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The electron trapping and detrapping processes in the semi-insulating CdTe:V crystals
have been studied using a new time-resolved photoelectric spectroscopy technique. It has
been shown that the electron processes in such crystals involving the impurity centers and
intrinsic defects are fast and occur in the nanosecond range. The information on the
nature and energy structure of the anisotropic impurity centers has been obtained. Two
different photogeneration mechanisms of free electrons have been revealed: the direct
photoionization of electrons from the ground impurity states and their self-ionization from
the excited impurity states which are in resonance with the conduction band. It was found
that the photosensitivity region for Cd,_,Hg,Te crystals (x = 0.018) at 300 K is in the

range from 0.9 to 1.7 pum.

WccnenoBaHbl MpoOIlecChl 3aXBaTa U BBICBOOOIKIEHUS 9JIEKTPOHOB B IIOJIYU30JUPYIOMIAX
kpucraanax CdTe:V u Cd,_,Hg,Te:V c mcmonbsoBanmem merona (POTORIEKTPUUECKOH CIIEKT-
POCKOIIMU € BPEMEHHBIM paspellleHueM. II0Ka3aHO, UYTO 3JIEKTPOHHBIE MIPOIECCHl B TAKUX
KPHCTAIJIaX C YYACTHEM IPUMECHBIX I[EHTPOB M COOCTBEHHBIX CTPYKTYPHBIX Ae()eKTOB SBJISA-
I0TCA OBICTPHIMHU U IPOUCXOLAT B HAHOCEKYHIHOM nuanasoHe. Ilogydyena wmubopManus o
NPUPOJe U SHEPreTUYECKON CTPYKTYpe aHW30TPOIHBIX IPUMECHBIX IEHTPOB. YCTAHOBJIEHO
HaJqu4ue ABYX MeXaHU3MOB (DOTOTeHepaluy 9JIeKTPOHOB: HpsaMasd (POTOMOHUBALUA BJIEKTPO-
HOB U3 OCHOBHOI'O COCTOSHWS IPVMECH U WX aBTOMOHU3ALUSA U3 BO3OYIKIEHHBIX COCTOSHWU,
HAXOJSAIIUXCA B PE3OHAHCE C 30HO! MPOBOJUMOCTU. ¥ CTAHOBJIEHO, UTO 00JacTh (DOTOUYBCTBU-
renpHocTu Kpucrananos Cd,  Hg,Te (x = 0.018) mpu T = 300 K oxBaThIBaeT CHEKTPAILHYIO
obsactsy or 0,9 1o 1.7 MKM.

© 2008 — Institute for Single Crystals

One of the most urgent tasks of modern
optoelectronics is the development of fast
semiconductors, including the photorefrac-
tive IR-materials (0.9-1.7 um) [1-6].
Today, various materials are used for pho-
todetectors in the near IR-region (Ge, PbS,
InGaAs, PbSe, CdHgTe, etc.). The photosen-
sitivity spectral region in such materials is
defined by the band gap width of the crys-
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tals. A drawback of those materials is the
necessity for their cooling (cryogenic or
thermoelectric). In the case of CdTe:V and
Cd,_Hg,Te:V crystals, the photosensitivity
is defined by the impurity photoconductiv-
ity [2, 3]. Therefore, these materials can be
used to develop a new type of non-cooled
IR-photodetectors. The materials are also of
good promise for novel effective adaptive
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Fig. 1. The shape of pulse photocurrent nor-

malized to the maximum of pulse amplitude

for CdTe:V, Ny, = 10!° cm™3 at 800 K at the
electric field strength 3.3 kV/cm.

photodetectors [4]. It should be noted that
the doped Cd,_,Hg,Te alloys, in contrast to
commonly used photorefractive CdTe:V
crystals, make it possible to tune the pho-
toionization energy and expand the photo-
sensitivity region up to 1.5 pm [3]. Since
the CdTe:V and Cd,_Hg,TeV crystals are
semi-insulating materials (p=107-
109 Q.cm), they can be considered as prom-
ising materials for the non-cooled detectors
of X- and y-rays. It is well known that the
incorporation of 3d elements in ABV! semi-
conductors results in formation of the
strong localized electronic states and, re-
spectively, to the appearance of deep impu-
rity states [8—7]. The A!'BV! semiconductors
doped with vanadium, in particular, of the
CdTe and ZnTe crystals as well as their
Cd,_,Zn,Te solid solution were studied in
[1-7]. Basing on EPR measurement results,
it was shown [7-10] that in the Cd,_,Zn,Te
crystals, anisotropic impurity centers can be
formed in contrast to the binary com-
pounds.

