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Crystallization of amorphous superlattices in the limit of ultrathin films with oxide interfaces
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Annealing of amorphous Si/Sr Ge/SiQ multilayers produces nanocrystals embedded between oxide
interfaces. It is found that the crystallization temperature is strongly enhanced by the presence of the oxide
interfaces and follows an exponential law. The crystallization temperature increases rapidly with decreasing Si
layer thickness, and a nonstoichiometric interface decreases the crystallization temperature compared to a
stoichiometric interface of the same thickness. A model is presented that takes into account the interface
energies, the thickness of the layer, the melting point of the system, and the crystallization temperature of the
thick amorphous layer. The evidence for a critical crystallization radius and the influence of deviations from a
perfect stoichiometric interface are discussed.

INTRODUCTION of a thick amorphous Si filn700 °Q. A similar behavior is
demonstrated foa-Ge/SiQ, multilayers, where the crystalli-
Polycrystalline thin films are essential for modern electric,zation temperature significantly increases. The crystallization
optic, and magnetic devices such as Si-based thin-film trartemperature of thick amorphous Ge is reported to be 500 °C.
sistors, solar energy converters, or magnetic recording meHowever, a 1.7 nm amorphous Ge layer did not show crys-
dia, and have been used in Si integrated-circuit technologyallization even after annealing at 760 2@\lso, it has been
since the 1970s. Today, polycrystalline Si is applied infound that the crystallization temperature of amorphous
ultralarge-scale integration technology for both active andsj/Si,N,:H superlattices strongly depends on &&i:H well
passive components. For device application precise engineqgyer width. No crystallization appears for annealing at
ing of the Si grain size with focus on control in grain bound- gog °C using a layer thickness below 5 firBuch a behavior
ary and defect density is essential. _ is different, e.g., from that of a Si/Ge superlattice, which
The solid-phase crystallization of =~ chemical-vapor- shows interdiffusion at the interface boundaries upon anneal-
deposited amorphous Si films of thickness above 50 nm hagg that is easily detectable by Raman spectrosopiie
been reviewed extensivelyHowever, there are only a few aim of this paper is to study the general character of the
data at hand for the crystallization behavior at thickness begrystallization behavior as a function of reduced layer thick-
low 50 nm. The existing models for the kinetical mecha-pess. A model is developed to reveal the origin of such a

nisms of crystal grain growth are not applicable in the pressirong and systematic increase in crystallization temperature
ence of a second SiQop oxide layer or multiple stacks of with decreasing layer thickness.

Si/SiO, periods. The nucleation of nanocrystals in ultrathin
layers capped with thin oxide layers has not been as exten-

sively studied yet as epitaxial growth. There are only a few EXPERIMENTAL DETAILS
reports related to nanocrystal growth in ultrathin films with
an oxide interface on both sides of the thin Si la§&rin Amorphous Si/Si@ multilayers are prepared using rf

contrast to solid bulk phase crystallization and in the absencsputtering and plasma oxidation. The thickness of the amor-
of a preexisting crystalline-amorphous interface, thephous Si layer is varied from 1.9 to 20 nm while the thick-
amorphous-to-crystalline phase transition occurs througiness of the amorphous Sitayer is held constar(t-3 nm).
random nucleation of crystalline clusters surrounded byAll samples are prepared on Si wafers to allow high-
amorphous material under the strain field of the superlatticeemperature annealing. Conventional furnace annealing is
structure. Compared to solid bulk phase crystallization theised for crystallization in the temperature range of 700-—
process involves several additional phenomena such as tl®50 °C. Every sample is annealed once. The temperature is
creation of the crystalline seeds themselves, the influence ofised by 50 K from sample to sample, which results in a
the oxide interface, the influence of strain, the influence ofdetermination error for the occurrence of crystallization of
extended defects at the grain surface, etc. Also, it has bearound 25 K. The crystallization state is investigated by
reported that nucleation of Si near the SiBterface is pre- wide-angle x-ray scatteriny, transmission electron micros-
vented in the first adjacent 0.5—1.0 nm of the Si layer. copy (TEM), and high-resolution TEM. The state of crystal-
An increase of the crystallization temperature by aroundization is evidenced by the splitting of th@20) and (311
300 K is reported for amorphous Si/SiGuperlattices when Bragg peaks in wide-angle x-ray scattering. Crystal size and
the Si layer thickness is reduced to 2 firau, Lockwood, inhomogeneous strain have different angle-dependent influ-
and Baribealireported that ultrathin epitaxial Si/Sj@uper-  ences on the Bragg diffraction lines. Thus size and strain can
lattices(2.8 nm) do not crystallize even at 1100 °C, which is be separated by a careful two-line Scherrer analysis as de-
around 300 K above the reported crystallization temperaturscribed in Ref. 10.
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TABLE I. Parameters used in E€) for fitting the data in Fig.

