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Abstract: In situ fabrication of macroscale ordered monolayers of 

nanoparticles (NPs) on targeted substrates is highly desirable for 

precision electronic and optical devices, while it remains a great 

challenge. In this study, we provide a solution to address this 

challenge by developing a colloidal ink formulation and employing the 

direct-ink-writing (DIW) technique, where on-demand delivery of ink 

at a targeted location and directional evaporation with controllable rate 

are leveraged to precisely guide the deposition of polystyrene-grafted 

gold NPs (Au@PS NPs) into a macroscale monolayer with an ordered 

Au NP array embedded in a PS thin film. We proposed a 2D steady-

state diffusion-controlled evaporation model, which explains the 

parameter dependence of the experimental results and gives 

semiquantitative agreement with the experimental evaporation 

kinetics. The ordered monolayer is used as both nanocrystal floating 

gates and the tunneling layer for nonvolatile memory devices. It shows 

significantly enhanced performance compared with a disordered NP 

film prepared by spin coating. This approach allows fine control of NP 

self-assembly to print macroscale ordered monolayers directly onto 

substrates, which has great promise for application in broad fields, 

including microelectronic and photoelectronic devices, sensors and 

functional coatings.  

Introduction 

Monolayers of functional nanoparticles (NPs)1, such as Au NPs, 

have attracted increasing attention in various application fields, 

including sensing2, detection3, and optical and electronic devices4. 

Compared with individual NPs or bulk materials, monolayers of 

NPs exhibit unique optical, thermal, and electrical properties that 

arise from synergistic interparticle interactions, such as plasmon 

coupling and electromagnetic enhancement.5 In particular, 

ordered monolayers are of great interest because of their 

enhanced performance and even new attractive functions.6 For 

example, coherent vibrational modes can only appear in highly 

ordered NP assemblies,7 and p-type conductivity can be 

obviously improved via synergistic effects in ordered assemblies.8 

More importantly, uniform and repeatable synergistic properties 

require overall ordered structures, which are critical for 

downstream applications in precision devices.9 For instance, 

when applied as nanocrystal floating gates for ultrahigh-density 

data memory devices, the overall order degree has decisive 

effects on memory performance.10 However, the fabrication of 

overall ordered monolayers in macroscale is nontrivial because 

NPs are notoriously difficult to manipulate due to their complex 

nanoscale forces with each other.11 Grafting NPs with soft ligands, 

such as polymers, is an effective way to manipulate their 

nanoscale forces.12 Polymer ligands can prevent NPs from 

disordered aggregation, allow fine-tuning of the self-assembled 

structures and interparticle distances, and provide stimulus 

responses and other functions.12b,12c,13 

Bottom-up interfacial self-assembly of colloidal particles on 

2D surfaces or interfaces has been widely applied to construct 

monolayers, where self-assembly is driven by solvent evaporation, 

changes in particle solubility, or external fields.14 In this respect, 

many efforts have been made towards the gas–liquid or liquid–

liquid interfacial self-assembly of NPs, which leave behind 

monolayers on the surface of liquid supports.15 The effects of 

various parameters (such as ligand chemicals or length or grafting 

density,1e, 11, 16 core size16b, solvent,17 and temperature18) on the 

structures of monolayers have been comprehensively studied. 
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Macroscale ordered monolayers of NPs are accessible on liquid 

supports through careful handling in some cases, followed by 

transfer printing to targeted solid substrates for applications.19 In 

contrast, transfer process is not needed through the in situ self-

assembly of NPs on targeted substrates, which can avoid 

cracking and wrinkling of these ultrathin monolayers during the 

cutting and transfer process. The common techniques for 

deposition of NPs on substrates include spin coating, slot-die 

coating, drop casting, Langmuir-Blodgett technology, and 

printing.15a,15c,20 Because of the presence of a fixed solid substrate, 

the self-assembly of NPs into macroscale ordered monolayers 

becomes more difficult,21 and a well-known adverse factor is the 

so-called coffee-ring effect.22 Convective assembly has been 

proven to be effective for the generation of ordered monolayers of 

micron and sub-micron colloidal particles,20d, 20g yet the 

preparation of ordered monolayers of NPs is much more difficult 

because the evaporation and convections usually occur at a much 

larger volume than NP size.20f Micropattern-assisted confinement 

enables convective assembly of NPs into monolayers inlaid in 

pores or channels.20e, 20f, 23 However, it remains a great challenge 

to prepare ordered NP monolayers in the macroscale. 

