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ABSTRACT

Erbium doped gallium nitride (Er:GaN) bulk crystals have emerged as a promising optical gain material for high energy lasers (HELSs)
operating at the 1.5 um “retina-safe” spectral region. Among the many designs of HEL gain medium, the core-cladding planar waveguide
(PWG) structure is highly desired due to its abilities to provide excellent optical confinement and heat dissipation. We report the realization
of a GaN/Er:GaN/GaN core-cladding PWG structure synthesized by hydride vapor phase epitaxy and processed by mechanical and
chemical-mechanical polishing. An Er doping concentration of [Er] = 3 x 10'? atoms/cm” has been attained in the core layer, as confirmed
by secondary ion mass spectrometry measurements. A strong 1.54 um emission line was detected from the structure under 980 nm resonant
excitation. It was shown that these PWGs can achieve a 96% optical confinement in the Er:GaN core layer having a thickness of 50 yum and
[Er] = 3 x 10" atoms/cm®. This work represents an important step toward the realization of practical Er:GaN gain medium for retina-safe

HEL applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093942

Solid-state high energy lasers (HELs) have been extensively
researched and developed over the last several decades for a vast num-
ber of applications in industrial processing, communications, defense,
spectroscopy, imaging, and medicine.' The optical gain medium is the
key which determines the performance of a HEL system. Presently,
neodymium doped YAG (Nd:YAG) emitting at 1.06 um is one of the
dominant gain media for HELs due partly to the highly developed
crystal growth technologies of Nd:YAG. However, the 1.5 um wave-
length window is retina-safe as this wavelength is absorbed by the sur-
face of the eye instead of being focused inside at the retina”’ as well as
with a better atmospheric transmittance than that of 1.06 um."
Progress has been made in developing HELs based on Er doped YAG
(Er:YAG) operating near 1.5um.”'" However, the relatively poor
thermal properties of the host material YAG, including its relatively
low thermal conductivity of k = 14 W/(m K) and high thermal expan-
sion coefficient of & ~ 8 x 10°°°C %, limit further improvement in
the operating power of HELs based on the YAG host material.

Er doped GaN (Er:GaN) bulk crystals possess vast potential as a
gain medium for HELs. First, GaN has a much higher thermal con-
ductivity x = 253 W/(m K) and smaller thermal expansion coefficient
= 3.53 x 10°°°C™" than YAG."” The thermal shock parameter of a
typical solid-state laser gain medium attached to a heat sink, Kl
indicates that the maximal attainable laser power for a GaN based laser

is potentially 2 orders of magnitude higher than that for a YAG based
laser.'"* Moreover, with GaN possessing a small variation of the refrac-
tive index (n) with temperature (T), dn/dT = 0.7 X 107°°C! at
L5um,” GaN potentially provides an excellent beam quality.
Furthermore, it was shown that the 1.5 um emission in Er:GaN has an
excellent thermal stability because GaN has a wide energy bandgap.'® '

Compared with gain media in the bulk geometries such as disks,
rods, and slabs, core-cladding planar waveguides (PWGs) have the
advantages of enhanced optical gain and reduced lasing threshold as
the optical energy is confined in the core layer (waveguide).
Meanwhile, core-cladding PWGs possess sufficiently large surface
areas to provide an excellent heat removal capability, thereby minimiz-
ing the thermal impact during high power operation. The core-
cladding PWGs are also highly compatible with high-power laser
diode pumping schemes.”” Therefore, GaN/Er:GaN/GaN core-
cladding PWG represents a very promising design architecture to real-
ize practical applications of Er:GaN crystals as a gain medium for
HELs and laser illuminators. Most of the previously studied GaN
waveguide structures were based on undoped or unintentionally
doped GaN thin epilayers of a few microns in thickness for passive
integrated photonic device applications.”’ ** Waveguide structures
incorporating ~0.5 um thick Er:GaN were fabricated on sapphire sub-
strates for studying the basic optical properties, including the carrier
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lifetime,” excitation and absorption cross sections,”** and optical
loss.”® Waveguide based Er doped GaN and InGaN thin epilayers
were fabricated to demonstrate the optical amplification effect under
band-edge excitation targeting for applications in chip-scale optical
communications.”” However, core-cladding waveguide structures
based on quasibulk crystals of thick Er:GaN and undoped GaN layers
for HEL applications have not been explored.

