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Semiconductor quantum dots exhibit great potential for applications in next generation high efficiency,

low cost solar cells because of their unique optoelectronic properties. Cu2ZnSnS4 (CZTS) nanocrystals

and graphene quantum dots (GQDs) have recently received much attention as building blocks for use in

solar energy conversion due to their outstanding properties and advantageous characteristics, including

high optical absorptivity, tunable bandgap, and earth abundant chemical composition. In this Feature

Article, recent advances in the synthesis and utilization of CZTS nanocrystals and colloidal GQDs for

photovoltaics are highlighted, followed by an outlook on the future research efforts in these areas.
1. General introduction

Solar energy has been considered as one of the most promising

next generation energy resources due to its fully renewable

nature, infinite power, and limited impacts to the environment.

Single crystal silicon solar cells that are commercially available

have a production cell efficiency of 15%.1 However, the use of
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silicon-based solar cells is limited due to their lack of flexibility,

high cost of manufacturing and installation, and heavy weight,

regardless of their high solar-to-electric energy conversion effi-

ciency. In this context, several attractive alternatives to silicon-

based solar cells have emerged to achieve low cost, high perfor-

mance photovoltaics, including organic solar cells,2–6 dye-sensi-

tized solar cells,7,8 and quantum dot solar cells.9,10

Semiconductor nanocrystals, also known as quantum dots

(QDs), promise new opportunities for use in solar cells due to

their tunable band edge, efficient optical absorption, and

multiple exciton generation capability.11–19 In an individual QD,

the motion of excitons (i.e., pairs of conduction band electrons
Xukai Xin

Xukai Xin received the BS

degree in Mathematics and

Physics in 2006 and the Master

degree in Materials Science and

Engineering in 2009; both were

from Tsinghua University, Bei-

jing, China. After that he joined

Prof. Zhiqun Lin’s group at

Iowa State University as a PhD

student. Currently, he is working

on the synthesis of photovoltaic

materials and fabrication of

photovoltaic devices. His

research interests include dye-

and quantum dot-sensitized

solar cells, quantum dots

synthesis, photoactive layer and electrode materials, up-conversion

materials, and modeling of light harvesting in solar cells.

This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1nr10425j
http://dx.doi.org/10.1039/c1nr10425j
http://dx.doi.org/10.1039/c1nr10425j
http://dx.doi.org/10.1039/c1nr10425j
http://dx.doi.org/10.1039/c1nr10425j
http://dx.doi.org/10.1039/c1nr10425j


D
ow

nl
oa

de
d 

by
 I

ow
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

04
 A

ug
us

t 2
01

1
Pu

bl
is

he
d 

on
 2

8 
Ju

ne
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1N

R
10

42
5J

View Online
and valence band holes) is confined in three spatial directions.

Theoretical calculation shows that as many as seven excitons can

be generated upon absorption of one photon by QDs at a certain

energy level,18 and an ideal power conversion efficiency (PCE)

higher than 40% is expected in QD solar cells.11,20

Because of its near-optimum bandgap, earth abundant chemical

composition, and high absorption coefficient, Cu2ZnSnS4 (CZTS)

has attracted considerable attention and been considered as one of

the most promising photovoltaic materials.21–28 In addition to the

quantum confinement effect in an individual nanocrystal, colloidal

CZTS nanocrystals possess excellent solution processability,

making it possible to capitalize on low cost solution-based fabri-

cation techniques, such as spray deposition,24,29 spin coating,2,6

drop casting,22 etc. to prepare thin film solar cell devices.

Research on graphene, a single atomic layer of graphite, has

undergone rapid development over the past years due to its

promising potential to be utilized for next generation electronic

devices.30–42 Most notably, the 2010 Nobel Prize in Physics was

awarded to Andre Geim and Konstantin Novoselov for their

groundbreaking experiments regarding the two-dimensional

material graphene, signifying the scientific and technological

importance of graphene. Graphene has zero bandgap and infinite

exciton Bohr radius,32 thus it is possible to achieve quantum

confinement in graphene with any finite size, i.e., graphene

quantum dots (GQDs). GQDs have a size dependent bandgap

and large optical absorptivity,42,43 making them particularly

interesting building blocks for solar energy conversion. Prepa-

ration of colloidal GQDs with increased solubility in common
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solvents is of key importance to fabricate GQD-based solar cells

via inexpensive solution-based processing.

