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Metal-enhanced fluorescence from thermally stable rhodium nanodeposits
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Different density rhodium nanoparticulate substrates were fabricated by electron-beam physical vapor

deposition in order to study the fluorescence of close-proximity fluorophores to the high thermally

stable rhodium nanoparticles. We observed an apparently constant metal-enhanced fluorescence

(MEF), when fluorophores were placed in close proximity to rhodium nanoparticles before and after

autoclaving of the substrates. Fluorophores with different emission wavelength maxima and free-space

quantum yields have also been studied and can undergo different enhancements, a 2.5-fold increase in

far-field luminescence was observed from 15 nm Rh films for Tinopal, and up to a 10-fold enhancement

was observed for fluorescein. Similarly, the near-field fluorescence enhancement values were estimated

to be �125 and 500 fold, respectively. Further, the electromagnetic field distributions around different

size Rh nanoparticles were simulated using FDTD to understand the wavelength dependence of the

e-field. Our findings show that the decay time of fluorophores was not reduced near to the rhodium

substrates, suggesting only an enhanced electric field component is the mechanism for fluorescence

enhancement.
1. Introduction

Fluorescent probes are widely used to detect specific targets in

medical diagnostics, high-throughput screening, microscopy and

in a plethora of other biotechnology applications today.1–4 While

fluorescence spectroscopy displays exquisite sensitivity,1,5,6 the

detection limit of classical fluorescence is still limited by the

quantum yield of the fluorophore, the autofluorescence of

the sample and the photostability of the fluorophores, which are

fundamentally far-field fluorescence properties.7 In this regard,

metallic nanostructures8–11 have been used to favorably modify

the spectral properties of fluorophores in the near-field and to

favorably alter some of their more classical photophysical far-

field constraints.12–22 Fluorescence enhancement has been studied

for many years for fluorophores close to metallic nanoparticles.

The use of fluorophore–metal near-field interactions has been

termed metal-enhanced fluorescence (MEF)23–26 by Geddes. To

date, MEF from plasmonic nanostructured materials such as

silver,24,27 gold,28 copper,29 zinc,30 chromium,31 nickel,32 tin33 and

iron32 have been observed by our lab. However, all of these

metals have poor thermal34 and chemical stability. Subsequently,

there are many potential advantages of using rhodium substrate

for MEF: (1) rhodium is a hard silvery white and durable metal

which has high reflectance, (2) rhodium metal does not normally

form an oxide, even when heated, (3) rhodium has high chemical

stability and the surfaces containing small rhodium particles are

expected to be stable indefinitely and (4) rhodium is not easily

corroded and etched by acids.

In this paper, we present experimental and theoretical data for

rhodium structures to investigate whether they are suited for

MEF temperature independent applications. Rhodium
aInstitute of Fluorescence, University of Maryland, Baltimore County, 701
East Pratt St, Baltimore, MD, 21202, USA
bInstitute of Fluorescence and Department of Chemistry and Biochemistry,
University of Maryland, Baltimore County, 701 East Pratt Street,
Baltimore, MD, 21202, USA. E-mail: geddes@umbc.edu

8600 | J. Mater. Chem., 2010, 20, 8600–8606
nanodeposits were fabricated by electron-beam physical vapor

deposition,35 which were subsequently characterized by optical

absorption spectroscopy and Atomic Force Microscopy (AFM)

techniques. Significantly enhanced fluorescence emission was

observed when fluorophores were positioned near to the rhodium

structures. In addition, we have observed similar MEF both

before and after the heat treatment (autoclaving) of rhodium

slides, suggesting their use in temperature measurements or as an

autoclavable MEF substrate. With regard to the actual MEF

mechanism for Rh substrates, we have not observed a shorter

fluorescence lifetime for close-proximity fluorophores, which

suggests that only an enhanced electric field underpins the

mechanism for fluorescence enhancement.
2. Experimental section

2.1 Materials

Fluorophores: fluorescein was obtained from Sigma-Aldrich

Chemical company and Tinopal CBS was purchased from TCI.