In this work, we report the realization of core-cladding PWGs
based on the quasibulk GaN/Er:GaN material system. The hydride
vapor phase epitaxy (HVPE) technique was utilized to synthesize
the structure, owing to its abilities to employ high purity precursors
to provide quasibulk GaN growth with high crystalline quality at a
growth rate as high as 100 s of micrometers per hour.”* To accom-
modate the incorporation of Er, our HVPE growth system was spe-
cially designed in such a way that Ga and Er metal sources are held
in separate boats. During HVPE growth, in the metal source zone
of the reactor, the metal chlorides of GaCl and ErCl; are generated
from the reactions between the hydrogen chloride (HCI) gas and
the metal sources with Ga and Er metal sources being held in differ-
ent source boats. With this configuration, Ga and Er can be individ-
ually controlled so that both undoped GaN and Er:GaN with
different Er doping levels can be grown by controlling the growth
parameters, including the flow rates of HCI gas passing through
each metal source. The metal chlorides were transported by the H,
carrier gas to the growth zone of the reactor, where ammonia
(NH3;) and metal chlorides reacted to produce Er:GaN on the sub-
strate. During the growth of Er:GaN, the reactor was kept under
reduced pressure, whereas the metal source zone of the reactor was
heated to 800 °C-1000 °C and the growth zone of the reactor was
heated to 1000°C-1100°C. The chemical reactions can be
described by the following equations:

Er + 3HCI — ErCl; + 3/2H,, )
Ga + HCl — GaCl + 1/2H,, (2)
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xErCl; + (1 — x)GaCl + NH;
— EryGa; N + (1 4 2x)HCl + (1 — x)H,. (3)

With x = 0, the equations reduce to the growth for undoped GaN.

As illustrated in Figs. 1(a)-1(g), starting from an epi-ready
undoped GaN bulk substrate, a 20 um transition layer with the Er dop-
ing level gradually increasing from undoped GaN to Er:GaN was
grown, followed by a ~100 um Er:GaN layer growth with a uniform
Er doping concentration. The grown Er:GaN/GaN sample was taken
out from the HVPE reactor and processed by lapping and mechanical
and chemical-mechanical polishing (CMP) to attain a desired thick-
ness (e.g, with a 30 um thick Er:GaN core layer) as well as an epi-
ready state for the surface of the Er:GaN core layer. The polished
sample was put back into the HVPE reactor for the growth of another
20 um transition layer with the Er doping level gradually decreasing
from Er:GaN to undoped GaN, followed by the growth of ~400 um
thick undoped GaN as the top cladding layer. After the HVPE growth,
the top cladding surface was polished, and the sample was cut into
desired sizes and each facet was polished to obtain the core-cladding
PWGs. Figure 1(h) shows an SEM image of the cross section (sidewall)
of a processed PWG. The interface between the GaN substrate and the
Er:GaN core was well-defined, whereas the interface between the core
and the top GaN cladding was less clear. To minimize the scattering
loss at the interfaces between the core and the claddings, the rms
roughness of the top Er:GaN core layer was controlled by CMP to
below 2 nm, as shown in the atomic force microscopy (AFM) image in
the inset (al) of Fig. 2.

To confirm the Er doping level at the Er:GaN core layer of a
GaN/Er:GaN/GaN core-cladding PWG, secondary ion mass spec-
trometry (SIMS) measurements were conducted on the Er:GaN core
layer by polishing the layer down to a certain thickness [corresponding
to the structure of Fig. 1(c)]. An average Er doping concentration
of 3 x 10" atoms/cm® was confirmed and shown in the inset (a2) of
Fig. 2(a). Optical images of the core-cladding PWG in 3 processing
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layer (~ 20 um) with decreasing Er
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FIG. 1. (a)-(g) Processing flow-chart for obtaining GaN/Er:GaN/GaN core-cladding planar waveguides (PWGs). (a) Starting with c-plane undoped GaN substrates. (b) HVPE
growth of a transition layer with Er doping increasing gradually. (c) HVPE growth of the Er:GaN active core layer followed by thinning and epi-polishing of the Er:GaN active
core layer. (d) HVPE growth of a transition layer with Er doping decreasing gradually. (€) HVPE growth of the top undoped GaN cladding layer. (f) Polishing of the top cladding
layer. (g) Cutting and polishing into core-cladding PWGs. (h) SEM image of the cross section (sidewall) of a fabricated GaN/Er:GaN/GaN PWG, in which the Er:GaN core layer

