Current transport properties of SIO , films containing Ge nanocrystals
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The electrical transport properties of Siflms (=3 um in thicknes$ containing Ge nanocrystals
have been studied. We found that the films exhlbit’? dependence of Iraf) under relatively low
electric fields independent of the volume fraction of Ge in the films, wherand o are the
temperature and the conductivity, respectively. The observed electrical properties could be well
explained by the theory developed bynnek [Solid State Commun40, 1021 (1981)] which
considers the tunneling of thermally activated carriers between neighboring nanocrystdl898©
American Institute of Physic§S0021-8978)05303-]

I. INTRODUCTION charging energies of the nanocrystals, and the resonant tun-
neling effects via quantized energy levels of the Ge nano-

Since the discovery of the highly efficient photolumines-crystals. In the case of Ge nanocrystals a few nanometers in
cence from porous-éi,nanostructures of &i® and Gé™1° diameter, these effects are expected to be observable even at
prepared by various methods have been the subject of intemeom temperature. On the other hand, if the films are very
sive optical studies. Ge nanostructures have been preparétick and a large number of Ge nanocrystals are contained in
by implantation of Ge into SiQfilms,” cosputtering of Ge the vertical direction, the SET and resonant tunneling effects
and SiQ and subsequent thermal anneaffitf H, reduc-  will be smeared out and cannot be observed explicitly, al-
tion of Si,Ge,_,0O, alloys}*!* and oxidation of SiGe,_,  though these effects will implicitly affect the conduction
alloys!® Although the preparation methods are different, allproperties of such films.
the films prepared have almost the same structure, i.e., Ge In this article, we report conduction properties of thick
nanocrystals dispersed in Si@natrices. These films are of- SiO, films (=3 um in thicknes$ containing Ge nanocrys-
ten reported to exhibit strong visible photoluminescence atals. We have also studied the conduction properties of ex-
room temperature®~'° and are expected to open up new tremely thin films about 10 nm in thickness and observed the
possibilities for fabricating visible light emitting devices SET effects and the resonant tunneling effects. The results
based on the Ge nanocrystals, although the mechanism of tlier the thin films will be published elsewhere. In this article,
visible photoluminescence has not been determined conclwve first show the results of the high-resolution transmission
sively. electron microscopidHRTEM) observations and demon-

In order to realize various device applications includingstrate the formation of Ge nanocrystals in Si@atrices. We
electroluminescent devices based on the Ge nanocrystals, deil then show the results of electrical measurements. We
tailed knowledge about the conduction properties of the syswill demonstrate that the present samples exHhibit’? de-
tems consisting of Ge nanocrystals embedded in, ®@tri-  pendence of Inf) at relatively low electric fields indepen-
ces is indispensable. However, despite the intensive opticalent of the volume fraction of Ge nanocrystals in the films,
studies, electrical properties of these systems have not besvhere T and o are the temperature and the conductivity,
studied in detail. respectively.

In this work, we have studied electrical transport prop-
erties of the Si@ films containing Ge nanocrystals prepared
by the cosputtering method. The Si@lms containing Ge !l- EXPERIMENT

nanocrystals may be' modeled' as three—dimengional resis- Si0, films containing Ge nanocrystals were prepared by
tance networks in which any sité€e nanocrystalis con- 5 (f cosputtering method. Details of the preparation proce-
nected by a finite tunneling resistance onto its neighbors. Ify,-as are found in our previous articfesSmall pieces of
such films are very thin and only a few Ge nanocrystals arg;, chips(5x 15 mn?) were placed on a SiOsputtering
contained in a vertical direction, we can expect t0 0bServgy qet 10 cm in diameter and they were cosputtered in Ar gas
the single-electron tunnelinGET) effects such as the Cou- ¢ 5 7 pa. The purity of the Ge chips and the Si@rget
lomb blockade and the Coulomb staircases due to the Iarqgere 99.9999% and 99.99%, respectively. During the depo-
sition the substrates were not intentionally heated. For the
dElectronic mail: fuji@eedept.kobe-u.ac.jp as-deposited samples, no trace of crystallites was detectable
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FIG. 1. Typical cross-sectional HRTEM image of a $idm containing Ge
nanocrystals f(zc=15.3%). Dark patches correspond to Ge nanocrystals.

