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Abstract: Spin-related emission properties have important applications in the future information
technology; however, they involve microscopic ferromagnetic coupling, antiferromagnetic or
ferrimagnetic coupling between transition metal ions and excitons, or d state coupling with
phonons is not well understood in these diluted magnetic semiconductors (DMS). Fe3+ doped
ZnSe nanoribbons, as a DMS example, have been successfully prepared by a thermal evaporation
method. Their power-dependent micro-photoluminescence (PL) spectra and temperature-dependent
PL spectra of a single ZnSe:Fe nanoribbon have been obtained and demonstrated that alio-valence
ion doping diminishes the exciton magnetic polaron (EMP) effect by introducing exceeded charges.
The d-d transition emission peaks of Fe3+ assigned to the 4T2 (G)→ 6A1 (S) transition at 553 nm and
4T1 (G)→ 6A1 (S) transition at 630 nm in the ZnSe lattice have been observed. The emission lifetimes
and their temperature dependences have been obtained, which reflected different spin–phonon
interactions. There exists a sharp decrease of PL lifetime at about 60 K, which hints at a magnetic
phase transition. These spin–spin and spin–phonon interaction related PL phenomena are applicable
in the future spin-related photonic nanodevices.

Keywords: spin–spin coupling; micro-photoluminescence; alio-valence doping; diluted magnetic
semiconductor

1. Introduction

Information technology has advanced quickly to quantum-based units, which are usually realized
in nanosized structures and are small in size, high in speed and consume less energy. In these
nanostructures, electrons with more quantum characters except charges could be exploited and
modulated to present specific properties with higher efficiency. For example, spin-related carriers and
excitons in magnetic semiconductors are the typical excitations with the potential to be applied in
future devices and have attracted much attention.

The ZnSe nanostructure is a type of important II–VI group semiconductor with a bandgap of
about 2.7 eV at room temperature exhibiting excellent luminescence properties [1–4]. Since the 1990s,
the investigations on the properties of ZnSe nanostructures, including optics, magnetism and transport
properties, have been done well in many groups [5,6]. Specifically, transition metal ion doped ZnSe
nano-materials, as a diluted magnetic semiconductor (DMS), have significant potential in optics and
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magnetic physics [7–9], and have been received much attention. Vlaskin et al. studied the tunable
dual emission based on Mn doped ZnSe nanocrystals [10]. Wang et al. proposed that the interface
between MnSe dopant and ZnSe host could be used for manipulating irradiative defects with a
controllable manner [11]. In addition, the magnetic and luminescent properties of Fe doped ZnSe were
also investigated by Kulyuk et al. [12]. The excellent emission properties of ZnSe nanostructures are
potentially applicable for the lasing, lighting, and other optoelectronic devices [2,13–15].

The luminescence properties of transition metal doped semiconductor were influenced not only
by the exciton recombination process but also spin-related interactions [16,17]. Researchers have found
that the exchange interaction between transition metal ions in diluted magnetic semiconductors can
modify their band-edge emission and d-d transition emission [18,19]. Kamran et al. reported that
tunable emissions within the band gap is due to ferromagnetic coupling Mn(II) aggregates in Mn-doped
CdS nanowires [20]. Norris et al. reported Mn doped ZnSe nanocrystals demonstrating large Zeeman
splitting by magnetic circular dichroism [7]. Heitz et al. studied the Fe3+ doped ZnO crystal by
means of emission, excitation, and magneto-optical spectroscopy, and showed that the d-d transition of
isolated Fe3+ ions on Zn2+ lattice sites [21]. Traditionally, spin-related micro-photoluminescence study
on DMS has significance for spin-related devices, bosonic laser and other spintronics applications,
while alio-valence ions doped semiconductor compared with iso-valence ions show different optics
and spin-related electrical properties.

In Fe3+ doped ZnSe nanoribbons, trivalent Fe ion substitutes for the divalent Zn ion site,
which has a d5 configuration that is the same as the d configuration of Mn2+. In the cubic crystal
field, the ground state 6S is labeled as 6A1 due to its spherically symmetric and non-degenerate
characteristics, whereas the lowest excited state 4G splits into four levels, labeled as 4T1, 4T2, 4E and
4A1 [22]. Mainly, the unpaired redundant electrons in Fe3+ can impact the emission and spin-related
properties in Fe doped ZnSe nanostructures [23]. In this paper, we have prepared high quality
Fe3+ doped ZnSe nanoribbons and studied the temperature and power dependent emissions by
micro-photoluminescence spectra and lifetime measurements, in which the spin–exciton interaction,
spin–spin interaction and exciton–phonon coupling have been identified.

