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Persistent photoconductivity at elevated temperatures in Cd12xMn xTe:In

C. Leighton and I. Terry
Department of Physics, Science Laboratories, University of Durham, South Road, Durham, DH1 3LE, England

P. Becla
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 021

~Received 23 December 1996!

Persistent photoconductivity measurements have been made on several samples of Cd12xMnxTe:In with
manganese concentrations in the range 5–15 %. The effect of composition on the persistent photoconductivity
~PPC! effect has been studied. The PPC is usually quenched at a temperature of about 100 K but some samples
exhibit PPC which exists up to 190 K. The origin of this effect is discussed in terms of several models of PPC.
Particular attention is paid to the various possibilities for multipleDX-like centers in these materials. Also, a
small number of samples have been identified as being possible candidates for being driven through the
insulator-metal transition via photodoping. One possible application of these samples~which has already been
suggested! would be to write erasable conductive, or even metallic, patterns on an insulating background. The
requirements for this area of application are discussed in order to ascertain whether Cd12xMnxTe:In is a
suitable material.@S0163-1829~97!04235-5#
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I. INTRODUCTION

Persistent photoconductivity~PPC! was discovered in
Cd12xMn xTe ~see Ref. 1 and the references within! follow-
ing work on the effect in the II-VI semiconductor
Cd 12xZnxTe ~Refs. 2 and 3! and CdTe~under hydrostatic
pressure!,4 when doped with presumably substitutional d
nors. It has since been demonstrated that the donors in t
compounds behave in a manner analogous to that of theDX
center in AlxGa12xAs.5 Furthermore, it is widely accepte
that the model of theDX center due to Chadi and Chang6,7 is
consistent with the PPC effect in these II-VI and III-V alloy

One immediate application of the PPC in these mater
has been to write erasable conductive patterns on an ins
ing background, as demonstrated in AlxGa12xAs epilayers.8,9

This process could be utilized in optical switching, holog
phy, and high-density data storage if the following requi
ments are met: room-temperature PPC, and high differen
in conductivity between illuminated~conductive! and unillu-
minated~insulating! regions. It has also been noted9 that, as
optical diffraction from conductivity gratings~formed from
patterns of illuminated regions! increases with the square o
the grating thickness, bulk samples are preferable for s
applications.

It has been suggested that II-VI semiconductors sh
promise of supportingDX centers with larger capture barr
ers, resulting in higher PPC quenching temperatures. Thiet
al. have shown that Cd0.72Zn0.28Te:Cl could be a suitable
material, with the PPC existing up to 190 K.10 This high
quenching temperature was attributed to a secondDX-like
center as predicted by the first-principles pseudopoten
calculations of Park and Chadi.11 Here the large lattice relax
ation negativeU model is used to calculate the binding e
ergies of theDX centers due to group-III and group-V
donors in CdTe, ZnTe, and Cd12xZnxTe. The calculations
suggest that for group-VII doping there arethree types of
large lattice relaxations possible, each having a differ
560163-1829/97/56~11!/6689~9!/$10.00
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structure to the original ‘‘broken bond’’DX state. Obviously
these structures have different binding energies which
explain why they will support PPC to different temperature
An interesting point which emerges from their calculation
that the situation for group-III donors such as In is rath
different—only oneDX-like state is possible.

One problem with Cd0.72Zn0.28Te:Cl could be the fact tha
the samples reported so far appear to be on the insula
side of the metal-insulator transition~MIT ! even after illumi-
nation. Bennettet al.12 claim to have demonstrated a trans
tion from insulating to metallic behavior by observing a s
perlinear exposure dependence of the carrier density at 5
However, Katsumoto13 has made a complete study of th
MIT by continuously varying the photodoping level i
Al xGa12xAs at low temperatures, and has found a line
variation of carrier density on illumination exposure in goin
through the phase transition. In fact, the work by Thioet al.,8

which undoubtedly involves conductive patterns
Al xGa12xAs that are metallic, also demonstrates a linear
pendence of carrier density upon light exposure.

