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Abstract: High quality polycrystalline bilayers of aluminium doped ZnO (Al:ZnO) were
successively electrodeposited in the form of columnar structures preferentially oriented along the(
1011

)
crystallographic direction from aqueous solution of zinc nitrate (Zn(NO3)2) at negative

electrochemical potential of EC = (−0.8)–(−1.2) V and moderate temperature of 80 ◦C on gallium
rich (30% Ga) chalcopyrite selenide Cu(In,Ga)Se2 (CIGS) with chemically deposited ZnSe buffer
(ZnSe/Cu(In,Ga)Se2/Mo/glass). The aluminium doped ZnO layer properties have initially been
probed by deposition of Al:ZnO/i-ZnO bilayers directly on Mo/glass substrates. The band-gap
energy of the Al:ZnO/i-ZnO reference layers was found to vary from 3.2 to 3.7 eV by varying
the AlCl3 solute dopant concentration from 1 to 20 mM. The electrical resistivity of indium-pellet
contacted highly doped Al:ZnO sheet of In/Al:ZnO/i-ZnO/Mo/glass reference samples was of the
order ρ ~10−5 Ω·cm; the respective carrier concentration of the order 1022 cm−3 is commensurate
with that of sputtered Al:ZnO layers. For crystal quality optimization of the bilayers by maintenance
of the volatile selenium content of the chalcopyrite, they were subjected to 2-step annealing under
successive temperature raise and N2 flux regulation. The hydrostatic compressive strain due to Al3+

incorporation in the ZnO lattice of bilayers processed successively with 5 and 12 mM AlCl3 dopant
was εh = −0.046 and the respective stress σh = −20 GPa. The surface reflectivity of maximum 5%
over the scanned region of 180–900 nm and the (optical) band gap of Eg = 3.67 eV were indicative of
the high optical quality of the electrochemically deposited (ECD) Al:ZnO bilayers.

Keywords: CIGS photovoltaics; oriented Al:ZnO bilayers; ECD process optimization; annealing
T-threshold; X-ray diffraction; scanning electron microscopy; transmittance/reflectance spectroscopy;
current-voltage measurements; van der Pauw measurement techniques

1. Introduction

Photovoltaics as a widely implemented, renewable-energy conversion technology available today
has the capabilities to evolve into a major racer for industrial mass production and capital market
provider by conquering occasional drawbacks. All mature technologies based either on silicon or
on thin film chalcogenides (CIGS or CdTe) aim to develop large area processing at low module
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production costs by maintaining conversion efficiencies. Thin film device technologies actually signify
the onset of cost-competitive solar technologies due to reduced material costs. Junctions based on
vacuum evaporated chalcopyrite absorbers have in the past [1–3] and recently [4] demonstrated
high conversion efficiencies. However, the production of thin film solar cells typically relies on
capital expenditure intense vacuum techniques and high temperature processes, both increasing the
manufacturing costs. It is thus generally recognized that a significant reduction of the production
costs could be achieved, if processing technologies operating under high vacuum conditions, such as
co-evaporation or sputtering, could be replaced by less expensive non-vacuum deposition techniques
such as for example screen-printing and electrodeposition. Solution-processed organic and inorganic
semiconductors offer a promising pathway towards low-cost mass production of solar cells.

Electrodeposition already has a major impact in the manufacture of large area metallic protective
coatings using roll-to-roll processes with m/min line-speed and µm/min deposition rates. A technique
with these yields would be extremely well adapted to the large-dimensioned photovoltaic industry for
mass production of solar modules. However, its extension to the preparation of efficient semiconductor
absorber layers remains an open challenge. Semiconductor properties are by far more difficult to
control than metallic properties since they involve the activation of minority carriers at the ppm level,
which is much more difficult to achieve by wet or semi-dry processing than by using ordinary dry
processes under high vacuum conditions [5,6].

Spraying techniques can provide thicker coatings (µm-mm range, depending on the process and
feedstock) over a large area at higher deposition rates as compared to other coating processes such as
electroplating, physical and chemical vapor deposition. Important issues involved in conventional
spraying to ensure suitability for high technologies and infer the future potential of novel spray
processing are the use of extended feedstock: gases, liquids, and various-sized powders. Numerous
industries, in recognition of the versatility and cost-efficiency of thermal and plasma sprays have
introduced these technologies in their manufacturing environment. Plasma spraying as an affordable
and effective thin film and coating technology [7,8] is attracting global attention in materials
engineering. Recent challenges aim at a development of a co-deposition process of droplets and
vapors, namely, comprehensive plasma spraying.

Printing techniques include very promising methods based on ink precursor routes that use
both molecular precursor inks and monodispersed nanoparticle inks [9]. A critical requirement for
using inkjet printing is to develop a suitable ink in terms of viscosity and stability that will lead to
compact and homogeneous films. Hybrid inks are thus interesting from the perspective of combining
the advantages of particulate-based and molecular-based precursor solutions. In fact, hybrid inks of
nanoparticles mixed into a precursor are being probed: the precursor solution can act as a medium to
provide effective binding between nanoparticles. The particles can act as nucleation sites to promote
grain growth and film densification. Moreover, inkjet printing allows direct patterning without the
requirements of any mask and can also be easily adapted to a roll-to-roll process, which is suitable for
large-scale production. In this context, drop-on-demand (DOD) inkjet printing is a promising approach
allowing on-demand patterning of materials with negligible materials waste. Hence, significant
reduction of raw materials cost can be achieved. Solution processing of multicomponent chalcopyrite
(CuInS2 (CIS), CuInSe2, Cu(In,Ga)Se2 (CIGS), Cu(In,Ga)(Se,S)2) and kesterite (Cu2ZnSnS4, Cu2ZnSnSe4

(CZTS)) thin film solar cells (TFSCs) is considered a promising alternative fabrication route to
the conventional high cost vacuum techniques [10–12]. Less than 20 µL ink is needed to build
up a micrometer kesterite (CZTSSe) thin film absorber on a large area (75 × 75 mm2) Mo coated
substrate [12].

For the development of high-efficiency heterojunction solar cells based on thin-film
semiconductors, an approach has been introduced based on the growth of thin passive surface layers on
top of an active layer [13]. These are principally layers of higher-band gap semiconductors. The increase
in the effective barrier height occurs due to the band gap discontinuity at the interface between active
layer and surface layers. In a homojunction solar cell, a significant part of photogeneration takes place
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close to the surface of the emitter and this requires careful design of the emitter depth and doping
level, and good surface passivation. In contrast to the homojunction device, in a window-absorber
heterojunction cell, the generation maximum is shifted to the p-n junction where the electrical field
is at its maximum and contributes to the collection of photogenerated carriers. Due to the high
band gap window, only a few carriers are generated close to the surface and the influence of surface
recombination can thus be neglected. Recent progresses in materials research and applications inclusive
structural, morphological, optical, and electronic properties of transparent conducting ZnO used as
transparent electrode in thin-film solar cells are reviewed in [14]. The deposition technologies involved
are exclusively in-vacuum processes such as chemical vapor deposition (CVD), pulsed laser deposition
(PLD), sputtering, and sputtering combined with texture-etching. Alternatives for replacement of the
traditional CdS buffer of chalcopyrite semiconductor based heterojunction solar cells are reviewed
in [15]: an overview of various thin films (ZnS, ZnSe, ZnO, (Zn,Mg)O, In(OH)3, In2S3, In2Se3, InZnSex,
SnO2, and SnS2) deposited on differently processed chalcopyrite absorbers with deposition methods
embracing both, in-vacuum and liquid-phase processes (chemical bath deposition (CBD), atomic layer
deposition (ALD), metal organic chemical vapor deposition (MOCVD), ion layer gas reaction (ILGAR),
sputtering, thermal evaporation, and electrochemical deposition (ECD)), and the achieved solar cell
efficiencies is given there. Several processes have demonstrated efficiencies comparable with the CBD
CdS standard. Thin films acting as buffers of CIGS TFSCs are thus already separately being processed
by low cost chemical, electrochemical, and printing techniques [15–18].

Overall application of inexpensive, non-vacuum chemical (CBD) and electrochemical deposition
(ECD) techniques targeted for processing the absorber-, buffer-, and window-layer of CIS/CIGS TFSCs
to overcome current process incompatibilities mainly resulting from the simultaneous use of moderate
temperature non-vacuum (50–70 ◦C) and high temperature (500–700 ◦C) vacuum processes was
reported in one of our previous publications [19]. Low cost ECD processing of ternary CuInSe2

and quaternary Cu(In,Ga)Se2 chalcopyrite selenides with crystal quality similar to that of PVD
grown films was achieved by as few as possible process steps thus skipping selenization at elevated
temperatures [19,20]. Chalcopyrite phase formation was confirmed already in as-deposited films.
The film quality was further improved by subsequent annealing at 300 ◦C, for 2 h, in N2 ambient. ZnSe
buffer- and ZnO window-layers were processed by CBD and ECD techniques, respectively [19].
By successive integration of low cost ECD ZnO/CBD ZnSe window and buffer components in
CIS/CIGS solar cells with absorbers grown by standard vacuum techniques, the respective p-n
junctions exhibited I-V characteristics competing with monocrystalline silicon (c-Si) I-V. The properties
of ECD processed n-ZnO/i-ZnO bilayers were extensively investigated with respect to conducting
and semi-conducting substrate influences, layer thickness, dopant type and dopant concentration,
strain accumulation, and electrical resistivity, in a more recent publication [21]. The properties of ZnO
nanorod arrays grown by ECD and probed to serve as antireflective coating (ARC) of CIGS solar cells
have also been thoroughly analyzed [21,22]. In the present work, optimization of structural, optical,
and electrical properties of Al:ZnO bilayers deposited by ECD on ZnSe/CIGS/Mo/glass is attempted
aiming to minimization of strain and maximization of carrier mobility in the respective solar structures
through optimization of the various ECD process parameters towards up-scale to industrial processes.