It is worth noting that we make no attempt to cover the QD

solar cell literature here but refer the reader to several compre-

hensive reviews contributed by leading scientists in this

field.9,44–49 Instead, this Feature Article seeks to highlight recent

advances in the synthesis and utilization of Cu2ZnSnS4 (CZTS)

nanocrystals and colloidal graphene quantum dots (GQDs) for

photovoltaic applications. An outlook on the future research

efforts in these areas is provided.
2. Cu2ZnSnS4 (CZTS) nanocrystals for solar cells

In recent years, low cost, environmentally friendly CZTS has

sparkled tremendous research interest. It has a near-optimum

direct bandgap energy of �1.5eV and a large absorption coeffi-

cient (>104 cm�1). Sn and Zn are naturally abundant in the

Earth’s crust and have very low toxicity.21 Most work on CZTS-

based solar cells has centered on the bulk thin films, which are

usually deposited on a desired substrate by sputtering,50 sulfu-

rization of metallic layer,51,52 multisource evaporating,53 and

spray pyrolysis,54,55 etc., and a PCE up to 6.7% has been achieved

in CZTS thin film solar cells.56 Very recently, IBM scientists

achieved a record of 9.6% PCE in CZTS solar cells using

a solution-based mixture by spin coating and heat treatments.28

Recent advances in the colloidal synthesis of high quality

nanocrystals with remarkable solubility in common solvents

have provided a means of fabricating functional nanodevices

using solution processing techniques. To this end, it is quite

intriguing to synthesize colloidal CZTS nanocrystals and exploit

them to produce inexpensive, high efficiency solar cells through

a scalable solution processing fabrication.22–27
2.1. Synthesis of CZTS nanocrystals

High quality CZTS nanocrystals have been successfully prepared

by hot-injection thermolysis.22–24 Fig. 1 shows the transmission

electron microscopy (TEM) and X-ray powder diffraction

(XRD) of as-synthesized CZTS nanocrystals. Briefly, copper

acetylacetonate, zinc acetylacetonate, and tin acetylacetonate

with a molar ratio of 2 : 1 : 1 were first dissolved in oleylamine

upon heating under Ar, to which sulfur dissolved in oleylamine

was rapidly injected at 225 �C, the reaction was carried out at this

temperature for 1 h.

After cooling down to room temperature, a mixed solvent of

ethanol/toluene was used to purify the resulting nanocrystals.

The final product can be dispersed in various organic solvents

(e.g., toluene, hexane, and chloroform). Oleylamine served as

both high boiling point solvent and surfactant to prevent the

aggregation of nanocrystals and provide excellent solubility.

High resolution TEM characterization showed that as-synthe-

sized CZTS nanocrystals were highly crystalline (inset in Fig. 1a),

and XRD measurement revealed that CZTS nanocrystals have

tetragonal phase (PDF # 026-0575) (Fig. 1b).

It is noteworthy that the XRD profiles of stoichiometric

tetragonal Cu2SnS3 and cubic ZnS are very similar to that of

tetragonal CZTS as shown in Fig. 2.23 Thus, it is necessary to

determine the phase purity in as-synthesized CZTS nanocrystals.

In addition to using energy dispersive X-ray spectroscopy (EDS)
Nanoscale, 2011, 3, 3040–3048 | 3041
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Fig. 1 (a) TEM image of as-synthesized CZTS nanocrystals; scale bar¼
100 nm. Inset shows a high resolution TEM image of an individual

nanocrystal exhibiting the crystalline lattice; scale bar ¼ 2 nm. (b) X-ray

powder diffraction pattern of CZTS nanocrystals. The characteristic

peaks can be indexed to tetragonal CZTS (PDF # 026-0575). (Results

obtained from Zhiqun Lin Research Group at Iowa State University.)

