Hopping conduction in SiIO , films containing C, Si, and Ge clusters
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Temperature dependence of electrical characteristics of i@ doped with C, Si, and Ge were
studied. The conductivityr was found to vary with the temperature as-#iT~Y* over a wide
temperature range, indicative of the conduction by the variable range hotd) mechanism.

Since the previous optical studies for the same films indicate the existence of clusters in the films,
it is very likely that the VRH through localized states associated with clusters dominates the
conduction process, irrespective of the kind of group IV elementsl986 American Institute of
Physics[S0003-695196)02626-3

During the past few years, considerable attention hagzed states associated with the clusters distributed in the
been paid on the strong photoluminescence in the visibl&lms.
region from nanostructures made of group IV elements, such  SiO, films containing C, Si, and Ge clusters were pre-
as porous St,Si>* and G& nanocrystals prepared by vari- pared by a rf magnetron cosputtering method described in
ous methods. Although optical properties of these nanostruaetail in our previous papef$>*°Thin plates of C, Si, and
tures have been widely studied, their electrical transporse of ~5X15x0.5 mn? in size were placed on a SjO
properties have not been investigated, except for those dérget 10 cm in diameter and they were cosputtered in Ar gas
porous SP~* The conduction mechanism of porous Si is of 2.7 Pa at a rf power of 200 W. The film thickness was set
attracting much interest because of its possibility of realizingto 200 nm for all the samples. The dopant concentration was
efficient electroluminescent devices. However, porous Si igontrolled by varying the number of the thin plates. Hereaf-
not an appropriate sample for investigating transport properter, we distinguish the samples doped with C, Si, and Ge as
ties of Si nanostructures, because its electrical properties d&(n)—Si0,, Si(n)-Si0,, and Gén)-SiO,, respectively,
pend highly on the chemical species adsorbed in potés. where n denotes the number of the thin plates. Although
In fully understanding the transport properties of nanostrucexact values of the dopant concentration were not measured,
tures of group IV elements and realizing various device apWe roughly estimated the concentration by IR absorption
plications, those of much simpler systems should be studie@Pectroscopy and x-ray photoelectron spectroscdfyThe

In our previous papers, we have studied Sifims dopant concentration in the samples studied in this work is
doped with C2-14 51516 and G&7~1° by photolumines- €SS than 35 vol %. _ '
cence, Raman and infraréR) absorption spectroscopy, and Prior tg the cosputter_lng, an Al electrode 2 mm wide and
high-resolution transmission electron microscayREM). 100 nm thick was deposited onto a glass substrate. After the
Our data strongly suggested that these films are the systeri@MPle deposition, upper Al electrode of the same size was

of C, Si, and Ge clusters smaller than about 2 nm dispersefePOsited. The upper electrode was arranged to make the

in Si0, matrices. In particular, in HREM studies of Ge right angle with the lower electrode. The active device area

doped SiQ films, we could directly observe dark patches is thus 2<2 mn?. The dc current—voltage!{V) and

less than 2 nm corresponding to Ge clustéié Although current-temperaturel £ T) measurements were made be-

direct observations of C and Si clusters by HREM were no'EEW@en 100 and 300 K in a closed-cycle type He cryostat

successful due to the background images of,Sitatrices, (watani Cryominj by an Advantest R8340 electrqmeter.
The | -T measurements were performed at the applied elec-

l/iv:nc;)uIgaﬁ;ogster;treo;i%%/_el\éldences of the cluster forma}—riC fields of 5<10" to 2x1CF V/em.
y P ' We first present experimental data obtained for Si—SiO

e T, e e sl o Il 41 fims and compare thm wih those of CS610 Ge-SI0
) purp ilms. In order to study conductivity mechanism, it is conve-

extract common electricql properties of nan_ostructures Ohient to plot logarithm of the conductivity, én as a function
group IV_ellﬁments. We will show that these films generallyOf T-2, and find proper value of which straightens out
exhibit T dependence ,OT bn, whereT and o are the experimental curves. We first plottedoinas a function of
tempergture and condup'uwty, respgctlvely. This Sug_geSt?‘l(Arrhenius ploi. However, the Arrhenius plot cannot be
that variable range hoppiryRH) dominates the conduction e 1y 4 single straight line. This means that carriers are
process, irrespective of the kind of group IV elements. The, simply activated to a mobility edge above which ex-
hopping conduction is believed to be mediated by the localianqeq states exist. On the other handy ersus T~ ¥4
shown in Fig. 1 are well fitted by straight lines for three
3E|ectronic mail: fujii@eedept.kobe-u.ac.jp samples having different Si concentrati8i(14), Si(24),
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FIG. 1. dc conductivity(in logarithmic scalg as a function ofT ~Y* for