In this paper it is proposed that Cd12xMnxTe:In is another
attractive choice for a material where conductivity gratin
may be produced by PPC. It is demonstrated that it may
possible to photodope the material through the me
insulator transition, and that, under suitable conditions, p
sistent photoconductivity may be observed up to a temp
ture of 190 K. This high temperature PPC appears to a
from at least twoDX-like centers associated with the indiu
donor which is in apparent disagreement with the conc
sions of Park and Chadi11 on the nature of group-III donors
in II-VI semiconductors. Possible origins of the high
temperature PPC in Cd12xMnxTe:In are discussed.

The structure of this paper is as follows. Section II d
scribes the samples used in this study, while Sec. III
scribes the experimental procedure for the PPC experime
Results of the experiments and a discussion of them are
6689 © 1997 The American Physical Society



6690 56C. LEIGHTON, I. TERRY, AND P. BECLA
TABLE I. Phototransport data for sample set A. The quantities listed are the nominal Mn concentration (x), the resistivity (r) at 300
K/4.2 K, the deep level activation energy (ED), the PPC quenching temperature (TQ), the change in resistivity on illumination (rL-
rD)/rL , the carrier concentration (n), and the mobility (m) at 300 K. N/A denotes a value that is not available.* denotes determination by
mass spectroscopy.

Sample No. Nominalx r ~300 K! r ~4.2 K! ED ~mev! TQ ~K! Dr ill /rL n ~300 K! m ~300 K! Annealing EDAX
(V cm) (V cm) ~cm23) ~cm22 V s21) Temp. (°C! x ~%!

A1 0.05 0.052 0.126 5.44 91.1 23.8% 1.431017 858 800
A2 0.075 0.150 2.844 14.84 96.6 67.1% 1.131017 373 600 6.43*
A3 0.10 0.055 5.339 18.64 104.4 87.5% 2.031017 568 800 8.1060.2
A4 0.15 11.65 N/A 162.5 121.0 N/A 2.631015 208 600 14.860.3
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sented in Sec. IV. The work is summarized and conclusi
are drawn in Sec. V.

II. SAMPLES

The vertical Bridgman growth technique was employed
produce bulk single crystals of Cd12xMnxTe doped with in-
dium. The crystals were then annealed in a cadmium at
sphere in order to reduce the level of compensation in
material due to cadmium vacancies. This study is concer
with two sets of samples~A and B! as summarized in Table
I and II. Here thex values are determined from energy d
persive analysis of x-rays~EDAX!.

Set A contains four samples with concentrations no
nally 5%, 7.5%, 10%, and 15% Mn. Growing crystals wi
Mn concentrations greater than this results in samples
insulating that electrical transport measurements bec
rather difficult.

Set B consists of five samples all cut from the same cr
tal. Each of the samples was taken from a cross-secti
slice through the crystal made at various distances along
crystal from one end. Although the whole crystal was gro
to be nominally 10% Mn, a concentration gradient exis
along the crystal meaning that each slice had a slightly
ferent Mn concentration. These cross-sectional slices w
cut with increasing thickness from 380 up to 1340mm.

III. EXPERIMENTAL PROCEDURE

The samples were prepared for electrical measurem
by etching in a 3% Br~by volume! in CH3OH solution.
Ohmic contacts were made by indium soldering 50-mm di-
ameter gold wires on to the etched surface of the sample
Van der Pauw configuration. The samples were mounted
sapphire wafers using a small amount of high-therm
conductivity varnish. The sapphire wafers were then attac
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to a copper sample holder placed in a variable-tempera
continuous flow cryostat, which is situated between the p
pieces of an electromagnet capable of magnetic fields u
0.75 T. Resistivity and Hall-effect measurements were th
made as a function of temperature from 360 to 4.2 K us
standard dc techniques. Some resistivity measurements
also made by direct immersion in liquid helium. The syste
allows measurements of resistance in the range 1 mV up to
300 MV.

