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Lattice relaxation of DX-like donors in Zn„Cdt „Te
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The configuration-coordinate diagram was constructed for deep relaxed In impurities in
Zn Cd& Te. On the basis of the Hall e6'ect, deep-level transient spectroscopy, photoionization,
and photoluminescence measurements it was shown that In donors in Zn„Cd& Te possess analo-
gous properties to the so-called DX center in Al Ga& „As. The absence of paramagnetic resonance
from In donors suggests that In atoms form a mixture of In+ and In'+ ions, in equal numbers. A
persistent photo-EPR signal from mobile photoelectrons was observed after illumination at

g = 1.316 and could be thermally annealed. A strong broad, donor-acceptor-pair luminescence was
found, with periodically spaced phonon lines at high excitation powers.

INTRODUCTION

Donors in Zn Cd& Te ternary II-VI compounds ex-
hibit low-temperature, persistent photoconductivity, if
the Zn mole fraction is large enough. ' This behavior is
similar to that of a DX center in Al Ga& As. The role
of Zn in Zn Cd

&
Te corresponds to that of Al in

Al Ga& As, i.e., addition of Zn to CdTe converts a
shallow hydrogenic donor in CdTe into a deep donor.
Lang and Logan and Toyozawa explained persistent
photoconductivity in n-type Zn Cd& Te by large lattice
relaxation, similar to the case of the DX center. Per-
sistent photoconductivity was also observed in CdTe:Cl
(the effect increases under pressure). In this paper, for
the first time we shall investigate In deep donor in
Znp 2Cdp 8Te with a combination of EPR, deep-level tran-
sient spectroscopy (DLTS), resistivity measurements, and
photoluminescence, and show that the observed data can
be as we11 explained by the lattice relaxation model. The
conversion of the shallow hydrogenic donor into a deep
relaxed one can be achieved not only by Zn addition, but
also by applying hydrostatic pressure. This is also simi-
lar to the case of the DX center, which also can be pro-
duced if hydrostatic pressure is applied to n-type GaAs.
For the case of DX centers, the possibility of converting a
shallow isolated substitutional donor in GaAs into the
DX center by the hydrostatic pressure constituted proof
that the DX center is an isolated substitutional donor.
Similarly, the possibility of converting a shallow substitu-
tional donor in CdTe into a deep relaxed donor by the
hydrostatic pressure" constitutes strong evidence that the
deep relaxed donors in CdTe under pressure and
Zn Cd& „Te are isolated substitutional donors.

The study of the ternary II-VI Zn Cd, Te system
also has two major advantages over the Al Ga& As sys-

tern. First, bulk crystals of Zn Cd& „Te can be grown
by the Bridgman method, whereas Al Ga& „As can only
be grown as a thin epitaxial layer. This makes
Zn Cd& „Te particularly valuable for electron paramag-
netic measurements of relaxed donors, exhibiting per-
sistent photoconductivity. The second advantage is the
possibility of introducing shallow hydrogenic donors by
Al or I doping (Cl, Br, In, and Ga form deep relaxed
donors). This is in contrast to Al Gai As where all
donors form the deep DX centers if the Al concentration
is high enough.

Toyozawa proposed the metastable behavior of the
DX center to be caused by extrinsic self-trapping
similar to that in a polaron. In the case of a polaron only
the lattice distortion itself is sufficient to create a self-
trapped state. In the case of the DX center, lattice distor-
tion alone is not sufficient (otherwise polarons would have
been observed in undoped Al Ga, As), but needs to be
assisted by the short-range donor impurity potential.
The short-range donor impurity potential depends on the
chemical properties of the donor impurity. For the case
of an isolated donor atom the greater the difference in
electronegativity of the donor atom and the host lattice
atom it substitutes, the greater the short-range impurity
potential. Application of extrinsic self-trapping theory to
Zn Cd& „Te allows us to understand why Al and I form
shallow hydrogenic donors in Zn Cd& Te, whereas In,
Ga, Br, and Cl form deep relaxed donors. Indeed, Al is
the most metallic and the least electronegative element of
the Cd-site group-III donors. Therefore the short-range
impurity potential of Al is the smallest and its sum with
the lattice relaxation energy is not enough to lead to elec-
tron localization. Similarly, I is the least electronegative
element of the Te-site group-VII donors and therefore it
does not form a deep relaxed DX-like donor.
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EXPERIMENT

