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Carrier transport in thin films of silicon nanoparticles

T. A. Burr, A. A. Seraphin, E. Werwa, and K. D. Kolenbrander
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 021

~Received 25 April 1997!

The electrical and electroluminescence characteristics of heterostructure systems containing thin films of
visibly emitting silicon nanoparticles are shown to be controlled by carrier transport through the nanoparticu-
late films. A conduction mechanism encompassing both geometric and electronic effects most effectively
relates the high resistivity with structural properties of the films. Heterostructure devices are constructed with
silicon nanoparticle active layers produced by pulsed laser ablation supersonic expansion. The observed
temperature-dependent photoluminescence, electroluminescence, andI -V characteristics of the devices are
consistent with a model in which carrier transport is controlled by space-charge-limited currents or tunneling
through potential barriers on a percolating lattice.@S0163-1829~97!00132-X#
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I. INTRODUCTION

Nanostructured silicon has emerged as a material of g
interest in recent years because it exhibits efficient phot
minescence~PL! and thus has potential for use in silico
based photonic and optoelectronic platforms.1–7 One of the
greatest challenges has been the integration of nanoscale
con materials into serviceable architectures such as elect
minescent~EL! devices. We have previously reported t
construction of light-emitting devices employing se
supporting thin films of silicon nanoparticles~nano-Si! as the
active layer between an aluminum–indium tin oxide~ITO!
electrode pair.8 The low light emission efficiency observe
from these devices is thought to result from inefficient carr
supply to the active light-emitting region; the contribution
nonradiative recombination of carriers within the nano
layer is minimal in comparison. Prospects for rational dev
design and improvement depend on gaining a greater un
standing of the electrode/nano-Si interface, which contr
carrier injection efficiency, as well as the bulk electrical a
optical properties of the films, which can influence carr
transport and luminescence efficiency.

Studies of porous silicon~PS! based light-emitting de-
vices have provided some insight into the electrical char
teristics of nanostructured silicon. The current-voltage (I -V)
characteristics and luminescence efficiency of certain dev
have been shown to be limited by transport within the
layer. However, the actual conduction mechanism in na
structured silicon thin films remains a largely open questi
and the significant differences between the PS materials
der investigation complicate any general interpretation.
example, Fowler-Nordheim tunneling,1 Poole-Frenkel,9 and
space-charge limited10,11 behaviors have been demonstrat
for similar device constructions, and the discrepancy
tween these transport mechanisms has been shown to r
from the various formation and processing steps used to
chanically stabilize the low volume-fraction PS films.

The use of a nonequilibrium gas phase source of sili
nanoparticles provides an opportunity to contribute to
understanding of conduction mechanisms in nanostructu
silicon films. In contrast to porous silicon, this synthesis a
processing path produces high-density, self-supporting
560163-1829/97/56~8!/4818~7!/$10.00
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films of silicon nanoparticles that may be deposited on
wide range of electrode systems. Because laser ablated
do not require a Si substrate, it is possible to investig
directly the role of both electrode/nano-Si interfaces throu
substitution of electrode materials. Contacts can be tailo
to obtain the desired electrical behavior, as they con
whether the current is limited by carrier injection into
carrier transport through the film. Carrier transport in PS h
been attributed to the electronic properties of the mate
and/or the geometry of the connecting network. It is not i
mediately evident that the same mechanistic framew
should be applied to the nano-Si films since they are mic
structurally quite different. The laser-ablated nanoparticul
Si does not consist of interconnecting wirelike structures,
rather separate particles, which may consequently effect b
the topological and energetic aspects of carrier transport

The temperature-dependent PL, EL, and electrical cha
teristics of the nanoparticulate Si films will be evaluat
herein. The PL data provide strong evidence for carrier c
finement, and EL results indicate that device characteris
rather than nonradiative recombination dominate the lu
nescence intensity. The electrical properties show that ca
transport through the nano-Si films is predominant o
electrode/interface effects in controlling device performan
The low conductivity is attributed to a combination of ele
tronic and geometric effects which can be effectively rep
sented by tunneling or space-charge-limited currents o
percolating lattice. This proposed conduction mechanism
tablishes a relationship between the electronic and mic
structural properties of the films. Similarities between t
electrical properties of laser-ablated and porous silicon
remarkable considering the microstructural differences
tween the two nanostructured materials systems.

