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Inverted order of acceptor and donor levels of the Si-relatedD X center in Al,Ga; _,As
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We have demonstrated the inverted ordering of the acceptor (ev6) and the donor level0/+) of the
Si-relatedDX center in AlGa _,As by photoemission deep-level transient spectrosd@iyTS). The new
photoinduced DLTS peak has been observed at low temper@@it€) in Al ,Ga, 7,As and at high tempera-
ture (140 K) in Al 3:Ga, g5AS. Activation energies for emission and capture for acceptor level and metastable
donor level have been determined in both samples with different AIAs mole fractions. The observation of this
metastable level of th®X center proves the inverted ordering of the energy levels that reveals an effective
negative correlation energgnegativeU) with the existence of a thermodynamically unstaBlX° state.
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An impurity or any other simple point defect in a semi- orbitals of its four nearest-neighbor atomBX° is not an
conductor can introduce several stable charged states deffective-mass-like state of the substitutional donor.
pending on the position of the Fermi level. A typical defect Recently we have shown that there are two energy levels
can be in either positive, neutral, or negative charge statesmith inverted ordering in the band gap, an acceptor level
and accordingly two electrical levels, an acceptor level and §DX~ —DX%+e™), and a donor level PX°—DX" +e")
donor level, can exist inside the band gap of the semiconduaf silicon-relatedD X center in A} ,G&, 7/AS by photoemis-
tor. The acceptor level is expected to be above the donasion DLTS (Ref. 12 and transient photoconductivity.Li
level because the second electron experiences a repulsietal* have raised the question regarding the interpretation
due to Coulomb interaction with the first electron. This Cou-of our experimental results with a not yet fully resolved is-
lomb repulsion energy is defined &k Hubbard correlation sue. In this paper we clarify the points raised bysltial.
energy? and is the difference between donor and acceptoFinally, we present our recent experimental results as cor-
levels. In the case of positive, ordering of levels mean that roboration of our arguments and our interpretation of the
each of the three charge states are thermodynamically staf&Perimental results. This work completes the preliminary
depending on the position of the Fermi level. Hence the dof€Sults published ear.l|é?.' _ _ ,
nor and acceptor levels can be determined either by Hall or R€garding the objection raised by Et al, we like to
deep-level transient spectroscofLTS). But negatived argue that there is large-scale controversy regarding the cap-

properties for a defect mean that the energy levels due t%ﬁre cross-section parameter of theX center. In literature,

defect in semiconductor are inverted from their usual order. ¢ ¢ 'S VY wide scattering in .the_ values of the capture
) . tross section and the capture activation energy. For example,
with the acceptor level below the donor level. In this case

. . capture activation energy varies from 250 to 340 meV for
neutral charge state is no longer a thermodynamically stablg:0 301516 There are two reasons behind this scattering

charge state. Two simple point defects, in crystalline silicong; .t the capture kinetics of tH2X center is heavily nonex-
(interstitial bor(_)g and lattice vacancfiave been confirmed ,hential and the conventional pulse-filling DLTS technique
expenn_"nentallfi and theoretically to have negativ&y  for getermination of the capture cross section always as-
properties. Recently it has been suggested thabieenter  symes exponential capture and emission kinetics of the deep
in GaAs and AlGa, _,As might have negative} properties  centers. Second, it is a well-known fact that there is a large
using ab initio self-consistent pseudopotential total-energycapture barrier for th@X center. So it is very difficult to
calculations’™** According to this modelDX center traps find out the saturations of DLTS peak height with filling
two electrons with the second bound more strongly than th@ulse width that is needed for calculating the capture cross
first and the ground state should be negatively chargedection and hence capture cross-section activation energy.
(DX™) and the whole system should possess negative HubFhese two facts introduce a considerable amount of error in
bard correlation energy. Hence the capture process will bdetermining capture cross section by the conventional
d"+e —DX%+e —DX", whered represents the normal method. We have measurédhe capture activation energy
fourfold-coordinated donor an® X represents the broken directly by a deep-level spectroscopic technique and found
bond configuration of the donor. In this system, the intermethat the capture barrier is distributed over 50 meV. Inciden-
diate donor statéDX°) is thermodynamically unstabl®e- tally, it is clearly shown that the optical ionization of the
cently it has been showhthat DX? is a localized metastable Si-relatedDX center in ALGa _,As is composed of two
donor state that arises from a symmetric antibonding com-components; the first one is a “fast” component which is
bination of the impurity sporbitals with the corresponding followed by a second “slow” componert®*We have also

