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ABSTRACT
Erbium doped GaN (Er:GaN) is a promising candidate as a novel gain medium for solid-state high energy lasers (HELs) due to its superior
physical properties over a synthetic garnet such as Nd:YAG. Er:GaN emits in the 1.5 μm region, which is retina-safe and has a high transmis-
sion in the air. We report photoluminescence (PL) studies performed on Er:GaN epilayers synthesized by the hydride vapor phase epitaxy
(HVPE) technique. The room temperature PL spectra of HVPE grown Er:GaN epilayers resolved as many as 11 and seven emission lines
in the 1.5 μm and 1.0 μm wavelength regions, respectively, corresponding to the intra-4f shell transitions between Stark levels from the first
(4I13/2) and the second (4I11/2) excited states to the ground state (4I15/2) of Er3+ in GaN. The observed peak positions of these transitions
enabled the construction of the detailed energy levels in Er:GaN. The results agree well with those of the calculation based on a crystal field
analysis. Precise determination of the detailed energy levels of the Stark levels in the 4I11/2, 4I13/2, and 4I15/5 states is critically important for the
realization of HELs based on Er:GaN.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0028470

INTRODUCTION

An optical gain medium is the heart of solid-state high energy
laser (HEL) systems, which have been investigated for decades due to
their numerous applications in communication, defense, manufac-
turing, and medicine.1 The most common gain material for solid-
state HELs today is the synthetic garnet such as YAG doped with
neodymium (Nd:YAG) emitting at 1.06 μm. Erbium doped GaN
(Er:GaN) is a promising new candidate as a gain medium for HELs
operating at 1.5 μm,2–5 as the Er3+ ion in GaN has an allowable intra-
4f shell transition from its first excited state (4I13/2) to the ground
state (4I15/2) that lies in the 1.5 μm spectral region, which has a high
thermal stability3,6,7 and high transmission in the air8 and is retina-
safe.9 Furthermore, GaN as a host material has outstanding thermal,
mechanical, and optical properties over YAG. Compared to YAG,
GaN has a much higher thermal conductivity of κ ≈ 253 W/m K
(κ = 14 W/m K for YAG) and a smaller thermal expansion coeffi-
cient of α ≈ 3.53 × 10−6 ○C−1 (α ≈ 7 × 10−6 ○C−1 for YAG) at room
temperature.10–13

Metal-organic chemical vapor deposition (MOCVD) and
molecular beam epitaxy (MBE) are the two major techniques

used for the growth of Er:GaN epitaxial thin films with a typ-
ical thickness of less than 5 μm and low growth rate of about
1 μm/h.7,14–34 For HEL applications, Er:GaN with large thicknesses
and, hence, high growth rates is needed. Er:GaN bulk crystals
have been synthesized recently via the hydride vapor phase epi-
taxy (HVPE) technique at high growth rates (up to ∼200 μm/h).3–5

Although the basic properties of Er doped GaN thin films grown
by MOCVD and MBE have been widely reported,7,14–34 studies
on the optical properties of Er:GaN grown by HVPE have been
limited.2–5

For HEL applications, the energy levels of the Stark levels of
4I11/2 (absorption) and 4I13/2 (emission) determine pumping and
lasing wavelengths. Moreover, the energy levels of these mani-
folds also determine the important parameters of Er:GaN as a gain
medium, including the population distribution of the excited states
of Er among different Stark levels, emission intensities, gain coef-
ficient, and lasing threshold power density. We report here HVPE
growth and photoluminescence (PL) emission spectroscopy studies
of Er:GaN epilayers and the determination of detailed energy lev-
els of the second excited state (4I11/2), the first excited state (4I13/2),
and the ground state (4I15/2) of Er3+ in GaN, which are critical for
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FIG. 1. (a) Schematic setup of PL measurements. To record polarization-resolved PL spectra, two lenses and a polarizer were added in between the Er:GaN sam-
ple and the monochromator. (b) Room temperature PL emission spectrum of an as-grown Er:GaN sample under photoexcitation by a 405 nm LD, measured from
1480 nm to 1610 nm. The peak wavelengths at 1513.4 nm, 1537.2 nm, and 1556.4 nm highlighted in red color are the dominant transitions with the highest emission
intensities.

