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In Si doped AIN, 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 isotropig 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 undddgGékea
metastability in this material. Based on the experimental findings, a detailed configuration diagram is proposed.

Among the group Il nitrides, the AGa, _,N alloys espe- dicted that theD X state is the stable configuration for Si in
cially play an increasing role in semiconductor devices suchAIN, van de Wallé has argued that Si always remains a
as high frequency/high temperature field effect transistorsshallow effective mass donor over the whole composition
surface acoustic wave filters, optoelectronic devices for UVange. In the case of oxygen in,8a_,N alloys, high pres-
detection and |Ight emitting diodes in the blue anq UV rangesyre experiments on GaN as well as measurements of spec-
For n-type doping—e.g., in modulation doped field effect yra|ly resolved and persistent photoconductiviPQ in
transistor structurés-Si is most commonly used as the do- AlLGa,_ N have shown that for Al contents=0.35 this
nor. However, some basic aspects of the behavior of thiaopant exhibits D X-like behavior®1? As mentioned above,
Impurity are no.t understood up to now. In Ga_‘N' Siis knownthere are already some results which point towards a Si-
tec;be an effeﬁtwe n;]ass d?]nor.S.I?g%GaMl;l h'?.h %r%ssure {elated localized state in jGaN.?> However, the PPC
. periments ave s own that Si orms a ‘ocalized deep Staoebserved at ambient pressures in these samples is very small
insteac® From previous work concerning Si in &ba, _,As L ! .
it is knowr?~> that Si— from a certain Al content up—can and no spectral ph0t0|qn|zat|0n threshold is presented._S_mce
lower its energy by a large lattice relaxation and the captun,fPC Is also repolr'itzad In pure GaN an(_:l low Al. gontammg
of a second electron, the so callB formation Al XGafl,xl_\l alloystt*?and can havg a varlet_y of origins o_ther

than D X-like defects, EPR experiments will be essential to

2d°—d*+DX " +U. (1) prove theDX nature of the defects res.ponsible fo.r PPC in

AlL,Ga _N. Furthermore, the authors did not specify the Al
Hered denotes a substitutional shallow impurity ab& the  concentration to which the applied pressure corresponds.
displaced deep state. The superscripts specify the chardéere, based on spectrally resolved photoconductivity and
states.U stands for the correlation energy. Since A&  electron paramagnetic resonan@&PR measurements, we
formation reaction leads to a self-compensation of the Sghow that Si indeed exhibits@X-like relaxation in AIN.
donor, it is of great fundamental as well as practical interest The AIN:Si samples investigated here are L thick
to check whether a similar reaction occurs in®@& N and were grown or{000))-oriented sapphire substrates by
alloys with high Al content. So far, for Al-rich AGa, _,N plasma induced molecular beam epitaxy. The nominal Si
only theoretical work about the Si lattice relaxation exists.doping density is % 10'® cm™3. This high Si concentration
However, the theoretical predictions are contradictory: Whileensures that the Fermi level is shifted from the position de-
Park and Chafliand Boguslawski and Bernhdltave pre- termined by the background oxygen impurity concentration
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FIG. 1. Activation energies of Si-dopétlll circles) and nomi- 0.5 10 15 20 25 30
nally undoped(open circleg Al,Ga, _,N. The lines are a guide to Photon energy (eV)
the eye.

FIG. 2. Photoconductivity spectra of Si-doped AIN at 20 K. The
of 1x10"® cm 3, as measured by elastic recoil detectionsymbols represent the spectrum recorded after cooling down the
analysis, to 320 meV below the conduction band. Hall effectsample in the dark, the full line stands for the spectrum after illu-
measurements reveal a free electron concentration of fhination. The dashed line shows a PC spectrum of a nominally
x 10" cm 2 at room temperature. Photoconductivity ex- undoped AIN sample at 60 K. At lower temperatures, no PC can be
periments have been carried out at 20 K at an electric field ofietected.

200 V/cm using a halogen lamp in conjunction with a grating
monochromator and appropriate filters to cut off higher or-electric field of 200 V/cm is shown in Fig. 3. Upon cooling
ders. EPR experiments have been performed using a standatdwn from room temperature to 130 K in the dark, an acti-
X-band EPR spectrometer with a Jgz microwave cavity. vated behavior with the already mentioned activation energy
For g factor calibration, DPPH was used. of 320 meV is observe(tf. Fig. 1). At 20 K, the sample has

In Fig. 1 we show the activation energy of the dark con-become highly resistive. Illumination with light at 550 nm
ductivity for Si-doped AlGa _,N alloys over the whole increases the conductivity by many orders of magnitude.
composition rangex=0. .. 1) (full circles). The activation ~Subsequently, heating of the sample to 45 K again in the
energy increases linearly from 18 mdé@aN) to 320 meV  dark slightly increases the conductivity. A further increase in
(AIN). In contrast, the activation energy of similarly pre- temperature leads to quenching of the persistent photocon-
pared but nominally undoped alloys are much higfogren  ductivity. From 160 K on upwards, the normal activated be-
circles. The role of oxygen and nitrogen vacancies as théiavior is restored.
usual residual donor in group-lil nitrides therefore is negli- ~ Further experimental evidence for theX behavior of Si
gible in our Si-doped MBE-grown samples. in AIN comes from EPR measurements. Neither at room

