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Water-soluble Fe-doped ZnSe (Fe:ZnSe) nanocrystals (NCs) were synthesized by aqueous synthesis
approach using thioglycolic acid (TGA) as capping agent. The undoped ZnSe and Fe:ZnSe NCs were well
retained in the zinc blende structure, and the Fe dopants were well doped into the ZnSe NCs, as con-
firmed by X-ray photoelectron spectroscopy (XPS). The lattice constant of Fe:ZnSe NCs decreases slightly
by the introduction of Fe, and Fe:ZnSe NCs exhibit a uniform size distribution with average grain size of
~5 nm. The thioglycolic acid (TGA) was successfully capped on the surface of Fe:ZnSe NCs, confirmed by
Fourier-transform-infrared (FT-IR) spectroscopy. The absorption edges of pure ZnSe and Fe:ZnSe NCs are
blue-shifted compared to that of corresponding bulk ZnSe, indicating the quantum confinement effect,
and the absorption edge of Fe:ZnSe NCs shows a slightly red shift with respect to the pure ZnSe NCs.
The as-prepared Fe:ZnSe NCs exhibits an emission peak at ~425nm, and the photoluminescence (PL)
intensity of the NCs has the maximum value when the Fe-doping concentration reaches 1.0 at%. It is of
interest to note that the concentration quenching effect appears when the Fe-doping concentration is

Keywords:

Chemical synthesis
Nanostructured materials
Doping

Optical properties

larger than 10.0 at%, and the underlying physical mechanisms were discussed.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Colloidal semiconductor nanocrystals (NCs) have currently been
attracting widespread scientific and technological interest due to
their unique size-tunable optical and electronic properties as well
as their potential applications in solar cells, light-emitting diodes
(LEDs) and bio-labels [1-12], etc. However, the small ensemble
stokes shifts of intrinsic NCs emitters make self-quenching, that is
a serious issue if the fluorescent labels must either be kept close to,
or be in, a high absorbance [13]. Recently, a new class of potential
fluorescence emitter-doped NCs, which are based on transition-
metal-ion (Mn, Co, Cu, etc.) doped NCs without heavy-metal ions,
can overcome the problems of traditional NCs mentioned above
[13,14]. Wide-band-gap II-VI semiconductor NCs have recently
attracted considerable attention as a new generation of lumines-
cent NCs, such as ZnS and ZnSe doped with transition-metal ions
[13-15].

Zinc selenide (ZnSe), as a wide band gap (2.69eV) group II-VI
semiconductor with large binding energy and a small exciton
Bohr radius of 3.8 nm at room temperature [16,17], has some
promising applications in light-emitting diodes (LEDs) [18], pho-
todetectors [19], blue-green lasers [20], and window materials in
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the field of photovoltaics [18]. ZnSe nanostructures in the form
of nanorings [18], nanowires [19], nanoribbons [21], and nan-
otubes [20], have been synthesized. A large number of high-quality
transition-metal-ion doped ZnSe NCs, such as Co:ZnSe [14,22],
Cu:ZnSe [23-26] and Mn:ZnSe [27-29], have also been success-
fully prepared through organometallic route. However, this route
is not cost-effective because of expensive processing conditions
(inert atmosphere and elevated temperature above 300°C), and
as-prepared NCs are hydro-phobic and cannot be used directly for
biological and other applications, whereas water-soluble NCs are
essential. As compared with the organometallic route, the cheaper,
simpler and less toxic aqueous synthesis approach is an alternative
strategy to directly prepare water-soluble NCs, and the NCs syn-
thesized in aqueous solution are biologically compatible and more
suitable for these biomedical applications. Furthermore, as com-
pared with the other existing techniques (coprecipitation method
[30], hydrothermal method [31], liquid-solid-solution method
[32], microemulsion-hydrothermal synthesis route [33,34], reverse
micelle technique [35], template method [36], etc.), the semicon-
ductor NCs synthesized by aqueous synthetic route have gained
more research interest in recent years due to (i) high photolu-
minescence quantum yield [37], (ii) relatively narrow, symmetric
luminescence bands [38], (iii) the superior tunability of the absorp-
tion over the very-broad spectral range [38], (iv) highly soluble in
aqueous solutions [37], (v) as light emitters, can be compatible with
water and the most-common biological buffers [39], and (vi) stable
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Fig. 1. XRD patterns of (a) undoped ZnSe and (b) Fe:ZnSe NCs.

in solution as well as solid phase [40], thus it can be stored for long
periods.

To the best of our knowledge, literature on the Fe:ZnSe NCs
have been scarcely reported. In present work, highly lumines-
cent and water-soluble Fe:ZnSe NCs were prepared by aqueous
synthesis approach. Surface capping and optical properties of the
Fe:ZnSe semiconductor NCs were predominantly investigated, and
the related physical mechanisms were also discussed.

