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Chapter 4

Selected rare-earth doped wide

bandgap semiconductors

In this chapter, our current research on optical properties of Er-doped ZnO (ZnO:Er)

and Eu-doped GaN (GaN:Eu) is presented. Both types of the samples were prepared

by organometallic vapor-phase epitaxy (OMVPE) method on c-plane sapphire sub-

strates. In the �rst section we focus on ZnO:Er thin �lms. After growth, a subsequent

annealing process has been applied. The optimal annealing temperature for e�cient

Er-related PL was found at around 900oC. The PL and PLE spectra show that op-

tically active Er3+ ions can be excited directly and indirectly via the host matrix.

Decay dynamics of PL at 1.54 µm upon direct (518 nm) and indirect (355 nm) ex-

citation is investigated. Both excitation channels show two decay components, the

fast one in the µs range and the slow one in the ms range, with di�erent intensity

ratios. The fast component measured for the indirect excitation is interpreted as de-

excitation process via defects. In this process, the excited Er3+ ions in the vicinity

of defects are quenched via Auger interaction.

In the second section, we present the up-to-date results on optical properties

of GaN:Eu. Excitation �ux and temperature dependencies, and decay dynamics of

Eu-related PL are investigated. Two main optically active centers of Eu3+ are dis-

tinguished. Di�erent excitation and de-excitation processes are also proposed for the

two optical centers. Using a combination of VSL and SES techniques, optical gain at

620 nm emission band in GaN:Eu is evaluated. A net gain of 1.7 cm−1 is measured,

while no narrowing of the spectra is observed.

4.1 Er-doped ZnO

4.1.1 Introduction

ZnO is used for many applications. The importance of the material is con�rmed by
its annual total consumption, in excess of 1.2 million tons. With a bandgap energy
of ∼ 3.3 eV at room temperature, ZnO is classi�ed as a wide bandgap semiconductor
of the II-VI group as Zn and O belong to the second and sixth groups of the periodic
table, respectively. The native doping of the semiconductor due to oxygen vacancies
is n-type. ZnO has several favorable physical properties: good transparency, high
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electron mobility, and strong room-temperature luminescence. These are being uti-
lized in emerging applications for transparent electrodes in liquid crystal displays,
energy-saving or heat-protecting windows, thin-�lm transistors as well as in light-
emitting diodes. Higher e�ciently electronic and photonic devices based on this
material are being explored and developed.

Er-doped ZnO (ZnO:Er) is among potential candidates for practical PL emis-
sion from ZnO compound. The material shows an intense 1.54 µm emission due
to the radiative recombination whithin intra-4f shell of Er3+ ions. Previous re-
searches demonstrated that high electrical conductivity is essential for the realiza-
tion of ZnO:Er current-injection opto-electronic devices [106, 107]. The ZnO:Er
thin �lms can be fabricated by many techniques, e.g. pulsed-laser deposition [106],
thermal evaporation [108], sintering [109], and e-beam deposition [110]. Commonly,
the emission of Er-doped ZnO �lms is inhomogeneously broadened, similar to that
in amorphous materials. The broadening is due to the fact that the RE is accumu-
lated at the grain boundaries of polycrystalline ZnO �lms [110]. Sample preparation
techniques continue to develop for a better incorporation of dopants. Microscopic
understanding of the material requires more thorough research. In this part, we
present investigations of ZnO:Er prepared by a dedicated organometallic vapor-
phase epitaxy (OMVPE) method developed at Osaka University.

