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When two metallic surfaces supporting plasmonic excitation are

brought into close proximity of each other, a nanogap (of width on

the subwavelength scale) will form, which boosts greatly the local

optical field. Based on this idea, we fabricated two types of three-

dimensional plasmonic substrates with such nanogaps, taking

advantage of both atomic layer deposition (ALD) and the capillary

effect. Owing to the counteraction of the gap-reducing and capillary,

nanogaps with different widths and profiles have been formed on the

scaffold of aligned ZnO nanorods and shown to induce large field

enhancement with enhancement factor up to 2.64 � 106 for surface-

enhanced Raman scattering (SERS).
I. Introduction

Plasmonic functionalization based on metallic modification via

variousmethods has proved to be universally effective for optical field

enhancement,1–3 irrespective of the chosen metal species or the

resulting surface morphologies. The enhanced optical field can be

a key motivation for a variety of advanced applications and devices,

such as near-field scanning optical microscopy,4,5 photodetectors,6,7

nanolasers,8 photovoltaics9,10 and catalysis.11 Distinguished by their

frequency dependence, metal structures for plasmonic-light concen-

tration can be either resonant or non-resonant. Resonant structures,

such as single subwavelength particles or their fractal aggregates,

have been shown to enhance the local field by at least one order of

magnitude.12 Non-resonant effects, such as ‘‘feed-gaps’’13 and ‘‘light-

ning rods’’,14 are often considered for more delicate concentrators to

achieve a broadband field enhancement15, both taking advantage of

dielectric contrast-based enhancement. In particular, a feed-gap is

known as a thin gap inserted into metallic structures, which enables

strongly-localized plasmonic field distribution within the gap.16 Very

recently, this feed-gap effect has been brought forward to the fore-

front of plasmonic structure design again, as highlighted by the deep-

subwavelength-scale plasmon photonic devices.8,17–21

To fine tune the gap between tiny metal particles, one possible way

is having them well-distributed on two ‘‘fingers’’ first, which are then
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brought closer and closer until the separation distance down to the

deep-subwavelength scale so as to form a real ‘‘nano-gap’’.22,23

Actually, a similar process occurs inherently due to the capillary effect

for aligned nanostructures with metal capping.22–25 In the presence of

an enhanced optical field within the nanogaps, these structures have

shown great potential as 3-D SERS substrates.22–24 Among all such

structures, vertically alignedZnOnanorods (NRs) grownon sapphire

substrate are especially ideal for developing advanced surface-

enhanced Raman scattering (SERS) substrates due to their good

flexibility and easily-tuned array density (free of additional lithog-

raphy step).

In this Communication, we succeeded in fine tuning the gap

distance between vertically aligned ZnO nanorods and realize plas-

monic nanogaps packed with 3-D SERS substrates on whole-

template-scale with good control in both the nanostructure and

enhancement strategy. Atomic layer deposition (ALD)was employed

to narrow precisely the gap between adjacent NRs (i.e. the gap

between proximate Ag particles from two NRs). In particular, two

types of gap profiles are realized intentionally by balancing two

competing synthetic factors: ALD thickening and the capillary effect.

Subsequently, this simple method allows the formation of two types

of substrate structures, both exhibiting strong field concentrations.
II. Experimental

Sample preparation

Well-aligned ZnO NR arrays were grown on a-plane sapphire

substrates via chemical vapor deposition with thoroughly mixed ZnO

and graphite powders as source material. The growth details can be

found in a previous publication.26 The as-grown samples were cut

into small pieces for the subsequent depositions of ALD coating and

Ag sputtering. The gap-tuning layers of amorphous ZnOwere coated

by ALD, in which various ALD cycles were chosen for the thickness

of 10, 20, 40, 50 and 60 nm, respectively. The thickness control was

based on a pre-calibration curve which shows the standard linear

dependence of thickness on cycle number. The outer layers of Ag

were coated via DC sputtering (JFC-1600, JEOL). The sputtering

was performed under a fixed current control of 10 mA for 40 s. Some

samples were directly sputteredwithAgwithout themiddle ZnO gap-

tuning layer as a control experiment. The morphology of the NRs

was observed using both the scanning electron microscope

(SEM) and transmission electron microscope (TEM). For molecule
Nanoscale, 2011, 3, 3627–3630 | 3627
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loading, all the prepared samples were dipped in an aqueous solution

of R6G molecules with a concentration of 5 � 10�5 M for 20 min.

They were then washed three times with deionized water and left in

a dark room until dried naturally in air. The loading process was

performed immediately before optical characterization.
Optical characterizations

The reflectance spectra were measured on a Zolix Solar Cell Scan100

IPCEmeasurement system, equippedwith a 150WXeon lamp as the

light source. The SERSmeasurements were carried out on aWITEC

CRM200 Raman system with a 532 nm line laser as excitation. The

beam size of the laser is about 1 mm in diameter and the incident

power was set to be 20 mW. At least three measurements were taken

by selecting different detecting spots on each sample to ensure the

reproducibility. All the Raman spectra were obtained at room

temperature with the same accumulation time and incident power.
III. Results and discussions

Fig. 1 shows SEM images of both as-grownZnONRs and plasmonic

SERS substrates undergoing 20 min dipping in an aqueous solution

of R6G molecules (molar concentration 5 � 10�5 M). Fig. 1(a)

confirms the good alignment of as-grown ZnO NRs, which ensures

both subsequent the gap-tuning and conformal metal-deposition

(with Fig. 1(b) showing the capillary effect of these scaffold NRs).