In this work, the complex optical and
photoelectric studies of semi-insulating
CdTe:V and Cd,_,Hg,Te:V crystals have been
carried out with the aim to define the na-
ture and energy structure of the deep impu-
rity centers, including the anisotropic impu-
rity centers, as well as their role in the
electronic processes in the nanosecond
range. The vanadium doped CdTe and
Cd,_,Hg,Te crystals were grown by the
vertical Bridgman technique. Doping was
provided by vanadium additive into the
melt. The initial concentration of the impu-
rity atoms was about 1019 ecm™3. All studied
samples had n-type conductivity. The time-
resolved photoelectric spectroscopy meas-
urements were carried out using the appara-
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Fig. 2. Spectral dependences of the pulse pho-
tocurrent intensity at t; = 5 ns under addi-
tional stationary monochromatic illumination
for CdTe:V crystal, N}, = 1019 cm~3 at 300 K.
Curves 1—6 correspond to the electric field
strength 3.3 kV/cm, 4.7 kV/cm, 5.3 kV/cm,
6.0 kV/cm, 6.7 kV/em and 7.3 kV/cm, re-
spectively.

tus and technique presented in [2]. The ab-
sorption and photodiffusion current (PDC)
spectra were measured using a KSVU-23
spectrophotometer.

In a CdTe:V crystal excited by a nitrogen
laser (A =337.1 nm, t=9 ns, P=15 kW),
free charge carriers are photogenerated in
the near-surface layer. The stationary illu-
mination of the crystal surface with the dif-
ferent wavelengths was carried out using a
high-aperture MDR-12 monochromator.
This makes it possible to measure the pho-
tocurrent spectra caused by an increase in
the current pulse component due to detrap-
ping of the charge carriers from the traps.
If the illuminated electrode has negative po-
larity, mostly electrons move through the
crystal. In this work, the electronic conduc-
tivity of crystals is investigated.

Fig. 1 shows the shape of photocurrent
pulse (PPC) measured with the 0.1 ns time
resolution in the absence of additional illu-
mination. In this case, the PPC has the
same shape as the laser pulse. Fig. 2 shows
the intensity of the photocurrent pulse cor-
responding to the laser pulse maximum for
the delay time ¢{; = 5 ns, as a function
of the stationary monoch‘‘romatic illumi-
nation energy. The spectral dependence at
different values of electric field strength
(F =(3.3 to 7.3)-10%3 V/cm) was measured.
The wide band with a maximum at 1.17 eV
is due to the photoionization transitions in-
volving the photoinduced V2+ind impurity
centers as a result of the self-ionization of
electrons from the excited 4T,(P) state
being in resonance with the conduction
band. This mechanism of photoionization of
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trapped electrons is the main one. The di-
rect photoionization of electrons from the
4T (F) state is less effective. It should be
noted that when the laser pulse was off, the
PPC is caused by the photoionization of V2*-
centers was equal to zero, as the stationary
photocurrent itself was not revealed.

The spectrum structure in its short-
wavelength wing is associated with the pho-
toionization transitions of electrons from
the traps of the intrinsic defects. The re-
sults obtained indicate the presence of V3*
ions, neutral cadmium wvacancies and ac-
ceptor complexes in CdTe:V crystals, which
are the traps for the electrons photogener-
ated by a nitrogen laser pulse. The maxi-
mum of the broad band at 1.17 eV is due to
the photoionization transitions of V2* ions
caused by the self-ionization of electrons
from the 4T1(P) excited state to the conduec-
tion band. The trapping and detrapping of
electrons photogenerated by a nitrogen laser
pulse may be presented as:

V3 +e, — V2, (1)
(Ve + DY + e,y — (VZca+ DYy, (2)
VOCd + ecb —> Nicd)ind N (3)

where VZ*;, 5, (V27cq + D)0 and (Vogg)ing
are the photoinduced impurity and intrinsic
defects appearing due to trapping of free
electrons. The processes of the electron pho-
torelease from the traps due to stationary
monochromatic illumination can be pre-
sented as:

V2*, 4 hv(0.90-1.85¢V) > V3 1 ¢, (4)

(VZca+ DY) 4,4+ AV(1.41eV) »  (B)

— (Vca + DN + e,

(Vcd)jpg + hv(1.45eV) > VOca + e, (6)

Consideration of the PPC spectra shape,
intensity, and the energy position indicates
that the electron trapping efficiency de-
pends on the electric field strength. For
F>6.7 kV.em™ !, the broad impurity PPC
band practically disappears. In this case,
the electron trapping is absent.

As shown above (Fig. 2) the PPC shape
and intensity is very sensitive to the IR
illumination by the pulse Nd:YAIG laser (no
additional infrared illumination taking
place). The excitation energy (1.17 eV) cor-
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Fig. 3. Dependences of the pulse photocur-
rent intensity at ¢f; =5 ns on the electric
field strength for CdTe:V, Ny, = 1012 cm™3 at
300 K. Curve I and curve 2 correspond to
the excitation by N, pulse laser only and the
additional illumination by the Nd:YAIG laser,
respectively. Curve 3 corresponds the differ-
ence between the PPC values (AIPPC) presented
by the curve 2 and curve I.

responds to that the transitions from the
ground to the 4T,(P) excited state of V2*
ions.

In Fig. 3, curve 1 corresponds to the PPC
intensity variation as a function of the elec-
tric field strength in the absence of the ad-
ditional illumination. The illumination by a
pulse Nd:YAIG laser for low F values results
in a sharp increase of PPC as is presented
by curve 2. For F=17.3 kV/cm, the PPC
intensity is almost independent of the the
electric field strength. Fig. 3 (curve 3)
shows the difference between the intensity
presented by curve 2 and the curve I and
presents to a certain degree the change of
the electron capturing efficiency in the deep
impurity traps, i.e. V3% ions as a function
of the applied electric field strength.

It is obvious that the PPC intensity in-
crease under pulse illumination with the en-
ergy 1.17 eV is caused by the detrapping of
electrons from the deep impurity V2*;, ; cen-
ters. Curve 2 corresponds to the pulse pho-
tocurrent originated from two sources. The
first source is the excitation of free elec-
trons. The second one is the electron excita-
tion from the ground state to the excited
one and their self-ionization to the conduc-
tion band. The consideration of the depend-
ences mentioned above evidences that the
pulse photocurrent caused by the electron
detrapping F>4.0 eV/cm. This is caused by
the decrease of the electron capturing effi-
ciency in the deep impurity traps (V3* ions)
under such applied electric field. In this
case, the concentration of V2*, ; centers de-
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Fig. 4. Spectral dependences of the intensity
of pulse photocurrent at t; = 5 ns under the
different intensities of additional stationary
monochromatic illumination for CdTe:V crys-
tal, Ny, = 1012 cm™3 at 300 K. Curves I-5
correspond to the different light intensity
values equal to I, 2I,, 8I,, 161, and 40I,
respectively.

creases, thus resulting in the decrease of
the PPC intensity caused by the detrapping
of electrons from these centers. Free elec-
trons are not captured substantially by V3*
ions at F>6.7 kV/cm and the V2+ind centers
are not formed.

Fig. 4 shows the spectral dependences of
the pulse photocurrent intensity for CdTe:V
crystal at ¢; = 5 ns. Curves I-5 correspond
to different intensity values of the station-
ary illumination. At the lowest intensity,
the broad impurity band is very weak and
the band corresponding to the photoioniza-
tion of (V7¢qg)ing centers becomes the most
intense. The increase of the light illumina-
tion intensity (curves 2-5) results in de-
crease of PPC band at 1.45 eV as well as its
sharp drop to 1.41 eV.

