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Abstract

Semiconductors doped with rare earth atoms have been studied for more than a decade because of the potential of using them to
develop compact and efficient electroluminescence (EL) devices. Trivalent erbium ions (Er®") are of special interest because they exhibit
atomic-like transitions centered at 1540 nm, which corresponds to the low-loss window of silica-based optical fibers. While EL devices,
based on Er-doped Si and GaAs materials, have been fabricated, their efficiency remains too low for practical applications. Several years
ago an important observation was made that there was less detrimental temperature quenching of Er luminescence intensity for larger
bandgap host materials. Therefore, Er-doping of wide gap semiconductors, such as the I11-V nitrides, appears to be a promising approach
to overcoming the thermal quenching of Er luminescence found in Si and GaAs. In particular, GaN epilayers doped with Er ions have
shown a highly reduced thermal quenching of the intensity of the Er luminescence from cryogenic to elevated temperatures. The
remarkable thermal stability of the light emission may be due to the large energy bandgap of the material, as well as to the optical
inactivity of the material defectsin the GaN films. In this paper, recent data concerning the luminescence characteristics of Er-doped GaN
thin films are presented. Two different methods have been used for Er-doping of the GaN films: ion implantation and in situ doping
during epitaxial growth. Both methods have proven successful for incorporation and optical activation of Er** ions. Infrared
photoluminescence spectra, centered at 1540 nm, have been measured for various Er-doped I11-N films. Considerably different emission
spectra, with different thermal quenching characteristics, have been observed, depending upon the wavelength of the optical pump and the
Er-doping method. Defect-related absorption centers permit excitation of the Er ions using below-bandgap optical sources. Elemental
impurities, such as O and C, in the thin films have aso been shown to influence the emission spectra and to lead to different optical
characteristics. [0 2000 Published by Elsevier Science S.A. All rights reserved.
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1. Er-doping of semiconductors

The optical properties of rare earth ions in insulating
meaterials have been extensively studied for applications in
solid-state lasers and optical fiber amplifiers [1]. Solid-
state lasers, such as Nd°":YAG, are based on the 4f
intracsubshell transitions of the rare earth trivalent ions
(RE*") and exhibit a very stable lasing wavelength with a
minimum temperature dependence. Because of these
characteristics, such lasers have found widespread applica
tions in laboratory and military systems. Er-doped silica
fibers are being used for amplification of optical signalsin
wavelength division multiplexing (WDM) communication
systems operating at 1.54 pm [2]. Pr-doped fibers are
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being developed for similar optical amplification at 1.3
wm.

Investigations of the optical properties of rare earth-
doped 111-V semiconductors have been studied for over a
decade. Beginning with the work of Ennen et al. in 1983
[3], the luminescence of rare earth ionsin 111-V compound
semiconductors has received considerable attention. The
main goa of this work has been to develop electrically
pumped optical sources and amplifiers for use in optical
communication systems. Studies of rare earth ions in a
variety of different semiconductors have been conducted
[4—6]. Due to the importance of the 1.54 um region for
optical communications, Er has been the main rare earth
element to be investigated. Si has been the primary
semiconductor host for these investigations because of its
predominance in the microelectronics industry. However,
several barriers have hindered the development of Er-
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doped Si optoelectronics. Incorporation of Er atoms in the
Si crystal is limited to approximately 10'® cm™2. Above
that level Er clusters occur and infrared light emission is
reduced. In addition, the intensity of the Er emission
decreases significantly as the temperature of the Er-doped
Si wafer increases from cryogenic to room temperatures.

Favennec et a. studied the dependence of the emission
intensity of the Er®" ions on the bandgap of the host
semiconductor as a function of sample temperature [7].
Several different semiconductors, including Si, were im-
planted with Er" ions and the emission intensity was
measured at different temperatures. It was found that the
photoluminescence (PL) intensity decreased at higher
temperatures. This therma quenching of the PL intensity
was more severe for the smaller bandgap materials, such as
S (112 e/) and GaAs (1.43 &/). The wider bandgap
compounds, such as ZnTe (2.26 /) and CdS (2.42 &),
exhibited less temperature dependence.

