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To study the optically induced transformation of the point defect system under strong
ans weak excitation from the intrinsic absorption Av > Eg, photoelectric and electric prop-
erties of semiconductor solid solutions Cd,_,Mn,Te (x = 0.08 + 0.1) have been studied at
78 and 300 K. It has been found that the weak optical excitation (hv ~ 2 eV) under
simultaneous fast chilling down to 78 K results in a dramatic drop of the photocurrent
and increase of the crystal dark resistance by more than a decimal order. The crystal
photosensitivity is recovered in part by ultrasonic annealing or after a prolonged exposure
at room temperature. A possible mechanism of that effect is discussed associated with the
photoinduced ionization of manganese ions. The pulse laser irradiation (A = 694 nm,
T; = 20 ns) at an under-threshold power results in photosensitization of the Cd,_,Mn,Te
crystals not only in the irradiation zone but also in the control region.

C mesbio0 WCCIELOBAHUA OITHUYECKN HHIYIUPOBAHHON TPaHCHOPMAIIMU CHUCTEMBI TOUYEU-
HBIX He(PeKTOB B YCIOBUAX CUJIBHOIO U caadoro Bo3bOymaeHus u3 obgacTu cOOCTBEHHOT'O
oorJonieHus hv > Eg H3yYaJIUCh (POTOINEKTPUUECKIIE M DJIEKTPUUYECKHE CBOMCTBA IIOJYIIPO-
BOJHUKOBBIX TBepAbIx pacrtsopos Cd,_  MnTe (x =0.080 + 1) npu T'=78 K u T = 300 K.
Brito obmapyxeno, uro B peayabTare ciaboro omntuvueckoro Bosby:xmenus (Av ~ 2 3B) upu
OJHOBpPeMeHHOM OblcTpoM oxJaxaeHuun no T = 78 K mpoucxomur Karacrpoduueckoe majie-
Hre (OTOTOKA M POCT TEMHOBOI'O COIPOTHBJIEHHS KPHUCTAJIOB 06ojiee UeM HA IIOPSIOK.
@oTOUYBCTBATEILHOCTh KPUCTANIOB YACTUYHO BOCCTAHABIMBAJIACE B Pe3yJbTaTe YJIbTPA3BY-
KOBOI'0 OTIKHUIa MJHN II0CJe AJUTEJIbHON BBIIEP:KKM IPH KOMHATHOHN Temieparype. O6cymxaa-
eTCs BO3MOJKHBIN MexaHu3M Habuamogaemoro sdgdeKTa, CBA3aHHBINA ¢ (JOTOMOHU3AIMEN MOHOB
mapranna. O6paboTKa MMIIYJIBCHBIM JasepHbIM uaayderueM (A = 694 mm, t; = 20 HC) momo-
POroBOii MOITHOCTH IPHMBOAMIA K (oroouyscrsienuio kpucramnos Cd, ,Mn Te me Tonpko B
30He 00JyueHNs, HO U B KOHTPOJBHOUI o0JacTu o6pasiioB.

© 2005 — Institute for Single Crystals

semiconductor compounds
doped with iron group ions (Fe, Mn, Co, Ni,
etc.) make a class of prospective materials
for thin-film electroluminescent devices, ac-
tive laser media and gates, fast-acting light
receivers, semi-insulating substrates, mag-
netically sensitive low-dimensional quantum
structures, etc. [1-6]. The nanoscale engi-
neering provide a strict dosing up to the
controlled arrangement of magnetic ions
within one nanoscale formation, thus offer-
ing new possibilities in practical application
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of such semiconductors. That is why the
interest in study of such compounds is ever
increasing. At the same time, the semi-mag-
netic semiconductors are of great interest
from the standpoint of fundamental prob-
lem solution in the physics of solids, due to
specific structure features of the 3d shell in
transition elements. For example, Cd,_,Mn,Te
solid solutions are convenient models to
study the magnetic and magneto-optical
properties, dynamics of spin system in mag-
netic ions, relaxation mechanisms of inter-
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band and intracenter electron excitation, as
well as stimulated defect formation proc-
esses [3—T].

