high efficiency. This result is very

similar to the previous report that the highest efficiency of low-gap CIGSe cells can be

achieved on SLG glass [50].

7.1.3. Temperature dependent JV -curves on barrier sample

It has been reported, that the post-deposition treatment of heavy alkalis with small

bandgap CIGSe absorbers grown on sodium-free substrates influences the back barrier

height or increases the band offset at the absorber/buffer interface [101, 107]. This was a

motivation to examine the temperature dependent JV (T )-curves of barrier samples (Fig.

7.4). Therefore, the barrier sample with the highest efficiency, 15 nm NaF-PDT and 20

nm KF-PDT was further examined.

As can be seen in figure 7.4(a - b), the JV (T )-curves of the barrier sample does not show

any sign of rollover. Thus it can be concluded that the barrier height at the back contact

(Mo/CIGSe) is not influenced or the conduction band offset at the hetero-interface is not

changed. Similar to the results presented in section 5.2, there is a crossover between the
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Figure 7.4.: Temperature dependent JV -curves of the barrier sample with 15 nm NaF-PDT and 20 nm KF-PDT.
The results are similar as presented for the KF-treated sample in figure 5.5(b).

dark and illuminated JV -curves. As shown in section 5.3, the crossover might originate

from the deep acceptor states in the buffer layer (section 5.3.1) or a p+-layer between the

CIGSe and buffer layer (section 5.3.2).

The JV -curves under white-light illumination show a double-diode behavior in the first

quadrant at low temperature, similar to results of KF-treated sample in figure 5.5(b). As

shown in chapter 5, a double-diode behavior in the first quadrant is an indication of a deep

valence band edge at the hetero-interface. However, there is a slight difference between

the results in figures 7.4(b) and 5.5(b - d). The current density of the barrier sample

exhibits a slight kink at small voltage bias. For samples with heavy alkali-treatment no

barrier for the photo-current barrier was observed (Fig. 5.5(b - d)). This implies that the

effect of NaF-PDT is different from other heavy alkalis. The NaF-PDT forms a p+-layer

next to the CIGSe absorber and shifts the conduction band upwards. This is also in

agreement with previous findings that sodium increases the hole density [50, 101, 128].

Furthermore, the JSC is temperature dependent and increases with the temperature, this

phenomenon is similar to the results in figure 5.5(b - d). As mentioned in section 5.4,

this effect can be simulated with a shallow defect state below the conduction band or

considering temperature-dependent electron mobility.

In order to simulate the JV (T )-curves of figure 7.4, a p+-layer between the CIGSe and

the buffer layer is programmed. The valence band of the p+-layer is shifted downward

and aligned with the buffer layer to simulate the double-diode in the first quadrant (Eg

(p+-layer) = 2.7 eV). The p+-layer is also simultaneously responsible for the crossover

between the light and dark JV curves (see section 5.3.2). Finally, a shallow donor state

below the conduction band was added to to simulate the JSC(T ) (see Table. A.4).

The simulation results in figure 7.5(a - c) indicate that the deep valence band edge of

the p+-layer can bring the double-diode behavior at low temperatures. Furthermore, due
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Figure 7.5.: Simulation results of lowering the valence band edge of the p+-layer, (a) band diagram in equilibrium,
(b) dark, and (c) illuminated JV (T ) evolution from T = 120 – 300 K in 10 K steps. Information regarding the
parameters can be found in Table. A.4.

to the p+-layer the crossover between the dark and light JV curves also exist. Thus

the double-diode behavior and the crossover could be simulated with the addition of

the p+-layer between the CIGSe and CdS layer. Finally the JSC(T ) increases with the

temperature, which is also consistent with the measurement data in figure 7.4.

7.1.4. Concluding remarks

In this section, the influence of sodium-free substrates on the electronic properties of

wide-gap CIGSe cells was examined. The results indicate that:

• The absence of sodium promotes the inter-diffusion of the indium and gallium. As a

result a smooth gallium gradient is developed throughout the absorber.

• Although sodium is introduced at low substrates temperature (723 K), the depth

profile analysis indicates that sodium providing by PDT is able to diffuse to the back

contact.

• Due to the smooth gallium gradient of the barrier sample, the EQE signal of the

barrier sample was lower than of the non-barrier sample in the long wavelength region. So

with barrier the gradient becomes too small.

• The VOC and JSC of the barrier sample are lower than in the case of the non-barrier

sample. Despite many variations of the thickness of NaF and KF, the samples grown on

the non-barrier substrate with the modified recipe did show a superior efficiency. The plau-
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sible explanations are different grain boundary properties and different band gap grading

which influences the collection function and impedes recombination at the back contact [50].

• The NaF-PDT induces a barrier for the photo-current by shifting the conduction band

upward. Thus the influence of NaF-PDT on the CIGSe cell is different from heavier alkalis.

• Temperature dependent JV -curves of the sample prepared on barrier substrate show

a double-diode behavior in the first quadrant at low temperatures which hints to a deep

valence band edge at the interface. The results are similar to the KF-treated sample in

chapter 5.

7.2. The growth of CIGSe at elevated temperature

In 2014, it has been shown that growing the wide-gap CIGSe absorber at higher substrate

temperatures increases the open-circuit voltage and consequently the efficiency [2]. At that

time the influence of alkali-PDT on the electronic properties was unknown. Therefore,

in the following high-temperature substrates are used (High-T sample) and the impact

of RbF-PDT on wide-gap CIGSe cells is investigated, since the highest gain in VOC was

achieved for samples treated with this heavy alkali element (Fig. 5.1).

