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Metastability of Oxygen Donors in AlGaN
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Experimental and theoretical evidence is presented for the metastability of oxygen donors
Al xGa12xN. As the aluminum content increases, Hall effect measurements reveal an increase in
electron activation energy, consistent with the emergence of a deepDX level from the conduction band.
Persistent photoconductivity is observed in Al0.39Ga0.61N:O at temperatures below 150 K after exposure
to light, with an optical threshold energy of 1.3 eV. A configuration coordinate diagram is obtaine
from first-principles calculations and yields values for the capture barrier, emission barrier, and opt
threshold which are in good agreement with the experimental results. [S0031-9007(98)05950-X]

PACS numbers: 71.55.Eq, 72.80.Ey, 73.20.Hb
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In the race to develop blue laser diodes, GaN-based d
vices have emerged as the current leaders, with project
lifetimes of up to 10 000 hours [1]. An understanding o
the role of dopants in group-III-nitride semiconductors i
essential for the realization of high-performance optoele
tronic devices. In addition to laser diodes, doping issue
in AlGaN alloys have important implications for the fab-
rication of wide band-gap devices such as ultraviolet de
tectors and high-temperature, high-power transistors.

Oxygen is an omnipresent impurity in the AlGaInN
materials system; it is at least partly responsible for th
backgroundn-type conductivity in nominally undoped
as-grown GaN. First-principles theoretical calculation
[2] predicted that oxygen can occupy a substitutiona
nitrogen sitesONd and act as a shallow donor, with a
low formation energy under typical growth conditions
Results from secondary ion mass spectrometry (SIMS
[3,4] have shown that in unintentionally doped GaN th
concentration of free electrons is approximately equ
to the concentration of oxygen present in the materia
consistent with the hypothesis that oxygen is a prevale
donor. Layers of heteroepitaxially grown AlxGa12xN also
exhibit n-type conductivity forx , 0.4 [5]. For x . 0.4,
however, undoped AlxGa12xN is semi-insulating at room
temperature [5]. The freeze-out of carriers has also be
observed in GaN under hydrostatic pressures greater th
20 GPa [6,7]. In this Letter, we present evidence that th
low concentration of free electrons in Al-rich AlGaN is
due to the formation of oxygenDX centers.

DX centers have been intensively studied for ove
two decades [8]. In AlxGa12xAs alloys with x . 0.22,
the DX center is the lowest-energy state of silicon
donors. Chadi and Chang [9,10] proposed a model f
the negatively chargedDX center in which the Si atom
is displaced into an interstitial position. Recent first
principles calculations [11,12] have predicted that oxyge
forms DX centers in wurtzite AlN, with the oxygen atom
0031-9007y98y80(18)y4008(4)$15.00
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relaxed along af0001g direction. While Park and Chadi
[12] predict that silicon can formDX centers in AlGaN,
Van de Walle [11] has concluded that silicon is a shallo
donor for the entire alloy range.

In this Letter, we present experimental evidence th
oxygen is aDX center in AlxGa12xN for x . 0.27, based
on the Hall effect, persistent photoconductivity, and optic
threshold measurements. The results of first-princip
calculations for oxygen in AlxGa12xN are also presented
and compared with the experimental data.

Al xGa12xN epilayers were grown to a thickness o
1 mm by metalorganic chemical vapor phase epitaxy o
c-plane sapphire substrates. The Al concentrations w
determined by x-ray diffraction (XRD), by assuming
relaxed layers and Vegard’s law. The concentratio
of silicon and oxygen impurities were measured b
SIMS. Al0.4Ga0.6N and Al0.5Ga0.5N epilayers were
implanted with18O and 29Si ions at respective doses o
5 3 1014 cm23 and used as calibration standards. Uni
tentionally doped AlxGa12xN shows oxygen and silicon
concentrations of approximately1019 and 1018 cm23,
respectively. Intentionally doped Al0.44Ga0.56N:Si has a
silicon concentration of8 3 1018 cm23 and an oxygen
concentration of3 3 1018 cm23.

To determine the electron activation energies, variab
temperature Hall effect measurements were performed
the van der Pauw geometry with a magnetic field
17 kG. Arrhenius plots of electron concentration as
function of inverse temperature for several AlxGa12xN
samples are shown in Fig. 1. The free-electron co
centration of the Al0.44Ga0.56N:Si epilayer isn  1 3

1019 cm23, which is very close to the concentration o
silicon atoms measured by SIMS. The fact that the fre
electron concentration is independent of temperature in
cates that the silicon donors have a small binding ener
such that the donor level is degenerate with the condu
tion band. In the unintentionally oxygen-doped materia
© 1998 The American Physical Society
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FIG. 1. Free-electron concentration as a function of inver
temperature for silicon- and oxygen-doped AlxGa12xN.

however, the free electrons freeze out with decrea
ing temperature. The electron activation energies
crease with increasing AlN concentration, which resu
in freeze-out curves with progressively steeper slopes.

