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Identification and quantitative evaluation of compensating Zn-vacancy–donor complexes in ZnSe
by positron annihilation
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We investigate defects inn-type ZnSe bulk crystals by positron annihilation. With positron lifetime spec-
troscopy, vacancies with a positron lifetime of (28061) and (275610) ps were found in ZnS:I and ZnSe:Al,
respectively. The positron bulk lifetime was 241 ps at 300 K, determined in an undoped semi-insulating
reference. The vacancies were identified to be Zn-vacancy–donor complexes by combining the positron life-
time measurements with that of the positron-electron annihilation momentum distribution. This finding is
supported by previous electron-paramagnetic-resonance measurements. The samples exhibited different de-
grees of electrical compensation, adjustable by thermal treatment under defined Zn vapor pressure. The va-
cancy concentration measured by positron annihilation could explain the deactivation of donors quantitatively.
Thus, compensation ofn-type conductivity in ZnSe is due to self-compensation through native Zn-vacancy–
donor complexes.
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I. INTRODUCTION

The wide-band-gap semiconductor ZnSe attracted la
attention as a potential material for light-emitting devices
the blue-green spectral range.1 However, ZnSe devices, usu
ally heteroepitaxially grown on GaAs substrates, suffer fr
fast degradation processes. Homoepitaxy on ZnSe subst
could prevent one source for such degradation. This requ
ZnSe bulk crystals with good quality and reproducible el
trical properties.

ZnSe bulk crystals often suffer from severe electri
compensation. One explanation would be self-compensa
through native defects.1 However, some theoretical calcula
tions suggested that the formation energy of native def
would be too high to make them a source of any signific
compensation in ZnSe.2,3 Contrarily, other calculations
yielded low formation energies for vacancy-dopant co
plexes, i.e., VSe-acceptor and VZn-donor pairs inp- and
n-type ZnSe, respectively.4,5

Experimentally, considerably few data exist on the mic
scopic nature of compensating native defects in ZnSe
though defects introduced by electron irradiation into Zn
are among the most studied defects at all.6–8 Native VZn-Cl
and VZn-I complexes, the so-called A centers, were identifi
with electron paramagnetic resonance~EPR!.8–10However, it
was later pointed out that the concentration of these c
plexes might not be large enough to explain the compen
tion observed.1

Positron annihilation~PA! is a technique especially sens
tive to vacancy defects,11 making it an ideal tool to clarify
the above questions. During diffusion in a solid, positro
can be localized by vacancies prior to annihilation with
electron. This results in an increase of the positron lifeti
0163-1829/2002/66~11!/115206~10!/$20.00 66 1152
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and a change of the annihilation momentum distribution,
lowing the sensitive detection of vacancies.11

Recent PA research on ZnSe focused on the investiga
of epitaxial layers. Vacancy defects were found in undope12

gallium-13 and chlorine-14dopedn-type, and nitrogen-doped
p-type layers.14–16 They were assigned to VZn and VSe, re-
spectively. In these studies, only the annihilation moment
distribution could be observed. The momentum distribut
depends on the sizeand on the concentration of a defec
This information cannot be independently extracted.11 There-
fore, it cannot be finally decided if the defects observed
really monovacancies, larger agglomerates, or if they fo
complexes with the dopants. This makes assignment
quantification unreliable.

A detailed identification of defects by PA can be obtain
by combining measurements of the momentum distribut
with positron lifetime spectroscopy.17–19In practice, positron
lifetime measurements must usually be done on b
samples. Such measurements could be used as a referen
studies of thin epitaxial layers. However, very few positr
studies of defects in bulk ZnSe samples exist. Positron l
times of 230~Ref. 20! or 240 ps~Refs. 16, 21, and 22! were
related to defect-free ZnSe while defect-related positron l
times of 300–325 ps were attributed to either Z
monovacancies22 or divacancies.20

A particular problem for previous PA studies appears to
the lack of suitable, well-characterized bulk sample mater
In the present work, we investigaten-doped@with iodine ~I!
and aluminum~Al !# and undoped ZnSe bulk crystals, prev
ously studied by electrical methods and EPR.23,24 We com-
bine positron lifetime spectroscopy with measurements
the annihilation momentum distribution. In a prelimina
study, using positron lifetime spectroscopy only, we found
©2002 The American Physical Society06-1
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TABLE I. Specifications and positron lifetimes of the ZnSe samples investigated in the present work. Insulating behavior corres
a resistivity.109 V cm, the detection limit of our setup.

