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We reported temperature-dependent photoluminescence (PL) studies for Cu-Zn-In-S quantum dot (QD) thin films. In this

paper, cadmium-free and luminescent Cu-Zn-In-S quantum dot thin films were in situ formed by thermal decomposition of

molecular-based precursors in the open air, without need of the complicated quantum dot synthesis. Molecular-based

precursor solutions were prepared by dissolving Cu,0, ZnO, and In(OH); in the ethanol solution of butylamine and carbon

disulfide. The effects of sintering temperature, sintering time, and the concentration of capping agent on the

photoluminescence properties of Cu-Zn-In-S QD thin films have been systematically investigated. It was found that alkali

metal ions play an important role in enhancing PL quantum yield of quantum dot thin films. As-prepared QD thin films

show composition-tunable emission in the range from 535 nm to 677 nm, and the absolute PL quantum yields can reach as

high as 22.1%. All of as-deposited QD thin films show a single-exponential decay to temperature, indicating that these

cadmium-free QD thin films have a high potential as the temperature probes.

Introduction

Quantum dot (QD) thin films have been widely used in the area of
QD light emitting diodes,l’5 QD solar cells,s’lothin film transistors,ll’14
photo-detectors,ls’ % and temperature probes.”‘ 8 Therefore, the
fabrication of QD thin films has attracted a great deal of attention in
recent years.l’18 Generally, QD thin films can be fabricated by two
main methods. The first method involves the solution phase
synthesis of QDs, post-purification, and coating QD solution.”™ This
method requires the complicated synthesis and tedious purification
process. Additionally, QD thin films can also be deposited via in-situ
formation of quantum dots in the thin film.’2% In this approach, the
QD thin films were directly formed by thermal decomposition of
solution-deposited molecular-based precursor thin film. This method
requires only the precursor and solvent; thus it is more facile and
reproducible as compared to the first one.

Recently, Kim et al. fabricated CdS QD thin film by spin-coating a
L,Cd(S(CO)CH3), (L=3,5-lutidine) precursor solution, followed by a
sintering process.19 In addition, CdSe quantum dot thin film with a PL
quantum yield of 7.5% was prepared by thermal decomposition of a
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single-source precursor.20 Very recently, we developed a molecular-
based precursor solution approach to deposit Cu-doped Zn,Cd,.,S C™
luminescent thin films with a PL quantum yield of 25.5%.”" However,
these cadmium-based QD thin films will be limited in real-world
applications owing to the toxicity of cadmium. In recent years,
cadmium-free QDs, such as CulnS, and AgInS, QDs, have attracted
much research interests due to their low toxicity and high PL
quantum yields.:“'37 However, the synthesis of cadmium-free ternary
QDs is far more difficult than that of cadmium-based bina.y
quantum dots. Recently, CulnS, quantum dot thin films have bee::
directly fabricated by a single-step solution approach.n'25
Nevertheless, no photoluminescence was detected for these CulnS,
quantum dot thin films. Although cadmium-free and luminescent Cu-
Zn-In-S QDs have been extensively synthesized in the solution,**?”
little work has been performed on the direct deposition of
luminescent Cu-Zn-In-S QD thin films by a molecular-based precursor
solution approach.

In this paper, we developed a facile solution approach to fabricate
luminescent Cu-Zn-In-S QD thin film by spin-casting the mixed Cu, 7,
and In precursor solution. Cu,0, ZnO, and In(OH); were used as tt 2
starting materials and were dissolved in the ethanol solution of
carbon disulfide and 1-butylamine, and 3-mercaptopropionic acid
was used as the capping agent. As-deposited quantum dot thin films
exhibit composition-tunable emission in the range from 535 nm to
677 nm and the absolute photoluminescence quantum vyield ca..
reach as high as 22.1%. To the best of our knowledge, this is the first
report of using molecular-based precursor solution for direct
fabrication of luminescent Cu-Zn-In-S QD thin film, which omits th
complicated and tedious QD synthesis.
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Experimental
Chemicals

