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a b s t r a c t

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
hemical synthesis
anostructured materials
oping
ptical properties

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 ∼425 nm, 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
larger than 10.0 at%, and the underlying physical mechanisms were discussed.
. Introduction

Colloidal semiconductor nanocrystals (NCs) have currently been
ttracting widespread scientific and technological interest due to
heir unique size-tunable optical and electronic properties as well
s their potential applications in solar cells, light-emitting diodes
LEDs) and bio-labels [1–12], etc. However, the small ensemble
tokes shifts of intrinsic NCs emitters make self-quenching, that is
serious issue if the fluorescent labels must either be kept close to,
r be in, a high absorbance [13]. Recently, a new class of potential
uorescence emitter-doped NCs, which are based on transition-
etal-ion (Mn, Co, Cu, etc.) doped NCs without heavy-metal ions,

an overcome the problems of traditional NCs mentioned above
13,14]. Wide-band-gap II–VI semiconductor NCs have recently
ttracted considerable attention as a new generation of lumines-
ent NCs, such as ZnS and ZnSe doped with transition-metal ions
13–15].

Zinc selenide (ZnSe), as a wide band gap (2.69 eV) group II–VI

emiconductor with large binding energy and a small exciton
ohr radius of 3.8 nm at room temperature [16,17], has some
romising applications in light-emitting diodes (LEDs) [18], pho-
odetectors [19], blue-green lasers [20], and window materials in
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E-mail addresses: r.s.xie@163.com (R. Xie), nic0400@scu.edu.cn (J. Zhu).
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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

ghts reserved.
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Fig. 1. XRD patterns of (a) undoped ZnSe and (b) Fe:ZnSe NCs.

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

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

. Experimental procedures

Thioglycolic acid (TGA, SHCH2COOH, 99%), selenium powder (Se, 99.9%),
n(CH3COO)2·2H2O (99.9%), FeSO4·7H2O (99.9%), and NaBH4 (99.0%) were used as
tating materials without further processing. The deionized water with a resistivity
igher than 18 M� cm−1 was used in all experiments.

The Fe:ZnSe NCs were synthesized in aqueous solution under different condi-
ions through the incorporation of iron ions into the ZnSe precursor NCs. All reactions
ere carried out in oxygen-free water under nitrogen protection. Sodium hydrose-

enide (NaHSe) was prepared by mixing sodium borohydride and selenium powder
n water. In a typical experiment, 10 mL of freshly prepared NaHSe solution (0.02 M)

as added into another solution containing Zn(CH3COO)2·2H2O and TGA at a pH
f 11 with vigorous stirring. The amounts of Zn, Se, and TGA introduced were con-
rolled to be 0.198, 0.2, and 0.2574 mmol, respectively, in a total volume of 150 mL.
he resulting mixture was heated to 130 ◦C, and the growth of TGA-capped ZnSe
Cs began immediately. After heating at 130 ◦C for 2 h, 0.01–0.2 mL of 0.1 M of
eSO4·7H2O solution (0.001–0.02 mmol) pre-mixed with a slightly larger amount
f TGA was added dropwise to the nanocrystalline ZnSe precursor solution. The as-
repared NCs were precipitated and washed several times by using 2-propanol, and
hen 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-
ion (XRD) (DX-1000, Dandong, China) with Cu K� radiation. The grain sizes and

orphology of the NCs were observed by transmission electron microscopy (TEM,
EM-2010, Shimadzu, Japan), where the TEM specimens were prepared by dispers-
ng the NCs in deionized water and then dropping the NCs solution on a carbon
lm supported by a copper grid. Fourier-transform-infrared (FT-IR) spectrum of
he NCs was recorded with a FT-IR spectrometer (Nicolet 6700, Thermo Scientific,
SA). UV–Visible (UV–Vis) absorption spectra of the NCs were obtained using an
V–Visible spectrometer (UV-2100, Shimadzu, Japan). X-ray photoelectron spec-

roscopy (XPS) was carried out by using an X-ray photoelectron spectrometer (XSAM
00, Kratos, UK). The photoluminescence (PL) measurements were performed on a
L spectrophotometer (F-7000, Hatachi, Japan).

. Results and discussion

Fig. 1 presents the XRD patterns of as-prepared undoped ZnSe
nd Fe:ZnSe NCs. The XRD peaks of all NCs can be indexed as the

ubic zinc blende structure, which is consistent with the values in
he Joint Committee on Powder Diffraction Standards (JCPDS) Card
File No. 80-0021). Moreover, the XRD patterns are broadened with
hree main peaks, which are corresponding to the (1 1 1), (2 2 0), and
3 1 1) planes, indicating the nanocrystalline nature of the samples.
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 = k�/ˇ cos �, where k is a constant (shape
factor, about 0.9), � is the X-ray wavelength (1.5405 Å, as men-
tioned before), ˇ is the full width at half maximum (FWHM) of
the diffraction line, and � is the diffraction angle. Based on the
FWHM of the reflection from (1 1 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 Fe2+ for Zn2+ because the diameter of
Fe2+ (0.072 nm) is smaller than that of Zn2+ (0.074 nm) [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 ∼5 nm, 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−1 corresponds to the –OH stretching [43],
the peak at 1384 cm−1 is mainly due to C–OH stretching [43], and
the band around 1623 cm−1 arises from the C O stretching [43].
Both C–O stretching (1145 cm−1) and C–S stretching (619 cm−1)
[43] are also detected from the FT-IR spectrum. In addition, no S–H

−1
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
re illustrated in Fig. 4. The absorption edge at ∼435 nm is assigned
o the characteristic absorption band edge of ZnSe NCs, which is
lue-shifted as compared with the corresponding bulk band gap
2.69 eV) of ZnSe [16] due to quantum confinement effect. However,
he absorption edge for the Fe:ZnSe NCs shows a slightly red shift
ith respect to the pure ZnSe NCs. Therefore, the incorporation of

e ions in the ZnSe lattice does alter the absorption edge of the NCs
ignificantly. Kumar and Singh [44] also observed similar red shift
n Cu-doped ZnSe semiconductor quantum dots.

