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Carrier transport in thin films of silicon nanopatrticles
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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, electroluminescencé;\amtharacteristics 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 lattic®0163-1827)00132-X]

[. INTRODUCTION films of silicon nanoparticles that may be deposited on a
wide range of electrode systems. Because laser ablated films
Nanostructured silicon has emerged as a material of greato not require a Si substrate, it is possible to investigate
interest in recent years because it exhibits efficient photoludirectly the role of both electrode/nano-Si interfaces through
minescencdPL) and thus has potential for use in silicon- substitution of electrode materials. Contacts can be tailored
based photonic and optoelectronic platfomSOne of the  to obtain the desired electrical behavior, as they control
greatest challenges has been the integration of nanoscale silhether the current is limited by carrier injection into or
con materials into serviceable architectures such as electrolgarrier transport through the film. Carrier transport in PS has
minescent(EL) devices. We have previously reported the peen attributed to the electronic properties of the material
construction of light-emitting devices employing self- and/or the geometry of the connecting network. It is not im-
supporting thin films of silicon nanoparticlésano-Sj as the  mediately evident that the same mechanistic framework
active layer between an aluminum—indium tin oXid€0)  should be applied to the nano-Si films since they are micro-
electrode paif. The low light emission efficiency observed structurally quite different. The laser-ablated nanoparticulate
from these devices is thought to result from inefficient carriersj does not consist of interconnecting wirelike structures, but
supply to the active light-emitting region; the contribution of yather separate particles, which may consequently effect both
nonradiative recombination of carriers within the nanO-Sithe topo|ogica| and energetic aspects of carrier transport.
Iayer is minimal in Comparison. PrOSpeCtS for rational device The temperature-dependent PL, EL, and electrical charac-
design and improvement depend on gaining a greater undefgristics of the nanoparticulate Si films will be evaluated
Standing of the electrode/nano-Si interface, which Controlﬁerein_ The PL data provide Strong evidence for Carrier con-
carrier injection efficiency, as well as the bulk electrical andfinement, and EL results indicate that device characteristics
optical properties of the films, which can influence carrierrather than nonradiative recombination dominate the lumi-
transport and luminescence efficiency. o nescence intensity. The electrical properties show that carrier
Studies of porous silicolPS based light-emitting de- transport through the nano-Si films is predominant over
vices have provided some insight into the electrical characg|ectrode/interface effects in controlling device performance.
teristics of nanostructured silicon. The current-volta}e/§f  The low conductivity is attributed to a combination of elec-
characteristics and luminescence efficiency of certain devicegonic and geometric effects which can be effectively repre-
have been shown to be limited by transport within the PSsented by tunneling or space-charge-limited currents on a
layer. However, the actual conduction mechanism in nanopercolating lattice. This proposed conduction mechanism es-
structured silicon thin films remains a largely open questiontaplishes a relationship between the electronic and micro-
and the significant differences between the PS materials urstructural properties of the films. Similarities between the
der investigation complicate any general interpretation. Foglectrical properties of laser-ablated and porous silicon are

example, Fowler-Nordheim tunnelirigPoole-Frenkef,and  remarkable considering the microstructural differences be-
space-charge limité&'! behaviors have been demonstratediyeen the two nanostructured materials systems.

for similar device constructions, and the discrepancy be-

tween these transport mechanisms has been shown to result

from .the varioug formation and processing steps' used to me- Il. EXPERIMENTAL METHODS
chanically stabilize the low volume-fraction PS films.

The use of a nonequilibrium gas phase source of silicon Pulsed laser ablation supersonic expansion was employed
nanoparticles provides an opportunity to contribute to theo deposit thin nanoparticulate silicon filts.In a high
understanding of conduction mechanisms in nanostructuregacuum chamber, isolated nanoparticles with unpassivated
silicon films. In contrast to porous silicon, this synthesis andsurfaces were deposited onto substrates placed in the path of
processing path produces high-density, self-supporting thithe expansion. Substrates were varied according to charac-

