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The positron-annihilation method was used to investigateDiKecenters in Te-doped ABa, _,As grown
by metal-organic vapor-phase epitaxy. Vacancy defects were found in all layers. The vacancy signal disappears
when theD X center is ionized either optically or thermally. After the optical ionization the vacancy signal
reappears when the temperature increases over 50 K. The optical cross sectiohOof4cn? was deter-
mined for the removal of the positron trapping at a vacancy. Because the properties of the vacancy signal
correlate exactly with those determined earlier for Bv(Te) center, we conclude that the vacancy detected
by positrons belongs to the atomic structure of DX (Te) center. This result is in agreement with the
vacancy-interstitial model, which predicts that in the case of grouf4YIdoping theD X center is formed by
the distortion of the Ga atom towards the interstitial position. The positron results indicate further that the open
volume of the vacancy related to tBeX(Te) center is smaller compared to an isolated monovacancy in GaAs
or to the vacancy in thB X(Si) center in AlGa, _,As. This means that the distortion in the vacancy-interstitial
configuration is smaller in thBX(Te) than in theD X(Si) center.

[. INTRODUCTION of Te the impurity is in the group-§As) sublattice. Accord-
ing to the vacancy-interstitial modelin the case of group-
Point defects in compound semiconductors have beelV(Si) doping, the impurity(Si) atom moves and a Ga va-
studied intensively due to their technological importancecancy is formed. In the case of group¢Vé) doping, one of
The EL2 defect in GaAs and theDX centef® in  the neighboring Ga atoms moves and again a Ga vacancy is
Al,Ga _,As are examples of such defectE£L2 is a native  formed. Nevertheless, only few experimental results exist on
midgap donor which compensates the residual acceptor inthe microscopic structure of thBX center in Te-doped
purities and makes undoped GaAs semi-insulating. De ~ AlGaAs?®
center limits the free-electron concentration mtype Positron annihilation spectroscopy is a nondestructive
Al,Ga, _,As when x=0.22, and it appears in many other method to study vacancy defects in semiconductors. This
[1I-V alloys and compounds. Th&L2 defect and thddX  technique has earlier been used to investigate the local struc-
center are also well-known examples of the defect metastdure of theDX center in Si- and Sn-doped &g, _,As (Ref.
bility in semiconductors. 7) as well as in Te-doped ABa, _,Sh® Direct experimental
DX centers are now understood to arise from isolatecevidence of the vacancylike structure of th& center was
group-1V and group-VI impuritie§.Unlike standard donors, found in all cases. The open volume of tBeX center in
DX centers are characterized by a large difference betweefl,Ga _,As is less than that of Ga or As monovacancies in
thermal and optical ionization energies. This is taken to in-GaAs. The structural data from the positron annihilation ex-
dicate that impurity atoms are strongly coupled to the hosperiments give support to the vacancy-interstitial mddel,
lattice. The metastability of thBX center has been associ- which predicts a displacement of the group-IV donss,
ated with two different configurationsf the donor sepa- Sn) towards the interstitial site and a formation of a Ga va-
rated by capture and emission barriers. One is the ordinargancy in AlGa _,As.
substitutional donor which gives rise to effective-mass states. In this paper the positron-annihilation method is used to
The other is characterized by a largel A) displacement of  study theDX center in ALGa _,As doped with Te which is
either the impurity atom or a neighboring Ga atom along aa group-VI donor at an As site. The main idea is to compare
(112 direction. In the distorted geometry, the displaced atonthe positron results im-type Al,Ga, _,As when the group-
has moved towards the interstitial site. It is threefold coordi-IV (Si) impurity is replaced by the group-[Ve) impurity.
nated, and the bonding is largedy? like. We report the vacancylike structure of tBeX center in Te-
The interesting question is how the atomic structure of thaloped AlGa, _,As. Our results are in good agreement with
DX center changes when the groupt®i) impurity is re-  the vacancy-interstitial model, which predicts a formation of
placed by the group-\YTe) impurity. In the case of Si the a Ga vacancy through a displacement of a Ga atom next to a
impurity is in the group-II{Al, Ga) sublattice and in the case group-VI donor.
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TABLE I. Characteristics of the Te-doped MOVPE-grown @&k, _,As layers. The Hall carrier concentratiopy is given a4 K before

and after light illumination with 1.4-eV photons. The Te concentrabiggwas estimated to be2x10'® cm™2 for sampleg2) and(3). For

comparison, one undoped ,8a, _,As sample(4) was measured. X is the measured AlAs mole fraction aiis the layer thickness.

