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�������

This work reports a temperature�assisted dip�coating method for self�assembly of silica (SiO2) 

micro�/nano�spheres (SPs) as monolayers over large areas (~cm2). The area over which self�

assembled monolayers (SAMs) are formed can be controlled by tuning the suspension 

temperature (�s), which allows precise control over meniscus shape. Furthermore, the formation 

of periodic stripes of SAM, with excellent dimensional control (stripe width and stripe�to�stripe 
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 2

spacing), is demonstrated using a suitable set of dip�coating parameters. These findings establish 

the role of �s, and other parameters such as withdrawal speed (&w), withdrawal angle 'θw) and 

withdrawal step length (�w). For �s ranged between 25�80oC, the morphological analysis of dip�

coatings shows layered structures comprising of defective layers (25�60oC), single layers (70oC), 

and multi�layer (>70oC) owing to the variation of SPs flux at the meniscus/substrate assembling 

interface. At �s= 70oC, there is an optimum &w, approximately equal to the downshift speed of 

the meniscus (&m =1.3 �m/s), which allows the SAM formation over areas (2.25 cm2) roughly 10 

times larger than reported in literature using nanospheres. Finally, the large�area SAM is used to 

demonstrate the enhanced performance of anti�reflective coatings for photovoltaic cells, and to 

create metal nano�mesh for Si nanowire synthesis. 

 

����������������

The large�area self�assembly of micro�metric and sub�micrometric particles with the shape of 

spheres (SPs) can impart new functionalities to surfaces by modifying their wettability, optical 

reflectivity, tribological properties, hardness, conductivity, etc.1�6 Self�assembled monolayers 

(SAMs) based on organic and inorganic SPs have been demonstrated to be promising for the 

development of a wide variety of applications, including photonics,7�8 photovoltaics (PVs),9 

smart�coatings10 and sensing.11�12 Metallic SPs SAMs is another attractive route which offers 

solutions for closed�compact porous coatings for catalytic support during the synthesis of various 

nanostructures such as semiconducting nanowires (NWs).13�15 Porous metallic layers exhibiting 

enhanced electromagnetic transmission due to the surface plasmonic resonance16 are attractive 

for the development of novel lithographic and optical applications.17 The assembly and ordering 
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 3

of these organic and inorganic SPs on various substrates18 can be obtained using techniques such 

as dip�coating,19�20 drop�casting,21 spin�coating,22�23 Langmuir�Blodgett (LB),24�26 

sedimentation,27 confined convective assembly15, 28�30 capillary forces based assembly,31 vertical 

deposition,32 scalable printing,33 dielectrophoresis,34 and forced filtration35. ������ provides a 

comparison of these techniques. It may be noted from ������ that LB24 and charge reversible 

substrates18 exhibit record surface coverages of silica (SiO2) SPs SAM (around 63�64 cm2). 

However, the mechanism governing these processes requires the surface functionalization of SPs 

(or substrate).24�25 In this regard, dip�coating is interesting as it does not require any chemical 

pre�treatment of the SPs surface and reduces the complexity while showing similar outcome in 

terms of large area assembly of SPs. Surprisingly, this technique has not been extensively 

explored for large�area coatings of micron and sub�micron particles. The advantage of the work 

reported here, with respect to conventional dip�coating procedures,19�20 include the larger 

micro/nanospheres SAM surface coverages and better control over the SPs SAM stripe�pattern 

morphology by using temperature�assisted dip�coating approach (see ������). 