Copper () oxide (Cu,0, 99%), zinc oxide (ZnO, 99.99%), indium
hydroxide (In(OH);, 99.99%), carbon disulfide (CS,, 99.9%), 1-
butylamine (CH3(CH,)sNH,, 99%), ethanol (CH;CH,0OH, AR), sodium (l)
hydroxide (NaOH, AR), lithium (I) hydroxide (LiOH, 98%), potassium (1)
hydroxide (KOH, AR), tetramethylammonium hydroxide (TMAH,
98%), and 3-mercaptopropionic acid (MPA, HSCH,CH,COOH, 98%)
were purchased from Aladdin Inc. All chemicals were used as
received.

Preparation of a series of precursor solutions

First, 4.0 mL of ethanol, 2.0 mL of 1-butylamine (20 mmol) and 1.2
mL of CS, (20 mmol) were mixed in a 25 mL conical flask on a
magnetic hotplate stirrer at room temperature. Such solution was
prepared in seven flasks. Afterward, Cu,0 (0.14 g, 1.0 mmol), ZnO
(0.16 g, 2.0 mmol), In(OH); (0.33 g, 2.0 mmol), NaOH (0.20 g, 5.0
mmol), LiOH (0.12 g, 5.0 mmol), KOH (0.28 g, 5.0 mmol), or TMAH
(0.90 g, 5.0 mmol) was respectively loaded into each flask. Next, the
hotplate temperature was increased to 60 °C until all the solid has
dissolved completely. Finally, the precursor solutions

centrifuged at 12000 rpm for 5 min before spin-casting process.

were

Fabrication of Luminescent Cu-Zn-In-S QD Thin Films

In a typical deposition of Cu-Zn-In-S QD thin film with a Cu/Zn/In
ratio of 1:10:10, 200 pL (0.056 mmol) of Zn stock solution, 200 uL
(0.056 mmol) of In stock solution, 20 uL (0.0056 mmol) of Cu stock
solution, 70 uL (0.048 mmol) of LiOH stock solution, and 60 uL (0.68
mmol) of MPA were mixed. Luminescent Cu-Zn-In-S QD thin film was
obtained by spin-casting the mixed precursor solution on a glass
slide (20x20x0.5 mm) at 3000 rpm for 30 s, followed by a sintering
process on a pre-heated hot plate at 240 °C for 30 s in the open air.
Finally, the quantum dot thin film with a thickness of around 120 nm
was obtained.

Characterizations

UV-vis-NIR diffuse reflectance spectra were measured by a
Shimadzu UV-3600 spectrometer. PL spectra were recorded on a
Hitachi F-7000 spectrophotometer, and the PL intensity was
calculated by integration of PL  spectrum. Absolute
photoluminescence quantum yields (QYs) were measured by an
absolute PL quantum vyield measurement system (C9920-02,
Hamamatsu) equipped with an integrating sphere. The PL decay
curves were recorded with a Lecroy Wave Runner 6100 digital
oscilloscope (1 GHz) equipped with a tunable laser (pulse width % 4
ns, gate % 50 ns) as the excitation source (Continuum Sunlite OPO),
and the average PL lifetime was obtained by integration of PL decay
curve. The XRD patterns were recorded using a Bruker D8 FOCUS X-
ray diffractometer. The chemical compositions of the samples were
measured by energy dispersive spectroscopy (EDS), which were
recorded by using a scanning electron microscope (Hitachi S-4800).
The thin film thickness was measured by a XP-100 profilometer
(AMBIOS). Atomic force microscope (AFM) image was taken on a
Bruker Dimension Icon. The temperature dependent PL spectra were
monitored by a Maya 2000 Pro CCD-based fiber optic spectrometer
(Ocean Optics Inc.) in air, and the temperature was programmed to
increase from 20 °C to 240 °C.