In vacuum grown Cu(In,Ga)Se2 with excess of gallium has intentionally been chosen, since with
increasing Ga content, the band gap of CIGS and the stability domain of the chalcopyrite phase
increase significantly with respect to ordered defect compounds, while the acceptor transition levels
are shallower in CGS than in CIS and the GaCu donor level in CGS is much deeper than the InCu donor
level in CIS [23]. According to literature referred in [24], the best efficiencies of CIS/CIGS TFSCs are
reached using sulfides with 10% and selenides with 25%–30% Ga content. For larger Ga-fractions,
the photovoltage saturates leading to a decrease of conversion efficiencies [25]. The absorption
coefficients of the quaternary CuIn1−xGaxSe2 alloys with [Ga]/([In] + [Ga]) ~0.30 may become as high
as 6 × 105 cm−1, at optical energies, and the band-gap is widened-up towards the optimum Eg = 1.5 eV
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for solar energy conversion. With 30% gallium substituting indium, the band-gap energy is up-shifted
to 1.15 eV [26] and the absorption coefficient, at Eg, is doubled [27].

2. Materials and Methods

Polycrystalline CuIn1−xGaxSe2 thin films, with Ga-fraction x = 0.30, were grown on molybdenum
coated glass substrates (Mo/glass) as described elsewhere [28,29]. In highly efficient CIS/CIGS TFSC
technology, Cu(In,Ga)Se2 thin film absorbers undergo an intermediate process-step, where Cu-rich
selenides with larger grain sizes are formed under conditions of Cu in-excess [30]. For effective removal
of CuxSe crystallite phases formed during intermediate growth stages, the CIGS films were subjected to
standard etch-procedure of the film surface by potassium cyanide (KCN) [31] and selectively to surface
passivation by potassium hydroxide (KOH), prior to deposition of ZnSe buffer- and ZnO window-layer.
Since Ga-rich films exhibit enhanced surface roughness, elongated etch-times were probed.

ZnSe buffer-layers were deposited on CuIn70Ga30Se2/Mo/glass by chemical bath deposition
(CBD) techniques. Details of the ZnSe growth by CBD have been given elsewhere [19].
Aluminium (Al) doped ZnO window-bilayers (Al:ZnO) were deposited by ECD techniques on
ZnSe/CuIn70Ga30Se2/Mo/glass solar structures cut in stripes with area 1.5 × 2.0 cm2. The Al dopant
(rAl = 1.82 Å) is highly conductive (Al: 3.8× 107 S/m) and is assumed to be embedded in the ZnO lattice
(rZn = 1.53 Å) as substitute or interstitial under assimilation of strain [21]. A standard three-electrode
configuration with zinc (Zn) counter and saturated calomel electrode (SCE) reference powered by
an EG&G Princeton Applied Research Model 263A potentiostat/galvanostat and a Witeg Hotplate
Stirrer Model MSH-20D were used in the ECD process. The Al:ZnO bilayers were deposited from
50 mM zinc nitrate (Zn(NO3)2) solutions with aluminium chloride (AlCl3) solute dopant concentration
varied in the range 5–12 mM at negative electrochemical potential EC ranging from −0.8 to −1.2 V.
ZnO formation on the cathode side proceeds as follows [21]:

Zn(NO3)2 ↔ Zn2+ + 2NO3
− (1)

NO3
− + H2O + 2e− → NO2

− + 2OH− (2)

Zn2+ + 2OH− ↔ Zn(OH)2 (3)

Zn(OH)2 → ZnO + H2O (4)

The film thickness was adjusted to the current-deposition time (I(t)) characteristics of the ECD
process following Faraday’s law:

d =
j M t
n Fρ

(5)

with j current density (A/cm2), M molecular weight (g), t deposition time (s), ρ material density
(g/cm3), F Faraday constant (F = 96,485.3365 C (≈96,500 C)), and n number of charge transferred.
The actual thickness of the films was determined by scanning electron microscopy (SEM) on the
cross-section of the Al:ZnO/ZnSe/CuIn70Ga30Se2/Mo/glass solar structures.

The CBD deposited ZnSe intermediate layer and the ECD deposited Al:ZnO bilayers were
subjected to post-deposition annealing. For crystal quality optimization of the layers by maintenance
of the volatile selenium content of the chalcopyrite, the ZnSe buffer was annealed at 350 ◦C, for
2 h, in oven purged with pure N2 gas and sealed at atmospheric overpressure to avoid defect
formation by contamination with air, and the Al:ZnO window was subjected to 2-step annealing under
successive temperature raise and N2 flux regulation. In particular, the Al:ZnO bilayers were annealed
at temperature of 350 ◦C, for 2 h, in N2 flow-through, at the 1st-step, and at higher temperature of
400 ◦C, for 2 h, in initially evacuated oven, purged with N2 and vacuum-sealed, at the 2nd-step.

The ECD grown Al:ZnO bilayers were structurally, optically, and electrically characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmittance/reflectance spectroscopy,
current-voltage (I-V) and van der Pauw techniques using an X'PERT Pro-PW3040/60 X-ray
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diffractometer (PHILIPS, Amsterdam, The Netherlands) with four-crystal Bartels-monochromator
and Eulerian cradle (Cu-Kα1 line, λ = 1.54059 Å), an ULTRA 55 ultra-high vacuum SEM (ZEISS,
Oberkochen, Germany) with field emission electron beam and secondary electron, backscattered
and energy dispersive backscattered electron detectors (1000.00 K ×magnification, 1 nm resolution),
an UV-1800 UV-VIS (190–1100 nm) spectrophotometer (SHIMADZU, Kyoto, Japan), and a self-built
C-V/I-V spectrometer for capacitance and Hall (magnet 0.5 Tesla) measurements with capacitance
bridge (Boonton 72B, 7200, Boonton, NJ, USA, and HP 4284A, Palo Alto, CA, USA), pulse generators
(Agilent 33250A, Santa Clara, CA, USA, and HP 8115A, Palo Alto, CA, USA), and digital source-meter
(Keithley 2400, Cleveland, OH, USA).

3. Results and Discussion

3.1. KCN-Etching of Cu(In,Ga)Se2 Surface

Secondary microcrystalline phases of copper selenide CuxSe, frequently present as selenium
deficient derivatives Cu2-xSe (0.1 < x < 0.4), are usually formed on the surface of Cu-rich chalcopyrite
layers. Microcrystalline CuxSe phases on chalcopyrite absorber surface introduce tensile strain,
additionally to the inhomogeneous strain that the absorber exhibits as result of the lattice mismatch to
the underlying substrate, and red-shift the chalcopyrite three valence-split bands: Ea, Eb, Ec [21,32]
canceling thus partially the band-gap up-shift pursued by Ga addition to ternary CuInSe2 to form
the quaternary Cu(In,Ga)Se2 alloy. The strain induced by CuxSe crystallites can be eliminated by
wet chemical etching of the layer surface with potassium cyanide (KCN). The effect of etch-times
on CuIn1−xGaxSe2 thin films, with Ga-fraction x = 0.30, used for wet-processing of ZnSe buffer- and
Al:ZnO window-layer, in this work, has been investigated using Raman spectroscopy.

A brief review of lattice vibrations inclusive structural and compositional analysis of ternary and
quaternary chalcopyrite solar absorbers by Raman spectroscopy is given in [33]. The mode-vibrations
of the material of reference CuInSe2 are described in [34]. The vibrational frequencies of CuInSe2,
CuGaSe2, and several other chalcopyrite type compounds are given in [35]. In the spectral region
150–300 cm−1, mode frequencies 174 cm−1 (A1), 217 cm−1 (B2

1, TO), 229 cm−1 (B1
1), and 231 cm−1

(B2
1, LO) are assigned to CuInSe2, while 183 cm−1 (A1) and 257 cm−1 (B2) to CuGaSe2. The main band

frequencies are at low Ga-/high In-fractions almost equal to the Raman frequencies of the A1, B1, and
B2 modes of CuInSe2 and shift with the increase of the Ga-content of the films towards the A1, B1, and
B2 Raman mode frequencies of CuGaSe2. Raman modes of CuxSe crystallites dispersed on Cu-rich
CuGaSe2 (or CuInSe2) surface are situated at 45 cm−1 (CuSe, Cu2Se) and 263 cm−1 (A1g) (Cu2Se) [36].

In Figure 1, the optical microscopy images (Figure 1a–c), the Raman spectra (Figure 1d), and the
evaluation results of the Raman spectra (Figure 1e) of CuIn70Ga30Se2 solar absorbers studied in this
work are presented in dependence of KCN etch-times ranging from 0 min (untreated absorber) through
3 min (standard etch-time) to 7 min (elongated etch-time). The Raman spectra consist of an intense,
sharp peak at 177.9 cm−1 (A1) and two low intensity broad bands at 224.2 cm−1 (B1/B2) and 256.3 cm−1

(B2). While the A1 mode is in-plane vibration of anions (Se) relative to motionless cations (Cu, In,
Ga), the B1

1 mode is a stretching in-plane vibration of anions relative to out-of-plane moving cations,
and the B1

2 mode a totally normal-to-plane mode of both, anions and cations, moving in opposite
directions. Given that the phonon mode frequencies of CuInSe2 appear blue-shifted by addition of Ga,
the 224.2 cm−1 mode of CuIn70Ga30Se2 is tentatively assigned to the B1

2 normal-to-plane vibration.
It is thus expected to respond sensitively to modifications of the symmetry-plane of motion, in this
case, the chalcopyrite surface. In fact, except from the width (FWHM = full width at half maximum) of
the 224.2 cm−1 mode vibration, the frequencies and widths of the observed CuIn70Ga30Se2 phonon
modes are independent of etch-time (Figure 1e). It is noted, that the FWHM of the A1 Raman mode
of the ternary end-members of the series, CuInS2 and CuGaSe2, is narrow at the Cu-rich and linearly
broadened towards the Cu-poor/Ga-rich side as reported in [33]. The observed changes in Raman
mode width as a function of [Cu]/([In] + [Ga]) ratio and the process of growth are assigned to
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differences in defect concentration and degree of disorder. Though unaltered for etch-times up to
3 min, the band-width (40 cm−1) of the 224.2 cm−1 mode is significantly broadened (120 cm−1) with the
increase of etch-time from 3 to 7 min indicating increasing disorder in the chalcopyrite crystal lattice.
Despite effective removal of surface microcrystalline phases and smoothening of surface roughness,
extended etch-times concessively affect the material quality possibly due to in-depth penetration of
KCN. Moreover, the optical properties of CuIn70Ga30Se2 solar absorbers, analyzed in Section 3.3.2 of
the present work, are indicative of Ga enrichment in the absorber part penetrated by light, since their
(optical) band gap energy of Eg (300 K) = 1.68 eV equals the gap energy of the ternary CuGaSe2 [26,32].