) FIG. 2. Enlarged image of Fig. 1. Lattice fringes corresponding tdtha}
by HRTEM observations and detectable Ge nanocrystalglanes of Ge nanocrystals with the diamond structure can clearly be seen.

were grown only when the films were annealed. Thermalse nanocrystals are well dispersed in Siatrices.
annealing was performed in vacuum of the order &flD™°

Pa at 800 °C for 30 min. In this method, the size of Ge
nanocrystals can be controlled by changing the number of G
chips during the cosputtering. The siz#) (and the volume

%attice fringes corresponding to th&11} planes of Ge crys-
tals with the diamond structure can clearly be seen. The crys-
tallinity of the nanocrystals is rather good. We can see that

fraction of Ge nanocrystals §o) in the films were estimated the nanocrystals are not aggregated and are isolated by SiO
by cross-sectional HRTEMJEOL JEM-2010 observations layers. It should be noted here that, since the distances be-

lect i I L IXA- ) - ) .
and electron probe microanalysS@&0L JXA-8900, respec tween the neighboring nanocrystals are a few nanometers as

tively. The samples for the cross-sectional HRTEM observa- A
y P can be seen in Fig. 2, electrons can be transferred from one

gﬁgn\i,c\i:ear?dreigir?hding?/ng;tr?lr;?r?cr)z Sr.Jrocedures including m nanocrystal to another 'by tunneling.' The volume fractions' of
The substrates used were'-Si wafers (0.005—0.018 Ge and the average dlgmeters estimated from HRTEM im-

Q) cm). After the cosputtering and the thermal annealing, up_ages are_summanzed N Table 1. We see that the average

per and lower Al electrodes 5 mm in diameter were deposg""m]eter increases dg increases.

ited. The dc current—voltagd £V) and current-temperature ]

(1-T) measurements in a vertical direction were made in &- Electrical measurements

two terminal configuration by an Advantest R8340 electrom-  Before discussing the electrical properties, it is important
eter. The measurements were performed in a temperatugg distinguish between contact and bulk contributions. In the
range between 20 and 300 K in a closed-cycle type He crypresent work, we commonly observed rectification properties
ostat(lwatani Cryomin) at the applied electric fields of up to for the samples thinner than Am, indicating that the con-

5% 10" V/cm. Note that the current measured for the samplaribution from contacts is non-negligible. In order to separate
not containing Ge nanocrystals was smaller tharl®@ **A  the bulk properties from contact ones, we increased the
for the temperature and the electric field range studied.  sample thickness until the rectification behavior disappears

IIl. RESULTS ) ) )
TABLE I. Volume fractions of Ge {g,), average diametersl), and acti-
A. HRTEM observation vation energiesT,) obtained from Fig. 4.
Figure 1 shows a typical cross-sectional HRTEM image ¢ o) d (nm) To (K)

of the SiQ film containing Ge nanocrystald §.=15.3%.

The dark patches seen correspond to Ge nanocrystals. We 4.2 2'2 13; ;‘?i
can see that the nanocrystals are randomly dispersed in the 53 8.9 108 129
SiO, matrix. The enlarged image of Fig. 1 is shown in Fig. 2.
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FIG. 3. Logarithmic conductivity of Si@films containing Ge nanocrystals

T-1/2 K—1/2
as a function of applied voltage for the samples with three diffefrgnt The ( )

conductivity is almost independent of the applied voltage. o ) o )
FIG. 4. Conductivityo (in logarithmic scalgas a function off ~¥2 for the

samples with three differenftg.. Solid lines are the results of the least
squares fitting. For the easier comparison the top axis has the corresponding

on the data. Figure 3 shows conductivity)(versus voltage ~‘cmPperawre scale.

