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Inverted order of acceptor and donor levels of the Si-relatedDX center in AlxGa12xAs
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We have demonstrated the inverted ordering of the acceptor level~2/0! and the donor level~0/1! of the
Si-relatedDX center in AlxGa12xAs by photoemission deep-level transient spectroscopy~DLTS!. The new
photoinduced DLTS peak has been observed at low temperature~60 K! in Al0.26Ga0.74As and at high tempera-
ture ~140 K! in Al0.35Ga0.65As. Activation energies for emission and capture for acceptor level and metastable
donor level have been determined in both samples with different AlAs mole fractions. The observation of this
metastable level of theDX center proves the inverted ordering of the energy levels that reveals an effective
negative correlation energy~negativeU! with the existence of a thermodynamically unstableDX0 state.
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An impurity or any other simple point defect in a sem
conductor can introduce several stable charged states
pending on the position of the Fermi level. A typical defe
can be in either positive, neutral, or negative charge st
and accordingly two electrical levels, an acceptor level an
donor level, can exist inside the band gap of the semicond
tor. The acceptor level is expected to be above the do
level because the second electron experiences a repu
due to Coulomb interaction with the first electron. This Co
lomb repulsion energy is defined asU Hubbard correlation
energy,1,2 and is the difference between donor and accep
levels. In the case of positiveU, ordering of levels mean tha
each of the three charge states are thermodynamically s
depending on the position of the Fermi level. Hence the
nor and acceptor levels can be determined either by Ha
deep-level transient spectroscopy~DLTS!. But negative-U
properties for a defect mean that the energy levels du
defect in semiconductor are inverted from their usual ord
with the acceptor level below the donor level. In this ca
neutral charge state is no longer a thermodynamically st
charge state. Two simple point defects, in crystalline silic
~interstitial boron and lattice vacancy! have been confirmed
experimentally3–5 and theoretically6 to have negative-U
properties. Recently it has been suggested that theDX center
in GaAs and AlxGa12xAs might have negative-U properties
using ab initio self-consistent pseudopotential total-ener
calculations.7–11 According to this model,DX center traps
two electrons with the second bound more strongly than
first and the ground state should be negatively char
~DX2! and the whole system should possess negative H
bard correlation energy. Hence the capture process wil
d11e2→DX01e2→DX2, whered represents the norma
fourfold-coordinated donor andDX represents the broke
bond configuration of the donor. In this system, the interm
diate donor state~DX0! is thermodynamically unstable.Re-
cently it has been shown10 that DX0 is a localized metastable
donor state that arises from a symmetric antibonding co
bination of the impurity sp3 orbitals with the corresponding
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orbitals of its four nearest-neighbor atoms. DX0 is not an
effective-mass-like state of the substitutional donor.

Recently we have shown that there are two energy lev
with inverted ordering in the band gap, an acceptor le
(DX2→DX01e2), and a donor level (DX0→DX11e2)
of silicon-relatedDX center in Al0.26Ga0.74As by photoemis-
sion DLTS ~Ref. 12! and transient photoconductivity.13 Li
et al.14 have raised the question regarding the interpreta
of our experimental results with a not yet fully resolved
sue. In this paper we clarify the points raised by Liet al.
Finally, we present our recent experimental results as c
roboration of our arguments and our interpretation of
experimental results. This work completes the prelimina
results published earlier.12

Regarding the objection raised by Liet al., we like to
argue that there is large-scale controversy regarding the
ture cross-section parameter of theDX center. In literature,
there is very wide scattering in the values of the capt
cross section and the capture activation energy. For exam
capture activation energy varies from 250 to 340 meV
x50.30.15,16 There are two reasons behind this scatteri
First, the capture kinetics of theDX center is heavily nonex-
ponential and the conventional pulse-filling DLTS techniq
for determination of the capture cross section always
sumes exponential capture and emission kinetics of the d
centers. Second, it is a well-known fact that there is a la
capture barrier for theDX center. So it is very difficult to
find out the saturations of DLTS peak height with fillin
pulse width that is needed for calculating the capture cr
section and hence capture cross-section activation ene
These two facts introduce a considerable amount of erro
determining capture cross section by the conventio
method. We have measured17 the capture activation energ
directly by a deep-level spectroscopic technique and fo
that the capture barrier is distributed over 50 meV. Incide
tally, it is clearly shown that the optical ionization of th
Si-relatedDX center in AlxGa12xAs is composed of two
components; the first one is a ‘‘fast’’ component which
followed by a second ‘‘slow’’ component.18,19We have also
4042 © 1997 The American Physical Society
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found both in capacitance transient during capture17 and de-
cay of persistent photoconductivity20 that capture transient i
composed of two components, an initial component cha
terized with ‘‘fast’’ decay, followed by a ‘‘slow’’ decay.
Most of the measurements of capture cross section w
done on this slow part of the transient. There are f
attempts16,21to determine the capture cross section separa
from the fast decay part and the slow decay part. Zh
et al.16 have observed that the capture cross section de
mined from the fast and slow part differ by two to thre
orders of magnitude. We have also observed22 the difference
can vary sometimes by four to five orders of magnitude.
we strongly argue that capture cross section~10230 cm2! at
77 K is heavily underestimated, which is quoted in Ref. 1
We have seen capture cross section at 60 K from the
decay part is around 10225 cm2 and 10228 cm2 from the slow
part. We believe that capture of theDX center at low tem-
perature~50–80 K! is coming from the fast decay part and
enhance the capture at low temperature we have somet
used a pulse of infrared light during the filling pulse
DLTS. To observe a DLTS peak it is of course not necess
for all of theDX center to capture electrons. In our DLT
system we can detect a DLTS signal even wh
NT/ND;1025, where NT is the concentration of electro
traps andND the concentration of donors.