Energies 2016, 9, 951 6 of 28 

 

increasing disorder in the chalcopyrite crystal lattice. Despite effective removal of surface 
microcrystalline phases and smoothening of surface roughness, extended etch-times concessively 
affect the material quality possibly due to in-depth penetration of KCN. Moreover, the optical 
properties of CuIn70Ga30Se2 solar absorbers, analyzed in Section 3.3.2 of the present work, are 
indicative of Ga enrichment in the absorber part penetrated by light, since their (optical) band gap 
energy of Eg (300 K) = 1.68 eV equals the gap energy of the ternary CuGaSe2 [26,32].  

(a) (b) (c) 

(d) (e)

Figure 1. CuIn70Ga30Se2 solar absorber in dependence of KCN etch-time: images of (a) untreated 
surface and (b,c) surfaces etched 3 and 7 min, respectively, as viewed with the optical microscope 
coupled to the micro-Raman spectrometer; (d) Raman spectra; and (e) frequencies, widths (FWHM), 
and integrated intensities of Raman modes at 177.9 cm−1 (A1, circles), 224.2 cm−1 (B12, up-triangles), 
and 256.3 cm−1 (B2, down-triangles) in dependence of etching time (lines are guide to the eye). 

3.2. Structural Characterization of Al:ZnO on ZnSe/Cu(In,Ga)Se2/Mo/glass by XRD and  
SEM—Strain/Stress Analysis 

The X-ray diffractograms include Bragg reflections on the crystallographic planes of all thin 
film components (CuIn70Ga30Se2 absorber, ZnSe buffer, Al:ZnO window) and the molybdenum (Mo) 
substrate [37]. Secondary phases of MoSe2 formed through element interdiffusion at the 
absorber/substrate interface are also represented. In addition, microcrystalline Cu2Se phases are still 
detected despite maximum KCN etch-times of 7 min, since they are spread inside the volume apart 
from the surface of the CIGS absorber. A ZnSe buffer is a particularly suitable material for 
replacement of the CdS buffer in CIGS solar technology because of its wide band gap (Eg = 2.7 eV), 
the minor lattice mismatch of its cubic phase to underlying CuIn70Ga30Se2 absorber (aCIGS = 5.736 Å, 
aZnSe = 5.669 Å), and the relatively limited mismatch of its hexagonal phase to overlying ZnO window 
(aZnO = 3.25 Å, aZnSe = 3.98 Å) [19]. Besides, ZnSe satisfies the conditions of band alignment at the 
buffer/absorber interface. Best efficiency chalcopyrite based solar cells are realized so far as 
heterojunctions containing a CIGS absorber. Valence and conduction band-offsets are most 

Figure 1. CuIn70Ga30Se2 solar absorber in dependence of KCN etch-time: images of (a) untreated
surface and (b,c) surfaces etched 3 and 7 min, respectively, as viewed with the optical microscope
coupled to the micro-Raman spectrometer; (d) Raman spectra; and (e) frequencies, widths (FWHM),
and integrated intensities of Raman modes at 177.9 cm−1 (A1, circles), 224.2 cm−1 (B1

2, up-triangles),
and 256.3 cm−1 (B2, down-triangles) in dependence of etching time (lines are guide to the eye).

3.2. Structural Characterization of Al:ZnO on ZnSe/Cu(In,Ga)Se2/Mo/glass by XRD and
SEM—Strain/Stress Analysis

The X-ray diffractograms include Bragg reflections on the crystallographic planes of all thin
film components (CuIn70Ga30Se2 absorber, ZnSe buffer, Al:ZnO window) and the molybdenum
(Mo) substrate [37]. Secondary phases of MoSe2 formed through element interdiffusion at the
absorber/substrate interface are also represented. In addition, microcrystalline Cu2Se phases are
still detected despite maximum KCN etch-times of 7 min, since they are spread inside the volume apart
from the surface of the CIGS absorber. A ZnSe buffer is a particularly suitable material for replacement
of the CdS buffer in CIGS solar technology because of its wide band gap (Eg = 2.7 eV), the minor lattice
mismatch of its cubic phase to underlying CuIn70Ga30Se2 absorber (aCIGS = 5.736 Å, aZnSe = 5.669 Å),
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and the relatively limited mismatch of its hexagonal phase to overlying ZnO window (aZnO = 3.25 Å,
aZnSe = 3.98 Å) [19]. Besides, ZnSe satisfies the conditions of band alignment at the buffer/absorber
interface. Best efficiency chalcopyrite based solar cells are realized so far as heterojunctions containing a
CIGS absorber. Valence and conduction band-offsets are most important parameters of a heterojunction
device. In particular, the band-offsets between the absorber and the buffer layer play an important
role in determining the solar cell efficiency [13,38]. Band alignment at the interface of the most
commonly used buffer-layer CdS and the lower band-gap chalcopyrite absorber CuInSe2 has been
thoroughly studied in [39]. Ga addition to CuInSe2 leads to increase of the absorber band-gap and
band re-alignment in the vicinity of the buffer/absorber interface. In case of CdS/CuInSe2, the valence
band-offset ∆EV is almost independent of the Ga-content and amounts 1 eV [40]; the conduction
band-offset ∆EC, however, changes from positive (∆EC > 0, spike) to negative (∆EC < 0, cliff) [39].
A small spike can be beneficial because it tends to increase the inversion; a cliff is undesirable because
it reduces the inversion and opens a recombination path due to the decreased barrier-height: Eb = Eg

− ∆EC [13]. The barrier Eb hinders the holes from recombining with the photogenerated electrons; a
decrease of Eb, thus, increases the recombination at the buffer/absorber interface [41]. To re-establish
the full barrier, a buffer layer with larger conduction band-offset and/or higher band gap should be
used. ZnSe fulfills both requirements. The interface characteristics and band-lineup between ZnO and
epitaxial CuInSe2 (112) and (001) surfaces via formation of an ultra-thin intrinsic ZnSe buffer layer
(for ZnO growth on chalcopyrites at elevated temperatures) has been investigated with photoelectron
spectroscopy in [42] and was found to proceed as ubiquitous CuInX2–ZnX–ZnO (X = Se, S) structure.
Band-alignment in the presence of a very thin ZnSe buffer (15–30 nm) that favors the carrier transport
through the ZnO/ZnSe/Cu(In,Ga)Se2 solar structure can thus be taken for granted.

3.2.1. X-ray Diffractograms of CuIn70Ga30Se2

An X-ray diffractogram of the Al:ZnO/ZnSe/CuIn70Ga30Se2/Mo/glass solar structures is
compared, in Figure 2, with the diffractogram of the CuIn70Ga30Se2 absorber on Mo/glass substrate
to distinctly identify the Bragg reflections associated with the deposited buffer- and window-layers.
Bragg reflections on the crystallographic planes of the polycrystalline chalcopyrite (Figure 2a) are
observed at 26.98◦ (112), 28.48◦ (103), 44.76◦ (220), 44.86◦ (204), 47.10◦ (301), 53.06◦ (116), and 53.76◦

(312). Compared to Bragg reflections of the material of reference CuInSe2 [37,43], the reflection peaks of
CuIn70Ga30Se2 are shifted to higher 2θ angles [37], because of the gallium addition in the chalcopyrite
lattice, as has already been observed in both, in-vacuum grown polycrystalline ternary CuGaSe2 [44,45]
and epitaxial quaternary Cu(In,Ga)Se2 [46] material modifications. The peak at 2θ = 40.34◦ stems
from (110) crystallographic plane of the molybdenum (Mo) substrate [37]. The intense peaks at
2θ = 38.16◦, 51.50◦, and 55.96◦ are assigned, respectively, to Bragg reflections at the (103), (106), and
(110) crystallographic planes of an interfacial phase of molybdenum diselenide (MoSe2) formed at
the CIGS/Mo/glass interface [37,44,45]. A low intensity peak at 2θ = 39.30◦ inclusive supplementary
peaks on the higher and lower Bragg-angle side of Cu(In,Ga)Se2 (112) and Mo (110), respectively,
are assigned to reflections at the crystallographic planes of Cu2Se crystallites [37,47,48] as follows:
2θ ~27.06◦ (221), 39.30◦ (090), 40.16◦ (271). Copper deficient phases Cu2-xSe may also be involved at
2θ = 26.78◦ (111) [45].
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Figure 2. X-ray diffractograms of (a) CuIn70Ga30Se2 solar absorber on Mo/glass substrate and
(b) Al:ZnO/ZnSe/CuIn70Ga30Se2/Mo/glass solar structures annealed sequentially in two steps:
1st-step: 350 ◦C, 2 h, N2-flow (TFS-I_1, thick-solid line) and 2nd-step: 400 ◦C, 2 h, N2-purge (TFS-I_2,
thin-solid line).

