
Liquid-Phase Pulsed Laser Ablation and Electrophoretic Deposition
for Chalcopyrite Thin-Film Solar Cell Application
Wei Guo* and Bing Liu

IMRA America Inc., 1044 Woodridge Avenue, Ann Arbor, Michigan 48105

*S Supporting Information

ABSTRACT: We report ligand-free synthesis of colloidal metallic
nanoparticles using liquid-phase pulsed laser ablation, and electro-
phoretic deposition of the nanoparticles for fabrication of
Cu(In,Ga)Se2 (CIGS) thin film solar cells. First, colloidal metallic
nanoparticles of Cu−In and Cu−Ga alloys are produced by pulsed
laser ablation in common organic solvents without using stabilizing
ligands. The nanoparticles are examined for phase, composition, and
electrical surface charging and charge modulation mechanisms.
Metallic precursor thin films with high purity and precise
composition are produced by electrophoretic deposition of the colloids without transferring to another solvent and without
using binders. Finally, we demonstrate fabrication of CIGS solar cells on Mo sheet substrates with an (active area) energy
conversion efficiency up to 7.37%.
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1. INTRODUCTION

Chalcopyrite materials CuInSe2 (CIS), Cu(In,Ga)Se2 (CIGS),
and Cu2ZnSn(S,Se)4 (CZTS) are considered promising solar
absorber materials for their high adsorption coefficients and
high internal quantum efficiencies.1 The record conversion
efficiency has reached 20.3% for CIGS thin film solar cells
deposited using vacuum co-evaporation.2,3 To reduce the
production cost, non-vacuum solution-based fabrication
methods have been developed, and lab-scale cell efficiencies
have reached 15.2% for CIGS and 11.1% for CZTS using
hydrazine as the solvent.4,5 Other solution-based approaches
using less toxic solvents include electrodeposition6−9 and
coating of metal salt10−12 or organometallic13 precursor
solutions by mechanical processes such as spraying or spin
coating.
A promising alternative route to fabricate chalcopyrite thin

film solar cell is to use particles as precursors in the form of ink
or colloid. There have been several colloid methods for
synthesizing quaternary and ternary chalcogenide nanocryst-
als,14−20 and efficiency up to 12.0% has been reported.20

Oxide21 and metallic alloy22 large particles (micrometer-size
powders) produced by mechanical breakdown have also been
used in fabricating 13.6%-efficient CIGS solar cells.21

Compared with quaternary and ternary particles, metallic
alloy particles have the potential to lead to higher cell efficiency,
because they have relatively low melting temperatures which
promote film densification during selenization. Indeed, when
using oxide particles as precursors, an additional hydrogen
reduction process is required to convert oxide to metal before
selenization.21 The use of small metallic particles on the
nanoscale in fabricating chalcopyrite solar absorber is first
carried out by Kaelin et al.,23 showing dense CIGS films but no

cell efficiency because of the existence of In2O3 impurity phase.
To the best of our knowledge, the only chalcopyrite solar cell
fabricated from metallic nanoparticles is reported by Chen et
al.24 with efficiency up to 1.48%, limited by residual impurities
of chemical reactants and stabilizers.
Residual organic impurity in the particle synthesis process is

the main obstacle for the application of metallic-nanoparticle-
based approach. Colloidal metallic nanoparticles are usually
synthesized by chemical reduction of metal salts or
decomposition of organometallic compounds in appropriate
solvents.25 In order to stabilize the particles from aggregation
due to the van der Waals attraction, the particle surfaces are
either electrostatically charged with organic ligands or sterically
stabilized with polymer coatings.25,26 Additional ligand
exchange steps are needed to transfer the particles into the
target solvent for final applications. The stabilizers (ligands and
polymers) are often considered impurities, and extensive
research is on-going to either minimize their content or replace
with smaller inorganic anions.27 Besides the stabilizers, another
significant source of impurities in particle-based methods comes
from the organic binders used for increasing the colloid
viscosity during precursor film coating.
In this paper, we report a new metallic-nanoparticle-based

approach for fabricating thin film CIGS solar cells, comprising
(1) liquid-phase femtosecond pulsed laser ablation for
producing metallic nanoparticle colloids, (2) electrophoretic
deposition of the nanoparticle colloids into precursor thin films,
and (3) selenization of the precursor films. In particular, this
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approach only uses common organic solvents such as ketones
or alcohols, and does not require any stabilizing ligands and
binders, hence significantly improving the film purity and
reducing the health hazards during fabrication.
Liquid-phase pulsed laser ablation (LP-PLA) is a recently

