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ABSTRACT

Nanoparticles are capable of both enhancing and suppressing the photocurrent in a silicon diode when deposited on the active face of the

device. Photocurrent imaging of the individual nanoparticles and nanoparticle aggregates responsible for this effect reveals that Au nanospheres ,
nanoshells, and nanoshell dimers each exhibit unique wavelength-dependent suppression-enhancement characteristics. In contrast, silica
nanospheres provide a sizable and relatively uniform photocurrent enhancement across the same spectral range (532 —980 nm). Unusual
light-harvesting behavior observed correlates with a highly complex energy flow (optical “vortexing”) for the forward scattered light of plasmon

resonant nanoparticles into the device.

Photoinduced carrier generation and charge separation arénominally within several particle diameters) affects photo-
the requisite processes of solar cells and photodetectors. Ircurrent generatiohwhile for very shallow junction devices,

the photosynthetic reaction center of plants, nature hasthe nanoparticle near field can enhance photocurrent genera-
merged these two functions to achieve almost unit efficiency; tion in the active region close to the device surfagé. is
however, in man-made devices their integration remains ahighly likely that the properties of the specific individual
critical challenge. The combined needs for light harvesting nanoparticles, such as absorption and scattering cross section
and voltage or current generation drive device design, and plasmon resonances, controlled by their size and shape,
bringing photoabsorbers directly into the active region of play a critical role in light harvesting in these types of device
the device, as in the case of photoelectrochemical tells. structures. However, the nanoparticle-dependent aspects of
Another approach is to implement light-harvesting strategies this highly promising light-harvesting strategy have not yet

in a separate processing step, by adding light-absorbingpeen investigated.

molecules or by positioning or patterning light-harvesting
antenna structures onto the active face of a fabricated dévice.
This latter approach may offer methods for further increasing

efficiencies of devices already in use or in production. If Lo
. . . ; . nanoshell aggregates varying in size and plasmon resonance
relatively inexpensive, mass-producible nanoparticles could - . X
frequency, and silica nanospheres. Photocurrent imaging,

serve as effective light-harvesting nanoantennas, significant. . : . T
. . . . initially developed to obtain charge mapping in individual
improvements in device efficiency and performance for

photodetectors and solar cells may be obtainable at relativelynanosca.le. deviced,is us'ed here 1o measure the effect of
low cost for widespread use. each individual nanoparticle on the electrical response of the
Recent experiments have shown that Au nanoparticles Candewce. Plasmonic nanoparticles can either enhance or

be used as light-harvesting nanoantennas when deposited alﬁupp[]ess photogulrrent in the devuczie depending on .Wave-d
remarkably low coverage on the active face of silicon solar ength, nanoparticle resonance, and nanostructure size an

cells3 The nanoparticles showed a measurable, wavelengthd€0mMetry. This surprising response is directly related to the
dependent increase in device efficiencies in both shallow and €OMplex energy flow of scattered light by plasmonic nano-
buried pn junction devices. The junction depth dependenceParticles, an effect previously predicted for radiatively

suggests two regimes of nanoparticle-induced light harvest-damped metallic nanoparticles in vacuum, but not yet

ing. For deep junction devices, the forward scattered field €xPerimentally observed. In contrast, dielectric scatterers
provide a uniform photocurrent enhancement across a broad

* Corresponding author. E-mail: halas@rice.edu. spectral range.

Here, we report a study of the changes in photocurrent in
a buried silicon photodiode induced by nanoparticles of
differing properties: Au nanoparticles, Au nanoshells and
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coverage that multiple particles could be imaged in each 15
x 15um area scan (Figure 1).

Maps of the local photocurrent were obtained by scanned
imaging of the functionalized photodiodes using a fiber-
coupled confocal sample-scanning optical microscope with
532, 633, 785, and 980 nm wavelength laser sourges (
SNOM, WITec GmbH, Ulm, Germany). A 100x/0.9 NA
microscope objective provided a diffraction-limited laser spot
on the surface of the photodiode. The sample is raster-
scanned using a piezo stage, typically over ax185 um
area with 128x 128 pixels at an integration time of 0.15
s/pixel for 532, 633, or 785 nm and 0.83 s/pixel for 980 nm.
At each pixel, the reflected light (detected with a photomul-
tiplier tube) and the photocurrent were obtained simulta-
neously using standard lock-in techniques (SR540 and
SR850, Stanford Research Systems, Sunnyvale, CA) at a
~400 Hz chopping rate. No sample biases were applied. The
simultaneous collection of confocal reflectance and photo-
current permits the correlation of nanopatrticle position with
an increase or decrease of photocurrent at the same point.
The incident laser power was monitored during the measure-
ment with a silicon photodiode (DET110, Thor Labs,

