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ABSTRACT

High energy lasers (HELSs) operating around 1.5 pm are considered eye-safe and are highly sought-after for
use in defense, industrial processing, communications, medicine, spectroscopy, imaging and various other
applications where the laser is expected to travel long distances in free space. Compared to YAG, GaN has a
higher thermal conductivity, lower thermal expansion coefficient, and lower temperature coefficient of the
refractive index (dn/dT) around 1.5 um. Hence, HELs based on erbium doped GaN (Er:GaN) are expected to
outperform those based on Er:YAG in terms of average power, power density, temperature stability and
beam quality. Here, we provide a brief overview on the progress made in authors’ laboratory for the
realization of freestanding Er:GaN wafers of 2-inches in diameter with a thickness on the millimeter scale.
These freestanding wafers were obtained via growth by hydride vapor phase epitaxy (HVPE) in conjunction
with a laser-lift-off process. Optical absorption and resonantly excited photoluminescence emission spectra
have enabled the construction of energy level diagrams pertaining to the excitation and emission mechanisms
of Er:GaN eye-safe HELs operating around 1.5 um. The results have shown that the common excitation and
emission scheme of Er:YAG is not entirely applicable to achieve Er:GaN eye-safe lasers. In addition to
higher thermal conductivity of Er:GaN over Er:YAG gain medium, Er:GaN eye-safe lasers appear to possess
lower quantum defects than Er:YAG lasers.

Key words: Gain medium, Erbium, solid-state lasers, high energy lasers, Er doped, GaN wide bandgap
semiconductors, HVPE epitaxial growth

1. INTRODUCTION

High energy and high power solid-state lasers (SSL) operating in the “eye-safe” spectral region are
highly sought-after for use in defense, industrial processing, communications, medicine, spectroscopy,
imaging and various other applications where the laser is expected to travel long distances in free space. The
optical gain medium is the heart of an SSL system. When doped in a host, the emission lines resulting from
the intra-4f transitions from the first excited state manifold (*I;3) to the ground state manifold (*1;5,2) in Er**
ions are near 1.5 um [1, 2], which not only matches the technologically important wavelength window of
minimum propagation loss in optical fibers, but also lies in the “eye-safe” region as the upper limit of eye-
safe laser exposure at 1.5 pm is more than 4 orders of magnitude higher than that of the wavelengths below
or close to 1 um [3, 4]. Moreover, 1.5 um lasers also has a high atmospheric transmittance [5]. Currently,
high energy lasers (HEL) based on Er doped YAG (Er:YAG) have reached high performance levels [6-13].
However, with the relatively poor thermal properties of YAG with a thermal conductivity k ~ 14 W/m-K and
thermal expansion coefficient o = 8 x 10 °C’!, the heat dissipation capability of YAG gain medium is
relative poor, which limits the optical output energy, average power, as well as the beam quality [14-17].
Therefore, finding gain materials with improved thermal properties is highly desirable.

Of the wide bandgap IlI-nitride semiconductors which have demonstrated excellent performances in
high power, high temperature electronics and optoelectronics [18-21], Er doped GaN (Er:GaN) is a very
promising gain medium for HELs. Compared to YAG, GaN has a much larger thermal conductivity (x =253

Optical Components and Materials XV, edited by Shibin Jiang, Michel J. F. Digonnet, Proc. of SPIE Vol. 10528, 105280E
© 2018 SPIE - CCC code: 0277-786X/18/$18 - doi: 10.1117/12.2293166

Proc. of SPIE Vol. 10528 105280E-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/1/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



W/m-K for GaN versus 14 W/m-K for YAG ) [22], lower thermal expansion coefficient (o = 3.53 x 10 °C-!
for GaN versus 8 x 10 °C-! for YAG) [22], and lower temperature coefficient of the refractive index, dn/dT
(0.7 x 107 °C-! for GaN versus 1.75 x 107 °C"! for YAG) [23]. Hence, HELs based on Er:GaN are expected
to outperform those based on Er:YAG in terms of average power, power density, and beam quality.

