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nonvolatile solutes normally leaves a ring of solute deposited 
on the surface instead of a uniform distribution and it is the 
well-known coffee-ring effect which is frequently adopted to 
pattern solutes on surfaces. [ 33–35 ]  Nonetheless, it presents a 
serious obstacle in evaporative self-assembly requiring homog-
enous particle deposition. [ 36,37 ]  Recent research has been 
devoted to overcoming or suppressing the coffee-ring effect 
by regulating the shape and stickiness of particles, [ 38–40 ]  type, 
charge, and concentration of surfactants, [ 41–43 ]  substrate, [ 44,45 ]  
and it has been reported that the coffee-ring effect can be miti-
gated in other fi lm processing methods like doctor blading or 
drag coating. [ 46,47 ]  However, control of the coffee-ring effect 
in evaporative self-assembly is diffi cult because many factors 
affect particle deposition, for instance, particle–particle inter-
action, particle–suspension interaction, and droplet–substrate 
interaction. [ 48,49 ]  A strategy to totally suppress or even reverse 
the coffee-ring effect is highly desirable in order to accomplish 
homogenous self-assembly of nanoparticles into a macroscopic 
structure. 

 Herein, a simple and effi cient evaporative self-assembly 
method is presented to control particle deposition against coffee 
rings by regulating the surface properties of the AuNRs and 
substrates. By completely reversing the coffee-ring effect, mac-
roscopic 3D plasmonic superlattice arrays composed of dense, 
regular, and nearly vertically aligned AuNRs are fabricated. The 
fabrication mechanism, structure, and Raman enhancement 
are investigated systematically. 

 As building blocks for evaporative self-assembly, the AuNRs 
(58.0 ± 6.0 nm length; 16.3 ± 2.0 nm width) are prepared by the 
well-known seed-mediated method, in which hexadecyltrimethyl-
ammonium bromide (CTAB) is used as the capping ligand. [ 50 ]  
The surface of the AuNRs is capped by a bilayer of partially 
interdigitated CTAB molecules thus producing a strong posi-
tive charge. This yields CTAB-coated AuNRs (named as CTAB-
AuNRs) with high stability against aggregation. However, the 
associated repulsive force hinders close packing of the rods 
during self-assembly and so it is crucial to further functionalize 
the CTAB-AuNRs to facilitate self-assembly. In this context, we 
implement the exchange between the capping ligand CTAB and 
(11-mercaptoundecyl)hexa(ethylene glycol) (MUDOL), a com-
mercially available amphiphilic PEGylated alkanethiolate ligand 
bearing a thiol moiety ( Figure    1  a). After gentle stirring for 24 h, 
MUDOL molecules gradually displace the CTAB molecules on 
the surface of the AuNRs because of the stronger ligand bond 
between Au and S. 

  After the exchange between CTAB and MUDOL, the surface 
properties of the AuNRs are determined by Fourier transform 

  One of the research foci in the emerging fi elds of plasmonics [ 1–3 ]  
and metamaterials [ 4–6 ]  is the self-assembly of nanoparticles [ 7,8 ]  
into macroscale 3D superlattice arrays possessing collective 
properties. In particular, the self-assembly of nonspherical 
nanoparticles has become popular because such superstruc-
tures can stimulate some anisotropic optical and electrical prop-
erties and meet practical needs demanded by optoelectronic 
devices, [ 9–12 ]  enhanced spectroscopies, [ 13–15 ]  and solar cells. [ 16 ]  
Gold nanorods (AuNRs), as a typical anisotropic building block, 
are suitable self-assembled superstructures because their collec-
tive plasmonic properties depend on the local density and ori-
entation. [ 17,18 ]  Assembled AuNRs have exhibited extremely high 
electromagnetic fi elds to yield enhanced optical signals. [ 19–22 ]  
However, the size of current assembled 3D plasmonic superlat-
tices is generally only a few micrometers thereby limiting their 
use in many macroscopic applications. It is still a big challenge 
to assemble plasmonic nanoparticles into a macroscopic and 
homogenous 3D superlattice with millimeter dimensions. 

