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ABSTRACT

Cu(In,Ga)Se,-based thin film solar cells are considered to be one of the most
promising photovoltaic technologies. Cu(In,Ga)Se; (CIGS) solar devices have the
potential advantage of low-cost, fast fabrication by using semiconductor layers of only
a few micrometers thick and high efficiency photovoltaics have been reported at both
the cell and the module levels. CdS via chemical bath deposition (CBD) has been the
most widely used buffer option to form the critical junction in CIGS-based thin film
photovoltaic devices. However, the disadvantages of CdS can’t be ignored -
regulations on cadmium usage are getting stricter primarily due to its toxicity and
environmental impacts, and the proper handling of the large amount of toxic chemical
bath waste is a massive and expensive task.

This dissertation is devoted to the development of Cd-free alternative buffer
layers in CIGS-based thin film solar cells. Based on the considerations of buffer layer
selection criteria and extensive literature review, Zn-compound buffer materials are
chosen as the primary investigation candidates. Radio frequency magnetron sputtering
is the preferred buffer deposition approach since it’s a clean and more controllable
technique compared to CBD, and is readily scaled to large area manufacturing.

First, a comprehensive study of the ZnSe; «Ox compound prepared by reactive
sputtering was completed. As the oxygen content in the reactive sputtering gas
increased, ZnSe;.xOx crystallinity and bandgap decreased. It’s observed that oxygen
miscibility in ZnSe was low and a secondary phase formed when the O, / (O, + Ar)

ratio in the sputtering gas exceeded 2%. Two approaches were proposed to optimize
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the band alignment between the CIGS and buffer layer. One method focused on the
bandgap engineering of the absorber, the other focused on the band structure
modification of the buffer. As a result, improved current of the solar cell was achieved
although a carrier transport barrier at the junction interface still limited the device
performance.

Second, an investigation of Zn(S,0) buffer layers was completed. Zn(S,0)
films were sputtered in Ar using a ZnOg 7S 3 compound target. Zn(S,0) films had the
composition close to the target with S / (S+0) ratio around 0.3. Zn(S,0) films showed
the wurtzite structure with the bandgap about 3.2eV. The champion Cu(In,Ga)Se, /
Zn(S,0) cell had 12.5% efficiency and an (Ag,Cu)(In,Ga)Se; / Zn(S,0) cell achieved
13.2% efficiency. Detailed device analysis was used to study the Cu(In,Ga)Se; and
(Ag,Cu)(In,Ga)Se; absorbers, the influence of absorber surface treatments, the effects
of device treatments, the sputtering damage and the Na concentration in the absorber.

Finally alternative buffer layer development was applied to an innovative
superstrate CIGS configuration. The superstrate structure has potential benefits of
improved window layer properties, cost reduction, and the possibility to implement
back reflector engineering techniques. The application of three buffer layer options —
CdS, ZnO and ZnSe was studied and limitations of each were characterized. The best
device achieved 8.6% efficiency with a ZnO buffer. GaOy, formation at the junction
interface was the main limiting factor of this device performance. For CdS / CIGS and
ZnSe / CIGS superstrate devices extensive inter-diffusion between the absorber and
buffer layer under CIGS growth conditions was the critical problem. Inter-diffusion
severely deteriorated the junction quality and led to poorly behaved devices, despite

different efforts to optimize the fabrication process.
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Chapter 1

INTRODUCTION
1.1 Cu(In,Ga)Se; Photovoltaic Technology

1.1.1 CIGS Thin Film Solar Cells

Solar energy is the ultimate energy source for all life on earth. It’s such a
powerful source that the energy from the sun that falls on the earth in one hour is more
than we need in one year. How to harness the solar energy is always a critical topic for
all human beings. Photovoltaic technology is one of the most important technologies
that are being developed to effectively utilize the solar energy. It directly converts the
incident sunlight into electricity with minimum impact to the environment.

As a renewable energy source, the history of the photovoltaic devices is not
long. Starting from the crystalline Si solar cells in the 1950s, more and more materials
and technologies are being discovered and developed as the newer generations of the
solar devices. Among them, Cu(In,Ga)Se,-based thin film solar cells have been
considered as one of the most promising technologies. Thin film photovoltaic devices
have the advantages of low-cost, fast-fabrication by using semiconductor layers of
only a few micrometers thick. High efficiency Cu(In,Ga)Se; (CIGS) devices have
been reported at both the cell and the module levels worldwide. The champion lab-
scale CIGS device has achieved 22.6% efficiency with the 0.5 cm? cell area [1].
Module efficiencies over 16% have also been demonstrate by several laboratories and

companies [2, 3].



1.1.2 CIGS Solar Cell Configurations

1.1.2.1 Substrate Configuration

High efficiency CIGS-based solar cells normally employ the substrate
configuration which is centered around the CIGS / buffer heterojunction, as shown in
Figure 1.1 (a). In the substrate structure, the device fabrication starts with the
molybdenum back contact deposition on the soda-lime glass (SLG), followed by the
CIGS absorber deposition. A MoSe; interface layer between Mo and CIGS has been
confirmed to form during the high temperature growth of the CIGS layer [4], which
enhances the device performance by providing an ohmic contact. After that is the
buffer layer growth on top of the CIGS to form the critical junction diode of the solar
device. Currently the chemical bath deposited (CBD) CdS is the most common buffer
option (and such devices are referred to as the baseline cells in this work), but other
buffer candidate materials like Zn- or In- compounds and alternative deposition
approaches are being investigated, primarily due to the adverse environmental impacts
of CdS. Then a thin high resistance intrinsic ZnO (i-ZnO) layer and a transparent
conductive oxide (TCO) layer — indium tin oxide (ITO) — are deposited as the front
window layers. The device is completed by the deposition of the Ni/Al contact grids.

The sunlight shines through the TCO window layer.

1.1.2.2 Superstrate Configuration

The superstrate configuration for a CIGS device as shown in Figure 1.1 (b) is
less studied. In this structure the fabrication sequences are reversed compared to the
substrate devices. It starts with the TCO window layer and buffer depositions,
followed by the CIGS absorber growth. The Au back contact is used in this case. The

final solar cell is illuminated through the SLG.



There are several potential advantages of the superstrate structure. It enables
the high temperature process optimization of TCO window layers for improved long-
term optoelectronic properties. Degradation of the TCO layers in substrate cells has
been identified as one mechanism for deterioration of CIGS devices [5]. The
superstrate device offers a pathway to a tandem cell structure [6]. It also provides the
possibility to implement light trapping and back reflector engineering techniques. This
is important for better solar energy utilization of CIGS absorber layers with thickness
below 1 um where a significant fraction of the incident light is not absorbed in a single
pass through the device. Thinner CIGS absorbers are critical for cost-effective module
productions. Furthermore, the superstrate device eliminates the need of a transparent
encapsulation (usually glass or EVA films) as for normal substrate devices, which can

lead to cost and weight reductions.
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Figure 1.1: (a) CIGS-based solar cell in the substrate configuration. (b) CIGS-based
solar cell in the superstrate configuration.



1.1.3 Basics of CIGS Device Operation

The essential component of the CIGS-based solar cells is the p-n junction
formed by the p-type CIGS layer and the n-type buffer layer. The sunlight is primarily
absorbed in the CIGS layer. The photogenerated electron-hole pairs are created and
then separated by the built-in electric field in the space charge region (SCR). The
electrons are transported to the front contact / window layers and the holes are
collected by the back contact. The analysis of CIGS devices is largely dependent on
the previous experience with the crystalline Si solar cells. Considerable efforts have
been put on building the theoretical models to explain the behaviors of interfaces,
defect states, grain boundaries and so on that occur with polycrystalline thin film solar
cells, but the underlying device mechanism of CIGS-based thin film solar cells is still
an incomplete picture.

The CIGS device analysis is mainly about identifying the loss mechanisms,
which generally consist of three categories [7]. The first one is the optical loss that
affects the generation of photo-carriers and the short circuit current (Js) of the solar
devices. Quantum efficiency (QE) is a powerful tool to characterize the optical loss.
The QE results are controlled by the bandgap of the CIGS absorber, front surface
reflection, parasitic absorption in the front window and buffer layer, and incomplete
absorption in the CIGS absorber. The analysis of the QE spectrum with measured
reflection can effectively point out the specific optical loss problems of the devices.
The corresponding optimization solutions include the deposition of anti-reflection (AR)
coating layer, the use of light trapping techniques, the application of wider bandgap
buffer/window material, the improvement of the absorber quality and so on.

The second loss mechanism is the electron-hole recombination in the device

that affects the open circuit voltage (Vo) and fill factor (FF). As shown in Figure.2,



there are several possible recombination pathways in CIGS devices including: 1 —
buffer / absorber interface recombination; 2 — space charge region (SCR) or depletion
region recombination; 3 — quasi neutral region (QNR) or CIGS bulk recombination; 4
— absorber / back contact (Mo) interface recombination. The current — voltage (J-V)

relation of solar cells can be expressed by the general diode equation [7]:

J = Joexpl== (V= RJ1+ G(V = RJJ) — ], (L.1)

And the diode current J, can be further written as:

Jo = Jooexp(— fTbT) (1.2)

Here R stands for the series resistance, G stands for the shunt conductance, and Jy_ is
the light generated current. The analysis of the ideality factor A, the barrier height @y,
and the prefactor Joo can be used to identify the dominant recombination current of a
specific device [8, 9].

A well-behaved CIGS / CdS solar cell is normally controlled by Shockley —
Read — Hall recombination occurring in the SCR or QNR of CIGS layer through deep
trap states, which are lying in the midgap of the CIGS where the supply of both
electrons and holes is adequate [10]. The ideality factor A varies between 1 and 2,
depending upon the energy positions of those defect states [11]. The absorber / buffer
interface recombination is generally not limiting the performance of a baseline CIGS
cell with the CBD-CdS buffer, although defects due to the lattice mismatch and air
exposure do exist at this critical interface. The main explanation of this phenomenon is
the type inversion of the absorber surface region near the heterojunction [9, 12]. The
type inversion makes the absorber surface a thin n* layer as seen in Figure 1.2. Hence
the electrons in this region become the actual majority carriers and the interface

recombination is suppressed by the limited amount of holes. Besides that, the nature of



CIGS Cu-poor surface as discussed in 1.2.1 later leads to a decrease in the valence
band maximum based on the theoretical models [8, 13], also shown in Figure 1.2. This
surface valence band bending forms an effective barrier for the hole transport to the
junction interface and further inhibits the recombination current. However, the story
might be different when the baseline device fabrication steps are modified, including
the application of alternative buffer materials or deposition approaches, and the
variations of the absorber layer qualities. In those cases, the absorber / buffer interface
recombination might severely limit the device performance. The effect of the absorber
/ back contact interface recombination is usually negligible for the baseline CIGS
devices but could be a problem for the devices with the CIGS layer thickness less than
1 um, since once the minority diffusion length exceeds the absorber thickness, the
recombination at the back surface will contribute to the device Voc loss [14, 15]. The
possible solutions include the use of back reflector and a Ga / bandgap gradient

towards the back to repel electrons [16].
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Figure 1.2: The band diagram of CIGS / buffer hetero-junction. The numbered
pathways are the possible electron-hole recombination routes. 1 — buffer /
absorber interface recombination; 2 — SCR recombination; 3 - QNR
recombination; 4 — absorber / back contact interface recombination.

Finally, the last efficiency loss originates from parasitic losses including series
resistance, shunt conductance and voltage-dependent current collection, which are
primarily reflected by the decreased FF but can also affect V. and Jsc [7]. Those

parasitic losses could induce serious fabrication issues during the module production.
1.2 CIGS Absorber

1.2.1 Structural, Optical and Electrical Properties

As a p-type semiconductor material, the CIGS film is the core layer of the
CIGS-based solar devices. It is an alloy of CulnSe, and CuGaSe, with the chalcopyrite
structure, as depicted in Figure 1.3. In and Ga atoms stay on the same lattice sites and

are interchangeable. The lattice parameter c / a ratio is roughly around 2.
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Figure 1.3: The chalcopyrite lattice structure of CIGS.

Cu(In,Ga)Se; is capable of accommodating large variations in compositions
without appreciable difference in optoelectronic properties [17]. Solar cells of good
performance can be fabricated with Cu / (In+Ga) ratio (or I / 11 ratio) from 0.7 to
nearly 1.0 [17]. Cu/ (In+Ga) ratio >1 will form the Cu,Se phase and cause shunting
problems of the device. The nature of the Cu deficiency of the CIGS films leads to the
formation of the ordered defect compounds (ODC phases) like CulnzSes, CulnsSeg as
well as Cu vacancies V¢, at the film surface [18], which turns out to be beneficial to
the device performance as shown in Figure 1.2. The valence band bending near the
junction interface due to Cu vacancies creates a barrier for the hole transport and
therefore reduces the recombination current [12].

The Ga/ (Ga+In) ratio (or Ga/ Il ratio) in the compound affects the lattice
parameters and more importantly, the bandgap (Ey) of CIGS. The Ga/ Ill ratio can be
varied from 0 to 1, accompanied by the Eq ranging from 1.035 eV (CulnSe;) to 1.68
eV (CuGaSey). The composition dependence of the Eg values can be expressed by the

following equation [19]:



E, = 1.04 + 0.65x — 0.26x(1 — x) (1.3)
Here x stands for the Ga / (Ga+In) ratio. More Ga incorporation into CIGS provides a
wider Eq value and therefore enhanced open circuit voltage V. but reduced short
circuit current Jg of the device as a trade-off. The optimal device performance is
usually obtained with the Ga / 11 ratio around 0.3 — 0.4, corresponding to the CIGS Eg
about 1.18 eV to 1.24 eV.

CIGS is called the absorber layer in the solar devices since it’s where the
sunlight spectrum gets absorbed and electron-hole pairs are created. CIGS is a direct
bandgap material. The absorption coefficient o of CIGS is higher than 3*10* / cm for
photon energies (hv) larger than 1.3 eV [19]. The high absorption coefficient means
that 95% of the solar illumination with the photon energy above the Eg4 can be
absorbed within the first 1 um of CIGS film, while for crystalline Si it needs more
than 100 um thickness to absorb that much solar energy. The comparison is clearly
depicted in Figure 1.4. This is one of the reasons why CIGS is a promising cost-
effective photovoltaic material. In the real manufacturing environment the thickness of

CIGS layer is usually around 1.5 - 2 pum.
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Figure 1.4: The total fraction of photons with hv>Eg in the AM1.5 solar spectrum
absorbed in CIGS as a function of film thickness, compared to the
crystalline Si [7].

The device-quality CIGS film is a polycrystalline system, as seen from the
cross section SEM image in Figure 1.5 [7], where the CIGS is grown on the Mo back
contact. The grain size is usually on the order of 1 um or even through the film
thickness, varying a lot depending on the growth methods and conditions. A great
amount of grain boundaries and structural defects including voids, dislocations,
stacking faults have been observed in the chalcopyrite system, however, the CIGS
solar cells seem insensitive to those imperfections and still produce over 20%
efficiencies routinely. Unlike the case with crystalline Si, no significant recombination
loss has been found at the grain boundaries [20], making CIGS a remarkably forgiving

material.
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Figure 1.5: The cross-section SEM image of CIGS grown on Mo back contact [7].

There are also a variety of intrinsic defects present in the CIGS material system
confirmed from the photoluminescence measurements. Some of those are native p
type dopants of CIGS [18]. The minority carrier density of the CIGS absorber is on the
order of 10" — 10 /cm?® [21] and the electron mobility from capacitance-based

measurements is about 5 — 20 cm?/Vs [22].

1.2.2 Effects of Sodium

The presence of sodium in the CIGS-based absorbers plays a critical role in
achieving high efficiency devices. Although a definitive picture of the working
mechanism of sodium is still lacking, it’s well accepted that sodium is involved in the
passivation of defect states at the CIGS film surface and along the grain boundaries,
which reduces the recombination current and leads to Vo improvements [7, 23]. Na
also helps to increase the free carrier density in the bulk absorber layer [24]. The SLG
substrates commonly used for CIGS solar cells are a good source of sodium. During
the high temperature growth of the absorber layer, sodium from SLG diffuses through

the Mo back contact and into the bulk of the absorber layer. Sodium can also be added
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intentionally during the absorber layer deposition depending on the specific

experimental needs.

1.2.3 Effects of Ag Alloying

Based on Shockley-Queisser calculations [25], the optimal bandgap value of
the absorber layer should be around 1.35 eV for the maximized utilization of the solar
spectrum. Aluminum alloying with CulnSe;, to form Cu(In,Al)Se; [26] and sulfur
incorporation into CIGS to form Cu(In,Ga)(Se,S), [27] have been reported to increase
the bandgap of CIGS-based materials. The incorporation of more Ga into the CIGS
material system is certainly another way to widen the bandgap, but the device
efficiencies have been demonstrated not to vary linearly [28] as a function of Eg. One
proposed reason is that a defect band at 0.8 eV above the valence band moves close to
the midgap and becomes a more efficient recombination center as the Ga / (Ga+In)
ratio increases [29].

It’s been found that Ag alloying with CIGS to form the (Ag,Cu)(In,Ga)Se;
(ACIGS) compound is another effective approach to obtain the wider bandgap
absorbers [30]. As the Group | element, Ag replaces some of Cu atoms in the
chalcopyrite system. Ag alloying lowers the melting temperature of the compound and
therefore reduces the structural defect densities of the absorber layer [31]. Detailed
material characterizations of ACIGS can be found in [30]. An ACIGS device with

19.9% efficiency has been demonstrated in our lab [32].
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1.3 Buffer Layer

1.3.1 Selection Criteria

Historically, the introduction of a thin buffer layer — CdS — into Cu(In,Ga)Se,-

based chalcopyrite thin film solar cells was a significant step in the development of

higher efficiency [33]. The buffer layer is an n-type material to form the p-n junction

of the photovoltaic devices. Cu(In,Ga)Se, cells with a CdS buffer layer have shown

the best and most reliable performance, and the basic configuration of typical

Cu(In,Ga)Se; devices has not changed much since then.

Formation of the hetero-junction between the p-type CIGS absorber and the n-

type buffer layer is of critical significance to the device performance. There are

several important criteria that need to be considered when selecting a suitable buffer

material:

Wide bandgap (Eg). The sunlight illuminates through the window layer
side as shown in Figure 1.1. It should be mainly absorbed in the bulk
CIGS where the electron-hole pairs are generated and contribute to the
photocurrent. Hence the Eq of the buffer layer is should be wide enough
to avoid undesirable absorption of the solar spectrum. The normally
used ITO window layer in the CIGS devices has Eq over 3.3 eV. Ideally
the buffer material should be of similar value to allow the short
wavelength light to reach the CIGS absorber.

Suitable conduction band alignment. The conduction band alignment at
the absorber / buffer interface is critical to the minority carrier transport.
According to Anderson’s model [34], the conduction band offset (CBO)
can be estimated by CBO = yapsorber - Ybuffer» WNEre Yansorber AN Y puffer
are the electron affinities of the materials. For CIGS with baseline
composition (Cu/(In+Ga) ~ 0.9, Ga/(In+Ga) ~ 0.3), the electron affinity
is reported to be 4.5 eV [35]. If the conduction band minimum of the
buffer is below that of the absorber at the junction interface, CBO is
negative and a cliff structure forms as seen in Figure 1.6 (a). In this

case the electron — hole recombination current will increase
dramatically which limits the V. performance of the solar cells [36]. If
the conduction band minimum of the buffer is well above that of the
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Figure 1.6:

absorber, CBO is positive as seen in Figure 1.6 (b) and a huge spike
structure forms at the interface. The electron transport from CIGS to

the n side buffer will be severely blocked. The J. and efficiency of the
device will then drop sharply [36]. However, if CBO is less than 0.5 eV,
the small spike will not become the carrier collection barrier since the
electrons can be assisted by the thermionic energy to overcome the
small spike [37]. Therefore, the preferred CBO range between the
buffer and the absorber is0 eV — 0.5 eV.

collection collection
< —

(a) Band diagram of the CIGS / buffer heterojunction with the cliff
structure of the conduction band alignment (CBO < 0). (b) Band diagram
of the CIGS / buffer heterojunction with the spike structure of the
conduction band alignment (CBO > 0).

Other parameters that could have minor influence on the cell
performance include the lattice parameter mismatch and thermal
expansion coefficient match between the buffer layer and the absorber
layer.