Sample
Dopant with
concentration

Carrier
concentration~cm23!

tav at 300 K
~ps!

tdef at 300 K
~ps! Remarks

ZnSe:I, insulating I
(763)31018 cm23

insulating 27961 same astav as grown

ZnSe:I, conductive I
(763)31018 cm23

131018 28161 same astav annealed at 1040 °C,pZn53.9 atm

ZnSe:Al,
conductive

Al 2.431017 24461 28068 Al indiffusion at 1000 °C for 4 days in
Zn/0.02% Al melt

ZnSe:Al, insulating Al insulating 24961 272612 annealing in vacuum at 700 °C for 2 h
Horizontal
Bridgman~HB!,
conductive

Unknown, probably
unintentional Al

impurities

4.931016 24461 274611 annealing in Zn melt at 1000 °C for 4
days

HB, insulating insulating 24161 annealing in vacuum at 700 °C for 2 h
ZnSe reference insulating 24161 as grown by solid-state recrystallization
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high density of vacancies in ZnSe:I.23 In the present work,
we show that the vacancies inn-ZnSe can directly be iden
tified to be VZn monovacancies forming complexes with th
donors, in accordance with EPR. Our results are in line w
the assumption of self-compensation through native defe

II. ZnSe SAMPLE MATERIAL

All ZnSe samples investigated in this work were bu
crystals. Iodine-doped material was grown by seeded che
cal vapor transport at 830 °C using I as the transport age25

The growth results in the incorporation of I with a conce
tration of (763)31018 cm23 ~determined by instrumenta
photon activation analysis!. Al-doped ZnSe was obtained b
Al indiffusion from a Zn/Al melt into nominally undoped
Bridgman-grown crystals.

The ZnSe:I samples were semi-insulating after grow
(resistivity.109 V cm) although I is a donor in ZnSe. An
nealing under Zn vapor increased the room-temperature e
tron concentrationne ~determined by Hall-effect measure
ments! up to ne51.431018 cm23 (pZn;5 atm).23 The
change in conductivity was completely reversible, and
nealing of the same samples under lower Zn vapor pres
reduced the carrier concentration again~e.g., 731015 cm23

at pZn5231024 atm). ne was proportional to the squar
root of the Zn vapor pressure. ZnSe:Al wasn-type after in-
diffusion of Al. However,ne was also proportional to the
square root of the Zn vapor pressure applied during la
annealing. The high electron concentration after indiffus
of Al is related to the high Zn vapor pressure over the Zn
melt.

The reversibility ofne and its direct dependence on the Z
vapor pressure strongly suggests that a native defect is
compensating species. A natural candidate is the two
negatively charged Zn vacancy. The Zn vacancy ther
equilibrium concentration is determined by the react
Zn(g)1VZn

22↔ZnZn12e2. The corresponding mass actio
law yields the experimentally observed square-root dep
dence ofne on pZn in the region of high compensation.23

Under illumination with light of an energy above 2 e
11520
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typical EPR spectra were observed in ZnSe:I a
ZnSe:Al.23,24The analysis showed that the spectra arise fr
Zn-vacancy–donor complexes~A centers! as identified
earlier.8,9 This finding is compatible with the above resul
with the simple assumption that the complexes form o
during cooling but are dissociated at high temperatures.
fortunately, only a fraction of the A centers could be r
charged by illumination to the neutral, paramagnetic st
visible with EPR. Therefore, no quantitative informatio
could be obtained, i.e., it was not clear if the A centers c
explain the electrical compensation.24

In the present study, we investigate three sets ofn-type
ZnSe samples~see also Table I!: ~i! ZnSe:I with an I concen-
tration of (763)31018 cm23, as-grown~insulating! and an-
nealed at 1040 °C,pZn53.9 atm (ne5131018 cm23). ~ii !
ZnSe:Al, obtained by diffusing Al into undoped Bridgman
grown crystals from a Zn/0.02%Al melt at 1000 °C for
days. The Zn vapor pressure over the melt is 2.8 atm. Th
samples were investigated in the as-diffused state (ne52.4
31017 cm23) and after annealing in vacuum at 700 °C for
h ~insulating!. ~iii ! Undoped Bridgman-grown ZnSe, an
nealed in a pure Zn melt at 1000 °C for 4 days (ne54.9
31016 cm23; the conductivity is most probably caused b
unintentionally introduced impurities! and annealed in
vacuum at 700 °C for 2 h~insulating!. As a reference we
investigated high-purity semi-insulating ZnSe grown
solid-state recrystallization, commercially obtained fro
Sumitomo Electric Industries, Ltd. For the purpose of def
identification with PA, we investigated polycrystalline pu
(5N) Zn and Se reference samples.

III. POSITRON ANNIHILATION

Prior to annihilation with an electron in a solid, positron
may be trapped in vacancies. This results in an increas
the positron lifetime and a narrowing of the electron-positr
annihilation momentum distribution compared to annihi
tion in defect-free material. These effects can be used
determine type and concentration of vacancies.11

Positron lifetime spectroscopy was performed using
6-2
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IDENTIFICATION AND QUANTITATIVE EVALUATION . . . PHYSICAL REVIEW B 66, 115206 ~2002!
conventional system~time resolution: 250 ps full width a
half maximum!. A 22NaCl positron source~activity: 40 mCi,
covered by 1.5-mg/cm2 Al foil ! was placed between a pair o
identical samples. We collected 3 – 63106 events in each
lifetime spectrum. The temperatureT was varied between 30
and 600 K. For the measurements,T was cycled as 300
→30→600→300 K in order to exclude unwanted temper
ture effects such as defect annealing influencing the res

After source and background corrections, the posit
lifetime spectran(t) were fitted according to the positro
trapping model with a sum of exponential decay compone

n~ t !5n0(
i

I i /t i exp~2t/t i ! ~1!

convoluted with the Gaussian resolution function of t
spectrometer.n0 is the total number of observed annihilatio
events andI i is the relative intensity of the component wi
the positron lifetimet i . From the decomposition, the ave
age positron lifetimetav was obtained as the superposition

tav5(
i

I it i , ~2!

which is not sensitive to the numerical uncertainties of
spectra decomposition.