They were used as received. Blue chemiluminescence dye was

obtained from Unique Ind. Inc., Philadelphia, PA, USA. Silane-

prep� glass microscope slides were purchased from Sigma-

Aldrich. Rhodium nanostructured films of various thicknesses

were deposited onto Silane-prep� glass microscope slides using

e-beam deposition.
2.2 Fabrication of Rh nanodeposits by electron-beam physical

vapour deposition

Rhodium thin films were deposited in a stainless steel chamber,

which was pumped and the pressure was 6 � 10�6 Torr. The

thickness monitor was set up for desired thickness (1, 3, 5, 7 and

10 nm). The high D.C. voltage (30 kilovolts) was applied on. The

Rh crucible was heat up and Rh was evaporated and deposited

on substrates.
This journal is ª The Royal Society of Chemistry 2010
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2.3 Preparation of sandwich format samples for

metal-enhanced fluorescence measurements

A solution of 60 mL of fluorophore (500 nM) was sandwiched

between two glass slides for the control sample and between one

glass and one rhodium nanostructured film. The dye was excited

with a 473 nm laser line source and the fluorescence emission

spectra were collected after passing through a 473 nm notch

filter.

2.4 Heat treatment of rhodium slides

One rhodium slide was placed in a glass beaker and the beaker

was covered with foil. A dry cycle was used at temperatures

around 120 �C. After autoclaving the samples were stored under

vacuum until the spectroscopic measurements were undertaken.

2.5 Optical spectroscopy

The absorption spectra of the rhodium nanostructured films of

varying thicknesses were collected using a Varian Cary 50 UV-

Vis spectrophotometer. Fluorescence spectra of the fluorophores

were measured with blank glass sandwiches (control samples)

and glass–nanostructured film sandwiches (MEF substrates)

using an Ocean Optics HD2000 fluorometer and Varian Cary

Eclipse Fluorescence spectrophotometer.

2.6 Time-domain fluorescence lifetime measurements

Time-domain lifetime measurements of the fluorophores were

measured in a cuvette (solution), glass slide sandwiches, and

glass–rhodium substrate sandwiches in a front-face 45� geometry

using a Horiba Jobin Yvon TemPro system with pulsed laser

diodes for excitation, filters and a TBX4 module for emission

detection. The data were fitted to single exponential decay

kinetics using impulse reconvolution analysis and a c2 goodness

of fit criterion.

2.7 Atomic force microscopy (AFM)

AFM images were performed on a Molecular Imaging Picoplus

Microscope. Samples were imaged at a scan rate of 1 Hz with 512

� 512 pixel resolution in a tapping mode.

2.8 FDTD calculations

The FDTD method was employed to determine the relative

electric field intensities and distributions at the surface of

rhodium nanoparticles in a Total Field Scattered Field (TFSF),

recalling that an enhanced e-field is one of the two mechanisms

thought to contribute to fluorescence enhancement in MEF.

TFSF sources are used to divide the computation area or volume

into total field (incident plus scattered field) and scattered field

only regions.36,37 The incident p-polarized electric field is defined

as a plane wave with a wavevector that is normal to the injection

surface (denoted by the white arrow in Fig. 9). The scattered and

total fields were monitored during the simulation such that the

total or scattered transmission can be measured. Using Lumer-

ical FDTD Solution software, for different size particle simula-

tion, the particle size was set to 1, 5, 10, and 50 nm diameter,

respectively. The simulation region was set to 600 � 600 nm with
This journal is ª The Royal Society of Chemistry 2010
a mesh accuracy of 5. The overall simulation time was set to 200 fs

and calculated over a wavelength range from 200–800 nm for the

rhodium nanoparticles of different sizes (1, 5, 10 and 50 nm).
3. Results and discussion

