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In this study, cadmium sulfide (CdS) quantum dots (QDs) were synthesized using a microemulsion-based synthesis method,
in which two microemulsions containing precursors of Cd2+ and S2-, were mixed to form CdS QDs. The time-course variation
in the average particle size was measured by UV-visible absorption spectroscopy. Subsequently, a thin film of CdS QDs was
fabricated using a self-assembled monolayer (SAM) technique. First, undoped GaAs (100) wafers were cleaned and etched
using HCl aqueous solution, and a SAM of 1,6-hexanedithiol was formed on the etched wafer surface using a typical SAM
technique. Finally, CdS-dithiol-GaAs structures were fabricated by immersing the SAM-coated wafer in dispersion solutions
of CdS QDs. In the serial steps of the fabrication of CdS QD thin films, the wafer surface was analyzed, and thin film
formation was confirmed by contact angle measurement, atomic force microscopy (AFM), and X-ray photoelectron
spectroscopy (XPS).
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Introduction

Quantum dots (QDs) are semiconductor nanoparticles
that have crystalline structures with unique optical and
photoelectrochemical properties due to quantum
confinement effects [1]. QDs have broad absorption and
excitation spectra at wavelengths from the ultraviolet to
the visible light range, narrow size-tunable emission
spectra, negligible photobleaching, high photochemical
stability and size-controlled luminescence properties [1-
3]. These optical and photoelectrochemical properties
establish them as potential alternatives to traditional
fluorophores in biosensors [1,3] and as attractive materials
for next-generation photovoltaic solar cells [4-6].

In general, there are two methods for synthesizing
QDs. The first method is the controlled nucleation and
growth of particles in a solution containing chemical
precursors of metal and anion sources, which is the
most common method for preparing colloidal QDs.
The second method is particle formation via deposition
from the vapor phase on proper substrates in molecular
beam epitaxy or metallo-organic chemical vapor
deposition [4]. Among various solution-based methods,
microemulsion-based synthesis is a method of using
microemulsions (thermodynamically stable dispersions
of two immiscible liquids such as oil and water in the
presence of a surfactant) as nanoreactors, which are
reverse micelles containing precursors of metal and

anions. The reverse micelles collide among themselves
and exchange reactants; thus, nucleation starts at the
edge of the micelles. The nuclei grow when more
reactants are fed via intermolecular exchange [7, 8]. This
microemulsion-based synthesis approach is a powerful,
facile, and inexpensive method for fabricating QDs
because it usually produces QDs with well-controlled
particle sizes and shapes without expensive or specialized
instruments and complex procedures [7,8].

In order to take a full advantage of QDs for their
biosensor or solar cell applications, the QDs are usually
incorporated into some specific devices as well-organized
structures. For example, some studies reported the
fabrication of well-organized QD structures such as arrays
[4,9,10]. Moreover, other studies have demonstrated the
self-assembly of QDs such as the Langmuir-Blodgett
films [11, 12] and/or self-assembled monolayer (SAM)
films [13-16]. Although these studies provide fundamental
knowledge about the fabrication of QD thin films on solid
substrates, the practical applications of the dense films of
QDs on a practically important semiconductor substrate
such as GaAs have not been thoroughly investigated.

In this study, cadmium sulfide (CdS) QDs with a well-
defined size were prepared using a microemulsion-based
synthetic method, and their thin films were fabricated on
a GaAs wafer substrate using a SAM technique. In the
serial steps of the fabrication of CdS QD thin films, the
wafer surface was analyzed by contact angle measurement,
atomic force microscopy (AFM), and X-ray photoelectron
spectroscopy (XPS), and the analysis results were
interpreted in terms of surface chemical composition
and structure.
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Experimental Details

Preparation and characterization of CdS QDs
First, two water-in-oil (W/O) microemulsion solutions

were prepared by mixing an aqueous solution of 0.1 M
sodium bis(2-ethylhexyl) sulfosuccinate (AOT; Sigma-
Aldrich) with isooctane (Sigma-Aldrich). A small amount
of cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O; Sigma-
Aldrich) aqueous solution was added to one microemulsion
solution, and the same amount of sodium sulfide
nonahydrate (Na2S·9H2O; Sigma-Aldrich) aqueous solution
was added to the other solution. Argon gas was then
purged into the microemulsion solutions for 10 min to
remove dissolved oxygen. The two microemulsion
solutions were vigorously stirred at 1,000 rpm for 1 h
and mixed with each other in the dark using a dropping
funnel. The final concentrations of cadmium nitrate
tetrahydrate and sodium sulfide nonahydrate were
4 × 10−4 M, and the final concentration of AOT was 0.1
M. The ratio of water concentration to AOT concentration
([H2O]/[AOT], in molar concentration) was adjusted to 5.
The resulting transparent and slightly yellowish mixture
solution was gently stirred at 200 rpm for a
predetermined reaction time from 10 min to 10 h. After
the reaction, the solution containing CdS QDs was
analyzed using a UV-visible (UV-vis) absorption
spectrophotometer (Shimadzu UV-1650). From the
UV-visible spectra, the average particle size of CdS
QDs was estimated according to the relationship
between the particle size (D in nm) and the wavelength
of the first excitonic absorption peak (λ in nm) [17,18].

