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Abstract

Cathodol uminescence scanning electron microscopy
providesadetailed analysisof the dislocation rosette patterns
around micro-indentations in cadmium telluride. The
activation of avariety of dip systems causesdifferent contrast
features, connected to a, 3, and screw disocations. Cross-
dip plays an important role for the distribution of defects
around indentations. A luminescence line at about 1.48 eV
occurring in certain partsof thedislocation rosetteis probably
related to vacancies. The mechanisms responsible for the
generation of vacancies are the interaction of disocations
belonging to different dip systems and the dragging of jogs.
The vacancies, which are located near or on dislocations
generated by room-temperature indentation, anneal after a
thermal treatment at 500 K.
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Introduction

Cadmiumtellurideisall-VI compound semiconductor
of sphalerite structure. Recently, bulk CdTe crystals have
become important for optoelectronic applications. It is a
suitablesubgtratemateria for cadmium mercury telluride, which
isbeing used ininfrared detectors. The preparation of single
crystalsisrather difficult, since CdTe can easily be deformed
a room temperature [12] and remains ductile downto 77 K.
Thedensity of grown-indisocationsin CdTeishigher thanin
gdliumarsenideand liestypicaly inthe order of magnitude of
10°to 10° cm2. Asthereisanon-negligible concentration of
residual impuritiesafter crystal growth, theinteraction between
didocations and point defects is an important factor for the
electrical properties of bulk crystals. The relation of the
electronic structure of CdTe and dislocations has been a
subject of several studiesinrecent years(see, e.9., thereview
of Osip'yanetal.[21]). Therearefeaturesthat areuniquefor
I1-VI compounds, such as the large photoplastic effect (i.e.,
the change of the flow stress by illumination) [11] or
deformation-induced changes of optical properties. The
deformation-induced luminescencein ZnS(triboluminescence)
has been attributed to achargetransfer to impurity centersby
moving dislocations [4]. Didocation-related luminescence
has been studied in CdS and has been related to the radiative
recombination of bound excitons[28].

The crystallographic structure of dislocations in
cadmiumtellurideisvery similar to that of gallium arsenide.
Theglidemotion isdetermined by the Peierlsmechanism and
the slip systems are of a <110>{111} type. Moving
disocationsare generally dissociated into partial dislocations
[20, 27]. In cathodoluminescence (CL) and electron-beam
induced current imaging at room temperature, disocationsin
CdTe appear asdark spotsor lines, i.e., they act as centers of
nonradiativerecombination [22, 24].

Gelsdorf and Schréter [9] showed that theintroduction
of didlocationsin CdTeproduced adeep level of 0.7 eV below
the conduction band. This level was not attributed to
dislocation core states but to a point defect cloud near
didocations. However, the nature of these defects remained
unclear. Further investigations by deep level transient
spectroscopy (DLTS) [16, 29] supported the hypothesis of a
point-defect atmosphere.
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Theaim of thestudy presented herewasto investigate
the correl ation between the structureand the e ectrica activity
of didocationsintroduced by room-temperature deformation
of CdTe. A convenient way to introduce dislocations at low
temperatures is micro-indentation. The generation of
electrically active defects around micro-indentations on
different surfaces of CdTe was studied in detail by
cathodoluminescence scanning electron microscopy (CL-
SEM). Theactivedip systemsin repect to theemission of a,
B, or screw didocations are analyzed. Peculiar CL contrast
featuresin the deformed region are discussed. Didocation-
related non-radiative and radiative recombination can be
distinguished and isrelated to theinfluence of an atmosphere
of vacancies around dislocations.

