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A B S T R A C T   

Nanostructure gradients exhibiting graded variation in a nanostructure geometric variable carry high promise as 
tool for parallel and high-throughput optimization of a range of on-chip devices and functional interfaces. The 
capabilities to fabricate nanostructure gradients, with desired size and slope, while preserving scalability and 
operational flexibility is however limited. In this direction, we demonstrate a simple and flexible approach to 
prepare nanostructure gradients, subjecting a functionalized chip for the adsorption of nanoparticles or ions from 
aqueous media, with varying durations of exposure along the length of the chip. The configuration is similar to 
dip-coating, however, with the solution front moving relative to a stationary substrate. The flow rate, dimension 
of the chamber, and the functional layers are shown as simple handles to achieve the desired gradient 
morphology. Gradients with stochastic as well as periodic organization of nanoparticle assemblies are demon-
strated through the choice of different functional layers underneath the nanoparticle layer, viz. aminosilane 
monolayers, cross-linked plasma polymer and copolymer templates. The approach paves way to rationally 
designed gradients, benefitting from the significant flexibility in the choice of operational conditions, without 
specific constraints on the size of the substrates that can be used.   

1. Introduction 

Nanoscale devices and interfaces that take advantage of unique op-
tical, electronic and surface behaviour of engineered nanostructures 
have been leveraged across a range of applications including sensors, 
data storage, self-cleaning interfaces, energy storage or harvesting, and 
bio interfaces. In all these cases, the geometric attribute that delivers the 
optimal functionality is identified by systematic investigations that map 
the impact of multiple geometry variables and drawing robust correla-
tion between nanostructure and functionality. Given the number of 
variables, the investigations require numerous experiments to arrive at 
the most optimal geometries, imposing heavily on the time and re-
sources. In addition, the quality of such outcomes also relies on ensuring 
identical conditions for all non-variables in the experiment, which re-
quires high degree of reproducibility between the experiments. The task 
is simplified by resorting to combinatorial approaches that rely on 
simultaneous and parallel execution of multiple experiments at one 
time. Prominent examples in this direction includes microarrays that 

spatially separate the variables into addressable regions, and spatial 
gradients, that continuously vary a certain variable as a function of 
distance on a surface. While microarrays allow massively parallel op-
portunity to investigate parameters, the approaches to produce such 
arrays serve better to deliver discrete rather than a continuous change in 
value of the variables under investigation. Spatial gradients on the other 
hand are better disposed for a graded change in the variable 
investigated. 

Several approaches have been used to produce spatial gradients 
especially in chemical compositions down to molecular level, typically 
with gradient dimensions spanning few millimetres. 1-D chemistry 
gradients of self-assembled monolayers (SAMs) have been fabricated by 
various techniques, such as dip-coating [1], vapour [2], or gel/liquid 
diffusion [3,4], printing [5,6], controlled rate infusion [7,8] and elec-
trochemical control [9]. Graded variation in physicochemical parame-
ters such as pH and temperature have shown potential to fabricate 
surface gradients [7,10,11]. Composition gradients were produced by 
subjecting mixture of functional amine SAMs with different pKa values 
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to varying pH [10]. In another study, gradient in density of tethered 
polymer chains were obtained by using temperature gradients [7]. 
Similar polymer gradients were fabricated using graded light exposure 
to result in polymer brushes with control over thickness [12]. Innovative 
approaches have been explored to generate wide wettability variations 
based on gradual irradiation-enabled desorption and exchange of func-
tional groups from non-polar methyl containing groups to strongly polar 
groups and vice versa [13,14]. Besides the mentioned techniques, the 
large number of literature regarding chemistry gradients are based on 
utilising plasma-assisted chemical vapour deposition (PCVD) technique 
[15-18]. Some of the plasma approaches are aimed at modification of 
the surface of the existing coating to develop a wettability gradient, 
while other techniques are based on deposition of the desired functional 
groups with spatial control [16,17]. Plasma-assisted deposition of 
functional groups for immobilising biomolecules avoid drawbacks of 
conventional liquid phase surface treatment with aminosilanes, 
including the environmentally hazardous chemical usage and long 
preparation time [18]. However, these approaches are particularly well 
suited to create chemical gradients, they are less suited to produce 
structural gradients, especially with control over geometries at the 
nanoscale. Lithography techniques such as photolithography and laser 
micromachining have been used to produce well-controlled surface 
gradient patterns with (sub-) micron feature dimensions [19,20]. Non- 
lithographic approaches such as sandblasting, or nanoparticle adsorp-
tion have been used to produce gradients, feature dimensions extending 
to nanoscale [17,21-27]. Interestingly, most of this work is directed at 
understanding the impact of nano topography on interaction of bio-
logical cells with underlying surface [21,22,24-27]. 