characteristics obtained for the samples with three different

fe. The thickness of the films was/8m. We can see nearly straight lines. We can also find that the slofg)(of the In
symmetric c—V characteristics. This suggests that thE(U)OCT_]'/z”neS decreases dg, increases. The values f
sample is sufficiently thick, enabling us to discuss the bulkestimated from Fig. 4 are summarized in Table I. It should be

properties. In order to confirm this fact, we compated/  noted thafT, was independent of the applied voltage and the
curves for the samples with two different thickng8sand 5 film thickness, and depended only 68e.

pm) and found thatr versus electric field relation was al-

most independent of the film thickness. This also implies thaty. DISCUSSION
the contribution from contacts is negligible and we can study . - _ :
net conduction properties of the films if the thickness isA' Theories predicting the In - (o) T~ "2 relation

larger than 3um. The relation of Ing)cT~ Y2 at low electric fields has

In Fig. 3, we can see that is nearly independent of the commonly been observed for metal—insulator composite
applied voltage and is very sensitivefig,. As fgeincreases films independent of the kinds of metals and insulat6rs®
from 4.2% to 15.3%¢ increases by several orders of mag- In the metal—insulator composite films with relatively low
nitude. This systematic increase dnindicates that the con- metal concentration, metal particles are dispersed in insulat-
duction in the present samples is governed by the Ge nandag matrices. The structure is thus very similar to the present
crystals in SiQ matrices. samples. In these films, la« T2 relation has been ob-

In order to study conduction mechanism, it is convenientserved for a wide range of a volume fraction of metal par-
to plot logarithm of the conductivityin(¢)] as a function of ticles. The slope of the Irf) T~ Y2 relation depends on the
T~ and find a proper value of which straighten out volume fraction of metal particles and decreases as the vol-
experimental curves. We have studied the temperature detne fraction increases. These films are also known to exhibit
pendence of the conductivity and first tried to plotdi(as a  characteristicl =V curves. At high-electric fields, Iaf) is
function of T-! (a=1, Arrhenius plor However, the proportional to the inverse of the applied voltage, while at
Arrhenius plot did not give a single straight line. This meanslow-electric fields,o becomes independent of the applied
that carriers are not simply activated to a mobility edgevoltage®®
above which extended states exist. To find a proper value of To derive the Ing)=T Y2 relation of the metal—

a, we numerically fitted the experimental results and tried tansulator composite films, many theoretical considerations
find a. The values ofa were around 2 independent of the were made so fa~%In all the theoretical treatments, the

applied field andfg.. Figure 4 shows Inf) plotted as a current transport was considered on the basis of the ther-
function of T~ %2 for the samples with three differefig, at  mally activated electron tunneling between metal particles.
the applied field of X10* V/cm. The solid lines are the Abeleset all® proposed that the origin of the activation en-

results of the least squares fitting by straight lines. We camergy necessary to transfer an electron from one nanocrystal
see that the observed can be fitted very well with the to another is the electrostatic charging energies of particles
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FIG. 5. lllustration of Ge nanocrystals connected via Si@rriers, and the corresponding band diagram at zero Bja®presents the degree of high-energy
shift of the conduction band edg&FE represents the difference of the conduction band edge between the neighboring nanocrystals.