developed method for synthesizing nanoparticle colloids.28,29 In
this method, a pulsed laser beam is focused on a target that is
submerged in a liquid solvent, and laser ablation, particle
formation, and particle dispersion occur simultaneously in the
solvent. The advantages of LP-PLA include a wide range of
applicable materials and many choices of solvents. Moreover,
due to the laser-plasma-induced surface charge that can
automatically stabilize the nanoparticles against aggregation,
no stabilizing ligands are required, assuring very high colloid
purity. The main drawbacks include a relatively broad particle
size distribution and relatively low production rate. In this
work, we employ an ultrashort femtosecond laser with a MHz-
range high repetition rate to produce metallic nanoparticles
with narrower size distribution and higher throughput.
Electrophoretic deposition (EPD) is a thin film deposition

method based on the electrokinetic mobility of colloidal
particles acquired under an external electric field. The method
is traditionally used in automotive and appliance industries for
coating thick films of micrometer-size particles on a substrate,
which serves as one of the electrodes used for applying the
electric field.30 Recently, there has been an increasing interest in
its application in depositing nanoparticles.31 EPD offers a
significant advantage of film densification induced by strong
electrical force near the electrode (substrate) surface, therefore
eliminating the reliance on adhesives and binders. It is also
applicable to deposition on flexible substrates and on substrates
with complex surface shapes. However, in order to deposit a
smooth and crack-free thin film, many factors need to be
carefully considered, including particle surface charge, electrical
and fluidic properties of solvents, choice of electrode material,
and current-voltage characteristics. Particularly in this work,
cathodic EPD, where the substrate works as the cathode, is
preferred to avoid potential oxidation of the metallic nano-
particles and substrate that can occur on the anode side. This
requires control of the nanoparticle surface charge, which is
effectively realized by introducing low concentration of trivalent
cations of In or Ga into the colloid.
In the following of this paper, we first present details of LP-

PLA, EPD, selenization, and solar cell fabrication in the
Experimental Methods section. In the Results and Discussion
section, we present characterizations of nanoparticle colloids,
precursor thin films, and CIGS solar absorber layers, and
investigate related mechanisms. Finally, we demonstrate CIGS
solar cells fabricated directly on Mo sheets with an (active area)
conversion efficiency up to 7.37%.

2. EXPERIMENTAL METHODS
Nanoparticle Colloid Synthesis. Figure 1a depicts the LP-PLA

setup for synthesis of the metallic nanoparticle colloids. The laser in
use is a high-energy femtosecond pulsed laser with 1040 nm
wavelength, 600 fs pulse duration, 10 μJ pulse energy, and 500 kHz
pulse repetition rate. The laser beam is directed via an automated
mirror scanner, and focused through a 170 mm focal lens on the
surface of an alloy target submerged at approximately 5 mm beneath a
liquid solvent. The solvent is a common organic solvent such as a
ketone or an alcohol. The targets in use include Cu−In, Cu−Ga, and
Cu−In−Ga alloys with different compositions. Details of target
compositions can be found in the Supporting Information. The LP-
PLA nanocolloids are stable without adding any stabilizing ligand.

Figure 1b shows examples of Cu−In and Cu−Ga alloy colloids
fabricated in acetone (Alfa Aesar, 99.5%). Ablation of 15 mins
produces 50 ml of colloids with a weight concentration of 0.3 mg/mL.
The as-ablated colloid is then used for next thin film deposition
without transferring to another solvent.

Precursor Thin-Film Deposition. Figure 2 illustrates a two-
electrode EPD vessel where the nanoparticles in the as-ablated colloid

are deposited on the working electrode (substrate) to form the
precursor thin film. An electric field of 100−300 V/cm is applied on
the 20 mm×30 mm electrodes at 10 mm apart. The nanoparticle thin
film is formed at a deposition rate of 0.5−-5 μm/min, depending on
the electric field strength. The working electrode is either a thin Mo
sheet (130 μm thick) or a glass substrate coated with a 500 nm thick
Mo layer. Before deposition, the substrate is cleaned by sequentially
rinsing with acetone, 2.7 M NH4OH solution, and deionized water.
The counter electrode is a Pt gauze. Low concentration (∼10 μM) of
In(NO3)3 or Ga(NO3)3 is added to the colloid before deposition. The
purpose of this additive is discussed in the Results and Discussion
section. After deposition, the precursor film is quickly transferred
through ambient air to a tube furnace for selenization.