Above mentioned are the general criteria for the buffer materials in the

commonly used substrate device configuration. For the innovative CIGS superstrate

configuration, there are extra requirements that need to be considered. The thermal

and chemical stability of the n-type buffer material is of the greatest importance. The

inter-diffusion and chemical reactions are more likely to occur at the interface here
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than in the substrate structure, since the CIGS absorber is deposited onto the SLG /
window layer / buffer stack at a high temperature, usually around 550 °C. Chemical
reactions and inter-diffusion between the buffer and the absorber can lead to interface
defects, doping of the absorber and formation of undesirable phases, all of which can
be detrimental to the device performance.

An ideal material would fulfill all of the selection criteria but it is challenging
to find a material with all of the required properties. Yet several materials have
sufficiently desirable properties and could be applied in CIGS solar cells as the
promising buffer candidates. Table 1.1 compares the basic properties of several buffer
candidate materials with CdS. The possible thermal reaction pathways in the
superstrate configuration are also proposed. Detailed discussions will be presented in

Chapter 5.

Table 1.1:  Properties of candidate buffer materials.

Material e Electron CBO Most likely reaction AG[38]
(eV) affinity (eV) (eV) (in superstrate structure) (kJ/mol)
Cds 2.4 [39] 4.2 [39] 0.3  Ga,Ses+CdS--> Ga,S;+CdSe -73.4
Zn0 3.3 [39] 4.6 [40] -0.1 3Zn0+Ga,Se; --> 3ZnSe + Ga,0; -147.5
ZnS 3.8 [41] 3.9[42] 0.6  3ZnS+Ga,Se; --> 3ZnSe + Ga,S; -21.8
ZnSe 2.7 [41] 4.1[42] 0.4 ZnSe + 2 Cu -->Zn+Cu,Se 72.7
In,Ss 2.7 [43] ? ? In,S; + Cu,Se --> 2Culn(S,Se), ?

1.3.2 CdS Buffer Layer
CdS deposited via chemical bath deposition (CBD) has been the most widely
used buffer option in CIGS-based thin film photovoltaic devices. It still produces some

of the highest-efficiency lab-scale and module-scale devices, and CBD proves to be a

15



robust and reproducible process. The CBO between CdS and CIGS is reported to be
0.3 eV [44], falling into the optimal CBO range for the well-behaved solar devices.
Besides the preferred electronic band alignment, it’s proposed that the Cd doping of
the absorber during the chemical bath process helps to invert the surface CIGS into a
n* layer and achieve the favorable conduction band downward bending at the interface,
which is beneficial for the photoelectron collection [45]. There have been a few
investigations on the CdS depositions by ‘dry’ methods, e. g., sputtering or PVD, but
the device performance cannot compete with the CBD-CdS, with the efficiencies
usually below 10% [46, 47].

However the drawbacks of CdS can’t be ignored. The parasitic light absorption
in the CdS buffer layer accounts for approximately 2 mA/cm? loss in short circuit
current of the device if the typical 50 nm thickness is applied since the E4 of CdS is
only 2.4 eV [48]. The proper handling of the large amount of toxic chemical bath
waste can be a massive and expensive task. What’s more, the regulations on cadmium
usage are getting stricter around the world primarily due to its toxicity and

environmental impacts.

1.3.3 Alternative Buffer Layers

Because of the disadvantages of the CdS buffer, the search for environment-
friendly alternative buffer layers with a wider bandgap continues. A wide variety of
Cd-free buffer candidate materials deposited by various approaches have demonstrated
excellent device results. The primary focus is on Zn- and In- compounds, including
Zn1xMgxO by magnetron co-sputtering [49, 50], Zn(S,0,0H) by CBD [51-53] or
atomic layer deposition (ALD) [54] or molecular beam epitaxy (MBE) [55] or
magnetron sputtering [56], Zn(Se,0,0H) by CBD [57, 58] or metal organic chemical
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vapor deposition (MOCVD) [59] or ALD [60], In,S3 by atomic layer chemical vapor
deposition (ALCVD) [61] or spray-ion layer gas reaction (ILGAR) [62] or physical
vapor deposition (PVD) [63, 64] or ultrasonic spray pyrolysis (USP) [65].

Above mentioned work has shown the great promise of the Cd-free buffer
materials. The mainstream buffer layer growth approach is still the chemical bath
deposition, but more and more efforts have been dedicated to the ‘dry’ methods that
are more applicable and convenient to the large-scale manufacturing environment,
including sputtering, PVD and so on.

ZnSe is one of the promising alternative buffer candidates. Compared to CdS,
ZnSe has a wider bandgap of 2.7eV [66], which leads to less absorption loss in the
buffer. Due to the complicated nature of the interface properties and measurement
approach limitations, the accurate conduction band offset between ZnSe and
Cu(InGa)Se,-based absorber layer is experimentally difficult to determine, but it’s
well accepted that a large spike type (> 0.5 eV) of CBO tends to form [67]. Two
approaches are proposed in this work to modify the conduction band alignment of the
CIGS / ZnSe junction. One method focuses on the absorber layer bandgap engineering,
the other focuses on the buffer layer band structure modification via oxygen
incorporation by means of RF reactive sputtering. Compared to CBD [58] or MOCVD
[59], sputtering deposition is more applicable to the manufacturing productions.

Among the various Cd-free buffer options, Zn(S,0)-based material has been
the most successful one. The main problem of using binary ZnS as the alternative
buffer in CIGS devices is the electron affinity mismatch, which will create a huge
conduction band spike > 0.6 eV at the absorber / buffer junction interface and block

the minority carrier transport [36]. It’s been reported that by alloying ZnS with ZnO
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to form the intermediate compound Zn(S,0), the conduction band position can be
modified [68] to achieve a desired band alignment with the absorber layer. Chemical
bath deposition is one way to produce the intermediate compound Zn(S,0). CBD-
Zn(S,0) buffer has always been producing outstanding device performance [51-53],
and finally achieves the world record CIGS-based solar cell recently with 22.3%
efficiency [69]. Besides that, over 18% CIGS / Zn(S,0) devices with the buffer
deposited by magnetron sputtering have been reported recently [56], further
demonstrating its great potentials as the alternative buffer material in the CIGS solar

industry for large-scale manufacturing production.

1.4 Thesis Statement

This dissertation proposes that: 1. the toxic CdS in CIGS-based photovoltaic
devices can be replaced by environmentally friendly alternative buffer materials; and 2.
Radio frequency magnetron sputtering can replace chemical bath deposition as the
buffer layer deposition approach with benefits for large - scale industrial
manufacturing. ZnSe;.xOx and Zn(S,0) compounds are chosen as the primary
investigation candidates. The material characterizations of the Zn-compounds are
conducted, and the applications in both substrate and superstrate CIGS-based devices
are investigated.

Chapter 2 gives the detailed information about the relevant thin film deposition
techniques, the material characterization metrologies and the device analysis
techniques applied in this work.

Chapter 3 provides the comprehensive study of the ZnSe;.xOx compound
prepared by reactive sputtering. The ZnSe;.xOx compound composition is varied by

controlling the O,/(O,+Ar) ratio of the sputtering working gas. Material property
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changes with the ZnSe;.xOx composition changes that arise due to process variations in
a reactive sputtering approach will be analyzed in detail. The application of the ZnSe;.
xOx alternative buffer in CIGS-based solar devices will then be discussed.

Chapter 4 focuses on the investigations of Zn(S,0) buffer material. The
Zn(S,0) films are deposited by magnetron sputtering of a compound target ZnSy 300 7.
The structural, compositional and optical properties of the sputtered Zn(S,0) films are
studied by various material characterization techniques. The discussions of the
applications of Zn(S,0) buffer in CIGS-based solar cells include the use of CIGS and
ACIGS absorbers, the influence of the absorber surface treatments, the effects of post-
device treatments, the sputtering damage and the sodium concentration in the absorber.

Chapter 5 talks about the buffer layer development in the framework of the
innovative superstrate CIGS configuration. The essential components of this chapter
are the absorber / buffer interface characterizations and superstrate device behavior
analysis. The potentials and limitations of three buffer layer options — CdS, ZnO and
ZnSe are studied. The specific problems of the superstrate device behaviors are
identified and compared. In-depth interface characterizations are used to investigate

the root causes that limit the device efficiencies.
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Chapter 2

EXPERIMENTAL METHODS
2.1 Thin Film Deposition
2.1.1 RF Magnetron Sputtering of Zn-Compound

2.1.1.1 Sputtering Technique

The sputtering process is considered as an environmentally friendly material
engineering technology. In recent years, the progress in the study and understanding of
the plasma physics has led to the wide application of sputtering in the semiconductor
industry as a key approach for thin film depositions. In this work, RF magnetron
sputtering is employed for Zn — compound alternative buffer layer depositions.

As depicted in Figure 2.1, a standard sputtering system is composed of a pair
of parallel electrodes. The target material is placed on the cathode and the cooling
water circulates beneath. The cathode is connected to the power supply and negatively
biased. Sample substrates are located on the anode which is usually grounded. The
thermal heater can be installed near the anode for the cases where high temperature
growth is needed during the film sputtering. Inert gas like Ar is usually chosen as the
sputtering working gas. The glow discharge is initiated and sustained by the ionization
of Ar atoms in the electric field between the electrodes. The Ar” ions are accelerated
towards the cathode by the electric field and strike the target. The target atoms are

then ejected by the energetic Ar* ion bombardment. The sputtered atoms traverse

20



through the plasma region and land onto the substrates to form the desired thin films.
A plasma environment, active electrodes that participate in the deposition process, and

low — temperature processing are distinct features of the sputtering technology [70].

Anode [ Substrate

Thermal heater

Gas inlet ——> © —> To vacuum pump

Power supply = Cathode / Target

Figure 2.1: The schematic of the sputtering system.

Due to its relatively simple system setup and high deposition rate, DC
sputtering is widely used for metal alloy targets which consist of conductive materials.
However, if insulator targets are used, Ar* positive ions will build up immediately
near the target cathode, which keeps the glow discharge from sustaining [71]. This
problem can be solved by substituting the DC power supply with the RF (AC) power
supply. Therefore, RF sputtering is often used for high resistance target materials. An
impedance — matching network is included in the RF sputtering system setup. The

electrodes can be viewed as a dielectric capacitor and the impedance of the capacitor
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drops with increasing frequency. Thus the glow discharge can be sustained [70]. The
frequency used in the RF sputtering system is usually 13.56 MHz.

The sputtering system is further optimized by the superimposition of the
magnetron field with the electric field. In the magnetron sputtering system, permanent
magnets are installed at the cathode in a way that the magnetic field is perpendicular to
the electric field between the electrodes. Due to the Lorentz force, electrons are
trapped and forced to move in a cycloidal hopping orbit. This significantly enhances
the probability of electron - gas collisions and the gas ionization efficiency, which
then results in more cathode sputtering and the increased film growth rate. The
working gas pressure needed to sustain a stable glow discharge can also be lowered
because of the confined electron movements in the magnetic — electric field. This
again helps to increase the deposition rate since the collisions and scatterings between
the sputtered particles and gas phase are reduced, and the sputtered — species flux is
more directional to the anode substrates [70]. The targets used in the magnetron
sputtering are usually found to have a circular erosion pattern or a ‘racetrack’ ditch.
Figure 2.2 gives one example of a ZnO target with such racetrack pattern. The non-
uniform plasma sputtering of the targets is a typical feature of the magnetron
sputtering system. Owing to the confined electron motions, the gas ionization and the
plasma are most intense above the racetrack. A circular glow discharge is often
observed and leads to the preferential sputtering along the racetrack. The non-uniform
sputtering shortens the target life time and results in the waste of materials. This
problem can be lessened by the application of swept — field magnetrons where the
permanent magnets installed near the cathode target are mechanically moved, so are

the confined electron movements and the glow discharge region [70].
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Figure 2.2: A ZnO target used in the magnetron sputtering system showing the
typical racetrack erosion pattern.

Reactive sputtering is achieved when a reactive gas is introduced into the inert
gas (Ar) and the gas mixture is used as the sputtering working gas. The resulting
sputtered films are thus target materials ‘doped’ with the reactive element from the
working gas mixture. For instance, oxide or nitride films can be fabricated by
sputtering metallic targets in O, / Ar or N, / Ar gas environments. Compared to the
direct sputtering from a compound target in pure Ar for substrate films with a fixed
composition, reactive sputtering is more versatile and adjustable. The partial pressure
and gas flow rate of the reactive gas components provide more possibilities to vary the
compositions and properties of the sputtered thin films. During the reactive sputtering,
the reactions to form the compounds take place near both of the electrodes; therefore
the compound deposition is expected at the anode substrate as well as the cathode
target. The compound formed on the target surface is then sputtered again by ion

bombardment with usually different sputter yield and sputter rate. Conditioning of the
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cathode target in pure Ar can help to restore the original target surface status in this
case [71].

The sputtering system used in this work is shown in Figure 2.3. It is a cryo-
pumped high vacuum thin film deposition system. One circular TORUS magnetron
sputter source from Kurt J. Lesker is installed inside the deposition chamber with
cooling water circulation. The size of the sputter target is 4” in diameter. A rotational
sample tray is located 8.5 cm above the sputter source. Four substrate holders can be
loaded at a time, and each holder has four spots for 1”x1” samples. A substrate heater
is installed above the sample tray and up to 550 °C heating of the substrates can be
achieved. An MKS gas low controller is used to control the sputtering gas flow rate.
The chamber pressure is maintained at around 4 x 10 Torr before initiating the

plasma and can be varied from 5 mTorr to 50 mTorr during the sputtering process.
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Figure 2.3: (a) Front view of the sputter system. (b) Inside view of the deposition
chamber.
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2.1.1.2 Sputtering of Zn-Compounds

Reactive RF magnetron sputtering was employed for ZnSe; «Oy depositions.
ZnSe1.xOy films were deposited onto SLG and Si wafer substrates for the purpose of
material characterizations and onto SLG / Mo / CIGS for device preparations. ZnSe
was used as the cathode target. Ar and O, were chosen as the sputtering working gas.
The total gas flow was maintained at 30 sccm. The O, content of the sputtering gas
mixture (O%) was changed in order to vary the oxygen content of ZnSe; Oy films. A
series of samples were prepared in different oxygen - content environments: 0% = 0%
- 1.4% with a step size of 0.1% for detailed investigations. The sputtering power
density was 1.48 W/cm? and the sputtering pressure was kept at 10 mTorr. No
intentional substrate heating was applied in this case. The film thickness was
determined by a Dektak mechanical step profilometer. The desired thickness was
obtained by adjusting the deposition time.

Zn(S,0) films were deposited in the same sputtering system. In this case, a
Zn(S,0) compound target was purchased from Process Materials Inc. with 70 at%
ZnO and 30 at% ZnS powder mixture. The sputtering conditions were similar to that
of ZnSe;.xOx films except that no reactive sputtering was carried out and only pure Ar
was used as the working gas. The substrate heating during sputtering was applied to
study the dependence of materials properties on growth temperature. The investigation

range was from room temperature up to 200 °C.

2.1.2 Physical Vapor Deposition of CIGS
Physical vapor deposition (PVD) is used for the CIGS absorber growth in this
study. It is a thermal co-evaporation process where the Cu, In, Ga, and Se elemental

sources are placed in Knudsen effusion cells and delivered simultaneously to the
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substrates by resistive heating [72]. Figure 2.4 (a) gives an illustration of the lab —
scale evaporation system, and Figure 2.4 (b) shows the inside view of the evaporation
chamber. The substrates are loaded above the elemental sources. The angles of the
source bottles are adjusted to point to the center of the substrate holder. Depending on
the system design and the elemental fluxes needed, the metal sources (Cu, In, Ga) are
typically heated over 1000 °C and the Se source temperature is around 350 °C. The
substrates loaded are usually Mo / SLG and heated to the range of 350 °C — 550 °C.
Thermocouples are inserted to monitor and control the substrate temperature profiles.
High temperature around 550 °C is needed for the proper growth of CIGS absorbers
with good qualities and high crystallinities. However, in some cases the substrate
temperature is lowered intentionally to reduce the thermal load to the substrate stack

materials especially in the superstrate device configuration.

(a)

Substrate Heater
Substrate at 400-600 °C

Evaporation Sources
for Cu, In, Ga, Se, (Ag)

To vacuum pump

Figure 2.4: (a) The illustration of a laboratory evaporation system for CIGS
productions. (b) Inside view of the evaporation chamber.
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The absorber composition variations and the film growth rate are determined
by the elemental fluxes and effusion rates, which are directly controlled by the source
bottle temperatures. The absorbers are Cu — poor with Cu / (In+ Ga) ratio about 0.8 —
0.9 since Cu-rich will cause the shunting of the solar devices [73]. The Ga/ (In+Ga)
ratio is around 0.3 — 0.4 (corresponding to Eq = 1.18 eV — 1.24 eV based on Chapter 1
section 1.2.1) for the baseline process and can be varied by adjusting the relevant
source bottle temperatures. The baseline film thickness is about 2 um.

Based on the elemental flux sequences and source bottle temperature profiles,
there are two primary co — evaporation processes. Both have produced CIGS films
with high qualities and excellent device performance in our lab. The first one is single
— stage process in which all fluxes are constant throughout the deposition [74]. The
elemental constituents are evaporated simultaneously to the substrates for CIGS
growth. The composition distribution along the film thickness is expected to be no
variations. This is the simplest co — evaporation process. But it usually takes several
test runs to establish a reproducible process with target film compositions due to the
flux fluctuations and the lack of control during the evaporation course.

Most of the highest efficiency CIGS devices worldwide are fabricated with the
other co — evaporation process — three — stage process in which Group | and Group 111
elemental fluxes are separated [74]. Sufficient Se flux is provided during the entire
process. The first stage starts with the In and Ga evaporation to form (In, Ga),Se;
compound and determines the final film thickness. Cu evaporates in the second stage
and diffuses into (In, Ga),Se; to form CIGS until the film composition reaches the
stoichiometry point (Cu / (In+Ga) = 1). After that, CuxSe compound forms on the

surface and changes the film emissivity, which can be immediately picked up by the
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substrate thermal couple monitor (End Point Detection) [75]. The CuSe secondary
phase formation has been reported to benefit the CIGS grain growth [76] but no
conclusive answer has been reached yet about its function on the improvements of
device performance [77]. The second stage produces Cu — rich films with Cu / (In+Ga)
ratio =1 — 1.1. The third stage is again In and Ga evaporations to bring the films back
to Cu — poor status. The final Cu — poor composition can be guaranteed by the End
Point Detection approach. Due to the different elemental diffusivity and flux
sequences, composition gradients are present in the three-stage CIGS films with a Ga
notch in the bulk of the film and increasing Ga / (In+Ga) ratios towards the front and
back surfaces [78]. Composition gradients lead to the bandgap variations, which
proves to closely relate to the device performance [79]. Three — stage is more
complicated than single — stage deposition, but it is a better controlled and more
reproducible process. It also provides more knobs to tune the absorber properties.

A Ag source has also been installed in the evaporation system for the
production of ACIGS absorbers [80]. Ag evaporation temperature profile follows that
of Cu, and the baseline Ag/ (Ag + Cu) ratio is around 0.2. The effusion rate is again

adjusted by controlling the source bottle temperature.

2.2 Material Characterizations

2.2.1 Structural Characterization

Thin film structural properties were characterized by symmetric X-ray
diffraction (XRD) in a 0 - 26 geometry with a Philips / Norelco wide angle goniometer.
The X-ray source was Cu Ko radiation with a wavelength of 0.15418 nm. The X-ray

incident beam was produced by the high energy electron bombardment of the Cu
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target and irradiated the sample with an angle 0 to the surface. The diffracted X-ray
beam was collected by the detector with a 20 angle to the incoming beam. Due to the
0 - 20 geometry setup, the diffraction patterns were mostly contributed from the lattice
planes in parallel to the sample surface. The symmetric XRD usually showed the
information of the bulk of the thin film samples as well as the underlying substrate.
The superimposed XRD patterns sometimes made the data analysis challenging.

The grazing incidence X-ray diffraction (GIXRD) technique was also
employed with a Rigaku D/Max 2200 system. The asymmetric X-ray measurements
had the Cu Ka beam incoming at a fixed angle to the sample surface and only the
detector moving during the scan course. In this way the resulting patterns contained
the diffraction peaks from randomly oriented grains and lattice planes, since the
scattering vector direction was changing with the detector rotating and not always
perpendicular to the sample surface any more [81, 82]. Due to the nature of the
geometry setup, GIXRD was better suited for the randomly oriented polycrystalline
thin films. The X-ray beam incoming angle could be varied as needed, which led to
the X-ray beam penetration depth change. Therefore, GIXRD could be a surface-
sensitive technique when the small angle incidence was used and avoided the pattern
interference from the substrate; it could also detect the structural property evolutions
along the film thickness when different incident angles were used. The structural
properties of the thin film materials are better characterized when the symmetric XRD
is used in combination with the asymmetric GIXRD.

