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Highlights

e The luminescence characteristics of GaN films implanted with Erbium at low doses
were evaluated.

e The temperature dependence of the YL band allowed us to identify the nitrogen-
vacancy as the main responsible defect for this emission.

e The color coordinates analysis indicates that Er**/Yb%* co-doped GaN semiconductor
emits at room temperature a blended light with color in the white-light region.

e The significant temperature sensitivity obtained indicates its potential as optical
temperature sensing probe in the temperature range 200-300K.

e The maximum sensitivity reached was 15x10™* K at 200 K.

Abstract

The luminescence characteristics of GaN films implanted with Er at low doses were evaluated.
The defect-related yellow luminescence (YL) and green luminescence (GL) bands observed
under direct excitation with 488 nm were attributed to the transitions via different charge levels
of the same defect. The quenching behavior of the luminescence intensity either with the

temperature or concentration variation can be attributed to nonradiative energy transfer (ET)
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and/or charge transfer by trapping impurities. The temperature dependence of the YL band
allowed us to identify the defect responsible for this emission. The best candidate for this defect
was found to be a nitrogen-vacancy. A GaN sample co-doped with Er¥* and Yb®*" ions was
prepared, and its optical properties were analyzed. The incorporation of Yb®*" improved the PL
emission intensity in the visible region. This feature results from the efficient ET processes
between these two doping ions. The color coordinate analysis indicates that Er¥*/Yb** co-doped
GaN semiconductor emits light with color in the white-light region. To investigate the
temperature sensing application of the synthesized co-doped semiconductor, the temperature-
sensing performance was evaluated using the fluorescence intensity ratio technique in the
temperature range 200-300K. The significant temperature sensitivity indicates its potential as

a temperature sensing probe. The maximum sensitivity was 15x10-4 K- at 200 K.

Keywords: GaN, Er®*, Yb®*, optical spectroscopy, temperature sensing.

1. Introduction

Over the past few decades, photoluminescence (PL) in rare-earth ion (RE)-doped
materials have received much attention, particularly because of their potential
applications in optoelectronics such as light-emitting diodes, displays, lasers [1-3], and
temperature sensors [4]. The luminescent temperature sensor applications using RE3*
ions draw great interest of researchers. In fact, temperature can affect the populations of
these energy levels according to the Boltzmann distribution law. Thus, a change in
temperature influences the emission intensities of these ions. Up to now, various
approaches have been expanded to achieve a high detection sensitivity; the fluorescence
intensity ratio (FIR) technique being the most used one [5]. In particular, the FIR
technique uses the temperature-dependent PL emission intensity arising from two close

thermally coupled levels of RE®" ions.

Among the RE ions, the trivalent Er ion (Er®") shows a wide and complex emission
spectrum ranging from UV to mid-IR regions [7]. The intensity of these fluorescence
lines depends on the probability of a particular transition, which in turn is a function of
the ligand field of the surrounding environment. Er®* ion presents an elaborate energy
state scheme with different energy gaps, its energy levels are distributed within the

energy space, and the lifetimes of some levels are long enough to make Er3* interesting



as an upconverting luminescent center. The sensitization of Er-doped host—lattice with
Yb3* ions is a popular method for increasing the optical pumping efficiency owing to the
high absorption cross-section of Yb ions leading to an efficient Yb3*—Er®* energy
transfer (ET) [6].

As an activator, trivalent Er ion has attracted particular interest because of its several
efficient emission bands [8-10]: The 1.55-um spectral band (IR emission) belonging to
the *l132—*115/2 transition is considered ‘‘eye-safe” and has already been used to develop
lasers for medicine, telemetry, telecommunication, and remote sensing [11]. The green
emission or 550-nm emission band corresponding to the (?Hi1/2, Sar2) —*l1s/2 transitions
Is important in developing compact laser devices for display and data storage
applications.

In fact, thanks to the advance witnessed in semiconductor photonic device techniques
and design, many researchers have dedicated their efforts to introduce Er3* ions into
semiconductors, resulting in photonic integrated circuits with multiple functionalities
[12, 13]. Among the different combinations of RE ions and nitrides hosts, GaN:Er is one
of the most interesting combination. In fact, Er-doped GaN has many potential
applications in optoelectronics [14, 15], and it is one of the most efficient host matrix for
providing high emission quantum yields at room temperature in the IR and visible
spectral ranges [16], because the thermal stability of Er emission in GaN host lattice is
the highest compared to small-band-gap semiconductor materials [17]. Moreover, GaN
can be doped with RE®* ions at high concentrations with perfect uniformity.

