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We report, for the first time, colloidal synthesis of quinary

CuIn1�xGax(SySe1�y)2 (CIGSSe) nanocrystals across the entire

composition range (x,y)¼ 0 to 1 with band gaps tunable in the range

of 0.98 to 2.40 eV by facile chemical synthesis. As a proof-of-

concept, thin-film solar cells made by using the CIGSSe nanocrystal

inks as an absorber layer precursor exhibited an efficiency over 1%

under AM 1.5 illumination.
Colloidal semiconductor nanocrystals have excellent optoelectronic

properties, photo-stability, and long-termdispersion stability,making

them well-suited for incorporation into photovoltaic device fabrica-

tion processes.1 The utilization of solution-processable nanocrystals

permits the use of relatively low-cost manufacturing equipment so as

to greatly reduce the overall fabrication cost of solar cells.2 One

representative example is that absorber layers can be facilely prepared

by deposition of a nanocrystal solution, the so-called nanocrystal
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Broader context

Quinary CuIn1�xGax(SySe1�y)2 (CIGSSe)-based solar cells exhibi

voltaics. Their tunable band-gap energy from 0.98 to 2.40 eV pro

tandem cell designs. CIGSSe nanocrystal is an important materi

composition uniformity over a large device area that is hardly achie

use of relatively low-cost and high-throughput manufacturing equ

complicated phase diagram of quinary alloys, achieving composition

challenging than quaternary and ternary compounds, making it

nanocrystal synthesis with controllable composition and band gaps c

made by the CIGSSe nanocrystal inks yielded an efficiency over 1%,

new type of absorber layer precursor.
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inks, on a substrate via a variety of solution-based techniques, such as

spray deposition, dip-coating, slip casting, inject-printing, screen

printing etc.,3 thereby enabling the development of high-throughput

roll-to-roll processing.

CuIn1�xGax(SySe1�y)2 (CIGSSe) has a high optical absorption

coefficient, good photodurability, and the desired optical band-gap

range, representing as a great light-harvesting material for thin film

solar cells.4Thepower-conversion-efficiencyof16.03%CIGSSe-based

solar cellswas recently achievedona30 cm� 30 cmsized sub-module,

exhibiting an efficiency comparable to crystalline Si-based photovol-

taics.5Band-gapenergiesof theCIGSSesystemcanbe tunedfrom0.98

to 2.40 eV, wider than its quaternary systems includingCISSe (0.98 to

1.46 eV), CIGS (1.46 to 2.4 eV), CIGSe (0.98 to 1.68 eV), and CGSSe

(1.68 to 2.4 eV), providing advantageous characteristics for use in

double-graded or tandem cell designs.6 On the other hand, utilizing

colloidal CIGSSe nanocrystals for use as an absorber layer precursor

couldachievequinary compositionuniformityover a large device area

that is hardly attainable by vacuum-deposited techniques.7 However,

the synthesis of CIGSSe nanocrystals represents significant difficulty

in synthesis due to the complicated phase diagram of quinary alloys.

Achieving compositional and structural control of CIGSSe nano-

crystals requiresprecisecontrolof theatomicratios forbothIn/Gaand

S/Se in thesynthesis,which ismorechallenging thanthatofquaternary

or ternary nanocrystals8 in which one set of alloying elements (e.g., In

and Ga for CuInxGa1�xS2
8g) was stoichiometry-adjusted in most

cases. To the best of our knowledge, noCIGSSenanocrystal synthesis

across the entire composition range has been reported.
t module efficiency comparable to crystalline Si-based photo-

vides advantageous characteristics for use in double-graded or

al since utilizing them as an absorber precursor can achieve

vable by vacuum-based techniques, and in addition, permits the

ipment for device fabrication processing. However, due to the

al and structural control for CIGSSe nanocrystals is much more

s significant synthesis difficult. We report here that CIGSSe

an be achieved by a facile chemical method. Thin-film solar cells

demonstrating that quinary CIGSSe nanocrystal is a promising

Energy Environ. Sci., 2011, 4, 4929–4932 | 4929

http://dx.doi.org/10.1039/c1ee02341a
http://dx.doi.org/10.1039/c1ee02341a
http://dx.doi.org/10.1039/c1ee02341a
http://dx.doi.org/10.1039/c1ee02341a
http://dx.doi.org/10.1039/c1ee02341a
http://dx.doi.org/10.1039/C1EE02341A
http://pubs.rsc.org/en/journals/journal/EE
http://pubs.rsc.org/en/journals/journal/EE?issueid=EE004012


Pu
bl

is
he

d 
on

 1
1 

O
ct

ob
er

 2
01

1.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l T
si

ng
 H

ua
 U

ni
ve

rs
ity

 o
n 

11
/1

1/
20

15
 1

2:
39

:4
0.

 
View Article Online
We here report the synthesis of CIGSSe nanocrystals with

controllable In/Ga and S/Se ratio and band gaps by facile heating-up

synthesis. CIGSSe nanocrystals were used as absorber layer precur-

sors for thin-film solar devices, which yielded cell efficiency over 1%

under AM 1.5 illumination.