Fig. 1 left shows the photograph of Rh metal pellets and Rh

nanostructure deposited slides with different thicknesses 1, 3, 5,

7, 10 and 15 nm, demonstrating the semi-transparent nature of

the Rh films, allowing one to see their optical transparency as

a function of decreased loading. Absorption spectra of e-beam

deposited metallic Rh of various thicknesses deposited onto glass

slides are shown in Fig. 1, which shows that there is no absorp-

tion peak for 1, 3, 5, 7, 10 and 15 nm thick Rh films in the range

of 300–800 nm. The AFM images of 1, 3, 5, 7, 10 and 15 nm Rh

films are shown in Fig. 2. For the 1 nm rhodium film, we observe

separated islands with a height of �0.7 nm, as seen from the line

scan results. For the 3 nm rhodium film, the height of the sepa-

rated islands is �2 nm. It can be concluded from the AFM

images that for 1, 3, 5, 7 and 10 nm Rh samples, only one layer of

separated Rh islands (similar to separated Rh nanoparticles) was

formed on the glass slides due to the height of the islands being

close to the Rh film thickness measured by the Quartz Crystal

Microbalance (QCM), which measures a mass per unit area by

measuring the change in frequency of a quartz crystal resonator

in the e-beam vacuum deposition chamber. However, for the

15 nm Rh film, the height of the most separated islands was

around 4 nm, which was much lower than the thickness of the Rh

film measured by QCM in the evaporator, which suggests that

there are multiple layers of Rh nanoparticles on the slide. The

surface roughness was also measured using AFM. The surface

roughness Sn is defined by the following expression:

Sn ¼
1

n

Xn

i¼1

j f ðxi; yiÞ � hfnij (1)

where hfni is an average value of sampling f(xi, yi) and n is the

sampling volume.

hfni ¼
1

n

Xn

i¼1

j f ðxi; yiÞj (2)

The roughness of 1, 3, 5, 7, 10 and 15 nm rhodium slides is

0.257, 0.25, 0.17, 0.233, 0.83, and 0.9 nm, respectively. We

observed that the roughness is increased with an increased Rh

thickness above 5 nm.

The fluorescence emission spectra of fluorescein on different

thickness of Rh films and on glass are shown in Fig. 3. It can be

seen that the fluorescence of fluorescein is enhanced (�10 fold)

for 15 nm Rh, as compared to the glass control sample i.e. no

metal, with the enhancement factor increasing with an increased

Rh thickness. It is somewhat easy to understand this trend where

from 1 to 10 nm, the enhancement factor is increased with

increased surface roughness. We estimate the distance between

a pair of sandwich slides to be �1 mm, and in this geometry only

�2% of the solution is believed to be in the plasmon enhancing

near-field range.23 This suggests the near-field enhancement

factor is �500 fold on the 15 nm rhodium slide, which down-

stream lends itself to a 10-fold enhancement in far-field fluore-

scence.
J. Mater. Chem., 2010, 20, 8600–8606 | 8601
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Fig. 1 Photograph of Rh metal pellets and Rh nanostructure deposited slides with different thicknesses 1, 3, 5, 7, 10 and 15 nm, demonstrating the

semi-transparent nature of the Rh films (left). Absorption spectrum of vapor deposited metallic Rh of various thicknesses deposited onto glass slides

(right).

Fig. 2 AFM images of 1, 3, 5, 7, 10 and 15 nm Rh on glass. Below are the respective line scans of the AFM images.

8602 | J. Mater. Chem., 2010, 20, 8600–8606 This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Emission spectra and fluorescence enhancement factor for a solution of fluorescein in water sandwiched between glass and Rh slides of varying

thicknesses. The enhancement factors were determined from several measurements on the film surface. G–G: glass sandwich control sample (top). Real

color photographs of emission were taken through a 473 nm notch filter (bottom).
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In order to test the thermal stability of Rh deposited slides for

MEF applications, Rh deposited slides were autoclaved for

45 min at �120 �C. Fig. 4 shows photographs and AFM images

of 15 nm Rh before and after the autoclave procedure. Visually

the Rh slides look identical. Additionally from the AFM images,

the morphologies and the roughnesses are also very similar,

slight differences being due to the inherent difficulty of imaging

the exact same region on the slide. We then compared the fluo-

rescein emission both before and after heating. In contrast, silver

particulate films after thermally annealing, non-, just-, and thick

continuous silver films, show significant changes in the AFM

morphology, free-space absorption and emissive properties of

close-proximity fluorophores with temperatures >80 �C showing

a notable effect.38 Subsequently, our results suggest that rhodium

slides are good candidates for thermally stable MEF appli-

cations.
Fig. 4 Photograph and AFM images of Rh 15 nm nanostructure deposit

fluorescein from 15 nm Rh with and without autoclave.