 Among the various techniques to fabricate superlattice 
structures, droplet evaporation has been extensively investi-
gated because of the operability, cost-effectiveness, and wide 
applicability to various functional nanomaterials. [ 23–29 ]  How-
ever, despite the simple nature, particle deposition from 
evaporating sessile drops has complex mechanisms and is dif-
fi cult to control. [ 30–32 ]  Typically, drying of a droplet containing 
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infrared (FTIR) spectroscopy (Figure  1 b). After the exchange, 
the broad band at 1022 cm −1  considered to the C–N +  stretching 
disappears whereas a new intense band at 1100 cm −1  
arising from C–O–C stretching in ethylene glycol moieties 
of MUDOL-coated AuNRs (named as MUDOL-AuNRs) is 
observed. [ 21 ]  The characteristic peaks of –OH in the MUDOL 
molecule manifest as a broad peak around 3345 cm −1 . FTIR 
spectroscopy suggests that CTAB is exchanged with MUDOL 
and the latter molecules are densely packed on the nanorod 
surface. The high positive surface charge of CTAB-AuNRs 
( ζ  = +36.0 ± 2.0 mV) is gradually lowered to becoming slightly 
negative MUDOL-AuNRs ( ζ  = −15.0 ± 1.5 mV). These results 
clearly demonstrate successful exchange between CTAB and 
MUDOL on the AuNRs. 

 Figure  1 c shows the absorption spectra of the CTAB-AuNRs 
and MUDOL-AuNRs. After the exchange, the longitudinal 
surface plasmon resonance (SPR) band peak of the AuNRs 
blueshifts from 800 to 695 nm and obvious redshift and 

intensity enhancement can be observed from the transverse 
SPR band. Correspondingly, the color of the AuNRs solu-
tion changes from pink to purple. The variations in the SPR 
bands suggest side-to-side assembly of the MUDOL-AuNRs 
and the decreased aspect ratio and increased diameter produce 
the blueshifted longitudinal SPR band and redshifted trans-
verse SPR band, respectively. The MUDOL induced side-to-side 
assembly is confi rmed by the transmission electron microscopy 
(TEM) images of the CTAB-AuNRs and MUDOL-AuNRs as 
shown in Figure  1 d,e, respectively. 

 In order to study the deposition and assembly behavior of 
the AuNRs during droplet evaporation, droplets of the CTAB-
AuNRs and MUDOL-AuNRs are used as the colloidal sus-
pensions and two kinds of substrates, including Si wafer and 
Si with SiO 2  surface layer (Si/SiO 2 ), are used as well. The Si 
wafers with the <100> orientation are purchased and Si/SiO 2  
wafers with 300 nm surface oxide are prepared by thermal oxi-
dation of the Si wafers. The distinct surface chemical structures 
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 Figure 1.    a) Schematic illustration of the surface ligand exchange between CTAB-AuNRs and MUDOL molecules. b) FTIR spectra of CTAB-AuNRs and 
MUDOL-AuNRs. c) Absorption spectra of CTAB-AuNRs and MUDOL-AuNRs aqueous solution with respective photos in the inset. d,e) TEM images 
of CTAB-AuNRs and MUDOL-AuNRs.
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of the two substrates are presented in the X-ray photoelectron 
spectroscopy (XPS) spectra in Figure S1 (Supporting Informa-
tion), especially the signals at 99.1 and 103.0 eV representing 
Si and SiO 2  in the high-resolution Si 2p spectra. The atomic 
force microscopy (AFM) examinations demonstrate that the 
two wafers have the similar surface roughness (Figure S1, 
Supporting Information). The use of the substrates with sim-
ilar surface roughness minimizes the effect of surface rough-
ness on the deposition and assembly behavior. The drop-
lets are allowed to evaporate on a substrate at a humidity of 
85% ± 5% at room temperature. The volume of the suspension 
is 4.0 µL and the concentration of the AuNRs is 15.0 × 10 −9  M. 
The evaporation process is monitored from the side and the top 
every 18 h using a contact angle goniometer and digital camera, 
respectively. 

