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Identification and quantitative evaluation of compensating Zn-vacancydonor complexes in ZnSe
by positron annihilation
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We investigate defects in-type ZnSe bulk crystals by positron annihilation. With positron lifetime spec-
troscopy, vacancies with a positron lifetime of (280) and (275-10) ps were found in ZnS:l 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 aftype conductivity in ZnSe is due to self-compensation through native Zn-vacancy—
donor complexes.

DOI: 10.1103/PhysRevB.66.115206 PACS nuni®er61.72.Ji, 78.70.Bj

I. INTRODUCTION and a change of the annihilation momentum distribution, al-
lowing the sensitive detection of vacanciés.

The wide-band-gap semiconductor ZnSe attracted large Recent PA research on ZnSe focused on the investigation
attention as a potential material for light-emitting devices inof epitaxial layers. Vacancy defects were found in undolged,
the blue-green spectral ranfjélowever, ZnSe devices, usu- gallium-' and chlorinet’dopedn-type, and nitrogen-doped
ally heteroepitaxially grown on GaAs substrates, suffer fromp-type layers:*~® They were assigned to, and Vs, re-
fast degradation processes. Homoepitaxy on ZnSe substratggectively. In these studies, only the annihilation momentum
could prevent one source for such degradation. This requiredistribution could be observed. The momentum distribution
ZnSe bulk crystals with good quality and reproducible elec-depends on the sizend on the concentration of a defect.
trical properties. This information cannot be independently extracte@here-

ZnSe bulk crystals often suffer from severe electricalfore, it cannot be finally decided if the defects observed are
compensation. One explanation would be self-compensatioreally monovacancies, larger agglomerates, or if they form
through native defectsHowever, some theoretical calcula- complexes with the dopants. This makes assignment and
tions suggested that the formation energy of native defectguantification unreliable.
would be too high to make them a source of any significant A detailed identification of defects by PA can be obtained
compensation in ZnSe? Contrarily, other calculations by combining measurements of the momentum distribution
yielded low formation energies for vacancy-dopant com-with positron lifetime spectroscopy-*°In practice, positron
plexes, i.e., gacceptor and ¥,-donor pairs inp- and lifetime measurements must usually be done on bulk
n-type ZnSe, respectivefy’ samples. Such measurements could be used as a reference for

Experimentally, considerably few data exist on the micro-studies of thin epitaxial layers. However, very few positron
scopic nature of compensating native defects in ZnSe alstudies of defects in bulk ZnSe samples exist. Positron life-
though defects introduced by electron irradiation into ZnSdimes of 230(Ref. 20 or 240 ps(Refs. 16, 21, and 32vere
are among the most studied defects afdlINative \,,-Cl related to defect-free ZnSe while defect-related positron life-
and V,,-| complexes, the so-called A centers, were identifiedtimes of 300-325 ps were attributed to either Zn
with electron paramagnetic resonatE®R).E~*°However, it  monovacanci€$ or divacancie$®
was later pointed out that the concentration of these com- A particular problem for previous PA studies appears to be
plexes might not be large enough to explain the compensahe lack of suitable, well-characterized bulk sample material.
tion observed. In the present work, we investigatedoped[with iodine (1)

Positron annihilatior{PA) is a technique especially sensi- and aluminum(Al)] and undoped ZnSe bulk crystals, previ-
tive to vacancy defects, making it an ideal tool to clarify ously studied by electrical methods and EBR: We com-
the above questions. During diffusion in a solid, positronsbine positron lifetime spectroscopy with measurements of
can be localized by vacancies prior to annihilation with anthe annihilation momentum distribution. In a preliminary
electron. This results in an increase of the positron lifetimestudy, using positron lifetime spectroscopy only, we found a
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TABLE I. Specifications and positron lifetimes of the ZnSe samples investigated in the present work. Insulating behavior corresponds to
a resistivity>10° ) cm, the detection limit of our setup.

Dopant with Carrier Ta @t 300 K 74 @t 300 K
Sample concentration  concentratior(cm™°) (ps (ps Remarks
ZnSe:l, insulating I insulating 27% 1 same ag,, as grown
(7+£3)x 10 cm~3
ZnSe:l, conductive I 1x10' 281+1 same as,, annealed at 1040 °Qy,,=3.9 atm
(7£3)x10® cm3
ZnSe:Al, Al 2.4x 10" 244+ 1 280+8 Al indiffusion at 1000 °C for 4 days in
conductive Zn/0.02% Al melt
ZnSe:Al, insulating Al insulating 2491 272+12 annealing in vacuum at 700 °C for 2 h
Horizontal Unknown, probably 4.9x10'° 244+ 1 274+11  annealing in Zn melt at 1000 °C for 4
Bridgman(HB), unintentional Al days
conductive impurities
HB, insulating insulating 2411 annealing in vacuum at 700 °C for 2 h
ZnSe reference insulating 241 as grown by solid-state recrystallization