2| J. Name., 2012, 00, 1-3

Results and discussion

Recently, we developed a general molecular-based precursor
solution approach for the direct deposition of CulnS,, Cu(In,Ga)s-
Cu,ZnSnS,;, and Cu,CdSnS, nanocrystal thin films.2?®  These
molecular-based precursor solutions were prepared by dissolving
metal oxides or metal hydroxides in the ethanol solution of
butylamine and carbon disulfide. Figure 1A shows the dissolution
mechanism of Cu,0, ZnO, and In(OH); in butylamine and carbon
disulfide. As can be seen in Fig. 1B, the clear and transparent Cu, Zn,
In and Li precursor solutions can be obtained. Cu-Zn-In-S quantum
dot thin films were in-situ formed by spin-coating the mixed Cu, Zn,
and In precursor solution, followed by a sintering process. 3-
Mercaptopropionic acid was used as a capping agent to control the
size of quantum dots in the thin films and passivate the surface
defects. By varying Cu/Zn/In ratios, a series of luminescent Cu-Zn-I~
S quantum dot thin films can be fabricated, as shown in Fig. 1C and
Fig. 1D.

In this paper, the effect of the sintering temperature on PL
intensity of Cu-Zn-In-S QD thin films was first investigated while
keeping all the other experimental conditions the same
(Cu/Zn/In=1:10:10). As the sintering temperatures increase from 20u
°C to 240 °C, a large enhancement in PL intensity was observed
because of improved crystalline quality. A further increase of the
sintering temperature beyond 250 °C will cause a dramatic decrease
in the PL intensity, perhaps due to thermal decomposition of MPA at
high temperature. It was found that PL intensity of QD thin film
shows a maximum value at sintering temperature of 240 °C, as
shown in Figure 2A and 2B. Thus, we chose 240 °C as the sinterir~
temperature to investigate the effect of the sintering time on PL
intensity. As can be seen in Figure 2C and 2D, it was revealed that
the optimal sintering time is 30 s. Therefore, the optimal sintering
conditions were achieved at 240 °C for 30 s. Finally, we investigated
the effect of the capping agent on PL intensity of QD thin films by
adding different amounts of MPA into precursor solution, as shown
in Figure 2E and 2F. The capping agent plays a critical role in th2
formation of QDs. Besides controlling the size of QDs, the capping
agent also simultaneously reduces the surface trap states of QDs,
which will lead to a significant enhancement in PL intensity. No
photoluminescence was observed for Cu-Zn-In-S thin films without
using MPA. However, when the amount of capping agent exceeds,
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Figure 1. (A) Dissolution mechanism of Cu,0, ZnO, and In(OH)s in butylamine
and carbon disulfide; (B) a digital photograph of Cu, Zn, In, and Li precursc.

solutions; digital photographs of luminescent Cu-Zn-In-S QD thin films with
different Cu/Zn/In ratios under UV light (C) and daylight (D) illumination.

This journal is © The Royal Society of Chemistry 20xx
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and D), and the ratio of (Cu+Zn+In)/MPA (E and F) on PL spectra and PL
intensity of Cu-Zn-In-S QD thin films with a Cu/Zn/In ratio of 1:10:10.

PL intensity of QD thin film starts to decrease, and the optimal ratio
of (Cu+Zn+In)/MPA was found to be 1/5.78 for fabricating highly
luminescent Cu-Zn-In-S QD thin films. Thereby, in this paper, the
optimal sintering temperature and the sintering time as well as the
optimal ratio of (Cu+Zn+In)/MPA are 240 °C, 30 s and 1/5.78,
respectively.

To further enhance the PL intensity of Cu-Zn-In-S QD thin
films, Li*, Na*, and K" ions were incorporated into Cu-Zn-In-S QD
thin films. According to previous reports, the surface defects of
QDs play a key role in the photoluminescence of Cu-Zn-In-S
QDs.*®*° Passivating the surface-related defects are beneficial
for increasing the radiative recombination probability, which
will result in an enhancement of PL intensity. Previous studies
showed that the incorporation of Na* and K" ions can effectively
passivate the defects of Cu(In,Ga)(S,Se), and
Cu,Zn(S,Se), thin films. Thus, it was expected to improve
the PL intensity of Cu-Zn-In-S QD thin films by incorporating Li",
Na®, and K" ions. Figure 3A shows the effects of LiOH, NaOH, KOH,
and TMAH on PL intensity of Cu-Zn-In-S QD thin films. A massive
enhancement in PL intensity was observed for Li-, Na-, or K-doped
Cu-Zn-In-S QD thin film, whereas the PL intensity was decreased
when adding TMAH, indicating that the enhancement of PL intensity
is purely attributed to the effect of Li*, Na*, and K* ions. It is also
observed that the

