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The authors report on the synthesis of Er-doped GaN epilayers by in situ doping by metal-organic
chemical vapor deposition �MOCVD�. The optical and electrical properties of the Er-doped GaN
epilayers were studied by photoluminescence �PL� spectroscopy and van der Pauw–Hall method.
Both above and below band gap excitation results in a sharp PL emission peak at 1.54 �m. In
contrary to other growth methods, MOCVD grown Er-doped GaN epilayers exhibit virtually no
visible emission lines. A small thermal quenching effect, with only a 20% decrease in the integrated
intensity of the 1.54 �m PL emission, occurred between 10 and 300 K. It was found that Er
incorporation has very little effect on the electrical conductivity of the GaN epilayers and Er-doped
layers retain similar electrical properties as those of undoped GaN. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2361196�

Incorporation of rare-earth atoms into a semiconductor
host has received much attention due to the potential appli-
cations of rare-earth-doped materials as efficient optical am-
plifiers and light emitters. A majority of the research done for
rare-earth doping has been devoted to the element Er,1–16

since one of its intra-4f transitions occurs at a wavelength of
1.54 �m, corresponding to the minimum loss in silica fibers
for optical communications. The problem with Er3+ emission
in many semiconductors is the low emission efficiency at
room temperature. However, it has been well recognized that
the thermal quenching of the Er3+ emission is decreased sig-
nificantly in wide band gap semiconductors.4 It has also been
suggested that the neighboring environment created by more
ionic host semiconductors increases the intensity of intra-4f
Er3+ transitions.1,5 In light of these properties, the GaN ma-
terial system appears to be an optimum host for Er since it
has a band gap of 3.4 eV and an electronegativity difference
of −1.2.

Much work has been dedicated to the incorporation of Er
into GaN by methods such as ion implantation, hydride va-
por phase epitaxy, metal-organic molecular beam epitaxy,
and molecular beam epitaxy �MBE�.5–16 There have been
reports of Er incorporation, leading to devices, such as light
emitting diodes �LEDs�, that produce wavelengths ranging
from the visible to infrared �IR�.6,11,14 But all such devices
suffer either from strong emission lines in the visible region
and/or a low quantum efficiency at the IR wavelengths, se-
verely limiting their prospects for practical devices for tele-
communication systems. Until now, Er-doped GaN obtained
by in situ incorporation by metal-organic chemical vapor
deposition �MOCVD� has not been experimentally realized,
even though devices, such as blue/green LEDs, based upon
MOCVD synthesized GaN are among the highest quality.17

The difficulty in producing Er-doped GaN by the MOCVD
process stems from the low vapor pressures of the Er precur-
sors and/or the large organic chains, inherent in the Er pre-

cursors containing elements that are parasitic to the quality
of GaN.

In this work, we report on the in situ incorporation
of Er into GaN epilayers by MOCVD and their electrical
and optical properties. The Er-doped GaN epilayers were
synthesized by MOCVD in a horizontal reactor. All samples
were grown on �0001� sapphire substrates. The growth of
these epilayers began with a thin GaN buffer layer, followed
by a 1.2 �m GaN epilayer template and a 0.5 �m Er-doped
GaN layer. The growth temperature of the GaN template and
Er-doped GaN layer was 1040 °C. An UV photolumines-
cence �PL� spectroscopy system was employed to study the
optical properties of the Er-doped GaN. The PL system con-
sists of a frequency doubled and tripled, 100 fs Ti:sapphire
laser operating at an average power of 150 mW at 263 and
395 nm and a repetition rate of 76 MHz. IR detection was
accomplished by an InGaAs detector, while visible PL detec-
tion was accomplished by a multichannel plate photomulti-
plier tube, in conjunction with a 1.3 m monochromator, and
a typical PL spectrum is depicted in Fig. 1. Room tempera-
ture transport properties of these films were measured by the
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FIG. 1. Room temperature PL spectra of Er-doped GaN with laser excitation
wavelength �exc=263 nm. The visible part of the spectrum is scaled by a
factor of 4.
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van der Pauw–Hall method. Secondary-ion mass spectros-
copy �SIMS� was performed by the Evans Analytical Group
to profile the Er concentration. The inset of Fig. 2 shows the
Er profile for one of our Er-doped GaN epilayers as probed
by SIMS.