II. EXPERIMENTAL METHODS

Pulsed laser ablation supersonic expansion was emplo
to deposit thin nanoparticulate silicon films.12 In a high
vacuum chamber, isolated nanoparticles with unpassiva
surfaces were deposited onto substrates placed in the pa
the expansion. Substrates were varied according to cha
4818 © 1997 The American Physical Society
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FIG. 1. Integrated photoluminescence em
sion intensity from a film of silicon nanoparticle
as a function of temperature. The emission inte
sity increases with decreasing temperature, in
cating an enhancement of radiative recombin
tion. The very weak temperature dependence
evidence of enhanced exciton confinement.
typical room-temperature photoluminescen
spectrum is shown in the inset.
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terization or device requirements. For photoluminesce
work, films were grown on Teflon, whilep-type silicon wa-
fers ~10–20V cm!, aluminum sheet, or patterned ITO/gla
substrates were used for the EL, electrode, and carrier tr
port studies. An Ohmic contact was formed on the back s
of the p-type silicon substrates prior to nano-Si film depo
tion. The films consisted of size-dispersed nanoclus
which grow a native oxide layer once removed fro
vacuum.

The PL samples were first treated with 48 wt % HF f
;30 s to remove the initial oxide. The surface of the samp
was then reoxidized by immersing them in 20 wt % nit
acid for ;1 min. PL characterization was performed in
cryostat, allowing the temperature of the samples to be
ied between 4 and 300 K. A pulsed 33Nd:YAG ~yttrium
aluminum garnet! laser (lex5355 nm! was used as an exc
tation source, operating at 1.5 mJ/pulse with a 7-nsec p
width and a spot size of;1 cm2. Luminescence spectra
taken using a 0.275-m monochromator coupled with a
photodiode array detector cooled to220 °C, were corrected
for monochromator and detector response.

Simple three-layer heterostructure devices were emplo
in the electrode and carrier transport studies. Self-suppor
thin films of silicon nanoparticles~100–200 nm thick! were
deposited on the appropriate substrate. A;200-nm-thick
aluminum layer was evaporated to form a top electrode w
a 4 mm2 square or 3 mm2 round active area. Current-voltag
characteristics were measured in a two-terminal configu
tion using standard semiconductor parameter analysis t
niques. Room-temperature and temperature-dependentI -V
studies were conducted under an inert He atmosphere in
cryostat described for PL. EL light output was measu
with a silicon photodiode placed;1 mm from the device.

III. RESULTS AND DISCUSSION

A. Temperature dependence of PL and EL intensity

The PL behavior of nanoparticulate Si films can revea
great deal about the recombination mechanisms in the n
structures. Extensive studies on the role of particle size
surface in the visible PL behavior of nano-Si films implica
e
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a quantum-confinement-based model as the source of th
ficient luminescence exhibited by this material.13,14 The PL
peak blueshifts as particle size is reduced, which is consis
with a quantum-confined system. Oxide or surface-state
minescence mechanisms can be ruled out as nanoparticle
face species control only the intensity of the PL, not t
emission wavelength. This to be expected, as the pulsed
ablation supersonic expansion technique is well suited
the production of particles that fall within the relevant si
range for quantum confinement15 and the existence of thes
particles has been confirmed in nano-Si films.12

