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Erbium doped GaN (Er:GaN) is a promising candidate as a new gain medium for high energy lasers.
The excitation and emission mechanisms as well as the transition cross sections of the pump and laser
wavelength are of paramount importance for understanding the performance of lasers and amplifiers
made of Er:GaN materials. We report here the results of direct measurements of resonantly excited
photoluminescence emission, photoluminescence excitation, and optical absorption spectroscopy in
the 1.5 um “retina-safe” spectral region performed on freestanding Er:GaN bulk crystals synthesized
by hydride vapor phase epitaxy. The results established that 1514 nm and 1538 nm are the most appro-
priate resonant pump wavelengths for achieving gain and lasing, which differs from Er in YAG and
glass hosts. The absorption coefficients («) and absorption cross-sections (0.x.) of Er in GaN in the
1.5 um window have been directly measured, providing ey = 1.4 x 1072° cm? and 2.7 x 10~ cm?
for 1514 nm and 1538 nm pump wavelengths, respectively. These values are considerably higher than

those of Er ions in glass and YAG hosts. Published by AIP Publishing.
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Solid-state high energy lasers (HELs) operating in the
“retina-safe” spectral region have attracted a great attention
and are highly sought-after for use in defense, industrial proc-
essing, communications, medicine, spectroscopy, imaging, and
various other applications where the laser is expected to travel
long distances in free space.’ At the heart of a high energy laser
(HEL) system is its optical gain medium. Currently, one of
the dominant gain media for HELs is neodymium doped
YAG (Nd:YAG), emitting at 1.06 um. When doped in a host,
the emission lines resulting from the intra-4f transitions from
the first excited state manifold (4113/2) to the ground state
manifold (4115/2) in Er’" ions are near 1.5 um, a wavelength
window providing a better “retina-safety” as well as atmo-
spheric transmittance than the wavelengths below or close to
1 um.>? Several groups have investigated and demonstrated
highly promising results for Er doped YAG (Er:YAG) gain
medium.*'® Nevertheless, finding gain materials operating in
the 1.5 um window with improved thermal properties over
YAG is highly desirable for future emerging HEL applications.

Er doped GaN (Er:GaN) is a promising candidate as a
gain medium for HELs. GaN has a much higher thermal con-
ductivity of x =253 W/mK (versus 14 W/mK for YAG),! a
smaller thermal expansion coefficient of o~ 3.53 x 10 °°C™"
(versus 8 x 107%°C7! for YAG),11 and smaller temperature
coefficient of the refractive index, dn/dT=0.7 x 107>°C!
(versus 1.75 x 107°°C™! for YAG).!? The thermal shock
parameter, K/Otz, which is a rough measure of the maximal
attainable lasing power for a typical solid-state laser attached
to a heat sink,l3’14 indicates that GaN host has the potential
to outperform YAG host by nearly 2 orders of magnitude in
terms of maximal lasing power. With a smaller dn/dT, GaN
HELs potentially provide a better beam quality than those
with YAG host for the same temperature variance across the
gain medium. Moreover, prior results have demonstrated that
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1.5 um Er emission in GaN have a high temperature stability
due to the wide bandgap nature of GaN.">~"”

To realize practical design of gain materials for HEL, thick
layers of Er:GaN are needed to provide adequate dimensions to
support a sufficient pumping light absorption and surface area
for heat removal as well as mechanical strength. On the other
hand, the excitation and emission mechanisms as well as the
transition cross sections of the pump and laser wavelengths are
of paramount importance for understanding the performance of
lasers and amplifiers made of Er:GaN materials. Due to the
lack of thick Er:GaN crystals in the past, most of the previous
spectroscopic studies of Er:GaN were conducted on thin epi-
layers with a thickness of a few microns produced by metal
organic chemical vapor deposition (MOCVD) or molecular
beam epitaxy.'”>* Consequently, it was not possible to directly
measure the optical absorption spectra and hence the optical
absorption cross sections for Er ions in GaN in the 1.5 um
window in the past. The optical absorption cross sections of Er
in GaN at selective wavelengths were indirectly deduced from
the flux saturation method via the measurements of PL emis-
sion intensity as a function of excitation photon flux together
with emission lifetime® or from the emission spectra together
with the use of McCumber’s theory.?® In this work, we per-
formed resonantly excited photoluminescence (PL) emission,
photoluminescence excitation (PLE) and optical absorption
spectroscopy measurements in the 1.5 um spectral region on
thick freestanding Er:GaN bulk crystals synthesized by hydride
vapor phase epitaxy (HVPE), from which important parameters
of optical absorption coefficients and cross-sections at the
desired resonant pump wavelengths have been directly
obtained.