Nevertheless, impressive advances in terms of the effects of 

various parameters on NP self-assembly or aggregation would 

provide important guidance in the preparation of macroscale 

ordered NP monolayers on solid substrates. 

Scheme 1. Schematic illustration of an ordered monolayer printed by DIW and 

its application in memory devices. 

In this work, a solution is provided to address this challenge 

with a 2D steady-state diffusion-controlled evaporation-driven 

self-assembly strategy by employing direct-ink-writing (DIW) 

technology (Scheme 1). We leverage the advantages of DIW, 

such as digital localized continuous delivery and directional 

evaporation, to precisely guide the self-assembly of polystyrene-

grafted Au NPs (Au@PS NPs) during the printing process. By 

cooperative control of printing parameters (including the distance 

between the centres of two adjacent printed lines and drying 

temperature) and ink formulation (including concentration, solvent, 

and length of ligand), we confirm that the synergistic effect 

between on-demand NP delivery and directional evaporation-

induced assembly under confinement is critical for forming 

ordered monolayers. We propose a model in which the 

evaporation of the ink in the DIW process approximates the 2D 

steady-state, diffusion-controlled evaporation of a liquid ridge, 

which explains the parameter dependence of the experimental 

results. The calculation gives semiquantitative agreement with the 

experimental evaporation rates, and simulations reproduce the 

time variation of the width of the wetted film. In addition, DIW has 

other inherent advantages, such as the efficient use of materials, 

scalability, and reliability. Benefiting from the ordered structure, 

the monolayer of Au@PS NPs shows good performance as 

nanocrystal floating gates, as well as a charge trapping layer and 

tunneling layer for nonvolatile memory devices. 

Results and Discussion 

(1) Ink Formulation and Morphology of Macroscale 

Ordered Monolayers. 

Uniform Au@PS NPs with an Au core (diameter, Φ = 14.49 

± 0.99 nm) and PS brushes (number-average molecular weight, 

22 kg/mol, i.e., PS22k) were synthesized (see Figure S1a in the 

Supporting Information). This classical Au@PS NP system is 

chosen because: 1) it is one of the most concerning and well-built 

systems;16b, 23, 24 2) from the application perspective of this study, 

Au NPs are excellent nanocrystal floating gates for hole trapping 

because of their excellent chemical stability and high work 

function;3a, 6b at the same time, PS can serve as the tunneling 

layer and electron-trapping layer because of its nice insulation 

and long charge relaxation time.3a, 25 A high boiling (b.p. = 202 °C) 

and super-wettability solvent (contact angle: ~ 0°, Video S1), N-

methylpyrrolidone (NMP), was selected as the solvent for Au@PS 

NPs to form colloidal inks. A continuous fluid of the ink was 

delivered onto the target substrate (Si wafer with a 300 nm SiO2 

layer) from the nozzle (inner diameter: ca. 50 µm) along an ‘S’ 

route, resulting in a macroscopic uniform film with an area of 1 

cm2 after drying (Figure 1a). The high homogeneity of the overall 

film was confirmed by SEM under low magnification, where a 

large region of 300 μm × 300 μm is shown (Figure 1b). A high-

magnification SEM image indicates that Au@PS NPs self-

assembled into an ordered hexagonal structure with a period 

distance of 33.95 ± 2.17 nm (Figure 1c). The fast Fourier 

transform (FFT) image of the SEM image confirms the high 

degree of order of the NP array (the inset of Figure 1c). The 

roughness and thickness of the film were studied by AFM. A low 

magnification AFM image shows a root mean square roughness 

(Rq) as low as 0.71 nm for a relatively large area up to 17 μm × 

17 μm (Figure 1d). Its thickness was measured as ca. 22 nm 

according to the cross-sectional height profile (Figure 1e and 1f), 

indicating that it is a monolayer. 