The primary techniques used to determine the material compositions were
Energy Dispersive X-ray Spectroscopy (EDS) by Oxford Instruments with an

AMRAY 1810 scanning electron microscope (SEM) and X-ray Fluorescence
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Spectroscopy (XRF) with an Oxford Instruments X-Strata 980 X-ray fluorescence
spectrometer. Both EDS and XRF technologies utilize the characteristic X-ray
energies emitted by the specific elements upon irradiation to identify and quantify the
species. The irradiation source of XRF is X-ray beam, while EDS uses high energy

electron beam with an accelerating voltage of 20 KV.

2.2.2 Optical Characterization

The optical properties of the samples were characterized by a PerkinElmer
Lambda 750 UV/Vis/NIR spectrophotometer equipped with an integrating sphere. The
thin films were deposited onto SLG substrates for the transmittance and reflectance
measurements in the wavelength range usually from 300 nm to 1200 nm. Based on
the optical measurements, the absorption coefficient a of the thin films can be

calculated by relation [83]:

_R)2
a = %ln% (2.1)
Where T and R stand for transmittance and reflectance, d is the film thickness
determined from the Dektak profilometer or cross-section SEM measurements.

The absorption coefficient o can be expressed by the following equation:
a(hv) ~ (hv — E4)™ (where ho is the photon energy), and n is 1/2 for direct optical
transitions [83]. Thus the bandgap values of the thin film samples can be derived by

linear extrapolation of (ahv)? versus hv plot to X axis.

2.2.3 Surface Characterization
The surface properties of the samples were characterized by X-ray
Photoelectron Spectroscopy (XPS). The XPS system is Physical Electronics 5600

series equipped with a dual Al/Mg anode X-ray source. The measurements were taken
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in ultra-high vacuum environment around 10”° to 10™° Torr. The X-ray source used
was monochromatic Al Ka with photon energy hv = 1486.7 eV or Mg Ka, with hv =
1253.6 eV. The incoming X-rays irradiate the sample and lead to the emission of
photoelectrons from specific electron orbitals. The detector measures the kinetic
energies of the emitted electrons. The binding energies of the electron orbitals from

which the photoelectrons originate can therefore be derived based on the equation [84]:

B.E.= hv — K.E. —¢; (2.2)
Where B.E. and K_.E. stand for binding energy and Kinetic energy, hv is the incoming
X-ray photon energy, and ¢s is work function of the spectrometer (known factor).
Once the binding energies are determined, the atomic species can be identified, since
each element has its unique electronic structure and a characteristic binding energy
spectrum. The chemical state of elements can also be identified from XPS
measurements. The compound formation or chemical environment change will modify
the electronic structures of the elements involved, which is reflected by the binding
energy shift of the orbital peak positions on the XPS spectrum. Due to the existence of
atomic sub-orbitals, the spin-orbit splitting of p, d, and f levels is often observed,
shown as the binding energy peak splitting on the spectrum. The binding energy peak
intensities or areas can furthermore be utilized to quantitatively determine the atomic
concentrations or composition ratios of the samples.

After the photoelectric event, there is an electron vacancy left in the inner
atomic orbital. The ionized atom may get relaxed through the process where an
electron from an outer orbital fills in the vacancy. The released energy equal to the
difference between the two orbital involved can be absorbed by a second electron from

an outer orbital, leading to the emission of Auger electron. The kinetic energies of
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Auger electrons are independent of the primary X-ray source (Al Ko/ Mg Ka). The
emission process of photoelectrons and Auger electrons is shown in Figure 2.5. Auger
electron peaks can also be used to identify elemental species and their chemical states.
The mean free path of electrons in solid samples is small due to the energy loss from
collisions or scattering, meaning that only the photoelectrons emitted from the top few
atomic layers can have enough Kinetic energies to escape the sample surface and be

captured by the detector, which makes XPS a surface-sensitive technique.
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Figure 2.5: The schematic of the photoelectron emission process (left) and the Auger
electron emission process (right).

2.2.4 Interface Characterization

The XPS system is equipped with an Ar ion gun for sputter-etching of the
sample loaded into the vacuum chamber, which makes the system capable of doing
depth profile measurements. The depth profiling of a sample was achieved by the
repetition of the “sputter-etching / XPS scan’ cycle. The etching rate was about 1 nm /

min calibrated for CIGS films with 3 KV voltage applied. The depth profile
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measurement demonstrated the elemental distributions and chemical state change
along the film thickness. It also facilitated the access to the critical interface properties
of multi-layer samples. ‘Soft” Ar* etching with only 500 V voltage applied was used in
some cases to get rid of surface C-O contaminations with minimal etching, which
helped to expose the real sample surface to the X-ray beam while still reserving the
surface properties.

The interface properties were also characterized by high resolution
transmission electron microscopy (TEM) using a JEM-2010F transmission electron
microscope. The specimens were prepared by Zeiss Auriga-60 dual beam high

resolution scanning electron microscope (SEM) and focused ion beam (FIB).
2.3 Device Fabrication and Analysis
2.3.1 Substrate CIGS Devices

2.3.1.1 Device Fabrication Steps

The commonly used substrate CIGS devices have the basic structure: SLG /
Mo / CIGS / buffer / i-ZnO / ITO / grids as shown in Figure 1.1. The device
fabrication started with Mo back contact deposition on SLG by DC sputtering with a
thickness around 700 nm, followed by the multi-source co-evaporation of the absorber
layer. ACIGS / CIGS absorbers and one-stage / there-stage evaporation process were
used depending on the experimental requirements. Next step was the buffer layer
deposition to form the heterojunction with the absorber layer. This will be described in
details in section 2.3.1.2. The front window layers were high-resistance ZnO
(resistivity around 1-100 Q cm [85]) of ~50 nm and ITO layer (resistivity around 10
—10° Q cm [85]) of ~150 nm, both of which were deposited by magnetron sputtering.
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The devices were completed with Ni/Al metal grids by electron-beam evaporation and

then mechanically scribed to the defined cell area of 1 cm? or 0.4 cm?.

2.3.1.2 Buffer Layer Deposition

CdS is the most commonly used buffer material and usually grown by
chemical bath deposition (CBD). Figure 2.6 shows the laboratory apparatus for CBD
of CdS [86]. The solution contained three main ingredients: CdSQO, (0.015M),
Thiourea (NH2)CS (0.75M) and ammonia to make it an alkaline environment. The
beaker containing the solution was placed in a water bath and preheated to a
temperature around 65 °C. The absorbers were then immersed into the solution for the
CdS buffer growth. Typically 14 min growth produced a CdS layer of ~ 50 nm

thickness.
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Figure 2.6: The laboratory apparatus for chemical bath deposition of CdS and wet
surface treatment of the absorber surface prior to the alternative buffer
Zn-compound depositions [7].
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ZnSe;.xOyx and Zn(S,0) buffer materials were deposited by RF magnetron
sputtering. ZnSe;xOyx was reactively sputtered from a ZnSe target in O,/Ar
environment; Zn(S,0) was sputtered from a Zn(S,0) targets in Ar. The detailed

sputtering conditions were described in section 2.1.1.2.

2.3.1.3 Wet Chemical Surface Treatment of the Absorbers

CIGS samples transferred from the absorber evaporation system to the Zn-
compound sputtering system inevitably exposed the absorber surface to the air.
Carbon and Oxygen related contaminants and Na compounds [23] would accumulate
on the (A)CIGS surface quickly and modify the absorber / buffer interface properties
significantly. Therefore various wet chemical treatments and cleaning procedures of
the absorber surface prior to the Zn-compound buffer sputtering were conducted and
compared as listed below:

Water rinse. The absorbers were rinsed in room temperature nano-pure water,
blown dry by N and then loaded into the sputtering system.

Cd?* partial electrolyte (Cd PE) treatment. The solution was prepared with the
same chemical molar concentration as the solution used for CBD of CdS except that
no Thiourea was added. The solution was placed in a 65 °C water bath. The absorbers
were immersed into the solution for 1min, then rinsed in nano-pure water, blown dry
and loaded into the sputtering system.

Zn?* partial electrolyte (Zn PE) treatment. The solution was prepared with
ZnS0O, (0.025M) and ammonia. The treatment procedure was the same as Cd PE

treatment.
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KCN cleaning. The KCN solution was pre-heated to 60 °C. The absorbers were
immersed into the 10% KCN solution for 1min, then rinsed in nano-pure water, blown
dry and loaded into the sputtering system.

The mechanism for the above mentioned absorber surface treatments will be

further explained in section 4.3.3.1.

2.3.2 Superstrate CIGS Devices

Three buffer materials CdS, ZnO, and ZnSe were tested and compared in the
superstrate CIGS configuration. Substrates for all samples were SLG coated with 300
nm thick ITO. Samples were then loaded into the RF magnetron sputtering system for
the deposition of ZnO or ZnSe buffer layers. Chamber pressure was maintained at 10
mTorr and sputtering power density was 1.2 W/cm?. The baseline ZnO / ZnSe layer
thickness was 100 nm / 70 nm. Films were deposited with no intentional substrate
heating except in a few cases where ZnO was sputtered at substrate temperature T =
500°C for improved thermal stability. Experiments with CdS buffer were guided by
the approaches that were developed for superstrate CdTe solar cells. First a 20 nm
Ga,03 high resistance layer was formed on the SLG / ITO by high temperature
oxidation of a Ga thin film [87]. Then a 100 nm CdS layer was deposited via a
chemical surface deposition (CSD) process [88]. This formed films with significantly
reduced density of particulate defects on the surface which were commonly observed
with a conventional chemical bath deposition due to inhomogeneous CdS growth in
the bath. Some CdS films were then annealed in parallel — plate CdClI, vapor (where a
plate dipped in CdCl; solution was placed above CdS films to provide the CdCl, vapor

at 425°C for 10 mins [87, 89] in order to crystallize the films and increase material
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thermal stability. The ITO / Ga O3 / CdS structure has been utilized in high efficiency
CdTe solar cells [87], demonstrating that no current blocking behavior is expected.
CIGS absorbers were then deposited on top of the buffer layers using a single
stage co-evaporation process. Elemental fluxes were kept constant during deposition
to avoid composition gradients. All absorbers were Cu-poor with Cu / (In+Ga) = 0.8 -
0.9 and Ga/ (In+Ga) = 0.3. Baseline films were evaporated at T, = 550°C. In some
cases Tsup Was lowered in order to reduce the thermal load to the window layer stacks.
Devices were completed by electron-beam evaporation of 200 nm thick Au back

contacts with area = 0.4 cm?.

2.3.3 Device Analysis

The CIGS-based thin film solar devices were primarily evaluated by current-
voltage (JV) measurements under 1200 mW/cm? AM1.5 illumination. The JV
parameters — open circuit voltage (Voc), short circuit current (Js), fill factor (FF) and
efficiency (Eff) — were the critical indicators of the device performance and behaviors.
In order to investigate the recombination mechanism that limited the V. of CIGS-
based solar cells, temperature dependent Vo (Voc — T) [90] measurements were
conducted in the range of -160 °C to 100 °C; To better understand the current
collection problem in the devices, Quantum efficiency (QE) measurements were
carried out in the wavelength range from 350 nm to 1200 nm; Another device analysis
technique applied in this work was the capacitance — voltage (C-V) measurements.
The significant information including the minority carrier densities, potential barriers

and deep trap densities can be extracted from the junction capacitance behaviors [91].
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Chapter 3

STUDY OF ZnSe;.xOx COMPOUND
AS THE ALTERNATIVE BUFFER MATERIAL

3.1 Introduction

Zn-compounds with various deposition approaches have shown potential and
attracted lots of interest in photovoltaic industry. ZnSe films deposited by metal
organic chemical vapor deposition (MOCVD) or chemical bath deposition (CBD)
were reported as alternative buffer layers in CIGS solar cells [58, 59]. As mentioned in
Chapter 1, there are several criteria that need to be considered when selecting suitable
buffer candidates. Compared to CdS, ZnSe has a wider bandgap of 2.7eV [66],
therefore reducing absorption loss in the buffer layer. Due to the complicated nature of
the interface properties and measurement approach limitations, the accurate
conduction band offset between ZnSe buffer and Cu(InGa)Se,-based absorber layer is
experimentally difficult to determine. Bauknecht [92] measured the valence band
offset between ZnSe and CuGaSe; (001) using XPS and calculated CBO to be 0.4 +
0.1 eV. Nelson [67] presented a theoretical prediction and an experiment - determined
value of 0.7 £ 0.1 eV for the ZnSe / CulnSe, (112) conduction band offset. The
deposition process for ZnSe can also affect the apparent band alignment. For instance,
chemical bath deposition leads to the formation of a compound Zn(Se,O,0H) [58].
The intermixing of selenide, oxide and hydroxide modifies the energy band diagram at

the interface.
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In this chapter, the application of RF magnetron sputtered ZnSe; 4Oy as the
buffer layer in CIGS solar cells is discussed. The electron affinity y of ZnSe is lower
than that of CdS (4.1 eV [93] vs. 4.5 eV [73]).Based on the Anderson rule [34], the
conduction band offset between ZnSe and CIGS is likely to be larger than the
preferred range and this will create an electron transport barrier as discussed in
Chapter 1. We propose two ways to better tune the conduction band alignment
between ZnSe and CIGS. The first one comes from the band engineering of the CIGS
absorber layer. It’s well known that the bandgap E4 of CIGS increases significantly
with the Ga addition, from 1.035 ev for CulnSe; to 1.68 eV for CuGaSe; [19]. The
correlation between the CIGS bandgap and Ga/ (Ga+In) ratio has been discussed in
detail in chapter 1. The CIGS Egy widening is mainly due to the conduction band
minimum upward shift [94], which suggests that the conduction band offset between
ZnSe and CIGS can be reduced by increasing Ga content. The composition of the
CIGS layer relies on the Cu, In, Ga and Se elemental fluxes, which are controlled by
the elemental source evaporation temperatures. In this study, single stage CIGS
absorbers with Ga / (Ga+In) ratio = 0.3, 0.5 and 0.8 (corresponding to E4 = 1.18eV,
1.30eV, and 1.52eV) were used with RF sputtered ZnSe buffer layers. The Ga/
(Ga+In) ratio was varied for the purpose of tuning the conduction band alignment
between the absorber and buffer, and was achieved by adjusting the elemental source
temperature profiles.

The other approach to potentially reduce the barrier height is to lower the
conduction band energy position of the ZnSe layer. Adding oxygen could be an
effective approach to modify the electronic band structure of ZnSe [95-97]. Models

suggest that the conduction band position could be significantly reduced by oxygen
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atoms creating isovalent impurity levels near the conduction band minimum (CBM)
based on large scale plane-wave pseudopotential calculation [95]. This would lead to
dramatic Eg narrowing — the E value drops to 1.8eV when x = 0.5 in ZnSe;.,Ox
according to first - principles calculation [97]. A band anticrossing model (BAC) also
attributes an oxygen - induced Eq reduction to the conduction band downward shift
caused by the interaction of localized oxygen impurity states and the conduction band
of the ZnSe host matrix [96]. Experimental results on the ZnSe;.Ox compound system
have been reported with films deposited by molecular beam epitaxy (MBE) [98-100]
or pulsed laser deposition (PLD) [101]. They have shown the consistent trend of Eg
reduction with oxygen incorporation as the theoretical predictions, although only a
narrow range of oxygen incorporation has been obtained. In this study, rf magnetron
reactive sputtering is used to prepare ZnSe; Oy films. The capability of bandgap
engineering of ZnSe;xOy films expands its further applications in photovoltaic
technology.

Chapter 3 first presents the device results and analysis of ZnSe / CIGS solar
cells with various Ga / (Ga+In) ratios. Next the comprehensive investigations of the
structural, optical and compositional properties of the reactive sputtered ZnSe;xOx
compound films, and its applications in CIGS solar cells will be discussed in section

3.3.

3.2 Application of ZnSe Alternative Buffer in CIGS Devices

3.2.1 CIGS/ZnSe Device Results
Figure 3.1 shows the CIGS substrate device structure with RF magnetron

sputtered ZnSe alternative buffer. For device preparation, the CIGS absorbers with
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various Ga concentrations were cleaned in a 10% KCN solution for 1 min before
loading for ZnSe sputtering. ZnSe was sputtered from a ZnSe target in Ar atmosphere
to a thickness of around 25nm. For comparison, reference samples with the baseline

CBD deposited CdS were also prepared with absorbers from the same evaporation run.
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Figure 3.1: Substrate CIGS device configuration with ZnSe alternative buffer layer.

Figure 3.2 shows light JV curves of substrate CIGS devices of various Ga
concentrations with sputtered ZnSe buffers. Dashed curves are reference cells with
CBD-CdS buffers from the same CIGS absorber evaporation runs. The corresponding
JV parameters are summarized in Table 3.1. The Eq of the absorbers are determined
based upon the discussions in Section 1.2 in Chapter 1. Dark JV curves are not shown

for clarity but none of the devices have significant shunt losses.
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Figure 3.2: Light JV curves of CIGS devices with various Ga concentrations under
AMZL.5 illumination. Solid curves are substrate cells with ZnSe buffers,
dashed curves are reference cells with CdS buffers.

Table 3.1:  JV parameters from Figure 3.2.

Ga/ E; Vo Jye FF Eff

BUffer n+Ga) (eV) (mV) (mA/em®) (%) (%)
08 152 664 85 344 19

Znse 05 130 490 45 293 06
03 118 48 1.8 179 02

0.8 1.52 775 14.4 63.5 6.9

CdsS 0.5 1.30 715 24.2 71.5 12.4

0.3 1.18 596 25.5 74.9 11.4

For the reference cells with CdS buffer, as Ga / (In+Ga) ratio increases, the
bandgap of CIGS increases leading to an increase of V. and a decrease of Js; due to
less photon absorption. With the ZnSe buffer, V. shows the same trend but Jg.
increases despite the lower light absorption with wider E4. The results suggest a spike
in the CBO at the CIGS / ZnSe interface, which leads to suppressed photocurrent
collections. As more Ga is incorporated into the CIGS, the conduction band minimum

of the absorber shifts to higher energy [94], so the CBO is reduced and more photo-
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generated minority carriers can overcome the barrier. For the lower V.. compared to
the reference cells, a possible cause could be the interface recombination and the lack

of CdS - bath cleaning of the absorber surface [102].

3.2.2 CIGS/ZnSe Device Analysis

CIGS / ZnSe devices demonstrate voltage dependent current collection J_ (V),
as shown in Figure 3.3. This contributes to the poor fill factors of the devices (Table
3.1) and is further confirmed from QE measurements. Figure 3.3 shows the case where
the absorber has Ga/(In+Ga) = 0.5, the current collection is low over the whole
wavelength range under OV applied bias. Under -1V and -2V reverse bias where the

junction depletion region gets widening, the current collection improves dramatically.
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Figure 3.3: Quantum efficiency measurements of the device with Ga/(In+Ga) = 0.5
under OV, -1V and -2V reverse bias.

To better characterize the device behavior of the CIGS cells with ZnSe buffer

layers, temperature dependent JV (JVT) measurements were performed. Figure 3.4
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shows the JV light curves of the device with the absorber content Ga / (In+Ga) = 0.8
measured in the temperature range from -60 °C to 130 °C. As the temperature
increases, Js IS enhanced as a result of greater thermal activation energies for minority
carriers to overcome the barrier [7], as shown in Figure 3.5. Figure 3.6 plots the V.
values measured as a function of temperature. By the linear extrapolation of V. (T) to
absolute zero, the recombination activation energy E, is derived to be around 0.81V,
well below the bandgap value of the bulk CIGS (~1.5 eV for Ga/ (Ga+In) = 0.8 [19]).
This suggests that the interface recombination is the dominating mechanism in the

CIGS / ZnSe devices [91], which leads to lower V. as seen in Table 3.1.

J(mA/cm2)

0 0.5
V(volts)

Figure 3.4: llluminated curves of JVT measurements for the device with Ga /
(Ga+In) = 0.8; Temperature ranges from -60 °C to 130 °C.
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Figure 3.5:

Figure 3.6:
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The evolution of V. vs. temperature in JVT measurements for the device
with Ga / (Ga+In) = 0.8. Linear extrapolation to T = OK shows the
recombination activation energy E, = 0.81 V.