In a defect-free sample, positrons annihilate with a ch
acteristic single lifetimetbulk . If positrons are trapped in
vacancy defects, an additional characteristic lifetime for e
defect type is present in the spectrum. The defect-rela
positron lifetime in vacancies is larger thantbulk . Thus,tav
increases abovetbulk if positrons are trapped at vacancie
From the spectra decomposition, one can calculate the t
retical bulk lifetimetb

TM

1/tb
TM5(

i
I i /t i . ~3!

If the model assumptions~most important: the number o
positron lifetime components! are correct,tb

TM agrees with
the independently determined positron bulk lifetimetbulk .

If only one type of vacancy traps positrons, the positr
lifetime spectra have two components. The longer posit
lifetime tdef is the characteristic positron lifetime due to a
nihilation in the vacancies. The first componentt1 is given
by (1/t151/tbulk1kvac), wherekvac is the trapping rate into
vacancies.kvac can also be obtained from

kvac5
1

tbulk

~tav2tbulk!

~tdef2tav!
5mvaccvac. ~4!

The trapping rate is directly related to the vacancy conc
trationcvac by the trapping coefficientmvac, which is specific
for a given defect. The trapping coefficient is 1015 s21 with
an uncertainty of;50% for negatively charged monovaca
cies in semiconductors at 300 K.26

The positron lifetime depends mainly on the electron d
sity and thus gives information on the open volume o
defect. At high momentumpL , the electron-positron annihi
lation momentum distribution is dominated by annihilati
11520
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with core electrons. Shape and intensity of the moment
distribution can therefore be used to study the chemical
rounding of defects.17,18 The annihilation momentum distri
bution f (pL) is the superposition of annihilation from th
different annihilation states, i.e.,

f ~pL!5nbulkf bulk~pL!1(
j

h j f j~pL!, ~5!

where theh are the normalized fractions of positrons ann
hilating in the bulk and in defectj. The h can be obtained
from the decomposition of positron lifetime spectra me
sured under the same conditions. For the case of one de
type, the fraction of positrons annihilating in vacancieshvac

is given by hvac5kvac/(tbulk
21 1kvac). tav can be expressed

equivalent tof (pL), i.e., tav is (hbulk tbulk1Sh jt j ).
We observed the momentum distribution by coinciden

spectroscopy using a setup of two Ge detectors.27 In each
spectrum, 1.53107 coincident events were collected. A
measurements of the momentum distribution were perform
at room temperature~300 K!. The intensity of the annihila-
tion with core electrons was characterized by theW param-
eter defined as the relative intensity in the momentum ra
pL5(15– 20)31023 m0c. W will be normalized to the value
W50.008 73 of a ZnSe reference free from positron trapp
into vacancies. For comparison, we determined the o
usedSparameter, defined as the relative intensity in the m
mentum rangepL5(0 – 3)31023 m0c. S is normalized to
the reference value 0.504.

IV. RESULTS

A. Positron lifetime spectroscopy

Figure 1 shows the positron lifetime as a function of te
perature for ZnSe:I in comparison to a semi-insulating Zn
reference. In the reference, the average positron lifet
(tav) increases slightly with increasing temperature. The p
itron lifetime spectra were single component. At 300 K,
positron lifetime of (24161) ps is found. We attribute this
value to the positron lifetimetbulk in ZnSe free from positron
trapping at vacancies, in agreement with earlier results.16,21,22

tav increases slightly by;2.4 ps from 100 to 550 K. A
similar behavior of the positron lifetime is observed in oth
semiconductors, e.g., GaAs, where it is attributed to ther
lattice expansion. In GaAs,tbulk increases by;1.5 ps from
100 to 550 K.28 In ZnSe, that increase can be expected to
larger due to the larger thermal expansion coefficient
ZnSe,29 compared to GaAs.

In the I-doped samples, the average positron lifetime
well above that in the reference. This shows clearly the pr
ence of vacancy defects.tav increases with temperature from
;270 ~at 20 K! to ;283 ps~at 550 K!. Only minor differ-
ences are found between the as-grown, insulating, and
nealed, conductive samples. At 300 K,tav is (28061) ps.
The spectra could not be decomposed into lifetime com
nents, i.e., only one positron lifetime~corresponding totav)
is present. The variance of the positron lifetime fit is sc
tered randomly from 1.0 to 1.15 in the whole temperatu
range, i.e., close to the ideal value. If a second lifetime co
6-3
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GEBAUER, KRAUSE-REHBERG, PROKESCH, AND IRMSCHER PHYSICAL REVIEW B66, 115206 ~2002!
ponent would be present, a significantly higher varian
~about two or larger! is expected~see, e.g., Ref. 11, an
references therein!. Note that another type of vacancy with
similar defect-related positron lifetime would probably n
be detectable in the lifetime fit. However, the measureme
of the momentum distribution below and especially cons
erations of the defect chemistry and the electri
measurements23,24 require that only one defect type b
present.