3.2.2. X-ray Diffractograms of ZnSe and Al:ZnO—Strain/Stress Analysis

A reflection peak at 2θ = 26.25◦ Bragg-angle is assumed to be characteristic of the presence of
the ZnSe buffer. On amorphous glass and polycrystalline substrates, ZnSe is deposited with wurtzite
structure (hexagonal ZnSe) and exhibits (0001) and

(
1011

)
reflections at Bragg angles 2θ ~26.3◦ and

~29.3◦, respectively [37]. On high crystal quality substrates, epitaxial layers, and semiconductor wafers,
it is preferentially oriented along the [111] crystallographic direction of the sphalerite structure (cubic
ZnSe/zinc-blende type) and represented by (111) Bragg reflection at ~27.3◦ [37]. In case of ZnSe on
Cu(In,Ga)Se2, however, the usually observed ZnSe Bragg reflection peaks [19,21] overlap with the
peaks of the chalcopyrite and its secondary copper selenide phases. Low-index reflections of the very
thin ZnSe buffer layer are thus overshadowed by absorber reflections. Similar holds for the aluminium
doped ZnO window: low-index Bragg reflections from

(
1010

)
, (0002), and

(
1011

)
crystallographic

planes in wurtzite ZnO are located at 2θ = 31.76◦, 34.43◦, and 36.25◦, respectively, in accordance with
published data [21] and data known from the literature [37]. Considering that Bragg reflection peaks
of doped ZnO are shifted to higher Bragg angles with respect to the peaks of the undoped material, the
peaks at 2θ = 33.68◦ (FWHM: 0.41◦) and 36.05◦ (FWHM: 0.61◦), in Figure 2b, are respectively assigned
to the reflections on the (100) and (002) crystallographic planes of the ECD processed Al:ZnO window
bilayer; the (100) and (002) reflection peaks are fitted with Lorentzians in Figure 3a. Electrochemically
processed ZnO on semiconducting substrates exhibits, however, most pronounced (101) reflection
shifted to higher Bragg angles with dopant incorporation as reported in [21]. The influence of dopant
concentration on both, In:ZnO and Al:ZnO, has extensively been studied there for concentrations of
the InCl3 and AlCl3 dopant solutes ranging from 1 to 20 mM. Depending on the dopant concentration,
incorporation of In or Al in the ZnO lattice shifts the (101) reflection from nominal 2θ = 36.25◦ to higher
Bragg angles in the vicinity of 2θ ~38.0◦. The Al:ZnO (101) reflection is thus, in this case, shadowed by
the absorber/substrate interference of MoSe2 (103) reflection. Peak deconvolution is possible under
consideration of the carefully weighted individual contributions of substrate, epi-, and interface-layers
as demonstrated in Figure 3b: the X-ray diffractogram of an Al:ZnO/ZnSe/CuIn70Ga30Se2/Mo/glass
structure (TFS-II), with Al:ZnO bilayer processed successively in Zn(NO3)2 solution with 5 and 12 mM
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AlCl3 dopant and subjected to 2-step annealing (TFS-II_1, 350 ◦C, 2 h, N2-flow and TFS-II_2, 400 ◦C, 2 h,
N2-purge), is fitted with respect to the contribution of the CuIn70Ga30Se2/Mo/glass (CIGS substrate)
and the contribution of an Al:ZnO/i-ZnO/Mo/glass reference sample consisting of a bilayer of
intrinsic ZnO (i-ZnO) and ZnO doped with 9 mM AlCl3. The deconvoluted peaks match excellent the
individual contributions of the CIGS substrate interfacial layer and the Al:ZnO window at 2θ = 38.04◦

(FWHM: 0.24◦).
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respectively, while the peak at 2θ = 54.95° is tentatively assigned to the reflection on the (222) plane 
(2θ = 56.16° [37]) of the zinc-blende phase of the CBD processed ZnSe buffer layer. The shift to lower 
Bragg angles indicates the presence of tensile strain due to the lattice mismatch of the ZnSe epilayer 
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with θ, the Bragg-angle, and λ, the Cu-Kα1 radiation wavelength (λ = 1.5406 Å). Opposite to high 
index planes with small spacing, planes with low indices have large spacing and pass through a high 
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Figure 3. Bragg-reflections of Al:ZnO on ZnSe/CuIn70Ga30Se2/Mo/glass thin film structure TFS-II
subjected to 2-step annealing procedure (TFS-II_1 and TFS-II_2): (a) Al:ZnO (100), 2θ = 33.68◦, Γ = 0.41◦

and Al:ZnO (002), 2θ = 36.05◦, Γ = 0.61◦; and (b) Al:ZnO (101), 2θ = 38.04◦, Γ = 0.24◦ of TFS-II_2 fitted
with Lorentzians (dashed-lines) in accordance with the contributions of the CIGS/Mo/glass substrate
and an Al:ZnO reference layer on i-ZnO/Mo/glass doped with 9 mM AlCl3 solute dopant.

High-index Bragg reflections (Figure 2b) emerge through successive improvement of the crystal
quality of the ECD deposited Al:ZnO window and the CBD deposited ZnSe buffer successively
annealed in order to maintain the chalcopyrite stoichiometry skipping selenization at elevated
temperatures (T > 500 ◦C), which is a common feature of both, multi-stage [28,29] (T = 525 ◦C) and
standard three-stage (T > 540 ◦C) [49], vacuum processes. For peak assignment at higher Bragg angles,
strain induced shifts of the ZnSe and the Al:ZnO reflection peaks and relative intensity changes were
taken into account. Considering that ZnSe can be grown with sphalerite (cubic) or wurtzite (hexagonal)
structure dependent on substrate crystallinity and growth conditions and that high quality ZnSe buffer
layers of zinc-blende structure indicated by highly intensive narrow (111) reflection peak at 2θ = 27.10◦

(FWHM: 0.14◦) were deposited by CBD on Cu(In,Ga)Se2 absorbers after optimization of growth and
post-growth annealing procedures, as reported in one of our previously published works [19], both
modifications of cubic (c-ZnSe) and hexagonal (h-ZnSe) zinc-selenide were, in principle, examined.
The peaks at 2θ = 48.75◦ and 59.54◦ are thus assigned to reflections on the (103) (2θ = 49.54◦ [37])
and (202) (2θ = 60.64◦ [37]) crystallographic planes of the wurtzite phase, respectively, while the
peak at 2θ = 54.95◦ is tentatively assigned to the reflection on the (222) plane (2θ = 56.16◦ [37]) of the
zinc-blende phase of the CBD processed ZnSe buffer layer. The shift to lower Bragg angles indicates
the presence of tensile strain due to the lattice mismatch of the ZnSe epilayer (c-ZnSe, a = 5.669 Å and
h-ZnSe, a = b = 3.996 Å, c = 6.550 Å) and the CuIn70Ga30Se2 substrate (a = 5.736 Å).

The interplanar spacing d was calculated from the observed reflection peaks according to
Bragg’s law:

d = λ/(2sinθ) (6)

with θ, the Bragg-angle, and λ, the Cu-Kα1 radiation wavelength (λ = 1.5406 Å). Opposite to high index
planes with small spacing, planes with low indices have large spacing and pass through a high density
of lattice points [50]. For the low-index reflections of ZnO, (2θ = 33.68◦) d(100) = 2.659 Å, (2θ = 36.05◦)
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d(002) = 2.489 Å, and (2θ = 38.04◦) d(101) = 2.364 Å, whereas for the high-index reflections of c-ZnSe,
(2θ = 54.95◦) d(222) = 1.670 Å and h-ZnSe, (2θ = 48.75◦), d(103) = 1.867 Å, (2θ = 59.54◦), d(202) = 1.551 Å
were calculated.

The grain sizes of the polycrystalline layers were obtained from Bragg-angle and -width (full width
at half peak maximum (FWHM) in radians) using the Scherrer formula [50]. In polycrystalline
materials, strain/stress affects primarily the peak position, while the width and the (integrated)
intensity are mostly associated with the crystallite sizes, the lack of long-range order, and the degree of
amorphization. Factor K = 0.9 is used for spherical crystallites, which is a common assumption in both,
poly- and nanocrystalline materials:

D =
K λ

B cos θ
(7)

Crystallite sizes in Al:ZnO varied in the range 15–35 nm; in ZnSe, both, sizes and size-distribution,
were larger: 24–74 nm. In consequence, Bragg reflections assigned to ZnSe are more intense than those
of ZnO due to coagulation of small to larger size crystallites and increase of long-range order at lower
temperatures of annealing in consistency with the results of ZnSe, ZnO, and doped ZnO crystallization
from solutions [51–53].

The distance d between adjacent planes is a function of both, the plane indices (hkl) and the
lattice constants. The exact relation depends on the crystal system involved [50]. For crystals of cubic
symmetry (a = b = c, α = β = γ = 90o), it has a relatively simple form:

1
d2 =

(
h2 + k2 + l2

a2

)
(8)

For crystals of hexagonal symmetry (a = b 6= c, α = β = 90◦, γ = 120◦), the d-spacing is given by:

1
d2 =

4
3

(
h2 + hk + k2

a2

)
+

l2

c2 (9)

The lattice constants of both, ZnSe buffer and Al:ZnO window, can thus be determined from the
respective X-ray diffractograms and Equations (6), (8) and (9). Principally, the lattice constants of thin
films and doped solids differ from those of bulk crystals since they succumb to the effects of hydrostatic
and/or mismatch strain [21,31,54]. The lattice constants of ZnO (a = 3.070 Å and c = 4.979 Å) calculated
with Equation (9) as a = (2

√
3/3)d, from d(100) = 2.659 Å, and c = 2d, from d(002) = 2.489 Å, are

smaller than those known from the literature (bulk values: a = 3.250 Å and c = 5.207 Å [37]) indicating
the existence of (hydrostatic) compressive strain in the ZnO lattice through Al-dopant incorporation.
Moreover, the d-spacing of the (101) reflection obtained as d = ac

√
3/ (3a2 + 4c2) = 2.35 Å from

Equation (9) and the calculated values of a, c, complies, within experimental and calculation errors,
with the measured d(101) = 2.36 Å, which further confirms the ZnO reflection peak assessment.

The strains described by Equations (A2), (A3), (A16) and (A17) in Appendix A can be linearly
superimposed to give the effective strain [55]:

εa,e f f = [a− (a0 − ∆a)] / (a0 − ∆a) (10)

εc,e f f = [c− (c0 − ∆c)] / (c0 − ∆c) (11)

In this representation, a0 − ∆a = a0 − εha0 = aepi,e f f and c0 − ∆c = c0 − εhc0 = cepi,e f f are the
“effective” lattice constants of the Al:ZnO epilayer as calculated from the experimentally measured
X-ray diffractograms. The hydrostatic and “effective” mismatch strain can thus be determined in
accordance with:

εh(aepi,e f f ) =
aepi,e f f − a0

a0
, εh(cepi,e f f ) =

cepi,e f f − c0

c0
(12)
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εa,e f f =
asub − aepi,e f f

aepi,e f f
(13)

εc,e f f =
csub − cepi,e f f

cepi,e f f
(14)

The respective in-plane and surface-normal stresses related to hydrostatic strain are:

σxx = σyy = (C11 + C12 + C13) εh (15)

σzz = (2C13 + C33) εh (16)

The “effective” stress associated with both, the hydrostatic and mismatch strain, can be determined
by inserting the “effective” strain components εa,eff and εc,eff, from Equations (13) and (14), in Equations
(A14) and (A15) instead of the strain components εa and εc defined by Equations (A2) and (A3).