The possibility to vary the Mn2* cation
concentration in the Cd;_,Mn,Te matrix vol-
ume from several hundredth per cent to
tens per cent allows to consider manganese
in the solid solution as an impurity or as a
component and to change the material prop-
erties respectively. It is to note the intense
studies of Cd;_,Mn,Te solid solutions at
x > 0.4, since it is just such compounds
where the competition between the band and
intracenter channels of emissive recombina-
tion becomes apparent clearly, the latter
channel being predominant [4]. However,
Cd,_,Mn,Te demonstrates some properties
of interest, e.g., photomemory, also at low
manganese concentrations in the matrix [8, 9]
although such works are few in number. In
this connection, the purpose of this work is
to study the properties of Cd;_,Mn,Te semi-
conductor solid solutions at x = 0.08 + 0.1
under weak and strong optical excitation

from the intrinsic absorption region,
hv 2 Eg.

The crystals of Cd,_,Mn,Te semiconduc-
tor solid solution (x =0.08 + 0.1) were

grown by Bridgman technique in inclined
rotating ampoules, thus favoring the mate-
rial homogenization during growth. Manga-
nese was introduced into raw blends as a
Cd-based ligature. All the samples showed
photosensitivity at room temperature, had
n-type conductivity and resistivity of 5 to
25 kQhm-cm. The strong excitation was re-
alized by a ruby laser (A = 694 nm) at pas-
sive quality modulation of the optical reso-
nator on plane-parallel mirrors, thus pro-
viding the light pulse duration at the
half-height not exceeding t; = 20 ns. The
crystals were laser treated in normal condi-
tions at room temperature in single pulse
regime as well as in that of dose depend-
ence, KWyt; where K is the number of
pulses in the dose; Wy =2 MW/cmZ, the
power density in single pulse. The light in
the irradiation area was focused into a spot
of about 4 mm in diameter. The surface
area adjacent to the irradiated one was used
as a control and protected against the laser
radiation (LR) by a metal screen or a thick
layer of black varnish. To realize the weak
excitation, the samples were illuminated
with "red” light from a MDR-3 monochro-
mator at A ~ 620 nm. A standard procedure
was used to measure the stationary photo-
conductivity for high-ohmic samples with

12

Fig. 1. Dependence of integral photosensitiv-
ity on the pulse LI intensity for: Cd,¢Mn,  Te
in the irradiation zone (1), the same in control
area (2); CdTe:Mn (3), and undoped CdTe (4).

synchronous detection in the constant field
regime [10]. The spectral distribution of
photosensitivity in the A = 700 + 900 nm
range was measured prior to and after the
laser treatment; the sample dark resistance
was controlled, too.

The pulse laser irradiation (pulse LI) of
the Cd,_,Mn,Te solid solution crystals (x =
0.08 to 0.1) resulted in a significant in-
crease in the photoelectric current and in
dark resistance. A typical dependence of the
integral photosensitivity on the irradiation
intensity for CdggMng,Te is presented in
Fig. 1 (curve 1). It is to note that the pa-
rameters mentioned become changed not
only in the area of the direct laser beam
interaction with the crystal but also in the
control area (Fig. 1, curve 2), that is, the
laser long-range action effect was observed.
The weak excitation (v ~ 2 eV) under si-
multaneous chilling down to T = 78 K re-
sulted in the photoconductivity "quench-
ing”, the crystal photosensitivity falling
down to the noise level. The dark resistance
increased considerably. Neither re-heating
up to room temperature nor the subsequent
pulse LI treatment resulted in the photosen-
sitivity recovery. The dark resistance of the
samples at 300 K became increased more
that by one order, e.g., from 5 to
80 kQhm-cm. The crystal photosensitivity
was recovered in part after ultrasonic an-
nealing or a prolonged storage at room tem-
perature (up 1 month) being essentially an
annealing at 300 K. The preliminary treat-
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ment of the initial samples with at least
two laser pulse at W = 2 MW /cm?2 prevented
the effect described above.

It is obvious that the photosensitivity of
a semiconductor crystal depends on the re-
combination center concentration therein
and on the completion extent of those cen-
ters. The critical part in the recombination
processes is played by the composition and
state of the system of point and extended
defects [10]. The weak optical excitation re-
sults mainly in the recharging or ionization
of the existing local centers, i.e., in the
state changes of the crystal lattice defects
connected thereto. Under strong excitation,
however, the corporative effect of factors
accompanying pulse LI results in generation
of new defects; that effects no doubt the
crystal properties. Let us consider the pos-
sible mechanisms of the effects observed in
Cd,_Mn,Te crystals under weak and strong
optical excitation.