Assuming a normal shallow donor character for Si intemperature nor after cooling dowa 4 K is an EPRsignal
AIN, we would expect infrared absorption and photoconduc-detected in AIN:Si at a level of 2 spins/cnd per G line-
tivity at photon energies around 320 meV. However, such a
behavior was not observed. Instead, as shown in Fig. 2 after ' ' ' ‘ '
cooling the sample to 20 K in the dark, there is a strong 10" | BS320meV.  AINSE gt
photoconductivity threshold at about 1.5 eV. This photocur- '
rent, once excited, persists after switching off the light at as 10°
much as eight orders of magnitude above the dark current.
The full symbols in Fig. 2 represent the spectrally resolved
photoconductivity after cooling down the sample in the dark.
The full line is the spectrum recorded after the first one with-
out heating the sample in the meantime. We observe a simi-
lar behavior for A} 7:Ga, »g\:Si with an optical threshold of
~1.3 eV. For comparison, a PC spectrum measured at 60 K
of nominally undoped AIN is also shown in Fig.(@ashed
line). No PPC can be seen. Moreover, this undoped sample,
below 50 K, shows no photoconductivity at all. Since oxygen
impurities are present in similar concentrations in both
samples, the absence of a photoionization threshold in nomi-
nally undoped AIN shows that th®X-like behavior ob- FIG. 3. Temperature dependent conductivity of AIN(Solid
served in AIN:Si is indeed due to Si incorporation. line). In addition, the spin density after illumination, as determined

The temperature dependent conductivity of AIN:Si for anby EPR experiments, is also shoymll symbols.
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FIG. 4. EPR spectrum of AIN:Si after illumination. G Gox
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width. After illumination, a strong persistent resonance with 5 5 Configuration coordinate diagram of thelsX center in

an isotropicg factor of 1.9885-0.0001 appearsFig. 4),  aN.

while in GaN anisotropic donor resonances are obselVed.

Using different edge filters to cut off the high energy end Ofductivity of 320 meV inn-type AIN is due to silicon incor-

the lamp spectrum, we confirmed that the spin density repqration. (i) At low temperatures a photoconductivity
veals the same dependence on photon energy as the phofﬁreshold exists at about 1.5 eV photon ener@iy) The
conductivity. The signal shown in Fig. 4 was recorded afphotoconductivity persists after switching off the lighit)
microwave powers of 16uW, since at higher powers the After cooling in the dark no EPR signal can be seén.

line shape becomes increasingly asymmetric due to electrogpon jllumination an EPR signal caused by electrons bound
spin to nuclear spin cross relaxatithThe linewidthAH,, {0 a shallow effective mass state is four(di) The EPR
decreases with increasing temperature, reaching a minimudgnal as well as the persistent photoconductivity vanish
of AH,,=1 G at 30 K, which is consistent with the reso- gphove 60 K.

nance being due to an impurity band rather than due to elec- Al of these results can be well explained in terms of the
trons in the conduction band. In an impurity band, exchangey x model sketched in Fig. 5. The lowest parabola represents
interaction leads to increased averaging of inhomogeneoyge DX~ state, which is occupied by two electrons. This
hyperfine broadening with temperature, as observed for thgtate has undergone a large lattice relaxation and is the stable
residual donor in GaNf The dependence of the spin density ground state. The parabola above this ground state symbol-
on temperature after illumination at low temperature iSjzeg the thermodynamically metastaidx? state plus one
shown in Fig. 3(full symbols. For better comparison with g|ectron in the conduction band. The lower left parabola
the conductivity data, the same logarithmic scale is used. Thgnows the substitutional—also metastable—neutral shallow
spin density—as well as the conductivity—increases up tQonord® of the Si atom, the upper left parabola represents
45 K and then quickly drops below the detection limit. A the jonizedd* state, both with one and two electrons in the
maximum spin density of 10 cm™3 is observed at 45 gnduction band respectively.

K. If these spins were due to mobile electrons in the conduc- Thermally, the’DX* state can emit electrons into the con-
tion band, a strong free carrier absorption should be obseryy,ction band, which is responsible for the 320 meV activa-
aple. However, FTIR measurements at low temperatureggn, energy and is the energy separation between the two
failed to detect such an absorption. Furthermore, assuMingaraholaDX ~"andd* (item i). Optical transitions, however,
that the persistent photoconductivity is caused by the persigyyst be vertical in the configuration coordinate diagram and
tent electrons detected in EPR, we obtain a mobility of onlyiherefore the photoconductivity threshold is well above 320
10 2 cm?/Vs. Both observations, namely the missing free mev (item ii). After photoionization of théX - into DX?, a
carrier absorption and the low mobility support the notiongacong photoionization proceBX°—d* takes place. Such
that the charge carriers observed in EPR are due to dongy +0 step photoionization process has already been ob-
impurity band. The question whether these donor states arg,eq by Dobaczewski and Kac¥bfor Te DX centers in
deep rather than shallow effective-mass-like states can bﬁleai_xAS. and has been shown to lead to a markedly non-
addressed by examining the observgdactor in detail. oy honential time dependence. At low temperatures,dthe
Based on a five bankip model in the quasicubic approxima- giate will immediatly capture a free electron and thereby re-
tion, theg factors of shallow donors in GaN and&a N 5 the metastable substitutional shallow dod8r All to-