In addition to the voltage dependent current collection J. (V), the fill factor is

reduced by a kink in the power quadrant of the JV curve. A more definitive way to

detect such behavior is to plot the derivative dV / dJ against 1 / (J+ Js) [91], as shown

in Figure 3.7. The dark curve (not shown here) is well-behaved with a straight line that

extrapolates to the series resistance. However, the light data as shown in Figure 3.7

has a peak indicating a blocking barrier [91]. The peak is related to the kink in the
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fourth quadrant of the JV curve. The point (1 / Js, dVo / dJ) where the device is under
open circuit voltage is on the left side of the maximum peak (out of the current Y axis
scale). This blocking barrier is presumably located at the ZnSe / CIGS junction, rather
than CIGS / back contact since this behavior is not observed in the devices with
reference CdS buffer layers and the conventional Mo back contact used here forms a
non-blocking contact. The peak height in Figure 3.7 decreases at higher temperature,

suggesting greater thermal activation of the minority carriers over the barrier [91].
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Figure 3.7: Plot of dV/dJ vs. 1/(J+Jy) in the forward bias region under different
temperatures.

In summary, the first approach to modify the band alignment between ZnSe
and CIGS focuses on the bandgap engineering of the absorber layer by adjusting the
Ga/ (Ga+In) ratio. Device analysis reveals a conduction band spike at the CIGS /

ZnSe heterojunction. Use of wider bandgap absorbers has shown a reduction of the
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height of this blocking barrier. However, the suppressed current transport is still the

main limiting factor of the device performance.

3.3 Development of Reactive Sputtered ZnSe; «Ox Compounds

3.3.1 Material Characterization of ZnSe;.xOy

As described in Chapter 2, section 2.1, reactive sputtering of a ZnSe target in
Ar + O, atmosphere was employed to prepare ZnSe;.xOx films. O, content of the
sputtering gas mixture (0% = O, / (O, + Ar)) was varied from 0% - 1.4% with a step
size of 0.1% for detailed investigations. The film growth rate was determined from
thickness measurement by a Dektak mechanical step profilometer. The film thickness

(usually around 2 um) was varied by adjusting the deposition time.

3.3.1.1 Structural Properties

XRD measurements of the sputtered ZnSe; Oy films show zinc-blende
structure with preferential growth along the (111) direction. Figure 3.8 shows the
XRD full pattern of one ZnSe film sputtered in Ar (O, / (O,+Ar) = 0%) with the main
peaks identified. Figure 3.9 (a) compares the normalized XRD (111) peaks of seven
ZnSe1.xOx samples sputtered in various oxygen - content gas mixtures and the
calculated lattice spacings based on Bragg’s Law are plotted in Figure 3.9 (b). As the
0O, / (O+Ar) ratio (O%) of the sputtering gas increases, ZnSe;.xOx (111) peaks shift to
higher angles. The crystal lattice shrinks according to Bragg’s Law with the exchange
of oxygen on selenium sites since the radius of an O atom is much smaller than Se.
However, the possibility that some oxygen atoms might stay on the interstitial sites or
along the grain boundaries cannot be ruled out. Accompanied by the peak shift, the

(111) peak broadens and the intensity drops dramatically as O% increases, as shown
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clearly in the inset figure (without peak normalization) in Figure 3.9 (a). For films
sputtered in 0% = 1.3% and above, the signal to noise ratio of the diffraction peak is

further reduced.
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Figure 3.8: XRD full scan of the ZnSe film sputtered in Ar (O,/O,+Ar = 0%).
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Figure 3.9: (a) XRD fine scans of the (111) peak of the ZnSe;xO films sputtered in
various oxygen — content working gas. The inset figure shows the (111)
peak of the ZnSe; xOy films without normalization. (b) XRD (111) lattice
spacing and the calculated coherence length of the ZnSe; O samples
sputtered in various oxygen — content gas mixture.
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The film crystallinity is evaluated by application of the Scherrer formula:

kA
- [ cosB

(3.1)

where L is the coherence length which is an indicator of the grain size; k is the shape
factor and approximately equals 0.9 [103]; A is the incident X-ray wavelength (Cu Ko
= 0.15405 nm); B is the corrected full width at half maximum (FWHM) of the (111)

peak (B = /ﬁmeaz — Bins>» Pmea is the measured FWHM and Bins = 0.12° is the

instrument resolution); and 6 is the Bragg diffraction angle. The calculated results are
plotted in Figure 3.9 (b) in black dots. Decreasing apparent grain size further
demonstrates the trend of the degraded crystallinity as more oxygen is incorporated
into the ZnSe;xOx films.

Figure 3.10 presents the SEM plain-view (a, b, ¢) and cross-section (d, e, f)
images of samples sputtered in O% = 0%, 0.4%, and 1% respectively. The ZnSe; «Ox
films show columnar growth. It’s found that the ZnSe; xOy film growth rate is around
30 nm/min, independent of variations in the O% of the sputtering gas in the current
investigation range. The film thickness difference observed from cross-section SEM
here is mainly due to the variations of deposition time. The diminished grain size from
the sample sputtered in O% = 0% to the one sputtered in 0% = 1% is correlated to the
oxygen incorporation into the ZnSe; xOy. No grain structure can be observed from the

films sputtered in 0% = 1.3% and above.
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200nm

Figure 3.10: (a), (b), (c) SEM images of the ZnSe;.«Oy films sputtered in different
oxygen — content working gas conditions. (d), (e), (f) Cross-section SEM
images of the ZnSe;.4Oy films sputtered in different oxygen — content
working gas conditions.

3.3.1.2 Optical Properties

The optical transmittance (T) spectra of selected ZnSe; Oy films are plotted in
Figure 3.11 (a). For ZnSe;xOy sputtered in higher O% gas mixture, the transmittance
onset edge shifts to longer wavelength indicating bandgap narrowing. The oxygen
incorporation of ZnSe;.xOx, which leads to decreased crystallinity and smaller grain
size as mentioned above, can introduce defect states into the forbidden band and
sub-bandgap absorption tails [83]. The decreased transmittance around bandgap edge
(550 nm — 700 nm) with higher oxygen concentration is due to this low energy

absorption, as shown in Figure 3.11 (b) where the corrected absorption (1- # with R

the reflection) is plotted versus wavelength.
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Figure 3.11: (a) Transmittance spectra of the ZnSe; Oy films sputtered in different
oxygen — content working gas conditions. (b) The corrected absorption
spectra (1- T / (1-R) vs. wavelength) of the ZnSe;.xOx films sputtered in
different oxygen — content working gas conditions.

Absorption coefficient a can be calculated by relation [83]:

~ L O=R2
a = dln - (3.2)

Where d is the film thickness determined from Dektak profilometer and cross-section
SEM measurements. Absorption coefficient can be expressed by the following
equation: a(hv) ~ (hv — E4)™ (where hv is the photon energy), and n = 1/2 for direct
optical transition [83]. Thus Eq4 values of ZnSe;.xO can be derived by linear
extrapolation of (ahv)? versus (hv) plot to X axis. Figure 3.12 (a) shows one
example of the Eg derivation for the ZnSe film sputtered in O,/(O2+Ar) = 0%.
Nanocrystalline ZnSe; xOy films don’t have well-defined band edges due to the
substantial absorption tails, which makes accurate Ey determination uncertain, but the
evolution of ZnSe;.xOx bandgaps with increased oxygen concentration can still be

obtained by this method. The Eq reduction vs. the O, / (O, + Ar) ratio of the sputtering
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gas mixture is shown in Figure 3.12 (b). For the ZnSe;.xOx film sputtered in 1% O, gas

mixture, Ey decreases by about 0.2 eV compared to ZnSe sputtered in pure Ar.
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Figure 3.12: (a) E4 derivation for the ZnSe film sputtered in O,/(O2+Ar) = 0%. (b)
Derived bandgap values for ZnSe;xOx films sputtered in different oxygen
— content working gas conditions.

Figure 3.13 compares the valence band spectra measured by XPS of two
samples — ZnSe sputtered in Ar and ZnSe;.xOx sputtered in O, / (O, + Ar) = 1%. The
films were pre — cleaned by ‘soft” Ar etching (500 V) for 30 mins in the XPS chamber
to get rid of surface contamination. The leading edges of the valence band spectra for
the two samples overlap with each other, indicating that the valence band position
remains unchanged [104] with oxygen added into ZnSe. Therefore the E4 value
reduction can be attributed to a lower conduction band position, consistent with

previous studies [95, 96].
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Figure 3.13: Valence band spectra from XPS measurements for samples sputtered in
0% (blue) and 1% (red) oxygen - content gas mixture.

3.3.1.3 Compositional Analysis

Determination of the oxygen concentration in ZnSe;.xOy films is challenging,
especially when the amount of oxygen actually incorporated is small. Multiple
techniques were used here - EDS, XPS, XRD and Egy by comparison with literature
[97]. For EDS measurements, ZnSe;xOx films were grown > 2 um thick on Si wafers
to avoid substrate effects and measurements were done with 20 kV electron excitation.
For XPS measurements, air exposure during sample transfer was usually within one
hour and necessary surface cleaning by in-situ Ar sputtering was conducted as
mentioned in Chapter 2 section 2.2.4. The oxygen content (O / (O+Se) ratio) of the
films was quantified using integrated XPS O 1s and Se 3d peak areas divided by
atomic sensitivity factors [84]. ZnSe;xOx film lattice constants were calculated from
the XRD spectra mentioned above and x value was obtained using Vegard’s Law
assuming zinc-blende ZnO lattice constant to be 4.47 A [105]. By optical
measurements, x values were derived based on the measured bandgap values and the

reported bowing parameter b = 5.76 eV [97]. The results for x in ZnSe; Oy films vs.
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0O,/ (O, + Ar) of the sputtering gas mixture are plotted in Figure 3.14. The higher
oxygen concentrations measured from EDS and XPS suggest that a considerable
amount of oxygen is not incorporated into the ZnSe host lattice but resides along the
grain boundaries instead. XRD and optical measurements, on the other hand, mainly
characterize the effects of oxygen incorporated into the grains, which induces the
lattice parameter change. The results here reveal that the oxygen concentration in
ZnSe;1xOy films is very low. O / (O+Se) ratio is only about 0.06 — 0.12 for the sample

sputtered in 1% oxygen - content gas mixture.

0.16 - —=—byEDS
—8— by XPS
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Figure 3.14: Composition measurements of the ZnSe;.xOx films sputtered in various
oxygen — content working gas by EDS, XPS, XRD and optical Eq
comparisons with previous report.

3.3.1.4 Oxygen Solubility in ZnSe Matrix

Due to the significant atomic radius difference (O atom ~ 48 pm vs. Se atom ~

103 pm) and the crystal structure mismatch (ZnO wurtzite structure vs. ZnSe
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zincblende structure), the oxygen solubility in the ZnSe host lattice is extremely low.
We are only able to achieve about 6% (by XRD and optical measurements) oxygen
incorporation by reactive sputtering of the ZnSe target in 1% oxygen — content gas
mixture, which induces about 0.2 eV bandgap narrowing. Further increasing the O,
content in the sputtering gas resulted in secondary phase formation as shown by XPS
measurements. Figure 3.15 are the XPS Se 3d doublet peak profiles measured on four
samples sputtered in (a) 0%, (b) 1%, (c) 2% and (d) 4% oxygen - content gas mixture
respectively. For these measurements, samples were taken out from the sputtering
system and loaded into the XPS chamber within 30 mins. XPS fine scans started when
the XPS chamber pressure returned to 10 Torr. No Ar etching cleaning of the film
surface was conducted in this case. The collected XPS spectra are calibrated for
charging effects with the carbon 1s peak at 285 eV. For the films grown in 0% and 1%
oxygen environment, the binding energy of the Se 3d peak is around 54 eV (Figure
3.15 (a) and (b)), which is ascribed to a Zn — Se bond [84]. When the oxygen content
of the sputtering gas is increased to 2%, another Se 3d peak shows up at higher
binding energy around 58 eV which corresponds to the chemical state of Se in

SeO5” [106]. This Se 3d peak intensity appears much stronger in the sample sputtered
in 4% oxygen, indicating a large amount of zinc selenite (ZnSeO3) formation, though

no peaks are observed in the XRD measurement.
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Figure 3.15: XPS Se 3d peak profiles of four ZnSe;xOx samples sputtered in (a) 0%,
(b) 1%, (c) 2%, and (d) 4% O, — content gas mixture.

Similar phenomena are observed from XPS O 1s peak profiles, as shown in
Figure 3.16. One small oxygen peak with binding energy 532 eV in Figure 3.16 (a) is
attributed to surface contamination due to air exposure for ZnSe film sputtered in pure
Ar. For ZnSe;«Oy film sputtered in 1% oxygen environment (Figure 3.16 (b)), O 1s
profile can be deconvoluted into two peaks — one at 532 eV due to surface
contamination and the other one at 530.4 eV corresponding to O bonded to Zn in
ZnSe1.xOy [107]. For the sample sputtered in 4% oxygen, the O 1s profile intensity
increases and is dominated by the third peak at 531.2 eV, which can be ascribed to
oxygen in SeOs>. The ratio of integrated peak area divided by atomic sensitivity factor

of two peaks — O 1s at 531.2 eV and Se 3d at 58 eV is about 3.4, which roughly agrees
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with the above conclusion that ZnSeO3 phase forms when the oxygen content of the

sputtering gas mixture increases to 2% and above.
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Figure 3.16: XPS O 1s peak profiles of three ZnSe; O samples sputtered in (a) 0%,
(b) 1%, and (c) 4% O, — content gas mixture.

ZnSeO3 secondary phase formation is also thermodynamically preferable.
Table 3.2 lists several possible reaction pathways to form ZnSeQOj3, assuming the
existence of elemental Zn, Se, O as well as ZnSe, and O, in the sputtering plasma.
Gibbs free energies of reaction at 298K AGZ28K are calculated based on Gibbs free
energies of formation data from ref. [38]. When the oxygen content of the sputtering
gas mixture is < 1%, the reaction pathways to ZnSeO3 phase formation are limited due
to oxygen scarcity. If there’s enough O or O, available in the plasma, the reactions
proceed to form ZnSeOs, as suggested by the negative values of AGZ28K. As shown in
Figure 3.17, the phase diagram of the Zn-O-Se ternary system [108] also demonstrates

the formation of ZnSeO3; compound when adequate oxygen is present in the system.
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Table 3.2:  Possible pathways of ZnSeO3 secondary phase formation and calculated
Gibbs free energy of reaction at 298K with Gibbs free energy of
formation data from [38].

Reaction AG228K (K] - mol™1)
Zn +Se + 3 0 (G) = ZnSeO3 -1260
Zn +Se + 1.5 0, (G) = ZnSeO; -565
Zn + Se (G) + 3 O (G) = ZnSe03 -1455
Zn +Se (G) + 1.5 0, (G) = ZnSe03 -760
ZnSe + 3 O (G) = ZnSeO; -1092
ZnSe + 1.5 0, (G) = ZnSeO3 -396

Zn ZnSe Se

Figure 3.17: The Zn-O-Se ternary system phase diagram at room temperature [108].

3.3.2 CIGS/ ZnSe;.xOx Device Performance

ZnSe14Ox films sputtered in 1% oxygen - content gas mixture were chosen to
be applied in CIGS devices as the alternative buffer. As shown in the previous studies,
ZnSe1.xOy films prepared under such conditions have bandgap values around 2.5 eV,
and the actual O / (O + Se) ratio in the film is around 0.06 — 0.12. Device fabrication

steps were similar to the case with the sputtered ZnSe buffers. The device performance

58



is shown in Figure 3.18 and the JV parameters are summarized in Table 3.3. The
results of ZnSe / CIGS and CdS / CIGS are also presented for comparison. The Ga /
(Ga + In) ratio of the absorbers used here is around 0.3 with the bandgap E4 about 1.18
eV [19]. As analyzed in section 3.2, compared to the baseline CdS buffer, CIGS /
ZnSe device shows a suppressed photocurrent collection due to the conduction band

spike / electron transport barrier formed at the junction interface.
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Figure 3.18: JV curves of CIGS devices with ZnSe;.xOx buffer (sputtered in 1%
oxygen-content gas mixture), ZnSe buffer and CdS as reference. Solid
curves were measured under AML.5 illumination and dashed curves were

measured in dark.

Table 3.3:  JV parameters from Figure 3.18.

Voc Jsc FF Eff
Buffer mv) (majem?) (%) (%)
ZnSeO 482 2.2 26.2 0.3
ZnSe 489 1.8 17.9 0.2

CdS 639 32.6 71.7 15.0
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By incorporating oxygen into ZnSe during the reactive sputtering in 1%
oxygen — content gas mixture, ZnSe;.xOx films are proved to have a bandgap reduction
resulting from the conduction band downward shift (section 3.3). Hence the
conduction band offset CBO between the buffer ZnSe;.xOx and CIGS is expected to
decrease. However, the CIGS / ZnSe;.xOx device shows almost no improvement in
current collection compared to the one with ZnSe, indicating that the spike type of
CBO still significantly impedes the electron transport and collection. The possible
explanation could be the limited capabilities of tuning the ZnSe band structure by the
approach of oxygen incorporation. It’s shown in Figure 3.12 that the ZnSe; 4Oy film
sputtered in 1% oxygen - content gas mixture has only 0.2 eV bandgap reduction,
which might not be enough to lower the CBO to the preferred range (0 — 0.5 eV). With
further increase of the oxygen content in the sputtering gas mixture, the oxygen
concentration in the ZnSe;.xOx film is saturated and second phase formation is
observed as discussed in 3.3.1.4. What’s more, it’s shown in section 3.3 that ZnSe;-
xOx crystallinity decreases dramatically as the concentration of oxygen increases;
Composition measurements imply that oxygen are not only incorporated into the ZnSe
crystal lattice, but also reside along the grain boundaries. This will create defect states
and potentially degrade the ZnSe;«Oy thin film qualities, as well as the CIGS / ZnSe;.
xOx device performance.

It’s interesting to mention the preliminary results of ZnSe;.xOx applied in
ACIGS devices. The advantages of Ag alloying with CIGS have been addressed in
Chapter 1. Here ACIGS absorbers (Ag/ (Ag + Cu) ratio around 0.3, corresponding to
0.1 eV Egy widening [30]) are tested with the sputtered ZnSe and ZnSe;.,Ox (sputtered

in 1% oxygen - content gas mixture) alternative buffers. The results are shown in
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Figure 3.19 and the JV parameters are summarized in Table 3.4. Device with the
baseline CdS buffer is again included as comparison. Although it still cannot compete
with the ACIGS / CdS reference cell, ACIGS / ZnSe and ACIGS / ZnSe;.,Oy both
outperform the ones with CIGS absorbers. The JV results indicate a better conduction
band alignment between ACIGS and ZnSe / ZnSe;.xOy alternative buffers. Detailed
investigations and optimizations are still needed for a better understanding and

application.
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Figure 3.19: JV curves of ACIGS devices with ZnSe; Oy buffer (sputtered in 1%
oxygen-content gas mixture), ZnSe buffer and CdS as reference. Solid
curves were measured under AM1.5 illumination and dashed curves were
measured in dark.

Table 3.4:  JV parameters from Figure 3.19.

Voc Jee FF Eff
(mV) (mA/ecm?) (%) (%)

ZnSe0 521 14.6 29.6 2.3
ZnSe 543 20.7 39.9 4.5
CdS 687 30.37 68.8 14.4

Buffer

61



Chapter 4

STUDY OF Zn(S,0) ALTERNATIVE BUFFER IN (A)CIGS DEVICES

4.1 Introduction

ZnS is a wide bandgap I1-VI compound with the electron affinity around 3.9
eV [55]. The main problem of using ZnS as the alternative buffer in CIGS devices is
the electron affinity mismatch, which will create a huge conduction band spike > 0.6
eV at the absorber / buffer junction interface as mentioned in Chapter 1 section 1.3.1
and block the minority carrier transport [36]. On the other hand, if ZnO is couple with
CIGS a negative conduction band cliff <-0.1 eV as shown in Chapter 1 section 1.3.1
will be formed, which can lead to increased interface recombinations and low Vo
performance [109]. It’s been reported that when ZnS is alloyed with ZnO to form the
intermediate compound Zn(S,0), the bandgap narrowing is observed [110] and the
conduction band position can be tuned [68] to obtain a desired conduction band line-
up with the CIGS absorber.