Since wider bandgap semiconductors lead to less ther-
mal quenching of the Er®" PL intensity, the 111-V nitride
alloys appear to be especially promising host materias for
rare earth doping. These alloys have a direct bandgap
ranging from 1.9 &/ for InN to 3.4 &/ for GaN and 6.2 &/
for AIN. However, due to a lack of a lattice matched
substrate, most 111-V nitride epilayers are grown on
sapphire (Al,O;) or SIC substrates and contain a high
density of didlocation defects. High levels of various
impurity elements, such as C or O or H, are aso found in
many nitride epilayers. Nevertheless, very encouraging
results have been obtained with Er-doped I1I-V nitride
materials.

The main methods for incorporating Er atoms into 111-V
semiconductor materials have been ion implantation and in
situ doping during epitaxial growth. Each method presents
certain advantages as well as difficulties. Since ion im-
plantation is a non-equilibrium process, it is not limited by
solubility constraints or by surface chemistry. However, Er
implantation does introduce considerable damage into the
crystal lattice and post-implantation annealing is required.
Wilson et a. [8] were the first to observe strong infrared
luminescence, centered at 1.54 um, from Er-implanted
GaN thin films. Co-implantation with O and furnace
annealing were needed to achieve the strong luminescence.
Severa other research groups have also used ion implanta-
tion to dope GaN films with Er [9-11].

Three different methods of epitaxia growth have been
successfully used for in situ doping of Il11-V nitride
semiconductors with Er atoms: gas source Gen Il metal—
organic molecular beam epitaxy (MOMBE) [12], hydride
vapor phase epitaxy (HVPE) [11], and solid source
molecular beam epitaxy (MBE) [13]. However, with each
of these techniques, there have been difficulties incorporat-
ing Er atoms into the epilayers and obtaining optically
active centers. The maximum concentration of Er in these
epilayers has been on the order of 10°° cm™°. Neverthe-
less, high-quality epilayers, doped with Er ions, have been

achieved and good luminescence characteristics have been
observed.

2. Optical excitation spectr oscopy

Photoluminescence spectroscopy of the emission of Er-
doped semiconductors involves optical excitation of the
Er’" ions and measurement of the light emission as a
function of intensity and energy. It appears that three types
of optical excitation are possible in the wide gap I11-V
nitride semiconductors. Using a laser source with above-
bandgap photon energy, electron—hole pairs can be created
in the semiconductor host. Some of the electron—hole pairs
can transfer energy to the Er®” ions, exciting the 4f-
electrons to higher energy states, resulting in optical
emission. Most of the PL measurements of Er-doped
semiconductors have involved the use of a laser operating
a an energy above that of the bandgap of the host
semiconductor. This represents an indirect excitation of the
Er’" ions by electron-hole pairs. Recent studies have
shown that defects in the semiconductor host can also
serve as absorption centers transferring below-bandgap
optical energy to the Er®" ions [14,15]. This too corre-
sponds to an indirect excitation of the Er®" ions. A third
method of optical excitation consists of resonant excitation
of the Er®* ions by the laser. In this case, the energy of the
laser radiation is equa to that of one of the higher energy
states of the Er®" ion [16].

In Fig. 1 are the normalized room-temperature infrared
PL spectra of different Er-doped 111-V nitride films. The
top spectrum is that for Er-implanted GaN; the middle one
is that for Er-doped GaN grown on Al,O, substrate by
MOMBE; and, the lower one is that for Er-doped AIN
grown on Al,O, by MOMBE. All samples were excited
with the 333.6-363.8 nm UV output of an Ar ion laser
which corresponds to above-bandgap excitation. Each of
the samples showed characteristic Er®” emission centered
at 1.54 um, which can be assigned to the intra-4f Er®"
transition “l,5,, — *l,5,,- The PL spectra from in situ Er-
doped GaN and AIN are very similar. They exhibit nearly
featureless spectra with a full width half maximum
(FWHM) of 25-35 nm suggesting a homogenous dis-
tribution of Er sites as typically observed from Er-doped
glasses. The overall spectral width of the Er®* emission
from the Er-implanted GaN sample was significantly larger
(100 nm a FWHM). Moreover, the Er-implanted GaN
sample exhibited a more sharply structured Er** PL
spectrum than the in situ Er-doped samples. Based on
previous data, the more complex and broader Er*" PL
spectrum seems to be characteristic for Er-implanted GaN
samples and is due to a combination of different Er sites
and Stark splitting of energy levels in low-symmetry sites.
For example, Kim et a. identified up to four different Er
sites in Er-implanted GaN grown by MOCVD [10]. Time-
resolved PL studies of in situ Er-doped AIN (MOMBE)
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Fig. 1. Room-temperature Er®* PL spectra of Er-doped I11-V nitride films. Top, Er-implanted GaN; Middle, in situ Er-doped GaN grown by MOMBE;