The phototransport measurements were performed w
illumination by subband-gap radiation, the band gap
C0.9Mn0.1Te:In being 1.754 eV at 4.2 K. This was done usi
an infrared GaAs light emitting diode~LED!, the emission of
these devices peaking at 940 nm~i.e., 1.323 eV!. The LED is
wired in series with a 300V resistor to allow the curren
flowing in the LED, and hence the light intensity to be vari
by varying the applied voltage.

IV. RESULTS AND DISCUSSIONS

The electrical transport data for sample set A is summ
rized in Table I. The temperature dependence of the resis
ity of a typical sample~A3! is shown in Fig. 1, where mea
surements were made in the region from 4.2 K up to ro
temperature at various illumination levels. In each case i
mination took place with the sample and LED immersed
liquid helium. In the figure the curves are labeled with t
Hall free-carrier concentration at an arbitrary temperature
16.5 K. Figure 2 shows both the resistivity and the H
mobility as a function of the free-carrier concentration,n,
again at 16.5 K. As can be seen from Figs. 1 and 2
free-carrier concentration in this sample can be varied fr
8.3431016 cm23 up to 2.8331017 cm23 by photodoping.
For the sake of comparison these values for the;5%
sample~A1!, which has the highest conductivity of all th
TABLE II. Phototransport data for sample set B. The quantities listed are the thickness of the sample, the 300-K resistivity (r), carrier
concentration (n), and mobility (m), and the PPC quenching temperature (TQ).

Sample No. Thickness r ~300 K! n ~300 K! m ~300 K! TQ ~K! Annealing Temperature EDAX
(mm! (V cm! ~cm23) ~cm2 V 21 s21) (°C! x ~%!

B4 380 4.03 6.431015 242 180 800 10.060.6
B5 660 0.41 6.731016 227 109 800 10.060.4
B6 730 1.34 1.631016 299 125 800 12.960.3
B7 1340 2.19 3.731016 78 108 800 9.0760.3
B8 1340 4.85 6.431015 203 115 800 14.260.3
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FIG. 1. Resistivity of sample
A3 ~8.1% Mn! as a function of in-
verse temperature, from room
temperature to 4.2 K. Dark dat
and data for six photogenerate
carrier concentrations are shown
The curves are labeled with th
carrier concentrations measured
16.5 K.
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samples in this study, are 1.231017 and 1.6331017 cm23.
It is interesting to compare these values of resistivity a

carrier concentration with the Mott minimum metallic co
ductivity (smin) and the MIT critical carrier concentratio
(nc),

14 as given by

smin'
Ce2

\a
, nc'S 0.26

aH
D 3

,

where C;0.03, a is the distance between electro
(;n21/3), andaH is the effective Bohr radius of the dono
aH is readily estimated for CdTe by using the hydroge
theory of shallow donors with an effective mas
m* 50.096me and a relative permittivity,«59.7, giving a
critical carrier concentration ofnc;1.131017 cm23, and a
minimum metallic conductivity ofsmin;5(V cm)21. So the
value of carrier concentration and resistivity for the 5% a
d

,

d

10% samples is rather close to the ones at which
insulator-metal transition will occur. Hence, there is a stro
possibility that an insulator-metal transition i
Cd12xMnxTe:In could be studied by photodoping as well
the application of a magnetic field.15,16 It is noted however
that the critical carrier concentration for Cd12xMn xTe:In
will be higher than that for CdTe. Shapiraet al.17 found that
nc increased with x and suggested thatnc;2310217

cm23 for x50.05. In a similar study on Cd12xMnxSe ~Ref.
18! they found again that the critical carrier concentrati
increases with increasingx. This increase in critical carrie
concentration withx for alloys of the formA12xMnxB is
partially due to the fact that increasingx raises the level of
alloy disorder in the system@this is also demonstrated by th
increase innc of Al xGa12xAs over the value expected fo
GaAs ~Refs. 13,19!#. Even in the absence of disorder on
es
FIG. 2. The resistivity and Hall mobility of
sample A3 ~8.1% Mn! against the Hall carrier
concentration at 16.5 K. Dashed lines are guid
to the eye.
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should see a change innc if one examines the behavior of the
Bohr radius of the donor atom on going fromx50 –1.0. As
the electron effective mass and static dielectric constant
as yet unknown for zinc-blende MnTe, it is instructive t
consider the case of Cd12xZnxTe. ZnTe has an electron ef
fective mass ofm* 50.16me and a static dielectric constan
of «59.2; so we obtain a critical concentratio
nc;6.331017 cm23 from the Mott criterion. Thus we ex-
pect the critical concentration of Cd12xZnxTe to be larger
than the value for CdTe. This is in contrast to the work
Bennettet al.12 where it was suggested that critical conce
tration of Cd0.72Zn0.28Te was nc5431016 cm23, i.e.,
smaller than that of CdTe.

