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The processes of laser manipulation of the defect-impurity system and laser transformation of the crys-
tal morphology made it possible to increase the detection properties of CdTe-based structures with a
Schottky barrier. The structural perfection of CdTe:Cl single crystals was assessed using high-resolution
X-ray diffractometry. The contact efficiency depends both on the electrode material and the surface treat-
ment of the CdTe crystal before its deposition, in addition, the characteristics of the formed electrode-
semiconductor interface can be changed by various treatments. Irradiation of the surface of CdTe crystals
or metal-CdTe structures with laser pulses led to a change in the morphology of the semiconductor surface,
the formation and redistribution of defects in the surface region and modification of the characteristics of
this region or interface. The effect of laser processing on the structure of impurity defects and electrical
characteristics of X-ray/y-detectors on Schottky diodes, developed by deposition of Ni and NiO on commer-
cially available CdTe:Cl wafers, was studied. Using the methods of atomic force and scanning electron mi-
croscopy, the features of Ni and NiO thin films before and after laser irradiation were investigated. The ef-
fect of pulsed laser irradiation on Ni/CdTe and NiO/CdTe contacts and the mechanisms of transformation
of their phase state has not been investigated; however, such processing of these Schottky contacts led to
optimization of their electrical characteristics. It is shown that laser treatment of heterojunctions, both
CdTe substrates and Ni and NiO films, can intentionally change the electrical properties and increase the
sensitivity of Ni/p-CdTe/Au/Cu and NiO/p-CdTe/Au/Cu detectors. The effect of laser processing on the elec-
trical and spectroscopic properties of CdTe-based Schottky diode X-ray/y detectors is also discussed.

Keywords: CdTe crystal, Heterostructure, Laser surface treatment, Schottky diode, Reverse current,
Charge transport, X/y-ray detector, Emission spectrum.
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1. INTRODUCTION

One of the efficient and attractive techniques of
modification of the surface and superficial region of
semiconductors, which has been widely and successful-
ly used for various technological procedures in instru-
ment making for more than three decades, is pulsed
laser processing [1-3]. In particular, irradiation with
strongly absorbed laser pulses has been studied and
employed to modify the surface state of semi-insulating
CdTe crystals, provide doping of their surface layer and
create a p-n junction, form electrical contacts and other
procedures during fabrication of X/jy-ray detectors [4-7].
Application of pulsed irradiation for irradiation of CdTe
crystals pre-coated with a metal film allowed us to
create p-n junction-diode X/y-ray detectors operating at
room temperature with extremely high energy resolu-
tion [7].

Furthermore, the parameters of the diode struc-
tures can be modified by laser treatment of the CdTe
crystals during and after electrode deposition. It is
practically important because we have recently devel-
oped CdTe Schottky-diode detectors with different
electrodes and efficient optimization of the contact
properties have been required [8-11].

In the present work, we continue to investigate the
CdTe-based Schottky-diode detectors formed by deposi-
tion of different contact materials onto pre-cleaned
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commercially available detector-grade (111) oriented
CdTe wafers [3, 4]. The similar CdTe crystals were also
used in our previous research devoted to development
of X/yray detectors based on both p-n junction diodes
formed by nanosecond laser-induced doping [4-6] and
structures with a Schottky barrier [7-9]. The distinctive
features of this study are the use millisecond laser
pulses to modify the surface morphology and structure
of the superficial region of CdTe before deposition of Ni
and NiO contacts as well as optimize the electrical
characteristics of the formed Ni/p-CdTe/Au/Cu and
NiO/p-CdTe/Au/Cu heterostructures by irradiation of
the Ni and NiO films deposited on the semiconductor
crystals.

2. MATERIALS AND INVESTIGATION
METHODS

High-resistivity commercial (111) oriented detector-
grade CdTe single crystals produced by Acrorad Corpo-
ration were used in the investigations [10].