FIG. 2. X-ray diffraction (XRD) spectra of the (a) θ–2θ
scan, (b) rocking curve of the (0002) reflection peak, and
(c) polycrystal scan (5○ off with respect to the c-axis of
GaN) of an as-grown Er:GaN sample. The inset of (a) is
an optical image of an as-grown Er:GaN wafer of 2-in. in
diameter grown by HVPE. The inset of (b) is an atomic
force microscopy (AFM) surface morphology of an as-grown
Er:GaN sample over a scan area of 2 × 2 μm2 revealing a
surface roughness rms value of 2.2 nm.
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basic understanding as well as practical applications of Er:GaN as an
emerging optical gain material.

EXPERIMENTS

Prior to the growth of Er:GaN, a 3 μm GaN epilayer was
first deposited on a c-plane sapphire substrate of 2 in. in diame-
ter by MOCVD to serve as a template for the subsequent growth
of Er:GaN by the HVPE method. The HVPE system contains Ga
and Er metal sources with purities of 99.9999% and 99.9%, respec-
tively. H2 gas was used as a carrier gas, and the growth tempera-
ture was 1120 ○C. X-ray diffraction (XRD) measurements were per-
formed to determine the crystalline quality of the as-grown Er:GaN
samples.

PL spectra were measured at room temperature using a laser
diode (LD) with a lasing wavelength of λexc = 405 nm as an excitation
source to provide the band edge excitation. The PL emission was col-
lected using a fiber coupled with a monochromator and an InGaAs
detector providing an overall spectral resolution of 0.2 nm. The
propagation direction of the excitation light, kexc, was always paral-
lel to the sample’s c-axis, whereas that of the PL emission, kemi, was
perpendicular to the sample’s c-axis. The excitation power intensity
dependence of PL spectra was measured by controlling the lasing
power of the LD by changing its operating current. Polarization-
resolved PL emission spectra were measured by placing a polarizer in
between the Er:GaN sample and the monochromator in such a way
that transverse magnetic (TM) and transverse electric (TE) emission
modes can be changed by controlling the direction of the polar-
izer. There were also two optical lenses in the setup. A collimating
lens collects the PL emission from the sample and outputs a parallel
beam, whereas a second lens focuses the parallel beam to the fiber,
as schematically shown in Fig. 1(a). A typical room temperature PL
spectrum of the Er:GaN epilayer grown by HVPE measured in the
1.5 μm region is shown in Fig. 1(b), which exhibits three dominant
emission peaks at 1513.4 nm, 1537.2 nm, and 1556.4 nm (marked in
red color).

RESULTS

The inset of Fig. 2(a) shows the optical image of an as-grown
Er:GaN wafer of 2-in. in diameter with high transparency and a
smooth surface. The thickness of the Er:GaN layer is 12 μm with
an Er concentration of 3 × 1019/cm3, based on reference samples
measured by secondary ion mass spectrometry. An atomic force
microscopy (AFM) image of this as-grown Er:GaN sample is shown
in the inset of Fig. 2(b), which reveals an AFM surface root-mean-
square (rms) roughness of 2.2 nm over a scan area of 2 × 2 μm2. The
θ–2θ scan of x-ray diffraction (XRD) results of this as-grown Er:GaN
sample is shown in Fig. 2(a), exhibiting a high intensity and narrow
full-width at half-maximum (FWHM) of 252 arcsec. The observed
position of the (0002) reflection peak at 34.554○ is close to the ideal
(0002) peak position of strain free GaN at 34.569○, but signifying
the presence of small strain in Er:GaN. The XRD rocking curve of
the (0002) peak is shown in Fig. 2(b) and has a FWHM of 1400
arcsec, indicating that Er:GaN grown by HVPE has a reasonable
crystalline quality. Figure 2(c) plots the θ–2θ scan from 10○ to 110○

measured at an orientation of 5○ off with respect to the c-axis of
Er:GaN, showing no observable peaks. The results indicate that no
polycrystalline structures are present and the as-grown Er:GaN film
is a single crystal.

Figure 1(b) shows the room temperature PL spectrum mea-
sured in the range of 1480 nm–1610 nm, which covers transitions
between different Stark levels in the first excited state (4I13/2) and the
ground state (4I15/2) of Er3+ ions. The previous room temperature
PL spectra of Er:GaN epilayers typically exhibit only five or six emis-
sion lines in this spectral range,2–5,29–34 while 11 peaks in total were
clearly resolved in the spectrum of HVPE grown Er:GaN, as shown
in Fig. 1(b). The results are a clear indication that Er:GaN materials
produced by HVPE in the present work possess a very high optical
quality.