The decrease oftav to low temperatures is often observe
when positron trapping at vacancies compete with tha
negative ions.30 The ions can bind positrons in their shallo
Coulomb potential only at low temperatures with annihi
tion parameters close to the bulk values. With decreas
temperature, more positrons annihilate at the ions, thus l
ing to a decrease oftav. This lifetime is usually too close to
the vacancy lifetime to be resolvable, i.e., the lifetime
yields only one positron lifetime. At very low temperatur
~25 K!, positrons cannot escape trapping at the ions an
steady state of competing trapping at ions and vacancie
reached. Then, the concentration of negative ions can be
timated from a simple two-defect trapping model with t
equation

k ion~25 K!5cvacmvac~25 K!
@tvac2tav~25 K!#

@tav~25 K!2tbulk#
2tbulk

21

5m ion~25 K!cion , ~6!

where k ion , m ion , and cion are the trapping rate, trappin
coefficient, and concentration of the negative ions, resp
tively. The vacancy concentration is estimated to be.3
31018 cm23 using Eq.~1! from the data at high tempera
tures ~.500 K! where trapping into negative ions

FIG. 1. Average positron lifetime as a function of the measu
ment temperature for insulating~as-grown! and conductive~an-
nealed atpZn53.9 atm) ZnSe:I in comparison to an undoped, se
insulating ZnSe reference.
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negligible30 ~see below!. With tvac5280 ps, tbulk5240 ps,
and m ion(25 K)5mvac(25 K)51016 s21 ~Ref. 26! we obtain
an ion concentration of 1.231018 cm23, i.e., in the same
order as the vacancy concentration.

We will show below that the vacancy concentration
high enough to explain all the electric compensation o
served in ZnSe:I, excluding similar high concentrations
negative ions present. The concentration of negative i
must be significantly lower than the vacancy concentration
order to be consistent with the electrical measurements.23,24

The discrepancy can be resolved by considering that the t
ping coefficient for negative ions in ZnSe is not exac
known, making quantitative estimations uncertain within
least an order of magnitude.11,26 We have to conclude tha
either the trapping coefficient of the ions must be mu
higher than previously believed~i.e., m ion(25 K)@1016 s21)
or the positron lifetime data must be explained without
voking negative ions. It is interesting to note that Dannef
and Pu31 recently calculated a similar temperature depe
dence oftav as we observed in ZnSe:I but without invokin
negative ions in contrast to previous assumptions.11,30A de-
crease oftav toward low temperatures is predicted for hig
vacancy concentrations which would be in agreement w
our results.

In Fig. 2, tav is shown for the Al-doped and -undope
samples. In the undoped, conductive sample,tav closely
matches the positron lifetime in the reference, indicating t
the vacancy concentration is below the detection limit of
@;331015 cm23, estimated using Eq.~4! with a trapping
coefficient of 1015 s21]. In the other samples,tav is higher
than the reference value, showing the presence of vaca
defects. In these samples,tav decreases slightly with tem
perature from 550 to 200 K. This behavior is very similar
that one in the reference sample. We attribute it therefore

-

-

FIG. 2. Average positron lifetime as a function of the measu
ment temperature for ZnSe:Al and nominally undoped, Bridgm
grown ZnSe, insulating~annealed in vacuum! or conducting~an-
nealed in a Zn melt!.
6-4
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thermal lattice expansion, too, as mentioned above. H
ever,tav increases when the temperature is further decrea
The increase observed at low temperatures is most
nounced in the Al-doped, insulating sample. According
theory, positron trapping in negative vacancies increases
decreasing temperature but is constant for neu
vacancies.32 Therefore, at least a part of the detected vac
cies must be negatively charged.

The positron lifetime spectra could be decomposed i
two components. In Fig. 3, the decomposition is exempla
shown for the Al-doped, insulating sample. The longer li
time component,tdef, was (272612) ps at 300 K and in-
creases slightly with temperature. This lifetime is related
positron annihilation at the vacancies. The intensity oftdef
was;60% at high temperatures and increases to;80% to-
ward low temperatures. From the decomposition, we ca
lated the positron lifetimetb

TM using Eq.~3! ~open circles in
Fig. 3!. tb

TM coincides with the experimental bulk lifetim
determined in the reference~Fig. 1!, indicating that the pos-
itron lifetime spectra can be sufficiently described with
trapping model considering one type of vacancy defect.11

The same defect-related positron lifetime as in insulat
ZnSe:Al was found in the other Al-doped sample and in

FIG. 3. Two-component decomposition of the positron lifetim
spectra in the insulating ZnSe:Al sample.tdef is the second lifetime
component, associated with positron annihilation in the vacanc
The intensity Idef of that lifetime component is shown in the lowe
part. tb

TM is the lifetime in defect-free ZnSe, calculated from t
decomposition according to a two-state trapping model.tb