These results indicate that the electron
detrapping efficiency from the traps differ-
ing in energy depends on the illumination
intensity. At low intensity (curve 1 and
curve 2), the electrons are trapped in the
traps with energies E, + 0.05 eV and E, +
0.06 eV. These energies correspond to the
singly charged cadmium vacancies and pos-
sibly to the charged acceptor centers caused
by the presence of the residual atoms such
as Na or Li, respectively, in CdTe:V crystal
[10]. The increasing light intensity (curve 5)
results to the effective de-trapping of the
electrons from the singly charged acceptor
(V2 ¢q + D¥)7,,4 complexes with the energy
E,+ 0.09 eV. In this case, the broad impu-
rity band becomes the most intense. This
may be caused by the higher concentration
of the deep impurity traps, i.e. V3* ions, in
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Fig. 5. Absorption spectra of CdTe (curve 1),
CdTe:V (curve 2) and Cd, Hg,TelV (x=
0.014, curve 3) at 78 K.

comparison with other electron traps,
namely, the neutral cadmium vacancies and
the neutral acceptor complexes. The V3* ion
concentration in CdTe:V crystals usually is
about 1016 ¢m~3 [8]. Therefore, the concen-
tration of the neutral acceptors in the
CdTe:V crystals must be lower than
1016 ¢m~3.

The absorption spectra of Cd,_,Hg,Te
crystals doped with vanadium as well as
pure CdTe are shown in Fig. 5. A long-
wavelength shift of the absorption edge is
observed with growing Hg atom concentra-
tion. In this case, the band gap of solid
solution is narrower than in CdTe. There-
fore, the photoionization energy of V2* im-
purity centers will increase for the solid
solution as compared to CdTe crystal due to
decreasing conduction band bottom. The po-
sition of the absorption bands corresponds
to the intracenter absorption of the V impu-
rity ions in various charge states as well as
to the photoionization spectra. The in-
tracenter absorption near 0.8 eV is due to
transitions between 4T1(F) and 4A2(F) states
of VZ* jons [11]. The additional absorption
bands at 0.91 and 0.97 eV indicate the ex-
istence of V2* and V3* ions [9]. The wide
absorption band near 1.20 eV is due to both
the intracenter transitions between the
AT (F) and “T(P) states of V2* impurity
ions and their overlap with the photoioniza-
tion absorption.

Information on the energy position of the
levels of deep impurity centers and intrinsic
defects relative to the crystal energy bands
can be obtained by measuring the PDC spec-
tra [1, 3]. In the PDC spectra of these crys-
tals (Fig. 6), the positive bands are caused
by photoionization transitions of electrons
from impurity or defect levels to the con-
duction band, while the negative bands are

Functional materials, 15, 1, 2008
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Fig. 6. PDC spectra of the CdgggHgg p14T€:V
crystal (curves 1 and 2, the light propagation
in the <111> and <110> directions, respec-
tively) and CdTe:V (curve 3, <111> direction).

attributed to the excitation of valence-band
electrons to discrete levels positioned in the
crystal band gap [3]. In Fig. 6, there are the
PDC spectra corresponding to the light
propagation along the <111> and <110> di-
rections in Cd,_,Hg,Te crystals (curves I, 2,
respectively) as well as the PDC spec-
trum of CdTe:V crystal for <111> direction
(Fig. 6, curve 3). The most intense band
near 1.500 eV is caused by intrinsic defects
of acceptor type in the investigated crys-
tals. Such acceptors are the singly charged
centers consisting of doubly charged cad-
mium vacancy (V2‘Cd) and singly ionized
donor (D*), i.e. the (V2 g4+ DY)-centers.
Their energy is in the range Ey + (0.10 to
0.12 eV) [12]. In [13], the complex centers
which include the cadmium wvacancy and
donor associated with the Cl impurity at
anionic sites were detected. In our case, the

ionized donors might be accidental impuri-
ties of Group III atoms (Ga, In, or Al) posi-
tioned at cationic sites in the <110> direc-
tion. The negative band at 1.566 eV is prob-
ably caused by the transition from the
valence band to the donor level at E_—
0.035 eV formed by the singly ionized
donor (vacancy of Te atom) [14].

