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One-pot electrodeposition, characterization and photoactivity of

stoichiometric copper indium gallium diselenide (CIGS) thin films for
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Herein we report the one-pot electrodeposition of copper indium gallium diselenide,

CuIn1�xGaxSe2 (CIGS), thin films as the p-type semiconductor in an ionic liquid medium

consisting of choline chloride/urea eutectic mixture known as Reline. The thin films were

characterized by scanning electron microscopy with energy dispersive X-ray analysis, transmission

electron microscopy, X-ray photoelectron spectroscopy, Raman microspectroscopy, and

UV-visible spectroscopy. Based on the results of the characterizations, the electrochemical bath

recipe was optimized to obtain stoichiometric CIGS films with x between 0.2 and 0.4.

The chemical activity and photoreactivity of the optimized CIGS films were found to be uniform

using scanning electrochemical microscopy and scanning photoelectrochemical microscopy.

Low-cost stoichiometric CIGS thin films in one-pot were successfully fabricated.

Introduction

Copper indium gallium diselenide, CuIn1�xGaxSe2 (CIGS,

where x ranges between 0.2 and 0.4), is a promising absorbing

layer for thin film solar cells. It has an adjustable band-gap in

the range of 1.05–1.67 eV;1 the absorption spectrum of CIGS

thin films matches the solar spectrum better than most solar

cell absorbing layers when the value of x is in the above range;

and it has a large optical absorption coefficient (105 cm–1)

which results from the direct energy gap and permits thin films

with the thicknesses of about 1 mm to absorb sufficient

amounts of light.2,3 Solar cells based on CIGS absorber layers

illustrate high photon to current conversion efficiencies of

about 20% in a laboratory scale.4

Several methods of CIGS deposition based on vacuum

techniques such as multi-step physical vapour deposition and

conventional sputtering techniques have been developed.5–10

The bottleneck in the production of CIGS thin film solar cells

as a renewable energy source is formed by a combination of

their high manufacturing cost, difficulty in scaling up the

manufacturing process due to the limited size of the vacuum

chambers used for depositing these films, and difficulty in the

control on the formation of stoichiometric films. Due to the

relatively high vapour pressure of selenium, even at moderately

elevated temperatures, as-deposited CIGS films often do

not contain the proper stoichiometric amount of selenium.

Consequently, a low-cost and large-area method of deposition

of stoichiometric CIGS films without post-deposition heat

treatment in selenium atmosphere has not yet been fulfilled.

To address some of these issues, solution-based approaches

including spray pyrolysis/spray chemical vapour deposition,11

precursor deposition,12,13 and nanocrystal printing14 have also

been developed. On the whole, although CIGS devices have

already been commercialized, the science and technology of

CIGS films are still evolving.

It is well known that many electrically conductive materials

can be deposited over large areas at a low cost using electro-

chemical processes; it is therefore logical to explore the

electrodeposition of stoichiometric CIGS films. Electrodeposition

of thin film CIGS in various solvents such as aqueous, alcohol

and ionic liquid has been the subject of numerous studies.

However, electrodeposition of stoichiometric CIGS requires

soluble salts of all four elements and control of their reduction

potentials. Several research groups have reported the electro-

deposition of CIGS films in aqueous solution. Calixto et al.

studied the influence of film deposition parameters such as

bath composition, pH, deposition potential and material

purity on a single-step electrodeposition of CIGS film. They

reported obtaining good morphological films after annealing

and selenization at a high temperature.15 More recently, a

single-bath method for the production of CIGS films16 was

optimized by adjusting the above parameters. Lew et al.

reported the electrodeposition of CIGS films in an aqueous

solution in the presence of LiCl as a supporting electrolyte.17

Sun and coworkers reported electrodeposition of Cu-poor and

Cu-rich near stoichiometric CIGS by one-step electrodeposition

process from acidic aqueous solutions.18 In yet another
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approach, Zou and coworkers reported the preparation of

CIGS films by a one-step electrodeposition in an alcohol

solution.19 It has been found that adding a complexing agent

halts the production of hydrogen and creation of pinholes, and

increases composition uniformity. For instance, Feng et al.