TM is in
good agreement with the measured bulk lifetime shown in Fig.
11520
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undoped insulating sample within the margin of error. T
average value oftdef was (275610) ps at 300 K. This
defect-related lifetime is close to the average positron l
time in ZnSe:I~Fig. 1!, indicating the same defect type. It
interesting to note that even the temperature dependenc
tdef in Fig. 3 is similar to that oftav in Fig. 1. This offers an
alternative explanation for the temperature dependence otav
in ZnSe:I, avoiding the necessity to invoke negative ions.
found a similar temperature dependence of the defect-rel
lifetime for donor–Ga-vacancy complexes in GaAs.19 This
behavior might be related to thermal lattice expansion, t
although the increase oftdef is larger that expected from tha
effect alone. Nevertheless, the statistical errors of the p
tron lifetime fit does not allow definite conclusions on th
point.

The ratio betweentdef andtb is ;1.16. This is a typical
value for monovacancies in semiconductors.11 In addition,
the vacancy concentration changes withpZn . Simple defect
chemical considerations show that, in equilibrium, this c
only be true for monovacancies but not for the next larg
defect type, divacancies. Therefore, the defects detecte
positron annihilation are monovacancies.

The average positron lifetime, i.e., also the vacancy c
centration, is lower in the respective conductive samples p
pared under high Zn vapor pressure. This is a strong ind
tion for Zn vacancies. The concentration of Se vacanc
would increase with increasingpZn . At first glance, the
I-doped samples seem not to fit into this trend becausetav is
not changed after annealing. We will show below that this
due to saturated positron trapping. It does not indicate
the vacancy concentration is constant.

To summarize the findings of positron lifetime spectro
copy, we find a bulk lifetime of (24161) ps in ZnSe. In
n-doped ZnSe, we find negatively charged vacancies wit
positron lifetime at 300 K of (28061) ps ~in ZnSe:I! and
(275610) ps ~in ZnSe:Al and undoped HB-grown ZnSe!.
The defects are attributed to Zn monovacancies due to t
reduced abundance under Zn-rich conditions.

B. Annihilation momentum distribution

As the next step, we performed measurements of the
nihilation momentum distribution at 300 K. First, we confir
that indeed the same defect type is present in all samples
that purpose, the correlation between theW parameter and
average positron lifetime was observed. The fraction of p
itrons annihilating in vacancieshvac is given by

hvac5~Wb2W!/~Wb2Wdef!5~tav2tb!/~tdef2tb! ~7!

for the case of one defect type. The measuredW parameter
depends thus linearly ontav if the defect density change
~which is directly related tohvac) and not the defect type
~i.e., tdef or Wdef).

33 In Fig. 4, the measured normalizedW
parameter is plotted vstav. Within the errors, all data follow
the same linear variation~indicated by the solid line!. The
agreement shows that the vacancies all belong to the s
type. Wdef was determined to beWdef5(0.7360.01). How-
ever, theW-tav analysis does not allow to distinguish b
tween isolated vacancies and vacancies in a complex

s.

.
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GEBAUER, KRAUSE-REHBERG, PROKESCH, AND IRMSCHER PHYSICAL REVIEW B66, 115206 ~2002!
foreign atoms.19,33For comparison, also theSparameter was
measured.Sbehaved astav ~not shown!. TheSparameter for
annihilation in the vacancies wasSdef5(1.02260.01), a
typical value for monovacancies in semiconductors.11

The annihilation momentum distribution was then o
served in detail to identify the chemical surrounding of t
vacancies. For that purpose, we first establish suitable re
ences. In Fig. 5~a!, the momentum distribution is shown fo
pure Zn and Se in comparison to that of bulk ZnSe. In F
5~b!, the same data are shown but normalized by taking
ratio to bulk ZnSe. In the following discussion, only th
annihilation with core electrons atpL.1531023m0c is
relevant.17 For Zn, the intensity of the momentum distribu
tion in that region is higher than in bulk ZnSe~ratio .1!
while the momentum distribution is narrower than in bu
ZnSe, i.e., the ratio decreases toward high momentum. C
trarily, for Se the momentum distribution is less intense a
broader than in bulk ZnSe, i.e., the ratio increases tow
high momentum. The momentum distribution in bulk Zn
is an average between that of Zn and Se as one would ex
The shape of the core annihilation momentum distribution
not significantly affected by the binding of an atom in
solid.17,34Therefore, the results for Zn and Se can be used
a reference to identify the chemical surrounding of defect
ZnSe.

The momentum distribution for the vacancies in ZnS
and ZnSe:Al is shown in Fig. 6. Only the normalized m
mentum distribution is shown and the momentum distrib
tion for the vacancy in ZnSe:Al was shifted by20.25 for
clarity. Due to saturated positron trapping in ZnSe:I~Fig. 1!,
the momentum distribution characteristic for the vacan
corresponds directly to the measured one. The momen

FIG. 4. NormalizedW parameter as a function of the avera
positron lifetime, both measured at 300 K, for the ZnSe samp
investigated in this work.
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distribution for the vacancy in ZnSe:Al was determin
through measurements on the conductive ZnSe:Al sam
Here,;25% of the positrons are trapped at the vacancie
300 K. The characteristic momentum distribution for the v
cancy was obtained from decomposing the measured
employing Eq.~5! with the known momentum distribution
from bulk ZnSe~Fig. 5!.