Hydrostatic strain effects related to Al-dopant incorporation in the ZnO lattice were quantified in
one of our recent publications [21]. The Al:ZnO reference layers were deposited by ECD with thickness
~400 nm (deposition time: tdep = 300 s) on ~40 nm ECD processed ZnO templates on Mo/glass
substrates. The lattice mismatch between the hexagonal ZnO template (a = b = 3.250 Å) and the cubic
Mo substrate (a = 3.147 Å) is ~3%. The mismatch of the Al-doped ZnO window (a = 3.070 Å) to the
hexagonal-phase of the ZnSe buffer (a = 3.996 Å) is significantly higher (~30%) and particularly high
(90%), when compared to its cubic-phase (a = 5.784 Å); it is thus anticipated that part of the shift to
higher Bragg angles generated by (hydrostatic) compressive strain (εh) in Al:ZnO is cancelled by the
tensile mismatch strain to the underlying ZnSe. Doping of Al:ZnO on i-ZnO/Mo/glass reference layers
with 9 mM AlCl3, results in εh = −0.11. The hydrostatic strain is radically increased to εh = −1.88 by
an increase of the solute dopant concentration to 11 mM, e.g., by surpassing the 10 mM “threshold”
detected in [21]. Nevertheless, higher dopant concentrations and dopant induced strains can be
assimilated without coalescence breaking and fracturing of the layer microstructure by increasing
the thickness of the layer and thus modifying the spatial dopant distribution. In accordance with
the thickness versus solute-dopant-concentration calibration performed there, the Al:ZnO bilayer
successively processed with 5 and 12 mM AlCl3, in the present study, consists of a highly-doped
1st-layer with thickness ~400 nm and an ultra-highly-doped 2nd-layer with thickness ~600 nm both
represented by a reflection peak at Bragg angle in the immediate vicinity of the angle of the Al:ZnO
reference layer doped with 9 mM AlCl3. It may thus be assumed, that εh ≤−0.11. In fact, the hydrostatic
strain calculated with Equation (12) from the measured lattice constants of the Al:ZnO window layer
(a = 3.070 Å and c = 4.979 Å) and the lattice constants of bulk ZnO (a = 3.250 Å and c = 5.207 Å [37]) by
using the elastic stiffness constants of ZnO known from the literature (C11 = 190 GPa, C12 = 110 GPa,
C13 = 90 GPa, C33 = 196 GPa [56]) is εh = −0.050 (εh(aepi,eff) = −0.055, εh(cepi,eff) = −0.044). Based on
the volume density of host N(ZnO) = 8.30 × 1022 cm−3 and substitute N(Al) = 6.03 × 1022 cm−3, the
percentage of Al3+ cations (rAl = 1.82 Å) that occupy sites of Zn2+ cations (rZn = 1.53 Å) in the Al:ZnO
lattice introducing internal hydrostatic strain and lattice contraction of magnitude b = −2.74 × 10−24,
because of the larger size of Al with respect to Zn, can be deduced from Equations (A16) and (A17):
C (C%) = 30%, N(Al) = 1.81 × 1022 cm−3. The respective in-plane and surface-normal compressive
stresses calculated with Equations (15) and (16) are: σxx = σyy~σzz~−19 GPa. A stress value of this
order (−21 GPa) can also be obtained in case that the bulk modulus of ZnO (B = 142.4 GPa [57]) is used
to describe the lattice compression under the assumption that the only effect of volume deformation
will be the decrease of the lattice constant of the overall system [58]:

p = −B∆V/V = −3B∆a/a = −3B
(

a0 − aepi,e f f

)
/a0 (17)

In layered structures, however, the effect of hydrostatic pressure may lead to non-uniform
deformation, since the c-axis may decrease, under pressure, stronger than the a-axis indicating that
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the out-of plane compression is stronger than the in-plane compression [59]. Under the application of
hydrostatic pressure:

σxx = σyy = σzz = σ, σxy = σyz = σzx = 0 (18)

calculation in accordance with Equation (A4) yields:

εxx = εyy(= εa) = ε (19)

εzz(= εc) =
C11 + C12 − 2C13

C33 − C13
ε (20)

σ =

[
C33 (C11 + C12)− 2C2

13
C33 − C13

]
ε (21)

Considering the ratio of the strain components in the direction of the surface-normal and in the
plane-of-surface εc/εa, as defined in the cases of:

(a1) biaxial in-plane stress, in Equations (A12) and (A13), εc
εa

= (−) 2C13
C33

= (−) 0.918,

(a2) uniform pressure, in Equations (19) and (20), εc
εa

= C11+C12−2C13
C33−C13

= 1.132,

and measured experimentally in the cases of:

(b1) effective strain εa,eff, εc,eff, in Equations (13) and (14), εc
εa

= 1.046,

(b2) effective hydrostatic strain εh(aepi,eff), εh(cepi,eff), in Equation (12), εc
εa

= 0.800,

the almost equal changes of strain loads (absolute values) in (a1), (a2), ∆ εc
εa

= 0.214, calculated
exclusively in dependence of material elasticity, and in (b1), (b2), ∆ εc

εa
= 0.246, experimentally

observed, indicate that non-uniform hydrostatic lattice compression may eventually take place in
ECD processed Al:ZnO on ZnSe/CuIn70Ga30Se2/Mo/glass solar structures, a portion of which is
counterbalanced by the tensile stress field of mismatch strain between the Al:ZnO window and the
underlying ZnSe buffer. The effective bisotropic tensile stress ascribed to the mismatch strain between
the ZnSe intermediate layer (a = 3.996 Å, c = 6.550 Å) and the compressively through doping strained
Al:ZnO epilayer (a = 3.070 Å and c = 4.979 Å) was calculated with Equation (A14) to σeff ~65 GPa;
this is higher than the bisotropic tensile stress σ ~50 GPa between ZnSe and undoped ZnO by 30%
which equals exactly the percentage C% = 30% of Al3+ substitutes in the Al:ZnO lattice calculated with
Equations (12), (A16) and (A17).

The lattice constant of cubic ZnSe (bulk value: a = c = 5.669 Å [37]) calculated with Equation (8)
from Bragg reflection on (222) crystallographic plane with interplanar spacing d(222) = 1.670 Å is
a = 5.784 Å. The lattice constants of hexagonal ZnSe (bulk values: a = 3.996 Å and c = 6.550 Å [37])
calculated with Equation (9) from (103) and (202) reflections with d-spacing d(103) = 1.867 Å and
d(202) = 1.551 Å are a = 4.058 Å and c = 6.609 Å. In both cases, c-ZnSe and h-ZnSe, the lattice constants
of nm-thick ZnSe buffer on µm-thick Cu(In,Ga)Se2 absorber are by 1%–2% larger than the respective
lattice constants of the bulk indicating the presence of tensile mismatch strain ε (=εxx) of this order with
respect to the underlying CuIn70Ga30Se2 layer (a = 5.736 Å and c = 11.448 Å [37]) thus lattice-stretching
εxx = (5.736 − 5.669)/5.669 dominated by the cubic phase of ZnSe. The respective tensile stress
calculated by inserting the strain values and the elastic stiffness constants of c-ZnSe known from the
literature (C11 = 85.7 GPa, C12 = 50.7 GPa, C44 = 40.5 GPa [60,61]) in Equation (A14) is σ ~1.5 GPa.

3.2.3. SEM Images of Al:ZnO

The surface morphology and preferential growth of Al:ZnO bilayers along the
(
1011

)
crystallographic direction are depicted in the SEM micrographs of Figure 4a,b. Except from preferential
orientation evidenced through SEM imaging on the cross-section of the bilayer, oriented growth along
(101) is strongly suggested by the ×20 higher intensity of Bragg reflection on the (101) crystallographic
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plane of Al:ZnO (Figure 3b), following peak deconvolution, in comparison with the intensities of the
(100) and (002) reflections (Figure 3a). Hence, the SEM images of the ECD processed bilayer show
surface texturing under preferred 45◦ and distinct c-axis orientation expected to facilitate both, optical
and transport properties across the layers.
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Oriented growth up to self-organized growth in the form of ZnO nanorods [62–64] is assumed to
be among others precipitated in the presence of strain. The stress due to the lattice mismatch between
nanorods and substrates and the surface roughness of the layer underneath of the nanorods essentially
influence the formation of ZnO nanorods [65]. Moreover, improved light harvesting performance was
reported [66] for the selective heteroepitaxial growth of ZnO nanorods via formation of ZnO seeds
anchoring to the nanorod outer TiO2 substrate surface with lattice modulation presumably induced
by the strain from the lattice mismatch. In chalcopyrite absorber based thin solar cells with ultra-thin
buffer layer, both, the lattice mismatch of the highly doped ZnO window to underlying absorber
layer and the orientation of the chalcopyrite layer itself, are anticipated to contribute to the oriented
growth of the ZnO window and front-contact layer. According to published literature [67], high
efficiency absorbers grown on standard Mo-coated soda-lime glass (Mo/SLG) substrates are clearly
and unambiguously (110) oriented, whereas, in Na-free polycrystalline Cu(In,Ga)Se2 thin films grown
on Mo foils, grains with both orientations (110/102) are present. It is commented [67], that devices
with efficiency >18%, all show a certain degree of (110) preferred orientation of the absorber film.

3.3. Optical Characterization of Al:ZnO on ZnSe/Cu(In,Ga)Se2/Mo/glass by
NUV-VIS-NIR Spectrophotometry

3.3.1. Optical Characterization of Al:ZnO/ZnO Reference Samples on Mo/glass

Aluminium doped zinc oxide (AZO) films represent a promising upcoming alternative to
transparent conductive oxide (TCO) films mainly because of their competitive electrical and optical
properties, cheap and abundant raw materials, nontoxic nature, long term environmental stability,
and easy fabrication. The structural and electrical properties of Al:ZnO/ZnO bilayers deposited by
ECD on Mo/glass substrates as preliminary test-structures for the ECD growth of lightly-to-highly
doped Al:ZnO bilayers on CIGS photovoltaic absorbers were reported in one of our previous
publications [21]. It was found, that through dopant incorporation, the Al:ZnO layers exhibit
high hydrostatic compressive strains in the range εh = (−0.059)–(−2.071). The optical properties
of these test-structures are thoroughly being reconsidered, in the present work, since Al substitutes
(or interstitials) in the ZnO lattice and thereby induced built-in strain of Al:ZnO may considerably
affect the band-gap energy and hence the transparency of the Al:ZnO window layer of CIGS TFSCs.

