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We demonstrate a single-step X-ray irradiation process that yields
high-quality Cu(In,_,Ga,)S, nanocrystals in colloidal solutions, with
complete control of size and composition. Thin films produced by
drop-casting exhibit high-quality photoresponse, confirming that
our process is suitable for microelectronics applications.

Photovoltaic technology is partly oriented towards quantum-
confinement devices'™ based on semiconductor nanocrystal
films. Cu(In,_,Ga,)Se, (CIGS)*” has emerged as a leading
candidate with respect to other materials.®*** Its advantages
include high photovoltaic efficiency and several other aspects.**
High-quality CIGS nanocrystals in colloidal solution, suitable
for thin film production, can be obtained with wet-chemistry
approaches.'®

Still, CIGS is not immune from problems. An interesting
alternative is Cu(In;_,Ga,)S, that can better match the solar
spectrum with a direct gap tunable from 1.43 eV (x = 0) to
2.45 eV. Furthermore, the replacement of Se by S is highly
desirable since it would decrease the environmental impact and
the large-scale production costs.”

The practical use of Cu(In, ,Ga,)S, requires effective fabri-
cation techniques for nanocrystal-based thin films, with full
control of the composition that determines the optical and
electrical properties.'® The preferred approach is to synthesize
nanocrystals in a colloidal solution, to be used as a printable
ink. The technical requirements include homogeneity in the
nanocrystal composition and size and stability of such
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characteristics throughout the fabrication process. One must
specifically avoid, in the nanocrystals and in the final films,
secondary phases such as Cu,S-In,S;."*°

We present here an effective solution: a fabrication process
based on irradiation of the precursor solution with intense X-
rays from a synchrotron source. Among the possible chemical
procedures,*?” we selected the reaction of elemental sulfur*>®
with Cu, Ga, and In salts. In fact, elemental sulfur is inexpensive
and stable, and therefore preferable to other S sources.”**” The
composition is accurately controlled by tuning the precursor
solution composition.”®*** X-ray irradiation causes a fast
reduction that completely eliminates the composition inho-
mogeneities and yields nanocrystals with narrow size distribu-
tions, controlled by the irradiation time.

X-ray irradiation had been already tested for CuGaS, nano-
crystals.*® We were motivated to extend it to quaternary
compounds in this family by the difficulties in controlling the
composition with other methods.**?*® Specifically, previous
approaches mostly relied on expensive organometallic single
source precursors. Other irradiation methods based on micro-
waves®® or ultraviolet light*” required long exposure times,
undesirable for large-scale production. Furthermore, they
thermally activate the reactions, making it difficult to produce
uniform-size nanoparticles.

We found that X-ray irradiation eliminates the above prob-
lems. The products, single-phase nanocrystals of uniform size,
disperse well in toluene and can be deposited as uniform, crack-
free thick films on glass and metal substrates.

Prototype photovoltaic devices were fabricated with this
approach. Their photovoltaic response is stable and
reproducible.

One marked advantage of our fabrication technique is
temperature: the entire process takes place at room tempera-
ture, including thin film fabrication. This makes it suitable for
other kinds of substrates, notably polymers.

Experimentally, the nanocrystals synthesized by irradiating
the precursor solution with intense X-rays are described in
detail in the ESL.}

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (a) TEM image of Cu(lng73Gag27)S2 nanocrystals. Inset: indexed SAED
pattern. (b) HAADF-STEM image of typical 8 nm Cu(Ing 73Gag »7)S> nanocrystals.
(c) HRTEM image and (d) corresponding FFT of a single Cu(Ing 73Gagp »7)S> nano-
crystal projected in the (110) direction. (e) STEM-EDS line scan along a single
~10 nm Cu(lng73Gap27)S> nanocrystal. (f) Structural model of the nanocrystal
lattice projected along the (010) direction. Crystal structure: indium (blue) cations
and gallium (cyan) cations occupy the tetrahedral sites of the chalcopyrite
structure; sulphur anions and copper cations are shown in green and red.

