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Carrier dynamics and excitation of Eu3+ ions in GaN
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The carrier mobility and dynamics of nonequilibrium carriers in Eu-doped GaN have been determined by
above-band-gap, optically excited, time-resolved terahertz spectroscopy and compared with that of undoped
GaN. The carrier mobility of GaN:Eu was an order of magnitude smaller than that of a similarly grown undoped
GaN layer. Two time constants were observed in the carrier relaxation dynamics for GaN:Eu. A fast one (2.2 ps),
which we related to an efficient nonradiative carrier trap, and a slower one (∼85 ps) related to Eu-related traps.
Ultrafast photoluminescence spectroscopy shows that Eu-related emission is observed within 100 ps after a
pulsed excitation. These values set an upper value to the energy-transfer time from the Eu-related trap to Eu3+

ion and underlie the high efficiency of the excitation of Eu3+ ions in GaN.
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Eu-doped GaN shows great promise for its application as
a red-light emitter with temperature-insensitive, sharp, and
stable emission based on the well-developed GaN platform.
Current injection is relatively easy in these materials, and high
optical output powers of device structures have been shown
[1,2]. When the GaN host is optically excited, free carriers
are generated which can subsequently transfer their energy to
incorporated Eu3+ ions. Typically, the energy transfer from
the carriers takes place via an intermediate state, generally
described as a Eu-related trap [3–5]. Recently, we have shown
that for similar GaN:Eu layers grown on a GaN substrate, the
external quantum efficiency of photoluminescence can reach
29% at room temperature under pulsed excitation conditions
[6]. It was found that the main limitation in the energy transfer
from host to Eu3+ ions originates from an efficient compet-
ing trapping center at low pump fluences (nonequilibrium
carrier density �N < 5 × 1017 cm−3), while at high pump
fluences the efficiency is limited by the concentration of high-
efficiency Eu3+ sites �N > 5 × 1019 cm−3). In this work we
determine the dynamics of the nonequilibrium carriers in
GaN:Eu and show how they are primarily determined by the
presence of Eu3+ ions, and high-efficiency nonradiative traps
at intermediate pump fluences. The small mobility and short
carrier lifetime has an additional advantage of lowering carrier
diffusion lengths. This is especially beneficial for micro-LED
applications in high-resolution displays, as sidewall-related
recombination strongly limits device efficiencies when going
to smaller feature sizes [7,8]. The timescale related to the
trapping of carriers to the Eu-related traps naturally sets a
lower limit for the energy-transfer time from the host to the
Eu3+ ions. Additional time-resolved photoluminescence (PL)
measurements confirm that the Eu3+ ions are excited on the
same ultrafast timescale as the carrier trapping takes place.
These results show that the energy from the carrier trap to
the Eu3+ ion is very fast and underpins the high PL quantum
efficiency (QE) of these materials.

The ultrafast carrier dynamics were determined by the
time-resolved terahertz spectroscopy (TRTS) technique. The
TRTS measurement system [9] was based on a 1-kHz ampli-
fied Ti:sapphire laser with a duration of 35 fs and a center
wavelength of 800 nm (Spitfire, Spectra-Physics). The output
beam was divided into three paths using two beam-splitters for
optical excitation, terahertz pulse generation, and detection.
The beam for optical excitation was guided through an optical
parametric amplifier (TOPAS, Spectra-Physics) to generate a
wavelength of 355 nm, with a maximum fluence of 24 μJ/cm2

on the sample, which could be lowered by optical density
filters. Terahertz pulses from two-color (ω and 2ω) excited
air plasma were focused on the sample with p polarization
at a 30° incidence angle. The reflected terahertz pulse was
detected with an electro-optic sampling method by using a
300–μm-thick (110)-oriented GaP crystal. The time profile of
the terahertz pulses was obtained by varying the time delay, t ,
between the terahertz and sampling pulses. Terahertz pulses
reflected on an Al plane mirror were used as a reference
to evaluate the absolute reflectivity precisely. For the optical
excitation, unfocused pulses at normal incidence were used.
The transient reflection response was obtained by varying the
pump-probe delay, �tp.

Additionally, induced absorption (IA) experiments were
performed by a Yb:KGW laser (Pharos PH1-10W, Light
Conversion, Vilnius, Lithuania) operating at 50 kHz with
a ∼200 fs pulse width and ∼0.2 mJ pulse energy at an
output wavelength of 1030 nm, which was used to pump
an optical parametric amplifier, Orpheus-HP (Light Con-
version, Vilnius, Lithuania), in order to generate excita-
tion pulses with a wavelength of 350 nm. These were
guided via a delay stage and incident on the sample under
15° (spot diameter 1 mm, fluence 7 μW/cm2). A white-
light-continuum probe beam was generated by focusing
a small part of the output of the Pharos through a yt-
trium aluminum garnet (YAG) crystal. The probe pulse was
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detected after passing the sample by a Thorlabs CCM200/m
spectrometer.