also reported on the co-electrodeposition of CIGS precursors

in a citrate bath and followed by annealing the as-deposited

films to improve the crystalline properties.20 Zhao et al.

reported a systematic cyclic voltammetry (CV) study to

better understand the electrochemical behaviour during the

co-deposition of Cu, In, Ga and Se in a citrate bath.21,22 Using

another method, Tiwari et al. reported the fabrication of CIGS

films from thiocyanate complex electrolytes.23 Liu et al.

reported a one-step electrodeposition process of CIGS film

formation in a water–dimethylformamide (DMF) solution,2

where citrate was added as the complexing agent. Basol et al.

carried out two-step electrodeposition using tartrate and

citrate as complexing agents in the alkaline regime.24 According

to their approach, both complexing agents are suitable to

solubilize indium and gallium ions at high pH with the

advantage of reduced hydrogen.

Room Temperature Ionic Liquids (RTILs) typically

demonstrate a wide electrochemical window and a very low

vapour pressure.25,26 They have found numerous applications

in electrochemistry.27–29 A method of electrochemical deposition

of CIGS in an ionic liquid was recently disclosed by Peter and

coworkers,30 in which the deposition processes for the

preparation of CIS and CIGS precursors were elegantly

described. A constant potential of �1.35 V versus Pt was

applied to deposit a CIGS precursor film in a Reline (an ionic

liquid of choline chloride/urea eutectic mixture) bath containing

50 mM InCl3, 7 mM CuCl2, 10 mM SeCl4 and 40–80 mM

GaCl3. However, CIGS films thus deposited were selenium

deficient, as indicated by the fact that the post-deposition

treatment under selenium atmosphere was required to increase

the selenium content of the films.

Scanning electrochemical microscopy (SECM)31,32 is a useful

analysis tool in the area of chemical and biochemical

kinetics,33–38 reactivity imaging,38–43 and micrometre scale

structuring and reading44–47 at various interfaces. While photo-

electrochemical systems based on semiconductor electrodes have

been investigated for the conversion of solar energy to electricity,

photoelectrosynthesis, photoelectrolysis and photocatalysis,48,49

there are a few reports on the use of SECM steady-state

measurements for obtaining reactivity information about

processes at an illuminated semiconductor/electrolyte interface

(for instance, ref. 50). Scanning photoelectrochemical micro-

scopy (SPECM) is a potentially powerful tool to evaluate the

photoreactivity of p-type CIGS films. With the CIGS film in

contact with an electrolyte solution containing a mediator,

ferrocenemethanol (Fc), the SECM probe in the vicinity of the

interface was biased at 0.350 V versus a Ag/AgCl reference

electrode to ensure that Fc was oxidized to ferroceniummethanol

(Fc+) at the probe (Fig. 1). Electrons promoted to the conduction

band of the CIGS film by light illumination were expected to be

injected to Fc+, and this converted back to Fc48,49 (Fig. 2). The

SECM probe current should thus increase in the proximity of the

interface (Fig. 1), giving more positive feedback. The amount of

the feedback could be a measure of the CIGS photoreactivity.

The present report provides a one-pot fabrication strategy

that uses electrochemistry to generate stoichiometric CIGS

films on a molybdenum electrode with no requirement of post-

deposition thermal sintering. We found that Reline is at low

cost (about $6 per 100 mL) and has no unwanted reactions

during electrodeposition of CIGS. For example, Reline has a

potential window wide enough for the deposition of gallium

and indium while this was restricted by hydronium ion reduction

in water baths, which causes pinholes, lack of composition

uniformity, and subsequently lowers cell efficiency.

The electrochemical bath recipe was optimized by means of

various microscopic and spectroscopic investigations of the
Fig. 1 Schematic diagrams of SECM setup in dark (a) and upon

illumination (b).

