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Abstract: With record cell efficiency of 21.7%, CIGS solar cells have demonstrated to be a very
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promising photovoltaic (PV) technology. However, their market penetration has been limited due
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to the inherent high cost of the cells. In this work, in order to lower the cost of CIGS solar cells,
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all non-vacuum processed CIGS solar cells were designed and developed. CIGS absorber was
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prepared by annealing of electrodeposited metallic layers in chalcogen atmosphere. Non-vacuum

B b
o Ol

deposited Ag nanowires(NWs)/AZO transparent electrodes(TEs) with good transmittance
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(92.0% at 550nm) and high conductivity(sheet resistance of 20 /o) were used to replace the
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vacuum sputtered window layer. Additional thermal treatment after device preparation was
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conducted at 220°C for a few of minutes to improve both the value and the uniformity of the
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efficiency of CIGS pixel cell on S5cm x 5cm substrate. The best performance of the all non-
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vacuum fabricated CIGS solar cells showed efficiency of 14.05% with Jsc of 34.82mA/cm?, Voc
of 0.58V and FF of 69.60% respectively, which is comparable with the efficiency of 14.45% of a

reference cell using sputtered window layer.

Introduction

Chalcopyrite CulnGaSe, (CIGS) thin film based solar cells have the highest efficiency in
all of the thin film PV technology, recently achieving above 21.7% at cell level'. In addition to
the high efficiency, CIGS solar cells also exhibit other advantages such as a higher performance
ratio and lower energy payback time compared to Silicon, very good stability as compared with
organic solar cells or organic/inorganic hybrid solar cells, establishing it as one of the most
promising commercial thin film solar modules. However, market penetration of CIGS cells has
been limited due to the inherent high cost and low deposition rate of the existing physical vapour
deposition (PVD) based vacuum techniques employed in their manufacturing. In order to make
the CIGS solar industry competitive and sustainable in the long-term, CIGS absorbers using low
cost and non-vacuum processes (e.g. electrodeposition?, hydrazine®, quaternary nanoparticles®,
and other wet chemical route using precursor such as metal salts’, metal sulphides6, and metal
oxide”) have been developed. Electrodeposition (ED) is a maturely developed technology for
production of commercial metallic film coatings®. As compared with other non-vacuum
techniques, ED shows the advantages of high deposition rate and high material utilization. Large
scale industrial research on electrodeposition based CIGS cells has reached solar cells with pixel

efficiency of 15.3% by Solopower’and 17.3% by Nexcis'’.

The cost of CIGS solar cells can be further reduced through investigating the application

of non-vacuum deposited window layer to replace sputter deposited intrinsic-ZnO(i-ZnO)/
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transparent conducting oxide (TCO) bilayer. Yaroslav et al published their work on all solution
processed chalogenide solar cells using CBD (Chemical Bath Deposition) grown aluminum
doped ZnO (AZO) as front contact''. As compared with other chemical process, the CBD
method tends to suffer more from the reproducibility and wastage of solution after every
deposition, which has environmental impact and concern. Tsin et al applied electrodeposited
transparent conductive chlorine doped ZnO layer together with sputtered i-ZnO as window layer
for electrodeposited CIGS absorber'?. While the ED method requires a conducting substrate and
the local fluctuation in conductivity of the substrate (especially after the coating of i-ZnO layer
with very high resistivity) has significant influence on the homogeneity of the TCO layer. With
the efficiency and uniformity improvement of CIGS absorber, there is an increasing demand
from the industry for simpler and cost-effective methods for the manufacturing of transparent
electrodes (TEs). Apart from the basic requirements of good conductivity and high transmittance
(transparency >80%, sheet resistance <100€)/0), the maximum processing temperature for a non-
vacuum deposited window layer for CIGS solar cells should not exceed 220°C, because higher
temperatures are detrimental to other semiconductor layers within the devices. Several
candidates such as conducting polymer films'®, carbon nanotube (CNT) films'*, graphene films
or their composites'’, and metal wires have been reported as alternative transparent conducting
materials for doped metal oxides'®. Among them, Ag NWs is a promising option due to its
excellent optical and electrical properties and ease of low temperature deposition. Ag NWs has
been applied as transparent electrodes in flexible organic solar cells and flexible displays by