(Eo). They derived the Inf)= T~ %2 relation under the as- doped semiconductors. However, the model has been consid-
sumption that the ratio of the particle diametel) @nd the ered to be inappropriate in explaining the conduction prop-
particle separations] is constant throughout a sample. The erties of metal—insulator composite filrhs1°
theory is criticized by Bnanek!’ He pointed out that the
theory fails to eXplain the Observed tﬂXOCT_llz relation in a B. Comparison between experiment and theory
wide enough temperature range. The theory developed b )
Smanek regards as a random variable essentially uncorre-1- €onduction model
lated with the particle diameter, because the shape of the The conduction properties in the present samples are
particles is not perfectly spherical and the protrusions on theery similar to those of the metal—insulator composite films.
surface of the particles are expected to produce strong flud=irst, both of them show the In{)< T2 relation under
tuations in the effective local spacing. Furthermore, as thdéow-electric fields. Second, decreases as the volume frac-
origin of the activation energy they considered not only thetion of conductive species increases. Third, the conductivity
charging energy but also the distribution of the quantizeds nearly constant under low-electric fields. From the simi-
energy levels of particles resulting from the fluctuation of thelarities of the conduction properties and the sample struc-
particle size. Assuming uniform distributions of the activa-tures, i.e., conductive particles are dispersed in insulating
tion energies and the tunneling distances, they derived the Imatrices, we can expect the similar conduction mechanism
(0)cT~2 relation by means of the percolation method.for the SiG films containing Ge nanocrystals and the metal—
Similar approach was used by Sheng and Kldftefhey insulator composite films.
assumed a nonuniform distribution of the activation energy, Figure 5 is the schematic drawing of the structure of the
and also derived the Ia() < T~ Y2 relation by the percolation samples along the direction of a current flow, where Ge
method. nanocrystals are separated each other by thin, $&riers.
Another class of theory which predicts thed)e<T~ 2 Corresponding energy band diagram at zero bias is also
relation is the variable range hopping conduction with a Coushown. It should be noted that the band gap of nanocrystals
lomb gap derived by Efros and Shklov&Riifor impurity  is widened by the zero-dimensional quantum confinement
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effects and the degree of the widening depends on the size. 2P SmaE max

Since the SiQ barriers are very thin, electrons can be trans- TO_kB—a’ (©)
ferred from one nanocrystal to another by tunneling as sche- _ . _ _
matically shown in Fig. 5. where P, is the percolation threshold,,,, is the maximum

In the case of metal particles, the activation energy necseparation of particles in the current payay is the maxi-
essary for tunneling between neighboring particles is mainlynum value of the activation energy for the intergrain tunnel-
the electrostatic charging energy of particl&s).'® Assum-  ing, anda is the effective decay length for the wave func-
ing that a particle is surrounded by many particles, the chargtions of electrons in the insulating region.
ing energy of the particle is expressed®as

2. Comparison between experiment and theory
e’ (s/d)

- Although the $manek’s model is very simple, it is pos-
B o= I mee,d (124 5/0)" @ J y smp ’

sible to roughly estimatd, using Eq.(3) and compare the
. . : . . results with experimental ones at the order-of-magnitude
where e is the dielectric constant of SiOmatrices &3.9), level. To estimate, from Eq. (3), the maximum separation

€p is the permittivity in vacuum, ang is the distance be- of neighboring nanocrystals,,) and the maximum activa-

tween the particle and the surrounding particles. In the casg energies E,,,,) in a current path are required. Since the

of the semiconductor nanocrystals, we also have to take intg, o sise jnformation on the actual current path is not avail-

account the discreteness of the energy levels, because t Ble. we roughly estimats,., as 3 nm from HRTEM im-
’ ax

degree of the size quantization for semiconductors is ex: I
ages. We also assume that the activation energy becomes
pected to be larger than that of met&isThe degree of the 9 %y

. . ) maximum when electrons are transferred from the largest to
ElgIE-egergi; Sh";t otfhthe .conductlgn tt).and ed@g)( from :I]e t.the smallest nanocrystals in the size distribution. In the case

ulk ecge due 1o e size quantization can be roughly stiye e sample withf 5.=15.3%, the smallest nanocrystal we
mated by the effective mass approximation as

