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In Si doped AlN, a large persistent photoconductivity is found for temperatures below 60 K after exposure
to light with photon energies above 1.5 eV. Simultaneously, a persistent electron spin resonance signal is
observed with an isotropicg factor of 1.9885 due to an effective mass donor state, while no spin resonance
signal is detectable after cooling the sample in the dark. Both observations show that Si undergoes aDX-like
metastability in this material. Based on the experimental findings, a detailed configuration diagram is proposed.
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Among the group III nitrides, the AlxGa12xN alloys espe-
cially play an increasing role in semiconductor devices s
as high frequency/high temperature field effect transist
surface acoustic wave filters, optoelectronic devices for
detection and light emitting diodes in the blue and UV ran
For n-type doping—e.g., in modulation doped field effe
transistor structures1—Si is most commonly used as the d
nor. However, some basic aspects of the behavior of
impurity are not understood up to now. In GaN, Si is know
to be an effective mass donor. In Al0.6Ga0.4N high pressure
experiments have shown that Si forms a localized deep s
instead.2 From previous work concerning Si in AlxGa12xAs
it is known3–5 that Si— from a certain Al content up—ca
lower its energy by a large lattice relaxation and the capt
of a second electron, the so calledDX formation

2d0
d11DX21U. ~1!

Hered denotes a substitutional shallow impurity andDX the
displaced deep state. The superscripts specify the ch
states.U stands for the correlation energy. Since theDX
formation reaction leads to a self-compensation of the
donor, it is of great fundamental as well as practical inter
to check whether a similar reaction occurs in AlxGa12xN
alloys with high Al content. So far, for Al-rich AlxGa12xN
only theoretical work about the Si lattice relaxation exis
However, the theoretical predictions are contradictory: Wh
Park and Chadi6 and Boguslawski and Bernholc7 have pre-
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dicted that theDX state is the stable configuration for Si
AlN, van de Walle8 has argued that Si always remains
shallow effective mass donor over the whole composit
range. In the case of oxygen in AlxGa12xN alloys, high pres-
sure experiments on GaN as well as measurements of s
trally resolved and persistent photoconductivity~PPC! in
Al xGa12xN have shown that for Al contentsx>0.35 this
dopant exhibits aDX-like behavior.9,10 As mentioned above
there are already some results which point towards a
related localized state in Al0.6Ga0.4N.2 However, the PPC
observed at ambient pressures in these samples is very s
and no spectral photoionization threshold is presented. S
PPC is also reported in pure GaN and low Al containi
Al xGa12xN alloys11,12and can have a variety of origins othe
than DX-like defects, EPR experiments will be essential
prove theDX nature of the defects responsible for PPC
Al xGa12xN. Furthermore, the authors did not specify the
concentration to which the applied pressure correspon
Here, based on spectrally resolved photoconductivity a
electron paramagnetic resonance~EPR! measurements, we
show that Si indeed exhibits aDX-like relaxation in AlN.

The AlN:Si samples investigated here are 1.5mm thick
and were grown on~0001!-oriented sapphire substrates b
plasma induced molecular beam epitaxy. The nominal
doping density is 331019 cm23. This high Si concentration
ensures that the Fermi level is shifted from the position
termined by the background oxygen impurity concentrat
R16 283 ©2000 The American Physical Society
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of 131018 cm23, as measured by elastic recoil detecti
analysis, to 320 meV below the conduction band. Hall eff
measurements reveal a free electron concentration o
31015 cm23 at room temperature. Photoconductivity e
periments have been carried out at 20 K at an electric fiel
200 V/cm using a halogen lamp in conjunction with a grati
monochromator and appropriate filters to cut off higher
ders. EPR experiments have been performed using a stan
X-band EPR spectrometer with a TE102 microwave cavity.
For g factor calibration, DPPH was used.

In Fig. 1 we show the activation energy of the dark co
ductivity for Si-doped AlxGa12xN alloys over the whole
composition range (x50 . . . 1) ~full circles!. The activation
energy increases linearly from 18 meV~GaN! to 320 meV
~AlN !. In contrast, the activation energy of similarly pr
pared but nominally undoped alloys are much higher~open
circles!. The role of oxygen and nitrogen vacancies as
usual residual donor in group-III nitrides therefore is neg
gible in our Si-doped MBE-grown samples.

Assuming a normal shallow donor character for Si
AlN, we would expect infrared absorption and photocond
tivity at photon energies around 320 meV. However, suc
behavior was not observed. Instead, as shown in Fig. 2 a
cooling the sample to 20 K in the dark, there is a stro
photoconductivity threshold at about 1.5 eV. This photoc
rent, once excited, persists after switching off the light at
much as eight orders of magnitude above the dark curr
The full symbols in Fig. 2 represent the spectrally resolv
photoconductivity after cooling down the sample in the da
The full line is the spectrum recorded after the first one wi
out heating the sample in the meantime. We observe a s
lar behavior for Al0.75Ga0.25N:Si with an optical threshold o
'1.3 eV. For comparison, a PC spectrum measured at 6
of nominally undoped AlN is also shown in Fig. 2~dashed
line!. No PPC can be seen. Moreover, this undoped sam
below 50 K, shows no photoconductivity at all. Since oxyg
impurities are present in similar concentrations in bo
samples, the absence of a photoionization threshold in no
nally undoped AlN shows that theDX-like behavior ob-
served in AlN:Si is indeed due to Si incorporation.