Experimental

The investigations were carried out with nominally
undoped cadmium telluride single crystals grown by the
Bridgman technique. The carrier concentration was in the
rangeof p=(1-5) x 10 cm®. Thegrown-indidocationswere
mostly arranged in acell-like structure and their density was
(1-9)x10°cm2 The(001), (111)Te, and (111)Cd surfaceswere
chemo-mechanically polished with a solution of brominein
methanol. The polaritiesof +(111) surfaceswere determined
according to Brown et al. [6]. After etching in asolution of
HFHNO,-CH,COOH (1:1:1vol.%), the(111) Teplanegppesred
bright and shiny, whilethe (111)Cd plane appeared dull. (110)
surfaces were obtained by cleaving the single crystal. The
[110] and[110] directionson a(001) surfaceweredistinguished
by etchingthecrystal inthe E.Ag-1 solution (10ml HNO, + 20
ml H,0+4gK,Cr,0,+ 1mgAgNO,), which produces etch
pitselongatedina[110] direction[17]. Themicro-deformation
was carried out at room temperature by indenting the surface
withaVickersdiamond pyramid (withanangleof 136° between
the pyramid faces). Theload wasintherangeof 0.05to 1 N
and the dwell time about 30 seconds. Thedefect distribution
was analyzed by cathodoluminescence scanning electron
microscopy with sampletemperaturesin therange of 5to 300
K. Fortheinvestigations,aTESLA BS 300 scanning €l ectron
microscope ((TESLA, Brno, Czech Republic) equippedwitha
Oxford Mono-CL system and cryostage ((Oxford Instruments
Ltd., Oxford, UK) wasused. Theexperimentswere carried out
with an electron beam voltage and current of 15to 25kV and
1t010nA, respectively. Theluminescencesignal wasdetected
with a S20 photo-multiplier. The available resolution of
panchromatic CL imaging wasabout 0.2 um. CL spectrawere
recorded with a grating monochromator (1200 lines/mm) at
different positions of the deformed region. The distribution
of radiative centerswasregistered by spectral CL imaging.

Additional information about defectsin the deformed
region of the indentation was obtained by transmission
electron microscopy (TEM) investigationswith aJEOL 1000
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high voltage microscope (JEOL, Tokyo, Japan).

Resultsand Discussion
Slip pattern on +(111) surfaces

The basic features of the distribution of dislocations
near the surface are shown in Figure 1. Generaly, the dlip
processes can be divided into two sets: (i) dislocation
movement with Burgersvectorsparald tothe surface (“ rosette
glide”) and (ii) did ocation glidewith Burgersvectorsinclined
to the surface (“tetrahedral glide”). The rosette glide is
characterized by some 100 pm long branches of didlocations
in £[110], £[011], £[101] directions, respectively. The
tetrahedral glide is represented by the triangular pattern of
didocations near the indentation center.

Thedip patternsaround Vickershardnessindentations
on +(111) surfaces were extensively studied for GaAs by
Hirschetal.[14]. Firstresultsfor (111) CdTewere presented
by Riviére et al. [22]. The Hirsch model, based on elastic
stress field calculations of the indentation zone, is fully
applicable to the determination of dip systemsand the sense
of dip close to the indenter, i.e., to the tetrahedral glide in
CdTe. For thisset, dislocation glide proceeds on tetrahedral
{111} planes. According to the diatomic structure of CdTe,
two types of {111} planes have to be considered: Cd-
terminated {111} planes and Te-terminated {111} planes.
Correspondingly, two types of tetrahedra occur, one with the
gpexinterna (1AT), another onewithitsapex externa (EAT) in
reference to the sample surface. The polarity of 60°
dislocations generated at the indentation depends on the type
of theglideplane[25] (Table 1). According totheconception
of Sumino and Shimizu [25], a didocations, with theextrahalf
planeinsde, areformed onthe{ 111} Cd tetrahedron. Similarly,
B dislocationsareon{ 111} Teplanes, with theextrahalf plane
inside the tetrahedron. It should be noted that in contrast to
the original considerations [25], the dislocations are here
supposed to be in the glide set.

Basically, dip occurs on both the |AT and the EAT,
leading to the generation of a and [3 dislocations. However,
thedip patternsarenot symmetrical for the Cd and Te surfaces.
It can be deduced from the different dis ocation configurations
of thetetrahedral glidefor (111)Cdand (111) Tesurfaces(Fig.
1) that glide occurs preferentialy only on one type of
tetrahedron for a given sample orientation. Regarding the
eladtic strain field calculations of Hirsch et al. [14], glide on
the IAT dominates the formation of the triangular dip line
patternin (111)Cd-oriented samples, whereasthe extension of
thedip patternfor a(111) Tesurfaceisdueto preferential glide
onthe EAT. Theactivation of onetype of tetrahedron, which
is external for a(111)Te surface and internal for (111)Cd, is
immediately connected with the generation of o dislocations
near the indentation (see Table 1).

Detailed TEM investigationsof I11-V semiconductors
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Figure 1. Didocation distributions near indentations (a) on
the(111)Cd and (b) onthe Tesurface of CdTe. Panchromatic
cathodoluminescenceimagestaken at roomtemperature (20 kV
electron beam). Theindentationloadwas1N.

have been carried out in order to study the structure of
didocationsgenerated during micro-deformation[ 15, 18, 19].
It has been found that dlip proceeds preferentially through
themoation of didocation haf loops. They includetwo parallel
screws of opposite sense, connected by segments which can
be regarded as two 60°a dislocations (or two B disocations,
respectively). Inll1-V semiconductors, thewholedislocation
structure around indentations could be explained by the
dynamics of such “hexagonal” loops. Theorigin of stacking
faults (or microtwins) [18, 19] and theformation of locks[26]
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Table 1. Tetrahedraof different polarity and related 60° glide-
set didocations[25].

