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Abstract: We report temperature dependent time-resolved photoluminescence studies of Fe3+ in
ZnSe polycrystals over 10–300K temperature ranges fabricated by the post growth thermal diffu-
sion technique. The d-d transitions of Fe3+ assigned to the 4T2(G)→6A1(S) and 4T1(G)→6A1(S)
transitions are clearly identified at 528 and 627 nm, respectively, at 10K. The observed emission
peaks in the near bandgap region are red-shifted from 439 to 463 nm as the temperature increases,
resulting in a temperature coefficient of 10.21×10−4 eV/K and Debye temperature= 336K fitted
by the Varshni equation. The radiative lifetime at 528 nm by time-resolved photoluminescence is
evaluated as τrad = 774± 4 ps, activation energy (∆Ea)= 717.2 cm−1, and relaxation time rate
(1/W0)= 3.1 ps.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Transition metals (TMs) doped wide bandgap II–VI semiconductor materials (ZnSe, ZnSe,
ZnTe, etc.) are of particular interest owing to their electrical and optical properties [1–5].
Recently, various types of TMs or rare-earth ions doped ZnSe (bulk and nanostructures) have
been characterized extensively to enhance their efficiency for laser and solar cell applications
[6–8]. Intensive studies on nano-sized zinc chalcogenides doped with TMs (such as Cu and Mn)
in the view of their potential for optoelectronic devices have been widely conducted in the visible
spectral ranges. For dopant ions like Cu2+ in ZnSe, the characteristic near band edge emission
shifts from 380 to 430 nm while a longer visible emission band is revealed from 400 to 500 nm
depending on the particle sizes [9–11]. For Mn2+ ions [12–14], the emission band has been found
near 560 nm (4T1→

6A1) and 600–640 nm (assigned to a self-activated luminescence). These
TM doped nanoparticles exhibit high efficiency and high-temperature stability, as well as long
photoluminescence lifetimes. Likewise, for bulk crystals, the development of TM-doped II–VI
chalcogenides has been well demonstrated by various fabrication techniques, such as hot isostatic
pressing (HIP) [15], chemical vapor deposition (CVD) [16], physical vapor transport (PVT)
[17,18], and post-growth thermal diffusion [3,4,19]. However, the presence of TMs and possible
energy transfer between different charge states in both nanoparticles and bulk crystals still give
rise to difficulties in controlling the optical properties (ultimately decreasing the luminescence
efficiency). In the ZnSe polycrystals, the divalent TM ions (for example, Fe2+ or Cr2+) prefer to
substitute into the tetrahedrally coordinated Zn2+ site leading to the middle infrared emission.
However, these TM ions are typically known as deactivators of visible luminescence [20,21].
A deep impurity level of TM ions may act as a carrier trapping in the band gap leading the
stable charge state of Fe in ZnSe to the Fe2+. Concurrently, although many studies on trivalent
iron ions in II–VI materials focused on understanding the controversial origin of mechanisms,
tremendous efforts have also been devoted to the explanation. For instance, for the trivalent TM
ions in zinc chalcogenide crystals, the single positive charge state Fe3+ and the associated charge
transfer processes in the ZnS lattice have been studied through electron spin resonance (ESR)
measurement [22].
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This study, to the best of our knowledge, is the first time an analysis of the spectroscopic
characteristics of Fe3+ ions in bulk ZnSe polycrystals is demonstrated. Although an extensive study
was conducted on bulk Fe:ZnSe in the visible spectral ranges, the existence or optical properties
of Fe3+ ions in ZnSe polycrystals were not clearly reported. Therefore, we report a comprehensive
investigation of the trivalent iron cation in ZnSe polycrystal using the temperature dependence of
photoluminescence (PL) and time-resolved photoluminescence (TRPL) experiments.