(2) Effect of Experimental Parameters on the Morphology 

of Deposits. 

The formation of such ordered monolayers can be explained 

by the convective assembly of NPs under confinement.20c, 20f In 

our study, due to the super-wettability of the solvent (NMP) with 

the targeted substrate, the thin liquid film of spread ink provides 

confinement for the self-assembly of Au@PS NPs. In addition, the 

DIW process is a kind of “2D additive manufacturing”, which 

enables the formation of macroscale monolayers via precise cont-  
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Figure 1. (a) A photograph of a 1 cm × 1 cm monolayer of printed Au@PS NPs; (b) a low magnification and (c) a high magnification SEM images of the monolayer, 

the inset of (c) is an FFT image; (d-f) AFM images showing the roughness (Rq) and height profile of the monolayer, inset of (e) is the 3D image. 

rol of the printing parameters and ink formulation. A suitable 

numerical density on area (ρNA) of NPs is required to form a 

monolayer, ρNA = nNP/S. In this study, the total area S = Lx × Lx 

(e.g., 1 cm × 1 cm), where Lx and Ly are the width of the deposit 

along the x- and y-direction, respectively. Therefore, ρNA equals 

nNP (number of NPs) in number. The delivered actual number of 

NPs is calculated by Equation 1: 

��� = ����� = ��� =
���

��
�
�����

�
                                 (Eq. 1) 

where C is the number of NPs per unit volume in the ink, Vink is 

the total volume of ink printed, and Q is the average volume of ink 

printed per unit time (Q depends on jetting voltage and nozzle 

movement speed, u). The printing time (t) equals the total length 

of the printed path divided by the nozzle movement speed (u), 

where the total length of the printed path equals the length of each 

printing line (Lx) multiplied by the line numbers (Ly/d + 1), and d is 

the distance between the centres of two adjacent printed lines. 

Under defined u and Q, the delivered nNP can be tuned by varying 

d or C to meet the requirement for a monolayer (nNP ≈ nML). 

DIW allows fine control over d, a core parameter determining 

the morphology of deposits. The printed single line width, 2R, was 

ca. 240 µm when u = 7.5 mm s-1 (Figure S2), and the d value was 

set lower than that (d < 2R) for printing to obtain an integrated film. 

For a particular value of C, we found that a uniform monolayer of 

NPs can be obtained when d = 75 µm (Figure S3c). When the d 

value was decreased to 62.5 µm, partial overlap of NPs (double 

layer) was observed (Figure S3b), indicating excess NPs (nNP > 

nML). In contrast, when the d value increased to 87.5 µm, a 

monolayer with a few blank regions was observed (Figure S3d), 

indicating that there were too few NPs to cover the whole printed 

region (nNP < nML). Similar results were obtained by varying C (is 

proportional to mass concentration) instead of d (Figure S4). 

On the other hand, the self-assembly of NPs is driven by 

evaporation. Therefore, the evaporation speed (Es), which can be 

tuned by controlling the substrate temperature (T), plays a key 

role in determining the morphology of deposits. Via a series of 

contrast experiments (Figure S5), we found that a moderate 

temperature (T = 48 °C) provided the correct balance between NP 

delivery, diffusion and evaporation-induced self-assembly in the 

current system (Figure 1). If the solvent evaporates too fast, it 

might induce premature drying of the former printing line and 

thereby induce overlay of NPs. In addition, faster evaporation 

means a shorter time for NP diffusion and self-assembly, which 

may also result in disordered structures. In addition, perturbation 

from the printhead is adverse to the self-assembly of NPs when 

the three-phase contact line (TPCL) is close to the printhead. 