Selenization and Device Fabrication. Precursor films are
selenized at 500 °C for 15 mins under Se vapor in a tube furnace
(5 cm diameter) with atmospheric-pressure Ar flow. The Se vapor is
produced by evaporating solid Se pellets placed in the same container
(a graphite box) holding the precursor films.

After selenization, the films are subjected to a 2-min etching in 2 wt
% KCN aqueous solution to remove possible Cu2‑xSe secondary phase,
followed by deposition of a 50 nm thick CdS window layer by
chemical bath deposition. A 100 nm thick intrinsic ZnO layer and a
300 nm thick ITO layer are deposited by RF sputtering, and a Ni/Au
top contact is deposited by DC sputtering. The device is divided into
individual test cells (3 mm × 6 mm) by mechanical scribing.

Materials and Device Characterization. The composition,
morphology, and microstructure of the nanoparticles are examined
using high-resolution transmission electron microscopy (HRTEM),

Figure 1. (a) Schematic illustration of generating metallic nanoparticle
colloids by LP-PLA. (b) Photo of the as-ablated colloids with different
nominal compositions.

Figure 2. Schematic illustration of cathodic EPD of the nanoparticles
in an electrical field.
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selected area electron diffraction (SAED), and energy-dispersive
spectrometry (EDS). The precursor films and the selenized films are
examined using plane-view and cross-sectional scanning electron
microscopy (SEM) and X-ray diffraction (XRD). Raman scattering
and secondary ion mass spectrometry (SIMS) are used to check
phases and impurity concentrations in the films, respectively. Zeta
potential of colloidal nanoparticles is measured using dynamic light
scattering with a Malvern Zetasizer.
IV characteristics of the solar cells are measured under standard

AM1.5G illumination at 1000 W/m2 intensity using a Newport Oriel
IV-station. Calibration of the illumination intensity is performed using
a Newport Oriel PV reference cell system coupled with an Oriel/VLSI
certified monocrystalline Si reference solar cell. External Quantum
Efficiency (EQE) is measured between 300 nm and 1100 nm without
light bias using an Oriel QE measurement system equipped with
photon flux calibration. Additional experimental details can be found
in the Supporting Information.

3. RESULTS AND DISCUSSION

Electrostatic Stabilization of Laser-Ablation-Gener-
ated Colloids. The laser-ablation-generated metallic nano-
particles spontaneously form a stable dispersant in the solvent.
During the LP-PLA process, the laser beam produces an
average energy density of 0.3−1 J/cm2 at the focal point, and
excites a high density plasma plume from the target surface.
The plasma is confined and quenched by the ambient solvent,
resulting in formation of surface-charged spherical nano-
particles. Without additional stabilizers, the as-formed metallic
nanocolloid is stable against aggregation as evidenced by the
measured zeta potential (ζ) ranging between −60 and −80 mV
for Cu−In and Cu−Ga colloids produced in acetone.
Generally for oxide (MOx) particles dispersed in aqueous

solvents, it is known that pH-controlled dissociation of
hydroxyl groups (M−OH) on the oxide surface is responsible
for surface charge acquired by the originally neutral oxide
particles.32 In the LP-PLA process, the exact surface charging
mechanism of laser-ablated metallic nanoparticles is still under
investigation. Previous studies of LP-PLA mainly focus on
water as the solvent. It is proposed that partial oxidation of the
metal surfaces by the highly reactive laser plasma leads to the
charging of even noble metallic nanoparticles such as gold
nanoparticles in water.33,34

In this work, we observe that in pure organic solvents
without stabilizers, given the same ablation parameters, the
polarity and magnitude of the surface charge of Cu−In and
Cu−Ga nanoparticles are influenced by the solvent ability to
donate or accept protons (H+), namely the solvent proticity.
Table 1 compares the measured ζ potential of laser-ablated
metallic colloids with respect to the solvatochromic parame-
ters35 α and β, which quantify the solvent proticity. Here α is
the hydrogen-bond donor (HBD) acidity and β is the
hydrogen-bond acceptor (HBA) basicity of the solvent. It is