0163-1829/97/547)/40424)/$10.00 55 4042 © 1997 The American Physical Society



55 BRIEF REPORTS 4043

found both in capacitance transient during captuead de-
cay of persistent photoconductiviithat capture transient is
composed of two components, an initial component charac- AlpysGagrsAs A
terized with “fast” decay, followed by a “slow” decay.
Most of the measurements of capture cross section were
done on this slow part of the transient. There are few
attempt&®21to determine the capture cross section separately
from the fast decay part and the slow decay part. Zhou
et al1® have observed that the capture cross section deter- LIGHT OFF

mined from the fast and slow part differ by two to three ' :
orders of magnitude. We have also obsef¢ele difference 30 50 T(K) 195 230
can vary sometimes by four to five orders of magnitude. So
we strongly argue that capture cross sectib® ° cn?) at

77 K is heavily underestimated, which is quoted in Ref. 14. Alp3sGagesAs
We have seen capture cross section at 60 K from the fast ’ ‘
decay part is around 18° cn? and 10 28 cn? from the slow

part. We believe that capture of th®X center at low tem-
peraturg(50—80 K) is coming from the fast decay part and to
enhance the capture at low temperature we have sometimes
used a pulse of infrared light during the filling pulse in
DLTS. To observe a DLTS peak it is of course not necessary
for all of the DX center to capture electrons. In our DLTS
system we can detect a DLTS signal even when 30 135175 230
N7/Np~1075, where N; is the concentration of electron T(K)

traps and\ the concentration of donors.

The DX center in negative charge staf®X ™) cannot FIG. 1. DLTS spectra of the Si-relate®X center in
ionize at low temperaturéE;~460 me\j to observe the AlGa_xAs in (a) dark and(b) illuminated with 1.38 eV light for
emission from theD X° state(E;~210-280 meY. At high two AlAs mole fractions(x=0.26, 0.35. Note that pealB is seen
temperature whe® X~ can ionize to theD X° state, due to only in the presence of light. Both spectra are taken with a time
the metastable nature 8X° it inmediately ionized to a*  constant of 70.8 ms.
state, so the limiting process is the first electron emission and
one can only observe the acceptor level at 460 meV, which The DLTS measurements carried out in the dark showed
will be elaborated in the following discussion. Finally, we typical double peak at about 200 K labeledfam Fig. 1 for
present our recent studies regarding the photoinduced DLT$=0.26 and 0.35. The position and shape of the peak are
peak in another AlAs mole fractioix=0.35. In this respect, typical of theDX center related to silicon in AGa _,As.
we like to point out that the whole objection raised by Li This peak has a thermal activation energy of 460 meV for all
et al,** against our interpretation of the photoinduced DLTSx values and a capture barrier of 350 meV %6¢0.26, 260
peak is not valid in this case, because a new photoinduceaieV forx=0.35. The DLTS experiment was repeated in the
DLTS peak has been observed at relatively higher tempergresence of intense 1.38 eV light during emission of elec-
ture (140 K). trons to the conduction band. The photoinduced DLTS ex-

The ALGa _,As (x=0.26, 0.33 samples in our study periment was repeated with 1.23 and 1.13 eV light also. A
were grown by molecular-beam epitaylBE). The active = majority carrier peak was seen at about 60 KXet0.26, and
AlL,Ga _,As layer is separated from the semi-insulating sub-at about 140 K fox=0.35 and labele® in Fig. 1. Thermal
strate by an undoped spacer layer. The samples are dopadtivation energies of 210 meV far=0.26 and 280 meV for
with silicon, with 13%-10"" cm™® concentration. Doping x=0.35 were obtained for a photoinduced peak. Arrhenius
concentration was found by the capacitance-voltage methoplots are given in Figs. 2 and 3. Capture barrier of 150 meV
and secondary ion mass spectrosc@piMS). We have not for thex=0.26 sample and 180 meV for tlxe=0.35 sample
detected any other donor species above the detection limit afiere obtained® We have observed neither peak A nor the
SIMS. In some samples oxygen and carbon concentratiophotoinduced peak B in undoped @la; _,As with the same
were high. We have selected the samples with minimunmAlAs mole fractions grown by the same MBE machine. We
concentration of oxygen and carbon. Schottky contact wabave also observed the photoinduced peak B in MBE-grown
made by evaporating silver and Ohmic contact by Au-GeSi-doped AlGa; _,As from different sources
alloys. The DLTS system uses a Boonton 72B capacitance For a normal type of point defect with positive correlation
meter and double boxcar window scheme. For photoinducednergy (positive U), one should observe an acceptor level
DLTS a 600 W quartz halogen lamp with a quartz focusing(—/0) at low temperature followed by a donor lev@l+) at
lens and an interference filter were used as a monochromatielatively high temperature in DLTS spectra during emission
excitation for 1.38, 1.23, and 1.13 eV light. At low tempera- of electrons. In the case of a point defect with negative cor-
ture to enhance the capture of electrons from the conductiorelation energynegativeU), the situation is opposite and in
band, we have used a pulse of infrared ligbt5—0.7 ey  this case one should observe the donor l€@él-) at low
during filling pulse in DLTS. The temperature was scannedemperature and the acceptor le{el0) at high temperature.
from 10 to 300 K using a closed-cycle helium refrigerator. But, to observe the donor level we have to have transition
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FIG. 2. Arrhenius plot of the photoinduced peak for D& FIG. 3. Arrhenius plot of the photoinduced peak for th&
center in Ah ,Ga 74AS. center in Ab 3G gAS.