The DX center in negative charge state~DX2! cannot
ionize at low temperature~Ei;460 meV! to observe the
emission from theDX0 state~Ei;210–280 meV!. At high
temperature whenDX2 can ionize to theDX0 state, due to
the metastable nature ofDX0 it immediately ionized to ad1

state, so the limiting process is the first electron emission
one can only observe the acceptor level at 460 meV, wh
will be elaborated in the following discussion. Finally, w
present our recent studies regarding the photoinduced D
peak in another AlAs mole fraction~x50.35!. In this respect,
we like to point out that the whole objection raised by
et al.,14 against our interpretation of the photoinduced DLT
peak is not valid in this case, because a new photoindu
DLTS peak has been observed at relatively higher temp
ture ~140 K!.

The AlxGa12xAs ~x50.26, 0.35! samples in our study
were grown by molecular-beam epitaxy~MBE!. The active
Al xGa12xAs layer is separated from the semi-insulating su
strate by an undoped spacer layer. The samples are d
with silicon, with 1018–1017 cm23 concentration. Doping
concentration was found by the capacitance-voltage me
and secondary ion mass spectroscopy~SIMS!. We have not
detected any other donor species above the detection lim
SIMS. In some samples oxygen and carbon concentra
were high. We have selected the samples with minim
concentration of oxygen and carbon. Schottky contact w
made by evaporating silver and Ohmic contact by Au-
alloys. The DLTS system uses a Boonton 72B capacita
meter and double boxcar window scheme. For photoindu
DLTS a 600 W quartz halogen lamp with a quartz focus
lens and an interference filter were used as a monochrom
excitation for 1.38, 1.23, and 1.13 eV light. At low temper
ture to enhance the capture of electrons from the conduc
band, we have used a pulse of infrared light~0.5–0.7 eV!
during filling pulse in DLTS. The temperature was scann
from 10 to 300 K using a closed-cycle helium refrigerato
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The DLTS measurements carried out in the dark show
typical double peak at about 200 K labeled asA in Fig. 1 for
x50.26 and 0.35. The position and shape of the peak
typical of theDX center related to silicon in AlxGa12xAs.
This peak has a thermal activation energy of 460 meV for
x values and a capture barrier of 350 meV forx50.26, 260
meV for x50.35. The DLTS experiment was repeated in t
presence of intense 1.38 eV light during emission of el
trons to the conduction band. The photoinduced DLTS
periment was repeated with 1.23 and 1.13 eV light also
majority carrier peak was seen at about 60 K forx50.26, and
at about 140 K forx50.35 and labeledB in Fig. 1. Thermal
activation energies of 210 meV forx50.26 and 280 meV for
x50.35 were obtained for a photoinduced peak. Arrhen
plots are given in Figs. 2 and 3. Capture barrier of 150 m
for thex50.26 sample and 180 meV for thex50.35 sample
were obtained.23 We have observed neither peak A nor t
photoinduced peak B in undoped AlxGa12xAs with the same
AlAs mole fractions grown by the same MBE machine.
have also observed the photoinduced peak B in MBE-gro
Si-doped AlxGa12xAs f rom di f f erent sources.

For a normal type of point defect with positive correlatio
energy ~positiveU!, one should observe an acceptor lev
~2/0! at low temperature followed by a donor level~0/1! at
relatively high temperature in DLTS spectra during emiss
of electrons. In the case of a point defect with negative c
relation energy~negativeU!, the situation is opposite and i
this case one should observe the donor level~0/1! at low
temperature and the acceptor level~2/0! at high temperature
But, to observe the donor level we have to have transit