Therefore, GaN has the advantages suitable for integrated photonic applications.
Compared to other semiconductors such as GaAs or Si [18], GaN crystals often exhibit
a superior optical performance. Moreover, it is of great interest because of its exceptional
properties including a direct-band-gap transition, which has an important role in optical
applications, a large energy band gap (3.4 eV at room temperature) results in a very high

thermal stability and mechanical robustness.

Among the various methods used in the growth of GaN thin films, molecular beam
epitaxy (MBE) and metalorganic chemical vapour deposition are the most used methods.
Each technique has certain advantages as well as disadvantages. Considering that ion

implantation is a nonequilibrium process, however, it is not limited by solubility



constraints or even surface chemistry. Nevertheless, Er implantation causes large
damage to the host lattice, and post-implantation annealing is necessary to improve the
crystal quality of the film. This technique is a prominent technology in the
semiconductor industry that allowing the introduction of doped ions in a controlled
manner and with an excellent solubility in the matrix [19].

The visible PL spectra of Er ions incorporated in GaN matrix are complex owing to the
existence of various emitting centers. In fact, the various defects present in the band gap
of GaN host directly affect the PL emission spectra. Identification of diverse emitting
centers is important to interpret the emitting properties of RE>" ions and can lead to new

technologies for optical devices.

To increase the performance of RE-doped GaN materials, it is significant to better
understand RE ion-doped GaN semiconductors and the processes affecting the excitation
of this doping ion in this host—lattice. In this paper, we present a detailed spectroscopic
study of the defect centers in Er-implanted GaN thin films. The effects of Er®* doping
concentration and temperature on the optical properties of GaN thin films were
evaluated. Er-Yb co-doped GaNwas synthesized to increase the luminescence efficiency
in semiconductor thin films. The ET processes responsible for this enhancement were
elucidated by a suitable energy level diagram. The temperature-sensing behavior of

Er**~Yb3" co-doped GaN semiconductor was investigated using the FIR technique.

2. Experimental

The GaN thin films implemented in these experiments were grown by a solid source
MBE method using a Riber MBE-32 system on a p-Si (111) silicate substrate. Ga solid
source was used in conjunction with a radio frequency plasma source providing atomic
nitrogen. The sample was pre-treated with acetone, methanol, and deionized water

before the insertion into the load-lock.

All sampleswere annealed at ~950 °C before the growth. An epilayers of ~0.8-pum thick
were implanted with Er3* and Er¥*/Yb3" ions. This rare earth implantation was carried
out within energy of 300 KeV, and the beam intensity was in the order of 5 mA.cm-2.
The deposited thin films were then dried in air at 150 °C for 30 min after the implantation



and annealed at 450 °C to improve their crystallinity followed by another annealing step
at 1050 °C for 5 min. The surfaces of the samples were optically polished to use them
for optical characterization. Two samples labelled as S1 and S2 were synthesized with
C(Er*") = 1x10® and C(Er*") = 5x10% ions/cm? doping fluencies, respectively. S3
sample was co-doped (Er®*/Yb®") with a similar concentration C(Er/Yb) = 1x10%3

ions/cm?.

PL measurements were performed by exciting the samples with a visible Ar laser line at
448 nm. The PL emission was collected and analyzed using a 1.3-m grating
monochromator equipped with a microchannel plate photomultiplier tube used in the
single photon counting mode. The laser beam was modulated using a SRS SR540 optical
chopper. The signal was recorded using a digital storage oscilloscope controlled by a
personal computer. For the low-temperature measurements from 8-200 K, a continuous
flow helium cryostat was used.

3. Results and Discussions

3.1. Visible luminescence at low temperature

A direct excitation of the Er®* ions below the GaN band gap (from the ground “*l1s/2 to
the *F720r 2Hi1/2 levels) yields a luminescence spectrum dominated by emission in the
visible range extending mainly from 490-700 nm. Fig.1 shows an overview of the low
temperature (8K) emission spectra of GaN at different Er®* doping concentrations under
excitation at 488 nm. The GaN:Er®* spectra are composed of several bands, and are
characteristics of intra-4f-shell transitions of Er* ions [17].

