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ABSTRACT

We report local-field-enhanced light emission from silicon nanocrystals close to a film of nanoporous gold. We resolve photoluminescence as
the gold —Si nanocrystal separation distance is varied between 0 and 20 nm and observe a fourfold luminescence intensity enhancement
concomitant with increases in the coupled silicon nanocrystal/nanoporous gold absorbance cross section and radiative decay rate. A detailed
analysis of the luminescence data indicated a local-field-enhanced quantum efficiency of 58% for the Si nanocrystals coupled to the nanoporous
gold layer.

Since the discovery of strong room-temperature photolumi- has been observed in compound semiconductor materials that
nescence from porous silicon in 1999¢onsiderable effort  coupling to a metal can lead to enhanced emission from solid-
has been devoted to the development of silicon-based opto-state quantum dots*® and wells!®

electronics for integratEd photoniCS, an integral part of which In this paper, we show first evidence of PL enhancement
is a long-sought Si-based power efficient light emitter. Silicon from nc-Si coupled to metal nanostructures and report on a
nanostructures have been investigated intensively as lightseparation-distance-resolved study of radiative decay rate,
emission sources. They have been made by many differenteffective absorbance cross section, and quantum efficiency,
methods, including porous etchibgnplantation of St ions? as well as PL intensity for the coupled emitteranostruc-
aerosol synthesis,rf cosputtering of Si and Si&¥ and tured metal system.

chemﬁcal vapor dep.osition of Si0 and 3iThese mat_erials . Si nanocrystals were produced by ion implantation of 11
exhibit efficient luminescence because of the radiative emis- keV Si* ions to a fluence of 1.7 10% cm-2 into a 1.6-

sion of long-lived quantum-confined excitons in silicon nano- mm-thick fused quartz strip (Technical Glass Products)
crystals (nc-Si), which emit in the near-infrared to visible According to Monte Carlo simulations performed with

range because of an increase in the exciton emission energ¥o im0 such an implantation yields a Gaussian depth
relative to bulk silicor. Emission from Si nanocrystals has distrib,ution of Si in the Si@ with a peak excess Si

i)een Ttt_lljd'ed 'g V?”O;’S ;gste?s,ﬁfrqmtsmlglet nrlsmognﬁstals concentration of 10% at a depth 20 nm. The implanted
0 multiayered structures,and etricient electrolumines- guartz was annealed in argon for 20 min at 2@and 20

0-12 i 1 14
cencél_ h anq high g.?'” values havle rk:een repor:jed.. bl min at 450°C to dry the surface and then again for 30 min
As '9 t-e;?]ltters,ﬁ_lk;f:on hanocrystals a\lle many desira _iat 1000°C to form nc-Si. The samples were subsequently
properties. They exhibit room-temperature luminescence with p v in 10% hydrogen in nitrogen forming gas ambient

high quantum efficiengigs, and the emisgion energy can befor 30 min at 450°C to eliminate emission from defect states
tuned throughout the visible range by varying the nanocrystal in the SiQ matrix2.

size®® or surface terminatiof However, because of the Aft Sif tion. th ; fthe 9 | i

indirect band gap, nc-Si suffers from a low radiative emission ¢ eg.n(;:- ! dorma |ton, € Isur ace ? h g. 'le'_zogg S ;'p

rate and a small absorbance cross section, which decrease® Nc->- op_e quar z sampie wgs etc e_ Ina L.20 mixture
HF in water in a stepwise fashion. The etch rate

the photoluminescence (PL) intensity relative to direct band Of 48% . ) .
gap semiconductors and organic dyes. A method for over- was 0.25 nm/s, precisely calibrated by spectral ellipsometry

coming this specific limitation is thus highly desirable. It (Sentech SE,'SSO) of an analogous sample of2_$iﬁ)a Si
substrate. Nine 2.5-nm steps were etched using a stepper