In this paper, we have investigated In-doped
Zno2Cdo gTe. The room-temperature electron concen-
tration was 6 X 10' cm . Cl-doped samples of
Zno pCdo gTe, with the room-temperature electron con-
centration due to Cl donors of 3.4X 10', were also used.
The crystals were grown from the melt at the speed of
about 1.4 mm/h. The Cl doping was achieved by adding
ZnC12 and In doping by adding In metal into the melt.
The temperature gradient in the furnance was 50 C/cm.
The material in the quartz ampule was covered by graph-
ite, and the ampule was then put into the Bridgman fur-
nace. The dopant was introduced directly into the melt.
After growth the crystal was cut into slices and the slices
were then annealed in cadmium vapors at 0.02 atm at
600'C for 5 d. The purpose of annealing was to decrease
the concentration of intrinsic acceptors, presumably Cd
vacancies, to the acceptable level of the oder of 10' /cm .
This characteristic value of residual intrinsic acceptor
concentration was determined by the Hall measurements
on undoped p-type samples.

A Bruker EPR ER-200D spectrometer, working in the
X band (around 9.4 GHz) and up to 100 kHz modulation
amplitude, was used for these studies. Temperature vari-
ation was obtained with a He gas-Aow cryostat allowing
the stabilization of sample temperatures between 8 and
300 K with 0.2 K precision. The EPR cavity had an op-
tical window so that the sample could be illuminated
in situ. The photoluminescence studies were done at
Xerox PARC. An argon laser was used for photoexcita-
tion and a germanium detector was used for detection of
photoluminescence. A standard DLTS setup with the
boxcar connected to the x-y plotter was used. In the pho-
toionization cross-section measurement the rate of con-
ductivity change do /dt was measured for different wave-
lengths at liquid-helium temperature. A Zeiss monochro-
mator and an Oriel lamp were used for illumination with
monochromatic light. An EPR cryostat was used for
cooling the sample. The sample, connected to the wires,
was put into the quartz tube sealed from one end. The
quartz tube was then put into the EPR cavity, and cooled
down by liquid-helium Aow. After each measurement,
the persistent photoconductivity was annealed by heating
up the sample to about 100 K and cooling it back to
liquid-helium temperature before subsequent measure-
ments are made. For the temperature-dependent Hall-
effect measurement, a computer-controlled automatic
system was used. The sample was slowly cooled down by
liquid-helium Aow.

detected after cooling down in the dark.
The EPR measurements on a 10X3 X 3 mm piece of

Zno 2Cdo gTe:In after illumination were impossible be-
cause the persistent photoconductivity resulted in such a
low Q factor of the cavity that no EPR measurements
could be performed. To make the measurements after il-
lumination, a thin needle-shaped sample had to be used.
We took a needle-shaped sample of 1 mm diameter, and 4
mm length. After photoionization, the persistent EPR
signal with g=1.316 and a width of 68 G [Fig. 1(a)] from
In-doped Zno 2Cdo gTe was observed. It disappeared only
when the sample was heated up to the annealing tempera-
ture of about 90 K and subsequently cooled to the initial
temperature of 20 K. The EPR signal with the same g
value was obtained from the samples doped predominant-
ly with Al (which is a shallow donor) before illumination.
Absence of the hyperfine structure of the signal and
disappearance of the signal when persistent photoconduc-

HtG)

ABSENCE OF THE EPR SIGNAL
AND POSSIBILITY OF NEGATIVE U

OF DEEP INDIUM DONOR IN Zno 2Cdp, Te
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The electron-paramagnetic-resonance experiment was
made on an In-doped 10 X 3 X 3 mm piece of
Zno pCdo gTe with a room-temperature electron concen-
tration of 6 X 10' cm . Although the amount of indium
atoms was 4 orders of magnitude greater than the sensi-
tivity limit of the EPR spectrometer, no EPR signal was

FIG. 1. (a) Light-induced persistent EPR signal from In-
doped Znp 2Cdp 8Te (solid line) measured at T= 20 K at
~=0.490 Ghz. The signal disappears (dashed line) when the
sample is heated up to 90 K and then is cooled down again to
the initial temperature of 20 K. (b) The same signal on the
background of the positive slope of the baseline due to negative
magneto resistance.
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tivity is annealed indicate that the signal must be due to
mobile photoelectron paramagnetic resonance. The
width of the persistent photo-EPR (PEPR) signal in-
creased with the increase in concentration of photoelec-
trons (increase in illumination dose). The persistent
PEPR signal with the same g value was also observed
from the Cl-doped Znp 2Cdp 8Te. The width of the PEPR
signal from the Cl-doped sample was 45 G, which is less
than 68 G for the case of an In-doped sample because the
photoelectron concentration is much less for the case of
the Cl-doped sample.