The temperature dependent conductivity of AlN:Si for

FIG. 1. Activation energies of Si-doped~full circles! and nomi-
nally undoped~open circles! Al xGa12xN. The lines are a guide to
the eye.
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electric field of 200 V/cm is shown in Fig. 3. Upon coolin
down from room temperature to 130 K in the dark, an ac
vated behavior with the already mentioned activation ene
of 320 meV is observed~cf. Fig. 1!. At 20 K, the sample has
become highly resistive. Illumination with light at 550 nm
increases the conductivity by many orders of magnitu
Subsequently, heating of the sample to 45 K again in
dark slightly increases the conductivity. A further increase
temperature leads to quenching of the persistent photo
ductivity. From 160 K on upwards, the normal activated b
havior is restored.

Further experimental evidence for theDX behavior of Si
in AlN comes from EPR measurements. Neither at ro
temperature nor after cooling down to 4 K is an EPRsignal
detected in AlN:Si at a level of 1016 spins/cm3 per G line-

FIG. 2. Photoconductivity spectra of Si-doped AlN at 20 K. T
symbols represent the spectrum recorded after cooling down
sample in the dark, the full line stands for the spectrum after i
mination. The dashed line shows a PC spectrum of a nomin
undoped AlN sample at 60 K. At lower temperatures, no PC can
detected.

FIG. 3. Temperature dependent conductivity of AlN:Si~solid
line!. In addition, the spin density after illumination, as determin
by EPR experiments, is also shown~full symbols!.
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width. After illumination, a strong persistent resonance w
an isotropicg factor of 1.988560.0001 appears~Fig. 4!,
while in GaN anisotropic donor resonances are observe13

Using different edge filters to cut off the high energy end
the lamp spectrum, we confirmed that the spin density
veals the same dependence on photon energy as the p
conductivity. The signal shown in Fig. 4 was recorded
microwave powers of 16mW, since at higher powers th
line shape becomes increasingly asymmetric due to elec
spin to nuclear spin cross relaxation.14 The linewidthDHpp
decreases with increasing temperature, reaching a minim
of DHpp51 G at 30 K, which is consistent with the res
nance being due to an impurity band rather than due to e
trons in the conduction band. In an impurity band, excha
interaction leads to increased averaging of inhomogene
hyperfine broadening with temperature, as observed for
residual donor in GaN.13 The dependence of the spin dens
on temperature after illumination at low temperature
shown in Fig. 3~full symbols!. For better comparison with
the conductivity data, the same logarithmic scale is used.
spin density—as well as the conductivity—increases up
45 K and then quickly drops below the detection limit.
maximum spin density of 331018 cm23 is observed at 45
K. If these spins were due to mobile electrons in the cond
tion band, a strong free carrier absorption should be obs
able. However, FTIR measurements at low temperatu
failed to detect such an absorption. Furthermore, assum
that the persistent photoconductivity is caused by the pe
tent electrons detected in EPR, we obtain a mobility of o
1022 cm2/Vs. Both observations, namely the missing fr
carrier absorption and the low mobility support the noti
that the charge carriers observed in EPR are due to d
impurity band. The question whether these donor states
deep rather than shallow effective-mass-like states can
addressed by examining the observedg factor in detail.
Based on a five bandkp model in the quasicubic approxima
tion, theg factors of shallow donors in GaN and AlxGa12xN
alloys with Al contents below 0.3 have been deriv
previously.13,15,16 Extending these calculations to higher A
contents and using the results of recent band structure ca
lations as well as experimental results for bandgap, spin-o
splitting and electron effective mass, the experimentally
servedg factor in AlN is found to be fully consistent with a
effective mass donor rather than a deep state.17,18

As a summary of the experimental results, we can s
the following: ~i! The thermal activation energy of the co

FIG. 4. EPR spectrum of AlN:Si after illumination.
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ductivity of 320 meV inn-type AlN is due to silicon incor-
poration. ~ii ! At low temperatures a photoconductivit
threshold exists at about 1.5 eV photon energy.~iii ! The
photoconductivity persists after switching off the light.~iv!
After cooling in the dark no EPR signal can be seen.~v!
Upon illumination an EPR signal caused by electrons bou
to a shallow effective mass state is found.~vi! The EPR
signal as well as the persistent photoconductivity van
above 60 K.

All of these results can be well explained in terms of t
DX model sketched in Fig. 5. The lowest parabola represe
the DX2 state, which is occupied by two electrons. Th
state has undergone a large lattice relaxation and is the s
ground state. The parabola above this ground state sym
izes the thermodynamically metastableDX0 state plus one
electron in the conduction band. The lower left parab
shows the substitutional—also metastable—neutral sha
donor d0 of the Si atom, the upper left parabola represe
the ionizedd1 state, both with one and two electrons in th
conduction band, respectively.

