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Trapping properties of cadmium vacancies in Cd_,Zn,Te
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The trapping and thermal emission of holes were studied from a deep acceptor level created during thermal
annealing of a Cd ,Zn,Te (x=0.12) crystal grown by the high-pressure Bridgm&tiPB) technique using
thermoelectric-effect spectroscopy and thermally stimulated current experiments. The deep level, which is
usually absent in as-grown HPB €dZn,Te crystals, is assigned to the-2- acceptor level of CdZn)
vacancies. The thermal ionization energy of the levé,js=(0.43+0.01) eV, and the trapping cross section of
holes was found to be=(2.0+0.2)x10 *® cm 2 [S0163-182697)03111-]

I. INTRODUCTION cross section of the-2/— acceptor level of CdZn) vacancy
in the Cd_,Zn,Te (x=0.12 compound. The value of the

The use of 1I-VI semiconductors such as CdTe andthermal ionization energyky,=(0.43-0.01) eV, is some-
Cd,_,Zn,Te as room-temperature x-ray anetay detectors What smaller than the reported optical ionization energy,
is severely limited by trapping of electrons and holes at deEqp=<0.47 eV in CdTe, possibly reflecting the Jahn-Teller
fects and the resulting incomplete charge collectidioth  distortion of the vacancy. We also find that isolated (Zd)
native defects and residual impurities are known to introducé&/@cancies are not present in as-grown samples of HPB CdTe
localized levels to the band gap of these materials, influenc@d Cd_,ZnTe crystals in substantial concentrations in this
ing electrical compensation and carrier trapping. Recent imstudy. This was attributed to the complexing of vacancies
provements in the purity and growth techniques enable mor®ith residual impurities formingA centers and other
reliable growth of bulk semi-insulating CdTe and vacancy-impurity complt_axes. Isolated Cth) vacancies are,
Cd,_.Zn,Te crystals. Crystals with resistivity close to the therefore, not the domilnant defect_s that .c_ontrol _electncal
intrinsic resistivity(p>1010 Q cm) are now routinely grown compensation and carrier trapping in semi-insulating HPB-
by the high-pressure BridgmafHPB) techniqueé®* Little ~ 9rown Cd_,Zn,Te.
progress has been achieved, however, in understanding the
underlying mechanism of electrical compensation and the
role of native and impurity defects in carrier trapping, se-
verely hampering the further progress of applications. The Cd _,Zn,Te (x=0.12 material was grown from melt

It is long believed that catiofigroup-Il elementvacan- by the high-pressure Bridgman technique in a vertical fur-
cies and vacancy-impurity complexes play an important rolsmace and graphite crucible using high-purity starting materi-
in electrical compensation and carrier trapping in II-VI semi-als. The Zn composition of the sample was measured by
conductors. Isolated catiofCd, Zn vacancies introduce a energy dispersive spectroscopy using a scanning electron mi-
double-acceptor level to the band gap of 1I-VI compoundscroscopy setup. A sample with dimensions Zx10 mn?
[CdTe®, CdS® znS! ZnSe(Ref. 8]. Among the variety of was saw cut from the 90-mm-diameter ingot and etched in
possible vacancy-impurities complexds,centers are often 5% Br-MeOH solution. For the electrical measurements Au
observed!! The A centers consist of a cation vacancy andelectrodes, 88 mn?, were sputtered onto the opposite sur-
a group-Il (Al, Ga, In) donor impurity on the group-Il ele- faces.
ment(Cd, Zn site or a group-VII(F, CI) donor impurity on The energy levels of the carrier traps were studied by
the nearest-neighbor anidifie) site in Cd _,Zn,Te. A cen-  thermoelectric effect spectroscopyEES (Refs. 12 and 183
ters contribute an acceptor level to the band gap about 0.12and thermally stimulated curreffSC) (Ref. 14 experi-
0.15 eV above the valence-band maximum. ments. Thermally stimulated spectroscopies use the thermal