The first characterization concerned the nanocrystal size.
Fig. 1a and b show TEM and dark-field scanning transmission
electron microscopy (DF-STEM) images of nanocrystals from a
0.3 Ga/(Ga + In) ratio solution, synthesized by X-ray irradiation
for 5 minutes. The nanocrystals have near-spherical shapes with
an average diameter =8.5 nm and a size deviation of 4.3 nm.
TEM images and size distributions for Ga/(Ga + In) ratios of 1.0,
0.9, 0.7, 0.5, 0.1 and 0.0 are shown in Fig. S1 of the ESL.¥

In all cases, the nanocrystals were found to be near-spher-
ical, with narrow size distributions and good crystalline

View Article Online

character. The mean sizes for the above molar ratios are 6.8 +
3.2nm, 7.2 +29nm,7.5+2.4nm, 8.5+ 2.1 nm, 8.7+ 4.3 nm,
and 9.9 £ 3.6 nm (Table 1).

The crystalline character of the nanocrystals is demonstrated
by their SAED patterns - see the inset of Fig. 1a. Other phases
are not observed and the nanoparticle composition appears
uniform.

Fig. 1c and d show high-resolution TEM (HRTEM) images
and the corresponding indexed fast Fourier transform (FFT) of a
single nanocrystal projected in the (110) direction. These lattice
images indicate again nanoparticles with good crystalline
structure and no symptoms of an inhomogeneous internal
composition. In Fig. 1e, a STEM-EDS line scan through the
center of a single ~10 nm nanocrystal from a 0.3 Ga/(Ga + In)
ratio reveals Cu, In, Ga, and S over the entire width, with an
average Cu/In/Ga/S composition of 0.98/0.73/0.27/2.02, close to
the 1.0/0.7/0.3/2.0 target. Fig. 1f shows the crystal structure.

XPS results for oleylamine-capped nanocrystals from a
0.3 Ga/(Ga + In) ratio are presented in ESI Fig. S2.T ESI Fig. S2at
reveals that the Cu 2p binding energy is in good agreement with
reported values for CulnS, nanocrystals,* suggesting a copper
valence state of +1. ESI Fig. S2bj shows the In 3d peaks
consistent with a +3 valence. ESI Fig. S2cf shows the Ga 3d
spectrum, in agreement with the literature.*® In ESI Fig. S2d,f
the S 2p peak includes the S 2p** (161.5 eV) and S 2p*?
(162.8 eV) components and indicates a —2 valence, character-
istic of sulfide (i.e., S bound to copper or indium).

Powder XRD patterns of the Cu(In; ,Ga,)S, nanocrystals are
presented in Fig. 2, together with those of CulnS, and CuGas,
nanocrystals. These results support the formation of single-
phase Cu(In, ,Ga,)S, nanocrystals and demonstrate their
crystal structure to be tetragonal chalcopyrite. At x = 0, the XRD
data correspond to chalcopyrite CulnS, (JCPDS no. 85-1575). As
the Ga content increases, the diffraction peaks gradually shift
toward higher 26 angles due to the decrease in lattice spacing.
At x = 1, the XRD results correspond to chalcopyrite CuGaS,
(JCPDS no. 85-1574).

The lattice parameters a and ¢ of Cu(In;_,Ga,)S, derived
from XRD are listed in Table 1. The relationship between a and ¢
and the Ga/(Ga + In) ratio is shown in Fig. 3a and Fig. 3b,
respectively. Here, the Ga/(Ga + In) ratios obtained from EDS

Table 1 Composition, size, and optical band gap (£4) of Cu(In,_,Ga,)S, nanocrystals obtained by X-ray irradiation
Estimated Measured