Sample X D (um) N+ (cm™3) Nyan (cm~3) dark Npan (€m~3) illum.
1 0.07 7108
2 0.27 2.8 X108 5.0x 10" 2.0x10%
3 0.27 5 108 5.0x10Y 1.7x10'%
4 0.25 Undoped
Il. EXPERIMENTAL DETAILS to the annihilation peak in each measurement. The sample

temperature was controlled between room temperature and
20 K with a closed-cycle He cryocooler and it was measured
, ) with a silicon diode temperature sensor. Above room tem-
substrates. The AlAs fractions in the samples »a+€0.07 perature the sample was heated with an electron-beam

(sample 1 andx=0.27 (samples 2 and)3The AlAs frac-  poater and its temperature was measured with akyfreer-

tions were measured by double x-ray diffraction and by elec,cqyple mounted onto the sample surface. The accuracy of
tron microprobe analysis, and the error was estimated to

> bfe temperature measurement was estimated to be better than
smaller than 0.01. Samples 2 and 3 have a similar structure 5 Samples were illuminated with GaAs-infrared diodes

with a buffer layer followed by a 3m Te-doped he maximum intensity of which is at 940-nm wavelength
Al 2/Gey 7S layer. The buffer layer consists ofdm un- (1 35 e\j. The light intensity measured with a Ge photode-

doped AbGapAs followed by a 1um  undoped (ocior was 0.1 mwichy corresponding to the photon flux of

Alo /G 7As layer. For Te doping, T€;Hs), diluted in 5y 1014 g1 o2 at the surface of the sample.

pure hydrogen wasajlged as a precursor. In sample 1, the Te pq51er broadening of the annihilation radiation gives in-
concentration is 10 cm™. In samples 2 and 3 the Hall ¢5:mation on the momentum distribution of annihilating

c_arrier01gonc_e3ntration ta4 K after illumination iS Nuay  glectrons. The shape of the 511-keV annihilation line convo-
=2X10"cm . Based on this the Te concentration for these) saq with the resolution of the Ge detector is described in

. 8 73 .
samples is=2x10'® cm . For comparison we measured an o ms of valence and core annihilation. The valence annihi-
undoped  Al,Ga 7s\s layer (sample 4 grown by |ation parameter$) is defined as the ratio of annihilation

molecular-beam epitax{MBE). events over the energy rang811+0.95 keV around the

Electrical measurements have been performed on T&sgnioid of the peak to the total number of events in the
doped AlGa _,As samples. The free-carrier concentration;ninijation line. It represents the electron-positron pairs
was determined using both Hall and Shubnikov—de Haas

(SdH) effects. To obtain the most accurate measurements at

low temperature, Hall bar-shaped samples have been de- MEASUREMENT TEMPERATURE (K)

signed through a photolithography process. The electrical 200 100 60 40

contacts had been made with a Au-Ge alloy. I ! ! I
The sample was mounted in a cryostat and the measure-

ment of the free-carrier concentration as a function of the

temperature was taken in two stejpate of =2 K/mn). First,

the temperature was decreased from 300 to 4.2 K and the

measurements were taken in the dark. At 4.2 K, the sample

was illuminated with a 1.4-eV light-emitting diode to satu-

rate the persistent photoconductivity. At this temperature, the

SdH effect was taken to verify the value of the free-carrier

concentration measured by the Hall effect. It was found that

there was very good agreement between the two values.
Then, the temperature is raised up to 300 K. The advan-

tage of this experimental temperature cy@ee Fig. lis the

precise determination of the temperature at which Ené e | ' ! ' b

centers are in thermal equilibrium with the conduction band. 3 10 15 20 %

This means that the value of the free-carrier concentration 1000 / T (K)

taken in the dark and after illumination is the same. This will

be useful for the interpretation of the results obtained with £ 1. Temperature dependence of the carrier concentration

Te-doped AlGa, _,As samplegTable ) were grown by
metal-organic vapor-phase epitafyf OVPE) on GaA$100
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the positron-annihilation experiments. Npan=—1/eRy for Te-doped A} ,Gay 74As (sample 2. The carrier
Positron annihilation in the epitaxial layers was measure@oncentration was first measured in the dé@ and then after
using the low-energy positron-beam techniduéhe 511- jllumination (O), which was done ta4 K by an infrared light-

keV annihilation spectra were detected and recorded with @mitting diode with 1.4-eV photons. The onset for the decay of the
high-purity Ge detector and a digitally stabilized multichan- persistent photoconductivity is at 50 K and the photoconductivity is
nel analyzer system. More tharx3® counts were collected fully quenched at 100 K.
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with a longitudinal momentum componemt, /myc<3.7
%1073, which are mainly due to the annihilations with the
valence electroném, is the electron mass artdis the speed
of light). The core annihilation parameteWj is defined as
the ratio of the annihilation events in the tail of the peak,
2.9 keVsiE—sll keV<7.3 keV (or 11X10 3<p,/myc
<28%10°). As defined here, it corresponds to annihilations
with the core electrons. The defect-specific parameter
R=(S—Sg)/(Wz—W) can be defined as the ratio of the
changes irs andW parameters compared to their values in
defect-free crystal®g ,Wg). TheR parameter can be used to
distinguish different defect®:!!

