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Hopping conduction in size-controlled Si nanocrystals
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We investigate the temperature dependence of conduction in size-controlled silicon nanocrystals.
The nanocrystals are ~8 nm in diameter, covered by ~1.5 nm thick SiO, shells. In 300 nm thick
films for temperatures T from 30 to 200 K, the conductivity o follows a In(o) vs 1/T"> dependence.
This may be associated with either percolation-hopping conductance or Efros-Shklovskii variable
range hopping. Assuming hopping sites only on the nanocrystals, the data agree well with the

percolation model. © 2006 American Institute of Physics. [DOI: 10.1063/1.2209808]

I. INTRODUCTION

Densely packed arrays of semiconductor nanocrystals
form another class of “nanocomposite” materials, with dif-
ferent electronic and optical properties.  Various
semiconductor-based nanocomposites have now been pre-
pared, e.g., Si, Ge, CdSe, PbSe, or ZnO nanocrystals dis-
persed in a SiO,, Si3N,, or polymer-based insulating
matrix."”" The properties of these materials result from
strong quantum confinement and single-electron charging of
individual particles and interaction between neighboring par-
ticles through these effects.® There is considerable interest in
the application of these materials to single-electron
tlransistors,9 nonvolatile memories,'0 electron emitters,” and
optoelectronic devices."” In addition, Si nanocrystals are of
great interest in the development of nanoscale devices for
integrated circuit applications.

In investigations of the conduction mechanism in semi-
conductor nanocrystals, hopping and Coulomb charging
transport mechanisms have been observed.*® However,
there are often large variations in the nanocrystal size and
separation, complicating analysis of the data. Furthermore,
there are only limited investigations of the transport proper-
ties of Si nanocrystals. A space charge limited current
(SCLC) has been observed at temperatures >200 K in Si
nanocrystals prepared by plasma decomposition of silane."?
Fujii et al.”® have investigated ~2 nm Si clusters dispersed
in SiO, films, formed by sputtering Si into the SiO, films.
They observe that the conductivity o follows a In(o) vs
1/T"* temperature dependence from 120 to 300 K, attribut-
able to Mott variable range hopping (M-VRH).
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In this paper, we investigate the conduction mechanism
at temperatures <200 K in Si nanocrystals ~8 nm in size,
with controlled size and separation. We observe a In(o) vs
1/T"? dependence over a wide range of temperature
(30—200 K), which can be attributed to either the
percolation-hopping conduction model of Simének'* or to
Efros-Shklovskii variable range hopping (ES-VRH), where
Coulomb interactions are considered in the hopping
proc:ess.15 Assuming hopping sites only on the nanocrystals,
our data fit well with the percolation-hopping model.

Il. DEVICE FABRICATION

The measurements were performed using Al/Si nano-
crystal film/p-Si/Al diodes, similar to our previous work on
SCLC in Si nanocrystals.12 The nanocrystal film was
~300 nm thick, deposited at room temperature by plasma
decomposition of SiH, Ref. 1 on p-type Si substrates with a
resistivity of 10.0 () cm. The nanocrystals were 8+1 nm in
diameter and crystalline in structure, with ~1.5 nm surface
Si0O, shells. For nanocrystals near the base of the film, the
oxide thickness is likely to be somewhat less. Figure 1 shows
a scanning electron micrograph of the film. The left inset to
the figure shows a schematic of the film structure. The nano-
crystal coverage is ~60%/layer, and voids in the film do not
span the film thickness. The devices consisted of mesas de-
fined using e-beam lithography and reactive ion etching with
an Al etch mask. The top contact to the nanocrystals and the
back contact to the substrate were formed by 300 nm thick
Al layers. The device area, determined by the top contact,
varied from 35X 35 um? to 200 X 200 um?.
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FIG. 1. Scanning electron micrograph of the Si nanocrystal film. Left inset:
Schematic of nanocrystal film structure, with nanocrystal size d and the
nanocrystal separation s. Right inset: Schematic of Al/Si nanocrystal/
p-Si/ Al diode, with measurement configuration.