When light propagates in the <111> direc-
tion, the PDC spectrum consists of two posi-
tive bands near 1.450 and 1.540 eV. The
high-energy band at 1.540 eV is probably
caused by electron transition from the ac-
ceptor level Ey + 0.028 eV [14] corresponding
to a singly charged Na atom (residual impu-
rity) positioned at a cationic site (Na7gy) to
the conduction band. The other band at
1.450 eV is caused by photoionization of a
singly charged acceptor (Vz_Cd + D*)". When
light propagates in the <110> direction, the
intense 1.500 eV band is observed in the
PDC spectrum (curve 2), which is observed
in the thermostimulation conductivity spec-
tra of the In doped CdTe ecrystals with
atoms [15]. The PDC spectrum of the
CdTe:V crystals also exhibits a broad struc-
tured band in the long-wavelength spectral
range. The long-wavelength wing of the
PDC band reveals an inflexion near 1.05 eV
which is due to the direct photoionization
energy of V2* centers. This energy is close
to the value (~1.0 eV) obtained by photocon-
ductivity measurements [3]. The observed
maxima of the PDC bands at 1.16 and
1.23 eV coincide with the energy positions
of the broad absorption band in CdTe:V
(Fig. 6, curve 2). This suggests that the
PDC bands are caused by the excitation of
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Fig. 7. Combined energy-level diagram showing d—d" intracenter transitions and ionization levels of
impurity centers and intrinsic defects in CdTe:V and Cd; gggHgg g14T€:V crystals.
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V2* jons into the 4T,(P) state, which is in
resonance with the conduction band. The
double-peaked bands near 1.00 eV are prob-
ably caused by anisotropic V2* centers of
trigonal and orthorhombic symmetry in the
Cd,_Hg,Te crystals. Those centers of C,,
symmetry may be caused by formation of
the complex (V2*ry + Zgq) centers with axis
oriented along one of the <110> directions.

In Fig. 7, the combined energy-level dia-
gram is presented showing d—d* intracenter
transitions and ionization levels of V impu-
rity centres and intrinsic defects in these
crystals. It should be noted that such scheme
was constructed basing on the experimental
results obtained at liquid nitrogen temperature.
In our case, the PPC measurements were car-
ried out at T =300 K. The difference be-
tween the band gap energy of CdTe crystals
at 77 K and 330 K equals to 0.10 eV.
Therefore, in investigated Cd,_,Hg,Te:V
(x = 0.014) crystals, the impurity pho-
toionization energy for the trigonal and or-
thorhombic centers will be 0.91 eV and
0.86 eV, respectively. Fig. 7 shows that the
energy of intracenter transitions to the ex-
cited 44,(F) state is 0.83 eV, i.e. somewhat
lower than the direct photoionization en-
ergy for the orthorhombic centers
(0.86 eV). Therefore, in this case, the ex-
cited 4A2(F) state is still within the band
gap. However, for somewhat higher mer-
cury concentrations, this state will be in the
resonance with the conduction band. In this
case, both the direct photoionization and
the self-ionization from the 4T1(P) and
4A2(F) states to the conduction band occur.
This makes it possibly to increase the crys-
tal photosensitivity and to tune the spectral
range. To that end, the PPC spectra of the
Cd,_,Hg,Te:V (x = 0.018) crystals have been
studied in this work.

Fig. 8 shows the spectral dependence of
pulse photocurrent for Cd,_Hg,TeV (x=
0.0183) crystal at different delay times
(curves 1-3 for 4.5; 0.4, and 7.0 ns, respec-
tively). At ¢t; = 4.5 ns and 0.4 ns, the shape
of PPC spectra is the same. The maximum
of PPC spectra corresponds to A = 1080 nm
(1.15 eV), similar to the CdTe:V crystals;
that is associated with the electron self-
ionization from the excited 4T,(P) states of
both the orthorhombic and trigonal centers.
In the short-wavelength wing, two specific
features are revealed as inflexions (A = 900 nm
and 970 nm). The first band corresponds to
the photoionization of singly charged cad-
mium vacancies (V™c4) while the other one,
to that of acceptor complexes (Vz_Cd + D%,
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Fig. 8. Spectral dependences of the pulse pho-
tocurrent intensity at t; = 4.5 ns, 0.4 ns and
7 ns (curves 1-3, respectively) under additional
stationary monochromatic illumination for
Cd,_Hg,Te:V (x =0.0183, N = 10! cm3)
crystal at T = 300 K.