As a matter of fact, the application of Cd-free Zn(S,0) buffer layer in the CIGS
industry is getting wider. The world record CIGS / Zn(S,0) device has achieved 22.3%
efficiency [69]. As with the case of CdS buffer, chemical bath deposition is the
mainstream approach for the Zn(S,0) growth. But it involves the handling of massive
chemical liquid waste. Recently, over 18% CIGS / Zn(S,0) devices with the buffer
deposited by magnetron sputtering have been demonstrated [56]. The result is

promising because that the sputtering approach is a more robust and applicable
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process to the industry fabrication, while in the chemical bath deposition the formation
of hydroxides or oxides is less controllable.

With more and more effort dedicated to the application of Zn(S,0) buffer in
CIGS cells, investigation of using this buffer material with ACIGS devices is lacking.
The purpose of this project is to develop a robust Zn(S,0) buffer deposition process in
our lab and apply it in both CIGS and ACIGS devices with detailed analysis
comparing the results with the different absorbers. Considering above-mentioned
advantages, RF magnetron sputtering is chosen as the deposition method for the
Zn(S,0) buffer. Based on the literature reports about the dependence of the conduction
band alignment on the Zn(S,0) composition [56, 68], a mixed compound target
containing 70 at.% ZnO and 30 at.% ZnS (ZnOg 7Sy 3) was selected. The Zn(S,0) was
sputtered in Ar environment to SLG (for optical and structural measurements) or Si
(for XPS and structural measurements) substrates. The substrate temperature Tsy, Was
varied from room temperature to 200°C. The experimental procedures are given in
details in Chapter 2. In this chapter, the material characterizations and (A)CIGS device

applications of the sputtered Zn(S,0) buffer layer will be discussed in details.

4.2 Material Characterizations of the Sputtered Zn(S,0) Films

4.2.1 Structural Properties

4.2.1.1 GIXRD Measurements

Structural properties of the Zn(S,0) films sputtered at different substrate
temperatures on Si wafers were first characterized by GIXRD. Figure 4.1 (a) and (b)
show the GIXRD patterns of the Zn(S,0) films compared to ZnO standard from ICDD
Powder Diffraction File (PDF) 036-1451 and ZnS standard PDF 036-1450 (black
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dotted lines) respectively. The sputtered Zn(S,0) films had the same wurtzite lattice
structure as the binary compounds ZnO and ZnS, but the lattice constants changed.
The diffraction angles of the main peaks with Miller indices (100), (002) and (101) as
labeled in Figure 4.1 (a) and (b) were in between that of ZnO standard and ZnS
standard, indicating that both S and O atoms were incorporated into the crystal lattice
via the compound target sputtering. The uniform Zn(S,0) ternary compound formation
was confirmed by the fact that no phase segregation was observed from the XRD
patterns. The Zn(S,0) films sputtered at higher substrate temperatures had better
crystallinity, as suggested by the increased XRD peak intensities and reduced peak
FWHM in Figure 4.1 (a) and (b). This was further demonstrated by the fine scans of
the (002) diffraction peak as shown in Figure 4.1 (c). It was also observed that the
(002) peak shifted to higher diffraction angles when the film was sputtered at elevated
substrate temperature, corresponding to a decreased lattice spacing and thus reduced
sulfur content. With the lattice parameter information of ZnO and ZnS extracted from
the PDF standards and the Zn(S,0) lattice constant calculated based on Bragg’s law:
2a*sind = nA, the Zn(S,0) film compositions can be estimated by application of
Vegard’s law: azns,0) = X * azno + (1-X) * azns. The compositional variations of the
Zn(S,0) films with the substrate temperature changes will be further discussed in

Section 4.2.2.
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Figure 4.1: (a) GIXRD patterns of Zn(S,0) films sputtered on Si wafers at different
substrate temperatures compared to ZnO standard. (b) GIXRD patterns of
Zn(S,0) films sputtered on Si wafers at different substrate temperatures
compared to ZnS standard. (c) GIXRD fine scans of the (002) peak of
Zn(S,0) films sputtered on Si wafers at different substrate temperatures.
(d) GIXRD patterns of Zn(S,0) films sputtered on SLG at different
substrate temperatures compared to ZnO standard.

Table 4.1: GIXRD (002) peak analysis based on Figure 4.1.

Tsub 26 (°) a(A)

RT 32.118 2.7846 a (ZnO)
100°C 32.019 2.793 2.603 A
150°C 32.15 2.7819 a (zns)
200°C 32.353 2.7649 3.129A

The sputtered Zn(S,0) films demonstrated substrate dependent structural

properties, as shown in Figure 4.1 (d). ZnO PDF standard was still included in the
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black dotted lines. In this case SLG was used as the substrate instead of Si wafer while
the other sputtering conditions kept the same. Unlike the Zn(S,0) / Si samples which
showed the GIXRD diffraction peaks from room temperature sputtering, the Zn(S,0) /
SLG samples started to show the observable peaks when the substrate was heated to
150°C. For lower temperature (Ts,p = RT or 100 °C) sputtering using the SLG
substrates, the Zn(S,0) films were amorphous, indicated by the GIXRD pattern where
only a broad bump around 26 = 34° was observed. Even for the films sputtered at Ty
= 150°C and 200°C, poorer crystallinities were found based on the substantially
decreased GIXRD peak intensities. The compositions of the sputtered Zn(S,0) films
were not affected by the substrate material used, since the diffraction angles of the

GIXRD peaks were unchanged for the same Ty, Sputtering.

4.2.1.2 SEM Measurements

SEM was also used to characterize the structural properties of the sputtered
Zn(S,0) films. Figure 4.2 shows two samples sputtered on Si wafer substrates at Tgy, =
room temperature (Figure 4.2 (a)) and Ty, = 200°C (Figure 4.2 (b)). Both lower
magnification (30 KX) and higher magnification SEM images are presented here.
Compared to the Zn(S,0) grains in Figure 4.2 (a), the crystal growth under higher
temperature sputtering can be observed from Figure 4.2 (b). The grain size was still
under 100 nm based on the SEM measurements even though the substrate was heated
to 200°C. Such poor crystallinity of the sputtered intermediate Zn compound was also
reported by other groups [111]. SEM images showed consistent results with the XRD

measurements as discussed in 4.2.1.1.
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Figure 4.2: (a) SEM image of the Zn(S,0) film sputtered on Si substrate at T, =
room temperature. (b) SEM image of the Zn(S,0) film sputtered on Si
substrate at Tg,, = 200°C.

4.2.2 XPS and Compositional Analysis

XPS was used to characterize surface properties of the sputtered Zn(S,0) films.
Since XPS is a surface sensitive technique, Zn(S,0) samples were loaded into XPS
chamber shortly after the sputtering deposition with air exposure time kept within one
hour. Low-voltage (500V) Ar sputter-cleaning of the sample surface was carried out
first in the XPS main chamber to remove C-O contaminations before taking the actual
measurements. Figure 4.3 shows the XPS fine scan and the fit spectra for the S 2p spin
orbit splitting doublets of a Zn(S,0) sample after 30 mins of soft Ar sputter surface
cleaning. The Zn(S,0) sample was sputtered at Tsy, = room temperature in this case.
The binding energy of the S 2p peak demonstrated the presence of sulfide (Zn-S bond).

No sulfates or other S-O phases were observed from XPS measurements. Similar
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phenomena were found for the other Zn(S,0) films sputtered at various substrate

temperatures.
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Figure 4.3: XPS fine scan for the S 2p spin orbit splitting doublet peaks of a Zn(S,0)
sample.

Both XPS quantitative analysis and XRD calculation were applied to
determine the compositions of the sputtered Zn(S,0) films. The approach of the XRD
data analysis was described in 4.2.1.1. For XPS measurements, the composition
analysis was conducted based on the integrated elemental peak areas divided by their
sensitivity factors [84]. The S/ (S+O) ratios of the Zn(S,0) films sputtered at different
substrate temperatures measured by both XRD and XPS approaches are listed and
compared in Table 4.2 and Figure 4.4. The compound target composition S / (S+O) =
0.3 is also included in Figure. 4.4. It’s shown that the compositions of the sputtered
Zn(S,0) films were very close to the target with slightly higher sulfur concentration.
Meanwhile the films sputtered at higher substrate temperatures suffered from mild

sulfur loss. The diffraction peak shifting with various substrate temperatures observed

68



from the XRD patterns in Figure 4.1 was due to the film compositional changes. The

results from XRD and XPS measurements were similar and consistent with each other.
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Figure 4.4: The S/ (S+0) ratios of the Zn(S,0) films sputtered at different substrate
temperatures measured by both XRD and XPS. The compound target
composition is also plotted with S / (S+O) ratio = 0.3.

Table 4.2: The S/ (S+0O) ratios of the Zn(S,0) films sputtered at different substrate
temperatures measured by both XRD and XPS.

S/(S+0)
Tsub
by XRD by XPS
RT 35 33.6
100°C 36 32.7
150°C 34 31.5
200°C 31 29
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4.2.3 Optical Properties

4.2.3.1 UV/IVis Spectrophotometer Measurements

The optical transmittance and reflectance of the Zn(S,0) films sputtered onto
SLG substrates at different temperatures were measured by UV/Vis spectrophotometer.
The transmittance spectra in the wavelength range from 250 nm to 850 nm are plotted
in Figure 4.5 (a). Also included is the room temperature sputtered ZnO transmittance
spectrum for comparison. The transmittance onset edges of the Zn(S,0) films were
very close to that of ZnO, with a shift to longer wavelength region for the samples
sputtered at higher Tg,,. The Zn(S,0) films demonstrated decreased transmittance
around the bandgap edges (350 nm — 450 nm) compared to the ZnO reference,
indicating the existence of the sub-bandgap absorption tails [83]. This is better shown
from the (aE)? vs. E plots of the Zn(S,0) films and ZnO reference in Figure 4.5 (b).
Here the absorption coefficient o was calculated by the equation [83]:

(1-R)?
T

a =~ %ln (4.2
where T and R stand for transmittance and reflectance from the UV-Vis
spectrophotometer measurements; d is the film thickness determined from Dektak
profilometer and cross-section SEM measurements. The absorption coefficient can
also be expressed by the relation a(hv) ~ (hv — Eg)% (where hv is the photon energy)
for the direct bandgap materials [83]. Therefore the E4 values of the Zn(S,0) films or
ZnO reference can be derived by linear extrapolation of the (a.E)? vs. E plots to the x-
axis. According to the structural analysis in section 4.2.1, the sputtered Zn(S,0) films
had poor crystallinities with the grain size under 100 nm scale even though the

substrate temperature had been increased to 200°C. The structural disorders created

defect states around the conduction and valence band edges, leading to the observed
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sub-bandgap absorptions. This is further demonstrated by the significantly different
plot profiles between the ZnO reference and the Zn(S,0) films in Figure 4.5 (b). In
contrast to the sputtered Zn(S,0), the highly crystalized ZnO film showed a sharp
absorption edge, with the E4 value derived to be 3.3 eV. The Eq of the Zn(S,0) films
were also determined from the linear extrapolation of the (a.E)? vs. E plots in Figure
4.5 (b). And the inset figure gives one example of the linear fitting for the Zn(S,0)
sample sputtered at Tsy, = 200°C. The derived Eq4 values are shown in Figure 4.6. The
sputtered Zn(S,0) was confirmed to have Eq close to that of ZnO. The Eq value
decreased slightly at elevated Tgy,. The sputtered Zn(S,0) films don’t have sharp band
edges due to the substantial sub-bandgap absorptions, which makes accurate E,
determination uncertain, but the Eq variations of Zn(S,0) films as a function of Ty
can still be obtained by this method. Based on the compositional analysis in section
4.2.2, the bandgap narrowing corresponded to the decreased sulfur content of the
Zn(S,0) films sputtered at higher substrate temperature, which was consistent with the

literature reports [68].
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Figure 4.5: (a) The transmittance spectra of the Zn(S,0) films sputtered at different
substrate temperatures. The transmittance spectrum of ZnO sputtered at
room temperature is also plotted for comparison. (b) The (aE)? vs. E
plots of the Zn(S,0) films sputtered at different substrate temperatures
and the ZnO reference for the bandgap estimation. The inset figure shows
one example of linear fitting to derive Eq of the Zn(S,0) sample sputtered

at 200°C.
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Figure 4.6: The derived Eq4 values of the Zn(S,0) films sputtered at different
substrate temperatures.
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4.2.3.2 Raman Spectroscopy Measurements

Raman spectroscopy was also used to characterize the optical properties of the
Zn(S,0) films deposited onto SLG substrates. The irradiation laser beam of the Raman
measurements was 532 nm. The irradiation power was below 2mW to avoid any
property modifications due to the local heating.

Based upon the optical phonon behaviors, the mixed ternary compounds can be
classified into two types: ‘one-mode’ phonon behavior type and ‘two-mode’ phonon
behavior type [112]. In ‘one-mode’ behavior type, the optical phonon peaks vary
approximately linearly and closely with the compound compositional changes from
the characteristic frequencies of one binary member to the other one. In ‘two-mode’
behavior type, two sets of allowed optical phonon peaks that belong to the two binary
end members coexist in the Raman spectrum with the frequencies close to the
characteristic ones of the binary compounds. The modified random-element-
isodisplacement (MREI) model [112] gives the criteria to predict which phonon mode
a ternary compound would exhibit. If the compound AB;.xCyx qualifies for the
conditions: Mg < pac < Ma, Mc and Mc¢ > pag, it should follow the “two-mode’ phonon
type. Otherwise the compound would follow the ‘one-mode’ type. Here m stands for

the atomic mass and p is the reduced mass of the binary compound calculated via the

1*m

equation y = ﬁ For the sputtered ZnO1.,Sx ternary compound, mz, = 65.38, mo
1 2

=16, ms = 32, uzno = 12.85 and pzns = 21.48 [113]. The above mentioned criteria are
satisfied — Mo < pizns < Mz, Ms and Ms > pzqo, therefore ZnO1.,Sy should follow the
‘two-mode’ phonon behavior.

Wurtzite ZnO and ZnS belong to the CZ,, space group [114]. Group theory
predicts that the 1% order optic modes at the I point of the Brillouin zone are

expressed as ['opt = A1 + 2B1 + E; + 2E; [114]. While A4, E4, and E; modes are Raman
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active, B; are silent modes that won’t show up in the Raman spectrum. Two E; modes

Iow)

are non-polar branches and associated with the Zn atom motion (E,™") and the oxygen

atom (sulfur atom) motion (E,""

). A; and E; are polar branches and each splits into
longitudinal optical mode (LO) and transverse optical mode (TO) with different
wavenumbers. The Raman optical peak assignments for both ZnO and ZnS have been
well studied in the literature [114-117].

Figure 4.7 presents the Raman spectra of two Zn(S,0) samples sputtered at
150°C (in green) and 200°C (in red). The spectrum of a reference ZnO sample
prepared by RF sputtering is also plotted for comparison (in black). The Raman
phonon peaks of the sputtered Zn(S,0) films were closely related to its structural
properties. For the Zn(S,0) sputtered at 100°C and room temperature onto SLG
substrates, no XRD diffraction peaks were observed as shown in Figure 4.1. This was
also the case for the Raman phonon peaks (not plotted here). The Zn(S,0) sputtered at
200°C had better crystallinity than the one sputtered at 150°C as discussed in 4.2.1.
Also Raman peaks with higher intensities were observed from Figure 4.7.

The ZnO E,"9" phonon peak at the frequency 438 cm™ was related to the
oxygen atom vibration. It’s very sensitive to the lattice distortion or structural defects
induced by doping or alloying with the peak shift, broadening or weakening
phenomena observed [118]. In the case of sulfur substitution of oxygen atoms, the
ZnO E,"9" peak vanished [113] as seen from Figure 4.7. ZnO A;(LO) and E;(LO)
phonon modes overlapped with each other and showed up as a broad peak around 575
cm’®. With the incorporation of sulfur, red shift to the lower wavenumber of this peak
was observed. The amount of shift corresponded to the amount of sulfur present in the

film [113]. For the sample sputtered at 200°C, this phonon peak shifted to the
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frequency around 536 cm™; for the sample sputtered at 150°C with slightly higher
sulfur content (Figure 4.4), this peak shifted to the even lower frequency at 531 cm™.
Above observation could be used as an indicator of the sulfur content in the Zn(S,0)
films. The broad peak at 351 cm™ and the peak at 261 cm™ were attributed to the ZnS
overlapping A1(LO) / E;(LO) modes and A;(TO) / E1(TO) modes respectively, which
stayed close to the characteristic peak frequencies of the binary compound ZnS [117].
Another broad peak at the frequency 208 cm™ was assigned to the second order
Raman scattering of ZnO [115]. The analysis of the Zn(S,0) Raman spectra confirmed
that this ternary compound indeed followed the ‘two-mode’ phonon behavior as
predicted by the MREI model [112]. The optical phonon frequencies were highly

sensitive to the structural and compositional variations of the sputtered Zn(S,0) films.
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Figure 4.7: The Raman spectra of the ZnO reference and the Zn(S,0) films sputtered
at different substrate temperatures.
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4.3 Applications of the Sputtered Zn(S,0) Buffer in (A)CIGS Devices

4.3.1 Device Fabrications

The sputtered Zn(S,0) film was applied as the alternative buffer with both
CIGS and ACIGS absorbers produced in our lab. The device structure is shown in
Figure 4.8. The sputtered Zn(S,0) buffer replaced the chemical bath deposited CdS
while the other processing steps remained the same. The Zn(S,0) films was sputtered
at Tgup = room temperature for the device application. Similar to the CBD-CdS buffer,
the thickness of the Zn(S,0) buffer was around 50 nm. The Ga / (Ga+In) ratio was
around 0.3 — 0.4 for the baseline absorbers and Ag / (Ag+Cu) ratio was around 0.2 for
ACIGS. The baseline (A)CIGS / CdS devices were always fabricated in parallel with
(A)CIGS / Zn(S,0) devices using the absorbers grown in the same evaporation run. In
this way the (A)CIGS / CdS devices acted as the reference or control cells to better
evaluate the performance of the Zn(S,0) alternative buffer. Usually the baseline CIGS
/ CdS cells achieved ~ 15% efficiency and ACIGS / CdS cells could reach over 17%

efficiency in our lab.
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Figure 4.8: The device structure of the (A)CIGS / Zn(S,0) solar cells.
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Figure 4.9 shows the cross section SEM image of the sample SLG / Mo /
ACIGS / Zn(S,0) after the buffer sputtering growth. The Zn(S,0) layer thickness was
around 50 nm in this case. It can be observed that the sputtered Zn(S,0) film
uniformly covered the absorber layer and closely followed the morphology of the

ACIGS grains.

25K X 200 nm

Figure 4.9: The cross section SEM image of the sample Zn(S,0) / ACIGS / Mo /
SLG.

4.3.2 Champion CIGS/Zn(S,0) and ACIGS / Zn(S,0) Devices

4.3.2.1 Device Performance

Figure 4.10 shows the JV results of the champion CIGS / Zn(S,0) device
(Figure 4.10 (a)) and ACIGS / Zn(S,0) device (Figure 4.10 (b)). The light and dark JV
curves were plotted in red and the corresponding JV parameters were displayed in the
inset tables. The reference cells with the CBD-CdS buffer were also plotted in blue

curves. The Zn(S,0) layer was sputtered at T, = room temperature with the thickness
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around 50 nm. The CIGS and ACIGS absorbers in this case went through the Cd PE
treatment for 1 min before Zn(S,0) deposition. Absorber surface treatments will be
discussed in section 4.3.3. Both CIGS / Zn(S,0) and ACIGS / Zn(S,0) devices had the
Jsc and FF similar to their reference cells with the CdS buffer. The CIGS / Zn(S,0) cell
achieved 12.5% efficiency with V. about 50 mV less than the reference. The ACIGS /
Zn(S,0) cell achieved 13.2 % efficiency with V. about 100 mV less than the
reference. It was found that the V. deficiency was the main factor limiting the device
performance. The V. and efficiency deficit of ACIGS / Zn(S,0) devices compared to
the reference cells were always greater than the case with CIGS / Zn(S,0) devices.
The incorporation of Ag into the chalcopyrite system complicated the absorber surface
properties, which was then reflected by the application of the sputtered Zn(S,0) buffer
in the devices. However, the underlying mechanism for the different behaviors

between CIGS and ACIGS devices still needs further investigation.
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Figure 4.10: (a) The JV plots of the champion CIGS / Zn(S,0) device and the
reference CIGS / CdS cell. (b) The JV plots of the champion ACIGS /
Zn(S,0) device and the reference ACIGS / CdS cell.
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4.3.2.2 Device Analysis

In order to investigate the recombination mechanism that limited the V.
behavior of (A)CIGS devices with the sputtered Zn(S,0) buffer, temperature
dependent Vo (Voc — T) measurements were conducted. There exist several
recombination pathways in the (A)CIGS thin film solar cells that could dominate the
device performance and lead to low V. values, including the electron-hole
recombination in the space charge region or the neutral region of the absorber layer, or
at the critical interfaces of the device (e.g. absorber / buffer interface, absorber / back
contact interface) [91]. Since the major difference between (A)CIGS / Zn(S,0) and
(A)CIGS / CdS cells was the buffer layer option, it’s suspected that the recombination
currents at the absorber / Zn(S,0) interface via the defect states led to the low V.
behaviors.