It is illuminating to examine the dependence of some
the transport properties in Table I on the Mn concentratio
x. As might be expected there is a general trend of increas
resistivity withx at a constant temperature. There is a corr
sponding reduction in the room-temperature mobility withx,
probably due to an increased alloy scattering rate. We a
note that the infinite temperature extrapolation of the carr
density is roughly independent ofx, up to our maximum
value of 15%, showing that we are having no difficulty i
producing n-type doping up to these Mn concentration
Also, the increase in conductivity on illumination is seen
rise rather dramatically withx. This is because the increas
in carrier concentration on illumination scales with the r
duction in carrier concentration in cooling from high tem
peratures to 4.2 K, which is greater for more insulatin
samples, i.e., those with higherx. The most interesting quan-
tities in terms of theirx dependence are the ‘‘deep level’
activation energyED ~extracted from the transport data in th
high-temperature region!, and the PPC quenching tempera
ture,TQ . Figure 3 shows the deep level activation temper
ture (TD5ED /kB) as a function of the Mn concentration fo
eleven previously studied samples, including the four fro
set A, where a clear trend is observed. In Fig. 4 the P
quenching temperature is plotted againstx for these 11
samples. The quenching temperature is defined here as
temperature at which the dark resistivity curve joins the ill

FIG. 3. The deep level activation temperatureTD (5ED /kB)
against Mn concentrationx. Eleven samples of Cd12xMnxTe:In are
plotted with Mn concentrations in the range 4% to 15%. The dash
line is a guide to the eye.
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minated curve. As can be seen from Fig. 4 the quenchi
temperature has a roughly linear dependence onx for the
range of Mn concentrations covered. These data elucidate
possibility of being able to estimate composition from trans
port measurements. However, a problem exists with the u
of TQ to predictx: the value ofTQ measured in any particu-
lar experiment is dependent on the rate at which the sam
is warmed, with faster warming giving rise to a larger mea
sured value ofTQ . The effect is shown in Fig. 5, where the
measuredTQ value is plotted against the average warm u
rate in the range 0.7 K min21 to 10.5 K min21, for sample
B5. These data are easily explained in terms of the tempe
ture dependence of the relaxation rate of the PPC: consi
Fig. 6, which plots normalized PPC against time for the sam
sample. Here it can be seen that at low temperatures
photoconductivity is truly persistent with no relaxation oc

d

FIG. 4. PPC quenching temperature,TQ , against Mn concentra-
tion, x. Eleven samples of Cd12xMnxTe:In are plotted with Mn
concentrations in the range 4–15 %. The dashed line is a le
squares fit to the data withTQ53.11x172.1.

FIG. 5. Dependence of the quenching temperatureTQ on the
average warm up rate, for sample B5. Here the sample is cooled
40 K then warmed up at a certain rate, and the value ofTQ re-
corded. The dashed line is a guide to the eye.
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56 6693PERSISTENT PHOTOCONDUCTIVITY AT ELEVATED . . .
curring after about a minute. However, the highe
temperature curves show a significant relaxation of the p
toconductivity on a much longer time scale, due to therm
excitation from a shallow effective-mass state to the d
level DX state. In fact, if the sample was kept at a const
temperature in this range, a situation would eventually
reached where the shallow state became exhausted of
trons, the conductivity being that of the dark level. Hence
the sample is warmed slowly, from the temperature at wh
it was illuminated, the quenching temperature will decrea