2.
Tmelt Tac c
Superlattice material (K) (K) (nm)
SilSio, 1683 973 2.56
Ge/SiQ 1211 773 2.52

pirically, this exponential increase of the crystallization tem-
perature can be fitted by

Te=Tact (Tmeir— Tac)eidlca D)

FIG. 1. TEM image of a Si/Si@superlattice structure after crys- WhereT o represents the melting temperature of bulk crys-
tallization. talline material, T, is the crystallization temperature of a
thick bulk amorphous film, and is the real thickness of the
RESULTS layer. Thus the experimental data for the superlattice sets
presented in Fig. 2 are fitted using the values summarized in
Figure 1 shows the transmission electron image of a crysTable I.
tallized superlattice sample. The brighter and darker layers In addition, the inhomogeneous strain of Si/Sidms is
are thea-SiO, and the nc-Si layers, respectively. No distur- investigated as a function of the Si layer thicknesat the
bance of the superlattice structure can be seen due to tigystallization temperaturé. (Fig. J). It is found that the
high-temperature annealing even for ultrathin layers. Thénhomogeneous strain increases exponentially with decreas-
roughness of the interface is less than 1 nm estimated froifig layer thickness. The solid line in Fig. 3 represents a fit of
x-ray reflectivity® Figure 2 shows the crystallization tem- the data using an exponential dependence on the Si layer
perature of an ensemble of superlattices based on differeiftickness~exp(—d/2.56) (d in nm). Thus, strain and crys-
materials and interfaces as a function of the layer thicknesggllization temperature follow a similar dependence on the Si
where the crystallization behavior of Si/Si® Si/SiQ,,?  layer thickness independent of the material sandwiched be-
and® Ge/SiQ have been considered. Similar behavior is re-tween the oxide interfaces.
ported for Ge:H/GelNsuperlattices! We found an increase
in crystallization temperature by 300 K for a Si/Si€uper-
lattice with a 3 nm SiQ layer. As can be seen in Fig. 2 the
crystallization temperature increases exponentially with de- A crystalline cluster nucleates homogeneously within the
creasing layer thickness in all these different systems. Emamorphous film or heterogeneously on discontinuities such
as precipitates, defects, interfaces, etc. In the case of thick
- S - amorphous films the Kkinetics of the amorphous-to-

CRYSTALLIZATION MODEL

1650 A SISO . polycrystalline phase transition is described by classical
" Si/Si0: P.D. Persans. et.al. nucleation theory,which is based on capillary effects at the
1500 ¥ Ge/SiO, G.V.M.Willams et.al. crystalline-amorphous interface. However, an amorphous
g i SiO, interface on both sides of a thin Si lay@ess than 50
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FIG. 2. Crystallization temperatures of different superlattice
structures as a function of the layer thickness. The lines represent

the model calculations using E¢l) and the parameters given in FIG. 3. Inhomogeneous strain as a function of the layer thick-
Table I. ness.