0163-1829/97/5@3)/48187)/$10.00 56 4818 © 1997 The American Physical Society



56 CARRIER TRANSPORT IN THIN FILMS @& . .. 4819

1.2
—~— ™ -
) B i
= L J
5 1.0 -
-é 08 [ . FIG. 1. Integrated photoluminescence emis-
s I - sion intensity from a film of silicon nanoparticles
- [ : as a function of temperature. The emission inten-
= 0.6 | - sity increases with decreasing temperature, indi-
c [ ) 10 ] cating an enhancement of radiative recombina-
% 04 [ s oo tion. The very weak temperature dependence is
- B S a2 B evidence of enhanced exciton confinement. A
i [ E f i typical room-temperature photoluminescence

- 0.2 | £ ez - spectrum is shown in the inset.
E % o0 L L y b
- 550 600 650 700 750 -

- L Wavelength (nm) -

0.0 Ll 1 1 I Lt L L I L1 1 1 I Ll Ll I L1 11 I Ll 1l

o

50 100 150 200 250 300
Temperature (K)

terization or device requirements. For photoluminescenca quantum-confinement-based model as the source of the ef-
work, films were grown on Teflon, whilp-type silicon wa-  ficient luminescence exhibited by this matefiat* The PL

fers (10—202 cm), aluminum sheet, or patterned ITO/glass peak blueshifts as particle size is reduced, which is consistent
substrates were used for the EL, electrode, and carrier trangith a quantum-confined system. Oxide or surface-state lu-
port studies. An Ohmic contact was formed on the back sidgninescence mechanisms can be ruled out as nanoparticle sur-
of the p-type silicon substrates prior to nano-Si film deposi-face species control only the intensity of the PL, not the
tion. The films consisted of size-dispersed nanoclustergmission wavelength. This to be expected, as the pulsed laser
which grow a native oxide layer once removed from gpjation supersonic expansion technique is well suited for

vacuum. the production of particles that fall within the relevant size

The PL samples were first treated with 48 wt % HF for 506 for quantum confineméhand the existence of these
~30 s to remove the initial oxide. The surface of the Sample?)articles has been confirmed in nano-Si filfs.
was then reoxidized by immersing them in 20 wt % nitric™ 11,4 temperature dependence of the PL behavior can pro-

acid for ~1 min. PL characterization was performed in a,;qe aqditional information about the carrier recombination
cryostat, allowing the temperature of the samples t0 be vargechanism. As shown in Fig. 1, the integrated PL intensity

ied between 4 and 300 K. A pulsed<8ld:YAG (yitrium ot 5 hano-Si film increases with decreasing temperature as a

aluminum garngtlaser (e, =355 nm was used as an exci- yag it of the suppression of lattice vibrations at low tempera-
tation source, operating at 1.5 mJ/pulse with a 7-nsec pulsgreg which favors radiative transitions. This very weak tem-
width and a spot size of-1 cn?. Luminescence spectra, perature dependence of the emission intensity is further evi-
taken using a 0.275-m monochromator coupled with @ Sjence of carrier confinement and the resultant enhanced
photodiode array detector cooled +®20 °C, were corrected exciton-binding energy predicted for quantum-confined
for monochromator and detector response. systems® The binding energy has been calculated to be
Simple three-layer heterostructure devices were employed 09 meV in ~2 nm silicon particles, well above room-
in the electrode and carrier transport studies. Self‘SUpporti”ﬂamperature thermal energy, so excitons that in the bulk
thin films of silicon nanoparticle§100—-200 nm thickwere ;44 rapidly thermalize could exist to much higher tem-
deposited on the appropriate substrate.~R00-nm-thick peratures in nanoscale systems. Weakly temperature-
aluminum layer was evaporated to form a top electrode wittyenendent PL has been observed in other quantum-confined

a 4 mnt square or 3 mmround active area. Current-voltage semiconductor systems including CdS quantum daasd

characteristics were measured in a two-terminal configuraSil Ge, quantum welld® This electronic localization
x )

