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Erbium (Er) doped IlI-nitride materials have attracted much attention due to their capability to
provide highly thermal stable optical emission in the technologically important as well as eye-safer
1540 nm wavelength window. There is a continued need to exploring effective mechanisms to fur-
ther improve the quantum efficiency (QE) of the 1.54 um emission in Er-doped III-nitrides. GaN/
AIN multiple quantum wells (MQWs:Er) have been synthesized by metal organic chemical vapor
deposition and explored as an effective means to improve the QE of the 1.54 um emission via car-
rier confinement and strain engineering. The 1.54 um emission properties from MQWs:Er were
probed by photoluminescence (PL) emission spectroscopy. It was found that the emission intensity
from MQWs:Er is 9 times higher than that of GaN:Er epilayers with a comparable Er active layer
thickness. The influences of the well and barrier width on the PL emission at 1.54 um were studied.
The results revealed that MQWs:Er consisting of well width between 1 and 1.5 nm and the largest
possible barrier width before reaching the critical thickness provide the largest boost in QE of the
1.54 um emission. These results demonstrate that MQWSs:Er provide a basis for efficient photonic

devices active at 1.54 um. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916393]

The intra-4f shell transitions of rare earth (RE) ions
doped in a solid host give rise to sharp emission lines whose
wavelengths are independent of host materials, since the
wavefunctions of the 4f-electrons are highly confined in
space and are very well screened by the outer closed 5s% and
5p° shells." Much of the research work on RE doping into
semiconductors has focused on the element erbium for
potential applications in optical communications. Doped in a
solid material, erbium ion (Er’") has an allowable intra 4f
shell transition from its first excited state (4113/2) to the
ground state (411 52), leading to 1.54 ym emission which falls
within the minimum loss window of silica fibers used in opti-
cal communications.>™® Furthermore, the maximum permis-
sible laser exposure limits at 1.54 um for the eye-safety are
several orders of magnitude higher than wavelengths near or
below the neodymium emission line at 1.06 um. Thus, solid-
state lasers emitting at 1.54 um based on Er doped materials
are eye-safer and preferred in many applications where laser
beams must be transmitted through the open air. Although
the wavelength of emission is not affected by the solid host,
the transition probability (i.e., emission intensity) is affected
by the neighboring environment. It has been observed that
the 1.54 yum emission from Er doped semiconductors of
smaller bandgaps has a low efficiency at room temperature
due to a strong thermal quenching effect.”'® In general, the
thermal stability of Er emission increases with an increase of
the energy gap and ionicity of the host materials.’ ">
Therefore, IIl-nitride semiconductors are excellent host
materials for Er ions due to their wide bandgaps as well as
their structural and thermal stabilities. Among IIl-nitrides,
GaN is the most widely studied and has proven to be an out-
standing host for Er, with reports of fabrication of light-
emitting diodes operating in the visible and infrared region."?
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However, further improvements in the quantum efficiency
(QE) of the 1.54 um emission in Er-doped II-nitrides are
still needed to enable practical photonic devices.

Er’" ions can be excited through electron-hole pair
mediated processes in Er doped GaN through an above
bandgap or near band-edge excitation.'®> One way to improve
the quantum efficiency of these device structures is to
improve the excitation efficiency of the Er ions via the
enhancement in the carrier density around Er’" ions. This
could be achieved by implementing quantum well (QW)
structures.'* Doping Er into the well layers confined by the
barriers is expected to improve the Er ions excitation effi-
ciency under an above bandgap or near band-edge excitation.
The QW architecture enhances both the spatial confinement
and density of states of carriers within the well layers leading
to an increase in the carrier density and energy transfer from
carriers to Er’* ions. Furthermore, the use of the QW archi-
tecture allows the flexibility in strain engineering which was
shown to be an effective means in optimizing the emission
characteristics of Er doped semiconductors.'*

In this work, Er-doped GaN/AIN multiple QWs
(MQWs:Er) were synthesized by metal-organic chemical
vapor deposition (MOCVD). The effects of the well and the
barrier thicknesses of the MQW:Er on the emission intensity
at 1.54 um have been investigated. The 1.54 um emission in-
tensity was found to increase with increasing the barrier
width. It was also demonstrated that the MQW architecture
enhances the 1.54 yum emission intensity by a factor of 9 over
the GaN:Er epilayers with a comparable Er doped active layer
thickness. The largest enhancement was obtained in
MQWs:Er with a well width between 1.0 and 1.5 nm.