Nanoparticle gradients are particularly advantageous, as they are 
well positioned to leverage the advances in the state of the art towards 
synthesis and adsorption of nanostructures from solution-phase onto 
solid surfaces [28,29]. The low standard deviations with which nano-
particles can be produced, reduces the spread of geometric variables of 
features obtained on the gradient. Nanoparticle density gradients have 
been reported to be obtained using diffusion-limited transport through 
polymer melts [30], electrostatic self-assembly of negatively charged 
nanoparticles to positively charged molecular gradients [2,17,31], or 
via kinetic control over nanoparticle deposition by dip-coating processes 
[22,23]. Control over kinetic processes provides more flexibility in 
determining the geometric attributes, viz. the size and slope, of the 
resulting nanoparticle gradients. However, the kinetic control over 
nanoparticle density has been achieved only with dip-coating so far. The 
typical dip-coating set up is open to atmosphere, and suffers from the 
solvent evaporation, especially for slow dipping speeds. The dimension 
of the dip-coater determines the size of the sample and the range of 
displacement, thus being restrictive in process conditions. In all these 
cases, gradients exhibiting control over nanoparticle size, periodic order 
or complexity in their organization have not been reported. Further, it is 
not straightforward to pre-determine the characteristics of the gradients 
to be produced allowing orthogonal control over the gradient variable. 
In this direction, we demonstrate a rational approach to fabricate sur-
face gradients that leverage two common time-dependent processes- 
material adsorption and material growth, in order to deliver nano-
structure gradients. The time-dependence of the adsorption process is 
exploited to systematically vary the nanostructure geometric attributes, 
namely, nanoparticle size, and surface density of nanoparticles, as a 
function of distance along the gradient. The processes are further com-
bined with a well-defined and periodic nanoarray template obtained by 
self-assembly of copolymer colloids. The combination of the surface 
gradient using pre-defined templates allows exercising orthogonal con-
trol over the size and density of nanoparticles obtained. The approach is 
demonstrated using a simple set up that provide practically unrestricted 
opportunities in choice of sample size, gradient length and durations of 
exposure, within a closed, miniaturized environment. 

2. Materials and methods 

2.1. Materials 

Polymers were purchased from polymer source, Inc. (Toronto, Can-
ada). All the substrates, (Silicon wafers and quartz wafers) were ob-
tained from Siegert wafer (Aachen/Germany). The standard AFM 
tapping mode probes with 330 KHz frequency and 125 µm length were 
purchased from NanoAndMore GMBH. Quartz Crystal 5 MHz, Gold 
electrode with Silicon dioxide-coating were obtained from LOT- 
QuantumDesign GmbH/Germany. Hydrogen tetrachloroaurate(III) tri-
hydrate (HAuCl4⋅3H2O) (99.9%), (3-Aminopropyl)triethoxysilane 
(APTES) 99% and sodium citrate dihydrate (~99%) and anhydrous m- 
Xylene were obtained from Sigma Aldrich (Merck). 

2.2. Au nanoparticle synthesis 

Gold nanoparticles were synthesized by using Turkevich method 
[32]. Briefly, 30 mL of 1.02 mM solution of gold chloride was refluxed 
with 6 mL of 38.80 mM sodium citrate solution for duration of 10 min 
until appearance of wine red color. The suspension was allowed to cool 
prior to use. 

2.3. Self-assembled silane monolayers 

Surface assembled monolayers of (3-aminopropyl)-Trimethoxysilane 
(APTES), on silicon and glass substrates were obtained by vapour phase 
deposition. First, substrates were cleaned using plasma etching and by 
reactive ion etching (Oxford Plasmalab 80, UK), using O2 plasma (15 
mtorr, 100 mW) for a duration of 3 min. The substrates with the acti-
vated surfaces were exposed to APTES vapors within a vacuum desic-
cator under pressure of ~5 × 10− 3 mTorr for 2 h. Finally, samples were 
rinsed with isopropyl alcohol and dried with N2 gun. 