surface
40-42

This journal is © The Royal Society of Chemistry 20xx

average fluorescence lifetime also exhibits an increasing trend in the
sequence of KOH<NaOH<LiOH. Therefore, PL intensity and PL
lifetime of Cu-Zn-In-S QD thin film can be significantly improved by
incorporating alkali metal ions.

After optimizing PL properties of luminescent QD thin films, Cu-Zn-
In-S QD thin films with different Cu/Zn/In ratios were fabricated by
varying Cu, Zn, and In precursor ratios. According to previous reports,
the band gaps of quaternary Cu-Zn-In-S QDs are strongly dependent
on their compositions.31’37' * Their optical band gaps increase with
increasing Zn content. Thus, the emission color of Cu-Zn-In-S QD thin
films can be tuned by changing the molar ratio of Cu/Zn/In. Figur2
4A and 4B display a series of absorption spectra and PL spectra c:
Cu-Zn-In-S QD thin films with different Cu/Zn/In ratios. As expected,
a continuous red shift in absorption spectra and PL spectra of Cu-Zn-
In-S QD thin films was observed while increasing Cu and In contents.
By changing Cu/Zn/In ratios, a tunable PL emission peak in the range
from 535 nm to 677 nm was achieved, as shown the Fig. 4B. In
addition, it was found that the PL quantum vyield is inversely related
on the Cu contents (see Figure 4C). The maximum fluorescence
quantum yield can reach 22.1% when Cu/Zn/In ratio is 1:11:9.

The crystal structure of Cu-Zn-In-S QD thin films was investigated
by XRD. As can be seen in Figure 5, all of Cu-Zn-In-S QD thin filn s
exhibit three broad characteristic diffraction peaks of the zincblende
structure. In a unit cell of zincblende, Cu®, Zn**, and In** ions occupy
the same position and have a random distribution; thus, the
Cu/Zn/In ratios can be tuned in a wide composition range.43’ “
Increasing Zn content in Cu-Zn-In-S QD thin films causes a successiv-
shift of XRD patterns towards higher 20 angle, indicating that thc
smaller Zn®* ions have been successfully incorporated in Cu-Zn-In-S
QD thin films. In addition, XRD patterns revealed the absence c¢f
other crystalline impurities in our thin films, such as Cu,S,

J. Name., 2013, 00, 1-3 | 3
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Figure 4. A series of absorption spectra derived from diffuse reflectance spectra
with Kubelka-Munk function (A), PL spectra (B), and absolute PLQYs (C) of Cu-Zn-
In-S QD thin films with different Cu/Zn/In ratios.

CuS, In,S;, and ZnS, confirming that homogeneous Cu-Zn-In-S QD
thin films were achieved. Average particle sizes of Cu-Zn-In-S QD thin
films calculated by Scherrer equation are 2.7-3.2 nm, which are
dependent on their compositions. At the same time, we measured
the high-resolution TEM image of Cu-Zn-In-S QD thin film with a
Cu/Zn/In ratio of 1:10:10 (see Figure S2). The QDs have an average
diameter of 3.4, close to the size calculated from XRD pattern.