For the time-resolved PL the same laser was employed
operating at 1 kHz with a wavelength of 350 nm. The exci-
tation laser was guided through a circular pinhole in order to
obtain a homogenous intensity throughout the excitation spot
(top-hat profile). Luminescence was spectrally dispersed by a
SpectraPro 300i spectrometer (Acton Research Corporation)
and detected with a streak camera (Hamamatsu C4334) for a
10/1-ns time window with a resolution of 150/15 ps.

The samples in this work were grown by organometal-
lic vapor-phase epitaxy (OMVPE) on GaN and sapphire
substrates, where trimethylgallium (TMGa) and ammonia
(NH3) were used as the gallium and nitrogen sources, re-
spectively. The reactor pressure was maintained at 100 kPa
during growth. For the GaN:Eu layers, bis(normal-propyl-
tetramethylcyclopentadienyl)europium (EuCppm

2) was used
as the Eu source. The Eu source and transfer lines were
maintained at 125 °C and 135 °C, respectively. The Eu con-
centration was approximately 1.0 × 1020 cm–3 as determined
from secondary ion mass spectroscopy. The growth temper-
ature of the optical active layer was 960 °C, which is the
optimal growth temperature for GaN:Eu [10,11]. Two sets of
GaN and GaN:Eu layers were grown, on GaN and sapphire
substrate, respectively. The GaN substrate was used in the IA
experiments because it prevents the appearance of interfer-
ence effects which arise due to differences in the refractive
index between the optical active layer and substrate. In prior
experiments, this turned out to be too detrimental to allow for
a proper interpretation of data. The sapphire substrates where
used in the TRTS experiments, as the n-doped GaN substrate
induced a strong terahertz reflectance signal.

Firstly, the charge carrier conductivity and mobility of
the layers was determined by optically excited TRTS. The
photoconductivity is probed by the broadband terahertz pulse
at p polarization at a 30° incidence angle in reflection mode.
Figure S1 in the Supplementary Material [12] shows the time
profiles of the reflected terahertz pulse on the sample E0(t )
and its change under the photoexcitation �E (t ). The field
amplitude of the terahertz pulse increases with the photoexci-
tation. This change originates from the photoexcited carriers
near the sample’s surface. Assuming a p-polarized terahertz
pulse incidence with an incident angle of θ1, the sheet con-
ductivity σs of the photoexcited carriers can be expressed as a
function of �E/E0,

σs ≈ 1

Z0 cos θ1

2r0

(r0 − 1)2 �E/E0.

Here, Z0 is the impedance in vacuum, and r0 = 0.46 is
the reflectance of the sample with the refractive index of
the sample n2 = 3.06 [13]. This formula is derived from
the conventional Maxwell’s boundary condition, as shown
in the Supplementary Material. This is inherently available
for the Fourier-transformed �E/E0, but we evaluated the
sheet conductivity from the peak of E0 and �E in time
domain. This procedure can be applied when �E/E0 is
evaluated experimentally in the low-frequency limit. This
is supported by the similar phase of E0(t ) and �E (t ) in
Fig. S1, implying a real value of the conductivity characteris-
tic of the conventional Drude model in the low-frequency limit

FIG. 1. Differential reflectivity of the terahertz peak electric
field as a function of pump-probe delay time for various induced
nonequilibrium carrier densities. The inset shows a schematic of the
experiment.

[14]. The differential reflectivity of the terahertz peak electric
fields as a function of pump-probe delay time for various
induced nonequilibrium carrier densities are shown in Fig. 1
for both layers (N.B. all nonequilibrium carrier densities are
below the Mott density, ∼1019 cm−3 at room temperature
[15,16]). These are used to determine the time evolution of
the average photoconductivity, which is proportional to the
carrier concentration. The excitation photon energy of 3.49 eV
(355 nm) is only about 60 meV above the GaN band gap,
and typical carrier cooling time of nonequilibrium carriers is
very fast in GaN at the used carrier concentrations (∼200 fs
[17]), i.e., much faster than the time resolution of the system.
The doping of Eu3+ ions at the used concentration is not
expected to have a considerable effect on this, so we can
exclude any carrier-cooling-related effects to be observed in
this experiment. The real part of the conductivity is related
to the direct current conductivity in the low-frequency limit
by σ = eNμ, where e is the electron charge and N and μ