The momentum distribution of the vacancies~at pL.15
31023m0c) has a lower intensity than in bulk ZnSe becau
the probability of annihilation with core electrons is reduc
in vacancies. More importantly, the shape differs from tha
the bulk ZnSe. The ratio increases toward high moment
i.e., the annihilation momentum distribution of the vacanc
is broader than that of bulk ZnSe. The shape is similar to t
of Se but is clearly different from that of Zn@Fig. 5~a!#.
Thus, annihilation in the vacancies occurs preferentially w
electrons from Se, showing that the vacancies are surroun
predominately by Se atoms. Therefore, the vacancies
ZnSe:Al and ZnSe:I both belong to the Zn sublattice, cons
tent with the interpretation of the positron lifetime results

A closer look shows that the core annihilation momentu
distribution in ZnSe:Al is slightly different from that in
ZnSe:I. In ZnSe:Al, it is very similar to that of Se, indicatin
a vacancy surrounded only by Se atoms. Because pos
annihilation occurs predominantly with electrons from t

s

FIG. 5. ~a! Annihilation momentum distribution in bulk ZnSe
pure Zn, and pure Se, measured at 300 K.~b! Annihilation momen-
tum distribution in Zn and Se normalized by taking the ratio to th
of bulk ZnSe.
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nearest-neighbor atoms, we cannot decide whether the
cancy in ZnSe:Al forms a complex with a second next nei
bor on the Zn sublattice, i.e., with AlZn . However, isolated
Zn vacancies should not be stable at room temperature
cording to previous investigations of irradiated ZnSe.7,35

Moreover, VZn-AlZn complexes were previously found b
EPR,23,24making VZn-AlZn the most probable assignment f
the vacancies in ZnSe:Al. From a decomposition of the m
sured momentum distribution using Eq.~5!, we obtained the
same momentum distribution also for the Zn vacancies in
undoped, insulating Bridgman-grown ZnSe sample, confi
ing that the defect type is the same.

In ZnSe:I, the normalized momentum distribution i
creases less steeply toward high momentum than in ZnSe
indicating a somewhat different chemical environment. T
behavior must be explained by the presence of an atom
ferent from Se next to the Zn vacancy. Because positr
‘‘see’’ only the atoms closest to the vacancy, the foreign at
must reside on the Se sublattice. The most numerous for
atoms in ZnSe:I are the ISe donors. We attribute therefore th
vacancies in ZnSe:I to VZn-ISe complexes.

This assignment is corroborated by a consideration of
electrons contributing to the annihilation at high momentu
In Zn and Se, these are mainly 3d electrons.18 The Se 3d
electrons are more tightly bound than the Zn 3d electrons
due to the higher atomic number of Se (Z534 compared to
30 of Zn!. The Se 3d electrons are therefore less localized
momentum space, i.e., the momentum distribution is broa
and decays less steeply than that of Zn~Ref. 18! ~Fig. 5!. In
I (Z553), the main contribution to the core annihilatio
comes from 4d electrons. They are less strongly bound th
the Se 3d electrons.18 The resulting momentum distributio
is therefore more localized in momentum space, i.e., it

FIG. 6. Normalized annihilation momentum distribution for th
vacancy in ZnSe:I and for the vacancy in ZnSe:Al. The vacanc
are identified to be VZn-ISe or VZn-AlZn complexes, respectively
~see text!. Solid lines are from data smoothing and serve to gu
the eye only.
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cays more steeply with an increased contribution at low
momentum~close to 1531023m0c). Such behavior is ob-
served in Fig. 6 for ZnSe:I in contrast to the vacancy
ZnSe:Al, indicating VZn-ISe complexes in ZnSe:I. In addi
tion, the previous EPR experiments already demonstrated
presence of VZn-ISe complexes in our samples,23,24 in agree-
ment with the assignment by positrons.

The results in ZnSe are analogous to our previous inv
tigations of VGa-TeAs complexes in GaAs.19 In that case, Te
with core annihilation from 4d electrons replaces an As ato
with core annihilation from 3d electrons adjacent to a G
vacancy. This leads to a similar change of the moment
distribution while the difference is barely visible in th
W-tav plot.19

To summarize this part, the observation of the moment
distribution confirms that the vacancies in ZnSe:I a
ZnSe:Al both belong to the Zn sublattice. The Zn vacanc
in ZnSe:I are found to form complexes with I donors. Th
result agrees with the previous identification of A centers
EPR.23,24 From the PA measurements alone, we cannot
cide whether the Zn vacancies in ZnSe:Al form complex
with the Al donors, too. However, in view of the previou
EPR results,23,24 the most probable assignment is VZn-AlZn
complexes.