Fig. 2 The process of electron/hole formation and the reduction of Fc+ to Fc under light.
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fabricated films. This can lead to a low cost production of

CIGS films that is relatively simple to scale-up from laboratory

size to commercial fabrication. SECM and SPECM were used

to study local properties and reactivity of the CIGS film in the

dark and upon illumination.

Experimental

The glass substrate (soda lime microscopic glasses, Zefon

International, Inc., Mississauga, Ontario) treatment was

published elsewhere,47 and Mo sputtering procedure followed

was a routine one. Resistivity of sputtered molybdenum films

were measured as 5.80 � 10�8 O m with a four point probe

(Model FPP 5000) purchased from Veeco Instrument Inc.

(Plainview, NY). Electrodeposition was performed in a custom-

made four-neck thermal-jacketed 50 mL glass flask using a

potentiostat (Model 173) with a digital coulometer (179), and

a universal programmer (Model 175) (EG&G Princeton

Applied Research, Oak Ridge, TN). The voltammetry and

chronoamperometry were acquired by programs written in

LabVIEW (National Instruments, Austin, TX) through a

computer interface (SR 245, Stanford Research, Sunnyvale,

CA). The electrochemical bath contained a mixture of chloride

salts of copper, indium, gallium, and selenium dissolved in

Reline with the appropriate concentrations and loaded into

the flask within a glove box. The counter and reference

electrodes were platinum wires. The electrodeposition was

conducted by scanning the applied potential between �0.2 V

and �2.2 V or setting a constant potential of �1.500 V versus

the Pt reference electrode. After the deposition, the substrate

was removed from the electrochemical bath, rinsed with

distilled water, and dried under argon flow (ultra high purity,

499%, Praxair Canada Inc., London, ON).

The film morphology was examined using a Hitachi S-4500

(Japan) field emission scanning electron microscope (FESEM)

and qualitative elemental composition comparisons among

different samples were made with a dispersive X-ray (EDX)

analytical system. Transmission electron microscope (TEM)

images were acquired with a transmission electron microscope

(Philips CM 10) equipped with a field emission gun operated at

100 kV. TEM samples were prepared by embedding CIGS

powder in Epon-Araldite. Embedded CIGS was ultra-cut in a

trapezoid shape with a thickness of approximately 70 nm using

a glass knife. The trapezoid pieces were collected from the

knife area onto a Cu TEM grid. X-Ray photon spectroscopy

(XPS) measurements were carried out with a Kratos Axis

Ultra spectrometer (UK) with Al Ka as the X-ray source. XPS

data were analyzed using curve fitting which was carried out

using Casa software.

