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Defect study of Zn-dopedp-type gallium antimonide using positron lifetime spectroscopy
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Defects inp-type Zn-doped liquid-encapsulated Czochralski—grown GaSb were studied by the positron
lifetime technique. The lifetime measurements were performed on the as-grown sample at temperature varying
from 15 K to 297 K. A positron trapping center having a characteristic lifetime of 317 ps was identified as the
neutral Vgyrelated defect. Its concentration in the as-grown sample was found to be in the range of
10'7-10'® cm 3. At an annealing temperature of 300 °C, e, related defect began annealing out and a new
defect capable of trapping positrons was formed. This newly formed defect, having a lifetime value of 379 ps,
is attributed to a vacancy—Zn-defect complex. This defect started annealing out at a temperature of 580 °C. A
positron shallow trap having binding energy and concentration of 75 meV afidch@ 3, respectively, was
also observed in the as-grown sample. This shallow trap is attributed to positrons forming hydrogenlike
Rydberg states with the ionized dopant acceptor Zn.
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[. INTRODUCTION localized defect state in which the positron is trapped by an
open volume defedhormally a vacancy or vacancy agglom-

Gallium antimonidgGaSh is a llI-V semiconductor hav- eratg, which presents a potential well to the positron. As
ing a narrow band gap, small effective electron mass, ang@ositrons annihilating from different states have different an-
high electron mobility. GaSb is the basic material for a vari-nihilation rates, defects can be identified by their own char-
ety of lattice-matched optoelectronic devices working in theacteristic positron lifetimes. The defect concentration, charge
wavelength range of 0.8—4.3m. Because of the recent de- state, or ionization energy can often be obtained after ana-
velopment of low loss optical fibers in the 2—4Am range, lyzing the lifetime spectra. Positron lifetime spectroscopy
the research activity of GaSb has been enhanced by the nehds been extensively employed to identify and characterize
for compatible new optoelectronic materials. Reviews of thevarious types of defects in various I1I-V semiconducttrg?
physics, the growth, and the device fabrication of the mateReviews of the application of positron annihilation spectros-
rial GaSb can be found by Milines and Polyakand Dutta  copy (PAS on the study of semiconductor defects can be
and Bhat found in Refs. 26—28.

Although understanding the defects in the material is cru- Though a large amount of defect information in -V
cial to device fabrication, very little was known about de- semiconductors has been obtained from PAS, there are only
fects in GaSbhVs Gagy, is an important defect in GaSb as it very few positron annihilation spectroscopic studies that re-
or its related complex is suspected to be the residual acceptport on the gallium antimonid®:*° Using the positron life-
associated with the-type conduction of as-grown undoped time technique, Mahongt al?® observed a 300 ps positron
GaSb®~® This residual acceptor was related to a deficiencytrapping defect and attributed it to positrons annihilating in a
of Sb or an excess of GéRefs. 6-8 and was doubly monovacancy-type defect. Dannefaeral >° have performed
ionized® After annealing undoped GaSb for several hoursifetime measurements on Te-doped GaSb. A positron trap-
however, Allgre and Aveous’ observed the creation 8f5,  ping center with a lifetime of 297 ps was observed and the
caused by thermal out-diffusion of Sb. This donor defectbulk lifetime value was found to be 253 ps. Pusiaal®!
consequently compensated the residual acceptor. Howevegported an experimental value of 260 ps for the GaSb bulk
prolonged annealing of the sample for several tens of hourkfetime. In the same article, the theoretical lifetime values of
finally led to an increase in the hole concentration. Thes&/¢,, Vsp, and the divacancy gV, Were reported to be
observations can be understood by the formation of th&87, 307, and 350 ps, respectively.