The coincidence technique can be used to reduce the
background level in the high-energy side of the 511-keV
peak!? In order to study the high momentum tails of the
Doppler spectra, we used a Nal detectbr5 in.xX2 in.) in
coincidence with a high-purity Ge-detect(®.5 in.x2 in.).

In this setup we obtained the peak-to-background ratio of
1.7x10* on the high-energy side of the 511-keV peak. The
coincident count rate in the annihilation peak was 80/s and L L ' ' '
typically 2x10’ counts were collected in every spectrum. Al 100 200 300 400 500
the coincidence measurements were done at room tempera- TEMPERATURE (K)

ture.

=3
<
(¥S)
—_

Aly2;,Gag 73A8

0.030 Te - doped

CORE ANNIHILATION PARAMETER W

0.029

FIG. 2. The core annihilation parameté¥ as a function of
temperature in undoped §:Ga, 75As (sample 4 (M) and in Te-
Ill. RESULTS doped A}, ,,Ga, 7As (sample 3 (®) between 20 and 500 K. The
vacancy signal disappears when the sample is illuming@gdat 20
K with 1.32-eV photons. The vacancy signal is fully recovered
The Hall carrier concentratiomy,=—1/eR; for Te-  when the temperature is increased from 50 to 70 K after illumina-
doped A} ,Ga, ;As (sample 2 is plotted against the recip- tion at 20 K. A part of the vacancy signal disappears when the
rocal temperature T/between 40 K and room temperature in temperature is increased from 300 to 500 K.
Fig. 1. In this sample, the buffer layer was used to prevent
the formation of am-type channel at the interface between temperature. This is due to the rather high Te doping and the
the n-type layer and the semi-insulating GaAs substratesmall thermal depth of the shallow donor levels related to the
which could lead to a complicated multilayer conduction. T conduction band, resulting in metallic behavior. In this
The black dots in Fig. 1 correspond to the measurementsase, all Te atoms are ionized and the Hall carrier concen-
during cooling of the sample in the dark. In the temperatureration obtained &4 K after photoionization is roughly to the
range from 300 K to approximately 170 K, in the dark  concentration of Te atoms. The onset for the decay of per-
is an exponential function of temperature, and the apparenfistent photoconductivity is at 50 K, and by 100 K the elec-

activation energy determined from the Arrhenius plot is 15tron concentratiom,,,, coincides with that measured in the
meV. Below 100 K the free-electron concentration is nearlydark.

independent of temperature, and cooling down to 4 K
showed no evidence of the freeze-out of electrons. Such tem-
perature behavior has been observed inGa _,As when
the shallow donor level and tHeX level coexist in the band Positron annihilation was measured in Te-doped
gap®® In the high-temperature region above 100 K DX  Aly,/Ga,74As and in undoped AGa,,As between 20
state participates in the carrier distribution between the conand 600 K. The experiment was done with a constant inci-
duction band and the defect states. The abrupt change in tlent positron energy of 15 keV. This corresponds to the
slope marks the temperature range below whictttelevel =~ mean positron stopping depth 6f0.5 um in Al,Ga, _,As.
does not take part in the electron exchange with the condudd/ith this incident energy the contributions from the annihi-
tion band. This is due to the exceedingly small electron caphation events at the surface and in the substrate were negli-
ture rate at thd X center in the low-temperature linfit gible.

To illustrate the persistent photoconductivity, the Hall The core annihilation parameteiV for Te-doped
carrier concentration was measured after illuminating theAl, ,/Ga&, 7As (sample 3 and for undoped Al,:Ga ;AS
sample with IR light around 1.4 eV at 4 Kig. 1). Com-  (sample 4 is plotted against temperature in Fig. 2. TWhé
pared ton,,=5x10"" cm 3 measured after cooling the parameter in undoped Aba, _,As layers gives a reference
sample in the dark, a pronounced increase of the Hall carrigior free-positron annihilatiofi! The value of thew param-
concentration to X10*® cm ™2 is observed after illumination. eter decreases in undoped @k _,As layers when the AlAs
Under photoexcitation, electrons are transferred tdtoen-  mole fraction increasesThis is due to the different electron
duction band from which they do not repopulate B¢ state  shell structures, which indicates that the core annihilation
due to a thermal barrier. Under the persistent photocondugrobability is bigger for GaAs than for AIA® In the un-
tivity conditions the electron concentration is independent ofdoped (x=0.25 and Te-dopedx=0.27) layers the alloy

A. Photo-Hall measurements

B. Positron trapping at vacancy defects
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compositions are, however, so close that the same value of
W for free positrons in both layers is anticipated.