also includes the transition layers as described in (b) and (d).
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FIG. 2. (a) Room temperature PL spectra (/exc = 980 nm) and (b) XRD rocking
curves of the GaN (0002) diffraction peak, measured from a core-cladding PWG.
Solid black squares are data obtained from the core Er:GaN layer (40 um) prior to
the growth of the top GaN cladding layer for the structure of GaN (330 xm)/Er:GaN
(40 m). Open red triangles are data obtained from the top GaN cladding layer for
the structure of GaN (330 xm)/Er:GaN (40 xm)/GaN (300 pim). The inset (a1) of (a)
shows an atomic force microscopy (AFM) image, with a scan area of 2 um x 2 um
and an rms roughness of 1.6 nm, taken at the polished surface of the Er:GaN core
layer before the growth of the transition layer and top GaN cladding layer. The inset
(a2) of (a) shows the Er concentration profile in the Er:GaN core layer probed by
SIMS for a PWG consisting of GaN (330 um)/Er:GaN (40 um). The insets of (b)
show images of (b1) GaN (330 um)/Er:GaN (40 um) prior to the HVPE growth of
the top GaN cladding layer; (b2) GaN (330 um)/Er:GaN (40 um)/GaN (300 xm)
PWG, after HVPE growth of the top GaN cladding layer; (b3) a fabricated GaN/
Er:GaN/GaN core-cladding PWG.

stages are shown in the insets of Fig. 2(b). The inset (bl) of Fig. 2(b)
shows the image of a polished Er:GaN core layer surface prior to the
HVPE growth of the top GaN cladding layer, with a structure of GaN
(330 um)/Er:GaN (40 um). The inset (b2) of Fig. 2(b) shows the image
of the top as-grown surface of the same sample after HVPE growth of
the top GaN cladding layer, with a completed structure of GaN
(330 um)/Er:GaN (40 ym)/GaN (300 um). The inset (b3) of Fig. 2(b)
shows an example of a core-cladding PWG fabricated from the core-
cladding GaN/Er:GaN/GaN sample.

Photoluminescence (PL) emission characteristics at the 1.5 um
window of interest have been studied under 980 nm excitation, which
resonantly excites carriers from the s ground state to the 1
second excited state manifolds of Er’* ions with an excitation cross sec-
tion of about 2.2 x 102" cm? (Refs. 15 and 16) and an optical penetra-
tion depth of >1 mm. A strong 1.5 um emission line originating from
the radiative transition from the first excited to the ground state (*I;3,
— *1152) of Er’" ions was observed from the Er:GaN core layer within a
GaN/Er:GaN/GaN core-cladding PWG. As illustrated in Fig. 2(a), the
higher intensity spectrum (solid black square result) was measured from
the Er:GaN core layer prior to the growth of the top GaN cladding layer,
while the lower intensity spectrum (open red triangles) was measured
from the top GaN cladding layer after completing the HVPE growth of
the core-cladding structure. For the latter case, both the excitation pho-
tons at 980 nm and PL emission photons at 1.5 um had to penetrate
through the top GaN cladding layer, resulting in a lower measured PL
intensity than that measured directly at the top of the Er:GaN core layer
(solid black squares). This reduction in the measured PL intensity is
partly caused by the optical loss due to scattering by the relatively rough
as-grown surface of the top GaN cladding layer. To validate this specula-
tion, the relative crystalline qualities of these structures were probed and
compared. The results for X-ray diffraction (XRD) rocking curves of the
GaN (0002) diffraction peak are shown in Fig. 2(b). Before the growth of
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the top GaN cladding layer, the Er:GaN (40 um) core layer has an XRD
rocking of the (0002) peak linewidth (FWHM) of 515 arc sec (solid black
squares). However, after the growth of the core-cladding PWG structure
was completed, the XRD rocking of the (0002) peak of the top GaN clad-
ding layer exhibits a much broader FWHM of 1937 arc sec and lower
XRD peak intensity. The deterioration of the crystalline quality for the
top GaN cladding layer is possibly due to a slight lattice mismatch
between Er:GaN and GaN layers, which results in the accumulation of
strain as the undoped GaN cladding layer gets thicker. The results thus
suggest that optimization of the transition layers between Er:GaN and
undoped GaN cladding layers is still necessary to further improve the
overall material quality of the GaN/Er:GaN/GaN core-cladding PWGs.

