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Unintentionally doped Al0.67Ga0.33N epilayers were grown on AlN/sapphire templates by
metalorganic chemical vapor deposition. Optimized undoped Al0.67Ga0.33N epilayers exhibited an
n-type conductivity as confirmed by Hall-effect measurement with a room-temperature resistivity of
about 85V cm. Variable temperature Hall-effect measurement revealed the existence of a shallow
donor level with activation energy of about 90 meV. The photoluminescencesPLd spectra exhibited
an emission peak at 4.13 eVs4.06 eVd related to an impurity transition at 10 Ks300 Kd.
Temperature dependent PL measurement also confirmed the existence of a shallow donor with
comparable activation energy as that obtained by Hall-effect measurement. Isolated oxygen
impurities are believed to be a strong candidate of the donor that remains as a shallow state in
Al xGa1−xN up to x,0.7. Compensating defects and the nature of the O donor in Al0.67Ga0.33N
epilayers are also discussed. ©2005 American Institute of Physics. fDOI: 10.1063/1.1954875g

AlGaN alloys are promising for applications in chip-
scale emitters and detectors operating at wavelengths down
to 200 nm. Tremendous progress in research and develop-
ment has been made in understanding the fundamental prop-
erties of these materials as well as their practical applica-
tions. However, our understanding of fundamental properties
of Al-rich AlGaN alloys is much less than that of GaN. The
cause of background concentration of free electrons in un-
doped GaN grown by metalorganic chemical vapor deposi-
tion sMOCVDd had been an issue of debate in the last de-
cade. For many years, it was believed that the intrinsic
defects like nitrogen vacanciessVNd are the cause of the
backgroundn-type conductivity in undoped GaN. Nonethe-
less, the first principle calculations excludedVN as the source
of n-type conductivity as its formation energy is large.1 Un-
intentionally doped oxygen, whose energy level is about
30 meV, is believed to be the donor source in undoped
GaN.1–3 However, the conductivity of undoped AlGaN alloys
decreases with increasing Al content and high Al-content
Al xGa1−xN alloyssx.0.4d often behave as insulators.4 It was
proposed that the decrease in conductivity with increasing Al
content in undoped AlxGa1−xN is due to the transition of
oxygen from shallow donor into DX center.5 Conductivity
also decreases with increasing Al content in Si-doped
AlGaN, mainly due to the deepening of Si donor level, com-
pensation with acceptor like defects, and increase in disloca-
tion density.6,7

Recently, there have been several reports on the achieve-
ment of highly conductiven-type Si-doped Al-rich AlGaN
alloys.7–11 The problem for achieving highly conductive
AlGaN materials was identified as mainly due to the incor-
poration of compensating acceptor-like defects such as alu-
minum vacanciessVAld or VAl –ON complexes. We have de-
veloped a growth technique to suppress aluminum vacancies
and/or complexes in Al-rich AlGaN epilayers and achieved a
resistivity of 0.0075V cm with a free electron concentration
of 3.331019 cm−3 and mobility of 25 cm2/V s for Si-doped
Al0.7Ga0.3N at room temperature.11,12 Such an achievement

inspired us to explore the undoped Al-rich
AlGaN alloys. Many basic questions such as the conductivity
control, role of oxygen impurities, cause of compensation,
etc., can be addressed through the investigation of undoped
materials.

In this letter, we report on the growth, electrical, and
optical properties of unintentionally doped Al0.67Ga0.33N ep-
ilayer grown by MOCVD using similar techniques as in the
previous study.11,12 By further suppressing compensating de-
fects, we have obtainedn-type conductivity in undoped
Al xGa1−xN epilayers forx,0.67 at room temperature. Opti-
mized Al0.67Ga0.33N epilayers exhibitn-type resistivity about
of 85 V cm at room temperature as confirmed by Hall-effect
measurement. Temperature dependent Hall-effect and photo-
luminescencesPLd measurements show that there is a shal-
low donor with an activation energy of about 90 meV. Pos-
sible candidates of the donor and compensating defects in
AlGaN alloys are also discussed.