The reflectance spectra of Al:ZnO/ZnO bilayers were recorded in the NUV-VIS region from 180 to
400 nm. As demonstrated in Figure 5a, the surface reflectivity varies in the range 5%–35% (normalized
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intensity) with varying the AlCl3 solute dopant concentration of the ECD process from 1 to 20 mM
and reaches, at 7 mM, a maximum comparable with the reflectivity of the molybdenum back contact
over the measured spectral range. Further increase of the ECD precursor concentration, particularly
above 10 mM, is followed by decrease of the spectral reflectance through increasing surface roughness
possibly because of strain induced surface faceting up to coalescence breaking as observed in [21].
Despite spatial variations up to 10% associated with local variations of surface roughness, curvature
changes associated with the spectral reduction of reflectance through absorbance at (optical) band-gap
energy of Al:ZnO are evidenced throughout the concentration changes of solute dopant from low
(1 mM) to extra-high (20 mM). The (optical) band gap of the Al:ZnO/ZnO test structures was extracted
from the reflectance spectra similarly to [21] by using the Kubelka-Munk approximation referred
in [68,69]. The evaluation principles are briefly reviewed in the following:
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The so-called diffuse (or volume) reflection, in polycrystalline materials, results from the reflection,
refraction, diffraction, and absorption by crystallites oriented in all directions. Based on the absorption
(K) and scattering (S) per unit layer thickness of the medium assumed to be a continuum, in the
limiting case of an infinitely thick sample, the Kubelka-Munk equation at any wavelength becomes:

K
S

= F(R∞) =
(1− R∞)2

2R∞
(22)

where F(R∞) is usually termed the remission or Kubelka-Munk (K-M) function. To fulfill the condition
set to layer thickness and enable the K-M approximation, the layers should be grown thick enough to
ensure that a further increase in thickness will fail to change the reflectance.

In the parabolic band approximation, band-gap Eg and absorption coefficient α of a direct
band-gap semiconductor are related through the well-known equation [70]:

αhν = C
(
hν− Eg

)1/2 (23)

where α is the linear absorption coefficient of the material, hν is the photon energy, and C is a
proportionality constant.

Considering the K-M absorption coefficient K as proportional to α and the K-M scattering
coefficient S as wavelength independent constant, the sample absorption in Equation (23) can be
expressed in terms of the inverse remission function of Equation (22) as follows:(

(F(R∞))−1 hν
)2

= C′
(
hν− Eg

)
(24)
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A plot of ((F(R∞))−1 hν)2 in dependence of energy (hν), with F(R∞) calculated according to
Equation (22), and linear fit up to the point of curve inflection gives by intersection with the energy axis
the band gap energy of the sample. The linear fits of the absorption edges of the Al:ZnO overlayers
are depicted in the tauc-plots of Figure 5b with the AlCl3 solute dopant concentration 1–20 mM
as parameter. The respective band gap energies are in the range: Eg(Al:ZnO) = 3.14–3.68 eV. The
experimental and calculation errors have magnitude ±0.05 eV.

The distribution of gap energies is a result of the competition between two reciprocal
interdependent effects: band-gap narrowing through increase of donor-level population and band-gap
widening under the influence of compressive stress generated by the incorporated Al-donors. Referred
to the Al-doping induced disorder and the Al-defects, several competing, if not incompatible, structural
models have been proposed. Only point defects have been considered so far, although a much wider
variety of defects, like edge and screw dislocations or planar and volume defects, seem to be possible.
An overview of the suggested defects in Kröger-Vink notation [71] is given in [72]. Most works consider
aluminium substituting for zinc (AlZn) to be a likely defect impinging thus the material band-gap.
Neutral defects involving three Zn2+ cations replaced by two Al3+ cations and a compensation cationic
vacancy and acting as electrons traps have also been discussed [73]. Recently published micro-Raman,
X-ray photoelectron spectroscopy (XPS), and spectroscopic ellipsometry (SE) analyses of Al:ZnO
films prepared by co-sputtering of ZnO and Al at moderate temperatures (RT-188 ◦C) [74] indicate
that the incorporated host-atoms are Al3+ species in Zn2+ substitutional position and their amount
increases following a direct monotonic trend with the deposition temperature. For liquid-phase
processing of Al:ZnO/ZnO by ECD, at 80 ◦C, the dependence of band-gap energy on AlCl3 solute
dopant concentration and the respective atomic percent (at. %) of aluminium incorporated in the
ZnO lattice, as determined by energy dispersive analysis X-ray (EDAX) in [21], is demonstrated
in Figure 6a. The dependence of band-gap energy on hydrostatic compressive strain generated by
Al-dopant incorporation is indirectly accessed using the strain εh versus Al (at. %) relation of Figure 6b:

εh = −0.165 × [%Al] − 0.450 × 10−6 (25)
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Figure 6. Al:ZnO/ZnO test structures: (a) Band-gap energy in dependence of AlCl3 solute dopant
concentration and the respective [Al] at. % incorporated in the ZnO lattice [21] and (b) hydrostatic
strain of Al:ZnO versus [Al] at. %.

For solute dopant concentrations below the 10 mM “threshold” detected in [21], introduction
of Al3+ dopant inside the ZnO lattice is difficult from natural coordination preference [72–74] and
leads consequently to very low solubility limit (<1 at. %). The effect of low Al content of Al:ZnO is
apparently defect related band-gap narrowing from Eg = 3.68 to 3.14 eV (Figure 6a). With the increase
of AlCl3 concentration in the ECD solution, the atomic fraction of Al in the ZnO lattice is successively
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increased, the hydrostatic compressive strain is simultaneously being increased (Figure 6b) and takes
over in the vicinity of the 10 mM “threshold” with one order of magnitude higher Al content (>10 at. %)
leading to reestablishment of the initial band-gap energy (Figure 6a).

3.3.2. Optical Characterization of Al:ZnO on ZnSe/Cu(In,Ga)Se2/Mo/glass Solar Structures

The solar Al:ZnO/ZnSe/CuIn70Ga30Se2 thin film structures (TFS) on Mo/glass substrates were
of two different types: TFS-I and TFS-II according to process modifications of chalcopyrite absorber
and ZnSe buffer, prior to Al:ZnO deposition by ECD, predestined to modify significantly the TFS
properties. In TSF-I, the chalcopyrite absorber surface was subjected to additional treatment by KOH
following KCN etching; besides, the deposition time of the ZnSe buffer layer by CBD was reduced to
2/3 of standard duration 90 s aiming to minimize the layer thickness in accordance with optimization
criteria reported in [19,75]. The NUV-VIS-NIR spectral reflectance of TFS-I and TFS-II, depicted
in the inset of Figure 7a, was recorded following each annealing step. As described in Section 2.
Materials and Methods, the solar structures were annealed in two steps aiming to produce high
quality polycrystalline ZnO-window/ZnSe-buffer by maintaining the stoichiometry of the selenium
buffer/absorber compounds: 1-step: 350 ◦C, 2 h, N2-flow (TFS-I_1, TFS-II_1) and 2-step: 400 ◦C, 2 h,
N2-purge (TFS-I_2, TFS-II_2). For comparison, the reflectance of bare CuIn70Ga30Se2 absorber subjected
to KCN-etching, with etch-time (7 min) equal to that of absorbers processed to solar structures, is also
shown. The reflectance of TFS-I_1 is lower at NUV and converges to CIGS reflectance at NIR opposite
to the TFS-II_1 being equal to CIGS reflectance at NUV and higher at NIR. The reflectance of both,
TFS-I_2 and TFS-II_2, is reduced following the 2-step of annealing; the TFS-II_2 reflectance is then
lowered at NUV and becomes equal to CIGS reflectance at NIR. It is assumed that, among other factors
such as strain, surface oxidation, and Se depletion, these reflectance changes are the result of annealing
induced changes of the microstructure associated with bond-/angle-rearrangement, improvement of
long-range order, and transparency enhancement in the window/buffer layers of the layer sequence
studied. The reflectance spectra of the solar structures were evaluated similar to the former case of
Al:ZnO/ZnO test structures using the Kubelka-Munk approximation and tauc-plots of CuIn70Ga30Se2

absorber, in Figure 7a, and Al:ZnO bilayer, in Figure 7b.
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Figure 7. Al:ZnO bilayer on solar ZnSe/CuIn70Ga30Se2/Mo/glass thin film structures (TFS-I & TFS-II) 
annealed in two steps, 1st-step: 350 °C, 2 h, N2-flow (TFS-I_1 & TFS-II_1) and 2nd-step: 400 °C, 2 h, 
N2-purge (TFS-I_2 & TFS-II_2): (a) tauc-plots of CIGS absorber (in the inset: TFS spectral reflectance) 
and (b) tauc-plots of Al:ZnO window bilayer.  

Figure 7. Al:ZnO bilayer on solar ZnSe/CuIn70Ga30Se2/Mo/glass thin film structures (TFS-I & TFS-II)
annealed in two steps, 1st-step: 350 ◦C, 2 h, N2-flow (TFS-I_1 & TFS-II_1) and 2nd-step: 400 ◦C, 2 h,
N2-purge (TFS-I_2 & TFS-II_2): (a) tauc-plots of CIGS absorber (in the inset: TFS spectral reflectance)
and (b) tauc-plots of Al:ZnO window bilayer.