2. Experimental procedures

Thioglycolic acid (TGA, SHCH,COOH, 99%), selenium powder (Se, 99.9%),
Zn(CH3C00);-2H,0 (99.9%), FeSO4-7H,0 (99.9%), and NaBH,4 (99.0%) were used as
stating materials without further processing. The deionized water with a resistivity
higher than 18 MQ2 cm~! was used in all experiments.

The Fe:ZnSe NCs were synthesized in aqueous solution under different condi-
tions through the incorporation of iron ions into the ZnSe precursor NCs. All reactions
were carried out in oxygen-free water under nitrogen protection. Sodium hydrose-
lenide (NaHSe) was prepared by mixing sodium borohydride and selenium powder
in water. In a typical experiment, 10 mL of freshly prepared NaHSe solution (0.02 M)
was added into another solution containing Zn(CH3C0O),-2H,0 and TGA at a pH
of 11 with vigorous stirring. The amounts of Zn, Se, and TGA introduced were con-
trolled to be 0.198, 0.2, and 0.2574 mmol, respectively, in a total volume of 150 mL.
The resulting mixture was heated to 130°C, and the growth of TGA-capped ZnSe
NCs began immediately. After heating at 130°C for 2h, 0.01-0.2 mL of 0.1M of
FeS04-7H,0 solution (0.001-0.02 mmol) pre-mixed with a slightly larger amount
of TGA was added dropwise to the nanocrystalline ZnSe precursor solution. The as-
prepared NCs were precipitated and washed several times by using 2-propanol, and
then the purified NCs were dried at room temperature in vacuum overnight.

The phase structure of the obtained NCs was identified by using X-ray diffrac-
tion (XRD) (DX-1000, Dandong, China) with Cu Ka radiation. The grain sizes and
morphology of the NCs were observed by transmission electron microscopy (TEM,
JEM-2010, Shimadzu, Japan), where the TEM specimens were prepared by dispers-
ing the NCs in deionized water and then dropping the NCs solution on a carbon
film supported by a copper grid. Fourier-transform-infrared (FT-IR) spectrum of
the NCs was recorded with a FT-IR spectrometer (Nicolet 6700, Thermo Scientific,
USA). UV-Visible (UV-Vis) absorption spectra of the NCs were obtained using an
UV-Visible spectrometer (UV-2100, Shimadzu, Japan). X-ray photoelectron spec-
troscopy (XPS)was carried out by using an X-ray photoelectron spectrometer (XSAM
800, Kratos, UK). The photoluminescence (PL) measurements were performed on a
FL spectrophotometer (F-7000, Hatachi, Japan).

3. Results and discussion

Fig. 1 presents the XRD patterns of as-prepared undoped ZnSe
and Fe:ZnSe NCs. The XRD peaks of all NCs can be indexed as the
cubic zinc blende structure, which is consistent with the values in
the Joint Committee on Powder Diffraction Standards (JCPDS) Card
(File No. 80-0021). Moreover, the XRD patterns are broadened with
three main peaks, which are corresponding tothe(111),(220),and
(311) planes, indicating the nanocrystalline nature of the samples.
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Fig. 2. TEM image of TGA-capped Fe:ZnSe NCs, the inset shows the corresponding
size distribution diagram.

It is of interest to note that the introduction of Fe into ZnSe has
not changed its zinc blende structure. In fact, no diffraction peaks
corresponding to Fe precipitates or Fe-related impurity phase were
detected, which further confirmed the formation of Fe:ZnSe solid
solution instead of Fe precipitation or second phase, indicating that
the Fe has been doped into the crystal lattice of ZnSe. Similar phe-
nomenon was also observed for the Mn-doped CdSe reported by
Oluwafemi et al. [41].

The mean crystallite size (D) was calculated according to the
Scherrer formula [15] of D=kX/B cos 6, where k is a constant (shape
factor, about 0.9), A is the X-ray wavelength (1.5405A, as men-
tioned before), g is the full width at half maximum (FWHM) of
the diffraction line, and 6 is the diffraction angle. Based on the
FWHM of the reflection from (11 1) plane in zinc-blende struc-
ture, the average crystallite size of Fe:ZnSe NCs was estimated to
be ~4.9 nm. It is worth mentioning that the calculated lattice con-
stant (a) of pure ZnSe NCs, is ~0.5617 nm, which is the same as that
from the JCPDS File No. 80-0021, a=0.5618 nm. However, as for
the Fe:ZnSe NCs (a=0.5615), the lattice constant slightly decreases
owing to the substitution of Fe%* for Zn2* because the diameter of
Fe2* (0.072 nm) is smaller than that of Zn2* (0.074nm) [42].