 As shown in  Figure    2  , three different kinds of AuNRs pat-
terns are obtained due to the different deposition behavior 
infl uenced by the suspension and substrate. When the CTAB-
AuNRs suspension is evaporated on the Si (Figure S2, Sup-
porting Information) or Si/SiO 2  (Figure  2 a) substrate, the 
base diameter of the droplet only decreases in the early stage 
of evaporation and becomes almost the same afterward. After 
complete drying of the droplet, the vast majority of the CTAB-
AuNRs deposited near the out ring form a coffee-ring like 

pattern with a diameter of around 2.5 mm slightly smaller than 
the initial droplet base diameter. When the MUDOL-AuNRs 
suspension is evaporated on the Si substrate, they show rela-
tively homogenous deposition resulting in a disk-like pattern 
with a diameter of about 2.6 mm. Interestingly, the MUDOL-
AuNRs suspension on the Si/SiO 2  substrate shows a completely 
different evaporation process (Figure  2 c). The base diameter of 
the sessile droplet keeps decreasing until complete drying of 
the droplet. A smaller and thicker concentrated disk-like pat-
tern with a diameter of only 1.2 mm is obtained fi nally and 
furthermore, the visible metallic luster of the pattern suggests 
ordered close-packing of the AuNRs. 

  The mechanism of the formation of the three kinds of 
AuNRs patterns is analyzed (see Figure  2 d–f). The CTAB-
AuNRs produce a coffee-ring like pattern due to the well-
known coffee-ring effect involving capillary edgeward fl ow 
and pinned contact line during evaporation. Contact line 
pinning of the drying droplet on the surface leads to water 
fl ow from the interior to replenish the water evaporating 
from the edge (see Figure  2 d). The resulting edgeward fl ow 
carries nearly all the AuNRs toward the edge and deposits 
them in the vicinity of the contact line to form a ring-like 
pattern. In contrast, alteration of the surfactant type in the 
MUDOL-AuNRs suspension induces the Marangoni effect. 
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 Figure 2.    a–c) Side (left) and top (right) views and d–f) schematic illustration of different AuNRs deposition behavior during evaporation: a,d) CTAB-
AuNRs on Si/SiO 2 , b,e) MUDOL-AuNRs on Si, and c,f) MUDOL-AuNRs on Si/SiO 2 .
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thus increasing the local concentration and decreasing the 
surface tension close to the drop edge. The gradient in sur-
face tension along the liquid-gas interface induces a Maran-
goni fl ow from the edge to the apex of the drop (Figure  2 e,f). 
This surface fl ow is expected to push the AuNRs away from 
the stagnation contact line causing them redistribute back to 
the central region consequently suppressing the coffee-ring 
effect. [ 42 ]  

 Compared to MUDOL-AuNRs on Si, MUDOL-AuNRs on 
Si/SiO 2  produce a signifi cantly concentrated pattern which 
can account for the signifi cant receding of the contact line. 
Pinning or receding of the contact line is associated with 
contact angle hysteresis (Δ θ ), which is generally expressed in 
terms of the difference between the advancing and receding 
contact angles (Δ θ  =  θ  a  −  θ  r ). [ 51 ]  Contact-angle hysteresis is 
accompanied by pinning of the contact line as the drop is 
withdrawn. Because of contact line pinning, the contact angle 
decreases with decreasing droplet volume and eventually, 
the contact angle reaches  θ  r  and the contact line begins to 
withdraw. Thus, the extent of contact-angle hysteresis of the 
liquid on the substrate affects the extent of the contact line 
receding. [ 41 ]  The contact angle hysteresis of the two liquids 
CTAB-AuNRs and MUDOL-AuNRs on Si and Si/SiO 2  is evalu-
ated by measuring the advancing and receding contact angles 
(see Table S1, Supporting Information). Δ θ  of CTAB-AuNRs 
on Si or Si/SiO 2  is as large as 32.8° and 32.4°, respectively, 
whereas Δ θ  of MUDOL-AuNRs on Si is 21.9°. Noticeably, 
Δ θ  of MUDOL-AuNRs on Si/SiO 2  is only 11.1° which is the 