719 Yang Yang’s group first studied the application of Ag NWs electrode in

several groups
hydrazine processed CIS solar cells'®. In their work, ITO nanoparticles(NPs) was used as a top

layer for Ag NWs to improve the electric conductivity of the Ag NWs/ITO electrode. Currently,
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ITO is the most extensively used TCO in industry. However, the scarce availability in nature and
high cost of Indium has prompted investigation into alternative materials with comparable
properties. Despite the electrical conductivity of AZO is not as high as ITO, AZO has a higher
optical transparency as compared with ITO film of similar thickness. CIGS solar cells using
AZO and ITO as electrodes exhibited comparable performance™. Furthermore, the low cost and
abundant materials of AZO make it the most promising alternative of ITO in photovoltaic
industry and it is already widely used as a front contact in CIGS solar cells *'.Moon’s group
replaced the expensive ITO NPs by cheaper AZO and applied the AZO/Ag NWs/AZO
composite as electrode in CIGS solar cells and the best device efficiency of 11.3% has been

. 22,23
achieved ™

. While in Moon’s work, CIGS absorber was deposited by vacuum method, which
weakened the low cost advantage of the whole device using Ag NWs based top electrode
compared with commercial CIGS solar cells. Manjeet et al. developed a low-cost, low-
temperature, and fully printing fabrication processes for CIGS solar cells**. In their work, the
CIGS device were composed of CIGS nanoparticles, CdS nanoparticles and solution deposited
ZnO/AgNWs/ZnO window layer. The whole process was proceeded under ambient conditions
and annealed at 250°C. Due to the poor electrical properties of CIGS absorber without high
temperature selenization, the best solar cell efficiency of fully printed CIGS solar cells was
1.6%.In the reported work of above groups, spin coating was used to obtain the Ag NWs films.
Spin coating is a widely used technique for lab scale, but it is not suitable for scale up in industry
due to its high material consumption and the restriction to large-area. In addition, when Ag NWs
mesh is used as a top electrode, a protecting layer is required to improve its mechanical and

electrical properties. However, it is not necessary to use the three-layer AZO/AgNWs/AZO

sandwich structure as reported by other group to form a transparent electrode. Herein our work is
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centered on the development and implementation of scalable non-vacuum aerosol assisted
chemical deposition processes™ for the deposition of simplified AgNWs/AZO bilayer TEs and
its incorporation into electrodeposited CIGS based devices to produce scalable, low cost, unique,
and high efficiency fully non-vacuum fabricated CIGS solar cells. Our work has demonstrated
that the novel bilayer structure of AgNWs/AZO is sufficient to act as the TE that produced the
all non-vacuum processed solar cells with efficiency of 14.05%, which is much higher than the
efficiency reported in the previously reported work. Furthermore, such simplified structure

would reduce the processing time and cost.
Experimental
Electro-deposition for CIGS absorber

A 3mm soda-lime glass substrate was coated with a highly conductive molybdenum-based back
contact and used as the cathode for the electrodeposition process. Cu-In-Ga metallic layers were
deposited successively in order to form a metallic stack with standard Cu/(In+Ga) and
Ga/(Ga+lIn) ratios of 0.9 and 0.4 respectively. Once deposited, the Cu-In-Ga metallic stack was
processed in an atmospheric pressure for thermal treatment, taking advantage of being at the
same time less hazardous and less expensive. The CIGS absorber was subsequently covered with
a 40nm-thick CdS buffer layer. Finally, a standard window layer consisting in 80nm i-ZnO and
450nm of AZO was sputter-deposited on top of the buffer to produce a reference cell. The
chosen thicknesses of i-ZnO and AZO were optimum for our cell design with the chosen grid
spacing given the conductivity & transparency requirements. This may not apply to all CIGS
cells as there are many specific aspects to optimize for the front window layer (conductivity,