For fabrication of X- and yray detectors we used
(111) oriented CdTe single crystal wafers with sizes of
5 x 5 x 0.5 mm? where 0.5 mm was the thickness of the
crystal. The resistivity value of the samples, measured
at room temperature, was p~ 10° Q cm. The Fermi level
in the CdTe single crystals under study is located below
the Fermi level in an intrinsic semiconductor, indicating
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the hole conductivity of the material, i.e., the CdTe crys-
tals can be considered as an almost intrinsic semicon-
ductor with p-like type conductivity [2, 5-9, 11-13].

Ni and NiO thin films were deposited onto the
chemically etched in a K2Cr2O7 + HNOs + H20 solution
(20-30 s) B-face of p-CdTe single crystal substrates in
the universal vacuum system Leybold-Heraeus L560 by
means of DC-reactive magnetron sputtering.

The pure Ni target (a disc 100 mm in diameter and
1 mm thick) was placed on the table with a water-cooled
magnetron. The NiO thin films were deposited by sputter-
ing of Ni in an atmosphere of a mixture of argon and oxy-
gen. During the deposition process, the partial pressure in
the vacuum chamber was 4 x 10-2 mbar for argon and
4 x 10~ 3 mbar for oxygen. The power of magnetron was
100 W. The deposition rate of the thin films was 8 nm/min
at substrate temperature of 300 K. The obtained NiO thin
films possessed n-type of conductivity. The measured
specific conductivity and the concentration of electrons
were 0.34 Q-lem~! and 4.3x 108 cm~3, respectively
(295 K). For deposition Ni thin films, the same regimes
were used as for oxide of nickel without oxygen.

The Au and Cu layers were successively deposited
onto the modified back surface by means of the reduc-
tion from aqueous solutions of gold chloride and copper
vitriol, respectively [4-8]. In order to modify and im-
prove the structure and phase state of the Ni/CdTe and
NiO/CdTe Schottky contacts, they were radiated by out
of focus millisecond (1.5 ms) pulse laser beam using a
diaphragm with tungsten. The yttrium aluminum gar-
net (YAG) laser with 1.064 pm wavelength in the single
pulse mode was used. Laser treatment modes with
energy density E = 2-4.5 J/cm? were selected so that the
threshold of melting or destruction of the material in
the process of heating the surface and near-surface
layers was not reached.

The mechanical stresses and lattice deformations of
the set of CdTe wafers in different geometry of reflec-
tions (111), (333), (331) were studied by X-ray diffrac-
tion (XRD) using the PANalytical Philips X'Pert PRO
Material Research Diffractometer equipped with a
standard CuKg1 X-ray tube. A high-resolution set with
a parabolic mirror, located behind a standard CuKa: X-
ray tube, followed by a four-crystal monochromator
Bartels (4xGe220) and a point detector with a triple
crystal analyzer (3xGe220) was used for X-ray studies.
The divergence of the primary beam and the angular
acceptance of the analyzer used in front of the detector
is Aa;,f = 12 angular seconds[14].

The degree of crystallinity and surface state of
CdTe crystals were examined by reflection high-energy
electron diffraction (RHEED) measurements at room
temperature and a chamber pressure of 2 x 105 mbar.
The RHEED patterns were obtained at room tempera-
ture at acceleration voltage of 80 keV. Rotating the
sample around an axis perpendicular to the sampling
surface during RHEED experiments allowed to choose
the azimuth angle which satisfied the Laue equation
describes the diffraction condition. The diffraction pat-
tern was displayed on the CdS phosphor screen.

The morphology, structure, and phase state of the
Ni/CdTe and NiO/CdTe detectors before and after laser
treatment were monitored by SEM and electron probe
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microanalysis method on Zeiss EVO 50 XVP micro-
scope at 20 keV voltage with standard image pro-
cessing application and also by atomic force microscopy
(AFM) on NT-206 set equipped with control software
SurfaceScan and AFM-image processing application
SurfaceView. Inspection of the scan area of
1 x 0.75 mm and the movement of the probe above the
surface was provided by a real-time video camera when
visualizing an image on a monitor of 640 x 480 pixels
and a frame rate of 25-30 frames/s. The AFM meas-
urements were carried out in contact mode using
CSC38/AL BS probe manufactured by MikroMasch.
The radius of the probe was 8 nm; the number of points
on the scan matrix 256 x 256; the load on the probe was
10-12 units.