_ ) _ o Newton, NJ). The incident laser intensity was adjusted to
Figure 1. (A) Schematic of the nanoparticle functionalizetihp btai hot t of imately 2.5 nA at lenath
photodiode. Right: Scanning electron micrograph images, indicating obtain a photocurrent of approximately 2.5 nA at wavelengins

representative densities of nanoparticle surface coverage on device®f 532, 633, and 785 nm and 0.6 nA at 980 nm.
for (B) r = 60 nm silica particles, (C) = 25 nm Au colloid, and To obtain the local enhancement at each nanostructure,

(D) [r1, rz] = [96, 116] nm nanoshells. the scan line containing the strongest photocurrent due to
] ] = the particle [paice) Was obtained, then compared to the
Our experimental geometry consisted of silicon photo- average local background levéhdgroun) along this linear

diodes functionalized with nanoparticles on their light- .54 The change in photocurrent due to the presence of the
collecting face (Figure 1A). Silicon"m diodes (Addison nanoparticle is

Engineering, Inc., San Jose, CA) were fabricated on 6-010

0.020Q cm resistivity n-type wafers. The junction depth N

was 500 nm, determined by destructive profiling of one of Al'_ particle — Tbackground (1)
the devices (Solecon Laboratories, Reno, NV). The surface '
carrier concentration within the first 200 nm of device is

p-type and ranges from 4 109 to 1 x 10°° cm™3. The This local determination of photocurrent enhancement due
front aluminum contact thickness a 3 mmwide x 500 to each individual nanoparticle is advantageous because
nm thick edging running along all four sides of the individual nanoparticle contributions can be clearly distin-
rectangular die (2.0 cmx 2.2 cm) while the back contactis  guished from enhancements due to variations in nanoparticle
a 475 nm thick gold layer coating the entire back surface. surface coverage density. In addition, this approach removes
Five types of nanoparticles were used to functionalize the any effect of long-term laser power drift or large-range
active face of the photodiodes. Solid silica nanospheres ( (micron or millimeter scale) spatial inhomogeneities in the
= 60 nm, Precision Colloid, Cartersville, GA) and solid Au response of the device structure. In our photocurrent images
nanospheresr (= 25 nm, Ted Pella, Redding, CA) were the nanoparticle appears bright if its presence increases the
obtained commercially. Three different sizes of-Agilica measured photocurrent and dark if its presence suppresses
nanoshells withr, ro] = [38, 62] nm, 1, r)] = [62, 81] the photocurrent at that location. The apparent size of the
nm, [r1, r] =[96, 116] nm, where; is the inner silica core  nanostructure-associated feature in the photocurrent images
radius andr; is the total particle radius, were prepared on is a convolution of the laser spot size and the nanostructure
commercially available silica cores (Precision Colloids, influenced portion of the substrate. Because this measurement
Cartersville, GA and Nissan Chemical, Houston, TX) using does not specifically resolve the topology of the nanostruc-
the seeded growth technique previously reported. The p ture, this approach can be combined with atomic force
photodiodes were cleaned by sonication in ethanol and driedmicroscopy to obtain the specific nanostructure geometry
in a stream of nitrogen. The nanoparticles were depositedresponsible for each local change in photocurrent.

from aqueous suspension onto the diode faces prefunction- Photocurrent images for all types of nanoparticles studied
alized with poly(vinyl pyridine):* The deposition times and  at the four wavelengths used in the experiment were obtained
precursor nanoparticle suspension concentrations were sefFigure 2). The images in the top row correspond to silica
lected to maintain interparticle spacings much greater thannanospheres of 60 nm radius,{®), in the second row Au

the laser spot size, yet to ensure sufficiently dense surfacenanoparticles of 25 nm radius{fF), followed by (third row)

Junction
Depth
500 nm

Ibackground
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Figure 2. Photocurrent images [in nanoamperes] of®) r = 60 nm silica hanospheres,{H) r = 25 nm solid Au nanospheres;-L)
[r1, r2] = [38, 62] nm nanoshells, and @¥P) [r4, rz] = [96, 116] nm nanoshells for light incident at wavelengths of 532, 633, 785, and 980
nm. Symbols represent single nanoparticles, dimers, and higher order aggregates sampled during each scan. Scalgrhars are 2