high density of vacancies in ZnSé3.In the present work, typical EPR spectra were observed in ZnSe:l and
we show that the vacancies inZnSe can directly be iden- ZnSe:Al?*?4The analysis showed that the spectra arise from
tified to be \%, monovacancies forming complexes with the Zn-vacancy—donor complexe¢A centerg as identified
donors, in accordance with EPR. Our results are in line witrearlier®® This finding is compatible with the above results
the assumption of self-compensation through native defectsvith the simple assumption that the complexes form only
during cooling but are dissociated at high temperatures. Un-
1. ZnSe SAMPLE MATERIAL fortunately, only a fraction of the A centers could be re-
charged by illumination to the neutral, paramagnetic state
All ZnSe samples investigated in this work were bulk yisible with EPR. Therefore, no quantitative information
crystals. lodine-doped material was grown by seeded chemgould be obtained, i.e., it was not clear if the A centers can
cal vapor transport at 830 °C using | as the transport agent. explain the electrical compensatith.
The growth results in the incorporation of | with a concen-  |n the present study, we investigate three sets-tfpe
tration of (7=3)x 10" cm™® (determined by instrumental ZnSe sampletsee also Table)l (i) ZnSe:l with an | concen-
photon activation analysisAl-doped ZnSe was obtained by tration of (7 3)x 10 cm ™2, as-grown(insulating and an-
Al indiffusion from a Zn/Al melt into nominally undoped nealed at 1040 °Cp,,=3.9 atm fi.=1x 108 cm3). (ii)
Bridgman-grown crystals. ZnSe:Al, obtained by diffusing Al into undoped Bridgman-
The ZnSe:l samples were semi-insulating after growthgrown crystals from a Zn/0.02%Al melt at 1000 °C for 4
(resistivity>10° ) cm) although | is a donor in ZnSe. An- days. The Zn vapor pressure over the melt is 2.8 atm. These
nealing under Zn vapor increased the room-temperature elegamples were investigated in the as-diffused state=@.4
tron concentratiom, (determined by Hall-effect measure- x 107 cm~%) and after annealing in vacuum at 700 °C for 2
ment3 up to ne=1.4x10"%cm® (p,,~5atm)? The h (insulating. (i) Undoped Bridgman-grown ZnSe, an-
change in conductivity was completely reversible, and annealed in a pure Zn melt at 1000°C for 4 days€4.9
nealing of the same samples under lower Zn vapor pressurg 10' cm=3; the conductivity is most probably caused by
reduced the carrier concentration agééng., 7<10°cm 2 ynintentionally introduced impuritiégs and annealed in
at pz,;=2x10"* atm). n, was proportional to the square vacuum at 700 °C for 2 Kinsulating. As a reference we
root of the Zn vapor pressure. ZnSe:Al waype after in-  investigated high-purity semi-insulating ZnSe grown by
diffusion of Al. However,n, was also proportional to the solid-state recrystallization, commercially obtained from
square root of the Zn vapor pressure applied during latesumitomo Electric Industries, Ltd. For the purpose of defect

annealing. The high electron concentration after indiffusiondentification with PA, we investigated polycrystalline pure
of Al is related to the high Zn vapor pressure over the Zn/Al(5N) Zn and Se reference samples.

melt.

The reversibility ofn, and its direct dependence on the Zn
vapor pressure strongly suggests that a native defect is the
compensating species. A natural candidate is the twofold Prior to annihilation with an electron in a solid, positrons
negatively charged Zn vacancy. The Zn vacancy thermamay be trapped in vacancies. This results in an increase of
equilibrium concentration is determined by the reactionthe positron lifetime and a narrowing of the electron-positron
Zn(g)+ V3, —Znz,+2e". The corresponding mass action annihilation momentum distribution compared to annihila-
law yields the experimentally observed square-root depertion in defect-free material. These effects can be used to
dence ofn, on py, in the region of high compensatiéh. determine type and concentration of vacanétes.

Under illumination with light of an energy above 2 eV Positron lifetime spectroscopy was performed using a

[ll. POSITRON ANNIHILATION
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conventional systenftime resolution: 250 ps full width at with core electrons. Shape and intensity of the momentum
half maximum. A 22NaCl positron sourcéactivity: 40 uCi,  distribution can therefore be used to study the chemical sur-
covered by 1.5ug/cn? Al foil ) was placed between a pair of rounding of defects”*® The annihilation momentum distri-
identical samples. We collected 3x@0° events in each bution f(p,) is the superposition of annihilation from the
lifetime spectrum. The temperatufewas varied between 30 different annihilation states, i.e.,
and 600 K. For the measuremenis,was cycled as 300
—30—600—300 K in order to exclude unwanted tempera-
ture effects such as defect annealing influencing the results.
After source and background corrections, the positron ) ) ) ]
lifetime spectran(t) were fitted according to the positron where thez are the normalized fractions of positrons anni-

trapping model with a sum of exponential decay component§ilating in the bulk and in defeqt The 7 can be obtained
from the decomposition of positron lifetime spectra mea-

