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Optical investigation of GaN

doped with Eu3+

qalep� t� kal�...

Tjalling de Boer

In order to render Si NCs suitable as an active material for light-emitting devices,

the external PL QE, which is currently relatively low for the O-passivated NCs inves-

tigated in this thesis, needs to be signi�cantly enhanced. In addition, the relatively

broad size distribution does not lead to well-de�ned emission wavelengths, which is

preferred for applications in light-emitting diodes (LEDs). Common materials used

for this purpose are doped wide-bandgap semiconductors, which can feature stable

performance and sharp, intense, and temperature-independent emission properties.

In this chapter, GaN doped with trivalent europium (Eu3+), with emission around

λmax ≈ 621 nm, is investigated by PL spectroscopy. In addition, TIA experiments

in the detection range of the emission are performed to �nd �ngerprints for the

energy transfer process between the host and the optically active centers as well as

carrier trapping mechanisms enabling the emission.
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6.1 Introduction

Blue and green LEDs have been successfully commercialized using indium-gallium-

nitride based materials; however stable, relatively cheap LEDs with red emission

remain a challenge. GaN-based red LEDs would enable the development of a mono-

lithic device composed of red, green and blue GaN-based LEDs for full-colour display

and lighting technology. Eu3+ ions have been widely used as red-emitting phosphors

for cathode ray-tube and plasma display panels, where the optically active compo-

nent should exhibit e�cient, sharp emission under electrical excitation. Rare-earth-

doped semiconductors are expected to ful�ll these requirements due to the speci�c

optical properties, such as a well-de�ned, intense and temperature-independent emis-

sion of the intra-4f shell transitions [133�135]. GaN is an attractive host material

because its wide bandgap energy allows for a broad spectral emission range of pos-

sible dopants [136]. Since most GaN-based devices are fabricated by organometallic

vapor phase epitaxy (OMVPE), a method which assures a high crystal quality, it is

of great interest to grow also GaN:Eu by OMVPE [137�140].

In Eu-doped GaN (GaN:Eu), the excitation of Eu is elicited by (optical or electrical)

excitation of the GaN host material after which the energy is transferred to a Eu3+

ion. Such a mechanism requires a high crystal quality with possibly well-de�ned de-

fects, since the energy transfer processes are likely to be defect-mediated. Recently,

it has been shown that the PL intensity was signi�cantly enhanced for samples fab-

ricated by OMVPE technique when grown under atmospheric pressure (100 kPa),

compared to samples grown under low pressure (10 kPa), while the absolute Eu3+

concentration in these samples was lower (see Fig. 6.1 (a)). This implies a better

crystal quality of the 100 kPa-samples, as also demonstrated by the fact that only a

slight decrease in the e�ective PL lifetime was observed upon temperature increase

from 10 to 300 K [137,139]. It could therefore be inferred that the thermal quenching

observed in the temperature dependence of the integrated PL intensity is caused by

non-radiative processes taking place before the energy transfer to the Eu3+ ions and

that once the excitation energy is transferred to the Eu3+ ions, almost all of it is used

for the emission. These �ndings imply that the potential for material optimization

is mainly to be found within the energy transfer between the GaN host and Eu3+

ions [139]. For the currently available materials, the absolute optical activity (i.e.

the percentage of the Eu3+ ions which contribute to the emission) and the external

QE (of both electro- and PL) are limited. The external electroluminescence QE of

a GaN:Eu LED grown at 100 kPa is shown in Fig. 6.1(b), where the light output

power and external QE are plotted as functions of the injected current. The light
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output power, integrated over the 5D0�
7F2 transition region, increased with the in-

jected current up to 10 mA, after which it saturates. At a dc current of 20 mA, the

output power was as high as 17 mW, with the corresponding external QE of 0.04%.

Since the external QE decreases with increase of the injected current, the highest

external QE of 0.6% was obtained with a low injected current of 0.5 mA [137].

Figure 6.1: a) The PL spectra of samples grown at 10 kPa and 100 kPa, measured
at room temperature. b) The light output power and external QE as functions of
the injected current in the GaN:Eu LED grown at 100 kPa. The �gures are obtained
from Ref. [137].

The samples were grown by the OMVPE technique � see for details on the sample

preparation in Ref. [137]. The sample structure consisted of a 10-nm-thick GaN cap-

ping layer, a 400-nm-thick GaN:Eu layer, a 2 � 3-mm-thick undoped GaN layer, and

a 30-nm-thick GaN bu�er layer grown on a sapphire (0001) substrate. The reactor

pressure was maintained at 100 kPa during the GaN:Eu layer growth. Secondary ion

mass spectroscopy measurements revealed that the Eu concentration in the sample

was NEu = 3× 1019 cm−3 [137].