observed that positive ζ potential (positive surface charge) is
obtained in HBD (protic) solvents with α close to 1 (e.g.,
methanol), whereas negative ζ potential (negative surface
charge) is obtained in HBA (aprotic) solvents with α close to 0
(e.g., acetone). For the two most protic and aprotic solvents
(i.e., methanol and acetone, respectively), we suggest that
protonation or deprotonation plays an important role in
influencing the polarity of the surface charge. Considering the
high reactivity in laser-induced plasma and possible surface
oxidation due to dissolved oxygen in solvents, it is the
preference to absorb or release H+ (available in protic solvents
and lack in aprotic solvents) on the surface oxidation sites that
determines the particle surface charge polarity. And the
magnitude of ζ potential, which reflects the colloid stability,
can be understood by the difference between α and β. The
larger the difference is, the more stable the colloid is. This is
confirmed in Table 1 that the largest magnitude of ζ potential is
measured for colloids produced in acetone, and the relatively
smaller ζ values are measured for colloids produced in ethanol
and 2-propanol, which are considered HBA-D solvents with
both high numbers of α and β.
Surface charging of laser-ablation-generated metallic nano-

particles can be a more complex process than solvent
protonation/deprotonation. Considering the highly active
metallic nanoparticle surface, reactions between solvent and
nanoparticles may also contribute to surface charging. For
example, reduction of acetone (by forming an alcohol) can also
lead to negative surface charging, and different oxidation level
between different nanoparticle materials (e.g., between Cu and
In) can account for the different ζ potentials measured in the
same solvent. More studies are needed to further clarify the
mechanisms.

Nanoparticle Alloy Phases. Regardless of the various
targets used for ablation in this work, we find that all
nanoparticles have multiple alloy phases and composite
structure. The TEM image of Figure 3a shows an example of
Cu−In nanoparticles with average size of 70 nm ± 30 nm. The
indexed SAED ring pattern (inset of Figure 3a) indicates a
dominant polycrystalline Cu2In phase for the nanoparticle
ensemble. Single-crystalline phases are occasionally observed
for individual nanoparticles, evidenced by sharp spotty SAED
patterns, as shown in Figure 3b, which is recorded from the
center of a 100 nm Cu−In nanoparticle and indexed to the
hexagonal Cu2In phase. In addition, we have also observed
single-crystalline In phase as previously reported.36 For Cu−Ga
nanoparticles, Cu9Ga4 is the dominant phase as suggested by
the indexed SAED pattern of Figure 3c. Figure 3d is a HRTEM
image revealing composite crystalline structure inside a Cu−Ga
nanoparticle and Moire fringes due to lattice overlapping.
Neither SAED nor EDS measurement detects any oxide

phase in these alloy nanoparticles produced in ketones and
alcohols. This is critical for precise composition control of the
final CIGS films, as discussed next.

Nanoparticle Ensemble Composition. Preservation of
stoichiometry is a critical issue for employing pulsed laser
ablation as a method for complex material synthesis.
Stoichiometric loss has been previously observed with long-
period and high-power nanosecond laser ablation in vacuum.37

In this work, we find that the as-ablated metallic nanoparticles,
as an ensemble, retain the same atomic composition as that of
the original alloy target, with a deviation of no more than ±2 at.
%. We attribute such effect to the ultrashort pulse duration of
the laser used in ablation. Our previous studies38 have indicated

Table 1. Dependence of Measured ζ Potential of Laser-
Ablated Cu, In, Cu−In, and Cu−Ga Colloids on
Solvatochromic Parameters α and β35 of the Solvents

solvatochromic
parameters35 measured ζ potential of colloids (mV)

solvent α β Cu In Cu−In Cu−Ga

methanol 0.93 0.62 33±16 20±10 55±15 23±18
ethanol 0.83 0.77 47±16 2±8 7±11 -8±15
2-propanol 0.76 0.95 11±21 -11±16 29±14 -26±31
acetone 0.08 0.48 -57±18 -36±11 -70±40 -76±48
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that at medium to low laser energy density (<1 × 1012 W/cm2),
even individual nanoparticles can retain the original alloy target
composition. This phenomenon has later been explained as a
result of an ultrafast-laser-induced mechanical fragmentation of
the target material.39