Ga/(In + Ga)* Cu%” Ga%” In%” In + Ga sizes® (nm) sizes? (nm) a (A) ¢ (A) ES (eV)
1.0 24.32 25.81 0.00 25.81 6.6 6.8 + 3.2 5.34 10.50 2.45
0.9 25.25 22.32 2.44 24.76 7.1 7.2+29 5.36 10.60 2.27
0.7 24.52 17.11 7.75 24.86 7.3 7.5+ 2.4 5.43 10.72 1.99
0.5 24.38 11.02 14.51 25.53 7.7 8.5+ 2.1 5.46 10.93 1.75
0.3 25.71 5.01 19.53 24.54 8.1 8.5 +4.3 5.49 11.02 1.55
0.1 24.14 2.27 22.75 25.02 8.8 8.7 £ 4.3 5.51 11.07 1.45
0.0 24.25 0.00 25.65 25.65 9.7 9.9 + 3.6 5.53 11.08 1.43

“ Feed molar ratio. ” EDS measurements have an error of =2 atom%. ¢ Estimated mean sizes from the (112) 26 position of XRD. ¢ Measured mean
sizes based on manual counts of =10 nanocrystals from TEM images. ¢ The lattice parameters a and ¢ were determined from XRD patterns.” Gap

energies (E,) were determined from UV-VIS-NIR spectra.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 XRD angular scans of Cu(In;_,Ga,)S, nanocrystals for different Ga/(Ga +
In) ratios.
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Fig. 3 Relationship between (a) the lattice parameter a or (b) the lattice
parameter ¢ and the x-value for Cu(In;_,Ga,)S, nanocrystals. (c) Optical absorp-
tion data of Cu(In,_,Ga,)S, nanocrystals for different Ga/(Ga + In) ratios; (d) band
gap as a function of x (determined by EDS).

correspond to the solid triangles, and those from XPS to hollow
diamonds. The straight line shows Vegard's law. These results
again support the conclusion that the Cu(In, ,Ga,)S, nano-
crystals contain a single phase.

The average sizes of the nanocrystals were estimated from
the Scherrer equation assuming no microstrain. Taking
microstrains into account, the size measured should be smaller
than what was observed by TEM.*® This is in fact what we find
(see Table 1), suggesting that our nanocrystals do have micro-
strains. Both the average sizes estimated from XRD and those
measured by TEM increase with the In content and reach a
maximum for ternary CulnS,. This trend is in agreement with
previous reports.*®

Absorption measurements of Cu(In; ,Ga,)S, nanocrystals
dispersed in toluene with varying gallium content highlight the
ability to effectively select the band gap (Fig. 3c). The absorption
threshold red-shifts with the In content, consistent with the

4708 | Nanoscale, 2013, 5, 4706-4710
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narrower CulnS, gap. The nanocrystals gap can in fact be tuned
from 2.45 eV to 1.43 eV by controlling x, as shown in Fig. 3d. The
relationship is nonlinear as for several other semiconductor
alloys. For example, both bulk and nanocrystal CdSe,Te;_,
display a similar “optical bowing” linked to the 11% lattice
mismatch.***

Three factors contribute to this effect: different atomic size,
the electro negativities of the ions, and the different lattice
constants.*>* Lattice mismatch (12%) should play a significant
role in this case. To analyze this point, the gap vs. x curve was
fitted using the modified bowing equation:

E; = (1 — X)Egcumns,) + XEgcuGas,) — bx(1 — x),

where Eg(cuns,) and Eg(cugas,) are CulnS, and CuGasS, gaps and b
is the so-called “bowing parameter”. We found a b-value of
0.48 eV, slightly larger than the reported values of 0.42 for
Cuq ¢Ga,In,_,S;5.%® The small difference is reasonable consid-
ering the difference in composition.