sured under the same conditions. For the case of one defect
n(t)= nOEi i/ 7 exp(—t/m) (D type, the fraction of positrons annihilating in vacancigs.
is given by ny.c= KvaC/(Tgu::'k‘F Kyad- Tay Can be expressed
convoluted with the Gaussian resolution function of theequivalent tof(p,), i.e., Taw 1S (ouk Touk T2 7 7).
spectrometemy is the total number of observed annihilation e observed the momentum distribution by coincidence
events and; is the relative intensity of the component with spectroscopy using a setup of two Ge detectbis. each
the positron lifetimer; . From the decomposition, the aver- spectrum, 1.%10 coincident events were collected. All
age positron lifetimer,, was obtained as the superposition measurements of the momentum distribution were performed
at room temperatur€300 K). The intensity of the annihila-
Tav=2 lir ) (2) tion with core electrons was chargct_erized by Wearam-
i eter defined as the relative intensity in the momentum range
(15—20)x 103 myc. Wwill be normalized to the value

which is not sensitive to the numerical uncertainties of the\F/)vz 0.008 73 of a ZnSe reference free from positron trapping

PR > Sample, p . . usedS parameter, defined as the relative intensity in the mo-
acteristic single lifetimery,,. If positrons are trapped in

D A mentum rangep, =(0—3)x 10 3 myc. S is normalized to
vacancy defects, an additional characteristic lifetime for eac%1e reference value 0.504.

defect type is present in the spectrum. The defect-relate
positron lifetime in vacancies is larger thap,,. Thus, 74,
increases abovey, if positrons are trapped at vacancies. IV. RESULTS

From the spectra decomposition, one can calculate the theo- A. Positron lifetime spectroscopy
retical bulk lifetime 7}

f(pL):nbqufbulk(pL)_l'; 7ifi(pL), ()

Figure 1 shows the positron lifetime as a function of tem-
perature for ZnSe:l in comparison to a semi-insulating ZnSe
1/75'\"22 li /7. (3)  reference. In the reference, the average positron lifetime
' (74 increases slightly with increasing temperature. The pos-
If the model assumptiongmost important: the number of itron lifetime spectra were single component. At 300 K, a
positron lifetime componentsare correct,7i" agrees with ~ Positron lifetime of (241 1) ps is found. We attribute this
the independently determined positron bulk lifetimg. value to the positron lifetimey, in ZnSe free from positron
If only one type of vacancy traps positrons, the positrontrapping at vacancies, in agreement with earlier restrts:

lifetime spectra have two components. The longer positrorfay INcreases slightly by~2.4 ps from 100 to 550 K. A

nihilation in the vacancies. The first componentis given ~ Sémiconductors, e.g., GaAs, where it is attributed to thermal
by (1/7,= LTyt Kvad, Wherex, .. is the trapping rate into  attice expansion. In GaAsy, increases by-1.5 ps from

vacanciesx,,, can also be obtained from 100 to 550 K® In ZnSe, that increase can be expected to be
larger due to the larger thermal expansion coefficient of
1 (Tay— Toukd) ZnSe?® compared to GaAs.
Kvac™ —— 7— = MvaCvac: 4 In the I-doped samples, the average positron lifetime is
Thulk ( Tdef™ Tayv)

well above that in the reference. This shows clearly the pres-

The trapping rate is directly related to the vacancy concenence of vacancy defects,, increases with temperature from
trationc,,c by the trapping coefficient,,., which is specific  ~270 (at 20 K) to ~283 ps(at 550 K. Only minor differ-
for a given defect. The trapping coefficient is'168* with ences are found between the as-grown, insulating, and an-
an uncertainty of~50% for negatively charged monovacan- nealed, conductive samples. At 300 K, is (280+ 1) ps.
cies in semiconductors at 300%K. The spectra could not be decomposed into lifetime compo-

The positron lifetime depends mainly on the electron dennents, i.e., only one positron lifetimeorresponding tar,,)
sity and thus gives information on the open volume of ais present. The variance of the positron lifetime fit is scat-
defect. At high momenturp, , the electron-positron annihi- tered randomly from 1.0 to 1.15 in the whole temperature
lation momentum distribution is dominated by annihilationrange, i.e., close to the ideal value. If a second lifetime com-
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FIG. 2. Average positron lifetime as a function of the measure-
ment temperature for ZnSe:Al and nominally undoped, Bridgman-
grown ZnSe, insulatindgannealed in vacuumor conducting(an-
nealed in a Zn meit

FIG. 1. Average positron lifetime as a function of the measure-
ment temperature for insulatinas-grown and conductive(an-
nealed apz,= 3.9 atm) ZnSe:l in comparison to an undoped, semi-
insulating ZnSe reference.