In a recent paper, Emanuelssenal. reported the identi- excitation of trapped charge carriers, from the localized en-
fication of the Cd vacancy in CdTe by electron paramagnetiergy levels to the conduction or valence band, to determine
resonancdEPR experiments. They found that the defect the ionization energies, densities, and capture cross sections
has a trigonal symmetry which they explained by a Jahnef carrier traps. The charge emanating from the traps is de-
Teller distortion. They argued that the level observed intermined by the trap density and the temperature of trap
photo-EPR measurements corresponds to the-2acceptor emptying is related to the thermal ionization energy and car-
level of the Cd vacancy. The optical excitation energy of therier capture cross section of the localized levels. In TSC the
defect is less than 0.47 eV. charge emitted by the traps modulates the dark curiemt

In this paper we report the thermal ionization enefgy, , produced by an external bias while in TEES experiments the
i.e., the binding energy of the hgleand the hole capture thermoelectric current induced by a temperature difference

Il. EXPERIMENT
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duction band? governed the conductivity of the as-grown

FIG. 1. TEES spectra and the temperature dependence of tHgaterial.
dark current(dc curren} of the Cd_,Zn,Te (x=0.12 sample be- The sample was annealed under Ar atmospherd fo at

fore and after annealing. For the TEES experiments the crystal wag83 °C to produce CdZn) vacancies. The formation of Cd
photoexcited PE) at 9 K by 1.33-eV photons for 1000 s. The TEES (Zn) vacanciesVcy, Vz,) is signaled by the conversion of

spectra were taken at an average heating rate of 0.42 Kis. the material frorm to p type (Fig. 1) and the appearance of
a deep level at 188 KFig. 3. This level was not observed

across the sample is measured. TEES has three advanta ggore annealing of the sampleo peak in the TEES spec-

- . L rum in Fig. 1, and we found this to be a general trend in all
over TSC:(1) it has a higher sensitivity to deeper leve[8) o .
it directly distinguishes between electron and hole traps id—|PB-grown semi-insulating Gd,ZnTe crystals we stud-

the absence of internal electric fields, af®l provides the |ec1. T?heatpﬁjllggea:: ?;rgcr):;?grtirtlc C(;urrr:gg ;E)c? }ﬁ:égg IrI1C|isI
conductivity type of the materidf The experiment setup C&©° jority fie

; - . type after annealing. The carrier concentration in the an-
consists of a sample holder enclosed in a cryostat operatln?ealed sample was~4x 101 cm ® at 300 K. The conver-

in the 10—400-K temperature range, a temperature controIIeS,Ion of the sampla to p type indicates that formation of

i t isi= T
a Keithley 617 electrometer and a control and date acquis cceptor levels, and presumably the diminution of donor lev-

tion system. The samples are cooled in the absence of lig tak | quring annealing of the samole. Due 1o the
to ~9 K, where the traps are filled by optical excitation usinge S, lakes place during a 9 pie.

subband gap 1.33-eV photons from an infrared Iight-emittinq%"fference in the vapor pressures of Cd and*Tannealing

diode. The TEES and TSC experiments were performed wit ! tesssimc lg'tgr?:;t tﬁg ?gfnqgrt?;;ucr’? ?glh\t;fasnggslo?:o];;(ran q
a heating rate of 0.42 K/s. p '

single Cd vacancies are double acceptors in CtAdrac-

tion of the diffusion Cd vacancies is presumably captured at

donor impurities forming dono¥.-4 pairs(A center$, which

are also known single acceptdfa! The capture and com-
The as-grown material wastype, as shown by the nega- plexing of Cd vacancies with isolated donor impurities de-

tive thermoelectric current in Fig. 1. The carrier concentra-creases the donor and increases the acceptor concentration in

tion estimated from the conductivity at 300 K was- X 10" the sample facilitating the conversion framto p type. The

cm 3. The conductivity of the material before annealing wastemperature dependence of the conductiditig. 2) showed

nearly independent of temperatusee the dc current in Fig. a behavior typical of an extrinsic semiconductor with two

1) indicating that the Fermi level is pinned in the band gapactivation energie&,=0.14 and 0.46 eV dominating at low

by deep levels. Purity analysis of the material showed that Cand high temperatures, respectively. The lower activation en-

N, O, Al, and Se were the major impurities. Al was the ergy is close to the ionization of the acceptor levelsfof

dominant impurity with concentration 0&5x10'" cm 3 centers in CdTé%!1 The E,=0.14 eV ionization energy pre-