Fig. 2 XRD pattern of CZTS nanocrystals. The peaks are indexed to

tetragonal CZTS. The standard XRD patterns of CZTS, CTS, and ZnS

are shown below in black, red, and blue lines, respectively, indicating that

three materials have similar diffraction patterns. (Reprinted with

permission from ref. 23, Riha et al., J. Am. Chem. Soc., 2009, 131, 12054;

copyrightª The American Chemical Society.)

Fig. 3 UV-Vis absorption spectrum of CZTS nanocrystals. The calcu-

lated bandgap of 1.5 eV is shown in the inset. (Reprinted with permission

from ref. 23, Riha et al., J. Am. Chem. Soc., 2009, 131, 12054; copyrightª
The American Chemical Society.)
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analysis to confirm the stoichiometry of elements and X-ray

photoelectron spectroscopy (XPS) to determine the oxidation

states of each element, differential thermal analysis (DTA) can be

used to rule out the possibility that the obtained nanocrystals are

a mixture of Cu2SnS3 : ZnS phases23 as these materials have

different melting transition temperatures. Investigation on the

experimental conditions revealed that the reaction temperature

played a key role in synthesizing CZTS nanoparticles, i.e.,

a temperature higher than 240 �C yielded a pure CZTS crystal

phase while a secondary phase of CuS was formed at a temper-

ature lower than 180 �C.27

The obtained CZTS nanocrystals exhibited strong optical

absorption from visible to near IR region (Fig. 3). The bandgap

of CZTS nanocrystals determined from the absorbance versus

photon energy plot was calculated to be 1.5 eV, which is

consistent with the value of bulk CZTS and near-optimum for

the purpose of realizing photovoltaic solar conversion in a single

bandgap device.22–25

2.2. CZTS nanocrystals based solar cells

Solution-based processing techniques, such as spray depositing24

and drop casting,22,25,26 have been utilized to yield CZTS thin film

solar cells by coating the CZTS nanocrystal ink on gold (Au) or
3042 | Nanoscale, 2011, 3, 3040–3048
molybdenum (Mo) modified soda lime glass. A CdS buffer layer

was then deposited on top of CZTS thin film by chemical bath

deposition, followed by a sputtering deposition of the top contact

(e.g., ZnO/ITO). Selenization was usually carried out on the

CZTS thin film by annealing under selenium vapor to partially

replace sulfur and enhance the grain growth,22,25 which effec-

tively improved the device performance.57 Additionally, the

formation of a MoSe2 interfacial layer at the CZTS/Mo interface

was critical in facilitating a quasi-ohmic electrical contact.28,58

Initial trials on CZTS nanocrystal-based thin film solar cells

unfortunately led to a very low PCE (less than 1%), due primarily

to poorly optimized synthesis of CZTS nanocrystals and device

fabrication.22,24
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 (a) Characteristic J–V curves of CZTSSe solar cells measured in

the dark, as-fabricated, and after light soaking for 15 min under AM 1.5

illumination, respectively. (b) External quantum efficiency (EQE) of the
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More recently, Guo et al. successfully addressed the efficiency-

limiting challenges and obtained a high PCE of 7.2% from sele-

nized CZTS nanocrystal thin films.25 A cross-section SEM image

of a typical CZTS nanocrystal-based thin film solar cell is shown

in Fig. 4, in which large densely packed grains in CZTS film were

clearly evident.25 To fabricate the device, CZTS nanocrystals

dispersed in hexanethiol were directly deposited on Mo-coated

soda lime glass to form a densely packed nanocrystal thin film by

the ‘knife coating’ technique with scotch tape used as a spacer.