The temperature dependence of the PL behavior can
vide additional information about the carrier recombinati
mechanism. As shown in Fig. 1, the integrated PL intens
of a nano-Si film increases with decreasing temperature
result of the suppression of lattice vibrations at low tempe
tures, which favors radiative transitions. This very weak te
perature dependence of the emission intensity is further
dence of carrier confinement and the resultant enhan
exciton-binding energy predicted for quantum-confin
systems.16 The binding energy has been calculated to
;200 meV in ;2 nm silicon particles, well above room
temperature thermal energy, so excitons that in the b
would rapidly thermalize could exist to much higher tem
peratures in nanoscale systems. Weakly temperat
dependent PL has been observed in other quantum-con
semiconductor systems including CdS quantum dots17 and
Si12xGex quantum wells.18 This electronic localization
should also influence the transport properties of the films

In contrast, the EL intensity is found to increase wi
increasing temperature, as shown in Fig. 2. The tempera
dependence of the EL encompasses the temperature de
dence of both the PL~i.e., radiative versus nonradiative re
combination! and the electrical properties of the Si nanop
ticle films. Since EL intensity increases as temperat
increases, despite the increased probability of nonradia
recombination, some aspect of carrier motion through
heterostructure must affect the EL intensity. The electri
characteristics of the devices arise both from injection at
electrode/active layer interfaces and from carrier transp
through the nano-Si film. It is critical to identify which o
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these mechanisms limits the performance of our device
improvements are to be made.

B. Electrode effects

The heterostructure devices examined in this study ca
thought of as two metal-semiconductor junctions, with t
nano-Si layer serving as the common semiconductor la
The I -V characteristics of such junctions are determined
the alignment of the Fermi levels in the two materials, a
classically, they can be either Ohmic or rectifying. Electro
materials are expected to show different behaviors depen
on the position of the Fermi level~work function! in each.
To ascertain the importance of the nano-Si/electrode het
junction, devices using different electrode combinatio

FIG. 2. The temperature dependence of the EL output powe
an Al/Si nanoparticle/ITO device driven at 10 V. Light output i
creases with increasing temperature and is directly proportiona
the current.
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were constructed. The electrode pairs investigated incl
Al/p-type Si, Al/Al, and Al/ITO.

The dc I -V curve of ap-type Si/nano-Si film/Al hetero-
structure, a structure similar to that of many PS-based
vices, is shown in Fig. 3~a!. The device exhibits rectifying
behavior, although the rectifying ratio is low (I F /I R;100 at
10 V!. The I -V characteristics of this device can be repr
sented as a serial combination of a diode and resistor:

I 5I 0exp@q~V2IR!/nkT#, ~1!

where I 0 is the saturation current in reverse bias,n is the
ideality factor, andR is a resistance usually assumed to
independent of applied voltage. A fit based on Eq.~1! is
given by the solid line in Fig. 3~a!. Although the general
behavior of theI -V curve is reproduced, the ideality factor
;33. This high value suggests that most of the applied v
age does not drop on the barrier, but rather on the nano
ticulate silicon layer.

These results are consistent with a model proposed
Ben-Chorin, Möller, and Koch for a comparable meta
porous silicon system,19 in which the diodelike behavior
originates from the Ps/c-Si interface and the Al/PS interfac
forms a quasi-Ohmic contact. The reverse bias curren
limited by the diode, resulting in rectifying characteristic
Under forward bias, the applied voltage is larger than a
reasonable barrier; thus the diode term becomes neglig
and the majority of voltage drops on the resistor. Curr
flow through the resistor~the PS film! is strongly field de-
pendent.

To avoid the difficulties presented by the rectifying nan
Si/c-Si junction, the I -Vcharacteristics of an Al/nano-S
film/Al heterostructure were evaluated, as shown in F
3~b!. When Al is exchanged for thep-type Si substrate, the
I -V curve becomes non-Ohmic and nonrectifying. Assum
that carrier injection at the Si-nanoparticle/Al heterojuncti
is essentially Ohmic, a device with electrode controlled co
duction should exhibit a linear, OhmicI -V curve. This is not
the behavior that is observed, which implies that for t

or

to
e electrode

FIG. 3. The room-temperatureI -V characteristics of~a! Al/Si nanoparticles/p-type Si, ~b! Al/Si nanoparticles/Al, and~c! Al/Si

nanoparticles/ITO. For each of the three electrode pairs, the Al electrode was connected to the negative lead and the alternat
adjoined the positive lead. Curve~a! exhibits rectifying, interface limited behavior. The solid line is the best fit to Eq.~1!, which describes
the serial combination of a diode and a resistor. In contrast, transport through the nanoparticle film determines theI -V characteristics of~b!
and ~c!. Traces~b! and ~c! are fit with a cubic spline~solid line! to aid the eye.
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56 4821CARRIER TRANSPORT IN THIN FILMS OF . . .
Al/Al electrode system, current is limited by carrier transp
through the nano-Si film in both forward and reverse bia