We are investigating Er:GaN crystals as a novel gain medium for next generation solid-state HELs.
Metal organic chemical vapor deposition (MOCVD) technique has been further developed and employed to
synthesis Er:GaN thin films with enhanced emission efficiency at 1.5 pm [24, 25]. The MOCVD grown
Er:GaN epilayers are suitable to construct optically pumped lasers in the slab (or waveguide) geometry,
whereas Er:GaN bulk crystals have been synthesized via hydride vapor phase epitaxy (HVPE) growth
technique with large thicknesses (>100 um) [26-28] and ultimately these materials are to be used to construct
optically pumped lasers in the disk, slab or rod form factors.

II. RESULTS AND DISCUSSION

1. Growth of Er:GaN bulk crystals by HVPE
We have carried out HVPE growth of

Er:GaN crystals. The optical quality of = (@) | | | | —
Er:GaN crystals has been improved by | =] I

monitoring the 1.54 pm emission under

both near 'the bandgap and resonant Freestanding
excitation using 375 nm and 980 nm lasers = I
[26-28] = Er:GaN
We have successfully obtained 1 ¢t mm. wlics
processing)

freestanding Er:GaN bulk crystals with a

thickness on the mm scale via HVPE = % AREF
growth together with the laser-lift-off | @ |&— ———2 L _
(LLO) process. Prior to the deposition of | | | | | 2 inch | L el

Er:GaN by HVPE, a GaN epilayer of 3 Fig. 1. (a) An optical image of a 2-inch freestanding Er:GaN wafer
pm in thickness was deposited on a (0001) (1.2 mm in thickness) before polishing. (b) An optical image of a
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Fig. 2. (a) XRD 6-26 scans of the GaN (0002) diffraction peak of a freestanding Er:GaN sample before polishing (1.2

mm in thickness) and after double-side polishing (1 mm in thickness). Dashed-line at 34.57° indicates the position of

the 20 diffraction angle of the GaN (0002) peak in strain-free undoped GaN. (b) Er concentration profile in a

freestanding Er:GaN probed by SIMS up to 3 um in depth [Ref. 27, reproduced with permission from Appl. Phys.

Lett. 109, 052101 (2016), Copyright 2016 AIP].
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growth of Er:GaN. In HVPE growth, GaCl and ErCl; were formed by reacting Cl from HCI gas with metallic
Ga and Er sources, which were held in two different containers at a temperature of about 1000 °C, serving as
the group III and Er dopant sources, respectively. The GaCl and ErCl; in the vapor phase are transported to
the deposition zone by an H» carrier gas. Er:GaN is then formed on the GaN/sapphire template by reacting
hot gaseous metal chlorides (GaCl and ErCls;) with ammonia gas (NH3). The substrate temperature was 1030
°C and the growth rate ranged from 10 to 400 pm/hour.

The as-grown wafer of Er:GaN/GaN/sapphire was then processed with LLO to remove the sapphire
substrate followed by mechanical and chemical-mechanical polishing on both sample surfaces to obtain a
free-standing Er:GaN wafer. Figure 1(a) shows an optical image of a free-standing 2-inch Er:GaN wafer
with a thickness 1.2 mm obtained by HVPE (at a growth rate of about 200 um/hour, grown for 6 hours)
before polishing. After polishing, this freestanding Er:GaN wafer had a thickness of 1.0 mm, as shown in
Fig. 1(b).