Ve Gag, acceptor resulting from the reaction of a Sb va-  In this paper, we have performed positron lifetime studies
cancy with a neighboring Ga atom. Thg;,Gag, acceptor on Zn-dopedp-type GaSb in order to investigate the defects
was also suggested to be related to the 777 meV luminesa the material. For the as-grown sample, positron lifetime
cence signal in the photoluminesceriBt) (Refs. 4 and 10— spectra were collected at temperatures varying from 15 K to
13) and cathodoluminescen¢€L) (Refs. 14—16spectra of 297 K. An open volume defect having a characteristic life-
a variety GaSh materials. time of 317 ps and a positron shallow trap have been ob-

The positron lifetime technique is a nondestructive defecserved, which we attribute to a Ga-vacancy-related defect
probe with selective sensitivity towards neutral or negativelyand the ionized Zn acceptor, respectively. Isochronal anneal-
charged open volume defects. Positrons implanted into &g studies have also been performed on the sample up to a
solid annihilate from either the bulk delocalized state or thetemperature of 580 °C.
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Il. EXPERIMENT 275 +
. (a)

The 1x1 cn? samples used were cut from a Zn-doped
liquid-encapsulated Czochralski—-LEC grown GaSb wafer i
purchased from the MCP Wafer Technology, Ltd. The thick- g 250 1 %
ness of the wafer was 0.5 mm. From a room-temperature z $ §
Hall measurement, the hole concentration of the wafer was
measured to be 3.2810'® cm 3. The samples were de- 225 ¢
greased with acetone and ethanol and were then rinsed by
deionized water. Isochronal annealing of the sample was per-
formed in a nitrogen-hydroget80%—-20% forming gas at-
mosphere at temperatures up to 580 °C. After each 30 minute 50 |
annealing, the sample was cooled slowly to room tempera- -
ture while still remaining in the forming gas atmosphere. The
positron source employed was 3@Ci 2?NaCl encapsulated
with kapton foil. The source foil was sandwiched by a pair of
the samples under investigation. The sample ensemble was
inserted into a 10 K closed cycle He fridge with a narrow 280 -
tail. The lifetime spectrometer used in the experiment had a ()
resolution of 235 ps. The lifetime measurements were per- :
formed with the sample in darkness. Each of the lifetime g 275 7

[

>

lo (%

spectra contained 410° counts. A 14.21% 385 ps source
correction was made to each spectrum. To test the accuracy &
of the obtained source correction, annealing study was also
performed with?’Na directly deposited onto the samples and

the results obtained found to be consistent with those em- 0 50 100 150 200 250 300 350
ploying the kapton foil encapsulated source.

Measuring Temperature (K)

FIG. 1. Fitted positron lifetime parameters of the as-grown Zn-
doped GaSb sample as a function of the measuring temperature.
A. Lifetime study of as-grown sample under variations The long lifetime component, has constant value of 3#87 ps.

of measuring temperature The solid curve was calculated from the model involving a vacancy
trap and a shallow trap.

IlI. RESULTS AND ANALYSIS

The normalized measured lifetime spec¥4) are indeed
the linear combination of terms corresponding to the positron
annihilating at different sitegli.e., S(t)=3;l;exp(~t/7)  component completely disappeaiée.,|, became zenoand
wherel; and 7; are the intensity and the characteristic life- the fitted value ofr; saturated at about 268 ps. The average
time of positron annihilating at defect sit¢. Each of the lifetime 7,, as a function of the measuring temperature was
spectra was analyzed by the source ¢6deosITRONFIT  also calculated and is shown in Figcl The average life-
which fits the spectrum data to the sum of exponential detime decreases as a function of decreasing temperature and
cays after subtracting the background and the source contrsaturates at a value of 268 ps asT=<125 K. The de-
bution. The average lifetime,, of each of the spectrum can crease of the average positron lifetime value with decreasing
also be calculated by the equatieg==;l;; . temperature is a direct result of the decrease in the long