transparency, process time, cost).The i-ZnO helps to ensure that there are no shunts between the
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conductive layer and CIGS (especially true for thin emitters such as CdS), thus the optimal
thickness must be high enough to improve the shunt resistance while not too high to prevent an
increase in series resistance. The AZO layer must be thick enough to sufficiently conduct the
electrons to the grid fingers while letting as much light as possible enter the cell. The thicknesses
of the i-ZnO and AZO layers must be tuned in order for the optical interferences to give a
maximum value (optical transmission) for a wavelength well converted by the cell, usually
around 600-700nm.In the case of samples processed with non-vacuum deposited TEs, the
standard fabrication process was stopped at NEXCIS after CdS deposition. Then both i-ZnO
layer and the transparent conducting layer consisting of Ag NWs based nanocomposite were

deposited by non-vacuum aerosol assisted chemical based method.

Preparation of Al-doped ZnO (AZO) and i-ZnO precursor solutions

The Al-doped ZnO and i-ZnO precursor solutions were prepared by simply dissolving zinc
acetate dihydrate and aluminum chloride hexahydrate in ethanol/ methoxyethanol based solvent.
Ethanolamine was used as complex agent.In preparing AZO precursor solution, the amount of
aluminum, defined as [Al]/[Al + Zn], was kept at 1.0 at%. For the preparation of i-ZnO precursor

solution, no Al precursor was added.

Deposition of Ag NWs based TEs

Ag NWs solution (length circa. 25 um, and diameter circa. 90nm from BlueNano) was first
dispersed in ethanol based solvent with a concentration within 0.01-0.Img/ml, and it was
subsequently spray-deposited using aerosol assisted chemical deposition setup onto Mo coated
glass with CdS covered CIGS substrate. The deposition continued until the desirable

conductivity of the film was achieved. After deposition, Ag NWs was annealed at 180°C for 2-5
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mins to improve the sheet conductance. The adherence and conductivity of Ag NWs layer was
further improved by depositing a thin layer of AZO film on top of it by aerosol assisted chemical
deposition. In order to remove any remaining organic residues in AZO layer, the deposited AZO

layer was thermally treated at 200°C for 3-10 mins followed by UV treatment for 6mins.

In order to improve the device performance, a thin layer of i-ZnO was applied between CdS and
TE layer. I-ZnO layer was deposited using the same deposition method for AZO thin films. In
order to achieve the desired quality and thickness, i-ZnO was deposited via multi-cycle followed
by thermal treatment at 200°C for 3-10 mins and UV treatment for 6min after each cycle of film
deposition. The surface of ZnO is very easy to absorb O, which forms charge trap states and
results in lower carrier concentration. UV treatment can desorb O, and free the electrons from
charge trap states on the ZnO surface, thus it passivates the possible electron traps in the film*°,
Further post device thermal treatment at 220°C for a few mins was also being carried out to
increase the connection between the overlapping Ag NWs and to remove any organic residues in
1-ZnO layer. 220°C as chosen because higher temperatures (above 220°C) might lead to elemental
diffusion between CIGS/CdS interface and cause the undesirable degradation of solar cell

performance.
Structure, optical and electrical characterization

The surface morphology of the as-produced Ag NWs based TE thin films was characterized
using scanning electron microscope (SEM, JEOL JSM-6480LV). The surface roughness of Ag
NWs based films was characterized using atomic force microscopy (AFM, Veeco CP-Research
Scanning Probe Microscope, contact mode). Transmission electron microscopic (TEM) image

was obtained by JEOL 2000FX where the sample was prepared using the same fabrication
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method on glass substrate but directly depositing the related film on copper grids instead. The
optical transmittance spectra was analyzed by a PerkinElmer S750 UV-Vis spectrometer. The

conductivity of TEs was measured by four-probe method.

