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Shape stability of TiSi , islands on Si (111)
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The evolution of the shape and size of Ti&lands on S{111) surfaces is explored with real time
ultraviolet photoelectron emission microscopy. During continuous deposition of Ti at elevated
temperatures, individual islands in a dilute surface distribution grow larger without island—island
interactions. As they increase in size, symmetric islands transform into elongated shaped islands
with high length-to-width aspect ratios. An extremely elongated island shows a ratio of 85:1 and is
~17 um long and~0.2 um wide. The individual elongated islands have different widths regardless

of their length. The width of the growing islands is determined at the initial transition stage and
remains essentially constant with increasing length. We propose that the various widths of the
elongated islands are determined by the degree of strain relaxation, possibly through the nucleation
of dislocations at the island interface. In addition, it is found that the elongated islands display a
prism-like shape or a truncated prism-like shape. We propose that the shape evolution of the
elongated islands is related to both strain relaxation and growth kinetics2002 American
Institute of Physics.[DOI: 10.1063/1.1636526

I. INTRODUCTION taxial islands into a wire structure is due to the balance be-
tween the elastic relaxation and the surface and interface
The spontaneous formation of three-dimensidB8l) is-  energy** Below a critical island size, the energy balance fa-
lands is a common growth mode in heteroepitaxial filmvors compact, symmetric islands while above a critical size
growth. Recently, island structures have become of interesilongated island shapes are stable. The observation of the
for the fabrication of quantum dots or nanowires inshape transition above a critical size was reported by Brong-
lithography-free nanoscale devices. Critical issues for potenersmaet al. during the growth of CoSiepitaxial islands on
tial applications of self-assembled islands are the growth o§i (001).2 Alternately, a kinetic instability model was pro-
uniformly organized islands with well-defined shapes and diposed that attributed the shape transition to different growth
mensions. To control island morphology, it is necessary taates of the island facet® This model was postulated to
develop an understanding of island evolution mechanisms. lexplain the faster growth of end facets in the shape elonga-
general, the evolution of initially nucleated islands at latetion of Ge hut islands on S001).:
stage growth is governed by coarsening processes such as However, experimental observations of these shape tran-
ripening and coalescencén this regime, the size and shape sitions usually require scanning probe measurements after
of the growing islands are influenced by the island distributhe growth has proceeded for a fixed time. In order to truly
tion and the crystal orientation. study consecutive shape changes of individual growing is-
In some cases, as epitaxial islands grow larger, symmetands, it is necessary to employ amnsitu, real time micros-
ric or compact islands are transformed into asymmetriccopy technique, and to image island evolution during con-
shapes which evolve into longer wire-like structures. Thetinuous deposition at elevated temperatures.
growth of these structures can be employed for the fabrica- In this study, photoelectron emission microscopy
tion of nanowires. Since the observation of rectangular hutPEEM),'* which has the capability of high-temperattire
islands during the initial growth of Ge on silicdrseveral  situ growth and real time imaging, is employed to observe
groups have observed the formation of elongated islanthe dynamics of shape transitions of Ti&lands on S{111)
structures on silicon surfac&s!! Recently, network struc- surfaces. The individual islands grow larger without direct
tures of straight nanowires were produced after the deposinteraction with neighboring islands in an initially dilute is-
tion of rare earth metal silicides on 801).%° 1t was pro-  land distribution. In particular, we observe the elongation of
posed that the strain anisotropy is the driving force ininitially nearly circular islands into wire structures and di-
creating the rectangular islandisind that the formation of mensional variation of the evolving islands. Also, we find
elongated islands is a general feature for strained epitaxialifferent cross-sectional shapes of the elongated islands. We
island growth on lattice mismatched substrafes. propose that the shape evolution of the elongated islands is
The shape transition of epitaxial islands on surfaces iselated to both strain relaxation and growth kinetics.
fundamentally dependent on the energetics and the kinetic
pathways associated with the island evolution. Tersoff and
Tromp have proposed that the shape transition of heteroepil: EXPERIMENT

The experiments were performed in an UV-PEEM sys-
dElectronic mail: roberhemanich@ncsu.edu tem (Elmitech with a base pressure2x 10 °Torr. This
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system allows heating of the substrates>t6200 °C by fila-
ment radiation and electron bombardment from the backside
in a sample holder, and the chamber is equipped with a Ti-
filament deposition source. The UV-light source of the
PEEM is a 100 W—Hg discharge lamp with an upper cutoff
energy near 5.0 eV.