The total impurity concentration was less than®' cm 3. sumably corresponds to the ionization of the aluminam

The n type of the material indicates that the shallow donorcentersVq4+Al 4 pairy (Refs. 10 and ithat are formed by

state of substitutional Aly, located 14 meV below the con- the capture of vacancie®/c4, Vz,) at Alcq atoms during

Ill. RESULTS AND DISCUSSION
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FIG. 3. TEES and TSC spectra of the annealed (An,Te  |ayg| should be emptied. The deep level observed at 188 K is
(x=0.12) sample photoexcite(PE) at 9 and 160 K by 1.33-eV. eceded by a complex band of more shallow levels. The
Elc:loet(;pas f‘;rt 11%080 KS itsli(r?cri]if;tzg %Ve;igzrrjﬁt;E%r:zt‘;géofzeéis' Ttigin of these levels will not be discussed here. When the

P y pectrum. deep levels are filled at 9 K, emptying of electron traps takes
_place right below the 188-K peak, and the resulting slope is
subexponential. In order to avoid the effect of carrier emis-
sion from these traps on the shape of the 188-K peak, the
trap was filled by optical excitation at 160 K. The Arrhenius

ing. o . )
The level at 188 K cannot easily be revealed in TSC eX_plot of the initial slope of the peak and the fitted model using

periments. Due to the low resistivity of the annealed sampIeI,Eq' (1) IS shown in Fig. 4. The ionization energy of the deep

- . . Tevel (binding energy of the hojewas found to be
p=2.3X10° O cm, the current under normal bias condltlonsE —(0.43+0.01) eV. This value is somewhat smaller than
(E,=10 V) is orders of magnitude higher than the corre- it '™ ' :

sponding peak amplitude. Even in a low-bias TSC experi-the reported optical ionization energg,;<0.47 eV, in

ment (E,=50 mV) the corresponding peak is SuperimposedCdTe reflecting the Jahn-Teller distortion of the vacahcy.

. . . ! L Provided retrapping of the liberated carriers is negligible
on the semiexponentially increasing current from the ioniza- T Sy : I
. g and the recombination rate is high relative to the emission
tion of deep levelgsee the arrow in Fig.)3 The peak can,

rate and a slowly varying function of temperature, the ion-

annealing. The higher activation energy most likely corre
sponds to the double-acceptor level of (Zh) vacancies.
These acceptor levels render the matguitifpe after anneal-

, @

+INCmyo—InEy,

however, be clearly resolved in the TEES spectra, where thf%ation energy and carrier capture rate of localized levels is
thermoelectric current from the thermal ionization of accep- lated 1o th K : ' WEY by th
tors is of much smaller amplitude. relate .O}F e peak maximum temperaturgf by the
To extract the thermal ionization ener@y,,) of the trap EXpressio
level at 188 K, the initial slope method was ud&dThe 4
method is based on the observation that the early stage of En=kaT In(h
. . . . . th B'm
trap emptying is a thermally activated process with an acti- B
vation energy equal to the thermal ionization energy of the ) . )
trap, and is independent of the subsequent fate of the emittefn€re o is the carrier capture rateny=0.4m, is the effec-
charge. The thermal ionization energy of the trap can bdVe masssl%f t3he3charge carrigs3 is the heating rate, and
extracted by fitting an exponential to the initial slope of theC=4(67)"kg/h” is a constant. The capture rate of the
peak traps was calculated from E¢2) using E;,=(0.43+0.01)
eV, and was found to be=(2.0+0.2)x10 % cm™2.
| 1 1 Positive current indicates hole emission in our TEES ex-
|n(|—) = Em(ﬁ— T/ 1) periments. As hole emission can only be observed for levels