Table II presents a summary of the phototransport data
sample set B. Samples B5, B6, B7, and B8 all show a sim
behavior to set A with the exception that they are far m
insulating. This is presumably due to a different level
compensation in these samples. As an example of this be
ior, Fig. 7 shows the resistivity as a function of temperat
for sample B5. The corresponding carrier concentration
this sample is shown in Fig. 8. The PPC is accompanied
an increase in the carrier concentration, with the PPC be
quenched at a temperature of about 100 K. All samples in

FIG. 6. Temperature dependence of the conductivity relaxa
for sample B5. The relaxation is shown for four temperatures
36.4, 61.5, and 81.5 K.

FIG. 7. Resistivity against temperature for sample B5 fro
room temperature to 4.2 K.
-
o-
l
p
t
e
ec-
f
h
e.
or
r

e
f
v-

e
r
y
g
et

B show a similar behavior in terms of the dark carrier co
centration and mobility. Figure 9 shows the mobility
sample B5 as an example. This clearly shows a crosso
from the high-temperature region where phonon scatterin
limiting the mobility to a regime below 200 K, where ionize
impurity scattering dominates the mobility. A crossover
200–250 K is seen in the mobility data for all of the sampl
At lower temperatures~100 K and below! the mobility can
fall to rather small values (,10 cm2 V 21 s21) suggesting
that the conductivity will proceed via a hopping mechanis
The illuminated mobility is greater than in the dark, as
normally the case.1

Sample B4 exhibits a very different behavior, with th
PPC being supported up to higher temperatures. The re
tivity and Hall carrier concentration for sample B4 are plo
ted in Fig. 10 as a function of temperature from 300 K dow

n
1,

FIG. 8. Hall carrier concentration as a function of inverse te
perature for sample B5, from 360 K down to 13.8 K. The da
shown are for the dark case and for illumination to saturation at
K. The activation energy extracted from the illuminated curve
seen to be 1.56 meV. An extrapolation of the illuminated curve
infinite temperature givesn57.831016 cm23.

FIG. 9. Hall mobility against temperature for sample B5 fro
360 K down to 13.8 K.
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FIG. 10. Resistivity and Hall carrier concen
tration as a function of temperature for samp
B4. A second stable PPC state is seen, with
quenching temperature of 190 K.
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to 14.5 K. On cooling in the dark perfectly normal behav
is observed with the resistivity becoming unmeasurably la
at ;20 K. The sample was illuminated at 14.5 K and th
warmed slowly. Normal behavior is seen up to about 100
at which point the resistivity begins to fall again rather th
increasing to join the dark curve. The resistivity eventua
rises and joins the dark curve at 190 K~the average warming
rate in this case was;4 K min21). As can been seen from
this figure the increase in conductivity above 100 K is a
companied by a corresponding increase in the free-ca
concentration. To ensure that this effect is truly persist
photoconductivity the sample was cooled to various temp
tures, illuminated, and the relaxation curves measured. T
data is summarized in Fig. 11, where the % drop in cond
tance between 100 and 200 s is plotted against tempera
At low temperatures the photoconductivity is truly persiste
but as the sample is warmed the photoconductivity begin
relax, just as for sample B5. However, at about 120 K
photoconductivity becomes persistent again, with no rel
ation taking place after about 100 s. Further warming
duces relaxation of the photoconductivity as expect
Clearly the increase in conductivity and Hall carrier conce
tration are due to PPC. This sample is one of a small num
which has been found to display this effect and constitu
the first observation of ‘‘high-temperature PPC’’
Cd12xMnxTe:In. It should be noted that the samples displa
ing this effect are grown under nominally the same con
tions as others which show no such behavior.

