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ABSTRACT

Erbium (Er) doped GaN (Er:GaN) bulk crystals are promising as an optical gain material for high energy lasers. Other than the preferred
configuration of Er*™ occupying the Ga site with four nearest neighbor N atoms (Erg,), Er can also form a complex with a defect (Erg,-DX)
in Er:GaN. A set of Er:GaN semi-bulk crystals were grown by hydride vapor phase epitaxy (HVPE) at different growth temperatures to allow
the determination of the formation energies, Ep, of Er optical centers in Er:GaN. Photoluminescence (PL) emission spectra near 1.5 um
pumped by a near band edge excitation (Ze,c = 375nm) and by a resonant excitation (Aexc =980 nm) were measured, which yielded two dif-
ferent formation energies of Ep=2.8 eV and 3.3 eV, corresponding to the formation of Erg,-DX and Erg, in Er:GaN, respectively. As a gain
medium, the formation of Erg,-DX in Er:GaN would not only reduce the pumping efficiency of Er optical centers but also increase the opti-
cal loss. Our results provide useful insights into possible strategies for enhancing the fraction of Erg, in Er:GaN and, hence, the pumping effi-
ciency, paving the way for achieving optical gain and lasing in Er:GaN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077742

Doped in a solid host, the intra 4f shell transitions from the first
excited state (“I;3/,) to the ground state (*I;s/2) of Er’" ions emit light
in the 1.5 um region, which lies in the spectral range of minimum
transmission loss in silica-based optical fibers.' ” Accordingly, Er
doped materials have been extensively investigated for applications in
optical communication devices, including optical amplifiers and emit-
ters active in the 1.5 um spectral region.' ” It has been demonstrated
that the emission intensities associated with the Er intra 4f shell transi-
tions in Er doped GaN (Er:GaN) have a negligible thermal quench-
ing"” due to the outstanding mechanical and thermal properties of
the GaN host.” Additionally, 1.54 um wavelength is considered rela-
tively “eye-safe,” as the upper limit of eye-safe laser exposure at 1.5 um
is more than 4 orders of magnitude higher than that of the wave-
lengths ranging below or close to 1 um.”" As such, Er:GaN semi-bulk
crystals have been studied recently as a gain medium for high energy
lasers and illuminators operating in the 1.5 um spectral region with
expected applications encompassing communications, —security,
defense, manufacturing, and health/medicine. R

To obtain emission from the Er intra 4f shell transitions near
1.5 um, optically active Er’* in Er:GaN can be excited by two different
excitation schemes: (1) a non-resonant pump via a band-to-band (or
band edge) excitation of the semiconductor host through a non-
radiative energy transfer of free carriers (or excitons) to nearby Er*"

and (2) a resonant pump via a direct excitation of electrons from a
lower lying Stark energy level to a higher level among 12> i3/ and
1,55 states within the 4f manifold of Er*". For instance, in Er doped
YAG crystals, 980 nm laser sources are widely utilized to achieve opti-
cal lasing near 1.5 um because the 980 nm photon energy matches the
energy difference between the ground state (*Iis») and the second
excited state (*I,,/,) and, hence, can provide a direct excitation of elec-
trons from (*I;52) to (*I;;,2) state within the Er inner 4f shell. Previous
theoretical and experimental studies have indicated that not only an
Er atom can substitute onto the Ga sublattice with four nearest neigh-
bor N atoms to form an isolated optical center of Erg,, but Er can also
form a defect complex center involving a nitrogen vacancy or disloca-
tion, Erg,-DX.""'” It was further shown that the emission at 1.54 ym
from the isolated Erg, optical center can be excited by either mecha-
nism, whereas the emission at 1.54 um from the defect-related Er opti-
cal center, Erg,-DX, can only be observed through a band-to-band or
band edge excitation.'* The present study focuses on studying the dif-
ferences between these two pumping mechanisms, including the for-
mation energies, energy transfer processes, advantages, and
disadvantages, which have not been extensively explored.