The surface morphology and surface roughness of Cu-Zn-In-S QD
thin film with a Cu/Zn/In ratio of 1:10:10 were measured by AFM.
Figure 6 shows a typical AFM characterization of the Cu-Zn-In-S QD
thin film. The root mean square surface roughness is 0.87 nm, which
is lower than those of quantum dot thin films which were deposited
from quantum dot solution." Smooth quantum dot thin films are
critically important to their device applications. Additionally, EDS
was conducted to determine the Cu/Zn/In/S ratio in Cu-Zn-In-S QD
thin films, and the results were presented in Figure S3. It was
confirmed that the actual Cu/Zn/In ratios in these Cu-Zn-In-S QD thin
films were very close to the feeding ratios in the precursor solutions.

11 (111) (220) Cu:Zn:In
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=
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Figure 5. XRD patterns of Cu-Zn-In-S QD thin films with different Cu/Zn/In ratios.
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Figure 6. AFM image (A) of Cu-Zn-In-S QD thin film, the line-scan profile (B), and
the pseudo-three-dimensional image (C).

The temperature-dependent PL properties of QD thin films werc
investigated. The PL spectra of Cu-Zn-In-S QD thin films with
different Cu/Zn/In ratios were tested at a temperature range from
20 °C to 240 °C in air, as shown in Figure S4. Their temperature-
dependent PL spectra were integrated and are shown in Figure 7. It
was observed that PL peak positions show only a slight red shift of
about 5 nm when the temperature increases from 20 °C to 240 °C,
whereas the PL intensities of all of Cu-Zn-In-S QD thin films exhibit a
single exponential decay profile as the temperature increases. No?
that the thermal quenching of the PL intensity and red-shifted PL
peak are commonly observed for quantum dots in the literature.'” '8
In addition, the thermal stability of Cu-Zn-In-S QD thin film with a
Cu/Zn/In ratio of 1:10:10 was measured under different
heating/cooling cycles. It was found that the relationship between
the PL intensity (I) and temperature (T) are almost the same during
heating/cooling thermal cycles, especially in the temperature range
of 60-200 °C, which can be well fitted with a single-exponential
function: 1(T)=8.0E6xexp(-T/60.5)+2.86E6. This result suggested that
our Cu-Zn-In-S QD thin films can be used as the temperature
indicators. Besides, because our as-prepared Cu-Zn-In-S QD thin
films show good thermal stability in air, the Cu-Zn-In-S QD thin films
are also suitable for some special high-temperature applications,
such as solid-state lighting, lasers, and quantum dot LEDs.
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Figure 7. Temperature-dependent PL intensity of Cu-Zn-In-S QD thin films wi* .
different Cu/Zn/In ratios.
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Cu/Zn/In ratio of 1:10:10 under different heating/cooling cycles.

Conclusions

In summary, luminescent and cadmium-free Cu-Zn-In-S QD thin
films have been directly fabricated via a facile molecular-based
solution approach using Cu,0, ZnO, In(OH);, butylamine, and
carbon disulfide as the starting materials. This approach
requires only the precursor, solvent and capping agent, which
omits the complicated and tedious synthesis process.
Additionally, all the experimental procedures were conducted
in the open air without the need of inert atmosphere. As-
deposited Cu-Zn-In-S QD thin films exhibit a composition-
tunable PL emission in the range from 535 nm to 646 nm by
simply varying the Cu/Zn/In ratios, and the highest PL QY can
reach 22.1%. When added with alkali metal ions, the PL
intensity of Cu-Zn-In-S QD thin film was noticeably increased.
This finding could be applied in the traditional solution phase
synthesis of Cu-Zn-In-S QDs to further improve their
luminescence. Furthermore, the temperature-dependent PL
properties of Cu-Zn-In-S QD thin films have been investigated,
and the relationship between the PL intensity and the
temperature has been measured, indicating that Cu-Zn-In-S QD
thin films have a high potential as temperature indicators.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No.91333108; 51302258; 51172229;
51202241). We thank Dr. Ran Pang for his help in temperature-
dependent PL measurements.