The mechanism governing dip�coating process is known as convective assembly36 and has 

features similar to those observed in three�dimensional (3D) colloidal crystals obtained in 

particle assembly in slits between solid plates.37 In dip�coating method, SPs are assembled on the 

substrate surface by dipping the substrate in the colloidal suspension and slowly withdrawing the 

substrate from the suspension, or keeping the substrate position and evaporating the solvent.19 In 

the latter case, the relatively low volume fraction of colloids, in comparison to the solvent 

volume which need to be evaporated, requires large process times and consumes relatively high 

energy. Moreover, SPs tend to attach not only to the surface of substrate but also to the reservoir 

walls, reducing the effective incorporation of particles on the substrate, thus making the process 
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 4

costly and hindering the control over the process. From most relevant works about dip�coating of 

SPs,2, 19�20, 29 it may be noted that parameters such as withdrawal conditions (speed, angle, and 

length), solution properties (SPs concentration and temperature), substrate immersion time, 

substrate properties (material and pre�treatments), and relative humidity of the ambient etc. that 

govern the optimal assembly conditions to form highly ordered and closely packed SAM of SPs 

are still not well understood. In this regard, the work by Wang et al.,20 is worth noting as they 

show a preliminary study about the influence of some of aforementioned parameters on the 

spatial extension and structure of SiO2 SPs SAM. This study show that the SAM surface 

coverage can be increased by increasing the SPs concentration in the colloidal solution (5�27 

wt%), the withdrawal speed (0.11�3.53 mm/s), the immersion time in the solution (1�4 min) or 

using a relatively low humidity ambient (20�50%). However, further understanding of above 

parameters as well as others that have not been thoroughly investigated (e.g. SPs solution 

temperature, substrate pre�treatment, withdrawal angle, withdrawal step, and SPs size) is needed 

for the development of high�performance large�area electronic applications such as smart 

windows, photovoltaics, robotic e�skin, and wearable systems etc.9�10, 38�45 These applications 

often use nanostructures as building blocks and therefore this work presents the enabling 

comprehensive study. 

In this work, we have studied the influence of SPs suspension temperature (�s) on the formation 

of SAMs SiO2 micro� and nano�SPs over large areas. The SAM surface coverage is analysed as a 

function of the substrate withdrawal speed (&w), angle (θw), length (�w), colloidal suspension 

concentration and SPs average diameter (#SP). As potential applications, we show the use of 

large�area SiO2 SPs SAM as anti�reflective coating (ARC) in PV cells and as micrometric mask 
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 5

for the deposition of porous metallic coatings for the metal�assisted chemical etching (MACE) 

synthesis of Si NWs. 

�����������������������

������������������������������

Aqueous monodisperse SiO2 SPs with average diameters of 100 nm, 500 nm and 1 �m, and 

standard deviation (SD) of 5, 13 and 26 nm, respectively, and a SPs weight concentration (w/v) 

of 5% (from Microspheres�Nanospheres) have been used in this work. Stability of the suspension 

with time plays a critical role in the performance of dip coating. UV�Vis�NIR transmission 

spectroscopy has been used to characterize SPs of variation concentration and with time. 

Transmittance (�) of suspensions with various w/v has been measured overtime (�� �����). 

Initial w/v has been diluted by adding different volumes of deionized (DI) water –obtained from 

a reserve osmosis system (Elix)– resulting in SPs suspension with w/v of 2.5, 1.25, 0.63 and 

0.31%. �� ����� shows � of SPs suspension measured by ultraviolet/visible (UV/VIS) 

spectrophotometry (UV2600 Shimadzu) at wavelengths (λ) ranged between 200 and 1300 nm. 

For the sake of clarity, baseline corresponding to the � of DI water, i.e. w/v of 0%, is also 

included in �� �����(a). Prior to the optical characterization, each suspension is sonicated for 5 

min using a probe sonicator from CamSonix, resulting in a stable suspension with high uniform 

distribution of SPs along the entire suspension volume. This trend is further confirmed in the 

inset of �� �����(a), where � –measured e.g. at λ of 1144 nm– is represented as a function of 

SPs w/v. 