The room temperature PL spectrum measured between 970 nm
and 1020 nm is shown in Fig. 3, which covers the transitions between
different Stark levels in the second excited state (4I11/2) and the
ground state (4I15/2) of Er3+ ions. In total, seven emission peaks were
clearly resolved in this spectral region with peak positions indicated
in this figure. The strongest emission line is at 1.0 μm. It is inter-
esting to note that the peak position of this 1.0 μm emission line

FIG. 3. Room temperature PL emission spectrum of an as-grown Er:GaN sample
under an excitation of a 405 nm LD, measured from 970 nm to 1020 nm. The wave-
lengths highlighted in red color are the dominant transitions with highest emission
intensities.
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observed in Er:GaN slightly differs from the corresponding emis-
sion line in Er:YAG at 0.98 μm.35 We believe that the difference
of the detailed crystal fields around Er atoms in GaN and YAG is
most likely responsible for this difference. However, this slight dif-
ference in the transition peak position has a large consequence in the
selection of optical pumping sources, i.e., a pumping wavelength of
1.0 μm should be employed for Er:GaN instead of the more com-
mon pump wavelength at 0.98 μm for Er doped YAG. Again, the
emission peaks in this spectrum show high intensities with narrow
linewidths.

The PL emission intensities, Iemi, of the dominant emission
lines at 1513.4 nm (red triangles), 1537.2 nm (blue squares), and
1556.4 nm (green circles) were also measured at varying excitation
intensities, Iexc, and the results are shown in Fig. 4. We noted that
the emission intensities exhibit rapid increases initially and saturate
with a further increase in the excitation intensity. The curves in Fig. 4
are the least squares fits of data with the following relationship:

Iemi = A ⋅ Iexc
α, (1)

FIG. 4. PL emission intensities as functions of excitation intensity measured for
the three dominant emission lines with peak positions at 1513.4 nm (red triangles),
1537.2 nm (blue squares), and 1556.4 nm (green circles). The solid and dashed
curves are the least squares fits with Eq. (1) of data measured at 1513.4 nm (red
solid curve), 1537.2 nm (blue solid curve), and 1556.4 nm (green dashed curve).

where A is a constant and α describes a power-law dependence
of Iemi vs Iexc. The fitted values of A for emission wavelengths at
1513.4 nm, 1537.2 nm, and 1556.4 nm are 1.85 × 10−2, 3.37 × 10−2,
and 1.86 × 10−2, respectively. It is interesting to note that the fit-
ted values of parameter A are very close for the emission lines at
1513.4 nm and 1556.4 nm. The exponent α of the power-law depen-
dence for the emission lines at 1513.4 nm, 1537.2 nm, and 1556.4 nm
is 0.53, 0.53, and 0.54, respectively, which are all close to 0.5, mean-
ing that Iemi exhibits a nearly square root power dependence on Iexc.
A similar behavior was observed previously in TiO2 nanocrystals36

and SiO2 nanocrystals.37

The polarization-resolved PL spectra measured from 1480 nm
to 1610 nm for both the TM (blue spectrum, E//c) and TE (red
spectrum, E⊥c) emission modes are shown in Fig. 5. In obtaining
these results, the excitation laser was unpolarized. Figure 5 shows
that the emission intensity of the TE (E⊥c) mode is 25% lower than
that of the TM (E//c) mode. The measured results are consistent
with the higher excitation/absorption efficiency of the TM mode in
Er:GaN. This can be attributed to a higher excitation efficiency of the
TM mode due to the presence of the spontaneous polarization field,
which acts along the direction of the c-axis of GaN.38

FIG. 5. Room temperature polarization-resolved PL spectra of an as-grown
Er:GaN sample under the excitation of a 405 nm LD measured in the TM (blue
spectrum) and TE (red spectrum) modes from 1480 nm to 1610 nm.
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ANALYSIS

The fine features of PL spectra shown in Figs. 1(b) and 3 allow
us to extract a large amount of useful information, including the
detailed energy level diagram of the Stark levels in the 4I11/2, 4I13/2,
and 4I15/2 manifolds. The Stark levels of the ground state (4I15/2),
the first excited state (4I13/2), and the second excited state (4I11/2)
were deduced from the observed peak positions in the PL spectra
shown in Figs. 1(b) and 3 and are presented in Table I. Table I
also includes all possible transition lines from the Stark levels in the
excited states to the Stark levels of the ground state. For comparison,
the calculated energy levels (in units of cm−1) of Er3+ ions in wurtzite
GaN based on a crystal field analysis are also included in Table I.26