* Corresponding author. E-mail: jsbiteen@caltech.edu; tel: 626-395- motor to control fo_r step 'e_”gth (1 cm) and etch tlme_(l_o ).
3826; fax: 626-844-9320. Each step was uniform withit0.2 nm across the majority
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PL Intensity Enhancement
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Figure 1. (a) False color plan view (100 K magnification) SEM Etch Depth (nm)

of the nanoporous gold surface showing features on the order of

10 nm. (b) Schematic cross section of the sample. PL measurementgigyre 2. PL intensity enhancementp,, measured at 780 nm as

are made from the bottom side of all samples. a function of etch deptt (triangles). The solid line is a fit to the
data using a model that accounts for the spatial distribution of Si

of its length. The 9-cm strip of nc-Si at different depths was nanocrystals and the enhanced local-field. Insets: (a) Typical PL

then split lengthwise in two, and the first half was retained spectra for the reference (black) and coupled np-Au/nc-Si (red)
as a reference sample. for the.reference  (squares) and Goupled np-AUIG.Si (ctied)
. or - -

Su_bsequently, a film of nanoporous gold was prepared aC'samples. The referenqce intensities arepwell fiFt) by the green line,
cording to a method developed by Erlebacher and co-work-yhich is the integral of two Gaussian distributions that peak at 14.2
ers?? A 100-nm-thick 12-carat gold leaf (50:50 Au/Ag alloy;  and 24.2 nm, respectively.
Sepp Leaf Products) was dealloyed in 70% nitric acid for
10 min, whereby the selective dissolution of Ag left behind laid nanocrystal-side down on a polished silicon substrate
a nanoporous Au (np-Au) film, 150-nm-thick and found to to account for any reflection effects in the coupled np-Au/
be com- nc-Si sample.
posed of approximately 50% Au and 50% voids. As shown  Typical PL spectra from the reference and np-Au/nc-Si
in the scanning electron micrograph of Figure 1a, obtained samples are reported in inset a of Figure 2 (black and red
by using a LEO 1550VP Field Emission SEM, the gold lines, respectively) for an etch depfh,= 5 nm, and for an
feature dimensions are on the order of 10 nm and range fromexcitation power densityRex = 50 mW/mn?. The PL inten-
spheres to prolate spheroids with aspect ratios up 1. sity of the coupled sample is enhanced and slightly blue-
The so-formed nanoporous gold layer was then adhered toshifted with respect to the reference sample. To better under-
the quartz surface. Therefore, at each step in the coupledstand the origin of this PL enhancement, we fixed the detec-
sample, the np-Au was brought 2.5 nm closer to the centertion wavelength at 780 nm, thus focusing our investigation
of the nc-Si distribution, as schematized in Figure 1b. on a precise Si nanocrystal size because nc-Si PL is size-

Photoluminescence (PL) spectra were acquired underdependent. In inset b of Figure 2, the PL intensities mea-
excitation from thele, = 488 nm line of an At laser focused  sured at 780 nm for both the reference (squares) and the np-
to a 1-mn? spot. The PL intensity was measured using a Au/nc-Si coupled sample (circles) are reported as a function
charge-coupled device detector (sensitivity range-20000 of D.
nm), cooled with liquid nitrogen te-132°C, in conjunction The Gaussian Siion implantation profile used to produce
with a 27.5-cm focal length grating spectrograph. A dichroic the nc-Si sample has been observed previously to give a
filter that cuts off wavelengths below 510 nm was used to Gaussian distribution of nc-Si concentrations in which larger
eliminate scattered laser light from the measurements. Time-nanocrystals are abundant at the center of the Gaussian and
resolved PL measurements were performed by chopping thesmaller nanocrystals lie mainly in the tatfsMeasurements
488-nm excitation source with an acousto-optic modulator of the reference sample PL intensity integrated over all
at a frequency of 250 Hz, and this PL was recorded with a wavelengths as a function & (not shown) indicated that
GaAs photomultiplier tube in conjunction with a multichan- the center of the nc-Si distribution is 1942 0.1 nm from
nel photon counting system. The time resolution of the the unetched surface. Because the variations in emission
system was<50 ns. PL measurements were made through wavelength as a function of etch depth were small, we
the transparent side of the samples, as indicated by the arrowsissumed the emitter oscillator strength to be roughly constant
at the bottom of Figure 1b, and the reference sample wasthroughout the sample, and thereby found the emission as a