Both samples exhibit a blue-green emission band at around 505 nm. It is assigned to the
radiative transition from the *F7z2 multiplet to the ground state “lis2. A strong red
emission band at 664 nm corresponds to the transition between stark sublevels from
4Far—*115/2 of Er3* ion. This bright red emission can be obtained by populating the *Fo2
level via cascade multiphonon nonradiative transitions from “Fz of Er®* [7].

Also, three sharp extra lines were observed at 615, 649 and 694 nm correlate perfectly
to °Do—Fi=2, 3, 4 transitions of Eu®* ions present accidently as an impurity in the reactor
chamber [16]. This emission might imply an ET process between Er®* and Eu®* ions,

which will be the subject of a future work.



The Er luminescence is overlapped with a broad emission band ranging from 510-550
nm, with a peak centered at 535 nm. This dominant band is the well-known yellow
luminescent band (YL) commonly observed in the GaN system [20, 21]. Therefore, it is
proposed that the usual Er¥* emission attributed to the *Sz2—*l152 and 2Hiiz2—*l1s/2
transitions in our sample is screened by the YL band or quenched by the presence of
Eu* ions. This feature could be attributed to the ET between #Sz2(Er®*) and °Do (Eu®*)
levels whose energies are very close.Thus, it can be concluded that the presence of Eu®*
trace improves the red emission in favour of the green one due to the Er-Eu ET processes
[22].

In GaN thin films, the YL band has been associated to native defect complexes. Hence, many
defects can appear and Vea, On and Cn are among the most mentioned in the literature [23, 24].
Moreover, doping by implantation causes damages in the GaN lattice that are not completely
removed by annealing [25]. The presence of the YL has been explained by two stage process
involving 1) nonradiative capture of an electron by a deep donor level and ii) a radiative

recombination of this electron with a hole at a shallow acceptor [26].

Usually, YL band dominates the visible region of the PL spectrum in most of the
undoped GaN samples. However, when GaN is grown by the MBE method in extremely
Ga-rich conditions, the obtained samples have high resistivity due to self-compensation.
Thus, other defect-related PL bands could be detected in the PL spectrum [27, 28]. To
have a deeper insight of the situation, a low-temperature PL spectrum of undoped GaN
sample excited with 488 nm was carried out (Fig. 2). The PL spectrum reveals the
presence of a broad yellow-green band extending from 490-550 nm. A weaker shoulder
located at 668 nm can be assigned to red luminescent (RL) band. The deconvolution of
this spectrum reveals two peaks centered at 485 nm (GL) and 525 nm (YL) which are
associated to the transitions via different charge levels of the same defect: 0/+ (GL) and
-/0 (YL) [29].

It is worth noting that only in GaN grown with very low concentrations of carbon and
oxygen impurities, an isolated defect, most probably the Cn dominant defect, causes the
YL and GL bands [24]. Whereas, in samples grown with relatively high concentration
of C and O, the CnOn complexes are likely to be formed and will cause the YL band but
not the GL band [28]. Thus, we can explain the strong GL band in our sample by the
Ga-rich conditions during MBE growth that result in the formation of relatively high



concentrations of nitrogen-vacancy. The red band appearing in GaN grown by MBE in
extremely Ga-rich conditions originates from transition from a shallow donor (at a low
temperature) to a deep acceptor level [30, 31]. Among possible candidates for the defect
responsible for RL band, we suggest C, Si, O and Vea. Formation of complexes including
these defects is also expected.

The comparison of the PL spectra of GaN:Er grown by MBE on Si (111) substrate with
two different Er®*concentrations shows that the emission spectra of both samples are
almost identical except for their peak intensities, which are related to the Er doping
concentration. It is clear that the emission intensity shows a quenching phenomenon
[34]. This decrease occurs through the presence of many de-excitation pathways, which
can be related to changes in the coordination or to the doped ion environment. This is an
experimental evidence for the existence of ET processes. Moreover, different exchange
interactions can lead to a much steeper decrease in intensity with increasing
concentration [35]. Indeed, the ion—ion interactions should be considered to explain the
decay profile. The observation of this effect is enhanced upon increasing the doping
concentration within the host matrix [36]. Further, the transition probability by ET
depends on the distance between the donor (D) and the acceptor (A) ions, Rpa, which
decreases drastically under high doping concentration.