The W parameter is systematically lower in the Te-doped
sample than in the undoped sample between 20 and 300 K.
This means that the annihilation probability with the core
electrons is smaller in Te-doped ALGa, ;AS, which is
typical for samples containing vacancy defects. Fhga-
rameter characterizing the vacancy defecRis0.9+0.1 at
20-300 K. Between 300 and 500 K the core annihilation
parameter increases towards a level which still is well below
that in undoped AlGa _,As. At the same time, th& pa-
rameter also increases, indicating that the defect trapping
positrons between 300—600 K are different from the ones
between 20—300 K. However, the value of fRgparameter
cannot be accurately determined becauseStend W pa- L L l | l
rameters are too close to their bulk values. These changes of 20 40 60 80 100
the W and R parameters above room temperature are fully ANNEALING TEMPERATURE (K)
reversible, which means that it is not due to annealing of
defects. FIG. 3. The core annihilation parameMf as a function of the

Sample 2 was also measured as a function of temperatuigochronal annealing temperature for Te-dopedy #Ba, 74AS
between 20 and 600 K. The annihilation paramet#randR (sample 3 (O) after illumination at 20 K. The vacancy signal dis-
are identical with those of sample 3 in the temperature rangeppears when the sample is illuminated with 1.32-eV photons and it
from 20 to 300 K indicating positron trapping at similar va- recovers when the annealing temperature rises from 50 to 70 K.
cancies in both layers that have the same alloy composition
and Te concentration. However, above room temperature thgignal after illumination at 20 K. In sample 2, the removal of
core annihilation parameter in sample 2 does not increas#)e vacancy signal by IR light and its recovery is very similar
but decreases slightly between 300 and 400 K. Similarly a$0 those in sample 3.
in sample 3, theR parameter increases towards 4041 in In the case of Te-doped f/GaoAs (sample 1, the
this temperature range, indicating that a different defectllumination effect is not seen at 20 K. The core annihilation
starts to act as a positron trapTat-300 K. TheR parameter parameter is also unchanged in undoped, 46, ;AS
in this sample is much more accurate than in sample 3 besample 4 before and after illumination at 20 K.
cause theS and W parameters between 400—600 K remain It can be summarized that the vacancy defects can be
more distant from the bulk levelsSg,Wg). persistently removed by illumination in the samples which

To demonstrate the influence of the alloy composition, theare Te doped and in which the AlAs mole fraction~9.27.
Te-doped A} o GayqdAS layer (sample 1 was also studied.

The core annihilation parameter in this sample is below that ~ D. Determination of the optical cross section for the
obtained inp-type GaAs and those estimated for defect-free photoquenching of the vacancy

Al oGa gAs (Ref. 7) indicating the presence of vacancy
defects also in this layer.

0.031

Al 7,Gay 73A8
Te - doped

0.030

0.029

CORE ANNIHILATION PARAMETER W

The removal of the vacancy signal was also measured as a
function of the time for illumination and keeping the photon
flux constant®=2x10" s 1cm™2. In practice, the removal
of the vacancy signal is then measured as a function of the
illumination fluence ¢t). When the total photon fluence

In order to see whether the vacancies in Te-dopedncreases, the core annihilation paramei&f increases
samples exhibit the metastability associated with I  smoothly in Fig. 4, and by the photon fluence of 10"
center, the annihilation spectra were measured after illumicm™2 it reaches the level of free-positron annihilation.
nation at 20 K. The core annihilation parametrafter il- We use the kinetic positron trapping motfeio estimate
lumination is plotted for Te-doped AbGa, 74As (sample 3 the optical cross section describing the removal of the va-
in Fig. 2. lllumination with IR light increases the value of the cancy signal. When positrons are trapped at vacancies, the

W parameter. This phenomenon is persistent at 20 K. Aftepositron trapping ratex, is proportional to the ratio of the
illumination, theW parameter is equal to that measured incore annihilation parameters as

undoped A}.Ga 74As, indicating that the vacancy signal
has completely disappeared. Wg—W

After illumination the vacancy signal reappears by raising K= K0 W W Y
the sample temperature. This is seen as the abrupt decrease
of the W parameter from the level of the undoped layer. Theln Eq. (1) the prefactoik, is equal to the annihilation rate;
onset for the recovery is around 50 K and the recovery iof free positrons, if there is no positron annihilation at the
completed at 70 K. The core annihilation parameter was als®ydberg state of negative ion-type center8Vg and Wy
measured as a function of the isochronal annealing temperaenote the core annihilation parameters for free-positron an-
ture for the same Te-doped ALGa, ;4As sample. As shown nihilation and for the vacancy. As the core annihilation pa-
in Fig. 3, measurements at 20 K and at the annealing tenrameter after illumination is equal ¥/, the photoquench-
perature yield similar stages of the recovery of the vacancyble vacancy is the dominant vacancy-type positron trap at

C. Removal of the vacancy signal by illumination
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FIG. 6. The intensity of the core annihilation parametérin

FIG. 4. The core annihilation paramet&p) as a function of .
. i undoped A} »:Ga, 75As (M), in Te-doped A »/Gay7As (O), and
photon fluence in Te-doped #4,Ga.75As (sample 3. The photon in Si-doped A} ,dGa 7/As (@). The relative core annihilation pa-

energy was 1.32 eV. The change of core annihilation parameter, = - .
: S . -20X ; =0. -
from the vacancy level to the free-positron annihilation level Isrameters a(15-20x10 “moc areWpx(s) /Wy =0.87 for Si-doped

complete when the photon fluence 10" cm™2. 2: 020%.7AS  and  Wpy(rg/Wp=0.92  for  Te-doped
02758 7AS.

