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Effect of interphase boundaries on resistivity and thermopower of nanocrystalline
Re-Si thin film composites

A. T. Burkov,* A. Heinrich, C. Gladun, W. Pitschke, and J. Schumann
Institute of Solid State and Materials Research, Dresden, D-01171 Dresden, Germany

~Received 10 February 1998; revised manuscript received 13 May 1998!

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 composition Re0.34Si0.66,
which is equal to the composition of the crystalline ReSi2 semiconductor. The composite films include only
two phases: the amorphous phase and the nanocrystalline ReSi2 with the 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.
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Nanocrystalline~NC! materials are polycrystalline sub
stances with grain sizes of up to about 100 nm.1 An impor-
tant common feature of these materials is that they are st
turally characterized by ultrafine grains and by a lar
volume fraction of interfaces. It has been found that the e
tronic transport properties of NC metals are strongly affec
by the interaction of conduction electrons with th
interfaces.1–3 One can expect to find an even more distin
manifestation of this interaction in NC semiconductors a
in semiconductor-semiconductor composites. In that c
two additional effects may become important:~1! The band
structure of the nanocrystals can differ from the band str
ture of the bulk semiconductor.~2! The screening length o
the charge carriers, trapped at the interface, can be com
rable with the size of the grains. The latter implies that
properties of the semiconducting component of a compo
are dependent on the kind and amount of another compo
in the NC composite. As a consequence the effective
dium approximation~EMA!, commonly used for the theore
ical analysis of composite materials, should fail in this ca
This effect should be particularly strong near the compo
tion at which the semiconducting component forms a per
lating cluster.

A great deal of attention has been paid to the transpor
metal-insulator or metal-semiconductor NC composites.4,5 It
has been found that, in these binary composites, both
resistivity (r) and the thermopower (S) are monotonic func-
tions of the volume ratio of the components and that th
always lie between the corresponding values of the p
components of a composite system, in agreement with E
predictions.6 These observations indicate that in the met
insulator and in the metal-semiconductor composites, wh
the main phases have very different conductivity, either
interfaces do not play an essential role or their effect is
ficult to observe. The situation can be quite different
those binary semiconductor-semiconductor systems in w
both components have comparable conductivity. Here the
terfaces can play an important or even dominant role in
electronic transport.

The aim of this work is to investigate the contribution
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the interfaces tor andS of composite Re-Si films. Re-Si thin
film composites are suitable for this study for the followin
reasons:

~1! Within the Re-Si system, ReSi2 is a narrow-gap semi-
conductor. The forbidden gap was found to be of ab
0.12–0.15 eV.7,8

~2! The composites can easily be produced in NC form
the crystallization from the amorphous state. Partially cr
tallized films consist of two phases: NC and amorpho
Both of these phases are semiconductors and have elec
conductivity of the same order of magnitude.

Among the variety of methods for synthesis of NC ma
rials, crystallization from the amorphous state has featu
that are important for the present investigation:~1! It is
simple and convenient in this method to control the crys
lization process. Conventional annealing can achieve
nanocrystallization with different volume ratios of amo
phous and crystalline components depending on the
treatment conditions.~2! Because in this method the crysta
line phase is formed from the amorphous state via a s
state reaction, the internal interfaces are clean.

Films with two initial compositions have been studied.
stoichiometric films, the Si to Re ratio was equal to the co
position of the crystalline semiconductor ReSi2 . Since both
the crystalline and the amorphous phases have the s
composition, no other phases appear during crystallizat
Therefore the films can be considered as true binary mixtu
of the amorphous Re0.34Si0.66 and the NC ReSi2 .

Recently, the composition of the semiconducting Re s
cide was discussed and suggested to be ReSi1.75 rather than
of ReSi2 .9 Assuming this compound is formed also in o
Re0.34Si0.66 films, we would have to take into account a
excess of Si with respect to the stoichiometric compositi
To be assured that the observed dependencies ofr andS do
not result from a small Si excess, we also measured the fi
with the initial composition Re0.39Si0.61, where there is an
excess of Re with respect to both ReSi2 and ReSi1.75 compo-
sition.

The films were prepared by magnetron cosputtering fr
pure Re and Si targets on to unheated substrates. Therm
9644 © 1998 The American Physical Society
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oxidized Si wafers were used as substrates. The de
1 mm thick SiO2 layer on the top of Si prevents a chemic
reaction of the film with the substrate and provides electr
insulation. The film thickness was typically 100–150 n
The composition analysis of the films was performed by R
therford backscattering Spectroscopy~RBS! and energy dis-
persive x-ray spectroscopy~EDXS!, the former with an ac-
curacy of61%. The structure of the films was determin
by in situ x-ray diffraction measurements during annealing
temperatures of up to 1300 K, and also afterex situanneal-
ing, at room temperature. The size of the crystalline gra
was estimated from x-ray line broadening analysis. Acco
ing to the x-ray data, the as-deposited films have an am
phous structure.S andr were measured during the anneali
of the films in a high-purity helium atmosphere. Electric
resistivity was measured by the conventional dc four-pro
method. In the case of the thermopower measurements
differential method was used. Both properties were measu
simultaneously during heat treatment of a sample as fu
tions of the temperature and/or of the annealing time.

