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The electrical characteristics of CdTe:Mn n-type single crystals with an initial resistivity of 100 Q cm
(300 K), the dependence of the EPR spectra and low-temperature photoluminescence on the impurity con-
centration and temperature were studied. Manganese impurity localization in the crystal lattice and depth
of impurity states are determined. No exchange interaction between the manganese ions is observed (with-
in the concentration of introduced manganese NMn < 5 x 10!® cm-3). Manganese occupies vacancies or re-
places cadmium in the crystal lattice. The effect of IR laser radiation (with radiation quantum energy Aw
much lower than the band gap energy E; and radiation power density W below the critical value) on the
physical properties of n-CdTe:Mn single crystals is shown experimentally. It is established that variation
of spectrum of point defects is due to interaction of the EH field of laser wave with inclusions of native
components as well as background and specially introduced impurities.
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1. INTRODUCTION

Now CdTe and its solid solutions are the main ma-
terials for semiconductor detectors of X- and y-radiation
operating at room temperature [1-3] as well as passive
elements in IR optoelectronics. Conduction of the above
materials and mechanisms of charge carrier recombi-
nation (that determine their key parameters) depend
on the concentration of uncontrolled background impu-
rities and native defects as well as their spatial locali-
zation in crystal lattice. Recently a number of papers
have been published that deal with an analysis of com-
pensating effect of III and VII group elements and
transition metals on CdTe conduction [4, 5] as well as
effect of IR laser and neutron irradiation on impurity
distribution in the undoped Cdi-xZn:Te (0 <x <0.04)
single crystals [6, 7]. At the same time, the relation
between conduction and its temperature variation with
concentration of residual impurities and native defects
in specially undoped crystals still remains unexplained,
because presence of background impurities and native
defects is sufficient for the appearance of considerable
concentration of complexes in the region of localization
of native component inclusions. And the mechanism of
interaction of IR laser radiation with CdTe single crys-
tals and solid solutions based on them is still not com-
pletely understood.

The objective of the present work is investigation of
the effect of IR laser radiation on behavior of background
impurities, native defects and manganese impurity that
determine the mechanisms of conduction, thermostimu-
lated conductivity, optical absorption, EPR and low-
temperature photoluminescence (LTPL). It is supposed
that the radiation quantum energy A is much less than
the band gap energy E; and radiation power density Wer
is below the damage threshold for CdTe single crystals
doped with Mn (Nvm < 1 x 10 cm—3).
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2. PREPARATION OF MATERIALS

The following three procedures were used when
studying CdTe (Nvm<1x10¥cm3) single crystals
grown with the modified Bridgman method in the quartz
carbon containers:

— procedure I: (Cd + Te) + Mn; Cd and Te were in-
troduced into the stoichiometric ratio and manganese
was added,;

—procedure II: Cdi-x+ Mnx+ Te, in accordance
with the ratio of components as in a solid solution;

— procedure ITI: CdTe + Mn, with manganese added
into previously synthesized stoichiometric CdTe.

The chemical purity of the initial components was
6N. The single crystal plates of [111] orientation and
1-1.5 mm thick were cut out and subjected to bilateral
chemical-mechanical polishing. Then the polished plates
were cut into 1 x 10 mm samples (to study conduction
and thermostimulated conductivity) and 5 x 10 mm
samples (to study optical properties). The contacts for
performing electrophysical studies were applied using
chemical or thermal Au deposition.

3. ELECTROPHYSICAL AND OPTICAL
PROPERTIES OF CdTe:Mn SINGLE
CRYSTALS BEFORE AND AFTER
IR LASER IRRADIATION

Contrary to undoped CdTe, the crystals grown to im-
purity concentrations 1 x 1017 < Nyvn <1 x 1019 cm—3 were
of n-type in all procedures of growing and impurity in-
troduction. Spreading of concentration and mobility of
charge carriers over the ingot and plates as well as ap-
pearance of built-in CdTe-CdMnTe(MnTe) heterojunc-
tions (due to non-uniform impurity distribution) were
observed. This manifested itself as presence of photo-emf
as well as the appearance of a large-scale potential relief
(activation growth of mobility with temperature and
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anomalously low values of charge carrier concentration).
These effects appeared most strongly in the single crys-
tals grown using the procedures II and III. Therefore, we
chose mainly crystals grown with the procedure 1. The
samples to be investigated were cut from the central
plate parts rather than ingot periphery.
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Fig. 1 — Dependence of optical transmission 7 of CdTe:Mn
single crystals at A=10 um on time ¢ of action of IR laser
radiation