6.2 Evaluation of optical activity of Eu3+ in GaN

As evident from the limited values of the electroluminescence external QE, only a

percentage of the total concentration of the Eu3+ atoms in the sample contributes

to emission. In order to evaluate the density of the optically active centers, a PL

study was conducted, where the integrated PL intensity originating from the Eu3+

ions was compared with the intensity of emission of a well-characterized Eu-doped

reference sample (the wide-bandgap Y2O3 doped with Eu3+ � a compressed tablet

of white powder [141]). For the latter, a resonant excitation was used (λexc = 470

nm � corresponding to the 7F0�
5D2 transition), directly exciting the Eu3+ ions.
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For the GaN sample a high photon energy (over-bandgap) excitation was chosen, by

which free carriers are generated in the host material, exciting the Eu ions via energy

transfer facilitated by a possibly defect-mediated recombination. The experimental

setup comprised a pulsed Nd:YAG laser, where the high photon energy was provided

by the 3rd harmonic (λexc = 355 nm � see Chapter 2, Section 2.2), whereas the

resonant excitation was achieved by combination of the 3rd harmonic with an OPO.

The PL signal was collected by a spectrometer, and detected either by a CCD

camera for spectral information, or a PMT for time-resolved dependence of the

emission at the wavelength of the maximum PL intensity. Figure 6.2(a) presents the

normalized PL spectra of the GaN and the reference samples in a detection window

of λdet = 500 � 800 nm, upon over-bandgap and resonant excitation, respectively.

Figure 6.2: a) The normalized PL spectrum of GaN:Eu upon pulsed over-bandgap
excitation (λexc = 355 nm � black) and of the reference sample upon resonant
excitation (λexc = 470 nm � blue) in a detection window of λdet = 500 � 800 nm.
The most intense peak for the GaN sample is centered around λmax ≈ 621.5 nm for
the indirect excitation, which for the reference sample is redshifted ∼ 10 nm with
respect to former, around (λmax ≈ 612 nm), corresponding to the 5D0�

7F2 transi-
tion. Both spectra show other peaks around ∼ 601 nm, ∼ 633 nm and ∼ 663 nm,
corresponding to the transitions 5D0�

7F1, 5D1�
7F4 and 5D0�

7F3, respectively.
The insets are schematic illustrations of the resonant �direct� (left) excitation via
the 7F0�

5D2 transition, whereas in the over-bandgap �indirect� (right) excitation
mechanism the excitation proceeds via the host material, after which the energy is
transferred to Eu3+ ions. b) The normalized PL dynamics of GaN:Eu (upper panel)
and Y2O3:Eu (lower panel) recorded at the wavelengths of peak intensities of the
respective PL spectra. The PL dynamics feature a mono-exponential decay, with
characteristic times of τGaN ≈ 220 ms and τY2O3 ≈ 1.08 ms, respectively.

The PL spectra of both the GaN sample and the reference sample show the typical
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Eu-related features, with the most pronounced contribution related to the intra-4f

shell transition 5D0�
7F2, which in the GaN sample is around λmax ≈ 621.5 nm

and for the reference sample at λmax ≈ 612 nm. This di�erence originates from the

e�ect of the surrounding crystal �eld induced by the host material, resulting in an

e�ective shift of the energy levels and change in transition probabilities. The latter is

demonstrated by the e�ective PL decay times detected at the peak wavelength (Fig.

6.2(b)), where in both cases the PL dynamics show a mono-exponential dependence,

but with the characteristic time of the GaN sample (upper panel) τGaN ≈ 220 ms

and of the reference sample τY2O3 ≈ 1.08 ms (lower panel), a factor ∼ 5 di�erence.

The other contributions in the PL spectrum around ∼ 601 nm, ∼ 633 nm and

∼ 663 nm are related to the 5D0�
7F1, 5D1�

7F4 and 5D0�
7F3 transitions within

the 4f -electron shell of Eu3+-ions [135,138,142].