Sample Internal Apex Externa Apex

Surface Tetrahedron Tetrahedron

(11ncd Cd tetrahedron Te tetrahedron

o Te(g) Cd(g)

(111)Te Te tetrahedron Cd tetrahedron
Cd(g) Te(g)

Note: Te(g) and Cd(g) correspond to a and B dislocations
withther extrahaf plansinternd to thetetrahedron concerned.

The glide set g is supposed.

could alsobe described withinthismodel. Despite themuch
higher dislocation density in CdTeintheregion deformed by
indentation, the basic structure of hexagonal loops is
confirmed by TEM investigations. Asit wasfoundin Il1-V
compounds, the did ocation sourcesarelocalized at the surface
formed by the Vickerspyramid. A scheme of the dislocation
loop formationisshownin Figure 2 for the|AT. Didlocation
loopsonthe EAT areformedinasimilar way.

A complete understanding of the slip pattern of
tetrahedra glidecan only bereached by considering recovery
processes. The residual stress field near the indentation is
supposed to be high enough that dynamic recovery takes
place. Therecovery isdriven by cross-dip of the screw parts
of the hexagonal loops. The high stressbrought about by the
indentation supports the cross-dip, which isimpeded by the
dissociation of the screw in the primary dip plane. The
activation energy of thecross-dip, U, dependson the stacking
fault energy y[8],

2
E T
U=-=9 |In—
To

@

(E, and 1, are congtants, T is the resolved shear stress)) A
higher cross-dip activity could be expected in CdTe, sinceit
has a lower stacking fault energy (11 meV per atom [10]),
compared to elemental and I11-V semiconductors.

The cross-dip mechanisms for both the IAT and the
EAT are schematically shown in Figures 3aand 3b. A screw
dislocation withthe Burgersvector b = AD onthe ACD plane
cross-dipsonaplaneparalel toABD. Thecross-dipisdriven
by the high stress near the indenter. Furthermore, Lomer-
Cottrell locks[14] dong AD, BD, and CD have formed, and
they block further dislocation glide. Dueto the high stress, a
second cross-dip step may be possible on aplane parallel to
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Figure 2. Schemeof theformation of hexagona dislocation
loops at aVickersindentation. Corresponding to the nature
of the{111} planeABD, the 60° didocationsarea or 3. The
loops with the Burgers vector BA belong to the rosette dip
systems, didocations with b = BD belong to the tetrahedral
dipsystems. Theloopsconsist of two screw partsof opposite
sense and two 60° segments. The emergence points of
didocationsat the surface (corresponding to dot-like contrasts
in CL images) are60° did ocationsfor therosettedip systems
(2) and screwsfor thetetrahedral dlip system.

ABD.

Inthecaseof the EAT, ascrew withb = HF onthe EFH
plane cross-dips on EFH (Fig. 3b). Further cross-dip steps
arelessprobable, sincethestressonthe EAT islower [14]. A
diplinemay beformed asaresult of the upward motion of 60°
segments, asindicated in Figure 3c. Sincetheforward motion
of theloopsis supposed to be ruled by a didocations (Figs.
2 and 3c), thebackward motionisruled by (3 didocations. The
regionswhich can bereached by cross-diparemarked gray in
Figure3. For thel AT, threedisplaced trianglesresult, asshown
in Figure 1a (Cd surface). The cross-dip eventson the EAT
leadtoamore or lesstriangular pattern, which appearson the
Tesurface(Fig. 1b).

Inthefollowing, therosette glidewill bedescribed. A
scheme of the glide planes activated for the rosette glide is
showninFigure4. Each branch of therosette consists of two
parallel {111} planes, one of the Te type, another of the Cd
type, eg., dipoccursonthe (111) Teand the (111)Cd planesin
the[110] direction.