4.1.2 Experimental

The samples in this study were prepared by Dr. K. Yamaoka in the group of Prof. Y.
Fujiwara in Graduate School of Engineering, Osaka University, Japan. ZnO:Er �lms
were grown on c-plane sapphire substrates. Diethylzinc (DEZn), pure oxygen and
trisisopropylcyclopentadienylerbium [(i-C3H7C5H4)3Er] were used as source mate-
rials. Evaporated DEZn at 60 oC and oxygen gas were separately introduced into
the reaction chamber at the �ow rates of 1.0 standard cubic centimeters per minute
(sccm) and 10.0 sccm, respectively. (i-C3H7C5H4)3Er, kept at a constant tempera-
ture of 90 oC, was blown to the reaction chamber by Ar gas �owing at the rate of
250 sccm. During the growth, the reactor pressure was at 3.7 Torr. The substrate
was kept at 400 oC by a resistive heater. The samples were grown for 10 mins at the
growth rate of about 100 nm/min. After growth process, the �lms were annealed at
800-1000 oC in O2 ambient for 30 mins. The crystalline structures of the �lms were
characterized by X-ray di�raction (XRD) measurements using K-line radiation. De-
tails of the sample preparation can be found elsewhere [111]. The near infrared (IR)
PL measurements were carried out at temperature of 4.2-300 K in a continuous-�ow
He cryostat (Oxford Instruments Optistat CF). The samples were illuminated by
the 355 nm line of the third harmonics of a Q-switched Nd:YAG laser (Solar Laser
System). The Er-related PL spectra and decay dynamics were measured using a
combination of a monochromator and a liquid-nitrogen-cooled Ge detector.
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Figure 4.1: PL spectra of ZnO:Er at 4.2 K under illumination of 3th harmonic of

the Nd:YAG laser at 355 nm. Left panel (a): the emission band from the 2nd excited

state (4I11/2) to the ground state (4I15/2) of Er
3+ ions. Right panel (b): emission

band from the 1st excited state (4I13/2) to the ground state.

4.1.3 Results and discussion

In the previous publication [111], we have shown XRD patterns of the as-grown
and annealed ZnO:Er �lms. The XRD peaks from (002) and (101) planes of ZnO
are observed at 34.5 o and 36.3 o, respectively, evidencing formation of the wurtzite
ZnO:Er crystal structure. Both peaks from the (002) and (101) planes shift to lower
di�raction angles by the post-growth annealing. The �lm annealed at 800 oC shows
the (002) peak with a di�raction angle of 34.43 o, which is almost the same as that of
bulk ZnO [112]. No XRD peaks of Er2O3 phase were observed in both as-grown and
annealed �lms. Near band-edge PL peaks at 3.4 eV and a broad band at 2.4 eV are
observed only in the annealed samples. The optimal annealing temperature for the
maximum intensity of the Er-related PL was found at around 900 oC [111]. After
this preliminary characterization, the samples with the most intense PL intensity
were investigated further.

Fig. 4.1 presents PL spectra of the ZnO:Er thin �lm at 4.2 K. Under illumination
of third harmonic of the Nd:YAG laser at 355 nm, we can see the emission bands
from radiative recombination within intra-4f shell of Er3+ ions at 1.54 µm (4I13/2
→ 4I15/2) (left panel) and 980 nm (4I11/2 → 4I15/2) (right panel). In contrast to the
case of c-Si:Er, the emission band from the higher state of Er3+ ions can be observed
thanks to the wide band gap of ZnO, where di�erences between energies of exciton
and excited states of Er3+ ions are large, thus back-transfer process commonly
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Figure 4.2: Excitation PL spectra of ZnO:Er at 4.2K. Left panel (a) for the excitation

to higher excited states of Er3+ ions and righ panel (b) for the excitation to the lower

excited states. Intensities of the peaks are representative for oscillator strengths of

the involved transitions.

Figure 4.3: PL spectra of ZnO:Er at 4.2K under excitation of 355 nm, 518 nm, and

980 nm, which correspond to band-band excitation, and direct excitation of Er to the
2H11/2 and 4I11/2 states of Er3+ ions, respectively.
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Figure 4.4: Decay dynamics of 1.54 µm emission at 4.2 K under the conditions of

indirect excitation at 355 nm (band-band excitation) with di�erent excitation �uxes.

observed in RE-doped semiconductors [48, 99] is reduced.

Excitation spectra of ZnO:Er in visible and infrared regions are presented in
Fig. 4.2. The Er-related PL is monitored at 1.54 µm. The resonant/direct ex-
citation wavelengths feature sharp peaks, which correspond to the transitions of
4I15/2 → 2H11/2 (518 nm), 4I15/2 → 4S3/2 (542 nm), 4I15/2 → 4F9/2 (643 nm),
4I15/2 → 2H9/2 (810 nm), and 4I15/2 → 4I11/2 (980 nm), as shown in the �gure. The
intensities of excitation peaks re�ect oscillator strengths of the involved transitions.
Band-tail absorption of the ZnO host material can be seen for the excitation wave-
lengths below 480 nm (2.6 eV). It becomes higher for the excitation closer to the
band-gap of the host. We suppose that the broad (background) excitation bands
around 600 and 900 nm are due to defects in the ZnO host in the proximity of Er3+

ions.

