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Formation of vacancy-impurity complexes in heavily Zn-doped InP
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Positron annihilation spectroscopy has been applied to observe the spontaneous formation of vacancy-type
defects by annealing of heavily Zn-doped InP at 500—700 K. The defect is identified &s-#re pair by
detecting the annihilation of positrons with core electrons. We conclude that the defect is formed through a
diffusion process; a phosphorus vacancy migrates until trapped by a Zn impurity and forms a negatively
chargedVy-Zn pair. The kinetics of the diffusion process is investigated by measuring the average positron
lifetime as a function of annealing time and by fitting a diffusion model to the experimental results. We deduce
a migration energy of 1:80.2 eV for the phosphorus vacancy. Our results explain both the presence of native
Vp-Zn pairs in Zn-doped InP and their disappearance in post-growth annealings.
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[. INTRODUCTION The creation and kinetic behavior of P vacancies on clean

InP surfaces have also been the focus of a few stddres.
The redistribution of impurities and defects through dif- Some of these studies show that the P vacancy is mobile
fusion processes plays an important role in the material prog@iready at fairly low temperatures, 400-550 K, and that this

erties of semiconductor devices. Diffusion can both be a too'1:arl‘3 result in defﬁ.‘ft complexes involvigg the ZbrI] doﬁdﬁé‘.
in device fabrication, e.g., incorporation of dopants through _ Fositron annihilation spectroscogpAS enables the di-

diffusion, or it can harm the electrical properties of the de-rect ider?tification'and quantification of vacancy defects.
vice by, e.g., the broadening of sharp impurity distributions.The.rmal'Z'EOI positrons get trapped at vacancies wh_ere the
In order to be able to control the diffusion processes in ositive charge of the ion cores is missing. At vacancies the

semiconductor thorough knowledge of the diffusion energetf':'le.Ctron density is redug:ed cqmpareq with that of the perfect
ics is of vital importance lattice. Hence, the positron lifetime increases and the mo-

A oo TR
Point defects, such as vacancies, influence the electric entum distribution of the annihilating” - pair narrows.
properties of semiconductors. In semiconductors the forma- ositron spectroscopy has been one of the major techniques

tion energy of charged defects and thus the concentration Pr Obta‘”j';‘g information on th_e vacancy formatiogr;s energies
defects depend on the Fermi level. At high doping concen!” metals.® For the case of silicon a few attemits® have

trations, when the Fermi level is close to conduction o va.peen made to determine formation energies of vacancies, but

lence bands, compensating centers may be abundantly cr%‘_e positron experiments have not been s_u_ccgssful. Recently,
ated. These defects decrease the fraction of dopants able I{ugwevter G?bdauezer: al.fusedtposnr(;ntﬁnmhlllemon spectros-
deliver free carriers to conduction and valence bands. Th&°PY 169173 udy fthe formation o ermal vacancies in
formation energies of defects are thus essential for under- ’

standing the electrical properties of heavily doped semicon; In this work we apply positron spectroscopy to study the

ductors. Theoretical calculations can predict this quantity agjrn;atlor:j 0{ P V?Cg”% COg‘p“EXESthartOtUhnd P600 K in h::avny
a function of the Fermi level positichbut the direct experi- n-dopedp-type Inr=. VVe observe that the F vacancy 1orms

mental determination of defect formation energies is genergomplexes with Zn dopants and determine the activation en-

ally difficult. Equally difficult is the direct observation of ergy of this process. The complex is identified as a pair con-

vacancy diffusion. Diffusion parameters for vacancies are ofSIsting szthe P valcan.cyfand %Znhdoparg. We infer that tthe
ten indirectly determined from impurity diffusion studies. va?l':mtcy ndcot;np eles orme 'tW tenfa vg;:agcy migrates
Since vacancies generally are mobile at much lower temper intl trapped Dy a Zn impurity 1o Torm &/p-2n pair.

tures than impurities, vacancy diffusion can influence th dyf applylngl a diffusion mOdEI tod tZe Increase \_fb—Zn
electrical properties over a wider temperature range. ExS€ieCt complex concentration, we deduce a migration energy

amples of such a process is the pairing of a vacancy ant?r the phosphorus vacancy of 1.8 eV. Our results p.rovide
dopant through a migration process. natural explanationgi) for the presence oWNp-Zn pairs