Based on the method given in [91], the open circuit voltage V. can be

expressed as:

_ Sy AKT) oo
Vo = 22— 2 in() (4.2)

where @y, stands for the barrier height, g is the electron charge, A is the ideality factor,
Joo Is the prefactor of the diode current dependent on the specific recombination
mechanism and J,_is the light generated current. By recording the V. at different
temperature, the V. at T = 0K as well as the barrier height ®y, can be derived. Figure
4.11 shows the V.- T measurements of the ACIGS / Zn(S,0) cell (in red) and its
reference cell with the CdS buffer (in blue). The temperature range was varied from
120 K to 440 K. V, vs. T was plotted and the data was fitted with a linear line
extrapolating to T = OK. The intercept gave the @, value. For the reference ACIGS /
CdS cell, @, was determined to be 1.13 eV, close to the Eg of the ACIGS layer,
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indicating that the dominant recombination path was in the bulk of the absorber [91].
The result of @, = Eg(absorber) is commonly observed for well-behaved (A)CIGS
solar cells where the absorber / buffer (usually CBD-CdS) interface is of high quality
[91]. However, the determined @, = 938 meV of the ACIGS / Zn(S,0) cell was much
less than the absorber bandgap value, which supported the previous hypothesis that the
ACIGS / Zn(S,0) interface recombination via the trap states dominated the device
behavior and led to the observed low V.. Similar results were also found for our

CIGS / Zn(S,0) devices where ®y, was only 1.02 eV, below the bulk Eg of the absorber.
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Figure 4.11: The Vo-T measurements of the ACIGS / Zn(S,0) device and the
reference ACIGS / CdS device.

Since the sputtered Zn(S,0) buffer layer has a wider bandgap (see Figure 4.6)
than the CBD-CdS (2.4 eV), less light absorption loss should occur in the buffer
region and therefore higher Jg is expected for the devices with the Zn(S,0) buffer.

However, in most cases Js. of the (A)CIGS / Zn(S,0) devices was around 30 mA/cm?,
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close to the reference cells with the CBD-CdS buffer. The main advantage of using a
wider bandgap buffer material has not been realized so far.

To better understand the current collection in the (A)CIGS / Zn(S,0) devices
QE measurements were carried out. Figure 4.12 shows the QE results of one ACIGS /
Zn(S,0) cell (solid red curve) and its reference cell (solid black curve) for comparison.
The measurement range was from 360 nm to 1200 nm. No external voltage was
applied. In the short wavelength region the enhanced current with the Zn(S,0) buffer
was indeed observed, showing that the wider bandgap Zn(S,0) buffer did allow more
blue light to reach the absorber layer underneath. However, the current collection gain
in the blue region was compensated by the loss in the mid to long wavelength region
(700 nm — 1000 nm), as shown clearly in Figure 4.12. The QE measurements
explained the underperformed Js value of the devices. To further analyze the origin of
the mid to long wavelength region loss, optical reflection measurements were

conducted for the devices. The QE data corrected by calculating (%) were plotted for

ACIGS / Zn(S,0) in a dashed red line and ACIGS / CdS reference in a dashed black
line in Figure 4.12. The ratios of QE and % for ACIGS / Zn(S,0) and ACIGS / CdS
devices were also included as the inset in Figure 4.12 for better comparison. It’s
shown that the mid to long wavelength region loss of ACIGS / Zn(S,0) device was
greatly reduced once the QE was corrected from optical reflection, indicating that the

optical loss was the main reason for not achieving a higher Js. with the Zn(S,0) buffer.
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4.3.3 The Absorber Surface Treatments

4.3.3.1 Introduction

As mentioned in Chapter 2 Experimental Methods, after taking the (A)CIGS
absorbers out of the evaporation system and before loading them into the Zn(S,0)
sputtering chamber, the absorbers went through various surface cleaning or treatment
procedures in an effort to minimize contamination from the air exposure during the
sample transfer. While the deionized water rinse was simply to remove any residue

dust or soluble sodium compounds without altering the absorber surface properties,
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the other treatments (KCN cleaning, Cd PE, and Zn PE) were believed to induce the
chemical and electronic modifications of the (A)CIGS surface.

KCN cleaning: KCN treatment is a common technique used for the surface
cleaning of chalcopyrite absorbers. It can effectively eliminate excess elemental Se
during the cool down time after the film deposition and the residual copper selenide
compounds existed on the absorber surface or in the grain boundaries [119, 120].
Copper selenide is a conductive material which could create the shunting path and
destroy the diode. Copper selenide is likely to form when excess Cu is provided during
the absorber growth. By application of the KCN cleaning the absorber composition
can be restored from Cu rich to the stoichiometric state.

Cd PE treatment: The CBD-CdS has worked well with the (A)CIGS absorbers,
producing the solar devices with high efficiencies and reproducibility. The chemical
bath process not only deposits a thin layer of CdS on top of the (A)CIGS, but also
modifies the surface properties of the absorber. The harsh alkaline environment of the
chemical solution helps remove the native oxides of In or Ga formed on the absorber
surface due to the air exposure [121]. More importantly, Cd ions diffuse into the top
few atomic layers of CIGS and possibly occupy the Cu vacancies V¢, [122]. Since Cd
is a n-type donor of CIGS, the Cd doping may invert the surface CIGS into an” layer
and achieve the preferred conduction band downward bending near the heterojunction
interface, which is beneficial for the minority carrier collection [45].

For alternative buffer materials and deposition approaches, the Cd PE
treatment (which is a solution of Cd salt and ammonium hydroxide) can also introduce
the effective Cd doping of CIGS surface layer and prepare the absorber with preferred

electronic and chemical status [123] for the following process. The existence of Cd
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ions within the top few atomic layers of the absorbers after a short Cd PE treatment
was confirmed from the XPS and SIMS measurements. The device performance
improvement was also reported [123].

Zn PE treatment: The same idea of modifying the absorber surface properties
by Cd PE treatment applies to the Zn PE process. Zn has also been reported as a n-
type donor of CIGS and is likely to occupy the Cu vacancies when diffused into the
material [124]. Therefore the Zn doping can also achieve the type inversion of the
absorber surface like the case with Cd doping, creating the desired electronic band
structure for the electron transport [123]. More importantly, a fully Cd-free process
can be realized with the application of Zn PE treatment with regard to the environment
and safety issues. The Zn PE process of the (A)CIGS surface is similar to the Cd PE
treatment with a solution of ZnSO, salt and ammonia hydroxide. The experimental

details are described in Chapter 2.

4.3.3.2 Effects on Device Performance

The various absorber surface treatments mentioned above were applied to both
CIGS and ACIGS absorbers before the Zn(S,0) buffer sputtering. Figure 4.13 shows
the JV plots of the best devices from each absorber surface treatment (no treatment, DI
water rinse, KCN clean, Cd PE and Zn PE respectively) for CIGS / Zn(S,0) cells
(Figure 4.13 (a)) and ACIGS / Zn(S,0) cells (Figure 4.13 (b)). The corresponding JV
parameters are collected in Table 4.3 for CIGS and Table 4.4 for ACIGS. The Zn(S,0)

buffer was sputtered at Tsy, = room temperature with the thickness around 50 nm.
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Figure 4.13: (a) The JV plots of CIGS / Zn(S,0) cells with various absorber surface
treatments. (b) The JV plots of ACIGS / Zn(S,0) cells with various
absorber surface treatments.

Table 4.3: CIGS/Zn(S,0) device performance with various absorber surface

treatments.
Voc Jse FF Eff
mV mA/cm’ % %
none 544 29.3 71.1 11.3

water rinse 588 27.6 58.3 9.5
KCN clean 573 31.4 67.2 12.1
Cd PE 587 30.9 68.8 12.5
Zn PE 557 32.8 66.2 12.1

Table 4.4:  ACIGS/Zn(S,0) device performance with various absorber surface

treatments
Voc Jsc FF Eff
mV  mA/cm’ % %
none 590 28.9 69.0 11.8
water rinse 588 27.9 70.8 11.6
KCN clean 616 29.8 68.3 12.5
Cd PE 625 29.6 71.2 13.2
Zn PE 623 29.7 69.3 12.8
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CIGS and ACIGS devices over 10% efficiency were made from all of those
absorber surface treatment approaches and the dependence of the cell performance on
the surface treatments applied can be observed. The (A)CIGS / Zn(S,0) devices with
no absorber surface treatment or DI water rinse generally had lower efficiencies and
Voc. With KCN cleaning the absorber surface, the junction interface was of better
qualities. The cell performance got boosted. The most effective way to reduce the
heterojunction interface defect states was by applying the absorber surface Cd PE or
Zn PE treatment. The PE treatment apparently modified the absorber surface chemical
environment and electronic band structure to the preferred state as suggested by the
literature [123, 124]. The interface recombination current was therefore reduced,
which led to improved V. and efficiency. So far the champion CIGS / Zn(S,0) and
ACIGS / Zn(S,0) devices as seen in Figure 4.10 both had the absorber Cd PE
treatment, suggesting the necessity of this step to our device processing flow. Zn PE
treatment did not work as effectively as Cd PE treatment but still outperformed the
other absorber surface treatment approaches. The ACIGS absorber growth process was
better optimized in our lab and thus had higher and more consistent performance than
the CIGS absorbers. Although the device performance for both CIGS / Zn(S,0) and
ACIGS / Zn(S,0) as shown in Table 4.3 and Table 4.4 was close to each other, the
efficiency and V. deficits of ACIGS / Zn(S,0) cells when compared to their reference
cells with the CdS buffer were greater.

From a statistical point of view, the dependence of the (A)CIGS / Zn(S,0)
device performance (Efficiencies and V) on the absorber surface treatments is
demonstrated in Figure 4.14 (CIGS cells) and Figure 4.15 (ACIGS cells). The biggest

challenge in the Zn(S,0) alternative buffer project has been the irreproducible device
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performance. Quite different device behaviors were often observed for two cells using
the absorber and buffer from the same runs and going through the other processing
steps side by side — one might show efficiency over 10% while the other had less than
1% efficiency with a huge kink present in the light JV curve. This has happened with
both CIGS and ACIGS devices with the Zn(S,0) buffer. It’s likely that the sputtered
Zn(S,0) layer was sensitive to slight variations of the absorber surface defect states or
local electronic property fluctuations. It’s apparently not as robust and tolerant a
process as the CBD CdS. Figure 4.14 and Figure 4.15 show the scattered efficiency
and V. values for (A)CIGS / Zn(S,0) devices under various absorber surface
treatments. The fact that we did not have consistent device behavior indicated that the
absorber surface treatment was not the only influence on the cell performance. The
complexity of the problem added to the difficulty of drawing conclusions on the
effectiveness of absorber surface treatments. However, we did observe that the
probability of obtaining the (A)CIGS / Zn(S,0) devices with higher efficiency and V.
was higher when KCN or PE treatment was applied to the absorber surface. And both
the champion CIGS / Zn(S,0) and ACIGS / Zn(S,0) cells had received the Cd PE
treatment. While with no absorber surface treatment or DI water rinse, the (A)CIGS /
Zn(S,0) JV behaviors tended to be worse and more irreproducible. The observed
results here emphasized the essential modifications of the PE treatment introduced to

the absorber surface, and the importance of this step in our device processing flow.
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Figure 4.14: Summary of the CIGS / Zn(S,0) device performance under various
absorber surface treatments. (a) Efficiencies of the CIGS / Zn(S,0) cells.
(b) Vo of the CIGS / Zn(S,0) cells.
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Figure 4.15: Summary of the ACIGS / Zn(S,0) device performance under various
absorber surface treatments. (a) Efficiencies of the ACIGS / Zn(S,0)
cells. (b) V. of the ACIGS / Zn(S,0) cells.

4.3.4 Effects of Light Soaking and Forward Biasing Treatments
There are several ways to improve the (A)CIGS cell performance after the
device fabrication steps are completed, including post annealing, light soaking, and

forward bias treatments. Those device post-treatments have been reported to
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dramatically enhance the (A)CIGS / Zn(S,0) cell efficiencies due to the compensation
of metastable states at the heterojunction interface [125]. They were also applied to
our (A)CIGS cells with the sputtered Zn(S,0) buffer.

As one example, Figure 4.16 shows the light JV curves for a ACIGS / Zn(S,0)
cell before (initial test) and after light soaking (LS) plus 0.7V forward bias (close to
the cell V. value) treatments for couple of hours. The corresponding JV parameters
are collected in Table 4.5. Light soaking was done under the standard 100 m\W/cm?
light intensity while the device was kept under room temperature. The ACIGS
absorber received Cd PE treatment for 1 min before the Zn(S,0) buffer deposition. In
contrast to the literature report [125] (where CBD- or ALD-Zn(S,0) buffer was used),
our ACIGS / Zn(S,0) device demonstrated superior stability. Vo and Js; remained
almost the same after the LS + forward bias treatments. FF was improved slightly and
the efficiency boost was less than 1%. Similar device behaviors were also observed for
the CIGS / Zn(S,0). The difference between the literature reports and our experiment
results suggested the dependency of the Zn(S,0) properties and interface metastable

defect states on the specific processing approaches.
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Figure 4.16: ACIGS / Zn(S,0) device JV curves under illumination before (initial test)
and after light soaking + 0.7V forward bias treatments.

Table 4.5:  JV results after light soaking + 0.7V treatment.

LS+0.7V Voc Jsc FF Eff

bias (mV)  (mA/ecm?®) (%) (%)

Initial 580 31.7 61 11.2

30min 587 31.5 64.3 11.9

60min 585 31.6 64.3 11.9

120min 584 31.2 64.4 11.7

150min 584 31.3 64.4 11.8

4.3.5 Effects of Sputtering Damage
The sputtering damage has been argued to cause CIGS device degradation
[126]. It’s possible that the high energy ion bombardment of the absorber surface
during the Zn(S,0) deposition could deteriorate the quality of the critical interface.
One set of experiments was specially designed in order to test the above hypothesis.
Four ACIGS samples were chosen from the same one-stage baseline
evaporation run and therefore assumed of the same quality. Sample (a) went through

the standard CBD-CdS process, acting as the reference cell. Sample (b) was dipped in
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the 10% HCI solution for one minute first and then had the CBD-CdS deposition
similar to sample (a). The purpose of sample (b) was to test any negative effects the
HCI dipping could introduce to the ACIGS absorber. Sample (c) had the Cd PE
surface treatment first and then was loaded into the sputtering chamber for the Zn(S,0)
sputtering deposition. After that, the sample was dipped in the HCI solution to remove
the Zn(S,0) layer, and then had the CBD-CdS process to form the ACIGS / CdS
junction. It’s hypothesized that this procedure would preserve any damage to the
absorber surface caused by the high energy plasma which would then affect the device
performance with the CdS buffer. Sample (d) was processed almost in the same was as
sample (c) except that the absorber surface treatment was KCN cleaning instead of Cd
PE treatment.

All of the sample processing details are listed in Table 4.6 along with the
device performance parameters. The corresponding JV plots are shown in Figure 4.17.
The reference sample (a) showed the baseline cell performance for one-stage ACIGS /
CdS device with 14.6% efficiency and V. = 615 mV. The HCI dipping demonstrated
barely any influence on the ACIGS absorber quality with the final device results (b)
almost the same as the reference (a). The device degradation was indeed observed
from sample (c) and (d) which had received the sputtering processing. The efficiencies
were about 1% less than the reference (a), which were mainly caused by the decrease
in Vo and FF. The results suggest that the sputtering could induce some surface

damages to the absorber layer.
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Table 4.6:  The JV parameters of four ACIGS / CdS cells for the sputtering damage

test.
. Voc Jsc FF Eff
Sample Processing steps mV mAfem® % %
(a) ACIGS / CdS baseline reference 615 31.3 75.6 14.6
(b) ACIGS HCl dip, CdS 606 32.2 74.1 145
(c) ACIGS Cd PE, Zn(S,0) growth, HCl dip, CdS 585 325 68.6 13
(d) ACIGS KCN clean, Zn(S,0) growth, HCl dip, CdS 598 31.8 71.7 13.6
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Figure 4.17: The JV plots of four ACIGS / CdS cells to test the possible sputtering

-0.3 -0.2 -0

100 01 02 03 04 05 06 0.7
V (Volts)

damage to the absorber surface. The detailed processing steps are given

in Table 4.6.

However, the device deterioration as shown in Table 4.6 was much less than

the actual one-stage ACIGS / Zn(S,0) cells, which generally had the efficiency around

8% or even less and more than 100 mV V. deficit compared to the reference. One

hypothesis was that the sputtering process indeed introduced damage to the absorber

surface but some of the surface defect states could be eliminated in the following

chemical bath for the CdS deposition. The beneficial effects of the CdS chemical bath
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were illustrated in section 4.3.3. This could explain the different levels of device
degradation between the cells shown in Table 4.6 and the ACIGS / Zn(S,0) cells.
However, sample (c) and (d) went through several extra processing steps compared to
the reference sample (a). Those extra steps could easily bring in defect states to the
sensitive and critical absorber surface and result in the small Vo and efficiency
degradation as observed in Table 4.6 and Figure 4.17. The designed experiments here
provided insight into the sputtering damage issue along with the unsatisfying
behaviors of (A)CIGS / Zn(S,0) devices but stronger proofs would be needed for

more confirmative conclusions.

4.3.6 Effects of Absorber Sodium Concentration

The presence of sodium in the (A)CIGS absorbers plays a critical role in
achieving high efficiency devices. Although a definitive picture of the working
mechanism of sodium is still incomplete, it’s well accepted that sodium is involved in
the passivation at the (A)CIGS film surface and along grain boundaries, which reduces
the recombination current and leads to the Vo improvements [23]. The SLG substrates
commonly used for (A)CIGS solar cells are a source of sodium. During the high
temperature growth of the absorber layer, sodium from SLG diffuses through the Mo
back contact and into the bulk of (A)CIGS. The sodium diffusion process can be partly
blocked by inserting a SiO, barrier layer between SLG and Mo, which then effectively
reduces the sodium concentration in the absorbers [127].

The beneficial effects of sodium on device performance are demonstrated in
Figure 4.18, where the black (a) and red (b) curves are the JV plots of two CIGS / CdS
baseline devices processed in the same batch. The only difference was that sample (b)

had a 1 um thick SiO, sodium blocking barrier in between Mo and SLG. The
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corresponding JV parameters are collected in Table 4.7. Due to the reduced sodium
level in the absorber, the cell efficiency dropped and a 70 mV V. decrease was
observed. The V,.-T measurements were conducted to analyze the device behaviors.
The derived barrier height @, for sample (a) was 1.2 V, close to the bandgap of CIGS,
while ®,=1.12 V for sample (b) was well below the Eq of the absorber. The results
confirmed that the interface recombination was the main reason for the low V.

performance of sample (b) [90].

o0 —(a) CIGS/CdS
40 - ——(b) CIGS/CS with SiO,
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Figure 4.18: The JV plots of CIGS / CdS and CIGS / Zn(S,0) devices with and
without the SiO, Na barrier. The solid curves are measured under one sun
illumination. The dashed curves are measured in dark.

94



Table 4.7:  JV results for CIGS / CdS and CIGS / Zn(S,0) devices with and without
the SiO, Na barrier.

Voc Jo FF Eff @, Ng¢ Vb
mV mA/em®> % % V cm® Vv
(a) No 641 31.6 723 147 1.2 2E16 0.91
(b) Yes 571 30.7 67.0 11.8 1.12 1E15 0.28
() No 514 287 632 93 090 5E16 0.73
(d) Yes 551 276 677 103 1.12 4FE14 0.28

Buffer Sample SiO,

Cds

Zn(S,0)

Another device analysis technique applied here to characterize the sodium
effect was the capacitance — voltage (C-V) measurements. Significant information
including the minority carrier densities, potential barriers and deep trap densities can
be extracted from the junction capacitance behaviors. The simple model for analysis of

the space charge electrostatics can be expressed as following [91]:

—2 _ Qq&Ng
¢ T 2(V4Vp) (4.3)

Where C is the capacitance per unit area, V is the voltage applied, g is the electron
charge, ¢ is the dielectric constant, Nq4 stands for the space charge densities and Vy is
the potential barrier. By fitting the plot C*? vs. V with a straight line, the slope and the
X axis intercept can yield the information about the free carrier density Ny and the
potential barrier Vy, related to the band bending.