Unintentionally doped Al0.67Ga0.33N epilayers of thick-
ness ,1 mm were grown on AlN/sapphire template by
MOCVD. An AlN epilayer of thickness,0.5 mm was first
deposited on sapphire substrate followed by the growth of an
AlGaN epilayer. The insertion of a high quality AlN epilayer
is essential in suppressing the compensating defects in the
subsequent AlGaN layer. The metalorganic sources used
were trimethylgallium and trimethylaluminum for gallium
and aluminum, respectively. Blue ammonia was used as ni-
trogen source. X-ray diffraction was used to determine the
aluminum content and crystalline quality. The AlGaN epilay-
ers have a typical full width at half maximum of rocking
curve of thes0002d peak of about 500 arcsec. Atomic force
microscope was used to characterize the surface morphology.
No crack was found on the surfaces. Transport properties
were studied by variable temperature Hall-effect measure-
ments. Deep UV PL spectroscopy system was employed to
study the optical properties and to probe the impurities. The
PL system consists of a frequency quadrupled 100 fs Ti: sap-
phire laser with an average power of about 3 mW at 196 nm
and repetition rate of 76 MHz. The impurity concentrations
in the samples were determined by secondary ion mass spec-
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troscopysSIMSdmeasurementsperformed at Charles Evans
& Associatesd.

Figure 1 shows the semilog plot of free electron concen-
tration snd vs 1/T of an undoped Al0.67Ga0.33N epilayer. The
free electron concentration increases exponentially with in-
creasing temperature. At room temperature,n-type resistivity
value measured is about 85V cm, however, with a low elec-
tron mobility s,2 cm2/V sd. This could be due to the large
alloy scattering and increased effective mass of electrons for
such a high Al content AlGaN alloy. The solid line is the
least squares fitting with the relation,nsTd~exps−ED /kTd,
wherensTd is the free electron concentration at temperature
T and ED is the donor activation energy. The fittedED is
found to be 88 meV. This shows that there is an uninten-
tional shallow donor in Al0.67Ga0.33N epilayers contributing
to n-type conductivity.

PL spectra of undoped Al0.67Ga0.33N epilayers in the
temperature range from 10 to 300 K are shown in Fig. 2.
There is a strong emission at 4.13 eV at 10 K, which shifted
to 4.06 eV at room temperature. There is also a broadening
of PL spectrum with increasing temperature. Figure 3 shows
the Arrhenius plot of the integrated PL intensity of the emis-
sion peak at 4.13 eVs10 Kd. The solid line is the least
squares fitting of data with the following equation:13

IsTd =
Io

1 + ce−Eo/kT , s1d

where IsTd, and Is0d are the integrated PL intensity at tem-
peratureT and 0 K, andEo is the PL emission intensity ac-
tivation energy. The fitted value of the activation energysEod
is 93 meV. This value is close to the activation energy deter-
mined from the temperature dependent Hall-effect measure-
ment. This indicates that the PL emission peak at 4.13 eV
involves the transition of electrons bound to shallow donors
with a binding energy between 88 and 93 meV. An acceptor
with such a shallow binding energy is not expected and can
thus be excluded. We believe the emission peak at 4.13 eV is
due to the transition between a shallow donor to a deep ac-
ceptor, which is also consistent with the energy levels ex-
pected from Al0.67Ga0.33N alloys. The formation energies of
cation vacanciessVIII d such asVAl and VAl –ON complexes
are small forn-type AlGaN. They can be a triple, double, or
single charged state.6,14 We believe that the acceptors-like
defects are significantly suppressed in this sample. It is re-
markable that the compensation can be suppressed to such a
low level that undoped Al-rich AlxGa1−xN sx=0.67d can be
grown n type. We believe that the use of high quality AlN
epilayer as a template plays a crucial role in suppressingVIII
and its related complexes and that further optimizing growth
conditions and improvement of material quality will further
suppress compensating defects and improve the conductivity
in undoped Al-rich AlGaN epilayers.