smallest one demonstrating that receding of the contact line 
is most signifi cant. The signifi cant contact angle hysteresis 
of the MUDOL-AuNRs suspension on the Si/SiO 2  substrate 
leads to receding of the contact line and hence, the coffee-ring 
effect is totally reversed other than suppressed. It can be con-
cluded that the Marangoni fl ow and contact line receding can 
effi ciently control the fi nal pattern of AuNRs on the substrate. 
The method presented here provides an effi cient strategy to 
reverse the coffee-ring effect during evaporation of nanoparti-
cles and makes homogenous deposition and close-packing of 
AuNRs possible. 

 The morphology and structure of the three kinds of AuNRs 
patterns are characterized at different scales by confocal laser 
scattering microscopy and scanning electron microscopy (SEM). 
 Figure    3  a clearly shows the 3D morphology of a partial area of 
the coffee-ring like pattern formed by the CTAB-AuNRs on the 
Si/SiO 2  substrate. The SEM images in Figure  3 b,c reveal hori-
zontal self-assembled AuNRs at the out rim of the coffee-ring 
with few randomly scattered AuNRs in the middle area forming 
a coffee-ring like array of AuNRs (named as coffee-ring array). In 
contrast, for the MUDOL-AuNRs on the Si substrate, a relatively 
fl at surface is obtained due to suppression of the coffee-ring 
effect (Figure  3 d). The SEM images in Figure  3 e,f clearly show 
self-assembly of the AuNRs forming an array with few layers of 
the AuNRs (named as few-layer array). However, the distribution 
of the self-assembled AuNRs is far from homogeneous. The pat-
tern has cracks and blank gaps can be observed from the array. 

  Interesting results are obtained from the self-assembly 
of the MUDOL-AuNRs on the Si/SiO 2  substrate. The pattern 
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 Figure 3.    Confocal laser scattering microscopic 3D images with inset photographs and SEM images of: a–c) coffee-ring array formed by CTAB-AuNRs 
on the Si/SiO 2  substrate, d–f) few-layer array formed by MUDOL-AuNRs on Si substrate, and g–l) 3D-superlattice array formed by MUDOL-AuNRs 
on Si/SiO 2  substrate.
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possesses a 3D disk-like morphology as shown by Figure  3 g. The 
typical SEM image of the entire array in Figure  3 j indicates dense 
self-assembly of the AuNRs with a millimeter scale. The top-view 
SEM images in Figure  3 h,k show that the AuNRs are completely 
vertically ordered forming a superlattice structure. The cross-sec-
tional SEM images in Figure  3 i,l confi rm that the ordered AuNRs 
assembly structure consists of tens of layers of densely packed 
standing AuNRs. The fi gures reveal successful self-assembly of 
the AuNRs into a homogeneous macroscopic 3D superlattice 
array (named as 3D-superlattice array) in which all the AuNRs 
are dense, regular, and nearly vertically aligned with respect to 
the surface of the substrate. All the results demonstrate that the 
synergism of AuNRs surface chemistry, surfactant, and sub-
strate can totally reverse the coffee-ring effect and result in the 
formation of such assembled superlattice structure. Even if the 
CTAB-AuNRs with added MUDOL (without the ligand exchange 
protocol) are evaporated on the Si/SiO 2  substrate, such perfect 
ordered assembly of AuNRs cannot be achieved (see details in 
Figure S3 in the Supporting Information). 