2.4. Fabrication of CHN plasma bilayer 

Homogenous amino-containing CHN plasma polymer films were 
fabricated based on the technique developed previously [33]. Fabrica-
tion was designed to enhance the stability of amine functionalities of the 
coating in aqueous media. Accordingly, a vertical gradient consisting of 
plasma polymers with highly crosslinked base layer and less crosslinked 
amine functional upper layer was deposited by switching power input 
and plasma precursor (NH3/C2H4) ratio. The total thickness of the 
generated bilayer film was approximately 20 nm. 

2.5. Experimental set up for nanoparticle gradient fabrication 

A pulseless, programmable microfluidic pressure pump (Mitos 
Pressure Pump, Dolomite, UK) equipped with a flow sensor was used to 
introduce nanoparticle suspension or the nanoparticle precursor solu-
tion into the experimental vessel, where a surface-modified sample 
(2cmx1cm) was fixed vertically on to the side wall of the vessel along its 
longer axis. The pump was set to ensure a set flow rate, for the chosen 
duration of time. The pressure pump can establish stable pressures with 
the applied pressure range of 0–1 bar and adaptable to employ liquid 
volumes of μl to litre range depending on the intended application. The 
gas input can be connected to desired gas source e.g. nitrogen or argon, 
which helps to assure inertness of atmosphere where necessary. The 
range of outcomes for the rate of rise as function of the flow rate (from 1 
to 100 µL/min) and the vessel radius (1–5 cm) was calculated and 
plotted as a colour map using functional plot options in origin (Origin 
Pro 2019, OriginLab Corporation, MA, USA) (Fig. 1c) The nanoparticle 
densities or dimensions were fitted using Hill isotherm, with the first 
point taken as (0,0) in all cases. 
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2.6. Fabrication of micellar templates 

Micellar templates were fabricated based on the previously pub-
lished approach [34]. Polystyrene-block-poly(2-vinylpyridine) (PS-b- 
PVP) with a molecular weight of 248 kDa for the PS block and 195 kDa 
for the PVP block were deposited from 0.5 %w/w solutions in m-xylene, 
on to Si substrates via spin coating at 6000 rpm. The coatings were 
performed under an environment with controlled humidity. For gold 
nanoclusters, micellar substrates were further etched by reactive ion 
etching (RIE) for duration of 30 s to better define patterns to avoid 
remaining polymers between features. The resulting features were 
characterized by AFM. 

2.7. Quartz crystal microbalance (QCM) measurements 

The QCM measurements were carried out using Q-Sense E1 system 
using a 5 MHz crystal. To measure the nanoparticle adsorption to APTES 
SAM layers, SiO2 coated QCM sensors was used. For plasma polymer 
films and the copolymer films, bare QCM sensors with gold surface were 
used, as the films of equivalent characteristics can be obtained inde-
pendent of the surface. The measurements for nanoparticle adsorption 
was performed in static conditions in a Teflon cell. To measure 
adsorption of gold precursor, a stable baseline was achieved with a flow 
of milliQ water, followed by gold chloride solution through a micro-
fluidic cell at a constant flow rate of 10 µL/min throughout the duration 
of the experiment. The shift in resonance frequency for the 9th overtone 
was followed, and converted to mass using Sauerbrey’s equation. The 
mass change (Δm) was converted to areal density of nanoparticles (NPs/ 
µm2) using the equation: [AuNP] = Δm/(VNPρAu), VNP is the estimated 
volume occupied by a single AuNP with a diameter d = 11.8 and ρAu is 
the gold density. In general, the applicability of the Sauerbrey’s equa-
tion lies on the hypothesis that the bound mass does not give rise to any 
viscoelastic movement, the layer is, thus, rigid and sufficiently thin. If 
the conditions are not met, it would be possible to incur in an over-
estimation of the adsorbed mass. To overcome the issue the Δm is 
considered between two dry states of the surface: before injection of the 
liquid solution and after drying it. The sensor is first equilibrated in air 
and then the aqueous AuNPs solution is pipetted on the sensor surface. 
After a given time the sensor is washed with water and the surface is 
dried. Additionally, the validity of the Sauerbrey’s equation to obtain 

the adsorbed mass, was assured, all throughout, by low dissipation 
values, which confirm the rigidity of adsorbed layers: ΔD/(Δf/n) <<

0.4⋅10− 6 Hz− 1 [35]. 