The stability of a 0.5 �m SPs suspension with a w/v of 5% has been characterized by measuring 

its transmittance spectrum overtime. �� �����(b) shows spectral � for λ ranging between 200 

and 1300 nm (Inset: enlarge spectrum with λ between 925 and 1050 nm) measured overtime. 
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 6

From this figure, it can be observed that the SPs suspension is stable overtime, exhibiting a low 

variation of �, i.e. ���below 2.5% up to 6 h (see inset of �� �����(b)). Inset of �� �����(b) also 

includes the expression used to calculate ��(�

�����!����"������������#���������

The 1.5×1.5 cm2 pieces of prime grade and single side polished p�type <100> Si wafers, with 

roughness below 1.5 nm, and resistivity of 1�10 �cm, are used as the receiver substrates for dip�

coating. Prior to the dip�coating process, native oxide is removed from Si surface by dipping the 

samples in a low�concentrated HF oxide�etch solution (5:1 buffered oxide etchant, which gives 

an etching rate of 100 nm/min). After 2 min of HF etching process, the substrate is thoroughly 

rinsed with DI water and dried under N2 flow. Thereafter, the substrate is immersed in a piranha 

solution (H2SO4:H2O2 in volume ratio of 3:1) for 10 min to remove any organic surface 

contaminants and to make the surface highly hydrophilic. Again, the substrate is thoroughly 

rinsed with DI water and dried under N2 flow. Finally, the substrate is exposed to an O2 plasma 

(Oxygen Barrel Asher) at 150 W, using 25 sccm O2 flux for 4 min to hydroxylate the surface of 

Si, i.e. to create a uniform coverage of �OH group over the entire Si substrate surface. The 

contact angle measurements demonstrate hydrophobicity (see �� �����$�(a)) and hydrophilicity 

(see �� �����$�(b)) of Si substrates after HF and O2 plasma treatments, respectively. 

��%��&��$����� �#���������

�� ����� shows a 2D schematic illustration of the custom�made setup built for the dip�coating 

process. The set�up permits control over different operational parameters, including receiver 

substrate withdrawal speed (&w), withdrawal step (�w), withdrawal angle (θw) and temperature of 

the SPs suspension (�s). Briefly, the withdrawal parameters determine the pulling conditions of 

the receiver substrate, with: i) &w measured in �m/s setting the pulling speed of the receiver 

substrate from the SPs solution; ii) �w measured in length units determining the stroke of pulling 
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 7

step which can cover lengths above or below sample lengths for uniform coatings of receiver 

substrate (see Sections 3.1�3.2), and for strip�pattern based coatings (see Section 3.5), iii) θw 

measured in degrees setting the pulling angle of receiver substrate with respect to pulling 

direction (see Section 3.3). The whole setup has been placed inside a custom�made humidity 

chamber, consisting of a cube of acrylic glass with silicone shield at edges, to enhance the 

reproducibility of the process by preventing air convective effects. Both, temperature and RH of 

the environment have been measured ��)��"� using a digital hygrometer from Farnell (HTD�625). 

The top side of the chamber was modified by drilling a distribution of holes to reduce the RH of 

chamber down to constant values of around 20%. The use of a low RH allows the evaporation of 

solvent from SPs solution at rates in the range of 0.1�10 �m/s, which is approximately in the 

range of speeds that will be used to withdraw the receiver substrate. In addition, the humidity 

chamber has been placed on top of an optical table (from Newport) to prevent any external 

vibration during the dip�coating experiments. 

Prior to the dip�coating process, the SPs suspension is sonicated for 5 min and heated up to 

temperatures ranging between 25oC (room temperature, RT) and 80oC. The suspension is heated 

by using a hot plate (Stuart, CD162) with a polytetrafluoroethylene (PTFE)�coated temperature 

probe for good control over �s. Then, a hydroxylated Si substrate is vertically attached to a 3D 

printed platform – forming a θw of 0o – which is driven by a linear motor (VT�21 Linear Stage 

from Micronix USA) controlled by LabVIEW. Initially, the sample is slowly dipped in the pre�

heated suspension at speed of 5 �m/s and kept in that position for 2 min (immersion time, "i) 

then, the sample is pulled out the SPs suspension at a controlled &w until the entire sample area is 

outside the SPs suspension. 