Notes and references

1 X. Dai, Z. Zhang, Y. Jin, Y. Niu, H. Cao, X. Liang, L. Chen, J. Wang and X. Peng,
Nature, 2014, 515, 96-99.

2 P.O. Anikeeva, J. E. Halpert, M. G. Bawendi and V. Bulovic, Nano Lett., 2007, 7,
2196-2200.

3 J.S. Stekel, S. Coe-Sullivan, V. Bulovic and M. G. Bawendi, Adv. Mater., 2003, 15,
1862-1866.

4 Q.J.Sun,Y.A.Wang, L. S. Li, D. Y. Wang, T. Zhu, J. Xu, C. Yang and Y. F. Li, Nat.
Photonics, 2007, 1, 717-722.

5 J. W. Stouwdam and R. A. J. Janssen, J. Mater. Chem., 2008, 18, 1889-1894.

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

6 J.Tang, H. Liu, D. Zhitomirsky, S. Hoogland, X. H. Wang, M. Furukawa, L. Levina
and E. H. Sargent, Nano Lett., 2012, 12, 4889-4894.

7 A. G. Pattantyus-Abraham, I. J. Kramer, A. R. Barkhouse, X. H. Wang, G.
Konstantatos, R. Debnath, L. Levina, I. Raabe, M. K. Nazeeruddin, M. Gratzel
and E. H. Sargent, ACS Nano, 2010, 4, 3374-3380.

8 J. M. Luther, J. B. Gao, M. T. Lloyd, O. E. Semonin, M. C. Beard and A. J. Nozik,
Adv. Mater., 2010, 22, 3704-3707.

9 W. U. Huynh, J. J. Dittmer and A. P. Alivisatos, Science, 2002, 295, 2425-2427.

10 R. Debnath, J. Tang, D. A. Barkhouse, X. H. Wang, A. G. Pattantyus-Abraham, L.
Brzozowski, L. Levina and E. H. Sargent, J. Am. Chem. Soc., 2010, 132, 5952-
5953.

11 D. V. Talapin and C. B. Murray, Science, 2005, 310, 86-89.

12 M. S. Kang, J. Lee, D. J. Norris, C. D. Frisbie, Nano Lett., 2009, 11, 3848-3852.

13 J. Schornbaum, Y. Zakharko, M. Held, S. Thiemann, F. Gannott and J. Zaumseil,
Nano Lett., 2015, 15, 1822-1828.

14 T. Otto, C. Miller, J. Tolentino, Y. Liu, M. Law and D. Yu, Nano Lett., 2013, 13,
3463-3469.

15 Q. Zhang, J. S. lie, S. L. Diao, Z. B. Shao, Q. Zhang, L. Wang, W. Deng, W. D. Hu,
H. Xia, X. D. Yuan and S. T. Lee, ACS Nano, 2015, 2, 1561-1570.

16 Y. Cui, G. Wangand D. C. Pan, J. Mater. Chem., 2012, 22, 12471-12473.

17 Y. Zhao, C. Riemersma, F. Pietra, R. Koole, C. Donegd and A. Meijerink, ACS
Nano, 2012, 6, 9058-9067.

18 G. W. Walker, V. C. Sundar, C. M. Rudzinski, A. W. Wun, M. G. Bawendi & D. G.
Nocera, Appl. Phys. Lett., 2003, 83, 3555-3557.

19 J.B.Seon, B. Lee, J. M. Kim and H. D. Jeong, Chem. Mater., 2009, 21, 604-611.

20 A. K. Bansal, F. Antolini, M. T. Sajjad, L. Stroea, R. Mazzaro, S. G. Ramkumar, !
Kass, S. Allard, U. Scherf and I. D. W. Samuel, Phys. Chem. Chem. Phys., 2014,
16, 9556-9564.

21 Y.Y.Chen,S. ). Li, L. J. Huang and D. C. Pan, Nanoscale, 2014, 6, 9640-9645.

22 Q. W. Tian, G. Wang, W. G. Zhao, Y. Y. Chen, Y. C. Yang, L. J. Huang and D. C.
Pan, Chem. Mater., 2014, 26, 3098-3103.