Zn-doped InP is a well-known example of a semiconduc2S Native defects in Zn-doped InP wafers afid for

tor, where electrical compensation of Zn acceptors is signiﬁ:[he dls_appearance of the native-Zn pairs in post-growth
cant at high doping concentrations in the mid&em-3  annealings.
range. Previous experiments have revealed vacancies com-

plexed with Zn impurities after the growth of such a
material>~> However, the formation energies and mecha- Positron experiments were performed in liquid-
nisms of the complexes are not known. Further, their disapencapsulated Czochralski-grown InP bulk crystals doped
pearance in the post-growth annealing at 700 K iswith Zn in the range of 1¥cm 2. A summary of the
surprising”® since the material is originally fabricated at samples is presented in Table I. Since the Zn concentration
much higher temperature. was crucial for the diffusion modeling, it was determined by

Il. EXPERIMENTAL DETAILS
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TABLE I. The samples used in the study. The carrier concentra-  |ll. DEFECT FORMATION AND IDENTIFICATION
tions are given for unannealed samplegp-Zn]aive IS the native . . o
concentration oV/e-Zn pairs before annealing af®p— Zn], . is Figure 1 shows the average positron lifetime at 300 K
the saturated maximum concentration\§-Zn pairs after a long ~ after subsequent 1800 s isochronal annealing steps at 300—
annealing. 660 K. Depending on the doping level the positron lifetime is
2-12 ps higher than the InP bulk lifetimeg= 245 ps) al-
p [zn] [Vp-ZNn]hative [VeZN]max ready before the annealings. Two lifetime components could
(108 em™%)  (10¥cm™®)  (10%®cm™?) (107 cm d) be extracted from the spectra of the unannealed samples. The
longer component,, having a value of 330 ps at 300 K,
1.2 ) < . corresponds to positron annihilation at vacancy-type defects.
3.6 ) < ) The positron lifetime starts to further increase after annealing
4.5 6.3 3.4 12 above 550 K. This shows that vacancy-type defects exist in
5.2 6.8 7.2 13 the as-received samples and more defects are formed during
6.5 9.5 29 - annealings. As can be seen in Fig. 1, the formation depends

on the Zn and carrier concentrations and is more efficient at
higher doping levels. No detectable vacancies are generated
secondary ion mass spectrometBtMS). The concentration at Zn concentration below210' cm™3.
scale in the SIMS measurements was obtained by using a The thermally generated vacancies can be identified by
reference sample fabricated by ion implantation of Zn in InPcombining positron lifetimgFig. 2) and core electron mo-
From the SIMS measurements and Hall measurement valuesentum distributionFig. 3) measurements. After annealing
provided by the manufacturéNippon Mining Co. Ltd) of  for 30 min at 700 K the positron lifetime spectra were re-
the InP wafers it was evident that 20%—-30% of the Zn wasorded as a function of temperature between 80 and 600 K.
compensated. The lifetime spectra, measured at 200—600 K, could be de-
Two identical samples were sandwiched with%a pos-  composed into two componen(tsig. 2). The longer lifetime
itron source. The positron lifetime was measured using a, corresponds to positrons annihilating as trapped at va-
fast-fast coincidence system with a time resolution of 230 pscancy type defects. Below 300 k; has the same valu830
The positron-electron momentum distribution was measure@s) as in the unannealed samples, indicating that the defect in
by recording the Doppler broadening of the 511 keV annihi-the as received samples is the same as the one created in the
lation radiation with a Ge detector, which had an energyannealing.
resolution of 1.5 keV at 500 keV. The line shape parameters In the temperature interval 80—300 K, is evidently con-
S (low momentum, central region of the annihilation line stant andr,, increases. This behavior is typical when posi-
and W (high momentum, wing regions of the annihilation trons get trapped at negative ions in addition to vacarities.
line) were used to describe the Doppler broadening. The mofhe negative ions, in this case most likely thgZnaccep-
mentum windows for th& andW parameters were chosen to tors, capture positrons at their shallow hydrogenic states.
(0-3.4)x 10 3myc and (11-27x 10 3myc. A coincidence  This trapping reduces the fraction of annihilations at vacan-
setup consisting of Ge and Nal detectors was utilized to reeies, thus decreasing the average lifetime at low tempera-
duce the background, in order to study the annihilations withtures. This behavior is also seen in the unannealed samples.
core electrons in the momentum range of (10-35)In order the check the significance of the Zn acceptor as a