In order to investigate the optical activity of the Eu3+ ions in the sample, the inten-

sity of its PL spectrum has been measured as function of excitation photon �uence

upon indirect excitation. For the Y2O3:Eu sample the same experimental procedure

is performed upon resonant excitation. In this experimental approach, identical

excitation and detection con�guration for both samples were maintained by incor-

poration of pinholes within the excitation pathway, ensuring constant alignment,

independent of excitation wavelength or power. A pinhole in front of the sample

de�nes the dimensions of the excitation spot, which in combination with the deter-

mination of the energy per laser pulse de�nes exact values of the photon �uence (i.e.

the number of photons per cm2 per pulse). The excitation power dependence has

been measured as function of temperature, in combination with time-resolved mea-

surements, to investigate the temperature-dependent e�ciency of the energy transfer

and the presence of thermal quenching of the PL intensity due to non-radiative pro-

cesses after the energy transfer. Results are shown in Fig. 6.3(a) for three di�erent

temperatures, for a total photon �uence range j(0) ≈ 1013 � 1016 cm−2, where the

colored squares (290 K � black, 150 K � red, and 20 K � green) correspond to

the integrated PL intensity dependence of the GaN:Eu and the black circles (and

the red line illustrating extrapolation of the integrated PL signal) to the reference

sample at room temperature (placed inside the cryostat � Oxford Instruments he-

lium �ow cryostat). For low photon �uences, the integrated PL intensity increases

linearly with photon �uence and then starts to saturate, while the linear growth

remains for the integrated PL of the Y2O3:Eu within the whole measured regime

(it should be noted that the photon �uences for the resonant excitation are signif-

icantly lower, as a consequence of the non-linear conversion process necessary to

achieve this excitation wavelength). While it has been reported before that spectral
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structure can change upon high power excitation, as di�erent transitions can become

more pronounced due to saturation [140], there appears to be no signature of this

e�ect in the GaN:Eu-related PL spectra taken at room temperature for di�erent

excitation powers (see Fig. 6.3(b)). All spectra show very similar structure for all

excitations, independent of temperature (not shown). In order to con�rm the minor

contribution of non-radiative recombinations, the time-resolved PL signal (detected

at λmax ≈ 621.5 nm) at di�erent temperatures is �tted to extract the e�ective PL

decay time (see Fig. 6.3(c)). The characteristic PL time constant increases by ∼ 10

% when moving from room temperature to the lowest temperature (see inset for

the PL dynamics at room temperature and T = 6 K), indicating a minor increase

of contribution of non-radiative channels after the energy transfer process. The

magnitude of this e�ect is slightly higher than reported before [139]. As apparent

from the curves depicted in the inset of Fig. 6.3(a), the temperature dependence of

the integrated PL intensity shows peculiar behavior, as it appears to increase when

moving from room temperature toward T = 150 K, but drops to lower values for

cryogenic temperatures (T = 6 K). This is further demonstrated in Fig. 6.3(d),

where the integrated PL intensity for the photon �uence of j(0) = 5× 1016 cm−2 is

shown as function of temperature (this behavior is observed for all excitation pow-

ers). The integrated PL intensity shows a maximum around T = 150 K, and then

decreases gradually upon lowering of temperature. It increases slightly again around

T = 80 K after which another decrease sets in. A similar dependence of integrated

PL intensity on temperature has been observed for a GaN:Eu sample co-doped with

Mg2+-ions under cw excitation, where the additional dopant was introduced in or-

der to increase the e�ciency of the energy transfer process [143]. The decrease of

the integrated PL intensity for lower temperatures could indicate that the transfer

process requires a threshold energy to be provided by e.g. phonons, resulting in

decrease of e�ciency of the process below a speci�c temperature.

For determination of the number (or percentage) of the optically active Eu3+ ions,

as indicated on the right vertical axis of Fig. 6.3(a), the detected PL intensity

originating from the GaN:Eu sample needs to be scaled to that from the reference

sample. Since the reference sample is thoroughly characterized, it allows for a direct

correlation between the measured PL intensity and the absolute number of excited

Eu3+ ions N∗Eu at a given photon �uence, by the expression N
∗
Eu = NEu×j0×σ470nm

abs ,

where NEu = 1.16×1021 cm−3 is the total concentration of Eu3+ ions in the reference

sample and σ470nm
abs = 5.7× 10−19 cm2 the absorption cross section of Eu3+ ions for

the chosen excitation wavelength of λexc=470 nm [144]. This relation is valid under