Si thickness (nm)
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: '}’gfé: Yact (Yoc™ YacM, (2
o (oxide) with M is an effective order parameter which is normalized
to unity for the true oxide/crystalline interface and zero for
1 the true amorphous/crystalline interface. In view of the mea-
v sured inhomogeneous strain of the superlattice system as a
¢ c h d function of the layer thicknes@=ig. 3), M is expected to be
(amorphous) (crystal nuclei) an exponentially decreasing function of the interface spacing
4
i : I,
! M=e "o, 3
o (oxide) ree?fultlng for Eq.(2) in a.djacent oxide/crystal matgrlals Wlth.
Yoc= Yoc fOr | =0, or adjacent amorphous/crystalline materi-

als with yﬁfg:yac for | —o. Assuming short-range inter-
datomic forces), can be interpreted as an average screening
or bonding length which is related to the range of interatomic
forces typical for the materials andc.
nm) will not result in a homogeneous and uninfluenced Using the above assumptions the Gibbs free energy for
nucleation within the layers. the cylindrically shaped nucleus with radius(crystalline

As in Refs. 2 and 11, we assume here that the crystallizaphasec) in Fig. 4 can be written as
tion nucleus is symmetrically embedded in the amorphous 5 5 eff
material between the oxide interfaces and is cylindrical in Ge=mrNGy o+ 27N yac+ 271 2y, 4

shape. However, we introduce an additional spatwhich ity G,. as the Gibbs free energy per unit volume of the

corresponds to a finite separation of the nucleus from thgk crystalline phase. The Gibbs free energy of a cylindrical
boundaries represented by the mateoialn Fig. 4, the ma-  haricle of the same size but in amorphous phase given
terial o is the amorphous oxide phase, mateddhe amor-

phous semiconductor phase, and matesitte crystallized

semiconductor phase. In principle, for each combination of Ga=7r?hG,+27r2y°h, (5)
phases we assume that a well-defined, i.e., sharp and perfect, i ) )

interface bounded by bulk material can be formed, which iSVNer€G.q is the Gibbs free energy per unit volume of the
characterized by its specific free interface energy. Accord@Morphous bulk phase and

ingly, we definevy,., voc, and y,, as the interfacial free eff_ ., a=llg (6)
energies per unit area between the amorphiapsnd crys- Yoa™ Yoa
talline (c) semiconductor phases/c), between the oxide is the effective specific interface energy, which descrllires
materialo and the crystallinéc) semiconductor phas®(c), analogy to Eqs(2) and(3)] the influence of the interfaa® a

and between the oxide materialand the amorphouga) on the formation of the amorphous cylindrical particle. For
phase ¢/a), respectively. However, for the sandwich struc-1=0, i.e., h=d, the term(6) takes into account that the
ture considered in Fig. 4, the interfaces between matesials amorphous phaszhas a true interface with the oxide phase
and ¢ are not well defined if the distandebetween these o (Fig. 4). For I>1,, or equivalentlyl -, the effective
materials is of the order of magnitude of only a few lattice specific interface energy?" tends to zero, which corre-
constants, which is the case when the layer thickness is vegponds to pure bulk behavior of the amorphous phase.
small. Forl =0, that is,h=d, we can assume that a sharp  The nucleation energy barrier is given by the difference of
interface with the specific interface energy, is formed. In  the Gibbs free energiesG=G.—G,. Using the above Egs.
the other limit, forl very large (— ), the material® andc  (2)—(6) we find

are separated by two noninteracting, i.e., well-defined, per-

fect interfaces, namely, the interface between the matarials AG=—7r*hAG, +27rh yact 27 A yeq, (7
and a and the interface between the materialgnd o. In
order to rationalize the interaction between these two inter-
faces for smalll, an effective interface energy is defined, AG=G,,—G,:>0
which interpolates between the above well-defined limiting

cases. In other words, we adopt the concept of an effectivénd
interface layer or a quasi-interface for interface phase transi- _ o —
tions (see, e.g., Ref. 22and assume that a quasiamorphous AYelt=Yact (Yoc™ Yac™ Yoa)® ®
layer (the so-called quasi-interfacés formed in the space The terms in Eq(7) describe the change in bulk free energy,
between materiale andc, which may be the result of the the energy necessary for forming the nale interface, and
interatomic interaction between the two materials at smalthe influence of the boundaries formed by the oxide material
separatiorl. The effective free interface energﬁ of this o, respectively. | is given byl=(d—h)/2, with d=h (cf.
quasi-interface will be between that of a true amorphousFig. 4). Equation(7) represents a generalization of the nucle-
crystalline in-  ation model of Persans, Ruppert, and Ab2lasd Honma
terface y,. and the specific free energy,. of a true ox- et al,'* which can be rederived if=0 or equivalently
ide/crystalline interface. Hence, we write h=d is chosen in Eq(7):