Fig. 4.3 compares PL spectra of ZnO:Er at 4.2 K PL under indirect excitation
through the ZnO host at 355 nm (band-to-band excitation), and direct excitation to
2H11/2 (518 nm), and to 4I11/2 (980 nm) states of Er3+ ions. In practice, PL intensity
obtained under 355 nm band-to-band excitation wavelength is orders of magnitude
higher than that under direct excitation, thanks to the higher excitation cross-
section; the PL spectra are normalized for clarity. As can be seen, the presented PL
spectra are almost identical regardless of the excitation channel. We can conclude
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Figure 4.5: Decay dynamics of 1.54 µm emission at 4.2 K under direct excitation

at 518 nm (4I15/2 → 2H11/2) with di�erent excitation �uxes.

that the same types of optically active Er3+ ions are activated by both direct and
indirect excitation processes. Nevertheless, di�erent excitation processes of Er3+

ions into emitting energy level (4I13/2) take place. In the direct excitation of the
Er3+ ions, the 1.54 µm emission band appears following the relaxation of the Er3+

ions from the higher excited states. This can be seen in the rise time of PL intensity
for emission from lower excited states of Er3+ ions.

Dynamics of 1.54 µm emission band under band-to-band excitation with di�er-
ent excitation �uxes at 355 nm are presented in Fig. 4.4. Two decay components,
a fast and a slow one in µs and ms ranges, can be clearly seen. While the slow
component does not change with the excitation �ux, contribution of the fast com-
ponent increases and the decay time shortens. Details of the fast component for
di�erent excitation �uxes can be seen in the inset. Auger de-excitation process is
the most probable reason to explain the behavior. This process is commonly known
to take place on a sub-nanosecond time scale. In this experiment, the slow response
detector (µs) is used. Thus, Auger de-excitation process of free carrier can not be
explicitly investigated. Alternative explanation can be the recombination at defect
centers. At higher excitation �uxes, more carriers can be trapped in these defect
centers. These trapped carriers can interact with excited Er3+ ions in the vicinity
via Auger process; eventually the trapped carriers are transferred to higher excited
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states.
Auger process and back-transfer process can be reduced in the case of direct

excitation. Under these circumstances, no free carriers are generated in the ZnO
matrix. However, due to small mismatch in energy, back-transfer process can also
happen between excited Er3+ ions and defect centers. In this case, fast decay com-
ponent might also appear. Decay dynamics of 1.54 µm emission at 4.2 K under
direct excitation at 518 nm (4I15/2 → 2H11/2) are presented in Fig. 4.5. We can
see that the fast decay component for the direct excitation is less pronounced than
in the case of indirect excitation. The de-excitation processes are independent of
excitation �ux, as evidenced by the experimental data.

4.1.4 Conclusion

In conclusion, current study shows that ZnO is a possible host material for Er
dopants. After OMPVE growth, e�ciency of Er-related PL can be improved by
annealing process. We found that optimal annealing temperature for e�cient Er-
related PL is at around 900 oC. Role of defect centers in the wide-band gap matrix
of ZnO is important for the energy transfer under illumination. On one hand de-
fect centers improve the excitation process of Er3+ ions. On the other hand these
defect centers might also quench Er-related PL via Auger interactions with trapped
carriers.
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4.2 Eu-doped GaN

4.2.1 Introduction

RE doped III-V semiconductors are good candidates for development of e�cient
opto-electronic devices, e.g. full-color displays, lighting components, or lasers. Among
them, Eu-doped GaN (GaN:Eu) attracts much attention of many active research
groups for its bright red emission around 620 nm [113, 114, 115, 116, 117]. GaN:Eu
takes advantages of the attractive properties of RE materials: intense and sharp PL
spectra due to radiative recombinations within the intra-4f shell of trivalent RE ions.
As compared to materials for the light emitting devices based on multiple quantum
well structures, the emission from intra-4f shell can avoid the colour shifting due to
aging e�ects or temperature. GaN host material allows a high doping concentration
of Eu without segregation. In addition, a large di�erence in the emission energy and
the bandgap of the host material eliminate the back transfer process. This enables
a stable room temperature emission.