found from HRTEM images was about 4 nm and the largest
2 2 one was about 15 nm. Using E@), E4 of the 4 and 15 nm
_ h*m ) particles can be calculated to be 0.78 and 0.06 eV, respec-
2m? (d/2)?’ tively. The energy differenceE ,,s,) is thus 0.72 eV. From
Eq. (1), the charging energy necessary to add an electron to a
where m} is the effective mass for electrons. Taking the nanocrystal 4 nm in diameteE(,,,) is 0.06 eV, if the par-
transversal and longitudinal effective massed gpoint as ticle is surrounded by many particles with the separation of 3
mf =0.082n, and mj =1.58m;, m% can be estimated as nm. Assuming tha€,, is the sum ofAE ., and E;max,
0.12my using 1m* = 1/3(1/mF + 2/my).1% Since the E., for the sample withf.=15.3% becomes 0.78 eV. It
present samples have a size distributibp,varies from one should be noted here tha&tE,,,, of the present samples is
nanocrystal to another. This results in the energy differencenuch larger thark .. This is opposite to the case of the
of the conduction band edge between the neighboring nanoecretal—insulator composite films, in which the effect of the
rystals AE). The definitions ofEy and AE are shown in  charging energy is much more important and the intragrain
Fig. 5. In the following, we will assume that the activation level splitting is negligible®
energy necessary for the tunneling is the sunkondAE. In order to estimatd, we need the value of the perco-
As described above, two types of theories are developethtion thresholdP.. SinceP. of the present samples is un-
in accounting for the Inf) = (T,/T)? relation of the metal- known, we adopt that of the simple cubic lattice of particles.
insulator composite films. The one assumes particular corrdn this caseP, becomes 0.25* Assuminga=0.1 nnt’ and
lation between particle size and local separation betweek,,,=0.78 eV, T, becomes 136 000 K. This value is in good
particles'® The other does not make any assumption oragreement with the experimental results shown in Table I,
them?”!® Since we did not find any particular correlation indicating that the conduction properties of the present
between the size and the local separation in the HRTEMsamples can be well explained by thenfnek’s theory. It
observations, we will consider the latter theories. In theseshould be noted here that the observiedin the present
theories, the metal—insulator composite films are modeled asamples is very large and the lar@jg cannot be explained
the three-dimensional resistance networks in which any sitevithout taking into accounAE.
(nanocrystal is connected by a finite tunneling resistance  As can be seen in Fig. 4 and Tabl€T}, increases abg,
onto its neighbors. This model is very much suitable for thedecreases. From E@), the increase i is caused by the
present samples because Ge nanocrystals in the presemtreases 0§, and/orE,,,, with decreasing .. We have
samples are separated each other by, $i@neling barriers  studied the samples with a wide rangef gf by HRTEM and
as can be seen in HRTEM images, and the current transpadiidund that the average separation of nanocrystals is not so
is considered to be made by the tunneling of electrons besensitive tof 5., provided that the annealing condition is the
tween the neighboring nanocrystals. We adopt the theory desame. On the other hand, the average diameter depends
veloped by 8nanek!” and quantitatively compare the experi- strongly onfge as can be seen in Table |. SinEg andEg4
mental results with the theory. Assuming a uniform are proportional tal~* andd™?2, respectively, the reduction
distribution of the particle separations and the activation enef the size causes significant increaseg&jinandEy. AE is
ergies, he derived Irf) < (To/T) 2 relation using the perco- also considered to increase significantly, becaHgebe-
lation approach. The expression B is comes very sensitive to the size as the size decreases. There-

Eq
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fore, we believe that the observed increas&jns caused by by tunneling between adjacent nanocrystals. The activation
the decrease in the size of Ge nanocrystals with decreasirenergies obtained fronh—T characteristics were in good
fae- agreement with that estimated by tham&nek’s theory. It

In the present work]—V characteristics were nearly was found that not only the charging energy but also the
Ohmic (o is nearly constaptas shown in Fig. 3. In the case distribution of the quantized conduction band edge between
of metal—insulator composite films; is nearly constant at the nanocrystals play significant roles in determining the
low electric fields and at high electric fields, &) is propor-  conduction properties. We observed very similar conduction
tional to the inverse of the applied field. We tried to measureproperties for SiQ films containing Si nanocrystals. The re-
the conduction at high electric fields. However, the presensults will be published elsewhere.
samples were vulnerable and the maximum electric field we
could apply was % 10* V/cm. In this electric field range, the ACKNOWLEDGMENTS
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