Fig. 1(c) to (h) sum up the overall scaffold morphology of the plas-

monic 3-D substrates with increasing ALD layer thickness (0, 10, 20,

40, 50, 60 nm), for which the cappedAg nanoparticles were deposited

under the very same sputtering conditions. Here ZnO NRs directly

cappedwithAgwere chosen as a reference to show how they perform

as a SERS substrate with the original scaffold morphology before

gap-tuning. The ZnO layer as-deposited by ALD is multicrystalline

and works as a dielectric environment for the nanogap between

adjacent NRs while tuning its width. The resulting plasmonic coating

of Ag can be identified as a layer of percolated nanoparticles by

zoomed-in images (c) to (h). Optical absorptionmeasurement did not
Fig. 1 SEM images of the nanorod scaffold plasmonic SERS substrates: (a) a

scaffold of these pristine ZnO NRs; and (c) ZnO-Ag; (d) ZnO(+10)-Ag; (e)

plasmonic SERS substrates. Numbers in the parentheses denote the ALD coat

structure. The definition for the quasi-aligned and bundle structure can be fo

3628 | Nanoscale, 2011, 3, 3627–3630
show an evident plasmonic peak of Ag, probably due to their small

sizes (see ESI†).

To learn the substrate structure, first, it can be observed that the

scaffold morphologies of sample (b) to (e) are all ‘‘bundled’’ NRs

induced by the capillary effect while dipped into an aqueous solution

of R6G (i.e., proximate NR tips attracted to each other by capillary

force). This is a commonphenomenon for 3-D SERS substrates, such

as nanowires,24 nanotubes23 and nanofingers.22 However, with the

further thickening of the NRs (thicker ALD layer), this capillarity-

induced bundling in turn is found to be suppressed. The suppression

is represented by a ‘‘looser bundling’’ between proximate NRs [image

(e)], as a result of poor flexibility of the NR body due to thicker ALD

coating. Owing to counteractive gap-tuning ALD coating and the

capillary effect, SERS substrates of densely-bundled NRs can be

acquired with extremely thin gaps of wedge-like profile. In this

strategy, it is known that optical field can be focused into the nano-

gaps between tapped NR tips.22,23 We noted that the substrate with

10 nm ALD layer possesses the thinnest nanogap (average width

below 10 nm) and hence has the greatest expectation for plasmonic

concentration.23 Then, when the coating thickness is increased up to

40 nm and above (images (f) to (h)), the bundles almost disassemble

and the NRs return to a quasi-aligned structure. In this case, uniform

nanogaps instead of wedge-like ones are formed and hence will

support field enhancement over large area along the thin long gap

profile, as simulated in previous publications.23,27

As a summary on the substrate structure evolution, by introducing

an ALD layer to further reduce the gap width between proximate

NRs, two kinds of SERS substrate structure have been obtained, viz.,

bundled and quasi-aligned (as shown in the schematic in Fig. 2), both

with nanogaps down to 10 nm and below. Furthermore, the metal–

nanogap–metal structure formed in this way is well-surrounded by

a dielectric environment (multicrystalline ALD ZnO layer, dielectric

constant�6.0 [ref. 28]; other alternative ALDdielectric layers such as

alumina can also be used here). This is the key feature distinguishing

our SERS substrates frommost reported ones, as the ALD dielectric

layer contributes to preventing the excited SPs’ loss into the direct-

band semiconductor scaffold.
s-grown vertically aligned ZnO NRs as the starting scaffold; (b) capillary

ZnO(+20)-Ag; (f) ZnO(+40)-Ag; (g) ZnO(+50)-Ag; (h) ZnO(+60)-Ag as

ing thickness. Insets in images (f–h) show the top view of the quasi-aligned

und in the text.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 SERS spectra of R6G molecules with a concentration 5 � 10�5 M, collected from (a) bundled structure and (b) quasi-aligned structure,

respectively. Both spectra include the results from two reference samples: pristine ZnO NRs and Ag thin films.
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Fig. 2 shows the SERS results of R6G molecules (molar concen-