For the as-grown Zn-doped GaSb sample, two lifetimelifetime intensityl,. As the long lifetime component is re-
components were required to give good fits to the spectréated to positron annihilation from positrons trapped in some
taken at temperatures from 150 K to 297 K. In the fitting, allopen volume defect, these observations imply less annihila-
the parameters were treated as free. In this measuring tertien events come from the vacancy-type trapped state as tem-
perature range, the long lifetime component was observed tperature decreases.
be temperature independent and to have a valug©f318 With the loss of the long lifetime component at measuring
+7 ps. In order to eliminate the correlation between thetemperaturesT<125 K, a single lifetime model gives a
fitted parameters, the spectra taken in this temperature rang@od representation to the spectral data. This implies no pos-
were refitted by fixing the long lifetime, at this value. For itron trapping was observed in the sample in this low tem-
spectra measured below 150 K, a single lifetime componerperature range and thus becomes equal to the bulk life-
fit can give a good description to the experimental data. Altime. The ratio of the defect lifetime to the bulk lifetime has
of the fitted results of the lifetime parametérs., 7, andl,) a value of 1.19 and thus the 318 ps component originates
are shown in Figs. (B) and 1b). From the figure, the long from a monovacancy defettAs the theoretical calculation
lifetime intensityl, was found to decrease from about 52% shows that theVg, defect is positively charged fqo-type
at 297 K with decreasing temperature. This decreask, of material®® the 318 ps component is most likely due to a
was observed to correspond with the increase of the fitteWrelated defect. The observation that the 318 ps compo-
value of ;. At temperatures below 150 K, the long lifetime nent intensity drops with decreasing temperature can be ex-
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plained by the existence of a positron shallow trap in the Ko( St Ns— Ng)

sample bulk, which competes with thg;related defect as 3 mod™ 1 1 ‘

a positron trap. Na— E(X+Y) {)\d— E(X_Y)
Positron shallow trapping and its thermal detrapping have

been observed in electron-irradiated GaAs and Si in which As i ice it is difficul d he lifeti
the implanted thermalized positron forms hydrogenlike Ryd- S In practice It is difficult to decompose the lifetime
berg states with negatively charged acceptors in thes ectra into the three components as shown above, only the

materials*%As the shallow trapped positron experiences an®"9est lifetimers noq can be well separated and the other

electronic environment similar to that of the delocalized pos-tWO componentsi.e., 73,mog @nd T2 mod Merge together as

. . 6
itron in the Bloch state, the positron lifetime value of the M€ giving
shallow trap is very close to that of the delocalized bulk

state. The binding energy of a positron shallow ti@d® = I1,moq 1 modt I2,mod 1-

meV-100 meV is less than that of a vacancy-type positron ! I mod™ 1 2,mod Lmo I'1mod™t | 2,mod 2 mod:

trap (1 eV) and thus positron detrapping from the shallow

trap is possible at or below room temperature. At low enough T2 = T3 modh

temperatures, detrapping becomes negligible and the posi-

tron essentially stays frozen on the negatively charged impu- 15=13 mods (4)

rity. This implies more annihilation events originate from
positrons in the shallow trap state and with less events con-
tributed from the Ga vacancy deep trap. Therefore, the long
lifetime intensity decreases. At temperatures lower than 150 he relation between the trapping rate and detrapping of the
K, positrons annihilating from the shallow trap becomeshallow trap is given
mkT | *? Ep ;
27h? & KT/ ©®

dominant and only a single lifetime component is observed
because the positron lifetime in the Rydberg state is very Kt
close to the positron bulk lifetime. The lifetime spectra of a st
system involving positron trapping into a vacancy-type deep
) o 9vhereEb is the binding energy of the positron shallow trap.
equat|on'of such a systeffiThe lifetime spectra for S_UCh @ The trapping rate of the shallow trap follows a temperature
system is a three-component exponential functioe., dependence ok ~T %52 In order to model the experi-
Ziliexp(-t/7)] with lifetimes and intensities given as mental data, th;t lifetime values of bulk and shallow trap
T3 mod= 3+ (1)  taken asrq=318 ps. The experimental data of, |,, and
d T4 Shown in Fig. 1 were then fitted with Eq€l)—(5). Si-
Ng=(74) "1, where 74 is the characteristic lifetime of the multaneous good fits for all of the three experimental life-

Tav=| 1,mod™1,modt I 2,mod™2,mod T I 3,mod”3,mod-

Cst

trap and a shallow trap can be obtained by solving the rat
2 2 1 were fixed atr,= 7= 268 ps and the deep trap lifetime was