Fig. 2 demonstrates the typical TEM image and the correspond-
ing size distribution diagram (the inset) of TGA-capped Fe:ZnSe
NCs. The result shows that the as-synthesized Fe:ZnSe NCs are rel-
atively uniform and approximately spherical in shape. The mean
diameter is ~5nm, which is in good agreement with the aver-
age particle size obtained using XRD results. The size distribution
diagram further demonstrates the as-prepared Fe:ZnSe NCs have
relatively narrow size distribution.

Fig. 3 displays the FT-IR spectrum of TGA-capped Fe:ZnSe NCs.
The band at 3427 cm~! corresponds to the —-OH stretching [43],
the peak at 1384 cm~" is mainly due to C-OH stretching [43], and
the band around 1623 cm™! arises from the C=0 stretching [43].
Both C-O stretching (1145cm~!) and C-S stretching (619cm™1)
[43] are also detected from the FT-IR spectrum. In addition, no S-H
bond stretching appears at 2568 cm~! [43], which implies that the
sulfhydryl (-SH) has bounded to Zn atoms to form a complex and
the polar carboxylic acid group retains the surface of Fe:ZnSe NCs.
This result indicates that TGA as the stabilizer capped the Fe:ZnSe
NCs successfully.
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Fig. 3. FT-IR spectrum of TGA-capped Fe:ZnSe NCs.

The UV-Vis absorption spectra of pure ZnSe and Fe:ZnSe NCs
are illustrated in Fig. 4. The absorption edge at ~435 nm is assigned
to the characteristic absorption band edge of ZnSe NCs, which is
blue-shifted as compared with the corresponding bulk band gap
(2.69eV)ofZnSe [16] due to quantum confinement effect. However,
the absorption edge for the Fe:ZnSe NCs shows a slightly red shift
with respect to the pure ZnSe NCs. Therefore, the incorporation of
Fe ions in the ZnSe lattice does alter the absorption edge of the NCs
significantly. Kumar and Singh [44] also observed similar red shift
in Cu-doped ZnSe semiconductor quantum dots.

The properties of nanocrystalline materials show deviation from
the corresponding bulk properties when the sizes of the crystal-
lites become comparable to the Bohr excitonic radius. In this case,
we observed the shift attributed to the spatial confinement of
electron-hole pairs. Further, the blue shift of the band gap (AE;)
could also be utilized to determine the crystallite radius (r) using
the effective mass approximation [45], given by:

1.8¢2
4meeqr

2.2
AEg = Eg(r) — Eg(bulk) = 7127”2 (ml + mi) +5(r)
where Eg(r) is the band gap energy of NCs, Eg(bulk)=2.69eV is
the band gap energy of bulk ZnSe [16], m§ and mj, are the effec-
tive masses of the electron and hole in ZnSe (m{ = 0.15myg, m; =
0.66 mg, where mg=9.11 x 10~28 g is the free-electron mass) [15],
respectively; ¢ is the relative dielectric constant of the semicon-
ductor (¢=9.1) [46], &g is the permittivity of vacuum, and r is the
radius of NCs.hi=6.58 x 1016 eV is the reduced Plank constant, and
e=1.6 x 1019 C is the electron charge. The last term S(r), which is
due to the spatial correlation between the electron and the hole, is
generally small compared to the other terms and can be neglected.
The band gap energy of NCs was estimated from the absorption
coefficient data as a function of wavelength using Tauc’s relation
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Fig. 4. UV-Vis absorption spectra of undoped ZnSe and Fe:ZnSe NCs.

[47]: (cchv)!n=A(hv — Eq(r)), where « is the absorption coefficient,
hvis the photon energy, A is a constant, E¢(r) is the band gap energy
of NCs, and n depends on type of transition (n=1/2 for direct band
gap and 2 for indirect band gap). For the Fe:ZnSe NCs sample, the
particle diameter was estimated to be 4.7 nm from effective mass
approximation, which matches well with the XRD results. Bulk Bohr
exciton radius reported by Chin et al. [17] is 3.8 nm for the ZnSe.
Therefore, our sample shows strong quantum confinement effect.