Solar cells of 4.5x4.5mm” were manufactured by manual mechanical scribing and the efficiency

of solar cells was measured at 100mW/cm? under AM1.5 simulated sunlight illumination.
Results and discussion

The sheet resistance of Ag NWs film can be adjusted by the time of spray-deposition. Longer
deposition time leads to higher surface coverage ratio and lower sheet resistance of Ag NWs.
While the enhanced amount of Ag NWs can also lead to lower transmittance due to the
corresponding shadow effect. Ag NWs based TE films with different transmittances and sheet
resistances were fabricated in order to obtain the optimum transmittance in the region important
for CIGS absorption (i.e.400-1200nm), while keeping resistivity low enough for efficient
electron transport and collection. SEM images of TEs with different sheet resistance are shown
in Figure.la-c. The transmittance of Ag NWs based TEs with different sheet resistance is shown
in Figure 1d. For all of the Ag NWs based TEs, there is a plasmon absorption at wavelengths A <
450nm (with the maximum resonance around A = 380 nm). Compared with ITO or AZO TEs,
one advantage of Ag NWs based TEs is that the absorption or transmission spectral is completely
flat in the visible regime from 550nm towards near IR. The absorption in this spectral regime
originates from the geometrical coverage of the Ag NWs. The spray deposited Ag NWs were
loosely connected with each other. The contact resistivity of the Ag NWs junction has notable
impact on the conductivity of the whole Ag NWs layer. When a thin layer of AZO was deposited

by wet chemical method on top of Ag NWs, the gradual drying of the solvent of AZO solution
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provides a capillary forces, which lead to aggregation of AZO around the Ag NWs and thus bind
the Ag NWs together. The tightening of the connection between Ag NWs increased the

conductivity of Ag NWs layer. In addition, the closely connected Ag NWs increased the

©CoOoO~NOUOTA,WNPE

11 transmittance of Ag NWs layer. The comparison of transmittance plotted as a function of the
13 sheet resistance for Ag NWs film and AgNWs/AZO nanocomposite electrode is shown in Figure
15 le. It is demonstrated that the coating of a thin layer of AZO on top of the non-vacuum deposited
18 Ag NWs thin film not only increased the conductivity of the composite film but also increased a
20 little of the transmittance of Ag NWs based transparent conducting electrode over 550nm due to

tightening of the connection between AgNWs by AZO top layer.
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52 Figure 1. (a)SEM images of morphology of Ag NRs TEs with sheet resistance of (a) 500 Q /o
54 (b) 60 Q /o (¢) 20 Q /o .(d)Transmittance of Ag NWs based TEs with different sheet

56 resistances.(e)Transmittance(T) plotted as a function of the sheet resistance for Ag NWs film and

AgNWs/AZO nanocomposite electrode
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Analysis of the surface morphology of Ag NWs based TEs was performed by AFM.AFM
images in Figure 2a and Figure 2b show a reduction of the mean surface roughness (Rms) from
circa. 70.4nm for untreated Ag NWs based films to circa.27.6nm for AZO coated AgNWs. AZO
was found covered on top of the AgNWs, forming a protective layer for Ag NWs mesh. The
resulting Ag NWs/AZO nanocomposite films possess an increase in mechanical and thermal
stability, with an obvious decrease in surface roughness. In order to better understand the
principle of the decrease of sheet resistance and surface roughness for Ag NWs film after coating
with a layer of AZO film on top of it, TEM was used to characterize the morphology of prepared
Ag NWs /AZO composite thin films and the related image is shown in Figure 2c. Ag NWs /AZO
composite sample for TEM was directly deposited on carbon coated Cu grid. Except for the wire
shape Ag NWs, it also can be clearly seen from the TEM image that there was a layer of AZO
thin film filling the voids between Ag NWs (also shown in FigureS1 and FigureS2). This AZO
film at joining points of Ag nanowires can act as glues to fix the positions of Ag NWs and help
to bind the crossed Ag NWs together and tighten intimate contact between Ag nanowires, which
can increase the lateral conductivity of Ag NWs thin films. Moreover, the thin AZO film formed
between the substrate and Ag NWs, can help Ag NWs to stick onto the substrate with improved
adhesion and better collection of electrons. In order to confirm that AZO layer is uniformly
covered on Ag NWs, EDX mapping image of Ag, O, and Zn elements of Ag/AZO composite on
glass substrate was investigated (Figure2 d-g).Figure 2d shows the back scattering electron
(BSE) SEM image of an approximate area of 6umx6pum.The Ag element mapping shown in
Figure 2f is consistent with a wire pattern shown in SEM image. While the mapping of O and Zn
elements throughout of the area is obviously different from that of the wire pattern of Ag