Dithiol molecules served as a crosslinking agent to promote the

formation of dense nanocrystal film.25,27 The majority of sulfur

was replaced with selenium by annealing the thin film under

selenium vapor at 500 �C, resulting in a final Cu/(Zn + Sn) ratio

of 0.79 and a Zn/Sn ratio of 1.11. Chemical bath deposition of

CdS and RF sputtering of ZnO/ITO were subsequently per-

formed to fulfill the device fabrication. The other key factor

attributed to the greatly improved device performance was the

optimized chemical composition in CZTS nanocrystals, i.e., an

overall copper poor and zinc rich composition, which has been

recognized as an optimal condition for maximizing the CZTS

solar cell performance.59

The J–V characteristics and external quantum efficiency

(EQE) of a CZTS nanocrystal thin film solar cell after seleni-

zation are shown in Fig. 5. A PCE of 7.2% under AM 1.5

illumination and an EQE as high as 90% in the visible range

were achieved.25 It was anticipated that the device performance

could be further enhanced by improving the sheet resistance of

Mo and ITO layers and optimizing the thickness of light

absorber layer.

Since selenization in CZTS nanocrystal solar cells is quite

necessary, it is of particular interest to directly synthesize CZTSe

or CZTSSe nanocrystals for the deposition of a light absorbing

layer. Recent progress in nanocrystals synthesis has led to high

quality CZTSe nanocrystals using a modified procedure for the

preparation of CZTS nanocrystals.60–62 Notably, utilizing sele-

nium in trioctylphosphine (TOP-Se) as a selenium source in the

hot-injection synthesis, nearly monodisperse CZTSe nano-

crystals have been obtained.62
Fig. 4 Cross-section field emission SEM image of a CZTSSe thin film

solar cell. (Reprinted with permission from ref. 25, Guo et al., J. Am

Chem. Soc., 2010, 132, 17384; copyrightª The American Chemical

Society.)

CZTSSe solar cell. (Reprinted with permission from ref. 25, Guo et al., J.

Am Chem. Soc., 2010, 132, 17384; copyrightª The American Chemical

Society.)

This journal is ª The Royal Society of Chemistry 2011
3. Graphene quantum dot-based solar cells

Graphene quantum dots (GQDs) with size dependent bandgap

and large optical absorptivity are promising candidate materials

for use in solar cells and electronic devices.41,63–72 However, the

synthesis of colloidal GQDs with excellent solubility in common

solvents is far less developed due most likely to the insufficient

surface protection to overcome strong intergraphene attraction,

which usually leads to the formation of graphite particles.73 To

date, two approaches have been exploited to prepare colloidal

GQDs, i.e., top-down cutting of graphene sheets and bottom-up

oxidative condensation reactions as will be discussed below.
3.1. Synthesis of colloidal GQDs

Both top-down and bottom-up approaches have been applied to

synthesize GQDs with tunable size. Top-down approach refers to
Nanoscale, 2011, 3, 3040–3048 | 3043
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the cutting of graphene sheets into GQDs, while bottom-up

method involves the synthesis of graphene moieties containing

a certain number of conjugated carbon atoms.

Pan et al. developed a hydrothermal route to cutting graphene

sheets into GQDs, exhibiting blue luminescence.74 Briefly, gra-

phene sheets were first obtained by deoxidation of graphene

oxide sheets, followed by controlled oxidation in a mixture of

sulfuric acid and nitric acid under mild ultrasonication. The

oxidized graphene sheets were then collected and cut into GQDs

under hydrothermal conditions in a Teflon lined autoclave at

elevated temperature. The obtained GQDs had an average

diameter of 9.6 nm (Fig. 6a) consisting of 1–3 layer graphene,

and exhibited a quantum yield of 6.9% using quinine sulfate as

a reference. The cutting mechanism involved the complete

breakup of mixed epoxy chains composed of fewer epoxy groups

and more carbonyl groups under hydrothermal conditions.

Later, Li et al. reported an electrochemical means of synthe-

sizing green-luminescent GQDs and utilized the resulting GQDs

as electron acceptors in GQD–P3HT hybrid thin film solar

cells.75 GQDs were formed by electrochemical oxidation of

a graphene electrode in phosphate buffer solution. The obtained

GQDs had a uniform size of 3–5 nm (Fig. 6b) and exhibited green

luminescence. The oxygen containing groups on the surface of

GQDs provided an aqueous solubility and facilitated further

surface functionalization. Similar to GQDs obtained under
Fig. 6 TEM images of (a) blue-luminescent GQDs produced by

hydrothermally cutting graphene sheets and (b) green-luminescent GQDs

obtained by electrochemical approach. (Reprinted with permission from

ref. 74 and 75, Pan et al., Adv. Mater., 2010, 22, 734 and Li et al., Adv.