20 K. The core annihilation parameter after illumination at

20 K yieldsWz=0.03111). Assuming that all positrons are ~ The decay of the trapping rate can be fitted by a single

trapped below 200 Ksee Sec. IV, the core annihilation exponential function,

parameter at the photoquenchable vacandy,js-0.02911).
Figure 5 shows, /g as a function of the photon fluence

for Te-doped A} ,Ga 7As (sample 3 and for Si-doped

Al 2Ga 74As from Ref. 14. The fluence dependence of the . . . 1.
trapping rate is due te, , sincex is a constant as the mea- where «, is the trapping rate at the timte=0 and(o¢) " is

surement was done at a constant temperature at 20 K Tﬁge time constant for the decay. The vacancy concentration is

ositron trapping rate, decreases exponentially by almost 9'VE" byC, = x,/u., whereu is the positron trapping coeffi-
Fwo orders gfpmeglgnitude. In the Te-dopped samgle }z/and in th lent. The trapping coefﬁment is constant if qu tempera-
Si-doped sample a different photon fluence is needed in of~'c does not changé.The time const+an(a¢) 717the:nzrefore
der to get the same effect. gives the optical cross section of:e(4ﬁ2)><10 c for
Te-doped A} ,/Ga, 7As ando~1x10"18 cn? for Si-doped
Al ,dGay 7/As. M These values will be compared with the op-
0 100 200 300 400 500 600 tical ionization cross sections for th&X(Te) center and for

! ! ! ' ' I the DX(Si) center in Sec. IV.

E. Core electron momentum distribution

K=Ky eXp(— o ¢t), 2

—_
(=]

0

Using the two-detector coincidence technique, the core
electron momentum distributions can be measured in the en-
ergy window of 3.6 keWs|E—511 ke\|<5.4 keV!? The lon-
gitudinal momentum values of the annihilation pairs are then
in the range ofp, /myc=(14-21%10"3. The core electron
momentum spectrum was measured for Te-doped

Al >/ Gay 7As (sample 3 and for undoped AL,Ga 7AS
(sample 4 at room temperature. For comparison, the core

v

$ si- doped

TRAPPING RATE x /

0.1 __Te' doped electron momentum spectrum was also measured for Si-
E doped A} ,{Ga 7/AS, where we have recently detected a va-
1 ; 1'0 1'5 5 cancy defect related to tH2X center’ The AlAs mole frac-

tions (0.25<x=<0.29 are so close in these three samples that
PHOTON FLUENCE (10" cm™®) the core electron momentum distributions can be quantita-
tively compared without any scaling due to the differences in

FIG. 5. The positron trapping raie(O) as a function of photon X
fluence in Te-doped Ab/Ga,-As (sample 3 and in Si-doped High-momentum parts of the Doppler curves after area
Al G, 7:As (Ref. 14. The fitted lines correspond to the fits of normalization are plotted in Fig. 6. In all three cases the
Eq. (2) with the optical cross section as a free parameter. A photorshape of the momentum distribution is same and only the
energy of 1.32 eV was used in the illumination. relative magnitudes change. The magnitude of core electron
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annihilations is the biggest in undopedy,AiGa, ;As and the  the thermal capture barridf,, which separates the shallow
smallest in Si-doped Abd{Ga7As. The Te-doped donor level and the deepX level. As a result, shallow
Aly ,Ga 7As lies between these two curves. The same obdonor levels convert back into the deep electron states. Pos-
servation comes from théN parameter, calculated at itron trapping at the vacancy recovers when temperature is
(15—-20x10 3myc. We get the ratioVpy(s)/Wg=0.87 for 70 K. The removal of the persistent photoconductivity and
Si-doped A} ,dGay7As and Wpx(1e)/W=0.92 for Te- the recovery of the vacancy signal thus take place at the
doped A}, ,/Ga, 74As, where we have used the data obtainedsame temperature range between 50 and 100 K.

in undoped A ,:Ga, 7As for Wg. It had been found earlier that the barrier heidtt de-
pends on the alloy compositiband the donor speciésThe
electron capture energids, of the DX centers related to
different donor specietSi, Sn, T¢ can be put in the follow-

ing order: Eb(Sn)sEb(Te)sE,D(Si).4 It has been found that

in Si-doped A} »{G&, 74As the quenching of the vacancy sig-

1. The photoquenchable vacancy nal takes place in the range 70-90 K and in Sn-doped

In this section we identify the photoquenchable vacancyA‘I0-48660-52AS the disappearance of vacancies is only seen

in Te-doped s as theDX center. This is based under illuminationT>12 K." The observe_d recovering tem-
P .M-Zﬁ%-HA : : jgoerature 50-70 K of the vacancy signal in Te-doped

l0.0/Ga 79AS correlates thus with the barrier heighf of
the DX center and with the previous positron-annihilation
periments.