Nano Lett., Vol. 5, No. 9, 2005 1769



function of depth to be consistent with a Gaussian distribution ]
of width of 14.0 = 0.2 nm. Within this ensemble, Si Experimental Enhancements
nanocrystals emitting at 780 nm are of an intermediate size,
and are therefore expected to have a bimodal concentratior

profile about the center at 19.2 nm. The squares in inset b - a) ~'fm Referencfom‘ )
of Figure 2 show the dependence of the PL intensity of the "é 8|° "pﬁfﬁ 3
reference samplépie;, 0N D. The green line beneath these 3r 1. ‘..-l.-
data shows that they are well fit by the integral of two X A S )
Gaussian distributions, peaking at 14.2 and 24.2 nm, . "
respectively. The etch deptB, is therefore a measure of Pumsp?Power 100
the np-Au/nc-Si separation distance. (mWimm?)

We define the photoluminescence (PL) intensity enhance-
ment,yp (D) at depthD, as the ratio between the PL intensity

of the np-Au/nc-Si coupled sampliy npgD), andlpire(D),

that is, 7p.(D) = lpLpdD)/IpLrefD). This enhancement is ' C) » »
reported in Figure 2 (solid triangles) fBx = 50 mW/mn#. sk N ‘Ew“
Interestingly, the PL intensity enhancementis for all the g E
etching depths and reaches a fourfold maximum pedk at s & .
= 10 nm. It is therefore clear that the presence of the np-Au d) 10

layer in proximity to the nc-Si plays a crucial role in Q_2 B
determining the optical properties of the emitting centers.

To understand the physical origin of the increase in g.‘_: ?
luminescence intensity, we begin by noticing that, for a given 1k

" Time ims}

——

------ expref 45kHz

photon flux,¢, the PL intensity oN optically active emitting TR — "
centers is directly proportional to the product of the number 0 5 10 15 20
of excited centerd\*, and the radiative decay raBqq¢ In Etch Depth (nm)

particular, under steady-state conditions, an analysis of the _. . .
two-level system yields Figure 3. (a) Representative values of turn on rate as a function

of pump power (aD = 10 nm) that were used in eq 4 to calculate
the absorbance cross sections for the reference (solid squares) and
o ONT o NF @ coupled (open circles) samples. (b) Effective excitati_on Cross section
PL o¢ + Ty, enhancementy,, at 780+ 20 nm. (c) Representative PL decay
traces for the reference (black) and coupled np-Au/nc-Si (red)

samples aD = 10 nm. (d) Experimental decay rate enhancement,
whereo is the excitation cross section, and the experimental 7t at 780+ 20 nm. The solid lines in b and d are fits to the data

decay rate['exp = I'raa + I'nr, cOMprises the radiative as well usung a model that accounts for the spatial distribution of Si
as the nonradiative de-excitation paths. In the low excitation hanocrystals and the enhanced local-field.
regime, eq 1 reduces to
The effective excitation cross sections of the reference and
) coupled np-Au/nc-Si samples,es andonyg, Were determined
e < . .
el UN Fexpr’ad (00 < Loy ) from measurements of the PL rise timela = 780 + 20
nm with a technique derived from the steady-state relation-
which indicates that, for a fixed number of optically active Ships present abo#é? The rise time,zo, defined as the
centers and a constant photon flux, the PL intensity dependsaverage ¥ time for the PL intensity to reach its saturation

on measurable physical quantities suclv @5 dl ex, as well value, is inversely related t@, according to the expression
as on the radiative emission rai&,s whose value is mostly
unknown. Because, for a given etch depthand N are 1ty =0¢ + Iy (4)

identical for both the reference and the np-Au/nc-Si coupled
samples, the PL intensity enhancememt. (D), can be

) The turn on ratel’on, = 7001, was measured as a function
decomposed by using eq 2 as follows:

of the photon flux,¢, in the reference and np-Au/nc-Si
samples at eadD; the results fol ,n(D = 10 nm) are shown