UV-visible absorbance spectra were recorded with a

dual-beam using a Varian Cary 100 spectrophotometer (Palo

Alto, CA) in the reflection mode. The reference was

Mo-coated glass. Confocal Raman microspectroscopy was

measured using a WITec Raman instrument (Alpha SNOM,

WITec, Germany).51

The SECM working electrodes, 10.0 mm diameter ultra-

microelectrodes (UMEs) with a diameter ratio of the glass

sheath to Pt (RG) of about 3, were prepared as described

elsewhere.34,51 In brief, a 10.0 mm diameter Pt wire (Good Fellow

Cambridge Limited, Huntingdon, England) with a length of 1 cm

was sealed in a glass capillary under vacuum with one end pulled

and sealed. Then the Pt disk was exposed by a sanding pad

(Buehler Ltd., Bluff, Illinois) attached to a rotating wheel, the

electrode disk was polished in succession by polishing pads

(Buehler) coated with alumina having diameters of 3.0, 0.3,

and 0.05 mm, respectively. The glass sheath was sharpened by

3.0 and 0.05 mm diameter diamond pads (Buehler) until RG was

about 3. An Ag/Ag2SO4 electrode was used as a reference

electrode and a Pt wire was used as a counter electrode. The

CIGS film substrate was attached to the bottom of the Teflon

SECM cell.34,35 The film was exposed to the solution through an

aperture of 5 mm in diameter. The cell held a solution containing

0.9 mM of ferrocenemethanol (Fc) (97%, Aldrich, Mississauga,

Ontario), and 0.1 M Na2SO4 (Caledon Laboratories Ltd.,

Georgetown, Ontario).52

A schematic of the experimental setup in dark and under

light50 is given in Fig. 1. A custom-built system was used to carry

out the SECM experiments as depicted elsewhere.35,53,54 The

position of the UME was controlled by a 3-axis positioner and

controller (EXFO/Burleigh 8200 Inchworm Controller system,

EXFO, Mississauga, ON). A bipotentiostat (CHI832A Electro-

chemical Analyzer, CH Instruments, Austin, TX) was used to

control the potential applied between working electrode and

reference electrode, and to measure the current. The output

current and electrode coordinates were recorded and analyzed

by a computer and data acquisition system.52 The UME was

immersed into the electrolyte solution and it was found (as it is

normally) that a steady-state current of 1.2 nA was reached in

cyclic voltammetry when a potential of 0.350 V was applied in

the electrolyte solution. The steady-state current is proportional

to the Fc concentration according to

i = 4nDFca (1)

where D (7.6 � 10�6 cm2 s–1) is the diffusion coefficient of the

species detected, a (cm) is the electrode radius, c (mol cm–3) is

the concentration Fc, F (C mol�1) is the Faraday constant and

n is the number of electrons transferred per molecule.49

The UME biased at 0.350 V, approached the CIGS

substrate at 1 mm s�1 until the UME current was 1.6 nA. A

probe approach curve (PAC) was obtained by measuring the

current versus tip-to-substrate distance during this process.

The current was normalized by the tip current (eqn (1)) when

the electrode was far away from the CIGS film substrate while

the distance was normalized by the radius of the Pt UME.

SECM images in the constant height mode were taken by

recording the biased UME current versus its X, Y coordinates

(256 � 256 pixels) at room temperature. Further PACs were

recorded above various spots of interest on an SECM image

by means of the closed-loop positioning system allowing the

precise location of the UME.

Chemical reactivity at the substrate was quantified by

determining the pseudo-first-order rate at which ferrocenium-

methanol (Fc+) was reduced back to Fc (Fig. 1a):

u = kcFc+ (2)

where k is pseudo-first-order rate constant50 and cFc+ is the

concentration of Fc+.
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Scanning photoelectrochemical microscopy (SPECM) was

used to determine the photoreactivity of the CIGS substrate,

where a quartz halogen illuminator lamp (M1-150, Fiber-Lite,

Dolan-Jenner, Mississauga, ON), with a gooseneck light

guide, was used to illuminate the CIGS substrate (Fig. 1b).

The light power reaching the SECM cell was measured as

98.0 mW with a standard division of 1.9 mW. Images and

PACs in SPECM experiments were acquired with a similar

methodology to the SECM as described above.

The following chemicals were purchased and used without

any further purification: indium(III) chloride (anhydrous,

Aldrich, 498%), selenium tetrachloride (Aldrich), copper

chloride (Aldrich, 97%), gallium chloride (anhydrous,

Aldrich, 99.999%), urea (Aldrich, reagent grade, 98%), and

choline chloride (Sigma, reagent grade, Z 98%). Reaction

temperature was kept constant at 65.0 � 0.1 1C by a circulating

water bath (VWR, model 1130S, Mississauga, ON).

Simulation

The COMSOL multiphysics software (version 3.5a, COMSOL

Inc., Boston, MA) was used to generate simulated PACs.

The electrode, substrate surface geometries and boundary

conditions in COMSOL were set based on our experimental

conditions.34,52 For the irreversible reaction at the CIGS

substrate (Fig. 1), the Fc flux is expressed as:

D
@cðr; zÞ
@z

� �
z¼�d
¼ k½c0 � cðr;�dÞ� ðz ¼ �dÞ ð3Þ

where the origin is at the center of the disk electrode, �d
represents the UME-to-substrate distance, r and z are the

radial and height distance axes in two dimensional cylindrical

coordinates, respectively. The bulk Fc concentration is c0 and

c(r, �d) is the Fc concentration function in the gap between the

UME and substrate. The Fc+ concentration was equal to

c0 � c(r, �d), assuming that Fc was oxidized to Fc+ completely

at the UME. For a PAC with a fixed k, the tip currents

corresponding to more than 20 tip-to-substrate distances, d, were

calculated. The PAC was obtained by plotting the normalized tip

current versus normalized tip-to-substrate distance. A group of

PACs with various k values were superimposed on to the

experimental PAC and a k value was determined from the

simulated PAC that matched the experimental value. Other

details and the related theory can be found elsewhere.34,52

Results and discussion

A typical cyclic voltammogram of the Cu–In–Ga–Se system in

Reline with glass/Mo as the working electrode and two Pt

wires as the reference and the counter electrodes at 65 1C is

presented in Fig. S1 (ESIy). The electrochemistry of the four

salts system is very complex. Peter and coworkers studied the

electrochemistry of the elements of copper, indium, gallium

and selenium in Reline for the first time and they also reported

CV for the Cu–In–Se system.30 There are two alloys formed in

the Cu–In–Se system corresponding to Cu–Se and Cu–In. The

corresponding cathodic peaks are assigned to the features seen

in Fig. S1 (ESIy). Marked peaks in Fig. S1 (ESIy) are in good

agreement with reduction potentials reported by Peter et al.

for elements and alloys.30 The average redox potential of Fc

using the same electrochemical system with Pt standard

electrode instead of glass/Mo as the working electrode in

Reline is about 0.340 V.

Three examples are listed in Table 1 to show the dependence

of CIGS film compositions on the conditions of the cyclic

voltammetry method. Among these three examples, both

samples #1 and #2 have their film compositions close to that

of stoichiometric CIGS films suitable for the production of

solar cells. Table 2 demonstrates CIGS thin film composition

results obtained by EDX when using one deposition bath for

10 consecutive electrodepositions. We can clearly see that in

the first deposition, the CIGS thin film has stoichiometric

composition with Ga/(Ga + In) equal to 0.4 and Se/Cu of

about 2.0. If we use the same solution for the second

deposition the selenium to copper ratio drops quickly. From

the third deposition onwards, none of the deposited CIGS thin

films are of the desired stoichiometric ratio as Se/Cu drops

below 1.0 and Ga/(Ga + In) decreases to 0.2. Although in

consequent depositions the films do not maintain the optimal

stoichiometric ratio, Ga/(Ga + In) is somewhat in the

preferred ratio range (0.2 to 0.4).4,5 We are investigating

replenishing the solution in order to obtain a stoichiometric

film on subsequent depositions.

Table 1 Examples of controlling film compositions of the one-pot electrodeposited CIGS films

Sample #

Bath composition

Film composition Ga/(Ga + In) of the film[Cu] [In] [Ga] [Se]

1 7.5 55 50 60 Cu1.0 (In0.7, Ga0.3)Se1.8 0.3
2 7.5 55 45 60 Cu1.0 (In0.7, Ga0.3)Se1.9 0.3
3 7.5 45 45 65 Cu1.0 (In0.6, Ga0.4)Se2.2 0.4

[ ] = mM in the bath composition.

Table 2 Examples of CIGS thin film composition when using one
solution bath for 10 times

Run # Composition Ga/(Ga + In)

1 Cu1.0 (In0.6, Ga0.4)Se2.2 0.4
2 Cu1.0 (In0.7, Ga0.3)Se0.9 0.3
3 Cu1.0 (In0.7, Ga0.3)Se0.6 0.3
4 Cu1.0 (In0.8, Ga0.2)Se0.6 0.2
5 Cu1.0 (In0.8, Ga0.2)Se0.6 0.2
6 Cu1.0 (In0.9, Ga0.1)Se0.6 0.1
7 Cu1.0 (In0.9, Ga0.1)Se0.6 0.1
8 Cu1.0 (In0.8, Ga0.2)Se0.5 0.2
9 Cu1.0 (In0.8, Ga0.2)Se0.5 0.2
10 Cu1.0 (In0.8, Ga0.2)Se0.6 0.2