MQWs:Er were grown on c-plane sapphire substrates
using MOCVD. The aluminum source was trimethylaluminum

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4916393
http://dx.doi.org/10.1063/1.4916393
http://dx.doi.org/10.1063/1.4916393
http://dx.doi.org/10.1063/1.4916393
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4916393&domain=pdf&date_stamp=2015-03-24

121106-2 Al tahtamouni et al.

(TMA), the gallium source was trimethylgallium (TMGa),
and the nitrogen source was ammonia (NHj3). Trisisopropyl
cyclopentadienylerbium (TRIPEr) was used as the in-sifu Er
doping source. Hydrogen was the carrier gas and was kept
constant at 2 standard liters per minute (SLM). The growth
started with a thin (30 nm) AIN buffer layer (buffer 1) grown
at 950°C and 30 mbars followed by a second 100 nm AIN
buffer layer (buffer 2) at 1100°C grown at 30 mbars, and a
1.0 um AIN template grown at 1300°C and 30 mbars.'” It
was then followed by the growth of the MQWs:Er structure
consisting of alternating layers of Er doped GaN wells and
undoped AIN barriers. The growth temperature and pressure
were 1020 °C and 30 mbars, respectively. Figure 1 shows the
layer structure of MQWSs:Er samples. All samples were
grown at the same Er molar flow rate. The well and barrier
widths were determined by the pre-calibrated growth rates of
the Er-doped GaN and undoped AIN epilayers, as deter-
mined by the in-situ spectroscopic reflectance. X-ray diffrac-
tion (XRD) was used to analyze the structures of MQWs:Er.
Photoluminescence (PL) spectroscopy was employed to
probe the well and barrier widths dependence of the Er
related emission at 1.54 um. PL measurements were carried
out at room temperature (300 K) using a diode laser with an
excitation wavelength (Je.) at 375nm, providing a near
band-edge excitation. An InGaAs detector was used to mea-
sure the emission spectra in the 1.54 um spectral window.
Two different Er doped GaN/AIN MQW structures were
investigated. The first set of MQW samples has a fixed
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FIG. 1. Schematic layer structure of Er doped GaN/AIN multiple quantum
wells (MQWs:Er) grown on AIN/sapphire template.
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barrier thickness of 10nm and a varying well width from
0.6, 1, 1.5, 2.8, 4, 5.3 to 6.6 nm. The second set of samples
has a fixed well width of 1.5nm and a varying barrier width
from 3, 5, 7 to 10 nm.

X-ray 0-20 measurements for the Er doped GaN/AIN
MQWs were performed to evaluate the structural character-
istics of the MQWs:Er. Figure 2 shows the X-ray 6-20 scans
of a set of MQW:Er samples consisting of 25 periods of
alternating Er doped GaN wells with various well widths
Lw=0.6,1,15,2.8,4,5.3, and 6.6 nm and AIN barrier with
a fixed width Lz = 10 nm. The peaks at 20 =36.0° in Fig. 2
originate from the (0002) plane of the undoped AIN tem-
plate, and the satellite peaks come from the Er doped GaN/
AIN MQWs. The well-defined satellite peaks in X-ray dif-
fraction spectra of all samples indicate that the interfaces
between the wells and barriers are quite abrupt.'® As shown
in Fig. 2, MQW:Er samples with thinner wells have large
numbers of intense satellite peaks, indicating that these sam-
ples possess higher interfacial qualities than those with
thicker wells. This can be attributed to the deterioration of
the interfacial structural quality of the MQWs:Er caused by
the generation of defects at the interface as the well width
approaching the critical thickness of MQWs.'? The period A
of a quantum well can be calculated by using the following
equation:*°

A= (LJ — L,)i/2(sm Qj — sin 9,‘), (1)

where / is the wavelength of the incident X-ray, L; and L;
are diffraction orders of the QWs, 0; and 0; are the
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FIG. 2. X-ray theta-2theta diffraction measurement results of Er doped

GaN/AIN MQWs with different GaN:Er well widths (Lw =0.6, 1, 1.5, 2.8,
4,5.3, and 6.6 nm) and fixed AIN barrier width (Lg = 10 nm).
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corresponding diffraction angles of those diffraction orders.
As the period of MQW increases, the intervals between the
satellite peaks are getting smaller. The XRD results are con-
sistent with the targeted well and barrier widths based on the
growth rates of the Er-doped GaN and undoped AIN
epilayers.