Mater., 2011, 23, 776; copyrightª Wiley).

3044 | Nanoscale, 2011, 3, 3040–3048
hydrothermal conditions,74 GQDs produced by electrochemical

oxidation were made of 1–3 graphene layers attributed to strong

intergraphene attraction.

As for the bottom-up approach, GQDs have been successfully

synthesized via solution chemistry by oxidative condensation of

aryl groups (Scholl reaction).43,73,76–82 It has been demonstrated

that intramolecular variation is useful for the synthesis of large

polycyclic aromatic hydrocarbons (PAHs) from dendritic arene

precursors.73,81,82 GQDs with up to 222 conjugated carbon atoms

have been successfully prepared, however the solubility of such

GQDs was unfortunately low and they exhibited a tendency to

aggregate due to strong intergraphene attraction. Very recently,

Li et al. creatively applied 20, 40, 60-triakyl phenyl groups as

stabilizing agent to form 3-D protection at the edge of graphene

moieties, resulting in GQDs with tunable size and high colloidal

stability.43,80 The formation of 3-D protection was attributed to

the strong covalent binding and twisted phenyl groups due to

crowdedness at the edge of graphene moieties. Fig. 7a depicts

GQDs containing 168, 132, and 170 conjugated carbon atoms,

respectively. The mechanism for 3-D protection by twisted

ligands that covalently attach to the edge of GQDs is illustrated

in Fig. 7b.

A solution-based synthetic route to GQDs was recently

developed by Yan et al.43 Synthesis of GQDs was based on the

oxidation of polyphenylene dendritic precursors (1, 2, and 3 in

Fig. 8), which were prepared via a stepwise solution chemistry

shown in the scheme below (Fig. 8).43

Trialkyl phenyl groups covalently attached to the edge of

graphene moieties rendered them with excellent solubility in

common organic solvents, such as toluene, THF, chloroform,

etc. Isotope-resolved mass spectroscopy with mild ionization

methods (e.g., MALDI-TOF) was found to be the most effective

means of identifying GQDs, and the results suggested that GQDs

had high uniformity in size. Dynamic light scattering (DLS) on

GQDs showed an average size more than twice as high as that

obtained from molecular modeling (i.e., 13.5 nm versus 5 nm for

GQDs with 168 conjugated carbon atoms), indicating oligo-

merization of GQDs in solution due to residual intergraphene

attraction, which also explained why conventional liquid NMR

spectroscopy failed in characterizing GQDs.43,80
Fig. 7 (a) Schemes of colloidal GQDs with tunable size. (b) and (c)

Strategies to make GQDs soluble. (Reprinted with permission from ref.

43 and 80, Yan et al., J. Am. Chem. Soc., 2010, 132, 5944 and Nano Lett.,

2010, 10, 1869; copyrightª The American Chemical Society.)

This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 Synthesis of GQDs via a wet chemistry approach. (Reprinted

with permission from ref. 43, Yan et al., J. Am. Chem. Soc., 2010, 132,

5944; copyrightª The American Chemical Society.)
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Size and shape dependent optical absorption in these GQDs

was revealed by UV-Vis absorption measurements (Fig. 9).43

GQDs with larger size (i.e., 168 and 170 conjugated carbon

atoms) showed absorption edges at significantly longer wave-

lengths than smaller GQDs (i.e., 132 conjugated carbon atoms).

This size dependent optical absorption confirmed the quantum

confinement in GQDs, and is consistent with the size dependent

absorption in other QDs.83 Notably, these GQDs possessed

broad absorption from visible to near IR region, and an absor-

bance maximum of 1.0 � 105 M�1 cm�1 was about an order of

magnitude larger than conventional ruthenium dyes in dye-

sensitized solar cells, suggesting that these GQDs are ideal

candidates for photovoltaic applications.80
Fig. 9 UV-Vis absorption of colloidal GQDs. a, p, and b bands of

GQDs with 168 conjugated carbon atoms are marked by arrows (i.e., 1 in

Fig. 7a and 8), from right to left, respectively. (Reprinted with permission

from ref. 43, Yan et al., J. Am. Chem. Soc., 2010, 132, 5944; copyright ª
The American Chemical Society.)