2. Materials and methods

The iron thin films on a host crystal, ZnSe (10×10×3 mm3), were deposited by electron-beam
evaporation of high-purity (99.9%) Fe pellets. Prior to the deposition of the iron thin film, the
ZnSe polycrystals were cleaned with 9.5% hydrochloric acid, 5% KOH, acetone, and methanol
solutions for the removal of a possible oxide layer, and then washed with distilled water. The iron
thin film deposited ZnSe host crystals were then annealed in quartz ampoules (<10−4 torr) at
950 °C for two weeks. The Fe:ZnSe samples with low Fe concentration of 2.69×1018 cm−3 were
prepared for spectroscopic analysis to avoid the influence of nonradiative relaxation and provide
minimal distribution of concentration gradient in the host material. The iron concentration in
ZnSe was evaluated using the absorption cross-section, σab = 0.65×10−18 cm−2 at 2.698 µm [23].

The optical absorption was recorded by UV-visible spectrophotometer (JASCO, V-570) in the
wavelength of 400 to 750 nm at 300K. The PL and TRPL measurements were conducted through
second harmonic generation at 400 nm of a mode-locked Ti:sapphire laser (Chameleon Ultra II,
Coherent) as an excitation source (3.087 eV, well above the band gap of Fe doped ZnSe even
at low temperatures) in the range of 10–300K within a helium closed cycle cryostat. For PL
kinetics measurement, the excitation pulse frequency was decreased by pulse picker (9200 series,
Coherent Inc.) to a repetition rate of 3.6MHz with a pulse duration of 150 fs. The radiation of PL
was focused to the entrance slit of a 300mm spectrograph (Acton SpectraPro 2300i, Princeton
Instruments) with a spectral resolution of approximately 1 nm. Then, the TRPL was carefully
monitored using a picosecond streak camera (C11200, Hamamatsu Photonics). The dynamic
range of streak camera detector can allow in a temporal resolution close to 20 ps.

3. Results and discussion

In Fig. 1, the absorption bands of Fe3+ ions in ZnSe bulk crystals at room temperature are not
clearly observed due to the short absorption band and strong emission in the trap state of Fe2+

ions. The inserted figure indicates the full absorption spectrum of the corresponding 5E→5T2
vibronic transition of Fe2+ ions ranging from 2200 to 5000 nm by FTIR (Fourier Transform
Infrared) spectroscopy (FTIR-4200, JASCO) in ambient air. The dominant near band edge
emission from both bulk ZnSe and Fe:ZnSe occurs near 460 nm (2.7 eV). The iron plays a role as
electron trapping center, resulting in nonradiative recombination. We also confirmed a relatively
weak, broad emission band from 500 to 650 nm (peak at 1.965 eV corresponding to 4T1↔

6A1)
due to the donor-acceptor pair (DAP) recombination transition at room temperature [20].
A schematic energy level diagram for Fe3+ ions in ZnSe is illustrated in Fig. 2(a) and the

temperature-dependent PL spectra are recorded (Fig. 2(b)) in the range of 450–700 nm using an
excitation wavelength of 400 nm. In Fig. 2(a), the iron-related recombination processes form
deep energy levels in the forbidden gap with the 6S ground state (6A1(S)), 4T1(G) as the first
excited state, and 4T2(G) as the second excited state for the Fe3+ charge state. In Fig. 2(b), the first
strong emission band at 440 nm is associated with the free exciton recombination process at 10K
(which is not considered in our discussion here), which is a typical emission characteristic for
high-purity ZnSe. The second and third emission peaks at 528 nm and 627 nm are incorporated
into Fe3+ d-d transition measured from 10–300K. In their PL spectra, the three emission peaks
correspond to previous reports [24]. The assigned Fe3+ transition, absorption, and emission
bands are given in Table 1. The temperature dependence of the PL emission measurement
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Fig. 1. Room temperature absorption and PL spectra of Fe doped ZnSe bulk crystal; (inset) 

absorption spectrum of Fe2+:ZnSe. 