There are a number of possible origins of the seco
quenching temperature of the PPC in sample B4. It is
called that Thioet al.10 attributed the high quenching tem
perature PPC in Cd0.72Zn0.28Te:Cl to the multipleDX centers
that Park and Chadi11 have predicted to exist in CdTe, ZnT
and Cd12xZnxTe when doped with group-VII donors. How
ever, the Park-Chadi model also predicts that group-III
nors such as indium only exist in oneDX-like state. Thus,
either the high-temperature PPC observed in sample B4
some other origin unconnected to theDX nature of the in-
dium donor, or there may be a limit to applicability of th
Park-Chadi theory to other CdTe-based II-VI alloys. Reso
ing this uncertainty is complicated by the fact that multip
e

,

-
er
t

a-
is
-
re.

t,
to
e
-
-
.
-
er
s

-
i-

d
-

-

as

-

DX centers with slightly different binding energies can ar
because of the sensitivity of the impurity center to its loc
atomic environment.20–23 Group IV donors in AlxGa12xAs
display a splitting of their ground state in theDX center
configuration due to different possible numbers of Al neig
bors. So the actual binding energy of theDX center should
be labeledEDXn

i , wherei 50,1,2,3 is the number of Al atom
surrounding the donor in theDX center configuration, and
n labels the type ofDX center as evinced by the calculation
of Park and Chadi. This local environment effect has be
demonstrated by Mooney, Theis, and Calleja23 when measur-
ing the deep level transient spectroscopy~DLTS! spectra of
Si-doped GaAs and AlxGa12xAs samples: for the case o
GaAs a single peak is found whereas three peaks appea
Al xGa12xAs. In addition to this Contrereaset al.21 obtained
electrical transport data which appear to confirm the conc
sion that a number ofDX states are apparent. It is wort
noting that this effect is not confined to Si in AlxGa12xAs.
Salleseet al.22 have observed that the Te relatedDX center

FIG. 11. Percentage drop in conductance on the relaxation c
between 100 and 200 seconds (DG) against temperature, fo
sample B4.
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is also very sensitive to the local environment. Howev
Dobaczewskiet al.24 have demonstrated that multiple pea
in the DLTS spectra of Al12xGaxAs are only observable in
low quality or highly doped samples grown by molecula
beam epitaxy, and that any true alloy splitting is hidden
the broad DLTS peak observed in high quality samples. I
also suggested that such a structure in transport mea
ments will only be observed in low quality or heavily dope
samples. Thus it is necessary to obtain information on
quality of the crystals when attempting to understand
origin of the high-temperature PPC in Cd12xMnxTe:In.

It is instructive to attempt to estimate what fraction of t
In donor atoms will form aDX center with 0-, 1-, 2-, or
3-Mn atoms in the configuration. Very simply, if one consi
ers a crystal with a certain number of indium atoms, the
numberNDX DX centers will form. Hence there are 4NDX
atoms of Cd or Mn in theDX center configurations. For
crystal with a Mn concentrationx, the number of these atom
which are Mn is 4xNDX . Hence the average number of M
atoms in a particularDX center is 4x. So for x50.1, as for
sample B4, we obtain an average of 0.4-Mn atoms per c
ter. In addition to this, a further simple calculation can
performed to estimate the probability of findingi Mn atoms
in a DX center configuration given that a fractionx of them
are Mn. If one assumes a simple statistical model with
clustering of Mn occurring, then forx50.1 one obtains the
probability of finding a center withi 50, 1, 2, or 3 Mn atoms
as 66%, 30%, 3%, and 0.3%, respectively. If our data is to
explained on the basis of sensitivity to the local atomic
vironment then this might explain why only two stable PP
states are observed: the fraction ofi 52,3 states present i
rather small. It should also be noted that for the case
Al xGa12xAs:Si, material withx.0.22 is usually used in PPC
studies, as this is the value ofx below which theDX level is
resonant with the conduction band. This leads to probab
ties of 36.4%, 42.7%, 11.8%, and 3.06%, i.e., it is mu
more likely that the otherDX configurations will be evident