L _ _negligible®® (see below. With 7,,.=280 ps, o= 240 ps,
ponent would be present, a significantly higher variance,q Lion(25 K)= syad 25 K) =10 571 (Ref. 26 we obtain
(about two or largeris expected(see, e.g., Ref. 11, and an ion concentration of 13210 cm3, i.e., in the same
references therejnNote that another type of vacancy with a order as the vacancy concentration.

similar defect-related positron lifetime would probably not We will show below that the vacancy concentration is
be detectable in the lifetime fit. However, the measurementﬁigh enough to explain all the electric compensation ob-

of the momentum distribution below and especially considggreq in znse:l, excluding similar high concentrations of
erations of the defect chemistry and the electrical

324 . h : def b negative ions present. The concentration of negative ions
g‘;";‘zﬁzeme require that only one defect type be st pe significantly lower than the vacancy concentration in

. order to be consistent with the electrical measurentertts.
The decrease of,, to low temperatures is often observed 1,4 giscrepancy can be resolved by considering that the trap-
when positron trapping at vacancies compete with that ifing coefficient for negative ions in ZnSe is not exactly

. . 0 - . . . .
negative ions? The ions can bind positrons in their shallow | oy making quantitative estimations uncertain within at
Coulomb potential only at low temperatures with annihila-|oast an order of magnitud&?® We have to conclude that

tion parameters close to the bu_lk_ values. With decreasingiiher the trapping coefficient of the ions must be much
temperature, more positrons annihilate at the ions, thus lea figher than previously believe@e., (25 K)> 101 s~ 2)

. . . . . " on

'Rg toa decreﬁsg afpy. This I|fet|r:1e ISI usually rt}oollc;tlo'se tof_ or the positron lifetime data must be explained without in-
the vacancy lifetime to be resolvable, i.e., the lifetime fit,q\inqg negative ions. It is interesting to note that Dannefaer
yields only one positron lifetime. At very low temperatures 54 pgt recently calculated a similar temperature depen-
(25 K), positrons cannot escape trapping at the ions and goce of7. as we observed in ZnSe:l but without invoking
steady state of competing trapping at ions and vacancies |g,qative jons in contrast to previous assumptidrigA de-
r_each%d.fThen, the cloncent:jat]lcon of negative |odns| canhb(:] CCrease ofr,, toward low temperatures is predicted for high
timated from a simple two-defect trapping model with the, 5.ancy concentrations which would be in agreement with

equation our results.
[Fonc 7 25 K)] In Fig. 2, 74, is shown for the Al-doped and -undoped
Kion(25 K) = Cyagbyad 25 K)[ V:(CZS ;"0_ T To samples. In the undoped, conductive sampig, closely
Ta Toul matches the positron lifetime in the reference, indicating that
= (25 K)C: 6 the vacancy concentration is below the detection limit of PA
Mion( )Cion s (6)

[~3X 10" cm 3, estimated using Eq4) with a trapping
where kjon, Mion, @nd ci,, are the trapping rate, trapping coefficient of 18° s™1]. In the other sampless,, is higher
coefficient, and concentration of the negative ions, respeahan the reference value, showing the presence of vacancy
tively. The vacancy concentration is estimated to b8  defects. In these samples,, decreases slightly with tem-

x 10" cm™3 using Eq.(1) from the data at high tempera- perature from 550 to 200 K. This behavior is very similar to
tures (>500 K) where trapping into negative ions is that one in the reference sample. We attribute it therefore to
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325 — undoped insulating sample within the margin of error. The
average value ofrygs was (275-10) ps at 300 K. This
_ defect-related lifetime is close to the average positron life-

Tdef
300} ~.
+ + ++ time in ZnSe:l(Fig. 1), indicating the same defect type. It is

T, (PS)

2751 + interesting to note that even the temperature dependence of
+ % rwlz Q‘J Tqef IN Fig. 3 is similar to that ofr,, in Fig. 1. This offers an
% % + alternative explanation for the temperature dependeneg,of
260 - . - in ZnSe:l, avoiding the necessity to invoke negative ions. We
PR found a similar temperature dependence of the defect-related
e lifetime for donor—Ga-vacancy complexes in GaAsThis
250 1 ° behavior might be related to thermal lattice expansion, too,
although the increase ef is larger that expected from that
° effect alone. Nevertheless, the statistical errors of the posi-
° © 5 o O o 5%0°% o tron lifetime fit does not allow definite conclusions on that
240 o e 000 ¢ o 7 point.
\ The ratio betweerryes and 7, is ~1.16. This is a typical
™ value for monovacancies in semiconducttrén addition,
ZnSe:Al, insulating 1 the vacancy concentration changes with,. Simple defect
— : N chemical considerations show that, in equilibrium, this can
only be true for monovacancies but not for the next largest
10r éﬁ Lo a 5 4 defect type, divacancies. Therefore, the defects detected by
I E? T W '# ¢¢ + 7 positron annihilation are monovacancies.
05k Hr" # _ The average positron lifetime, i.e., also the vacancy con-
centration, is lower in the respective conductive samples pre-
pared under high Zn vapor pressure. This is a strong indica-
tion for Zn vacancies. The concentration of Se vacancies
would increase with increasing,,. At first glance, the
I-doped samples seem not to fit into this trend becayses
FIG. 3. Two-component decomposition of the positron lifetime not changed after anr_1ea|mg. W? will show below th_at this is
spectra in the insulating ZnSe:Al sampftg is the second lifetime due to saturated posnr(?n t.rappmg. It does not indicate that
component, associated with positron annihilation in the vacanciedN€ vacancy concentration is constant.
The intensity e of that lifetime component is shown in the lower 10 Summarize the findings of positron lifetime spectros-
part. 1M is the lifetime in defect-free ZnSe, calculated from the COPY, we find a bulk lifetime of (2411) ps in ZnSe. In
decomposition according to a two-state trapping moggY. is in ~ n-doped ZnSe, we find negatively charged vacancies with a
good agreement with the measured bulk lifetime shown in Fig. 1. positron lifetime at 300 K of (286 1) ps(in ZnSe:) and
(275+10) ps (in ZnSe:Al and undoped HB-grown Znge
thermal lattice expansion, too, as mentioned above. HowThe defects are attributed to Zn monovacancies due to their
ever,7,, increases when the temperature is further decreasededuced abundance under Zn-rich conditions.
The increase observed at low temperatures is most pro-
nounced in the Al-doped, insulating sample. According to B. Annihilation momentum distribution