Following the above procedure, Figure 4.19 shows the C? vs. V plot of sample
(a) as one example. The experiments were conducted at 25 °C under 1*10° Hz. The
measurements gave Ng = 2 x 10*® cm™, a typical value for a well-behaved CIGS
device [128], and V,, = 0.91V. For sample (b) the calculated Ng = 1 x 10* cm™, one
order of magnitude lower and Vy, = 0.28 V. These are both characteristic features of

low-sodium content absorbers [129].
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Figure 4.19: The 1/C? vs. V plot of the sample (a) CIGS / CdS baseline device as
listed in Table 4.7.

The story was different for CIGS devices with the sputtered Zn(S,0) buffer.
It’s already known that our CIGS / Zn(S,0) (sample (c)) underperformed reference
cell (a) mainly due to the V. deficit, as discussed in section 4.3.2. However, when the
low sodium content absorber was used (which was confirmed from the derived N4 and
Vy, values by CV measurements), the device efficiency and V.. were enhanced slightly
(sample (d)), in contrast to the case of CIGS / CdS cells. Similar phenomena were
observed repeatedly and also for ACIGS / Zn(S,0) devices — the sodium content
reduction in the absorber layer did not further degrade the (A)CIGS / Zn(S,0) devices,
but instead produced cells with slightly better efficiencies and V. It’s suspected that
sodium was involved in the already complicated absorber surface chemistry, which
apparently demonstrated different properties during the CBD-CdS and the sputtering
of Zn(S,0). The mystery of sodium in (A)CIGS / Zn(S,0) devices remains unresolved

by this work.
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4.4 Chapter Summary

Chapter 4 discusses the investigations of the sputtered Zn(S,0) alternative
buffer layer on both the materials characterizations and the device applications.

The Zn(S,0) films are grown by the RF magnetron sputtering method from a
Zn0y 7So.3 compound target. The structural, compositional, and optical properties of
the sputtered Zn(S,0) are studied with various characterization techniques. Zn(S,0)
demonstrates low crystallinity and a wide bandgap. The composition is close to the
compound target.

The sputtered Zn(S,0) films are applied in both CIGS and ACIGS devices as
the alternative buffer. The champion CIGS / Zn(S,0) device has achieved 12.5%
efficiency and an ACIGS / Zn(S,0) device has reached 13.2% efficiency. The device
analysis reveals that the absorber / buffer interface recombination is the limiting factor
of the device performance. The absorber surface treatments help to improve the cell
efficiency and reproducibility. The effects of absorber processing conditions, post-
device treatments, possible sputtering damage and absorber sodium content are
discussed in details.

Overall our current Zn(S,0) sputtering process is not as robust as the CBD-
CdS deposition, but the interesting experimental observations provide profound
insights into the underlying device physics of the (A)CIGS / Zn(S,0) solar cells. The
work in this chapter has paved the path for the future development and optimization of

the sputtered Zn(S,0) alternative buffer.
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Chapter 5

STUDY OF SUPERSTRATE CIGS SOLAR CELLS

5.1 Introduction

CIGS devices with the highest efficiencies use the substrate structure. As
shown in Chapter 1, this has a configuration of glass / Mo / CIGS / buffer / i-ZnO /
TCO, where the buffer layer is most commonly CdS, though many other options have
been explored [130-132]. The TCO layer is typically Al- or B- doped ZnO or indium
tin oxide (ITO).

The advantages of the superstrate CIGS configuration have been discussed in
Chapter 1. The quality of the buffer / CIGS junction plays a vital role in the device
performance. Criteria which need to be considered when selecting a suitable buffer
material include the bandgap (Eg), electron affinity, conduction band alignment with
the absorber, and thermodynamic stability. Previous studies of superstrate devices
[133-138] have pointed out the difficulties of proper control of the buffer / CIGS
junction formation. Work of the superstrate CulnSe; solar cells with CdS showed low
efficiencies and speculated that the device performance was restricted by inter-
diffusion between the CdS and CulnSe; [133, 134], though detailed interface
characterizations to confirm this was still lacking. ZnO has been the most studied
buffer material in superstrate CIGS cells and was used in the best devices to date with
12.8% efficiency after forward biasing treatment [135]. The origin of the benefits from
light soaking and forward bias treatments is still under investigation. Haug [139]

achieved over 11% superstrate ZnO / CIGS devices after light soaking and attributed
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the substantial device improvement to the persistent photoconductivity of the bulk
CIGS [140]. Ruberto and Rothwarf [141] suggested that deep defects at the interface
could be saturated by charge carriers under forward bias conditions, which led to
reduced interface recombination and increased V.. The effects of light soaking and
bias treatments are reversible. So far the highest stable efficiency of superstrate CIGS
devices with a ZnO buffer is 11.0% [142], achieved by controlled sodium delivery
during the absorber growth. Another 11-VI Zinc compound — ZnSe has been
successfully applied in CIGS-based substrate devices [59] and our own work on CIGS
| ZnSe substrate cells has been addressed in Chapter 3 [132], but no ZnSe / CIGS
superstrate cells have been reported yet.

In this Chapter, three buffer materials (CdS, ZnO, ZnSe) which have all been
successfully applied in the conventional CIGS substrate devices [60, 109, 143] are
tested and compared in the superstrate structure. Their basic properties are listed in
Chapter 1 Table 1.1. Devices with the CdS buffer have the structure of SLG/ITO/
Ga;03 / CdS / CIGS / Au. Devices with ZnO or ZnSe buffers have the structure of
SLG/ITO/ ZnO (ZnSe) / CIGS / Au. Detailed device processing steps can be found
in Chapter 2. Necessary process modifications are applied in an effort to develop a
well-behaved junction. Two new approaches for the buffer layers in superstrate CIGS
devices are evaluated. First, the effects of CdCI, annealing treatments to crystallize
and densify the CdS are studied along with reduced substrate temperature during
CIGS deposition to determine if the inter-diffusion can be limited. Second, the
application of ZnSe buffer is studied to determine if the common selenium anion in
both ZnSe and CIGS may minimize the reaction to form undesirable phases at the

junction interface. The superstrate device behaviors with the CdS, ZnSe, and ZnO
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buffer materials are compared and in-depth interface characterizations are used to

investigate the root causes that limit the device efficiencies.

5.2 Superstrate CdS / CIGS Solar Cells

5.2.1 Device Performance
Superstrate CdS / CIGS devices were completed with different process
parameters and a summary of the representative JV results is given in Table 5.1. The

highest efficiency is 4.3% and the light and dark JV curves are plotted in Figure 5.1.

Table 5.1:  JV results for superstrate CdS / CIGS devices with various fabrication

conditions.
4 Tsup™ CdS Eff Voc Jsc FF
°C  treat (%) (mV) (mA/cm®) (%)
1 550 none Shorted
550 CdCl, Shorted
5 400 none 0.7 260 10.2 26.5
400 CdCl, 16 313 13.8 36.1
3 350 none 3.4 434 20.7 37.9
350 CdCl, 4.3 406 25.5 41.3
4 350" none 0.1 86 5.1 26.9
350" CdCl, 0.1 53 4.4 26.0

Teu™ = 350" indicates Ty, = 350°C followed by a 1min
in-situ post-deposition annealing at 550°C.
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Figure 5.1: Best CdS / CIGS superstrate cell with 4.3% efficiency. The JV
parameters are summarized in Table 5.1.

The primary variable explored in the absorber deposition was the substrate
temperature over the range of 350°C < T, < 550°C where the reduced Ty, Was
intended to minimize potential intermixing between CdS and CIGS. Some CIGS runs
were done at Ty, = 350°C and then annealed in-situ at 550°C for 1 min. Such a
process was shown previously to produce absorber layers with quality as good as those
grown at baseline temperature Tgy, = 550°C [144]. The baseline single stage CIGS
deposition usually produced substrate cells with ~ 15% efficiency but was catastrophic
to the superstrate cells. Even 1 min post annealing at 550°C produced electrically
shorted devices. The reduced absorber Tqy, helped to improve the device performance.
The best cell with 4.3% efficiency as shown in Figure 5.1 was fabricated with CIGS
evaporated at T, = 350°C.

The CdS buffer processing steps were guided by our experience with CdTe
solar cells [7, 87]. The CdS layer was grown by the CSD process [88] and then

annealed in a parallel — plate CdCl, vapor reactor to improve its crystallinity and
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stability [89]. The experimental details were illustrated in Chapter 2 section 2.3.2. The
CdCl; vapor treatment helped control the inter-diffusion in CdTe superstrate devices
[145]. Minor improvement was indeed observed compared to the cell without CdS —
CdCl, treatment (Efficiency ~ 3.4%), in spite of the possible degradation of the
absorber quality caused by ClI residue [146]. However, the merit of CdCl, vapor
annealing was not validated in superstrate CIGS cells as the case with CdTe. Inter-
diffusion between CdS and CIGS under process conditions cannot be prevented by

this treatment as discussed below.

5.2.2 CdS/CIGS Interface Characterizations

5.2.2.1 Interface Characterization by SEM and TEM

In order to determine the causes for the poor device performance of the
superstrate cells, SEM and TEM were used to characterize the buffer / CIGS interface.
TEM sample preparation was done by use of the FIB to thin the specimen with Ga ion
beam sputtering.

Figure 5.2 shows cross-section SEM images of two SLG / ITO / Ga,03/ CdS /
CIGS samples without CdS — CdCl; parallel — plate vapor treatment (a) and with the
treatment (b). The two samples were prepared in the same baseline CIGS run with Ty,
= 550°C. In both samples, the CIGS and CdS appear intermixed without a
distinguishable junction. The CdS layer diffused into CIGS during the absorber
growth and left behind a porous structure. Sample (a) without the CdS — CdCl,
treatment exhibits more severe inter-diffusion. The CIGS grains are smaller compared
to sample (b), especially near the interface, which indicates that CIGS growth was

modified by CdS diffusion.
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Figure 5.2: Cross-section SEM images of SLG / TCO / CdS / CIGS with baseline
single stage CIGS depostion at Ty, = 550°C on (a) as-deposited CdS (b)
CdS with parallel — plate CdCl, vapor treatment.

High resolution TEM images of the sample without CdS — CdCl, vapor
annealing are presented in Figure 5.3. The bright field TEM image in Figure 5.3 (a)
shows many voids (bright areas) in the interface region. Figure 5.3 (b) is the dark field
STEM image of this sample. A compositional line scan measured along the white line
across the critical CdS / CIGS interface by energy dispersive X-ray spectroscopy
(EDS) is presented in Figure 5.3 (c). The S signal is mainly observed from 50 nm to
120 nm where the CdS layer is expected, corresponding to the dark area in Figure 5.3
(b). However, a considerable amount of Cu, In, Ga and Se are also detected in this
region, suggesting the intermixing of CdS and CIGS. Strong signals of In, O, and Ga
from 0 nm to 60 nm come from the window stack (ITO / Ga,0O3). The Cd signal is
very weak, probably due to the fact that it diffuses completely into the 2-um bulk
CIGS such that the concentration of Cd is too low to be detected. TEM and EDS

results have shown a clear picture of the inter-diffusion issue between CIGS and CdS.
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Figure 5.3: (a) High resolution TEM images of SLG / TCO / CdS / CIGS with
baseline single stage CIGS depostion at Ty, = 550 °C. (b) STEM image
of the same sample with the white line showing where the line scan EDS
was measured. (c) EDS line scan results across the CdS / CIGS interface.

5.2.2.2 Interface Characterization by XPS

The buffer / absorber interface was also characterized by XPS measurements
on the samples with ~ 100 nm thin absorbers where it is assumed that interface
reactions would be the same as in real devices with thicker absorber layers (~ 2 um).
The XPS depth profiling was completed by repetition of the cycle of Ar sputter
etching and then XPS fine scans for relevant elements. The sputter depth was
calculated based upon the Ar etching rate. The integrated XPS peak intensities for
each element at different depths were recorded and then normalized to the maximum
value. In this way the elemental distributions from the bulk CIGS to front window

layers were acquired.
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Figure 5.4 shows the XPS depth profiling results for a CdS / CIGS superstrate
sample. The CdS buffer in this case was annealed in CdCl, vapor and the CIGS was
grown at Tg,, = 550°C. The XPS elemental depth profiles are consistent with the EDS
line scans in Figure 5.3 (c). Sulfur stays mainly at the back of the CIGS-CdS stack,
accompanied by a large concentration of Cu, In, Ga and Se. Cd is detected at the
surface of the CIGS and it diffuses through the entire layer. The rise of Ga and O
signals from ~ 150 nm depth and In signal from ~ 180 nm depth indicates the reach of
Ga,03/ ITO front window layers. The CdS / CIGS inter-diffusion is also observed in
other samples where lower T, has been used for the absorber deposition. Thus, XPS
measurements provide solid evidence to the CdS / CIGS inter-diffusion in the

superstrate configuration.
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Figure 5.4: XPS depth profile measurements of the sample SLG / ITO / Ga;03 / CdS
/ CIGS (100 nm) with the absorber layer deposited at T, = 550°C and
the buffer layer annealed in CdCl, vapor.
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5.3 Superstrate ZnO / CIGS Solar Cells

5.3.1 Device Performance

5.3.1.1 Effects of Deposition Conditions

Process modifications were applied to develop superstrate ZnO / CIGS cells. A
summary of the device preparation conditions is shown in Table 5.2. Baseline process
(sample (a)) had the ZnO sputtered at room temperature and CIGS grown at T, = 550
°C. Sample (b) aimed to improve the stability and crystallinity of the ZnO buffer layer
by increasing the substrate temperature to 500 °C during sputtering. Sample (c) used
lower CIGS growth temperature in order to reduce the thermal load during the
absorber deposition. Sample (d) had the CIGS layer deposited at Ty, = 350°C and
then annealed in-situ at 550°C for 1 min [144]. The purpose of process modifications
was to prevent unfavorable interface reactions or excessive interdiffusion between

ZnO and CIGS.

Table 5.2:  Various deposition conditions for ZnO / CIGS superstrate devices.

ZnO Tgyp CIGS Tsup Description
(@) RT 550 °C Baseline
(b) 500 °C 550 °C High temperature ZnO
(©) RT 450 °C Low temperature CIGS
(d) RT 350°C* 1 min CIGS annealing [144]

RT: room temperature.
Tsub = 350°C™ indicates Tsyp = 350°C followed by a 1min in-
situ post-deposition annealing at 550°C.

The corresponding JV results are plotted in Figure 5.5. The overall device
performance is poor. What’s interesting is the shape of JV curves under different

processing conditions. For sample (a) and (d) where ZnO was sputtered at room
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temperature and high temperature Tgy, = 550 °C was used for CIGS growth (even for
only one minute), an s-shaped JV light curve with a kink or inflection in the fourth
quadrant is observed. A kink in the JV curve can be attributed to an interface barrier
for the photocurrent transport [85]. The s-shaped JV curve is not seen for sample (b)
where the thermal stability of the ZnO buffer was enhanced by high temperature
sputtering or for sample (c) with CIGS grown at low temperature. A ZnO buffer with
better stability and lower temperature for the absorber deposition lead to less interface
reaction of the ZnO / CIGS junction, which correlates closely with the device

behaviors. This is further addressed in section 5.3.3.
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Figure 5.5: ZnO / CIGS superstrate JV results under various processing conditions
which are shown in Table 5.2. The red curve is meaured under one sun
illumination and the black curve is measured in dark.
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5.3.1.2 Effects of Light Soaking and Forward Biasing Treatment

As stated in 5.1, light soaking and forward biasing treatments have proved to
substantially enhance the ZnO / CIGS superstrate device performance. As shown in
Figure 5.6 and Table 5.3 the superstrate ZnO / CIGS device efficiency is increased
from 4.2% to 8.6% after light soaking under 100 mW/cm? illumination for a week
with 1V forward bias applied at the same time. The main boosts come from V. and
fill factor improvements while Js; remains almost the same. Figure 5.7 gives one
example of the evolutions of JV parameters vs. treatment time. The V. and efficiency
jumped from less than 250 mV and 3% up to over 400 mV and 6% within the first two
hours. The improvements tended to slow down afterwards. Fill factor increase shows a
similar behavior. The major change occurred during the first couple of hours and then
stayed stable. In contrast to above parameters, Jsc shows little variation- before and

after the treatments.

Table 5.3:  The champion ZnO / CIGS superstrate device before and after LS + FB”

treatments.
Voc I FF Eff
(MV) (mAlem®) (%) (%)
Before LS+FB 331 200 447 43

After LS + FB 493 29.5 59.3 8.6
LS + FB*: Light soaking and forward biasing treatments.
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Figure 5.6: JV results of the best ZnO / CIGS superstrate device before and after the
light soaking and forward biasing treatment. Solid curves are measured
under one sun illumination and dash curves are measured in dark.
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Figure 5.7: The effect of light soaking and forward biasing treatment on the JV
parameters(Voc, Jsc, FF, Eff) of one ZnO / CIGS superstrate device.
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The origin of the benefits for superstrate CIGS devices from light soaking and
forward biasing treatments is still under debate. Ruberto and Rothwarf [141]
suggested that deep defects at the junction interface could be saturated by charge
carriers under forward biasing conditions, which led to reduced interface
recombination and increased V,.. Recent work by Heinemann [138] claimed that
forward biasing could cause the electromigration of mobile sodium and copper ions,
which helped compensate defect states at the interface. Haug [139]achieved over 11%
superstrate ZnO / CIGS devices after light soaking and attributed the substantial
improvement under illumination to the persistent photoconductivity of the bulk CIGS
[140]. The effective majority carrier density of the absorber was increased due to the
light-induced capture of electrons into deep trap states in the forbidden gap [139].

Our champion ZnO / CIGS superstrate cell and world-record ZnO / CIGS
superstrate cells [135, 139] cannot compete with the current development of substrate
CIGS devices. The key limiting factors are the undesirable phase formation and
unfavorable conduction band alignment at the ZnO / CIGS interface, as shown later in

section 5.3.3.

5.3.2 ZnO/ CIGS Interface Characterizations

5.3.2.1 Interface Characterization by XPS

In contrast to the case with the CdS buffer, extensive buffer — absorber inter-
diffusion was not observed in the ZnO / CIGS superstrate structure based on XPS
measurements. As shown in Figure 5.8, ZnO / CIGS prepared with the baseline
process demonstrates a relatively sharp interface. Zn and O signals are barely

detectable in the bulk CIGS region and increase dramatically at around 100 nm sputter
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depth. The Ga accumulation between the CIGS and ZnO is due to gallium oxide
formation as discussed later. This thin interface layer also appears to contain Cu, In

and Zn.
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Figure 5.8: XPS depth profile measurements of the sample SLG / ITO/ZnO / CIGS
(100 nm) with the absorber layer deposited at T, = 550°C and the buffer
layer sputtered at T, = room temperature.

The chemical binding energy change of Ga near the ZnO / CIGS interface has
been determined from XPS measurements. A series of ZnO / CIGS samples for XPS
studies were prepared under the same conditions as in Table 5.2, except that the
absorber layer was only about 100 nm for easier access to the junction interface by
XPS Ar sputtering etching. The superstrate device behaviors in Figure 5.5 have been
discussed in section 5.3.1.1. The corresponding XPS Ga 3d profiles at different
etching depths (30 - 80 nm: bulk CIGS, around 100 nm: ZnO / CIGS interface region)

of sample (a), (b), (c) and (d) are presented in Figure 5.9.
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Figure 5.9: (a), (b), (c) and (d) Selected XPS spectra of the Ga3d depth profiles in the
bulk of CIGS and near the ZnO /CIGS interface for samples prepared
under the same conditions as in Table 5.2 (a), (b), (c) and (d), except that
the CIGS layer is only about 100 nm thick.