Nanocrystals were synthesized by thermal decomposition of CuCl,

InCl3, GaCl3, S, and Se in the presence of oleylamine at 265 �C.
Oleylamine serves as a solvent, coordinating agent, capping reagent,

and may reduce the precursors’ activity difference. By varying the In/

Ga and S/Se reactant ratio in the reaction, the composition of

CIGSSe could be adjusted and its optical band-gap could be corre-

spondingly engineered. This strategy provides a facile route to

precisely control the ratios of both In/Ga and S/Se in the CIGSSe

nanocrystals in one-pot reactions. The band gap energies of nano-

crystals are tunable from 0.98 to 2.40 eV, giving almost the widest

range that the series of CIGSSe nanocrystals can achieve. In addition,

the high-yield heating-up synthesis gives away from the need of

complicated chemicals and experimental instruments for processing,

thereby providing superior advantages for commercial production.

Fig. 1 shows the synthesis result of CuIn0.5Ga0.5(S0.5Se0.5)2 nano-

crystals from the developed approach. XRD patterns show nano-

crystalswith a chalcopyrite-phase.Noother impurities, such as binary

sulfides or selenides related to reactants were detected, indicating the

phase purity of the product. The size and morphology of as-synthe-

sized nanocrystals were examined by transmission electron micros-

copy (TEM) (Fig. 1b). The CuIn0.5Ga0.5(S0.5Se0.5)2 nanocrystals have

an average diameter of 16 � 5 nm and a slightly irregular faceted
Fig. 1 (a) XRD pattern, (b) TEM image (inset: indexed SAED pattern),

(c) HRTEM image (inset: the corresponding FFT pattern), (d) EDS, (e)

simulated unit cell, and (f) powder photograph of CuIn0.5Ga0.5(S0.5Se0.5)2
nanocrystals.

4930 | Energy Environ. Sci., 2011, 4, 4929–4932
shape. The selected-area electron diffraction pattern (SAED)of a field

of nanocrystals shows three main diffraction rings, in agreement with

the (112), (220), and (312) of the chalcopyrite phase, respectively.High

resolution TEM (HRTEM) (Fig. 1c) shows the high-degree crystal-

linity of the nanocrystals. The atomic ratio of Cu : In : Ga : S : Se

determined by energy-dispersive X-ray spectroscopy (EDS) of

nanocrystals is nearly 0.25 : 0.125 : 0.125 : 0.25 : 0.25. STEM-EDS

mapping of particles (Fig. S1† is available in the ESI) confirms that

the five elements are equally distributed, indicating nanocrystals

uniformly alloyed. Electronic states of each element were determined

by XPS, giving the respective chemical valence: Cu: +1; In: +3; Ga:

+3; S: �2; Se: �2. (Fig. S2†). The developed heating-up approach is

easily scalable to gram-quantity of nanocrystal production. Fig. 1f

shows 1.34 g of dried CuIn0.5Ga0.5(S0.5Se0.5)2 nanocrystal powder

obtained from one-pot reaction. The quality of nanocrystals remains

the same as those from milligram-scale reactions as confirmed by

detail characterization (Fig. S3†).

The In/Ga and S/Se ratio of CIGSSe nanocrystals could be

controlled by varying the In/Ga and S/Se reactant ratio in the

synthesis. Fig. 2a shows the XRD patterns of nanocrystals with

different compositions together with the indexing of major peaks. As

the Ga and S content increases, the diffraction peaks gradually
Fig. 2 (a) XRD patterns and (b) EDS of a series of CIGSSe nanocrystal

samples with varying compositions.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 (a) UV-visible-NIR absorption spectra and (b) photograph of

CuIn1�xGax(SySe1�y)2 nanocrystal solutions with varying In/Ga and S/

Se ratios. (c) CV spectra and (d) determined energy levels of

CuIn1�xGax(SySe1�y)2 nanocrystals.

Fig. 4 Band gap energy diagram of the CuIn1�xGax(SySe1�y)2 system in

the range of 0 & x & 1, and 0 & y & 1 plotted based on eqn (2).
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shift toward larger angles. A gradual decrease in lattice spacing along

the a-axis (from 5.782 �A (CuInSe2) to 5.349 �A (CuGaS2)) and

c-axis (from11.619�A (CuInSe2) to 10.470�A (CuGaS2)) was observed

with the decrease of In and Se content in the nanocrystals. The rela-

tionship between the nanocrystal lattice parameter and composition is

consistent with Vegard’s law (Fig. S4 and Table S1†),9 showing the

formation of alloyed nanocrystals with homogeneous distribution of

CIGSSe matrix. EDS of a field of CIGSSe nanocrystals with varying

compositions shows that as theGa and S content was increased in the

reactants, the intensities of the S and Ga peaks were increased. The

details of quantitative elemental EDS analysis of these nanocrystals

are listed in Table S4†. TEM images of CIGSSe nanocrystals are

shown in Fig. S5 and S6†. The average particle sizes of nanocrystals

were in the range of 15 to 20 nm for all compositions.