[ ] = mM in the bath composition Cu = 7.5, In = 45, Ga = 45,

Se = 65.
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Fig. 3 illustrates the morphology of the as-deposited thin

film during 150 min electrodeposition by means of CV. It

shows that the thin film was compact and dense and the

overall surface is covered by a relatively smooth layer of

CIGS. Note that we did not observe formation of bubbles

on the electrode or on the growing film during deposition

and the films grown from these conditions were always

crack-free. Good film stoichiometry was obtained according

to the EDX results under the solution composition of 45 mM

GaCl3 + 60 mM SeCl4 + 7.5 mM CuCl2 + 55 mM

InCl3 which results in a thin film composition of

Cu1.0(In0.7, Ga0.3)Se1.9 (normalized by taking Cu equal to

1.0). Oxygen with an atomic percentage between 3 and 16

was detected in various films. It has been reported previously

by Birkmire et al. that 15–17 atom% of oxygen was normally

detected in most films.16 Fig. 3b shows a cross-section SEM

image of the film. CV deposition allows the absorbing layer to

have a thickness as high as 2.0 mm which is favourable for

efficient solar radiation absorption.

Formation of cauliflower-like florets was observed when the

electrodeposition was carried out under constant potential at

concentrations of Cu and Se higher than 10 mM and 75 mM,

respectively. Fig. S2 (ESIy) shows that the surface is covered

by cauliflower-like grains and large-sized clusters. Birkmire

et al. showed that these phases are richer in Cu and Se.16 Our

EDX results carried out on these areas showed that their

composition is Cu1.0Se2.0 (Fig. S2d, ESIy). Furthermore, EDX

measurements carried out on spherical balls shown in Fig. S2a

(ESIy) indicate that they are pure selenium (Fig. S2c, ESIy).
These secondary phases are not favourable for fabricating

photovoltaic devices as they may result in defects like shunt.

These phases also survived high temperature postdeposition

selenization treatment, but partially dissolved with aqueous

KCN etching.16 The cyclic voltammetry deposition has a

lower deposition rate as it deposits the elements in the forward

course where the applied potential is scanned from 0 to

negative direction, and then grains are refined in the reverse

route where the potential is scanned back. In other words,

using CV the cations are reduced and the semiconductor alloy

is deposited onto the substrate in the forward scan, and some

of the deposited CIGS is re-oxidized back to ions in solution in

the reverse scan. In this way, the CV technique can generate

higher quality CIGS grains than the constant potential

method. Fig. 3 and Fig. S1 (ESIy) demonstrate this trend.

CV was done at 65 1C and scan rate was 20 mV s�1. Other

technical considerations such as species diffusion, deposition

rate control using constant-current method based on our

knowledge on electrochemistry and surface chemistry will be

discussed in a latter publication.

The TEM image of the CIGS thin film sample that was

electrodeposited for 150 min using cyclic voltammetry at the

bath temperature of 65 1C is presented in Fig. 4. As can be seen

from TEM image the CIGS thin film is indeed crystalline.

Note that we did not post-treat these films with the exception

of washing with water and drying with argon flow to remove

solvent. They are as-deposited CIGS films.

Fig. 3 (a) A typical SEM image and (b) a cross-section SEM image of

the as-deposited thin film at a potential between �0.200 V and

�2.200 V for 150 min, in 45 mM GaCl3 + 65 mM SeCl4 + 7.5 mM

CuCl2 + 45 mM InCl3 solution at 65 1C.

Fig. 4 TEM image of CIGS thin film.
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Fig. 5 presents X-ray photoelectron spectra of Cu 2p, In 3d,

Se 3d, Ga 3p regions for as-deposited CIGS thin film. Binding

energies are 932.55, 445.35, 105.85, and 54.75 eV for Cu 2p, In

3d, Se 3d, and Ga 3p, respectively, which is consistent with

values reported by others.55 Since the sample was exposed to

air prior to the measurements, relatively high amounts of C–

and O– on the surface were detected by XPS.16 We obtain

quantitative information from the XPS survey to calculate film

composition using the CasaXPS software. Analyzing the XPS

survey shows that the composition of the thin film is

Cu1.0(In0.7, Ga0.3)Se2.1. The EDX and XPS analysis results

indicate that all the four elements, i.e., gallium, indium,

selenium and copper are distributed uniformly over the surface

and through the bulk of the film.