A source of PPC that is unrelated to theDX center has
been proposed by Queisser and Theodoru.25 Here photoex-
cited electrons are hindered in their attempts to recomb
with holes by macroscopic barriers rather than the mic
scopic barriers presented byDX centers. This has been in
voked to explain the existence of PPC in well defined h
erostructural samples where the junctions provide
macroscopic barrier. A similar idea was proposed to exp
the PPC in Zn0.3Cd0.7Se,26,27 with random local potentia
fluctuations arising from compositional variations~producing
variations in the conduction-band minima! being responsible
for the PPC. However, the theoretical work of Shik and
co-workers28 on persistent photoconductivity in inhomog
neous media concludes that such a mechanism on its ow
unlikely to lead to this PPC, and it is, rather, the existence
a high level of compensating centers~e.g., cadmium vacan
cies! that lead to large conduction and valence-band e
modulation that is appropriate for long relaxation times
photocurrent. Thus once again we need to obtain informa
on the quality of the semiconducting material to determ
whether such a mechanism for PPC is applicable to sam
B4. It should be noted that this type of PPC results in a v
different kind of relaxation to the conventionalDX center
PPC. After the removal of the illumination the con
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ductivity is seen to relax appreciably over long periods
time ~hundreds of seconds!, whereas with the PPC supporte
by DX centers the low-temperature relaxation is small a
rapid. The relaxation shown in Fig. 6 is typical of th
samples of Cd12xMnxTe:In examined here. When conside
ing the potential effects of compositional and compen
tional fluctuations on the PPC properties
Cd12xMnxTe:In it is important to consider the wavelength
which one is illuminating. In our case the illumination occu
at 1.3 eV which is considerably less than the band gap of
material, which is 1.7.5 eV forx50.1. Hence, band-to-ban
transitions, which could lead to large relaxation times in t
existence of fluctuations, should be negligible. Even w
fluctuations in the conduction-band edge the minimum p
sible energy gap which can occur at any point is the Cd
band gap, i.e., 1.5 eV.

In addition to the electrical transport data, EDAX me
surements were done on all of the samples. This techn
produces a reasonable estimate of the Mn concentration t
made to within about 0.5%. More importantly it allows me
surement of the level of compositional fluctuations within
particular sample. In addition to these measurements,
composition of one of the samples in set A was determin
from mass spectroscopy, as indicated in Table I. These c
positional fluctuations were measured in sample B4. He
EDAX measurements are made every 10mm along a line on
the sample surface. The data show no large compositio
fluctuation, with 20 such points producing a standard dev
tion of 0.61% Mn. In addition to this data, the compositio
of the crystal was measured in six different adjacent regi
of area 100m3100mm.2 This yields values for the Mn con
centration of 0.107, 0.097, 0.095, 0.100, 0.900, and 0.9
again no significant spatial variation of the composition
found. This leads us to the conclusion that the level of co
positional fluctuations within the samples showing t
anomalous PPC behavior is insignificant. Indeed the m
sured fluctuations in the other samples, with normal P
quenching temperatures, are of a similar level.

As well as the above-mentioned explanations of our d
there is also the rather simple explanation that there are
gions of very largex material which will produce aDX
center with a much larger binding energy, and hence quen
ing temperature. It is interesting to attempt to estimate
manganese concentration required to bring about a que
ing temperature of the order of 190 K. If we were to use o
measured dependence of the quenching temperature onx and
extrapolate to 190 K, we arrive at anx value of 0.38. Al-
though this involves extrapolation well beyond the range
composition measured in this study, it is clear that a v
large value ofx will result. It is difficult to imagine how a
crystal which is nominally 10% could have such largex
regions within it, and indeed no such regions were detec
by the EDAX measurements.