��'��(���� �(�������)�����
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 8

After dip�coating, morphological analysis of the SPs coating has been carried out by optical 

microscopy and scanning electron microscopy (SEM). Optical micrographs are acquired by a 

digital camera (Leica MC170 HD), using a Nikon optical microscope in reflection mode 

(objective magnifications ×50 and ×1000). Optical microscopy allows to determine the total 

surface coverage, and the surface covered by either SPs single layer (SL), SPs multi�layer (ML) 

or non�assembled SPs. This analysis has been carried out at multiple areas along the coated 

surface (see �� �����$�). The confirmation of each type of coating is demonstrated by SEM. 

SEM of SPs coatings is performed with a Hitachi S4700 at following operating parameters: 5 kV 

and 7.4 mm WD. To improve the sample conductivity, an 80�100 Å thin layer of Au is sputtered 

onto the SPs coated surface. 

%��!����������&����������

Once the substrate is dipped in the SPs suspension, the liquid solvent adheres to the solid 

substrate surface due to the intermolecular forces between the solvent and hydroxylated Si 

surface. The capillarity effect pulled the liquid up forming a concave meniscus. The curvature of 

the meniscus can be described by the contact angle (θm) and the radius of curvature (�curve), and 

depends on the hydrophilicity of the substrate surface (see �� �����$%). Analysing �����"� the 

dynamic assembly of SPs on Si substrate during dip�coating experiments carried out at above 

conditions, we noted the formation of three areas, namely: i) deposition area, ii) assembling area, 

and iii) collection area as schematically illustrated in the inset of �� �����. The deposition area is 

a dry region where SPs are attached to the receiver substrate, forming either hexagonal close�

compact packed (HCP) crystalline structures with different thickness (SL or ML), or a random 

dispersion of SPs. In the assembling area, SPs adopt almost the final structure but still are 

embedded in thin film of solvent, which tends to evaporate at a rate *E which is mainly function 
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 9

of �s. The solvent evaporation leads to downshift the interface formed between deposition and 

interface areas, at a speed namely &m (expressed in �m/s), which depends on �s as will show 

later on and. Finally, the collection area is a region of the suspension where volumetric density of 

SPs is higher with respect to the rest of the suspension due to the continuous flux of particles (*p) 

produced by the convective forces in the suspension (*s). The ratio of substrate surface dip�

coated by SL, ML and randomly dispersed SPs is analysed as a function of dip�coating 

conditions, including �s, &w,�&m, θw and �w, as well as the SPs diameter, aiming to find the 

optimum conditions to dip�coat SiO2 SPs over large�areas for different applications. For the sake 

of comparison, outcomes obtained from the analysis are summarized in ������. 

%�����**�����*��������������������������&��$����� �

Using 1 �m SiO2 SPs suspension with a SPs concentration of 0.31% w/v, the surface coverage 

(φ) on a 1.5×1.5 cm2 Si substrate has been analysed by optical microscopy and SEM as a 

function of �s. For these experiments, �s ranging between RT and 80oC have been studied. 

Keeping the sample completely immersed in the suspension and at a static position, i.e. &w = 0, 

the evaporation of the solvent (*E) leads to downshift the meniscus level at a speed of &m>0, 

which depends on �s (�� ����%(a)). 

At RT, the optical microscopic analysis shows only SPs dispersed randomly over the Si substrate 

surface, i.e. without forming a continuous close�compact layer of SPs. The lack of �s strongly 

reduces &m which results in a wide meniscus shape, i.e. high �curve and θm (�� �����$%(a)), 

reducing *s and then *p towards the collective area. The low density of SPs at the collection area 

are the main factor hindering the formation of a SPs SAM at RT. Under the described static 

conditions, i.e. &w = 0, the formation of a close�compact SL and ML of SPs has been observed 

for �s above 50oC (�� ����%(a)). This result indicates that the assembly of SPs forming close�
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 10

compact crystalline structures is clearly influenced by �s. For �s ≥ 50oC, we observed the 

assembly of SiO2 SPs forming SL, ML and random dispersions over the surface of Si substrate. 