Therefore, a visibly nonuniform deposit was generated when the 

temperature was increased to 55 °C (Figure S5a). In contrast, if 

the solvent evaporates too slowly, there is excessive ink on the 

substrate, which can flow under capillary action to the final printed 

line, leaving a larger ridge of NPs after drying (Figure S5f). The 

DIW system (Figure 2a) allows visualization of the width (y-

direction) of the wetted ridge, w(t), during printing (Video S2 and 

Video S3). The dynamic maximum width at the middle of the liquid 

ridge, w(t), as a function of time is shown in Figure 2b. It is 

measured manually from snapshots of Video S2 and Video S3. 
We observed that the width increases with time until it reaches 

nearly a constant value, ws (Figure 2b). Schemes and 

representative snapshots are shown in Figure 2c and 2d. The 

constant width indicates a steady-state in which the evaporative 

flux is balanced by a source of fluid injected. Under a higher (or 

lower) temperature, the wetted ridge reaches ws in a shorter (or 

longer) time (Figure 2b) with a narrower (or wider) width (Figure 

2e). At the end of printing (t > 225 s), w(t) decreases rapidly to 

zero (not shown in Figure 2b) because no ink was injected. 

In addition, the role of ink formulation (including 

concentration, solvent properties and ligand length) on the 

morphology of deposits was studied. We have shown that the 

concentration that affects nNP has a significant impact on the 

morphology of deposits (see Figure S4). On the other hand, 

solvent properties (Table S1) have major impacts on the morpho- 
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Figure 2. (a) Illustration of the DIW printer with an additional heating stage. (b) Width (y-direction) of wetted ridges as a function of time (t) showing evaporation 

kinetics during DIW at different temperatures. (c) Illustration of the evolution of the wetted ridge (red) and (d) corresponding photographs captured from camera 1#. 

(e) Captured photographs from camera 2# showing wetted ridges at their steady-states under different temperatures. 

logy of deposits, because the solubility of solvent determines the 

colloidal stability of NPs,26 and the wettability of solvent affects the 

self-assembly of NPs.20g We show that the solvent for the 

preparation of monolayers can be extended to other good 

solvents (for PS ligand) that also have nice wettability (with 

receding contact angle c < 15°), such as cyclohexanone and 

mesitylene (Figure S6a and S6b). We note that the period 

distance of NPs is independent of solvent. In contrast, in the case 

of good solvents but with poorer wettability (c > 20°), such as 

diethylene glycol monoethyl ether acetate (DGMEA), a non-

uniform deposit with partial multi-layers and blank regions was 

observed (Figure S6c). This is mainly because the confinement is 

not strong enough for convective assembly.20 g In another control 

experiment, when a poor solvent (ethylene glycol, EG) was mixed 

with NMP, aggregations of NPs were observed in the ink or during 

the printing-drying process depending on the volume ratio of 

EG/NMP and ink concentration (Figure S7). In addition, the effect 

of ligand length on the morphology of deposits was also studied. 

We show that the period distance can be adjusted by varying the 

ligand length (Figure S8). However, deposits of NPs with short 

ligands are not uniform monolayers (Figure S8a, S8d). This is 

possibly because NPs with shorter ligands assemble at a stage 

where the liquid film is relatively thick (the confinement is not 

enough).27 These results indicate that ligands play a key role in 

determining the morphology of deposits.   

 (3) Modelling the Printing and Drying Process. 

Reaching a steady-state is central to the ability of the DIW 

method to produce uniform deposits of NPs over “large areas”.20c 

Under optimal deposition conditions, the DIW process can be 

approximated by a 2D steady-state in which a long, thin ridge of 

liquid receives a constant source of liquid at the leading edge (with 

flow rate Q) and evaporates at the same rate at the trailing edge. 