7'1|mod:m’ Tz,mod:my

positron deep trapX andY are given by time parameters,, |,, andr,, were obtained while employ-
ing a temperature-independeff assumption. The parameter
X=Npt ket kgt Nt gt values obtained for the best fit wepe,(15K)=10"®s1,
, cs=10" cm 3, k4=2%x10° s, andE,=75 meV. The
Y=\t kst kKg— Ns— B>+ 4 Skt 2 modeledry, |,, andr,, curves are plotted as a solid line in

where\,, and A are the positron annihilation rates of the Fig. 1 and they are found to fit the experimental data well.
bulk and the shallow trap, respectivelyy is the trapping

rate into the deep trapcs; and d; are the trapping rate and B. Isochronal annealing lifetime study

the detrapping rate of the shallow trap, respectively. The
trapping ratex is related to the equatior= uc, where i
andc are the specific trapping coefficient and the defect con
centration, respectively. The component intensities are give

An isochronal annealing study on the sample was also
performed up to a temperature of 580 °C. After each of the
annealings, positron lifetime measurements were conducted
8t room temperature. Similar to the as-grown sample mea-

6
by? sured at room temperature, all of these lifetime spectra could
11 mod= 1= 2 mod— 3.mods 3) be well fitted by a two-component fitting. The fitted lifetime
' ‘ ’ parameters and the average lifetime are shown in Fig. 2. The
1 average lifetime is constant at about 274 ps for the as-grown,
st s 5 (X=Y) « the 100 °C, and the 200 °C annealed samples, and then drops
|2 mod= v 1+ o with increasing annealing temperature. The average lifetime

St N v E X—Y was found to be at about 271 ps as the annealing temperature
st st ( ) H o o i
2 is between 400°C and 500°C. A further reduction of the
average lifetime to the value of about 266 ps was observed

IR N while the sample was annealed to 580 °C. This behavior of
N } (X=Y) Ta Feveals two annealing stages of two positron trapping
a2 defects, namely, beginning at around 300 °C and 580 °C, re-
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trapping defect rather than the change of the specific positron
(a) trapping coefficient(which heavily depends on the defect
charge stateinduced by the movement of the Fermi level.
250 1 This implies at the annealing temperature of 300 °C that the
Vggrelated defect transformed to another kind of open vol-
ume defect also capable of trapping positrons and having a
e characteristic lifetime of 379 ps. For the second annealing
Tomod stage at 580 °C, the decreasergf is due to the drop of the
200 : : : : } AR fitted long lifetime intensityl ,, while there is no change in
(b) the defect lifetime valuer,. This implies that the newly
formed defect started annealing out at the temperature of
580°C.

In order to gain more information on the defect formed at
Tannea=300°C, an annealing positron lifetime study was
performed on undoped GaSb. The obtained spectra for the
as-grown and low-temperature annealed samples were diffi-
cult to decompose. However, the average lifetime as a func-
tion of the annealing temperature is shown as dotted line and
50 + triangle in Fig. Zc). From the figure, only a single annealing
stage was found in the ranggpe.=275 °C—370 °C, which
is close to the 300°C anneal out found in the Zn-doped
sample, and thus is also attributed to the anneal out of
(©) Vgrelated defect. However, it is interesting to note, for the
0 , : , ; : , undoped sample, that the average lifetime drops to the bulk
280 lifetime value, i.e., about 266 ps, far,nea=370°C. This
implies, unlike the Zn-doped sample, that no new positron
trapping defect was formed while the Ga vacancy anneals in
the undoped sample. This leads us to suggest that the defect
being annealed out in the Zn-doped sample at the first an-
nealing stage (300°C) is, as with the undoped sample, the
Ga vacancy. However, in the Zn-doped sample, a reaction
260 : : : 1 ; ; involving the Ga vacancy and the Zn dopant occurs so as to

0 100 200 300 400 500 600 make a more stable defect.