theory, positron trapping in negative vacancies increases with As th ; d f th
decreasing temperature but is constant for neutral. AS the next step, we performed measurements of the an-
vacancies? Therefore, at least a part of the detected Vacan_nlhnatlon momentum distribution at 300 K. First, we confirm
cies must be negativély charged that indeed the same defect type is present in all samples. For

The positron lifetime spectra could be decomposed intc¥hat purpose, the .correlatlon between Weparame.ter and
two components. In Fig. 3, the decomposition is exemplarily_average p_os_ltrc_)n I|_fet|me was obs_erve_d. The fraction of pos-
shown for the Al-doped, insulating sample. The longer life-'lrons annihilating in vacancieg, is given by
time componentrge, was (272-12) ps at 300 K and in- _ _ _ _ _ B
creases slightly with temperature. This lifetime is related to hac= (Wo = W)/ (Wo=Waed) = (7av= 70)/ (Tger—75)  (7)
positron annihilation at the vacancies. The intensityr@f  for the case of one defect type. The measutregarameter
was ~60% at high temperatures and increases-80% to-  depends thus linearly om,, if the defect density changes
ward low temperatures. From the decomposition, we calcuéwhich is directly related ton,,) and not the defect type
lated the positron Iifetimeg'\" using Eq.(3) (open circles in  (i.e., gt OF Wyep) . In Fig. 4, the measured normaliz&tl
Fig. 3. TgM coincides with the experimental bulk lifetime parameter is plotted vs,,. Within the errors, all data follow
determined in the referend€ig. 1), indicating that the pos- the same linear variatiofindicated by the solid line The
itron lifetime spectra can be sufficiently described with aagreement shows that the vacancies all belong to the same
trapping model considering one type of vacancy defect.  type. Wyer was determined to bé/ye=(0.73+0.01). How-

The same defect-related positron lifetime as in insulatingever, theW-7,, analysis does not allow to distinguish be-
ZnSe:Al was found in the other Al-doped sample and in thefween isolated vacancies and vacancies in a complex with

z,, (PS)
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T
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annihilation in the vacancies waSg=(1.022-0.01), a FIG. 5. (a) Annihilation momentum distribution in bulk ZnSe,

typical value for monovacancies in semiconductdrs. pure Zn, and pure Se, measured at 30@dX Annihilation momen-

The annihilation momentum distribution was then ob-y,y gistribution in zn and Se normalized by taking the ratio to that
served in detail to identify the chemical surrounding of thegs puik znse.

vacancies. For that purpose, we first establish suitable refer-
ences. In Fig. &), the momentum distribution is shown for distribution for the vacancy in ZnSe:Al was determined
pure Zn and Se in comparison to that of bulk ZnSe. In Figthrough measurements on the conductive ZnSe:Al sample.
5(b), the same data are shown but normalized by taking thélere, ~25% of the positrons are trapped at the vacancies at
ratio to bulk ZnSe. In the following discussion, only the 300 K. The characteristic momentum distribution for the va-
annihilation with core electrons ab, >15x10 3myc is  cancy was obtained from decomposing the measured one
relevant!’ For Zn, the intensity of the momentum distribu- employing Eq.(5) with the known momentum distribution
tion in that region is higher than in bulk ZnSeatio >1) from bulk ZnSe(Fig. 5).
while the momentum distribution is narrower than in bulk  The momentum distribution of the vacancied p, >15
ZnSe, i.e., the ratio decreases toward high momentum. Con< 10~ 3myc) has a lower intensity than in bulk ZnSe because
trarily, for Se the momentum distribution is less intense andhe probability of annihilation with core electrons is reduced
broader than in bulk ZnSe, i.e., the ratio increases towarih vacancies. More importantly, the shape differs from that in
high momentum. The momentum distribution in bulk ZnSethe bulk ZnSe. The ratio increases toward high momentum,
is an average between that of Zn and Se as one would expetk., the annihilation momentum distribution of the vacancies
The shape of the core annihilation momentum distribution ids broader than that of bulk ZnSe. The shape is similar to that
not significantly affected by the binding of an atom in aof Se but is clearly different from that of Z[Fig. 5a)].
solid 1”34 Therefore, the results for Zn and Se can be used a$hus, annihilation in the vacancies occurs preferentially with
a reference to identify the chemical surrounding of defects irelectrons from Se, showing that the vacancies are surrounded
ZnSe. predominately by Se atoms. Therefore, the vacancies in
The momentum distribution for the vacancies in ZnSe:1ZnSe:Al and ZnSe:l both belong to the Zn sublattice, consis-
and ZnSe:Al is shown in Fig. 6. Only the normalized mo-tent with the interpretation of the positron lifetime results.
mentum distribution is shown and the momentum distribu- A closer look shows that the core annihilation momentum
tion for the vacancy in ZnSe:Al was shifted by0.25 for  distribution in ZnSe:Al is slightly different from that in
clarity. Due to saturated positron trapping in ZnSEig. 1), ZnSe:l. In ZnSe:Al, it is very similar to that of Se, indicating
the momentum distribution characteristic for the vacancya vacancy surrounded only by Se atoms. Because positron
corresponds directly to the measured one. The momentumnnihilation occurs predominantly with electrons from the