Fabrication and characterization of the thin film of
CdS QDs

For the fabrication of thin films of CdS QDs, GaAs
(100) wafers (100 mm, n-type, Si doped, Freiberger
Compound Materials) were used as substrates. Prior to
film formation, the oxide layer of the wafer surface
was removed by etching the wafer for a specific period
of time with 18.5% HCl aqueous solution (Sigma-
Aldrich). For the formation of a SAM, the etched GaAs
wafer was immersed in an ethanol (ACS reagent;
Sigma-Aldrich) solution of 0.5 M 1,6-hexanedithiol
(≥97%; Sigma-Aldrich) for 24 h and dried for 30 min
in a nitrogen atmosphere in a glove box. The SAM-
coated GaAs wafer was then immersed in the CdS QD
dispersion for 72 h, and it was rinsed with ethanol
several times and dried in a nitrogen atmosphere. The
surface of the GaAs wafer coated with the CdS QD thin
film was characterized by contact angle measurement
(FTA 125 Contact Angle Analyzer), AFM (Nanoman II;
Digital Instrument), and XPS (ESCA2000; Micro Tech
Co.). For AFM topography measurements, the GaAs
wafer surface coated with the CdS QD thin film was
scanned with a silicon nitride probe (MLCT; Bruker) at
a constant set point value of 2.5 eV. For XPS
measurements, a Mg Kα X-ray with an excitation

power of 170 W was used with a 45° take-off angle.
Wide scans and narrow scans were performed with 50 eV
pass energy/25 W electron beam power and 15 eV pass
energy/100 W electron beam power, respectively.

Results and Discussion

Preparation and characterization of CdS QDs
Fig. 1 shows the UV-vis absorption spectra of CdS

QDs fabricated in the microemulsion solutions as a
function of reaction time. The first absorption peak
position is known to be closely related to the particle
size of CdS QDs [17,18]. Yu et al. demonstrated an
empirical relationship between the particle size
measured by TEM and the first absorption peak
position in their UV-vis absorption spectra as follows
[18]:

D = (−6.6521 × 10−8)λ3 + (1.9557 × 10−4)λ2 – 
(9.2352 × 10−2)λ + 13.29 (1)

where D (nm) is the size of a given QD nanocrystal
sample, and λ (nm) is the wavelength of the first
excitonic absorption peak of the corresponding sample.

Fig.1. UV–vis absorption spectra of CdS QDs obtained at different
reaction times.

Fig. 2. Particle size of CdS QDs as a function of reaction time up to
10 h.
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Nevertheless, this relationship holds only for the λ
range of 260-470 nm. Based on the data in Fig. 1, λ
ranged from around 360 nm to 400 nm; thus, the
average particle size of QD particles was estimated to
be approximately 2.3 to 3.4 nm for a reaction time of
300 h. As shown in Fig. 2, the particle size of the CdS
QDs was steadily increased from 2.3 nm to 2.8 nm in
10 h, and it continued to increase to 3.4 nm until 300 h.
In this study, the ratio of water concentration to AOT
concentration (i.e., W = [H2O]/[AOT]) was maintained
at a constant value of 5 as variations can significantly
affect the nucleation and growth of QD particles.
According to the literature, a decrease in the W value
typically decreases the particle size because water
pools become smaller, which can usually cause a size
reduction and thus a blue shift in both the absorption
maximum and the absorption edge [19]. The blue shift
of the absorption maximum and the absorption edge
may be attributed to quantum confinement, and the
smaller the particle size, the greater the blue shift.

Fabrication and characterization of the thin film of
CdS QDs

In this study, the GaAs (100) wafers were cleaned
with 18.5% HCl aqueous solution before SAM
formation and thin film fabrication. According to a
previous study [21], etching with HCl aqueous solution
at an appropriate concentration removes more than
95% of gallium oxide and arsenic oxide, as well as
carbon contamination.