The laser irradiation of CdTe crystal is
known to result in a depletion of Cd atoms
of its near-surface layer [11], that is, the
pulse LI action causes an increased concen-
tration of acceptors, N4, i.e., cadmium va-
cancies V4 being the photosensitivity cen-
ters for the material. It is quite logical to
suppose that a similar effect may be ob-
served at the pulse LI of Cd,_,Mn,Te solid
solutions. In fact, consideration of diffusion
flows of the point defect out of the interac-
tion area between the substance and the ra-
diation indicates that the flow caused by
the vacancy concentration gradient and di-
rected from the crystal surface towards its
depth. Fig. 2 presents the resulting flow J
as well as the components thereof as func-
tions of the incident radiation power W;
those are calculated for Cd,_,Mn,Te basing
on expressions given in [12].

It is to note that the photosensitivity
increase effect in Cd,_,Mn,Te as well as in
CdTe:Mn (Fig. 1, curve 2) amounts 1 to 2
orders and exceeds considerably the sensiti-
zation effect of undoped cadmium telluride
(Fig. 1, curve 4), the LR intensity being the
same. This seems to be associated with in-
creased concentration of photosensitivity
centers due not only to Cd exit out of sites
and evaporation but also to displacement of
manganese atoms out of cadmium sites.
(Manganese is distributed almost statisti-
cally in the matrix lattice during the
growth forming individual defects of
Mn2*~, type as well as clusters of 1 to 2 um
size). A similar effect of the interstitial
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Fig. 2. Diffusion flow of Cd vacancies as a
function of the incident radiation power W
calculated for a Cd,_,Mn,Te crystal. The total
flow J(W) =JV1 + JV2 + J3 consists of the
flow J; due to the vacancy concentration gra-
dient; J, one due to the crystal straining;
and J5 one due to the temperature gradient.
The sign at J value indicates the flow direc-
tion (minus, towards the crystal bulk; plus,
towards the surface).

manganese concentration rise was observed
under laser irradiation of PbTe(Se):Mn crys-
tals and is confirmed by ESR examination
[13, 14].

The exit of manganese ions out of the
sites is evidenced also by the fact of the
composition change of Cd,_Mn,Te solid so-
lutions (decrease of x) found by us for the
samples irradiated with pulses >4 MW /em?
and resulting in a shift of the intrinsic pho-
toconductivity maximum towards longer
wavelengths. That shift indicates, first of
all, a narrowing of the band gap E, of the
solid solution determined using the expres-
sion [15, 16]

E(g) — E(Tg) = E,(0) — 4.3 - 1074T + 1.592x,

where E 0)=1.606 eV is the CdTe band
gap at T =0 K. The calculated E, values
for various compositions and temperatures
coincided with those determined in experi-
ment at the intrinsic absorption edge and at
the half-height of the "red” photoconductiv-
ity boundary. The E, shift resulting from
pulse LI corresponds to x decrease by 1 or
2 %. This effect is observed both in the
irradiated and protected sample surface
areas.
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The dark resistance increase in irradi-
ated crystals is due to decrease of the effec-
tive concentration of the major equilibrium
carriers n=Np—- N, caused by the in-
creased concentration of Viy and N, traps,
the increase seems to exceed that of the
donor states. Since the concentration of
major carriers, and thus that of filled
traps, falls, the minor carrier lifetime, 1p,
increases (Tt = 1/Ygn, Yg being the recombi-
nation coefficient; n, the major carrier con-
centration [10]), the crystal photosensitivity
becomes higher. The deterioration of fast re-
combination s-centers could be supposed also.

The point defect formation in the area of
direct laser radiation interaction with a
semiconductor crystal is known to occur in
the frame of the electron-strain-thermal
(EST) model [17]. According to that model,
the laser radiation excites the crystal elec-
tron subsystem. The relaxation energy of
the excited states heats the lattice while the
inhomogeneous spatial distribution of the
concentration and thermal fields causes
straining the near-surface layer of the semi-
conductor material resulting in decrease of
the point defect formation energy in the
laser-modified area.