Puskaet al*! have calculated the lifetime values of GaSb
bulk andVgpV g, divacancy and obtained results of 257 ps

FIG. 2. Fitted lifetime parameters of the Zn-doped GaSb sampl@nd 350 ps, respectively. This gives a theoretical estimation
as a function of the annealing temperature are shown in circle andf TVSbVGa/Tb~1.36. The observed 37917 ps lifetime

solid line. The two annealing stages are c!ear_ly seen at temperatur%%mponent(which has ary/7, ratio of 1.4 is thus quite
0f 300°C and 580 °C. The 300 °C annealing is related to the anneglgnsjstent with the theoretical divacancy value. This implies
out of theVg related Qefect and the formation of a voacancy-typ.)ethe newly formed defect may possibly be a divacancy-type
defect complex comprising the Zn _dopant. The 580°C anneall_nqjefeCt complexed with Zn dopant. However, we cannot ex-
c_orresponds to _the anneal out of _thls new defect. The average “f%'lude the possibility that the 379 ps positron trap is a
time as a function of the annealing temperature for the undope .
GaSb sample is shown as triangle and dotted lin@lin monovacancg’gtype defeCt ?Omplexed with Zn .dOpant'
Dlubek et al.>® in a positron lifetime study on heavily Zn-
spectively. Decomposition of the lifetime spectra further re-dopedp-type InP, identified the 325 ps positron trapping cen-
veals the identify of the two defects. ter as theVp-Zn defect. In a later study, Alatalet al>° con-
Before the first annealing stagiee., T,nnea< 300 °C), the firmed this suggestion by monitoring the core electron
defect lifetime 7, was found to be constant at about 316annihilation from the defect site. It is interesting to note,
+8 ps, which is statistical identical to thé;-related defect however, that although(s is positively charged ip-type InP
lifetime 318 ps observed on the as-grown sample as deand its Zn complex is neutral or negatively charged. Second,
scribed in the previous section. At the annealing temperaturthe observed lifetime value 325 ps is significantly larger than
of 300°C, the defect lifetime increases up to about 360 pshat of the monovacancye (7y,=263 ps). In conclusion
and then saturates at about 379 ps while the annealing terthhen, we cannot draw any firm conclusion on the exact iden-
perature is higher than or equal to 400°C. As the roomtity of this newly formed vacancy—Zn-complex defect based
temperature Hall measurements for all of the annealedolely on the present information available. We shall refer to
samples showed no movement of the Fermi level, anyt simply asD.
changes in the positron lifetime spectra must therefore be a With the simple trapping model, the trapping rate into the
consequence of the microstructural change of the positrodefect and the bulk lifetime can be calculated by the equa-

275 1

11 and 1, (ps)

225 + e 179

400 +

T2 (ps)

350 +

300 t }

I2 (%)

25 +

275 1

270 T

Tave (PS)

265 1

Annealing Temperature (°C)
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T P about 1:5" Thus the specific trapping coefficient of the Ga
S (a) 15 ©° vacancy of GaSb in the present study was taken as 2
py e x 10" s 1,
5 =
2 89 10 § For the case of the defe@, we have taken value gk
2 4 3 =10" s ! to estimate the defect concentration as this value
5 5 s £ is the typical order of magnitude for neutral monovacancy or
:‘5 £ divacancy. The calculated concentration\f, and the de-
2 oy Lo O fectD as a function of the annealing temperature are shown
27 ., O in Fig. 3. The concentration of the Ga vacancy is seen to be
® fsw about 1.6<10*” cm™3 for the as-grown sample. Its concen-
;zn L 5 m% tration decreases with increasing annealing temperature and
2 E 4o finally anneals out at 300 °C. For the case of the ddigéts
3 ' s 5 concentration is below the detection limit for annealing tem-
2 :, § peratures below 300 °C. Formation of this defect was ob-
= E 5‘1 served at an annealing temperature of 300 °C where its con-
ol E o © centration reaches about<@l0'®> cm™3. This defect began

; ; = ; = - ! annealing out at the temperature of 580 °C.
100 200 300 400 500 800 700

o 1

Annealing Temperature (OC)