Figure 3 shows the optical intensity distribution in a GaN
(200 um)/Er:GaN (50 um)/GaN (200 um) core-cladding PWG struc-
ture shown in Fig. 3(a) with a waveguide width of 1 mm in the hori-
zontal (x—) direction and a length of 5mm in the propagation (z—)
direction. With the Er doping concentration of (Er) = 3 x 10'° atoms/
cm’ in the core layer, the refractive index difference between the
Er:GaN core layer and the GaN cladding layer will be 0.00172.”
Figure 3(b) shows the simulated optical intensity distribution across
the core Er:GaN (50 um) and along the propagation z-direction.
Figure 3(c) shows the transverse mode profile of the x-y cross section
at any z position, indicating a good optical confinement. Figure 3(d)
shows the corresponding mode amplitude profile along the y-axis
(across the Er:GaN core region) at any z position. A 96% of optical
confinement of the power can be achieved at the 50 um Er:GaN core
region. By increasing the thickness or the doping concentration of the
Er:GaN core layer, the optical confinement factor (%) can be further
increased. The results are thus indicative of a potentially good effi-
ciency for the pumping laser that excites the Er’" ions in the GaN/
Er:GaN/GaN core-cladding PWGs.
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FIG. 3. Simulated optical intensity distribution of a GaN/Er:GaN/GaN core-cladding
PWG. (a) Schematic of a GaN/Er:GaN/GaN core-cladding PWG, with a 50 um
Er:GaN core and 200 um GaN claddings. The waveguide structure has a width
(along x-axis) of 1 mm and a length (along z-axis) of 5mm and an Er doping con-
centration in the core of 3 x 10" atoms/cm®. (b) Optical intensity distribution across
the Er:GaN core region and along the propagation direction, z-axis. (c) Transverse
mode profile of the x-y cross sectional plane. (d) Mode amplitude profile along the
y-axis.
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The origin of the yellowish color exhibited by the top GaN clad-
ding layer [shown in the inset (b2) of Fig. 2(b)] was also investigated.
Figures 4(al)-4(a6) show the various stages of a GaN/Er:GaN/GaN
core-cladding structure prepared for analysis by polishing down from
the top cladding layer and Figs. 4(bl)-4(b6) show the corresponding
images of the same evolving GaN/Er:GaN/GaN core-cladding struc-
ture. Figure 4(b1) shows that the Er:GaN core layer with a total thick-
ness of ~30 um prior to the growth of the top cladding layer exhibits
almost no yellowish color. After the growth of the top GaN cladding
layer, the sample became visibly yellowish, as revealed in Fig. 4(b2).
Figures 4(b3)-4(b5) illustrate that as the top GaN cladding layer was
polished to reduced thicknesses, the yellowish color was also diminish-
ing. Figure 4(b6) reveals that the yellowish color completely disap-
peared when the top GaN cladding layer was fully removed. When the
top GaN cladding layer was polished down to 104 um, corresponding
to the structure shown in Fig. 4(a3), PL emission excited by 193 nm
photons was measured from the top cladding layer and a room tem-
perature PL spectrum is shown in Fig. 5. Since the optical penetration
depth of the above bandgap photons in GaN is about 1 ym, the PL
excited by 193 nm is considered to result solely from the top GaN clad-
ding layer. The top cladding layer exhibits a strong band edge transi-
tion at 3.4 eV and another considerably broader emission line around
2.5¢eV. The emission line near 2.5 eV is well known as “the yellow line”
in GaN related to the presence of native defects in GaN.”"** Based on

50

GaN (270 um)/Er:GaN (40 pm)/GaN (104 pm)
Measured from top cladding GaN (104 pm)
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FIG. 5. () Room temperature PL spectrum (Zex. = 193 nm) measured from the
top GaN cladding layer, for a core-cladding structure of GaN (270 um)/Er:GaN
(40 um)/GaN (104 pim).

previous studies,”’ > we suggest that the origin of the yellow line in

the GaN cladding layer is related to a defect center, most likely involv-
ing gallium vacancy complexes (Vga-On)? /. Strain accumulation
with the increasing layer thickness due to lattice mismatch between
Er:GaN and GaN seems to enhance the generation of (Vg,-Ox) com-
plexes in the top GaN cladding layer.

In summary, GaN/Er:GaN/GaN core-cladding PWGs have been
produced by HVPE growth. An average Er doping concentration of
3 x 10" atoms/cm” in the core region has been attained as confirmed
by SIMS analysis. The structure exhibits a strong 1.5 um Er*" PL emis-
sion under 980 nm resonant excitation and good crystalline quality of
the Er:GaN core layer. Simulation results indicated a good optical con-
finement in the Er:GaN core. The physical origin of the yellowish
color of the top GaN cladding layer was investigated and attributed
to the presence of Ga vacancy complexes. The realization of GaN/
Er:GaN/GaN core-cladding PWGs marks a significant step toward
practical implementation of Er:GaN as a promising gain material
for retina-safe optical amplifiers or HELs. The layer structure of
GaN/Er:GaN/GaN core-cladding PWGs can be further optimized
in terms of the thickness and Er doping concentration of the
Er:GaN core and length of the waveguides. The optical pumping
configuration can also be optimized to achieve improved optical
pumping efficiency. Moreover, further optimization of the transi-
tion layer between Er:GaN and undoped GaN cladding layers is
expected to mitigate to a certain degree the issue of yellowish color
in the top GaN cladding layer. With further development, it is
anticipated that GaN/Er:GaN/GaN core-cladding PWGs demon-
strated here can be adopted by industries to develop next genera-
tion HEL systems with improved thermal-mechanical properties,
eye-safety, and maximum optical power delivery capability.
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