Finally, we performed (Fig. 4) preliminary photoresponse
tests for thin films obtained by drop-casting from nanoparticle
in toluene. Fig. 4b shows a smooth ~1 um thick film on a glass
substrate with gold electrodes (interdigitated).”” The nano-
crystal film thickness could be controlled by varying the nano-
crystal concentration in the solution, as shown in Fig. 4a. The
drop-casting procedure worked well to deposit uniform, crack-
free nanocrystal films. However, it was so far limited to a
maximum thickness =2.5 um. Multiple dropping steps could
increase the thickness, but cracks appear after thermal
annealing (ESI Fig. S37).

The current-voltage (I-V) curves, shown in Fig. 4c for
Culny 73Gay27S,, CuGaS,, and CulnS, nanocrystals, exhibit
photoresponse. The current of Culng;3Ga,,,S, films at 5 V
increases indeed from 9.2 x 10™® mA in the dark to 1.4 x
10> mA under illumination.

15 1
(a) ’§2.4 (C)12 ] Ecu(lno.7sGao.27)s
@ 9 |t -
[ I -
316 65 s
] 3 lo=="
08 0 =
C g5 12 46 20 C®|Ecuns,
Concentration (mg/mL) 041S _ -
£ -
(b) 15 _~
(&)

1<

1E£ CuGas, =
| B Z

o =z~

1 = d

73

2 Bias (V)

0 1 2 3 4 5

Fig. 4 Thin films obtained by drop-casting from our colloidal nanoparticle
solutions in toluene. (a) Film thickness for different solution concentrations. (b)
SEM image showing the cross-section of a 1.3 um thick nanocrystal film on soda
lime glass. (c) Photovoltaic response of the films: /-V curves of films built by drop-
casting CuGaS,, CulnS,, and Cu(lng73Gag»7)S> nanocrystals; the curves were
taken in the dark (dashed lines) and under lamp illumination (solid lines).

This journal is © The Royal Society of Chemistry 2013
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In summary, We have successfully tested an X-ray irradiation
method to produce Cu(In, ,Ga,)S, nanocrystals in colloidal
solutions. Results from XRD and TEM, together with EDS and
XPS, show that each nanocrystal has a single phase. The size
distribution of nanocrystals is narrow. The optical gap and the
lattice parameters depend on the composition, following the
bowing equation and Vegard's law.

We also investigated the transport properties of drop-cast
nanocrystal films on interdigitated electrodes, finding a clear
photoresponse: a current increase by a factor of two from the
dark to illumination. Thus, our method yields products suitable
for photovoltaic device technology. Considering the advantages
of the procedure, from low temperature to excellent size and
composition control, these results constitute a significant
technological advance in nanoparticle-based electronics.

Acknowledgements

This work was supported by the National Science Council of
Taiwan (grant NSC 98-2120-M-001-002), by the Academia Sinica
(Taiwan), by the Swiss Fonds National and by the Centre
d'Imagérie Biomédicale (CIBM). Technical supports from
NanoCore, the Core Facilities for Nanoscience and Nanotech-
nology at Academia Sinica in Taiwan, as well as Center for
Energy Technology and Strategy, National Cheng Kung Univer-
sity in Taiwan, are acknowledged. We also thank Dr Chuan-
Ming Tseng for his assistance in TEM analysis.