In case of Er®* (5x10%° ions/cm? concentration, the competition between the
spontaneous radiative de-excitation and the ET results in an effective decrease in the
emission luminescence intensity [36]. This latter has been proposed by Chen & al. to
explain the trend of this quenching behavior in Er doped GaN [38].

3.2. Temperature dependence of PL emission spectra

The effect of temperature on the emission intensity of the YL band has been the topic of
many reports regarding its dependence on the defect type [39]. The temperature
dependent PL measurements were shown in Fig. 3, it is observed that the YL intensity
decreases with increasing temperature following a different trend when compared to Er3*

emission.

To explain this feature, we assume that this thermal quenching behavior is determined

by shallow donor ionization and thermal escape of holes from defects to the valence



band. The activation energy of this mechanism has been derived from the best fit of the

temperature dependence YL intensity using the Arrhenius law (Fig.4):

I
I(T) = —1+Ce(gA/KT)(1)

where lo is the intensity of the YL band at 0 K, C is the characteristic of the nonradiative
process, Ea is the activation energy of the shallow donor. The Eawas obtained to be ~28

MeV corresponding to the binding energy of the On donor in GaN [40].

Much more interesting is the temperature dependence of the Er emission; in fact, the
luminescent thermal stability is an important factor for evaluating semiconductor’s
performance. Moreover, the strong temperature quenching of the Er3* emission intensity with
decreasing band gap of the host material represents a strong drawback for Er-doped
semiconductors [17]. Thus, Er-doping semiconductors with wide band gaps, like 111-V nitrides
seems to be a promising approach to overcome the thermal quenching of Er emission and leads
to a better room temperature performance [33]. Particularly, GaN thin films doped with Er3*
ions have shown minimal thermal quenching of the emission intensity extending from

cryogenic to elevated temperature [32].

To study the temperature influence on the emission of Er®* related centers, we measured the PL
of sample S1 between 8 K and 200 K. The behavior of the visible PL intensity is depicted in
Fig. 3.

The spectra show identical features with a small shift of *Fo2 energy level position and
differences in their relative band intensities. Moreover, the luminescence intensities of
*F72—*11512 and *Fe2—*1152 transitions decrease about 25-30% from 8K to 60K. For higher
temperatures, the intensity remains stable (see inset of Fig.3). The nonradiative decays of *F7
and “For2 levels are most probably responsible for this thermal quenching due to the high phonon
energy which exceeds 700 cm™.

As the temperature increases, the YL band red shift is about ~40 MeV. This shift can be
attributed to the thermal escape of electrons from deep donor level to another site with lower
energy. Moreover, the YL band may exhibit red or blue shift with temperature depending on

the excitation conditions [39].



A similar behavior is exhibited in the PL spectra for *Feo—*l15/2 transition. This red shift
can be explained by the presence of potential fluctuations in GaN:Er®* samples [41] or
in terms of the thermal population of the higher *l1s/2 stark sublevels [42]. Fig.5 shows
the shift of the peak position to lower energy in the same temperature range. It is
noticeable that the red luminescence maximum shifts following the band gap shrinkage.
Indeed, it is well known that the GaN band gap reduces by 40 MeV from cryogenic
temperature 10 K to 300 K. The large sensitivity of the PL peak shift to the band gap
variation is typical for defects with strong electron-phonon coupling. This behavior
suggests that the doped ion (defects) should involve these electronic energy levels

sensitive to the band gap reduction, described by the effective mass theory.

3.3. PL emission analysis, energy level diagram and CIE study

To expand the Er¥*emission efficiency in the visible region and eliminate the overlap of
different emission bands related to the defects in GaN, a co-doping with Yb®* ions was
carried out. The PL emission spectra have been recorded at 300K for Er3*/ Er¥*—Yb3*
doped/co-doped GaN semiconductors in the range of 460-700 nm under the 488 nm
excitation. A comparison of PL emission intensity for doped/co-doped GaN layers is

displayed in Fig.6a.

These results depict the presence of a brilliant blue-green emission followed by a strong
red one. The intense blue-green luminescence occurring from 472 nm to 512 nm with a
maximum intensity at 490 nm is assigned to the *F72—*l1s2 transition. Whereas, the
second emission located at 663 nm is attributed to the *Fe2—*l152 transition of Er3*.
Furthermore, the peaks at ~617, 647 and 685 nm in the red region of the spectra with a
low intensity correspond to the electronic transitions, specifically, the °Do — “Fi=2, 3, 4 of
the Eu®* ions. In this investigation, the emission band located at 488 nm appeared to be
the most intense and this may be due to excitation stray light although an adequate filter

was used.