assumption that the duration of the OPO pulse (∆t ≈ 7 ns) is much shorter than
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Figure 6.3: a) The time-integrated PL intensity as function of the excitation photon
�uence (number of photons per excitation pulse per cm2, j(0)) for GaN:Eu (colored
squares) and Y2O3:Eu (black circles, and red line for the extrapolated integrated PL
signal) upon indirect and direct excitation, respectively. The three di�erent colors
of the GaN-related curves correspond to di�erent temperatures T = 290 K � black,
T = 150 K � red, and T = 20 K � green (see inset for more details). On the
right vertical scale, the absolute concentration of excited Eu3+ ions N∗Eu is given.
b) GaN-related PL spectra recorded at room temperature for increasing energy per
pulse. c) The �tted time constants for the e�ective PL decay time extracted from
the dynamics measured upon indirect pulsed excitation. Values increase by about
10% when moving from room temperature to the lowest temperature of T = 6 K.
The inset shows the PL dynamics monitored at room temperature (red) and T = 6
K (black). d) The temperature-dependent integrated PL from the GaN sample for
photon �uence j(0) = 5× 1016 cm−2.

the characteristic lifetime of Eu3+ ions in the excited state: ∆t � τeff , which is

obviously satis�ed. Consequently, we can assume that recombination does not take

place during illumination. In the experiment, the PL signal is e�ectively integrated

over time, and the PL intensity proportional to N∗Eu/τrad, rendering the result of

the experiment being given by N∗Euτeff/τrad [145, 146]. Therefore, the ratio of the

number of photons emitted from the two investigated samples after an excitation

pulse is given by:

IGaN
IY2O3

=
ηGaN
ηY2O3

N∗GaN τ
eff
GaN/τ

rad
GaN

N∗Y2O3
τ effY2O3

/τ radY2O3

, (6.1)

where τ effGaN , τ
eff
Y2O3

, τ radGaN , τ
rad
Y2O3

, N∗GaN , N∗Y2O3
, ηGaN , out ηY2O3 are the e�ective

and radiative decay times, the density of excited Eu3+ ions, and the fraction of

emitted photons that leave the sample (i.e. extraction e�ciency), respectively, for

the GaN:Eu and Y2O3:Eu materials. The ratio of the extraction e�ciencies can be

calculated from the refractive indices of GaN and Y2O3:
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ηGaN
ηY2O3

=

1
4
× n2

air

n2
GaN

1
4
× n2

air

n2
Y2O3

≈ 0.65, (6.2)

where nGaN , nY2O3 are the refractive indices of 2.4 and 1.93 at 621.5 nm and 612 nm

for GaN and Y2O3, respectively. For the ratio between the e�ective and radiative

lifetime in case of the reference sample, we take τ effY2O3
/τ radY2O3

= 0.295, as this ratio is

the PL QY (and assuming that all Eu3+ ions are contributing to emission) at the

excitation wavelength (independently measured). In the other case, the e�ective PL

decay time is extracted from time-resolved PL measurements, while the radiative

lifetime τ radGaN has been evaluated from a combination between the refractive indices

of the di�erent samples and the spontaneous emission rates under the assumption

that the radiative lifetime of the 5D0�
7F2 transition in Y2O3 can be obtained by

τ effY2O3
/0.295 = τ radY2O3

, resulting in τ effGaN/τ
rad
GaN ≈ 0.13 for T = 290 K. Taking into

consideration the temperature dependence of the PL lifetime, applying multiple

corrections related to re�ection and/or scattering e�ects and assuming also that all

the residual light is absorbed within the Eu3+-doped layer and that the detected

light is homogenenously emitted, the concentration of the optically active Eu3+ ions

can be inferred. In that way, values of 6× 1017 cm−3, 6.9× 1017 cm−3 and 5× 1017

cm−3 are obtained for T = 290 K, T = 150 K, and T = 20 K, corresponding to an

optically active percentage of 2%, 2.3% and 1.64%, respectively. These values are in

good agreement with other rare-earth-doped semiconductors, such as Si:Er, where a

typical value for the optically active percentage of Er3+ ions of ∼ 1% is commonly

reported [145�147].

The above evaluation of the absolute number of excited Eu3+ ions is made under

several assumptions concerning light absorption, di�raction and emission processes

in the GaN and the reference samples. As a consequence of the di�erent host mate-

rials, where one has a transparant appearance and the other opaque (a compressed

white powder), the respective scattering coe�cients of the incoming and emitted

light will be considerably di�erent. Especially in the latter case, this e�ect will be

signi�cant, which could result in an inhomogeneous pro�le of the excitation through

the sample, thus lowering the absolute number of excited Eu3+ ions related to PL

intensity for a given photon �uence. Consequently, the calculated optically active

fraction of Eu3+ ions in the GaN-sample will decrease as the vertical axis in Fig.

