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Microscopic Structure of DX Centers in Cdy gZngoTe:Cl

Y.Y. Shan and K. G. Lynn
Department of Physics, Washington State University, Pullman, Washington 99164

Cs. Szeles
eV Products, a division of 1I-VI, Inc., Saxonburg, Pennsylvania 16056

P. Asoka-Kumar*
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

T. Thio and J. W. Bennett
NEC Research Institute, Princeton, New Jersey 08540

C.B. Beling and S. Fung
Department of Physics, The University of Hong Kong, Hong Kong

P. Becla

Department of Materials Science and Engineering, Massachusetts Institute of Technology, Massachusetts 02139
(Received 16 June 1997

Photoexcitation of chlorinddX centers induces a transition of the Cl atoms to the shallow-donor
state and persistent photoconductivity at low temperature insZ2g,Te:Cl. The relaxation of the
substitutional Cl atoms to thBX state at 140 K is coincident with a decrease of the positron line-
shape parameter and an increase of annihilation with high-momentum core electrons. The results
indicate positron trapping and annihilation BX centers and at chlorin& centers. The data support
the bond breaking model of thBX centers and the outward relaxation of the Cl and Cd(Zn) atoms
along the [111] direction. The thermal barrier for the shallow-deep transition was found to be 0.44 eV.
[S0031-9007(97)04418-9]

PACS numbers: 78.70.Bj, 61.72.Ji

The microstructure and electrical properties cen-  involve a breaking of the Cd(zn)-Cl bond along the [111]
ters have been successfully described by the relaxation dfirection and an outward relaxation of the Cd(zn) and ClI
donor atoms from the substitutional lattice position in IlI- atoms.

V compounds [1-5]. The resultifgX state is a negative-  The CdgZny,Te:Cl crystal studied in these experi-
U center that is doubly occupied and negatively chargednents was grown by the vertical Bridgman technique
in its ground state. The deep-acceptor st&at& ~) canbe [7]. The sample was annealed in Cd vapor at 0.02 atm
converted to the shallow-donor stdt&") by photoexcita- at 600°C for 5 days to decrease the concentration of ac-
tion at low temperature. Thé"' state is metastable and ceptors such as Cd(Zn) vacancies andACtenters (Cd
exhibits persistent photoconductivity (PPC). At highervacancy-Cl pairs). The electrodes were prepared using
temperatures thermal excitation is sufficient to overcomen In-Sn eutectic alloy. The TE transport measurements
the barrier and the substitutional-donor atom relaxes to theiere performed using an optical cryostat operating in the
DX state. The lattice-relaxation model was promoted fol9—370 K temperature range [8]. In TE current experi-
DX centers in 1I-VI compounds as well [6]. The theo- ments the driving force for carrier transport is provided by
retical model suggested three possible configurations fdhe temperature gradient in the sample. Since both charge
chlorineDX centers in Cd-,Zn, Te [6]. carriers diffuse in the same direction the opposite sign of

In this Letter, we report the observation of the atomic-the thermoelectric power for electrons and holes produces
structure change related to the shallow-deep transitiofE currents of the opposite sign and allows the identifica-
of chlorine DX centers in CglgZn,y,Te:Cl using positron tion of the mobile charge carriers. The photoexcitation of
annihilation spectroscopy (PAS) and thermoelectric (TEXhe sample was performed usihgy = 1.51 eV photons
transport measurements. To identify tl¥X centers from a Xe lamp coupled to an optical monochromator
and study the shallow-deep transition of the Cl atomfor the TE current experiments and> = 1.33 eV pho-
temperature-dependent TE conductivity measurementsns from a light-emitting diode for the PAS experiments.
were carried out. The two-detector coincidence specThe TE current measurements showegipe conductivity
troscopy of positron-annihilation radiation was used toand a saturated electron density @< 10'® cm™3 after
determine the microstructure of theX centers. The photoexcitation at 10 K consistent with earlier Hall-effect
results suggest that DX centers in CglgZny,Te:Cl  measurements [5].
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The PAS [9,10] experiments were carried out using aconduction-band edge [5]. The PPC below 100 K and the
variable-energy monoenergetic positron beam. The modecay of the TE current above 130 K indicates that a ther-
mentum distribution of the electrons annihilating with mal barrier exists for the capture of electrons and the re-
positrons was determined by measuring the Doppleturn of substitutional Cl donors to the stable state. Above
broadening of the 511 keV annihilatiop line using a 190 K the electron current increases with an activation en-
high-resolutiony-spectroscopy system. To monitor the ergy of about 0.22 eV due to the thermal ionization of a
change in the momentum distribution due to the shallowdeep-acceptor state.
deep transition oDX centers the line-shape paramet®y ( The results are characteristic f&xX centers in IlI-V
was defined as the ratio of counts in the central regiorand 11-VI compounds [1-5]. We associate the observa-
(511 = 0.83 keV) of the photopeak to the total counts in tions with the photoinduced transition of the chlorib
the peak. The reproducibility of th® parameter in this centers to the shallow-donor staié*) of substitutional
digitally stabilized system was better than 0.0004. Bhe Cl atoms at Te sites at low temperature and the thermally
parameter measures mostly the contribution of the lowactivated relaxation of the ¢l atom to theDX state in
momentum valence electrons. The high-momentum comthe 130—150 K temperature range. The electronic level
ponents in the momentum distribution originate mostlyof the DX state is deep in the band gap and its thermal
from the core electrons at the annihilation site and can b@nization occurs only at higher temperature.
used to extract information on the chemical composition Figure 3 shows theS parameter as a function of the
of defects [11]. Here we used the two-detector coincipositron incident energyE) before and after photoex-
dence spectroscopy to measure the high-momentum coroitation. After saturation illumination at 50 K the bu$
ponents in the momentum distribution [12]. value increased to 1.0028. Like the PPC, this increase is