alloys with Al contents below 0.3 have been derived ionizati i
pre\)//iously.13'15'16 Extending these calculations to higher Al gether, the photolonization process can be written as

contents and using the results of recent band structure calcu- hy hy

lations as well as experimental results for bandgap, spin-orbit g+ px-_.d*+ DX+ e~ —2d*+2e”—2d°. (2)

splitting and electron effective mass, the experimentally ob-

servedg factor in AIN is found to be fully consistent with an This reaction corresponds to an optical excitation out of the

effective mass donor rather than a deep staté. stableDX™ ground state into the metastalié state. This
As a summary of the experimental results, we can statstate is separated from tHi2X™ state by an energy barrier

the following: (i) The thermal activation energy of the con- which prevents the® to undergo thd X-formation reaction
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(1) and thereby return back to equilibrium. The observedransition energiesEl and EZ, we note that the optical
persistent photoconductivity is believed to arise from hop-threshold is determined by the larger one of these two ener-
ping conduction in the defect band of thi€ in accordance gies. Therefore an unambiguous assignment is not possible at
with the temperature dependence of the EPR line shape. ihis point.

addition, the extremely low mobility strongly points towards  Although this model seems to be quite consistent, some
transport not taking place in the conduction band. The phoopen questions remain. First, the detected spin density by
toconductivity is persistent because of the energy balfer EPR is about a factor of 10 below the nominal doping den-
betweerd® andD X~ (item iii). From the temperature depen- Sity. Since we have confirmed by high temperature Hall mea-
dence of the PPC decay time constants, we can estimate therementsin the dark and conductivity measurements up to
height of this barrier to (20880) meV. Although this bar- 1100°C, that indeed at least'f0cm™® Si atoms are electri-

rier has not only an electronic part, but also an ionic onecally active, we attribute this discrepancy to doping inhomo-
since a lattice reconstruction must take place duringdhe geneity of the sample. In regions with higher doping density,
— DX transition, we may consider this barrier—from an the Mott metal-insulator transition has taken place leading to
electronic point of view—as a capture barrier for electronsVery short spin relaxation times, which in turn broadens the
When cooling the sample slowly in the dark, the systemf€sonance line width to an extent that these spins cannot be
remains in its ground state, whePX ~ andd* are occupied detected by EPR. Therefore, the spins observed are most
according to Eq(1). Neither one of those two states is para-ikely in regions with low Si doping density. The identical
magnetic and therefore no EPR signal can be detgitet  Photoionization threshold and temperature dependence of the
iv). In contrast, a donor with 320 meV depth would not bePPC and EPR shows however, that ti¥-like behavior is
ionized at low temperatures and should give rise to an EPRdentical in low and high Si doped AIN. Furthermore we
signal. lllumination will turn thed* andDX ™~ states into two ~Observe—especially at high electric fields—a clearly non-
d° states according to E2), which cannot decay back be- €xponential time dependence of the photocurrent transients,
cause of the energy barrier separating the substitutional anhich requires a more detailed discussion on the basis of rate
DX configurations. Thel® state gives rise to the observed €duation modeling of the two-step photoionizatidn.
EPR signal(item V) and the persistent photoconductivity. In conclusion, using spectrally resolved photoconductivity

When the thermal energy is high enough to overcome th&nd EPR experiments, we have shown that Si in AIN be-
barrier, the equilibriun(i.e., DX~ andd™) is restored and haves like aDX center. The observed phenomena, namely

both, the PPC and EPR signal vanigem vi). persist(_ent photoconductivity and the lack of an gquilibrium

Based on our experimental results, we can provide readEPR signal at low temperatures, can be explained by the
sonable characteristic energies for the configuration diagraigharge carrier driven relaxation of the shallow Si donor to
in Fig. 5. E4, which would be the ionization energy of the the deepDX defect. The appearance of an EPR signal after
shallow effective mass donor, can be estimated ugigg Illumination is well desc(r)lbed by the metastable occupation
- ERym*lsilN:60 meV, wheran* =0.33 has been uséd. ©f @ shallow donor state™. The energy barrier between this

The energy barrier betweed? and DX~ has already been d® and theDX ™~ state explains the metastability as well as
estimated toEC~200 meV. The activation energy of the the quenching of the PPC and the EPR signal at temperatures

conductivity at temperatures above 160 K,=320 meV, above 60 K.

is given by the sum oE4 andE;,,. Using the effective mass The authors acknowledge financial support by the Deut-
value for E4 results in 260 meV fork,,. For the optical sche Forschungsgemeinschatt.
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