6.3(a) is down-scaled. Further experiments with a di�erent reference sample (with a

structure possibly more similar to that of the GaN sample) could give more insight.

We have performed additional PL experiments on the GaN sample to identify the

possible existence of multiple Eu3+ centers, which is a well-known e�ect for rare-
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earth doped semiconducting host materials. In order to do this, we have used

a resonant excitation, in a similar way as has been done for the reference sam-

ple. This is shown in Fig. 6.4(a), where the PL spectrum obtained under indi-

rect (pulsed) excitation (black line � see also Fig. 6.2(a)) is blueshifted compared

to the one obtained under resonant excitation (with the 5D0�
7F2 positioned at

λmax ≈ 621.5 nm � green line). Evidently, the slight shift of the PL spectrum upon

the direct and indirect excitation suggests its origin to be related to di�erent Eu-

centers, which could indicate that the optically active Eu concentration determined

under the pulsed over-bandgap excitation corresponds to a selection of the total

concentration of active Eu3+ ions [148]. Alternatively, both centers could appear in

emission, however, the absolute contribution of the centers excited by resonant exci-

tation is minor, as can be observed from the spectral characteristics obtained upon

over-bandgap excitation. In Fig. 6.4(a), the spectrum obtained under indirect cw

(Ar+-ion laser, λem ≈ 363.8 nm) excitation is also plotted, which coincides with the

one obtained under pulsed excitation. However, in the short excitation wavelength

regime, an additional shoulder appears centered around λmax ≈ 550 nm. Due to its

broad spectral character it could possibly be assigned to electron-hole recombination

via defects. The appearance of this �defect-related� emission under cw excitation

conditions, while being absent under pulsed pumping, could then be explained by

the saturation of the defect state which is involved in the Eu excitation mechanism,

so that (radiative) recombination via another channel becomes enhanced. Under

assumption that the capturing probability of the latter is rather low, the absence

of this particular emission band under pulsed over-bandgap excitation conditions

can be justi�ed. The intensity of the �defect-related� emission decreases when the

temperature is lowered and disappears entirely for temperatures below T ≈ 150 K

(see Fig. 6.4(b)). This could indicate that for lower temperatures the escape prob-

ability of carriers trapped at the defect mediating the Eu-related excitation process

decreases drastically, which should concomittantly lead to an enhanced Eu-related

emission. This scenario is con�rmed by the temperature dependence of the intensity

of the integrated PL spectrum under cw excitation with the same excitation power,

which increases for lower values and shows saturation behavior below T ≈ 30 K

(shown in Fig. 6.4(b), plotted on a 1000/T -scale). Such a behavior has also been re-

ported before for a similar sample (see inset, taken from Ref. [139]). The increased

PL intensity for lower temperatures in combination with the practically constant

e�ective PL lifetime also con�rms the hypothesis of the reduction of non-radiative

processes prior to the energy transfer, i.e. in the excitation process itself. Remark-

ably, the temperature dependence of the integrated PL intensity is considerably
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di�erent from that observed upon indirect pulsed excitation (see Fig. 6.3(d)), which

does not exhibit saturation at lower temperatures.

Figure 6.4: a) The normalized PL spectra of the GaN sample upon indirect cw
(black), indirect pulsed (red) and resonant (green) excitation. The spectral posi-
tions of the Eu-related transitions in the PL spectra under indirect excitation are
identical. For the resonant excitation, the PL spectrum is slightly shifted, where the
5D0�

7F2 transition is positioned at λmax ≈ 621 nm as opposed to λmax ≈ 621.5 nm
under over-bandgap excitation (see inset � indicated in the main panel by the box
with the dashed line). In addition, the former spectrum exhibits a broad shoulder
centered around λmax ≈ 550 nm. b) The emperature dependence of the (normal-
ized) PL spectrum upon cw over-bandgap excitation, demonstrating the decrease
of the intensity of the broad shoulder for lower temperatures. c) The temperature
dependence of the PL intensity for a �xed excitation power, showing saturation for
temperatures below T ≈ 30 K. The inset illustrates similar results obtained on a
di�erent sample prepared under the same conditions (taken from Ref. [139]).

