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This study explores the evolution of nanoscale islands and wire structures during deposition and
surface ripening. Ultraviolet photoelectron emission microscopy has been employed to study the
real time growth process of individual erbium silicide nanostructures @@0%i surfaces at
temperatures up to 1050 °C. During the initial island formation process compact islands form and
some undergo a shape transition to elongated islands oriented alotijl@elirections of the Si
substrate. The initial island formation is driven by the surface and interface energies of the silicide/
Si structure. The widths of the growing islands remain essentially constant while the lengths
increase. The observed elongated islands-a@®80 nm wide, which is larger than the width of prior
reported erbium silicide nanowire structures. We propose that-ttg0 nm elongated islands are
partially relaxed, possibly through the formation of misfit dislocations. The results indicate a
temperature regime where island growth is mainly governed by surface diffusion of the deposited Er
adatoms and a higher temperature regime where Ostwald ripening contributes to the island
morphology. © 2003 American Institute of Physic§DOI: 10.1063/1.1557787

I. INTRODUCTION tetragonal ErSiand Si along th€110 axes is 3%.
. . ] ] ) ErSi, with a hexagonal AIB type structure grows with
As the dimensions of micro- and optoelectronic devicesy,q [0001] and one of the11-20 axes parallel to thé110
continue to shrink and the number of devices increases, NeWyes of the Si substrate. The lattice mismatch along

approaches for device structures and fabrication have bee{'il-qurs-b//[llo]siand [0001]535//[110]& is —1.22%

considered. An alternative approach to conventional litho and +6.3%, respectively.During ErSj growth on S{001),

raphy techniques is the spontaneous self-assembly of NaNG¥e lattice mismatch strain increases faster along the direc-

cale structures during epitaxial groy\i'tfﬁ tion of larger mismatch, i.e., along tfi€001]g,s; direction.

It has been shown that strained layers are unstable . . 2
against shape changes such as the formation of isfhndsTO minimize the strain energy, the crys'gals grow preferen-
These shape changes constitute a major mechanism for strd|flY " the [11-20gs;, direction, resulting in nanoscale
relaxation. Tersoffet al® derived an expression for the en- Wires aligned along the two equivale(t 10)s; directions.
ergy of dislocation-free strained islands. The authors showeBrior work has shown Ergiwires with hexagonal crystalline
that stained islands, as they increase in size, may undergoSifuctures of the order of 5 nm in width, 1 nm in height, and
shape transition to elongated islands, which allows a bette¥ith varying length up to 500 nrh.
relaxation of the island’s stress. Hence, in heteroepitaxy self- However, experimental data of these nanowires usually
assembled quasi-one-dimensional quantum wires can fornfvolves scanning probe measurements after the growth has
In the case of anisotropic stress, the islands grow perpendiciroceeded for a fixed time. In order to understand the growth
lar to the direction of maximum stress, i.e., in the direction ofMechanism, it is necessary to study the evolution of indi-
minimum lattice mismatch, which minimizes the strain Vidual islands and groups of islands usimgsitu real-time
energy’ microscopy techniques.

Several studies have shown that rare earth metal silicide !N this study we employ real-time photoelectron emis-
nanowires can be grown by metal deposition on sili&din  Sion microscopyPEEM) measurements to monitor the evo-
this study we investigate the system of erbium deposited offtion of the surface and individual islands duriiy situ
Si(001) surfaces. ErSilayers grow on $D01) with hexago- erbium deposition and annealing. In particular, we observe
nal or tetragonal crystalline structures, depending on thdéhe transition from compact islands into wire structures and
method of deposition, the substrate temperature, and thefpeir growth during deposition of Er adatoms. We find a tem-
stoichiometry?’ perature regime where the island growth is mainly governed

The tetragonal phase of EgSias a ThSi type structure by surface diffusion of the deposited species and a regime
with lattice parametera=b=3.96 A andc=13.26 A. On where coarsening processes also contribute to the growth

Si(001) the tetragonal phase of EpSgrows with[001]g;s;, morphology.
and [010Jg;, parallel to the (110 axes and with
(100)e:s;,//(001)s;.>7 Hence the lattice mismatch between !l. EXPERIMENTAL PROCEDURE

The nanostructures are groumsitu by Er deposition on
¥Electronic mail: robert_nemanich@ncsu.edu silicon in ultrahigh vacuum(UHV). The S{001) substrates
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FIG. 1. Sequential PEEM images of
the evolution of a 10-20 A Er layer
deposited at 750 °C during annealing
at 800 °C for(a) 23 min, (b) 31 min,
(c) 37 min, and(d) 45 min, respec-
tively.