At �s = 50oC, the substrate surface is mainly not covered, reaching a total surface coverage (φT) 

values of only 34%, with only a small area around φSL = 10.1% covered by a SL (ML formation 

has not been observed), and the rest of the area (~23.9%) covered by randomly dispersed SPs 

(φSPs). At �s = 60oC, the φT increases up to 48.6%, exhibiting also a slight increase of the SL 

coverage (φSL = 18.8%), the formation of a continuous ML covering around φML = 10.9% of the 

whole area, and a decrease of φSPs down to 18.8%. A higher magnification view of the interface 

formed between SL and ML is presented in the inset of �� ����%(a) where a SEM image taken at 

that interface shows the clear contrast formed between both regions. The increase of �s up to 

70oC leads to a significant improvement of the φT, reaching almost 100% coverage of 1.5×1.5 

cm2 total sample area. In these conditions, φSL and φML reach values of 80.9% and 19.1%, 

respectively. However, we observed that a further increase of �s up to 80oC hinders the 

performance of dip�coating by exhibiting a reduction of the φT, φSL, φML down to 82.2%, 67.2%, 

and 15.0%, respectively. This reduction of φSL and φML is occurring because of the non�

assembled SPs (φSPs) as observed in �� ����%(a). ������ summarizes φT, φSL, φML and φSPs as a 

function of �s, excluding the RT conditions (which may not be relevant for this discussion). 

Standard error of the mean data recorded in�������, corresponding to a series of at least five 

experiments performed at each condition. The low dispersion of the obtained φ (< ±0.3) confirms 

the reproducibility of the developed procedure. 

The above results prove that �s has a strong influence on the assembly of SPs on a hydroxylated 

Si surface (which has a direct effect on φT) and on the self�assembly process as demonstrated by 

the formation of both SL and ML. In this regard, we hypothesize that the increase of �s leads to 
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 11

the change of the meniscus shape, reducing both θm and �curve the intermolecular forces act on the 

solvent adhered to the substrate surface, elongating the meniscus, and then, reducing both θm and 

�curve (�� �����%(b)). This effect is expected to be larger as �s increases. For the sake of 

explanation, one can define &s and &m, as the downshift speed of the suspension level and 

meniscus level, respectively, allowing to study the speed of the top part of the meniscus (&m) 

which can be different than the total solution level mainly due to the capilarity effect (&s). The 

increase of��s leads to an increase of both &s and &m, however, due to a large area exposed to the 

air, &s � &m is expected to be always positive. As the difference between &s and &m increases with 

�s, the height of the liquid column adhered to the substrate surface increases. In this scenario, the 

gravity force reduces both θm and �curve (see �� �����$%(b)), which can contribute to the increase 

of the SPs flux towards the collection area (*p).
19, 46 However, an excess of temperature (�s 

>80oC) could lead to the deposition of SPs ML at expense of SL (�s = 80oC in �� ����%(a)), 

mainly due to the accumulation of high density of SPs at the collection area. On the other hand, 

the less temperature (�s < 50oC in �� ����%(a)) hinders the formation of SiO2 SPs SL and ML 

mainly due to the low concentration of SiO2 SPs at the drying region. All these factors lead to the 

formation of periodic stripes of SL and ML and reduce φSPs and non�covered areas, which are in 

good agreement with previous observations.19, 46 In order to prevent the formation of stripes, and 

to obtain the deposition of a continuous SPs SL, the use of different withdrawal speeds is 

investigated in this work.  
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%�����**�����*�+�����������������&��$����� �

It is clear that a simple evaporation of solvent can form SL of SiO2 SPs on a hydroxylated Si 

substrate surface at �s > 50oC. We further investigate the effect of speed of substrate withdrawal 

on φ. For initial &w we chose to use a speed similar to &m because we hypothesize that 

synchronizing both speeds would improve the formation of SPs SAM, i.e. increasing φT���#�φSL 

while reducing both φML and φSPs. The &w was in the range of 0.1�100 �m/s, which is similar to 

those reported in the literature for dip�coating of large SiO2 SPs SAM.19�20 However, in those 

experiments the role of *E (and associated �s, RH and &m) was not clearly established. Here, we 

have experimentally determined the &m in SPs suspensions (SPs diameter of 1 �m and SPs 

concentration of 0.31% w/v) as a function of �s, using an optical microscope and a micrometric 

scale to measure the shift of the meniscus top�part overtime. These values are mentioned in the 

last column of ������. A series of dip�coating experiments were carried out at �s of 50, 60, 70 

and 80oC, using a &w of 0.37, 0.64, 1.30 and 2.32 �m/s, respectively to obtain &m at each �s. The 

range of &w used here is 3 orders of magnitude slower than that used by Wang et al.20 for the 

room�temperature dip�coating of 2 �m SiO2 SPs over record�breaking large areas (~0.3 cm2). 