Notes and references

1 Z.Ning, H. Tian, C. Yuan, Y. Fu, H. Qin, L. Sun and H. Agren,
Chem. Commun., 2011, 47, 1536.

2 G. Zhang, S. Finefrock, D. Liang, G. G. Yadav, H. Yang,
H. Fanga and Y. Wu, Nanoscale, 2011, 3, 2430.

3 X. Huang, S. Huang, Q. Zhang, X. Guo, D. Li, Y. Luo,
Q. Shen, T. Toyoda and Q. Meng, Chem. Commun., 2011,
47, 2664.

4 S. N. Malik, S. Mahboob, N. Haider, M. A. Malika and
P. O'Brien, Nanoscale, 2011, 3, 5132.

5 M. Yuan, D. B. Mitzi, W. Liu, A. J. Kellock, S. J. Chey and
V. R. Deline, Chem. Mater., 2010, 22, 285.

6 J. Tang, S. Hinds, S. O. Kelley and E. H. Sargent, Chem.
Mater., 2008, 20, 6906.

7 Q. Guo, G. M. Ford, H. W. Hillhouse and R. S. Agrawal, Nano
Lett., 2009, 9, 3060.

8 H. Zhong and G. D. Scholes, J. Am. Chem. Soc., 2009, 131,
9170.

9 D. M. Guldi, G. M. A. Rahman, V. Sgobba, N. A. Kotov,
D. Bonifazi and M. Prato, J. Am. Chem. Soc., 2006, 128,
2315.

10 J. Gao, Q. Li, H. Zhao, L. Li, C. Liu, Q. Gong and L. Qi, Chem.
Mater., 2008, 20, 6263.

11 X. Dong, D. Potter and C. Erkey, Ind. Eng. Chem. Res., 2002,
41, 4489.

12 K. Yu, J. Ouyang, Y. Zhang, H. T. Tung, S. Lin,
R. A. L. Nagelkerke, D. Kingston, X. Wu, D. M. Leek,

This journal is © The Royal Society of Chemistry 2013

View Article Online

D. wilkinson, C. Li, I. G. Chen and Y. Tao, ACS Appl
Mater. Interfaces, 2011, 3, 1511.

13 W. Ma, J. M. Luther, H. Zheng, Y. Wu and A. P. Alivisatos,
Nano Lett., 2009, 9, 1699.

14 M. A. Contreras, K. Ramanathan, J. AbuShama, F. Hasoon,
D. L. Young, B. Egaas and R. Noufi, Progr. Photovolt.: Res.
Appl., 2005, 13, 209.

15 C. J. Hibberd, E. Chassaing, W. Liu, D. B. Mitzi, D. Lincot
and A. N. Tiwari, Prog. Photovoltaics, 2010, 18, 434.

16 V. K. Kapur, A. Bansal, L. Phucan and O. 1. Asensio, Thin
Solid Films, 2003, 431, 53.

17 K. Yoshino, T. Ikari, S. Shirakata, H. Miyake and
K. Hiramatsu, Appl. Phys. Lett., 2001, 78, 742.

18 M. Y. Chiang, S. H. Chang, C. Y. Chen, F. W. Yuan and
H. Y. Tuan, J. Phys. Chem. C, 2011, 115, 1592.

19 W. Han, L. Yi, N. Zhao, A. Tang, M. Gao and Z. Tang, J. Am.
Chem. Soc., 2008, 130, 13152.

20 S. Choi, E. Kim and T. Hyeon, J. Am. Chem. Soc., 2006, 128,
2520-2521.

21 D. Pan, L. An, Z. Sun, W. Hou, Y. Yang, Z. Yang and Y. Lu,
J. Am. Chem. Soc., 2008, 130, 5620.

22 B. Koo, R. N. Patel and B. A. Korgel, Chem. Mater., 2009, 21,
1962.

23 H. Zhong, Y. Zhou, M. Ye, Y. He, J. Ye, C. He, C. Yang and
Y. Li, Chem. Mater., 2008, 20, 6434.

24 L. Li, T. J. Daou, L. Texier, T. T. Kim Chi, N. Q. Liem and
P. Reiss, Chem. Mater., 2009, 21, 2422.

25 M. E. Norako, M. A. Franzman and R. L. Brutchey, Chem.
Mater., 2009, 21, 4299.

26 R. Xie, M. Rutherford and X. Peng, J. Am. Chem. Soc., 2009,
131, 5691.

27 W. Du, X. Qian, J. Yin and Q. Gong, Chem.-Eur. J., 2007, 13,
8840.

28 X. Cai, C. L. Wang, H. H. Chen, C. C. Chien, S. F. Lai,
Y. Y. Chen, T. E. Hua, I. M. Kempson, Y. Hwu, C. S. Yang
and G. Margaritondo, Nanotechnology, 2010, 21, 335604.