7.2.1. Deposition process

The wide-gap CIGSe absorbers were grown in the multi-stage process (section 3.3.2-recipe

(a)), but the substrate temperature was increased to 948 K in the second and third stage.

After the deposition of the CIGSe absorber, the sample was cooled down to 723 K and

was treated with 25 nm RbF in the presence of selenium. The absorbers were finished to

cells as explained in chapter 3. As a reference sample, a RbF-treated device from chapter

5 with the same bandgap value grown by modified process was chosen to evaluate the

results of High-T sample. In the following section the term “SLG sample” is used for the

reference sample to distinguish the sample from the High-T sample.

7.2.2. Depth profile analysis

In figure 7.6(a - b), the depth profiles of the High-T sample and the SLG sample are

illustrated. The High-T sample shows a very small GGI gradient (Fig. 7.6(a)), this

indicates that the high deposition temperature allows the gallium and indium atoms to

better inter-diffuse. The small gradient in figure 7.6 correlates fairly well with the previous

findings [124, 129].

76



0 1 21 0 - 3

1 0 - 2

1 0 - 1

1 0 0

0 1 2

6 0

8 0

1 0 0

H i g h - T  s a m p l e

Na
 Co

nce
ntr

atio
n [

%]

 S p u t t e r i n g  D e p t h  [ µ m ]

     S L G
  s a m p l e  

[G
a]/

([G
a]+

[In
]) [

%]

S p u t t e r i n g  D e p t h  [ µ m ]

  S L G
 s a m p l e

H i g h - T  s a m p l e  

( a ) ( b )

Figure 7.6.: Depth profiles from GDOES measurement of the High-T and SLG sample, (a) GGI, (b) sodium
profile. The High-T sample is grown in the multi-stage process (recipe (a)) and the SLG sample is grown by the
modified recipe (recipe (b)). Both samples have received a RbF-PDT with thickness 25 nm.

In figure 7.6(b), the sodium distribution is illustrated on a logarithmic scale. As can be

seen in figure 7.6(b), the sodium concentration in the High-T sample is lower than in the

SLG sample. As shown by Bertram et al. the low sodium concentration does not mean

that the substrate itself provides less sodium, the reason is that sodium evaporates out of

the sample at high substrate temperature and therefore less sodium can be detected [129].

7.2.3. Electronic properties

The JV -curves of the CIGSe solar cells deposited with two different substrate temperatures

are shown in figure 7.7(a). The results indicate that the VOC of the High-T sample increases

by 40 mV relative to the SLG sample and reaches 880 mV. Such high VOC value has never

been reported for wide-gap CIGSe cells with the Eg of 1.4 eV. The highest VOC that was

achieved on this High-T substrates is about 815 mV [2]. Therefore, growing the CIGSe

absorber on the High-T substrate and using alkali-PDT is an effective method to further

reduce the VOC-deficit to 0.52 V. The TRPL decay curve of a High-T sample and SLG

sample is shown in figure 7.1(b). The High-T sample shows a longer decay time compared

to the SLG sample, which might hint to a higher VOC.

The JSC of the High-T sample shows a slight increase relative to the SLG sample (Fig.

7.7(a - b)). Hence it can be understood that the high temperature has a negligible influence

on the JSC. But if the EQE signal of the High-T sample is compared to the barrier sample

in figure 7.3(b) then a gain in the long-wavelength region is observed. This is interesting,

because the field from the gradient is absent for the High-T sample, though an increase

in the EQE signal in long wavelength region is obtained. This implies that growing the

wide-gap CIGSe absorber at elevated temperature improves the bulk properties of the

absorber. However, an increased bulk lifetime cannot be observed for the High-T sample
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in figure 7.1(b).

Despite the gain in VOC and JSC, a lower FF than of the SLG sample was attained for the

High-T sample (Fig 7.7 (a)), and consequently a lower efficiency for the High-T sample

was achieved (Fig 7.7(d)). As mentioned earlier, the low FF is correlated to the VOC and

sodium concentration. However, for this specific sample the VOC is very high.Therefore, it

might be that the low FF originates from the sodium concentration. Granath et al. have

reported that as the sodium concentration of CIGSe absorbers decreases, the conductivity

reduces and detoriates the FF of the cell [130]. Rudmann suggests that sodium removes

the defects states and reduces the resistivity of the CIGSe film [50].
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Figure 7.7.: The comparison of the solar cell properties between High-T and SLG sample, (a) JV -curves, (b)
EQE signal. Both solar cells have a bandgap value of 1.4 eV. The VOC of the High-T sample is 880 mV.

In order to examine the effect of sodium on electronic properties of the High-T samples,

sodium was introduced to the CIGSe absorber as a precursor. In the previous section it

was shown that the presence of sodium during the growth is beneficial, therefore NaF

was deposited onto the molybdenum in the vacuum chamber at room temperature. The

thickness of the deposited sodium was 8 nm. In the following, the sample will be referred

as “High-T+NaF-pre”. In order to eliminate any ambiguity arising from small deposition

variations, another substrate without NaF-precursor was inserted into the chamber and

both CIGSe absorbers were grown in the same run.

One of the concerns was, if the addition of sodium as a precursor hinders the inter-diffusion

of the materials and creates a detrimental gradient in the absorber as shown in figure

4.1. Figure 7.8(a) shows that although sodium was present during the process, the high

substrate temperature avoids the formation of the pronounced gradient similar to figure

4.1 and just a negligible back gradient can be observed.

The solar cell parameters of the new set of samples are shown in figure 7.9. A sample

grown on a soda-lime glass with 25 nm RbF-PDT is also shown as a reference in figure

7.9. Similar to the previous case, the High-T sample shows the highest VOC and J∗SC, and

simultaneously the lowest FF and η∗. The J∗SC here is the integration of the measured
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Figure 7.8.: The influence of the NaF-precursor on the (a) GGI gradient, (b) TRPL transients. The High-T +
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TRPL signal of a RbF-treated sample grown on soda lime glass is shown in blue.