However, as we demonstrate that the chosen range of &w dramatically improves the surface 

coverage of SPs SAM under temperature�assisted dip�coating conditions. 

Comparing the performance of dip�coating processes carried out at &w = 0 (�� ����%(a)) and &w 

≠ 0 (�� ����%(b)) we note that the latter clearly shows positive effects on the assembly of SiO2 

SPs at large areas. In the case of RT, we observe an improvement in the φT reaching values 

around 23% mainly because the formation of both SL and ML, as well as the attachment of non�

assembled SPs. In this case, the solvent evaporation occurs after the whole substrate is outside 

the SPs suspension. This leads to the formation of evaporation regions with random shapes, i.e. 

Page 12 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 13

the deposition interface is not flat as observed in dip�coatings carried out at higher temperatures, 

promoting the uncontrolled accumulation of SPs at the boundaries of the evaporation regions, 

resulting in the formation of ML rather than SL. At �s = 50oC and &w = 0.37 �m/s, the increase 

of φT and φSL up to 56.7% (from 34.0% obtained at &w = 0) and 56.7% (from 10.1% obtained at 

&w = 0), respectively is noted while hindering the attachment of non�assembled SPs, i.e. φSPs ~0. 

In addition, we observe an improvement in the coverage uniformity over the 1.5×1.5 cm2 

analysed area (�� ����%(b)). At �s = 60oC, the use of a &w = 0.64 �m/s reduces φML down to 

21.6%, while showing similar φSL of 56.2%. This means there is a slight enhancement of the φT 

up to 77.9% with respect to the static conditions (48.6% at &w = 0). On the other hand, we 

observe that using �s = 70oC and &w = 1.3 �m/s, both φT and φSL are enhanced and reach values 

closer to 100% of 1.5×1.5 cm2 area, whereas the contribution of ML is almost negligible 

(φML~0). In contrast, a further increase of the temperature up to �s = 80oC and using a higher &w 

= 2.32 �m/s, results in a high φT of 98.4%, but showing the formation of small areas consisting of 

SPs ML (φML = 0.5%). Last result confirms that the use of an extremely high �s, even at dynamic 

conditions (&w > 0), hinder the formation of SPs SL mainly because: i) the *p increases at the 

collection area, and ii) the increase of *E expands the evaporation area and promotes the 

formation of ML rather than SL.  

Analysing φ, the withdrawal of the sample at &w in the range of &m has been demonstrated to 

produce an increase of both φT and φSL. This result proves that &w of 1.30 �m/s is a “natural” 

assembling speed (&w0) at �s = 70oC for 1 �m SiO2 SPs and the ambient RT and RH of 20%. To 

demonstrate this, we further analysed the surface morphology of 1.5×1.5 cm2 Si substrate dip�

coated at �s = 70oC and using &w below and above &w0 = 1.30 �m/s. The former conditions i.e. 

&w < &w0 show results similar to those presented in �� ����%(a) for �s = 70oC, where &m 
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 14

predominant over &w promotes the formation of ML and results in a periodic SL and ML stripes. 

On the other hand, at &w > &w0 we observed a uniform coverage of SPs clusters consisting 2�10 

SPs uniformly covering the whole substrate area. These results are in good agreement with 

previous works,19 where dip�coating experiments (carried out in similar conditions and using SPs 

with diameters ranged between 0.21�2.1 �m) conclude that there is a characteristic transition &w 

around 2.3 �m/s above what the formation of narrow stripe�like patterns is promoted, and below 

what the deposition of a continuous SPs SAM can be obtained. In this work, we present for the 

first time the natural assembling speed for SiO2 SPs, below the transition &w,
19 that allows the 

deposition of SAM over record�breaking large areas around 1.5×1.5 cm2. 