tion using standard semiconductor parameter analysis t€Cldoy g also influence the transport properties of the films.
niques. Room-temperature and temperature-deperidght In contrast, the EL intensity is found to increase with
studies were conducted under an inert He atmosphere in thg.reasing temperature, as shown in Fig. 2. The temperature
cryostat described for PL. EL light output was measuredyependence of the EL encompasses the temperature depen-
with a silicon photodiode place¢t1 mm from the device.  gence of both the Pli.e., radiative versus nonradiative re-
combination and the electrical properties of the Si nanopar-
Ill. RESULTS AND DISCUSSION ticle films. Since EL intensity increases as temperature
increases, despite the increased probability of nonradiative
recombination, some aspect of carrier motion through the
The PL behavior of nanoparticulate Si films can reveal aheterostructure must affect the EL intensity. The electrical
great deal about the recombination mechanisms in the nangharacteristics of the devices arise both from injection at the
structures. Extensive studies on the role of particle size anélectrode/active layer interfaces and from carrier transport
surface in the visible PL behavior of nano-Si films implicate through the nano-Si film. It is critical to identify which of

A. Temperature dependence of PL and EL intensity
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08 were constructed. The electrode pairs investigated include
1 1 Al/p-type Si, Al/Al, and Al/ITO.
] ] The dcl-V curve of ap-type Si/nano-Si film/Al hetero-
071 ] structure, a structure similar to that of many PS-based de-
N 1 vices, is shown in Fig. @). The device exhibits rectifying
z 06 | ] behavior, although the rectifying ratio is lowH/I g~ 100 at
E 10 V). Thel-V characteristics of this device can be repre-
3 o5 L 1 sented as a serial combination of a diode and resistor:
= ] | =1oexd q(V—IR)/nkT], ®
04 | B
] wherel, is the saturation current in reverse biasjs the
s b ] ideality factor, andR is a resistance usually assumed to be
' ] independent of applied voltage. A fit based on Eb. is
given by the solid line in Fig. @&). Although the general
02 PR B RS | Il 1 1 1

“ia0 160 180 200 220 240 260 280 300 behavior_ of 'th-V curve is reproduced, the ideality fgctor is
~33. This high value suggests that most of the applied volt-
age does not drop on the barrier, but rather on the nanopar-

FIG. 2. The temperature dependence of the EL output power foFICl'”ate silicon layer.

an Al/Si nanoparticle/ITO device driven at 10 V. Light output in- Thgﬁe .reSll“\'/IIt.dsi are Cg”f('Stehnth'th a model &mpos?dl by

creases with increasing temperature and is directly proportional tgen- orn, er, and Koch lor a comparable metal-

the current. porous silicon systert, in which the diodelike behavior
originates from the PefSi interface and the Al/PS interface

) o ) forms a quasi-Ohmic contact. The reverse bias current is
these mechanisms limits the performance of our devices ifmjted by the diode, resulting in rectifying characteristics.

improvements are to be made. Under forward bias, the applied voltage is larger than any
reasonable barrier; thus the diode term becomes negligible
and the majority of voltage drops on the resistor. Current

flow through the resistotthe PS film is strongly field de-
The heterostructure devices examined in this study can beendent.

thought of as two metal-semiconductor junctions, with the To avoid the difficulties presented by the rectifying nano-
nano-Si layer serving as the common semiconductor layefSi/c-Si junction, the |-Vcharacteristics of an Al/nano-Si
The |-V characteristics of such junctions are determined byfilm/Al heterostructure were evaluated, as shown in Fig.
the alignment of the Fermi levels in the two materials, and3(b). When Al is exchanged for thp-type Si substrate, the
classically, they can be either Ohmic or rectifying. Electrodel -V curve becomes non-Ohmic and nonrectifying. Assuming
materials are expected to show different behaviors dependintipat carrier injection at the Si-nanoparticle/Al heterojunction
on the position of the Fermi levélvork function in each. is essentially Ohmic, a device with electrode controlled con-
To ascertain the importance of the nano-Si/electrode heteraluction should exhibit a linear, OhmieV curve. This is not
junction, devices using different electrode combinationsthe behavior that is observed, which implies that for the
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B. Electrode effects

a) b) <)
Alnano-Si film/p-type Si wafer Alnano-Si film/Al Alnano-Si fitlm/ITO

60

12 300 =
1= | explq(V-IR)y/nkT] l
n~33

[k

Current Density (mA/cm?)
Current Density (mA/cm?)
Current Density (mA/cm?)