Au nanoshells of dimensiorry| r;] = [38, 62] nm (L),

and (fourth row) Au nanoshells of dimensian,[r2] = [96, 157A 157 g ]

116] nm. In each row, images of the same sample were <o

obtained at the excitation wavelengths of 532, 633, 785, and = 104 X 101 =

980 nm, respectively. In the four rightmost images obtained g g | o

at 980 nm wavelength, individual nanoparticle features are <« o <

denoted with specific symbols. The values of the changes S g 57

in photocurrentAl/l for the individual nanoparticles of each .3

type, corresponding to the symbols in these four images, are () r—jrm—fr——fp——i—mi () ——f——fp——t—

plotted as percentage changes in Figure 3. 500 600 700 800 9001000 500 600 700 800 9001000
These images reveal strong, nanoparticle-dependent dif- Wavelength [nm] Wavelength [nm]

ferences in photocurrent modification due to the properties 101 C— 301D

of the various types of nanoparticles studied. (Small varia- __ B 15

tions in Al/I for the individual nanoparticles sampled may & 04 -~ - - X

also arise from differences in the local environment of each = g = 07

nanoparticle due to variations in dopant or surface trap state <1-10+ B> <15 w

density in the underlying device and nonuniformity in the g 8

PVP spacer layer.) Dielectric silica nanospheres (Figure 2A 201 -301

D) exhibit a consistent and uniform enhancement over the —

————t— 45— ——t—t—
entire wavelength region studied. This uniform enhancement 500 600 700 800 900 1000 500 600 700 800 9001000
is attributed to the very similar, nonresonant scattering Wavelength [nm] Wavelength [nm]

properties of these par_ticles across the me_asurement WaVelfigure 3. Local photocurrent modification for photodiodes func-
length range. The particle-to-particle variation in enhance- tionalized with (A)r = 60 nm silica nanospheres, (B)= 25 nm
ment is also relatively small, indicating that the nanopatrticles solid Au nanospheres, (Cy4f ro] = [38, 62] nm nanoshells, or
themselves are relatively uniform in size, and well dispersed (D) [r1, r2] = [96, 116] nm nanoshells. Symbols correspond to

; ; i ; _ particles marked in the rightmost column images of Figure 2 (Figure
on the device with minimal or no aggregation. Au nano 2, panels D, H, L, and P, respectively). Solid lines indicate the

spheres also display a ph_Otocu”ent enhancement over thl%rend of the average value. In panel C, the red square pertains to
wavelength range, appearing strongest at the shortest waveparameters modeled in Figure 4A, and the green square corresponds

length (11%) and decreasing with increasing wavelength, to to Figure 4B.
626 Nano Lett., Vol. 8, No. 2, 2008



3% at 980 nm. This observed wavelength dependence isHowever, long wavelength photocurrent enhancement comes
generally consistent with previously reported results that did at the cost of shorter wavelength photocurrent suppression,
not distinguish individual nanoparticle contributions, but also a property that may impact device or nanoparticle design or
shows some variation with those resiflSor example, one  applications.
of the observed Au nanoparticles in this image (denatgd By combining photocurrent imaging with atomic force
shows a wavelength-dependent enhancement that deviatemicroscopy, the specific nanoparticle geometry associated
significantly from the other nanoparticles in the image, with each enhancement-suppression feature in the photocur-
revealing a significantly stronger photocurrent enhancementrent images can be determined. This approach allows us to
over the entire wavelength range. This possibly may be duediscriminate between the photocurrent modification due to
to the presence of a nanoparticle aggregate at that site. Smaljsolated nanoshells and nanoshell aggregates also deposited
Au nanoparticle aggregates such as dimers and trimerspn the active surface of the device. An AFM tip mounted
possess a different spectrum of plasmon resonances and gelow a standard 50 long working distance microscope
larger scattering cross section due to their larger spatial extenfobjective and positioned using a high-precision piezo stage
than their individual Au nanoparticle constituefts? The in our microscope permits the acquisition of AFM images
presence of even a small percentage of such aggregates, quitgnd photocurrent images of the same area of the sample with
possible in the preparation of these types of nanoparticle- systematic offsets of at most a few microns. This combined
dispersed surfaces, may be responsible for additional pho-photocurrent-AFM measurement is seen in the case of
tocurrent enhancements for this device geometry. intermediate sizedr{, ro] = [62,81] nm nanoshells on Si