Quasi-bulk Er:GaN crystals with a thickness around
1.2mm were synthesized by hydride vapor phase epitaxy
(HVPE), which is an established technique for producing
GaN quasi-bulk crystals.29 Freestanding Er:GaN crystals
were obtained by using a laser-lift-off process as illustrated
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in Fig. 1. Prior to the deposition of Er:GaN, a 3 um GaN
epilayer serving as a template was grown on sapphire (0001)
substrate by MOCVD. The GaN/sapphire template was then
transported into an HVPE reactor, and a layer of Er:GaN
with a thickness around 1.2 mm was synthesized at a temper-
ature of 1030°C at a growth rate of about 200 um/h. After
the HVPE growth, the sapphire substrate was removed by a
laser-lift-off process.'® The obtained freestanding Er:GaN
was then polished and cut into different geometries. The PL
emission spectra were measured using a 980 nm laser diode
as an excitation source, and a monochromator (SpectraPro-
300i, Acton Research Corporation) in conjunction with an
IR detector was used to disperse the PL signal. The PLE
spectra were measured using a tunable semiconductor laser
(TSL-550, Santec, with a spectral range of 1500-1630 nm
and a full-width at half maximum of 0.3 pm) as an excitation
source and the same monochromator/IR detector was used to
record the PLE signal. The optical absorption spectra were
measured using the same tunable semiconductor laser as the
excitation source and an IR power meter (from Newport) as
a detector.

Figure 2 shows a room temperature PL emission spec-
trum of a freestanding Er:GaN crystal under a 980 nm laser
excitation, which resonantly excites carriers from the ground
state manifold (4115/2) to the upper 4111/2 manifold of Er¥™
ions. The spectrum displays clearly resolved peaks, appar-
ently resulting from the transitions between Stark sublevels
of the first excited state (4113/2) and ground state (4115/2).27 It
should be emphasized that the PL spectrum exhibits no fea-
tures below 1500 nm. This is different from the situations for
Erions in YAG and glass hosts, in which Er’** ions exhibit a
strong absorption/emission line at 1470nm and 1480 nm,
respectively, corresponding to a resonant transition between
the bottom of the *I;s,, ground state manifold and the top of
the 4113/2 first excited state manifold. In fact, this transition
near 1470-1480nm is one of the most common excitation
lines employed to achieve optically pumped low quantum
defect Er:YAG lasers*'® and Er doped fiber lasers as well as
optical amplifiers.*
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FIG. 1. Growth and processing procedures for obtaining freestanding
Er:GaN bulk crystals. The inset is an image of an as grown 2-in. freestand-
ing Er:GaN wafer with a thickness of 1.2 mm.
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FIG. 2. Room temperature photoluminescence emission spectrum of a free-
standing Er:GaN sample measured the 1.5 yum window, excited by a 980 nm
laser.

Guided by the PL emission spectrum shown in Fig. 2,>' we
have performed the room temperature PLE spectroscopy on a
freestanding Er:GaN crystal covering the most relevant excita-
tion wavelength range from 1500nm to 1545nm with the
detection wavelength fixed at 1570 nm, aimed at establishing
the most suitable pump wavelengths for the realization of future
HELSs based on Er:GaN bulk crystals. The PLE spectrum shown
in Fig. 3 clearly revolves 2 dominant peaks at 1514nm and
1538 nm in the measured excitation wavelength range. These
two wavelengths correspond well with the two emission peaks
observed at 1.514 um and 1.538 um in the PL emission spec-
trum shown in Fig. 2. To enable the optical absorption measure-
ments, an Er:GaN sample with its Er’ " dopant concentration
Ni: = 3.0 x 10" jons/cm? as calibrated by secondary ion mass
spectrometry (SIMS) measurements was double side polished.
Figure 4(a) is a plot of the optical absorption spectrum, which
exhibits three main absorption peaks at 1514 nm, 1538 nm, and
1556 nm. These absorption peaks correspond well with the
emission peaks observed in the PL emission spectrum shown in
Fig. 2 as well as with the PLE spectrum shown in Fig. 3.