The I -V trace of the Al/nano-Si film/ITO device@Fig.
3~c!#, constructed to permit observation of light output fro
the device, shows the same kind of non-Ohmic, nonrect
ing behavior as the Al/Al electrode system. This is not s
prising since the work functions of Al~4.26 eV! and ITO
~4.5–4.7 eV! are comparable,20 and the two materials shoul
thus behave similarly with respect to carrier injection. F
ther indication that the Al/nano-Si film/ITO device operat
in the carrier transport limited regime under forward b
was previously evidenced in the linear relationship betw
output power and current density, and the long transit tim
~on the order of tens ofms for films 150–200 nm thick!.21

The low conductivity of nanostructured silicon is a res
of the reduced effective mobility (meff) compared to bulk
silicon.10,22This is favorable for PL, as it is more difficult fo
carriers to drift apart, bypassing luminescent pathwa
However,meff places great constraints on EL, since radiat
recombination depends, in part, on carriers encounte
each other as they move through the film. It is not surpris
then, that EL efficiency is directly proportional to the effe
tive mobility. When operating in the transport-limited r
gime, the time it takes for carriers to traverse the film (t t) is
described by the equation

t t5d2/meffV, ~2!

whereV is the applied bias andd is the film thickness. This
relationship assumes a single electron-hole mobility,
though the argument is essentially the same if the mobili
are unequal. Transit times on the order of 10ms have been
measured for nano-Si-based devices with an observed p
efficiency of ;1024%.21 According to Eq.~2!, this corre-
sponds to ameff of 1026 cm2/V sfor the laser-ablated nano
particulate silicon films. Porous silicon films in simila
metal/PS devices report ameff on the order of 1024 cm2/V s
with power efficiencies estimated to be on the order
1022%.1,10,23 This direct correlation demonstrates that im
provements in device performance will require increased
rier motion through the silicon nanostructures.

C. Carrier transport

The electrical characteristics of the Al/nano-Si film/IT
device are limited by carrier transport through the las
ablated nano-Si film. Understanding the carrier transp
mechanism is thus critical both for engineering improv
devices and for determining the origin of the high nanop
ticulate Si film resistivity. Presumably electronic and/or ge
metric constraints contribute to the reduced carrier mobi
in the films. Nano-Si films consisting of a collection of siz
disperse quantum-confined particles may have signific
energy-gap variations from one particle to the next, and
methods carriers employ to traverse these interparticle b
ers theoretically have distinct temperature dependencies
example, if hopping is the transport mechanism, the br
distribution of localized electronic states will lead to a lar
range of trapping and release times. This type of temp
dispersion tends to imply large temperature dependenc
since emission from traps is a strongly temperatu
dependent process. At the other extreme, the topolog
t
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structure imposed by the Si skeleton may limit carrier m
bility. A mechanism that is entirely geometric and not ele
tronic in origin has no intrinsic temperature dependen
Thus, temperature dependence is one of the defining exp
ments to be performed.