were cleaned by UV-ozone exposure and a wet chemicalon is most likely driven by the surface and interface ener-
clean using a 10:1 hydrofluoric acid solution diluted in gies of the silicide/Si structure. During the annealing process
deionized water. Afteex situcleaning, the wafers were in- the ErSj diffuses on the surface, and the islands form due to
troduced into the UHV system through a load lock and subsurface energies and coalescence of nearby islands.

mitted to a thermal treatment at 900 °C for 10 min. Auger  We also observed specific islands that undergo a shape
electron spectroscoAES) and low energy electron diffrac-  transition from compact to elongated morphology. Figure 2
tion (LEED) were used to confirm that the preparation tech-shows the evolution of the dimensions of an individual island
nique was sufficient. LEED showed a sharpX(2) recon-  (from Fig. 1) during the early stage growth after the erbium
struction of the SD01) surface, and AES showed less than geposition. The island grows only in one direction, i.e., the
1% carbon and 2% oxygen on the cleaned surface. The eXangth increases while the width in the perpendicular direc-
periments were carried out using an UHV PEEM systeMjqn remains essentially constant. This observation is in

(Elmitech) with a base pressure 2x 10 *° Torr. Two sepa-- agreement with the model by Tersoff and Trohipr shape
rate UV sources were employed to excite the photoemission»sition of strained epitaxial islands. However, we could

A 1091 E)N:'/g discharg? lamp with an upperT%utoff eglerg&'not monitor the evolution of the length and the width around
near 4.9 eV was used for most experiments. The tunable Uy, 5 hgition point. Following the model of Tersoff and

free electron lase(UV-FEL) at the Duke University Fr.ee Tromp, we anticipate that compact erbium silicide epitaxial
Electron Laser Laboratory allowed us to use photons in the L ) o
I islands should grow up to a critical siee,. At this size the

3-7 eV energy range and thus to maximize the sample con-, " .
shape transition occurs, and further growth results in a reduc-

. Wi i i 4.9 eV, which is. . . . .
Eizte toethc:eb:)aﬂgf:nilft% r#r:r?;rrgjﬁmﬁgnl_'aé Iar?m? E):f[alifs c;fhon of the width to the optimal size, and an increase of the
: length® Thus beyond the critical size the epitaxial erbium

the UV-FEL PEEM system have been described previdusly. .2 . )
y b yS|I|C|de islands elongate, and during the later stage growth

Erbium was deposited from aim situ electron-beam idith . tiall tant. H .
evaporator at substrate temperatures ranging from room tentnhe_ Wi remamns essentially constant. HOWEVEr, nonepi-
nt_aX|aI islands do not elongate but grow in all directions. Dur-

perature to 800 °C. After deposition, the samples were al

nealed at temperatures up to 1050 °C. The real-time surfad89 the annealing process the nanostructures grow, resulting
evolution was observed witin situ PEEM. The images dis- in a surface covered with compact islands and elongated is-

played with a microchannel plate and a phosphor screen at@nd structures.
monitored with a charge coupled device camera and stored
digitally with an image processor. For the data presented
here, 16 successive images were integrated.

1300
IIl. RESULTS AND DISCUSSION 1200 4
1100 Length
1000 -

A. Initial island formation

Figure 1 shows a sequence of PEEM images obtainec__
during the annealing process after the deposition of a 10-2(E
A thick Er layer at 800 °C. The ErSislands are identified as
the bright spots in the images while the Si surface appears a'z ]
the darker region. The PEEM image contrast is due to theg °®7
difference in the photothreshold of EsSi4.8 eV)® and Si. 500
For Si111), the photothreshold is approximately 5.15'8V 400
which we assume is close to the value for thé081) sur- 300
face. 2004

Prior studies of the growth of erbium silicide films on 100
Si(001) by Travioset al® have shown that Er§iforms at 0 . . , . : . ,
temperatures as low as 450 °C. Here, we deposited Er at 0 5 10 15 20
substrate temperature of 750 °C; thus we anticipate that Ei Annealing time [min]
reacts with the Si substrate to form erbium silicide. Startin G. 2. Evoluti . . o , .

. . o . . 2. Evolution of the dimensions of an individual wire during the an-
with an erbium silicide covered surface, compact '5Iand$1ealing process in Fig. 1. The length increases while the width remains
form at temperatures below 800 °C. The initial island forma-essentially constant.
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gated islands were 2-5/&m long, 140-180 nm wide, and

13-17 nm high. Note that the width of all observed elon-

gated islands were of the order of 150 nm, which is much

larger than the prior reported widths of about 5 mm for hex-
agonal ErSi nanowires. However, our elongated islands
have some similarities with the Er silicide islands recently

reported by Cheretal!! In their study, they produced a

rather dense pattern of wires by deposition-@f nm of Er at

room temperature and annealing to 700 °C. Their islands
were found to exhibit the tetragonal structure and were
aligned along th€110 directions of the Si. At this time we
have not established whether our Br&land are of the te-
tragonal phase with a 3% mismatch or the hexagonal phase
with a —1.22% and+6.3% mismatch between EpSand Si

FI_G. 3. PEEM image qf a 'nanowir@ength_: 4.84,um; width: 0.16,um_)_ in the<110>3i directions, respectively.

aligned along thé¢110] direction after 60 min of continuous Er deposition 12 .