Figure 2(a) compares the X-ray diffraction (XRD) 6-20 scans of the GaN (0002) diffraction peak of a
freestanding Er:GaN sample before and after polishing. Comparison of the peak positions at 34.466° and
34.545°, respectively, for the wafer before and after chemical-mechanical polishing, with the 20 diffraction
peak of strain-free GaN (0002) at 34.57°, reveals the presence of compressive strain in as-grown Er:GaN
wafers. However, the smoothing of the surface and removal of shallow defects by chemical-mechanical
polishing seem to reduce the stress and curvature in the wafer, as suggested by the observed shift of the 26
diffraction peak position toward that of strain-free GaN (0002) after wafer polishing. The presence of a slight
difference in the peak positions of the 20 angle between the polished freestanding Er:GaN sample and the
strain free GaN is not surprising since the size of Er atom is larger than that of the Ga atom and the majority
of Er ions in GaN occupy Ga substitutional sites. To confirm the Er doping concentration (Ng,), secondary
ion mass spectrometry (SIMS) measurement was performed on a freestanding Er:GaN wafer by Evans
Analytical Group (EAG, Inc.). To eliminate the surface effect, the sample’s top surface was further polished,
reducing the thickness to a few tens of microns. Then, the SIMS profile of the top 3 um of this polished and
smooth surface was measured. In Fig. 2(b), the SIMS results indicate that this sample has an average Ng, =
1.4 x 10%° atoms/cm?.

Figures 3(a) and (b) compare the photoluminescence (PL) emission spectra measured at room
temperature for freestanding Er:GaN samples of 1 mm and 11 pum in thicknesses for (a) band-edge non-
resonant excitation at Aexe = 375 nm and (b) resonant excitation at Aexe = 980 nm. The strong 1.54 pm peak
emission line originating from the intra-4f transition of Er atoms was clearly observed in both cases. The

10 f : : i 10
—»— Freestanding Er:GaN (~ 1 mm) Freestanding Er:GaN (t ~ | mm) o "o
8. Er:GaN (HVPE) (~ 11 um) 1 r_=%0m isgam (@) P~ 1,54 pm
i A,.=3750m ﬁ‘l\ 7 = 15150m 8 L._-_._-\'\‘i\
S, |_aso |
4 by 1557 om \'\
= 30K | ‘
2 2 ok NS 2 g "
0= < 1545 mm <
5 —2& z
e T sk J\/j\‘k o
6 100 ;\'\___
4 b (b) SOK /\/"\"\-m 2} Freestanding Er-Gall
b j; t~1 nun
2r Mﬁ} % 1 —= A/MT;S Apye =230 nm
0 2 i ol % 10 K I\/ e 0 . i i i
140 145 150 155 160 1.65 14 135 1% 15 16 165 0 100 200 300 400
A (um) A (um) T®

Fig. 3. Comparison of room temperature PL spectra of freestanding Er:GaN samples of two different thicknesses of 1
mm and 11 pm, with (a) band-edge excitation at Aexe = 375 nm and (b) resonant excitation at Aexe = 980 nm. (c) The
temperature dependence of the PL spectra of a freestanding Er:GaN sample (1 mm in thickness) under a resonant
excitation at Aexe = 980 nm measured between 10 K and 400 K. (d) Integrated PL emission intensity of the 1.54 pm
emission of the same freestanding Er:GaN sample as a function of temperature (hexe = 980 nm) [Ref. 27, reproduced
with permission from Appl. Phys. Lett. 109, 052101 (2016), Copyright 2016 AIP].
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measured PL emission spectra under both 375 nm and 980 nm pump wavelengths are quite similar. However,
compared to the thin Er:GaN sample which had a thickness of only 11 pum, the freestanding Er:GaN with a
thickness of ~ 1 mm exhibits a much stronger PL emission intensity under 980 nm resonant excitation,
whereas both thin and thick Er:GaN samples have a comparable PL emission intensity under band-edge non-
resonant 375 nm excitation. This can be explained by the fact that the band-edge excitation at 375 nm is
predominantly exciting the electron and hole pairs in the GaN host, which has a very small optical absorption
length (< 3 um) [29, 30]. This means that the 375 nm photons are mostly absorbed within the thickness of 6
pm. Therefore, increasing the sample thickness to I mm does not further increase optical absorption at 375
nm and PL emission intensity at 1.54 pm. In sharp contrast, 980 nm resonant excitation has an excitation
cross section of about 2.2 x 102! ¢m? [31] and an optical absorption length > 1 mm. Thus, the 1 mm
freestanding Er:GaN wafer takes advantage of large thickness, which allows it to absorb much more of the
excitation laser’s power at 980 nm than the 11 pum thick wafer. This in turn leads to a much higher emission
intensity at 1.54 pm.