Er:GaN semi-bulk wafers of 2-in. in diameter with a thickness of
10 yim were grown by hydride vapor phase epitaxy (HVPE) along the
[0001] direction of GaN with a growth rate of ~15 um/h. Prior to the
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deposition of Er:GaN, a GaN epilayer of 3 um in thickness was first
grown on sapphire substrate by metal-organic chemical vapor deposi-
tion (MOCVD). For the HVPE growth of the Er:GaN layer, the Er
and Ga metals react with HCI gas and the reactants were carried by
hydrogen gas to the growth zone. The growth temperatures were var-
ied from 1060 to 1180°C for a set of seven Er:GaN samples, while
other growth conditions remain the same. The Er doping concentra-
tions [Er] of selective samples were profiled by secondary ion mass
spectroscopy (SIMS) measurements performed by Evans Analytical
Group.

Room temperature PL emission spectra around 1.5 um region
were first measured under a non-resonant (near band edge) excitation
using a laser diode operating at Aex. = 375nm. The PL emission was
collected using an InGaAs detector in conjunction with a spectrometer
proving a spectral resolution of 3nm. In this excitation scheme, free
carriers and free excitons are first generated in the GaN host followed
by the energy transfer to the nearby Er*" via non-radiative processes.
Figure 1(a) plots the PL spectra in the 1.5 um region for three repre-
sentative Er:GaN samples grown at different growth temperatures of
Ty =1060°C (red), 1100°C (blue), and 1160°C (black). The results
revealed that the Er emission at 1.5 um increases with an increase in
T, To unveil the detailed growth temperature effect, we present in
Fig. 1(b) the Arrhenius plot of the PL peak emission intensity at
1.54 pum, Iop;, for a set of 7 Er:GaN samples grown at different temper-
atures of T, = 1060, 1080, 1100, 1120, 1140, 1160, and 1180 °C. The
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FIG. 1. (a) PL emission spectra of three representative Er:GaN samples grown at
1060 (red), 1100 (blue), and 1160 °C (black) measured in the wavelength range of
1470 to 1620 nm excited by a laser diode operating at Aexc=375nm. (b) The
Arrhenius plot of PL emission intensities at 1.54 um for seven Er:GaN samples
grown at temperatures of 1060, 1080, 1100, 1120, 1140, 1160, and 1180°C
(Aexc = 375 nm). The measured values are displayed in solid circles, and the solid
line is the least squares fit of data with Eq. (1). The inset in (a) is an optical image
of an as-grown Er:GaN wafer of 2-in. in diameter produced by HVPE.
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results clearly showed that the emission intensity at 1.54 um as a func-
tion of the growth temperature, T, can be well described by a thermal
activation behavior as follows:

Temi = N x e /T, (1)

where k is the Boltzmann constant and N is a constant, which is linked
with all possible sites available for Er atoms in GaN during growth. In
Eq. (1), we define Ef as the formation energy of Er optical sites in
Er:GaN. The fitting between the experimental data and Eq. (1) yielded
a value of the formation energy of Ep ~ 2.8eV for a non-resonant
excitation at Ae. = 375 nm.

To investigate the Er emission under a resonant excitation, we
measured the PL emission spectra for the same set of Er:GaN samples
under excitation using a laser diode operating at A, = 980 nm, which
provides a direct excitation of electrons from the ground state )
to the second excited state (*I;1/,) within the 4f manifold of Er’ with-
out invoking a non-radiative energy transfer in the GaN host. The PL
spectra of Er:GaN samples grown under three representative growth
temperatures, T, = 1060 (red), 1100 (blue), and 1160 (black), are plot-
ted in Fig. 2(a). Similar to the results shown in Fig. 1, the Er emission
intensity at 1.5 um increases with an increase in T,. The Arrhenius
plot of the PL peak emission intensity at 1.54 um for the same set of 7
Er:GaN samples under 980 nm excitation is shown in Fig. 2(b), which
reveals that the emission intensity increases more rapidly with T, than
for the 375 nm excitation shown in Fig. 1(b). The obtained data can be
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FIG. 2. (a) PL emission spectra of Er:GaN samples measured in the wavelength
range of 1470 to 1620 nm for three representative samples grown at 1060 (red),
1100 (blue), and 1160°C (black) excited by a laser diode operating at
Jexe=980nm. (b) The Arrhenius plot of PL emission intensities at 1.54 um for
seven Er:GaN samples grown at temperature of 1060, 1080, 1100, 1120, 1140,
1160, and 1180°C (Aexc = 375nm). The measured values are displayed in open
squares, and the solid line is the least squares fit of data with Eq. (1).
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fitted well with Eq. (1), from which a fitted value of the formation
energy Er ~ 3.3 ¢V has been obtained.