 After optimization of the evaporative self-assembly of 
AuNRs, the plasmonic properties of the 3D-superlattice array 
are determined in surface-enhanced Raman scattering (SERS). 
The coffee-ring array and few-layer array are employed as the 
control. SERS is performed on a commercial Raman spectrom-
eter with 633 nm excitation. Malachite green (MG), a typical 
banned fi sh pesticide is selected as a model analyte for SERS 
detection. Owing to the high SERS activity of the assembled 
AuNRs, the spectra of the three kinds of arrays clearly show 
the characteristic Raman peaks of MG; however, their SERS 
sensitivity and uniformity are quite different. For the coffee-
ring array (see Figure S4, Supporting Information), the strong 
SERS single can be found from the outer rim area of the 
coffee-ring and it is over two orders of magnitude higher than 
that from the middle area. The results demonstrate that the 
uniformity of the SERS signals is unsatisfactory according to 
the strong heterogeneous distribution of the AuNRs in the 
coffee-ring array. 

 Since both the few-layer array and 3D-superlattice array have 
the similar disk-like pattern, their SERS performance is com-
pared directly. The typical SERS spectra in  Figure    4  a,c show 
that the SERS signal from the 3D-superlattice array is over ten 
times that of the few-layer array with the same MG concentra-
tion. A 70 µm × 70 µm area in each array is then mapped by 
point-by-point scanning with a step size of 5 µm (15 × 15 spots 
each) during laser excitation. The average signal intensity ( I  ave ) 
at 1615 cm −1  from the 225 spots is measured and the relative 
standard deviation (RSD) of these SERS intensities is calcu-
lated (see Figure  4 ,d). The average signal intensity of the test 
area of the 3D-superlattice array is about 31043 counts with an 
RSD of only 7.2%, while few-layer array has an average signal 
intensity of only 3073 counts with an RSD of as large as 83.4%. 
The big differences indicate not only much higher SERS sen-
sitivity but also substantially better signal reproducibility from 
the 3D-superlattice array. The poor uniformity of the few-layer 
array is due to the loose dispersion of the AuNRs with blank 
gaps in between (see Figure  3 e,f). Among the three kinds of 
arrays, the best SERS performance observed from the 3D-super-
lattice array is ascribed to the homogenous, close-packed, and 
ordered superlattice structure of vertically aligned AuNRs. To 

further understand the physical mechanism responsible for the 
observed SERS response, the electric fi eld intensity enhance-
ment of the AuNRs array is investigated by the fi nite-difference 
time-domain (FDTD) method (see Figure S5 for details, Sup-
porting Information). 

  The potential of the 3D-superlattice array as an SERS sub-
strate for ultrasensitive detection of MG is studied. Figure  4 e 
depicts the SERS spectra of MG for different concentrations 
from 1.0 × 10 −6  to 1.0 × 10 −10  M. As a result of the excellent 
SERS activity, the spectra clearly show the characteristic Raman 
peaks of MG even at a concentration down to 1.0 × 10 −10  M, 
indicating that the detection limit is lower than the technique 
performance limit (2.0 µg L −1 ) for MG required by the Euro-
pean Commission and the US Food and Drug Administration. 
These 3D-superlattice arrays are thus sensitive enough to detect 
MG in practice. 

 To further assess the reproducibility of the 3D-superlattice 
arrays as SERS substrates, a thorough statistical analysis is 
undertaken to quantify the variations in the SERS signal inten-
sity from different locations on one array (spot-to-spot varia-
tion) and between different arrays (array-to-array variation). 
Figure  4 f shows the spot-to-spot variation distribution of the 
SERS intensity of the 1615 cm −1  peak of MG from 15 randomly 
selected spots along one diameter of a 3D-superlattice array. 
The RSD is 8.0% which is slightly larger than 7.2% derived 
from the spots in a 70 µm × 70 µm area (Figure  4 b) confi rming 
high reproducibility on a macroscopic scale. To evaluate the 
array-to-array SERS reproducibility, 5 × 5 3D-superlattice arrays 
are prepared on the Si/SiO 2  wafer (see Figure  4 g) and Raman 
spectra are acquired one randomly chosen spot on each array 
(see Figure  4 h). The RSD calculated from 25 different sub-
strates is 10.5% indicating good array-to-array reproducibility. 
These results demonstrate the feasibility of the evaporative self-
assembly method in batch production of the 3D-superlattice 
arrays with good reliability and reproducibility. 