The absorption-edge of the bare CIGS absorber, with 30% Ga fraction and Ga enrichment in the
upper layer part by exposure to elongated KCN etch-time, and thus its band-gap energy is shifted to
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Eg(CIGS) = 1.678 eV. With reference to this energy, the band-gap energies of TFS-I_1 and TFS-II_1 appear,
following the 1-step of annealing, red-(Eg(CIGS) = 1.669 eV) and blue-shifted (Eg(CIGS) = 1.742 eV),
respectively. Considering that the CIGS absorber (2.4 µm) and the Al:ZnO window (1.2 µm) have
comparable thickness, the band-gap broadening of the TFS-II_1 absorber is tentatively assigned to the
compressive stress that the chalcopyrite experiences from the Al:ZnO overlayer. The ZnSe buffer is
probably, at standard CBD process time 90 s, already too thin to act as an ideal “wetting” layer and fully
relax strain. This kind of compressive stress exhibits also TFS-I_1; the band-gap narrowing is, in this
case, mainly due to mild surface oxidation by KOH; this results in a surface that is rich in polyselenides
((Se2−)n) with a few copper hydroxides due to the dissolution of metal ions from the surface and near
surface layer parts as observed in ambient air, acidic, and alkaline conditions by X-ray Photoelectron
Spectroscopy (XPS) in [76]. In aqueous solution, the selenide ion (Se2−) is prevalent only in very basic
conditions. In neutral conditions, hydrogen selenide ion (HSe−) is most common. In acid conditions,
hydrogen selenide (H2Se) is formed. In flotation related conditions, polyselenide species and more
selenate species are found at the chalcopyrite surface after oxidation [77]. Production and release of
selenates (SeO2

4−) from oxidized surfaces is thus implicated in the uptake of selenate on alkaline
oxidised chalcopyrite. Selenates are highly soluble in aqueous solutions, at ambient temperatures.
The band-gap narrowing of TFS-I_1 can thus be explained as originating from selenium deficiency.
In analogy, the red-shifts of the band-gap energies of TFS-I_2 (Eg(CIGS) = 1.584 eV) and TFS-II_2
(Eg(CIGS) = 1.685 eV), after the 2-step of annealing, can be interpreted as due to losses of volatile
Se element. Band gap narrowing by annealing in inert gas (Ar) or forming gas (N2 + H2) instead
of selenium atmosphere is a common effect systematically analyzed in scientific research studies in
the past [78]. The results of the present study imply that the net-effect amounts 5% for TFS-I_2 and
remains almost unnoticed in TFS-II_2 CIGS absorber. Analysis of the high energy spectral part of
the reflectance by Kubelka-Munk and tauc-plot formalism yields, for the band-gap energy of the
Al:ZnO window bilayer of TFS-I_1, Eg(Al:ZnO) = 3.67 eV equal to gap energy of highly doped strained
Al:ZnO/ZnO test-structures discussed in part A) of this section. In TFS-II_1, the strain accumulated in
the bilayer shifts the absorption edge above 4 eV and two contributions with Eg(Al:ZnO) = 4.09 eV
and Eg(Al:ZnO) = 4.37 eV assigned to the Al:ZnO sub-layers with lower (5 mM) and higher (12 mM)
doping can be distinguished.

3.4. Electrical Characterization of Al:ZnO on ZnSe/Cu(In,Ga)Se2/Mo/glass by van-der-Pauw and
I-V Measurements

In CIGS solar cells, it is customary to use a high-low resistivity grading of the ZnO layer:
An undoped layer of ZnO with higher resisitivity is initially deposited on the buffer layer followed by
deposition of a doped low resistive layer. Achieving resistivity control while maintaining adequate
transparency of films usually sputtered from two separate targets is not trivial. Moreover, a study of the
properties of CIGS solar cells with [Ga]/([In]+[Ga]) ratios ranging from 0.26 to 0.31 strongly suggests
that highly efficient cells can be fabricated without using the high-resisitivity undoped ZnO layer even
in case of very thin buffer layer [79]. Opposite to sputtering processes, wet processing by ECD allows
convenient doping and thus resistivity grading by varying the solute dopant concentration.

In one of our previous publications [21], ECD processed Al:ZnO/i-ZnO on Mo/glass and
In:ZnO/i-ZnO on ZnSe/Mo/glass test-structures were probed. The intrinsic conductivity ZnO
layer (i-ZnO) has been proven in [80] to inhibit leakage currents. The i-ZnO layer thickness of
chalcopyrite based thin film solar cells, however, should not exceed 70 nm, otherwise the serial
resistance is increased and the fill factor of the cell derogates [80]. The electrical resistance of the
Me/Al:ZnO/ZnO/Mo/glass layer sequence (sequential resistance), in [21], was determined from the
current versus voltage (I(V)) characteristic curves measured between the molybdenum back contact
and the front metal carrier-collector. The I-V measurements of the Au/Ni/Al:ZnO/ZnO/Mo/glass
test-structures comprise resistivity values of (0.46 − 1.33) × 105 Ω·cm dependent on the AlCl3 solute
dopant concentration (1-20 mM). The sequential resistance is in this case mainly due to undoped
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ZnO layer and to a minor degree still influenced by the Al-doped ZnO layer as expressed by the
Al:ZnO/ZnO resistivity versus AlCl3 concentration calibration-curve in [21]. The electrical conductivity
of aluminium doped zinc oxide materials (AZO) depends on doping induced defects and grain
structure. AlZn substitutes contribute with 1e− to the increase of local charge density. Al interstitials,
tetrahedrally or octahedrally coordinated to O sites, offer already 3e− [72].

Sheet resistance measurements performed, in the present work, on In-pellet contacted highly
doped Al:ZnO sheets deposited by ECD on ZnO/Mo/glass from Zn(NO3)2 solution with AlCl3
solute dopant in the range 3–15 mM yielded resistivity values in the order of 10−4 Ω·cm as
demonstrated in Figure 8; the resistivity of the Al:ZnO sheet processed with 9 mM AlCl3 was
ρ(Al:ZnO) = (2.7 ± 0.2) × 10−4 Ω·cm. The sheet resistance of 400 nm thick molybdenum on glass
substrate (Mo/glass) used to process the Al:ZnO/ZnO reference samples by ECD and also used as
standard back contact of CIGS TFSCs was found to be of the same order: ρ(Mo) = 0.58 × 10−4 Ω·cm
and is inserted in Figure 8 for comparison reasons. This value is exactly one order of magnitude
higher than the molybdenum bulk resistance known from the literature: ρ(Mo) = 0.58 × 10−5 Ω·cm at
300 K [81]. Sputtered molybdenum films of thickness 0.5 µm and good adhesion to soda-lime glass for
CIGS device technology exhibit usually resistivity values by factor 5–10 higher than the resistivity of
the bulk [82,83]. Hence, an ultra-heavily doped Al:ZnO front contact of a CIGS TFSC deposited from
ECD solution with 27 mM AlCl3 is expected to be equally conductive to molybdenum back contact.
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Figure 8. Resistivity (Ω·cm) of ECD processed highly doped Al:ZnO sheets on i-ZnO/Mo/glass in
dependence of AlCl3 solute dopant concentration (full circles); for comparison, the resistivity of the
molybdenum thin film (square) on glass substrate is also plotted.

Least resistance path calculations (Appendix B) performed in the present configuration of the
Al:ZnO/i-ZnO/Mo layer sequence with dimensions 0.4/0.9/0.4, 0.7/1.4/0.4, and 0.8/1.0/0.4 µm and
resistivities of the i-ZnO and Mo films of order 105 and 10−4 Ω·cm, respectively, exclude interferences
of the low resistive Mo coating of the glass substrate in the determination of the sheet resistance of
highly doped Al:ZnO assuming that its resistivity is of order 10 and lower. At present, compilation
of literature data of the electrical properties of ZnO films prepared by various deposition techniques
and doped with the group IIIB elements B, Al, Ga, and In [84] shows that resistivities obtained with
Al dopant do not exceed 10−2 Ω·cm. The lowest resistivities of polycrystalline ZnO films deposited
by magnetron sputtering, metal organic chemical vapour deposition, and pulsed laser ablation were
found to be in the range of 1.4–2.0 × 10−4 Ω·cm [85]; the resistivity of ECD deposited highly doped
ZnO films is of the same order. Normalized to Mo bulk resistance, highly doped ZnO liquid-phase
deposits may exhibit resistivity of the order 10−5 Ω·cm at the low limit. An upper limit of the order
105 Ω·cm is set by the resistivity of (intrisic) ZnO previously discussed. This can further be reduced
towards the resistivity of undoped bulk ZnO of order 10 Ω·cm reported in the literature [86] by fine
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adjustment of the ECD process parameters, in particular the electrochemical potential EC, and the
parameters of the subsequent annealing procedure.

Van der Pauw measurements suitable for low and accurate resistance determination by
minimization of the spreading and contact resistance [87–89] were additionally performed on Al:ZnO
doped with 3 mM AlCl3 and yielded resistivity of order 10−5 Ω·cm, thus confirming the low-resistive
nature of the layers, as detected by the two-point measurement technique. In the microscale, the
dimensionless R* electrical contact resistance (ECR) of conductive rough surfaces depends on the
electron mean free path λ (λ(In) = 8.16–8.65 nm [90]) and increases linearly with the decrease of
the contact area A following an empirical relation A∗ = f1(λ

∗)R∗ f2(λ
∗), with A∗, λ∗ being also

dimensionless [91]. The ECR of In may become of the same order as the resistance of highly doped
ZnO with the increase of dopant concentration and the shrinkage of active contact area as result of
adhesion deterioration (Appendix B). Preliminary Hall conductivity measurements of ECD highly
doped Al:ZnO indicate carrier concentrations in the order of 1021–1022 cm−3. For sequential ECD
processing of bilayers and multilayers, the conductivity of the substrate and thus of highly conductive
deposits (σ(Al) = 3.8 × 107 S/m, σ(In) = 1.2 × 107 S/m) is among others an essential parameter for the
follow-layers. By deposition of highly conductive layers, the ECD process is significantly modified
by the increase of thickness of the deposit. A saturation effect of the carrier concentration in ECD
processed Al:ZnO layers with solute dopant concentrations AlCl3 higher than the 10 mM “threshold”
identified in [21] is apparent, which sets an upper limit to the carrier concentration at 1022 cm−3.
Carrier concentrations of this order have been reported, in the past, for Al-doped ZnO films deposited
by simultaneous RF and DC excitation of magnetron plasma [92,93]. The majority carrier mobility
was of the order 102 cm2·V−1·s−1. The mobility decreases with increasing dopant concentration,
as observed in [94] for In dopant. With the increase of In (Al) concentration in the crystal lattice,
the carrier concentration increases because free electrons are generated by ionization of In (Al) into
In3+ (Al3+). The mobility, however, decreases because In (Al) exists in the form of In3+ (Al3+) ions
at the substitutional sites of Zn2+ and interstitial sites of the ZnO lattice (or segregates at the grain
boundaries); In3+ (Al3+) (or In (Al) atoms) function then as impurity centres for electron scattering.