Therosette glideischaracterized by the movement of
o and B disocations parallel to the surface. The dragging of
screw dislocationsleadsto the formation of hexagonal loops.
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Figure 3 (onfacing page). Cross-dipsof screw didocations
on theinternal apex tetrahedron for the (111)Cd surface (a)
and the external apex tetrahedron for (111)Te (b). Inthetwo
cases, theregionsthat can bereached by crossdip are marked
in gray. The screw dislocations are represented by their
emergence points on the surface (black dots 1, 2 and 3). (a)
Projection of the internal apex tetrahedron ABCD onto the
(111)Cd surface. Thescrew | with the Burgersvector b = AD
ontheACD planecross-dipsonaplaneparale toABD (1 —

2). A second cross-dipstep (2 — 3) occursonaplaneparallel
toACD. Thedliplinesd, andd, emerge by the movement of
[3 didocations towards the surface. (b) Projection of the
external apex tetrahedron EFGH ontothe (111) Tesurface. The
screw | with the Burgers vector b = HF on the EFH plane
cross-dipsonaplaneparalel toFGH (1 - 2). Thediplined
isformed because of the upward motion of the 3 segment of
thedidocationloop. (c) Cross-section of thecross-dip xsof
the screw sshownin (b).

In Figure 2, the loops with the Burgers vector b = BA are
examplesof rosetteglide. Sincedip occurson parallel Teand
Cd planes, theoccurrence of both o and 3 dislocationswithin
one branch is supposed. This is supported by two
experimentd facts: first, the extension of one part of abranch
isin most cases shorter, and secondly, the room temperature
CL contrast of the shorter part differs from the longer one.
One part shows dot-like contrast features, corresponding to
individual dislocations. In the other part, the contrast of
dislocations is superimposed by a diffuse background
contrast. The conclusion may be drawn that this behavior is
due to point defects and their interaction with o and 3
dislocations. Later in this chapter, the interaction between
didocationsand point defectswill bediscussedin moredetail.
Considering the polarity of the 60° didocations, it hasto be
concluded that a disocations lie on planes with an obtuse
angleto the (111)Cd surface. B dislocations glide on planes
with an acuteangleto the surface (Fig. 4). Suchaconclusion
takes into consideration that the extra half planes must be
outside the respective tetrahedrafor therosette glide. Thisis
equivalent to the assumption of Braun et al. [3] that material
must be pushed away from the indenter within the prisms of
therosette glideformed by the{ 111} dip planes.

Neither in the part of the branch with o didocations,
nor in the part with B dislocations, CL line contrasts, which
could be ascribed to screw dislocations lying parallel to the
surface, areclearly visible. Two possibilitiesmay bediscussed.
On the one hand, the velocity of screw dislocations may be
high enough that one screw segment of the hexagonal loop
(Fig. 2) hasreached thesurface, and the other screw hasmoved
into a depth which is higher than the maximum information
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depth of the CL signal (about 5 pm inthe experimenta setup
used here[13]). Ontheother hand, the CL contrast of screws
or didocations running pardlel to the surface may be too
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Figured. Sipsysemsof therosetteglidefor a(111)Cd surface.
a disocations glide on (111), (111), or (111) planeswith an
obtuse angle to the sample surface, and 3 didocations glide
on(111), (111) or (111) planeswith an acuteangleto (111).

wesk to be detectable. This case cannot be excluded, since
the contrast of surface-parallel dislocations depends on
severa parameters - e.g., depth, recombination strength of
the defect, excitation conditions.

I ndentationson (110) and (001) Surfacesof CdTe

A typical exampleof thedid ocation distribution around
Vickers indentations on a (110) cleavage plane is shown in
Figure 5a. A scheme of systems of rosette and tetrahedral
glide analogous to that of +(111) sample orientations can be
appliedtothe (110) surface orientation (Figs. Sband 5¢). The
tetrahedral glide proceeds by the motion of dislocation loops
dongthe[011],[101],[011], and [101] directions. Thearrows
inFigure 5¢ represent the glide directions of the 60° segments
of thehexagonal loops. Screw didocationsare dragged behind
and cause the dot contrasts in the dslip pattern near the
indentation. Screw diglocations intersect the (110) surface
aongthe+[112] or +[112] directions.