-10 0 10 -10 0 10 -10 0 10

Voltage (V) Voltage (V) Voltage (V)

FIG. 3. The room-temperature-V characteristics ofla) Al/Si nanoparticlegi-type Si, (b) Al/Si nanoparticles/Al, andc) Al/Si
nanoparticles/ITO. For each of the three electrode pairs, the Al electrode was connected to the negative lead and the alternate electrode
adjoined the positive lead. Curye) exhibits rectifying, interface limited behavior. The solid line is the best fit to(Eg.which describes
the serial combination of a diode and a resistor. In contrast, transport through the nanoparticle film deternhinéshheacteristics ofb)
and(c). Traces(b) and(c) are fit with a cubic splingsolid line) to aid the eye.
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Al/Al electrode system, current is limited by carrier transport
through the nano-Si film in both forward and reverse bias.

The |-V trace of the Al/nano-Si film/ITO devicgFig.
3(c)], constructed to permit observation of light output from
the device, shows the same kind of non-Ohmic, nonrectify-
ing behavior as the Al/Al electrode system. This is not sur-
prising since the work functions of Ai4.26 eV} and ITO
(4.5-4.7 eV are comparabl&’ and the two materials should
thus behave similarly with respect to carrier injection. Fur-
ther indication that the Al/nano-Si film/ITO device operates
in the carrier transport limited regime under forward bias
was previously evidenced in the linear relationship betweer
output power and current density, and the long transit times
(on the order of tens ofis for films 150—200 nm thigké*

The low conductivity of nanostructured silicon is a result
of the reduced effective mobilityu;) compared to bulk 10 — 0o BT
silicon1%22This is favorable for PL, as it is more difficult for
carriers to drift apart, bypassing luminescent pathways Voltage (V)

However,u ¢ places great constraints on EL, since radiative
recombination depends, in part, on carriers encountering\ll
each other as they move through the film. It is not surprisinqor
then, that EL efficiency is directly proportional to the effec-
tive mobility. When operating in the transport-limited re-
gime, the time it takes for carriers to traverse the filr (s

described by the equation structure imposed by the Si skeleton may limit carrier mo-
— A2V 5 bility. A mechanism that is entirely geometric and not elec-
Te= U ReftVs @ tronic in origin has no intrinsic temperature dependence.
whereV is the applied bias and is the film thickness. This 11US, temperature dependence is one of the defining experi-
relationship assumes a single electron-hole mobility, alMeNts to be performed. _
though the argument is essentially the same if the mobilities "€ témperature-dependertV behavior of an Al
are unequal. Transit times on the order of 49 have been nano-Si film/ITO device was studied to help elucidate the
measured for nano-Si-based devices with an observed powgPVerning carrier transport mechanisms. As shown in Fig. 4,
efficiency of ~10%%.2L According to Eq.(2), this corre- thel-V characteristic is non-Ohmic and nonrectifying from 4
sponds 10 guey of 1078 cr?/V sfor the laser-ablated nano- t© 300 K, which indicates that carrier transport dominates the
particulate silicon films. Porous silicon films in similar dc electrical characteristics over this temperature range. At
metal/PS devices reporta on the order of 104 c?/v's  emperatures of 100 K and below, the/ characteristics are
with power efficiencies estimated to be on the order oféSSentially independent of temperature, while above 100 K,
10294 11023 This direct correlation demonstrates that im- there is a slight increase in current density with increasing
provements in device performance will require increased car€Mperature for applied bias greater than 5 V. Similar behav-

' . o : 24,25 i
rier motion through the silicon nanostructures. and cer

Current Density (mA/cm?)