Au nanoshells (Figures 2IP and 4A-D) exhibit a photodiodes (Figure 4). A clear visible correlation between
markedly different wavelength-dependent photocurrent en- the individual nanoshells and nanoshell aggregates observed
hancement-suppression characteristic than either silica or Auin the AFM topographic image in Figure 4E and the
nanospheres. Two different sizes of nanoshells were inves-photocurrent images of Figure 44 is easily observable.
tigated: Figure 2+L shows the photocurrent images of In Figure 4E, the presence of both individual isolated
[r1, r2] = [38, 62] nm nanoshells, and Figure 2N? shows nanoshells and nanoshell dimers and occasionally larger
the [ry, r;] = [96, 116] nm nanoshell photocurrent maps. aggregates can be seen. From these data, we can clearly
With increased total particle size, the proportion of scattering distinguish between the photocurrent suppression-enhance-
to absorption in the total extinction cross section will ment characteristics of individual nanoshells and nanoshell
increase, and multipolar plasmon modes will contribute more aggregates. In contrast to the photocurrent suppression-
significantly to the overall nanoshell plasmon respot{s€. enhancement characteristic of individual nanoshells, most of
The dipolar plasmon resonances for thg f,] = [38, 62] the nanoshell dimers suppress the photocurrent at all four
nm and [y, ro] = [96, 116] nm nanoshells suspended iCH wavelengths (Figure 4G). This is also in contrast to the
occur at 650 and 960 nm, respectively, and a quadrupolarnanoparticle aggregate case observed in Figure 3B, which
resonance at 697 nm is also present for the )] = results in photocurrent enhancement. The magnitude of the
[96, 116] nm nanoshells (see Supporting Information for photocurrent suppression in the case of nanoshell aggregates
spectral data for all nanoparticles). On a highly refractive is likely to be related to the large scattering cross section of
substrate such as the silicon device studied here, thethe aggregates and may also be influenced by nanoshell
resonance frequencies of plasmonic nanoparticles are ex-dimer properties such as interparticle distance, including the
pected to redshift and higher order multipole plasmon modes cases of touching or fused dim&&-2and relative orienta-
should be preferentially enhanc&d?? tion of the dimer axis with respect to the polarization of the

Both the small and large nanoshells suppress the photo-incident light. This type of broadband photocurrent suppres-
current at Wave|engths of 532 and 633 nm and enhance the’SiOﬂ would no doubt be deleterious to device performance;
photocurrent at wavelengths of 785 and 980 nm (Figures for this device geometry nanoshell aggregates should clearly
3C,D and 4F), where the larger nanoshells show the largerbe avoided.
photocurrent suppression and enhancement. The strongest In general, the nanoparticle-induced photocurrent changes
photocurrent suppression (30%) is due to thg f;] = that are observed are related to the interference between the
[96, 116] nm nanoshells at a wavelength of 633 nm (Figures light scattered from the nanoparticle into the device and the
2N and 3D). The maximum photocurrent enhancement light transmitted directly into the input face of the devfce.
observed in these experiments, nominally 20%, was observedThe relative phase of these two input waves results in
at 980 nm excitation for these larger nanoshells. In this case,constructive or destructive interference, which may affect
the forward scattering of light into the device is enabled both photocurrent generation if a constructive or destructive node
by the strongly scattering character of the nanoshell dipolar occurs in the active region of the device. For plasmon
resonance for a nanopatrticle in this size rafged by the resonant nanoparticles in particular, the behavior of the
greater transmissivity of the 980 nm wavelength light in forward scattered wave can be quite compfexé Previous
silicon. These large observed enhancements have importantheoretical studies of plasmon resonant nanoparticles in
technological implications for long-wavelength sensitization vacuum have shown that the forward scattered field for
of silicon photodetectors into the near IR for imaging frequencies on or near the plasmon resonance of the
applications, as well as for expanding the spectral responsenanoparticle may have vortexlike characteristics and a spatial
of silicon-based solar cells in that wavelength region as well. structure that depends quite sensitively on the properties of
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finite element simulations were performed faw,[ry] =