In addition, we have performed absolute PL QE measurements upon low �ux cw

excitation (provided by a Xenon lamp � Hamamatsu L2273) and pulsed indirect

excitation at λexc = 355 nm using an integrating sphere for homogeneous distribution

of the excitation and emitted light [46,130]. Since within this experimental approach

the ratio of emitted and absorbed photons is determined, it rather provides a measure

for the e�ciency of the energy transfer, than for the percentage of optically active

Eu3+ ions. The value of the PL QE was determined as ∼ 3.2%. Due to the low

absorption cross section for the resonant excitation, the PL QE at λexc = 470 nm

could not be determined. In case of pulsed excitation, the PL QE was about a factor

2.5 higher, QE ≈ 8%. This di�erence is in agreement with the PL results, since the

defect-related emission observed under cw excitation should lower the QE of the

Eu-related PL.

Conclusions

We have performed optical investigations on Eu-doped GaN in order to determine

the temperature-dependent concentration (or percentage) of optically active Eu3+
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ions within the sample, contributing to emission upon indirect over-bandgap excita-

tion. This was achieved by comparison of the (integrated) PL intensity with that of

a reference sample (Y2O3:Eu) with well-characterized parameters. The temperature

dependent integrated PL signal shows a peculiar behavior, with a sharp decrease

for temperatures below T ≈ 150 K, and with another small peak around T ≈ 80 K.

A value for the optically active percentage of 2%, 2.3% and 1.64% was found, for

T = 290 K, T = 150 K, and T = 10 K, respectively. The PL spectral structure

was independent of excitation photon �uence, but slightly redshifted upon resonant

excitation, indicating the possible presence of multiple optically active Eu centers

in the sample. The e�ective decay time constants extracted from the PL dynamics

obtained under indirect pulsed excitation were found to be practically independent

of temperature, excluding the major contribution of non-radiative channels after

the energy transfer process from the host to the Eu3+ ions is completed. Excitation

by a continuous excitation source with over-bandgap photon energy showed similar

spectral positions for the Eu-related PL, however an additional shoulder appeared

centered around λmax ≈ 550 nm. Due to its broad spectral character, this band is

likely to be related to recombination at defect centers. This emission band decreases

in intensity for lower temperatures, while the PL intensity of the Eu-related emis-

sion increases. The PL QE was determined upon pulsed and cw indirect excitation

in the low photon �uence regime, giving values of ∼ 8% and ∼ 3.2%, respectively.

The limited values of PL QE and optically active percentage of Eu3+ ions suggest

that the energy transfer process can still be optimized. In order to gain information

on the energy transfer mechanism, detailed analysis of temporal characteristics is

required, which will be discussed in the next section.
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6.3 Transient induced absorption on GaN:Eu

As mentioned in Chapter 2, Section 2.3.2, carrier relaxation and recombination as

well as energy transfer processes can be investigated with femtosecond resolution by

TIA technique. For this purpose, we employed a conventional pump-probe setup

with over-bandgap excitation of λexc=340 nm and a spectrally broad probing in the

visible detection range, λdet = 400 � 775 nm in a total time window of ∼ 3.6 ns.

Figure 6.5(a) shows the IA spectra for di�erent time delays between the pump and

probe pulses, featuring an oscillating e�ect, even at ∼ 100 ps after the excitation

pulse. Within 1 ns, the IA signal has practically decayed, with exception of the

feature centered around λdet = 621.5 nm, which exhibits an increasing bleaching

behavior. In addition to a sharp minimum centered around λdet = 621.5 nm, which

is related to the PL from the 5D0�
7F2 transition, also other features related to

Eu transitions can be identi�ed. This is demonstrated by plotting the IA spectrum

recorded at the maximum temporal overlap between the pump and probe (∆t = 2

ps) together with the PL spectrum obtained under 355 nm pulsed excitation (see Fig.

6.5(b)). Next to the strongest contribution in the PL spectrum around λPL = 621.5

nm, the 5D0�
7F1 and the 5D0�

7F3 transitions centered around 601 nm and 663

nm, respectively, are also indicated (black dashed lines).

For the probing wavelengths corresponding to Eu transitions, the detected IA signal

is a superposition of temporal characteristics for the Eu-related PL and free carrier

absorption, whereas for the other detection wavelengths only temporal information

on IA can be extracted. The coincidence of the particular Eu transitions with either

peaks (in case of λprobe = 601 nm) or dips (for λprobe = 621.5 nm and λprobe = 663

nm) in the IA spectrum can be assigned to the spectrally oscillating behavior of the

IA spectrum, which is a common feature in optical spectroscopy of thin �lms known

as �fringing�. This experimental artifact is related to interference e�ects within the

layered sample giving rise to spectral structure which is then independent of intrinsic

absorption properties of the material. In order to verify this, we can determine the

layer thickness of the speci�c layer by the relation d = λ1λ2
2(λ1n2 � λ2n1)

, describing the

dependence of the layer thickness as function of the wavelength and refractive index

of two consecutive maxima in the spectrum, λ1,2 and n1,2, respectively [149]. From

this, the layer thickness in which the interference e�ect occurs is determined as d ≈ 2

mm, which is in excellent agreement with the thickness of the undoped GaN-layer

underneath the rare-earth doped layer.