The emission intensity at 1.5 um must be directly proportional to
the optically active Er’" concentration in Er:GaN. The results shown in
Figs. 1 and 2, therefore, suggest that the optically active Er’* concentra-
tion in Er:GaN increases exponentially with the increase in T, following
the relationship described by Eq. (1). On the other hand, the concentra-
tion of Er’ " active optical centers is expected to be directly proportional
to the Er doping concentration in Er:GaN. To verify this point, we plot
in Fig. 3 the PL emission intensity at 1.5 um, L., for the samples with
available SIMS data as a function of the Er concentration [Er] for both
the non-resonant and resonant excitation schemes. The results shown
in Fig. 3 clearly revealed that the emission intensity at 1.5 um increases
linearly with the Er concentration in Er:GaN for both excitation
schemes. Therefore, to the first order, the measured Er value should be
comparable to the thermal activation energy of Er vapor pressure, which
is about 3 eV.”" The Ef values deduced from Figs. 1 and 2 (of 2.8 and
3.3 eV, respectively) are indeed quite close to 3.0 eV.

We believe that the observation of two different formation ener-
gies under non-resonant and resonant excitation schemes is due to the
presence of two different types Er optical sites in Er:GaN samples
grown by HVPE, namely, the isolated (Erg,) and defect-related
(Erg,-DX) optical centers. Since the emission at 1.54 um from the
defect-related Er optical center, Erg,-DX, can only be observed
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FIG. 3. (a) PL emission intensity at 1.54 um vs Er concentration, lem; vs [Er], under
a non-resonant (near band edge) excitation at Ae. =375nm. (b) PL emission
intensity at 1.54 um vs Er concentration, leqy vs [Er], under a resonant excitation at
Jexc =980 nm. Dashed lines are linear fittings, indicating that the PL emission
intensity at 1.54 um, ler;, is linearly proportional to the Er concentration [Er] for both
non-resonant and resonant excitation schemes.
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through a band-to-band or band edge excitation,'* the observed

Ep ~ 2.8eV under the band edge excitation can, therefore, be attrib-
uted predominantly to the formation energy of Er-defect complexes in
Er:GaN. On the other hand, since 980 nm photons provide a direct
excitation of electrons from the ground state [*;5,2] to the second
excited state [*I;3/,] within the Er inner 4f shell, the observed forma-
tion energy of 3.3 eV under 980 nm excitation is predominantly deter-
mined by the formation of the isolated optical centers of Erg, in
Er:GaN.

The observed lower formation energy of the Er-defect complexes
than that of the isolated Erg, in GaN seems to be consistent with a
previous study, which revealed that Er’* ions tend to accumulate
around threading dislocations and defects,”” inferring that the pres-
ence of threading dislocations, defects, and strain promotes the forma-
tion and, hence, lowers the formation energy of the Er-defect
complexes. Moreover, under a near band edge excitation at
Jexc=375nm, the excitation photons possess a large optical absorp-
tion coefficient in GaN of about o ~ 10*/cm'” and, hence, a small opti-
cal absorption length (I=1/a) of ~ 1 um. In such a scenario, only Er
ions inside this thickness region are being excited, which is expected to
contain more surface defects than the interior of the sample.

In contrast, the optical absorption coefficient of 980 nm resonant
excitation photons in Er:GaN samples is the product of the Er concen-
tration [Er] and excitation cross section of o =2.2 X 107 em?
at 980nm.'® For instance, the optical absorption coefficient for
980 nm photons is & = 0.44 cm ™' for an Er doping concentration of 2
x 107 cm?, which provides an optical absorption length (I=1/a) of
about 2.3 cm. Therefore, the typical absorption length (or photon pen-
etration depth) of 980 nm photons in Er:GaN is many orders of mag-
nitude larger than a value of ~1 um for photons with Ae, =375 nm.
As such, all Erg, optical centers inside the Er:GaN samples can be
excited by 980nm photons and consequently the surface effects
become negligible for a resonant excitation. In a more extremely case,
the 1.54 um PL emission intensity under an above bandgap excitation
(A =263 nm) has been monitored previously in very thin Er:GaN epi-
layers of 0.5 um in thickness grown at different growth temperatures
by MOCVD, which revealed a value of about 1.8 eV for the formation
energy for the Er-defect complex optical centers in thin GaN epi-
layers."” The results, thus, suggest that the formation energy of the
optically active Er>* centers in Er doped IIl-nitrides not only depends
on the thermal activation energy of the Er vapor pressure but also
depends on the type of optical centers as well as the environments in
the GaN crystal host. It is important to note that these two types of
optical centers in Er:GaN cannot be distinguished by SIMS measure-
ments since SIMS can only probe the total Er concentration and is
unable to distinguish different Er optical sites.

