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Electrical and structural properties of nanoscale NiSj precipitates in silicon
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Structurally well-defined NiSiplatelets of two{111}-silicide lattice planes thickness and 37 nm diameter
form after in-diffusion of nickel inn-type silicon at 900 °C followed by rapid quenching. These platelets are
bounded by a dislocation ring and exhibit in deep-level-transient-spectrosbads) measurements a line
that can be attributed to bandlike electronic states at the extended defect. We exploit internal ripening of
individual precipitates upon additional annealing at 320 °C in order to study the temporal evolution of their
electrical and structural properties. Within a short time of about 1 min one observes a continuous transmutation
of DLTS line characteristics, finally revealing localized states at the defect. Structural changes towards a
compact shape become observable by means of transmission electron microscopy on a significantly larger time
scale of several minutes. We conclude that the bounding dislocation ring determines the electrical activity of
platelets as-quenched. Due to its particular core structure, the dislocation exhibits characteristics of a quantum
wire. A specific core defect that allows us to construct curved dislocation line segments causes meandering,
which has been shown to be the weakest perturbation of ideal one-dimensional behavior.

[. INTRODUCTION scattering potential since an electron in statan only reach
state —k. High 1D mobility values have been predictéd,
Silicide platelets of cobalt,nickel? and coppetin sili- but this prediction neglected the fact that even small pertur-

con, as obtained by fast quenching from high diffusionbations significantly affect the 1D electronic ground state.
temperature$,are expected to exhibit unique structural andCompositional disorder in 11l-V heterostructures induces me-
electrical propertie3® In the case of nickel, it has been andering, edge fluctuations of the wire, and island formation
shown that NiSj platelets consisting of twd111} atomic  Within the wire??* This leads to increasing deviation from
layers of silicide are adjustable in diameter between 10 nnideal 1D behavior.
and 0.9um.>"8These platelets are bounded by a dislocation For the system studied in this work, we investigate the
ring, strictly running in the platelet plane and associated witimpact of structural disturbances on electronic structure.
a wide core’ Due to their small size, the platelets are sup-Since NiS} platelets are found even after the fastest quench
posed to show the characteristics of a quantum dot or, if th€2000 K/9, their dislocation ring is presumably undecorated.
dislocation ring is dominating the electrical activity, that of a The core structure proposed below to construct the curved
quantum wire ring. dislocation line causes meandering, which has been shown to
Deep-level transient spectroscdPyDLTS) has shown be the weakest perturbation of the 1D electronic system.
that a wide distribution of deep electronic states in the band®y means of additional annealing at moderate temperature,
gap of silicon is associated with the plateléfd The energy the NiS, platelet structure, which is a kinetically determined
spectrum of these states is quite different from those associetastable precipitate configuratidan be modified. The
ated with defect states at glide dislocations i3t From  bounding dislocation loop is then subjected to local struc-
modeling and numerical simulations, it has been concludediral changes. This should be reflected by a destruction of
that electron equilibration is fast(10™°s) at the platelets guantum ring characteristics.
and slow (>10 ! s) at glide dislocation¥’ It remained open This paper is organized as follows. After the Introduction,
which structural unit of the platelet—the Nig8i interface @ brief description of experimental details is given. Section
or the dislocation ring—is the electrically active one. In this !l first shows HRTEM and DLTS investigations on nanos-
work, we demonstrate combining DLTS and high-resolutioncale NiSy platelets as-quenched, which exhibit bandlike
transmission electron microscof{RTEM), the result being  electronic states. Then the temporal evolution of electrical
that the dislocation ring determines the electrical activity ofand structural properties upon additional annealing is pre-
the platelets as-quenched. Hence, the bounding dislocatigiented. DLTS reveals the transition to localized states,
loops are expected to show properties of quantum wire sysvhereas by means of HRTEM, internal ripening of precipi-
tems. tates is documented. Finally, the results are discussed in view
Other semiconductor quantum wire Systems are usua"?f quantum wire behavior. From balls-and-sticks modeling
fabricated by the cleaved edge overgrowth techrfiqwe  We find that the core defect, responsible for the curvature of
molecular-beam epitaxy on vicinal surfat®sf 1lI-V com- the dislocation ring, causes meandering as the weakest per-
pound semiconductors, or as carbon nanotdb&ecently, turbation of the 1D electronic system.
such structures have been used to evidence Luttinger liquid
behavior of one_-dimensiqnaIlD) systems® By means of Il. EXPERIMENTAL DETAILS
resonant-tunneling experiments, the power-law drop of the
density of states at the Fermi level, a specific feature of Lut- For in-diffusion, nickel was evaporated on FZ Si samples
tinger liquids, has been verifidd.Elastic scattering in 1D cut from (001) oriented wafers, doped with 1.4
systems is expected to occur by the short-range part of the 10'°P atoms/crh  Samples sizes amounted to X100
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X 0.8 mn?. The heat treatment to saturate Si with nickel at
900 °C was performed in a vertical furnace in ambient Ar.
Annealing was finished by quenching the sample to room