The liquid ridge is stationary in a frame of reference in which the 

substrate moves at a constant speed in the negative y-direction 

with magnitude uy  ud/Lx (see Figure 3a). To approximate the 

liquid ridge as long and thin, we require Lx/ws >> 1. Edge effects 

are limited to a region ~ ws from the end of each printed line 

(Figure 2d). For the liquid evaporating at the TPCL to ‘see’ only 

an average input flux, rather than responding to the instantaneous 

position of the nozzle, we seek ws/d >> 1. This inequality ensures 

that the nozzle only makes a small perturbation to the width of the 

wetted ridge and that the evaporation time, (Ws/d)×(Lx/u), is long 

compared to the time taken to write each line, Lx/u. To prevent the 

trailing edge from roughening due to capillary instabilities, we 

require that evaporative flows dominate over capillary flows:  = 

3/Ca << 1, where  is the aspect ratio (height/width) of the ridge 

and the capillary number Ca = uy/, where  is the viscosity and 

 is the surface tension of the solvent.28 Under the experimental 

conditions, Ca is O (10–6), we thus require that  <10-2, i.e., the 

liquid ridge is very flat. If  << 1, the capillary flows that lead to 

the well-known coffee-ring effect are also suppressed. To obtain 

such a low value of , the solvent must completely wet the 

substrate. Furthermore, since the height of the ridge is on the 

order of Q/ud, the aspect ratio  ~ Q/udws. Finally, the evaporation 

at the TPCL needs to be slow enough that the NPs form an 

ordered lattice rather than an amorphous film, a condition that is 

currently empirically determined rather than predicted. Typical 

values of the experimental parameters that yield a uniform 

monolayer of NPs satisfy the steady-state conditions above. 
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Figure 3. (a) Illustration of steady-state in the 2D model in a frame of reference moving at speed –uy. (b) Definition of parameters for a single printed line. (c) Wetting 

width, (d) evaporation rate, (e) TPCL movement speed, and (f) volume of the wetted ridge as a function of time for NMP at various temperatures. The dashed lines 

in (d) and (e) are an average flow rate of 1.13 nL s-1 and printer speed in the y-direction of 46 m s-1. 

To make the model more quantitative, we note that the Peclet 

number Pe is O (10–3), where Pe = uyws/Dv and Dv is the diffusion 

coefficient of the solvent vapour in air. We can thus solve the 

steady-state problem of the evaporation of a 2D liquid ridge on a 

moving substrate under the assumption that evaporation is 

diffusion controlled. There is no steady-state solution to the 2D-

diffusion equation in a semi-infinite space, so we have to 

introduce an upper length scale at which diffusion becomes three-

dimensional. The natural length scale to choose is L Lx (=Ly). 

With this cut-off, we can evaluate the steady-state evaporation 

rate Es (m3 s–1). 

�� = -�(�, �/��)
���Dv

�

�

��
��� �

�

��
��
��

�                       (Eq. 2) 

where DV is 9  10–6 m2 s-1, ρ is the density of NMP (~ 1 kg m–3), 

p is the saturated vapour pressure (0.18, 0.21 and 0.235 kPa for 

T = 46, 48 and 50 C, Figure S9), MW is the molar weight (99 g 

mol–1) and R is the gas constant. The numerical pre-factor f(, 

L/ws) is of the order of unity and is exactly equal to 1 for a 

hemicylindrical ridge (i.e., a contact angle of 90) and a zero-

concentration boundary condition at a distance L/2 from the 

centre of the line. Yarin et al. and Schofield et al. have provided 

solutions for the evaporative flux for variable  for specific 

boundary conditions.29 Eq. 2 is instructive because it shows that 

the evaporation rate is only weakly (logarithmically) dependent on 

the choice of the upper cut off, L, and on the width of the ridge, 

ws. Taking ws = 740 µm for T = 48 C according to the experiment 

and f(, L/ws) = 1, we find Es = 0.85 nL s-1, which is close to, but 

slightly lower than, the average flow rate of 1.13 nL/s from the 

experiment. Typically, there are two reasons why the 2D diffusion-

controlled steady-state model underestimates the evaporation 

rate. The first is that diffusion into the ‘third’ (x) dimension is not 

negligible, especially near the end of the printed lines. Indeed, we 

observe the effect of increased evaporation near the ends in a 

reduction in ws, which causes the TPCL to be curved (Figure 2d). 