29 C. J. Liu, C. H. Wang, C. C. Chien, T. Y. Yang, S. T. Chen,
W. H. Leng, C. F. Lee, K. H. Lee, Y. Hwu, Y. C. Lee,
C. L. Cheng, C. S. Yang, Y. J. Chen, J. H. Je and
G. Margaritondo, Nanotechnology, 2008, 19, 295104.

30 C. H. Wang, C. J. Liu, C. L. Wang, T. E. Hua, J. M. Obliosca,
K. H. Lee, Y. Hwu, C. H. Yang, R. H. Liu, H. M. Lin, J. H. Je
and G. Margaritondo, J. Phys. D: Appl. Phys., 2008, 41,
195301.

31 C. H. Wang, C. C. Chien, Y. L. Yu, C. J. Liu, C. H. Lee,
C. H. Chen, Y. Hwu, C. S. Yang, J. H. Je and
G. Margaritondo, J. Synchrotron Radiat., 2007, 14, 477.

32 C.L.Wang, B. Hsao, S. Lai, W. Chen, H. H. Chen, Y. Y. Chen,
C. C. Chien, X. Cai, I. M. Kempson, Y. Hwu and
G. Margaritondo, Nanotechnology, 2011, 22, 065605.

33 H. T. Tung, Y. Hwu, I. G. Chen, M. G. Tsai, ]J. M. Song,
I. M. Kempson and G. Margaritondo, Chem. Commun.,
2011, 47, 9152.

34 D. Pan, X. Wang, Z. H. Zhou, W. Chen, C. Xu and Y. Lu,
Chem. Mater., 2009, 21, 2489.

35 D. Pan, D. Weng, X. Wang, Q. Xiao, W. Chen, C. Xu, Z. Yang
and Y. Lu, Chem. Commun., 2009, 4221.

Nanoscale, 2013, 5, 4706-4710 | 4709


http://dx.doi.org/10.1039/c3nr00264k

Downloaded by UNIVERSITY OF SOUTH AUSTRALIA on 20/05/2013 07:40:12.

Published on 08 April 2013 on http://pubs.rsc.org | doi:10.1039/C3NR00264K

36 C. Sun, J. S. Gardner, G. Long, C. Bajracharya, A. Thurber,
A. Punnoose, R. G. Rodriguez and ]. Pak, Chem. Mater.,
2010, 22, 2699.

37 Y. Zhou, S. H. Yu, C. Y. Wang, X. G. Li, Y. R. Zhu and
Z.Y. Chen, Adv. Mater., 1999, 11, 850.

38 Q. C. Liu and K. B. Tang, Chin. J. Chem. Phys., 2006, 19, 335.

39 I. Kokanovi¢ and A. Toneje, Mater. Sci. Eng., A, 2004,
373, 26.

4710 | Nanoscale, 2013, 5, 4706-4710

View Article Online

40 L. A. Swafford, L. A. Weigand, M. J. Bowers, J. R. McBride,
J. L. Rapaport, T. L. Watt, S. K. Dixit, L. C. Feldman and
S. J. Rosenthal, J. Am. Chem. Soc., 2006, 128, 12299.

41 R. E. Bailey and S. M. Nie, J. Am. Chem. Soc., 2003, 125, 7100.

42 S. H. Wei, S. B. Zhang and A. Zunger, J. Appl. Phys., 2000, 87,
1304.

43 J. E. Bernard and A. Zunger, Phys. Rev. B: Condens. Matter,
1987, 36, 3199.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3nr00264k
https://www.researchgate.net/publication/236653663

	Cu(In1tnqh_x2212xGax)S2 nanocrystals and films: low-temperature synthesis with size and composition controlElectronic supplementary information (ESI)...
	Cu(In1tnqh_x2212xGax)S2 nanocrystals and films: low-temperature synthesis with size and composition controlElectronic supplementary information (ESI)...