V. SUMMARY AND CONCLUSIONS

In summary, we have investigated the PPC effect in s
eral samples of Cd12xMnxTe:In. We have concluded tha
some of these samples are rather close to the MIT. Photo
ing or the application of a magnetic field could well induce
transition. Further work at lower temperatures will be r
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quired to ascertain whether such a phase transition ta
place. The compositional dependence of the phototrans
parameters has also been investigated, showing that
could be used to estimate composition. In particular
quenching temperature of the PPC lends itself well to s
applications as it has linear dependence on the manga
concentration,x in Cd12xMnxTe:In, the only problem being
the dependence ofTQ on the warming rate. This could b
applicable to other persistently photoconducting alloys s
as AlxGa12xAs. We have also discovered a sample wh
exhibits PPC at elevated temperatures. This sample sup
PPC up to 190 K compared to a typical value of appro
mately 100 K for a 10% Mn sample. Such samples are
tremely interesting as it has already been pointed out th
material which supports PPC at room temperature will h
an enormous application potential. The writing of erasab
conductive patterns on an insulating background~which has
already been successfully achieved in AlxGa12xAs and
Cd12xZnxTe) is the basis of these potential applications su
as optical switching, holography, data storage, etc. The o
major requirement for such applications would be a h
level of metallicity. The work mentioned above on the met
insulator transition appears rather relevant. In addition, th
are several reasons why a II-VI semiconductor such
Cd12xMnxTe:In is advantageous—their ease of growth
bulk form for instance. In particular, it has been sugges
that DX center binding energies show promise of bei
much larger in II-VI semiconductors than in III-V’s. Thi
would lead to PPC at higher temperatures, if indeed the
evated temperature PPC in this material is due toDX center
formation. This leads us to our conclusions with regard to
cause of the high-temperature PPC effects.

Of the various models reviewed in the introduction t
easiest to eliminate are the ones based on the existen
regions of high manganese concentration or fluctuation
the Mn concentration. This was the motivation for t
EDAX measurements presented earlier, which indicate
large compositional fluctuations. In addition to this eviden
we must also consider the relevance of the work by Shi28

which indicates that compositional fluctuations alone can
account for long relaxation times and PPC: fluctuations
compensation are required to produce PPC.

We have considered the effect of these compensati
fluctuations and have shown that it is possible that they m
a small contribution to the PPC in our samples. Perhaps
most important point to make however, is that even if the
fluctuations are of importance, they cannot fully explain o
la
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data in that they cannot be responsible for a second st
state in the PPC—they can only enhance the existing eff
This is in contrast to the explanations based on multi
DX centers. We have also shown that as our excitation
ergy is smaller than the energy gap regardless of the siz
the fluctuations, the photoconductivity due to band-to-ba
transitions should be negligible.

It seems therefore that an explanation based on the e
tence of multipleDX centers in Cd12xMnxTe:In is the only
plausible one. Although this is in disagreement with the th
oretical predictions of Park and Chadi,11 the apparent conflict
between experiment and theory could be reconciled if
effects of the local environment prove to be important. If th
were the case, then the elevated temperature PPC e
could be due to a shift in the energetic position of the
DX center caused byDX configurations with differing num-
bers of Mn atoms, rather than the existence of anotherDX
center with a slightly different atomic configuration to th
original ‘‘broken bond’’ DX like state. In other words, we
are observing a number of statesEDXn

i , wherei 50,1,2,3 is
the number of Mn atoms clustered around the donor at
Simple calculations which estimate the probability of the o
currence ofDX center configurations withi Mn atoms could
explain why only two stable states are observed in the tra
port data. Another possibility of course, is that, as mention
earlier, the calculations of Park and Chadi are not stric
applicable to Cd12xMnxTe:In, leaving no such restriction o
the number ofDX configurations possible for In as a don
in Cd12xMnxTe:In. Further theoretical work in this are
would certainly be of benefit in determining the mechani
for this elevated temperature PPC effect. Although it see
likely that the second stable PPC state we observe is due
secondDX center, it is difficult to ascertain by which of th
mechanisms detailed above it is created.

In conclusion we have observed elevated tempera
PPC in Cd12xMnxTe:In. PPC would have an enormous a
plication potential if the requirements of room-temperatu
operation and high metallicity in illuminated regions cou
be realized. Given this, Cd12xMnxTe:In appears to be a pos
sible candidate for this kind of application. We have a
tempted to identify the mechanism for the elevated tempe
ture PPC effect by considering several possibilities. Whet
the PPC is due toDX centers with different configurations
or to the effects of the local atomic environment on t
DX center energy, cannot be resolved as yet. It is cle
however, that the elevated temperature PPC is due to s
form of multiple DX centers.
i,
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