The second is that we have neglected convection in the model. 

While a calculation of Pe based on uy implies that we can neglect 

convection, the same is not true for the motion of the printhead 

itself. The airflow caused by the printhead scanning back and forth 

across the sample will enhance the mass transport of the vapour 

by convection and hence increase the evaporation rate. 

Furthermore, NMP vapour is denser than air, which may cause 

density-driven convection in the vapour. Nevertheless, the 

reasonably close agreement between the 2D model and the 

experiment suggests that conceptualizing the DIW process as the 

evaporation of a 2D ridge is justified. 

To simulate the data in Figure 2b, we consider DIW printing 

as two separate processes: printing a line with rapid coalescence 

of each line with the wetted film and slow evaporation of the 

wetted film. We use Eq. 2 to calculate the width-dependent 

evaporation rate with a constant correction factor, , and replace 
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Figure 4. (a) Photograph of an NFGM array with a bottom-gate/top-contact architecture and a schematic illustration. (b) Transfer, (c) output characteristics and (d) 

programming (Pro)/erasing (Era) threshold voltage transfer curves of an NFGM with (i) the ordered monolayer functional layer and (ii) the disordered functional 

layer (control). 

ws
 with w(t). We chose  in the simulation to reproduce the steady-

state experimental condition, i.e., a maximum wetting width of 740 

m  at T = 48 C and obtained  = 1.34. This parameter, , is then 

used to simulate cases for T = 46 and 50 C. Figure 3c shows that 

the temporal evolution of the wetting width and its maximum at 

the steady-state of the liquid ridge are qualitatively in agreement 

with the experimental results (see Figure 2b). The simulation also 

allows us to estimate the dynamic evaporation rate and volume of 

the wetted ridge, as well as the TPCL movement speed (Figure 

3d-f). From the volume of the ink in the wetted film and its width, 

we can also estimate the steady-state value of  = 2 × 10-3, 

treating the liquid line as a cylindrical cap. This value of  satisfies 

the inequality  << 1. 

The theoretical model and simulations allow us to predict ws 

from known properties of the solvent and to select experimental 

parameters that will meet the requirements set out in the model 

for 2D steady-state evaporation and hence that will yield a uniform 

monolayer of NPs. 

(4) Performance of Au@PS NP Monolayers for 

Nanocrystal Floating Gate Memories (NFGMs). 

Due to the electron-trapping ability of dielectric PS and the 

excellent hole-trapping ability of Au NPs, monolayers with Au NP 

arrays embedded in a PS thin film show attractive application in 

nonvolatile NFGMs. A highly flat and ordered monolayer was 

applied as a functional layer for bottom-gate/top-contact NFGMs 

(Figure 4a), where the 300 nm thick silica layer on the top of 

substrate was applied as the blocking layer and pentacene was 

applied as the channel. The representative transfer and output 

curves (Figure 4bi and 4ci) revealed that the device demonstrates 

typical p-type field-effect behavior. The hole mobility (µ) and 

ON/OFF current ratio are calculated to be 0.22 cm2 V−1 s−1 and 

1.18 × 106, respectively. In a control experiment, the memory 

performance of a NFGM with a disordered functional layer 

prepared by spin coating (Figure S10) was compared (Figure 4bii 

and 4cii). The calculated hole mobility (µ) of the device with the 

disordered functional layer is only 0.09 cm2 V−1 s−1. This indicates 

that the smooth PS/pentacene interface of the ordered monolayer 

facilitates hole transport in the conductive channel. 