A possible explanation of that is that the ground state
of In in Znp 2Cdp 8Te is diamagnetic, i.e., it has a singlet
electron pair rather than one electron on it. An alterna-
tive explanation by extremely broad EPR lines, which
could not be observed, or a line with g & —,

' that requires
magnetic fields outside the range of the magnet is also
possible. Since the total number of donor electrons is
equal to the number of donor atoms, electron pairing re-
sults in the disproportionation reaction

2In~+ ~In+ + In3+

Such a disproportionation reaction is described by the
negative Hubbard energy U.

The disproportionation reaction is well known in inor-
ganic chemistry, especially for heavy group-IIIA ele-
ments, such as Ga, In, and Tl. An example of such a
disproportionation is group-IIIA chalcogenides, such as
InTe, TlS, or T1Se," where the In (or Tl) atom is ap-
parently divalent, but in reality is a mixture of In+ and
In + ions in difFerent crystallographic environments. For
example, in T1Se, Tl + and Se ions form (T1Se2)
chains, whereas Tl+ ions are situated in between the
difFerent chains. "

However, in the case of the DX centers in
Al„Ga] As, very recent magnetic susceptibility mea-
surements' indicated that the DX center is a paramag-
netic, positive U center even though no EPR signal from
the ground state could be observed.

Another interesting phenomenon is the negative mag-
netoresistance of both In- or Cl-doped Znp 2Cdp 8Te sam-
ples after photoionization at low temperatures (from 4.2
K to the persistent photoconductivity annealing tempera-
ture). The negative magnetoresistance manifests itself in
the positive slope of the EPR baseline [Fig. 1(b)]. The
resistivity of the sample in the magnetic field is

S=Bb/BH= —2AP/p (3b)

where

A= JE (r)d r (4)

is a constant depending on the position of the sample in
the microwave cavity and the distribution of the electric
component of the microwave field E(r) in the cavity.

CONFIGURATION-COORDINATE DIAGRAM
OF INDIUM DONOR IN Zn„Cd& „Te
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In-doped Znp 2Cdp 8Te exhibited low-temperature per-
sistent photoconductivity which annealed out around
80—90 K. The photoionization threshold of a deep In
donor in Znp 2Cdp STe was measured to be 0.7 eV. The
photoionization curve was about 0.2 eV broad (Fig. 2),
with the photoionization cross section exponentially in-
creasing in the photon-energy region 0.7—0.9 eV.
Though some widening can be accounted for by a possi-
ble alloy broadening efFect, the width of 0.2 eV suggests
strong defect coupling with phonons.

The slope of the Inn versus 1000/T corresponds to the
Fermi energy position of 0.067 eV (Fig. 3). The difference
between thermal and optical depths indicates a large
Stokes shift, similar to that of the DX center. The emis-
sion barrier, measured by DLTS, was 0.29 eV (Fig. 4).
Direct capture-rate measurements by the DLTS tech-
nique revealed logarithmic capture behavior [capacitance
is proportional to the logarithm of the filling pulse dura-
tion (Fig. 5)]. Though logarithmic capture can be expect-
ed for trapping by charged dislocations, it was also re™
ported for DX centers in Al„Gai As. ' Caswell et al. '"
explained the logarithmic capture by DX centers by
charge of the capture barrier when the quasi-Fermi level
shifts upon capture. The very large magnitude of the

p =po+PH (2)

where p is the coefficient for magnetoresistance of the
sample, pQ is the resistivity of the sample in the absence
of magnetic field, and H is the magnetic field. Since the
EPR spectrometer output is the derivative of the mi-
crowave absorption by the magnetic field, and the mi-
crowave absorbtion is inversely proportional to the resis-
tivity of the sample, the shift of the EPR baseline would
therefore be equal to

0.6
I I 1

07 08 09 'f 0 1.1

%m (eV)

1.2

2APH /p— (3a)

and the slope of the EPR baseline would then give the
value of the coefficient for magnetoresistance p,