The results from Hall-effect and PL measurements con-
firm that there is a shallow donor in undoped Al0.67Ga0.33N
epilayer. This naturally leads to the question: “what would be
the possible origin of the donors?” Similar to GaN, the for-
mation energy ofVN in Al xGa1−xN for Fermi level near the
conduction band is large and the binding energy ofVN for
x,0.7 is about 0.2 eV.15 HenceVN is unlikely to be the
shallow donor observed here, similar to GaN. Oxygen and
carbon are commonly present in the MOCVD grown mate-
rials as unintentionally doped impurities. Oxygen is believed
to be a shallow donor in undoped GaN whose activation
energy is about 30 meV.3 Figure 4 shows the SIMS profiles
of oxygen and carbon impurities in an Al0.67Ga0.33N epilayer.
Concentration of oxygenfOg is about 831018 cm−3 and that
of carbon is in the middle of 1017 cm−3. Carbon is also be-
lieved to be an acceptor.16 Similar to undoped GaN, we thus

FIG. 1. The temperature dependence of the free electron concentrationsnd
in an unintentionally doped Al0.67Ga0.33N epilayer. The solid line is a linear
fit of the experimental data with the relationnsTd~exps−ED /kTd with the
fitted activation energyED of 88 meV.

FIG. 2. PL spectra of an unintentionally doped Al0.67Ga0.33N epilayer mea-
sured between 10 and 300 K.

FIG. 3. The Arrhenius plot of the integrated PL intensity of the 14.13 eV
emission line. The solid line is the least squares fit of the experimental data
with Eq. s1d with a fitted activation energyEo of 93 meV.

261902-2 Nakarmi et al. Appl. Phys. Lett. 86, 261902 ~2005!

Downloaded 12 Jul 2010 to 129.118.86.59. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



believe that oxygen could be a strong candidate of the donor
impurities in undoped AlxGa1−xN alloys for x up to 0.7.

The nature of oxygen is predicted to be different in GaN
and AlN, although most of the other defects are similar. The-
oretical calculations indicated that oxygen is a shallow donor
in GaN, however it is a DX center in AlN.17 However, DX-
like metastability behavior was not observed in these un-
doped Al0.67Ga0.33N epilayers here. Pophristic, Guo, and
Peres9 also observed experimentally that the resistivity of
Si-doped AlxGa1−xN films decreases with increasing oxygen
concentration forx,0.6, giving evidence that oxygen may
not undergo DX transition up tox,0.6. Thus, isolated oxy-
gen impurities could be a strong candidate as a donor that
remains as a shallow state in AlxGa1−xN alloys for x up to
0.7. Though it is more difficult to grow Al-rich AlGaN al-
loys, the intrinsic electric properties of low defect content
Al-rich AlGaN alloys are similar to GaN—both of which
may ben type for unintentionally doped materials. Similarity
between GaN and Al-rich AlGaN alloys implies that the
knowledge we accumulated in the last decade for GaN may
be extended for the understanding of Al-rich AlGaN alloys.

In summary, we have grownn-type undoped
Al0.67Ga0.33N epilayer by MOCVD with a resistivity of about
85 V cm at room temperature. The findings of our work re-
vealed thatsid compensating defects in Al-rich AlGaN can be
suppressed to a level that unintentionally doped Al-rich
AlGaN can be grownn type,sii d there exists a shallow donor
of about 90 meV below the conduction band, andsiii d iso-
lated oxygen impurities are a strong candidate of the donor
that remains as a shallow state in AlxGa1−xN up to x,0.7.
We believe that additional improvements in material quality
and suppression of deep acceptors in AlGaN alloys would
further enhance the material conductivity.
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FIG. 4. Secondary ion mass spectrometrysSIMSd profiles of oxygen and
carbon impurities in an undoped Al0.67Ga0.33N epilayer.
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