FIG. 4. Model of a cylindrically shaped nanocrystal embedde
in an amorphous film with oxide interfaces.

here
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AGpere= — mr2dAG, + 271 d Yot 271 2( Voo™ Yoa) - we define the crystallization temperatdrg, as usual, by the
(9)  requirement that a certain fixed numhéy of nuclei is gen-
erated at a given fixed timg, the crystallization tempera-

If voc— Y0a=>0 then crystal nucleation is inhibited, b, ture follows as

— %0a<0 will enhance the formation of crystal nuclei as
mentioned before in Refs. 2 and 11. However, in both Refs. AG*/KT,=In(t./N.)+const. orkT.~AG*.

2 and 11 the height of the nucleus is geometrically coupled

with the interface by fixingh=d from the very beginning, If we further define the bulk crystallization temperatdig,
which leads to a wrong behavior of the maximum value ofby

AG as a function ofl. .

In the presented modalandd are geometrically indepen- kTac~AGZ, (16)
de_”t parameters Wh'Ch. are couplgnlergencallyby Eq. (8). .whereA Gy} is the bulk nucleation barrier that can be derived
This allows us to consider the Gibbs free energy change B om Egs.(13) and (14) in the limit d—s s
Eq. (7) as a function of both the variablesandh. ' ’

The nucleation barrier is given by the maximum o6 8my?
[Eq. (7)], which is defined by AG;C:F;‘C, (17)

JAG  IAG _ L

a—r=0, a_h:O (10) we ObtalnTC/Tac:AG /AGaC, or

The calculations can easily be carried out. However, the o Aver Yoc™ Yac™ Yoa _qu
. o Te=Tac =Ta 1+ e o]. (18
presence of the exponential function in H8) leads to a Yac Yac

nonlinear equation for and h, which can only be solved This result has the functional form of the empirically found
numerically. Due to the fact that the specific interface ener-elationship Eq.(1). Through the comparison with Edd)

gies are not well known and in order to keep the calculatio he followi i be derived:
as simple as possible, we make the following approximation: € foflowing relations can be derived:
We ignore the fact thal y.4 depends on the size of the

— Yoc™ Y
nucleus and repladen Eq. (8) by an average value Since Toner=Tac————, (19
| varies between the minimum vallig;,=0 (for h=d) and Yac
the maximum valué,,,,=d/2 (for h=0) we choose as the c=4l, (20)

average valud = (I pintlman/2=d/4. There are other pos-

sible averaging procedures. With our approximationlfor ~ From our data fitting the crystallization temperatiietends
Eq. (7) we derive from Eq(10) for the critical radius of the to the temperature of the melting point of bulk crystalline
nucleus silicon T,,,e= 1683 K in the limit of zero thickness of the Si
layer, whereas in the limit of a thick layer we gé&t(d
—)~T,.=973K as we have mentioned befdfewe ob-
tained similar results for germanium using the typical Ge
- ) _ values(see Table)land taking into account the error of our
and for the critical cylinder height of the nucleus measurement&t25 K). According to our theoretical results
represented in Eq$18) and(19), the enhancement df, in

_ 2Yac
AG,’

r*

11

h* = 4Ayeff_ (120  the limit d—0 is related to the difference in the specific
AG, interface energies of the interfaces between the crystalline
Inserting Eqs(11) and(12) into Eq.(7) yields for the nucle- and gmorp_hous phases myolved. Howeverz if one tak_es_mto
ation barrier consideration that the melting of the crystalline phase is like-
wise associated with the nucleation of a crystalline-to-liquid
3777§CA Veft interface, the above results at least give us a hint as to why
AG* = —Agz (13)  there exists such a good empirical correlation betwgefor
v d—0 and the melting poinT ¢ of the crystalline phase.
whereA yi is given by the exponential function While this point requires further investigation, the relation-
ships(18)—(20) are used in the following section to estimate
Aye= Yact (Voo™ Yac— Yoa)€ @M. (14)  alower limit for the layer thickness below which no crystal-