The concentration of charge carriers in the samples
did not show explicit dependence on the concentration of
introduced Mn and was 1.2 x 1014 <n<3.0 x 10" cm 3,
with mobility 750 < w205k < 1100 cm*V's as impurity
concentration changed by over three orders of magni-
tude. Variation of electron mobility with impurity intro-
duction indicates change in mechanism of charge carrier
scattering and, as a result, variation of resistivity not
only because of compensation of native defects. In this
case, the activation energies of defects were determined
from the experimental dependences 1g(RuT%?) = f(10%/T).
They were FEp1<0.02eV for shallow donors and
Ep2 <0.36 eV for deeper donor centers (whose density of
states was much lower than that for Epi). After interac-
tion of IR laser radiation with a number of crystals, it
was found that the type of crystal conductivity is not
changed; the resistivity at 7'= 300 K increases by four
orders of magnitude. The mobility of charge carriers is
1295k = 1.2 x 103 cm?/V-'s and does not depend on impu-
rity concentration. In this case, optical transmission for
crystals at 10 um increases from 4 % to 64 % and spec-
tral transmission region of crystals increases from 3 um
to 20 um (Fig. 1). These results indicate (1) homogeniza-
tion of CdTe:Mn crystals, (ii) improvement of their crys-
tal structure and (iii) variations of mechanisms of
CdTe:Mn absorption of IR radiation. Before irradiation
in that spectral region, the main absorption mechanism
was absorption by free charge carriers and precipitates
of native components whose concentration decreases
with IR laser irradiation time.

It is known that in perfect CdTe single crystals the
predominant mechanism of charge carrier scattering at
T> 100 K is that by optical phonons, so the mobility of
charge carriers varies with temperature as T3%2. In
turn, the effective densities of states in the conduction
band (Ne=2(mn*kT'/27h)3/2) and in the valence band
(Nv = 2(mp*kTI27h)3'2) are proportional to T32 (m,* and
mp* are the effective masses of electron and hole, re-
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spectively). Then the temperature dependence of resis-
tivity p = 1/(enun + epp) is the exponential function of
temperature (u» and gp are the electron and hole mobil-
ities, respectively), and dependences p(7) in coordinates
In(p) on 1000/T (presented by straight lines) can be
used to determine activation energy AE of material
conduction (Fig. 2).
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Fig. 2 — Dependence of resistivity on temperature (Inp versus
1000/T): upper curve — before IR laser irradiation of CdTe:Mn,
lower curve — after irradiation for 21 hours at W= 20 W-cm -2

It was established by analyzing the p(1/7) depend-
ences that action of IR laser radiation leads to reduc-
tion of electron concentration in single crystals due to
formation of a number of deep donor centers with dif-
ferent densities of states in the forbidden band of
CdTe:Mn. The energy levels of these centers are deter-
mined (see Fig. 2). It is unlikely that the centers nature
is related to the paramagnetic impurity Mn (see below).
Most likely it is determined by the presence of back-
ground impurities that become electroactive due to
their interaction with the native components in the
crystal lattice after their dissociation in the EH field of
IR laser wave.

4. EPR IN CdTe:Mn

The EPR spectra were registered over the wide tem-
perature range (20-300 K) with the Varian E-12 setup.
At high temperatures, the spectrum consists of six iso-
tropic lines of hyperfine structure with the half-width
AH = 30 Oe that become narrower to AH = 10 Oe as tem-
perature decreases.

Six lines in the EPR spectra are due to the interac-
tion of 3d®-electrons of the Mn?2* ion with the native
nuclear momentum I=5/2 of the 5Mn isotope. The
half-width of the EPR lines is due to the presence of
Mn?* ions at the lattice points and interstitial Mn2*
ions. In this case, the spin Hamiltonian constants are
characterized by the following values:

£=2.0090 = 0.0005, A=(599+0.2)x10-4cm~1L

Here g is the factor of spectroscopic splitting and A is
the constant of hyperfine interaction with Mn55> nucleus.
Earlier it was noted that as temperature decreases, the

06005-2



LASER-INDUCED POINT DEFECTS IN CDTE:MN SINGLE ...

satellites appear near each of the six narrower lines of
hyperfine structure AH ~ 10 Oe (Fig. 3). They are due to
superhyperfine interaction of 3d®-electrons of Mn2* with
nuclear moments of the 25Te and !23Te isotopes (I = Y/2)
of the first coordination sphere with natural content of
6.57 % and 0.85 %, respectively. The EPR spectrum of
CdTe:Mn single crystals at T'= 20 K is characterized by
the following constants of spin Hamiltonian:

£=2.010 £+ 0.0005,
A=(61.16+0.2) x 10-4 cm™,
are =(12.20 £0.2) x 10~* cm™1,

where are is the superhyperfine interaction constant. It
should be noted that a Mn2* ion at the CdTe lattice
point (lattice of zinc blende structure) will be surround-
ed by four Te ions of the first coordination sphere.