 In conclusion, we have demonstrated that by regulating 
the AuNRs surface chemistry, surfactant, and substrate, the 
coffee-ring effect can be completely reversed and consequently, 
homogeneous deposition is achieved based on the combined 
effects of Marangoni fl ow and contact line receding. Based on 
this mechanism, millimeter-scale 3D superlattice arrays com-
posed of dense, regular, and vertically aligned AuNRs have 
been fabricated and demonstrated excellent SERS sensitivity 
and reproducibility. Compared to previously reported superlat-
tice arrays based on various plasmonic nanoparticles, we have 
for the fi rst time prepared homogenous 3D-superlattice arrays 
on the millimeter scale. Such 3D organization of the AuNRs 
into macroscopic superlattices results in excellent plasmonic 
substrates suitable for macroscopic sensing applications. With 
the high reproducibility and operability of the droplet evapora-
tion method, this strategy can be readily extended to the self-
assembly of various plasmonic nanoparticles into macroscopic 
3D-superlattice arrays and bridge the gap between nanoscale 
materials and macroscopic applications.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    a–d) Typical SERS spectra ( λ  ex  = 633 nm) and SERS intensity maps at 1615 cm −1  of MG (1.0 × 10 −5   M ) on 3D-superlattice array a,b) and 
few-layer array c,d) formed with MUDOL-AuNRs on Si/SiO 2  and Si, respectively. A 70 µm × 70 µm area in each array is mapped by point-by-point 
scanning mode using a step size of 5 µm (15 × 15 spots each) upon laser excitation. e) SERS spectra of MG on 3D-superlattice array after treatment 
with MG solutions with different concentrations. f) Histogram for the peak SERS intensity at 1615 cm −1  of MG acquired from 15 different spots on 
a 3D-superlattice array along the diameter. g) Photograph of a Si/SiO 2  wafer containing 5 × 5 3D-superlattice arrays. h) Histogram of the peak SERS 
intensity at 1615 cm −1  of MG acquired from 25 different 3D-superlattice arrays.
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Experimental Section  

Materials: Chloroauric acid (HAuCl4·4H2O, 99.99%), hexadecyltrimethylammonium 

bromide (CTAB, 97.0%), sodium borohydride (NaBH4, 96%), silver nitrate (AgNO3, 99.8%), 

L-ascorbic acid (AA, 99.7%), Malachite green (MG, 99%), and Rhodamine 6G (R6G, 99%) 

were obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and (11-

Mercaptoundecyl)hexa(ethylene glycol) (MUDOL, 90%) was purchased from Sigma-Aldrich 

Co. USA. All the chemicals were used as received without further purification. Millipore™ 

Milli-Q water (resistivity >18 MΩ cm-1 at 25 oC) was used in all the experiments. Silicon 

wafers (Si) with the <100> orientation were bought from Lijing Photoelectric Technology Co. 

Ltd. (Zhejiang, China). 
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Synthesis of AuNRs: The AuNRs were synthesized by the seed-mediated method in the 

CTAB solution as described previously. Briefly, 3-4 nm gold seed particles were prepared by 

mixing HAuCl4 (0.5 mM, 5 mL) and CTAB (0.2 M, 5 mL). The solution was stirred 

vigorously followed by addition freshly prepared ice-cold NaBH4 (10 mM, 600 µL). After 

vigorous stirring for 2 min, the seed solution was stored at room temperature for further use. 

In the AuNR synthesis, HAuCl4 (5 mM, 18 mL) and AgNO3 (0.1 M, 225 µL) were added to 

CTAB (0.2 M, 90 mL ) and then HCl (1.2 M, 225 µL) and ascorbic acid (10 mM, 11.1 mL) 

were added and gently swirled as the color changed from dark orange to colorless. After the 

color change, the CTAB-stabilized gold seed solution (150 µL) was injected rapidly and the 

solution was gently mixed for 10 s and left undisturbed overnight. Finally, the solution was 

centrifuged at 12,000 rpm for 15 min to stop the reaction. The supernatant was removed and 

precipitate was resuspended in ultrapure water. The concentration of the final CTAB-AuNRs 

was estimated to be about 0.8 nM according to the extinction coefficient at the longitudinal 

SPR wavelength. 