and Lower, Er-doped AIN grown by MOMBE.

have indicated the existence of at least two different
classes of Er’" sites with distinct lifetime and excitation
schemes [17].

We performed a series of experiments to determine the
thermal quenching of luminescence in the Er-implanted
GaN films [14]. The GaN films, which were grown on
sapphire substrates, were co-implanted at room tempera-
ture with Er and O ions. The Er®** emission in the region
of 1.54 um was measured over the temperature range
13-550 K. For temperature-dependent measurements be-
tween 15 and 300 K, the Er-implanted GaN sample was
placed onto a cold finger of a closed-cycle helium re-
frigerator. For measurements above 300 K, a specially

made heating element was used. The sample was excited
with above-bandgap radiation, using a HeCd laser oper-
ating at 325 nm, and with below-bandgap radiation, using
an Ar ion laser operating at 488 nm. In Fig. 2(a) are shown
the high-resolution PL spectra at 300 and 550 K of the
sample pumped with above-bandgap excitation. There
were only minor changes in the PL spectra between 300
and 550 K. The FWHM of the PL spectrum at 300 K was
~80 nm, suggesting inhomogeneous broadening of the
emission. This broadening indicated that the Er®" ions
occupy a range of sites, with dlightly different atomic
configurations, in the GaN host. The integrated PL intensi-
ty of the luminescence was found to be nearly constant
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Fig. 2. Above-bandgap photoluminescence spectrum of Er-implanted GaN at 300 K and 550 K. The integrated PL intensity was found to be nearly

temperature independent up to 550 K.
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over the entire range of measurement temperatures, see
Fig. 2(b). Relative to its value at 15 K, the integrated PL
intensity at 550 K decreased by only about 10%. This
remarkable temperature stability of the Er®>" luminescence
is the best reported data from any Er-doped semiconductor,
including Er-doped SiC [18].

In Fig. 3(a) are shown the high-resolution PL spectra at
300 and 550 K of the sample excited by below-bandgap
radiation. This excitation method corresponds to indirect
excitation of the Er’" ions through the broad, defect-
related, absorption band. There were significant changes in
the PL spectrum between 300 and 550 K. In addition,
depending upon the excitation method, different subsets of
Er’" ions are excited leading to distinct PL spectra, as
shown in Figs. 2(8 and 3(a). The FWHM of the PL
spectrum in Fig. 3(@) at 300 K was ~50 nm, which was
narrower than that in Fig. 2(8). There was also a large
change in the integrated PL intensity over the range of
measurement temperatures, as indicated in Fig. 3(b).
Relative to its value at 15 K, the integrated PL intensity at
550 K decreased by about 50%. While this behavior is not
as good as the data shown in Fig. 2(b), this reduced
thermal quenching is still less than that reported from any
other Er-doped I11-V semiconductor.

Large improvements of the absolute Er®" PL intensity
have been observed for Er-doped Si and GaAs samples
that were co-doped with oxygen. The enhanced 1.54 pm
PL was attributed to an increased concentration of opti-
cally active Er*" ions and a more efficient Er®" PL
excitation process. A similar improvement in the Er®* PL
intensity was observed in the Er-implanted GaN sample