temperature in 10% NaOHestimated quench rate- T
~2000K/9.

After mechanically removing about 100m from each
surface, gold was evaporated as a Schottky contact on a fi-
nally chemomechanically polished surface for DLTS mea-
surements. The spectra were recorded at reverse UWias
=4V and pulse voltag&) p=4 V. Measurement frequency
fm was 68 Hz. Following the filling pulse of lengthy, the
capacitance transient was recorded with a delay tyd 50
us. Note that the ordinate in the spectra presents the value of
the normalized capacitance transient correlated with a rect-
angular function according to the lock-in amplifier we used
(PAR model 129, i.e.,
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T,,=1/f , denotes the correlation perio@, the capacitance ' 'C- 1. (3 HRTEM lattice image of a typical disk-shaped NiSi
of the Schottky contact under reverse bi@,—C(t) the prempltate lying on S_|(11_) lattice planes obtained after quenching
capacitance transient, aigij, 15 denotes the DLTS signal. " 10% NaOH from diffusion temperature 900 °C. The dark appear-
For TEM investigations, cross-section foils {410 ori- ance of_the partlcle compa}r_ed with the Si matrix is due_to the
entation were prepared by a combination of mechanical thinSha"9€ in chemical composition(b) Enlarged part ofa) showing

. . -~ S the displacement of the silicon lattice indicated by the line along
ning and ion milling at liquid nitrogen temperature. Conver- — ) — ) , :
b lectron _ diffractid??® conventional TEM [110]; note that the distance of three (1)llattice planes including
gent €am €electron C . s ; the particle is 1.01 nm compared to 0.94 nm for silicon and NiSi
(determination of precipitate densjifyand five-beam lattice

images in(110 projection were recorded at 120 kV in a ) B )
Philips 420 ST with a point resolution of 0.30 nm. by Seibt and Schiter? Hence, under our experimental con-

Rapid thermal annealing in a tungsten lamp furnaceditions yielding platelet diameters by an order of magnitude
(model NANOSIL RTP 600 from Modular Process Technol- smaller, we have the same atomic structure: coherent plate-
ogy) in Ar atmosphere at 320 °C was applied for times rang-ets consisting of two NiSi{111} layers in typeA orienta-
ing from 10 s to 12 min. A long-time anneal for 20 h was tion, i.e., they have the same orientation as the Si matrix.
performed in a conventional furnace. Subsequently, eacfiheir interface to the silicon matrix is formed by Si-Si
specimen was characterized by DLTS. Selected ones wetsonds. The platelets are metastable, since the nickel atoms
investigated by TEM. are sevenfold coordinated instead of eightfold in bulk NiSi

Associated with this interfacial structure is a dislocation
ll. RESULTS bounding the precipitate, which has a Burgers vector
a/4(111) inclined with respect to the platelet normé
=0.543 nm lattice constant of |Si