tration 5� 10�5M) dispersed on all themodified substrates, with that

on pristine ZnONRs andAg thin films as references (noR6G related

Raman signal can be observed on the pristine NR scaffold). All the

Raman bands match well with those of the characteristic spectrum of

R6G as follows.29 The bands at 1360, 1507, 1573 and 1650 cm�1 are

assigned to C–C stretching modes and those at 1126 and 1183 cm�1

are assigned to C–H in-plane bending modes. Furthermore, the

bands at 518, 614, 774 and 1309 cm�1 are assigned to the torsional

and/or bending, C–C–C in-plane bending, C–H out-of-plane bending

and C–O–C stretching modes, respectively. By comparing the peak

intensities between different substrates, it can be found that both

substrate structures (bundled and quasi-aligned) have intensively

enhanced the Raman signal, indicating that the narrowed gap is

highly effective for plasmonic concentration, and hence optical field

enhancement. For evaluating the nanogap effect, these field

enhancement results should be compared based on their own gap

profile. For bundled structure [Fig. 2(a)], the narrowed nanogaps all

have wedge-like-profiles but with different wedge angles and gap

widths. By comparing images (c), (d) and (e) in Fig. 1, it’s evident that

the substrate ZnO(+10)-Ag (ZnONRswith 10 nm coating) possesses

a much tighter bundling than ZnO-Ag and ZnO(+20)-Ag substrates,

i.e. the smallest wedge angle and gap width (estimated to be 5� and
This journal is ª The Royal Society of Chemistry 2011
5 nm on average). As shown by Dawson et al. previously,23 for such

wedge-like-profiled nanogaps between plasmonic layers, a reduced

gap width can greatly boost the local field intensity, with an

enhancement ratio up to 180 and above within a single gap. There-

fore, in this concentration strategy, the enhanced Raman signal can

be well ascribed to the notable gap width difference between the three

modified substrates, whose intensities follow the gap-width relation-

ship inversely: ZnO(+10)-Ag > ZnO-Ag > ZnO(+20)-Ag. For quasi-

aligned structure (Fig. 2(b)), all the three substrates also give strong

enhancement to the Raman signal, with the relationship ZnO(+50)-

Ag > ZnO-Ag(+40) > ZnO(+60)-Ag. The basic trend here is still that

the signal enhancement follows gapwidth inversely, and hence proves

that the nanogap effect for plasmonic field concentration works for

both gap profiles. Note that the thickest ALD coating of 60 nm fails

to bring the strongest enhancement in this strategy. This is most likely

because when the NRs become too densely packed, the gaps between

them can be too small for loading Ag nanoparticles during the

sputtering process and hence reduce the total signal intensity.

To further show the nanogap effect on plasmonic concentration,

the enhancement factors (EFs) of the SERS results have been esti-

mated based on the following formula,30

EF ¼ (ISERS/Ibulk)/(CSERS/Cbulk)
Nanoscale, 2011, 3, 3627–3630 | 3629
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Fig. 3 Ehancement factor (EF) due to narrowed nanogap plotted vs.

ALD layer thickness. Inset shows a TEM image of a single ALD thick-

ened NR with Ag nanoparticle capping.
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where ISERS and Ibulk stand for the SERS and bulk Raman peak

intensities whileCSERS andCbulk for the molar concentration of R6G

molecules in the aqueous solution used in the dipping step and that of

R6G bulk sample, respectively. The characteristic band at 1507 cm�1

was chosen for the EF estimation. In this way, the EFs have been

calculated and plotted versus ALD coating thickness, as shown in

Fig. 3. From the plot, it can be seen that both kinds of SERS

substrates can offer large field enhancement to the Raman signal,

with overall EF above 5� 105 and up to 2.64� 106. This means the

proposed method for obtaining deeply-reduced nanogaps with

dielectric environment is very effective for plasmonic field concen-

tration. Such nanogaps benefit not only from the further compressed

width but also from the dielectric contrast at the metal-to-air inter-

face, as required by the boundary conditions.16 Moreover, the

surrounding dielectric environment also serves as a shelter that

reduces the scattering of the incident light to the scaffold.31 This

ensures the enhanced optical field can effectively contribute to the

Raman signal. All these factors make the dielectric-surrounded

nanogap a distinctive plasmonic concentration structure.Meanwhile,

while quasi-aligned structures so far do not give an EF larger than

bundled ones; it should be noted that the former can actually induce

a medium field enhancement along the gap profile rather than focus

the field to the ‘‘wedge tip’’ (which is the case for bundled structures).

This means that such global field enhancement within the 3-D

substrates may show great potential in other plasmonic devices or

applications, taking advantage of both the large surface area and the

enhanced local field.

Conclusion

A very simple method based on ZnO nanorod arrays as the template

was applied to fabricate plasmonic nanogap substrates, which prove

to be highly efficient SERS substrates with an estimated enhancement

factor up to 2.64 � 106. The key point of this work is that the

nanogaps are realized based on fine thickness tuning via atomic layer

deposition (ALD) and the nanorod capillary effect, resulting in either

bundled or quasi-aligned column structures. As a consquence of the

nanogap size effect, the field enhancement depends critically on the
3630 | Nanoscale, 2011, 3, 3627–3630
ALD thickness and the structure profile. Our future work includes

using a well-ordered nanorod scaffold for more accurate estimation

of the molecules’ concentration, and extending the ALD ZnO

dielectric layer to other higher-k materials such as Al2O3 and ZrO2.
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