2.8. Field-Emission scanning electron microscopy (FESEM) 

Helios NanoLab™ 650 (FEI, Eindhoven. Netherland) was used to 
investigate the morphology of the surfaces with an acceleration voltage 
of 2 kV, a current of 25 pA, and a working distance of 4 mm. No charging 
was observed for metal particle coated parts, and hence, no additional 
metal coating was needed. All the prepared gradients were characterized 
using FESEM by moving few millimetre intervals from the start to the 
end of the generated gradient height and recording the images. Two 
magnification values of 100,000× and 200,000× were applied for 
scanning all the generated surfaces. The images were analysed using 
ImageJ [36] to obtain the density and the diameter of nanoparticles. The 
standard deviation of the nanoparticle densities in Figs. 1-4 is indicative 
of the maximum variability across multiple points corresponding to a 
specific distance across the gradient. 

2.9. Atomic force microscopy (AFM) 

AFM analysis was performed with an Innova microscope (Bruker, 
Santa Barbara) and images were acquired in air in tapping mode at scan 
rates between 0.5 and 1 Hz. Semi-contact silicon cantilever (RTESP; 
Bruker) with a spring constant of 40 N/m were employed. Images were 
processed with the software SPIP (ImageMet) to obtain the height of 
copolymer templates, and the height of nanoparticles (by precursor 
adsorption). The standard deviation of nanoparticle dimensions is 
indicative of the size distribution in diameter and height of nano-
particles. The variability of the dimensions across multiple points cor-
responding to specific distance across the gradient, yet separated by 
several millimetres, is lower than the error bars shown for size 
distributions. 

2.10. X-ray photoelectron spectroscopy (XPS) 

Elemental characterisation and quantification with XPS were 
implemented using a Kratos Axis-Ultra DLD instrument equipped with 
Al Kα source (1486.6 eV), pass energy of 20 eV and an energy resolution 

Fig. 1. Schematic illustration of the approach to fabricate nanostructure gradients. (a) The set up used for gradient fabrication. (b) With a targeted length, and 
maximum density of adsorption, determined by choice of flow rate and the dimension of the vial. (c) Plot showing the dependence of the rate of rise of liquid front as 
function of the radius of the chamber (r), and flow rate (f). 
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of 0.5 eV. The survey scans and high-resolution peak scans with 1.5 eV 
and 0.55 eV energy resolutions were performed to identify and quantify 
the peaks of interest, respectively. To compensate the charging effect on 
the sample surface a flooding gun was used to accelerating low energy 
electrons on the surface. The analysis and data treatment on the resulted 
spectra were performed using CasaXPS-2315 software. The energy 
calibration of peaks was performed with respect to C1s main component 
at 285.0 eV. 

3. Results and discussion 

3.1. Rationally designed spatial gradients 

We present a simplified approach for the fabrication of unidirec-
tional spatial gradients in density and size of metal nanoparticles, 
relying on time dependent processes of physisorption or chemisorption 
from aqueous media. The fabrication of the gradient was implemented 

using a set up as shown in Fig. 1. A chip on which the gradient would be 
prepared is positioned vertically inside a vial, within which the aqueous 
suspension of nanoparticles or the precursor solution is gradually 
increased in volume. The increase in volume translates into increase in 
the linear distance along the chip exposed to the liquid front. The rate of 
increase in exposed distance determines the duration of exposure on 
different points along the length of the chip. The duration of exposure in 
turn determines the surface density of adsorbate, and thus the nano-
particle densities or the size of the nanoparticles formed. A gradient is 
thus obtained, with the desired length of the chip, and the maximum 
duration of exposure set by the user, mainly by controlling the rate of 
increase of volume, relative to the gradient chip. The volume change can 
be operationally controlled by both flow rate and the size of the vial 
(Fig. 1b) providing large flexibility in the choice of the exposure rates, 
irrespective of the dimension of the sample (Fig. 1c). The configuration 
further ensures that the chamber remains closed throughout the process, 
which is particularly helpful to reduce impact of evaporation. 