Figure 1 shows a lattice image of a typical disk-shaped The volume densityN, of the precipitates amounts to
precipitate lying on Si(11) lattice planes obtained after (4.5+0.8)x10*?cm 3. TEM examinations showed no sys-
guenching in 10% NaOH from 900 °C. The darker appeartematic variation of particle density with sample depth after
ance of the particle compared with the silicon matrix is dueremoval of about 10Qum from each surface. The mean di-
to the change in extinction lengths according to the change iameterd of the NiSj, platelets is (3% 6) nm. We want to
chemical composition. It is restricted to t§ad11} layers. A mention that it is possible to vary the NiSilatelet diameter
displacement of the silicon lattice on top of the precipitateq between about 10 and 900 nm by variation of diffusion
with respect to that at the bottom is indicated in the enlargegemperature between 750 and 1050°C and variation of
part of Fig. 1 by a line alon§110]. The projection of this  quenching rate- .27
displacement onto th¢110 plane is a/4[001], pointing Recently, it has been demonstrated that DLTS of spatially
away from the particle. The latter can be shown by measurextended defects, when compared to DLTS of point defects,
ing the distance of thregl11} planes including the platelet s significantly affected by the complex interplay of three
giving 1.01 nm compared with 0.94 nm for silicon and parameters, as shown in Figl2the capture barrier, which
NiSi,. These observations are in full agreement with the deyaries with the defect charge and modifies the capture rate;
scription of NiS} platelets obtained after quenching in eth- the density of states, which leads to line broadening; and the
ylene glycol(estimated quench rate T~1000 K/9 as given internal equilibration timd"; of the electron distribution at

A. Bandlike states
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TABLE I. Volume density Ny of NiSi, precipitates after
guenching from diffusion temperature of 900 °C and subsequent
annealing at 320 °C. The statistical error fdy is mentioned. The
error resulting from determination of TEM foil thickness by means
of convergent electron beam diffraction contributes about 10%.
Within the limit of error the particle density remains constant.

= State Ny (10*2cm3)
I‘i J— as-quenched 450.8
—— 320°C, 300 s 4515
T 320°C, 720 s 511.1
320°C, 20 h 5.30.6

FIG. 2. Band diagram of electronic states at an extended defect.
Shown is the capture barridiE resulting from defect occupation

larger than the occupation of the neutral defect. The internal equili- . . lude that Nisblatel im-Si hed

bration timel’; allows us to classify deep states laandlike (T'; criteria, we conclu e that _'QQ“p atelets In->1as-quenche

<R:1R-Y) or localized(I':>R;1,R_ 1), whereR, andR, denote 1€ associated with bandlike states. This identification also
e 1M¢ i e 1 I e c