X 10" 3mjc. shallow positron trap we performed a quantitative analysis of
All annealings were donm situ in vacuum. the average positron lifetime data in Fig. 2 which included
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FIG. 3. Core electron momentum distributions probed by posi-

FIG. 2. Average positron lifetime and the lifetime compongnt ~ trons in bulk InP and in th/p-Zn g)airs existing in the sample with
as a function of temperature. The samples were annealed at 7001ke carrier concentration 5210'%cm® and Zn concentration 6.8

prior to lifetime measurements. The solid lines are guides the eyex 10'¥cm®, both measured at 300 and 500 K. The Zn-doped
sample was annealed at 700 K prior to the experiments. All curves

are normalized to the same total area. When not shown, the size of

shallow positron traps with binding energies §0 meV) es- , !
the error-bar is less than the size of the marker.

timated from simple effective mass thedtyThis analysis

showed that the trapping to these hydrogenic states at 300 K | . ,

and at higher temperatures was negligible. h!lat|_ons_ with In 4d core elesctroni domlnate_ the_momentum
At the measurement temperatures 300—600 K both th@istribution at (10-30x10 “mec.” As seen in Fig. 3, the

average lifetimer,, and the vacancy lifetime-, decrease momentum distribution at the vacancies created by annealing

(Fig. 2). In the decomposition of the lifetime spectra this is & 700 K is broader than observed for bulk InP. The zh 3

seen as a shift i, from 330 ps to 260 ps. As can be seen electrons are more localized than Id 4nd thus the broad-

from Fig. 2 the shift from 330 to 260 ps occurs at a slightly €NiNg Seen in Fig. 3 is a clear sign of Zn atoms surrounding
higher temperature in more heavily doped sample. Similafe vqcanc;‘)._Fur_thermqre, the large intensity of the momen-
results have been obtained, e.g., for Si- and Sn-dopge tum distribution is the fmgerprlnt of the P_ vacancy, since it is
GaAs!® The phenomenon can be explained in the fO"owingsurrounded by In atogns having thg relatively h|gh density of
way: At low temperatures, when the Fermi level is close toln 4d core electrons? The vacancies characterized by the
the valence band, the vacancy has a configuration corrdifetime 330 ps(at 300 K) and 260 pgat 500 K are thus two
sponding to the lifetimer,=330 ps. When the Fermi level different charge states of thé,-Zn pair. Since positrons are
moves toward the midgap with increasing temperature, th80t trappeg by positive vacancies, we assign the charge states
vacancy converts into a more negative charge state, whod$ (Ve-Zn)” (330 ps and (Ve-Zn)~ (260 ps. As expected
atomic_configuration corresponds to the lifetime 260 ps!he transition from neutral to negative charge si&lg. 2)
When the Zn doping increases, the Fermi level is closer t&Ccurs at slightly lower temperature for the sample doped to
the valence band, and the transition 3364260 ps shifts P=4.5% 10" cm™?, since the Fermi level is initially farther
toward higher temperatures. The decreaseroby 70 ps away from the valence band than in the sample dopeul to
indicates a strong inwards relaxation of the vacancy. A=6.5<10'cm .
simple estimation of the Fermi level position at 500—600 K
indicates that the 6/ ionization level of theVp-Zn pair is
0.2+0.1 eV above the valence band.

The core electron momentum distributions were measured
at 300 K and 500 K in order to probe both charge states of In order to study the formation process of tig-Zn pair
the thermally generated vacanci@sg. 3). In bulk InP as in more detail, we have measured the positron lifetime as a
well as in the isolated P and In vacancies the positron annifunction of annealing time. The samples were annealed at

IV. FORMATION KINETICS OF THE Vp-Zn PAIR

A. Isothermal annealing results
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FIG. 4. Average positron life-
time as a function of isochronal
annealing time for four different
m temperatures. In between anneal-
ings the samples were measured at
300 K. The solid lines are fits of
the diffusion model. The Zn and
carrier concentrations in the
samples were 6:810' cm ™2 and
5.2x 10" cm™3, respectively.
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constant temperature in time intervals ranging from 1 to 2dts highest value im-type conditions with the Fermi level

h. In between annealings the positron lifetime and Doppleclose to the valence band, we consider it unlikely that the

broadening parameters were measured at 300 K. The anneds-Zn pair is formed directly in the annealing.

