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Self-assembled colloidal plasmonic silver nanoparticles monolayers were integrated into
solution-processed colloidal quantum dot (QD) photodetectors. We observed plasmon enhancement
of photodetector responsivity over a board spectrum range (400-600 nm), with a 1.2-1.6 fold
enhancement for a 440-nm-thick QD film device and a 2.4-3.3 fold enhancement for a
100-nm-thick QD device. The enhancement behavior was wavelength dependent with higher
enhancement factor at longer wavelengths. The origins of responsivity enhancement were
discussed. © 2011 American Institute of Physics. [doi:10.1063/1.3567514]

The pursuit of higher efficiency and lower cost is a con-
stant theme in the field of light-absorbing optoelectronic de-
vices such as photodetectors and photovoltaics. Among vari-
ous approaches to enhance efficiency and reduce cost,
plasmonic structures have received much attention in the
recent years. As the result of strong interaction between
surface-confined charge oscillations and light, surface plas-
mons generate strongly enhanced optical power density in
the close vicinity of plasmonic structures.' By incorporating
these plasmon structures into light-absorbing devices, the ab-
sorption efficiency of the active material can be increased or
the same amount of absorption can be achieved with less
volume of material required, which translates to higher effi-
ciency and lower cost.

A plasmon-optoelectronic system can be categorized by
the two main parts of such systems, the plasmonic compo-
nent and the optoelectronic device component, and various
combinations of the two have been studied. For the side of
plasmonic component, structures explored include sputtered,
evaporated, or annealed metal islands,z_5 colloidal metal
nanoparticles (NPs),(”7 and e-beam or focused ion-beam
lithographically patterned nanoantennas.* The control over
the spectral position and line width of the plasmon resonance
increases with each method, but the cost of e-beam or fo-
cused ion-beam lithography is significantly higher and not
practical for large scale production (optical lithography is
also used for plasmonic components but the application is
constrained to infrared wavelength rangelo). For the side of
light-absorbing optoelectronic device component, also quite
a few materials and structures have been explored, includin%
bulk and epitaxially %rown thin-film semiconductors,”**"
PN junction diodes,®’ and organic photovoltaics.‘"5 As the
individual components as well as the integration structures
differ from one another, each of these works offers important
insights on the characteristic influence that plasmons have on
the particular devices and implications for future application.

In this letter, we studied the integration of colloidal plas-
monic particles into colloidal quantum dot (QD)-film photo-
detectors. We chose this system not only because, as a very
promising material for photodetectors and photovoltaics,lk14
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the effect of plasmons on a colloidal QD film device had not
been explored yet, but also because the combination of col-
loidal metal NPs and colloidal QD film was a very desirable
one in many ways. First, both colloidal metal NPs and col-
loidal QD are made by solution-based synthesis which is
well suited for large scale production. Second, they can be
easily deposited though processes such as self assembly,
drop-cast, spin-cast, or spray-on methods. Third, due to the
result of versatile deposition method, they can be integrated
on a wide variety of substrates ranging from Si wafers, glass
substrates, to flexible polymer substrates. Therefore, the in-
tegration of colloidal metal NPs and colloidal QD film prof-
fers a promising candidate for future solutions of mass-
production scalable low cost light-absorbing optoelectronic
devices.

The device structure is based on the prior works on
nanoscale QD photodetectors,B’14 which involves drop-
casting nanocrystal QDs between electrodes. The 3D top
view and cross-section side view schematic drawings of the
device are shown in Figs. 1(a) and 1(b). An Ag NP layer is
introduced between the QD layer and the glass substrate as
the plasmonic enhancer. As the character of the fabrication
approach we adopted here is long-range uniformity rather
than precise controlling of individual particle positions, we
used 40 um wide-gap electrodes to ensure that the measure-
ment results represent large-scale average effect.

To fabricate the device, the electrode-patterned substrate
was first cleaned by oxygen plasma and treated with
3-aminopropyltriethoxylsilane (APTES). Then a monolayer
of carboxylated Ag NPs, with a nominal diameter of 80 nm
and an extinction peak at ~480 nm in solution, was self-
assembled to the substrate. We found that using a high con-
centration colloidal solution (1 mg/ml) with relatively short
assembly time (10 min) was critical to obtaining uniformly
distributed high density Ag NP monolayers. The optimized
recipe yielded an average density of 42 particles/ um? on
glass substrate. Figures 2(a) and 2(b) show the dark-field
microscope images of electrode-patterned substrate before
and after the Ag NP deposition, respectively. The scattering
spectrum peak of Ag NPs self-assembled on glass substrate
was determined to be at 415 nm [Fig. 2(c)]. Following the
QD photodetector fabrication procedures described in Ref.
14, partially ligand-removed CdSe/ZnS QDs with photolumi-
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FIG. 1. (Color online) Schematic drawings of a plasmonic QD photodetec-
tor. (a) 3D top view schematics, and (b) cross-section view along the dash
line in Fig. 1(a).
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nescence at 640 nm were drop-cast onto the substrate. By
using different precast QD solution concentrations, devices
with different film thickness were fabricated.