EQE over AM1.5G, and the efficiency (η∗) is also calculated based on the integrated J∗SC

(Eq. 2.4.7).

In figure 7.9(a), it can be seen that the introduction of sodium has reduced the VOC,

compared to the High-T sample. But still the VOC is higher than of the SLG sample. If

the TRPL transients of the High-T sample and High-T+NaF-pre are compared in figure

7.8(b), it can be observed that the TRPL-transient of High-T+ NaF-pre sample shows a

longer decay curve than the High-T sample. This implies that, for the High-T+ NaF-pre

sample a higher VOC is expected, but the VOC of the High-T+ NaF-pre sample is about 20

mV lower than the High-T sample. One explanation for the decrease of the VOC might be

that sodium has increased the doping density and for wide-gap CIGSe cells that are limited

by interface recombination, an increased doping density is accompanied with an increased

recombination rate at the interface (see chapter 6). The figure 7.9(c) indicates that the FF

of the High-T+Na-pre sample is increased about 7% relative to the High-T sample. The

increased FF improves the efficiency and yields a superior performance than the SLG solar

cell. Comparing the results of High-T+Na-pre with the sample from reference [2] reveals

that despite the higher VOC than from the reference [2], the final conversion efficiency is

lower, because the current density is lower compared to the reference [2]. This is due to

the non-optimized window layer in terms of transparency and conductivity employed in

this thesis.

7.2.4. Concluding remarks

In section 7.2, the influence of substrates that can tolerate higher temperatures than the

standard soda lime glasses was examined. The comparison of the High-T substrates to
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Figure 7.9.: The solar cell parameters of SLG sample ( ), High-T sample ( ), High-T+ NaF-pre sample ( ).
The CIGSe cells have the bandgap value of 1.41 eV.

the soda-lime glasses indicates that:

• The increased substrate temperature promotes the inter-diffusion of elements and

leads to a uniform GGI gradient.

• The high substrate temperature results in a loss of sodium. Therefore the CIGSe

grown on High-T substrates have a lower sodium content compared to the SLG sample,

which deteriorates the FF .

• Growing the CIGSe absorber on elevated substrate temperature improves the VOC

and JSC.

• Introduction of sodium as a precursor on high-temperature samples increases the FF

and leads to a superior performance in comparison to the SLG glasses.

Although the efficiency of the wide-gap CIGSe cells improves by the use of this specific

substrate and treatment of heavy alkalis, the efficiency of the wide-gap CIGSe cells is still

very low.
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8. Closing remarks and outlook

The aim of this work was to study the influence of post-deposition treatment with heavy

alkalis on wide bandgap Cu(In,Ga)Se2 cells. In order to approach this goal, first the

influence of the gallium gradient on solar cell parameters of wide-gap CIGSe cells was

examined. It turned out that the high-gallium content CIGSe absorbers grown by the

multi-stage process on SLG have a more pronounced gradient profile compared to low

gallium-content CIGSe absorbers. The pronounced gallium gradient diminishes the col-

lection probability and reduces the JSC. Further, it was shown that the FF is linearly

dependent on the collection efficiency, which in turn is also influenced by the gallium

gradient. By modification of the deposition process of wide bandgap CIGSe absorbers

a great improvement in the JSC and FF was achieved. The presence of sodium during

growth and the substrate temperature also influence the inter-diffusion of elements which

was investigated in chapter 7.

It has been shown that the post-deposition treatment with heavy alkali elements (KF,

RbF and CsF) increases the VOC of CIGSe solar cells with different gallium concentration.

But the highest gain of the VOC upon alkali-treatment was achieved for bandgap value of

1.35 eV. Consequently, with the improvement of the VOC, an increase in the FF and the

efficiency was observed.

In order to understand how the post-deposition treatment with heavy alkalis does increase

the VOC, the electronic charge transport of wide-gap CIGSe solar cells was investigated

using temperature dependent current–voltage analysis. Thereby, a variety of features

were encountered, not all being exclusive for alkali-treated devices. The alkali-treated

and untreated CIGSe cells have in common that a crossover between the light and dark

current-voltage curves exist. In literature, two main diode models are suggested to explain

the crossover:

• High density of acceptor states in the buffer layer,

• Addition of p+-layer between CIGSe and CdS.

Numerical simulations have shown that in order to bring out the crossover by defect states

in CdS, acceptor states with asymmetrical capture cross sections σp � σn is required. In

the second model, a highly-doped p+-layer between wide-gap CIGSe and CdS is employed.
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This p+-layer shifts the conduction band upward, which removes the inversion at the

surface and induces a large barrier for the photo-current [4]. In order to prevent the

formation of a photo-current barrier, a high density of donor states at the interface of

the p+-layer and CdS was required to increase the inversion. As shown in chapter 5,

the p+-layer was able to simulate the crossover between the light and dark JV -curves of

wide-gap CIGSe cells.

Besides the crossover, the alkali-treated wide-gap CIGSe cells have demonstrated the

following phenomena:

• A double-diode behavior of the JV -curves at low temperatures,

• Saturation of the open-circuit voltage towards low temperatures,

• Temperature dependency of the short circuit current density (JSC).

Simulations have revealed that a barrier for the diode-current leads to a double-diode

behavior in the first quadrant of the JV -curve. The barrier is formed by the band offset

between CdS and a new layer at the CIGSe/CdS hetero-interface with the property of a

low-lying valence band edge. In agreement with the literature [10, 12, 46], this new layer

is assigned to a K(In,Ga)Se2 phase.