FIG. 4. The temperature-dependdnt/ characteristics of an

Si nanoparticle/ITO electroluminescent device. Th¥ behav-
exhibits a weak temperature dependence which is non-Ohmic
and nonrectifying at all temperatures. The device emits yellow-
orange light in both forward and reverse biases.

ior has also been observed in Si-rich Siths
tain porous silicon sampléS.However, this observation is
not universal, as nanostructured silicon materials are fabri-
cated with a broad range of structures and surface passiva-
The electrical characteristics of the Al/nano-Si film/ITO tions which may contribute to the variety of observed trans-
device are limited by carrier transport through the laserport mechanisms. For example, theV characteristics of
ablated nano-Si film. Understanding the carrier transporbther PS films are strongly temperature dependent, with the
mechanism is thus critical both for engineering improvedcurrent-density changing three orders of magnitude over the
devices and for determining the origin of the high nanopar200—300 K temperature range.
ticulate Si film resistivity. Presumably electronic and/or geo- The weakly temperature-dependent current density ob-
metric constraints contribute to the reduced carrier mobilityserved in this study implies the resistivity is topological in
in the films. Nano-Si films consisting of a collection of size- nature and/or that conduction processes which are not ther-
disperse quantum-confined particles may have significarnally activated, such as space-charge limited current or tun-
energy-gap variations from one particle to the next, and tha@eling between Si nanoparticles, are present. On one hand,
methods carriers employ to traverse these interparticle barrthe PL data strongly suggest that similar to amorphous semi-
ers theoretically have distinct temperature dependencies. Feonductors, the nano-Si films consist of a spectrum of local-
example, if hopping is the transport mechanism, the broaized states that will almost certainly provide some electronic
distribution of localized electronic states will lead to a largecontribution to the carrier transport process. On the other
range of trapping and release times. This type of temporahand, the temperature dependence of Ithé behavior of
dispersion tends to imply large temperature dependenciesanoparticulate silicon is small in comparison to other dis-
since emission from traps is a strongly temperaturepersive transport systems such as hydrogenated amorphous
dependent process. At the other extreme, the topologica&i. This may be evidence for carrier mobility reduction via

C. Carrier transport
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FIG. 5. The dd-V traces of an Al/Si nanoparticle/ITO heterostructure at 300 and 80 K. Experimental values are marked by the unfilled
points. The solid lines represent the best curve fit at the given temperat(aiettee FN tunneling relation~ V2exp(—b/V); and (b) the
SCLC equatiorl ~V", with the resultant fitting parameter~ 4.

purely spatial disorder, as opposed to a combination of geaall dictate that the spatial constraints imposed by the Si skel-
metric and electronic elements. A similar temperature depereton will be manifested in terms of a reduced dc

dence has been observed in certain PS samples, and the genductivity??

searchers cite purely topological constraints as a satisfactory

starting point for explaining their measuremefftin another 2. Electronic effects

set of PS devices exhibiting strongly temperature-dependent g glectrical conduction to occur, carriers have to be

|-V characteristics, the electrical behavior was attributed t0 & 4nsferred from one particle to the next across an energetic
combination of electronic and geometric effects, with eachy,rier, The observed weak temperature dependence in the
dominating in different regime%.It is thus necessary to con- | v/ characteristics of the nano-Si films implicates tunneling

sider both mechanisms when describing carrier transport ifhrough these barriers or space-charge transfer as probable

the laser-ablated nano-Si films. mechanisms, since other models would depend exponentially
on temperature.
1. Topological effects Fowler-Nordheim(FN) tunneling is caused by field ion-

When describing possible conduction processes in nandgatlon of trapped electrons into a conduction band. Current

particulate solids, it is vital to account for the microstructuref[jue to dtunneci em|SS|obn tS hoﬁld lf:jav% ess(;antlallé/ nct) temperha-
of the material. It is well known that conductivity in spatially ure ‘?p'%” ence, but shou e dependent on the
disordered materials can be modeled by percolation effect§*Pressio