The temperature dependence of the PL emission spectra under the 980 nm resonant excitation was
measured from 10 K to 400 K to evaluate the thermal quenching effect of the 1.54 pm emission line in a free-
standing Er:GaN wafer of 1 mm in thickness and the results are presented in Fig. 3(c). Figure 3(d) plots the
PL emission intensity integrated from 1.5 um to 1.6 pm as a function of the temperature from 10 K to 400 K.
There is only a 10% decrease in Er emission near 1.54 um between 10 K and 300 K, which is consistent with
the results seen in Er:GaN thin films [32-34]. The low thermal quenching (10%) of this freestanding Er:GaN
material again affirms the promise of Er:GaN for HEL applications.

2. Optical loss measurements of Er:GaN waveguides

100 T : :
> GaN:Er waveguides
e~ ‘
GaN  GaN:Er Ontiel ) 80}
Excitation L]
(A1)
£ 60
L
@
z .
s 40t (A2)
20+
m (A3)
" (A4) (b)
0 i

400 600 800 1000
FWHM (arcsec)

Figure 4 (a) The schematic diagram of the optical attenuation measurement set-up and an AFM image of a Er:GaN
waveguide with the waveguide width w ~ 12 um and height h ~ 1 pm. (b) The optical attenuation coefficient of
Er:GaN waveguides as a function of the GaN (002) XRD rocking curve linewidth measured for four different layer
structures [after Ref. 35].

Finding ways to measure as well as to understand the mechanisms of optical loss in Er:GaN materials will be vital to
provide feedbacks to further improve the materials quality and device structural design. We have constructed a set-up for
the optical attenuation measurement, as illustrated in Fig. 4(a) [35]. In the setup, an above band gap excitation or
resonant excitation laser diode can be used as an optical excitation light source for the generation of the 1.54 pm emission
in the Er:GaN waveguides/rods. The 1.54 pum emission is then collected from the detection end of the Er:GaN
waveguides using an optical fiber connected to a thermoelectric (TE) cooled InGaAs infrared spectrometer (Bayspec).
As the excitation spot was moved farther away from the detection end of the Er:GaN waveguide with a separation
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distance (d), the detected intensity of the 1.54 um emission decreases exponentially with d as described by
I(d)=1(0)exp(—ad) , where 1(0) and I(d) refer to the intensities of the 1.54 um emission at the excitation spot and a

distance d away from the excitation spot, respectively, from which the optical attenuation coefficient (o) at 1.54 pm can
be obtained.

One of the important results we have obtained is that the effective optical attenuation coefficients of these Er:GaN
waveguides depend on the linewidth of the GaN (002) XRD rocking curves in @-scan. As shown in Fig. 4(b), the optical
attenuation coefficient increases almost linearly with an increase of the FWHM of GaN (002) XRD rocking curves. An
increase in the FWHM of the XRD rocking curve indicates the presence of a larger number of crystalline dislocations
and defects in Er:GaN epilayers due to the use of foreign substrates as well as the incorporation of Er atoms. These
embedded crystalline dislocations and defects may play a role as light scattering centers, which explain the correlation
between the XRD rocking curve linewidth and optical loss. Our results shown in Fig. 4 reveal that a linewidth < 380
arcsec of GaN (002) XRD rocking curve is required to achieve Er:GaN based waveguides with an optical attenuation
coefficient less than 1 dB/cm for the practical applications as a laser gain medium.