IPang Onpg I adnpg Lexprer 7o' in inset a of Figure 3 for the reference (squares) and coupled
MpL = - (0¢ < Iﬂexp) i i i
loiret  Oret Drag-ref Lexpnpg 7T (circles) samples. The(D) is determined from the slope of
o () this graph;o.er was found to be essentially constantt.5

x 10716 cn?, whereasonpg(D) was highly dependent ob

Here, 74(D) = 0npdD)/0wei(D), 71,.{D) = Trad-npd D)/ and always greater than or equal dp{D). The purple
Trag-reD), and 7r, (D) = Texp-npdD)/Texp-re(D) are the triangles reported in Figure 3b show the excitation cross

enhancements in the effective excitation cross section,section enhancementy(D), as a function of etch deptb.

radiative decay rate, and experimental decay rate, respec-The peak value is greater than 2 @t= 10—-12.5 nm,
tively, at etch deptiD. meaning that the effective excitation cross section for the
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nc-Si emitting at 780 nm is enhanced by a factor of 2 in the .
presence of the np-Au layer. This enhancement alone, Radiative Rate Enhancement
however, cannot account for the fourfold increase in PL
intensity of Figure 2. Therefore, according to eq 3, either
Iexp OF T'rag (Or both) must also be affected by the np-Au 5
layer.

Inset ¢ of Figure 3 shows representative curves for the
experimental PL decay of both sampledat 10 nm. The
PL intensity for the np-Au/nc-Si sample decays faster than
the reference sample, as was found to be true at all etch
depths. In particular, the reference sample is characterized ® 3L
by an experimental decay ratBsx,-rer = 40—50 kHz, that :;5-"
is only weakly dependent db. However, the PL decay rate
for the np-Au/nc-Si sample is highly dependent Bnits 2t
values varying in the range 53.05 kHz. The blue triangles
in Figure 3d show the experimental decay rate enhancement

1r.(D), as a function oD. This ratio is greater than unity Tpadememen Iy o~ 12.4 kHz

for all D, and it reaches its maximum-@) at 7.5 nm< D X X X X \ X . . X
< 12.5 nm. Interestingly, the enhancement of experimental 0 5 10 15 20
decay rate roughly equals the increase in excitation cross

section, in such a way that the two cancel each other out in Etch Depth (nm)

eq 3, giving as a result no net contribution to the PL intensity rigyre 4. Radiative decay rate enhancemept,, calculated with
enhancement. Therefore, to explain the experimentally eq 3 for nc-Si emitting at 780 nm coupled to the np-Au film. The

observed fourfold PL intensity increase, we deduce that the solid line is a fit to the data using a model that accounts for the
nc-Si radiative emission rat€,.q must also increase in the spatial distribution of Si nanocrystals and the enhanced local-field.
vicinity of an np-Au film.
We measured e at Pex = 50 mW/mn#, and o was Quantum Efficiency Enhancement
calculated using values af, acquired at 5< Pg < 100 3 quyp—y .
mW/mn?. At these pump powersg = 1P—10° s < Tgyp -
=5 x 10*s L. Thus we use eq 3, together with the measured
enhancementgpy, 17, andyr,,, reported in Figures 2 and 3,
to directly estimateyr,, for the nc-Si emitting at 78& 20
nm. The results are reported as inverted triangles in Figure v
4. The enhancement,,,depends strongly ob, in particular 2}
it is greater than unity at all separation distances with a peak w
of ~4.5 atD = 7.5 nm. Indeed, this behavior suggests that :;-G
the increase in radiative decay rate reported in Figure 4 is
uniquely responsible for the observed enhancement in PL
intensity in Figure 2.

On the basis of this analysis, it is possible to give a 1k - QE_.~0.27

guantitative estimate of the absolute values of the radiative ref

rate, and therefore the quantum efficiency of the nc-Si

system. The enhancement in quantum efficiengys = P S T S
QE\dQEe is a function of the decay rate enhancements. 0 5 10 15 20

Etch Depth (nm)
Nog = QEnpg: Frackruog Iﬂexmfef — % (5) Figure 5. Quantum efficiency enhancemenge, for nc-Si emitting
QB QE. L exp-npg L rad-ref mr,, at 780 nm and coupled to the np-Au film, as calculated using eq 5.