3. RESULTS AND DISCUSSION

The experimental high resolution XRD (HRXRD) in-
tensity distributions In(w) and In(w, 26-w) CdTe:Cl single
crystals from symmetrical and asymmetrical reflections of
CuKa1 radiation allow us to evaluate the structural per-
fection of the samples (Fig. 1). It was established that
CdTe:Cl wafers are characterized by well-defined defect
structure. This is evidenced by the presence of a strong
diffuse background on In(26-m, @) distribution and blur-
ring of the coherent scattering regions on the In(w). The
structural perfection of the CdTe:Cl crystals was evaluat-
ed according to the FWHM values W, the maximum in-
tensity (Ix™2¥), the integral intensity (S), the shape of the
coherent scattering peak, as well as by the analysis of the
diffuse component (Fig. 1).

To determine the dislocation pattern influence on
the reciprocal space maps (RSM) formation two sets of
dislocations were chosen: (i) the 60-degree dislocations

with Burgers vectors 51 =a/2[110] and 52 =a/2[011]
in the {1 TT} and {il T} planes, respectively; (ii)
Franck partial dislocations with lines oriented in <O Tl‘

and ‘101> directions. The dislocations can also be

placed at the small angular boundaries between sepa-
rate blocks [14].
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Fig. 1 - Experimental distributions In(w) for two CdTe:Cl
wafers with different degree of perfection; (333) reflection;
CuKa radiation. The inset shows the FWHM values (W),
maximum intensity ([pm2x), integral intensity (S), and integral

width (8)
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If the crystal consists of blocks separated by small
angular boundaries, formed by one system of disloca-
tions, then the dislocation density Nr in the direction
perpendicular to the dislocation lines can be estimated
by the angle of disorientation A& between two blocks
[15]:

AG

L:3|E|Tb,

1

where T} is the average size of a block, b is the Burg-
ers vector of the typical crystal dislocations.

In the case of chaotic distribution of dislocations,
which is often found in the real crystals, the average
dislocation density Ng can be estimated as

W2
7(;2 > (2)

9|b

Ng =

where W is the stacking faults.

The estimated values of dislocation density N¢ and
Nr in CdTe:Cl crystals with different degree of perfec-
tion are presented in Table 1. As characteristic frag-
mentary (mosaic) structure appears on the dislocation
distribution for sample No2 (Fig. 1), the value of Ng
was determined for the most perfect fragment. The
possible density of screw dislocation Ns

a2

g =—2 3)
4.35\(:\

estimated from Willamson-Hall plot by the slope angle
a of mosaic grain was 4.8 x 105cm -2 and 4.9 x 105 cm -
2 for samples Nol and NoZ2, respectively (Fig. 2).
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Fig. 2 - Williamson-Hall plot for a series of symmetric (hhh)
reflexes of w-scans for evaluation of in samples with different
degree of perfection

Table 1 — Dislocation densities N¢ and N in CdTe:Cl crystals
with different degree of perfection