Figure 3 compares the room temperature PL spectra
between a 25 period MQWs:Er sample with a well/barrier
width of Ly = 1.5nm/Lg = 10nm and a GaN:Er epilayer of
38 nm in thickness. Both samples have a similar Er doped
active layer thickness and were grown on the same AIN tem-
plate with the same Er molar flow rate. Both samples exhibit
emission peak at 1.54 um, corresponding to the intra-4f Er't
transitions from the first excited state (*7 132) to the ground
state (Y7 15,2)- It is quite remarkable that the intensity of the
1.54 ym emission peak from MQWSs:Er is 9 times higher
than that from GaN:Er epilayer with a comparable Er active
layer thickness. This large enhancement indicates that the
MQW architecture significantly enhances the excitation effi-
ciency of Er’" owing to the enhanced carrier density in
quantum wells. The full width at half maximum (FWHM) of
the 1.54 um emission peak is 60 and 50nm for MQWs:Er
and GaN:Er, respectively. The broadening of the emission
peak in MQWs is due to thickness fluctuations of the wells
and different atomic configuration around Er-centers. Er ions
located in close proximity to the interfaces feel alloy-like
AlGaN environment and their emission contributes to inho-
mogeneous broadening of the spectral lines. In the case of a
1.5 nm well (3 unit cells), a large number of Er’" ions in the
well are located close to interfaces. The high growth temper-
ature may also cause penetration of Er ions into barriers thus
increasing inhomogeneous spectral lines broadening.

The room temperature (300K) PL spectra of the
1.54 ym emission of the first set of MQWSs:Er samples hav-
ing 25 periods, fixed barrier width (10 nm), and varying well
widths of 0.6, 1.0, 1.5, 2.8, 4.0, 5.3, and 6.6 nm are presented
in Fig. 4(a). It can be seen that the 1.54 ym emission spectral
line shape is independent of the well width. However, the
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FIG. 3. Comparison of room temperature (300 K) of PL spectra of Er related
emission near 1.54 um between an Er doped GaN/AIN MQWs sample (hav-
ing 25 periods and a well/barrier width of Ly = 1.5nm/Lg = 10nm) and Er
doped GaN epilayer of 38 nm in thickness.
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emission efficiency strongly depends on the well width. The
well width dependence of the integrated PL intensity of the
1.54 ym emission for this set of MQWSs:Er samples can be
obtained from Fig. 4(a). Figure 4(b) shows the normalized
1.54 ym emission intensity (emission intensity normalized to
the total thickness of the Er active layers in the MQWs:Er)
versus the well width measured at 300K for this set of
MQWs:Er samples with a fixed barrier width of 10 nm. The
horizontal dashed line represents the normalized 1.54 um
emission intensity of the GaN:Er epilayer of 38 nm in thick-
ness, which is set to unity for comparison. The largest
enhancement in PL intensity is achieved when the well width
is in between 1 and 1.5 nm. The increase of the PL intensity
per active layer thickness in MQWs:Er with decreasing the
well thickness can be attributed partly to the enhanced car-
rier density around the Er ions in the active well regions due
to quantum confinement, yielding an improved excitation ef-
ficiency of Er ions. Furthermore, GaN/AIN MQWs are
highly strained due to the lattice mismatch of more than 2%
between GaN and AIN, which induces an internal built-in
electric field on the order of 4 MV/cm.?! The electric field
acting upon charge carriers leads to their spatial separation
and thus restrict formation of excitons which are necessary
for excitation of the 4f-shell of Er’* ions.'* It is well known

“Ta ' ' ' ' " a 10
] —m—1.0 nm
35 = —=—1.5nm
] o —e—2.8nm
30 j ‘“ —0—4.0 nm
] ‘\! —%x—5.3nm
‘m —4A—6.6 nm -

25 4

. —e—0.6 nm

PL intensity per unit thickness (A.U.)