element, and a uniform and continuous distribution of Zn and O element is demonstrated in
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Figure 2f and Figure 2g, These results indicated that a continuous and uniform AZO layer was

coated on Ag NWs.

©CoO~NOUTA,WNPE

46 Figure 2. AFM images for (a)AgNWs film and (b)AgNWs/AZO film on glass. (¢) TEM of Ag
48 NWs based transparent conducting electrode. (d)SEM(BSE) image and EDX element
50 mapping(e:Zn, f:0, and g:Zn) of Ag NWs based transparent conducting electrode on glass slide

52 The direct deposition of AgNWs based TEs onto Nexcis’s
55 Glass/Mo/CIGS(electrodeposited)/CdS(chemical bath deposition) sample without i-ZnO layer

57 exhibited poor performing photovoltaic devices (ca. 4% conversion efficiency). Therefore, an i-
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ZnO layer is required to prevent the leakage current between the buffer layer and top electrode of
CIGS solar cells, which can reduce possible carrier recombination and obtain a better band
alignment at the CdS interface. In this respect,we explored the development of fully non-vacuum
fabricated CIGS solar cells by fabricating i-ZnO using non-vacuum method. The thickness of i-
ZnO layer in reported high efficiency devices varied from 50nm to 100nm due to the different
thickness of CdS and different film quality of the CIGS absorber layer’****. Thicker i-ZnO
layer could efficiently avoid the shunt current; while too thick i-ZnO layer leads to lower current
resulted by higher optical loss and higher series resistance in the device. Considering the possible
existence of organic residue in the non-vacuum processed i-ZnO layer, the thickness of i-ZnO
layer was designed to be below 50nm.A series of solar cells with different thicknesses of i-ZnO
layer were prepared. The photovoltaic properties of these all non-vacuum solar cells are
presented in Figure 3 and Figure 4. A statistical photovoltaic study has been performed on 9 of
pixel cell for each sample. The J-V characteristics were derived from the best performing
photovoltaic devices. The CIGS solar cells with i-ZnO layer showed better photovoltaic
properties than the cell that without i-ZnO layer. With the increase of the thickness of i-ZnO
layer from 0 nm to 45 nm, the open circuit voltage (Voc) of CIGS solar cells increased obviously
from 0.41V to 0.59V. The related device efficiency (1)) increased from 3.84% to 12.12%, which
is the result of combined effect of the improved fill factor (FF), short circuit current (Jsc), and
Voc. Further increase of the thickness of i-ZnO layer from 45nm to 60nm leads to a decrease
instead of further increase of the solar cell efficiency. This might due to that the thicker i-ZnO
layer (60 nm thick) could lead to higher series resistance in the whole device and result in lower
Jsc and FF as compared with fully non vacuum processed CIGS solar cell with a thinner i-ZnO

layer (45nm thick). Based on the above photovoltaic results, the thickness of i-ZnO in fully non-
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vacuum processed CIGS solar cells was not further increased and controlled around 45nm in the

following work.
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a4 The device structure of the non-vacuum fabricated CIGS (except back-contact) photovoltaic with
46 a structure of AZO/AgNWs/i-ZnO/CdS/CIGS/Mo/Glass is shown in SEM image in Figure
4b.From the top surface, it can be clearly seen the conducting network formed by Ag NWs .The
51 Ag NWs are covered by a layer of densely deposited AZO thin film, which would improve the
53 adhesion between the nanowires and the underneath parts of the device. As it is shown in the top