A schematic energy level diagram for Fe3+ ions in ZnSe is illustrated in Fig. 2(a) and the 
temperature-dependent PL spectra are recorded (Fig. 2(b)) in the range of 450–700 nm using 
an excitation wavelength of 400 nm. In Fig. 2(a), the iron-related recombination processes 
form deep energy levels in the forbidden gap with the 6S ground state (6A1(S)), 4T1(G) as the 
first excited state, and 4T2(G) as the second excited state for the Fe3+ charge state. In Fig. 2(b), 
the first strong emission band at 440 nm is associated with the free exciton recombination 
process at 10 K (which is not considered in our discussion here), which is a typical emission 
characteristic for high-purity ZnSe. The second and third emission peaks at 528 nm and 627 
nm are incorporated into Fe3+ d-d transition measured from 10–300 K. In their PL spectra, the 
three emission peaks correspond to previous reports [24]. The assigned Fe3+ transition, 
absorption, and emission bands are given in Table 1. The temperature dependence of the PL 
emission measurement shows the mechanisms of the PL quenching processes caused by the 
nonradiative carrier loss. In addition, the temperature-dependent PL intensities of 528 nm and 
627 nm (at 10 K) bands indicate that the structural defects during the high temperature 
annealing process tends to quench as temperature increases. 
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Fig. 2. (a) Schematic of possible excited state absorption and emission, and (b) temperature 

dependence of PL in Fe:ZnSe. 

Table 1. Assigned transitions and absorption/emission peaks at 10 K 

Band Transitions 
 

Absorption (nm) [25] 
 

PL observed (nm) 
  

6A1g(S) ↔ 4T2g(D)  420  439 (460)a 
6A1g(S) ↔ 4T2g(G)  518 528 (552)a 
6A1g(S) ↔ 4T1g(G)  610, 690 627 

a Measured at 300 K 

Fig. 1. Room temperature absorption and PL spectra of Fe doped ZnSe bulk crystal; (inset)
absorption spectrum of Fe2+:ZnSe.

shows the mechanisms of the PL quenching processes caused by the nonradiative carrier loss.
In addition, the temperature-dependent PL intensities of 528 nm and 627 nm (at 10K) bands
indicate that the structural defects during the high temperature annealing process tends to quench
as temperature increases.
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Fig. 1. Room temperature absorption and PL spectra of Fe doped ZnSe bulk crystal; (inset) 

absorption spectrum of Fe2+:ZnSe. 

A schematic energy level diagram for Fe3+ ions in ZnSe is illustrated in Fig. 2(a) and the 
temperature-dependent PL spectra are recorded (Fig. 2(b)) in the range of 450–700 nm using 
an excitation wavelength of 400 nm. In Fig. 2(a), the iron-related recombination processes 
form deep energy levels in the forbidden gap with the 6S ground state (6A1(S)), 4T1(G) as the 
first excited state, and 4T2(G) as the second excited state for the Fe3+ charge state. In Fig. 2(b), 
the first strong emission band at 440 nm is associated with the free exciton recombination 
process at 10 K (which is not considered in our discussion here), which is a typical emission 
characteristic for high-purity ZnSe. The second and third emission peaks at 528 nm and 627 
nm are incorporated into Fe3+ d-d transition measured from 10–300 K. In their PL spectra, the 
three emission peaks correspond to previous reports [24]. The assigned Fe3+ transition, 
absorption, and emission bands are given in Table 1. The temperature dependence of the PL 
emission measurement shows the mechanisms of the PL quenching processes caused by the 
nonradiative carrier loss. In addition, the temperature-dependent PL intensities of 528 nm and 
627 nm (at 10 K) bands indicate that the structural defects during the high temperature 
annealing process tends to quench as temperature increases. 
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Fig. 2. (a) Schematic of possible excited state absorption and emission, and (b) temperature 

dependence of PL in Fe:ZnSe. 

Table 1. Assigned transitions and absorption/emission peaks at 10 K 

Band Transitions 
 

Absorption (nm) [25] 
 

PL observed (nm) 
  

6A1g(S) ↔ 4T2g(D)  420  439 (460)a 
6A1g(S) ↔ 4T2g(G)  518 528 (552)a 
6A1g(S) ↔ 4T1g(G)  610, 690 627 

a Measured at 300 K 

Fig. 2. (a) Schematic of possible excited state absorption and emission, and (b) temperature
dependence of PL in Fe:ZnSe.