-3
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15| ‘ ' ' ' ' ] cays more steeply with an increased contribution at lower

momentum(close to 15¢10 3mgyc). Such behavior is ob-
served in Fig. 6 for ZnSe:l in contrast to the vacancy in
ZnSe:Al, indicating \,-1s. complexes in ZnSe:l. In addi-
tion, the previous EPR experiments already demonstrated the
presence of V,-ls, complexes in our sampléd?4in agree-
ment with the assignment by positrons.

The results in ZnSe are analogous to our previous inves-
tigations of ;- Teas complexes in GaA$? In that case, Te
with core annihilation from d electrons replaces an As atom
with core annihilation from 8 electrons adjacent to a Ga
vacancy. This leads to a similar change of the momentum
distribution while the difference is barely visible in the
W- 7, plot.1°

To summarize this part, the observation of the momentum
distribution confirms that the vacancies in ZnSe:l and
0.25 - . ' . ZnSe:Al both belong to the Zn sublattice. The Zn vacancies
0 ' 10 ' 20 ‘ 30 in ZnSe:| are found to form complexes with | donors. This
result agrees with the previous identification of A centers by
EPR*2* From the PA measurements alone, we cannot de-

FIG. 6. Normalized annihilation momentum distribution for the Clqe whether the Zn vacancies in .ZnS_e:AI form comp_lexes
vacancy in ZnSe:l and for the vacancy in ZnSe:Al. The vacancieé’vIth the Al %%qors’ too. However, in v!ew of thg Previous
are identified to be ¥-lge or Vz,-Al5, complexes, respectively EPR result$®** the most probable assignment igvAlz,
(see text Solid lines are from data smoothing and serve to guideCOMPlexes.
the eye only.

1.00

0.756

Ratio to bulk ZnSe

0.50

-3
p, (10" mc)

nearest-neighbor atoms, we cannot decide whether the va- €. Vacancy-impurity complexes as compensating species

cancy in ZnSe:Al forms a complex with a second next neigh- This section focuses on the question of whether the elec-
bor on the Zn sublattice, i.e., with A]. However, isolated trical compensation of donors can be explained by thg V
Zn vacancies should not be stable at room temperature acomplexes. V, is twofold negatively charged in-ZnSe®*
cording to previous investigations of irradiated ZriS@. i.e., each complex compensates two singly charged donors.
Moreover, \,,-Al,, complexes were previously found by The vacancy concentration can be independently obtained
EPR?*2*making \,,-Al,, the most probable assignment for from the measured trapping rdtéq. (4)] provided the trap-
the vacancies in ZnSe:Al. From a decomposition of the meaping coefficientu,,. is known.
sured momentum distribution using E&), we obtained the First, we consider ZnSe:l. Due to saturated positron trap-
same momentum distribution also for the Zn vacancies in th@ing, only a lower limit of the positron trapping rate 6f6
undoped, insulating Bridgman-grown ZnSe sample, confirmx10'° s can be estimated. The\lg, concentration is
ing that the defect type is the same. thus at least 2.8 10'® cm 2 according to Eq.(1) with a
In ZnSe:l, the normalized momentum distribution in- trapping coefficient of 18 s * at 300 K?® The as-grown
creases less steeply toward high momentum than in ZnSe:AfnSe:l sample is fully compensated. Thus, a vacancy con-
indicating a somewhat different chemical environment. Thiscentration of 3.5 10 cm™2 is expected(i.e., half of the
behavior must be explained by the presence of an atom didonor concentrationif the V,,-1s. complexes are the domi-
ferent from Se next to the Zn vacancy. Because positronsating compensating species. The measured vacancy concen-
“see” only the atoms closest to the vacancy, the foreign atontration is in agreement with this assumption, i.e., the vacan-
must reside on the Se sublattice. The most numerous foreigties can explain the compensation quantitatively.
atoms in ZnSe:l are theddonors. We attribute therefore the ~ We are now also able to explain why the PA results are the
vacancies in ZnSe:l to }-1se complexes. same for insulating and conducting ZnSe:l. The carrier con-
This assignment is corroborated by a consideration of theentration is 2 10*® cm™2 in the conducting ZnSe:l sample,
electrons contributing to the annihilation at high momentumi.e., this sample is still strongly compensated. Therefore,
In Zn and Se, these are mainlyd Zlectrons® The Se 3 there are still~3x10®%-cm™2 V-, complexes present
electrons are more tightly bound than the Zd 8lectrons (instead of 3.5 10*® cm™2 in the insulating samp)e From
due to the higher atomic number of S8 34 compared to Eg. (4), it can be easily calculated that this corresponds to a
30 of Zn). The Se 8 electrons are therefore less localized in change ofr,, smaller than 1 ps. Such a small difference
momentum space, i.e., the momentum distribution is broadezannot be resolved with our lifetime spectrometer, i.e., the
and decays less steeply than that of(Ref. 18 (Fig. 5). In  same PA results are expected for compensated and conduct-
| (Z=53), the main contribution to the core annihilation ing ZnSe:l.
comes from 4l electrons. They are less strongly bound than Finally, we check whether the electrical compensation in
the Se @l electrons® The resulting momentum distribution the ZnSe:Al and Bridgman-grown samples can be explained
is therefore more localized in momentum space, i.e., it dewith vacancies as well. For that purpose, we compare the
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L existence of ¥, complexes has been shown before by