This journal is ª The Royal Society of Chemistry 2010
In addition, the fluorescence emissions of Tinopal CBS on

different thickness Rh films/quartz and between two quartz slides

(control sample) were investigated as shown in Fig. 5. It can be

seen that the fluorescence of Tinopal CBS is enhanced (2.5 fold)

on 15 nm Rh, as compared to the quartz control sample i.e. no

metal, with a similar trend in enhancement factor as observed for

fluorescein, i.e. with increased Rh thickness (1–15 nm). This

finding suggests MEF is both wavelength and quantum yield

dependent (the emission peak of Tinapol CBS is �440 nm; the

emission peak of fluorescein is �513nm) similar to that reported

for silver nanoparticles39 and indeed for a whole range of other

metals.40

The time-reduced intensity decays (fluorescence lifetimes) of

fluorescein near to rhodium substrates were also measured. The

overall results of the lifetime analysis are given in Table 1. The

decay curves of fluorescence between glass–glass sandwiches and
ed slides before and after autoclave. Fluorescence emission spectra of

J. Mater. Chem., 2010, 20, 8600–8606 | 8603
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Fig. 5 Emission spectra and fluorescence enhancement factor for a solution of Tinopal CBS in water sandwiched between glass and Rh slides of varying

thicknesses. The enhancement factors were determined from several measurements on the film surface. G–G: glass sandwich control sample.

Table 1 Fluorescence lifetime of fluorescein in water and on Rh nano-
deposits measured using time-domain fluorometry. hsi: the amplitude-
weighted lifetime. s�: the mean lifetime

s/ns A1 (%) hsi/ns s�/ns c2

Fluorescein in
H2O in cuvette

3.9 100 3.9 3.9 1.0

Fluorescein
glass/glass sandwich

3.9 100 3.9 3.9 1.0

Fluorescein X nm
Rh/glass

3.9 100 3.9 3.9 1.0
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between glass and different thickness Rh sandwiches are shown

in Fig. 6. The decay curves were fitted to single-exponential decay

kinetic functions with impulse reconvolution analysis and a c2

goodness of fit criterion. The lifetime of fluorescein on glass

substrates is identical to that for fluorescein in a cuvette (lifetime

of fluorescein in bulk solution is 3.9 ns in a solution in cuvette

and on glass slides). In addition, we observed that the lifetime of

the fluorophore–metal system was also 3.9 ns on glass/rhodium.

Over the last several years, we have proposed two comple-

mentary and cumulative effects for the fluorescence
Fig. 6 Fluorescence intensity decays of fluorescein from glass–glass and

different thicknesses of Rh–glass slides.

8604 | J. Mater. Chem., 2010, 20, 8600–8606
enhancement for fluorophores in close proximity to metallic

nanoparticles:38,39 (i) surface plasmons can radiate coupled-

fluorescence efficiently which underpins the generally observed

shorter lifetime (enhanced photostability) and (ii) an enhanced

absorption or electric field also facilitates enhanced emission.

For Rh, there is no lifetime decrease on Rh slides, which

suggests the enhanced fluorescence solely originates from the

enhanced electric field, a similar result to that observed from

chromium nanodeposits.31

In this regard, we have also investigated fluorophore photo-

stability on rhodium nanoparticles. In Fig. 7, the intensity vs.

time (photostability) of fluorescein on a 15 nm Rh film and on

glass is shown. The figure shows fluorescein emission as a func-

tion of time, excited at 473 nm and observed using a 473 nm

notch filter. The relative magnitudes of the intensity decays

reflect that more detectable photons can be observed per unit

time from the 15 nm Rh film, as compared to glass (a control

sample), where the integrated areas under the plots is propor-

tional to the photon flux from the respective samples. By addi-

tionally adjusting the laser power (using a neutral density filter)

to match the initial steady-state intensities of the samples, the

fluorescein on Rh can be seen to have similar photostability. This
Fig. 7 Emission intensity vs. time (photostability) of fluorescein on