3. Characterizing Refractive index of Er:GaN
It is important to characterize the change of index of refraction of Er:GaN due to Er incorporation for the

design of various laser structures. GaN is also known to be a uni-axial crystal with a relatively weak
birefringence of An =n. - n, ~ 0.04 [36-38], where n. denotes the extraordinary index and n, the ordinary
index. However, our main focus is to investigate, to the first order, the effect of Er doping on the index of
refraction of Er:GaN and to verify the potential of Er:GaN for core-cladding laser and amplifier applications.
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Figure 5. (a) Index of refraction of undoped and Er doped GaN epilayers obtained from fitting spectroscopic
ellipsometry data around the IR region; (b) Index of refraction at 1540 nm plotted as a function of Er concentration
(N&r) [Ref. 40, reproduced with permission from Appl. Phys. Lett. 105, 081104 (2014), Copyright 2014 AIP].

The changes in the refractive index due to Er incorporation were measured by spectroscopic ellipsometry
(alpha-SE Ellipsometer by J.A. Woollam Company) [40]. To ensure the reliability of the measurement
results, the refractive index values of the undoped GaN (no) were compared to a previous published result
[39] as well as with the reference data supplied with the spectroscopic ellipsometry (SE) system. The results
shown in Fig. 5 indicate that the measurement results for undoped GaN are consistent with the reference
values obtained using the same SE measurement technique [39]. Moreover, the raw SE data were fit over a
wide spectral range (385 nm - 1600 nm) which adds confidence to the determined optical constants.

In Fig. 5(a), we show the measured index of refraction values (n) in the infrared spectral region for an
undoped GaN and the two Er doped GaN epilayers grown by MOCVD [40]. The results indicate that n
increases with an increase of the Er doping concentration (Ng;) at all wavelengths. Since 1.54 pm is the
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wavelength of most interest, we plot the values of n at 1.54 um as a function of Ng, for these samples, a
linear relationship between ngr and N, is obtained, as shown in Fig. 5(b),

n=ne+ bNg (1)

where the fitted values of ng=2.2735 and b = 0.00575 x 10-%° cm?. Knowing this linear dependence will aid
in the design of lasers based on Er:GaN. More importantly, the increase of index of refraction stresses the
potential use of Er:GaN as an optical gain medium operating at 1.54 while un-doped GaN could be employed
as a nearly lattice matched cladding layers.

4. Enhancement of 1.5 um emission under 980 nm resonant excitation in Er and Yb co-doped GaN epilayers
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Figure 6. (a) SIMS profiles of Er and Yb concentrations in an Er+Yb:GaN epilayer grown under a Yb flow rate of
1.8 SLM and Er flow rate of 2.2 SLM. The inset is a schematic structure of Er+Yb:GaN epilayers used in this study.
(b) Room temperature PL spectra of Er+Yb:GaN epilayers under 980 nm resonant excitation. (c¢) Integrated PL
intensity near 1.5 pm (integrated from 1.48 to 1.6 um) as a function of the Yb flow rate under 980 nm resonant
excitation (Aexe= 980 nm) [Ref. 25, reproduced with permission from Appl. Phys. Lett. 109, 152103 (2016),
Copyright 2016 AIP].

It has been well established that Er and ytterbium (Yb) co-doping in a solid host is an effective
approach to enhance the Er emission at 1.5 um under 980 nm resonant excitation [41-46]. This is due to the
fact that the absorption cross section of Yb** at 980 nm is about one order of magnitude larger than that of
Er’*. In Er and Yb co-doped materials, Yb*" ions act as sensitizers by absorbing 980 nm excitation photons
and then transferring energy resonantly from their excited 2Fs, state to the *I;12 level of Er** ions [41-46].
This efficient resonant energy transfer process is facilitated by the close match between the energy levels of
the Fs, state of Yb*" and the 1, state of Er**. This transfer is then followed by a rapid nonradiative decay
to the first *I;3» excited manifold of Er** ions, after which a direct transition to the *I;s,» ground state of Er**
occurs, resulting in the 1.5 um emission [46]. The incorporation of Yb at a doping level similar to that of Er
is thus expected to provide a nearly one order of magnitude enhancement in the effective optical absorption
efficiency at 980 nm and hence a higher emission efficiency at 1.5 pm [46].