Surface ligand exchange of AuNRs: Freshly synthesized CTAB-AuNRs solution (5 mL) 

was purified by a second centrifugation step (10000 rpm, 10 min) to remove the excess CTAB. 

The precipitate was dispersed in Milli-Q water (5 mL) and mixed with MUDOL solution (0.2 

mM, 5mL). The mixture was vortexed briefly and stirred gently at room temperature for 24 h 

to achieve saturated adsorption of MUDOL molecules on the AuNRs. The final MUDOL-

AuNRs were condensed and used in the self-assembling experiments without further 

purification.  

Self-assembly of AuNRs: A simple evaporative self-assembly process was utilized to 

prepare the 3D-superlattice arrays of AuNRs. The Si wafers were oxidized thermally to obtain 

a 300 nm thick surface oxide as the substrate. The MUDOL-AuNRs suspension was used as 

the suspension for evaporation onto the substrate. A drop of the AuNRs suspension (15.0 nM, 

4.0 μL) was dripped onto the Si/SiO2 substrate and the sessile droplet was kept stationary at 
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room temperature at a humidity of 85 ± 5% for up to 72 h to evaporate the water. The 

obtained 3D-superlattice arrays were cleaned by an oxygen plasma (60 s, 0.4 mbar, 100 W) 

and UV/ozone (1 h). 

The other two kinds of arrays were prepared as the control. When CTAB-AuNRs were 

used to replace MUDOL-AuNRs as the suspension, coffee-ring arrays of AuNRs were 

obtained by the same procedures. On the other hand, when Si wafers were used to replace the 

Si/SiO2 wafers as the substrate, few-layer arrays of AuNRs were obtained. 

Characterizations: The absorption spectra were acquired on a Lambda 750 UV/VIS/NIR 

spectrometer (Perkin Elmer, USA) and FTIR spectra were obtained on a VERTEX 70 

spectrometer (Bruker, Germany). The TEM images were taken on a JEOL-2010 transmission 

electron microscope (JEOL Ltd., Japan) at a voltage of 200 kV. The mean length and diameter 

of the AuNRs were determined from the corresponding size histograms using the open access 

ImageJ software. The zeta potential was determined on the Zetasizer Nano ZS (Malvern 

Instruments Ltd., UK) at 25 °C and the surface chemical structure was determined by X-ray 

photoelectron spectroscopy (XPS, PHI 5802, Physical Electronics, USA). The surface 

morphology and surface roughness were analyzed with an AFM (Multimode 8, Bruker, USA). 

The advancing and receding contact angles (θa and θr) were measured on the DSA25 contact 

angle goniometer and droplet shape analysis system (Kruss, Germany). The AuNRs 

suspension (4.0 μL) was dropped and removed dynamically and each contact angle value was 

the average of at least five independent measurements. The 3D images were obtained on a 

VK-X200 3D laser scanning confocal microscope (Keyence, Japan). The SEM images were 

acquired on a ZEISS SUPRA 55 (Carl Zeiss, Germany) field-emission scanning electron 

microscopy and cross-sectional examination was made on the cleaved samples. 

Raman scattering experiments: The arrays were soaked in aqueous solutions overnight 

for adsorption of the MG molecules. Raman scattering was performed on a Horiba Jobin-

Yvon LabRam HR VIS high-resolution confocal Raman microscope equipped with a 633 nm 
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laser as the excitation source at room temperature. The acquisition time for the measurement 

with MG 1.0×10−5 M was 1 s and that of MG at concentrations between 1.0×10−6 and 

1.0×10−10 M was 10 s. The SERS intensity maps were obtained using the mapping software 

provided by the manufacturer from an area of 70 × 70 μm2 using a step size of 5 µm (15 × 15 

spots each) and acquisition time of 500 ms during laser excitation. 