Figure 1 displaysr andS temperature dependencies of
Re0.34Si0.66 film. The measurements were made with a co
tinuous temperature variation at the rate of 2 K/min on he
ing and 10 K/min on cooling. The crystallization under the
conditions takes place at a temperature of about 850 K.
temperature dependencies ofr andS measured with the in-
creasing temperature from 300 K to the crystallization te
perature are characteristic for the amorphous film, wher
those measured during the cooling of the sample from ab
1100 K down to room temperature are representative of
NC film. More detailed investigations of the films have be
made in the course of annealing at a fixed temperature of
K.

Figure 2 presents the variation of the electrical conduc
ity (s51/r) and of the volume fraction of the crystallin
ReSi2 phase,x, as determined from the x-ray data, with th
annealing timet. At t50 the film is a single-phase amo
phous compound. On increasingt the amount of the crystal
line ReSi2 phase increases, the film becomes a binary m
ture consisting of NC ReSi2 phase and the amorphous pha
of the same atomic composition. Finally, at larget we ob-

FIG. 1. Temperature dependence of electrical resistivity (L: on
heating; *: on cooling!, and thermopower (d: on heating;1: on
cooling! of a Re0.34Si0.66 film. The broken line indicates the crysta
lization temperature.
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tained again a single-phase film but of crystalline ReSi2 . The
x-ray measurements revealed that ReSi2 is the only crystal-
line phase formed during annealing. The mean grain size
this phase was about 1065 nm. It remained constant
within the limits of experimental uncertainty, throughout th
whole annealing procedure atT5790 K. That indicates tha
the crystallization makes progress not due to a growth
individual grains but by an increasing number of NC gra
within the amorphous matrix.

As can be seen in Fig. 2, crystallization is almost co
plete in about 300 min, when the NC phase constitutes ab
50% of the total film volume. With further annealing at
constant temperature there is almost no increase of the
phase content. The results of the x-ray analysis imply that
rest of the film volume is occupied by the interfaces a
intercrystalline regions. This amount of the interface volum
agrees well with the average crystalline grain size.1 A further
increase of the crystalline phase content can be achieve
annealing at a considerably higher temperature—at ab
1100 K. The increase of the crystalline phase content is
companied in this case by a growth of the NC grains. T
mean grain size was about 50 nm when the film contai
nearly 100% of the crystalline phase.

A smooth interpolation between the x-ray data was u
to obtain the calibration functionx5P(t) of the crystalline
phase contentx depending on the annealing timet. Using
this function we plots andS, measured during the annealin
of the film, againstx. We should emphasize here that, b
cause of the rapid variation ofP(t) betweenx50.1 andx
50.4, the resulting dependencies of the transport prope
on the composition in this range are very sensitive to exp
mental errors and to the interpolation procedure. Theref
we should focus only on rather general features of these
pendencies and will not discuss their details.

Figure 3 shows the dependence ofs and S of the sto-
ichiometric Re0.34Si0.66 film on x. The most striking feature
of these dependencies is that boths and S reveal a non-
monotonic variation with the composition of the film, havin
a maximum~minimum in case ofs) atx'0.5. This behavior

FIG. 2. The electrical conductivitys, d, and the volume frac-
tion of the crystalline ReSi2 phase,h, vs annealing time at the
constant temperatureT5790 K for a Re0.34Si0.66 film. The solid
line is drawn by the spline interpolation between the experime
points and is used to plot the conductivity and the thermopo
against the composition~Figs. 3 and 4!.



A
lt

to
f-
d
w

ec
ea
of
e

ly
t
o
v
w
t

an
en

de-

this

ited
al-
s of
uc-

y
ec-
ent.
he

be-

in
ith

.
ef-

s.
he
e
ition
en

C

in

m

9646 PRB 58BRIEF REPORTS
is in a sharp contrast to the theoretical prediction of EM
for binary composites and with the experimental resu
for binary metal-insulator and metal-semiconduc
composites.4–6 This implies that the interfaces essentially a
fect the transport properties of the Re-Si NC compoun
One may argue that a small excess of Si as compared
the stoichiometric ReSi2 or ReSi1.75 ratio can result in this
nonmonotonic variation of the transport properties. To ch
whether this might be the case we performed similar ann
ing experiments with a film that had an initial composition
Re0.39Si0.61. Films of this composition have an excess of R
in comparison with the stoichiometric composition not on
of ReSi2 but also of ReSi1.75. Therefore one should expec
an increase of the conductivity during the crystallization
this compound due to the appearance of free Re. Howe
s(x) and S(x) of this composite, depicted in Fig. 4, sho
essentially the same nonmonotonic variation as those of
stoichiometric film.