2. Experimental Section

Fe doped ZnSe nanoribbons were synthesized by the chemical vapor deposition (CVD) method
with Au used as the catalyst. In addition, 0.8 g mixture of ZnSe (Alfa Aesar, Haver Hill, MA, USA,
99.99% purity) and Fe2O3 (Aladdin, 99.9%, Shanghai, China) powders, with a mass ratio of 20:1, were
loaded in ceramic boat and inserted into the central region of the quartz tube mounted in the tube
furnace. The cleaned mica pieces coated with about 10 nm thick Au layer were placed downstream
of the quartz tube at a distance of 10 cm away from precursor. The high purity mixed gas with
10% hydrogen and 90% argon flowed through the quartz tube for one hour in order to purify the
growth environment of nanoribbons. Then, the precursor was heated to 1150 ◦C for 90 min. After the
reaction finished, the furnace was allowed to cool down to room temperature. Yellow colored Fe doped
ZnSe nanoribbons were obtained on mica pieces.

The structural morphology and elemental composition of Fe doped ZnSe nanoribbons were
characterized by scanning electron microscopy (SEM, Zeiss SUPRA 55, Carl Zeiss, Jena, Germany)
equipped with energy dispersive spectroscopy (EDS) (Carl Zeiss, Jena, Germany). The phase purity of
Fe doped ZnSe nanoribbons was measured by XRD with a Bruker D8-advance X-ray diffractometer
(Bruker, Karlsruhe, Germany), using a Cu Kα radiation source (wavelength at 1.5418 Å). The 2θ range
is from 20◦ to 70◦ with a step of 0.02◦ and a count time of 2 s. The micro-Raman and photoluminescence
(PL) spectra at room temperature were carried out by a laser cofocal photoluminescence microscope
system (Acton SP2500, Olympus BX51M, Princeton Instruments, Trenton, NJ, USA) with continuous
wave (CW) laser 532 nm and 405 nm as the excitation sources, respectively. Temperature-dependent PL
spectra and PL lifetime measurements (5–300 K) were carried out using a liquid-helium-cooled crystal
and a frequency-doubled Ti:Sapphire mode locked femtosecond pulsed laser (Mira 900, Coherent,
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Santa Clara, CA, USA) with emission wavelength of 405 nm as the excitation source. The duration of
the laser pulse is 130 fs and the repetition rate is 76 MHz. PL lifetime decay profiles were recorded by
a time correlated single photon counting system (PicoHarp 300, PicoQuant, Berlin, Germany).

3. Results and Discussion

The morphology of as-synthesized Fe doped ZnSe nanoribbons is shown in Figure 1a.
The nanoribbons are obtained in a large yield with a length of about 100–200 µm and a width of
about 10 µm. Figure 1b shows an SEM image of an individual Fe doped ZnSe nanoribbon. Noticeably,
the surface of the nanoribbon is clean and smooth. To confirm their elemental composition, EDS and
EDS elemental mapping have been carried out. Figure 1c,d confirm the presence of three elements—Zn,
Se, and Fe—illustrating that Fe ions are successfully doped into ZnSe nanoribbon relatively uniformly
with an Fe atomic percent of about 0.68%.
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Figure 1. (a) Scanning electron microscopy (SEM) image of as-prepared Fe doped ZnSe nanoribbons;
(b) SEM image of an individual Fe doped ZnSe nanoribbon; (c) Energy dispersive spectroscopy (EDS)
elemental mapping of detecting three elements Zn, Se, and Fe, respectively; and the (d) EDS profile of
a point of Fe doped ZnSe nanoribbon of (c). The inset is elemental content of the three elements of Fe
doped ZnSe nanoribbon.