This journal is ª The Royal Society of Chemistry 2011
3.2. Photovotaics based on colloidal GQDs

Owing to their attractive optoelectronic properties and solution

processability, colloidal GQDs hold the promise of applications

in low cost, high performance photovoltaic devices (e.g., organic/

inorganic hybrid solar cells and GQD-sensitized solar cells).

Li et al. applied colloidal GQDs with green luminescence as an

electron collector in conjugated polymer, poly(3-hexylthiophene)

(P3HT)-based thin film solar cells.75 Fig. 10a shows the energy

level alignment with a device configuration of ITO/PEDOT:PSS/

P3HT:GQDs/Al, in which GQDs (c ¼ 10 wt%) provided an

effective interface for charge separation and a pathway for

electron transport, as clearly evidenced by a greatly increased

photocurrent as compared to the device fabricated with P3HT

only (Fig. 10b). The device performance was further enhanced

after thermal annealing, and an overall PCE of 1.28% was ach-

ieved. Further improvement in performance is expected by

optimizing the device fabrication.

Recent work by Yan et al. showed that GQDs have high

optical absorptivity and nearly optimized absorption in the

visible and near IR region. Moreover, the calculated energy level
Fig. 10 (a) Energy level alignment diagram of the ITO/PEDOT:PSS/

P3HT:GQDs/Al solar cell device. (b) J–V curves of the ITO/PEDOT:

PSS/P3HT/Al, ITO/PEDOT:PSS/P3HT:GQDs/Al and ITO/PEDOT:

PSS/P3HT:GQDs/Al devices after annealed at 140 �C for 10 min; single

log scale. (Reprinted with permission from ref. 75, Li et al., Adv. Mater.,

2011, 23, 776; copyright ª Wiley.)

Nanoscale, 2011, 3, 3040–3048 | 3045
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Fig. 11 (a) Calculated energy level alignment. (b) J–V characteristics of

colloidal GQD-sensitized TiO2 nanoparticle solar cells. (Reprinted with

permission from ref. 80, Yan et al., Nano Lett., 2010, 10, 1869; copy-

rightª The American Chemical Society.)
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in GQDs suggested the possibility of electron injection from

GQDs to large bandgap semiconductors (e.g., TiO2) upon

photoexcitation and regeneration of GQDs by accepting an

electron from I� (Fig. 11a).80 Thus, in conjunction with an earth

abundant composition characteristic, GQDs provide unique

opportunities for the development of inexpensive, high efficiency

GQD-sensitized solar cells by substituting GQDs for metal-

organic dyes as photosensitizers. As a proof-of-concept, Yan

et al. exploited GQDs with 168 conjugated carbon atoms to

sensitize a nanocrystalline TiO2 photoanode and obtained

a photocurrent density of 200 mA cm�2 under AM 1.5 illumina-

tion (Fig. 11b).80 The low performance was due largely to the low

affinity of GQDs to the surface of TiO2 since no chemical binding

was formed as in conventional dye-sensitized solar cells, in which

ruthenium dyes are covalently bonded to the TiO2 surface for

much higher optical absorption and faster exciton dissociation.

4. Conclusions and outlook

Rapid development has been witnessed in CZTS nanocrystals

and GQDs that may open up new avenues for fabricating inex-

pensive and scalable next generation solar cells with high

photovoltaic performance due to their outstanding optoelec-

tronic properties (large optical absorption of solar irradiation

and tunable bandgap) and naturally abundant chemical

composition. Previous work on CZTS nanocrystals and GQDs

based solar cells has demonstrated promising solar energy

conversion. As discussed below, future research efforts towards

better controlled synthesis, surface functionalization and novel

device fabrication are expected to result in even higher device

performance.