The incorporation of the Yb3" sensitizer in the GaN:Er®* semiconductor improves the
overall PL emission intensity. An intensity enhancement of about 15 times is noted for
the RE emission (Er®*, Eu®*) in favor of the trap emission bands (GL, YL) in the co-

doped sample. In fact, the Eu-Yb-Er system has already been studied in other hosts as



an efficient ET system [43]. It is well known that the Yb3* ion has a high absorption
cross-section leading to a large energy overlap between Er®* and Yb*" ions [44].
Moreover, the Yb3* ion seems to reduce the emission of the defect-centers present in the
host [45]. Thus, the ET process and the beneficial effect of the Yb** ions on the trap-
centers emission are responsible for the enhancement of the Er* emission intensity and
the quenching of the YL band in the visible region. Fig.6 exhibits also that the spectral
profile displays obvious changes with co-doping by Yb** ions concerning the tint of the
overall emission light. In other word, as far as the red component intensity is improved

to the blue-green emission which leads to a tunable overall mixed emission intensity.

Under 488 nm wavelength excitation, Er and Yb ions are promoted to their excited levels
via the ground state absorption process (GSA). As Yb3* ion has a high absorption cross
section, the latter process was more efficient for Yb ions and most of exciting energy
was absorbed by these ions, which is transferred to Er ions through different ET
mechanisms. To understanding the details of ET processes, the schematic energy level

diagram is illustrated in Fig.6b.

After absorbing the 488 nm photon energy, the Yb*" sensitizers are promoted to a virtual
level V1 and then the electrons in V1 state decay nonradiatively to the 2Fs/2 excited level
[46]. The excited Yb3* ions, namely the donors, transfer their energy cooperatively to
the neighboring activator ions (Yb3*) which are transited to a second virtual level V2
[47]. Subsequently, the acceptor ion (Yb3®") relaxes radiatively to the 2F7 level and

releases blue emission at 493 nm corresponding to 2 ?Fs2—2F7/2 transition.

On the other hand, the large number Er®* ions are excited from the ground state (*l1s/2)
to the *F7/2 state via the GSA process and/or an ET (ET-1) from the virtual level V2. The
V2 level is resonant with the *F72 level of Er3* ion. Thus, these two energy states pursue
the reputed law of Boltzmann distribution and the population interchange between them
is quasithermal type. It is clear that two ET channels are in competition between V2
(Yb®") level and “*F72 (Er®*) in both directions. However, at the same (Er**, Yb*")
concentration, the V2 (Yb®*") —*F72 (Er**) ET scheme dominates due to the higher Yb3*
absorption cross section. Therefore, the Er ions de-excite to the *l1s2 level and emit

4F72—*15/2 blue-green emission band.



As for the red PL emission, two distinctive processes are contributing to load the
population in the *Fe/2 of Er®* ion. In the first step, the Er®* ion was excited to the *l11/2
state via the ET (ET-2) process from the excited Yb*" ion. After that the nonradiative
relaxation was set up and the electrons populate the *l11> emitted level. Then, these
electrons were promoted to the *Fo2 excited level by an ET (ET-3) from Yb3" ions.
Finally, Er®* ions were de-excited to the ground state (*l1s/2) leading to red emission.
Besides, the “Fg/2 state can be also populated through the multiphonon relaxation process

from the *F7.2 level of Er ions.

It is concluded that the incorporation of Yb3®" ions in the GaN: Er®* semiconductor
improves the population of the red emitting level of the Er ions. This is due to the various
ET processes described above which suppress the population of the 2Hz112/ *Sar2 levels
leading to the disappearance of the green emission and the enhancement of the red one.
Also, it is worthy to note that due to the higher lifetime of the #1132 state compared to the
lifetime of the *l11/2 excited level, the process ET-3 is the dominant path over the ET-1
and ET-2 processes [48].

The overall emission light of the co-doped sample was evaluated using the CIE 1931
chromaticity diagram shown in Fig.7. Upon 488 nm, the color chromaticity coordinates
at room temperature were found to be x = 0.301 and y = 0.396. The results show that
Er¥*/Yb3** co-doped GaN semiconductor provides a blended light with color in the white-
light region. Thus, it is proposed that the studied semiconductors may be implemented

for white light generation using a 488 nm laser excitation.