The solid line is a fit to the data using a model that accounts for
the spatial distribution of Si nanocrystals and the enhanced local-
The inverted triangles in Figure 5 shayyg, as calculated  field. Inset: The decay rate enhancements,, and nr,,, are
from eq 5, using the data faf,,, andar,,, reported in Figures ~ compared and fit to a straight line (reducgd= 0.14) as in eq 6,
4 and 3d. The enhancement in quantum efficiency is depen-t0 Xtract the slopeXleyp refTrag-re) = 3.70-+ 0.90, from which a
quantum efficiency of 27% can be derived for the reference sample,
dent onD and has a peak of2 fqr 5 nm<D < 12.5 nm. and they intercept, € Tor-npgTrag re) = —3.33% 0.82.
From the definitions of the radiative and experimental rate

enhancements, it follows that . -
Here, I'n—npg is the nonradiative decay rate of the coupled

r r sample. Because for the reference saniplg rer = I'rag-re
he = ( exmef) _ ( nrnpg) (6) + Inr—ref iS CcOnstant as a function of etch defihwe can
rd e\ liagrer)  \Drad-res reasonably assume thBtgrer and Tnr—res are also constant.
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Moreover, assuming thalw—npg is also approximately limits the overall achievable emission enhancement. Also,
constant withD, a plot ofyr,, shown in Figure 4, versus most nanocrystals are nonresonant with the np-Au in the
Nr.» reported in Figure 3d, should give a straight line, present work. Despite the complex structure of the nanopo-
according to eq 6. In the inset of Figure 5, the experimental rous gold, the model developed here shows a close cor-
values ofyr,, andr,,, are reported in a scatter graph. The respondence to the experimental data, and this fit indicates
trend is clearly linear, and indeed the data are very well fit that with an optimized nanostructured sample consisting of
(reducedy? = 0.14) by a straight line with slopel {xp-rei a single, uniform (straggles 1 nm) monolayer of nc-Si
[rag-ref) = 3.70 £ 0.90, andy intercept, ¢I'nrnpdT rad-rer) resonant with np-Au, we can envisage enhancements in
= —3.33+% 0-82.- From the slope, and the measurgg)-ref radiative decay rate, absorbance cross section, and quantum
~ 45 kHz, we find for the reference sample thalsrer~  efficiency, and therefore in PL intensity, by as much as 2
12.4 kHz, as indicated by the dashed line in Figure 4. This ,qers of magnitude. Such an increase in the Si nanocrystal
measurement, corresponding to a radiative lifetime 680 o ission rate can make nc-Si competitive with direct band
Is in good agreement_w_lth the values estimated by GarCIagap light emitters and enable the fragmentation of brighter
and co-worker® and within the range calculated by Delerue nc-Si LEDs, and possibly allow high optical gain in an all-

et al?” The value of Qs for the reference sample is the ilicon devic':e fabrication Drocesses

inverse of the slope, that is, 27%, as indicated by the dashed” P :
line in Figure 5. From this value and the valuesieft in
Figure 5, we estimate a peak enhanced quantum efficiency
of 58% for nc-Si coupled to the nanoporous gold layer.

The enhancements observed in Figures52can be
explained by considering the geometry of the system. Small . . .
gold particles will strongly concentrate electric fiefisso absprbance Cross SeCt,'onS gf the np-Au film and n_C'S'
an enhanced local field is present about the ellipsoids and€Mitters, as well as a discussion of the enhancement in PL
spheroids that make up the np-Au film. A silicon nanocrystal intensity integrated over all detection wavglengths and |.ts
in this enhanced field will have an altered optical density of dependence on pump power, can be found in the Supporting

states, and steady-state analysis indicates that this willlnformation section. This material is available free of charge
enhance the decay rate of the néSAdditionally, np-Au  Via the Internet at http://pubs.acs.org.
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