the emission and capture rate, respectively. holds when electric-field-enhanced emission as well as mi-
nority carrier emission is taken into accodnt.
the defect, which determines the filling pulse dependence of
the line shape. When compared to the inverse carrier emis-
sion rateR; * and capture ratR_ *, the internal equilibration _
time allows us to distinguish betweemandlike (T, . On anneallng atatemperature of 320 °C, the volume den-
<R; % RY) andlocalized(I';>R; 1, R; %) states. sity Ny, of particles remains constant as can be seen from
In the case of bandlike states, variation of filling pulse Table I To achieve a decreaseNiy due to Ostwald ripening
lengtht, results in broadened DLTS lines whose maximumrequires additional annealing between 500 and 909 °C.
shifts towards lower temperature with increasifigand W€ observe a significant change of DLTS line character-
whose high-temperature sides coincléé® In contrast, for istics within only a few minutes of annealing. Figure 4 shows
localized states the DLTS line maximum stays constantth® témporal evolution of the DLTS line at filing pulse
whereas line amplitudes and high-temperature sides of thgNgtht,=100us. For better comparison, the different spec-
different asymmetrically broadened lines exhibit specific de{r@ are normalized to their maximum amplitude. The whole
pendence of, over a wide range, the so-called logarithmic line continuously shifts towards higher temp_eratures_. If one
capture law, i.e.AC/Co~logyot, . This has been shown to choosesT ., the tempgratur_e of the DLTS Ime maximum,
be valid for any distribution of levels at an extended defec@S the parameter to seize this development, it becomes clear
and can be seen as criteria to distinguish localized fronthat the main fraction of the line shift occurs during about the
bandlike states by means of DLTS measuremi&ff. first minute. This is followed by a further slight shift on a
Samples containing NiSplatelets as-quenched exhibit a 'arger time scale. In a plot of 5, versus annealing timg
broad DLTS line, which was observed neither in as-grown"”ear extrapolation for the respective time regime results in
nor in control samples annealed without nickel. In accor-2 “transition” time of about 30 s, defined from the intersec-
dance with the TEM examinations revealing constant particldion of the two extrapolated lines, after which the main evo-
density, all samples exhibited this DLTS line with an ampli- lution is completed. We also performed annealings of 10 s
tude AC 4 /Co O (84)x 10" 3. Figure 3 shows the result duration at various temperatures ranging from 140 to 290 °C.

of a variation of filling pulse length,, i.e., a study of the

B. Localized states

p7
capture behavior. The high-temperature sides of the lines are
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o 0 , ‘ , FIG. 4. Temporal evolution of the DLTS line associated with
'?1 0 150 190 230 270 NiSi, precipitates during additional annealing at 320 °C. For better
T (K) comparison the different spectrg, & 100us) are normalized. The

whole line continuously shifts towards higher temperatures and
changes its shapgPeak value of the respective DLTS signal: 6.1
x 103 (initial statd; 8.9x 10~° (annealing time 10)s8.2x 102

(20 9; 9.4x 10 % (120 9; 8.0x10 2 (300 9; 6.3x 10 % (720 9.]

FIG. 3. DLTS line associated with NiSplatelets as-quenched
(cf. Fig. 1) and its dependence on filling pulse lengghexhibiting
bandlike states at the extended defect.
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FIG. 5. DLTS line associated with Nigprecipitates after addi-
tional annealing at 320 °C for 5 min when the main evolution of
electrical properties is completed. Compared to the initial DLTS
line (Fig. 3 the entire characteristics changed, revealing localized
states at the extended defect.

Even for the lowest temperature, the DLTS signal is already
modified compared to the initial state as-quenched and ex-
hibits a small shift ofT 5.

Figure 5 presents the result gf variation after annealing
for 5 min, when the main temporal evolution of the DLTS
line is completed. Compared to the initial DLTS litfeig. 3),
the entire characteristics has changed but is still completely
different from a DLTS line associated with point defects. FIG. 7. Lattice images of typical Nigiprecipitates after addi-
According to the criteria mentioned above, the DLTS linetional annealing at 320 °C for 5 min. One observes the formation of
now reveals localized states at the extended defect. The lirgmall islands which have crystallographically well-defined shapes
is asymmetrically broadened. High-temperature sides coinfeading to steps in the NiSBi interface of threg@) or six (b)
cide after normalization as shown in the inset. Variation ofinterplanar{111} distances in height.
line amplitude witht,, is more pronounced than in the initial
state and obeys a logarithmic capture law, i£C/C,
~logot,. The dependence O . ON t, almost vanished,
as can be seen from Fig. 6, where the slopes
|d T ax/d Ioglotp| resulting fromt, variation for the respec-
tive specimen are shown versus annealing time. Again, one
notes that after the first minute the dependence is strongly
reduced.

In accordance with the TEM result of constant precipitate
density Ny, the DLTS line amplitudeAC,,,,/C, does not
decrease with annealing time, but remains within the range
of (8+4)x10 3 (cf. Fig. 4).