3.4. Temperature-sensing performance and color tunability

To study the potential of co-doped Er®*—Yb®":GaN semiconductor in the
realization of optical temperature sensor applications, the FIR technique was used. In
this method, the fluorescence intensity emitted from two close thermally coupled states
is monitored to calculate the ratio of the intensities arising from these two energy levels
as a function of temperature. Certain researchers have been devoted that the FIR
technique was implemented also for stark sublevels of a multiplet to monitor the
temperature [49, 50].



With this inspiration, we analyzed the temperature dependent properties of the blue-
green emission band corresponding to *F72—*l1s/2 transition of Er** ions upon 488 nm
laser excitation which corresponds to the resonance absorption from the lowest stark
sublevel of #1152 ground state to the *F72 level. Fig.8a exhibits the PL emission spectra
occurring from 470 nm to 500 nm in the temperature range 200—300K.

Two distinct emission peaks located at 477 nm and 492 nm, respectively, have been
detected. These two peaks are due to the transitions from the stark levels of the
“Fzzmultiplet to the “l1s/2 state. It should be noted that the PL emission profile did not
display any change in the peak positions with the rise in the sample temperature, while
the PL emission intensity decreases gradually. This effect is generally related to the high
probability of the nonradiative relaxation process between these two stark sublevels
which are considered as two thermally coupled levels in quasithermal equilibrium [52].
Indeed, when the temperature increases, any possible stray light signal is constant; on
the other hand, the relative population density of the *F72 ¢y and *F72 ¢y sublevels will
change and follow the Boltzmann distribution leading to a variation in the emission
intensity of these two stark components. The variation in the intensity ratio (FIR) can be

expressed by the following equation [51]:
FIR = R(T) = ;‘*l = A exp(—AE/KgT) = A exp(—B/T)(2)
492

where, 1477 and lsg2 are the PL emission intensity of the two stark components located at
477 nm and 492 nm, respectively. A is the pre-exponential parameter, B is a constant,
AE is the energy gap between the energy stark sublevels, Kg is the Boltzmann constant
and T is the sample temperature.

The variation of the intensity ratio R (T) is plotted as a function of inverse temperature
in Fig.8b. It is noticeable that the R value presents an increasing tendency as the
temperature rising. According to the fitting of these experimental data, the energy gap
AE/Kg is found to be 103.38 K, whereas the estimation of the pre-experimental
parameter provides a calculated value of A = 0.975. As exhibited in the insert in Fig.8b,
the plot for In (1,,,/149,) versus the inverse of temperature according to Eq. (3) verify
a linear tendency which reveals the compatibility of this semiconductor in the
temperature sensing applications.

Eqg. (3) can be defined as follows:



In(FIR) = In(A) + (—AE/KgT) = In(A) + (—B/T)

where, all the terms have their usual meanings. The fitting with Eqg. (3) provides
In(A) = —0.025 and B = 103.38K.

This behaviour is not in contrast with the relative temperature stability of the GaN:Er
emission shown in Fig.3 because, in that case, the overall intensity of the luminescence

emission is considered instead of the relative intensity of the various emission peaks.

These two parameters were used to estimate the sensor sensitivity S (T) which is a
prominent factor for the development of optical temperature sensor applications. The
rate of the change in the FIR value for two thermally coupled stark sublevels with respect

to temperature result the sensitivity S (T), which is expressed as:

d(FIR
S(T) = [0 = |FIR x (—AE/KpT?)](4)

Fig.9 shows the corresponding sensitivity curve, which is calculated using Eq.4. It is
worthy to note that the sensitivity reaches its maximum value of 0.0015 K~'at 200K
which was comparable with other sensitivities of different sensing materials doped with
RE3" ions reported in Table 1. This result suggests that the GaN:Er®*/Yb®" possesses a
good sensing ability [11, 53]. Thus, to judge the utility of this material in the realization
of the display devices, it is important to analyze the color tint emanating light of this
sample in the temperature range 10-300K. The color emitted from the prepared sample

was examined using the Go-CIE software.