ing process was continued until the average positron lifetime On the other hand, the isolated P vacancy is a positively

saturated. For each Zn concentration the annealing procedu¢garged donor and a compensating defegi-type InP, and

was carried out at four different annealing temperatures.  its formation energy should decrease when the Fermi level
An example of the average positron lifetime as a function@PProaches the valence baifid! The concentration of P va-

of annealing time fof Zn]=6.8x 103 cm™ 3 can be seen in cancies should thus increase with Zn dopiigThis trend is
glearly seen in the experiments of Fig. 1 for tg-Zn pair.

Fig. 4. As can be noted the rate of increase in the averag We thus infer th higher 7 . h
lifetime depends on the annealing temperature. However, an /€ thus infer that at higher Zn concentrations there are
ore P vacancies in the samples. Due to their positive charge

e o e P e o I aver20ate,th soiatd P vacanciesare ot deteied by posiions,
annealing curve in more detail. In Figs(ab and b) we 250fF ' T R ' T
show the first part of the annealing curves of samples with N ¢
[Zn]=6.8x 10'8 cm™2 annealed at 540 and 580 K. As can
be seen the average lifetime stays approximately constant ii . 50K

the beginning of the annealing and then starts to increase o 580K < .

rapidly. The length of the incubation time also depends on& & .

the annealing temperature; the higher the annealing temperz 2 20 ©
ture, the shorter is the incubation time. This is an indication'Z &3 .
that the formation of th&x-Zn pair consists of two different = o o
thermally activated processes. Above 620 K the incubationg, . . .
time has decreased beyond the detection limit of the experi-g
ment. oo L _
As can be seen from Fig. 4 the saturation lifetime and thus .
also the concentration &fp-Zn pairs are independent of the © %o
annealing temperature. Furthermore, the saturation concer 240 0o © .. _

tration of Vp-Zn pairs is in the~ 10" cm™3 range(Table | . LR
5

&
o

clim

Ay

i.e., less than 10% of the Zn atoms have paired with a P I SR
vacancy. | 2 3 4 5 678 10

Annealing time [h]

Ly Y R N B
2 3 4 5 67

B. Formation of Vp-Zn pairs by the migration of Vp . o . .
FIG. 5. Average positron lifetime as a function of isochronal

As noted in Sec. lll, th&/p-Zn pair is in a negative charge annealing time in the beginning of the experiment for 540 and 580
state when it is formed in the annealings above 55(0Fl§. K for the samples in Fig. 4. The bar indicates the approximate
1). Since the formation energy of an acceptor-type defect haiscubation time.

115209-4



FORMATION OF VACANCY-IMPURITY COMPLEXES IN . .. PHYSICAL REVIEW B67, 115209 (2003

During cooling from the crystal growth temperature and dur-process in the analysis in this way although its physical de-

ing post-growth annealing, migrating P vacancies get trappethils are not identified. We also emphasize that this does not

at negative Zn impurities, forming neutral or negatively influence the estimate for the migration energy of the

chargedVp-Zn pairs which are observed by positrons. The The generation rate of mobile P vacancies per unit volume

concentration of thermally generat&-Zn pairs will thus  in a time intervaldt is thus

depend on the concentration of free P vacancies and on the

probability of forming aVp-Zn pair through the migration of defP degm o

the P vacancy. i = gt~ Cwvam(O)ne 2
Earlier studies have shown the¥p-Zn complexes can be

formed when a P vacancy is formed on a clean(14B) WhereCng(O) is the concentration of nonmobile P vacan-

surface and diffuses into the bulk, where it pairs with a chies in the beginning of the annea"ng experimerﬁ: Q)

quam?'lo The complexes observed in our study are mostrhe concentration of P vacancies which have paired with a
likely not formed by P vacancy diffusion from the surface, zn dopant is now given by

since the average depth probed by positrons is several tens of

micrometers, which would require diffusion lengths for the P t dCV;
vacancy of the order of 10am. Furthermore, if th&/p-Zn CVP_Zn(t):f v [1-p(t—7)]dT, 3
complex was formed by a P vacancy migrating from the 0 t'=r1

surface one would expect that the saturation concentration %herep(t) is the time-dependent probability that the P va-

complexes should be approximately equal to the Zn concensancy remains isolatedhe survival probability andt is the
tration, since the surface in our experiment should be apnneajing time.

