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Metastability of Oxygen Donors in AlIGaN
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Experimental and theoretical evidence is presented for the metastability of oxygen donors in
Al .Ga_,N. As the aluminum content increases, Hall effect measurements reveal an increase in the
electron activation energy, consistent with the emergence of ald&elevel from the conduction band.
Persistent photoconductivity is observed in AGa ¢ N:O at temperatures below 150 K after exposure
to light, with an optical threshold energy of 1.3 eV. A configuration coordinate diagram is obtained
from first-principles calculations and yields values for the capture barrier, emission barrier, and optical
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

In the race to develop blue laser diodes, GaN-based deelaxed along 40001] direction. While Park and Chadi
vices have emerged as the current leaders, with projectdd2] predict that silicon can fornrDX centers in AlGaN,
lifetimes of up to 10000 hours [1]. An understanding of Van de Walle [11] has concluded that silicon is a shallow
the role of dopants in group-llI-nitride semiconductors isdonor for the entire alloy range.
essential for the realization of high-performance optoelec- In this Letter, we present experimental evidence that
tronic devices. In addition to laser diodes, doping issuesxygen is aDX center in ALGa N for x > 0.27, based
in AlGaN alloys have important implications for the fab- on the Hall effect, persistent photoconductivity, and optical
rication of wide band-gap devices such as ultraviolet dethreshold measurements. The results of first-principles
tectors and high-temperature, high-power transistors.  calculations for oxygen in AlGa N are also presented

Oxygen is an omnipresent impurity in the AlGalnN and compared with the experimental data.
materials system; it is at least partly responsible for the Al,Ga_,N epilayers were grown to a thickness of
backgroundn-type conductivity in nominally undoped 1 uwm by metalorganic chemical vapor phase epitaxy on
as-grown GaN. First-principles theoretical calculationsc-plane sapphire substrates. The Al concentrations were
[2] predicted that oxygen can occupy a substitutionadetermined by x-ray diffraction (XRD), by assuming
nitrogen site(Oy) and act as a shallow donor, with a relaxed layers and Vegard's law. The concentrations
low formation energy under typical growth conditions. of silicon and oxygen impurities were measured by
Results from secondary ion mass spectrometry (SIMSPIMS. Alp4Gay¢N and AlLsGasN epilayers were
[3,4] have shown that in unintentionally doped GaN theimplanted with!80 and?’Si ions at respective doses of
concentration of free electrons is approximately equab X 10'* cm™3 and used as calibration standards. Unin-
to the concentration of oxygen present in the materialtentionally doped AlGa-,N shows oxygen and silicon
consistent with the hypothesis that oxygen is a prevalentoncentrations of approximately0'® and 10'® cm™3,
donor. Layers of heteroepitaxially grown &a N also  respectively. Intentionally doped §;GassN:Si has a
exhibit n-type conductivity forx < 0.4 [5]. Forx > 0.4,  silicon concentration o X 10'® cm™3 and an oxygen
however, undoped AGa - N is semi-insulating at room concentration o x 10'® cm™3.
temperature [5]. The freeze-out of carriers has also been To determine the electron activation energies, variable-
observed in GaN under hydrostatic pressures greater thaemperature Hall effect measurements were performed in
20 GPa [6,7]. In this Letter, we present evidence that thehe van der Pauw geometry with a magnetic field of
low concentration of free electrons in Al-rich AlGaN is 17 kG. Arrhenius plots of electron concentration as a
due to the formation of oxygePX centers. function of inverse temperature for several, @l N

DX centers have been intensively studied for oversamples are shown in Fig. 1. The free-electron con-
two decades [8]. In AlGa_,As alloys withx > 0.22, centration of the AJ41Gas¢N:Si epilayer isn = 1 X
the DX center is the lowest-energy state of silicon 10! cm™3, which is very close to the concentration of
donors. Chadi and Chang [9,10] proposed a model fosilicon atoms measured by SIMS. The fact that the free-
the negatively charge®X center in which the Si atom electron concentration is independent of temperature indi-
is displaced into an interstitial position. Recent first-cates that the silicon donors have a small binding energy
principles calculations [11,12] have predicted that oxygersuch that the donor level is degenerate with the conduc-
forms DX centers in wurtzite AIN, with the oxygen atom tion band. In the unintentionally oxygen-doped material,
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1000/T (K™ The increase in the donor binding energy is consistent

with a deepDX level which has a lower energy than the
%onduction band minimum far > 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 conduction

however, the free electrons freeze out with decreasygng minimum. To estimate the alloy dependence of

ing temperature. The electron activation energies iNthe conduction band minimunEcpy, the theoretical

crease with increasing AIN concentration, which resultsp| G5 _ N valence band offset 00.8x eV [15,16] is

in freeze-ou_t curves with progressively steeper sIo_pes. subtracted from the expression for the band gap of
To quantitatively model these results, we derived am| Ga,_,N [17], which yields

expression for the free-electron concentration as a func- ’ 5

tion of temperature. The oxygen is assumed to have three Ecpm = 1.45x + 0.53x7, 3)

stable charge states: a negatively charbédstate, a neu-  \yhereEcpy is in units of eV and is arbitrarily set to zero

tral donor state, and a positive donor state. With the additor GaN. By linear extrapolation, theX level intersects

tional assumption of charge neutrality [13], in the regimeihe conduction band minimum at= 0.27. This value is

wheren << Np — Na, the free-electron concentration is gjgnificantly lower than the value af = 0.4 predicted by

FIG. 1. Free-electron concentration as a function of invers
temperature for silicon- and oxygen-doped @& _N.

given by r Wetzel et al. [7,18] from Raman scattering experiments
_ Np — Ny of GaN:O under hydrostatic pressure. That prediction,
n= NC[ND + NAi| exp(S/ky) exol—Epx /kT) . however, assumed that the pressure dependence of the

(1) valence band is negligible. A more realistic approach
d is to consider the pressure dependence of the band gap.
The band gap of GaN at the critical pressure (20 GPa)
is approximately 0.8 eV higher than at ambient pressure
[19]. This value corresponds to an Al concentration of

x ~ 0.3, in good agreement with our results.