The top row in Table I indicates the eight Stark levels in the 4I15/2

manifold, whereas the top and bottom of the left columns of Table I
list the seven Stark levels of the first excited state (4I13/2) and the six
Stark levels of the second excited state (4I11/2), respectively. The cal-
culated energy levels in these cells are indicated by the black color,
whereas the peak positions observed from Figs. 1(b) and 3 are indi-
cated in green color in the same cells. The corresponding calculated
emission wavelengths (in units of nm) involving the transitions from
the Stark levels of the upper states (4I13/2 and 4I11/2) listed in the
left column to the Stark levels of the ground state (4I15/2) listed
in the top row are marked in black. The numerical values in blue
and red colors in each cell in Table I correspond to the peak posi-
tions of the observed emission lines from Figs. 1(b) and 3 in the
unit of nm. The wavelengths indicated in red color are the dom-
inant transitions in the PL spectra with the highest intensities, as

TABLE I. The energy levels (in cm−1) of the manifolds in the ground state (4I15/2), the first excited state (4I13/2), and the second excited state (4I11/2) extracted from the observed
peak positions in the PL emission spectra of Figs. 1(b) and 3 (bold fonts). The energy levels obtained from calculation (normal fonts) based on a crystal field analysis are included
for comparison. The peak positions (in nm) observed from Figs. 1(b) and 3 are indicated in italic (with highest intensities) and bold italic (with lower intensities), whereas the
calculated wavelength of possible transitions (Ref. 26) is indicated by the normal fonts in the same cells.

4.7 10.2 39.1 111.0 150.8 166.3 184.3 195.5
(nm) 4I15/2 (cm−1) 4.7 10.2 39.1 111.0 156.2 168.9 187.9 196.2

6510.1 1537.2 1538.5 1545.4 1562.7 1572.5 1576.3 1580.8 1583.6
6510.1 1537.2 1577.0

6515.5 1535.9 1537.2 1544.1 1561.4 1571.2 1575.0 1579.5 1582.3
6515.5 1537.2

6543.2 1529.4 1530.7 1537.5 1554.7 1564.4 1568.2 1572.6 1575.4
6542.4 1569.0

4I13/2 (cm-1) 6602.1 1515.7 1517.0 1523.7 1540.6 1550.1 1553.8 1558.2 1560.9
(1503 nm–1585 nm) 6596.1 1518.4

6613.3 1513.2 1514.4 1521.1 1537.9 1547.4 1551.1 1555.5 1558.2
6613.0 1513.4 1556.4

6633.8 1508.5 1509.8 1516.4 1533.1 1542.5 1546.2 1550.5 1553.2
6636.2 1509.2 1532.0 1543.2 1550.8

6651.6 1504.5 1505.7 1512.3 1528.9 1538.3 1541.9 1546.2 1548.9
6663.2 1526.2

10 137.0 986.9 987.5 990.3 997.4 1001.4 1002.9 1004.8 1005.9
10 141.2 1001.5

10 150.2 985.7 986.2 989.0 996.1 1000.1 1001.6 1003.4 1004.6
10 153.9 1001.5

10 165.2 984.2 984.7 987.5 994.6 998.6 1000.1 1001.9 1003.0
4I11/2 (cm-1) 10 160.5 988.0

(980 nm–1004 nm) 10 186.9 982.1 982.6 985.4 992.5 996.4 997.9 999.7 1000.9
10 188.3 982.5

10 201.2 980.7 981.3 984.0 991.1 995.0 996.5 998.3 999.4
10 201.2 984.0 996.7 999.5

10 212.2 979.7 980.2 983.0 990.0 993.9 995.4 997.2 998.3
10 212.2 990.0
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they are highlighted in red color in Figs. 1(b) and 3, which corre-
spond to emission wavelengths with the largest emission cross sec-
tions. The wavelengths highlighted in blue color are the PL emission
peaks with lower intensities. For each emission peak wavelength in
Figs. 1(b) and 3, the closest value from the calculated wavelength in
Table I was determined and used to construct the energy levels of
Er in GaN. Among them, the emission peak at 1537.2 nm has two
exact matches in Table I at 1537.2 nm. For the emission wavelength
at 1001.5 nm, because the calculated wavelengths of 1001.4 nm
and 1001.6 nm are both within 0.1 nm from the measured wave-
length, hence, they were both chosen as the possible transition
lines.