0 B'0 7B in the bottom half of the band gap, the deep level observed at
wherel andl, are the current values at temperatufeand 188 K corresponds to a hole trap located between the intrin-
To, respectivelyt? To prevent the distortion of the initial rise sic Fermi level and the valence-band maximum. The ob-
of the current peak, levels at temperatures below the studieserved hole trap, in principle, can be either an acceptor level
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or a very deep donor level with thermal ionization energytransition takes place to a singly ionized stéate. The state
greater than half of the band-gap energy>Ey(188 K) is equivalent to a trapped hole. Although the/2- level is
~0.8 eV2! The donor level would be Iocated about belowEg, the singly ionized state has a very long lifetime at
Ey—Ewn~1.17 eV below the conduction band. Metallic im- low temperatures in compensatpetype material due to the
purltles occupying Cd sites such as B0 eV),?? Ti (1.1  low concentration of free electrons. Upon heating the sample
eV),22and Ph(1.28 eV} (Ref. 24 exhibit donor levels in this to elevated temperatures, thermal hole emission takes place
range in CdTe. The formation of the hole trap would thenaround 188 K from the localized level that can be observed
indicate the activation of the deep donors during annealingoy TEES experiments. Thermally stimulated experiments
However, the hole trap cannot be associated with deep dagive no information on the atomic configuration of the de-
nors as it contradicts the conversion of the conductivity fromfects. Thus we cannot exclude the possibility that vacancy-
n to p type. The conversion clearly indicates the increase ofmpurity pairs also contribute to the observed deep level be-
the acceptor concentration relative to the donor concentratioside isolated single vacancies. However, the impurities that
during annealing. bind strongly to Cd(Zn) vacancies, such as Al, perturb the

We attribute the trap to aacceptorlevel located in the electronic levels of the vacancy significantly. These vacancy-
lower half of the band gap. Acceptor levels below the Fermiimpurity pairs exhibit their own electronic levels such as that
level (Ef) are filled in thermal equilibrium and can be of the aluminumA centers observed &=0.14 eV(the peak
readily ionized by photoexcitation of the electron to the con-at 75 K in Fig. 3 in this study. In addition, we found no
duction band. The resulting state is a trapped hole which igvidence of weakly interacting impurities that would shift
stable inp-type material at low temperatures. The thermalthe ionization level of the C@zn) vacancy. Thermal anneal-
emission of the localized holes produces current peaks img performed in the 400-650 °C range showed the gradual
thermally stimulated experiments. The band gap of ouincrease of th&;,=0.43 eV peak in the thermally stimulated
sample is estimated to H&;=1.674 at 9 K2! and only ac-  spectra with no shift in the peak position. It is therefore most
ceptor levels with optical ionization energies greater tharlikely that a single defect, namely, the isolated () va-
Eop=Eg—hv=0.434 eV can be effectively photoexcited cancy, makes the predominant contribution to the observed
with hy=1.33 eV photons. This threshold effect is clearly deep level.
visible in our TEES experiments, where no carrier emission
is observed from levels below 65 K. It should be mentioned,
however, that the optical excitation energy of deep levels can
be significantly larger than the thermal ionization energy due We observed hole trapping and thermal emission from a
to Jahn-Teller distortion of the defects. As a result the threshdeep acceptor level created during thermal annealing of a
old effect observed in thermally stimulated experiments mayCd, _,Zn,Te (x=0.12) sample by thermoelectric effect
appear at lower energiéower temperaturgghan in optical ~ spectroscopy. The deep level was assigned to the-2ac-
experiments. ceptor level of isolated C¢zn) vacancies. The thermal ion-

In conclusion, the hole trap observed at 188 K isa@a  ization energy of the level i§;,=(0.43+0.01 eV, and the
ceptor level with a thermal ionization energy of trapping cross section of holes was found to be
E,=(0.43+0.01) eV. Thermally stimulated experiments un- ¢=(2.0-+0.2)x10 6 cm™2,
fortunately give no information about the charge state of the
defects. The measured thermal ionization energy is, how-
ever, consistent with the-2/— transition of the Cd vacancy
with E,,<<0.47 eV observed by EPR experimentdle there- This work was supported by the Department of Energy
fore assign the observed acceptor level to thd-2 transi-  under Contract Nos. DE-AG02-76CH00016 and Cooperative
tion of the isolated CdZn) vacancy. The vacancy is doubly Research and Development Agreem@iRADA) No. BNL-
ionized(2—) in thermal equilibrium at 9 K. During photoex- C-93-04. Discussions with Professor G. F. Neumark are
citation an electron is excited to the conduction band, and gratefully acknowledged.

IV. CONCLUSIONS
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