The saturated open-circuit voltage of alkali-treated samples at low temperature required

an explanation different from the previously reported cases employing a barrier at the

back contact [108], since here no rollover was observed for the JV curves. It was shown

that the saturation of the VOC at low temperature and the double-diode behavior have

the same origin and both arise from the deep valence band edge of the surface layer at the

hetero-interface.

Despite the reduced recombination rate at the interface of the alkali-treated wide-gap

CIGSe solar cells, the measurement of time-dependent VOC-transients indicated that the

dominant recombination remains at the interface. Then, relations for the VOC-transients

were derived to explain the slopes of the VOC. It was shown that the VOC-transients of

narrow bandgap CIGSe cells which are limited by recombination in the QNR or the SCR

are solely dependent on the transients of the doping density. Further, it was shown that

the VOC-transient of wide-gap CIGSe cells which are limited by interface recombination

depends on the doping density of the absorber and to a large extent on the valence band

edge position of the surface layer at the hetero-interface. The calculation of VOC(t) from

the measured doping transients for the untreated sample has shown a good agreement to

the measurement data. But for RbF-treated, no appropriate model was found to describe

the ∆VOC.

Several incorporation techniques for sodium were examined, and the conclusion was that
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sodium must be present during the growth in order to improve the efficiency of wide-gap

CIGSe cells. Further, it was shown that the NaF-PDT induces a barrier for the photo-

current and its effect is different than of the heavy alkalis. The deposition of CIGSe with

elevated substrate temperature improved the VOC and the JSC to a large extent. By the

use of the alkali-PDT and the high-T substrates the highest reported VOC for CIGSe cells

with the bandgap value of 1.4 eV was achieved.

Despite the great improvement in the VOC and efficiency of wide-gap CIGSe cells, and

better understanding on the effect of alkali-PDT on wide-gap CIGSe cells, several problems

were not solved in this thesis:

• The temperature dependency of the short-circuit current density of the alkali-treated

samples was simulated with a shallow defect below the conduction band in the bulk of

the absorber. However, it is probable that the JSC(T ) is related to a modification at the

CIGSe/CdS hetero-interface, same as the VOC-saturation at low temperature. Therefore,

more in-depth investigations are required to find the origin of this phenomenon.

• In chapters 5 and 6, it was shown that the alkali-treated wide-gap CIGSe absorbers

have a new surface layer that shifts the valence band edge downward. There are many

reports indicating that the alkalis widen the bandgap of low-gap CIGSe absorbers, but no

measurements are performed on wide bandgap CIGSe absorbers to confirm the existence

of a new surface layer.

• Regarding the unfavorable band offset between the CIGSe/CdS, more investigations on

an alternative emitter with an appropriate deposition method are suggested. For instance,

the Zn(Sn,O) buffer layer might be a promising candidate to substitute the CdS buffer

layer for wide-gap CIGSe absorber.
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A. Simulation parameters

Parameter selection for simulation of the crossover

Table A.1.: Summary of the chosen parameter for simulation of the crossover in Fig. 5.8. For simulation of the
crossover, high defect density of acceptors for CdS was considered.

CIGSe CdS i-ZnO Al:ZnO

Thickness [µm] 2.475 0.05 0.1 0.3

ε 12ε0 10ε0 9ε0 9ε0

Eg [eV] 1.5 2.45 3.4 3.4

χ [eV] 4.05 4.3 4.5 4.5

NA/D [cm−3] 1×1016 5×1018 1.01×1018 1×1018

µe [cm2/Vs] 0.5 5 20 20

µh [cm2/Vs] 0.2 0.2 20 20

NC [cm−3] 2×1018 2×1018 4×1018 4×1018

NV [cm−3] 1.5×1019 1.5×1019 1×1019 1×1019

Midgap Defect Donor Acceptor Acceptor Acceptor

Single Single Single Single

Nt[cm−3] 5×1013 4.999×1018 1×1018 1×1016

σn[cm2] 1×10−12 1×10−17 1×10−15 1×10−15

σp[cm2] 5×10−13 1×10−12 1×10−12 1×10−12

Interface States CIGSe/CdS

Defect Donor,Single

Nt[cm2] 2×1011

Et[eV] 0.4 eV below
lowest EC

σn[cm2] 1×10−12

σp[cm2] 1×10−12
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Table A.2.: Summary of the chosen parameter for simulation of the crossover in Fig. 5.10. A highly doped thin
layer (p+-layer) was added between CIGSe and CdS to simulate the crossover. In order to have an inversion, high
density of donor states was added at the interface of the p+-layer and CdS.

CIGSe p+ CdS i-ZnO Al:ZnO

Thickness [µm] 2.475 0.01 0.05 0.1 0.3

ε 12ε0 12ε0 10ε0 9ε0 9ε0

Eg [eV] 1.5 1.50 2.45 3.4 3.4

χ [eV] 4.05 4.05 4.3 4.5 4.5

NA/D [cm−3] 1×1016 1.5×1017 5×1015 1.01×1018 1×1018

µe [cm2/Vs] 3 3 5 20 20

µh [cm2/Vs] 0.2 0.2 0.2 20 20

NC [cm−3] 2×1018 2×1018 2×1018 4×1018 4×1018

NV [cm−3] 1.5×1019 1.5×1019 1.5×1019 1×1019 1×1019

Midgap Defect Donor Donor Acceptor Acceptor Acceptor

Single Single Single Single Single

Nt[cm−3] 6×1014 6×1014 4.×1015 1×1018 1×1016

σn[cm2] 1×10−12 1×10−12 1×10−15 1×10−15 1×10−15

σp[cm2] 1×10−12 1×10−12 1×10−13 1×10−12 1×10−12

Interface States p+/CdS

Defect Donor, Single

Nt[cm2] 1×1013

Et[eV] 0.65 eV below
lowest EC

σn[cm2] 1×10−15

σp[cm2] 1×10−13
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Parameter selection for the simulation of the double-diode behavior

Table A.3.: Summary of the chosen parameter for simulation of the double-diode behavior in figure 5.11. To
simulate the double diode-behavior a surface layer (SL) within CIGSe and CdS is assumed, which has a lower
valence edge relative to the absorber. For the crossover, high defect density of acceptors for the CdS was considered.