i.e. the nature of the intrinsic defects is
the same for both the CdTe:V and the
Cd,_,Hg,TelV crystals. The long-wavelength
wing is extended up to A =1700 nm
(0.73 eV). This wing also reveals the struc-
ture of PPC spectrum at 1400 nm and
1550 nm wavelengths. This structure is
caused by the resonance of the excited
4A2(F)-state with the conduction band. At
the delay time £; = 7 ns, the PPC spectrum
structure (Fig. 8, curve 3) is less pro-
nounced. This situation is caused, in par-
ticular, by the decreased intensity of bands
as a result of the lowered intensity of the
pulse photocurrent at t; =7 ns. In this
case, the self-ionization of electron from the
excited 4A2(F) state takes place for the or-
thorhombic centers only. As to the trigonal
centers, such excited state is in the band gap.
Therefore, the optical transitions from the
4A2(F) state will occur involving several
LO-phonons only, and the probability of such
photoionization transitions is very low.

It has been shown that the electronic
processes in the semi-insulating (p~108Q-cm)
CdTe.V crystals involving the impurity cen-
ters and intrinsic defects are fast and occur
in the nanosecond range. The nature and
the energy positions of defects in the band
gap, which act as traps for free electrons
photogenerated by the laser pulse have been
established. The relations describing the electron
trapping and detrapping mechanisms in the
traps are presented. In particular, it has been
shown that the electron trapping causes the for-
mation of the photoinduced impurity V2* and the
acceptor (Vggipg a8 well as (V2 oy + DY) 7,4
The electron trapping efficiency by the deep
impurity centers and intrinsic defects de-

Functional materials, 15, 1, 2008
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pends from the strength of applied electric
field and monochromatic stationary illumi-
nation. For the vanadium doped Cd,_,Hg,Te
crystals, the information on the nature and
energy structure of anisotropic impurity
centers and intrinsic defects has been ob-
tained. The combined energy-level diagram
showing d—d* intracenter transitions and
ionization levels of V impurity centers and
intrinsic defects is presented. The photo-
sensitivity region of such crystals which is
defined both by the direct impurity photo-
ionization and the autoionization of elec-
trons from the excited impurity states
to the conduction band is extended up to
A =1700 nm. The influence of the anisot-
ropic impurity centers on the fast electronic
processes in such materials has been estab-
lished.
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Solid

BnauB nomMimKoBUX i BiaacHUX aAedeKTiB
Ha €HePreTHYHY CTPYKTYPY Ta AUHAMIKY €JeKTPOHHHX
NMPOIECiB KpHcCTaJax
CdTe:V ra Cd,_ Hg,_,Te:V

IO.Il1.'namenko, I1.M.Byxiecoxuii, I0.I1.ITupamuncoruii,
1.0.®@apuna, M.C.dyp’ep, P.B.I'amepruxk

Hocaim:xkeHo Ipollecu 3aXBaTy Ta 3BiJIbHEHHS €JeKTPOHIB y HAIIBIBOJIOIUNX KPUCTATIAX
CdTe:V Ta Cd,_,Hg,Te!V, BukopucroByoounm MeToAuKy (OTOETEKTPUYHOI cIeKTpocKomii i3
posainmenusim 3a wacom. I[lokasaHo, IO eJeKTPOHHI mpollecH y TAKHMX KPHCTAJAX i3 yd4acTio
IOMIIIKOBUX I[EHTPIiB Ta BJIACHUX CTPYKTYPHHUX mAe(eKTiB € MBUAKOLIIOUNME i BigOyBamoThCSA
y HaHOCeKyHaHoMy aiamasoHi. Orpumano imdopmailiio IoZ0 IPUPOAM Ta E€HEPreTUYHOI
CTPYKTYPHX AaHIBOTPONHHX AOMIIIKOBHX I€HTPiB. BeTaHoBJIeHO HasBHICTHL ABOX MeXaHi3MiB
dororenepaiiii eaeKTpoHiB: npama (QoroioHisallis eJeKTPOHIB i3 OCHOBHOI'O CTaHy IOMIIIIKK
Ta Ix aBToioHiBamis i3 30ym:KeHHMX CTaHiB, [0 3HAXOAATHCA y PE30HAHCI i3 B30HOIO IIpO-
BigHocti. BeramoBneno, mo obmacte (orouyrimsocti kpucramis Cd,_ Hg, Te!V (x = 0.018)
npu T = 300 K oxomurioe cnekrpanbHy obaacts Big 0.9 mo 1.7 um.
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