Figure 2 shows an XRD pattern and micro-Raman spectrum of Fe doped ZnSe nanoribbons.
The red curve in Figure 2a is an XRD pattern of as-synthesized Fe doped ZnSe nanoribbons, in which
all of the diffraction peaks are in good agreement with standard values as listed in the Joint Committee
on Powder Diffraction Standards (JCPDS) card of No. 37-1463 shown by the black line of Figure 2a.
Specifically, the peak at 38◦ is attributed to the diffraction peak of wurtzite ZnSe, which might come
from some ZnSe particles on the themica substrate. The strong diffraction peaks of the XRD pattern
illustrate that the synthesized ZnSe nanoribbons are a zinc-blend structure and grow alone in the
(111) crystal faces. Low concentration of Fe content leads to no other impurity or the secondary
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phase, as shown in the inset of Figures 1d and 2a. Figure 2b shows the micro-Raman spectrum of an
individual Fe doped ZnSe nanoribbon at room temperature measured by CW 532 nm laser exciting.
The peaks at 143, 207, and 254 cm−1 correspond to the zinc-blend ZnSe two transverse acoustic (2TA)
phonon modes [24], transverse optical (TO) phonon modes, and longitudinal optical (LO) phonon
modes [25], respectively. The peak at 308 cm−1 is assigned to the superposition of LO and TA phonon
modes, which is related to the defect state in the ZnSe lattice [26]. The strong and sharp peaks in the
Raman spectrum demonstrate the crystalline nature of Fe doped ZnSe nanoribbons well.
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Figure 2. (a) X-ray diffractometer (XRD) pattern of as-prepared Fe doped ZnSe nanoribbons.
The corresponding Miller indexes are labeled at the top of the diffraction peaks. The red line 1
is the experimental results of the Fe doped ZnSe nanoribbon, and the black line 2 is the Joint Committee
on Powder Diffraction Standards (JCPDS) card of No. 37-1463 of pure ZnSe material; and (b) the
micro-Raman spectrum of an individual Fe doped ZnSe nanoribbon with a continuous wave (CW)
532 nm laser as the excited source at room temperature.

In order to study the elementary excitations of Fe doped ZnSe nanoribbon, excited power-dependent
PL spectra for one nanoribbon have been measured. Figure 3a shows its PL spectrum and optical
morphology image of the nanoribbon in a dark field by 405 nm laser exciting. When a laser excites the
nanoribbon, their endpoints emit yellow light, demonstrating that it has excellent optical waveguide
properties, as shown in the inset of Figure 3a. In its PL spectrum, there are three emission peaks at
467, 553 and 630 nm, respectively. The first emission peak at 467 nm is assigned to near band-edge
exciton emissions, whose nature needs further identification for the bandgap of pure ZnSe material
is at about 2.7 eV (460 nm) at room temperature [27]. The second (D1) and third (D2) emission peak
at 553 and 630 nm are related to Fe3+ d-d transition, which will be discussed later. Figure 3b shows
power-dependent PL spectra from 3 to 15 mW, in which the emission peak of near band edge shifts
to long wavelengths with excited power increasing. To study the origin and the redshift of near
band-edge emission, the emission fitting curves have been obtained, as shown in Figure 3c. The black
curve is the experimental line measured at P = 15 mW, which can be fitted by three Gaussian functions,
denoted as GFC1 (473 nm), GFC2 (485 nm), and GFC3 (492 nm), respectively. The peak GFC1 originates
from the bound exciton (BX) instead of the free exciton (FX) because it has lower energy than free
excitons, and it can be confirmed later. The peak GFC3 should be attributed to the electron hole plasma
(EHP) recombination emission, which has large full widths at half maximum (FWHM) and lower
energy emission. At high power, higher carrier density is generated, which enhances carrier exchange
interaction and leads to the band-gap renormalization of the nanoribbon [28], that is, it forms EHP
recombination emission at high excited power and results in a red-shift of the emission peak [29].
This phenomenon is related to the photoheating by a CW laser. The GFC2 should be assigned to the
emission of exciton magnetic polaron (EMP) due to the existence of ferromagnetic coupled Fe(III)
cluster. At low excited power, the EMP emission in alio-valence ion doping ZnSe is not present, as
shown in Figure 3b. The main elementary excitation of the near band-edge emission is bound excitons,
and the EMP emission might be minor and merge with BX, so that EMP cannot be distinguished
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clearly. EMP can be enhanced at high excitation power due to larger binding energy, so a shoulder
shows up at the long wavelength side of the near band-edge emission band (BX) at increasing powers.
With further increasing power, a part of BX may dissociate into electron and hole to lead e-h plasma
emission at around 493 nm due to excess charge effect of Fe3+, while EMP emission become significant
in nanoribbons, as marked by the red arrow in Figure 3b. In addition, the energy span of GFC1 and
GFC2 is 64 meV, which is larger than the energy of LO phonons, which eliminates the possibility of LO
phonon replicas [3]. Previous works studied the formation and emission of EMP in transition metal ion
doped II–VI semiconductor belts, which demonstrates EMP emission at the long wavelength side of
FX. For example, Zou et al. researched the EMP behavior in Co doped CdS nanowires [30] and Liu et al.
reported Mn doped ZnSe nanowires [31]. Thus, the GFC2 could be assigned to the EMP emission.
With increasing powers, the FWHM of near band-edge emission band BX increases super-linearly,
as shown with the red curve of Figure 3d, which is often related to the giant spin splitting of exciton
states in TM doped semiconductors [32]. Moreover, their intensity increases linearly, as shown with
the black line in Figure 3d, which confirms that it is TM ion dopant related BX and not only EMP
that dominate the luminescence. The previous exciton state is related to the spin of a single TM ion
dopant to couple with FX in the TM doped semiconductor, while EMP was the FX coupling with a
multi-spin ferromagnetic coupled cluster in DMS. In both systems, the phonon scatterings are very
involved in their relaxations. Then, some EHP recombination emissions become significant at high
excitation power [33]. Due to the narrow measuring range, the intensity of the BX emission has not yet
reached saturation, which also indicates a dominant component of BX in the near band-edge emission
but not carriers.