are the charge carrier density and mobility, respectively. In
bulk semiconductors photoexcitation leads generally to equal
numbers of electrons and holes with unit quantum yield, so
the conductivity is determined by the sum of the electron
and hole contributions. The changes in conductivity following
optical excitation are sampled directly in TRTS, giving a
differential sheet conductivity of �σs = e �N d (μe + μh),
where d = 100 nm is the thickness of the photoexcited layer,
estimated by the inverse of the absorption coefficient. From
the figure we can see that the value of the mobility of GaN:Eu
is about an order of magnitude lower than the GaN layer.
Next to the values of mobility, the free-carrier lifetimes are
also considerably different. While the GaN layer shows a
nearly single-exponential decay of ∼150 ps for the different
nonequilibrium carrier values, GaN:Eu shows a biexponential
decay with a fast picosecond initial decay (the time resolution
of the system) and a longer component of ∼85 ps. We do note
that in the case the of GaN:Eu, the short initial lifetime is
similar to the terahertz pulse length (∼1 ps). Furthermore, due
to the 30° incidence of the terahertz pulse and the spot size of
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FIG. 2. Transient absorption signal for GaN and GaN:Eu grown
on GaN substrate. The red line indicates a single-exponential fit
(GaN) and a double exponential fit (GaN:Eu) of the data. The inset
shows a schematic of the experiment.

2 mm, there is a time difference at both ends of the beam.
These factors will lead to uncertainty in the evaluation of the
mobility, and initial dynamics cannot be properly determined.

After establishing the free-carrier dynamics by TRTS, both
layers were studied by transient IA spectroscopy after an
excitation pulse of 350 nm. This experiment has a better time
resolution than TRTS and is only limited by the duration of the
optical pump and probe pulses. The normalized IA signal for
both samples at a detection wavelength of 750 nm are depicted
in Fig. 2. This wavelength was chosen as it is the longest probe
wavelength with a good signal-to-noise ratio in the white light
probe, while it should not be influenced by the near-band-edge
response of GaN. Similarly as the TRTS results, GaN shows
a single-exponential decay with a decay constant of 220 ps,
while GaN:Eu shows a biexponential decay with an initial
2.2-ps time constant followed by one of 88 ps. Although
the probing wavelength is much shorter than in the case of

the TRTS experiment, the similarity in dynamics endorses
that the IA signal is primarily determined by nonequilibrium
carriers. The difference in carrier lifetime in GaN is a result
of the substrate used, where the non-lattice-matched sapphire
substrate produces a lower-crystal-quality GaN, which re-
duces the free-carrier lifetime. For GaN:Eu the dynamics are
nearly identical, indicating that the incorporated Eu3+ ions
almost fully determine them, independent of substrate. Ad-
ditionally, since the time resolution is better for the transient
IA, we use their dynamics to compensate the absolute value
of the terahertz conductivity for short times, getting more
reliable values of the conductivity for GaN:Eu. Following this
methodology and the above formula for the combined electron
and hole mobility, for the induced carrier concentrations in
the figures we find combined mobility values of 573 ± 70 and
53 ± 5 cm2/Vs for the GaN and GaN:Eu layer, respectively.

It is well known that there exist multiple incorporation sites
of the Eu3+ ions in the GaN host. The majority center in
GaN:Eu, which is referred to as OMVPE4 (Eu1), comprises
about 90% of the total Eu3+ ions [3,5,18,19] and has a
relatively small excitation cross section. The Eu sites that
have a large excitation cross section are known as OMVPE7
(Eu2) and OMVPE8 (Eu2∗), which have been shown to be
different charge states for the same defect configuration [20].
For these Eu3+ ions, the excitation from the related trap takes
place directly to the 5D0 state [21,22]. Thus, following the
emission from the 5D0 state can give direct information about
the time constant related to the energy transfer from the trap
state to these Eu3+ ions. Figure 3(a) shows the initial PL
decay around the main emission peak originating from the
5D0 → 7F2 transition after an excitation pulse. There is a
broad emission band over the whole spectral range which
decays with a time constant of ∼3 ns and originates from
native defects [23]. On top of this defect-related band, the
emission originating from Eu3+ can be observed. Since the PL
lifetime of Eu3+ is very long, the amount of luminescence in
the nanosecond time window is extremely weak, an estimated
1012 Eu3+ ions cm−3 can undergo a radiative transition in