To quantitatively model these results, we derived a
expression for the free-electron concentration as a fun
tion of temperature. The oxygen is assumed to have th
stable charge states: a negatively chargedDX state, a neu-
tral donor state, and a positive donor state. With the ad
tional assumption of charge neutrality [13], in the regim
wheren ø ND 2 NA, the free-electron concentration is
given by

n ø Nc

∑
ND 2 NA

ND 1 NA

∏1y2

expsSykBd exps2EDXykBTd ,

(1)

where n, ND , and NA are the free-electron, donor, and
acceptor concentrations, respectively;S is the difference
in entropy between the donor andDX configurations;kB

is Boltzmann’s constant;EDX is the energy difference
between the conduction band minimum and theDX level;
andT is the temperature in Kelvin.Nc is the conduction
band effective density of states, given by

Nc  2

µ
2pmpkBT

h2

∂3y2

, (2)

wheremp  0.2me is the electron effective mass.
The activation energyEDX was determined by least-

square fits of Eq. (1) to the Hall effect data. As shown
Fig. 1, the decrease in the free-electron concentration w
increasing AlN content can be explained by an increa
in EDX . These results are in qualitative agreement wi
those of Polyakovet al. [14]. For x . 0.5, the resistivity
was such that reliable Hall voltages could not be obtaine
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FIG. 2. Dependence of theDX energy level on AlN concen-
tration in AlxGa12xN:O. TheDX level is extrapolated to inter-
sect the conduction band (CB) minimum at an Al concentratio
of x  0.27.

The increase in the donor binding energy is consiste
with a deepDX level which has a lower energy than th
conduction band minimum forx . 0.27 (Fig. 2). Since
the DX wave function is localized in real space, it is
extended ink space and is not pinned to the conductio
band minimum. To estimate the alloy dependence
the conduction band minimumECBM, the theoretical
Al xGa12xN valence band offset of0.8x eV [15,16] is
subtracted from the expression for the band gap
Al xGa12xN [17], which yields

ECBM  1.45x 1 0.53x2, (3)

whereECBM is in units of eV and is arbitrarily set to zero
for GaN. By linear extrapolation, theDX level intersects
the conduction band minimum atx  0.27. This value is
significantly lower than the value ofx  0.4 predicted by
Wetzel et al. [7,18] from Raman scattering experiment
of GaN:O under hydrostatic pressure. That predictio
however, assumed that the pressure dependence of
valence band is negligible. A more realistic approac
is to consider the pressure dependence of the band g
The band gap of GaN at the critical pressure (20 GP
is approximately 0.8 eV higher than at ambient pressu
[19]. This value corresponds to an Al concentration
x , 0.3, in good agreement with our results.

Persistent photoconductivity, a more direct manifest
tion of metastability, is observed in AlxGa12xN epilayers
for x $ 0.39 at temperatures below 150 K. The persiste
photoconductivity ofDX centers is attributed to the pho
toinduced transfer of theDX state into a metastable state
The metastable state has a lower binding energy than
DX state and therefore is more likely to contribute an ele
tron to the conduction band for a given temperature. A
shown in Fig. 3, at a temperature of 100 K and an appli
bias of 100 V, the current through an Al0.39Ga0.61N epi-
layer increases by over 2 orders of magnitude after exp
sure to monochromatic light with a wavelength of1.1 mm.
After the light is turned off, the current decreases as t
4009
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FIG. 3. Resistance of Al0.39Ga0.61N:O as a function of tem-
perature. The material was cooled in the dark (circles), expos
to light (squares), and warmed to room temperature. T
check the reproducibility of the measurements, the temperat
was again lowered (diamonds). The transient current at
temperature of 100 K and an applied bias of 100 V aft
exposure to infrared light with a wavelength of1.1 mm is
shown in the inset.

metastable states transfer back to theDX states via elec-
tron capture. After 1 h, the current remains approximate
90 times greater than the dark current.