Assuming that the amorphous-to-crystalline transition is in-IIzatlon can oceur.

duced by a thermally activated process, the transition tem-
peratureT can be estimated from DISCUSSION

* The above crystallization model describes in detail the
kKT~AG*, (15 . e ; . :
extraordinary crystallization behavior of ultrathin layers in a
wherek is Boltzmann’s constant. Equatidft5) can be mo- superlattice structure. As mentioned before, the screening
tivated as follows. The nucleation rate is essentially proporiengthl, might be related to the range of interatomic forces
tional to the Boltzmann factorN~N/t~exp(—AG*/KT), or to the length of elastic interactions between the respective
which, in turn, means that the tirefor the formation of a interfaces. In our experiments we foul@k2.52—2.56 nm
certain numbeN of nuclei is given byt/N~exp@AG*/KT). If independent of the materiaGe,S). Hence, from Eq.(20)
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the screening length is given bl~0.64 nm, which is cylindrical nucleus this corresponds td)*=47rrf/a2
closely related to the lattice parameter of Si and Ge and-55 atoms within a circular section perpendicular to the cyl-
corresponds to the range of 2—3 interatomic distances. inder axis.

Until the nucleus reaches a critical radius the embryo seed The minimum heighth* of the cylindrical nucleus, Eq.

needs energy to grow. Therefore, in order to reduce the freeLz% depends via the effective specific interface energy Eq.

energy, clusters with smallgr. size.tend to shrink, while thosq14) exponentially on the layer thickness. For large layer
with sizes larger than the critical size tend to grow. As can b‘?hickness bulk behavior is restored, yieldirgf =h?,,
H 1 u

seen in Eq(13) the nucleation barrier scales strongly with —4y,.JAG,=2r*=1.134nm for d—, which corre-
the specific interface energies and the volume gain in free 4s 10 a fairl rical | ith almost th
energy. In addition, using Eq12) the critical height of the sponds fo a farly symmetrical nucieus with aimost the same