Time-resolved characteristics of the IA signal for di�erent detection wavelengths are

shown in Fig. 6.5(c), where the probing photon energies which do not coincide with
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Figure 6.5: a) The IA spectra for di�erent time delays ∆t between the pump and
probe pulses in a detection range of λdet = 400 � 750 nm upon excitation of λexc=340
nm. b) The IA spectrum for the time delay between the pump and probe of ∆t = 2
ps, plotted together with the PL spectrum obtained upon pulsed over-bandgap ex-
citation (λexc = 355 nm) for the spectral range λdet = 550 � 700 nm. The black
dashed lines indicate coincidence of the spectral features of the two with energies
corresponding to the 5D0�

7F1, 5D0�
7F2 and the 5D0�

7F3 transitions, around 601
nm, 621.5 nm, and 663 nm, respectively. c) IA dynamics for di�erent detection
wavelengths (in a double logarithmic scale), where in the upper panel the transients
do not relate to the PL spectrum and are taken for photon energies at respective
maxima of the oscillating feature (λprobe = 500 nm and λprobe = 690 nm, black and
blue, respectively), as well as at a minimum (λprobe = 550 nm): the temporal charac-
teristics are practically identical. The lower panel depicts the traces for the photon
energies indicated by the black dashed lines in panel (b). The temporal character-
istics for the shortest and longest wavelength show rather similar characteristics as
the dynamics shown in the upper panel. For the transient taken at λprobe = 621.5
nm, the baseline has negative value, followed by an increase of signal for maximal
temporal overlap between pump and probe, and then a slow decrease to a value
below the baseline within ∼ 3.6 ns.

PL spectral features are plotted together in the upper panel on a double logarithmic

scale, in a total time window of ∼ 4 ns. Evidently, all transients show similar

characteristics, with three decay constants of τ1 ≈ 1.5 ps, τ2 ≈ 40 ps, and τ3 ≈ 800

ps. The same constants are found for the dynamics depicted in the lower panel, which

are in resonance with Eu-related PL features, with exception of the IA dynamics

recorded at λprobe ≈ 621.5 nm: for this wavelength, the two initial components are

very similar, however the last one is slightly decreased with a value of τ3 ≈ 500 ps.

In addition, the dynamics feature another decay component which appears for long

delay times between pump and probe (∆t > 1000 ps � see red circle in Fig. 6.6(a)),

resulting in the IA signal decaying below initial baseline value. For this particular

probing wavelength, the baseline has a negative amplitude as a result of PL signal

which apparently does not fully decay between consecutive excitation pulses due to

too high repetition rate (f = 1 kHz) of the excitation source in comparison to the
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e�ective PL lifetime (τeff ≈ 220 ms).

Based on the PL and IA spectral and temporal characteristics, we propose a model

for the dynamics of the energy transfer and the PL build up characteristics giving

rise to the Eu-related emission. Figure 6.6(a) shows di�erent IA dynamics, where

the transient recorded at λprobe = 500 nm corresponds to a probing wavelength not

coinciding with Eu-related emission, as opposed to the other two transients, coin-

ciding with the 5D0�
7F1 (λPL = 601 nm) and the 5D0�

7F2 (λPL = 621.5 nm)

emissions. For all probing wavelengths, the IA signal corresponds to the concen-

tration of free carriers which decreases due to di�erent relaxation (and/or energy

transfer) processes. However for the probing wavelengths corresponding to Eu emis-

sion, the registered signal also includes PL contribution induced by the excitation

pulse. From the �tting it was extracted that the initial two time constants are quite

similar for all probing wavelengths, very likely indicating the monitoring of e�cient

trapping, internal relaxation/carrier recombination and energy transfer processes.