Sample Nol Sample No2
Reflection| Ngx 105 | N x 108 | Ngx 105 | Nz x 108
cm 2 cm 2 cm—2 cm 2
111 2.6 — 17.9 2.1
333 3.4 - 5.8 5.1
331 1.3 - 13.1 5.6
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The state of the CdTe crystal surface was examined
by the reflection high-energy electron diffraction
(RHEED) technique. The RHEED patterns were ob-
tained at room temperature at an accelerating voltage
of 80 kV. The experimental measurements were per-
formed on the Te-terminated (B-face) of the CdTe (111)
crystals. After mechanical polishing of the surface of
the single-crystal CdTe sample, the diffraction pattern
in the form of blurred rings indicates the presence of a
thin surface layer with disordered or amorphous struc-
ture with plastic deformations which usually occurred
after surface polishing treatment on the surface
(Fig. 3a). A more perfect surface was obtained by etch-
ing of CdTe crystals in a K2Cr207 + HNOs + H20 solu-
tion during 20-30 s at room temperature. The optimal
surface of CdTe plates for spraying thin films was ob-
tained by chemical etching to a depth of d > 10 um. In
the RHEED pattern, bright spots appeared for such
sample (Fig. 3b). Low background intensity and bright
spots in the RHEED pattern confirm perfect crystalline
structure of the surface region of CdTe crystals after
chemical processing.

a b

Fig. 3 - RHEED pattern of the CdTe (111) crystal: (a) after
mechanical polishing, (b) after chemical etching

The Ni metal film strongly absorbs laser radiation
by a system of free electrons. Due to the rapid heating
in the Ni film, a significant increase in the lateral size
of the crystallites was observed from 0.15-0.25 um to
0.5-0.7 um (Fig. 4b).
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Fig. 4 - AFM-images of Ni film on CdTe single crystal sub-
strates: (a) before laser treatment, (b) after laser treatment
with the energy density of 3.6 J/cm2. On the right — the scan
profiles along lines 1-2
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In this case, the area of thermal impact during laser
treatment is concentrated near the interface Ni film —
CdTe crystal. Therefore, the modification of the crystal is
implemented in a relatively small surface layer of CdTe,
which increases with the power density of the laser beam.

The analysis of scan profiles along lines 1-2 (Fig. 4,
on the right) shows that the laser treatment induces an
increase in the size of crystallites vertically from
35-38nm to 80-92 nm. Significant laser-activated
transformations of the Ni film structure take place.
They are explained by the action of thermoelastic
stress fields when reaching high-temperature gradients
under the influence of laser radiation.

Upon reaching the threshold temperature melting
the surface region at the center of the laser spot at criti-
cal energy values E>6.5dJ/cm? particularly significant
change in the morphology of the Ni film is observed.

During the implementation of laser recrystalliza-
tion from the liquid phase in the metal film — CdTe
crystal system, large crystallites of different phase
compositions are released (Fig. 5a). The morphology
around the edges is smoother, but microcracks and
photoinduced defects appear (Fig. 5b).

The NiO film is transparent to the laser wavelength
A =1.06 um. A slight increase of crystallites lateral size
in NiO film from ~ 180 nm to ~ 230 nm is observed
after laser treatment (Fig. 6b, ¢c). Comparison of scan
profiles along 1-2 lines also shows minor changes in
their vertical dimensions (Fig. 6, on the right). This
indicates a weak interaction of the laser beam with the
NiO film and the passage of a significant part of radia-
tion into the depth of the CdTe crystal.

As the CdTe crystal is also transparent to A =1.06 um,
the laser irradiation energy absorption occurs on the in-
homogeneities and defects in the crystal volume. Because
of the intensive penetration of laser energy into the depth
of the crystal, solid-state reactions take place in the
Ni/CdTe and NiO/CdTe heterojunctions.

(b)

Fig. 5 - The morphology of the melted CdTe crystal after
irradiation by the nanosecond laser with the energy density
E=0.15J/cm?2: (a) in the center of the laser spot, (b) on the
edge of the laser spot (study in SEM)
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However, the area of the effect of the laser on the CdTe
crystal through the NiO film extends to a much greater
depth than through the Ni film. It contributes to the
redistribution and relaxation of defects and better
phase homogeneity.