Useful information about the conductivity mechanism c
be obtained from the changes of the temperature depend

FIG. 3. Conductivity and thermopower of Re0.34Si0.66 thin film
vs volume fraction (x) of the NC phase:d: s at T5350 K; n: s
at T5790 K. 1: S at T5350 K; h: S at T5790 K. The data
points on the rightY axis (x51) shows andS of the single-phase
polycrystalline film with the mean grain size of about 50 nm~this
film was annealed at higher temperature, about 1100 K!.

FIG. 4. Conductivity and thermopower of Re0.39Si0.61 thin film
vs volume fraction of the NC phase:d: s at T5830 K; n: S at
T5830 K.
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of the conductivity during annealing. These temperature
pendencies are shown in Fig. 5 in log10 scale for the different
stages of annealing. As can be seen, the lns(T) dependencies
are essentially parallel to each other whenx<0.49. That in-
dicates that the conductivity mechanism is the same in
range ofx. Comparison withs(T) of the single-phase films
reveals that it is nearly the same as that of the as-depos
amorphous compound but different from that of the cryst
line one. Therefore, we can suggest that at the early stage
annealing the NC phase does not contribute to the cond
tivity of the film being isolated within amorphous matrix b
interfacial barriers. In this case the effective film cross s
tion will decrease with an increase in the NC phase cont
The measured conductivity of the film is determined by t
conductivity of the amorphous phasesam and effective film
cross sectionAam:

s5sam

Aam

A
, ~1!

ln~s!5 lnS Aam

A D1 ln~sam!. ~2!

The decrease of the first term in Eq.~2! with the decreasing
content of the amorphous phase results in the observed
havior of s(T). The composition dependenciesS(x) and
s(x) ~Fig. 3! at the early stages of the annealing are
agreement with this picture. The conductivity decreases w
the NC phase content, whileS(x) shows a small variation
This is what one would expect from a pure geometrical
fect.

At x>0.5 the slope of thes(T) dependencies change
This implies a change in the conductivity mechanism. T
dependence ofs(x) ~Fig. 3! reveals that this change in th
conductivity mechanism takes place at the same compos
xc where the conductivity reaches its minimum value. Wh
the content of the NC phase increases beyondxc , the con-
ductivity increases. This increase suggests thatxc corre-
sponds to the formation of a percolating cluster of the N
phase. The percolation thresholdxc'0.5 is a characteristic
of granular systems, including, for example, granular th

FIG. 5. The temperature dependence of the conductivity~in
log10 scale! of a Re0.34Si0.66 film at different annealing stages:s:
amorphous film;h: x'0.21; *: '0.45; 1: '0.49; d: '0.5;
broken line:'0.53, and solid line: single-phase polycrystalline fil
with the mean grain size of about 50 nm.
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film Al-Ge composites.5 Therefore, the Re-Si composite
close toxc can be visualized as the conductive ReSi2 grains
within the ‘‘insulating matrix’’ of interfaces and disordere
intergrain regions. In contrast to the former granular syste
in the Re-Si composites the conductivity increases on b
sides fromxc . If the volume fraction of the NC phase i
lower thanxc , the conductivity is higher since the condu
tive amorphous phase is present. Abovexc the conductivity
increases due to the formation and growth of the percola
cluster of the NC phase.

Concerning the interfacial barriers, we believe that
charge carriers trapped in the intergrain regions are ma
responsible for their formation. The mismatches in the ba
structure of the NC and amorphous phases, which both
narrow-gap semiconductors, should be too small to be ef
tive at temperatures as high as 800 K.

In conclusion, we have found that the transport proper
of Re0.34Si0.66 thin films consisting of amorphous and N
phases do not follow the EMA predictions. On the contra
boths(x) andS(x) reveal nonmonotonic variation. This im
s
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plies that the interfaces between the amorphous and
phases strongly influence the transport properties of
films. Below the percolation threshold, the NC phase is is
lated within the amorphous matrix by interfacial barriers a
gives only a minor contribution to the conductivity of th
film. However, some details ins andS behavior could not
be understood within this simplified picture. One of the op
questions is why the thermopower of the composites near
percolation threshold of the NC phase is considerably lar
than the thermopower of both the amorphous and of the
components. More detailed investigations of the compou
are now in progress.
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