As shown in Table 1, when the GaAs (100) surface
was etched with the HCl aqueous solution, the contact
angle was decreased from 57.5 o to 36.8 o whereas the
root-mean-square (rms) surface roughness (estimated
from the height profile of AFM topography) was
increased from 0.26 nm to 0.59 nm. The current
contact angle value of the GaAs surface before etching
is consistent with the result of another study [22], and
the reduced contact angle after etching may be attributed
to the typical decrease in the acute contact angle for a
heterogeneous surface with an increase in the rms
surface roughness [23]. When the GaAs surface was

Fig. 3. AFM topography images and height profiles of GaAs (100) substrate after (a) etching with HCl aqueous solution, (b) deposition of
the 1,6-hexanedithiol SAM, and (c) thin film fabrication of CdS QDs.
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consecutively coated with the 1,6-hexanedithiol SAM
and CdS QD thin film, the surface roughness was
increased to 1.18 and 1.56 nm, respectively. The AFM
topography images shown in Fig. 3 demonstrated the
increase in surface roughness, and the thin film of CdS
QDs had a disordered structure. A surface roughness of
1.18 nm for the 1,6-hexanedithiol SAM appeared to be
reasonable considering that the thickness of a 1,8-
octanedithiol (HS-(CH2)8-SH) SAM on Au surface was
measured to be around 1.3 nm by XPS analysis [24].
On the other hand, when the GaAs surface was coated
stepwise with the 1,6-hexanedithiol SAM and CdS QD
thin film, the contact angle was first increased to 76.9°
and then decreased to 46.6 o. These contact angle values
for the 1,6-hexanedithiol SAM and CdS QD thin film
are consistent with the values (68 o and 42.6 o) for a
1,5-pentanedithiol (HS-(CH2)5-SH) SAM on Au and
CdS QDs on Au reported in previous studies [25, 26].

Fig. 4 shows the wide-scan XPS spectra of the GaAs
(100) surface after HCl etching, 1,6-hexanedithiol SAM
deposition, and CdS QD thin film fabrication. Overall,
there was no distinct difference between the wide-scan
XPS spectra before and after deposition of the 1,6-
hexanedithiol SAM. On the other hand, the XPS
spectrum of the CdS QD thin film was noticeably

different from the two spectra of bare GaAs and the 1,6-
hexanedithiol SAM in that it had some representative
peaks of Cd; for example, Cd 3d3/2 and Cd 3d5/2 at
around 405.7 and 412.5 eV. Fig. 5 shows the narrow-
scan XPS spectra in the energy region of Ga 3S and S
2P as well as the deconvolution results (slim solid
line). The deconvolution peaks clearly indicated that
the spectrum for the 1,6-hexanedithiol SAM had peaks
not only for Ga 3S and Ga-O but also for As-S and S-C
bonding at around 160.5 and 161.5 eV, whereas that for
the bare GaAs surface did not have the peaks of As-S
and S-C bonding. The molecules of 1,6-hexanedithiol
are known to form a stable, highly organized self-
assembly of tilted, ordered alkyl chains, which can
chemically bond to the bare GaAs surface as well as
the CdS surface [27, 28]. Accordingly, the CdS QDs
were bound to GaAs substrates, forming stable,
disordered thin films mediated by the 1,6-hexanedithiol
SAM; the result is consistent with the formation of
CdSe monolayers on doped GaAs substrates [15].

Table 1. AFM rms surface roughness and water contact angle of
the GaAs (100) surface after washing with ethanol and deionized
(DI) water, etching with HCl aqueous solution, deposition of the
1,6-hexanedithiol SAM, and thin film fabrication of CdS QDs.

GaAs (100)
surface

AFM rms surface 
roughness

(nm)

Contact 
angle

(o)

Washing with ethanol and DI 
water

0.26 57.5 (± 1.0)

Etching with HCl aqueous 
solution

0.59 36.8 (± 0.9)

1,6-Hexanedithiol SAM 1.18 76.9 (± 2.3)

CdS QD thin film 1.56 46.6 (± 1.1)

Fig. 4. Wide-scan XPS spectra of GaAs (100) surface after (a)
etching with HCl aqueous solution, (b) deposition of the 1,6-
hexanedithiol SAM, and (c) thin film fabrication of CdS QDs.

Fig. 5. Narrow-scan XPS spectra of the Ga 3s and S 2p levels of
GaAs (100) surface after (a) etching with HCl aqueous solution,
and (b) deposition of the 1,6-hexanedithiol SAM.
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Overall, the study demonstrated the successful fabrication
of CdS QD thin films on a GaAs wafer surface via a
1,6-hexanedithiol SAM.