Fig. 2. Unidimensional gradient in gold nanoparticle densities on aminosilane surface (a) FESEM images showing increasing density of gold NP as function of 
distance along the gradient. (b) Plot of NP density as function of distance (top-X) and corresponding time of adsorption at that distance (bottom-X). 

Fig. 3. Unidimensional gradient in gold nanoparticle densities on CHN plasma coated surface (a) FESEM measurements showing increasing NP densities as function 
of distance along the gradient. (b) Plot NP density as function of distance (top-X) and corresponding time of adsorption at that distance (bottom-X). Dotted line 
indicates fit to Langmuir-Hill equation. 

Fig. 4. Unidimensional gradient in cluster size in periodic gold nanoparticle cluster arrays. (a) Top-view SEM measurements as function of distance along the 
gradient. (b) Plot of nanoparticles per cluster measured from SEM as function of (bottom-X) the duration of exposure to nanoparticle suspension and (top-X) the 
distance across the gradient. Dotted lines indicate fit to Langmuir-Hill equation. 
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The choice of maximum duration of exposure (t, Fig. 1a) for the 
gradient chip can be obtained from the kinetics of adsorption as deter-
mined by a real-time analysis tool such as surface-plasmon resonance 
(SPR) or Quartz Crystal Microbalance (QCM). QCM is particularly 
interesting while measuring adsorption involving plasmonic nano-
structures as intended in this report, as optical properties of the adsor-
bate would not interfere with the mass sensing by QCM. Information of 
the time to saturation provides help in determining the process param-
eters, in specific, the rate of increase of length of the chip exposed to the 
solution. However, due to the difference in configurations, the mass flow 
of the adsorbate on to the functional layer on the gradient chip (Fig. 1a) 
is not expected to be the same as encountered in a typical QCM exper-
iment. Nevertheless, the approach can provide reasonably good indi-
cation of the time to saturation, which in turn can be a useful parameter 
to set for the maximum duration of adsorption used for gradient prep-
aration. The resulting gradient would thus represent the equivalent of an 
adsorption isotherm spanning the length of the chip and representing all 
adsorbate densities until saturation. 

With the targeted length and the maximum exposure duration, one 
can set rate of exposed length on the gradient chip by controlling the 
flow rate (f), and the choice of a vessel with an appropriate cross-section 
(which in our case is cylindrical, with radius r). The design criteria that 
enables translating the time dependence of the processes as obtained 
from QCM into spatial dependence of the eventual gradient is obtained 
as follows: (a) QCM gives an indication of the time (t) to reach the 
saturated surface density (N) of nanoparticles or precursors. (b) The 
desired length of the gradient (L), and the time (t) to achieve the surface 
density N, are used within Eq. (1) to determine rate of increase in height 
of the solution. Microfluidic pump is then used to set a flow rate, f , that 
takes into account the cross-section of the cylindrical container with a 
radius r, to determine the equivalent volume increase necessary for the 
desired increase in height Eq. (1). The start of the gradient is taken as the 
point of the chip that is first to contact the solution front. The start of the 
gradient stays longest within the solution, and thus has the maximum 
duration of exposure, with progressively shorter durations of exposure 
along the length of the gradient. The duration of exposure, tl, of any 
point at a distance ‘l’ from the start of the gradient can be expressed as in 
Eq. (2) and the distance traversed as function of time can be expressed 
by the Eq. (3). 

f =
πr2L

t
(1)  

tl = (L − l)*(t/L) (2)  

l = L −

(
L
t

)

*tl (3) 

The approach is tested to produce well controlled gradients in two 
different cases, (a) gradients in nanoparticle density exploiting the time 
dependence of adsorption of gold nanoparticles, and (b) gradients in 
gold nanoparticle dimensions, exploiting the time dependence in uptake 
of ionic organometallic precursors. Three different functional layers 
have been considered to produce the gradients, viz. a) self-assembled 
monolayers (SAM)s of aminosilane, b) polymer thin films with amine 
groups deposited using low-pressure plasma, and, c) block copolymer 
thin films with periodic arrangement of amine containing blocks. The 
different functional layers carry complementary advantage in the pro-
cesses used to attain them and carry potential to independently control 
the outcome of the nanoparticle gradients produced, viz. the density, 
slope, and periodic arrangement of nanoparticles. 