SEM image, there is a lot of void space between Ag NWs in the transparent electrode. In the case
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of transparent electrode without AZO top layer, the photo-produced electrons only can be
collected by AgNWs, so the charge collection efficiency is very low. Ag NWs networks with a
thin layer of AZO covering the void spaces can ensure effective charge carrier collection in solar
cells, due to the fact that the produced electrons can be easily extracted through both AgNWs
and the AZO layer between Ag NWs. Grain boundaries of CIGSSe layer may act as
recombination centers for photo-generated charge carriers, resulting degradation of device
photovoltaic performance. It is desirable to have grain sizes about the order of the film thickness
to minimize such recombination effects. Cross-section SEM shown in Figure 4(b) demonstrated
that CIGS absorber layer is of good crystalline quality with grain size circa. 1um, which meets
the requirement of grain size for high efficiency CIGS solar cells. Both the i-ZnO and AZO
layers are too thin(<50nm) to be separated from Figure 4b. A schematic diagram in Figure 4c
illustrates the structure of i-ZnO/AgNWs/AZO window layer, which is composed of a
conducting Ag NWs mesh sandwiched between a bottom layer of i-ZnO and a top layer of AZO.
The role of i-ZnO layer is to avoid the shunt circuit in the device as in vacuum processed CIGS
solar cells. While AZO layer performs multi-function such as to increase the adherence of Ag
NWs with the bottom layer, protect the Ag NWs mesh from thermal and mechanical damage,

and improve lateral charge collection in solar cell device.
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Figure 4. (a) J-V characteristics of the fully non-vacuum fabricated CIGS cells containing 1-ZnO
layers with different thicknesses. (b) Cross-section SEM of the device structure of fully non-

vacuum CIGS solar cells(c) Scheme of the structure of i-ZnO/AgNWs/AZO window layer

In the all non-vacuum processed CIGS solar cells, the sheet resistance and transmittance of the
Ag NWs/AZO top electrode also have great influence on the device performance. The normal
requirement of the sheet resistance of TCO in CIGS solar cells should be less than 100Q/o.
AgNWs/AZO TEs with sheet resistance of 10, 20 and 80 /o was prepared and the influence of
the optical transmittance and sheet resistance of Ag NWs based TEs on solar cell performance is
presented in Figure5 and Tablel. TE with lower sheet resistance leads to more efficient current
transport and collection from the buffer layer to the top electrode. When the sheet resistance of
AgNWs based TEs decreased from 80 Q/o to 20 /g, the Jsc and FF of the devices increased
from 30.06 mA/cm? and 0.59 to 33.66mA/cm? and 0.66 respectively. The related efficiency in

the above two devices increased from 10.27% to 13.28% ,which is mainly the resultant of the

ACS Paragon Plus Environment
15



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces Page 16 of 26

decrease of the series resistance (Rs) in the devices from 29.16 Q.cm? to 15.67 Q.cm?® Due to the
decreased transmittance of TE layer, further decrease of the sheet resistance from 20 Q/o to 10
Q/o decreased the Jsc and efficiency of the devices (as shown in Tablel) .From the above
results, it can be concluded that the optimized sheet resistance of AgNWs/AZO TE for all non-
vacuum CIGS solar cells is 20 Q/o, with a transmittance of 92.0% at 550nm. The transmittance
at 550 nm wavelength is normally used to demonstrate the transmittance of conducting electrode
(especially for CIGS solar cells). Since light of 550nm wavelength is the average wavelength of

visible light and is the most sensitive to human’s eyes.

Except for the thickness of i-ZnO layer, another factor could influence the device performance of
fully solution processed CIGS solar cells is the properties of AZO top layer. For AgNWs/AZO
electrode, its sheet resistance is mainly determined by the surface coverage ratio of Ag NWs, and
the thickness of AZO has little effect on Rsh of the whole layer. AZO layer as a protecting layer
in the composite electrode should be thick enough to form a continuous top layer. While in CIGS
solar cells, due to the limited surface coverage ratio of Ag NWs, the photoelectrons generated far
from the Ag NWs must move laterally to reach the Ag NW network to be collected (Figure 5b).
Koishiyev et al. has studieded the impact of sheet resistance (Rsh) on 2-D modeling of thin-film