The overall nanoparticle composition of the colloid is
optimized at a desired ratio for CIGS solar cell: approximately
Cu/(In + Ga) = 0.85 and Ga/(In + Ga) = 0.3. Such
composition control is accomplished by choosing the same
target composition of Cu0.46In0.37Ga0.17, or alternatively by
mixing two colloids, for example Cu0.5Ga0.5 and Cu0.4In0.6, with
a proper volume ratio. Because the nanoparticles contain no
detectable oxides as described earlier, the optimized colloid
composition should lead to a desired composition in the
selenized CIGS film.
Nanoparticle Surface Charge Modulation in EPD. As

illustrated in Figure 2, influenced by the electric field during
EPD, charged nanoparticles migrate toward the oppositely-
charged electrode, becoming neutralized and deposited on the
electrode surface. The general kinetics of the EPD process is
explained with the Hamaker’s law,40 where variable parameters
include the electrical field, conductivity and viscosity of the
solvent, and concentration and ζ potential of the nanoparticles.
In this work, these parameters are chosen to ensure the
following conditions: (1) repulsive forces between nano-

particles are overcome by the electric field at the electrode
vicinity so that deposition can occur, and (2) nanoparticles
have sufficient time and energy to migrate on the electrode
surface before settling down to form a dense-packed film.
Particularly noteworthy in this study is that the solvent acetone
with low ionic conductivity (α→0) is used to provide high EPD
rate and uniform coating. This is in agreement with recent
results31 on EPD that the solvent resistivity affects the electric
field strength, and thus has an impact on the EPD deposition
rate.
To prevent oxidation that can occur on the anode side,

cathodic EPD is preferred, i.e., nanoparticles with positive ζ
potential are deposited on the negative electrode, rather than
vice versa (anodic EPD). To enable cathodic EPD, the negative
ζ potential of as-ablated colloid in acetone needs to be reversed
to positive. We find that a low concentration of nitrate salts
with trivalent cations (M3+) is effective for this purpose.
Particularly, In3+ or Ga3+ is used in this work to minimize the
impurities for CIGS. Figure 4 shows that by adding 5 μM and

10 μM of trivalent cations to Cu−In and Cu−Ga colloids,
respectively, it is adequate to shift their ζ potentials from
negative to positive. It can be understood as a result of physical
adsorption of the high valence heavy cations on particle
surfaces, which has been known to be effective in altering
colloidal particle surface charge.41

Precursor Films. The EPD deposited alloy films typically
have a metallic dark grey color. Without using binders in
deposition, close-packed and crack-free films are deposited as
shown in SEM images a and b in Figure 5. (Smoother films can
be obtained with polymer binders however without improving
overall CIGS quality after seleinzation.) XRD measurements of
the Cu−In and Cu−Ga films (Figure 5c) confirm the same
crystalline phases of Cu2In, In, and Cu9Ga4 as those identified
using TEM SAED analysis. Note that the Mo metal sheet
manufactured by a rolling process has a different out-of-plane
orientation of [211] at 2θ = 73.7°, in comparison to that of
[110] at 2θ = 40.5° for a thin Mo layer coated on glass.

CIGS Films. Images a and b in Figure 6 show the CIGS films
formed on Mo-coated glass substrates after selenization. The
films have smooth surfaces and large micrometer-size grains.
However, a thick MoSe2 interfacial layer and some voids at the
CIGS/MoSe2 interface are observed. Solar cells with better
device performance are accomplished on Mo metal sheet
substrates. The corresponding CIGS film surface and device
cross-section are shown in images c and d in Figure 6,
respectively. Although the grains are smaller compared with the

Figure 3. (a) TEM image of an ensemble of Cu−In nanoparticles
fabricated in acetone. The inset SAED pattern indicates polycrystalline
Cu2In phase. (b) Indexed SAED pattern of a Cu−In nanoparticle
recorded along ⟨0001⟩ zone axis of Cu2In. (c) Indexed SAED pattern
of a Cu−Ga nanoparticle recorded along <1̅3 ̅5> zone axis of Cu9Ga4.
(d) HRTEM image of a single Cu−Ga nanoparticle.

Figure 4. Zeta potential measured for Cu−In and Cu−Ga colloids in
acetone with various concentrations of added trivalent cations.
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films obtained on Mo-coated glass substrates, the CIGS films
on Mo metal sheets have fewer voids at the CIGS/MoSe2
interface. The CIGS films on Mo sheets have a Cu-poor
composition of approximately Cu/(In+Ga) = 0.88 where Ga/
(In+Ga) = 0.21, as analyzed from plane-view SEM-EDS
measurements where electron beam (20 keV) incidents
normally on the film surface. The deviation of the final film
composition from that of the original colloid is probably due to
segregation of Ga (Figure S1 in the Supporting Information) to
the film bottom, which is an issue currently under optimization.
The selenized CIGS films are checked for impurity phases