1.4 1.50 1.55 1.60 1.65

A (um)
11 T T T T T T T T T T T T T T
10 300 K (b) ]
* -
9_— e Aexc= 375 nm ]
S # )
< 7] —
= ]
g 5 * ]
Y ]
34 _
|
& ] * *
2 4 -}
s T TR * ]
] (GaN:Er)
0 ' (i T i T —T T = T m T 4
0 1 2 3 4 5 6 7 8

Well width(nm)

FIG. 4. (a) Room temperature (300K) PL spectra near 1.54um of
MQWs:Er with different well widths (Lw=0.6, 1, 1.5, 2.8, 4, 5.3, and
6.6nm) and fixed AIN barrier width (Lg = 10 nm). (b) The normalized PL
intensity at 1.54 um as a function of the well width. The horizontal dashed
line represents the normalized 1.54 um emission intensity of the GaN:Er epi-
layer of 38 nm in thickness, which is set to unity for comparison.
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that built-in electric fields are detrimental for recombination
efficiency in polar GaN/AIGaN quantum structures, particu-
larly for wells thickness higher than free exciton Bohr radius.
Therefore, reduction of the Er emission efficiency will be
stronger in wide GaN QWs, in agreement with the experi-
mental data in Fig. 4. In Ref. 22, it was shown that in polar
GaN/AIN MQW heterostructures the GaN well thickness al-
ready of 1.8 nm reduces the band gap of the well below that
for bulk GaN,* so the wavelength of 375nm (3.31eV) is
sufficient for over the band gap excitation. As a result, the
excitation efficiency of Er’" ions in 5 and 6nm wells is
much more reduced than it could be estimated from the in-
tensity ratio of the PL spectra for 1.5 and 6 nm wells. Also,
there was no absorption of 375 nm photons by AIN barriers.
On the other hand, one can notice the decreased 1.54 um
emission intensity in MQWs:Er with well width smaller than
1 nm, which can be due to the enhanced carrier (or carrier
wavefunctions) leakage into the barrier regions,'*'**' which
effectively reduces the carrier density in the Er doped active
QW regions. This structure should be rather considered as a
quasi-ternary alloy with periodically doped areas than as a
MQW structure. Taking into account thickness fluctuations in
GaN/AIN superlattices, typically within 0.4-0.6 nm,** it is not
clear whether for a 0.6 nm width (one unit cell) the quantum
well is formed. If not, charge carriers remain delocalized.
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FIG. 5. (a) Room temperature (300K) PL spectra near 1.54um of
MQWs:Er with different AIN barrier widths (Lg =3, 5, 7, and 10nm) and
fixed GaN:Er well width (Ly = 1.5nm). (b) The PL intensity at 1.54 um as a
function of the barrier width.
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Figure 5(a) shows the 300K PL spectra in the 1.54 yum
region obtained from MQWs:Er samples having 30 periods
of GaN:Er wells and AIN barriers, a fixed well width
(1.5nm), and varying AIN barrier thicknesses (3.0, 5.0, 7.0,
and 10nm). It can be seen that the 1.54 um emission line
shape is independent of the barrier width. However, the PL
intensity increases almost linearly with an increase in the
barrier width as illustrated in Fig. 5(b). By changing the bar-
rier width from 3.0 to 10nm, the intensity of the 1.54 um
emission is enhanced by a factor of almost 12. The exciton
Bohr radius in GaN is estimated to be 28 ;\;24 therefore, the
electron wavefunctions can easily penetrate through the bar-
rier layers and became delocalized. Interwell coupling will
reduce the probability of capturing of excitons by Er-centers
consequently leading to low excitation efficiency of Er’"
ions. Another explanation is related to strain in MQW struc-
tures. Previous studies carried out on GaN:Er'® and Si:Er + O
and Si Ge;_oEr + O materials'® have shown that the
1.54 um emission intensity increases linearly with the magni-
tude of tensile or compressive stress. For GaN/AIN
MQWs:Er, it is expected that the stress in the MQW struc-
ture and hence the emission intensity at 1.54 um increase
with increase of the barrier width.

In summary, GaN/AIN MQWs architecture was pro-
posed as an effective means for dramatically enhancing the
quantum efficiency of the 1.54 um emission in Er doped
GaN via quantum confinement. Er doped GaN/AIN MQWs
were synthesized by MOCVD technique. It was demon-
strated through PL spectroscopy under a near and above
band edge excitation that the emission efficiency in
MQWs:Er was enhanced by as much as nine times over
GaN:Er epilayers with a comparable Er doped active layer
thickness. The influences of the well and the barrier widths
on the PL emission at 1.54 um were studied. The results
have shown that the optimal GaN/AIN MQWs:Er structures
for achieving high 1.54 um emission efficiencies are those
with well width between 1.0 and 1.5 nm and the large possi-
ble barrier width below the critical thickness assuring lack of
coupling of the quantum wells. The ability of tuning the car-
rier confinement in MQWs opens up the possibility of engi-
neering Er doped III-nitride photonic devices with enhanced
optical characteristics at 1.54 um.
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