solar cells®. It was reported that for CIGS solar cells, Rsa=p,L?/2, where Rsa is the additional

series resistance component introduced by the lateral current flow through AZO layer, psis the
sheet resistance of charge transfer from AZO layer to Ag NWs and L is the lateral traveling
distance required to reach the nearest AgNWs. From SEM image in Figure lc, it can be found
that the L ranged from Ilum to 10pum in Ag NWs composite films with 20Q/0.The series
resistance (Rs) of the reference CIGS cell is around 9.58 Q.cm?” (from Table 2), so the Rsh of

AZO layer should be at least below a few of MCQ/o in order to not affect the Rs in the solar cell
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device. A few micrometer thickness of AZO deposited by wet chemical method such as spray
pyrolysis can reach the sheet resistance below 100 Q/o after thermal treatment®’. Based on the
above theory, tens of nm of good quality AZO should be thick enough for efficient lateral charge
collection of Ag NWs/AZO electrode. As mentioned earlier, the process temperature of window
layer for CIGS solar cells should not exceed 220°C. The thicker the modified chemical deposited
AZO layer, the longer time and higher temperature for the thermal treatment to remove organic
residues. Due to the above reasons, the thickness of AZO layer was chosen at 30nm which is
thick enough to form a continuous protecting layer for Ag NWs mesh. From the photovoltaic
parameters shown in Tablel, it can be found that the FF in device using Ag NWs/AZO based
electrode(20 Q/o) is 65.57, which is not much lower than the FF(71.22) of reference device
using sputtered AZO. Considering the existence of organic residues in AZO layer, instead of
changing the thickness of AZO layer, after-device thermal treatment was adopted to further
remove the organic residues and improve the quality of modified chemical deposited AZO and

improve the device performance.
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2 20+ -~ 80Q/0 o 1 | (o)
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£ ——10Q/0 AgNWs
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5
(@] 0 : : ¢
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Figure 5. (a)J-V curve of CIGS cells using Ag NWs based TEs with different Rsh(b) Scheme of

the device structure and work principle of fully solution processed CIGS solar cells
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Table 1 Efficiency (1), Voc, Jsc and FF of CIGS cells using Ag NWs based TEs with different
optical transmittance and sheet resistance

Page 18 of 26

Sample Jsc(mA/ecm?)  Voc(V)  FF(%) (%) Rs(Q.cm®) Rsh(Q.cm?)

10 /O 31.71 0.59 66.70 12.63 15.92 7906
20 /01 33.66 0.59 65.57 13.28 15.67 4278
80 /1 30.06 0.58 59.38 10.27 29.16 5216
Reference cell 0.60 33.93 71.22 14.45 9.58 3687

In order to make the developed process for all non-vacuum CIGS solar cells compatible for scale
up in the future, after device fabrication, another thermal treatment at a little higher temperature
was conducted to improve the uniform efficiency distribution of solar cells on ScmxS5cm
substrate. Thermal treatment of devices at 220°C for couples of minutes was performed in
glovebox to remove any organic residues in ZnO layer. 22001 was chosen because temperature
above 22001 might lead to the undesirable elemental diffusion between the CIGS/CdS interface
and cause the degradation of solar cell performance. J-V curve of one of the low efficiency
device before and after thermal treatment is shown in Figure 6(a) and the corresponding PV
parameters are summarized in Table 2. With after-device thermal treatment, there is a little
increase of Voc from 0.57V to 0.58V, an obvious increase of Jsc from 28.48 mA/cm? to
32.78mA/cm?, and a huge increase of FF from 47.30% to 68.11%, which has led to an increase
in device efficiency from 7.68% to 12.95%. Photovoltaic parameters in Table 2 demonstrated
that the increase of the device efficiency after-device thermal treatment is mainly because of the
very obvious decrease of Rs in the cell, which is responsible for the increase of Jsc and FF due to
the effective collection of electrons. The minor increase of Voc might be related with less defect
and lower charge recombination centers after the remove of organic residues through thermal

treatment. The comparison of the best performance fully non-vacuum fabricated solar cell with