To further characterize the obtained Fe:ZnSe NCs, X-ray pho-
toelectron spectroscopy (XPS) was carried out to investigate the
surface composition and chemical state of Fe:ZnSe NCs, as plotted
in Fig. 5. The detailed scan for Zn 2p spectrum comprises of two
peaks with binding energies at 1022.0eV and 1045.0eV due to Zn
2p3p2 and Zn 2pq; [48], respectively. The detailed scan for Se 3d
spectrum is also shown in Fig. 5, and the binding energy of Se 3d
is 54.8 eV, and the peak is quite broad with full width at half max-
imum (FWHM) ~3.0eV. It should be noted that the characteristic
peak of Fe is not as strong as those of the other elements, which
can be attributed to Fe being doped into the interior of particles.
In addition, the binding energies of 709.2 and 722.9 eV correspond
to the peaks of Fe 2p3j, and Fe 2py, [48], respectively, indicating
that the Fe was successfully doped into the ZnSe NCs. Based on XPS
results, we can deduce that the chemical reactions involved in the
aqueous solution are as follows:

FeSOy +2SHCH,COOH + 2NaOH — CH,SCOOFe |
+SHCH,COOH + Na,SO4 + 2H,0

CH,SCOOFe + SHCH,COOH + 2NaOH — Fe(CH,SCOONa),
+2H,0

4NaBHy4 + 2Se + 7H,0 — 2NaHSe + Na;B407 +14H2T

Fe(CH,SCOONa),

v




R. Xie et al. / Journal of Alloys and Compounds 509 (2011) 3314-3318

ol
A
[=5
IS
=
N
]
=%
[
=
- N
=
&
=
wy
=1
jo3
E
T T T T ¥
1050 1040 1030 1020 1010
Binding Energy (eV)
o Q
] &
& IS
) L]
I
~~
=]
3
z
w
=}
Q
=

T T ¥ T T T T T T T N T T T N
736 730 726 720 715 710 705 700 695
Binding Energy (eV)

3317

Se 3d

Intensity (a.u.)

T . T = T * T T T
60 56 52 48 44
Binding Energy (eV)

Intensity (a.u.)

T T T o
600 400 200 0

Binding Energy (eV)

T T
1000 800

Fig. 5. X-ray photoelectron spectra of Fe:ZnSe NCs.

Fig. 6 exhibits the room-temperature PL spectra of as-prepared
Fe:ZnSe NCs with different Fe-doping concentrations, showing an
emission peak centered at around 425nm under the excitation
of 310 nm. The PL intensity of the NCs shows the maximum and
minimum values when the Fe-doping concentration is 1.0 at% and
10.0 at%, respectively, indicating that the concentration quench-
ing effect appears when the Fe doping concentration is larger than
10.0 at%. Many researchers have found the concentration quench-
ing for the photoluminescence intensity of doped NCs. Cao et al. [49]
observed the maximum luminescence at doping concentration of
3.0at% in ZnS:Mn?* nanoparticles. Klausch et al. [50] reported an
optimal Cu?* concentration of 0.5mol% in ZnS:Cu nanoparticles.
Unni et al. [51] found that the intensity decreases with increase of
doping up to 6 wt%, increases for 6-10 wt% and then decreases and
completely quenches at 15 wt% doping in CdS:Cu?* quantum dots.

The mechanism of the PL process in Fe:ZnSe NCs is more or less
well understood. Fe2* ions occupy Zn2* lattice sites in the ZnSe host
lattice. In the PL process, an electron from the ZnSe valence band is
excited across the band gap and the photo excited electron subse-
quently decays by a normal recombination process to some surface
or defect states. Ata higher Fe concentration, the isolated Fe ion may
locate at the surface or interstitial positions of the crystallites with
the octahedral symmetry, and these do not favor radiative transi-
tions. As the Fe concentration in the doped NCs is more than 1.0 at%,
Fe-Fe dipolar interactions may be predominant in the ZnSe host lat-
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Fig. 6. PLspectra of Fe:ZnSe NCs with different Fe-doping concentrations (a) 0.5 at%,

(b)0.8 at%,(c) 1.0 at%,(d) 3.0 at%, (e) 5.0 at%, (f) 10.0 at%, the inset shows the variation
in PL intensity with Fe-doping concentration.
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tice. The emission intensity changes with different concentrations
of Fe. This happens because not all the Fe2* ions enter in the lat-
tice in a substitutional manner at a higher concentration of Fe, but
as explained above isolated Fe2* ions may locate at the surface or
interstitial positions. Therefore, although the luminescence inten-
sity decreases due to the selenium vacancy, this is not accompanied
by an increase of the Fe concentration.

4. Conclusions

Water-soluble TGA-capped Fe:ZnSe semiconductor NCs with
zinc blende structure were successfully prepared by aqueous
synthesis approach. The absorption edge of the Fe:ZnSe NCs is blue-
shifted as compared with that of bulk ZnSe, indicating the quantum
confinement effect. The PLintensity of the NCs shows the maximum
value when the Fe-doping concentration is 1.0 at%, and the concen-
tration quenching effect appears when the doping concentration is
larger than 10.0 at%. Simple variations of this approach will enable
direct synthesis of the NCs with a variety of compositions and prop-
erties.
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