As in the case of +(111) surfaces, the cross-dip of
screws may considerably influence the dip pattern of tet-
rahedral glide. The spread of the dlip patternin +[110] isa
result of the cross-dip of screws. Screw dislocationsaligned
on {111} planes perpendicular to the surface may cross-dip
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Figure6. (a) Didocation distribution near anindentation on
(001) CdTe. CL imagea 300K withal5kV dectronbeam. (b)
Rosette glide systemsat anindentation on a(001) surface. In

Figure5. (a) CL image (sample temperature 300K, 20 kV tf_1e _1[110] direction, a didocations are gliding on (11 1)_or
electron beam) of the dislocation pattern around a Vickers (111). Similarly, 3 dislocations are moving in the £[110]
indentation on CdTe with a (110) surface orientation. directionon (111) and (111). Asaconsequenceof themotion
Indentation load 0.1 N. (b) Set of dip planes at a Vickers of a and 3 didocations, screw didocationsare expanded aong
indentation on (110) CdTe. The(111) and (111) planeshelong +[110] and +[110.

to the rosette glide systems, comprising the movement of
dislocationsloops paralel tothesurface. (c) Slip systemsof
thetetrahedral glide. Thearrowsrepresent theglidedirections
of the 60° segments of the hexagonal loops. Screw

didocations are dragged behind and determine the extension The rosette glide is characterized by a prism being
of thedlip pattern of thetetragona glide systems as observed formed by the (111) Teand (111)Cd planesand dlignedin+[110]
at the surface. direction. Thefact that the (111) and the (111) planes are of

different polarity is connected with the parallel glide motion
of o and B dislocationsin+[110].

The didocation pattern in Figure 5ais characterized
aong (111) and (111) cross-dip planes. Slip linesmay be by dot-like contrasts and weak linesin +[110], #[112], and
formed in #[110] as a result of the back motion of 60° +[112]. Generally, thedotsin+[112] and +[112] arechainsof
dislocations. Screw dislocationsaigned ontheindlined (111) screws, emerging at the surface as aresult of their glide or
and (111) planesmay cross-dip aong planesperpendicular to crossdip. Thehardly visible dislocation linesin Figure 5a

(110). Thisleadsto theemergenceof dlip linesalong +[112] ae mostly_ aor B didocationsformed 9'”” ngthe Crf’ssfs‘ i.p of
and+[112] directions. screws. Sliplinesareformed by themotion of thesedid ocations

towards the surface.
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Figure7. CL imageof adidocationrosettein (111)Cd-oriented
CdTe. Sampletemperatureis72K; theelectron beamis20kV.
(@) Whole dip pattern; (b) details of the [110] arm of the
rosette (not the sameindentations asin Fig. 73).

Thegeneral model of didocation formation ashasbeen
extensively studied for (001)-oriented I11-V compounds[15,
18, 19, 26] can beadopted for cadmiumtelluride. A pronounced
rosetteglidein +[110] and +[110] isfound around indentations
on the (001) surface of CdTe (Fig. 6a). Independent of the
indentation conditions, the £[110] branches are longer than
the +[110] ones in most cases. They both belong to the
rosette glide systems of dislocation motion paralel to the
surface, whichisschematically drawnin Figure6b. A smple
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Figure 8. Thesame part of adidocation rosette taken at two
different temperatures. The bright regions B at 72K (a) are
vanishing at 120K (b). (111)Cd-oriented CdTe, witha20kV
€lectron beam.

geometrica congderation of theposition of theextrahalf planes
of the 60° dislocations formed {e.g., the (111) plane for
dislocations gliding in [110] on (111) or (111); see Fig. 6b}
leadsto the conclusion that o did ocations are moving in the
+[110] direction and B inthe+[110] direction. By themotion
of these 60° did ocations, screws are expanded.
Similarly to GaAs[19], glidenear theindentation occurs
preferentially with Burgersvectorsinclined to the surfacefor
higher loads. Asforindentationson +(111) and (110) surfaces
of CdTe, cross-dip of screw didocationsisaso animportant
feature of dislocation motion a indentations on (001). A
rectangular pattern of dislocation lines is seen near the
indentation site(Fig. 6a). Thedot contrastsare mainly caused
by screw dislocations of the tetrahedral dip systemsin this
region, whereasin the outermost parts of the rosette, the dots
aredueto 60° didocations. Thecross-dipispromoted by the
fact that further dislocation glideisblocked by the formation



H.S. Leipneretal.

of Lomer-Cottrell locksaong the converging { 111} planesof
the tetrahedral dip systems. Such locks usually determine
the hardnessin material swithamuchlower cross-dip activity.

Relation Between L uminescence Properties of
Didocationsand Gener ation of Point Defects

Figure 7 shows the occurrence of aloca emission at
temperatures below 100 K in the region of the dislocation
rosette of an indentation on (111)Cd CdTe. Itisvisible that
the bright luminescence is restricted to certain parts of the
rosette. A strong degradation of the emission was observed
at temperatureshigher than 100K (Fig. 8). No bright contrasts
were found during room temperature observations (Figs. 1, 5
and 6). The bright featuresare occurring for £(111) surfaces
in that part of the rosette where according to the slip model
(Fig.4), thefaster a didocationsaremoving. Asmilar emisson
was found near indentations on (110) and (001) surfaces.
However, in the case of indentations on (001), it is not
restricted to the £[110] rosette arms with o dislocations, but
dsofoundinthe+[110] B arms. Thebright contrastisscreened
by the strong non-radiative recombination due to the high
dislocation density near the indentation in the region of
tetrahedral glide.