T=TTK

T=20K

1 2 M L 3
JIT00 aFzoo Iz 2300 IS0

H. Oe

L L
2900 000

Fig. 3 — EPR spectra of Mn2* ions in CdTe:Mn at temperatures
of 77 K and 20 K

There were no qualitative changes in the EPR spec-
tra after interaction with IR laser radiation, and the spin
Hamiltonian parameters remained the same. Only a
slight increase of intensity of EPR lines was observed.
This indicates growth of concentration of EPR active
centers in the CdTe crystal lattice and confirms presence
of a small part of uncharged manganese impurity in
inclusions or complexes with native defects and back-
ground impurities. In this case, however, it is necessary
to take into account an increase of skin layer thickness
since resistivity grows by several orders of magnitude in
the course of irradiation.

5. LOW-TEMPERATURE PHOTO-
LUMINESCENCE (LTPL) OF CdTe:Mn
SINGLE CRYSTALS

The CdTe:Mn samples of (111) orientation were
used to investigate IR laser action on them. Just before
measuring LTPL the single crystals were splitted along
the (110) cleavage planes. Laser-stimulated “annealing”
of samples was performed under the natural conditions.
The temperature of the crystals studied at laser "an-
nealing" did not exceed 470 K.

The LTPL spectra were investigated at liquid heli-
um temperature (4.2 K) on cleaved (110) planes. Excita-
tion was made by Ar or He-Ne lasers at wavelengths
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A=488.0 nm and A= 632.0 nm, respectively. The radia-
tion was analyzed with an MDR-23 grating mono-
chromator. The focus was on investigation of LTPL lines
in the three characteristic spectral regions of lumines-
cence: (i) bound exciton (at a neutral A°X acceptor and
at a neutral D°X donor), (ii) donor-acceptor emission
(DA) and (iii) low-energy region (A- or D-centers).

Inessential LTPL changes were in the (i1)) and (iii)
spectral regions. But in the exciton (i) spectral region,
as can be seen from Fig. 4, the intensity of exciton lines
A%X and A%X’ on a neutral acceptor dropped considera-
bly, while that on a neutral donor DX increased be-
cause of action of IR laser radiation. In addition, atten-
tion is drawn to a minor shift of exciton bands into the
violet spectral region, since introduction of manganese
impurity results in increase of band gap energy Eg of
CdTe:Mn single crystals. A decrease of intensity of
semistructured transition lines is observed in the con-
duction band-acceptor transition (DA + BA) region.
This indicates reduction of concentration of shallow
acceptor impurities and increase of the hv=1.5771 eV
line intensity that may be related to an exciton at a
deeper neutral donor.
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Fig. 4 — The spectra of exciton region of CdTe:Mn LTPL. Full
curve — before interaction, broken curve — after interaction of
IR laser radiation with CdTe:Mn for 15 hours

6. DISCUSSION

Changes in the system of intrinsic and impurity
point defects that are present in the crystal in different
charge states [8, 9], their concentration, spatial locali-
zation, as well as a change in the bandgap of CdTe and
its solid solutions, occur after purposeful doping with
one or another impurity from the melt, vapor phase or
implantation followed by thermal annealing. The con-
centration of metal and chalcogen vacancies under
cadmium telluride growth temperatures is high due to
low formation enthalpies and varies significantly along
the length of the ingot from 10!® down to 10l5cm -3
beyond the crystallization zone [10, 11], which corre-
sponds to the concentration of uncontrolled background
impurities. The behavior of impurities in the crystal
has a complex distribution pattern with formation of
M;-Te complexes that will be stable in the matrix of the
main lattice (CdTe), if their bond strength is higher or
equal to that of the matrix [12, 13].

The bulk changes in the crystal under the action of
laser radiation (hw << Eg) are possible if the crystals
before irradiation have internal sources of one or an-
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other intrinsic or impurity component, which is acti-
vated by laser IR radiation and leads to the appearance
of point defects or forms a complex with intrinsic de-
fects. The mechanism of laser-stimulated migration of
impurities in the crystal in the transparency region of a
matrix, when being exposed to laser radiation, is com-
plex. The effectiveness of this interaction depends on
the nature of crystalline complexes, their concentra-
tion, size, local density and laser radiation parameters
[14]. The inclusions are characterized by a significant
dispersion in size of 10 -2 < Rinc < 100 um and geometric
shape as well as irregular distribution in the crystal
matrix. Therefore, crystals always contain regions with
a distance d between them, for which the condition
Rinc+d << Aln is satisfied, where A is the laser wave-
length, n is the refractive index of the crystal [15].