FIG. 2. Photoionization curve of In-doped Zn02cd08Te at
10 K. Logarithm of the photoionization cross section in arbi-
trary units is plotted vs the energy of light.
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where v is thermal velocity of electrons, n is free-electron
concentration, and o. is the capture cross section. The
quadratic capture should be expected for a negative-U
donor or for a positive-U donor in the absence of shallow
donors. Dividing (6) by n, one obtains
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FIG. 3. Logarithm of electron concentration per cm' in In-

doped ZnopCdo gTe measured by Hall effect vs inverse lattice
temperature.
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DLTS signal from In in Zno 2Cdo 8Te dC/C = —,
' indicates

that it was coming from the main electrically active im-
purity, i.e., the In donor. The logarithmic capture makes
it very dificult to extract the capture-behavior value
from the DLTS measurements. Measurement of the cap-
ture barrier was made by studying the temperature
dependence of the rate of resistivity recovery after the il-
lumination is turned oA' in the temperature range 77 —90
K. The beginning of the resistivity recovery is shown in
Fig. 6. fhe speed of the resistance increase, dR/dt, is
proportional to the capture cross section. In the erst mo-
ment after the illumination is turned off, there is a jump
in sample resistance; but after that the resistance in-
creased linearly with time, at liquid-nitrogen temperature
for many hours. This can be explained if the electron-
capture rate is proportional to the square of the uncap-
tured electron concentration
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FIG. 4. Arrhenius plot of logarithm of emission time con-
stant (in ps) divided by temperature squared vs inverse tempera-
ture measured on In-doped Zno 2Cdo gTe. The emission barrier
determined from the plot is 290 meV.

FIG. 5. The DLTS transient (arbitrary units) as a function of
filling pulse duration (in ps) from Zno pCdo gTe doped by (a)
shallow Al and deep relaxed Ga donors at 187 K, (b) shallow Al
and deep relaxed Ga donors at 147 K, and (c) a deep indium
donor at 121.5 K.
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FIG. 6. Resistance transient of the sample of In-doped

Zno 2Cdo STe at liquid-nitrogen temperature after illumination is

switched oK An initial small positive jump in resistance is fol-

lowed by a slow (lasting for many hours) linear increase in resis-

tance with time.

Coordinate

FIG. 8. Configuration-coordinate diagram of the indium
donor in ZnozCdo8Te. E,„„EH,E„and E, are optical and
thermal depths of the level and capture and emission barriers.

d( 1 ln)/dt —U

or, since R —1/en@,

dR/dt —U/p . (7)
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The electron mobility after photoionization in the tem-
perature range 70—90 K is determined mostly by a
Coulombic charge scattering by ionized positively
charged donors, proportional to T . Thermal electron
velocity is proportional to &T (T is temperature). Using
that in (7) one can extract the capture-activation barrier
from the slope of a plot of ln [T(dR /dt )] versus 1000/T
(Fig. 7),

E, = —k~d ln[ T(dR /dt ) ]/d( 1/T) .

For the case of In in Zno2Cdo 8Te, E, =0.13 eV. To ob-

tain agreement between the thermal depth of the donor
with the difference between the emission barrier 0.29 eV
and the capture barrier 0.14 eV, one has to assume that
the thermal depth of the In donor in Zno 2Cdo 8Te is
twice the slope of a plot of inn versus 1000/T (Fig. 8).
This can be the case in the positive-U model for uncom-
pensated material (n &)X~) or in the negative-U case.
In the negative-U case the factor of 2 is due to two elec-
trons localized on the donor, the Fermi energy always be-
ing stabilized in between +/0 and 0/ —levels, regardless
of the acceptor concentration.

Cl-doped Znp 2Cdo STe was also found to exhibit per-
sistent photoconductivity, confirming the results of Ref.
1. In this case, the very small, 3.4 X 10', room-
temperature electron concentration made temperature-
dependent Hall and DLTS measurements very difficult.
To determine the persistent photoconductivity annealing
temperature, a difFerent, contactless method was used.
The conductivity of the sample was monitored by the Q
factor of the microwave cavity of the EPR spectrometer.
The Q factor could be visually seen on the oscilloscope
screen in the tune mode, when the microwave absorption
of the loaded cavity was scanned as a function of the mi-
crowave frequency. The sample was illuminated in si'tu

in the EPR cavity with optical access at liquid-helium
temperature. After that, the temperature was raised and
the temperature when the Q factor started to increase
was noted as the photoconductivity annealing tempera-
ture. In this way, the photoconductivity annealing tem-
perature of Cl-doped Zno2Cdo 8Te was measured to be
around 150 K.

I

2
1000/7 (K )

FIG. 7. Plot of 1n[T(dR/dt)] vs 1000/T. T is the tempera-
ture in K and dR /dt is the speed of resistance increase in kQ/s.