Cathodoluminescence spectra were measured in the
didocation rosette and in the undeformed crystal (Fig. 9).
Only the peak at about 1.60 eV, which has been related to
donor-bound excitons D%-EX [5], wasfound inthematrix. A
new peak at 1.48 eV (named DL) isfound in theregion of the
bright contrastsof therosette. Theintensity of the D%-EX line
strongly decreasesin the dislocation rosettein relation to the
DL lineat1.48¢€V.

The DL line disappeared after annealing at 500 K for
10 minutes, and the rosette pattern showed no difference at
roomand liquid nitrogen temperature.

The DL emission seems to be closely related to
didocations(dot-likebright contrastsin Fig. 7b). Two possible
models may be discussed for defects responsible for the DL
line. Thestrong DL emission could beattributed tolocalized
defectson thedislocation lineor dislocation corestates. Such
defects may be jogs, constrictions due to the cross-slip
discussed above, or vacancies in the dislocation core. A
similar model has been proposed recently by Sekiguchi and
Sumino [23] in order to explain the dislocation-related
luminescencein silicon. It was proposed, after deformation
experiments in very clean conditions, that the D1 and D2
photoluminescence lines in S are related to dislocation-
reaction products, likejogs[23].

A dislocation core-state model of the DL emissionin
CdTeis not able to explain the different distributions of the
bright regions for £(111) and (001) surfaces. From the
distribution on +£(111) surfaces, arelation to one dislocation
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type (a or 3) would be expected. However, thisinterpretation
isnot in agreement with the pattern on (001), where both the
+[110] and +[110] armsarebright at |ower temperatures.

In order to investigate the nature of point defects in
the deformed region of indentations, spectroscopic defect-
level investigations were performed by the Géttingen group
[9,11, 16, 29]. Levelsof 0.73 eV below theconduction band, or
0.35 and 0.45 eV above the valence band, were detected in
DLTSexperiments. An attempt hasbeen madeto correlatethe
electronic states to dislocations. The conclusion has been
drawn that the longer branch of the dislocation rosette show
a higher electrical activity [16]. The trap concentration
correlated with the dislocation density, but was at least one
order of magnitude higher than the possible number of core
states [11]. Therefore, it was concluded that the signal is
probably not anintrinsic property of the did ocation core, but
dueto apoint defect cloud. The defect level of 0.73 eV was
atributed to intrinsic point defects. The concentration of
these defects was found to be at a factor of three higher for
thefaster dislocations[16].

It is concluded that the generation of native point
defectsin the course of the dislocation motion isresponsible
for the occurrence of thebright DL regions. The1.48¢eV line
found hereinthedid ocation rosette was attri buted to products
of plastic deformation [2] and has been recently assigned to
Cd-vacancy-related defects[1, 7]. Diaz-Guerraet al. (1995)
[7] also studied CL near micro-indentations. Though they
could not resolve the strong correlation of the 1.48 eV
luminescence to the vicinity of didocations, asimilar bright
luminescence was found and attributed to vacancies.

The vacancies are thought to be generated by the
interaction of dislocations belonging to the rosette glide
systems with dislocations of the tetrahedral glide systems.
The intersection of such didocations leads to the formation
of jogs on screw and 60° didocations. Part of these jogs is
not glissile and is dragged behind the gliding didocations.
The vacancies generated by jog dragging are not mobile
enough in the room-temperature indentation experiment and
remain located near the disocations. The asymmetry of the
rosette on +(111) CdTe, i.e., the existence of a bright rosette
part with thefaster did ocationsand adark part with thes ower
dislocations, can be understood in such a way that the
interaction of dislocationsin thetetrahedral and rosette glide
systemsis not symmetrical. On one side of the rosette arm,
the interaction occurs between a and a dislocations, on the
other side between 3 (rosetteglide system) and o dislocations
(tetrahedral glide). The intersection of didlocations of the
sametypeismuch morefrequent and leadstojog draggingin
one part of the rosette arm. The vacancies related to the DL
luminescence are found for indentations on (001) in both the
+[110] and +[110] because there the effective cutting of
didlocations with the same type occursin both arms.