from the ground statéDX~) to the neutral statéDX°),

which is not possible at low temperature, because the emisstateD X°. This difficulty of observing th® X° state is over-
sion activation energy for the acceptor level is more than thatome by simultaneously illuminating the sample with
for the donor level in the case of the negatlvesystem. So  subband-gap light to photoionize tieX™. Essentially, we
one should observe only the acceptor level at relatively higthave created th®X° state from theDX ™~ state and moni-
temperature in the case of the negativesystem. Now let us  tored the thermal emission of the donor ley@+): Hence,
consider why only one level with an emission energy of 460during each trap-filling pulse, thi" state captures two elec-
meV is observed in normal DLTS and why the level with antrons in theDX ™ state and the subsequent emission proceeds
emission energy of 210 meYbr 280 meV is observed in by DX~ —DX%+e”—d*+2e".

photoinduced DLTS, but not in dark DLTS spectra. This The choice of light is determined by two factors: first, it
apparent contradiction can be explained if the level withshould be more than the optical threshold for optical ioniza-
thermal activation energy, 460 mgygeakA), is an acceptor tion of DX center and second any communication between
level (DX~ —DX°+e") in the inverted negative+ order-  the valence band anBX~ or DX° has to be avoided. The
ing below the new donor leveldX°—d* +e~), with the  photoionization oD X~ to DX° can be adjusted by varying
thermal activation energy 210 or 280 mépeakB). In nor-  the light intensity. To observe and monitor the thermal emis-
mal DLTS, the observed peak is due to the emission of elecsion from theD X° state the light intensity has been adjusted
trons from theDX ™ state, i.e.DX~ —e”—DX? transition, ~ such that the photoionization rate is two to three orders of
quickly followed by the second electron emission magnitude less than the thermal emission rate. We have ad-
DX%—e —d", since theDX° state is thermodynamically justed the trap filling pulse to make sure that the maximum
unstable. For the negatiwg-defect, the electron involved in number ofDX centers are in the positive charge state before
the first ionization is bound more strongly than the secondhe next trap-filling pulse. But after each trap-filling pulse, a
electron. As the deepéd60 me\) DX~ states cannot emit few DX centers might be in the neutral charg@X?) state
electrons at the low temperature required to observ®ik®  and most of thé X centers are in the negative chaf@ex )
donor-level emission, these negatively charged centers astate. As theDX? state is thermodynamically unstable, the
essentially removed from the experiment. Effectively, theDX° state tod* state transition takes place very “fast.”
limiting process is the first electron emission. With repetitiveAlthough theD X° state is a metastable state, it takes place in
pulses by DLTS, all the centers rapidly accumulate in theall capture and emission processes. Hence all capture and
negatively chargedD X ") state, leaving none in the neutral emission processes will have this fast component. Our
state(DX") to be observed. Hence peBkwas not observed observatio? shows that the fast and slow components are
in the normal DLTS experiment. Now, to observe the donorcorrelated and coming from the same center in contradiction
level (0/+), we have to have emission from the metastablewith the observation in Ref. 18.
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The intensity of pealB gradually increases with the light

intensity and saturates at a height where the intensity is hallemonstrated that there are two levels in the gap, an acceptor

that of peakA (Fig. 1). This proves that two electrons are
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In conclusion, we have unambiguously and directly

level (DX —e +DX% and a donor level BX°—e~

emitted in the high-temperature emission process, whereasd™), of Si-relatedDX center in AlGa,_,As by photo-

single-electron emission gives rise to pe&R The thermal
ionization energy of peal (acceptor levelis 110 meV for
the x=0.26 and 200 meV for thg=0.35 sample. The ther-
mal ionization energy of peaR (donor leve] is 60 meV for
thex=0.26 and 100 meV for the=0.35 sample. Hence, the
negative correlation energy for the Si-relateX center be-
comes 50 meV for AJ,Ga7As and 100 meV for
Al 3:Ga) gsAS. The variation of negative correlation energy
might be due to the separatfdnbetween the donor and
nearby cation that depends on the AlAs mole fraction.

emission DLTS. In this system the acceptor level/0)
lies below the donor leve(0/+). This is an unambiguous
signature of the negativg- nature of the Si-relatedX
center in AlGa _,As. In this case, the second electron,
which is required to form th&® X~ state, is more strongly
bound than the first electron, which is required to form
the DX° state. This inverted ordering of the energy
level reveals an effective negative correlation energy
with the existence of a thermodynamically unstabi&®
state.
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