The properties of nanocrystalline materials show deviation from
he corresponding bulk properties when the sizes of the crystal-
ites become comparable to the Bohr excitonic radius. In this case,

e observed the shift attributed to the spatial confinement of
lectron–hole pairs. Further, the blue shift of the band gap (�Eg)
ould also be utilized to determine the crystallite radius (r) using
he effective mass approximation [45], given by:

Eg = Eg(r) − Eg(bulk) = h̄2�2

2r2

(
1

m∗ + 1
m∗

)
− 1.8e2

4�εε0r
+ S(r)

here Eg(r) is the band gap energy of NCs, Eg(bulk) = 2.69 eV is
he band gap energy of bulk ZnSe [16], m∗

e and m∗
h

are the effec-
ive masses of the electron and hole in ZnSe (m∗

e = 0.15 m0, m∗
h

=
.66 m0, where m0 = 9.11 × 10−28 g is the free-electron mass) [15],
espectively; ε is the relative dielectric constant of the semicon-
uctor (ε = 9.1) [46], ε0 is the permittivity of vacuum, and r is the
adius of NCs. h̄ = 6.58 × 10−16 eV is the reduced Plank constant, and
= 1.6 × 10−19 C is the electron charge. The last term S(r), which is

ue to the spatial correlation between the electron and the hole, is
enerally small compared to the other terms and can be neglected.
he band gap energy of NCs was estimated from the absorption
oefficient data as a function of wavelength using Tauc’s relation
Fig. 4. UV–Vis absorption spectra of undoped ZnSe and Fe:ZnSe NCs.

[47]: (˛h�)1/n = A(h� − Eg(r)), where ˛ is the absorption coefficient,
h� is the photon energy, A is a constant, Eg(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 1022.0 eV and 1045.0 eV due to Zn
2p3/2 and Zn 2p1/2 [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) ∼3.0 eV. 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 2p3/2 and Fe 2p1/2 [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:

FeSO4 + 2SHCH2COOH + 2NaOH → CH2SCOOFe ↓
+ SHCH2COOH + Na2SO4 + 2H2O

CH2SCOOFe + SHCH2COOH + 2NaOH → Fe(CH2SCOONa)2

+ 2H2O

4NaBH4 + 2Se + 7H2O → 2NaHSe + Na2B4O7 + 14H2↑
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Fig. 5. X-ray photoelec

Fig. 6 exhibits the room-temperature PL spectra of as-prepared
e:ZnSe NCs with different Fe-doping concentrations, showing an
mission peak centered at around 425 nm under the excitation
f 310 nm. The PL intensity of the NCs shows the maximum and
inimum values when the Fe-doping concentration is 1.0 at% and

0.0 at%, respectively, indicating that the concentration quench-
ng effect appears when the Fe doping concentration is larger than
0.0 at%. Many researchers have found the concentration quench-

ng for the photoluminescence intensity of doped NCs. Cao et al. [49]
bserved the maximum luminescence at doping concentration of
.0 at% in ZnS:Mn2+ nanoparticles. Klausch et al. [50] reported an
ptimal Cu2+ concentration of 0.5 mol% in ZnS:Cu nanoparticles.
nni et al. [51] found that the intensity decreases with increase of
oping up to 6 wt%, increases for 6–10 wt% and then decreases and
ompletely quenches at 15 wt% doping in CdS:Cu2+ quantum dots.

The mechanism of the PL process in Fe:ZnSe NCs is more or less
ell understood. Fe2+ ions occupy Zn2+ lattice sites in the ZnSe host

attice. In the PL process, an electron from the ZnSe valence band is
xcited across the band gap and the photo excited electron subse-
uently decays by a normal recombination process to some surface

r defect states. At a higher Fe concentration, the isolated Fe ion may
ocate at the surface or interstitial positions of the crystallites with
he octahedral symmetry, and these do not favor radiative transi-
ions. As the Fe concentration in the doped NCs is more than 1.0 at%,
e–Fe dipolar interactions may be predominant in the ZnSe host lat-

Fig. 6. PL spectra 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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ice. The emission intensity changes with different concentrations
f Fe. This happens because not all the Fe2+ ions enter in the lat-
ice in a substitutional manner at a higher concentration of Fe, but
s explained above isolated Fe2+ ions may locate at the surface or
nterstitial positions. Therefore, although the luminescence inten-
ity decreases due to the selenium vacancy, this is not accompanied
y an increase of the Fe concentration.

. Conclusions

Water-soluble TGA-capped Fe:ZnSe semiconductor NCs with
inc blende structure were successfully prepared by aqueous
ynthesis approach. The absorption edge of the Fe:ZnSe NCs is blue-
hifted as compared with that of bulk ZnSe, indicating the quantum
onfinement effect. The PL intensity of the NCs shows the maximum
alue when the Fe-doping concentration is 1.0 at%, and the concen-
ration quenching effect appears when the doping concentration is
arger than 10.0 at%. Simple variations of this approach will enable
irect synthesis of the NCs with a variety of compositions and prop-
rties.
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