Thermally, theDX2 state can emit electrons into the co
duction band, which is responsible for the 320 meV activ
tion energy and is the energy separation between the
parabolaDX2andd1 ~item i!. Optical transitions, however
must be vertical in the configuration coordinate diagram a
therefore the photoconductivity threshold is well above 3
meV ~item ii!. After photoionization of theDX2 into DX0, a
second photoionization processDX0→d1 takes place. Such
a two step photoionization process has already been
served by Dobaczewski and Kaczor19 for Te DX centers in
Al xGa12xAs, and has been shown to lead to a markedly n
exponential time dependence. At low temperatures, thed1

state will immediatly capture a free electron and thereby
form the metastable substitutional shallow donord0. All to-
gether, the photoionization process can be written as

d11DX2→
hn

d11DX01e2→
hn

2d112e2→2d0. ~2!

This reaction corresponds to an optical excitation out of
stableDX2 ground state into the metastabled0 state. This
state is separated from theDX2 state by an energy barrie
which prevents thed0 to undergo theDX-formation reaction

FIG. 5. Configuration coordinate diagram of the SiDX center in
AlN.
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~1! and thereby return back to equilibrium. The observ
persistent photoconductivity is believed to arise from ho
ping conduction in the defect band of thed0 in accordance
with the temperature dependence of the EPR line shape
addition, the extremely low mobility strongly points toward
transport not taking place in the conduction band. The p
toconductivity is persistent because of the energy barrierEb

c

betweend0 andDX2 ~item iii!. From the temperature depen
dence of the PPC decay time constants, we can estimat
height of this barrier to (200680) meV. Although this bar-
rier has not only an electronic part, but also an ionic o
since a lattice reconstruction must take place during thed0

→DX2 transition, we may consider this barrier—from a
electronic point of view—as a capture barrier for electro
When cooling the sample slowly in the dark, the syst
remains in its ground state, whereDX2 andd1 are occupied
according to Eq.~1!. Neither one of those two states is par
magnetic and therefore no EPR signal can be detected~item
iv!. In contrast, a donor with 320 meV depth would not
ionized at low temperatures and should give rise to an E
signal. Illumination will turn thed1 andDX2 states into two
d0 states according to Eq.~2!, which cannot decay back be
cause of the energy barrier separating the substitutional
DX configurations. Thed0 state gives rise to the observe
EPR signal~item v! and the persistent photoconductivit
When the thermal energy is high enough to overcome
barrier, the equilibrium~i.e., DX2 and d1) is restored and
both, the PPC and EPR signal vanish~item vi!.

Based on our experimental results, we can provide r
sonable characteristic energies for the configuration diag
in Fig. 5. Ed , which would be the ionization energy of th
shallow effective mass donor, can be estimated usingEd

5ERym* /«AlN
2 560 meV, wherem* 50.33 has been used.17

The energy barrier betweend0 and DX2 has already been
estimated toEb

c'200 meV. The activation energy of th
conductivity at temperatures above 160 K,EA5320 meV,
is given by the sum ofEd andEth . Using the effective mass
value for Ed results in 260 meV forEth . For the optical
r
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transition energiesEo
1 and Eo

2 , we note that the optica
threshold is determined by the larger one of these two e
gies. Therefore an unambiguous assignment is not possib
this point.

Although this model seems to be quite consistent, so
open questions remain. First, the detected spin density
EPR is about a factor of 10 below the nominal doping de
sity. Since we have confirmed by high temperature Hall m
surements~in the dark! and conductivity measurements up
1100°C, that indeed at least 1019 cm23 Si atoms are electri-
cally active, we attribute this discrepancy to doping inhom
geneity of the sample. In regions with higher doping dens
the Mott metal-insulator transition has taken place leading
very short spin relaxation times, which in turn broadens
resonance line width to an extent that these spins canno
detected by EPR. Therefore, the spins observed are m
likely in regions with low Si doping density. The identica
photoionization threshold and temperature dependence o
PPC and EPR shows however, that theDX-like behavior is
identical in low and high Si doped AlN. Furthermore w
observe—especially at high electric fields—a clearly no
exponential time dependence of the photocurrent transie
which requires a more detailed discussion on the basis of
equation modeling of the two-step photoionization.19

In conclusion, using spectrally resolved photoconductiv
and EPR experiments, we have shown that Si in AlN b
haves like aDX center. The observed phenomena, nam
persistent photoconductivity and the lack of an equilibriu
EPR signal at low temperatures, can be explained by
charge carrier driven relaxation of the shallow Si donor
the deepDX defect. The appearance of an EPR signal a
illumination is well described by the metastable occupat
of a shallow donor stated0. The energy barrier between th
d0 and theDX2 state explains the metastability as well
the quenching of the PPC and the EPR signal at temperat
above 60 K.
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