Due to the absorption of thermal radiation in the
CdTe crystal, an increased separation of donors Clre
and acceptors (Vca-Clre) owing to the enhancement of
the electron-phonon coupling occurs [14]. It can be
explained by the thermogradient effect under which
both Clte and Vca drift towards the temperature gradi-
ent induced by the laser beam, i.e., towards the bulk of
the irradiated CdTe crystal where they can create A-
centers [15]. Taking into account the concentration of
chlorine in the samples studied the probability of A-
centers generation during the cooling is high.

Length, um

CS-Topography. um

Length. um

Fig. 6 - AFM-images of NiO film on CdTe single crystal sub-
strates: (a) before laser treatment, (b) after laser treatment
with the energy density of 2.4 J/cm?, (c) after laser treatment
with the energy density of 3.6 J/cm2. On the right — the scan
profiles along lines 1-2

Thus, the concentration of the A-centers increases
simultaneously with the concentration decrease of the
isolated Clte donors, which implies a reduction of the
donor-acceptor pairs concentration and the correspond-
ing increase of the mean distance between donors (Clre)
and acceptor (A-centers), and redistribution of defects
and impurity-defect complexes in the temperature
gradient induced by the laser beam.

The current-voltage (I-V) characteristics of the de-
tectors were measured within a wide bias voltage range
at different temperatures by a standard method with
the use of a precise femto/picoammeter Keysight
B2985A with a built-in source (£ 1000 V) and Agilent
34410A were used as an amperemeter and voltmeter,
respectively. The reverse current was measured when
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Fig. 7- Room temperature dark I-V characteristic of the Ni/
p-CdTe/Au/Cu (a) and NiO/p-CdTe/Au/Cu (b) heterostructures
before (filled symbols) and after (blank symbols) laser treat-
ment. The insets depict reverse I-V characteristics of the
heterostructures

the Ni or NiO (Schottky-type) contact was biased posi-
tively with respect to the Au contact. As seen, the I-V
characteristic of the Ni/p-CdTe/Au/Cu (Fig. 7a) and
NiO/p-CdTe/Au/Cu (Fig. 7Tb) heterostructures show
rectifying properties. The rectification significantly
increased after laser irradiation of the structure. As
seen, laser irradiation of the Schottky diode structure
side remarkably shifted the I-V characteristic forward
branch toward lower voltages (forward current in-
creased) and reduced reverse current compared with
the unirradiated sample (Fig. 7). From a practical point
of view, it is important to note that the reverse current
of the Ni/p-CdTe/Au/Cu and NiO/p-CdTe/Au/Cu detec-
tors reduced by 2-3 times due to laser treatment of the
Schottky contact standing at about 10 nA at V=—80V
and V=-20V, respectively (Fig. 7a,b). This can be
explained by an increased lifetime of charge carriers in
the depleted region after laser treatment, more strong-
ly in the NiO/p-CdTe/Au/Cu heterostructures than in
the Ni/p-CdTe/Au/Cu one. Apparently, the reasoning is
the fact that the NiO film is transparent to the laser
wavelength used for irradiation. Therefore, the area of
thermal impact during laser treatment extends deeply
into the CdTe crystal and increases with the power
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JIazepna mogudiramnis mopdgosiorii Ta nedpeKTHOI CTPYKTYPH reTEePOCTPYKTY P
Ha ocuoBi kpucrasis CdTe nerexkropHoro kiacy

Bosmogumup I'matior!, Osmena Macasauyk?, Biktop Ctpebeskes2, Irop @omuyk?,
Muxatino Comosan?, Murosa Coporaruit?, Irop Bonenaiok2, Aumpiit Kyspmin?