(field of view: 5.88m). Brongersmaet al.*“ reported observation of the shape
transition of CoSj islands on SiD01). Their results were
analyzed based on the theoretical model of Tersoff and

B. Surface evolution during deposition Tromp® for a shape transition during the growth of strained

Following the initial annealing, we investigated the sur-iSlands. The lattice mismatch of CeSin S(001) is ~1.2%,
face evolution during continuous Er deposition on the island'€"C€; the epitaxial islands are strained. The model of Ter-

formed surface. The Er deposition was initiated at a low rate©ff @nd Tromp balances the surface and interface energies
with the sample at 800 °C. The nucleation of additional is-du€ 0 the island formation with the energy change due to

lands was not observed. Instead, existing islands gre\pland relaxation obtained by elastic distortion. As described

through absorption of Er adatortsupplied from the Er flux in Ref. 5, minimizatiqn of the island energy per .unit volgme
and reaction with Si from the surface. This indicates that thVith respect to the width and the length of the island yields
Er adatoms diffuse rapidly on the surface, and have a lovi?" OPtimal size,, which is given by
probability of forming critical nuclei. ap=ephe’eh,

During the continuous deposition of Er on the surface,
the length of the erbium silicide wires increases, while thewhereh is the islands height¢=e%?cot#6, and 6 is the
width does not change significantly. Given the randomnesgslands contact angle. For fixegland h, the critical size is
of diffusion, it is reasonable to presume that Er adatomsletermined by the ratio of surface energy and island strain
diffuse not only to the ends of the wires, but also to theenergy(I'/ch). The constant depends on the island bulk
edges. Thus, either the Er adatoms do not attach to the edgsess, the Poisson ratio, and the shear modulus of the sub-
but only the ends of the wire, or after the attachment at thestrate. If the surface enerdy dominates, then the critical
edges they diffuse rapidly to the ends, resulting in the furthesize becomes large. However, if the island strain energy is
elongation of the wire. Given the large chemical energy ofincreased relative to the surface energy, then the minimum
forming the silicide, it seems most likely that the Er atomsenergy is obtained with smaller islands. Hence an increase in
collect on the islands edges and then rapidly diffuse to théhe substrate—island strain results in a reduction of the opti-
ends where growth is preferred due to the strain energy conmmal size«, of the elongated epitaxial islands.
siderations. Following this model, Brongersmet al'? measured an

At this point we have only considered the diffusion of optimal size«q, of 68 nm for their CoSiislands on S001)
the Er atoms. Our assumption is that there is always a sourdgy fitting the theoretical model to their experimental results.
or sink of Si, which is supplied through reaction with the The lattice mismatch for Ergislands on S001) is ~3% for
substrate or from Si adatoms supplied from nearby stegphe tetragonal phase andl.22% and+6.3% for the hex-
edges. agonal phase. Hence the lattice mismatch strain energy for

With the Er source off, the surface remained unchangedrSi, island is expected to be larger than for CoBiands
during annealing at 800 °C. Under these conditions, we didn S(001). Assuming that the surface and the interface en-
not observe coarsening processes, i.e., Ostwald ripening amdgies for CoSi and ErSj island formation are comparable,
coalescence, within a time range of 30 min. Thus, at temthenag should be smaller for Ersiand the elongated islands
peratures around 800 °C the later stage island growth is goare expected to be narrower. However, the width of 150 nm
erned by incorporation of the deposited Er adatoms througbbserved for our elongated islands indicates that the strain

rapid diffusion. term, ch, is smaller than expected based on comparison with
After all processing in the PEEM, the surfaces were ex-CoSk.
amined using an atomic force microscof&M), and the We propose that erbium silicide islands grown at 800 °C

wire dimensions measured. Figure 3 shows an elongated iste partially relaxed through the formation of dislocations or
land with an aspect ratio of 30(length: 4.84um and width:  other relaxation mechanisms such as trench formafiaine
0.16 um) aligned along thd110] direction of the Si sub- relaxation leads to a reduction of the strain energy, and there-
strate. After 60 min of continuous Er deposition the elon-fore, to an increase of the optimal size,. The ErSj wires
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FIG. 4. Sequential PEEM images of
erbium silicide island growth during
annealing at 1050 °C fdig) 5 min, (b)
14 min, (c) 16 min, and(d) 18 min,
respectively.