Temperature (K)

10 300 240210 180 150 120
10 g1 1T 1 T 3
— 10 [ i}
£ z
o 1012k C(44)-Si0, ]
> i 1
2107k Ge(8)-Si0, 3
é g ]
€ 4l |
o100 F 3
O E 3
[ Si(24)-SiO, ]
10 -
E | i I ™ 3

0.24 0.26 0.28 0.30

T4 (K"1/4)

FIG. 2. dc conductivity(in logarithmic scalg as a function ofT Y for

Si-Si0, samples having various Si concentrations at an electric field ofC(44)-Si0,, Si(24)-Si0O,, G&8)-SiO, films at an electric field of 510*

5x10* V/icm.

and S{36)-Si0,]. The T~ dependence of n is com-

Vicm.

and HREM. Our data strongly suggest that these films are the

monly considered to be a signature of VRH of carriers besystems of C, Si, and Ge clusters much smaller than about 2
tween localized states near the Fermi level in three dimennm embedded in SiOmatrices. In particular, we have ob-

sions.20%!

For thick enough films, the conductivity of VRH can be
expressed &8

o=A exp(—B/TY%,
with
B=2.0§a%kgN(Eg)]~ Y4,

(D)

)

where A is a constantkg is the Boltzmann’s constant,
N(Eg) is the density of states at the Fermi energy, and
the decay length of the localized state. Assuming Eds.
and(2), we can determine the values Bffrom the slope of
experimental lo- versusT~ Y4 straight lines. Unfortunately,
from the values oB only, it is not possible to deduceand

N(Eg) separately. In Fig. 1, we can see that the values oo versusT

B decrease as the Si concentration increases.

served peculiar Raman spectra in Si—Si€ystems>1®
which were different from those of bulk crystalline Si, amor-
phous Si, and microcrystalline Si, but very similar to the
density of state spectra ofsgiand Sj; clusters calculated by
Feldmanet al?? This result offers a direct evidence of Si
clusters smaller than about 2 nm in Si—gifdms. Although
the size and size distribution of the clusters are not known,
introduction of various size of clusters randomly into SiO
thin films may generate localized electronic states. If these
previous results are taken into account, it is rather straight-
forward to attribute the presently observedoInversus
T~ Y4 behavior to the VRH conduction through the localized
electronic states associated with the C, Si, and Ge clusters.
As the Si concentration increases, the slopB3 6f
14 straight lines in Fig. 1 decrease. This indi-
cates thaN(Eg) and/ora increases with the Si concentra-

We have performed the same measurements fotion. Since the increases in the Si concentration lead to the

C-Si0, and Ge-SiQ films having various C and Ge concen-

increases in the size and/or number of Si clusters, the de-

tration. The results obtained were very similar to those ofcreases irB may be attributed to the increase in the size

Si-Si0, films. Figure 2 compares thednversusT ~ 4 plots

obtained for @4)-Si0O,, Si(24)-Si0,, and G¢8)-SiO,.

and/or number of Si clusters. The decrease® iwith in-
creasing dopant concentrations were also observed for

To facilitate the comparison, we selected samples with simiC—-Si0, and Ge—-SiQ samples.

lar conductivity. We can see that not only the data for Si—

SiO, sample but also those for C-SiCand Ge-SiQ

In conclusion, we have studied conduction mechanism
of SIO, films doped with C, Si, and Ge clusters. The tem-

samples can be very well fitted with the straight lines. Thisperature dependence of the conductivity could be well fitted
result indicates that the conduction mechanism is generallpy the Inr versusT ~ Y relation. This indicates that the con-

VRH in the SiQ films doped with group IV elements irre-
spective of the kind of group IV elements.

duction mechanism is generally VRH irrespective of the kind
of group IV elements. Since our optical data indicated the

The VRH requires localized electronic states around thexistence of clusters in the films, the present VRH conduc-
Fermi level. We now consider the origin of the localized tion is thought to be mediated by the localized electronic
states and try to correlate the transport properties with physistates associated with the clusters.

cal structures. In our previous papéfs'®we have studied
the structures of C-SiQ Si—-SiO,, and Ge-SiQ films by
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