Sections of S(111) wafers(n-type, P-doped, resistivity
0.68—-0.72Q cm, 9x9 mn¥) were employed as substrates.
The wafers were cleaned by UV-0zone exposure and then by
a HF based spin etch to remove hydrocarbon contaminants
and the native oxide layers. Aftex situcleaning, the wafers
were mounted to the sample holder and then introduced into
the PEEM chamber. Prior to Ti deposition, the wafers were
annealed at a temperature of 900 °C for 10 min. Following
the annealing, reflection high-energy electron diffraction dis-
played a K7 pattern typical of the S{111) reconstructed
surface.

Titanium (Ti) was depositeth situ from the hot-filament
Ti source onto the cleaned surfaces at room temperature. Thi
Ti layer thickness was 1-3 monolaydiML ) with a deposi-
tion rate of 1 ML/min. The substrate was subsequently an-
nealed to 1150°C Wlt.h a precision of5°C and held at the FIG. 1. Sequential PEEM images of TjSsland growth during continuous
temperature for 30 min. The temperature of the samples W&§ deposition at 1150 °C. The images were obtained at deposition times of
controlled by a thermocouple attached to the sample holdera) 0, (b) 5, (c) 10, and(d) 14 min, respectively. The Ti growth rate was 0.3
The actual temperature of the surface was measured with afi-/min. Identical islands are numbered (@)—(d).
optical pyrometer. The nucleation and subsequent evolution
of Ti silicide islands were observed in real time using the
PEEM. The surface density of the islands was controlled by

the annealing time. To observe the evolution of the shape angl, disappeared via evaporation without coarsening. With

§ize of individu_al islands_during further growth, TF evapora- jncreased annealing time at 1150 °C, the density of islands
tion was continued while the surfaces were imaged Dyjecreased while the size increased. As a result, annealing for
PEEM. At a substrate temperature of 1150 °C, Ti was evapoa |onger time produced a dilute surface distribution of islands
rated at a constant growth rate €0.3 ML/min. with a low number density18 islands/227um? and in-

The images were stored digitally with an image proces reased separatidas shown in Fig. @)]. Also, the images

sor and captured on videotape. For analysis of the data, I§gjcate that smaller circular islands transform into larger
successive images were integrated. The resulting images CQircular, rectangular and wire-like shaped islands.

respond toan ?ntegrated signal of 16/30th of a secon_d. After  The progression of images in Fig. 1 reveals several in-
all processing in the PEEM, the surfaces were examined Uggresting properties of the surface evolution of FiBlands.

(©

S pm

ening and coalescenée.Some islands became smaller

ing anex situatomic force microscopeAFM). First, the continuous Ti depositici®.3 ML/min at 1150 °G
on the surface with a dilute distribution of circular or com-
IIl. RESULTS pact islands led to larger islands and an unchanged island

density[18 islands/227.m? in Figs. Xa)—1(d)]. Under these
Figure 1 shows a sequence of representative PEEM imeonditions, we did not observe additional island nucleation
ages of TiSj islands on a S{111) surface during continuous or island disappearance through coarsening processes. In-
Ti deposition at 1150 °C. The Tigislands are identified as stead, the existing islands grew through absorption of the
the bright spots in the images while the exposed underlyingurface Ti adatomssupplied from the Ti flux and reaction
Si surface appears as the darker regions. The PEEM imageith Si from the surface. This indicates that the arriving Ti
contrast originates from the photothreshold difference beadatoms diffuse rapidly on the surface, and have a low prob-
tween TiSj (~4.6eV) and Si(>5.1 eV). ability of forming additional critical nuclei. In addition, the
Prior to further Ti deposition, we monitored the surface deposited flux balances any atom loss processes for all of the
morphology while about 1 ML of Ti was deposited on a Siislands in the image sequence.
(111) substrate at room temperature followed by annealing Second, the growing island@s numbered in Fig.)1
up to 1150 °C. The resultant surface morphology displayedhow a shape evolution. The islands grow larger in one di-
TiSi, island structures, which is consistent with previousrection (length while remaining essentially constant in the
studiest® 3D-TiSi, island formation was observed at perpendicular direction(width). With further growth (or
>800 °C. The dimension and surface density of the islandéime), the length-to-width aspect ratios of each island in-
varied with increasing annealing temperature and timecrease significantly. An extremely elongated islaisthnd 1)
Densely nucleated islands grew larger by island—island intershows an aspect ratio of 85(fength: 17um and width: 0.2
actions through island coarsening processes such as Ostwaldh). This island had already formed an elongated wire shape
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FIG. 2. Length and width of island 5 vs the island surface area. The solicFIG. 4. () 3D AFM images of the TiSi islands after cooling to room
lines represent a theoretical expectation of the dimension variation with aemperature(b) Schematic of the two kinds of the elongated islands with
critical size,eay=0.36um (see Ref. 11 This critical size is assumed to be hexagon basis.