One of the most important qualities that a CIGS layer must

have is high absorbance of sunlight. The absorbance of the

films was examined by using UV-visible spectroscopy in the

reflection mode and a Mo substrate was used as the reference.

Fig. 6 shows the UV-visible absorption spectra in the

wavelength range 400–900 nm for the as-prepared CIGS thin

films using the cyclic voltammetry method at 65 1C for

150 minutes of deposition time. It can be seen that the

absorbance is quite high in the measured wavelength range

and that the maximum value is approximately 65% between

470 and 700 nm.

Fig. 7 depicts a Raman spectrum of a CIGS film measured

at room temperature. The CIGS sample produces a Raman

spectrum with a single intense scattering peak at 184 cm�1

corresponding to the A1 optical mode that is the characteristic

peak of the chalcopyrite crystal structure.56 In fact, A1 mode

represents the vibration of the Se in the x–y plane with the

cations at rest. The position of this peak linearly increases with

increasing Ga composition in the film. This spectrum also

reveals mixed B2/E modes at approximately 246 cm�1. An

additional mode appears at 263 cm�1, which is assigned to the

A1 mode of copper selenide (CuSe or Cu2Se) phases in the

sample. The inset in Fig. 7 illustrates the Confocal Raman

image of the sample with the dimension of 50 mm � 50 mm. A

complete Raman spectrum was recorded at each pixel. The

Raman image was constructed by integrating the intensities of

the above characteristic Raman bands in the scanned area.

The Raman image demonstrates that the CIGS have the same

Fig. 5 Survey X-ray photoelectron spectra of Cu 2p, In 3d, Se 3d, Ga 3p regions for as-deposited CIGS film.

Fig. 6 UV-visible absorption spectra of the electrodeposited CIGS

thin film on Mo/glass substrate at 65 1C for 150 min in Reline.
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chemical structures. The dark spots signify a lower topography

than bright ones. Note that the mapping represents a region of

the absorber near the surface with a penetration depth of

100 nm.

Fig. 8 shows the SECM image of a CIGS substrate with

thickness of 2 mm in a dark atmosphere and the SPECM image

of the CIGS film under illumination. The two images were

obtained by scanning the CIGS film substrate in a single

area in constant height mode. The currents obtained under

illumination (ranging from 1.72 to 1.95 nA) were higher than

the currents obtained in the dark (ranging from 1.63 to

1.76 nA). This means that the reaction rate for Fc+ reducing

to Fc under illumination was higher than that in dark. Since

SECM image and SPECM image were taken on a small scale,

they seem to be not uniform. But the difference in current is

very small. Actually on a large scale, the images of the film

reactivity in dark and upon illumination are uniform.

Since the surface images included both topography and

reactivity information of the CIGS film, PACs were then

recorded at different spots on the surface in order to extract

the reactivity from the topography. A PAC was obtained by

measuring the current versus tip-to-substrate distance during

this process. The current was normalized by the tip current

when the electrode was far away from the CIGS film substrate

while the distance was normalized by the radius of the Pt

UME. Fig. 9 demonstrates typical experimental PACs in dark

(a) and upon illumination (b) overlapped onto the set of

simulated PACs with various rate constant values. The simulated

PACs were generated following the procedure discussed briefly

in the Simulation section. A certain k value was used in

generating a PAC. Then the normalized current at each

normalized distance was calculated in COMSOL34, and a

PAC of this specific k value was obtained in this way. Other

PACs were simulated using various k values. It was found that

the rate constant was 0.04 cm s�1 in the dark and 0.50 cm s�1

Fig. 8 SECM images (100 mm � 100 mm) of surfaces of CIGS film substrate in dark (a) and under light (b). Imaging was carried out in a solution

containing 0.9 mM ferrocenemethanol and 0.1 M Na2SO4. The scanning electrode was a 10 mm Pt UME with an RG value of 3.0. Potential of

0.350 V was applied to the UME tip both in dark and under light. The arrows indicate k values of various spots on images in dark (a) and under

light (b).