We have carried out the in-situ synthesis of Er and Yb co-doped GaN epilayers (Er+Yb:GaN) using
MOCVD [25]. To obtain Er+Yb:GaN epilayers, Er flow rate was set at a value of 2.2 SLM (standard liters
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per minute) and the Yb flow rate was varied from 0.9 to 2.4 SLM with an increment of 0.3 SLM. XRD was
used to characterize the influence of Yb incorporation on the crystalline quality of Er+Yb:GaN epilayers. The
inset of Fig. 6(a) shows the schematic structure of the RE doped GaN epilayers (Er+Yb:GaN). SIMS was
performed by Evans Analytical Group (EAG, Inc.) to probe the Er and Yb concentration profiles in
Er+Yb:GaN epilayers. For instance, for an Er+Yb:GaN epilayer grown under a Yb flow rate of 1.8 SLM and
an Er flow rate of 2.2 SLM, SIMS results shown in Fig. 6(a) revealed that the concentrations of Er and Yb
are quite uniform throughout the crystal and are about 1.0x10?° and 1.5x10?° atoms/cm?, respectively. The
expected major benefit of Yb and Er co-doping is the enhancement of the absorption efficiency at 980 nm via
the sensitization effect [41-46]. Room temperature PL spectra of the same set of Er+Yb:GaN epilayers grown
under varying Yb flow rates from 0 to 2.4 SLM and a fixed Er flow rate of 2.2 SLM were measured under
980 nm resonant excitation and the results are presented in Fig. 6(b). For the Yb flow rates below 1.0 SLM,
there is no gain in the Er related emission intensity at 1.5 um in Er+Yb:GaN over Er:GaN. The improvement
in the 1.5 pm emission intensity in Er+Yb:GaN epilayers over Er:GaN epilayers becomes gradually visible
when the Yb flow rate is increased beyond 1.0 SLM. The integrated emission intensity near 1.5 um is plotted
in Fig. 6(c) as a function of the Yb flow rate. It is clear that the Er related emission intensity at 1.5 um
reaches a maximum enhancement factor of 7 when the Yb flow rate was at 1.8 SLM, beyond which a further
increase in the Yb flow rate resulted in a reduction in the emission intensity at 1.5 um. This behavior could
be related to a reduction in the crystalline quality or Yb ion-ion cluster formation at higher Yb flow rates.
However, the observed enhancement in the 1.5 pm emission efficiency in MOCVD grown Er+Yb:GaN
epilayers over Er:GaN epilayers is consistent with the expected sensitization effect [41-46]. The results point
to an effective way to improve the emission efficiency of Er doped GaN for optical amplification and lasing
applications under optical pump using 980 nm light.

5. Excitation and emission mechanisms of low quantum defect lasing in Er:GaN in 1.5 yum spectral region

The energy levels of the *I;3, first excited state and the “I;s» ground state manifolds of Er*" ions in
Er:YAG and hence the excitation and emission schemes of Er:YAG eyesafe lasers are now very well
understood [6-13]. The most common resonant excitation lines in Er:YAG are at 1470 nm and 1533 nm to
achieve, respectively, a quasi-four-level and quasi-three-level system, while the emission lines occur at 1645
and 1617 nm. Although the 4f-shell of trivalent Er** is mostly insensitive to the host material, previous
theoretical and experimental studies have indicated that the local arrangements of atoms in the nearest
neighborhood of the Er*" ion can affect the details in the optical absorption and emission spectrum [47]. This
implies that the excitation and emission energy level scheme of Er:Y AG lasers may not be entirely applicable
to attain Er:GaN lasers.