FIG. 3. Time-resolved photoluminescence spectrum around the 5D0-7F 2 transition of Eu3+. Left: First 8 ns after a pulsed excitation. The
inset shows a schematic of the experiment. Right: First nanosecond obtained by subtraction of the defect band and normalized to the maximum
intensity for each time point.
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FIG. 4. Schematics of the two processes responsible for the
carrier trapping and their associated times: (1) Ga-vacancy-related
trap and (2) Eu-related trap. Gray arrow indicates the energy transfer
from the Eu-related trap to the Eu3+ ion.

this time window, and the contribution of other defect-related
radiative transitions, with typical concentrations of 1015 cm−3

and much shorter lifetime [23–25], will dominate. In order
to get information on the Eu3+ excitation in the 1-ns time
window, the emission has been integrated in slices of 100 ps,
and subsequently, the defect band has been subtracted by
taking an average intensity at the long-wavelength side. The
normalized emission intensity of this data treatment is given
in Fig. 3(b). It can be seen that even in the first 100-ps slice the
Eu3+ emission is already visible; however, a rise in dynamics
cannot be determined.

The total recombination rate of excess carriers in a semi-
conductor is generally determined by Shockley-Read-Hall,
radiative, and Auger recombination, with the total rate given
by R = RSRH + Rrad + RAuger = A + Bn + Cn2, where A, B,
and C, are the SRH, radiative and Auger coefficients, re-
spectively. For GaN, typical values of the Auger coefficient
C are on the order of 10−30 cm6/s [26], which gives only
a negligible contribution for the carrier densities used in
this study. Furthermore, for bulk GaN, the fluence-dependent
quantum efficiency of band-edge emission is typically <1%
[27], which is also negligible. In short, the recombination rate
is nearly fully determined by the SRH rate. In the SRH model,
material impurities introduce deep energy levels within the
band gap which act as recombination (or trap) centers [28].
The concentration of these defects and the efficiency with
which they can trap determine their associated SRH rate. For a
specific trap, the SRH rate is given by RSRH = NTvTσT, where

NT is the trap concentration, vT the mean thermal velocity of
carriers, and σT the capture cross section. The mean thermal
velocity of the carriers is given by (3kBT/m∗)0 [5], where
kB is the Boltzmann constant, T the temperature, and m∗
the effective mass of the carrier. In Ref. [6] we showed that
the PL quantum efficiency is limited by a highly efficient
carrier trap with a carrier capture cross section of ∼10−13 cm2

and a maximum trap concentration of 2 × 1017 cm−3, which
is likely related to Ga vacancies. The absence of this fast
component in the GaN epilayer is consistent with the notion
that the incorporation of Eu3+ ions increases the concentra-
tion of Ga vacancies, which has also been concluded from
positron-annihilation spectroscopy [10]. With these values
we can expect an SRH time constant of ∼2 ps, very close
to the observed time constant of 2.2 ps. Also, the relative
contribution of the fast component and the estimated carrier
density are in line with these values. For the high-efficiency
sites, an effective excitation cross section of 1.6 × 10−15 cm2

and estimated concentration of ∼1018 cm−3 gives an SRH rate
of ∼50 ps, i.e., close to the observed 85 ps [6]. These results
lead us to conclude that the fast component in the carrier
dynamics is related to carrier trapping by the efficient trap and
the slower component due to a Eu-related trap. A schematic
model of these two pathways is shown in Fig. 4.

Finally, we comment on the energy transfer from the
Eu-related trap state to the Eu3+ ions, indicated by the gray
arrow in Fig. 4. From the PL results it is known that Eu-related
emission is observed within 100 ps after excitation, and from
the carrier dynamics a related trapping time of 85 ps was
observed. Since the total energy-transfer time from host to
Eu3+ ion is determined by the sum of the trapping time and
the energy-transfer time, we conclude that the energy-transfer
time has to be considerably faster than 100 ps. We note
that a similar timescale has been concluded for the energy
transfer in another rare-earth-doped semiconductor system:
Er,O:GaAs [29].

We have investigated the ultrafast nonequilibrium carrier
dynamics and PL properties of GaN:Eu. Two time constants
were found in the carrier dynamics: a fast one of 2.2 ps, which
has been associated to an efficient nonradiative carrier trap,
likely related to Ga vacancies, and a slower one of 85 ps,
which is due to capture of carriers by Eu-related traps. The PL
dynamics show that Eu-related emission is observed within
100 ps after a pulsed excitation of the host material. These re-
sults demonstrate that the energy transfer from the Eu-related
trap to Eu3+ ion must occur on a timescale considerably faster
than 100 ps and is at the basis of the high PL QE that has
been observed in this material. Additionally, the short carrier
diffusion length due to low mobility and short free-carrier
lifetime in this material can strongly limit sidewall-related
nonradiative processes in micro-LED applications.
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