using XRD and Raman scattering. Figure 7a shows a typical
XRD pattern of the CIGS films grown on Mo sheets, indicating
polycrystalline CIGS structure with a predominant [112] out-

of-plane orientation. Except MoSe2-related peaks, no other
secondary and impurity phases such as Cu2−xSe and In2O3 are
detected. Figure 7b shows that the Raman spectrum is
dominated by two CIS phonon modes42 at 170 and 210
cm−1, without significant carbon-related modes typically
appearing between 1300 and 1600 cm−1.43 SIMS measurement
confirms the film purity by revealing a low atomic
concentration of 2−5 × 1018 cm−3 for carbon impurity in the
selenized CIGS films, which is close to the instrument detection
limit in CIGS material.

CIGS Solar Cells. To improve statistics, we scribe the
samples into small cells of approximately 3 mm × 6 mm2 size as
shown in Figure 8a inset. Current−voltage (I−V) character-
istics of finished solar cells without anti-reflection coating
exhibit total area (0.170 cm‑2) efficiencies varying in the range
of 3.9-5.8%, and averaging at 5.0%. Figure 8a also shows the
stabilized I−V characteristic of a CIGS cell on Mo sheet, with
an active area (0.132 cm−2) efficiency of 7.37% after subtracting
the Ni/Au contact area (about 22% of the total cell size). Other
cell parameters include: an open-circuit voltage (VOC) of 0.363
V, a short-circuit current density (JSC) of 34.58 mA/cm2, a fill
factor (FF) of 58.76%, a series resistance (RS) of 2.75 Ω cm2,
and a shunting resistance (RSh) of 216 Ω cm2.
The VOC is lower than those values reported for high-efficient

vacuum-deposited CIGS solar cells. This can be caused by a few
factors, including (1) localized shunting pinholes correlating
with the low RSh value and originating from the rough surface of
the Mo metal sheet, and (2) segregation of Ga to film bottom,
which reduces the bandgap at the top of the absorber layer. We
have observed that films grown on smooth Mo-coated glass
substrates display a much smoother surface morphology and
larger grains (Figure 6a). Reducing of pinholes on the films

Figure 5. (a) Plane-view and (b) cross-sectional SEM images of as-
deposited precursor films on Mo metal sheets. (c) XRD patterns of as-
deposited (i) Cu−In and (ii) Cu−Ga alloy films on Mo-coated glass
and Mo metal sheet substrates, respectively. The small gap between
film and substrate in (b) is formed when bending the sample for cross-
sectional imaging.

Figure 6. Plane-view and cross-sectional SEM images of selenized
CIGS films on (a, b) Mo-coated glass and (c, d) Mo metal sheet. The
film in (d) is coated with CdS, ZnO, and ITO layers on top.

Figure 7. (a) XRD pattern and (b) Raman spectrum measured from
the CIGS film on Mo metal sheet substrate.
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grown on Mo sheets can be expected when a smoother Mo
sheet surface is available. Using cross-sectional SEM-EDS (see
Figure S1 in the Supporting Information), we have also
observed a higher Ga content near the film-substrate interface
than at the top half of the films. The relatively low FF is mostly
due to a thick MoSe2 layer (1−1.5 μm) formed during
selenization that significantly increases RS. We expect further
improvement of efficiency after minimizing the Mo substrate
selenization.
Figure 8b shows that the external quantum efficiency (EQE)

measured without light bias on this device is about 70-80%
between 500 and 1000 nm. The slight drop of EQE between
550 and 800 nm indicates recombination loss caused by
structural defects in the CIGS layer.

4. CONCLUSIONS
In summary, LP-PLA is applied in ligand-free synthesis of
metallic nanoparticles with preserved alloy composition and
negligible oxidation in common organic solvents. The nano-
particle surface charge is influenced by the solvent proticity, and
can be modulated with low concentration of trivalent metal
cations without affecting the colloid purity. The surface charge
modulated nanoparticles are suitable for thin film deposition by
EPD without solvent transfer and without using binders. On
the basis of these studies, we have established an expedient way
of fabricating metallic nanoparticle thin films with high purity
and precise composition. After selenization, high quality CIGS
films are obtained and 7.37%-efficient (active area) CIGS solar
cells are fabricated directly on Mo metal sheets. This approach
for fabricating thin film solar cells has minimized chemical
impurities, fast deposition rate, high raw material utilization,
and is also applicable to other materials such as CZTS.
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