Appl. Sci. 2017, 7, 39  5 of 10 

polaron (EMP) due to the existence of ferromagnetic coupled Fe(III) cluster. At low excited power, 

the EMP emission in alio-valence ion doping ZnSe is not present, as shown in Figure 3b. The main 

elementary excitation of the near band-edge emission is bound excitons, and the EMP emission 

might be minor and merge with BX, so that EMP cannot be distinguished clearly. EMP can be 

enhanced at high excitation power due to larger binding energy, so a shoulder shows up at the long 

wavelength side of the near band-edge emission band (BX) at increasing powers. With further 

increasing power, a part of BX may dissociate into electron and hole to lead e-h plasma emission at 

around 493 nm due to excess charge effect of Fe3+, while EMP emission become significant in 

nanoribbons, as marked by the red arrow in Figure 3b. In addition, the energy span of GFC1 and 

GFC2 is 64 meV, which is larger than the energy of LO phonons, which eliminates the possibility of 

LO phonon replicas [3]. Previous works studied the formation and emission of EMP in transition 

metal ion doped II–VI semiconductor belts, which demonstrates EMP emission at the long 

wavelength side of FX. For example, Zou et al. researched the EMP behavior in Co doped CdS 

nanowires [30] and Liu et al. reported Mn doped ZnSe nanowires [31]. Thus, the GFC2 could be 

assigned to the EMP emission. With increasing powers, the FWHM of near band-edge emission 

band BX increases super-linearly, as shown with the red curve of Figure 3d, which is often related to 

the giant spin splitting of exciton states in TM doped semiconductors [32]. Moreover, their intensity 

increases linearly, as shown with the black line in Figure 3d, which confirms that it is TM ion dopant 

related BX and not only EMP that dominate the luminescence. The previous exciton state is related 

to the spin of a single TM ion dopant to couple with FX in the TM doped semiconductor, while EMP 

was the FX coupling with a multi-spin ferromagnetic coupled cluster in DMS. In both systems, the 

phonon scatterings are very involved in their relaxations. Then, some EHP recombination emissions 

become significant at high excitation power [33]. Due to the narrow measuring range, the intensity of 

the BX emission has not yet reached saturation, which also indicates a dominant component of BX in 

the near band-edge emission but not carriers. 