It should be noted that differencesinthe DLTS signal
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of o and 3 did ocations generated at indentationson (001) InP
have been reported [30]. In that case, the differences have
been explained by the occurrence of impurity clouds. 1t cannot
be excluded that the vacancies generated by jog dragging in
CdTe are bound to impurities and produce in such away the
148¢eVline.

Conclusions

The cathodoluminescence scanning electron
microscopy isasuitabletool to study the defect configuration
after local plastic deformation of cadmium telluride at room
temperature. Thedip systemsoccurring a micro-indentations
in CdTe can be divided into those with a Burgers vector b
paralld to the surface (rosette dip systems) and those with b
inclined (tetrahedral dip systems). Thefirst onesresultinthe
case of the £(111) and (001) surfaces to didocation rosette
patternsextended over some 100 um. Therosettedip systems
arelessimportant for a(110) surface.

CdTe is much more ductile than silicon or gallium
arsenide, leading to alower number of cracksafter indentation.
Thehigher glidemobility isconnected with thelarger extension
of didocation rosette. Thetetrahedral dip systemsdetermine
the arrangement of dislocations underneath the Vickers
indentation. Since amultitude of <110>{111} systems are
activated, ahigh density of dislocationswith different Burgers
vectorsisformed.

Thehardnessismainly determined by tetrahedral glide
on converging planes, leading to the formation of locks for
didocationglide. In CdTe, thelocksarefrequently bypassed
by the cross-dip of screws. The low hardness of CdTe may
therefore be connected with a high cross-slip activity
observed inthisstudy in &l micro-deformation experiments.

The cathodoluminescence studies testify the
production of point defects by moving dislocations. The
bright luminescence features found in CL images at
temperaturesbelow 100K arecaused by the1.48eV line. The
thermal stability of the defectsislow. The centers detected
here are not related to didocation core states, which isin
agreement with former DLTS measurements.

The point defects near dislocations are probably
vacancies, which are generated by ajog dragging mechanism.
A hexagonal structure of dislocation loopsis supposed with
60° front segments, followed by screws. The interaction of
such loops belonging to different dip systems provides the
necessary number of jogs. The generated vacancies may
influence the dissociation behavior of dislocation. The low
stacking fault energy of CdTeisnot only connected with the
high cross-dip activity but should also resultin ahigh number
of stacking faultsnear indentation asin GaAs[15, 18, 19]. The
point defect cloud, however, impedes the leading partial
didlocationsin such away that theformation of stacking fault
ribbons or microtwins, as in the case of GaAs, is blocked.
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Consequently, intrinsic stacking faults were rarely observed
near indentations, in transmission electron micrographs.
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Discussion with Reviewers

Z.Radzimski: What wasthepurity of theinvestigated materia
and the experimental environment?

Authors: We used unintentionally doped p-type material with
a low compensation level, as reported elsewhere by other
authors, who used the same CdTe sample material [32].
Residud impuritiesare CuandLi. Grown-indidocationsexhibit
impurity clouds resulting in CL halo contrasts, but no such
halos appear for fresh dislocations introduced by micro-
indentation. As we investigated fresh glide dislocation
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immediately after the indentation experiment at room
temperature (on air), the influence of impurities on the
luminescence behavior inthe deformed areamay beminor. A
further indicationisthat theluminescence behavior observed
near the micro-indentations has along-term stability.

GA. Shepelskii and N.I. Tarbaev: Asfor the defect type
identification, the uncertainty still remains. In particular, the
possibility that interstitialsare involved can not be excluded.
Authors. We are quite sure that the generation of different
typesof point defectsisvery probablein the micro-indentation
experiment. Especially the formation of interstitias in the
courseof jog dragging can not beexcluded. Our luminescence
Spectrashow acharacteristicbandat 1.48eV (DL). Thenature
of luminescence bands around 1.48 eV has been the subject
of severd papers[33, 35, 39]. Obvioudly, different defects
may give rise to the luminescence in thisregion. The most
probable candidatefor the DL bandistheA center. Asfor the
structure of this complex, a cation vacancy, which may be
bound to a shallow donor, has been considered most likely
(3.