The sequential resistance of the solar Al/Ni/Al:ZnO/ZnSe/CuIn70Ga30Se2/Mo/glass thin film
structures (0.3 × 105 Ω·cm), studied in this work, is determined by the resistivity of the CIGS absorber
since an ultra-thin ZnSe buffer and a heavily doped Al:ZnO window were used. The latter was
processed by ECD from solutions with AlCl3 solute dopant concentrations in the range 5–12 mM
leading to layer volume-doping equivalent to 9 mM AlCl3 and consists of an ultra-highly to highly
doped bilayer with Al dopant concentration 1.81 × 1022 cm−3 calculated from hydrostatic strain effects
in Section 3.2.2. The high concentration of AlCl3 dopant (5–12 mM) in the Al:ZnO bilayer process of
the presently studied solar structures in competition with the saturation effects above 10 mM solute
dopant [21] impinges, for the bilayers, carrier concentrations in the order of max. 1022 cm−3 and max.
carrier mobility of order 102 cm2·V−1·s−1 in accordance with the results referred in [93].

4. Conclusions

To attain energy conversion efficiency beyond 20% in the CIGS photovoltaic by low cost
maintenance, all structural, optical, and electrical aspects must be taken under consideration.
Our present efforts are thus targeted to analyze thoroughly and optimize the structural, optical,
and electrical properties of Al:ZnO bilayers deposited by cost effective electrochemical techniques on
Ga-rich polycrystalline chalcopyrite (Cu(In,Ga)Se2) on molybdenum coated glass (Mo/glass) substrate.
It is elaborated, that highly to ultra-highly doped Al:ZnO bilayers can be grown highly oriented along
the (101) crystallographic direction with µm thickness (0.4–1.2 µm), high transparency (Eg = 3.7 eV),
low resistivity (10−4–10−5 Ω·cm), and high carrier concentration (1021–1022 cm-3) by ECD techniques
at negative electrochemical potential (EC = (−0.8)–(−1.2) V) from low cost precursor solutions
containing zinc nitrate (Zn(NO3)2 50 mM) and aluminium chloride (AlCl3 5–12 mM), at moderate
temperature (80 ◦C), and achieve by successive annealing in N2-flow, 2 h, 350 ◦C /N2-purge, 2 h, 400 ◦C
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excellent crystal quality without affecting the stoichiometry of neighboring selenium containing layers.
Optimized Al:ZnO bilayers processed by cost effective ECD at alleviated temperatures are expected
to grow with minimum material interdiffusion at the interface limiting thus carrier losses through
interface recombination and significantly further reduce the costs of thin film photovoltaic technology
by compatible liquid-phase chemical and electrochemical processing of buffer- and window-layer of
CIS/CIGS absorber based thin film solar cells.
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Appendix A

Strain/Stress Formalism

Mismatch strain is defined as:
ε = fm =

asub − aepi

aepi
(A1)

where asub and aepi are the lattice constants of substrate and epilayer, respectively. In case of tetragonal
distortion, the in-plane εa and normal-to-the-plane εc strain components are defined as:

εa =
a− a0

a0
(A2)

εc =
c− c0

c0
(A3)

where a, a0 are the in-plane and c, c0 the normal-to-the-plane lattice constants of substrate and epilayer,
respectively.

The stress in dependence of strain is given by the general equation:

σi = Cijεj (A4)

Shear strains are zero under zero shear stress. When stress is applied in one or two directions, stress
in the free direction is zero. In case of biaxial, isotropic, in-plane stress (so called “bisotropic” stress):

σxx = σyy = σ, σzz = 0σxy = σyz = σzx = 0 (A5)

For materials of cubic symmetry, the elastic stiffness tensor is reduced to:

Cij =



C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C12 C12 C11 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44


(A6)
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Under the influence of bisotropic, in-plane stress, as described by Equation (A5), the in-plane and
normal-to-the-plane strain components are given by:

εxx = εyy(= εa) = ε (A7)

εzz(= εc) = −
2C12

C11
ε (A8)

The respective stress in dependence of the strain components and the elastic stiffness constants is
given by:

σ =

[
C11 + C12 −

2C2
12

C11

]
ε (A9)

σ =
1
2

[
2C12 − C11 −

C2
11

C12

]
εzz (A10)

In case of materials with hexagonal symmetry, the elastic stiffness tensor has also a relatively
simple body structure:

Cij =



C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C66


(A11)

Under bisotropic, in-plane stress, the normal-to-the-plane strain component of a hexagonal (0001)
film obeys following relations:

εxx = εyy(= εa) = ε (A12)

εzz(= εc) = −
2C13

C33
ε (A13)

The respective stress is in this case:

σ =

[
C11 + C12 −

2C2
13

C33

]
ε (A14)

σ =
1
2

[
2C2

13 − C33 (C11 + C12)

C13

]
εzz (A15)

Strains resulting from substitution of anions and/or cations in compound semiconductors
inclusive substitution of host by dopant species [21] can be introduced in this model considering
Vegard’s law as expressed in simplest form by the equation [55]:

εh = bC (A16)

with εh = ∆a/a0 = ∆c/c0, C the concentration of add-atoms, and b an expansion/contraction
coefficient that was found to depend on host and substitute as:

b = 1/3[1− (rs/rh)
3]N−1 (A17)

with N the concentration of lattice sites of the host matrix, rh the radius of host and rs the radius of
solute atoms.
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Appendix B

Appendix B.1. Sheet Resistance Measurements/Bulk Resistivity Calculations

The path of least resistance of a thin film sample on glass substrate of square face (L = W = 1 cm)
and 3 sub-layers of thickness ti and resistivity ρi (i = 1, 2, 3), with two metal contacts at two adjacent
vertices of the uppermost layer (ρ1, t1), is, under the assumption ρ2 > ρ1, ρ3 and t1 ≥ t3, either a straight
line between the two contacts, denoted as s-path (RS), or a straight line running across the top of layer
3 (ρ3, t3) plus two straight lines of micrometric dimensions through layer 2 (ρ2, t2), denoted as c-path
(RC) in Figure B1. Both, the s- and c-path, are represented by a square-intersectioned wire of edge d.

The resistances RS and RC as functions of variable resistivity ρ1 are:

RS(ρ1) = ρ1 ·
L
d2 (B1)

RC(ρ1) = ρ1 ·
2 · t1

d2 + ρ2 ·
2 · t2

d2 + ρ3 ·
L
d2 (B2)

The s-path becomes the preferential least resistance path (LRP) for values of ρ1 lower than a
critical value ρ1critical corresponding to RS = RC.
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Figure B1. The s-path (green line parallel to Al:ZnO surface) and the c-path (red line normal to
Al:ZnO/i-ZnO and parallel to Mo surface).

For 2t1 << L, as in the present case:

ρ1critical = ρ2 ·
2 · t2

L
+ ρ3 (B3)

RS(ρ1), RC1(ρ1), RC2(ρ1), RC3(ρ1), and ρ1critical are plotted in Figure B2 using values applying to the
cases of the Al:ZnO/i-ZnO on Mo/glass layer deposited by ECD from solutions with 3, 9, and 15 mM
AlCl3 solute dopant designated C1, C2, and C3, respectively, in Table B1:

For values lower than ρ1critical, the measured resistance is dominated by the top current flow; most
of the charge carriers use paths through layer 1 and the resistivity of layer 1 can thus be approximately
calculated using the experimental data as:

ρ1 = Rmeasured · t1 (B4)

where Rmeasured = Vmeasured/Imeasured in 2-point measurements and Rmeasured = Rsheet in the van der
Pauw and generally 4-point measurement techniques.

Table B1. Layer type, dimensions, and electrical resistivity.

Layer C1 C2 C3 Resistivity

Al:ZnO t1 = 400 nm 700 nm 800 nm ρ1: variable
i-ZnO t2 = 900 nm 1400 nm 1000 nm ρ2 = 1.33 × 105 Ω·cm

Mo t3 = 400 nm 400 nm 400 nm ρ3 = 0.58 × 10−4 Ω·cm

L = 1 × 107 nm, d = 4 nm.
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Appendix B.2. Electrical Contact Resistance (ECR)

A general electrical contact resistance theory for conductive rough surfaces was derived from first
principles in [91]; a general relation was introduced between the dimensionless real contact area (A*)
and the dimensionless ECR (R*) that depends only on the electron mean free path (λ*) as follows:

A∗ = f1(λ
∗)R∗ f2(λ

∗) (B5)

The dimensionless ECR is thus, in this case, given by:

R∗ =
(

A∗

f1(λ
∗)

) 1
f2(λ
∗)

(B6)

with
A∗ = Aactive/Ageom

the fraction of the real contact area (Aactive = πr2
active) with respect to the apparent area, e.g., the area

defined by the contact geometry (Ageom = πr2
geom),

R∗ =
R

(ρ1 + ρ2) /A1/2
geom

the contact resistance normalized to the sum of the contact (ρ1) and the contacted layer surface (ρ2)
resistivities within the contact area (Ageom),

λ∗ =
λ

A1/2
geom

the electron mean free path λ normalized to the length dimension of the (geometrical) contact area,
and f 1 and f 2 functions of λ*:

f1(λ
∗) = a11 + a12λ

∗, a11 = 2.04× 10−3, a12 = 0.435;

f2(λ
∗) = a21 + a22λ

∗, a21 = −0.992, a22 = −1.157× 10−3.

In accordance with Equation (B6), the ECR of In-pellet contacted Al:ZnO/i-ZnO/Mo/glass with:
ρ1(In) = 8.8 × 10−6 Ω·cm, ρ2(Al:ZnO) = 1.0 × 10−5 Ω·cm, rgeom = 0.5 mm, λ(In) = 8.16 nm is plotted
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in dependence of the radius ractive of the real contact area R(ractive) in Figure B3. If the active contact
radius is reduced to the micrometer range, it is apparent that the ECR of the In contact becomes of
order 10−1 Ω and interferes with the resistance of the highly doped Al:ZnO layer.
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10−1 Ω and interferes with the resistance of the highly doped Al:ZnO layer. 

 

Figure B3. Dependence of the resistance of the In contact on contact radius (solid line); the sheet 
resistance of the Al:ZnO layer doped with 3 mM AlCl3 solute dopant is also indicated (dotted line). 
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