C. Vacancy-impurity complexes as compensating species

This section focuses on the question of whether the e
trical compensation of donors can be explained by theZn
complexes. VZn is twofold negatively charged inn-ZnSe,2,4

i.e., each complex compensates two singly charged don
The vacancy concentration can be independently obta
from the measured trapping rate@Eq. ~4!# provided the trap-
ping coefficientmvac is known.

First, we consider ZnSe:I. Due to saturated positron tr
ping, only a lower limit of the positron trapping rate of;6
31010 s21 can be estimated. The VZn-ISe concentration is
thus at least 2.631018 cm23 according to Eq.~1! with a
trapping coefficient of 1015 s21 at 300 K.26 The as-grown
ZnSe:I sample is fully compensated. Thus, a vacancy c
centration of 3.531018 cm23 is expected~i.e., half of the
donor concentration! if the VZn-ISe complexes are the domi
nating compensating species. The measured vacancy con
tration is in agreement with this assumption, i.e., the vac
cies can explain the compensation quantitatively.

We are now also able to explain why the PA results are
same for insulating and conducting ZnSe:I. The carrier c
centration is 131018 cm23 in the conducting ZnSe:I sample
i.e., this sample is still strongly compensated. Therefo
there are still;331018-cm23 VZn-ISe complexes presen
~instead of 3.531018 cm23 in the insulating sample!. From
Eq. ~4!, it can be easily calculated that this corresponds t
change oftav smaller than 1 ps. Such a small differen
cannot be resolved with our lifetime spectrometer, i.e.,
same PA results are expected for compensated and con
ing ZnSe:I.

Finally, we check whether the electrical compensation
the ZnSe:Al and Bridgman-grown samples can be explai
with vacancies as well. For that purpose, we compare

s

e
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vacancy concentration measured by PA with the concen
tion of compensated donors. Unfortunately, the absolute
nor concentrationndonor is not known for the ZnSe:Al and
Bridgman-grown samples. Therefore, we relate the diff
ence of the carrier concentration between insulating and c
ducting samples~the concentration of compensated carrie
Dne) to the corresponding difference of the vacancy conc
trations ~the concentration of compensating vacanc
Dcvac), i.e., Dne/25 1

2 3(ne
cond2ne

insul) should equalDcvac

5(cvac
insul2cvac

cond). The factor 1
2 takes into account that eac

complex compensates two donors. In ZnSe:I, the concen
tion of compensated carriers is simply equal to the kno
donor concentration and the concentration of compensa
vacancies is given by the vacancy concentration in insu
ing, fully compensated material. In Fig. 7, the concentrat
of compensating vacancies is plotted versus half of the c
centration of compensated electrons for all samples. The
in Fig. 7 is a linear fit to the data withDcvac5a3Dne/2
yielding a5(0.760.1). The good agreement with the da
shows that the vacancy complexes dominate the compe
tion. The factora is the ratio between the actual trappin
coefficient of the VZn complexes and that of 1015 s21 used in
Eq. ~1!. The discrepancy is well within the uncertainties
;50% for the trapping coefficient.26 To summarize this part
we conclude that the VZn complexes observed by PA dom
nate the compensation of donors inn-ZnSe.

V. DISCUSSION

A. Carrier compensation

Our PA results show the existence of VZn-donor com-
plexes in n-type ZnSe. Consistently with this finding, th

FIG. 7. Concentration of compensating vacancies as a func
of the concentration of compensated electrons. The line is a li
fit to the data showing that the vacancies compensate the do
~see text!.
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existence of VZn complexes has been shown before
EPR.24 The total vacancy concentration could not be det
mined by EPR,23,24 but easily by PA. We found that the va
cancy concentration can explain the electrical compensa
of donor doping, i.e., we confirmed quantitatively that co
pensation inn-ZnSe is due to self-compensation through n
tive Zn-vacancy–donor complexes~so-called A centers!.
This is in line with those theoretical calculations which pr
dict that VZn-donor complexes have a low formation ener
in n-doped ZnSe and should therefore be the domina
compensating species.4

The situation in ZnSe is analogous to that in GaAs.
both materials, acceptor-type cation vacancies have the
est formation energy of all native defects at highn-doping
under anion-rich conditions. The formation of these charg
defects~self-compensation! becomes favorable if the forma
tion energy of the neutral vacancy is lower than the ene
gain due to electron transfer from the Fermi level to t
accompanied acceptor level~s!.36 In ZnSe with its wider band
gap, self-compensation can be complete, however, in G
always only a part of the donors is compensated.37

B. Positron annihilation parameter

The present work is the first combined positron lifetim
core annihilation momentum distribution study of defects
ZnSe. The defect identification is backed by EPR and e
trical measurements. It is thus very interesting to comp
our data to previous PA results. We found the following po
itron annihilation parameters for VZn-donor complexes: a
300 K ~i! the positron lifetime is (28061) ps~for VZn-ISe) or
(275610) ps ~for VZn-AlZn), ~ii ! the W parameter is (0.73
60.01), and~iii ! theSparameter is (1.02260.01). The pos-
itron lifetime in bulk ZnSe was found to be 241 ps.