ACS Paragon Plus Environment
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the reference solar cell consisting of electrodeposited CIGS with the sputtered i-ZnO/AZO
window layer is also shown in Figure 6(b). The best performance of the fully non-vacuum

fabricated CIGS solar cell shows efficiency of 14.05% with Jsc of 34.82mA/cm?, Voc of 0.58V

©CoO~NOUTA,WNPE

11 and FF of 69.60% respectively, which is comparable with the 14.45% efficiency of the reference
13 cell with vacuum processed window layer. Compared with reference cell using sputtered window
15 layer, the fully non-vacuum processed device shows a little higher Jsc due to the better
18 optoelectric properties of Ag NWs electrode. The Voc and FF of the fully non-vacuum processed

20 device can be further increased by optimizing the structure and process of Ag NWs based TEs.
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Figure 6. J-V curve of: (a) Fully non-vacuum CIGS solar cell before and after thermal treatment;

(b) comparison of the best performance fully non-vacuum fabricated solar cell with the reference

CIGS solar cell containing a sputtered i-ZnO/AZO window layer.

Table 2 Photovoltaic parameters of CIGS solar cells in Figure6

Voc Jsc FF Eff Rs Rsh
Sample
V) (mA/cm?) (%) (%) (Q.cm®)  (Q.cm?)
Before thermal treatment 0.57 28.48 47.30 7.68 62.21 3122
After thermal treatment 0.58 32.78 68.11 12.95 15.68 7126
Best fully non-vacuum 0.58 34.82 69.60  14.05 12.23 7680
fabricated cell

Reference cell using 0.60 33.93 7122 1445 9.58 3687

sputtered i-ZnO/AZO

The efficiency distribution of fully non-vacuum fabricated CIGS solar cells on 5cm x Scm

substrate before and after thermal treatment is shown in Figure 7. It can be found that the

efficiency of unit cell increased from 7-12% to 10-13% with after-device thermal treatment. Both

the efficiency uniformity distribution and the absolute value of efficiency were greatly improved

after remove of the organic residues. The performance of the all non-vacuum processed CIGS

solar cells could be further improved by optimizing the thermal treatment of i-ZnO and AZO

layer or selecting good electron transport film which can be processed with good quality below

200°C. For example, laser annealing of i-ZnO and AZO layer could completely remove the

organic residue and increase the crystallization of TEs, which should lead to further improved

device performance.
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Figure 7. Efficiency distribution of fully non-vacuum fabricated CIGS solar cells (on 5x5c¢m?

substrate) before (a) and after (b) after device thermal treatment.

Conclusions

In this work, non-vacuum aerosol assisted chemical deposition of novel Ag NWs based
transparent conducting electrodes with good transmittance (92.0% at 550nm) and high
conductivity (sheet resistance of 20 /o) was developed to replace the sputtered window layer in
CIGS solar cells. A thin layer of AZO coating on the Ag NWs network resulted in good
connection between the junctions and decreased resistance of the nanocomposite film. Fully non-
vacuum fabricated CIGS photovoltaics were fabricated by combining electrodeposited absorber
layers with newly developed transparent conducting nanocomposite. A thin layer of non-vacuum
deposited i-ZnO with optimized thickness was deposited between CdS and transparent electrode
and effectively avoided the shunt current while maintaining high current in the device. After-
device fabrication, the subsequent thermal treatment removed the organic residues and improved
the performance of CIGS photovoltaic. The best performance of the fully non-vacuum fabricated
CIGS solar cells exhibited efficiency of 14.05% with Jsc of 34.82mA/cm?, Voc of 0.58V and FF

of 69.60%, which is comparable with the efficiency of 14.45% of the reference cell with vacuum
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sputtered window layer. These promising results open up the possibility of the vision for a fully
non-vacuum, environmental friendly and low cost non-vacuum production line of CIGS based
solar cells. Experiments are in progress to test the scale up and long-term stability of Ag NWs

based transparent conducting electrodes.
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