Fig. 7 A typical Raman spectrum of the CIGS thin film in Fig. 6 at

room temperature with a Raman image in a 50 mm � 50 mm area.

Fig. 9 An example of normalized probe approach curves (PACs) obtained above certain spot (20, 200) on the CIGS surface image superimposed

on simulated PACs. (a) The experimental PAC in dark indicates that k value on this spot is 0.04 cm s�1. (b) The experimental PAC under light

indicates that k value on this spot is 0.5 cm s�1.
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upon illumination. These results agree well with SECM and

SPECM images in Fig. 8. The pseudo-first-order rate

constants determined in this way on various spots on the

CIGS film are summarized on the two SECM images in Fig. 8.

It was found that the rate constants in the dark varied from

0.04 to 0.05 cm s�1 (Fig. 8a). This reflects that the reactivity at

different spots on the surface is fairly similar, i.e. the surface

reactivity is quite homogeneous. This observation agrees

well with the Raman image in the inset of Fig. 7. Fig. 8b

demonstrates that under illumination the pseudo-first-order

rate constant of these spots on the CIGS varies from 0.10 to

B0.50 cm s�1. The variation in the pseudo-first-order rate

constants upon light irradiation is almost 10 times higher than

those observed in the dark.

The rise of the current under illumination represents the

high reactivity of the surface during UV/vis irradiation.

When the CIGS film was in contact with a solution, the

semiconductor/solution interface was formed.49 A CIGS film

is a p-type semiconductor. Before contact, the Fermi level in

the CIGS p-type semiconductor is located near the energy Ev

of the valence band edge. As shown in Fig. 2a, Ev lies below

the Fermi level of the redox couple Fc+ and Fc. When the

CIGS film is in contact with the solution, electron transfer will

occur at the interface until the Fermi levels in both phases are

equal, as shown in Fig. 2b. In this case, equilibration occurs

through electron transfer from the solution to the CIGS p-type

semiconductor with the semiconductor becoming negatively

charged.49 The negative charge of CIGS film is distributed in a

space-charge region, which causes the band energies to be

more positive with increasing distance into the semiconductor.

As a result, band bending occurs as shown in Fig. 2b. When

the surface was irradiated with light with energy matched the

band gap, Eg, photons were absorbed and electron–hole pairs

were created. The electrons, moved to the surface at an

effective potential according to the valence band edge, caused

an efficient reduction of Fc+ to Fc on the surface, as shown in

Fig. 2c.49 Thus the light irradiation to the CIGS p-type

semiconductor surface promoted reduction of Fc+ in the

vicinity of the CIGS film and generated more Fc than in the

dark case. As a result, the concentration Fc increased above

the surface of CIGS film. According to eqn (1), this would

cause a rise in current, which was recorded by UME in the

proximity of the CIGS film surface. An increase in the rate

constant was therefore observed.

Conclusions

In this work cations of Cu, In, Ga and Se were electro-

chemically reduced and deposited on a molybdenum electrode

in one-pot format and a stoichiometric CIGS semiconductor

alloy was formed at the electrode without the requirement of

post-deposition thermal sintering. The cyclic voltammetry

approach was found to generate better CIGS grains than the

constant potential method. Reline was a cost-effective medium

to avoid technical problems such as hydrogen generation

in the aqueous solution, and its operating temperature is

conveniently moderate which is suitable for application

with polymers and other heat-sensitive substrates. Various

microscopic and spectroscopic techniques were successfully

used to monitor the fabrication of the stoichiometric CIGS

thin films. The reactivity and photoreactivity of the optimized

CIGS film were quantified by the pseudo-first-order rate

constants determined by SECM (in the dark) and SPECM

(upon illumination).
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