FIG. 1. DLTS spectra of the Si-relatedDX center in
Al xGa12xAs in ~a! dark and~b! illuminated with 1.38 eV light for
two AlAs mole fractions~x50.26, 0.35!. Note that peakB is seen
only in the presence of light. Both spectra are taken with a ti
constant of 70.8 ms.
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4044 55BRIEF REPORTS
from the ground state~DX2! to the neutral state~DX0!,
which is not possible at low temperature, because the e
sion activation energy for the acceptor level is more than
for the donor level in the case of the negative-U system. So
one should observe only the acceptor level at relatively h
temperature in the case of the negative-U system. Now let us
consider why only one level with an emission energy of 4
meV is observed in normal DLTS and why the level with
emission energy of 210 meV~or 280 meV! is observed in
photoinduced DLTS, but not in dark DLTS spectra. Th
apparent contradiction can be explained if the level w
thermal activation energy, 460 meV~peakA!, is an acceptor
level (DX2→DX01e2) in the inverted negative-U order-
ing below the new donor level (DX0→d11e2), with the
thermal activation energy 210 or 280 meV~peakB!. In nor-
mal DLTS, the observed peak is due to the emission of e
trons from theDX2 state, i.e.,DX22e2→DX0 transition,
quickly followed by the second electron emissio
DX02e2→d1, since theDX0 state is thermodynamically
unstable. For the negative-U defect, the electron involved in
the first ionization is bound more strongly than the seco
electron. As the deeper~460 meV! DX2 states cannot emi
electrons at the low temperature required to observe theDX0

donor-level emission, these negatively charged centers
essentially removed from the experiment. Effectively, t
limiting process is the first electron emission. With repetiti
pulses by DLTS, all the centers rapidly accumulate in
negatively charged~DX2! state, leaving none in the neutr
state~DX0! to be observed. Hence peakB was not observed
in the normal DLTS experiment. Now, to observe the don
level ~0/1!, we have to have emission from the metasta

FIG. 2. Arrhenius plot of the photoinduced peak for theDX
center in Al0.26Ga0.74As.
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stateDX0. This difficulty of observing theDX0 state is over-
come by simultaneously illuminating the sample wi
subband-gap light to photoionize theDX2. Essentially, we
have created theDX0 state from theDX2 state and moni-
tored the thermal emission of the donor level~0/1!: Hence,
during each trap-filling pulse, thed1 state captures two elec
trons in theDX2 state and the subsequent emission proce
by DX2→DX01e2→d112e2.

The choice of light is determined by two factors: first,
should be more than the optical threshold for optical ioni
tion of DX center and second any communication betwe
the valence band andDX2 or DX0 has to be avoided. The
photoionization ofDX2 to DX0 can be adjusted by varying
the light intensity. To observe and monitor the thermal em
sion from theDX0 state the light intensity has been adjust
such that the photoionization rate is two to three orders
magnitude less than the thermal emission rate. We have
justed the trap filling pulse to make sure that the maxim
number ofDX centers are in the positive charge state bef
the next trap-filling pulse. But after each trap-filling pulse
few DX centers might be in the neutral charge~DX0! state
and most of theDX centers are in the negative charge~DX2!
state. As theDX0 state is thermodynamically unstable, th
DX0 state tod1 state transition takes place very ‘‘fast.
Although theDX0 state is a metastable state, it takes place
all capture and emission processes. Hence all capture
emission processes will have this fast component. O
observation22 shows that the fast and slow components
correlated and coming from the same center in contradic
with the observation in Ref. 18.

FIG. 3. Arrhenius plot of the photoinduced peak for theDX
center in Al0.35Ga0.65As.
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The intensity of peakB gradually increases with the ligh
intensity and saturates at a height where the intensity is
that of peakA ~Fig. 1!. This proves that two electrons ar
emitted in the high-temperature emission process, whe
single-electron emission gives rise to peakB.5 The thermal
ionization energy of peakA ~acceptor level! is 110 meV for
the x50.26 and 200 meV for thex50.35 sample. The ther
mal ionization energy of peakB ~donor level! is 60 meV for
thex50.26 and 100 meV for thex50.35 sample. Hence, th
negative correlation energy for the Si-relatedDX center be-
comes 50 meV for Al0.26Ga0.74As and 100 meV for
Al0.35Ga0.65As. The variation of negative correlation energ
might be due to the separation24 between the donor an
nearby cation that depends on the AlAs mole fraction.
tt
lf

as

In conclusion, we have unambiguously and direc
demonstrated that there are two levels in the gap, an acce
level (DX2→e21DX0) and a donor level (DX0→e2

1d1), of Si-relatedDX center in AlxGa12xAs by photo-
emission DLTS. In this system the acceptor level~2/0!
lies below the donor level~0/1!. This is an unambiguous
signature of the negative-U nature of the Si-relatedDX
center in AlxGa12xAs. In this case, the second electro
which is required to form theDX2 state, is more strongly
bound than the first electron, which is required to for
the DX0 state. This inverted ordering of the energ
level reveals an effective negative correlation ene
with the existence of a thermodynamically unstableDX0

state.
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