IV. DISCUSSION AND CONCLUSION
FIG. 3. (@) and (b) show the positron trapping rates of the . I
Vgarelated defect and the vacancy-Zn complex having characteris- In both our present studles_, namely, the Va”‘"_‘t'on of mea-
tic lifetime value of 379 ps as a function of the annealing tempera-surement temperature and isochronal annealing, the bulk

ture, respectively. The defect concentrations were also calculatdifetime value of GaSb was found to be 261 ps. Al-
and are plotted at the riglytaxis. though there are only very few reports of positron lifetime

studies on GaSb, experimental bulk lifetime vafied

) ranging from 253 ps to 260 ps have been previously re-
tions 7y meg=(11/71+12/7) "+ and «k=(12/11)(\o=\a).  ported. Our measured value here is about 4—5 % larger than
The calculatedr, noqare shown in Fig. @) and can be used these reported values. One of the possibilities that may cause
to check the validity of the simple trapping mod&t®*The  such a discrepancy is that in the present model analysis, we
calculated 7, moq result shown in Fig. @) suggests the have assumed that the positron lifetime of the positron shal-
simple trapping model is a valid one &g noq iS found to  low trap is equal to that of the bulk because the electronic
have constant value of 266l ps. This value is very close environments probed by a positron in the shallow trap state
to that of 2681 ps obtained in the temperature-varying and that in the delocalized state are very similar. However, in
lifetime measurement on the as-grown sample. the real situation, it may be possible that the lifetime of the

The calculated trapping rates into tNg related defect Shallow trap is a bit larger than that of the bulk, though they
and the defecD are shown in Figs. @) and 3b), respec- ¢annot be resolved in the spectral decomposition. This could
tively. The defect concentrations can also be deduced by tHg Principle lead to a higher bulk lifetime value obtained
equation k= uc if the specific trapping coefficient of the from the m_od_el analysis. We have also performed room tem-
defects are known. Although there are no available values o erature lifetime measurements on an annealed undoped
the specific positron trapping coefficients for tig, and the cIZrS'ft;/ tsr?rsnplri{gesrt;r:"gwan)nr ch'g Qn)(}oag(; ggsfssﬂf] (I::nan-
379 ps positron trapping defebtin GaSh, it is still of value ' s u ny. undop b

) ) . .- nealed at or above 370 °C, the average lifetime was found to
to estimate the defect concentration by using the avallablge 266 ps and no positron trapping center was observed

datft‘ found in OtQiftiem'ﬁor}dtL‘thotf- ASI.:(”I.SGC- A, 2 Swhich implies that the bulk lifetime value is 266 ps. As the
muftaneous good it to all of the three NeUMe parameters, .o nations of ionized acceptavhich are the main can-
was obtained only while assuming a temperature indepe

LT ; ePeidates for shallow trapgor the two sample§Zn-doped and
dent xy, This implies that theVg, defect is neutral in undoped are so different and the two obtained bulk lifetime
charge becausé) the specific trapping rate of a neutral vajues are effectively identical, it may be concluded that bulk
charge vacancy is temperature independent(apthat of a  [ifetime value is 267 ps.
negatively charged vacancy follows the temperature depen- A positron trapping center having a lifetime of 317 ps has
dence 0fM~T70'5.41 Krause-REhbergt a|.40 have identified been observed 3t=150 K—297 K inthe as-grown 5amp|e
the Vg, defect in Ga-Al-Sb and its specific positron trappingand also in the room-temperature measurements of the
coefficient was found to be-£0.3x 10" s™* at 300 K. For  samples annealed below 300 °C. This defect was identified
the case oW, in GaAs, Krauseet al* obtained a value of as eitheV, or aVgrelated defect because the ratig/ ,
w(25 K)=3x10"® st which implies a value of was found to be 1.19, which implies it is a monovacancy
1(300 K)=9x10" s 1. This value is similar to that of defect, and the/s, defect is positively charged fqu-type
Vg, in Ga-Al-Sb?® From theoretical calculations, it was material. According to the modeling in the previous section,
shown that the ratio between the specific trapping rate of ¢his defect was found to be neutral in charge. Theér,
neutral vacancy and that of a negatively charged vacancy is 1.19 ratio observed hereby is also identical to the defect
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(74=300 ps andr,=253 ps) observed in the undoped mentation. This concentration is as high as, or is larger than,
GaSb samples reported by Mahcetyal 2° though something theN,, depending on the temperature of the material and thus
like 5% deviation exists in the exact lifetime value. In the the present sample is a degenerate semiconductor. With the
study of Mahonyet al, this defect was attributed to a neutral use of the self-consistent semi-empirical tight binding model,
monovacancy-type defect. Pusital 3! have calculated the Xu®® has obtained the energy levét®lative to the valance
positron lifetime of Vg, to be 287 ps. The 317 ps band of Vg, with charge states fror3 to —3 in GaSb as
+7 ps Vg, lifetime value reported in the present study is 0.028 eV, 0.033 eV, 0.041 eV, 0.056 eV, and 0.091 eV, 0.171
larger than the value calculated by Puskal. This is prob- €V, and 0.291 eV, respectively. Assuming the Fermi level is
ably due to the defect relaxation that was not included in thé@t the bottom of the valence band, we can estimate the oc-
calculation, or the change of the lifetime value resulting fromcupancies o¥ g, at different charge states from the equation
the complex formation o¥/g,. At the present stage, we are [V3J/[V3a '1=(9o/do+1)exfd —(E—ER)/KT], whereE; is
not able to give any conclusion on this issue. the ionization energy for the procevga:vga“wL e”. Tak-