Figure 1 shows the TE photoconductivity of the samplemetastable and can be annealed out at 130-150 K. Fig-
below and above the transition temperature (130—150 Kjire 4 shows thes parameter as a function of isochronal
of DX centers [5]. For 10 and 90 K the photocurrents perannealing after photoexcitation at 50 K. The sample was
sisted after the photoexcitation terminated. At 170 K thecooled to 50 K after each annealing to eliminate the ef-
photocurrent rapidly decays at the end of photoexcitationfects of the temperature-dependent positron annihilation
The sign of the TE current shows that the free carrierand transport parameters. The higBgrarameter induced
generated by the photoexcitation are electrons consisteby photoexcitation was stable up to 130 K and the lower
with the transition of Cl atoms to the shallow-donor state.S was recovered above 150 K. No annealing effect was
Figure 2 shows the TE current vs temperature after phosbserved without the low-temperature photoexcitation.
toexcitation with 1.51 eV photons at 10 K. The TE cur- The difference between the surface and bjkarame-
rent increases with temperature and reaches a maximutars allows the measurement of the positron diffusion
at about 130 K. Above 140 K the current drops 2 orderdength (L) by fitting a diffusion-annihilation equation
of magnitude. The peak at 130 K is absent if no pho+o the SE data [13]. The very shok, = 270 + 20 A
toexcitation was performed at low temperature. The temindicates that virtually no positron diffusion takes place
perature dependence of the TE conductivity is reversiblén the material and the implanted positrons are rapidly
below 100 K. The Arrhenius plot of the TE current in this trapped at lattice defects. In additioh,, is indepen-
region gives an activation energy of 8 meV in agreementlent of temperature in the 50—150 range and does not
with the temperature dependence of the electron mobilehange with photoexcitation. In Cl doped CdZn,Te
ity and hopping transport through localized states at therystals chlorineA centers, i.e., Cd(Zn) vacancy-Cl atom
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FIG. 1. Evolution of the thermoelectric photocurrent (zeroFIG. 2. Temperature dependence of the thermoelectric current
bias) for photoexcitation by 1.51 eV photons at 10, 90, andor photoexcitation by 1.51 eV photons at 10 K for 30, 60, and
170 K, respectively.ro¢r indicates the end of illumination. PPC 120 min. The TE current saturates for 120 min illumination.
was observed at 10 and 90 K. The experiments were performed at a 0.4%HKeating rate.
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1 T T T T condition when a high fraction of the Cl atoms is in the
DX configuration.

Trapping of positrons at the negatively chargb® ~
centers explains the sensitivity of positrons to the —
DX~ transition of the Cl atoms. The difference in tBpa-
rameter upon thé* «— DX~ transition reflects the differ-
ent local environment experienced by the positrons trapped
atAcenters and X~ centers. After saturation photoexci-
tation the concentration @X centers is negligible and the
positrons are trapped at @lcenters. The trapped state is
characterized by a high&value due to the low overlap of
the positron wave function with the high-momentum core
co v b by b by electrons at the Cd(Zn) vacancy. The short positron diffu-

5 0 15 2 sion length indicates that virtually no delocalized positrons
Positron energy (keV) contribute to thes parameter. Above 150 K positrons are
FIG. 3. The normalizedS parameter as a function of the trapped at thédX~ centers and the loweS value reflects
incident positron energy at 50 K. Th& parameter was the atomic configuration and chemical environment of the
normalized to the bullS value before photoexcitation. DX centers.