The electric field in inclusion Ein, if take into account
the field of dipole moments that are induced by an ex-
ternal wave in inclusions, will be equal by the order of
magnitude to the electric field of laser wave Er, which is
Er=102V cm~-1 for applied laser power densities. For
inclusions with dimensions smaller or equal to the elec-
tron free path I~ 10-6..10-5cm > Rinc, an absorption
cross-section can be described by the expression [14]:

;.= 64/411 (E,/hw)*S,,, . (1)

For metallic inclusions, the Fermi energy Er is about
several electronvolts, and if one takes Er=5e¢eV, and
laser quanta energy Ao =0.117 eV, than Gind/Sinc = 3-102.
In this case, the inclusion temperature change is

A inc ™ O-inc'ng.K'Rinc’ (2)’
where W is the laser power density, K is the semicon-
ductor crystal thermal conductivity. Our estimations
have shown that for Rinc = 100 A and W =50 W/em?2, the
inclusion temperature exceeds the CdTe sample tem-
perature by ATine = 25 K.

The temperature gradient of the inclusion — matrix
system is the cause of the mass transfer of the compo-
nents that make up the inclusion to the region of the
crystal adjacent to the inclusion, which leads to the
filling of vacancies and a change in their electrophysi
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I9 nasepHo-ingykoraHi Toukori medexru B moHokpucrasgax CdTe:Mn
C.B. ILamnxo!, FO.C. I'pomoswuiil, O.M. Ctpuiabuyk!, JI.B. Pamkosenpruiil, 3.1. 3axapyk?

1 Inemumym pisuru nanisnposionuxie imeni B.€. Jlawrapvosa HAH Yrpainu, Kuis, Ykpaina
2 Yepuiseupruli Haylonanvrull yrigepcumem imeni 0. @edvrosuyua, Yeprisyi, YVipaina

Jocmimreno enexTpuuni xapakrepuctuku MoHokpucraiie CdTe:Mn n-tumy mpoBigHOCTI 3 IOYATKOBUM
mrromuM oropoM 10 Omrem (300 K), samesknicTs cuexTpis EITP 1 HusbkoTeMmIepaTypHoi dhOTOTIOMIHECIIeHITIT
BiJ KOHIIEHTPAIIIl JOMIIIKH 1 TeMIlepaTypu. BrusHaueHo rimbnHa 3aJIAraHHsA JOMIIIKOBUX PIBHIB, JIOKAJIi3a-
i JOMIIITKH MAapraHIiiio B KpucTaaiuHii pemriTii. [Tokasawmo, Mo B Mesxax KOHIIEHTPAIIl BBEJEHOTO0 Mapra-
HITI0 Nvin < 5-1018 ¢cMm -3 0OMIHHOI B3aeMOIil MK 10HAMM MAPTaHIN0 He CIIOCTEepIraeThes, MapraHelb 3aiiMae
BakKaHcil abo 3amilnae KagMmiil B rpatii. ExcmepuMeHTa IbHO MoKa3aHo BILMB 1Y j1a3epHOro BHUIIPOMIHIO-
BAHHS 3 €Heprielo KBaHTa BUIIPOMIHIOBAHHA /@ 3HAYHO MEHIIOK IIMTUPUHU 3a60poHeHo0l 30HU E, 1 IIiIbHICTIO
IIOTYSKHOCT1 BUIIpoMiHOBaHHA W HmKuYe KpuTwdHOol Ha (ismuHi BiaactuBocTi MoHOKprcraiiB n-CdTe: Mn.
BeranosiieHo, 1110 3MiHA B CIIEKTPl TOYKOBHX IedeKTIB Bi0yBaeThest B pedysibraTi B3aemomii EH moss ase-
PHOI XBUJII 3 BKJIIOYEHHSIMHU BJIACHUX KOMIIOHEHTIB, (DOHOBHX 1 CHEIAJIFHO BBEIEHNUX JOMIIIOK.

Knrouoesi cinosa: Hamienposinuuku, Tourosi nederrn, Homimru, CdTe, Jlasepua Bsaemomis, @orostomi-
"ecueniis, [lapamaraiTauii pesonanc, [IposinaicTs, OUTHYHE IPOITYyCKAHHS.
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