The property changes of the crystals
under study in the local LR action area
agrees satisfactorily with the EST model
[18]. The revealed laser long-range effect
evidences a substantial role of non-thermal
pulse LI factors. For the samples studied,
the maximum diffusion path of heat and
non-equilibrium charge carriers from the
LR focusing area to the control one during
the time 7; does not exceed several mi-
crometers [18]. Thus, those factors cannot
cause the long-range effect. At the same
time, it is known that, due to photothermal
stress relaxation, the surface acoustic
waves are generated in the irradiation re-
gion, which transfer to the distant zone an
energy sufficient to stimulate the transfor-
mation of the crystal impurity and defect
composition. The interaction of such a wave
with the crystal intrinsic defects in the
long-range effect zone occurs by excitation
of the metastable accumulations of the de-
fects, that causes a structure re-building in
the regions of increased defect concentra-
tion as well as is accompanied by annihila-
tion of the defects and gettering thereof to
extended runoffs, as well as by generation
of secondary elastic wave sources [19]. Ac-
cording to our estimations, the surface
acoustic wave generates a pressure up to
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2 + 3 MPa in the crystal control area
(¥4 mm) and a surface shift up to 5 nm
[20], that can be a cause of the point center
concentration change outside the focusing
area and of the material property changes.

The effect of a dramatic photosensitivity
drop under a weak optical excitation and
simultaneous cooling has been observed in
Cd;_,Mn,Te and CdTe:Mn solid solutions
while being absent in undoped CdTe. That
is why we associate it with the manganese
atoms presence in the crystal matrix. The
ground manganese state d® is localized within
the valence band of Cd;_Mn,Te [21-24]. In
the crystal field, the d state of Mn cation is
split into doublet e2 (I'19) and triplet t3 I15)-
The configuration of Mn ground state can be
writtes as [Mn2*,d%,e2, 13,0 ] or A, [21].

The optical excitation may result both in
the atom ionization to Mn2* and in intraa-
tomic transitions d — d” (e.g., from the or-
bital ¢, to the lowest unoccupied orbital e_
[Mn2*,d5.e2, 13, e0_]1 — [Mn2*,d%e2, 2 el ],
6A; — 4T,). These transitions do not result,
however, in the photosensitivity changes;
that is why those will not be considered.
The donor-like transition may result in ioni-
zation of the manganese atom e, orbital that
corresponds to the [Mn2*,d%e2 3, 0 ]—
[Mn3*,d4, el ¢3, 0 ] transition. There is,
however, no hybridization of e2 (I'y9) cat-
ionic state and #3 (I';5;) anionic one, there-
fore, the e-symmetry states remain undis-
turbed [21]. In spite of interaction between
cationic (Te and anionic (Mn) states of ¢,-
symmetry and strong p-d hybridization, the
probability of ¢, orbital ionization
(IMn2*,d%,e2 13, €0_] — [Mn3*,d%, 2,2 ¢0_])
is also low, since the manganese ground
state is localized lower that the wvalence
band top [26]. At the same time, the va-
lence band electron (e.g., from the p-state
of Te) transition to the lowest unoccupied
orbital of manganese ((Mn?*,d%e2. 3. 0] —
[Mn'*,d6, 2 3 el ]) is highly probable (the
model proposed by van Allen [25]). This tran-
sition is responsible for the peaks near 2 eV in
luminescence [21, 27] and photoconductivity
[28] spectra of Cd;_,Mn,Te crystals.

In our case, the absorbed "red” light en-
ergy (about 2 eV) is quite sufficient to pro-
vide the Mn2* — Mn'* transition. The re-
charged manganese ion gives rise to a state
with 8d6 configuration that splits in the
crystal field into two levels, T, and SE.
The study results of electron absorption
spectra of Cd,_,Mn,Te evidence the electron
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capturing onto the 5E state localized within
the band gap (E+1.569 eV) and is consid-
ered as a hydrogen-like acceptor [26]. It is
quite probable that the dramatic drop of
dark current (the dark resistance increase)
and photocurrent described here resulting
from the weak optical excitation of
Cd,_,Mn,Te crystals under simultaneous
cooling is associated just with the involve-
ment of the new acceptor-like level (the °E
excited state of manganese ion) in the gen-
eration/recombination process and in con-
ductivity.