The temperature dependence of the resistance of
Al 0.39Ga0.61N before and after exposure to light is shown i
Fig. 3. The samples were cooled in the dark to a tempe
ture of 100 K and then exposed to light for a duration of 1
The light was then turned off, and the system was allow
to relax for 1 h (inset). The temperature was then rais
to room temperature. The resistance was determined
measuring current as a function of voltage at each poi
Finally, to check the reproducibility of the measurement
the sample was again cooled in the dark. From the re
tive slopes of the solid lines in Fig. 3, it is apparent th
the binding energy of the metastable state is indeed low
than that of theDX state. Since Hall effect measuremen
were not possible at these low temperatures, however,
were not able to quantitatively determine the binding e
ergy of the metastable state. As shown in Fig. 3, the ox
gen centers return to the deep state from the shallow s
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FIG. 4. Optical cross section of oxygenDX centers in
Al 0.39Ga0.61N as a function of wavelength at 100 K. The optical
thresholdEopt is approximately 1.3 eV.

at temperatures around 120 to 150 K. Given the assump
tions of first-order kinetics and an attempt frequency of
1013 Hz, this temperature range corresponds to a captur
barrier of 0.4 to 0.5 eV, in good agreement with our cal-
culations (Fig. 5).

It is important to note that persistent photoconductiv-
ity has been reported inp-type [20,21] andn-type [21–
24] GaN and has been attributed to the photoionization o
deep levels in the band gap. In all of these cases, pho
toconductivity is observed at room temperature. In the
present study, however, photoconductivity is not observe
at temperatures higher than 150 K, beyond which poin
the DX and shallow donor levels are in thermal equilib-
rium. In addition, while the optical absorption threshold
energy inn-type GaN is greater than 2 eV, as discussed
in the next paragraph the threshold energy for oxygenDX
centers in AlGaN is approximately 1.3 eV.

To estimate the optical cross section of absorption fo
the DX centers, the photocurrent was measured for photo
energies from 1.0 to 1.5 eV. Since the current does no
display simple exponential behavior (Fig. 3), the cross
section was assumed to be proportional to the magnitud
of the current after a 1 h exposure to monochromatic
light. The data can be fit by the following expression
[25,26], which describes optical absorption of a deep
defect accompanied by significant lattice relaxation:
sshnd ~
1

hn

Z `

0
E1y2 dE

∑
s1 2 hd

p
E

Eopt 1 E
1

s1 1 hd
p

EF

Eopt 2 E 2 sEg 1 EAdy2

∏2

sDEd21 expf2shn 2 Eopt 2 Ed2ysDEd2g ,

(4)
ak
in
wherehn is the photon energy,EF  20 eV is the free-
electron Fermi energy,Eg  4.2 eV is the measured band
gap of Al0.39Ga0.61N, EA  7 eV is the Penn gap, and
h ; exps22EyEAd. The adjustable parameters areEopt
(the optical absorption threshold) andDE, a term which
accounts for the broadening of the optical absorption pe
due to the emission of multiple phonons. As shown
Fig. 4, a good fit to the data is obtained forEopt  1.3 eV
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FIG. 5. Configuration coordinate diagram for oxygen di
placements alongf0001g in AlGaN, based on first-principles
calculations for GaN:O and AlN:O.Eopt is the optical ioniza-
tion energy;Ec andEe are the capture and emission barriers.

andDE  0.25 eV. The value ofEopt is comparable to
that of SiDX centers in AlGaAs, which is estimated to lie
between 1.3 to 1.6 eV [8].

The experimental value ofEopt is in excellent agree-
ment with theory. Figure 5 shows a configuration coo
dinate diagram for oxygen displacements alongf0001g in
AlGaN. The data points are obtained from first-principle
calculations for oxygen in GaN and in AlN, based on a
interpolation for the case where theDX configuration is
0.1 eV lower in energy than the substitutional donor (i.e
U , 20.1 eV). Details of those calculations, based o
density-functional-pseudopotential theory, are describ
in Ref. [11]. The calculated capture and emission ba
riers are 0.4 and 0.5 eV, respectively. The calculated o
tical ionization energy is 1.3 eV, which agrees with th
experimental value.

In conclusion, we have discovered a metastability
Al xGa12xN that can be ascribed to oxygen donors. Th
increase in the donor binding energy withx is consistent
with a localizedDX state which intersects the conductio
band atx  0.27. In Al0.44Ga0.56N intentionally doped
with Si, no evidence was observed for donor metastab
ity, in agreement with theoretical calculations which pr
dict that silicon does not formDX centers in AlGaN [11].
These results also concur with measurements of GaN
der hydrostatic pressures of,20 GPa [7] which indicate
that oxygen forms a deep level while silicon remains
shallow donor.
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