The temperature-dependentI -V behavior of an Al/
nano-Si film/ITO device was studied to help elucidate t
governing carrier transport mechanisms. As shown in Fig
the I -V characteristic is non-Ohmic and nonrectifying from
to 300 K, which indicates that carrier transport dominates
dc electrical characteristics over this temperature range
temperatures of 100 K and below, theI -V characteristics are
essentially independent of temperature, while above 100
there is a slight increase in current density with increas
temperature for applied bias greater than 5 V. Similar beh
ior has also been observed in Si-rich SiO2films24,25 and cer-
tain porous silicon samples.10 However, this observation is
not universal, as nanostructured silicon materials are fa
cated with a broad range of structures and surface pass
tions which may contribute to the variety of observed tra
port mechanisms. For example, theI -V characteristics of
other PS films are strongly temperature dependent, with
current-density changing three orders of magnitude over
200–300 K temperature range.9

The weakly temperature-dependent current density
served in this study implies the resistivity is topological
nature and/or that conduction processes which are not t
mally activated, such as space-charge limited current or
neling between Si nanoparticles, are present. On one h
the PL data strongly suggest that similar to amorphous se
conductors, the nano-Si films consist of a spectrum of loc
ized states that will almost certainly provide some electro
contribution to the carrier transport process. On the ot
hand, the temperature dependence of theI -V behavior of
nanoparticulate silicon is small in comparison to other d
persive transport systems such as hydrogenated amorp
Si. This may be evidence for carrier mobility reduction v

FIG. 4. The temperature-dependentI -V characteristics of an
Al/Si nanoparticle/ITO electroluminescent device. TheI -V behav-
ior exhibits a weak temperature dependence which is non-Oh
and nonrectifying at all temperatures. The device emits yello
orange light in both forward and reverse biases.



unfilled

4822 56BURR, SERAPHIN, WERWA, AND KOLENBRANDER
FIG. 5. The dcI -V traces of an Al/Si nanoparticle/ITO heterostructure at 300 and 80 K. Experimental values are marked by the
points. The solid lines represent the best curve fit at the given temperature to~a! the FN tunneling relationI;V2exp(2b/V); and ~b! the
SCLC equationI;Vn, with the resultant fitting parameter,n;4.
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purely spatial disorder, as opposed to a combination of g
metric and electronic elements. A similar temperature dep
dence has been observed in certain PS samples, and th
searchers cite purely topological constraints as a satisfac
starting point for explaining their measurements.26 In another
set of PS devices exhibiting strongly temperature-depen
I -V characteristics, the electrical behavior was attributed
combination of electronic and geometric effects, with ea
dominating in different regimes.22 It is thus necessary to con
sider both mechanisms when describing carrier transpo
the laser-ablated nano-Si films.

1. Topological effects

When describing possible conduction processes in na
particulate solids, it is vital to account for the microstructu
of the material. It is well known that conductivity in spatial
disordered materials can be modeled by percolation effe
In very general terms, a sample is regarded as being mad
of clusters, where a cluster is any set of connected verti
The key phenomenon in percolation theory is the existe
of a threshold: at a critical concentration an infinite cluster~a
connected path that extends throughout the sample! forms. In
the nanoparticulate Si films, the vertices are an aggrega
randomly distributed and contacting particles through wh
charge carriers attempt to pass when an electric field is
plied. Because the films are built up particle by particle, it
reasonable to assume that they operate above the perco
threshold and that some conductivity pathways through
film exist. In accordance with the theory of percolation co
ductivity, the films are modeled as by a network of resisto
Carriers will follow the path of least resistance through t
film and current will be carried in regions of relatively hig
local conductivity which occur only in a small fraction of th
material, resulting in a diminished drift velocity. A variety o
models may be invoked to describe percolation-ba
behavior,27 and although a quantitative analysis would r
quire extensive ac conductivity measurements, qualitativ
o-
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all dictate that the spatial constraints imposed by the Si s
eton will be manifested in terms of a reduced
conductivity.22

2. Electronic effects

For electrical conduction to occur, carriers have to
transferred from one particle to the next across an energ
barrier. The observed weak temperature dependence in
I -V characteristics of the nano-Si films implicates tunneli
through these barriers or space-charge transfer as prob
mechanisms, since other models would depend exponent
on temperature.

Fowler-Nordheim~FN! tunneling is caused by field ion
ization of trapped electrons into a conduction band. Curr
due to tunnel emission should have essentially no temp
ture dependence, but should be dependent on
expression28

I;V2exp~2b/V!. ~3!