The XPS Ga 3d spectra can be deconvoluted and fit with three Lorenzian-
Gaussian components based on the binding energies: In 4d (17 eV), Ga 3d in bulk
CIGS (18 eV) and Ga 3d in GaOy (20.5 eV) [84]. Figure 5.10 gives one example of
how the peak fitting is conducted. The measured XPS data in this case is the blue
spectrum (95 nm) in Figure 5.9 (a). For sample (a) and (d) where the ZnO was
sputtered at room temperature and high temperature 550 °C was used for the CIGS

deposition, the Ga 3d profile is dominated by Ga in CIGS (18eV) in the bulk CIGS.
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With further Ar sputtering etch to reach the ZnO / CIGS interface around 100 nm
depth, the Ga peak in CIGS drops off while the Ga 3d component attributed to GaxOy
increases rapidly. Similar behavior was also found in Ga LMM Auger peak profiles.
This verifies the reaction between CIGS and ZnO to form GaxOy at the interface, also
shown from the Ga accumulation in Figure 5.8. Superstrate devices prepared under
such processing conditions displayed the ‘s-shape’ light JV curve behavior as shown
in Figure 5.5 (a) and (d). For device preparation the substrates were held at the
absorber growth temperature much longer. It’s therefore suspected that the Ga,Oy

formation in the superstrate devices is likely to be stronger.
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Figure 5.10: One example showing the deconvolution of XPS Ga 3d profile into three
peaks — Ga 3d in bulk CIGS (18 eV), Ga 3d in Ga,Oy (20.5 eV) and In 4d
(17 eV). The spectrum is the blue curve (95 nm) in Figure 5.8 (a).

For sample (b) which used a high temperature sputtered ZnO buffer with
enhanced thermal stability and sample (c) where the absorber deposition temperature

was lowered to reduce the thermal load to the substrate stacks during CIGS growth,
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XPS Ga 3d depth profiles revealed that the GaxO, formation at the junction interface
was limited, suggested by the absence of a strong well-defined peak at the binding
energy around 18eV compared to the cases in (a) and (d). Concurrently, no ‘s-shape’
behavior was observed in the corresponding device JV measurements as in Figure 5.5
(b) and (c). XPS measurements demonstrate that the ZnO / CIGS interface chemistry
varies with the process modifications, and correlates closely with the superstrate

device behaviors.

5.3.2.2 Interface Characterization by SEM and TEM

ZnO / CIGS superstrate samples demonstrate a well-defined junction interface
structure from cross-section SEM measurements, as shown in Figure 5.11 for a SLG /
ITO/ZnO / CIGS sample. In this case, the ZnO buffer was sputtered at room
temperature and CIGS was grown at baseline temperature Tgy, = 550°C. The cross-
section SEM image of the sample was taken during TEM specimen preparation by FIB.
The inset figure shows the same interface region at higher magnification. The droplets
on CIGS surface are Cu agglomerates due to preferential sputtering during FIB slicing
[147]. The distinct interface between ZnO and CIGS implies that limited inter-

diffusion occurs under the processing conditions.
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Figure 5.11: Cross-section SEM image of SLG / ITO / ZnO / CIGS with the absorber
layer deposited at Tsyp= 550 °C and the buffer layer sputtered at Tsub =
room temperature. The image was taken during TEM sample preparation
by FIB slicing. The inset figure shows the same interface region at higher
magnification.

A closer look at the interface by high resolution TEM shows an amorphous
layer of thickness 5 — 8 nm between ZnO and CIGS grains as seen in Figure 5.12. This
is the Ga,Oy layer due to the reaction between ZnO and CIGS as discussed in section
5.3.2.1. Higher ZnO sputtering temperature and lower CIGS deposition temperature
can help limit the Ga,Oy formation [137, 138, 148], and therefore affect the device

performance.
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Figure 5.12: High resolution TEM image of the sample prepared under baseline
conditions (ZnO sputtering at Ty, = room temperature and CIGS
deposition at Ty, = 550°C) with the structure SLG / ITO / ZnO / CIGS.

5.3.3 Analysis of Device Behavior

Considering the correlation between the ZnO / CIGS superstrate device
behaviors and the GaxOy formation detected from XPS measurements and TEM image,
it is therefore proposed that GaxOy acts as a photocurrent blocking barrier at the
junction interface [85, 137, 138]. Figure 5.13 shows a simple schematic of the
conduction band alignment of the ZnO / CIGS junction with a Ga,Oy layer formed in
between. Band bending is not included in this case. Based on literature values [40] for
the electron affinities (EA) of the CIGS, GaxOy and ZnO, a spike type conduction
band offset over 0.9 eV is expected between CIGS and Ga,Oy. This barrier can
severely limit the transport of the photogenerated electrons to the n-type ZnO buffer,
leading to the *s-shape’ in the J-V light curves. A simulation model [138] suggests that
the interfacial GaxOy layer is doped with Zn and Cu, consistent with our XPS depth
profiles in Figure 5.8. This creates deep acceptor states and leads to the conduction

band upward bending at the interface. This will introduce the electron transport
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barrier. Although the GaxOy formation can be reduced by process modifications, Vo is
still low as shown in Figure 5.5 (b) and (c), which might result from the unfavorable
conduction band alignment between CIGS and ZnO [50], and electron-hole

recombination caused by interface defects.
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Figure 5.13: A schematic showing the conduction band alighnment of the ZnO / CIGS
junction with the Ga,Oy layer in between.

5.4 Superstrate ZnSe / CIGS Solar Cells

5.4.1 Device Performance

The main merit to use ZnSe in the superstrate structure is that selenium is the
constituent element for both ZnSe and CIGS so that the reaction to form undesirable
phases at the junction interface under high temperature like the case with ZnO buffer
can be avoided.

ZnSe buffers were deposited by RF magnetron sputtering in Ar atmosphere

with no intentional substrate heating applied. The superstrate cells had the structure of
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SLG/ITO/ ZnSe / CIGS / Au. A range of different process conditions for both the
buffer and absorber were investigated. Process modifications for the ZnSe buffer
included post annealing of the sputtered ZnSe films in Ar atmosphere at 500 °C to
increase the crystallinity and thermal stability, and varying the buffer thickness from
20 nm to 100 nm in the device by controlling the deposition time. Similar to the case
with CdS / CIGS superstrate devices, the main variable explored in the absorber
deposition was the substrate temperature over the range 350°C < Tgy, < 550°C where
lower deposition temperature was intended to minimize the thermal load to the
substrate stack but the absorber quality sacrificed at the same time.

However, despite all those modifications the device performance was poor,
with efficiency less than 4% and often severe shunting. Figure 5.14 shows the JV
curves of one of the best ZnSe / CIGS superstrate device before and after one-week
light soaking plus 1V forward biasing treatments. The corresponding JV parameters
are summarized in Table 5.4. This cell had ZnSe buffer sputtered at room temperature
and then annealed in Ar. The CIGS absorber was deposited at T, = 450 °C. The as-
prepared cell was poorly behaved with only 1.4% efficiency before the light soaking
and forward biasing treatments. The treatments had increased the device efficiency to
3.8% with the major improvements coming from V.. and FF, but the effects were
reversible. The origins of the poor device performance were investigated by a series of

interface characterization techniques as discussed below.
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Figure 5.14: JV results of the best ZnSe / CIGS superstrate device before and after the
light soaking and forward biasing treatment. Solid curves are measured
under one sun illumination and dash curves are measured in dark.

Table 5.4:  The ZnSe / CIGS superstrate cell before and after LS + FB treatments”

Voc Jse FF  Eff
(MV) (mAlem®) (%) (%)
Before LS+FB 301 15.7 297 14
After LS+FB 446 195 435 38

LS + FB*: Light soaking and forward biasing treatment.

5.4.2 ZnSe/ CIGS Interface Characterizations

5.4.2.1 Interface Characterization by XPS

The inter-diffusion issue was again observed for a ZnSe / CIGS superstrate
sample from XPS depth profiling measurements. The sample had the structure of SLG
[ 1TO / ZnSe / CIGS (100 nm) with the absorber deposited at T, = 450°C. In Figure
5.15 the elemental depth profiles show that Zn is evenly distributed through the CIGS

layer and decays along with the Cu and Se so there is no accumulation between CIGS
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and ITO. Strong Zn signals can be detected at the surface of CIGS, indicating the
extensive intermixing of ZnSe and CIGS. Similar behavior was observed in all ZnSe /
CIGS superstrate samples with various process conditions. Ga tends to migrate to the
back of CIGS which is often found in the XPS depth profiling measurements of the

100 nm — absorber samples.
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Figure 5.15: XPS depth profile measurements of the sample SLG / ITO / ZnSe / CIGS
(100 nm) with the absorber layer deposited at T, = 450°C and the buffer
layer sputtered at T, = room temperature.

5.4.2.2 Interface Characterization by SEM and TEM

Figure 5.16 shows the cross-section SEM image of the sample with the
structure SLG / ITO / ZnSe / CIGS. The absorber was deposited at Tg,, = 550°C. It is
difficult to distinguish the interface between CIGS and ZnSe. The absorber layer has
small grains near the interface region. High resolution TEM image and an elemental
line scan of this sample are presented in Figure 5.17. In Figure 5.17 (a), a layer of

thickness ~150 nm can be seen between ITO and CIGS. This is, however, not the
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sputtered pure ZnSe anymore after the absorber growth. Figure 5.17 (b) shows the
STEM image of the interface region. An EDS line scan acquired along the white line
from the ITO to the absorber is plotted in Figure 5.17 (c). From the ITO / ZnSe
interface to the bulk CIGS (position from 20 nm to 200 nm), Se, Cu and In are almost
evenly distributed, along with a step to a slightly lower Zn concentration in the bulk
CIGS, again suggesting extensive inter-diffusion of ZnSe and CIGS. The layer
between ITO and CIGS as seen in Figure 5.17 (a) is now a mixture of Zn, Se, Cu, In,
and Ga instead of the sputtered pure ZnSe after the absorber deposition. Due to the
extensive inter-diffusion between ZnSe and CIGS, Gallium contacted the ITO window
layers directly and formed gallium oxide, which explains the Ga accumulation around
20 nm. The gallium oxide formation was verified by the analysis of the Ga 3d peaks in
XPS depth profiling measurements, as shown in Figure 5.18 where the Ga 3d

component attributed to Ga,O3 (B.E. = 20.5 eV) [84] arises near the interface region.

200 nm

Figure 5.16: Cross-section SEM image of SLG / ITO / ZnSe / CIGS with the absorber
layer deposited at T¢,p= 550 °C and the buffer layer sputtered at Ty, =
room temperature.
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Figure 5.17: (a) High resolution TEM image of SLG / ITO / ZnSe / CIGS with
baseline single stage CIGS depostion at Ty, = 550°C. (b). STEM image
of the same sample with the white line showing where the line scan EDS
was measured. (c) EDS line scan results across the interface region.
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Figure 5.18: Ga 3d profiles from XPS depth profiling measurements of a SLG / ITO/
ZnSe / CIGS sample.
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5.5 Conclusion

We have studied the potentials and limitations of superstrate CIGS devices
with three buffer options — CdS, ZnO and ZnSe. Specific problems of the superstrate
cells are identified and compared by the interface studies. For CdS / CIGS superstrate
devices, CdS intermixes with CIGS under the absorber growth conditions. CdCl,
vapor treatment of CdS helps stabilize the buffer layer and improves the cell efficiency
slightly but still cannot prevent inter-diffusion. A similar phenomenon is observed in
ZnSe / CIGS superstrate cells. Inter-diffusion between the absorber and ZnSe layers
severely deteriorates the junction quality and leads to poorly behaved devices, despite
efforts to optimize the fabrication process. Finally, devices with ZnO buffers do not
have significant inter-diffusion but Ga,O, formation at the interface is detected by
TEM and XPS measurements. GaxOy acts as a photocurrent blocking barrier and leads
to an s—shaped JV curve.

Among the three buffer materials discussed above, ZnO is the most promising
buffer choice for the superstrate structure. Light soaking and forward biasing
treatments can significantly boost the cell efficiency but the improvements are usually
reversible. The mechanisms behind the treatments still need further investigation.
Intentional sodium delivery [23] to the absorber is another possible way to improve
the cell efficiency as demonstrated in [138] since the window layers inhibit the out —
diffusion of Na from SLG in the superstrate structure. The interface problem
associated with ZnO / CIGS superstrate cells - GaxOy formation can be reduced by
process modifications. A recent study [149] shows that the electron affinity of Ga,Oy
is sensitive to the processing conditions, oxygen concentrations, crystallinity, dopants
and so on. This could explain why the use of the Ga,O3 high resistance layer in CdTe

solar cells did not create a blocking barrier [87]. And it also indicates that proper band
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alignment between ZnO and CIGS might be achieved with further studies on better
control of the gallium oxide properties.

In order to take advantage of the superstrate structure for CIGS — based solar
cells, finding a suitable buffer material with required thermal, optoelectronic and
band-alignment properties, as well as developing a robust fabrication process is
necessary and challenging. Recently a backwall superstrate configuration was

proposed [150] which could be another option for the application in a tandem structure.
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Chapter 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

My Ph.D. research has focused on the development of Cd-free alternative
buffer layer in CIGS-based thin film solar cells. Zn-compound buffer materials are
chosen as the primary investigation candidates. Radio frequency (RF) magnetron
sputtering is the main buffer layer deposition approach because its suitability for large-
scale manufacturing is proven. The application of the Zn-compound alternative buffer
layers in both substrate and superstrate CIGS-based solar cells are studied including

material characterizations and device analysis.

6.1.1 Alternative Buffer Layer Development in Substrate CIGS Devices

The application of sputtered ZnSe;.xOx as the buffer layer in CIGS solar cells is
discussed in chapter 3. It first presents the device results and detailed analysis of CIGS
/ ZnSe solar cells with various Ga / (Ga+In) ratios. Device analysis reveals a
conduction band spike at the CIGS / ZnSe heterojunction. Use of wider bandgap
absorbers has shown a reduction of the height of this blocking barrier.

Another approach to potentially reduce the barrier height is to lower the
conduction band minimum energy position of the ZnSe layer by adding oxygen. RF
magnetron reactive sputtering is used to prepare ZnSe; Oy films. Detailed material
characterizations include XRD, SEM, optical spectroscopies and XPS. As more

oxygen is added, ZnSe; xOx is less crystallized as indicated by reduced x-ray
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diffraction intensity. Bandgap values decrease at the same time, mainly by a
conduction band downward shift. 1t’s also observed that the oxygen miscibility in
ZnSe lattice is very low. O / (O + Se) ratio of the ZnSe;.Ox film is only around 0.06
(by XRD and optical measurements) — 0.12 (by EDS and XPS measurements) for the
sample sputtered in 1% O, content gas mixture, and the Eg narrows by 0.2 eV. When
the oxygen content is further increased, secondary phase formation has been observed.
ZnSeO3 formation is observed by XPS measurements and highly favorable based on
thermodynamic analysis. Applications of ZnSe;«Oy buffers in both CIGS and ACIGS
substrate devices are also discussed.

The application of Zn(S,0) in (A)CIGS thin film solar cells as an alternative
buffer layer is discussed in Chapter 4. Zn(S,0) is deposited by RF magnetron
sputtering of a ZnSy 3007 compound target in an Ar atmosphere and the effect of
substrate temperature is characterized over the range 25°C < T, €200 °C. XRD
measurements show that Zn(S,0) films have the wurtzite structure with increased
crystallinity at elevated Tgy,. Based on XRD and XPS measurements, the composition
of the sputtered films is close to the target with S/(S+0) ratio around 0.33.
Extrapolation of (a.E)? vs. E assuming a direct band-to-band transition gives Eg4 around
3.2 eV. Raman spectroscopy measurements show that Zn(S,0) exhibits a ‘two-mode’
phonon spectrum where the allowed optical modes of both the end binary members
ZnO and ZnS are observed.

The sputtered Zn(S,0) alternative buffers are applied in both CIGS and ACIGS
substrate devices. The champion CIGS / Zn(S,0) device has achieved 12.5%
efficiency and ACIGS / Zn(S,0) device has reached 13.2% efficiency. Device analysis

reveals that recombination at the absorber / Zn(S,0) interface limits the device
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performance. The absorber surface treatments help to improve the cell efficiency and
reproducibility. Zn(S,0) appears to be more sensitive to the absorber process
variations and surface chemical environments compared to CdS. The effects of
absorber processing conditions, post-device treatments, possible sputtering damage

and absorber sodium content on the device performance are discussed in Chapter 4.

6.1.2 Alternative Buffer Layer Development in Superstrate CIGS Devices
Superstrate CIGS solar cells are prepared in the structure SLG / TCO / buffer /
CIGS / Au with CIGS deposited onto the buffer layer by single stage co-evaporation
process. Three buffer materials — CdS deposited by chemical surface deposition, ZnSe
and ZnO by RF magnetron sputtering — are tested in the superstrate structure. The best
cell achieves 8.6% efficiency with ZnO buffer after light soaking and forward bias
treatments. The efficiency of devices with CdS or ZnSe buffers is less than 4%. The
junction formation between the absorber and buffer layer and specific problems of the
superstrate cells are identified and compared using interface studies including XPS,
SEM and TEM. For ZnO / CIGS superstrate cells Ga,O, formation at the junction
interface and unfavorable conduction band alignment are the main factors that limit
the device performance. For CdS / CIGS and ZnSe / CIGS superstrate devices
extensive inter-diffusion between the absorber and buffer layer under CIGS growth
condition is the critical problem. Inter-diffusion severely deteriorates the junction
quality and leads to poorly behaved devices, despite efforts to optimize the fabrication

process.
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6.2 Future Work

6.2.1 Future Work on Substrate CIGS Devices with the Alternative Buffer

ZnSe;1.xOx compound is an interesting material system with a lot more to
explore. The effects of the sputtering parameters including the chamber pressure, the
substrate temperature, and the sputtering power on the materials properties and oxygen
solubility are worth more effort. As for the (A)CIGS device applications, ZnSe;.xOx
buffer with various oxygen concentrations should be investigated, and detailed
interface characterizations of the (A)CIGS / ZnSe;.4xOx junction are still needed.

More effort should also be devoted to the investigations of RF sputtered
Zn(S,0) alternative buffer layer in order to fully explore the potentials of this
environmentally friendly material system and achieve a wider application in the

manufacturing. Recommendations for future work on Zn(S,0) include:

1.  Inthis work a ZnSy 30,7 target was chosen based on literature study. A
wider compositional range of Zn(S,0) material system should be
investigated to find out the optimal match with the (A)CIGS absorbers.
This could be achieved by either using targets of various compositions
or reactive sputtering of a ZnS target in O,/Ar environment.

2. As mentioned in Chapter 4, there are still some unsolved yet important
questions with (A)CIGS / Zn(S,0) solar cells, including the device
reproducibility, the function of Na in the absorber bulk or at the
junction interface, the working mechanism of light soaking treatment,
the possible interface damage induced by buffer sputtering, etc. The
above mentioned could all be interesting research topics for further
development of (A)CIGS / Zn(S,0) thin film solar cells.

3. Considerable efforts have been put on CIGS device development with
the sputtered Zn(S,0) buffer worldwide, but within our knowledge this
project is the only one working on ACIGS / Zn(S,0) solar cells. Given
the great potentials of ACIGS absorber, it’s worthwhile to investigate
more on the application of Zn(S,0) buffer in ACIGS devices.
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6.2.2 Future Work on Superstrate CIGS Devices with the Alternative Buffer

In order to take advantage of the potential benefits of the superstrate structure

for CIGS - based solar cells, finding a suitable buffer material with required thermal,

optoelectronic and band-alignment properties, as well as developing a robust

fabrication process is necessary and challenging. The recommendations for future

work on superstrate CIGS devices are discussed below:

1.

Among the three buffer materials — CdS, ZnO and ZnSe tested in the
superstrate CIGS devices, ZnO is the most promising buffer option for
the superstrate structure. Light soaking and forward biasing treatments
have proven to significantly boost the cell efficiencies but the
improvements are usually reversible. The mechanisms behind the
treatments still need further investigation.

Intentional sodium delivery [23] to the absorber is another possible way
to improve the superstrate cell efficiency as demonstrated in [138]
since the window layers inhibit the out - diffusion of Na from SLG in
the superstrate structure. Future study should focus on the working
mechanism of sodium in the bulk CIGS and at the junction interface.

The interface problem associated with ZnO / CIGS superstrate cells -
GaxOy formation can be reduced by process modifications. A recent
study [149] shows that the electron affinity of Ga,Oy is sensitive to the
processing conditions, oxygen concentrations, crystallinity, dopants and
so on. And it also indicates that proper band alignment between ZnO
and CIGS might be achieved with further studies to better control the
gallium oxide properties.

We have recently proposed a backwall superstrate configuration in part
to avoid the problems of interdiffusion and reaction at the absorber /
buffer interface [150] The preliminary results have indicated the great
promise for this structure to be used in a tandem device or with very
thin absorbers. More efforts should be devoted to the backwall
superstrate configuration to explore wider applications of CIGS thin
film solar cells.
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