4.1. Synthesis of high quality CZTS nanocrystals

Synthesis of high quality CZTS nanocrystals with well controlled

size, shape, and chemical composition needs to be further

explored. Theoretical simulation shows that the stable chemical

potential region for the formation of stoichiometric compound in

CZTS is small, and the growth of CZTS under a Cu-poor/Zn-

rich condition would be optimal for maximizing device perfor-

mance.59,84,85 A recent study on CZTS and CZTSe nanocrystals

using advanced electron microscopy showed that these nano-

particles exhibited a broad range of chemical heterogeneity in

individual nanoparticles while very good stoichiometric
3046 | Nanoscale, 2011, 3, 3040–3048
composition was observed with overview measurement.60 A

precise control over the size and shape of CZTS nanocrystals

may also benefit the self-organization of nanocrystals into a thin

film, thereby leading to high quality thin CZTS films.86–88

4.2. Surface engineering on CZTS nanocrystals

Effective surface engineering of CZTS nanocrystals is highly

desirable for forming higher quality CZTS nanocrystal thin films

and thus high efficiency solar cells. The use of organic ligands

provides nanocrystals with excellent solubility in organic

solvents, thus allowing for inexpensive, large scale solution-based

processing. However, it may be difficult to remove all the ligands

by thermal annealing as organic residues in the CZTS film may

act as defects for charge accumulation and material degradation.

Recent advances in colloidal chemistry have brought about the

preparation of a series of inorganic ligands (e.g., Sn2S6
4�, SnS4

4�,

SnTe4
4�, AsS3

3�, and MoS4
2�), which not only render nano-

crystals with essential solubility but also can be transformed into

semiconductor solids upon thermal treatment.88–91 The use of

inorganic ligands for surface capping of CZTS nanocrystals may

yield much higher film quality, and ultimately higher photovol-

taic performance.

4.3. Surface engineering on GQDs

Both top-down and bottom-up approaches have been imple-

mented for the synthesis of GQDs. In contrast, surface engi-

neering of GQDs is less developed. In GQD-sensitized solar cells,

the poor affinity between GQDs and TiO2 surface was respon-

sible for quite low photocurrent. Very recently, Hamilton et al.

have successfully introduced functional groups on GQDs by

creating carbon–carbon covalent bonds between functional

molecules and GQDs and demonstrated that the orientation of

GQDs on the polar surface can be determined by the chemical

functionalization on GQDs.77 There is a myriad of literature on

the functionalization of carbon nanotube by functional

ligands.92–102 It will be of great interest to extend these surface

functionalization techniques to GQDs.

4.4. Novel nanostructured TiO2 for GQD-sensitized solar cells

A wide diversity of nanostructured TiO2 has been successfully

produced, including mesoporous TiO2 thin films,103,104 TiO2

nanotube arrays,105–109 and TiO2 nanowires.110,111 Of particular

interest are highly ordered TiO2 nanotube arrays fabricated by

electrochemical anodization that have been extensively investi-

gated in the last decade for potential applications in dye-sensi-

tized solar cells,112–117 gas sensors,118–120 water splitting,113,121–123

photocatalysts,124,125 and cell separation.126,127 Vertically aligned

TiO2 nanotubes not only provide high surface area for large

volume of reaction sites but also facilitate efficient vectorial

charge transport along the nanotube. Recently, by impregnating

TiO2 nanotube arrays with ruthenium dye as the sensitizer in

conjunction with rational surface engineering on TiO2 surface,

an overall PCE of more than 7% has been achieved.114,117 Thus, it

would be intriguing to integrate colloidal GQDs into highly

ordered TiO2 nanotube arrays and promising device perfor-

mance can be expected. Similar to other quantum dot-sensitized

solar cells (e.g., CdSe), achieving sufficient infiltration of GQDs
This journal is ª The Royal Society of Chemistry 2011
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inside TiO2 nanotubes, optimizing electronic interaction between

GQDs and TiO2, and utilizing appropriate hole transport elec-

trolyte, will be main practical challenges for GQD-sensitized

solar cells and require a great deal of attention.
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