lll. RESULTS AND DISCISSION

Figure 2 shows the -V characteristics for an Al/Si
nanocrystal/p-Si/Al diode of area of 35X35 um? from
200 to 40 K in steps of 20 K. The characteristics were mea-
sured using a cryogenic temperature prober (Nagase & Co.,
Ltd.) with a base temperature of ~20 K and an Agilent
4156A parameter analyzer. The measurement configuration
is shown in Fig. 1, right inset. Figure 2(a) shows the I-V
characteristics on a linear scale, Fig. 2(b) shows the charac-
teristics on a log-linear scale, and Fig. 2(c) shows an Arrhen-
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FIG. 2. (a) I-V characteristics of an Al/Si nanocrystal/p-Si/Al diode, from
200 to 40 K, plotted on a linear scale. The temperature step is 20 K. The
device area is 35 X35 um?. (b) I-V characteristics of (a), plotted on a
log-linear scale. (c) Arrhenius plot, In(o) vs 1/T, where o is the device
conductivity and 7 is the measurement temperature. The applied bias is 4 V.
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ius plot of the conductance o at 4 V applied bias. These data
are a subset of the data presented in our previous work,
where we investigated SCLC in Si nanocrystals.12 In our
previous work, we investigated a higher temperature range
(200-300 K) than in this work and observed SCLC in the
presence of an exponential distribution of traps. Here, we
investigate the /-V characteristics from 200 to 40 K, where
SCLC is not observed.

The I-V characteristics of Figs. 2(a) and 2(b) are strongly
nonlinear and are measured with a “forward” (positive) bias
applied to the p-Si/Al back contact. Holes are then injected
from the p-Si substrate into the nanocrystals. The current,
plotted on a linear scale [Fig. 2(a)], shows a “threshold”
voltage which increases from ~3 V at 200 K to ~8 V at
40 K. The subthreshold current increases rapidly, e.g., by
three orders of magnitude at 40 K [Fig. 2(b)].

The p-Si substrate in our device has a resistivity of
10 Q) cm, very similar to the resistivity of substrates used in
previous work on both Si nanocrystals2 and porous Si.'
However, from 200 to 40 K, the resistivity is not low enough
for an Ohmic contact to form at the Al/p-Si back contact. In
this regard, we have measured the characteristics between
two Al contacts to the substrate. From 200 to 40 K, these
contacts form back-to-back diodes and show an exponential
increase in the current with applied bias. This implies that
our Al/Si nanocrystal/p-Si/Al diode consists of the nano-
crystal film resistance in series with a rectifying diode
formed by the back contact. In addition, a further rectifying
diodelike contact may form at the nanocrystal/p-Si
interface.” It is likely that the subthreshold region in Fig. 2(a)
is dominated by these rectifying diodes. With an increasing
forward bias (positive bias at the back contact) across the full
Al/Si nanocrystal/p-Si/Al structure, the rectifying diodes
become less significant and the characteristics depend on the
resistance of the nanocrystal film.

An Arrhenius plot of ¢ [Fig. 2(c)] at 4 V bias shows two
distinct regimes. Above 200 K (black circles), a single, steep
slope is observed. This can be attributed to thermally acti-
vated transport, with an activation energy of ~300 meV. Be-
low 200 K, the data (white circles) can be fitted to a In(o) vs
T" dependence.

Figure 3 shows a In(o) vs 1/T"? plot at 4 V, from
30 to 200 K, for the device of Fig. 2. The applied bias is as
low as possible without noise affecting the data. A plot of the
data at 3 V also shows a In(o) vs 1/7"? dependence with
similar slope to the data of Fig. 3. However, for bias <3 V,
the rectifying diodes formed at the Si nanocrystal/p-Si and
p-Si/ Al interfaces begin to dominate and it is difficult to
observe the effect of the Si nanocrystals. For higher applied
bias, the temperature dependence may be reduced due to an
increasing field effect'” and here, we attempt to minimize
this by not applying high voltages.

The dependence in Fig. 3 is a straight line with a slope
of 111 K2, The inset shows data from a second device of
65X 65 um? area, at 4 V bias. These data also follow a In(o)
vs 1/T"? dependence with a very similar slope, in this case
90 K!”2. We have also measured the temperature dependence
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FIG. 3. In(0) vs 1/T"2 plot at 4 V, from 30 to 200 K, for the device of Fig.
2. The inset shows a similar plot for a second device of 65 X 65 um? area,
at 4 V and from 35 to 200 K. Solid lines are least square fits to the data.

of the conductivity between two Al contacts to the p-Si sub-
strate. This does not show a In(c) vs 1/T"? dependence in
the temperature range from 200 to 40 K.

From 30 to 200 K, the temperature dependence of o is
described by the equation

12
o x exp{—(%) ] (1)

Here, T, is a constant of the material and can be deter-
mined from the slope of the In(a) vs 1/T"? plot. This behav-
ior is commonly observed in (i) metal-insulator composite
films'*"® and (i) amorphous or doped semiconductor
materials.”>"” Our films are similar to the former group. Two
carrier transport mechanisms may explain the temperature
dependence. For metal-insulator composites, Simének'* has
proposed a percolation-hopping transport model. Alterna-
tively, in both groups of materials, an ES-VRH model may
be valid."