Table 1. Assigned transitions and absorption/emission peaks at 10 K

Band Transitions Absorption (nm) [25] PL observed (nm)
6A1g(S)↔ 4T2g(D) 420 439 (460)a

6A1g(S)↔ 4T2g(G) 518 528 (552)a

6A1g(S)↔ 4T1g(G) 610, 690 627

a Measured at 300K

The temperature dependence of the averaged PL peak energies over ten points in Fe:ZnSe
polycrystals is shown in Fig. 3. We found that the dominant first peak of band-edge emission
red-shifts from 2.82 to 2.67 eV, accompanied by two band emissions, one (D1) ranges from 2.35
to 2.24 eV, and the other (D2) from 1.97 to 1.94 eV as temperature increases. For donor-bound
excitonic emission in the band-edge [26], the emission and the PL peak energy decrease abruptly
as temperature increases. When the temperature increases from 10 to 80K for the D1 band, the
peak energy slightly decreases, while the peak energy dramatically drops, but not for the PL
intensities. Meanwhile, the discrete and minute PL peak shifts of the D2 band are obtained. We
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believe that this is the result of the recombination of an electron from the relaxed state to the
valence band. The experimental data is fitted using a relation for the variation of the energy gap,
Eg(T), by the Varshni’s empirical equation [27].

Eg(T) = Eg(0) − α
T2

T + β
(1)

where Eg(0) is the band gap energy at 0K, and α and β are fitting constants of various conventional
materials as a function of temperature. It is known that the value of β is generally related to the
Debye temperature. The evaluated parameters are listed in Table 2. Pejova et al. [28] reported
that the value of α for ZnSe nanoparticles is twice larger than the value reported by Novoselova
[29]. However, the extracted β value from empirical data is significantly small compared to the
two groups since the transition metals doped in ZnSe may require optical phonons at a lower
frequency and therefore require smaller activation energy than a pure ZnSe crystal. In addition, the
temperature dependence of the peak energy shows the well-known S-shaped behavior which is an
indicator of the inhomogeneous distribution of Fe in ZnSe analogous to that in the InGaN system
[30]. We believe that the potential fluctuations caused by the inhomogeneous Fe compositional
fluctuation have a strong influence on S-shaped PL shift with increasing temperature.

The temperature dependence of the averaged PL peak energies over ten points in Fe:ZnSe 
polycrystals is shown in Fig. 3. We found that the dominant first peak of band-edge emission 
red-shifts from 2.82 to 2.67 eV, accompanied by two band emissions, one (D1) ranges from 
2.35 to 2.24 eV, and the other (D2) from 1.97 to 1.94 eV as temperature increases. For donor-
bound excitonic emission in the band-edge [26], the emission and the PL peak energy 
decrease abruptly as temperature increases. When the temperature increases from 10 to 80 K 
for the D1 band, the peak energy slightly decreases, while the peak energy dramatically 
drops, but not for the PL intensities. Meanwhile, the discrete and minute PL peak shifts of the 
D2 band are obtained. We believe that this is the result of the recombination of an electron 
from the relaxed state to the valence band. The experimental data is fitted using a relation for 

the variation of the energy gap, ( ) ,gE T  by the Varshni’s empirical equation [27]. 
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where ( )0gE  is the band gap energy at 0 K, and α and β are fitting constants of various 

conventional materials as a function of temperature. It is known that the value of β is 
generally related to the Debye temperature. The evaluated parameters are listed in Table 2. 
Pejova et al. [28] reported that the value of α for ZnSe nanoparticles is twice larger than the 
value reported by Novoselova [29]. However, the extracted β value from empirical data is 
significantly small compared to the two groups since the transition metals doped in ZnSe may 
require optical phonons at a lower frequency and therefore require smaller activation energy 
than a pure ZnSe crystal. In addition, the temperature dependence of the peak energy shows 
the well-known S-shaped behavior which is an indicator of the inhomogeneous distribution of 
Fe in ZnSe analogous to that in the InGaN system [30]. We believe that the potential 
fluctuations caused by the inhomogeneous Fe compositional fluctuation have a strong 
influence on S-shaped PL shift with increasing temperature.   
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Fig. 3. (a) Temperature-dependent PL peak energies of donor-bound excitonic emission in near 

band edge, and (b) D1 band fitted by the Varshni equation (dotted lines). 

