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Effect of interphase boundaries on resistivity and thermopower of nanocrystalline
Re-Si thin film composites
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The phase formation, electrical resistivity, and thermoelectric power of the thin film Re-Si composites have
been investigated at different stages of the transformation from the amorphous to nanocrystalline state. The
nanocrystallization was achieved by the annealing of amorphous films with the initial composijioSiRg;,
which is equal to the composition of the crystalline Re§miconductor. The composite films include only
two phases: the amorphous phase and the nanocrystalling RiBithe mean grain size of about 10 nm;
however, a large volume fraction of the composite films is occupied by interfaces and intergrain regions. The
transport properties of this semiconductor-semiconductor system show nonmonotonic dependence on the vol-
ume fraction of the nanocrystalline phase. The role of the interfaces in this peculiar behavior is discussed.
[S0163-182698)02636-9

Nanocrystalline(NC) materials are polycrystalline sub- the interfaces tp andS of composite Re-Si films. Re-Si thin
stances with grain sizes of up to about 100 hAn impor-  film composites are suitable for this study for the following
tant common feature of these materials is that they are stru¢easons:
turally characterized by ultrafine grains and by a large (1) Within the Re-Si system, ReSis a narrow-gap semi-
volume fraction of interfaces. It has been found that the eleceonductor. The forbidden gap was found to be of about
tronic transport properties of NC metals are strongly affected.12-0.15 eV:?s
by the interaction of conduction electrons with the (2) The composites can easily be produced in NC form by
interfaces:~3 One can expect to find an even more distinctthe crystallization from the amorphous state. Partially crys-
manifestation of this interaction in NC semiconductors andallized films consist of two phases: NC and amorphous.
in semiconductor-semiconductor composites. In that casBoth of these phases are semiconductors and have electrical
two additional effects may become importafit) The band conductivity of the same order of magnitude.
structure of the nanocrystals can differ from the band struc- Among the variety of methods for synthesis of NC mate-
ture of the bulk semiconducto(2) The screening length of rials, crystallization from the amorphous state has features
the charge carriers, trapped at the interface, can be compthat are important for the present investigatiqf) It is
rable with the size of the grains. The latter implies that thesimple and convenient in this method to control the crystal-
properties of the semiconducting component of a compositézation process. Conventional annealing can achieve the
are dependent on the kind and amount of another componenanocrystallization with different volume ratios of amor-
in the NC composite. As a consequence the effective mephous and crystalline components depending on the heat
dium approximatiofEMA), commonly used for the theoret- treatment conditiong2) Because in this method the crystal-
ical analysis of composite materials, should fail in this caseline phase is formed from the amorphous state via a solid
This effect should be particularly strong near the composistate reaction, the internal interfaces are clean.
tion at which the semiconducting component forms a perco- Films with two initial compositions have been studied. In
lating cluster. stoichiometric films, the Si to Re ratio was equal to the com-

A great deal of attention has been paid to the transport iposition of the crystalline semiconductor ReSEince both
metal-insulator or metal-semiconductor NC compositek.  the crystalline and the amorphous phases have the same
has been found that, in these binary composites, both theomposition, no other phases appear during crystallization.
resistivity (o) and the thermopowe!S) are monotonic func- Therefore the films can be considered as true binary mixtures
tions of the volume ratio of the components and that theyof the amorphous Rg.Siy s and the NC ReSi
always lie between the corresponding values of the pure Recently, the composition of the semiconducting Re sili-
components of a composite system, in agreement with EMAide was discussed and suggested to be Re&ither than
predictions® These observations indicate that in the metal-of ReSj.° Assuming this compound is formed also in our
insulator and in the metal-semiconductor composites, wherRe, 3,Siy g6 films, we would have to take into account an
the main phases have very different conductivity, either thexcess of Si with respect to the stoichiometric composition.
interfaces do not play an essential role or their effect is dif-To be assured that the observed dependencigsanid S do
ficult to observe. The situation can be quite different fornot result from a small Si excess, we also measured the films
those binary semiconductor-semiconductor systems in whictvith the initial composition Rg;sSip g1, Where there is an
both components have comparable conductivity. Here the inexcess of Re with respect to both Re8hd ReS;j ;5 compo-
terfaces can play an important or even dominant role in thaition.
electronic transport. The films were prepared by magnetron cosputtering from