infinite source of vacancies. As can be seen from Table I, this For the probability functiomp(t) we use a simple random

is not the case. We have nevertheless tried to fit a model Wit 41k model where the P vacancy migrates in the P sublattice
the vacancies diffusing from the surface. However, vacancynq pairs with a Zn dopant in the In sublattice. The probabil-
diffusion from the surface does not lead to an mcubaﬂoqty as a function of the number of migration jumps is ob-
time, because positrons probe the whole depth of the samplgyineq py a Monte Carlo simulation of the migration process.
The lack of temperature dependence in the saturation COfy he simulation the Zn dopant is treated as stationary and
centration is an indication that the P vacancies are not thefyated in the In sublattice. For the simulation, only the P
mally formed in the samples during the annealing process. I§ pjattice (fcc) is created and the migrating P vacancy is
this were the case, one would expect more P_ vacancies anfl,nheq by zn when it reaches any of the the four fcc sites
thus more vacancy complexes to be formed in the samplégeighboring the Zn atom. The lattice used in the simulations
annealed at higher temperatures, which is not observed.  ¢qngisted of 108:100x 100 unit cells with periodic bound-
Based on the arguments above we infer that the concenyyy congitions, corresponding tox4L(f P lattice sites, and
tration of theVp-Zn pairs is limited by the native P vacancies ¢, aach simulated Zn concentration®1funs were made.
in the as-grown samples. The incubation time visible in FigSgy s mples of simulated survival probabilities are shown in
4 and 5 in the beginning of the annealings indicates that &jq g The survival probability is the probability that the

thermally activated process is needed to make the native fcancy has not paired after a certain amount of diffusion
vacancies mobile.

jumps.
We choose to parametrize the probability function with an
C. Determination of the migration energy exponential
In order to analyze the measured time development of the _
y p p(t)=Ae 2t (4)

average positron lifetime during isothermal annealing, we
construct a model that takes into account the incubation timevhich very accurately describes the probability function. The
in the beginning of the annealing process and explains thparametrization is done in order to make it possible to solve
increase of the lifetime due to migration of the P vacancy andhe integral in Eq.(3) analytically and thus speed up the
pairing with the Zn dopant. Our diffusion model thus consistfitting proceduref in the equation above is the jump fre-
of three separate stage$) the Vp, becomes mobile(ii) it quency of the migrating vacancy and the prodtfcts thus
migrates freely in the phosphorus sublattice, diiid it is  the number of migration jumps. The exponential behavior of
trapped by a Zn dopant. the survival probability is also expected from theory and
As a first approximation we assume that the rate of deprevious Monte Carlo simulatiorfs?* The jump frequency
crease of nonmobile P vacancies is proportional to their conhas the usual Arrhenius temperature dependence
centration,Cng; i.e., we have a first-order rate equation

f=f,e Em/ksT, (5)
dCV',l'" whereE,, is the migration energy,, the preexponential fac-
T —ACyam, @ or, andkg the Boltzmann constant. The parameters, a,

andb for different Zn concentrations are given in Table II.
where \ is the the rate constant of the reaction. It corre- The possible diffusion of the Zn atom need not be taken
sponds, e.g., to the release of ¥gfrom a trap or any other into account in the migration model, since Zn diffuses inter-
first-order chemical reaction. Notice that we can include thisstitially in InP (Ref. 25 and the energy of dissociation of
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substitutional Zn is assumed too large to make Zn diffusiortion process can only be studied in a very narrow tempera-
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possible in the temperature interval considered in thigure interval of approximately 100 K.

experiment®

FIG. 6. The simulated prob-
ability that the migrating P va-
cancy remains isolated and not
trapped by Zn. The results of the
Monte Carlo simulation are shown
for various Zn concentrations.