23 L. Li, N. Coates and D. Moses, J. Am. Chem. Soc., 2010, 132, 22-23.

24  H. Azimi, T. Heumdller, A. Gerl, G. Matt, P. Kubis, M. Distaso, R. Ahmad, T.
Akdas, M. Richter, W. Peukert and C. J. Brabec, Adv. Energy Mater., 2013, 3,
1589-1596.

25 W. G. Zhao, Y. Cui and D. C. Pan, Energy Technol., 2013, 1, 131-134.

26 G.Wang,S.Y.Wang, Y. Cui and D. C. Pan, Chem. Mater., 2012, 24, 3993-3997.

27 G. Wang, W. G. Zhao, Q. W. Tian, S. Gao, L. J. Huang and D. C. Pan, ACS Appl.
Mater. Interfaces, 2013, 5, 10042-10047.

28 W. G. Zhao, G. Wang, Q. W. Tian, L. J. Huang, S. Gao and D. C. Pan, Sol. Energy
Mater. Sol. Cells, 2015, 133, 15-20.

29 M. Afzaal, T. Deivaraj, P. O’Brien, J. H. Park and J. J. Vittal, Mat. Res. Soc. Symp.
Proc., 2002, 730, VV5.22.1-V5.22.6.

30 M. D. Nyman, M. J. Smith and E. N. Duesler, Inorg. Chem., 1997, 36, 2218-2224

31 S.J.Li,Y.Y.Chen, L. J. Huang, D. C. Pan, Nanotechnology, 2013, 24, 395705.

32 W.J. Zhang and X. H. Zhong, Inorg. Chem., 2011, 50, 4065-4072.

33 J.Zhang, R. G. Xie and W. S. Yang, Chem. Mater., 2011, 23, 3357-3361.

34 W. J. Zhang, Q. Lou, W. Y. Ji, J. L. Zhao and X. H. Zhong, Chem. Mater., 2014, 26,
1204-1212.

35 J. Feng, M. Sun, F. Yang and X. Yang, Chem. Commun., 2011, 47, 6422-6424.

36 D. W. Deng, J. Cao, L. Z. Qu, S. Achilefu and Y. Q. Gu, Phys. Chem.

Chem. Phys., 2013, 15, 5078-5083.
7 D. W. Deng, Y. Q. Chen, J. Cao, J. M. Tian, Z. Y. Qian, S. Achilefu and Y. Q. Gu,
Chem. Mater., 2014, 24, 3029-3037.

38 W. W. Xiong, G. H. Yang, X. C. Wu and J. J. Zhu, ACS Appl. Mater. Interfaces,
2013, 28, 8210-8216.

39 T. Ogawa, T. Kuzuya, Y. Hamanaka and K. Sumiyama, J. Mater. Chem., 201v,
20, 2226-2231.

40 M. B. Ard, K. Granath and L. Stolt, Thin Solid Films, 2000, 361, 9- 16.

T. Prabhakar and N. Jampana, Sol. Energy Mater. Sol. Cells, 2011, 95, 1001-

1004.

42 A. Chirild, P. Reinhard, F. Pianezzi, P. Bloesch, A. R. Uhl, C. Fella, L. Kranz, D.
Keller, C. Gretener, H. Hagendorfer, D. Jaeger, R. Erni, S. Nishiwaki, S
Buecheler and A. N. Tiwari, Nature Mater., 2013, 12, 1107-1111.

43 D.C. Pan, D. Weng, X. L. Wang, Q. F. Xiao, W. Chen, C. L. Xu, Z. Z. Yang and Y. F
Lu, Chem. Commun., 2009, 28, 4221-4223.

44 D.C. Pan, L. J. An, Z. M. Sun, W. Hou, Y. Yang, Z. Z. Yang and Y. F. Lu, J. Ai 1.
Chem. Soc., 2008, 130, 5620-5621.

D
pry

J. Name., 2013, 00, 1-3 | 5



Dalton Transactions Page 6 of 6

Graphical Abstract

Cadmium-free and luminescent Cu-Zn-In-S quantum dot thin films were in situ deposited by thermal decomposition of

molecular-based precursors in the open air, without need of the complicated quantum dot synthesis.