Numerous studies focus on the preparation and optical properties of GaN:Eu
[116, 113, 114, 118]. The most probable lattice location for Eu3+ ions in GaN
are substitutional Ga sites, which have C3V symmetry. However, signi�cant di�er-
ences in the Eu-related PL properties have been observed depending on the material
preparation methods.

Monteiro et al. [119] studied Eu-implanted GaN and in situ Eu-doped GaN
grown by metalorganic chemical vapor deposition. They observed di�erent num-
ber of emission lines associated with the 5D0-7F2 transition in the intra-4f shell of
Eu3+ ions. Based on optical spectroscopy and Rutherford backscattering studies,
the authors concluded that the local symmetry of the Eu3+ ions was lower than
C3V . Bang et al. [120] studied Eu-doped GaN prepared by gas-source MBE and
concluded, based on extended X-ray absorption �ne-structure data, that Eu occu-
pies Ga sites with C3V symmetry. It was also suggested that more than one local
environment of Eu3+ ions may exist in the investigated GaN samples. More re-
cently, Fleischman et al. [121] investigated GaN:Eu samples with di�erent growth
and doping conditions. The authors identi�ed nine di�erent incorporation sites of
Eu3+ ions in GaN via combined excitation emission spectroscopy (CEES). Three
types of centers were classi�ed: (1) sites that are dominantly excited through shal-
low defect traps; (2) sites that are excited through deep defect traps; (3) sites that
cannot be excited at all, including the majority of the main sites where the Eu3+

ions are not in the vicinity of the trapping centers. The e�ciency of the excitation
was the highest for deep traps.

Observation of lasing action in Eu-doped GaN thin-�lm in a cavity con�guration
at room temperature was claimed recently. Values of modal gain and loss of ∼100
and 46 cm−1, respectively, were measured [115, 9]. Also, site-speci�c Eu3+ stimu-
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lated emission was concluded [122]. However, up to date no GaN:Eu laser has been
realized but several EL device structures based on GaN:Eu have been demonstrated
[114, 123].

Improvement of higher e�ciency of the light emitting devices requires more
detailed understanding of the incorporation, excitation, and emission properties
of Eu3+ ions in the GaN host matrix. In this study, we present our research on
optical properties of the Eu-doped GaN sample grown by OMVPE method. We see
that the main speci�c sites for Eu3+ emission at around 620 nm, associated with
the 5D0 → 7F2 intra-4f shell transition, can be determined by energy- and time-
resolved spectroscopy. The changes in PL spectra with temperature are interpreted
as being due to a varying contributions from di�erent Eu3+ optically-active sites.
Excitation and energy transfer mechanisms relevant to Eu3+-related emission are
concluded. These �ndings contribute to further understanding of the reason why
only one speci�c site could give rise to stimulated emission [122]. Finally, we present
the most recent results on optical gain of this material obtained by a combination
of the variable length stripe (VSL) and the shifting excitation spot methods (SES).

4.2.2 Experimental

In this study, the samples were prepared and supplied by Dr. A. Nishikawa in the
group of Prof. Y. Fujiwara in Graduate School of Engineering, Osaka University,
Japan. The Eu-doped GaN thin �lms were grown on sapphire (0001) substrates by
OMVPE (SR-2000, Taiyo Nippon Sanso). Initial materials for the chemical reac-
tion were trimethylgallium (TMG), ammonia (NH3), and tris(dipivaloylmethanato)-
europium, C11H19O2C3Eu. The reactor pressure was maintained at 10 kPa during
the growth process. The details of the sample preparation can be found elsewhere
[114, 118].

The optical properties were investigated with a 266 mm monochromator (M266,
Solar Laser System) in combination with a back-thinned type FFT-CCD sensor
(S10140/41-1108, Hamamatsu). PL measurements were carried out at room tem-
perature or low temperature using a continuous-�ow cryostat (Optistat CF, Oxford
Instruments). We use a combination of the Nd:YAG laser and tunable optical para-
metric oscillators, producing pulses of about 10 ns duration at 100 Hz repetition
rate (Solar Laser Systems) in a 210-1800 nm range as pumping sources.