We have also done simultaneous fits to all data where we
The relation between the concentratiorMgfZn pairs and  have restricted the pre-exponential to the known Debye fre-

the average positron lifetime,, is given by the equatidh  quency (10 Hz) in InP?’ This fit yields a slightly lower
activation energy for the migration, .2 eV, which is

(6)

Cvp-zn= MTo(Tg— Tap) '
where 7,= 245 ps is the positron lifetime in the InP lattice,
74=330 ps is the lifetime at theVp-Zn, and w=2.5

x 108 cm®/s is the positron trapping coefficieHt.Equa-
tions (3) and (4) were inserted into Eq6) and the resulting
equation was fitted to the experimentally determined average
lifetimes. The fitted parameters were the jump frequehcy
and the rate constant

The fits of the combination of Eq§3) and(5) are in good  —

agreement with the data, as seen from the solid lines of Figﬁ
4. For the fitted jump frequenclywe get a good Arrhenius
behavior, which is shown in Fig. &olid line). The Arrhen-
ius plot yields a migration energy for the P vacancy of 1.9
+0.4 eV and a preexponential of %20 s %. The value

for the preexponential is somewhat higher than the expecte(g,

Debye frequency of the crystal; however, we must emphasize¢5
that the error in our value is several orders of magnitude.™
This is due to two reasons: first, the logarithmic nature of the
Arrhenius behavior and, second, to that fact that the migra-

TABLE II. The results of the Monte Carlo parametrizatidfg.
(4)] for the samples used in the fitting procedure.

p MC parameters
(108 cm™3) A ax10*
4.5 0.99101 5.8618
5.2 0.97145 6.2563
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Tav ™~ Tb within the error bars of the unrestricted analysis.
The determination of the activation energy for thea-
rameter, which describes the incubation time, is difficult

O [Zn]=6.3x10"%/em’
® [Zn]=6.8x10"/cm’

— fit
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FIG. 7. Arrhenius plot of the jump frequency for samples with
Zn concentrations of 6:810'cm™ 2 and 6.8 10" cm 3. The
Arrhenius fit has been made to both sample series simultaneously.
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from the present data, since the incubation time for temperan our samples after annealing at 650 K. The larger concen-
tures above 600 K is so short that the absolute values oldration of nativeVp-Zn pairs in their samples is thus probably
tained from the fittings could be ambiguous. An Arrhenius fitdue to a slower initial cooling rate of the samples after the
to the\ parameter values for anneals below 600 K yield angrowth. Furthermore, the formation &-Zn pairs (Fig. 1)
activation energy of 1.1 eV. The fitted preexponential iswas also missed by Mahony and Mascherho used rapid
10° s~, which is much lower than the Debye frequency. Anthermal annealingéRTAs). Most likely the 10 s annealing
activation energy value for the parameter can also be ob- fime was not long enough for the P vacancy to migrate next

tained by measuring the annealing time required for the ay{0 & Zn atom.

erage lifetime to increase by 10% directly from the data and DUPek et al. observed only partial disappearance of the
by fixing the preexponential to 8s~. This yields a value native Vp-Zn pairs, when their samples were furnace an-

of 1.8 eV. It must, however, be emphasized that these value@,eaIEOI above 700 K. On the other hand, the work of Mahony

. . d Maschershows that all the nativ&/p-Zn pairs can be
can only be taken as rough estimates and we estimate that t moved by RTA's. We can explain this simply by the disso-
error in these values for the activation energy of the incuba-

: . : ciation of theVp-Zn pairs above 700 K. If the cooling rate
tion process is approximately 0.5 eV. from 700 K down to 550 K is fast enough, as evidently in the
case of RTAs but not in the furnace annealing, the reforma-
V. Vp-Zn PAIRS AS NATIVE DEFECTS IN InP tion of theV-Zn pairs does not occur. The observed forma-
_ _ . tion and dissociation processes \6f-Zn pairs demonstrate
In heavily Zn-doped InP native vacancies are formed durthus how the post-growth treatment with rapid thermal an-
ing the crystal growth. The formation energy for the P va-nealing can improve the defect properties of the material.
cancy has its lowest value iptype conditions® They can  More macroscopically, this is seen in the electrical
therefore be abundantly created during growth at high temexperiments as an increase in the carrier concentration and
peratures and act as compensating centers. Some of thedecrease of compensation.
vacancies can get trapped at Zn atoms or other native impu- Previous deep-level transient spectroscOpyTS) stud-
rities as the crystal cools down. ies on electron irradiated Zn-doped InP have shown defect
Similarly as in earlier works;® these defects are ob- levels in the P sublattice. The hole tréf# (0.37 eV above
served also in our samples, as shown by the increased value valence banchas been attributed to théx-Zn pair, and
of average positron lifetime already before any annealinglue to the high introduction rate for the defect
treatmentsFig. 1). By combining positron lifetime and Dop- (~1 cm™%), it has been concluded that the P vacancy is
pler broadening experiment&igs. 2 and 3 we can show mobile at room temperaturdRT).””>" Recent DLTS studies