In very general terms, a sample is regarded as being made up

of clusters, where a cluster is any set of connected vertices. | ~V2exp(—b/V). 3

The key phenomenon in percolation theory is the existence

of a threshold: at a critical concentration an infinite clugter Figure 8a) shows that reasonable agreement is obtained be-
connected path that extends throughout the sanfipims. In ~ tween the experimental data and E8). Theb value encom-

the nanoparticulate Si films, the vertices are an aggregate gasses an effective mass term and a barrier height. Assuming
randomly distributed and contacting particles through whichm* =my, even the best fits to the data yielded barrier heights
charge carriers attempt to pass when an electric field is apn the order of 37 eV, which is physically unreasonable.
plied. Because the films are built up particle by particle, it isMost realistic barrier heights can only be obtained for physi-
reasonable to assume that they operate above the percolatically inappropriate values ah* ~0.000Im,. However, the
threshold and that some conductivity pathways through th&N model is a classical description; it does not account for
film exist. In accordance with the theory of percolation con-geometric and charging effects nor is it equipped to deal with
ductivity, the films are modeled as by a network of resistorsthe fact that confinement of carriers in nanoparticulate sili-
Carriers will follow the path of least resistance through thecon may prevent the formation of traditional conduction
film and current will be carried in regions of relatively high band. Thus, tunneling between nanoparticles can still be con-
local conductivity which occur only in a small fraction of the sidered a valid potential transport mechanism. In addition,
material, resulting in a diminished drift velocity. A variety of tunneling is generally more sensitive to separation distance
models may be invoked to describe percolation-basethan thermal emission mechanisms, and tunneling current
behavior?” and although a quantitative analysis would re-will exceed the thermally generated current if the separation
quire extensive ac conductivity measurements, qualitativelydistance between particles is small enodigh, on the order
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of angstroms?® This condition is satisfied as the particles in transport occurs via SCLC or tunneling and the constraining
the nano-Si film are in contact, which also supports a tunnelpano-Si film geometry further reduces the dc conductivity.
ing current dominated model. Both the space-charge and the tunneling-based models quali-
Space-charge-limited currer@CLC) can occur in highly  tatively describe the nano-Si film data; however, these mod-
insulating substances when carriers are injected and no corets do not encompass geometric effects and charging effects
pensating charge is present. They are generally describédhich may be large when particles are in the quantum con-
by30 fined range3*~3’ The data presented in this study, coupled
with the existing PS literature, suggest that a combination of
I=aV+bV". (4 both geometric and electronic effects must be taken into ac-

The first term in Eq(4) dominates at low fields, resulting in count when describing conductivity in nanoscale Si films.

Ohmic behavior, while at high fields the second term con-The similarities between the electrical properties of laser-
trols thel-V characteristics and the equation simplified to @Plated and porous silicon are significant, and unexpected
~V" (n>1). The parameten is related to the distribution Cconsidering the microstructural differences between the two

of localized states in the insulator: a narrowing of the distri-N@noscale materials systems. _
bution is manifested in an increaserin Large values oh EL and electrode studies indicate that conduction through
are indicative of a slowly varying energetic distribution, re- the laser-ablated nano-Si films dominates over interface ef-

sulting in a more uniform distribution of the space—chargefeCtS or nonradiative recombination in controlling device
density between cathode and andbe. performance. The low EL efficiency implies that carriers pre-

Carrier transport in PS-based devices exhibiting weakl)ferto move through large particles, which greatly reduces the

temperature-dependehtV behavior, similar to that of the p_robabili.ty.of carriers meeting in smaller parfticles to recom-
nano-Si filmst® has been attributed to SCLC. with values of Pine radiatively. The PL data show strong evidence of carrier
n ranging fro’m 2 to 391132 \nhen |-V cur\}es from the confinement, which is reflected in the transport properties.

laser-ablated films are evaluated using the space-charﬁthough carrier localization is advantageous for PL, EL de-
model[Fig. 5b)], quantities oh~4 are obtained. Data from vice performance is adversely affected by the resistive nature

polycrystalline diamond films with grain sizes on the order©f the nano-Si films. As sugh, improvement; will require a
of micrometers have also been fit to this equation with W& t0 enhance conduction between Si nanoparticles,
=4.2% The largern value exhibited by the nano-Si films through the development of more sophisticated device archi-

indicates that carriers move through a more uniform enertectures or the incorporation of the particles into semicon-

getic (size distribution than that of PS; however, it may be ductor host matrice¥’

the larger particles providing the path of least resistance. If
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