Gold nanoparticle density gradients were prepared relying on 
random sequential adsorption of negatively charged gold nanoparticles 
to positively charged functional layers on silicon surface. The positive 
charges were achieved by three different routes, viz. self-assembled 
monolayer (SAM) of amine silane, plasma polymer with high concen-
tration of amine groups, and copolymer template containing periodic 

distribution of amine containing polymeric block. The three choices 
were compared for the difference in the gradient formation introduced 
by properties of the functional layer. 

3.2. Gold NP gradients on aminosilane SAMs 

Amine containing SAMs were prepared on rectangular silicon chips 
of 2 cm × 1 cm dimensions by exposure to aminopropyltriethoxysilane 
(APTES) in vapor phase. A preliminary idea of the kinetics of adsorption 
of gold nanoparticles to the APTES surface was obtained using QCM. 
QCM sensor chips with silicon oxide coatings were exposed to APTES 
under identical conditions as used for the silicon chips. In the next step, 
the adsorption of citrate stabilized gold nanoparticles with a diameter of 
~11.8 nm was performed under static conditions to measure the kinetics 
of adsorption. Based on the time to saturation from the adsorption iso-
therms, the total time to prepare the gradient was set to 2.5 h (Fig. S1a). 
The chip with amine SAM was vertically placed in a glass vial with a 
diameter of 7 mm. Length of the gradient was set to 15 mm. Nano-
particle suspension was introduced into the vial with a flow rate of 
15.4 µL / min as determined using Eq. (1). The flow rate was kept 
constant for the entire duration of the experiment. As discussed earlier, 
the reference to the start of the gradient (or 0 mm) is taken to be the 
lower edge of the vertically placed chip that is first contacted by the 
suspension front (Fig. 1). As the suspension front advances across the 
length of the chip, the lower edge is exposed to the nanoparticle sus-
pension for the longest duration and consequently exhibits the 
maximum density of NPs. The highest distance point along the gradient 
is least exposed to the NP suspension and thus exhibits lower NP den-
sities. The SEM images show clear and systematic increase in nano-
particle densities as function of distance (Fig. 2a). The NP density was 
determined by image analysis using ImageJ and plotted as function of 
distance across the gradient (Fig. 2b, top-X), and the corresponding time 
of exposures (Fig. 2b, bottom-X). The dotted line shows the fit to 
Langmuir-Hill function (Fig. 2b, Fig. S2a, Supporting Information), used 
to understand the adsorption as function of time. The nanoparticle 
densities at the end of 150 min was found to be 1780 NPs/µm2. The 
maximum density of nanoparticles can be predicted from random 
sequential adsorption (RSA) theories. RSA theory predicts the upper 
limit of adsorbate densities (or the jamming limit) to be achieved at a 
surface coverage of 54.7% [37]. Taking the size of gold nanoparticles, 
this coverage would lead to 4938 NPs/µm2. In relation, the density 
attained at the maximum duration of exposure is only 33% of the RSA 
value, or 18% of the surface. The mass changes acquired on the QCM 
reveal a higher nanoparticle density of 2737 NPs/µm2, for the same 
durations, indicating that the impact of the adsorption configurations in 
the QCM module and the gradient set up, on the nanoparticle densities 
(Fig. S1a). The lower nanoparticle density in case of the gradient surface 
could arise from a diffusion limited transport of nanoparticles in the 
configuration adopted for gradient formation [38]. 

3.3. Gold NP gradients on plasma polymer films 

The gradient formation was repeated with an amine-rich thin film 
(CHN) obtained by plasma deposition using a technique developed 
previously [33]. The CHN plasma thin films are designed to enhance the 
stability of amine functionalities of the coating in aqueous media. 
Accordingly, a 2 cm × 1 cm silicon chip was coated with plasma poly-
mers with highly crosslinked base layer and less crosslinked amine 
functional upper layer as we reported earlier [33,39,40]. The total 
thickness of the generated bilayer film was approximately 20 nm, with a 
top functional layer of 2 nm and a bottom layer of 18 nm. This bilayer 
structure allows a limitation of the hydrophobicity recovery through the 
rotation of the surface chemical groups. The top layer shows N/C ratio of 
17.2 at.% (Table S1, Fig. S3, Supporting Information). The CHN layer 
can be easily deposited on a range of different surfaces. The gradient 
preparation was performed on the CHN plasma layer with the similar 