that the native vacancies avig-Zn pairs‘.‘ The vacancy com- by Massaranget al. have shown that this defect level in fact
plexes formed in the annealing at 540-640 K are thuLonsists of two different hole traps, both associated with the

. 1 .
present already in the as-grown material, but at lower cont sublattic€! This study suggests that the fast hole trap

centration. According to Eq6) the concentration of these T4, Which anneals out below 400 K, could either be a P
defects is in the 15—10"7 cm~2 range(Table ) before and ~ V&cancy or a Frenkel paiMp-P,) and that the slow hole trap

after annealing. As seen earfi@rand confirmed in the H#s could be theVp-Zn pair. The slow trap does not anneal

present work, the nativé/,-Zn pairs disappear in the heat out even after several hours of annealing in 420 K, which is
treatments at,700—800 K. in agreement with our results. However, the introduction rate

The present results can be used to explain both the form#Ptained by Massaranet al. for the slow trap H4as

74 71 — . -
tion and the annealing behavior of native vacancies il ~10 " cm ~at1lMeVe" energy may still be too high for
heavily Zn-doped InP. Sinc¥p-Zn pairs are formed ther- the direct formation o/s-Zn during irradiation and thus its

mally at 540—640 K, it is natural to explain their disappear-formation could require P vacancy migration at RT. When
ance at 700-800 K as a result of the dissociation of the paifomparing theH4 (and H4s/H4¢) level to the ionization

At the growth temperature of Zn-doped InP>1000 K), Ievel'we obtain for theVp-Zn pair (Q.E 0.1 eV) it is not

the concentration of P vacancies is higtprobably — POSSible to rule ouk4 as aVe-Zn pair.

=101 cm~3), but the diffusivity is also very high. Stable However, in contradiction Wlth the DLTS reSl_JIts PAS
Vp-Zn pairs cannot be formed in these conditions, since th&@ve shown that the P vacancy is stable at RT in electron

binding energy is too lowibreakup temperature 700—800.K Irradiated InP2324 Similar results have been obtained with
The formation of stablé/p-Zn pairs can take place only in PAS for GalnP* In agreement with the PAS studies Karsten

the relatively narrow temperature interval 500~700 K during?d Erhar’ and Hausmann and Erhdrhave concluded that
the cooling of the crystals. Depending on the cooling ratgn€ P vacancy becomes mobile at temperatures above 500 K,

and Zn dopant concentration, this results in residéa?Zn which is in good agreement with the present study. Hence,
concentrations in the #dcm™2 range(Table ). The longer W€ come to the conclusion that the DLTS defect leddl is

the crystal temperature stays in the interval 500—700 K, th&"0st likely not theVe-Zn pair, rather some other defect in

more Vp-Zn pairs will be able to form. the P sublattice, e.g., a complex of a P interstitial and a Zn
The formation ofVp-Zn pairs at 550—650 KFig. 1) was ~ dopant.

not observed in the earlier annealing study of Dlukekl?

Their samples, however, showed a much higher concentra-

tion of native Vp-Zn pairs before any annealings. In fact, In conclusion, we have used positron annihilation spec-

these concentrations are close to the maximum values fountdbscopy to show that vacancy-type defects are spontane-

VI. CONCLUSION
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ously created in the annealing of heavily Zn-doped InP in theyost-growth annealing behavior &f=-Zn pairs in heavily

temperature interval 500—700 K. From measured momenturiin-doped InP, as well as the presence of natigeZn pairs
distributions of the annihilating electron-positron pairs wein zn doped InP.

identify the defect as thép-Zn pair. We propose a formation

model for the defect where native P vacancies migrate and
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