Persistent photoconductivity, a more direct manifesta-
tion of metastability, is observed in ABa N epilayers
for x = 0.39 at temperatures below 150 K. The persistent

wheren, Np, and N4 are the free-electron, donor, an
acceptor concentrations, respectivelyjs the difference
in entropy between the donor afX configurationskg
is Boltzmann’'s constantEpx is the energy difference
between the conduction band minimum and Zn€ level;
andT is the temperature in KelvinN. is the conduction
band effective density of states, given by

* 3/2 .. K .
N, — 2(27Tm kBT> / 2 photoconductivity ofDX centers is attributed to the pho-
h? | toinduced transfer of th®X state into a metastable state.
wherem™ = 0.2m, is the electron effective mass. The metastable state has a lower binding energy than the

The activation energy¥Epxy was determined by least- DX state and therefore is more likely to contribute an elec-
square fits of Eq. (1) to the Hall effect data. As shown intron to the conduction band for a given temperature. As
Fig. 1, the decrease in the free-electron concentration witehown in Fig. 3, at a temperature of 100 K and an applied
increasing AIN content can be explained by an increasbias of 100 V, the current through any3Gay¢ N epi-
in Epx. These results are in qualitative agreement withayer increases by over 2 orders of magnitude after expo-
those of Polyakowet al. [14]. Forx > 0.5, the resistivity  sure to monochromatic light with a wavelengthlof gm.
was such that reliable Hall voltages could not be obtainedAfter the light is turned off, the current decreases as the
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FIG. 3. Resistance of AkGayN:O as a function of tem- hresholdEq, is approximately 1.3 eV.

perature. The material was cooled in the dark (circles), exposed

to light (squares), and warmed to room temperature. To

check the reproducibility of the measurements, the temperaturat temperatures around 120 to 150 K. Given the assump-

was again lowered (diamonds). The transient current at @ions of first-order kinetics and an attempt frequency of
temperature of 100 K and an applied bias of 100 V after|o13 {7 this temperature range corresponds to a capture
gﬁg\?vsnuirﬁ t;]% ilrr:;r;r.ed light with a wavelength ofl um is 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-

metastable states transfer back to Ihg states via elec- ity has been reported ip-type [20,21] andu-type [21—
tron capture. After 1 h, the current remains approximately24] GaN and has been attributed to the photoionization of
90 times greater than the dark current. deep levels in the band gap. In all of these cases, pho-

The temperature dependence of the resistance of theconductivity is observed at room temperature. In the
Alo30Gay 61N before and after exposure to light is shown in present study, however, photoconductivity is not observed
Fig. 3. The samples were cooled in the dark to a temperat temperatures higher than 150 K, beyond which point
ture of 100 K and then exposed to light for a duration of 1 hthe DX and shallow donor levels are in thermal equilib-
The light was then turned off, and the system was allowedium. In addition, while the optical absorption threshold
to relax for 1 h (inset). The temperature was then raise@nergy inn-type GaN is greater than 2 eV, as discussed
to room temperature. The resistance was determined by the next paragraph the threshold energy for oxybeh
measuring current as a function of voltage at each pointenters in AlGaN is approximately 1.3 eV.
Finally, to check the reproducibility of the measurements, To estimate the optical cross section of absorption for
the sample was again cooled in the dark. From the relahe DX centers, the photocurrent was measured for photon
tive slopes of the solid lines in Fig. 3, it is apparent thatenergies from 1.0 to 1.5 eV. Since the current does not
the binding energy of the metastable state is indeed lowetisplay simple exponential behavior (Fig. 3), the cross
than that of theDX state. Since Hall effect measurementssection was assumed to be proportional to the magnitude
were not possible at these low temperatures, however, waf the current after a 1 h exposure to monochromatic
were not able to quantitatively determine the binding endight. The data can be fit by the following expression
ergy of the metastable state. As shown in Fig. 3, the oxyf25,26], which describes optical absorption of a deep
gen centers return to the deep state from the shallow statiefect accompanied by significant lattice relaxation:

o(hv) = ifomEl/sz[(l —VE (1 + n)VEr

2
-1 _ _ _ 2 2
T B e LR A el — B~ EP/GEP)

(4)

wherehv is the photon energyEr = 20 eV is the free- ! (the optical absorption threshold) add=, a term which
electron Fermi energyg, = 4.2 eV is the measured band accounts for the broadening of the optical absorption peak
gap of Ab3oGaysN, E4 = 7 eV is the Penn gap, and due to the emission of multiple phonons. As shown in
n = exp(—2E/E4). The adjustable parameters dfg,,  Fig. 4, a good fit to the data is obtained &, = 1.3 eV
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FIG. 5. Configuration coordinate diagram for oxygen dis- [5] H.G. Lee,

placements alon¢0001] in AlGaN, based on first-principles
calculations for GaN:O and AIN:O.E,, is the optical ioniza-
tion energy;E. andE, are the capture and emission barriers.

andAE = 0.25 eV. The value ofE,, is comparable to
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