[38, 61] nm nanoshells on a silicon slab using the com-
mercially available COMSOL modeling package. The inci-
dent light was modeled as a plane wave linearly polarized
in the x-direction, propagating into the devicedirection).
Mirror boundary conditions were applied at lateral faces of
the simulation domain. These boundary conditions were
chosen to best approximate the sparse surface coverage
regime studied experimentally where adjacent nanoparticles
are spaced by several particle diameters and interparticle
interactions are minimal. The period of the square array of
nanoparticles thus simulated is set by #handy extent of

the simulation domain. In a regime where the domain extent
was not sufficiently large, interparticle interactions were
manifest as spots of intense electric field near the domain
boundaries. In the case ofi,[r;] =[38, 61] nm nanoshell,

a simulation domain size of 800 nm in botk and
y-directions was used. This extent was found to be suf-
ficiently large to avoid interparticle interaction effects due
to strong scattering of light by the nanoshell. The extent of
the slab in the-direction was 1..xm. A scattering boundary
condition was applied at the exit face, and a perfectly
matched layer absorbing in tizalirection was implemented
adjacent to it to eliminate extraneous reflections. The
dielectric functions for Au and Si were obtained from
Johnson and Christyand Adachi® respectively.

The parameters used in this simulation correspond to
experimental parameters that showed unusual and contrasting
behavior. In our experimental data, the 633 nm photocurrent
images for f;, r] = [38, 61] nm nanoshells showed an
anomalously wide variation in modified photocurrent, vary-
ing from +5 to —20% (Figure 3C, red). In contrast, the
photocurrent measurements for the same nanopatrticles on
the same sample at 980 were quite consistent and well
behaved (Figure 3C, green), indicating that the large variation
-30- ] ] . . observed in the 633 nm data was not due to inhomogeneities
in the nanoparticles or the device. In Figure 5, the Poynting
vector field through the Si slab is overlaid onto the electric
field magnitude in the/zplane for the case of amy ry] =
Figure 4. Photocurrent images [in nanoamperes] of@) [ry, [38, 61] nm Au nanoshell is shown for 633 and 980 nm
rszgzze[g% %1;”;3%%%52?4'5(8??‘3iTgidrﬁQt(f\tFﬁ?viﬂantgftﬂfe wavelength incident plane waves. At 633 nm (Figure 5a),
sam’e aréa shéwn in panels—.B, revegligg i%dividual nanopgarticle the presence Qf the nanOShe_" clearly disrupts the power flow
geometry. Scale bars all correspond terB. Individual nanoshells ~ Well into the Si slab. Vortexlike behavitr®! of the forward
are highlighted in magenta, nanoshell dimers in green. In panels scattered field is clearly observed in this simulation, through-
A—E, the blue inset boxes mark a representative subset of gyt the depth of the Si slab used to model the device. At
nanoparticles replicated in each image but with varying influence i< i ijent wavelength, the average energy flow across this
on the photocurrent. (F) Photocurrent modification for isolated .
nanoshells and (G) dimers of nanoshells. Solid lines representPlane is directed toward the surface and toward the nano-
average trend. Each symbol in panels F and G corresponds to ongparticle with the energy concentrated near the nanopatrticle
of the marked particles in panel E. silicon interface. In contrast, at the incident field wavelength

the nanoparticle. It seems quite plausible that this vortexlike 0f 980 nm (Figure 5b) the scattered light into the device is
behavior may also be present for the case of a nanoparticlewell behaved with energy flow directed toward the bottom
in vacuum with forward scattering into a Si medium and surface of the device and with a uniform distribution of
more generally may be a important property of plasmonic energy throughout the entire simulation region. This type of
nanoparticle-induced light scattering into larger devices and behavior may need to be an important consideration in
materials. devices where plasmonic nanoparticles are used in light
To further examine the unusual enhancement-suppressiorcollection or transmission and also may be relevant to the
characteristic of nanoshells in this basic device geometry, properties of other types of hanoantennas, such as nanofab-

500 600 700 800 900 1000
Wavelength [nm]
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Figure 5. Poynting vector field plots show power flow throughra, [r] = [38, 61] nm nanoshell on a Si slab at (A) 633 nm and (B) 980

nm, corresponding to the data points shown in Figure 3C enclosed in red and green, respectively. Arrows are normalized for power flow
magnitude and indicate direction of power flow. The top and bottom white lines indicate th@i &iterface az = 0 and at a depth of 500

nm, respectively. These cross sections are inythplane, perpendicular to the incident light polarization. The Poynting vector field is
overlaid onto the norm of the vector electric field (indicated by colorbar).

ricated bowtie structures, implemented on device structuresin vacuum, our observations may indicate that this interesting

for the same light-harvesting function. behavior may be quite important in the design and develop-
In conclusion, we have investigated nanoparticle-induced ment of nanoparticle-enhanced light-collecting devices such

photocurrent enhancement and suppression in a siliconas infrared detectors and solar cells.

photodiode, focusing on the influence of the nanoparticle .
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