under below-gap excitation [8]. We performed a study of
the effect of O and C impurities on the PL intensity of
Er-doped GaN films grown by MOMBE on (111) S or
(0001) sapphire substrates. The GaN films were preceded
by a low-temperature AIN buffer growth (T, =425°C) and
a 0.2 pm undoped GaN spacer layer prior to the deposition
of the GaN:Er film. Triethylgallium (TEGd), di-
methylethylamine alane (DMEAA), and thermally evapo-
rated 8 N Ga meta were used to provide the group Il
fluxes. A shuttered effusion oven with 4 N Er was used for
solid source doping. Due to the residual ether in TEGa, O
and C background levels were very high in TEGa derived
GaN films. Concentrations of [O] ~10*° cm™® and [C]
~10** cm ™ were determined through SIMS analysis. GaN
films grown using thermally evaporated 8 N pure Ga as the
group 111 source had O and C backgrounds of less than
10" cm™®. The absolute Er®" PL intensities of the
different GaN:Er films were measured under below-gap
and above-gap excitation. A comparison of the PL spectra
is depicted in Fig. 4. With below-gap excitation, the
GaN:Er (TEGa) sample, having a high O and C back-
ground, showed a peak PL intensity nearly two orders of
magnitude larger than the GaN:Er (Ga) sample, with low O
and C backgrounds. It is interesting to note that the
GaN:Er (TEGa) sample grown on a Si substrate showed a
strong 1.54 um PL at room temperature, which makes this
material combination attractive for integration with Si-
based optoelectronics. The results for below-gap excitation
[Fig. 4(8)] indicate that the incorporation of O and C
introduces beneficial mid-gap states which provide effi-
cient excitation pathways to the Er®" ions. The visible
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Fig. 3. Below-bandgap photoluminescence spectrum of Er-implanted GaN at 300 K and 550 K. The integrated PL intensity was found to be nearly

temperature independent up to 300 K.



J.M. Zavada et al. / Journal of Alloys and Compounds 300-301 (2000) 207-213 211

Below-gap excitation

1F T T
' GaN:Er/ALOQ,
(a) GaN:Er/Si
(TEGa)
~ 01F
= 3
&
=
‘B
C
2
£ GaN:Er/ALLO
1 001 GaN:Er/Si (G
o o /
1E 1 [djl I

1500 1600
Wavelength (nm)

-3 L
1400

1700 1400

Above-gap excitation
T T T 3 1

GaN:Er/Si
(TEGa)

401

GaN:Er/ALO,

GaN:Er/Si

0.01

e =
1500 1600 1700

Wavelength (nm)

Fig. 4. Comparison of the absolute Er®" PL intensity from different Er-doped GaN (MOMBE) samples for: (a) below-bandgap excitation; and (b)
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output from the Ar ion laser leads to a significantly more
efficient excitation of Er®" in the GaN:Er/Si (TEGa)
samples than in the GaN: Er/Si (Ga) samples.

With above-gap excitation [Fig. 4(b)] al of the GaN:Er
(MOMBE) samples showed a greatly reduced Er®" PL
intensity relative to below-gap excitation, independent of
O and C concentration. A similar PL reduction was
reported for Er-implanted GaN [10]. It is somewhat
surprising that under above-gap excitation the Er®" PL
intensity of samples with high O and C background levels

Below-gap excitation

was only roughly twice as strong as the Er®" PL observed
from samples with low O and C contents. The data indicate
that high O and C concentrations do not necessary lead to
an enhanced luminescence for carrier-mediated Er®* exci-
tation.

However, high O and C concentrations do affect the
thermal quenching characteristics of the Er-doped GaN
films. In Fig. 5 the behavior of the integrated Er®" PL
intensity is shown for the temperature range from 15 to
500 K. With below-gap excitation significantly different
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Fig. 5. Temperature dependence of the integrated PL intensity from in situ Er-doped GaN grown by MOMBE for: (a) below-bandgap excitation; and (b)

above-bandgap excitation.
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Er’" PL quenching characteristics were observed for
samples with varying O and C contents [Fig. 5(&]. As
previously observed for Si:Er and GaAsEr samples
codoped with O, the GaN:Er samples with high O and C
concentrations showed a significantly reduced Er®" PL
guenching compared to samples with low O and C
backgrounds. Between 15 K and room-temperature,
GaN:Er samples with high O and C backgrounds showed
Er®" PL quenching of only ~20%, whereas the 1.54 um
luminescence from low O and C concentration samples
decreased by ~90% over the same temperature range. With
above-gap excitation the situation was different. As shown
in Fig. 5(b), hardly any difference was observed in the
Er®" PL quenching behavior for samples with varying O
and C levels. The O and C concentration does not appear
to greatly effect the carrier-mediated Er®" excitation. Up to
room temperature, the Er®" PL decreased for al four
samples by less than 50% relative to its low-temperature
value. At 550 K, the Er®" PL from all samples had
decreased by nearly 90% of its low-temperature value.