 

Figure 3. (a) The photoluminescence (PL) spectrum of an individual Fe doped ZnSe nanoribbon with 

a 405 nm laser at excitation power P = 3 mW. The inset in the top right corner is the PL image of the 

nanoribbon in the dark field observation; (b) the power-dependent PL spectra of an individual Fe 

Figure 3. (a) The photoluminescence (PL) spectrum of an individual Fe doped ZnSe nanoribbon with
a 405 nm laser at excitation power P = 3 mW. The inset in the top right corner is the PL image of the
nanoribbon in the dark field observation; (b) the power-dependent PL spectra of an individual Fe
doped ZnSe nanoribbon at room temperature. The black arrow represents the increasing direction of
excitation power; (c) fitting result of near band-edge emission band by Gaussian functions at excitation
power P = 15 mW. The black curve 1 is experimental data; the blue 3, green 4 and brown 5 represent
three fitting lines of Gaussian function curve (GFC)1, GFC2, and GFC3, respectively; and the red
line 2 is the superposition of the three above GFCs; (d) Full widths at half maximum (FWHM) of near
band-edge emission band changing with excitation power (filled square, red). Plot of intensity (I)
versus excitation power (P) for near band edge (filled circles, black, 467 nm), D1 (filled triangles, blue,
553 nm), and D2 (filled pentagons, green, 630 nm) emission peaks.
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The emission band D1 at 553 nm may be attributed to the internal 4T2 (G)→ 6A1 (S) d-d transition
of Fe3+ doped ZnSe, and the third band D2 may be related to the 4T1 (G)→ 6A1 (S) of single Fe3+.
Furthermore, Begum et al. have studied absorption spectrum of Fe3+ doped ZnSe nanoparticles,
confirming the position of absorption peaks of 6A1 (S)→ 4T2 (G) and 6A1 (S)→ 4T1 (G) at 518 nm and
610 nm, respectively [23]. It is well known that free Fe3+ as Mn2+ has d5 configuration with parallel
aligned spins (↑↑↑↑↑) in its ground state S according to Hund’s rule. If d-d transition can happen,
it needs to flip at least one d spin to form the first excited state G (↑↑↑↑↓). In a Fe3+ doped ZnSe
nanoribbon, the strong exchange interactions (p-d) between the extended p-band electrons of Se and
the localized d electrons of Fe are responsible for the change of the forbidden transition (d-d transition),
which also existed in FeSe-based superconductors [34]. Therefore, the D1 and D2 emission peaks are
assigned to Fe3+ d-d transition. The emission of 6A1 (S)→ 4T1 (G) is the lowest d-d transition, while
6A1 (S) → 4T2 (G) is the high-level transition. Usually, the lowest transition can only be detected.
In fact, however, D2 is weaker than D1 in the intensity. Moreover, both of their energies shift to
the low energy side (518 to 530 nm, and 610 to 630 nm), which clearly indicates that there is p-d
hybridization inside. Another effect is the ferromagnetic coupling between neighboring Fe ions if Fe
concentration is increased, which leads to a long-lifetime high d level and clear high level d-d transition.
This phenomenon is often called “intra-shell emission” [30], as the strong emission at 553 nm.

It is easy to think that the emission peaks of D1 and D2 are related to structural defects of ZnSe
nanoribbons. Many works reported the defect-related emissions between 500 and 700 nm, such as
point defect Zn vacancies, Zn interstitials, and structure defects dislocations, stacking faults and
so on [35–37]. In the PL spectrum of Fe3+ doped ZnSe nanoribbon, the narrow FWHM of D1 and
D2 and the sharp near band-edge emission have eliminated the possibility of point defects for the
latter often strongly relax the FX emission. The emission of structural defects is dependent on the
change of temperatures. With this idea, temperature-dependent PL spectra are shown in Figure 4a.
Figure 3d reveals that the intensities of the three emission peaks increase by increasing powers and
the intensity of near band-edge emission increases faster than the emissions of D1 and D2 at the same
time, indicating a clear character of a low defect lattice.
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Figure 4. (a) temperature-dependent PL spectra of an individual Fe doped ZnSe nanoribbon from 5 to
300 K with 405 nm laser excitation; (b) the variation curves of intensity (I) (filled circles, filled triangles,
and filled pentagons) and energy (E) (filled square) of emission peaks as a function of temperatures (T).
The filled square shows the relationship between energy and temperature of near band edge and the
filled circles, triangles, and pentagons curves correspond to intensity versus temperature of near band
edge, D1 (filled triangles, 553 nm), and D2 (filled pentagons, 630 nm) emission peaks, respectively.