The time-resolved PL experiments were performed with an thermo-electrically
cooled photomultiplier (Hamamatsu) in the time-correlated single-photon counting
mode. The overall time resolution is 10 ns due to the limitation of the excitation
laser pulse duration.
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Figure 4.6: PL spectra of Eu-doped GaN at room temperature under pulsed laser

illumination. The excitation photon energy is �xed at 3.4 eV which is large enough

for band-to-band excitation of GaN. No changes in the PL spectrum can be seen for

di�erent excitation �uxes. Details of the dependence of the Eu-related PL intensities

observed at di�erent PL peaks (635.49, 635.46, 636.14, and 614.80 nm) are shown

in the inset.
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4.2.3 Results and discussion

The Fig. 4.6 shows PL spectra of the Eu-doped GaN at room temperature under a
pulsed laser illumination. The excitation photon energy at 3.4 eV (355 nm) enables
the band-to-band excitation of GaN host material. The Eu-doped GaN PL spectra
exhibit very strong red emission at ∼ 620 nm (∼ 2 eV). This is very well known and
this emission appears due to the radiative recombination from 5D0 (∼ 2.14 eV) to 7F2

(∼ 0.14 eV) states of the intra-4f electron shell of Eu3+ ions. The minor PL peaks at
600 and at 633 nm are associated with transitions from 5D0 (∼ 2.14 eV) to 7F1 (0.07
eV) and 5D1 (2.35 eV) to 7F4 (0.39 eV), respectively. With the logarithm scale, other
minor peaks are also easily recognized. Those peaks come probably from di�erent
optically active Eu3+ ions located at di�erent sites in the GaN host material. We
can see that the PL spectra are quite identical and independent from the excitation
�ux. Details of the dependence of the Eu-related PL intensities observed at di�erent
peaks are shown in the inset. The �uxes for which PL saturation is reached are
almost the same for all peaks. A �ux dependence with a steep rise is typical for RE-
doped semiconductor systems with indirect excitation proceeds via semiconductor
host materials with a high absorption cross-section.

The red emission at ∼ 620 nm (∼ 2 eV) is further investigated with a higher
spectral resolution and by the time-resolved spectroscopy. More than two peaks
can be clearly found in this emission band. We pay attention to the two most
intense peaks. As can be seen from the Fig. 4.8, di�erence in decay dynamics
is found for the two main emission bands at 621 and 622 nm at 4.2 K. The decay
dynamics of the emission peak at 621 nm shows that PL appears in sub-microsecond
range, while that of the emission peak at 622 nm attains maximum value after a
few microseconds. The PL dynamics of the two emission peaks show that they
originate from di�erent optically active Eu3+ ions, designated as site 1 and site 2
at 621 and 622 nm, respectively. For the optical site 1, excitation might proceed
directly (within time shotter than a microsecond) to the emitting state of Eu3+,
while for the site 2, the emission appears due to relaxation of the higher excited
states. These excitation mechanism are illustrated in Fig. 4.9. Due to the energy
mismatch between the emission and the excitation energy, the fast excitation in site
1 is assisted by defect levels in the bandgap of GaN. For the site 2, the excitation
might proceeds through higher excited states of Eu3+ ions whose energies are close
to, or exceed the bandgap of GaN. The excitation of the lower emitting state in
site 2 appears following the internal relaxation of the intra-4f electron shell, thus,
explaining the µs rise time of this emission band.

Looking back to the PL spectra shown in Fig. 4.7 and the inset of Fig. 4.8, we can
see that the intensity ratios between PL emission from site 1 and site 2 are di�erent
for di�erent experiments. In this situation, di�erent numbers of Eu3+ ions in the
site 1 and site 2 can be concluded, con�rming the co-existence of the two di�erent
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Figure 4.7: Temperature dependence of Eu-related PL spectra. The excitation pro-

ceeds indirectly via band-to-band absorption of GaN host at 3.4 eV under illumination

with a pulsed laser. Detailed dependencies for the two main emission bands (peak 2

and 3) are shown in the inset. The dependencies of the two peaks on temperatures

may be explained by their di�erent microscopic origin, being related to di�erent sites

of optically active Eu3+ ions in GaN matrix.



4.2. Eu-doped GaN 57

Figure 4.8: Di�erent decay dynamics of the two main emission bands designated as

site 1 and site 2 of the optically active Eu3+ ions at 4.2 K. The kinetics of the site

1 shows that a PL appears in sub-microsecond range, while that of the site 2 attains

maximal value after few microseconds only.

optically active sites of Eu3+ ions responsible for the 620 nm emission band.