As trapping is commonly known to happen on an (ultra-)fast timescale, we propose

the constant of τ1 ≈ 1.5 ps to be related to the initial fast trapping of carriers onto a

defect level, as illustrated in the schematic picture in Fig. 6.6(b) [150]. The second

component (of τ2 ≈ 40 ps) could arise either from a di�erent trapping process which

happens in parallel to the former or could be related to Auger recombination of mul-

tiple carriers in the GaN-host material, since the excitation photon �uence in the

experiment is rather high, by which a large concentration of free carriers is generated

per pulse [151�153]. Once captured at the (relevant) defect state, the energy is then

transferred to Eu3+ bringing it to a higher excited energy state with a time constant

of τ3 ≈ 800 ps, by which the IA signal reduces as a result of lower absorption cross

section of carriers in the excited Eu3+ ion. The characteristic time is determined by

the e�ciency of the energy transfer process as function of the defect�Eu3+ ion sepa-

ration and the microscopic origin of the defect state. The time constant τ3 found for

the λprobe ≈ 621.5 nm probing wavelength is most likely related to PL signal build-

ing up after excitation of the sample, causing the IA signal to decay faster. Bearing

this in mind, a crude approximation can be made of the PL rise time for emission

related to the 5D0�
7F2 transition under the assumption that the IA signal can be

described by IIA(621.5 nm) = IIA + IPL = AIAe
−t/τIA � APL(1 � e−t/τPL rise). Here

the amplitude AIA corresponding to the IA contribution can be extrapolated from

the IA spectrum, τIA = τ3 = 800 ps, and the amplitude of PL signal APL is inferred

from PL dynamics taking into account the PL decay time of τdecay = 220 ms. From

this we estimate a PL rise time of 0.2 ms< τPL rise < 1 ms, where the upper limit is

de�ned by the temporal resolution used within the detection of the PL dynamics.
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To our best knowledge, this is the �rst time that for such type of GaN:Eu sample

grown by OMVPE technique, the energy transfer and the PL rise time has been de-

termined. For direct evidence, the characteristic PL rise time should be con�rmed

with (high resolution) time-resolved PL spectroscopy detected at λPL = 621.5 nm.

Figure 6.6: a) The IA dynamics for probing wavelength λprobe = 500 nm (black)
plotted together with the IA signal detected at λprobe = 601 nm (dark gray) and
λprobe = 621.5 nm (light gray), where the latter two correspond to speci�c Eu-related
transitions, demonstrating the similarity in the temporal characteristics. The red
circle at the tail of the dynamics recorded for λprobe = 621.5 nm emphasizes the onset
of another component, by which the IA signal decreases below the initial (negative)
baseline value. b) A schematic illustration of the energy transfer process, where the
initial fast time constant τ1 corresponds to the e�cient trapping at a defect center.
From here the energy is transferred to a Eu3+ ion in close vicinity, with a typical
time constant of τ3 ≈ 800 ps. The red arrow in the Eu3+ ion indicates the 5D0�

7F2

transition centered around λPL = 621.5 nm.

Conclusions

We have investigated the carrier relaxation and energy transfer processes of excited

carriers in GaN upon over-bandgap excitation using femtosecond TIA technique. A

strong overlap has been found between the IA spectrum and Eu-related emission

peaks, corresponding to the 5D0�
7F1, the 5D0�

7F2 and the 5D0�
7F3 transitions,

around 601 nm, 621.5 nm, and 663 nm, respectively. The waving feature in the IA

spectra is interpreted as an experimental artifact related to an internal interference

e�ect well-known for optical excitation of thin �lms (with thickness of d ≈ 2 mm,

which is in excellent agreement with the thickness of the undoped GaN layer within

the sample). The IA dynamics can be �tted with a triple exponential decay function

with time constants of the order of ∼ 1.5, ∼ 40, and ∼ 800 ps, where the �rst one

is proposed to be related to the e�cient trapping of carriers at a defect center.

The second decay component could be related to either a parallel trapping process
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at a di�erent defect center or to Auger recombination of multiple carriers in the

GaN host material, as the high excitation photon �uence generates high carrier

concentration. The long decay component τ3 could then correspond to the energy

transfer from the defect to a higher excited state of the Eu3+ ion. In case of the

probing wavelengths corresponding to the 5D0�
7F2 transition within the Eu3+ ion,

the last decay component (τ3 ≈ 500 ps) is a combination of the contribution of PL

and IA signal, from which the characteristic build-up time of PL at λPL = 621.5 nm

is evaluated to be 0.2 ms< τPL rise < 1 ms. These results present a unique application

of IA spectroscopy to unravel the characteristics of initial dynamics of Eu-related

emission. In order to investigate the microscopic origin of the defect state which

mediates the energy transfer, IR pump-probe spectroscopy can be performed, where

the intensity of PL dynamics is detected as function of on/o� IR probing, by which

population of carriers in the defect state can be modi�ed.