Table 2.  Parameters estimated by the Varshni equation. 

Parameters Units 
Band-edge emission 

D1 
Observed by Pejova by Novoselova 

 ( )10gE  eV 2.82 3.229 2.82 2.35 

Fig. 3. (a) Temperature-dependent PL peak energies of donor-bound excitonic emission in
near band edge, and (b) D1 band fitted by the Varshni equation (dotted lines).

Table 2. Parameters estimated by the Varshni equation.

Parameters Units Band-edge emission D1

Observed by Pejova by Novoselova

Eg(10) eV 2.82 3.229 2.82 2.35

α ×10−4, eV/K 10.2 8.2 4.5 7.9

β K 336 398.9 400 367

Here, we also conducted TRPL measurements of Fe3+ ions in ZnSe polycrystals for different
temperatures since these provide important information on the nature of electronic states and
recombination modes in Fe:ZnSe. Figure 4 shows the temperature-dependent PL lifetime of
band-edge emission of Fe:ZnSe from 10 to 300K. As shown in Fig. 4(b), the lifetime is almost
constant as temperature increases from 10 to 60K since the fast components of a lifetime up
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to 100K are close to the limit of our time resolution. However, the average lifetime varies
significantly with temperature and increases continuously up to 240K due to the thermal activation
of the localized excitons into free excitons [31]. To estimate the PL recombination, the data
is fitted by the bi-exponential decay function as shown in Fig. 4(b). The first lifetime term
may originate from the electron-hole recombination after excitation in the internal states while
the second one is due to the localization process of the exciton. The decay lifetimes of the
band-edge emission at 440 nm increase with respect to temperature, which is analogous to the
trend previously reported [32].

α ×10-4, eV/K 10.2 8.2 4.5 7.9 
β K 336 398.9 400 367 

Here, we also conducted TRPL measurements of Fe3+ ions in ZnSe polycrystals for 
different temperatures since these provide important information on the nature of electronic 
states and recombination modes in Fe:ZnSe. Fig. 4 shows the temperature-dependent PL 
lifetime of band-edge emission of Fe:ZnSe from 10 to 300 K. As shown in Fig. 4(b), the 
lifetime is almost constant as temperature increases from 10 to 60 K since the fast 
components of a lifetime up to 100 K are close to the limit of our time resolution. However, 
the average lifetime varies significantly with temperature and increases continuously up to 
240 K due to the thermal activation of the localized excitons into free excitons [31]. To 
estimate the PL recombination, the data is fitted by the bi-exponential decay function as 
shown in Fig. 4(b). The first lifetime term may originate from the electron-hole 
recombination after excitation in the internal states while the second one is due to the 
localization process of the exciton. The decay lifetimes of the band-edge emission at 440 nm 
increase with respect to temperature, which is analogous to the trend previously reported [32]. 
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Fig. 4. (a) Temperature-dependent kinetics of luminescence and (b) average relaxation 

time for band-edge emission. 

To the best of our knowledge, the temperature-dependent PL lifetime of Fe3+ ions (D1 
emission band) in Fe:ZnSe sample is reported for the first time in Fig. 5. Due to the limitation 
of low emission intensity signals at temperatures higher than 200 K, the data collected ranged 
from 10 to 200 K. All PL decay exhibits single exponential behavior. In the temperature 

range of 10–100 K, the luminescence lifetime is constant at 774±4 ps (τ rad ) and then it 

decreases with temperature due to the thermally activated non-radiative decay. The empirical 
data of nonradiative process associated with the thermally activated radiationless processes is 
analyzed by the following equation [33] 
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lifetimes under resonant excitation can be well fitted resulting in = aE 717.2 cm-1 and 

Fig. 4. (a) Temperature-dependent kinetics of luminescence and (b) average relaxation time
for band-edge emission.