Wehave characterized thebandgapenergy informationofCIGSSe

nanocrystals in both experimental and theoretical ways since the

information is very important for their future implementation in

electronicdevices.Fig.3ashowsopticalabsorbancespectraofCIGSSe

nanocrystals dispersed in toluene. The shift of the spectra is clearly

originatedfromcomposition-variedCIGSSenanocrystals, rather than

other systems such as a core–shell structure. The systematic blue-shift

of the absorption onset as theGa and S content increases is due to the

wider band gap of CuGaS2 relative to that of CuInSe2. Fig. 3b shows

a photograph of different CIGSSe nanocrystal solutions at the same

molar concentration. The optical band-gap energies were determined

by the intercepts of the tangent of the absorption spectra (see Fig. S7†

for the details of band gap determination), and the values are listed in

Fig. 3a. In addition, cyclic voltammetry (CV) was used to determine

the band edge position of nanocrystals. The HOMO and LUMO

energy levels can be derived from the onset oxidation potential (Eox)

andonset reductionpotential (Ered), respectively.Fig. 3c shows theCV

curves of a series of CIGSSe nanocrystals. As x and y increase for

CIGSSe nanocrystals, the onset reduction potentials were shifted to

the lower voltage and theonset oxidationpotentialswere shifted to the

higher voltage. The complete set of band-gap positions and values of

nanocrystals is shown inFig. 3d (seeFig. S8† for thedetails ofHOMO

and LUMO position determination).

Theoretically, the band-gap energies of quinary

CuIn1�xGax(SySe1�y)2 depending on 0& x& 1 and on 0& y& 1

could be determinedbasedonbinarymodels, yielding an expression:10

Eg
CIGSSe (x,y) ¼ (1 � y)[(1 � x)Eg

CISSe (y) + xEg
CGSSe(y) � bCIGSex

(1 � x)] + y[(1 � x)Eg
CISSe(y) + xEg

CGSSe(y) � bCIGSx(1 � x)] (1)

Applying the band gap equations and the optical bowing constants

of CISSe, CGSSe, CIGSe, andCIGS (Table S2 and S3†) found in the

literature into eqn (1),8a,11 the equation can be derived to the following

expression:

Eg
CIGSSe(x,y) ¼ (0.98 + 0.167x2 + 0.17y2 + 0.023x2y � 0.17xy2

+ 0.397xy + 0.31y + 0.523x) eV (2)

This model could be used to determine the respective band gap

energy for quinary CIGSSe at a given set of x and y. Fig. 4 shows

a 3-D plot from the approximation model for the band-gap energy

over the entire composition. The band gap values obtained from

optical absorption edge, CV and the approximation model are listed

in Table S4†. Both the values determined from optical band-gap edge

and CV spectra match well with those obtained from the model.
This journal is ª The Royal Society of Chemistry 2011 Energy Environ. Sci., 2011, 4, 4929–4932 | 4931
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Fig. 5 (a)Cross-section image of aCIGSSe solar cellmadebyusingCIGSSe

nanocrystals as an absorber layer precursor. (b) Photograph of typical

CIGSSe-based solar cell devices. (c) J–V characteristic and (d) EQE of a cell.
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The obtained CIGSSe nanocrystals exhibit long-term dispersibility

in organic solvents and are suitable for use in solution-processed thin

film solar cells. We have incorporated inks based on the quinary

nanocrystals into CIGSSe thin film solar cell fabrication. A p-type

CIGSSe absorber layer was fabricated by spraying CIGSSe nano-

crystals in toluene on a molybdenum-coated sodalime glass substrate

followed by high-temperature annealing in a selenium atmosphere to

sinter the nanocrystal film into larger grains. After the filmwas etched

byKCN, the device was fabricated by sequential deposition of a CdS

buffer layer, ZnO transparent layer, and top-electrode aluminium-

doped ZnO (Al:ZnO) layer, forming a layered cell structure as shown

inFig. 5a.Thedevices hada cell efficiencyof 1.02%with anactive area

of 0.15 cm2 under AM 1.5 simulated sunlight. Device characteristics

are as follows:Voc: 0.26 V, Jsc: 13.96mA cm�2, and FF: 0.28. The low

Voc and Jsc obtained from the device indicates a more dominant

recombination loss in the space charge region, probably due to film

cracking and holes which cause electrons and holes to be trapped.

External quantum efficiencies (EQE) of the cell in the complete

wavelength range are shown in Fig. 5d, showing an efficient current

spectral response at a wavelength in the infrared range. The special

property of the cell is particularly pronounced for the wavelengths

longer than 600 nm with the EQE as high as 38% at the wavelength

800 nm. The cell efficiency needs improvement, which is believed to

be attainable by optimization of device fabrication processes.

The colloidal synthesis of quinary CIGSSe nanocrystals with entire

composition tuning and band gap engineering in the range from 0.98

to 2.40 eV as well as their implementation into low-cost photovoltaic

devices was achieved. CIGSSe nanocrystal inks represent a new type

of absorber precursors for thin-film solar cell devices.
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