Table II compares the experimental and calculated energy lev-
els of the Stark levels in 4I15/2, 4I13/2, and 4I11/2 states. The val-
ues for Ecalc were based on the calculation for wurtzite GaN with
C3v symmetry.26 The values for Eexpt.(MOCVD) represent the mea-
sured energy levels obtained from Er:GaN epilayers previously
grown by MOCVD and those of Eexpt.(HVPE) are the measured
energy levels of the present work. The energy differences between
Eexpt.(MOCVD), Eexpt.(HVPE) and Ecalc are denoted by Δ1 and Δ2,
where Δ1 = Eexpt.(MOCVD) − Ecalc and Δ2 = Eexpt.(HVPE) − Ecalc.
The results in Table II clearly demonstrate that the values of Δ2 are
much smaller than those of Δ1, demonstrating that the experimental
results obtained in this work agree much better with the calculation
results in comparison with earlier data from Eexpt.(MOCVD).26 It
is worth mentioning that the PL spectra of Eexpt.(MOCVD) were

measured at low temperatures (6 K) with the hope to provide
improved spectral resolution and emission intensities,26 whereas the
PL spectra presented here were all measured at room temperature.
The rich spectral features resolved in the room temperature PL spec-
tra shown in Figs. 1(b) and 3 enable us to construct a detailed energy
level diagram of the Stark levels in the 4I15/2, 4I13/2, and 4I11/2 mani-
folds of Er3+ in GaN. From Table II, Eexpt.(MOCVD) did not fit well
the sixth Stark level of the ground state (4I15/2) and the fourth to sev-
enth Stark levels of the first excited state (4I13/2). In comparison, the
present results agree very well with all the calculated energy levels
of different Stark levels in the 4I11/2, 4I13/2, and 4I15/2 states. A direct
quantitative comparison for the energy level differences between the
measured and calculated energy levels can be made by evaluating the
standard deviation,

σ =
√
∑i=1,...,NE

(Ei(calc) − Ei(exp))2/NE, (2)

where Ei(cal.) and Ei(expt.) are the calculated and measured energy
levels in Table II, respectively, and NE denotes the numbers of
experimentally measured energy levels fitted. The calculation yields
σ1 = 9.1 cm−1 for Eexpt.(MOCVD) and σ2 = 3.7 cm−1 for the
present results, Eexpt.(HVPE). The much-reduced value of σ2 over
σ1 again confirms a significant improvement in the accuracy of the
present results over those of the earlier measurements of MOCVD
samples.26

TABLE II. Comparison between the experimentally measured [Eexpt.(MOCVD) and Eexpt.(HVPE)] and calculated (Ecalc) energy levels of the manifolds in 4I15/2, 4I13/2, and 4I11/2

states of Er3+ ions in GaN. The values for Ecalc were based on the calculation for wurtzite GaN with C3v symmetry (Ref. 26). The values of Eexpt.(MOCVD) were extracted
from the low temperature PL spectra of Er:GaN epilayers grown by MOCVD, and the values of Eexpt.(HVPE) were extracted from the room temperature PL spectra of Figs. 1(b)
and 3 of the present work.

(cm−1) Eexpt.(MOCVD) Eexpt.(HVPE) Ecalc Δ1 = Eexpt.(MOCVD) − Ecalc Δ2 = Eexpt.(HVPE) − Ecalc

4I15/2

0.0 4.7 4.7 −4.7 0
4.4 10.2 10.2 −5.8 0

32.0 39.1 39.1 −7.1 0
121.3 111.0 111.0 10.3 0
158.6 156.2 150.8 7.8 5.4
. . . 168.9 166.3 . . . 2.6

189.0 187.9 184.3 4.7 3.6
195.9 196.2 195.5 0.4 0.7

4I13/2

6504.8 6510.1 6510.1 −5.3 0
6511.8 6515.5 6515.5 −3.7 0
6529.4 6542.4 6543.2 −13.8 −0.8
. . . 6596.1 6602.1 . . . −6.0
. . . 6613.0 6613.3 . . . −0.3
. . . 6636.2 6633.8 . . . 2.4
. . . 6663.2 6651.6 . . . 11.6