In the temperature range from 300 to 600 K the core
annihilation parameter W increases in Te-doped

ence of vacancies im-type Te-doped AJ,Ga,-As. The Al ,Gay 7As (sample 3 towards the value determined in

photoquenchable vacancy signal is not observed in undopeLH”'dOp('}CI Al G 757 (sample 3. Simultaneously, theR

. ter increases from the levelR£0.9+0.1 toR=1.4
Al s (sample 4 or in Te-doped S parame . S
(sgﬁ\ﬁ??}?so it is Eorrelated with Te—?ype gjd%ﬁgo'?r?d A =0.1 in sample 2. This behavior indicates that the photo-

; : : hable vacancy witR=0.9 gradually ceases to act as a
alloying (x~0.27). Recently the same kind of correlation guenc .
withy S? doping and Al allgying has been observed in Si-Positron trap in the range 300-600 K and another vacancy
doped AlGa,_,As whenx=0.187 with the largerR parameter is detected instead. The disap-
In Hall dat_:; the persistent photoconductivity is seen inPearance of the photoquenchable vacancy correlates well

Te-doped A},Ga,-As. lllumination at low temperatures with the thermal ionization of th®X center, which takes
2 7 . . .
converts the deep electron states into shallow donor level lace above 200 K in the Hall data of Fig. 1. Recently the

Thermal equilibrium cannot be reached because of the the hermal ionization of th®X(Si) center has been observed at

: ; 7
mal capture barrier which separates the dBep level and 'lt\r:et_san:re] E(e;?]ps\r/ature ratf al_so tlrr: Sl-dope%(%aogggsk .
the shallow donor level. In the positron-annihilation data, ouce that theWv parameter in the range N n

positron trapping at the vacancy can be photoquenched at sgmple 3 is larger than that in sample 2 due to a smaller

K and the change is persistent below 50 K. The increase o(fpncentration of the other vacancy defect, which becomes

the carrier concentration and the disappearance of the vé(—'s'ble when theDX(Te) centers are ionized therr_nally. .
To summarize, a vacancy is detected by positrons in Te-

cancy signal are thus correlated after the illumination of Te- .
dope)(/j A?)_27Gao_736\s. doped AlGa_,As (x=~0.27, but not in undoped

The optical cross section af~4x10" " cn? can be de- AlGa,_As. The vacancy disappears when D center is
termined for the removal of the positron trapping at a Va_lomzed either optically or thermally. The barrier hglght for
cancy in Te-doped Al,(Ga ,As. This value can be com- the electron capture at thBX center correlates with the
pared to the optical ionization cross section for X (Te) recovery temper_atu_r € (.)f the vacancy signal after |IIur_n|na-
center in AlGa, ,As? Langet al. have found that the opti- tion. The optical ionization cross section of the< center is
cal ionization shows a threshold around 600 meV belovx}he same as that determined for the removal of the vacancy

which no optical ionization is seen. It achieves the maximurﬂ‘mder illumination. Thus we identify the vacancy to be a part

value around 1.1 eV above which the cross section saturategf. the DX center.

With the photon energy of 1.32 eV, Larg al. measured the
optical ionization cross section of,=4x10"*" cn? for the
Te-doped AlGa _,As independently of the variation of al- In addition to theDX centers discussed above, other va-
loy composition. Our results~4x10"7 cn? are the same cancy defects are also observed in all Te-dopg@4)_,As
as this value. Recently we have also measured the optictyers. In Te-doped AQly/Ga osAS (sample 1, theW param-
ionization cross section af~1x10 8 cm? with the same eter is below the level measured in undopegd¥, _,As and
photon energy for Si-doped @49630_71As.7 The result is p-type GaAs, indicating the presence of vacancy defects.
markedly different from thé® X(Te) center, but it is the same The vacancies are insensitive to light. In Te-doped
value(o,=1x10"18 cn?) as measured for the X(Si) center Al ,Ga 7 As (sample 2, the W parameter slightly de-
using the photocapacitance techniqtfe®’ creases when the temperature rises from 300 to 400 K. In
In Hall data the persistent photoconductivity disappears aTe-doped A} ,/Ga ;AS (sample 3, the W parameter in-
T=100 K in Te-doped AJ,/Ga 7As (Fig. 1). At this tem- creases but stays below the level of the undoped
perature free electrons have enough thermal energy to exceédly »:Ga, 75As (sample 4 at 500 K.