CIGSe SL CdS i-ZnO Al:ZnO

Thickness [µm] 2.475 0.01 0.05 0.1 0.3

ε 12ε0 12ε0 10ε0 9ε0 9ε0

Eg [eV] 1.5 2.70 2.45 3.4 3.4

χ [eV] 4.05 4.05 4.3 4.5 4.5

NA/D [cm−3] 1×1016 1.0×1016 5×1018 1.01×1018 1×1018

µe [cm2/Vs] 15 15 5 20 20

µh [cm2/Vs] 3 3 0.2 20 20

NC [cm−3] 2×1018 2×1018 4×1018 1×1018 1×1018

NV [cm−3] 1.5×1019 1.5×1019 1.5×1019 1×1019 1×1019

Midgap Defect Donor Donor Acceptor Acceptor Acceptor

Single Single Single Single Single

Nt[cm−3] 4×1014 4×1014 4.999×1018 1×1018 1×1016

σn[cm2] 5×10−13 5×10−13 1×10−17 1×10−15 1×10−15

σp[cm2] 5×10−13 5×10−13 1×10−13 1×10−12 1×10−12

Defect Donor Donor

0.2 from CB 0.2 from CB

Nt[cm−3] 8×1015 8×1015

σn[cm2] 4×10−12 4×10−12

σp[cm2] 4×10−15 4×10−15

Interface States CIGSe/SL SL/CdS

Defect Donor, Single Donor, Single

Nt[cm2] 1×1010 1.5×1011

Et[eV] 0.55 eV below
lowest EC

0.65 eV below
lowest EC

σn[cm2] 1×10−12 1×10−12

σp[cm2] 1×10−12 1×10−16
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Table A.4.: Summary of chosen the parameter in figure 7.5 for simulation of the double-diode behavior. The
valence band edge of the p+-layer is shifted downward. Here the p+-layer is responsible for the crossover and the
kink.

CIGSe p+-layer CdS i-ZnO Al:ZnO

Thickness [µm] 2.475 0.01 0.05 0.1 0.3

ε 12ε0 12ε0 10ε0 9ε0 9ε0

Eg [eV] 1.5 2.70 2.45 3.4 3.4

χ [eV] 4.05 4.05 4.3 4.5 4.5

NA/D [cm−3] 1×1016 8×1016 5×1015 1.01×1018 1×1018

µe [cm2/Vs] 10 10 5 20 20

µh [cm2/Vs] 0.1 0.1 0.2 20 20

NC [cm−3] 2×1018 2×1018 2×1018 1×1018 1×1018

NV [cm−3] 1.5×1019 1.5×1019 1.5×1019 1×1019 1×1019

Midgap Defect Donor Donor Acceptor Acceptor Acceptor

Single Single Single Single Single

Nt[cm−3] 5×1015 5×1015 4×1015 1×1018 1×1016

σn[cm2] 1×10−12 1×10−12 1×10−16 1×10−15 1×10−15

σp[cm2] 1×10−15 1×10−15 1×10−12 1×10−12 1×10−12

Defect Donor

Et 0.2 from CB

Nt[cm−3] 5×1015

σn[cm2] 1×10−12

σp[cm2] 1×10−15

Interface States CIGSe/p+ p+/CdS

Defect Donor,Single Donor,Single

Nt[cm2] 1×1011 3×1011

Et[eV] 0.65 eV below
lowest EC

0.15 eV below
lowest EC

σn[cm2] 1×10−12 1×10−13

σp[cm2] 1×10−16 1×10−15
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B. Derivation of ∆VOC(t)

Derivation of ∆VOC(t)

The equation 6.2.1 can be further expanded by using the law of logarithm:

∆VOC(t) = −kBT

q

[
A(t) ln(J0(t))− A(t0) ln(J0(t0)) + (A(t0)− A(t)) ln(Jph)

]
. (B.1)

Substitution of the saturation current density from equation 2.4.2 into equation B.1 gives:

∆VOC(t) =− kBT

q
A(t) ln

(
J00(t) exp

(
− EA

A(t)kBT

))
+
kBT

q
A(t0) ln

(
J00(t0) exp

(
− EA

A(t0)kBT

))
− kBT

q

(
A(t0)− A(t)

)
ln(Jph).

(B.2)

By applying the law of logarithms in equation B.2, the terms with the EA cancel each

other out and the equation B.2 reduces to:

∆VOC(t) =− kBT

q
[A(t) ln(J00(t))− A(t0) ln(J00(t0))]

− kBT

q

(
A(t0)− A(t)

)
ln(Jph).

(B.3)

If we define ∆A via A(t) = A(t0) + ∆A, then ∆VOC(t) can be written in the more compact

form in equation 6.2.3.

Derivation of ∆VOC(t) with the dominant recombination at the SCR

For an absorber/window hetero-structure the electric field is defined by (B.4):

Fm(t) ≈ Fz =0(t) =

√
2q

εa
NA,a(t)(Vbi(t)− VOC(t)) (B.4)

Similar, to the QNR-case, the ratio of Jscr00 (t)/Jscr00 (t0) is required to calculate the ∆V scr
OC(t).