After several minutes annealing, a change of particle
shape becomes observable by means of HRTEM. In samples
annealed up to 2 min, structural changes of platelets were not
yet detectable. Hence, Figs. 7 and 8 show lattice images of
NiSi, precipitates after annealing for 5 and 12 min, respec-
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FIG. 6. Slope|dTyax/dlogoty| resulting from the respective F_IG' 8. Lattice images (.)f Nigipr_epipitates "."ﬁe.r additior_lal an-
DLTS filling pulse length variation versus annealing timeThe neahpg at 320 C for 12 mlrga) Mo_we pattern |nd|cates_ twin orl-
dependence off .., on t, is strongly reduced within the first entation of the ripened particle with respect to the silicon matrix
minute max P (typeB orientation). (b) A precipitate with orientation of typé-

’ which is three NiSi{111} layers thick.
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tively. One observes a change from disk-shafféd. 1) to a
more compact form. This ripening process of individual par-
ticles has been termed internal ripenfiid. The thickness
increases while the diameter decreases. This proceeds via
local formation of islands at the border of the platelet, which
have crystallographically well-defined shapes with steps in
the NiSp-Si interface of three or six interplangt11} dis-
tances in heighfFigs. 7a) and 1b)]. The Moire pattern
provides evidence for twin orientation of growing islands or
ripened particle$Fig. 8(@)] with respect to the silicon matrix
(typeB orientation. Other ripened particles of, e.g., three
NiSi,{111} layers thicknes§Fig. 8b)] exhibit typeA orien-
tation. The finding is in agreement with a recent theoretical
calculation on the stability of these two different interface
structures. It was shown that the interface structure with the
lowest energy changes from typefor two NiSi,{111 lay-

ers to typeB for at least five layers thickne$s.

IV. DISCUSSION

Our main result states that on annealing, the electronic
structure of NiSj platelets undergoes a significant change
before modifications of the platelet’s singular shape become
detectable by means of HRTEM. We take this finding as
evidence that it is the bounding dislocation ring that origi-
nates the observed electrical activity of the platelet. It is well
known that the electronic ground state of 1D systems is sen-
sitively dependent on perturbations caused by deféd@n
annealing, the dislocation movement is most probably the
first step of the platelet’s structural relaxation. We shall ar-
gue below that bandlike electronic states are possible for the
dislocation ring if it is running strictly in the platelet plane.
Any deviation out of this plane is then expected to be a
major perturbation of the dislocation core and of its elec-
tronic ground state. Indeed, our second result states that as
soon as structural changes of the platelet become detectable,
the electronic states have changed from bandlike to local-
ized.

What might be the reason that the platelet's bounding
dislocation initially exhibits deep bandlike states as opposed
to, e.g., 30° or 90° glide-set partial dislocations in Si, which
in their energetically favorable reconstructed core configura- ©
tions do not provide any deep electron level in the band
gap?® The dislocation bounding the platelet has a possible FiG. 9. () Model of the possible core structure obaa/4(111)
core structure, presented in Figa which is rather differ-  dislocation bounding the platelet. The core does not contain Si dan-
ent from that of dislocations generated by plastic deformagling bonds but Ni atoms with deficient coordinatitfourfold and
tion of Si® The core does not contain Si dangling bonds butsixfold, respectively, instead of eightfold as in bulk NiSfafter
rather two Ni atoms with deficient coordination, one with Seibt and Schiter (Ref. 9]. (b),(c) Possible structure of the el-
fourfold and the other with sixfold coordination instead of ementary link which allows us to construct a curved dislocation line
eightfold as in bulk NiSi. Theoretical investigations on a in the{111 plane of the NiSi platelet. Plan view of the uppéb)
single NiS}, layer buried in bulk Si have shown that Ni at- and the lower(c) platelet plane. It differs from the core structure
oms with deficient coordination provide deep bands in theshown in(a) only by a larger coordination of one Ni atom. Number
band gaﬁo Hence’ the Specrflc core Conflguratlon of the and COOI’dinatiO.n of Si atoms rem.ain Un.Changed. Pel’IOdICIty and
bounding dislocation ring becomes a prerequisite to observ@ack bonds of line segments remain undisturbed.
bandlike states.