We have performed optical absorption and resonantly excited photoluminescence emission spectroscopy
studies on freestanding Er:GaN quasi-bulk crystals with aim to construct the energy level diagrams
pertaining to the excitation and emission mechanisms of Er:GaN eyesafe HEL [28]. Freestanding Er:GaN
crystals of 1 mm in thickness were obtained via growth by HVPE in conjunction with a laser-lift-off process.
The samples were then subjected to double side chemical-mechanical polishing. The final thickness of the
sample used in this study was 600 um. A broad light source covering a wavelength range between 170 and
2100 nm coupled with a triple grating monochromator was used as a variable wavelength excitation source
for the optical absorption measurements. The absorption setup provides an overall spectral resolution of 2
nm. Figure 7(a) shows the room temperature optical absorption spectrum measured in the 1450 - 1650 nm
region. The spectrum revealed two dominant absorption bands near 1514 nm and 1539 nm. Fitting the
absorption spectrum using a multiple Gaussian peak fitting also resolved a third peak near 1556 nm. Figure
7(b) shows the PL emission spectrum of the same Er:GaN sample measured at 250 K around 1.5 um. The
excitation source is a 980 nm laser diode and the PL signal was collected using an InGaAs detector in
conjunction with a spectrometer. The spectral shape of the PL spectrum shown in Fig. 7(b) is rather similar to
that of the absorption spectrum shown in Fig. 7(a) with a central peak near 1538 nm, but with additional fine
features resulting from the transitions between Stark sublevels in the *I;5, ground state and the *I 3, first
excited state manifolds, which were not resolved in the optical absorption spectrum.

A significant result is that there are nearly no features and the absorption/emission is extremely low
below 1500 nm. This is in sharp contrast to the fact that Er’* in most other host materials such as YAG and
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Figure 7. (a) Optical absorption spectrum of an Er:GaN freestanding quasi-bulk crystal measured in the 1.5 um
spectral region with 2 nm spectral resolution. (b) PL emission spectrum of the same sample measured in the 1.5 um
spectral region with excitation wavelength Aexe = 980 nm. (c) Energy level diagram of Er** in the ground (*152) and
first excited (*I132) state manifolds in Er:GaN re-constructed from Ref. 47. The observed absorption lines from (a)
and emission lines from (b) are indicated by arrows. The corresponding 300 K Boltzmann occupation factors for each
energy level are indicated by the vertical bold solid lines [Ref. 28, reproduced with permission from Appl. Phys.
Lett. 111, 072109 (2017), Copyright 2017 AIP].

silica glass exhibit a strong absorption line near 1470
nm, corresponding to a resonant transition between 1000
Stark sublevels, from the bottom of the *I;s» ground
state manifold to the top of the “I;3, first excited state
manifold. This transition line near 1470 nm is the most
common pumping line employed for achieving
Er:YAG lasers. In fact, the spectra shown in Fig. 7 are
in excellent agreement with the results of a previous
crystal field analysis [47], based on which the energy
level diagram of Er’" in the ground (*lis») and first
excited (*I;3») state manifolds in Er:GaN has been
constructed as shown in Fig. 7(c). The experimentally

[ 5. =1514nm @]

1557nm

observed transition energies in Figs. 7(a) and (b) are af b 340 1
indicated by the arrows in Fig. 7(c). _ ’

We have also measured the PL emission spectra 2 2t & .
excited by laser diodes with operating wavelengths := 3