DONOR-ACCEPTOR PAIR I,UMINESCKNCE

The photoluminescence from Zno zCdo 8Te:In or Cl
(Fig. 9) consisted of two peaks —a sharp higher-energy
peak and a broad low-energy band. The sharp high-
energy peak could hardly be distinguished at low temper-
atures. However, at higher temperatures it becomes
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dominant. Excitation power dependence of the intensity
of these peaks showed no saturation of the high-energy
sharp peak, whereas the lower-energy broad peak saturat-
ed with increasing argon-laser power. The photolumines-
cence from mixed Al- and Ga-doped samples, on the oth-
er hand, showed only the broad lower-energy peak. The
half-width of the broad band in the In-doped sample was

0.13 in Al- and Ga-doped material, 0.07 eV for 2 mW ex-
citation power, and 0.11 eV in the Cl-doped sample.

The shape of the broad band changed with excitation
power; the maximum shifted and the width sometimes in-
creased or sometimes decreased with an increase in exci-
tation power. A change in line shape with excitation
power is a characteristic feature of the donor-acceptor-
pair (DAP) luminescence. ' The broad band from Al-
and Ga-doped material was in the energy range from 1.38
to 1.59 eV, and shifted to lower energies compared to the
other two In- and Cl-doped samples. The height of the
broad band was of the same order of magnitude in all the
three samples, although, judging from the Hall data, the
donor concentration in the Cl-doped sample was 2 orders
of magnitude less than in the In-doped sample. On the
other hand, undoped p-type (due to intrinsic acceptors)
Zn Cd

&
Te, as shown by Triboulet et al. ,

' does not
show the broad lower-energy emission band. This indi-
cates that donor doping is required to create the broad
photoluminescence band, and yet the intensity of the
photoluminescence is limited by the concentration of
another defect, a coactivator. This picture is consistent
with donor-acceptor-pair luminescence. Though no ac-
ceptors were deliberately introduced during the crystal
growth, intrinsic acceptors, presumably Cd vacancies, are
always present after crysta1 growth and even after
thermal annealing in Cd vapor (in concentration about
10' /cm ), designed to decrease the concentration of in-
trinsic acceptors. In heavily donor-doped Zn„Cd& Te
samples, it is therefore this intrinsic acceptor concentra-
tion that determines the intensity of the broad band.
More evidence of the donor-acceptor-pair nature of the
broad energy band is the observed change in the shape of
the broad band with excitation power (Fig. 10). The
sharp high-energy peak, on the other hand, does not satu-
rate and at high excitation powers ( —100 mW) becomes
dominant. This indicates that the sharp peak is due to
the bound exciton.
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x(a]

8200 8500

I

7000 7400 7800 8200
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FIG. 9. Photoluminescence from indium donor in
Zno 2Cdo 8Te in arbitrary units. {a) At 2 K, laser power 23 mW.
(b) At 2 K, laser power 0.8 mW. The bound-exciton peak is en-
larged 32 times. (c) At 150 K, laser power 23 mW. The scale in
(b) and (c) is 9 and —,'8 of the scale in (a), respectively.

FIG. 10. Photoluminescence from Zno 2Cdo &Te:Cl at 2 K in
arbitrary units. The thick solid line, thin solid line, and dashed
line correspond to 2, 9, and 100 mW excitation powers, respec-
tively.
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The lower-energy broad band, at high laser power, ex-
hibits fine phonon structure. The phonon peaks are
equidistant, spaced by 38 meV for the case of In-doped
material. The spacing of 38 meV is characteristic of cou-
pling with optical phonons.

Both large width and fine phonon structure are charac-
teristic of donor-acceptor-pair luminescence in a wide
variety of III-V and II-VI compounds, such as, for exam-
ple, GaP or ZnS (Ref. 17) or Al„Ga, „As:Si.' ' It
occurs regardless of presence or absence of a low-
temperature persistent photoconductivity. In any case,
since the sample is being illuminated by the laser light
during a photoluminescence experiment, it is the metasta-
ble hydrogenic state and not the deep relaxed ground state
of a deep In or Cl donor that gives rise to the observed
donor-acceptor-pair luminescence. The periodic phonon
structure could be due to the coupling of a deep intrinsic
acceptor to the lattice.

SUMMARY

Measured values of the thermal depth, emission, cap-
ture, and optical ionization barriers indicate that Lang's

configuration-coordinate diagram model can be used to
describe the properties of In donor in Zno 2Cdo 8Te. To-
gether with the eft'ect of Zn mole fraction on the depth of
the relaxed In donor, this indicates the similarity between
properties of the In donor in Zno 2Cdo 8Te and the DX
center in Al Ga& As. A large PEPR signal from
mobile photoelectrons after illumination from a small
needlelike piece of Zno2Cdo 8Te and the absence of an
EPR signal from In donors in the dark were observed.
Broad donor-acceptor-pair luminescence from the n-type
Zno 2Cdo 8Te with fine phonon structure was found.
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