To construct a curved dislocation line in thiel1} plane  and coordination of the Si atoms are unchanged. Periodicity
of the platelet, the three possib{@10) segments must be and back bonds of line segments remain undisturbed. Due to
joined by a link, whose possible structure is shown in Figsthe strict flatness of the platelet, the complete dislocation
9(b) and 9c) (plan view of the upper and lower platelet loop can be constructed with these joined segments, avoiding
plane. It differs from the core structure gfLl10) segments the occurrence of kinks or jogs.
only by a larger coordination of one Ni atom. The number How does this affect the energy spectrum of the disloca-
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tion? Tayloret al?! and later Nicolicand MacKinnoA?used  core of the dislocation bounding the platelet. The meander-
the tight-binding method to study the influence of composi-ing dislocation loop configuration, responsible for initial
tional disorder on the electronic density of states and localgquantum ring behavior, becomes disturbed since the plate-
ization lengths of quantum wires. Taking into account meaniets’ structural relaxation leads to a deviation from its strictly
dering(variation of wire center position but constant wigth planar configuration. DLTS reveals this process as a rapid
edge fluctuationgadditionally variation of width of the  change of the electronic structure, whereas structural changes
wire, and island structures within the wire yield increasingby means of TEM become observable on a larger time scale.
impact. We want to mention that recently, by means of resonant-

The density of states of an ideal one-dimensional systertunneling experiments, features of a Luttinger liquid have
has a minimum at the centeE & 0) and 14/E singularities been shown to exist for other semiconductor quantum wire
at band edges. Meandering as the weakest perturbation astfuctures®!® This method requires electrical contacts,
in our case presumably reproducing approximately the curwhich up to now have not been available for the Nigate-
vature of the bounding dislocation loop leads to suppressiotets studied in this work. However, the platelets couple to
of the band-edge singularities and to a sharp dip of the dermicrowave fields, so that measurements of conductance
sity of states with a narrow band gap and a spik&at0.  should become possibf From such measurements one can
The origin of band gap and spike has been discussed in sontietermine 1D electron mobility values of the bounding dis-
detail by Kirkpatrick and Eggartel. Molecular states that location ring.
are localized partially by interference and partially by the In summary, we presented in this work experimental re-
defects linking the dislocation segments give rise to it. Consults on electrical and structural properties of nanoscale
cerning the extension of electronic states, it has been proveNiSi, precipitates in silicon. After rapid quenching, platelets
that the elements of the transmission matrix for a long diswhich are two{111}-silicide lattice planes thin and 37 nm in
ordered wire show an asymptotic exponential decrease witHiameter exhibit bandlike electronic states. These states are
L, the length of the wiré®3? The localization length shows @associated with the dislocation ring bounding the platelet,
opposite trends in its variation with energy as the density ofvhich was discussed in view of meandering quantum wire
states. For a meandering wire, localization of all states withifPehavior. We studied in detail the evolution of electrical
about 70 lattice spacings results except in the vicinity of theProperties towards localized states at the extended defect
band edge® This value is close to the diameter of the dis- UPon additional annealing at 320 °C. This occurs on a sig-
location |Oop studied in this Work, so that the ana'ogy be_!’]iﬁcantly Shorter t|me Scale than the S'[I’UCtura| Changes Of
tween dislocation loop and meandering wire results in dnternal ripening observed by means of HRTEM.
plausible explanation for thbandlike characteristics of the
DLTS signal, which we associate with the dislocation bound-
ing the NiS}, platelets obtained after quenching.

Internal ripening requires a rearrangement of Ni and Si  We gratefully acknowledge stimulating discussions with
atoms. Detachment of Ni atoms might be facilitated in theM. Seibt and V. Kveder.
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