Reversible threshold voltage (VTH) shifts were performed to 

evaluate the charge trapping capability of the NFGMs with the 

ordered functional layer. The memory window is defined as the 

difference between VTH of the programmed and erased states. As 

shown in Figure 4di, after applying a gate voltage of -80 V for 1 s, 

the transfer curve shifted from the initial position towards the 

negative voltage direction, indicating that hole trapping occurs in 

the device. Subsequently, the transfer curve shifted back to the 

initial position when the device was illuminated with light for 3 s, 

which resulted in a memory window of 16.1 V for hole trapping. 

Similarly, a memory window of 35.2 V for electron trapping was 

achieved by applying a voltage of 80 V with light illumination for 3 
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s and a subsequent gate voltage of -60 V for 1 s. Again, the 

reversible threshold voltage shifts benefit from the smooth 

PS/pentacene interface. The ambipolar trapping of both holes and 

electrons demonstrates the high charge-storage capacity of the 

NFGMs with the ordered functional layer. In contrast, the transfer 

curve slightly shifted from the initial position towards the negative 

voltage direction after applying a gate voltage of -80 V for 1 s, 

indicating poor hole trapping ability of the disordered functional 

layer (Figure 4bii). In addition, the transfer curve could not shift 

back to the initial position when the device was illuminated with 

light for 3 s, indicating that holes could not be effectively 

transported out. This is because of the presence of many traps at 

the pentacene/PS interface, coming from the rough surface of the 

disordered functional layer. For the same reason, nearly no 

positive shift was obtained by applying a voltage of 80 V with light 

illumination for 3 s. Therefore, the disordered functional layer only 

exhibits unipolar trapping of holes with a narrow memory window. 

On the other hand, the device with the ordered functional layer 

exhibits high endurance with an ION/IOFF of more than 103 after 100 

programming/erasing cycles (Figure S11), while 

programming/erasing cycles are not achievable from the NFGM 

with the disordered functional layer. 

As summarized in Table 1, all key structure/performance 

parameters of the ordered monolayer prepared by DIW and the 

corresponding NFGM are significantly superior to those of the 

disordered film prepared by spin coating. In addition, the usage of 

NPs by DIW (ca. 0.25 µL) is much lower than that by spin coating 

(> 5.0 µL). These results suggest that the ordered monolayer 

prepared by DIW is attractive for high-performance nonvolatile 

NFGMs. 

Table 1. Summary of key parameters of the ordered monolayer by DIW and the 

disordered film by spin coating and corresponding NFGMs. 

Parameters DIW Spin coating (control) 

Morphology Ordered monolayer Disordered film 

∆VTH (V) 51.3 8.22 

∆VTH-E (V) 35.2 2.46 

∆VTH-H (V) 16.1 5.76 

µ (cm2 V−1 s−1) 0.22 0.09 

ION/IOFF  1.18 × 106 8.0 × 105 

NP usage (mg) ca. 0.01 > 0.2 

 

Conclusion 

In summary, we have developed a printing method to 

address the challenge of the in situ fabrication of macroscale 

ordered monolayers of NPs at targeted locations on substrates. 

We show that the synergistic effect between NP delivery and 

evaporation-induced self-assembly under confinement is critical 

in the formation of ordered monolayers by combining experiments 

and simulations. We propose a model in which the DIW process 

proceeds via 2D steady-state, diffusion-controlled evaporation, 

which explains the parameter dependence of the experimental 

results. The ordered monolayer of Au@PS NPs exhibits good 

performance as nanofloating gates, a charge trapping layer and a 

tunneling layer for nonvolatile memory. This approach allows 

controllable self-assembly of NPs into ordered monolayers at the 

macroscale (wafer scale is accessible by printing arrays if 

required) directly onto patterned substrates with minimum NP 

usage, which represents an important step toward practical 

applications in broad fields, including microelectronics, 

photoelectronic devices, and sensors. 
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A printing approach is developed to address the challenge of in situ fabrication of macroscale ordered self-assembled monolayers of 

nanoparticles at targeted locations on substrates. A 2D diffusion-controlled steady-state evaporation model is proposed to explain the 

mechanism. The ordered monolayer exhibits good performance for nonvolatile nanocrystal floating gate memory devices. 

 