4I11/2

10 152.1 10 141.2 10 137.0 15.1 4.2
10 168.8 10 153.9 10 150.2 18.6 3.7
10 173.2 10 160.5 10 165.2 8.0 −4.7
10 186.6 10 188.3 10 186.9 −0.3 1.4
10 190.6 10 201.2 10 201.2 −10.6 0
10 205.1 10 212.2 10 212.2 −7.1 0
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Achieving population inversion is a necessary condition for
attaining lasing or gain in a gain medium. As such, understanding
the Boltzmann population among different Stark levels in the 4I11/2,
4I13/2, and 4I15/2 states is important. Figure 6 shows the constructed

energy level diagram based on the results from Tables I and II and
the corresponding Boltzmann populations, fli, at room temperature,
with l representing the l-th states and i representing the i-th Stark
levels, which were calculated using

f li =
e−

ΔEi
kT

∑n
i=1 e−

ΔEi
kT

(l = 1, i = 1 to 8 for 4I15/2, l = 2, i = 1 to 7 for 4I13/2, l = 3, i = 1 to 6 for 4I11/2), (3)

where Ei represents the energy level of the i-th Stark level, k is the
Boltzmann constant, and T is the temperature. Based on this con-
structed energy diagram, a quasi-four-level system can be achieved
with the pumping wavelength at 1.0 μm, which has the highest

FIG. 6. Room temperature Stark energy level diagram constructed from the PL
emission spectroscopy results of Figs. 1(b) and 3 and Tables I and II and the
corresponding Boltzmann populations (red lines), including the detailed energy
levels of manifolds in the 4I11/2, 4I13/2, and 4I15/2 states of Er:GaN, which indicates
that Er:GaN can be resonantly pumped at 1 μm or 1514 nm with the expected
lasing wavelength occurring at 1537 nm or 1556 nm.

emission intensity as well as the highest absorption efficiency, as
demonstrated in Fig. 3. This pumping wavelength is very close to
that of widely commercially available 980 nm laser diodes and has
the potential to furnish lasing emission wavelengths at 1537 nm or
1556 nm in Er:GaN. In such a context, the pumping mechanism
is very similar to the case in the Er doped YAG laser pumped at
980 nm. The disadvantage of employing this quasi-four-level sys-
tem with a pumping wavelength near 1.0 μm is a large quantum
defect (QD) of 0.35, which will translate to a low quantum efficiency
as a result of a large amount of heat generation. In comparison, a
quasi-three-level system of Er:GaN with resonant pumping is pos-
sible with the use of a pumping wavelength at 1514 nm and a las-
ing emission wavelength at 1537 nm or 1556 nm, providing a very
low QD of 0.015 and, hence, very low amount of heat generation.3
However, this low QD pumping scheme is more difficult to imple-
ment due to (a) a small separation between the pumping and lasing
wavelengths, (b) less availability of high power LDs operating at
1.514 μm, and (c) less favorable population distribution among
different energy levels due to small energy level differences in
Er:GaN.3,4 Both pumping and lasing emission wavelengths in
Er:GaN are slightly different from those in Er:YAG3,4 and also from
those in Er doped optical fibers, which typically utilize a pumping
wavelength at 980 nm and a lasing wavelength near 1.5 μm.39,40 Our
results presented here clearly demonstrate the importance of deter-
mining the detailed energy levels of these manifolds in the 4I11/2,
4I13/2, and 4I15/2 states.

SUMMARY

In summary, Er:GaN epilayers with improved optical quali-
ties over prior attainments have been produced by HVPE. The PL
emission spectra resulting from the intra-4f shell transitions from
the second excited state (4I13/2) and first excited state (4I13/2) to
the ground state (4I15/2) of Er3+ ions in GaN have been probed
in the 1.0 μm and 1.5 μm regions at room temperature. It was
observed that Er:GaN epilayers produced by HVPE in the present
work exhibit unprecedented rich spectroscopic features, from which
detailed Stark levels in the 4I11/2, 4I13/2, and 4I15/2 states of Er3+ ions
in GaN were extracted. The results provided an improved agreement
with calculation over those previous low temperature PL results
measured from MOCVD grown epilayers. The relationship between
PL emission intensity (Iemi) and excitation laser intensity (Iexc) has
been measured, revealing a square root power dependence of Iemi
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on Iexc. Polarization-resolved PL emission spectra revealed higher
emission intensities at all wavelengths for the TM emission mode
than the TE mode, which is consistent with the understanding that
this is a direct consequence of the inherent polar material property
of wurtzite GaN, giving rise to local fields surrounding the Er site
with a net polarization field acting along the c-axis. Furthermore,
the energy levels extracted from PL spectra allowed the construc-
tion of an energy level diagram involving transitions between Stark
levels in the 4I11/2, 4I13/2, and 4I15/2 states of Er:GaN for future HEL
applications, which identifies that the optical pumping and lasing
emission wavelengths are 1.0 μm and 1.537 (or 1.556) μm for a quasi-
four-level lasing system and 1.514 μm and 1.537 (or 1.556) μm for a
quasi-three-level lasing system.
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