Table I compares parameters and differences between the non-
resonant and resonant excitation schemes. To utilize Er:GaN as a las-
ing medium, since the output optical power and density are directly
correlated with the volume of the optical gain medium and, hence, the
absorption length of the excitation photons, the comparison results
shown in Table T signifies that a higher optical power can be achieved
by using a resonant excitation scheme (e.g,, Aexc =980 nm), whereas
the band edge excitation will be limiting the usable thickness of the
Er:GaN crystal to only a few micrometers. Therefore, a resonant exci-
tation is the desired optical pumping mechanism for Er:GaN to
achieve high energy lasers.
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TABLE |. Comparisons of parameters, properties, and mechanisms under resonant
excitation (Zexc =980 nm) vs near band edge excitation (Zexc = 375 nm) for Er:GaN
semi-bulk crystals, where Er*t, Erg,, and Vy denote, respectively, an excited state
of Er** ions, and Er** occupying the Ga site, and nitrogen vacancies in Er:GaN.

;”exc
properties 980 nm 375nm
Excitation mechanism Er't — Bt e-h pair or
exciton — Er’ ™
Absorption length >1cm ~1pm
Formation energy, Er 3.3eV 2.8eV
Er configuration Erg, Erg, + defect
(e:8+ Erga - Vi)
Heat generation Low High
Power output High Low
Power density High Low
Depth Bulk Surface
Surface effect Low High

Many other factors should also be considered, such as heat gener-
ation under optical pumping, which can be described in terms of the
quantum defect (QD). QD is defined as QD =1 — Apymp/ Atasers Where
opump aNd Ajqser are pumping and lasing emission wavelengths, respec-
tively. For a lasing line near 1.54 um, QD for a near band edge pump
at Apump = 375nm is 75.6%, while QD (= 36.3%) is much lower for
the resonant pump at Aymp=980nm. Thus, heat generation for
Jexe = 980 nm is much lower than that of A... = 375 nm. Moreover, a
near band edge excitation can also excite other impurities in GaN and
is strongly influenced by the surface effect because it takes place only
near the sample surface. These together could further reduce the
pumping efficiency and increase the optical loss.

The presence of defects and dislocations not only facilitates the
formation of the less desired Er-DX optical centers in Er:GaN but also
increases the optical loss in Er:GaN gain medium. Understanding the
different formation energies and excitation mechanisms of Er optical
centers in GaN provides useful insights into crystal growth strategies
to further optimize the material quality of Er:GaN crystals for high
energy laser applications. Based on our findings, the PL emission at
1.54 um increases more rapidly with an increase in the growth temper-
ature for the resonant excitation at Ae,. =980 nm than for the near
band edge excitation at Ae=375nm. Therefore, increasing the
growth temperature is expected to enhance the ratio of Erg, to
Erg,-DX and, hence, the overall performance of Er:GaN as an optical
gain medium for high energy lasers operating at 1.5 ym.

In summary, the formation energies of Er optical centers in GaN
have been probed by the PL emission spectroscopy for a set of seven
Er:GaN samples grown under different growth temperatures. It was
found that the resonant (/.. =980nm) excitation and near band
edge (Aexc = 375 nm) excitation result in two different formation ener-
gies of Ep =3.3¢eV and Ep =2.8 ¢V, respectively. These two different
formation energies correspond to two different Er configurations in
Er:GaN, one being the isolated optical center Erg, (Er atom occupying
Ga site with four nearest neighbor N atoms) and the other being the
Er-defect complex. Excitation and emission mechanisms associated

ARTICLE scitation.org/journal/apl

with these two different Er optical centers were investigated and
analyzed. The results revealed that a resonant excitation scheme
(e.gs Aexce=980nm) is preferred for Er:GaN gain medium, as it is
capable of providing a much larger optical penetration depth to enable
the utilization of all Er optical centers in the gain medium, lower quan-
tum defect and, hence, lower heat generation, reduced surface and
impurity effects and reduced optical loss, and, therefore, higher output
optical power and power density.
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