IV. DISCUSSION

A. ldentification of the vacancy defects

sample, the comparison of the optical cross sections wit
those measured for tH2X(Te) center, and the phenomeno-
logical comparison of present results with those measure§*
earlier for theDX(Si) center in AlGa, _, As.1*

Positron annihilation gives direct evidence of the exist-

2. Other positron traps detected in Te-doped &b, _,As
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For the vacancy in sample 2 we dge+1.4+0.1 from the
data between 500 and 600 K. This value is different from the
value R=0.9+0.1 of the photoquenchable vacancy. The
valueR=1.4 is typical for residual vacancies, which have a
size of a monovacand. Because the residual vacancies
have not been observed in MBE-grown, B8k, _,As, their
presence is probably related to the MOVPE growth of the
layer. Nevertheless, the measured Hall data are equal both in
samples 2 and 3 at the temperature range from 20 to 300 K.

However, similar kinds of native vacancies have been
previously seen in GaAs in which the Si concentration is
[Si]=4%x 10" cm 3% The vacancy concentration can be es-
timated if typical core annihilation parameters for monova-
canciedW,/Wg=0.84-0.91 in GaAs(Refs. 21 and 2Rand
for the positron trapping coefficieni=2x10" s ! (Refs.

17, 23-25% at 300 K are assumed. As a result, the vacancy
concentration is 1§—10'" cm™2 for Te-doped A} oGay gAS

and Al »,/G& ;4As. This concentration is more than an order
of magnitude less than the concentration of Eh¢ centers in

the Te-doped AJ,Ga 74AS layers. 1,000 002 1004
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B. Local structure of the DX center

In this section we discuss the local structure of X
center |n Te_doped 6'27Ga) 73AS The Open Volume Of the FIG. 7. The core annlhllatlon paramew as a funCtion Of the
vacancy in Te-doped',ﬁ_hﬁ'a”ﬁs is compared to an iso- Valence annihilation paramet8ifor undoped AiGaAsE), (1), for
lated monovacancy and to tHeX(Si) center in Si-doped T€-doped Ab;Ga 74As (#), (O) and for Si-doped Ald5a 7AS
Al ,Ga, As. Finally, the local structure of the vacancy- (@), (O). The data are taken from the measurements which have

interstitial model is discussed in the case of grougsyISe, been done in darknes{ﬁl_led symbols or aft.er light illumination
Te) impurities (open symbolsas a function of temperature in the range 20—200 K.

. . The data for Sn-doped phgGay 5As (A) are taken from the mea-
The concentration oD X centers in the Te-doped layer ; - .
x=0.27 is at the order of 2101 cm~2. The positron trap- surements above room temperature whereDQb&Sn) center ion