1 Inemumym gpizuxu Hanienposdiorukxis imerni Jlawrkapvosa HAH Yipainu, npocnexm Hayru, 41,
03028 Kuis, Yxpaina
2 Yepuiseupkuli HayloHavHuil yHigepcumem imeni FOpis @edvrosuua, eyn. Koyobuncvkoeo 2,
58012 Yepnisui, Yipaina

IIporiecu JrasepHOro MAaHIMYJIIOBAHHS Ie(eKTHO-IOMIIIKOBOK CHCTEMOI Ta JIa3epHOI TpaHcdopMmarrii
MopdoJIorii KprcTasia J03BOJIMIN ITIBUIINTH JeTeKTYIOUl BJIACTUBOCTI cTpyKTyp Ha ocHoBl CdTe 3 6ap’epom
IMoTTri. MeToI0M PEHTTEHIBCHKOI AHMPAKTOMETPil BUCOKOI PO3IiJIBHOI 3HATHOCTI OIIHEHO CTPYKTYPHY J0C-
roHasticTs MoHOKpHcTaaiB CdTe:Cl. EdexkTuBHICT, KOHTAKTY 3aJIeKUTh K BIJl MaTepiaay eJIeKTpoaa, Tak 1
Bl 00pobru mosepxHi kpucrana CdTe mepen ioro ocamxeHHAM, KPIM TOr0, XapaKTePUCTUKH cPOPMOBAHOTO
iHTepdeicy eeKTPOI-HAMBIPOBIIHUK MOKYTh OyTH 3MiHeH] pisauMu 06podravu. OnpoMiHEHHS IIOBEPXHL
rpucramis CdTe abo crpyrryp meran-CdTe nmaszepruMu iMmysibcaMu MPU3BOIKIIO JI0 3MIHKA MOPQOJIOrii 110-
BEpXHI HAMIBIPOBIIHUKA, YTBOPEHHS Ta Iepepo3nofiay medeKTiB B 00JacTi moBepxHI Ta Mogudikarii xa-
PaKTepHCTHK Ifiel 0bacTi abo meski po3aimy. JlocmimxreHo BIJIMB jJa3epHOI 00POOKY HA CTPYKTYPY JOMIIIKO-
BUX Je(eKTiB Ta eJIeKTPUYHI XapaKTEePUCTUKN PEHTreHIBCbKUX/ y-neTekTopiB Ha miogax Illorrki, po3pobite-
Hux nuiaxoM ocakeHHs Ni ta NiO ma xomepmitino mocrymui minactuau CdTe:Cl. Meromamu aTomHO-
CHJIOBOI Ta CKAHYIOYOl eJIEKTPOHHOI MIKPOCKOITII JOCTiaeH0 ocobmBocTl ToHKkuX mwiiBok Ni ta NiO mo ta
micss s1a3epHoro ompomineHHsi. OGroBOPIOETHCS BILIMB IMITYJIBCHOTO JIA3€PHOTO ONIPOMIHEHHS HA KOHTAKTU
Ni/CdTe i NiO/CdTe Ta mexaniamu TpaHcdopmaliii ix paszoBoro craHy OCKIIBKHM Taka 00pOOKa IUX KOHTAK-
TiB [lloTTKI mpH3Besa A0 OOTUMI3allil eJIEKTPUYHUX XapakTepucTuk. [lokasamo, 1mo gazepHa o0poOKa rere-
pomepexomis, ak migkaagku CdTe, rax 1 maisku Ni ta NiO, Moske HABMHCHO 3MIHUTH €JIEKTPUYHI BJIACTHBO-
cti ta migsuimutya dyTyEBicte Ni/p-CdTe/Au/Cu ta NiO/p-CdTe/Au/Cu gererropi. Takosm o6rosoproerbes
BILJINB JIA3€PHOI 0OPOOKM Ha CTPYKTYPHI Ta CIEKTPOCKOINYHI BJIACTUBOCTI PEHTTEHIBCHKUX/)-I€TEKTOPIB HA
miogax IMorrki Ha ocHOB1 CdTe.

Kmiouosi ciosa: Kpucran CdTe, I'etepocrpykrypa, Jlazepra o6pobxa mosepxwi, Hiox IMlorTri, 3B0poTHMiA
ctpyMm, TpaucmopryBauts 3apsany, PerrreHiBebkuii meTekTop, CriekTp BUIPOMIHIOBAHHS.
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