To investigate how Ag NPs influence the performance
of QD photodetectors, photocurrents generated at different
wavelengths of illumination was measured and the result was
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FIG. 2. (Color online) Plasmonic Ag NP deposition by self-assembly pro-
cess. Dark field images of an electrode-patterned substrate (a) before, and
(b) after Ag NP deposition. (c) Dark field scattering spectrum of Ag NPs on
glass substrate. A resonance is shown at 415 nm.
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FIG. 3. (Color online) Device responsivity and enhancement results. (a)
Responsivity for two QD photodetectors of 440 nm film thickness with
(dashed line) and without (dashed-dotted line) Ag NPs. (b) Dashed lines:
responsivity enhancement for devices with 440 nm [gray (green online)] and
100 nm [black (blue online)] film thicknesses. Dotted lines: absorption en-
hancement of QD film with 440 nm [gray (green online)] and 100 nm [black
(blue online)] film thicknesses. Devices were biased at 20 V for responsivity
measurement results in Figs. 3(a) and 3(b).

compared with QD photodetectors processed from the same
QD solution on the same substrate but without Ag NP inte-
gration. The incident light came from a halogen lamp which
was then passed through a monochromator with proper fo-
cusing optics and projected onto the sample surface. For
each wavelength, about 200 data points for photocurrent
were collected in a duration of 120 s with the device biased
at 20 V and the average was used to represent the photocur-
rent at that wavelength. It is worth mentioning that careful
comparison of dark currents was made between devices with
Ag NPs and that without Ag NPs before QD deposition as
well as after QD deposition. No consistent difference was
measured in both cases which indicated that the Ag NPs did
not cause noticeable leakage current at present particle den-
sity level. Device responsivity was calculated based on the
average photocurrent and the power of light incident upon
the active area of the device. Figure 3(a) shows the respon-
sivity of two devices, one with Ag NPs and one without, over
the spectral range from 400 to 600 nm. Film thickness mea-
surement by a profilometer confirmed that both QD photode-
tector devices had a film thickness of ~440 nm. The respon-
sivity of the device with Ag NPs was higher than that
without Ag NPs over the entire measured spectral range. Re-
sponsivity enhancement, which is defined as the ratio of re-
sponsivity of a device with Ag NPs to one that without Ag
NPs, was plotted (green dash line) in Fig. 3(b). It was no-
ticed that the responsivity enhancement increased with wave-
lengths. This phenomenon was expected due to two factors.
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First, as indicated by both simulation (Ref. 15) and film ab-
sorption measurement, the plasmon resonance of Ag NPs
shifted to above 700 nm region (with the exact spectral po-
sitions to be 720 nm experimentally and 750 nm theoreti-
cally) after the QD deposition due to the dielectric constant
change of the environment materials. As a result, the longer
wavelength part of the measured spectrum lay closer to plas-
mon resonance and was enhanced more. Second, the
wavelength-dependent absorption of QD film allowed more
longer-wavelength portion of the incident spectrum to reach
the plasmonic particles, and therefore relatively increased the
input to plasmonic components at the longer wavelength.
This effect of QD-film altered input spectrum for plasmon
NPs was further confirmed when we measured the enhance-
ment of a set of devices with thinner QD films. As shown in
Fig. 3(b), the responsivity enhancement for a 100 nm QD
film (blue dashed line) was higher across the spectrum as the
thinner QD film allowed more input power to transmit to
plasmon particles.

In a recent study of individual epitaxially grown QD-
metal NP complex, enhanced optical near field and the re-
sulting absorption enhancement has been identified as the
sole cause of QD photoluminescence enhancement.'® This
absorption enhancement is also the most often accounted-for
mechanism in studies on various plasmonic light-absorbing
optoelectronic devices.”™ It would be interesting to investi-
gate how the absorption enhancement compares with respon-
sivity enhancement in the case of plasmonic QD photodetec-
tors. To do this, we measured the absorption of QD films
with and without Ag NP integration and the absorption en-
hancement was plotted in Fig. 3(b) (dotted lines). As ex-
pected, the absorption enhancement for both film thicknesses
lay above 1 and increased with wavelength. However, there
was a noticeable difference between absorption enhancement
and responsivity enhancement, especially for the thinner 100
nm QD film. Considering that the film absorption includes
the absorption from Ag NPs which does not contribute to
photocurrent, the difference between device responsivity en-
hancement and effective absorption enchantment of QDs is
even bigger. The higher enhancement of responsivity sug-
gested that, for plasmonic QD photodetector devices, there
were additional performance enhancement mechanisms be-
sides the enhancement of QD film absorption. One possibil-
ity is that the Ag NPs layer also facilitates the transportation
of photoexcited carriers in such devices by introducing addi-
tional conduction paths between QDs—the thinner QD film
device exhibiting a bigger difference likely due to a bigger
portion of QD film within the vicinity of Ag NPs.