To the best of our knowledge, the temperature-dependent PL lifetime of Fe3+ ions (D1 emission
band) in Fe:ZnSe sample is reported for the first time in Fig. 5. Due to the limitation of low
emission intensity signals at temperatures higher than 200K, the data collected ranged from 10 to
200K. All PL decay exhibits single exponential behavior. In the temperature range of 10–100K,
the luminescence lifetime is constant at 774± 4 ps (τrad) and then it decreases with temperature
due to the thermally activated non-radiative decay. The empirical data of nonradiative process
associated with the thermally activated radiationless processes is analyzed by the following
equation [33]

1
τ(T)

=
1
τrad
+WNR (2)

01/W =3.1 ps. Furthermore, the extrapolated curve fitting allow us to estimate the PL lifetime 

as τ=86 ps at 300 K. 
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Fig. 5. (a) Temperature-dependent luminescence lifetime of D1 band, and (b) fitted curve for 

the evaluation of thermally activated radiationless transitions. 

4. Conclusions 

In conclusion, the empirical study of the temperature-dependent time-resolved PL and the 
radiative recombination processes of Fe3+ ion in ZnSe polycrystals were reported. The iron-
related recombination processes from deep energy levels in the forbidden gap have been 
investigated by the energy levels with 6S ground state, 4T1(G) as the first excited state, and 
4T2(G) as the second excited state for Fe3+ charge state, as well as the band-edge emission as a 
function of temperature. The radiative lifetime of the 4T2↔

6A1 transition of trivalent Fe ions 

in the Fe2+:ZnSe crystal was estimated from spectroscopic measurements as τ rad =774 ps. 

The luminescence lifetime of Fe3+ ions was thermally quenched at temperature of 60 K and 
higher. Results of TRPL experiments were used to estimate the room temperature 
luminescence lifetime for the 4T2↔

6A1 transition to be 86 ps through extrapolation of the 
data. We expect that the spectroscopic investigations of TMs doped bulk ZnSe polycrystals 
might provide an experimental reference for the fundamental physical properties (for 
instance, transport properties) and device applications.  
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where τrad is the radiative lifetime, and the non-radiative transition rate (WNR) given by

WNR = W0e
−∆Ea
kBT (3)

where W0 is the initial frequency recognized from the effective vibration frequency, and ∆Ea
is the energy difference (activation energy). The temperature dependent average PL lifetimes
under resonant excitation can be well fitted resulting in ∆Ea =717.2 cm−1 and 1/W0=3.1 ps.
Furthermore, the extrapolated curve fitting allow us to estimate the PL lifetime as τ=86 ps at
300K.

4. Conclusions

In conclusion, the empirical study of the temperature-dependent time-resolved PL and the
radiative recombination processes of Fe3+ ion in ZnSe polycrystals were reported. The iron-
related recombination processes from deep energy levels in the forbidden gap have been
investigated by the energy levels with 6S ground state, 4T1(G) as the first excited state, and
4T2(G) as the second excited state for Fe3+ charge state, as well as the band-edge emission as a
function of temperature. The radiative lifetime of the 4T2↔

6A1 transition of trivalent Fe ions
in the Fe2+:ZnSe crystal was estimated from spectroscopic measurements as τrad=774 ps. The
luminescence lifetime of Fe3+ ions was thermally quenched at temperature of 60K and higher.
Results of TRPL experiments were used to estimate the room temperature luminescence lifetime
for the 4T2↔

6A1 transition to be 86 ps through extrapolation of the data. We expect that the
spectroscopic investigations of TMs doped bulk ZnSe polycrystals might provide an experimental
reference for the fundamental physical properties (for instance, transport properties) and device
applications.
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