It is to note also a possibility of the
stress redistribution in the crystal at fast
chilling and thus formation of potential
barriers hindering the fast return of the
defect system to the equilibrium state after
the external action is over. Formation of
defect complexes involving the excited man-
ganese atom is also possible. In both cases,
an annealing is able to accelerate the re-
laxation, that was observed in experiments.
In general, the long-term relaxation is typi-
cal of the material under study. The per-
sistent photoconductivity in Cd,_
«Mn,TelIn,Ga crystals can be an example [8,
9]. Since the pulse LI of Cd,_,Mn,Te crys-
tals causes, along with an enrichment in
cadmium vacancies, the Mn atom exit out of
the crystal lattice sites and gettering
thereof, e.g., with manganese clusters, the
formation probability of acceptor states
Mn'*(®E) in a sufficient amount and the in-
volvement thereof in the generation/recom-
bination process is lowered sharply. As a
consequence, the crystal retains the photo-
sensitivity both at room temperature and in
liguid nitrogen.

Thus, a substantial change in electric
and photoelectric properties of Cd,_Mn,Te
semiconductor solid solutions (x = 0.08 + 0.1)
has been found to result from both strong
and weak optical excitation. While the pulse
LI results in a considerable increase of
Cd,_,Mn,Te photosensitivity, the weak excita-
tion from the intrinsic absorption region
hv 2 E, under simultaneous fast -chilling
causes the photosensitivity drop down to the
noise level. The observed dramatic photosen-
sitivity drop is associated, in our opinion,
with  ionization of manganese ions
M2t b2 13, 01— [Mn'*,db, 2,3 el ] and
involvement of the new acceptor-like level
in the generation/recombination process
and in conductivity. The laser long-range
effect has been first revealed in Cd,_,Mn,Te
solid solution crystals (x = 0.08 + 0.1). This
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effect evidences a substantial part played by
non-thermal pulse LI action on the semicon-
ductor and it is to be taken into account
when solving the applied tasks basing on
the supposition of the local action of coher-
ent light.
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OnTtuusHo iHAYKOBaHaA 3MiHA (POTOCIEKTPUUHHUX
BaactuBocreir kpucraiaie CdMnTe

P.K.Casxina, @.®.Cuzos, O.5.Cmipros

3 MeToi0 AOCHiMKeHHs ONTUYHO iHAyKOoBaHOI TpaHcdopMallili cUCTEMH TOYKOBUX [e-
¢deKTiB B yMOBAX CHUJBHOTO i caabKoro 30ya:KeHHs 3 00JacTi BJIACHOTO MOTJIMHAHHA AV > E,
BUBUAJUCA (POTOEJEKTPUUHI Ta eMeKTPUYHI BJIACTUBOCTI HANIBOPOBIAHUKOBUX TBEPAUX PO3-
ypnis Cd,_ Mn,Te (x =0.08 + 0.1) ipu T = 78 K i T = 800 K. BusgsieHo, 1[0 B pesyJabTaTi
cyabkoro onTraHoro 30ymuenas (hv ~ 2 eB) mpu oaHOUacHOMY MIBUAKOMY oxosomKenHi mo T' = 78
K BigbyBaerbca xaracTpodiubne mamimHs poroToKa, a TEeMHOBUI Omip KpuCTaJiB migBu-
uryerbea OiabIn HiK Ha HopAmok. POTOUYTAMBiCTE KPUCTANIB YaCTKOBO BiJgHOBIIIOBAJACH
B pea3yJbTaTi yJabTPasBYKOBOro Bigmany ab6o micas TpuBajoli BUTPUMKHK OPU KiMHaTHiN
TemiepaTypi. O6rosoproerbcs MOMINBUY MeXaHisM edeKTy, IO clocTepiraerscsa, moB’ f-
saHuil i3 ¢oroionisamiecro iomis mapranmo. O6poGra iMOYJIbCHMM JIA3E€PHHUM BUIIPOMIHIO-
BaHHAM (A = 694 HM, T, = 20 HC) TOIOPOroBOi HOTYKHOCTI IPHBOAMIA O POCTY (POTOUYT-
muBocti xpmeranis Cd,_,Mn,Te He Tinbky B 30HI onmpomiHeHHsA, alle #I y KOHTPOJBHiN
obiacri 3paskis.
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