are all of similar width indicating similar strain relaxation. yetachment and attachment is slow in comparison to diffu-
Hence this size represents the optimal tradeoff between SU&ion, then the adatom detachment/attachment is the rate-

face energy and the strain due to the partially relaxed intefmiting step for coarsening. This case is realized if there is
face. Itis “f;e'y that the Cogiislands observed by Brong- 4, aqditional activation barrid . that the detaching atoms
ersmaet al.“ are also partially relaxed. _ have to overcome. Figure 5 is a schematic diagram of the
~ Our results suggest that there are different energynergy barriers near an island step edge. In the diffusion
minima depending on the degree of strain relaxation. Fofjmpited regime the activation energy B,~E gy, whereas

wires that are fully strained the width of the equilibrium ; the attachment/detachment limited regime the activation
shape decreases to its minimum, i.e., the wires become Ve@hergy iSE y~ E gort E; 14 here Eqi1 is the adatom surface

narrow. This corresponds well with the observations of Chenyitfysion barrier on the substratg, the adatom formation
et al,” which show ErSj wires with widths of~5 nm. Strain energy, and Egy the barrier for adatom detachment/
relaxing dislocations were not observed in the scanning tunsstachment.

neling microscopy images of these wires, however, different | itshitz and Sloyozot first considered Ostwald ripen-

strain mechanisms may be more effective for the diﬁeren;ng of three-dimensional3D) clusters in a 3D environment

sized wires. for the diffusion limited regime. Wagn¥r extended the
. . theory to include the case that the transfer of adatoms be-
C. Surface evolution at higher temperature tween the cluster and the environment is the limiting process.

To explore the dynamics with enhanced surface diffu-Further studies by Wynblatt al*” and other¥’ applied the
Sion' a similar experiment was performed where~ah nm theory to 2D and 3D clusters on surfaces. In all cases, the
thick Er film was annealed at 1050 °C. As the annealing timdiPening processes can be described by the relafiort”,
increased, the average size of the islands increased while théhereA is the island area angis the time. The exponemt
number of islands decreased. Figure 4 shows a large islari@ 2/3 for diffusion-limited ripening and 1 if the ripening is
growing larger and smaller islands disappearing during théletachment/attachment limite®:*° Figure 6 shows the evo-
annealing process. This is characteristic of Ostwald ripenindftion of the squared island area from Fig. 4 during the rip-
where larger islands grow at the expense of smaller island§ning process. As a best fit, we obtained an exponent of
In the ripening process atoms detach from small islands, d|f129'_"007 which indicates that diffusion is not the rate lim-
fuse through the adatom sea surrounding the islands, arling mechanism for this system. The ripening of Brano-
attach to larger islands. The growth behavior of an individual
island depends on the chemical potential of the surrounding
adatom sea, the chemical potential of the atoms in the island 20

and the barrier for detachment and attachment. If the ex-
change between the adatom sea and the island edge is suf
ciently rapid, then the net flow of adatoms towards or away
from the island is determined by diffusion in the chemical
potential gradient of the adatom sea. On the other hand, if the
6|
ST E 4l
| <
2+t
1 2 ! N N
4 6 8 10 20 40

time [min]
FIG. 5. Simplified diagram of surface activation barriers near an island step
edge.Egy 1> are the diffusion barriers on the substrate and on the islandFIG. 6. Time dependence of the island a¢t&ain Fig. 4 during ripening at
respectivelyE; is the adatom formation energy, akg,, is the attachment/ 1050 °C. The linear fit yields Id@)x1.3logt) which indicates an
detachment barrier. attachment/detachment limited growth mechanism.
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structures grown on &01) is mainly limited by by surface diffusion of the deposited Er adatoms, and Ost-
detachment/attachment of adatoms from island edges, amdald ripening processes do not contribute to the evolution of
controlled by the barrieE;+ Ege. The deviation of the ex- the island morphology. Increasing the annealing temperature
ponent from the value 1 for attachment/detachment limitedo 1050 °C, Ostwald ripening and coalescence of islands con-
ripening implies that other mechanisms such as evaporatiomibutes to the evolution of the surface morphology. The re-
could play an important role. Note that this result is based orsults presented here demonstrate that control of interface
the investigation of a single island, and further measurementstrain and kinetic effects can lead to engineered island struc-
are necessary to more accurately define the dynamics.  tures.

At 800 °C Ostwald ripening was not observed which in-
dicates that the detachment of adatoms is very slow at thiBCKNOWLEDGMENTS
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