In Figure 4a, the near band-edge emission peak shifts from 450 nm (2.76 eV) to 463 nm (2.68 eV)
with temperature increasing from 5 to 300 K, without peak splitting at low temperature. In Fe3+ ion
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doped ZnSe nanoribbons, Fe3+ ion substitutes for the Zn2+ site and introduces excess charges in ZnSe
nanoribbons, resulting in the dominant BX and evanishing of EMP emission. Generally, the position
of d-d transition emission of TM ions in a crystal does not shift with temperature changing, while
they change with temperature in Fe3+ doped ZnSe nanostructure. This is because a high valence state
Fe ion in a ZnSe lattice induces greater p-d hybridization, and introduces more phonon scattering
effect. It then modifies the energy of D1 and D2 d-d emissions, as shown in Figure 4b. For heavy
deep trap defects, this shift also scarcely happens. Hence, this phenomenon also demonstrates a
difference from defect-related emission behavior [36]. The variation profiles of the emissions with
temperatures increasing are plotted in Figure 4b. The energy variation trend of near band-edge
emission with temperature is consistent with the Varshni function [38], as shown by the red line of
Figure 4b. With increasing temperature, the intensities of near band-edge emission (black curve),
D1 (blue curve), and D2 (green curve) emission decrease, which is due to the increasing of phonon
scattering at high temperature and energy loss by thermal quenching [39]. The fast intensity reduction
of near band-edge emission occurs because an exciton couples with an acoustic phonon and forms a
bound exciton, which means that some Fe ions may be at the interstitial location. Interestingly, the
intensity of the D1 emission peak increases firstly at low temperature (T < 50 K) and then starts to
decrease with temperature increasing (T > 50 K). In the low temperature range, there is a thermal
barrier or tunneling process that happens between the BX and the D1 state, which may be the valley
potential well by Fe ions. There is another possibility coming from a ferromagnetic phase transition
near 50 K, which needs further verification.

In order to study the dynamic process of BX in Fe(III) doped ZnSe nanoribbon, PL lifetime
measurements have been carried out. Figure 5a shows temperature-dependent normalized PL
lifetimes of near band-edge emission of an individual Fe doped ZnSe nanoribbon from 5 to 300 K.
The lifetime of near band-edge emission decreases with increasing temperatures when the temperature
is lower than 60 K, and then has a fluctuation at a little range when the temperature is beyond
60 K. The temperature-dependent PL lifetimes fitted by a single exponential function were plotted in
Figure 5b. The inset of Figure 5b shows the fitted results of PL lifetimes at 300 K. With the temperature
increasing, the lifetime decreases from 1.1 to 0.67 ns, which is mostly due to the strong coupling
between exciton and acoustic phonons. In particular, the lifetime has a sharp reduction when the
temperature lowers than 60 K, which is different from that previously reported [40]. The magnetic
phase transition in Fe doped ZnSe nanoribbon may be one cause.Appl. Sci. 2017, 7, 39  8 of 10 
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4. Conclusions

In summary, we synthesized high quality Fe3+ doped ZnSe nanoribbons by the CVD method,
which is confirmed by SEM images, XRD patterns, micro-Raman spectrum and PL spectra.
Micro-photoluminescence spectra of an individual Fe3+ doped ZnSe nanoribbon have been measured,
which show three emission peaks: near bandedge emission peak at 467 nm and two Fe3+ d-d transition
emission peaks at 553 nm (D1) and 630 nm (D2), respectively. The power-dependent PL spectra
demonstrate that bound exciton emission in near band edge is dominated at low excited power,
while it shows that EMP and EHP component emission characteristics with excited power increasing.
The emission peak at 553 nm is assigned to 4T2 (G)→ 6A1 (S) d-d transition and the peak at 630 nm to
4T1 (G)→ 6A1 (S) of Fe3+, in which p-d hybridization plays an important role in the transition. Excited
power-dependent PL spectra show that alio-valent doping has a great impact on the formation and
emission of EMP in a diluted magnetic semiconductor. Temperature-dependent PL spectra further
confirm the conclusions. Temperature-dependent lifetime measurements clarify the exciton and
phonon interaction and show a break point in the curve of lifetime versus temperature, which may be
related to a magnetic phase transition.
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