Conclusions

In this study, CdS QDs of a few nanometers in size
were prepared using a microemulsion method, and
their thin films were successfully fabricated on GaAs
substrate by employing a SAM technique. Thin film
formation was confirmed by contact angle, AFM
surface roughness, and XPS measurements. These QD
films have great potential to be applied to sophisticated
biosensors and highly efficient photovoltaic cells by
taking full advantage of their unique optical and
photoelectrochemical properties.

Acknowledgements

This study was supported by the Dongguk University
Research Fund (S-2017-A0434-00115).

References

1. M.F. Frasco, and N. Chaniotakis, Sensors 9 (2009) 7266-
7286.

2. A.P. Alivisatos, Science 271 (1996) 933-937.
3. R. Gill, M. Zayats, and I. Willner, Angew. Chem. Int. Edit.

47 (2008) 7602-7625.
4. A.J. Nozik, M.C. Beard, J.M. Luther, M. Law, R.J.

Ellingson, and J.C. Johnson, Chem. Rev. 110 (2010) 6873-
6890.

5. S.M. Reda, Acta Mater. 56 (2008) 259-264.
6. S.C. Lin, Y.L. Lee, C.H. Chang, Y.J. Shen, and Y.M. Yang,

App. Phys. Lett. 90 (2007) 143517.
7. M.P. Pileni, J. Phys. Chem. C 111 (2007) 9019-9038.
8. A.K. Ganguli, A. Ganguly, and S. Vaidya, Chem. Soc.

Rev. 39 (2010) 474-485.
9. C.B. Murray, C.R. Kagan, and M.G. Bawendi, Science, 270

(1995) 1335-1338.

10. J.M. Luther, M.C. Beard, Q. Song, M. Law, R.J. Ellingson,
and A.J. Nozik, Nano Lett. 7 (2007) 1779-1784.

11. Y. Tian, C. Wu, and J.H. Fendler, J. Phys. Chem.-Us 98
(1994) 4913-4918.

12. K.M. Gattás-Asfura, C.A. Constantine, M.J. Lynn, D.A.
Thimann, X. Ji, and R.M. Leblanc, J. Am. Chem. Soc. 127
(2005) 14640-14646.

13. S. Ogawa, K. Hu, F.R.F. Fan, and A.J. Bard, J. Phys.
Chem. B 101 (1997) 5707-5711.

14. M. Miyake, H. Matsumoto, M. Nishizawa, T. Sakata, H.
Mori, S. Kuwabata, and H. Yoneyama, Langmuir 13 (1997)
742-746.

15. E. Marx, D.S. Ginger, K. Walzer, K. Stokbro, and N.C.
Greenham, Nano Lett. 2 (2002) 911-914.

16. R. Freeman, R. Gill, M. Beissenhirtz, and I. Willner,
Photochem. Photobio. S. 6 (2007) 416-422.

17. T. Vossmeyer, L. Katsikas, M. Giersig, I.G. Popovic, K.
Diesner, A. Chemseddine, and H. Weller, J. Phys. Chem. 98
(1994) 7665-7673.

18. W.W. Yu, L. Qu, W. Guo, and X. Peng, Chem. Mater. 15
(2003) 2854-2860.

19. H. Peng, L. Zhang, C. Soeller, and J. Travas-Sejdic, J.
Lumin. 127 (2007) 721-726.

20. V. Salgueiriño-Maceira, M.A. Correa-Duarte, M. Spasova,
L.M. Liz-Marzán, and M. Farle, Adv. Funct. Mater. 16
(2006), 509-514.

21. M. Rei Vilar, J. El Beghdadi, F. Debontridder, R. Artzi, R.
Naaman, A.M. Ferraria, and A.M. Botelho do Rego, Surf.
Interface Anal. 37 (2005) 673-682.

22. S. Ye, G. Li, H. Noda, K. Uosaki, and M. Osawa, Surf. Sci.
529 (2003) 163-170.

23. A. Marmur, Soft Matter 2 (2006) 12-17.
24. Y. Jun, X.Y. Zhu, and J.W. Hsu, Langmuir 22 (2006) 3627-

3632.
25. W. Deng, L. Yang, D. Fujita, H. Nejoh, and C. Bai, App.

Phys. A 71 (2000) 639-642.
26. A.W. Adamson, A.P. Gast, Physical Chemistry of Surfaces,

6th ed., Wiley-Interscience, (1997).
27. C.W. Sheen, J.X. Shi, J. Maartensson, A.N. Parikh, and

D.L. Allara, J. Am. Chem. Soc. 114 (1992) 1514-1515.
28. J.C. Love, L.A. Estroff, J.K. Kriebel, R.G. Nuzzo, and G.M.

Whitesides, Chem. Rev. 105 (2005), 1103-1170.