A HB-ZnSe o EPR? The total vacancy concentration could not be deter-
o ZnSeAl ] mined by EPR>?*but easily by PA. We found that the va-

m ZnSel cancy concentration can explain the electrical compensation
of donor doping, i.e., we confirmed quantitatively that com-
pensation im-ZnSe is due to self-compensation through na-
tive Zn-vacancy—donor complexeso-called A centebs
This is in line with those theoretical calculations which pre-
dict that \,,-donor complexes have a low formation energy
in n-doped ZnSe and should therefore be the dominating
compensating speciés.

The situation in ZnSe is analogous to that in GaAs. In
both materials, acceptor-type cation vacancies have the low-
est formation energy of all native defects at higldoping
under anion-rich conditions. The formation of these charged
defects(self-compensationbecomes favorable if the forma-
tion energy of the neutral vacancy is lower than the energy
gain due to electron transfer from the Fermi level to the
accompanied acceptor le®l®® In ZnSe with its wider band
gap, self-compensation can be complete, however, in GaAs
always only a part of the donors is compensated.
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B. Positron annihilation parameter
FIG. 7. Concentration of compensating vacancies as a function Th t K is the first bined it lifetime/
of the concentration of compensated electrons. The line is a linear e présent work IS the Tirst combined positron liteime

fit to the data showing that the vacancies compensate the donofdre annihilation mome,n_tum_ di;tribution study of defects in
(see text ZnSe. The defect identification is backed by EPR and elec-

trical measurements. It is thus very interesting to compare
vacancy concentration measured by PA with the concentrasur data to previous PA results. We found the following pos-
tion of compensated donors. Unfortunately, the absolute datron annihilation parameters for M-donor complexes: at
nor concentratiomgone, is NOt known for the ZnSe:Al and 300 K (i) the positron lifetime is (288 1) ps(for Vz-1sg or
Bridgman-grown samples. Therefore, we relate the differ{275+10) ps(for V,-Al,,), (i) the W parameter is (0.73
ence of the carrier concentration between insulating and conz 0.01), andiii) the S parameter is (1.0220.01). The pos-
ducting samplesthe concentration of compensated carriers; Iifétime in bulk ZnSe was found to be 241 ps.
Ane) to the corresponding difference of the vacancy concen- Our bulk positron lifetime agrees with that found in Refs.

trations (the - concentration of compensating vacanciesl6, 21, and 22, giving credit to the assignment. Theoretical

; 1 cond__ insu
ACV%QSL,"e'gO,énJZ_ 2% (Ne 1 Me ') should equalAcyq calculations gave bulk lifetimes of 233 ps using the local-
= (cMsul_coond “The factor takes into account that each density approximatio(LDA )% or of 250.5 ps, using the
complex compensates two donors. In ZnSe:l, the concentr jeneralized gradient approximatiéBGA).22 LDA calcula-

tion of compensa}ted carriers is simply gqual to the "”0".” ions usually underestimate positron lifetimes while the GGA
donor concentration and the concentration of compensatlngSually gives positron lifetimes within a few ps of the ex-

vacancies is given by the vacancy concentration in insulat="". 1939 . . ”
ing, fully compensated material. In Fig. 7, the concentratiorper'men.tal values: Hc_)wever, in the atomic superposition
of compensating vacancies is plotted versus half of the corg@lculations employed in Ref. 22, the strong charge transfer

centration of compensated electrons for all samples. The linB&tween the atoms for [I-VI compounds is not taken properly
in Fig. 7 is a linear fit to the data WitAc,,=axAny/2 into account, resulting in too long positron lifetim&iVore
yielding a=(0.7+0.1). The good agreement with the data @ccurate(shortey positron lifetimes are expected when a
shows that the vacancy complexes dominate the compensg€!f-consistent electron density is used within the GBA.
tion. The factora is the ratio between the actual trapping OUr experimental positron bulk ||fet|_m@4él ps is just be-
coefficient of the i, complexes and that of #0s * used in  tween that of the published calculatiof?s® thus showing a
Eq. (1). The discrepancy is well within the uncertainties of 900d agreement.