the width of island 5 at the initial growth.

before the continuous deposition. We also observed a specific

island that undergoes a shape transition from circular oislands align along similar directions. A larger field of view
compact to elongated morphologigland 5. With time, the  indicates that the elongated islands grew predominantly
nearly circular islandisland 5 grows through a transition to along three axes at-60° with respect to each othéFig.

an elongated shape. Figure 2 shows the evolution of the dB(b)].

mensions of the island during further growth with deposition  After all processing in the PEEM, the surfaces were ex-
(time). The initial width of ~0.36 um remained constant amined withex situAFM, and the dimensions of the elon-
while the length increased from 0.36 to Iufn. gated islands were measured. The elongated islands were

Third, the individual elongated islands have different1-17um long, 0.2—2.5um wide, and 40—200 nm high. The
widths regardless of their length. In PEEM images obtainegneasured height of similar width islands did not vary signifi-
from other regions of the same surfaces, we found that th@anﬂy even for a large length. Also, the height was not cor-
islands have various widtt{@s shown in Fig. @]; in this  related with the different widths. Rather, the width variation
group the island widths ranged from230 nm(island J to  \yas related to different cross-sectional shapes of the elon-
~1860 nm(island 5. The width variation was not correlated gated islands. A 3D AFM image displays two neighboring
with the length variation. Also, we found that the e'°n9atedelongated islands of two different shape tyfiig. 4@a)].

The islands were faceted, indicating that they are grown epi-
taxially. The wider island displays a flat top and trapezoidal
cross section, while the narrow island has a peaked top and
triangular cross sectiofFig. 4(b)].

To compare the apparent height-to-width aspect ratios of
the two types of islands, we measured the height and width
of 20 islands for each type obtained from AFM images of a
single surface. Figure 5 displays a scatter plot of the height/
width ratio versus their widths. We note that trapezoidal is-
lands were wider and had lowel/W values while triangular
islands were narrower and had gredi#&V values. In addi-
tion, the contact angle of the islands was measured with re-
spect to the substrate. The average contact angle of the trap-
FIG. 3. PEEM images obtained from other regions of the surface at roonezoidal islands was 21.5%2.8° which was smaller than that

temperature after finishing island growth. The field of view for the images isof triangular islands of 32.7°5.2°. These results indicate
20 and 50um in (a) and (b), respectively. The measured width of each ’ e

elongated island irta): island 1(230 nm, island 2(460 nm), istand 3910 that the facet planes of the two types of islands appear to be
nm), island 4(900 nm, island 5(920 nm, and island 61860 nn). different.
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increase in length and a reduction of the island width, back
0.25} A A triangular cross-section to the optimum valuexy. In contrast, our experimental re-
A A W _trapezoidal.cross-section sults show that the width of the island remains constant dur-
020 A ing further growth. Similarly, for the other elongated islands
o (islands 1-4 in Fig. 1 the width remained essentially con-
ad stant with increasing length.
015 “ A Recently, we observed a similar shape elongation in the
A A growth of ErSj islands on Si001) surfaces with real time
640 L i = PEEMY’ For continuous Er deposition, the length of the
u r - . elongated islands increased while the width remained con-
- & u g g stant. Also, a similar development of the shape elongation in
0.05 = = L] the growth of Ge(hut) islands on a Si surface has been
i e 0o %y o o observed with real time scanning tunneling microscopy
00 04 08 12 16 20 24 (STM).}? Under high temperature deposition of Ge, the
Width(um) length of the islands became longer while the width did not
change. The island elongation was explained by a kinetic
instability leading to facet growth, as proposed by Jesson
et al®® In this model, the growth rate of edge facets on the
elongated islands was slower than that of end facets due to
strain energy considerations. This leads to a further increase

Consider mechanisms for the shape transition toward af 1ength and a constant width which is determined at an
elongated island structure. Several models have been sugarly transition stage. . N
gested where the mechanisms are ascribed to strain, energet- Under high temperature Ti deposition, due to a low solu-
ics, and kineticd!1316 Tersoff and Tromp have considered Pility of Ti in Si*® Ti adatoms move freely on a Si surface

energetics to explain the shape transition and formation ofintil the growing islands capture them at its circumferences.
wire structures! For a strained island of heigitt width s, ~ The Ti adatoms attach not only to the ends of the elongated

lengtht, contact angles, and volumeV, they found an ex- islands but also to the edges. The adatoms attached at the

pression for the energy per unit volume of the islaid\(). edges diffuse to the ends since an energy barrier for the