The percolation-hopping transport model, where ther-
mally activated carrier tunneling between adjacent nanocrys-
tals, i.e., nearest neighbor hopping, is considered over a wide
temperature range, has been applied to Ge nanocrystals in
Si02.4 The nanocrystal size d and separation s (Fig. 1, left
inset) are regarded as random, uncorrelated variables. The
hopping activation energy E, is taken to be the energy dif-
ference between the first electron levels £, on neighboring
nanocrystals. Here, E;=FE.+E,; where E. is the single-
electron charging energy and E, is the quantum confinement
energy.

For nanocrystals in an insulating matrix, we approximate
E.=(e*/4meeod){(s/d)/[(1/2)+(s/d)]}, where & is the ma-
trix dielectric constant and g, is the permittivity of free
space. In addition, E,=%>72/2m"(d/2)?, where m" is the car-
rier effective mass. Any variation in s and d leads to varia-
tion in E; and therefore in E,. As the resistance between the
nanocrystals varies strongly with E,, the nanocrystal film can
be modeled as a three-dimensional random resistor network,
described by a critical percolation conductance. Simdnek
used this to obtain Eq. (1), with the material constant T}
given by
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(2)
Here, kp is the Boltzmann constant, P, is the percolation
threshold, s, is the maximum particle separation, E,, ,y is
the maximum value of the activation energy, and « is the
carrier wave function decay length in the insulating matrix.

For our films, s,,,=~3 nm and d varies from 7 to 9 nm.
Assuming hole transport in our forward bias data, E; then
has a maximum value E; ;,.x=E, .+ Egmax =118 meV and
a minimum value E; ;i =E. pin+ Eg min =52 meV, leading to
E;max=E1 max—E1 min=00 meV. Here, we use an average
hole effective mass m*~0.57m0,20 where my, is the electron
mass. Our value of E, ,,, is large compared to kzT for the
temperature range of our data, confirming the validity of the
percolation approach in our temperature range. Regarding
P, this is unknown for our disordered films. However,
Ziman®' has argued that in both ordered and disordered lat-
tices, P, follows the empirical formula P.~1.5/Z, where Z
is the coordination number. For typical lattices, P, varies
from 0.12 (face-centred cubic, Z=12) to 0.39 (diamond lat-
tice, Z=4). For our films, we use an average value of P,
=0.25 (corresponding to a simple cubic lattice) as an ap-
proximation. Using a~0.1 nm for holes in SiO,, Eq. (2)
gives Ty~ 1.15X 10* K. This is in good agreement with our
experimental value, Ty=1.23 X 10* K.

We now consider the ES-VRH mechanism. Coulomb in-
teractions associated with electron-hole pairs created during
hopping cause the density of states g, to vanish quadratically
at the Fermi energy. Furthermore, Coulomb interactions im-
ply that E, is proportional to 1/r, where r is the hopping
length. This model predicts the dependence of Eq. (1), where
T, is given by15

2.8¢2

0=, -
4meggkga

3)

For our films, using @~ 0.1 nm gives T,=1.18 X 10° K. This
is an order of magnitude larger than our experimental value.

The ES-VRH model also predicts a critical temperature
T.=e*gyalkz(4meey)?. Above T, Coulomb interactions may
be neglected and a transition to a M-VRH dependence oc-
curs. For our films, we approximate gy=1/ [5E% (s
+d)/27*), where SE ~ E;~40 meV is the valence band level
splitting on an 8 nm nanocrystal and the remaining term
gives the nanocrystal and shell volume. This gives g,=3.5
X 10" eV~! ecm™ and T.~5.5 K, far lower than the 200 K
maximum temperature in our dependence.

In the above analysis, the experimental value of 7 fits
well with Simanek’s percolation model but not with the ES-
VRH model. This is a consequence of our assumption of
hopping sites only on the nanocrystals. As the carrier local-
ization length in SiO, is only ~0.1 nm, ES-VRH with tun-
neling to distant sites is less likely. However, if defect states
exist in the SiO, shells, then additional hopping sites become
available and ES-VRH may become more feasible.”” Such
sites would increase g, and therefore 7. If we take T,
~200 K, comparable to our observed maximum tempera-
ture, then g,=1.26 X 10?! eV~! cm™. This value is very high
and is difficult to attribute to defect states in the SiO, shells.
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IV. CONCLUSIONS

In conclusion, we investigated the conduction mecha-
nism at <200 K in Si nanocrystals arrays. Our nanocrystals
are ~8 nm in diameter, covered by a ~1.5 nm thick SiO,
shell. We observe a In(o) vs 1/T'? dependence from
30 to 200 K, which may be associated with either a percola-
tion or ES-VRH model. Assuming hopping sites only on the
nanocrystals, our data agree well with a percolation model.
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