~50% for the trapping coefficief. To summarize this part,  Positron lifetimes of 245269 for Vz,, 252 (279 for

we conclude that the ), complexes observed by PA domi- Vse: @nd 310(343 ps for Vz,Vs. divacancies were calcu-

nate the compensation of donorsrifZnSe. lated using LDA(GGA), respectively?>*® Lattice relaxation
was not considered. The calculated positron lifetimes fgr V
V. DISCUSSION are significantly shorter than our experimental ones for

V,,-donor complexes. It is highly unlikely that the presence
of the donors close to the vacancies increases the positron
Our PA results show the existence of,Mlonor com- lifetime that much'® The remaining explanation for the dis-
plexes inn-type ZnSe. Consistently with this finding, the crepancy is thus an outward lattice relaxation. Such a relax-

A. Carrier compensation

115206-8



IDENTIFICATION AND QUANTITATIVE EVALUATION . .. PHYSICAL REVIEW B 66, 115206 (2002

ation is not found by EPR>?*However, the trapped positron monovacancy anneals out according to EPRThis posi-
itself is known to influence the lattice relaxation by pushingtron lifetime is compatible with divacancies, similar to the
the neighboring atoms outwards, thereby increasing the podfetime found in as-grown material in Refs. 20 and 22.
itron lifetime. This effect has been calculated in detail for ~Several PA investigations ofi-type ZnSe layers were
Vga in GaAs, where it amounts to an outward relaxation offeported:~*#®In general, vacancy defects were found,
only a few percent® In ZnSe with its “soft” lattice! the ~ however, no definite assignment to Zn monovacancies could
effect can be expected to be considerably larger, thus providl® made due to the lack of positron lifetime measurements.
ing an explanation for our results. Only a detaileldl initio ~ 1he_annihilation parameters were estimated to 8¢
calculation considering lattice relaxation can clarify this —1-023 (Refs. 12 and 1Bor S,=1.029:" It is generally
point. Nevertheless, the positron lifetime calculated for diva-difficult to compare measurements based on the momentum
cancies is far larger than our experimental results. TherefordliStribution among different groups because the measure-

our data are only compatible with positron annihilation atnent systen{most importantly, the energy resolution of the

monovacancies. detectoy has a S|gn|flcant_|nfluence on the resﬁﬁweve_r-
ftheless, our results are in reasonable agreement with that

Only a few previous positron lifetime measurements o . . =
native defects in bulk ZnSe exist. A defect-related positronom"’“ne‘j in epitaxial layerat least for Refs. 12 and 13

lifetime of (303:13) ps was found by Tessaro and porrobqrating the assjgnment qf defects tg,‘in these stud-
Maschef® and attributed to divacancies. Plazactaal. |e_s._Th|s could be finally decided by using bulk samples
found vacancies with a positron lifetime of (325) ps, similar to ours as a reference for the epitaxial layers.
attributed to \4, or related complexe¥. The defect-related
lifetimes are significantly longer than our value(@75-280
ps. In both studies, however, no independent proof for the Positron annihilation spectroscopy was employed to study
existence of ¥, monovacanciessuch as EPRwas avail- defects inn-type ZnSe. We found vacancies with lifetimes of
able. Our results suggest that the defects in Refs. 20 and 2280+ 1) in ZnSe:l or of (275 10) ps in ZnSe:Al and un-
are rather divacancies or larger vacancy complexes. It is indoped ZnSe at 300 K. These vacancies are identified to be
teresting to note that these studies were done in undopéd,,-donor complexes by combining positron lifetime spec-
material. There, possibly existing Zn vacancies might notroscopy with measurements of the annihilation momentum
find enough partnersuch as | donodsto form stable mono- distribution. This identification is supported by electron para-
vacancy complexes, leaving only larger agglomerates amagnetic resonancé?* The positron lifetime is in agree-
stable vacancy-type defects. ment with that found earlier after electron irradiation at low
Electron irradiation is a suitable way to introduce singletemperature. Our results corroborate the previous assignment
point defects such as monovacancies. Paeep? and Ab-  of defects in epitaxiah-doped ZnSe layers to){ by posi-
garjan et al®® found a defect-related positron lifetime of tron annihilation. A quantitative estimation of the vacancy
~270 ps in ZnSe irradiated with electrons below room tem-concentration shows that the,\¥donor complexes can ac-
perature. This lifetime was attributed to Zn monovacanciescount for the electrical compensation of donors. Our results
in agreement with our finding and with earlier EPR are in line with the assumption that self-compensation by
experiment<:*! With PA, an increase of the defect-related native vacancies is the dominant compensation mechanism
lifetime to ~300 ps was observed at 400 K, where the Znin n-type ZnSe.

VI. SUMMARY
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