From equation 6.2.6, the ratio of Jscr00 (t) to Jscr00 (t0) reads:
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Jscr00 (t)

Jscr00 (t0)
=

√
NA,a(t0)

NA,a(t)

Vbi(t0)− VOC(t0)

Vbi(t)− VOC(t)
(B.5)

Here, it is assumed that the changes of VOC and Vbi in the square root have similar time

dependencies. Hence the equation B.5 is simplified to the following equation B.6:

Jscr00 (t)

Jscr00 (t0)
=

√
NA,a(t0)

NA,a(t)
(B.6)

By inserting the equation B.6 into equation 6.2.3, the equation 6.2.7 will be achieved,

which describes the ∆VOC(t) of a p/n+ with a dominant recombination in the SCR.

Derivation of ∆VOC(t) with dominant recombination at the interface

Inverted absorber

The voltage dependent hole concentration at the interface can be written as:

pif (V ) = NV,a exp

(
−
Eif,1p,a (V )

kBT

)
= NV,a exp

(
−
q (Vbi(t)− V (t)) + Ep,a

A(t) kBT

)
(B.7)

with a diode quality factor:

A(t) = 1 +
εaNA,a(t)

εwND,w
. (B.8)

The equation B.8 indicates that for a junction with a dominant recombination at the

interface, the diode quality factor is dependent on the doping density and through

dNA,a(t)/dt > 0 increases with time. The dependency of the diode quality factor (A(t))

on NA,a(t) will influence the ∆VOC(t) to a large extent, since the second term in equation

6.2.3 does not vanish anymore and the photo-current and the recombination velocity will

have an influence on the ∆VOC(t). This is in contrary to the previous equations for ∆V scr
OC

(Eq. 6.2.7) and ∆V qnr
OC (Eq.6.2.5), where ∆A was considered 0. This leads to a reference

current density of [4]:

J if00(t) = qSpNA,a(t)

(
Nc,wNv,a

ND,wNA,a

) 1
A(t)

= qSp

(
Nc,wNV,a

ND,w

) 1
A(t)

N
1− 1

A(t)

A,a (t) (B.9)
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From equation B.9 the ratio of J00(t)/J00(t0) can be calculated:

J if00(t)

J if00(t0)
=

qSp

(
Nc,wNv,a
ND,w

) 1
A(t)N

1− 1
A(t0)

+ ∆A
A2(t0)

A,a (t)

qSp

(
Nc,wNv,a
ND,w

) 1
A(t0)N

1− 1
A(t0)

A,a (t0)

(B.10)

Since ∆A(t) is small compared to A(t), the following approximations have been used:

1

A(t)
− 1

A(t0)
=

−∆A(t)

(A(t0) + ∆A(t))A(t0)
≈ −∆A(t)

A2(t0)
(B.11)

By inserting equation B.9 into equation 6.2.3, the following relation (Eq.B.12) can be

obtained:

∆V if
OC(t) =− kBT

q
A(t0) ln

[(
Nc,wNV,a

ND,w

)− ∆A(t)

A2(t0)
(
NA,a(t)

NA,a(t0)

)1− 1
A(t0) (

NA,a(t)
) ∆A(t)

A2(t0)

]

− kBT

q
∆A(t) ln

(
J if

00(t)

Jph

)
(B.12)

The equation B.12 is reformulated, so that A(t) and ∆A(t) are separated:

∆V if
OC(t) = +

kBT

q

∆A(t)

A(t0)
ln

(
Nc,wNV,a

ND,w

)
+
kBT

q
(1− A(t0)) ln

(
NA,a(t)

NA,a(t0)

)
− kBT

q

∆A(t)

A(t0)
ln(NA,a(t))

− kBT

q
∆A(t) ln

(
J if

00(t)

Jph

)
(B.13)

The term ∆A(t) is defined:

∆A(t) = 1 +
εaNA,a(t)

εw ND,w
− 1−

εaNA,a(t0)

εwND,w
=
εa ∆NA,a(t)

εwND,w
(B.14)
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By inserting the ∆A (Eq. B.14) into equation B.13 the final equation B.15 can be achieved:

∆V if
OC(t) = +

kBT

q
(1− A(t0)) ln

(
NA,a(t)

NA,a(t0)

)
+

kBT

qA(t0)

εa ∆NA,a(t)

εwND,w
ln

(
Nc,wNV,a

ND,wNA,a(t)

)
− kBT

q

εa ∆NA,a(t)

εwND,w
ln

(
J00(t)

J ifph

)
.

(B.15)

Non-inverted absorber

So far, it was assumed that the absorber is inverted, and the recombination at the interface

is controlled by the holes [34]. But if the junction is not inverted, the net recombination

rate reduces to R ≈ nif Sn. Here, nif is the density of the electrons at the interface, and

Sn is the interface recombination velocity of the electrons. The electron concentration at

the interface reads [4]:

nif (V ) = ND,w exp

(
−q(Vbi − V )

A′kBT

)
(B.16)

To prevent any ambiguity with the inverted case, the notation A′ is used for the diode

quality factor of the non-inverted and defined in equation B.19. The built-in voltage here

is defined as qVbi=Eg,a+∆EC-En,w-Ep,a [30]. Here, Eg,a is the bandgap of the absorber

and ∆EC is the band offset between the absorber and window layer. By the definition of

the net recombination rate and the defined built-in voltage (Vbi), the diode current density

(Jdiode) can be obtained:

Jdiode(V ) = qSnND,w exp

(
En,w + Ep,a

A′kBT

)
︸ ︷︷ ︸

J00

exp

(
−
Eg,a + ∆EC

A′kBT

)
exp

(
qV

A′kBT

)
(B.17)

Under the assumption that the dopants are completely ionized, the Boltzmann approxima-

tion can be used [30], this leads to a reference current density (J00) of (Eq. B.18):

J00(t) = qND,wSn

(
NC,wNV,a

ND,wNA,a(t)

) 1
A′(t)

(B.18)

with the diode quality factor A′(t),

A′(t) = 1 +
εwND,w

εaNA,a(t)
. (B.19)
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From equation B.19, it can be understood that for a non-inverted case the εwND,w must be

comparable to εaNA,a. Furthermore, the diode quality factor reduces upon illumination,

this means for a not-inverted cell, the changes of the diode quality factor is negative

(∆A′(t) < 0). The computation of J00(t)/J00(t0) with the extracted J00(t) in equation

B.18, gives:

J00(t)
J00(t0)

=
qSn,0ND,w

(
Nc,wNV,a
ND,w

) 1
A′(t) 1

NA,a(t)

1
A′(t0)

qSn,0ND,w

(
Nc,wNV,a
ND,w

) 1
A′(t0) 1

NA,a(t0)

1
A′(t0)

(B.20)

Substituting equation B.20 into equation 6.2.3, the ∆VOC(t) becomes:

∆VOC(t) =− kBT

q
A′(t0) ln

(
Nc,wNv,a

ND,w

)− ∆A′(t)
A′2(t0)

− kBT

q
A′(t0) ln

(
NA,a(t0)

NA,a(t)

) 1
A′(t0)

− kBT

q
A′(t0) ln

(
NA,a(t)

) ∆A′(t)
A′2(t0)

− kBT

q
∆A′(t) ln

(
J00(t)

Jph

)
.

(B.21)

with some modification, the final ∆VOC(t) for a non-inverted case will be:

∆VOC(t) =
kBT

q
ln

(
NA,a(t)

NA,a(t0)

)
+
kBT

q
(
∆A′(t)

A′(t0)
) ln

(
Nc,wNv,a

ND,wNA,a(t)

)
− kBT

q
∆A′(t) ln

(
J00(t)

Jph

)
.

(B.22)

Note that, due to the negative ∆A′(t), the first and last terms are positive in equation B.22

and results in an increasing trend of the ∆VOC for the non-inverted structure. However,

since the doping density of the initial states are lower than 2×1016 (cm−3), the samples

with the GGI = 0.3 are indeed inverted and are limited by recombination in the bulk.
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C. Time evolution of the admittance spectrum

In order to extract the doping transients of the RbF-treated and untreated sample, the

capacitance-frequency spectrum (C(f,t)) of the samples were measured as explained in

section 3.6.3. The raw data from the capacitance spectrum of both RbF-treated and

untreated samples with the GGI = 0.3 and 0.75 are shown in the figure C.1(a - b). The

relaxed states are illustrated with dashed lines (C(f,t0)). The C(f,t0) signal of RbF-treated

samples is higher than that of the untreated sample. This implies that the doping density

of RbF-treated samples increases compared to the untreated sample. The space charge

region capacitance (Cscr) is determined at the frequency f , where the logarithmic derivative

of – dC
d(logf)

has its minimum value [14]. For instance for RbF-treated samples with GGI

= 0.3, the Cscr is at the frequency of 105 Hz. Upon illumination, the RbF-treated and

untreated samples with GGI = 0.3 change to larger capacitance values. However, this is

different for samples with GGI = 0.75. For sample with the GGI = 0.75, the Cscr of the

RbF-treated increases about 2.5 times above its relaxed state. Since the doping density

is proportional to C2
scr, the doping density increases about 6.2 times with respect to its

initial value. But for the untreated sample the Cscr increases just 1.4 times with respect

to its initial value.
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Figure C.1.: Linear plot of capacitance transients of RbF-treated (blue) and untreated (red) at 130 K and 298 K
red-light illumination with corresponding power law fit (dashed), sample with (a) GGI = 0.3, (b) GGI = 0.75.
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In order to confirm the reproducibility of doping transients observed in figure 6.8, another

set of sample with the GGI = 0.83 was prepared. The buffer layer of both samples were

processed in the same run, therefore, the influence of the buffer thickness and the defect

density can be discarded. The measurement results of ∆VOC(t) show that similar to graph

6.4, the VOC(t) of RbF-treated changes in slower rate compared to the untreated sample.
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Figure C.2.: Time evolution of the RbF-treated and untreated CIGSe with GGI = 0.8 (a) time evolution of
VOC(t), (b) doping density transients (NA,a(t)) upon red light illumination.

In figure C.2(b), the doping transients of corresponding samples are shown. The measure-

ment indicates that the capacitance of the RbF-treated sample increases strongly at the

initial phase to higher doping densities similar to previous sample in figure 6.8, while the

untreated sample just increases one order of magnitude with respect to its initial value.
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D. Measurement of the quasi-Fermi level

splitting

In chapter 7 it was shown that growing the CIGSe on High-T substrates increases the

VOC. But what is the maximum VOC that can be achieved by a CIGSe absorber, when

they are grown at elevated temperature and are treated with heavy alkali? And for which

bandgap value of the CIGSe absorber, the negative band offset between the CIGSe and

CdS have a detrimental impact on the VOC? One method to determine the maximum

achievable open-circuit voltage of final devices is to measure the photoluminiscence at

room temperature and extracting the Bose-term in Planck’s generalized law [131].
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Figure D.1.: Comparison of the measured VOC on the cell and the maximum quasi-Fermi level splitting on the
bare Cu(In,Ga)Se2 absorber for different bandgap values. The measured VOC is 800 mV for Eg 1.52 eV, while the
quasi-fermi level splits to 940 mV.