Figure 5~a! shows that reasonable agreement is obtained
tween the experimental data and Eq.~3!. Theb value encom-
passes an effective mass term and a barrier height. Assum
m* 5m0 , even the best fits to the data yielded barrier heig
on the order of 37 eV, which is physically unreasonab
Most realistic barrier heights can only be obtained for phy
cally inappropriate values ofm* ;0.0001m0 . However, the
FN model is a classical description; it does not account
geometric and charging effects nor is it equipped to deal w
the fact that confinement of carriers in nanoparticulate s
con may prevent the formation of traditional conducti
band. Thus, tunneling between nanoparticles can still be c
sidered a valid potential transport mechanism. In additi
tunneling is generally more sensitive to separation dista
than thermal emission mechanisms, and tunneling cur
will exceed the thermally generated current if the separa
distance between particles is small enough~i.e., on the order
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56 4823CARRIER TRANSPORT IN THIN FILMS OF . . .
of angstroms!.29 This condition is satisfied as the particles
the nano-Si film are in contact, which also supports a tunn
ing current dominated model.

Space-charge-limited currents~SCLC! can occur in highly
insulating substances when carriers are injected and no c
pensating charge is present. They are generally descr
by30

I 5aV1bVn. ~4!

The first term in Eq.~4! dominates at low fields, resulting i
Ohmic behavior, while at high fields the second term co
trols theI -V characteristics and the equation simplifies toI
;Vn (n.1). The parametern is related to the distribution
of localized states in the insulator: a narrowing of the dis
bution is manifested in an increase inn. Large values ofn
are indicative of a slowly varying energetic distribution, r
sulting in a more uniform distribution of the space-char
density between cathode and anode.31

Carrier transport in PS-based devices exhibiting wea
temperature-dependentI -V behavior, similar to that of the
nano-Si films,10 has been attributed to SCLC, with values
n ranging from 2 to 3.10,11,32 When I -V curves from the
laser-ablated films are evaluated using the space-ch
model@Fig. 5~b!#, quantities ofn;4 are obtained. Data from
polycrystalline diamond films with grain sizes on the ord
of micrometers have also been fit to this equation withn
54.2.33 The largern value exhibited by the nano-Si film
indicates that carriers move through a more uniform en
getic ~size! distribution than that of PS; however, it may b
the larger particles providing the path of least resistance
the majority of current in the nano-Si films is being carried
bigger particles, bypassing smaller ones and thus shun
out the luminescent pathways, this would be consistent w
the observed low EL efficiency.

IV. CONCLUSIONS

The temperature-dependentI -V behavior of the nano-S
films may be adequately described in terms of conductiv
on a spatially constraining percolation-type lattice. Carr
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transport occurs via SCLC or tunneling and the constrain
nano-Si film geometry further reduces the dc conductiv
Both the space-charge and the tunneling-based models q
tatively describe the nano-Si film data; however, these m
els do not encompass geometric effects and charging eff
~which may be large when particles are in the quantum c
fined range!.34–37 The data presented in this study, coupl
with the existing PS literature, suggest that a combination
both geometric and electronic effects must be taken into
count when describing conductivity in nanoscale Si film
The similarities between the electrical properties of las
ablated and porous silicon are significant, and unexpec
considering the microstructural differences between the
nanoscale materials systems.

EL and electrode studies indicate that conduction throu
the laser-ablated nano-Si films dominates over interface
fects or nonradiative recombination in controlling devi
performance. The low EL efficiency implies that carriers p
fer to move through large particles, which greatly reduces
probability of carriers meeting in smaller particles to reco
bine radiatively. The PL data show strong evidence of car
confinement, which is reflected in the transport propert
Although carrier localization is advantageous for PL, EL d
vice performance is adversely affected by the resistive na
of the nano-Si films. As such, improvements will require
way to enhance conduction between Si nanopartic
through the development of more sophisticated device ar
tectures or the incorporation of the particles into semic
ductor host matrices.38
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