H. Malekzad et al.                                                                                                                                                                                                                              



Applied Surface Science 581 (2022) 151763

6

conditions as for the APTES layers. Based on QCM measurements of the 
time to saturation for gold nanoparticle adsorption onto the CHN layers 
coated onto QCM sensors, the time to adsorption was set to 1 h (Fig. S1b, 
Supporting Information). SEM images reveal systematic increase in 
nanoparticle density as a function of distance along the gradient 
(Fig. 3a). The plot of nanoparticle densities as function of exposure 
durations (or the distance exposed) shows well defined increase with a 
behaviour as expected of an adsorption isotherm (Fig. 3b, Fig. S2b, 
Supporting Information). The saturated density of nanoparticles was 
found to be 1350/µm2, which represents a surface coverage of 15%. This 
is similar to the densities observed on APTES layers for a duration of 1 h. 
The adsorption isotherms AuNP adsorption to CHN layers using QCM for 
the same duration (Fig. S2b) reveals a density of 1597 NP/µm2, which is 
18% higher than on the gradient samples. The difference between the 
AuNP densities for the QCM sensor and the gradient for the equivalent 
exposure durations is lower for the CHN layers as compared to the 
APTES layers. Unlike APTES layers, the presence of a polymer thin film 
in case of the CHN layers could potentially enhance adsorption kinetics 
due to capillary effects. 

3.4. Gold nanoparticle cluster arrays with gradients in cluster size 

Random sequential adsorption of nanoparticles as in case of APTES 
and the CHN plasma layers leverage random sequential adsorption 
resulting in a stochastic arrangement of nanoparticles on surface. We 
show here that the principle can be readily extended readily to form 
periodic arrangement of nanoparticles by starting from nanopatterned 
template exhibiting a periodic variation of electrostatic potential. We 
had earlier demonstrated the fabrication of periodic arrays of gold 
nanoparticle clusters through selective electrostatic attachment of 
citrate-gold nanoparticles to periodic arrays of positively charged 
copolymer template features [34,41]. The templates are formed out of 
reverse micelles of polystyrene-block-polyvinylpyridine (PS-b-PVP) 
copolymer, with the polystyrene corona and polyvinylpyridine core. The 
pyridine groups in the core acquire a positive charge in aqueous media 
at pH below its isoelectric point (~8.2) and causes spatially selective 
immobilization of negatively charged citrate-gold nanoparticles. At 
maximum coverage, the size of the cluster is determined by the size of 
the template features. The periodicity of the cluster arrays follows that 
of the original templates. The templates with a height, diameter and 
pitch of 34 nm, 83 nm, and 170 nm respectively were obtained from PS- 
b-PVP with molecular weight of 443 kDa. Rectangular chips with 
2 cm × 1 cm containing the copolymer templates were subjected to the 
gradient formation, with no changes to the size of the gradient, size of 
the vial and the gold nanoparticle suspension. Based on the adsorption 
isotherms from QCM (Fig. S1c), the maximum duration of exposure for 
the gradient was set to 1 h. The SEM images show systematically 
increasing size of cluster with increasing times of exposure (Fig. 4a). The 
cluster size, as represented by the number of particles per cluster is 
plotted as function of the time of exposure and the distance along the 
gradient (Fig. 4b, Fig. S2c, Supporting Information). The saturation of 
adsorption of nanoparticles was found to be quicker compared to APTES 
and CHN layers and can be due to the high density of tertiary amine 
groups within the core of template features. This is seen to reflect in the 
AuNP densities of 34 NP/cluster determined from QCM, which is in close 
agreement with that values observed in case of the gradient for exposure 
durations of 60 min. 