Therefore, RbF-treated CIGSe absorbers with different gallium concentration were prepared

on High-T substrates. The absorbers were grown according to the multi-stage process (see

section 3.3.2) and no NaF was introduced as a precursor. From each run an absorber was

finished to solar cells (as explained in chapter 3) and one absorber was sent to Helmholtz

Zentrum Berlin (HZB) to determine the maximum quasi-Fermi splitting. The measurement

was performed at room temperature.
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In figure D.1, the measured VOC from the cell and the quasi-Fermi level splitting of the

corresponding cells are marked with a star. The figure D.1 indicates that the quasi-Fermi

level splitting of Eg = 1.12 eV is 707 meV which is equal to the measured VOC value on

the cell times the electron charge. Two of the samples with Eg of 1.22 eV and 1.31 eV

were degraded and the quasi-Fermi level splitting value could not be determined accurately.

For Eg = 1.39 eV, the quasi-Fermi level splitting reaches 846 meV and is again equal to

the final VOC device. This indicates that the band offset at the CIGSe and CdS is not

having a detrimental influence on the VOC. But as the bandgap of the CIGSe absorber

increases to 1.44 eV, the quasi-Fermi level splitting and the VOC start to deviate. While

the quasi-Fermi level splitting of the absorber reaches 940 meV, the measured VOC on

the cell is only 800 mV. This experiment shows that the band offset between CIGSe and

CdS is detrimental for CIGSe cells with bandgap of 1.44 eV, therefore in appendix E, two

alternative buffer layers will be examined.
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E. Influence of alternative buffer layers

Zn(Mg,O)/CIGSe

The small bandgap of CdS absorbs a large amounts of photons [132]. An alternative buffer

layer which has a large bandgap and allows a higher portion of light to be transmitted is

Zn(Mg,O) [132].
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Figure E.1.: Comparison of the ZnS/(Zn,Mg)O and CdS/ZnO on the solar cell parameters. The wide-gap CIGSe
sample with CdS/ZnO show a superior performance.

In order to examine the influence of the alternative buffer layer, in cooperation with ZSW,

alkali-treated wide-gap absorbers were sent to ZSW to get finished cells with the deposition

of ZnS/(Zn,Mg)O/ZnO:Al. From the same run as a reference, a sample with CdS/i-

ZnO/ZnO:Al was finished to cells in MLU. The JV -curves of the cells with ZnS/(Zn,Mg)O

and the CdS/i-ZnO/ZnO:Al are illustrated in figure E.1(a). Despite the gain of the current

density in short wavelengths of the ZnS/(Zn,Mg)O sample (Fig.E.1(b)), the VOC is very

low compared to the reference sample. Unfortunately, annealing and light-soaking for two

hours did not improve the efficiency of the cell further and the FF was very low.

Zn(Sn,O)/CIGSe

A small positive conduction band offset between the absorber and the buffer material is

important to improve the solar cell efficiency [5]. In chapter 5 it was shown that the band
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offset between the wide-gap CIGSe and CdS is negative, which is not favorable. This

increases the recombination at the interface [8]. One way, to reduce the recombination is

to improve the inversion. This was achieved by lowering the valence band edge with alkali

post deposition treatment as shown in chaper 5. But as shown in chapter 6, the VOC(t)

transients indicated that the alkali-treated samples are limited by interface recombination.
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Figure E.2.: Comparison of the Zn(Sn,O)/ZnO:Al and CdS/ZnO on the solar cell parameters. The wide-gap
CIGSe sample with CdS/ZnO show a superior performance.

Recently, Larsson et al.[5] have suggested Zn(Sn,O) as an alternative buffer layer for

wide gap CuGaSe2 cells to create a positive conduction band offset. Due to the specific

deposition method which was not possible in MLU, the alkali-treated CIGSe absorbers were

coated with CdS and half of them were sent to the university of Uppsala to complete to cells.

Another half were finished to solar cells as described in chapter 3. The CdS was etched in

Uppsala university and were coated with Zn(Sn,O) and then ZnO:Al. The steps taken to

complete the cells are described in [5]. After the deposition of the Zn(Sn,O)/ZnO:Al, the

cells were sent back to MLU, for further characterization. The cells required annealing

and light soaked to improve the efficiency. In figure E.2 the annealed JV -curve and EQE

results are shown. As can be seen in figure E.2, the final open-circuit voltage was lower

than for the sample with CdS. Therefore substitution of the buffer layer with Zn(Sn,O)

for alkali-treated wide-gap CIGSe samples failed.
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Influence of alkali-PDT on EQE signal for

different bandgap values of CIGSe absorber

In section 5.1.2, it was shown that RbF-PDT show a gain in the EQE signal at long

wavelength compared to the untreated samples. In figure E.3, the EQE signal of KF and

CsF-treated samples are compared to the untreated sample.
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Figure E.3.: EQE signal of KF-treated (top) and CsF-treated (bottom) samples for different bandgap values, (a)
Eg = 1.12 eV, (b) Eg = 1.34 eV, and (c) Eg = 1.52 eV.
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Collection efficiency of the double-diode

In section 5.2, it was shown that the VOC of the alkali-treated samples saturates at low

temperatures. Meanwhile, in section 4.3, it was shown that the VOC is dependent on the

collection efficiency. Therefore, the collection efficiency of the double-diode JV -curve was

computed with the simulation program. It can be observed that the saturation of the VOC

comes from the reduction of the collection efficiency at high voltages.
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