The aim of this work is to investigate the contribution of pure Re and Si targets on to unheated substrates. Thermally
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FIG. 1. Temperature dependence of electrical resistivity on FIG. 2. The electrical conductivity, @, and the volume frac-

heating; *: on cooling and thermopower@®: on heating;+: on tion of the crystalline Re$iphase,l], vs annealing time at the
cooling) of a Re 3.Sij g6 film. The broken line indicates the crystal- constant temperaturé=790 K for a Rg3.:Siyeg film. The solid
lization temperature. line is drawn by the spline interpolation between the experimental
points and is used to plot the conductivity and the thermopower
oxidized Si wafers were used as substrates. The densagainst the compositiofFigs. 3 and %
1 wum thick SiG, layer on the top of Si prevents a chemical
reaction of the film with the substrate and provides electricatained again a single-phase film but of crystalline ReShe
insulation. The film thickness was typically 100—-150 nm.x-ray measurements revealed that RaSithe only crystal-
The composition analysis of the films was performed by Rudine phase formed during annealing. The mean grain size of
therford backscattering Spectroscoi®BS) and energy dis- this phase was about Hb nm. It remained constant,
persive x-ray spectroscogEDXS), the former with an ac- within the limits of experimental uncertainty, throughout the
curacy of=1%. The structure of the films was determined whole annealing procedure &t=790 K. That indicates that
by in situ x-ray diffraction measurements during annealing atthe crystallization makes progress not due to a growth of
temperatures of up to 1300 K, and also aft&rsituanneal- individual grains but by an increasing number of NC grains
ing, at room temperature. The size of the crystalline grainsvithin the amorphous matrix.
was estimated from x-ray line broadening analysis. Accord- As can be seen in Fig. 2, crystallization is almost com-
ing to the x-ray data, the as-deposited films have an amoplete in about 300 min, when the NC phase constitutes about
phous structureS andp were measured during the annealing 50% of the total film volume. With further annealing at a
of the films in a high-purity helium atmosphere. Electrical constant temperature there is almost no increase of the NC
resistivity was measured by the conventional dc four-probghase content. The results of the x-ray analysis imply that the
method. In the case of the thermopower measurements, thiest of the film volume is occupied by the interfaces and
differential method was used. Both properties were measureidtercrystalline regions. This amount of the interface volume
simultaneously during heat treatment of a sample as funcagrees well with the average crystalline grain SiZefurther
tions of the temperature and/or of the annealing time. increase of the crystalline phase content can be achieved by
Figure 1 displayg andS temperature dependencies of a annealing at a considerably higher temperature—at about
Re, 3.Si0.66 film. The measurements were made with a con-1100 K. The increase of the crystalline phase content is ac-
tinuous temperature variation at the rate of 2 K/min on heatcompanied in this case by a growth of the NC grains. The
ing and 10 K/min on cooling. The crystallization under thesemean grain size was about 50 nm when the film contained
conditions takes place at a temperature of about 850 K. Theearly 100% of the crystalline phase.
temperature dependencies@find S measured with the in- A smooth interpolation between the x-ray data was used
creasing temperature from 300 K to the crystallization tem+o obtain the calibration functior=P(t) of the crystalline
perature are characteristic for the amorphous film, wheregghase content depending on the annealing timie Using
those measured during the cooling of the sample from abouhis function we plot andS, measured during the annealing
1100 K down to room temperature are representative of thef the film, againsix. We should emphasize here that, be-
NC film. More detailed investigations of the films have beencause of the rapid variation d#(t) betweenx=0.1 andx
made in the course of annealing at a fixed temperature of 796 0.4, the resulting dependencies of the transport properties
K. on the composition in this range are very sensitive to experi-
Figure 2 presents the variation of the electrical conductivimental errors and to the interpolation procedure. Therefore,
ity (o=1/p) and of the volume fraction of the crystalline we should focus only on rather general features of these de-
ReSj phasex, as determined from the x-ray data, with the pendencies and will not discuss their details.
annealing timet. At t=0 the film is a single-phase amor-  Figure 3 shows the dependence @wfand S of the sto-
phous compound. On increasihghe amount of the crystal- ichiometric R 3,Sig g6 film on x. The most striking feature
line ReS} phase increases, the film becomes a binary mixof these dependencies is that bathand S reveal a non-
ture consisting of NC ReSiphase and the amorphous phasemonotonic variation with the composition of the film, having
of the same atomic composition. Finally, at larigg&e ob- a maximum(minimum in case ofr) atx~0.5. This behavior



9646 BRIEF REPORTS PRB 58

100 1.00 I I I T | T | T
o09°°° 000 %%
90 00 © o
. - 0.50 @o°°° uuﬂuﬂﬂ""_
80 ’é go@® o -
oo *
70 g C}Q = ek * T * —
| = & e -
L = ~ % e
60 =~ o W,r*‘ .-':_"'“. +
v +
50 0.10 -+ + —
et
40 M
0.05 L | L | ) | L | L
R 30 300 400 500 600 700 800
00 01 02 03 04 05 10 T (K)