In summary, we fabricated solution-processed QD pho-
todetector integrated with a self-assembled plasmonic NP
layer and studied the effect of plasmon NPs on the perfor-
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mance of QD photodetector. Enhancement of responsivity
for a spectrum range from 400 to 600 nm was observed and
the enhancement factor increased with wavelength. The
wavelength dependent behavior of responsivity enhancement
was caused by (1) the relative position of measured spectrum
to that of plasmon resonance of Ag NPs, and (2) the altered
effective input spectrum for plasmonic NPs due to wave-
length dependent absorption of QD film. As expected, QD
photodetector devices with thinner film thickness exhibited
larger responsivity enhancement. Increased absorption of QD
film due to enhanced optical near field by plasmonic NPs
was identified as one of the enhancement mechanisms. Ad-
ditional enhancement mechanism was possibly due to the
metal NP-assisted photoexcited carrier transportation during
the device operation. Our highly industry-transferable all-
solution-processed device design suggests a way plasmon
enhancement can be implemented in commercial light-
absorbing optoelectronic products.

We thank Sharp Laboratories of America for providing
the electrodes used in the study. This project was supported
in part by the National Science Foundation (Grant No.
ECCS-0925378 and the supplementary GOALI grant). Work
was performed in part at the University of Washington Nano-
tech User Facility (NTUF), a member of the National Nano-
technology Infrastructure Network (NNIN), which is sup-
ported by the National Science Foundation.

'E. Hao and G. Schatz, J. Chem. Phys. 120, 357 (2004).

’H. Stuart and D. Hall, Appl. Phys. Lett. 73, 3815 (1998).

3s. Pillai, K. Catchpole, T. Trupke, and M. Green, J. Appl. Phys. 101,
093105 (2007).

“B. Rand, P. Peumans, and S. Forrest, J. Appl. Phys. 96, 7519 (2004).
’A. Morfa, K. Rowlen, T. Reilly III, M. Romero, and J. Lagemaat, Appl.
Phys. Lett. 92, 013504 (2008).

°D. Schaadt, B. Feng, and E. Yu, Appl. Phys. Lett. 86, 063106 (2005).
’s. Lim, W. Mar, P. Matheu, D. Derkacs, and E. Yu, J. Appl. Phys. 101,
104309 (2007).

8L, Tang, S. Kocabas, S. Latif, A. Okyay, D. Ly-Gagnon, K. Saraswat, and
D. Miller, Nat. Photonics 2, 226 (2008).

°L. De Vlaminck, P. Dorpe, L. Lagae, and G. Borghs, Nano Lett. 7, 703
(2007).

10¢, Chang, Y. Sharma, Y. Kim, J. Bur, R. Shenoi, S. Krishna, D. Huang,
and S. Lin, Nano Lett. 10, 1704 (2010).

E. Sargent, Nat. Photonics 3, 325 (2009).

12G. Konstantatos and E. Sargent, Nat. Nanotechnol. 5, 391 (2010).

BM. Hegg and L. Lin, Opt. Express 15, 17163 (2007).

“M. Hegg, M. Horning, T. Baehr-Jones, M. Hochberg, and L. Lin, Appl.
Phys. Lett. 96, 101118 (2010).

5See supplementary material at http:/dx.doi.org/10.1063/1.3567514 for
simulation results on optical cross-section spectra of Ag NPs before and
after QD deposition.

M. Pfeiffer, K. Lindfors, C. Wolpert, P. Atkinson, M. Benyoucef, A. Ras-
telli, O. Schmidt, H. Giessen, and M. Lippitz, Nano Lett. 10, 4555 (2010).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1629280
http://dx.doi.org/10.1063/1.122903
http://dx.doi.org/10.1063/1.2734885
http://dx.doi.org/10.1063/1.1812589
http://dx.doi.org/10.1063/1.2823578
http://dx.doi.org/10.1063/1.2823578
http://dx.doi.org/10.1063/1.1855423
http://dx.doi.org/10.1063/1.2733649
http://dx.doi.org/10.1038/nphoton.2008.30
http://dx.doi.org/10.1021/nl062861x
http://dx.doi.org/10.1021/nl100081j
http://dx.doi.org/10.1038/nphoton.2009.89
http://dx.doi.org/10.1038/nnano.2010.78
http://dx.doi.org/10.1364/OE.15.017163
http://dx.doi.org/10.1063/1.3356224
http://dx.doi.org/10.1063/1.3356224
http://dx.doi.org/10.1063/1.3567514
http://dx.doi.org/10.1021/nl102548t