The trade-off between surface energy and strain is obtaine@ucleation of a new adatom layer is larger at the edgéss
through minimization ofE/V with respect tos andt. This  noted that the surface concentration of the Si thermal ada-

givess=t=a,, which is referred to as the optimal size, ~ toms detached from the step edges at 1150 °C-&05
ML.2° Thus, the silicide forms from the Si flux, which origi-
ao=eghexgl'/ch), @) nates from nearby step edges or through reaction with the
where T'=y,csch—(y+7ys+7y)cotd, ¢=e 2cotd, c  substrate, leading to the further elongation of the islands.
=a§(1— v)[2mu. The v, u, and oy, are the Poisson ratio, Therefore, both energetics and growth kinetics contribute to
shear modulus of the substrate, and island bulk stress, réhe shape transition and elongation of the TiiSlands.
spectively. They, is the island-substrate interfacial energy, It is interesting to note that the individual elongated is-
andy;, ys, andy, are the surface energies per unit area oflands have different widths, as shown in Fig. 3. The obser-
the island’s top, the substrate surface, and the island’s sideation of different island widths seems inconsistent with the
facets, respectively. energetics model where a single width would be prefetted.
For an island diameter less than,, a square or com- According to Eq.(1), the critical width would be determined
pact island shape is stable. Once the island grows beyond thy the material paramete(surface and interface energy,
critical diameter,eaq, the square shape becomes unstableand bulk strain energy;) and the height of the island. As
and a transition to elongated or rectangular shape takes placeersoff pointed out, strain relaxation in the islands can lead
As the island grows further, the length-to-width aspect ratioto an increase in the critical sizeq, with a decrease in the
increases. Our island growth conditiofi®., well-separated effective value of the bulk stress componeny,of the island
islands and continuous deposition at high temperaturesmaterial. This effect could account for the observed widths in
which were suggested by Tersd¥are well suited for ex- the TiS}, islands.
ploring this model for island elongation. Therefore, the ac-  Recently, a discrete width increase in the growth of Ge
tual dimensional variation of a Tigisland can be compared islands on Si has been observed with real time transmission
with the analytical prediction. The solid lines of Fig. 2 show electron microscopyTEM).?° The strain relaxation through
the theoretical variation of island 5 in Fig. 1 assuming athe nucleation of a dislocation led to a sudden increase in
critical diameter €a) of 0.36 um. lateral size. Also, it is noted that the kinetic barrier for dis-
A significant difference between the experimental obser{ocation nucleation is inversely proportional to the lattice
vation and the analytical expectation is the variation in themisfit?* This indicates that the large mismatch of Ti%s-
width during growth. The analytical calculations anticipatelands at Si111)% leads to easy nucleation of dislocations in
an abrupt transition at a critical sizeq, from square is- the islands. Thus, every dislocation nucleation in the islands
lands to a regime where the islands actively minimize theiinduces wider islands through strain relaxation which results
energy through a shape transition. This results in a quickn various widths for the elongated islands.

H/W ratio

FIG. 5. A scatter plot of height-width ratio vs width of the elongated islands.

IV. DISCUSSION
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It is evident that the width variation of the elongated temperature deposition of Ti. By monitoring the evolution of
islands will also produce different 3D structures as shown irindividual islands in a dilute surface distribution, we found a
Fig. 4. We propose that the strain relaxation in the growingspontaneous shape transition from compact to elongated is-
islands may drive the different cross-sectional shapes of thiands. The widths of the elongated islands were determined
elongated islands. When strained islands increase in widthat the initial transition stage and remained constant with in-
there will be a relative increase of the elastic energy. How-<reasing length. The individual elongated islands have differ-
ever, each dislocation introduced into an island will lowerent widths regardless of their length. We suggest that the
the misfit and the elastic energy of the island. Thus, thdslands with the narrower width are more highly strained at
dislocation-induced strain relaxation can lead to an increasthe interface while the wider islands are more completely
in width, which lowers the height-to-width aspect ratio, lead-relaxed at the interface. The narrow islands showed a peaked
ing to a flattening of the island’s top surfateln contrast, triangular cross section while the wider islands showed a flat
for a given width, an increase in height will contribute to topped structure. The formation of the two different shapes is
strain relaxation since the strain energy density decreasedso related to strain relaxation. We propose that both inter-
from the interface to the peak of the islahdThus, the face strain relaxation and growth kinetics can play significant
height-to-width aspect ratio will be relatively larger, leading roles in the shape evolution of the elongated islands.
to peaked islands, as shown in Fig. 5.
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