nucleus depends exponentially on the thickness, leading to ¥!UMe as a spherical nucleus with raditis For veryfmall
larger critical height for thinner layers. Nucleus formation l@Yer thickness the conditioh=0 or equivalentlyh* <d
normally is not a rapid process. A number of atoms have tgnust be fulfilled in our modelsee Fig. 4, which gives a
be accidentally in the right order to form a nucleus. Thelower bounddy, for d. In order to determinel,, we write
number of nuclei resulting from the thermal fluctuation of EQ. (12) for h* in the form
atoms is determined by the above-mentioned Boltzmann dis-
tribution. The probability for nucleus growth increases with
increasing temperature. Changes in the interface free energy
will significantly influence the formation of nuclei. For ex-
ample, approximately 19 atoms are arranged across a thin
layer of 5 nm using an average atomic distaa@# 0.27 nm.
Assuming a crystal with a critical radius efl nm arranged where we have utilized Eq§l1) and(14). Further, using the
in the middle of the 5 nm layer, only seven atomic layersnumerical values available from Eq®1) and(22) and for
separate the tiny nucleus from the Sildterface. This will  |,, we find from the requiremertt* =d for d=d,,, by a
be even less for thinner Si layers capped va#8iO, in a  simple numerical proceduré,,,/4l,=0.62 ord.;,=2.44,
superlattice structure. Thus, the nuclei are strongly influ=1.59nm. Thus, we expect that for layer thickness
enced by the additional surface tension of the SifSier-  <d,,;,~1.6 nm for thea-Si/SiO, system no crystallization
face. This can be rationalized more precisely utilizing thecan occur whatever the temperature. This is in fairly good
crystallization model developed above. agreement with our measurements on the SiSi@erface
From the experimental results in Table | and the theoretsystem, where crystallization has been observed in the case
ical prediction Eq(19), the following numerical relationship of stoichiometric SiQ interfaces up tal~1.9 nm(see Fig.
between the yet unknown interface energjgsandy,, can  2). The value ofd,;,=1.6 nm is also larger than one would
be deduced: expect from purely geometrical considerations, i.e., by relat-
ing d simply to the size of the nucleus under bulk conditions
Yoe— Yoa=1.73vac. (21) h*=2r*=1.1nm, which yieldsd,,=1.1nm. The higher
value ofd,,, is clearly a consequence of a strong increase in
With an amorphous/crystalline interface energy per atom othe nucleation barrier caused by the continuous increase of
abouto,.=0.105 eV/atom and the average interatomic dis- the effective specific interface energy Eg4) when thea/c
tancea=0.27 nm in crystalline Si the value ofy,. is esti- ando/c interfaces approach each other, which is unavoidable
mated to bey, = 0./a’=1.440 eV/nM=0.231J/m. With  during nucleation at smad. o
this value fory,. Eq. (21) yields thaty,. is about 2.491 In addition, effects are expected for nonstoichiometry of
eV/nn? (or 0.399 J/rf) larger thany,,. This result is rea- the oxide (SiQ,x<2). In this case, annealing at high tem-
sonable in so far as the amorphous oxide to crystalline siliperatures will result in bond relaxation and rearrangement in
con (a-Si0,/c-Si) interfaceo/c is expected to be energeti- the nonstoichiometric oxide. Diffusion of the oxygen is ex-
cally more unfavorable than the amorphous oxide toPected, resulting in Siregions and Si-rich clusters. Such a
amorphous silicong-SiO,/a-Si) interfaceo/a. process is used in bulk Sjdilms for the creation of ran-
The minimum lateral size* of the cylindrical nucleus domly distributed Si nanocrystals in a Si@atrix. Also, the
given by Eq.(11), which is determined only by, and the ~inhomogeneous strain in the interface regions will be re-
change in the bulk Gibbs free energy per unit volut@,,  duced if the interface is nonstoichiometric. Both effects,
is in the present approximation the same as the radius of Which are notincluded in our model, will reduce the crystal-
free spherical crystalline nucleus in bulk amorphous siliconlization temperature especially for superlattices with thin
With AG,=Ag, /a3, where Ag,=0.100eV/atom is the (below 3 nm Si layers, in agreement with the experimental

free-energy change associated with the crystallization of onkesults(see Fig. 2 On the other hand, in the limit of thick
atom?! and y,.= o,./a?, we derive from Eq(11) layers, the crystallization results in bulk amorphous behav-

ior. In this case the size of the critical nucleus is small com-

pared to the layer thickness. Hence, the influence of the ox-

a=0567 nm. (22) ide interface and the inhomogeneous strain will be reduced.

v In addition, we expect for very thick layers a more spherical

shape of the nucleus with still amorphous material around

For the free spherical nucleus this corresponds to a cluster dfie crystals, and the evidence of growth faults for medium
i=4wrf/3a3~39 atoms! while for the lateral size of our layer thicknes$7—30 nm.

h*=2r* , (23

14 ( Yoc™ Yoa 1) o didlg
Yac

Oca

Ag

r*=
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CONCLUSION amorphous/crystalline interface energy by means of an order
parameter varying continuously with interface spacing. The

We have shown the exponential scaling of crystalllzatlonmodel yielded a lower bound for the layer thickness below

temperature with layer thickness for (Si, Ge)/gidperlat- \évhich no crystallization can occur for the Si/SiGystem,

tices. l_Jsmg an emplrlcal_moqlel this behavior can be reducewhich is in good quantitative agreement with our experimen-
to basic material properties like the bulk amorphous crystal;

lization temperature and the melting point. A crystallizationtal observations.
model was presented that takes into account the different

interface energies and materials. Using our model, an expo-

nential increase of the crystallization temperature with de-

creasing layer thickness can be derived in agreement with the The authors are grateful to Dr. P. Veit and Dr. J. ditay
empirical model. This has been achieved by introducing théor TEM and x-ray investigations. One of the auth@Z.)
concept of an effective interface energy that interpolates bes grateful for financial support from the Volkswagen Stif-
tween the true oxide/crystalline interface energy and the trueaung.
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