FIG. 5. The temperature dependence of the conductifiity
FIG. 3. Conductivity and thermopower of RgSij g thin film log,o scale of a Re 3.Siy 66 film at different annealing stage€:

vs volume fraction X) of the NC phase®: o atT=350 K; A: o amorphous film;0: x=~0.21; *: ~0.45; +: ~0.49; @®: ~0.5;
atT=790 K. +: SatT=350 K; J: Sat T=790 K. The data broken line:~0.53, and solid line: single-phase polycrystalline film
points on the right’ axis (x=1) showo andS of the single-phase with the mean grain size of about 50 nm.
polycrystalline film with the mean grain size of about 50 (imis
film was annealed at higher temperature, about 11p0 K of the conductivity during annealing. These temperature de-

pendencies are shown in Fig. 5 in lggcale for the different
is in a sharp contrast to the theoretical prediction of EMAstages of annealing. As can be seen, th&(l) dependencies
for binary composites and with the experimental resultsare essentially parallel to each other when0.49. That in-
for binary metal-insulator and metal-semiconductordicates that the conductivity mechanism is the same in this
composited® This implies that the interfaces essentially af- range ofx. Comparison witho(T) of the single-phase films
fect the transport properties of the Re-Si NC compoundsteveals that it is nearly the same as that of the as-deposited
One may argue that a small excess of Si as compared withmorphous compound but different from that of the crystal-
the stoichiometric Regior ReSj ;5 ratio can result in this line one. Therefore, we can suggest that at the early stages of
nonmonotonic variation of the transport properties. To checlannealing the NC phase does not contribute to the conduc-
whether this might be the case we performed similar anneativity of the film being isolated within amorphous matrix by
ing experiments with a film that had an initial composition of interfacial barriers. In this case the effective film cross sec-
Re) 35ip61- Films of this composition have an excess of Retion will decrease with an increase in the NC phase content.
in comparison with the stoichiometric composition not only The measured conductivity of the film is determined by the
of ReSj but also of ReSi;5. Therefore one should expect conductivity of the amorphous phasg,, and effective film
an increase of the conductivity during the crystallization ofcross sectior®,,:
this compound due to the appearance of free Re. However,

o(x) and S(x) of this composite, depicted in Fig. 4, show Aam
essentially the same nonmonotonic variation as those of the T=0Tam™ p > @
stoichiometric film.
Useful information about the conductivity mechanism can am
be obtained from the changes of the temperature dependence In(o)= IH(T +In(oam). 2
1.6 32 The decrease of the first term in BQ) with the decreasing
content of the amorphous phase results in the observed be-
31 havior of o(T). The composition dependenci&x) and
14 o(x) (Fig. 3 at the early stages of the annealing are in
- agreement with this picture. The conductivity decreases with
g 1.2% 30 g the NC phase content, whilg(x) shows a small variation.
a § This is what one would expect from a pure geometrical ef-
g 29 fect.
© 10 At x=0.5 the slope of ther(T) dependencies changes.
)8 This implies a change in the conductivity mechanism. The
0.8 dependence ofr(x) (Fig. 3 reveals that this change in the
' conductivity mechanism takes place at the same composition

27 X. Where the conductivity reaches its minimum value. When
00 01 02 03 04 05 06 the content of the NC phase increases beyondthe con-
X ductivity increases. This increase suggests thatcorre-
FIG. 4. Conductivity and thermopower of RgSi, ¢; thin film  sponds to the formation of a percolating cluster of the NC
vs volume fraction of the NC phas@®: o at T=830 K; A: Sat phase. The percolation thresholg=0.5 is a characteristic
T=830 K. of granular systems, including, for example, granular thin
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film Al-Ge composites. Therefore, the Re-Si composites plies that the interfaces between the amorphous and NC
close tox. can be visualized as the conductive Refiains  phases strongly influence the transport properties of the
within the “insulating matrix” of interfaces and disordered films. Below the percolation threshold, the NC phase is iso-
intergrain regions. In contrast to the former granular systemgated within the amorphous matrix by interfacial barriers and
in the Re-Si composites the conductivity increases on botlgives only a minor contribution to the conductivity of the
sides fromx.. If the volume fraction of the NC phase is film. However, some details i and S behavior could not
lower thanx., the conductivity is higher since the conduc- he understood within this simplified picture. One of the open
tive amorphous phase is present. Aboyethe conductivity  guestions is why the thermopower of the composites near the
increases due to the formation and growth of the percolatingecolation threshold of the NC phase is considerably larger
cluster of the NC phase. _ _ than the thermopower of both the amorphous and of the NC
Concernmg the mterfamal b.arrlers, we bgheve that t.hecomponents. More detailed investigations of the compounds
charge carriers trapped in the intergrain regions are mamlére now in progress
responsible for their formation. The mismatches in the ban '
structure of the NC and amorphous phases, which both are The authors would like to thank M. Maeder and J. Tho-
narrow-gap semiconductors, should be too small to be effeanas for performing the RBS and EDXS analyses. This work
tive at temperatures as high as 800 K. was supported in part by the Dr. Wilhelm Heinrich Heraeus
In conclusion, we have found that the transport propertieand Else Heraeus-StiftungGermany. One of us(A.B.)
of Rey34Sig g6 thin films consisting of amorphous and NC would like to acknowledge the financial support of the
phases do not follow the EMA predictions. On the contrary,Heraeus-Stiftung and the kind hospitality of the Institute of
both o(x) andS(x) reveal nonmonotonic variation. This im- Solid State and Materials Research, Dresden, Germany.
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