 
 

Characterization of the Si and Si/SiO2 wafers  

 
Figure S1. Surface survey XPS spectra, high-resolution O 1s spectra, and high-resolution Si 
2p spectra of Si (a-c) and Si/SiO2 (d-f), and AFM images with the value of Roughness 
Average (Ra) of Si (g) and Si/SiO2 (h). 
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Measurement of contact angle hysteresis 

Table S1. Advancing contact angle (θa), receding contact angle (θr), and contact angle 
hysteresis (Δθ) of two AuNRs suspensions on the two substrates. 

Liquid Substrate θa (degree) θr (degree) Δθ (degree) 

CTAB-AuNRs Si 51.0 18.2 32.8 
Si/SiO2 46.6 14.2 32.4 

MUDOL-AuNRs Si 60.9 39.0 21.9 
Si/SiO2 49.1 38.0   11.1 
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Deposition behavior of the CTAB-AuNRs on Si during evaporation 

 
Figure S2. Top-view of CTAB-AuNRs deposition during evaporation on Si. 
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Assembly formed by CTAB-AuNRs within MUDOL suspension evaporated on Si/SiO2 

Droplets of CTAB-AuNRs with added MUDOL (without the ligand exchange protocol) are 

evaporated on the Si/SiO2 substrate. The inset photograph of Figure S3a demonstrates that the 

coffee-ring effect can also be avoided and the disk-like stain is formed. However, the SEM 

observation shows that the stain is formed with loosely dispersed assembled clusters (Figure 

S3a), and only partial of the AuNRs exhibit the vertically aligned structure within the 

assembly (Figure S3b). The results demonstrate that without the ligand exchange protocol, the 

totally reverse of the coffee-ring and the perfect ordered assembly of AuNRs cannot be 

achieved, despite the partially ligand exchange reaction of CTAB-AuNRs within the MUDOL 

suspension during the evaporation. 

 
Figure S3. SEM images with inset photograph of assembly formed by CTAB-AuNRs within 
the MUDOL suspension evaporated on Si/SiO2. 
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SERS performance of the coffee-ring array 

 
Figure S4. Typical SERS spectra (λex = 633 nm) of MG (1.0×10−5 M) acquired from the outer 
rim (area 1) and middle area (area 2) of coffee-ring array. 
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Numerical calculations  

 
Figure S5. Field distributions of AuNRs arrays with layer numbers of 1, 2, 4, 6, 8, and 10, in 
which the AuNRs are vertically aligned with respect to the surface of the substrate.  A plane 
wave is applied as the excitation source and the results are acquired at a wavelength of 633 
nm from the plane 3.95 nm under the surface.  The electric field intensity enhancement of the 
AuNRs arrays is evaluated by the finite-difference time-domain (FDTD) method (FDTD 
Solutions 8.0, Lumerical Solutions, Inc.). The calculation model comprises layers of the 
AuNRs arrays with ordered honeycomb-like lattice cells. A single nanorod is formed by a 
cylinder with two ellipsoids on the two ends.  The length and diameter of the cylinder are set 
to be 58.0 and 16.3 nm whereas the long and short radii of the ellipsoid are 8.15 and 3.95, 
respectively. The center-to-center distance of two adjacent nanorods is 19.2 nm. The complex 
dielectric constants of Au are taken from the paper of Johnson and Christy.[1] In the 
calculation, we use periodic boundary conditions in the x‒y plane and perfectly matched 
layers (PMLs) in the z direction. The unit cell is taken as 57.6 nm × 66.51 × 3000 nm. 
Comparison of the simulation results from arrays with different layers indicates that a larger 
layer number leads to more homogeneous and stronger near-field localization in the gaps of 
the AuNRs to enhance the SERS response. These nanoscale gaps in the nanorod forest can 
trap liquids due to the capillary force[2,3] and this is another advantage of the vertically aligned 
AuNRs arrays in sensing applications. 
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