The intensity of theV related lifetime component de- ing the gq to be all equal, at a temperature of 300 K, the
creased with decreasing temperature and finally disappearéctional occupancies divat], [VAL], [VEd, and[ Ve,
at T~125 K. This observation has been explained by theyere found to be 0.35, 0.29, 0.21, and 0.12, respectively, and
existence of a positron shallow trap, which competes withthe remaining Ga vacancig¢about 3% to be in the nega-
the Vg, defect in the positron trapping process. The positrortively charged state. As most of the Ga vacancies are in the
trapping into the shallow trap becomes dominant at low tempositively charged statéabout 85%, the Vg, concentration
peratures as positron detrapping from it becomes negligiblealculated from the previous positron lifetime measurement
Despite the fact that the positron trapping model involving awere underestimated by a factor of §71/0.15 because the
shallow trap and a vacancy can give an excellent descriptiopositron lifetime technique is insensitive to the positively
of the experimental data, another model that involves theharged vacancy, which thus implies a Ga vacancy concen-
charge state change of thg,related defect induced by the tration of about & 10 cm™3. Nevertheless, all of these
lowering of the temperature can also explain the temperaturestimated values of thég, concentration are consistent with
dependence of the observed lifetime parameters. As temperghe expected residual acceptor concentration found in the as-
ture decreases, the Fermi level may possibly move closer tgrown GaSb materiglRef. 2 and the references therein
the valance band. The charge state of Vhgrelated defect The shallow trap in the as-grown sample was found to
may thus become positively charged and no longer trap posiave a concentration of about#0cm 3. As the main ac-
itrons. As a result, positron trapping into thgrelated de-  ceptor in the present Zn-doped sample is Zn impurity, it is
fect disappears at low temperature. In order to clarify theeasonable to attribute this positron shallow trap to an ion-
validity of this proposal, Hall measurements were performedzed Zn acceptor. Furthermore, this statement is supported by
on the as-grown sample at temperatures ranging 8K to  the Hall measurement which gives the room temperature
297 K. The hole concentration of the Zn-doped sample wasiole concentration of the present sample as 3.28
found to be temperature independent with a value of abouk 10'® cm™3. As the ionized acceptor concentration is equal
(3.59+0.18)x 10" cm™3. This observation shows no evi- to the hole concentration for the present heavily doped
dence of significant Fermi level movement induced by temsample, the ionized Zn acceptor concentration was expected
perature variation and thus this possibility does not seem te be about 18 c¢cm™2, which is the same as the measured
be the correct explanation for the lifetime parameter variashallow trap concentration.
tion as a function of the measuring temperature. In the isochronal annealing study, at a temperature of

The existence o¥/ g related defects in the present sample300°C, theVgrelated defect began annealing out and a
is consistent with the common viewpoint thatGagpis the  new defect capable of trapping positron was formed. This
residual acceptor found in most of the GaSh materials and igefect could be a vacancy or a divacancy-type defect com-
attributed to thep-type nature of undoped Ga$Bef. 2 and  plex related to the dopant Zn. This defect was then observed
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