According to the results depicted in the CIE 1931 chromaticity diagram illustrated in
Fig.7, the combination of the emission tone presents two modes: when the temperature
increases from 10 K to 200 K, the overall emission light shifts from the blue region
through the blue-green, green, yellow-greenish and finally reaching the yellow color.
While at higher temperature (from 200 K up to 300 K), a reverse trend was seen. The
color tint emanating light of this sample moves from the yellowish region to the cyan
until it stabilizes in the white light region at room temperature. Based on these results,
the developed semiconductor can be potential candidate for the production of the tunable
lighting devices.



Conclusions

This work has been devoted to the optical study of Er-implanted GaN thin films
using detailed optical spectroscopy in the visible region. PL measurements were
performed on GaN thin films implanted with Er ions, followed by thermal annealing at
a high temperature. This process favored Er3* optical activation as well as promoted the
appearance of the broad yellow luminescence (YL) band. We have also investigated the
low-temperature (8K) emission spectra with two Er3* concentrations (10*® and 5x10%°
ions/cm?) upon direct excitation with 488 nm. At the highest concentration, the

guenching phenomenon was attributed to the ET process between Er and defect centers.

A temperature-dependent PL intensity study was performed on the sample containing
10*3 jons/cm? in the range 8—200K. The temperature variation revealed the attenuation
of emission intensity. This can be explained by i) the shallow donor ionization and ii)
the nonradiative decay due to the high phonon energy. Therefore, the YL band-related

defect energy activation corresponding to the binding of the On donor was determined.

To enhance the PL emission intensity in the visible region, a proposed GaN sample co-
doped with Er®*—Yb%*was synthesized, and its luminescence characteristics were
investigated under 488-nm laser excitation. The color tunability observed in the
GaN:Er®*/Yb®* semiconductor has extended the latitude of the blue-cyan-green-yellow
tunability region in the temperature range 10-300 K. At room temperature, the sample
provides a blended light with color in the white-light region. The temperature-sensing
performance of this material studied using the FIR technique confirmed the applicability
of this phosphor material in the development of an optical temperature sensor with a
high sensitivity over a wide temperature range. The maximum value of the sensitivity

resulting from the FIR measurements was 15x10-4 K-1,
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Fig.1. Emission spectra of GaN:Er3* thin film at low temperature (8 K) under 488 nm

excitation.
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Fig.2. Emission spectrum of undoped GaN thin film at low temperature (8K) under 488 nm
excitation.
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Fig.3. Emission spectra of GaN:Er3* with Er®* ion concentration C(Er) = 1x10*2 ions/cm?
under below-gap excitation (488 nm) over the 8-200 K temperature range. Inset shows

the change in intensity of *Fe2 and *F7.2 levels with temperature (8-200 K).
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system co-doped GaN semiconductor showing possible Energy Transfer at 488 nm
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ACCEPTED MANUSCRIPT

CIE 1931 chromaticity diagram

08
A exc.= 488 nm
06

0.4

0.2

0.0 T T T T
(1} 0.2 04 06 08 1

Fig.? Color coordinate variations of co-doped GaN:Er®*/Yb3" in the temperature range
10-300K



0,12

A 0 54 F oy
| Fraiy >*hasp2 " 15 0,704 (b) »  Experimental data
- o
0,10 ; — 200K \\\ Fitting curve
i 220K 0,68 " o
§ ——— 250K N o K
= 0,08 | —— 270K \ -
= } . :‘" .
S., ; A 0,66 . ?
= % »
_é‘ =v~ \, : 3
2 0084 < 0841 i W ——
2 o 5 uu-u;,:nu.uu
[ —
= T
0,04+ 062-
R (T) =0.975 exp (-103.38/T)
0,60 -
0,02 \\
0,58 1 \.
o'oo oy ; T T T T T T T T rrrlrr rmarrrere rverar
475 480 485 490 495 32 34 36 38 40 42 44 4,5 48 50 52
Wavelength (nm) 1fT(x10“’, K')
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Table 1. Values of the maximum sensitivity of different RE doped hosts.

RE doped samples  Maximum sensitivity — T(K) Temperature range References

(x 107* K1) (K)
ZnO:Er’* 62 443 273-573 [51]
Gd,03:Er¥/Yb3* 39 300 300-900 [55]
CaWO4Er**/Yb* 25 480 300-540 [50]
Silicate: Er®* 23 296 296673 [52]
BaTiOs:Er*/Yb3* 19 410 120-505 [49]
PLZT: Er** 19 556 300-610 [53]
GaN:Er**/Yb* 15 200 200-300 This work

Fluorozirconate: Er®* 06 300 100-300 [54]