Figure 1 is a room temperature PL spectrum of Er-doped
GaN covering wavelengths from the visible to the IR region,
for an excitation wavelength ��exc� of 263 nm. Two sharp
emission peaks are observed at wavelengths of 1.0 and
1.54 �m �with full widths at half maximum of 10.2 and
11.8 nm�, corresponding to the radiative intra-4f Er3+ transi-
tions from the 4I11/2 �second excited state� and the 4I13/2 �first
excited state� to the 4I15/2 �ground state�, respectively. The
room temperature PL intensity of the 1.54 �m peak is much
larger than that of the 1.0 �m emission line. Figure 1 also
shows that virtually no visible emission lines can be ob-
served in Er-doped GaN epilayers grown by MOCVD. This
is in sharp contrast to the results of Er-doped GaN obtained
by MBE or ion implantation, which exhibit the dominant
intra-4f Er3+ transitions to be from the 2H11/2 �537 nm� and
4S3/2 �558 nm� to the 4I15/2 �Refs. 12 and 15� ground state. In
Fig. 2 is shown the high degree of thermal stability of the
Er3+ emission. The integrated PL intensity of the 1.54 �m
emission decreases between 10 and 300 K by only 20%. This
low degree of thermal quenching is in good agreement with
previous results of Favennec et al.4 and represents the lowest
reported value for Er-doped GaN.9 These results clearly
demonstrate the high potential of MOCVD grown Er-doped
GaN epilayers for optical communication devices.

In Fig. 3 is a comparison of the PL spectra of Er-doped
GaN at 10 K, with above band gap excitation
��exc=263 nm� and below band gap excitation
��exc=395 nm�. It is observed that the PL intensity of the
1.54 �m emission with �exc=263 nm excitation is ten times

larger than that with �exc=395 nm. It is apparent that the
above band gap excitation is much more efficient for the
1.54 �m emission. This result indicates that the generation
of electron-hole �e-h� pairs results in a more efficient energy
transfer to Er centers than through defect centers in the
epilayers.16 Thus, optical amplifiers and emitters operating at
1.54 �m may be more efficient by employing an above band
gap excitation scheme.

An important consideration for the realization of practi-
cal optoelectronic devices is the effect of Er incorporation on
the electrical properties of GaN. Doping of GaN with Er may
introduce defects that are a detriment to the required electri-
cal conductivity. In Fig. 4, we plot optical and electrical
properties �integrated PL emission intensity of the 1.54 �m
peak, resistivity, electron mobility, and free electron concen-
tration� of Er-doped GaN epilayers as a function of Er
concentrations between �0.2 and 1��1021 cm−3. The
electrical properties were determined by Hall effect measure-
ment. As can be seen in Fig. 4, the electron mobility,
concentration, and resistivity are relatively unchanged

FIG. 2. Integrated PL emission intensity of the 1.54 �m peak vs sample
temperature with laser excitation wavelength �exc=263 nm. The inset is the
Er concentration profile of an Er doped GaN epilayer as determined by
SIMS.

FIG. 3. PL spectra of Er-doped GaN for two different excitation wave-
lengths at 10 K ��exc=263 nm and �exc=395 nm�.

FIG. 4. Optical and electrical properties of epilayers as a function of Er
concentration: �a� integrated PL emission intensity of the 1.54 �m peak, �b�
resistivity �, �c� electron mobility �, and �d� free electron concentration n.
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with an increase in Er concentration. In fact, the values
of mobility ��200 cm2/V s�, electron concentration
��2�1017 cm−3�, and resistivity ��0.2 � cm� are compa-
rable to those of high-quality undoped MOCVD GaN
�400 cm2/V s, 2�1017 cm−3, 0.05 � cm�. The only notice-
able difference is the smaller mobility of the Er-doped
samples. These results can be explained if we consider the
bonding nature of Er within a GaN host. It has been reported
that the majority of Er atoms occupy the Ga site within the
hexagonal wurtzite structure.1 It is also known that the nor-
mal charge state of bonding of Er inside an ionic host is
Er3+,18,19 which is the same as that of Ga inside the hexago-
nal wurtzite structure. This implies that the incorporation of
Er centers into GaN is essentially isoelectronic doping and
should not affect the free electron concentration. However,
Er atoms will act as scattering centers, thereby reducing the
electron mobility. Depicted in Fig. 4�a� is a plot of the inte-
grated PL intensity of the 1.54 �m emission versus Er
concentration with �exc=263 nm. The emission intensity
of the 1.54 �m peak does increase with increasing Er
concentration.

In summary, we have synthesized Er-doped GaN epilay-
ers with in situ doping by MOCVD. PL results showed that
both above and below band gap excitation produces emission
at 1.54 �m whose intensity increases with higher Er concen-
tration. The Er emission at 1.54 �m in GaN has a high de-
gree of thermal stability; the decrease in emission intensity
between 10 and 300 K was only about 20%. PL results also
indicated that above band gap excitation is much more effi-
cient for Er3+ emission at 1.54 �m. Hall effect measurements
revealed that Er-doped GaN epilayers have comparable elec-
trical properties to those of high-quality undoped GaN.
These results, together with the absence of virtually any vis-
ible PL emission lines, demonstrate the very high potential of
these materials for applications in optoelectronic devices op-
erating at the main telecommunication wavelength of
1.54 �m.
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