tuned into the resonant excitation closely matching 1 .
with the optical absorption maxima near 1514 and j ) 1
1539 nm. The PL emission spectra under 1514 nm and il o i
1540 nm excitation are shown in Fig. 8(a) and Fig. e tson T L
8(b), respectively. Multiple emission lines resulting  gjoyre 8. Resonantly excited emission spectra
from the transitions between the Stark sublevels in the  easured near 1.5 um of an Er:GaN freestanding
“lis» ground state and the “li3» first excited state  guasi-bulk crystal with (a) Aexe = 1514 nm and (b)
manifolds have been resolved, with several lines have  j... = 1541 nm [Ref. 28, reproduced with permission
been identified in the PL spectrum shown in Fig. 8(b)  from Appl. Phys. Lett. 111, 072109 (2017),
under 980 nm pump. Under resonant excitations, the = Copyright 2017 AIP].
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most common emission lines beyond 1550 nm appear to be near 1557 nm, 1569 nm and 1581 nm. It is
interesting to note that the emission peaks become narrower as the resonant pump wavelength increases and
the PL spectrum under 1540 nm pump composed of sharpest lines. The fitted full width at half maximum
(FWHM) of deconvolution Gaussian peaks is as narrow as 0.1 nm for the PL spectrum under 1540 nm
excitation. This is understandable because the recombination under resonant excitation using longest
wavelength excites the least number of sublevels and involves the least steps of thermal relaxation processes
and so the FWHM of emission lines approaches the true intrinsic characteristics of intra-4f shell transitions.
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Figure 9. (a) Energy level diagram constructed from the results of Figs. 7 and 8, providing the excitation and
emission mechanisms of Er:GaN low quantum defect lasers operating near 1.5 um. (b) The equivalent energy
level diagram of Er:YAG lasers. 4 level and 3 level indicate, respectively, a quasi-four-level and quasi-three-
level system. The corresponding 300 K Boltzmann occupation factors for each energy level are indicated by the
horizontal bold solid lines [Ref. 28, reproduced with permission from Appl. Phys. Lett. 111, 072109 (2017),
Copyright 2017 AIP].

One of the criteria for achieving lasing is to attain population inversion, which can be reached more
easily if the upper laser level is easily populated, whereas the lower laser level is rapidly depopulated. With
this in mind together with the observed optical absorption and emission lines, we have constructed in Fig.
9(a) the energy level diagram of the ground and first excited states to illustrate the most likely excitation and
lasing scenarios in resonantly pumped eyesafe Er:GaN lasers. The energy levels clearly show that the most
appropriate pump lines appear to be 1514 nm and 1539 nm, whereas the lasing emission lines most likely to
occur at 1569 nm and 1581 nm. For comparison, we also plotted the corresponding energy level diagram
illustrating the well understood excitation and lasing schemes in resonantly pumped eyesafe Er:YAG lasers
in Fig. 9(b). It can be seen that the differences between the pumping and lasing wavelengths in Er:GaN are
smaller than those in Er:YAG for both the quasi-four-level and quasi-three-level lasing systems, implying
that resonantly pumped eyesafe Er:GaN lasers potentially possess smaller quantum defects than those based
on Er:YAG. Another potential advantage of Er:GaN is its expected lasing wavelength occurring below 1600
nm. It is known that the current state-of-the-art near IR tracking cameras used in eyesafe HEL systems are
based on GalnAs epitaxial structures grown on lattice-matched InP [48], which have a bandgap of 0.75 eV
and a cut-off wavelength of 1620 nm, making GalnAs tracking cameras less sensitive and hence more
difficult to track the lasing wavelengths of Er:Y AG than those of Er:GaN.
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III. SUMMARY

Freestanding wafers of Er:GaN were obtained via HVPE growth in conjunction with a laser-lift-off
process. Optical loss measurements revealed that achieving Er:GaN crystals with a GaN (002) XRD rocking
curve linewidth of < 380 arcsec will be desirable for providing a low optical loss (< 1 dB/cm) for practical applications
of slab, waveguide or rod lasers. It was also shown that the index of refraction (n) of Er:GaN increases
linearly with Er concentration (Ng;) following n = n, + b N, with the measured value of b = 0.00575 x 102°
cm?. This finding confirms the potential of Er:GaN for the construction of core-cladding laser structures and
single crystal core-cladding fiber laser structures based on GaN/Er:GaN/GaN multilayer structures, in which
Er:GaN is the gain medium and un-doped GaN could be employed as a nearly lattice matched cladding layer.
Optical absorption and resonantly excited photoluminescence emission spectra have enabled the construction
of energy level diagrams pertaining to the excitation and emission mechanisms of Er:GaN eyesafe HELs
operating around 1550 nm and the results have shown that the common excitation and emission scheme of
Er:YAG is not applicable to achieve Er:GaN eyesafe lasers. In addition to higher thermal conductivity of
Er:GaN over Er:YAG gain medium, Er:GaN eye-safe lasers appear to possess lower quantum defects than
Er:YAG lasers.
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