Recently, Steckl et a. reported strong visible (green) PL
from in situ Er-doped GaN grown by MBE on sapphire
and Si substrates [19]. Solid sources were used to supply
the Ga and Er fluxes, while a STVA radio-frequency (RF)
plasma source supplied atomic nitrogen. With above-band-
gap excitation, the PL spectrum consisted of peaks in the
visible region at 537 and 558 nm corresponding to Er-
related transitions from the *H,;,, and the “S,,, levels to
the *l,5,, ground state. The FWHM of the *H,,,, - “l;5)5
and S, - “l,5,, lines were 2.56 and 3.0 nm, respective-
ly. The data represented the first visible emissions from
any Er-doped GaN film under optical excitation. Based on
these results, Er-doped GaN LEDs emitting in both the
visible and IR regions were fabricated [20]. The GaN:Er
LEDs consisted of Schottky diodes which used a transpar-
ent indium tin oxide (ITO) layer for both positive and
negative electrodes. Strong Er-activated, green emission
was observed under reverse bias conditions. The overall
efficiency of the green emission was estimated at 2x10°
which is comparable to that from Er-doped Si emission at
1.54 pm [21].

Further evidence of the influence of the Er-doping
method on the resulting Er®* emission is presented in Fig.
6. An absolute intensity comparison of the emission at 1.54
pwm was made between one of the GaN:Er samples
(71005-1) prepared by MOMBE and one of the GaN:Er
samples (102R) prepared by MBE. Both samples were
grown on Si substrates and excited both by below-bandgap
and by above-bandgap radiation. In Fig. 6(a) are shown the
PL spectra at 300 K of the samples excited by below-
bandgap radiation at 442 nm from a HeCd laser. While the
emission from the MOMBE sample is nearly twice as
intense as that from the MBE sample, the general features
of the two spectra are very similar. However, when the
samples were excited by above-bandgap radiation at 325
nm from the HeCd laser, significant changes in the PL
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Fig. 6. Comparison of the absolute Er®* PL intensity a 300 K from
Er-doped GaN films grown by MOMBE (71015-1) and by MBE (102R).
The PL spectra are for: (8) below-bandgap excitation; and (b) above-
bandgap excitation.

spectra were observed, see Fig. 6(b). The emission from
the MBE sample is about two orders more intense than that
from the MOMBE sample. In addition, the general features
of the two spectra are very different. Furthermore, with
above-bandgap excitation, the GaN:Er sample (102R),
prepared by MBE, showed bright green emission whereas
the GaN:Er sample prepared by MOMBE did not. It seems
safe to conclude that different Er’" complexes are pro-
duced during the two different growth techniques resulting
in very different absorption and emission properties.

3. Summary

Considerable progress has been made in the past 10
years in understanding the optical properties of Er-doped
I11-V semiconductors. Luminescence of Er®* ionsin many
[11-V semiconductors has been observed. A number of
experiments have shown that the use of wide gap semi-
conductors, such as the I11-V nitrides, significantly reduces
the thermal quenching of the Er®" luminescence. However,
difficulties remain concerning the incorporation of Er
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atoms in the -V nitride materials and the proper
processing conditions necessary for optical activation.
Furthermore, different Er-doping techniques lead to differ-
ent emission spectra with different thermal quenching
characteristics. Due to the intense current research in 111-V
nitride semiconductors for blue light emission, major
improvements in the crystal quality and in the processing
technology of these materials are very likely to occur. Such
advances will assist efforts to develop devices based on
[11-V nitride semiconductors doped with Er ions, making
possible a new class of optoelectronic components for
optical communication and display systems.
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