4.2.4 Optical gain in GaN:Eu

The optical gain in GaN:Eu is investigated at room temperature by a combination
of VSL and SES methods whose experimental principles were described in Chapter
2. For the GaN:Eu, 3rd harmonic of the Nd:YAG laser at 355 nm (Solar Laser
Systems) was used as the pulsed pumping source.

The VSL and SES signals at 622 nm from the radiative recombination in the
intra-4f electron shell of Eu3+ ions are shown in Fig. 4.10. In the left panel, we show
VLS, SES and integrated SES intensities as a function of length or distance. With
the excitation stripe length of about 5 mm, the VSL signal exceeds the integrated
SES signal. The intensity of the ampli�ed spontaneous emission passing to the end
of the excitation length l is given by

IV SL(l) ∼
eGl − 1

G
, (4.1)

where G is the net optical gain. G can be taken from a direct �t or by comparing
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Figure 4.9: The proposed excitation mechanisms for the two Eu3+ sites. For site

1, excitation involves defect levels in the bandgap. For site 2, excitation proceeds to

higher excited states of Eu3+ ion. The emission from the lower excited state appears

following the internal relaxation within the 4f-electron shell.
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IV SL(l) and IV SL(2l). In the latter case we have

IV SL(2l)

IV SL(l)
=

eG2l − 1

eGl − 1
= eGl + 1. (4.2)

Taking a logarithm on both sides, we have

G =
1

l
ln(

IV SL(2l)

IV SL(l)
− 1). (4.3)

Applying this equation to the experimental data we can evaluate the optical
gain. The calculated optical gain coe�cients are presented in Fig. 4.10, panel c.
We �nd the maximal net gain of 1.7 cm−1 at the distance/length of about 0.6
mm. This value represents the lower limit, as discussed in the experimental chapter
(Chapter 2).

Another approach to evaluate the net optical gain is by considering spectral nar-
rowing. Assuming that the emission spectrum can be approximated by the Lorentz
shape, which is typical for RE emission, we can use the equation

∆νASE = ∆ν0

√
G− 1

GlnG
, (4.4)

where ∆νASE is the di�erential bandwidth of the ampli�ed spontaneous emission
and ∆ν0 is the width of the spontaneous emission. In this case we can assign ∆νASE

to the bandwidth observed in the VSL experiment and ∆ν0 as the band with in the
SES. If we take the gain of 1.7 cm−1, we arrive to the ∆νASE = 0.88 ∆ν0. However,
this is not observed - as can be concluded from Fig. 4.10, panel (b). We see that
there is almost no change in the width of the emission band for the VSL and SES
experiments. This could be due to multiplicity of optically active sites of Eu3+ ions.
Since the VSL/SES measurement of optical gain is conclusive, we think that the
slight di�erence in the optical properties of the individual sites and the experimental
resolution limits might mask any possible narrowing of the spectrum.

4.2.5 Conclusion

In conclusion, we have shown that the GaN is a very suitable wide band gap semi-
conductor host for Eu. PL from radiative recombination within intra-4f shell of
Eu3+ ions embeded in GaN shows characteristic spectra with intense and narrow
peaks. The existence of di�erent main sites of optically active Eu3+ ions in GaN
has been concluded via temperature dependence of PL intensity and time-resolve
spectroscopy. We have proposed di�erent optical excitation processes for di�erent
sites. The excitation for the �rst site proceeds via defect state directly to the emit-
ting level. The excitation for the second site proceeds via higher excited states of
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Figure 4.10: Results of the VSL and SES experiments for 622 nm PL due to radiative

recombination in the 4f-electron shell of Eu3+ ions, panel (a). For the excitation

length of about 0.5 mm, the VSL signal exceeds the integrated SES signal indicating

net gain. The panel (b) presents PL spectra in the VSL mode for the length of the

maximum gain and SES mode. Signals are normalized for the comparison of the

spectral shapes. The panel (c) presents the net optical gain coe�cients against the

excitation length of the VSL signals. The gain values are obtained from double-

stripe-length comparison (Eq. 4.3).
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Eu3+. In the latter case, luminescence from the lower excited state appears follow-
ing the internal relaxation within the intra-4f electron shell of Eu3+ ions. By the
combination of VSL and SES methods, we have determined the lower limit for the
optical gain of 1.7 cm−1 for 620 nm PL emission at room temperature.