15 nm Rh films and glass, and with the laser power adjusted to give the

same initial steady-state fluorescence intensity as observed on glass.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 8 Blue chemiluminescence emission from both glass and different thickness Rh surfaces (left). Chemiluminescence intensity decay measured on

both Rh and glass as a function of time (right).
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finding is consistent with the fact that the lifetime of the fluore-

scein is similar on a 15 nm Rh film as compared to that observed

on glass, where a decreased lifetime lends itself to enhanced

fluorophore photostability.40

In order to further understand the mechanism of metal

enhanced fluorescence from Rh nanodeposits, which is assumed

only due to the enhanced electric field effect and, not surface

Plasmon coupling, we studied whether there is metal-enhanced

chemiluminescence (MEC)41,42 on Rh slides, where surface

plasmons can be directly excited by chemically induced elec-

tronically excited near-field molecules, a phenomenon which is

readily observed from silver nanodeposited surfaces.
Fig. 9 Images of near-field intensity distributions around 1, 5, 10, and 50 nm

of the incident light injection at 472 nm. Calculations were undertaken using

maximum intensity for a 10 nm Rh nanoparticle (right).

This journal is ª The Royal Society of Chemistry 2010
Subsequently we measured blue chemiluminescence on glass and

from Rh slides. Fig. 8 shows the blue chemiluminescence

emission spectra from between the Rh/glass and glass plates,

which reveals that there is no MEC from the Rh surfaces. Also,

we measured the luminescence intensity as a function of time

(chemiluminescence decay). Interestingly, the luminescence from

the Rh surface is similar to the initial intensity on glass. The rates

of loss of chemiluminescence were also similar on glass and Rh.

This observation confirms there is no surface plasmon coupling

component in the MEF mechanism for rhodium nanodeposits

and suggests that the enhanced fluorescence observations are due

to an enhanced near-field e-field.
Rh nanoparticles with 472 nm incident light. White arrow shows direction

FDTD (left). The wavelength dependence of electric field (IEx
2 + Ey

2I)

J. Mater. Chem., 2010, 20, 8600–8606 | 8605
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Given that the mechanism is subsequently underpinned by an

enhanced electric field component, we have simulated the elec-

tromagnetic field around different size Rh nanoparticles to

understand the spatial distributions of the fields using FDTD

calculations (Fig. 9). Using Lumerical (Canada) FDTD Solution

software, the experimental simulation region was set to 600 �
600 nm with a mesh accuracy of 5. The overall simulation time

was set to 200 fs and calculated over a wavelength range of 200–

800 nm for Rh nanoparticles. In this FDTD calculation, we have

chosen 1, 5, 10, and 50 nm diameter particles to show the electric

field trends with incident light at 472 nm as a function of size. For

10 nm Rh nanoparticles, FDTD calculations revealed that the

maximum electric field intensity is predicted to occur over

a range of wavelengths in the �200 to 300 nm range. This

suggests that Rh nanoparticles will enhance fluorescence signa-

tures well over this wavelength range, much better than the

values we have obtained for both Tinopal and fluorescein in the

visible portion of the emission spectrum.

Conclusions

In this paper we have studied the effects of rhodium nano-

particles on near-field fluorescence. We conclude that rhodium

nanoparticles with high thermal stability can enhance the

intensity of fluorophores. In addition, fluorophores with

different emission wavelength maxima and free-space quantum

yields in close proximity to rhodium nanoparticles can undergo

different absolute enhancements. Furthermore, the decay time of

fluorophores was observed the same near to the Rh substrates,

suggesting only an enhanced electric field is the mechanism for

fluorescence enhancement, with no plasmon-coupling compo-

nent, as also verified by using chemiluminescence solutions,

where no electric field component is present, i.e. no external

source. Finally, of particular importance in this study is the fact

rhodium deposited substrates do not show any temperature

dependence on both their surface morphology and also their

downstream near-field interactions with fluorophores after being

exposed to autoclaving temperatures. This finding is in stark

contrast to other metalized substrates, where surface nano-

particulate morphology can be altered by relatively low

temperatures, with subsequent near-field effects on fluorescence

signatures. This finding suggests Rh substrates may be of

particular value for higher-temperature MEF experiments or

indeed used as an autoclavable substrate.
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