Wehave evidence from positron lifetime spectroscopy
for thegeneration of Cd vacanciesduring plastic deformation.
The positron techniqueis sensitive to vacancy-like defects, if
they areneutral or negatively charged. Vacanciesintheanion
sublattice of I1-VI compounds cannot be detected by
positrons, sincethey arepositively charged [36]. We detected
ahigher positron lifetime after deforming the CdTe crystd by
a high number of micro-indentations. The increase of the
positron lifetime has been attributed to the generation of
cadmiumvacancies. Thethermal annedling of the Cd-vacancy-
induced positron lifetime was observed around 500 K.
Simultaneoudly, the luminescence band at 1.48 eV vanished
after the same heat treatment. Thismay be an indication that
the same defect reaction was observed both by the change of
the cathodoluminescence and positron annihilation signals.
Furthermore, the vacancy signal of the positron lifetime
measurements can be quenched by Ag diffusion at room
temperature[37], sincethereactionV _,+Ag, — Ag,,occurs.
The bright contrasts in the CL images disappeared after the
diffusion experiment.

G.A. Shepelskii and N.I. Tarbaev: Using the results of the
Gottingen group as an argument for the authors model is
doubtful because the energetic states found there are too
deep to be responsible for statesinvolved in the DL band at
148eV.

Authors. As was stated above, other point defects, e.g.,
interstitials, or defects bound to the dislocation core are
generated during micro-indentation. \We take the results of
the Gottingen group as a support for the point-defect
hypothesis. Anyway, it is likely that different point-defect
species are responsible for DLTS lines and for the
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cathodol uminescence peak, respectively. It should be noted
that information about interstitials, generated as well by
didocation intersection, is scarce.

In the current state of the investigations, we cannot
exclude other modelsin addition to the interpretation given
above. Now, the model of Cd vacancies localized near a
dislocationsis preferred. Interestingly, Seto et al. attributed,
inarecent paper, the1.48 eV luminescenceto defect complexes
inthestrainfield of dislocations[40]. Additional experiments
are necessary to study the properties of the DL luminescence
line, such as the phonon structure and the temperature
dependence, in detail. Alternative models have to be
discussed, e.g., the Y luminescence, which is a deep state
related to an exciton bound to the disocation line [34].

T. Sekiguchi: Isthere somerelation among the vel ocities of
different typesof didocations, for example, are 3 didocations
faster than o or screws?

Authors: No quantitative measurements of the dislocation
velocity areknown for cadmiumtelluride. Therosettebranches
in £[110] directions are longer than the +[110] arms for
indentations on the (001) surface of the CdTe crystals under
investigation. Thisimmediately impliesthat 60° a didocations
are faster than 3. The dip patterns around indentations on
the (110) surface can be explaned by assuming that themobility
of screw did ocationsiscloseto the mobility of 3 disocations.
However, itishard to draw quantitativeresultsfromindentation
experiments, since the non-homogeneous stress field
influences the length of the rosette arms. Furthermore,
recovery processes have to be taken into account.

The conclusion on the mobility ratio drawn above is
based on the formation of hexagona didocation loops, as
sketched in Figure 2. It should be mentioned that a strong
dependence of thedid ocation velocity on doping asobserved
in GaAs [38] may also occur in CdTe, i.e., for other doping
conditions, thevelocity ratio may change and, for instance, 3
may become faster than a didlocations.

T. Sekiguchi: Itisinteresting that the different combinations
of interacting dislocations are the cause of different
luminescencefestures. However, istheinteraction betweena
didlocations able to create Cd vacancies? The jogs created
by the cutting between a disocations may have a character
like 3 or screw didlocations.

Authors: Theformation or motion of an elementary jog with
a height of one lattice distance requires in a compound
semiconductor that atomsof both subl atticesare either emitted
or absorbed. For instance, in CdTe, in dependence on the
sense of the jog, vacancies (both vV, and V) or interstitias
(bothl_,and | ) are emitted by the non-conservative motion
of thedidocation. Otherwise, thedid ocation linewould jump
with the jog from the glide-set to the shuffle-set position,
whichisregarded for dissociated did ocationsinthe sphalerite
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structureasenergetically unfavorable. For elementary jogs, it
gives no sense to attribute them a character like 3 or screws,
because the atomic arrangements may be very different for
long and straight dislocation segments.

It is possible to calculate the number of point defects
emitted by the intersection of didocations. The number of
point defectsformed per unit length was given by Amelinckx
[31] as

N= L Glxe by, [Wxb, @
Qe ixe, |

(©=atomicvolume, u = direction of motion of thedid ocation
withthe Burgersvector b, and thelinevectore,. b,ande, are
the Burgersvector and thelinevector of the static did ocation,
respectively.) Thefirst term determinesthesign, i.e., whether
intergtitialsor vacanciesareformed, the second one givesthe
number of point defects (volumedefined by b, [l x b,).
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