_ _ _ The S as a function of annealing temperature is given
pairs (VcqClye) are formed in large concentration [14]. p

The A centers that have an acceptor level 0.12-0.14 eV
above the valence band maximum [15] are negatively S(T) = AuTS + [1 = fi(T)]S2, 1)
charged inn type material and are effective positron where f£,(r) = v,/(y1 + y2) +[1 — v2/(y1 + y2)]expX
traps. Trapping of positrons at the Cd(Zn) vacancy of —(y, + y,)r] is the fraction of Cl atoms in the
the CIA center explains the high& parameter when the metastablel/™ state. S, andsS, are theS parameters after
DX~ centers are converted to thé state. Although the and before photoexcitationy; = y,exp(—E; /kT), and
A-center concentration was considerably reduced by any, = y,exp(—E,/kT) are the thermal transition rates
nealing the sample in Cd vapors the residual acceptor cofirom thed* state to theDX ~ state and back, respectively.
centration is significartt~10'> cm™?) [4] and can account 4, ~ 10'3 57! is the attempt frequency is the thermal
for the observed positron trapping. In addition, positronrecombination barrier (i.e., transition from thé state to
trapping at extended defects and residual impurities cathe DX state), andg; is the thermal emission barrier (i.e.,
also contribute to the shoft, [10]. the transition from theDX state to thed™ state). Since
The strong correlation between the photoexcitation angt, > E, the transition in Figs. 2 and 4 is governed by
temperature dependence of tBeparameter and the TE the thermal recombination barrié,). By fitting Eq. (1)
current indicates that the positrons are sensitive to thgy theSparameter data in Fig. 4 the recombination barrier
transition of the Cl atoms between theX™ and the of £, = 0.44 + 0.04 eV was obtained.
shallow-donor state. The high8rafter photoexcitation is In order to determine the atomic structure of B cen-
characteristic for the situation when most of the Cl atomsers the two-detector coincidence spectroscopy was em-
are in thed™ state while the lowesS value reflects the ployed [11,12]. The technique measures the momentum
distribution of core electrons of the first-nearest-neighbor
atoms at the defect where the positron is localized. Since
the core electrons retain their atomic character even when

|II\IIIIII‘|IIIIIIII‘III¥..

1.00
0.99
0.98

097 .
After photoexcitation, L+= 290 A

( Jm]

e

09% Before photoexcitation, L =250 A

II|Ilillllll‘lllllllllllll\

Normalized S parameter

0.95

0

:
0

gllll

1.003

. ° o the atoms form a solid the high-momentum components

¢ *. of the momentum distribution reflect the chemical compo-

sition of the defects [11]. Figure 5 shows the change in

1.002 4. Zn. Teth positron annihilation with the high-momentum core elec-
O.BZ 0.2

trons upon photoexcitation and annealing at 140 K. The

@  After photoexcitation data indicate higher contribution from high-momentum

Normalized S parameter

T T 1T T[T F T T | 01 11 | 11T
I I I i

1.001 O  Nophotoexcitation (] -3 .
Model it . (P > 28 X 10°myc) core electrons when the positrons
i are trapped abDX centers and a significantly lower con-
1.000 o LI ] tribution when they are trapped at Cd(Zn) vacancies of
b L L the chlorineA centers. Recently Park and Chadi [6] pro-
0 50 100 150 200 . . . .
Annealing temperature (K) posed three alternative configurations ford{ centers in

Cd;_,Zn, TeCl crystals (Fig. 6). OnédDX;) configura-

FIG. 4. The S parameter as a function of the annealing .. .
temperature. The isochronal annealing was performed folON represents the breaking of a Cd(Zn)-Cl bond and the

15 min. The positron incident energy was fixed at 15 keV tooutward relaxation of the Cd(Zn) and-ghtoms along the
ensure implantation to the bulk. [111] direction. This configuration creates a free volume
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12— In conclusion, positron annihilation spectroscopy and
thermoelectric current measurements have been carried out
to study the microscopic structure and shallow-deep tran-
sition of chlorineDX centers in CglgZng ,Te:Cl. The tran-
sition is coincident with a sharp decrease of the positron
line-shape parametelS) and a significant increase of
positron annihilation with high-momentum core electrons.
The results indicate positron trapping and annihilation at
chlorine A centers after photoexcitation and@X centers
after annealing. Among the thr&X geometries proposed
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