From the measured absorption coefficients («), the exci-
tation cross-sections (0.x.) of Er in GaN can be directly cal-
culated from the relation of ... = ®/Ng, and the results for
the absorption cross-sections are displayed in Fig. 4(b). The
results clearly indicate that in order to achieve lasing and
amplification at 1.57 um, the optimal pumping wavelength is
either 1514nm or 1538 nm, corresponding to a quasi-four-
level and a quasi-three-level system, respectively. It is worth
to point out that due to the lack of thick Er:GaN crystals and
hence the inability for directly obtaining PLE and optical
absorption spectra in the 1.5 um window in the past, our out-
standing of optical transitions in Er:GaN was guided by the
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FIG. 3. Room temperature photoluminescence excitation spectrum of a free-
standing Er:GaN sample measured at a fixed emission wavelength of 1.57 um,
with the excitation wavelength scanning from 1500 nm to 1545 nm.

energy band diagrams of Er ions in YAG and glass hosts. As
such, the transition between the bottom of the 411 5,2 ground
state manifold and the top of the Y 1372 first excited state mani-
fold has frequently been thought to be at 1470-1480 nm
(Ref. 26) in the past, whereas the present results clearly
revealed that the relevant resonant absorption line is in fact
appearing at 1514 nm in Er:GaN. It is also interesting to note
that for Er:GaN resonantly pumped at Apmp= 1514 or
1538 nm and with possible lasing at Aj,e, = 1569 or 1581 nm,
the quantum defect, defined as Q = 1 — Ayump/Aiaser> Can be as
low as 1.9%—4.2%, which is smaller than that of Er:YAG
lasers typically having Q =5.1%-10.6%, with Zpump = 1470
or 1534nm, A= 1617 or 1645 nm.>>>> Lower quantum
defects imply less heat generation during a laser operation,
which is very desirable for HEL applications.

The measured absorption cross-section of Er in
GaN at 1538 nm of about 2.7 x 1072° cm? is larger than
those of the corresponding resonant transition lines in YAG
(1.3 x 107%° cm? at 1534nm)>® as well as in various glass
hosts (~ 0.6 x 1072 cm? at 1540 nm).?” This relatively large
optical absorption cross section measured for Er in GaN fur-
ther strengthens the view that Er:GaN is a favorable gain
medium, as the larger is the cross section the easier it is to
achieve amplification and lasing in a gain medium. The
absorption cross-sections at 1514nm and 1538 nm directly
measured from freestanding Er:GaN bulk crystals synthe-
sized by HVPE here also match well with the absorption
cross-sections at the same wavelengths deduced from an PL
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FIG. 4. (a) Absorption coefficients and (b) absorption cross-sections of a
freestanding Er:GaN sample (with Ng,=3.0 x 10" jons/cm®) measured in
the 1.5 um window.

emission spectrum together with the use of the McCumber’s
theory for Er:GaN epilayers prepared by MOCVD,?¢ despite
the fact that there are differences in terms of crystalline qual-
ities, material thicknesses, and Er concentrations between
materials produced by HVPE and MOCVD. This is expected
since we are dealing with atomic transitions and core elec-
trons excitations of Er in the GaN.

The agreement between the directly measured values
here and the values indirectly deduced previously®® for the
absorption cross-sections offers high confidence in the mea-
sured values as well as a useful guidance to the design
of Er:GaN laser gain media. For instance, for a waveguide
or slab laser structure having an Er doping concentration of
Ng, =5 X 10" cm 3, the absorption coefficient of Er’" at
1538 nm will be «=1.35cm™'. To the first order without
taken into consideration of the reflectance at the front and
back facets of the waveguide, the optical loss coefficient (&)
must be smaller than the product of the confinement factor
(I') and gain coefficient (gy,) in order to achieve gain, i.e.,
a<T-gun=121cm ", if we assume I' =90% and g, ~ o.

In summary, we have synthesized freestanding Er:GaN
bulk crystals using HVPE technique. The availability of bulk
Er:GaN crystals made possible the direct measurements of PL
excitation and optical absorption spectroscopy and hence the
fundamentally important parameters of the optical absorption
cross-sections of Er doped GaN in the technologically signifi-
cant 1.5 um spectral window. The results established that the
optimal pumping wavelengths are 1514nm and 1538 nm to
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achieve low quantum defect Er:GaN lasers. The directly
measured optical absorption cross-sections of Er in GaN are
1.42 x 107°° cm” at 1514nm, 2.70 x 107>° cm” at 1538 nm,
and 0.95 x 107>° cm” at 1556 nm, from which the maximum
optical loss coefficient for achieving gain has been estimated
to serve as the first order guideline for the design of Er:GaN
laser and amplifier structures. In addition to a higher thermal
conductivity of GaN than YAG, the absorption cross-sections
of Er in GaN appear to be larger than those in YAG, further
strengthening the view that Er:GaN is a promising gain
medium for HELS.
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