3.5. Gold nanoparticle arrays with gradients in nanoparticle dimensions 

In a similar fashion as for fabrication of nanoparticle density gradi-
ents, the time dependence of the adsorption of nanoparticle precursors 
can be used to prepare gradients in the size of nanoparticles. The 
copolymer template used for formation of NP cluster arrays can be used 
as template to adsorb negatively charged gold chloride anions by ion- 
exchange reaction in gold chloride solution. The exchange of 

negatively charged organometallic precursors within copolymer tem-
plates has been shown earlier for in-situ synthesis of inorganic nano-
particles [42,43]. To demonstrate the nanoparticle size gradients, the 
rectangular chips containing copolymer templates were exposed to ris-
ing flow of an aqueous solution of gold chloride. The configuration for 
gradient preparation was retained, namely, the size of the chip, the vial, 
and the size of the gradient. The flow rate was set based on Eq. (1) to 
create the gradient in a duration of 1 h, taking the QCM isotherms into 
account (Fig. S1d). Following the graded exposure to nanoparticle pre-
cursors, the substrate was exposed to O2 plasma RIE to remove all 
organic residue. The O2 plasma RIE exposure has been shown successful 
in literature as means to produce nanoparticles [44,45]. This results in 
the inorganic nanoparticles with the dimensions determined by the 
quantity of gold chloride precursors included within the template 
(Fig. 5). FESEM measurements show systematic variation in nano-
particle dimensions as function of distance along the length of the 
gradient (Fig. 5a). The plot of nanoparticle heights as obtained from 
AFM (Fig. S4), and nanoparticle diameters obtained from FESEM as 
function of the distance along the gradient length and the duration of 
exposure shows an increase in nanoparticle height followed by satura-
tion in particle dimensions around an hour (Fig. 5b, Fig. S2d, Supporting 
Information). 

3.6. Nanoparticle gradients – a generic tool to diverse applications 

Gradients demonstrated in this work rely on simple adsorption pro-
cesses, and can be readily extended to produce gradients of other 
nanoparticles, regardless of the material type, or the substrate used. 
These gradients are highly promising to optimize nanostructure vari-
ables for a broad range of applications that rely on optical and electronic 
properties of gold nanoparticles. The application of gold nanoparticle 
assemblies were already demonstrated in our earlier reports and reports 
published by other research teams, towards plasmon-enhanced spec-
troscopic sensors [34,46-51], photocatalysis [52,53], charge storage 
devices [54,55], and bio-interfaces [56,57]. In addition, nanoparticle 
gradients can be applied to control the surface roughness, through the 
choice of geometry (e.g. nanoparticles with spike-like features), orien-
tation (e.g. nanorods) and density of nanoparticles. The range of 
attainable structural gradients can be further extended by using nano-
particles as etch masks in nanolithography processes to produce nano-
pillars or holes with desired aspect ratios. The approach is far more 
flexible in the choice of process conditions, as compared to dip-coating, 
with regards the size of the sample, applicability to curved surfaces and 
in being less prone to imperfections arising from fluctuations in solvent 
evaporation (Table S2 in Supporting Information for a comparison). The 
entire set up is miniaturized and is easily portable and can cater to broad 
range of gradient size and slopes, without requiring changes to the setup. 
The study provides a simple, yet flexible and versatile route to periodic 
as well as stochastic nanoparticle gradients. 

4. Conclusions 

A rational and flexible approach to fabrication of unidirectional 
surface gradients presenting graded variation of densities, dimensions 
and distribution of gold nanoparticles is demonstrated. The approach 
works by translating the volumetric control over rise of a solution of 
nanoparticles or its precursors, into linear variation of the durations of 
contact with a stationary functionalized chip. The approach has poten-
tial to deliver a wide range of gradient lengths or slopes, regardless of 
the chip dimensions, providing flexibility that is well beyond what is 
commonly achievable using motorized or piezo based dip-coating sys-
tems. Drawing a preliminary idea of the kinetics of adsorption using 
QCM helps in exercising rational choice of operational parameters for 
gradient formation. The choice of functional layers, viz. aminosilane 
SAMs, plasma polymer thin films, and copolymer templates, is found to 
serve as an independent handle to control the nanoparticle densities, 
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while dictating either a stochastic, or periodic arrangement of nano-
particles. Gradients with periodic arrangement of either, nanoparticle 
clusters exhibiting graded variation in cluster size, or nanoparticles with 
graded variation in dimensions, was achieved using self-assembled, 
periodic copolymer templates. The set-up provides benefits of a closed 
environment that minimizes evaporative or environmental interference 
during gradient formation, offers a space conserving design, and is easy 
to implement without the need for sophisticated infrastructure. The 
approach paves the way to rational design of nanostructure gradients 
relying on time-dependent surface processes, with possibilities that 
extend beyond what is shown in the current work. 
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