Our bulk positron lifetime agrees with that found in Ref
16, 21, and 22, giving credit to the assignment. Theoret
calculations gave bulk lifetimes of 233 ps using the loc
density approximation~LDA !,38 or of 250.5 ps, using the
generalized gradient approximation~GGA!.22 LDA calcula-
tions usually underestimate positron lifetimes while the GG
usually gives positron lifetimes within a few ps of the e
perimental values.19,39 However, in the atomic superpositio
calculations employed in Ref. 22, the strong charge tran
between the atoms for II-VI compounds is not taken prope
into account, resulting in too long positron lifetimes.39 More
accurate~shorter! positron lifetimes are expected when
self-consistent electron density is used within the GGA39

Our experimental positron bulk lifetime~241 ps! is just be-
tween that of the published calculations,22,38 thus showing a
good agreement.

Positron lifetimes of 245~265! for VZn , 252 ~279! for
VSe, and 310~343! ps for VZnVSe divacancies were calcu
lated using LDA~GGA!, respectively.22,38 Lattice relaxation
was not considered. The calculated positron lifetimes for VZn
are significantly shorter than our experimental ones
VZn-donor complexes. It is highly unlikely that the presen
of the donors close to the vacancies increases the pos
lifetime that much.19 The remaining explanation for the dis
crepancy is thus an outward lattice relaxation. Such a re
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IDENTIFICATION AND QUANTITATIVE EVALUATION . . . PHYSICAL REVIEW B 66, 115206 ~2002!
ation is not found by EPR.23,24However, the trapped positro
itself is known to influence the lattice relaxation by pushi
the neighboring atoms outwards, thereby increasing the
itron lifetime. This effect has been calculated in detail f
VGa in GaAs, where it amounts to an outward relaxation
only a few percent.40 In ZnSe with its ‘‘soft’’ lattice,1 the
effect can be expected to be considerably larger, thus pro
ing an explanation for our results. Only a detailedab initio
calculation considering lattice relaxation can clarify th
point. Nevertheless, the positron lifetime calculated for div
cancies is far larger than our experimental results. Theref
our data are only compatible with positron annihilation
monovacancies.

Only a few previous positron lifetime measurements
native defects in bulk ZnSe exist. A defect-related positr
lifetime of (303613) ps was found by Tessaro an
Mascher20 and attributed to divacancies. Plazaolaet al.
found vacancies with a positron lifetime of (32565) ps,
attributed to VZn or related complexes.22 The defect-related
lifetimes are significantly longer than our value of~275–280!
ps. In both studies, however, no independent proof for
existence of VZn monovacancies~such as EPR! was avail-
able. Our results suggest that the defects in Refs. 20 an
are rather divacancies or larger vacancy complexes. It is
teresting to note that these studies were done in undo
material. There, possibly existing Zn vacancies might
find enough partners~such as I donors! to form stable mono-
vacancy complexes, leaving only larger agglomerates
stable vacancy-type defects.

Electron irradiation is a suitable way to introduce sing
point defects such as monovacancies. Parejaet al.21 and Ab-
garjan et al.35 found a defect-related positron lifetime o
;270 ps in ZnSe irradiated with electrons below room te
perature. This lifetime was attributed to Zn monovacanc
in agreement with our finding and with earlier EP
experiments.7,41 With PA, an increase of the defect-relate
lifetime to ;300 ps was observed at 400 K, where the
a

n

n

t
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monovacancy anneals out according to EPR.7,41 This posi-
tron lifetime is compatible with divacancies, similar to th
lifetime found in as-grown material in Refs. 20 and 22.

Several PA investigations ofn-type ZnSe layers were
reported.12–14,16 In general, vacancy defects were foun
however, no definite assignment to Zn monovacancies co
be made due to the lack of positron lifetime measureme
The annihilation parameters were estimated to beSV
51.023 ~Refs. 12 and 13! or SV51.029.14 It is generally
difficult to compare measurements based on the momen
distribution among different groups because the meas
ment system~most importantly, the energy resolution of th
detector! has a significant influence on the results.42 Never-
theless, our results are in reasonable agreement with
obtained in epitaxial layers~at least for Refs. 12 and 13!,
corroborating the assignment of defects to VZn in these stud-
ies. This could be finally decided by using bulk samp
similar to ours as a reference for the epitaxial layers.

VI. SUMMARY

Positron annihilation spectroscopy was employed to st
defects inn-type ZnSe. We found vacancies with lifetimes
(28061) in ZnSe:I or of (275610) ps in ZnSe:Al and un-
doped ZnSe at 300 K. These vacancies are identified to
VZn-donor complexes by combining positron lifetime spe
troscopy with measurements of the annihilation moment
distribution. This identification is supported by electron pa
magnetic resonance.23,24 The positron lifetime is in agree
ment with that found earlier after electron irradiation at lo
temperature. Our results corroborate the previous assignm
of defects in epitaxialn-doped ZnSe layers to VZn by posi-
tron annihilation. A quantitative estimation of the vacan
concentration shows that the VZn-donor complexes can ac
count for the electrical compensation of donors. Our res
are in line with the assumption that self-compensation
native vacancies is the dominant compensation mechan
in n-type ZnSe.
, J.
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