ping ratex at the vacancy in thB X center can be estimated izes thermally(Ref. 7.
using the typical trapping coefficienpt~2x10" s* at 300 In Fig. 7 we have plotted th& and W parameter values
K for vacancies in semiconductot§.The estimated value measured in the Te-doped &a_,As, Si-doped
k=43x10° s ~10\, is nearly sufficient to trap all positrons Al Ga, _,As, and Sn-doped AGa, _,As layers, where posi-
because the trapping fraction is the#(x+\,)=0.9. The trons annihilate either as free in the lattice or trapped at
core annihilation parameter, measured in the dark, is alsDX(Te), DX(Si), or DX(Sn) centers. All the points fall onto
almost independent of the temperature between 20 and 3QAe same line showing that the slope=AS/AW=0.9+0.1
K. We conclude that the positron trapping at ¥ centeris  is the same foDX(Te), DX(Si), and DX(Sn). It has been
in saturation in the whole temperature range 20—-300 K. Unshowrt??® that the core annihilation spectrum at
der this condition th&V parameter value of this level in the (10-30x103m,c mainly reflects the electron momentum
range 20—300 K is characteristic of positrons trapped at thdistribution of the outermost core electrons, which adef@
DX(Te) center: W=Wpx(re)- Ga and As, D for Si, and 4 for Sn and Te. If the Si dopant
The core annihilation paramet&pyre)/Wg=0.92 of s replaced by the Sn dopant, the numbeddélectrons in-
the DX(Te) center can be compared with other vacancy decreases, which might lead to a more intense core annihilation
fects in GaAs. The coincidence experiments of Dopplerspectrum and a largél parameter. However, this does not
broadening give a value al,/Wg=0.73 for a Ga vacancy happen but we get the same valer®gsn)/Sg=1.004(1)
and W,/W=0.72-0.51 for As vacancies in GaASAc-  and coreWpxsn/Wg=0.940(3) annihilation parameters for
cording to these results, the open volume of DX(Te)  Sn-doped A},GasAs (Ref. 7 as for Si-doped
center is smaller compared to that in the isolated monovaAl, ,{Ga, 7;As (Ref. 7 in Fig. 7.
cancies in GaAs. Furthermore, the core annihilation momentum spectra in
We have also measured the characteristic valugig. 6 show that the shapes of the momentum distributions
Wpx(siy/Wg=0.87 for positrons trapped at tiiX center in  are similar inDX(Si) andDX(Te) centers. The d electrons
Si-doped A} ,dGa 7:As. This value shows that the core an- of Te are less localized than thel lectrons of Ga and As
nihilation spectrum is more intense iPX(Te) than in  and the D electrons of Si, which would lead to a narrower
DX(Si), a fact which is well seen in Fig. 6, too. A similar shape of the core electron momentum distribution at
change can be seen also in the valence annihilation pararmX(Te).122% However, no such effects are seen in the core
eter S which is Spy(1e)/Sg=1.002(1) for Te-doped annihilation data and the experimental results indicate only
Alg/Gay7As and Spysiy/Sg=1.004(1) for Si-doped the magnitude effect. This leads to the conclusion that the
Alg Gy 71As _and Spx(sn)/Sg=1.004(1) for Sn-doped Doppler parameters are not affected by the chemical nature
Al 4Gy sAS.” of the impurity (Te, Sn, or Siat theDX center.
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The reason why the Doppler broadening is not sensitive t@ositron results are thus in perfect agreement with the
the chemical identity of the impurity atom of tH2X center  vacancy-interstitial model for thBX centers related to both
is that the trapped positron wave function is rather delocalgroup-IV and group-VI dopant atoms. In addition, the posi-
ized. This is also well reflected in the results of Si-dopedtron data give evidence that the vacancy formed in the
AlL,Ga _,As. The core annihilation parameter decreases irvacancy-interstitial configuration has smaller open volume in
undoped A|Ga_,As when the AIAs mole fraction the case of th®X(Te) center than in th® X(Si) center. This
increased. The same happens with the core annihilation pa-observation suggests that the distortion of the Ga atom in the
rameter of theD X level in Si-doped AlGa, _,As when the DX(Te) center is slightly smaller than the corresponding re-
AlAs mole fraction increases.This means that the wave laxation of the Si atom in th®X(Si) center.
function of the trapped positron at thgX center strongly
overlaps with the second nearest neighbors, i.e., with the Ga
and Al atoms. V. CONCLUSIONS
o S gL Sl el e POSIOn S e SSTSIN 1y summary, we ave st th ol stucur of
the DX center, and open volume mainly has influence in the center in Te-doped AGa _,As by Hall and positron

S andW parameters. We can thus conclude that the magni"Elrmlhllatlon experiments. In Te-dopedyAiGey ;7As we ob-

tudes of the core annihilation speciiéig. 6 give evidence serve a vacancy defect which is correlated with the Te dop-

: ; . . ing and Al alloying. The vacancy can be persistently re-
g‘;t(éhn? open volume dDX(Te) is less than irDX(S) or in moved by illumination at 20 K. The measured optical

The large lattice relaxation model is widely approved toionization cross section for this transition ig~4>10"""
describe th®X center inn-type AL Ga,_As. In the case of cn?. The thermal and optical properties of the observed va-

e ) . cancy are completely similar to those of theX(Te) center.
the group-IMS) dppmgz the donor atom |ts_elf undergo_es d\We associate the vacancy with the atomic structure of the
large bond-breaking displacement along its bond axis to-

. 2 = NN DX(Te) center. The measured results are in perfect agree-
wards the neighboring interstitial site. It leaves a Ga vacancy. .\ it the vacancy-interstitial model for the microscopic

behind and as a result a close-pair configuration such ag X
. A ; o ructure of theDX(Te) center in AlGa, _,As. The change
VeaSii is formed. Recently, positron trapping at this kind of W,/Wg=0.92 of thEa c)ore annihilatiLona?Ja);ameter is four?d to
. ) .
\éigi?\fgd defect with a small open volume has beerbe smaller for theDX(Te) center than for theD X(Si) or
: DX(Sn center in AlGa _,As, indicating that the open vol-

There exist very few theoretical calculations for the : :
vacancy-interstitial model in the case of group¥|Se, T¢ BT(((ES;); the DX(Te) is smaller than that oDX(Si) or

doping. It has been estimated that the deep state is formed in
Te-doped AlGa _,As whenx>0.26—0.2% The vacancy-
interstitial model predicts that the Te atom sitting on the As
site stays fixed, but a neighboring Ga atom is distorted to-
wards the interstitial site and a Ga vacancy is formed in the We acknowledge Professor J.-C. Portal’'s group at the
configurationD X(Te)=Tex-Ve:G3 - SNCI-Grenoble and Professor A. Selmi’'s group at the Uni-
The results of this work show that a vacancy is a part ofversity of Monastir for collaboration concerning the Hall
the atomic structure of both X(Si) andD X(Te) centers. The data used in this work.
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