%�%���**�����*�+��������
� ������&��$����� �

The gravity has been demonstrated to play a major role in the SPs assembly by dip�coating 

method mainly because it directly affects curvature of the meniscus. Dip�coating experiments are 

carried out through vertical withdrawal of the receiver substrate from the SPs solution.19�20 Here, 

we have compared the performance of dip�coating experiments carried out at different 

withdrawal angles, including θw = 0o (�� ����'(a)) and 45o (�� ����'(b)), where θw is defined as 

the angle formed between the sample surface and the withdrawal direction (see insets of �� ����

'). For these experiments, we have used a �s = 70oC and &w = 1.3 �m/s and SPs with a diameter 

of 1 �m. �� ����'(a) and (b) show the SEM images of representative areas of samples dip�coated 

at θw of 0o and 45o, respectively. From these figures, one can deduce that θw has an important 

role on the SPs assembly, θw of 0o shows better results in terms of large areas coating of SPs SL 

(see SAM of SiO2 SPs in the bottom inset of �� ����'(a)). In contrast, the at θw = 45o the 

formation of defects (i.e. empty areas where SPs are not forming close compact structures) is 

prominent along with MLs consisting of vertical stacked SPs as highlighted in the bottom inset 
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of �� ����'(b). This behavior can be explained due to local defects existing along the area of the 

receiver substrate (possibly created during the substrate preparation, see Section 2.2), which may 

lead to a local variation of the wettability along the substrate area, causing the formation of a 

non�flat deposition interface in the top part of the meniscus. As illustrated in the insets of �� ����

'(a, b), the increase of θw increases the thickness of the meniscus and this leads to reduced 

convective flow of SPs towards the evaporation area (low *p and *s) and reduces *E. These both 

hinder the formation of a continuous SL, while promoting the formation of defects and locally 

MLs. In contrast, the reduction of θw down to 0o decreases the thickness of the meniscus and 

increases *E��*p�and *s which improve the formation of large area SL while lowering the chances 

of the formation of defects and ML (�� ����'(a)). 

%�'���**�����*��#��&����������&��$����� �

Dip�coating of SPs with diameters ranged between 200 nm to 2 �m has been reported in 

literature.20, 29 Here we present an investigation of the effect of SPs size on the dip�coating 

assembly mechanism including the dip�coating of nanometric SiO2 SPs (diameter of 100 nm) 

and in this regards the results in this section are complementary to the previous works. The large�

area dip�coating of SPs with different diameters, including 1 �m, 500 nm and 100 nm is 

thoroughly analysed here for applications that will be presented in the next section. For the sake 

of comparison, we have used the same suspension concentration of 0.31% w/v independently of 

the SPs size, and standard dip�coating experimental conditions, i.e. �s = 70oC, &w = 1.3 �m/s and 

θw = 0o. �� ����, presents SEM images of resulting Si substrate surface morphology after dip�

coating experiments carried out using SiO2 SPs with diameters 1 �m (�� ����,(a)), 500 nm 

(�� ����,(b)) and 100 nm (�� ����,(c)). From those figures, one can observe that there is: i) a 

good SL coverage uniformity (100% surface coverage), ii) low defects density, iii) HCP 
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crystalline structure, and iv) absence of ML and non�assembled SPs regions. Analyzing areas 

dip�coated by a similar number of SPs (see insets of �� ����,), it is observed that statistically the 

defects are more or less independent of the SPs diameter. Figure S�4 in supporting information 

shows assembly of the resulting SLs for similar areas dip�coated with SPs of different diameters. 

The crystallinity of the assembly can be improved by carrying out the process with highly mono�

dispersed SPs. As clearly observed in the inset of �� ����,(c), by reducing the size of the SPs 

down to diameters of 100 nm, dip�coating produces grain boundaries between regions with 

hexagonal close compact structures. From this figure, one can roughly estimate that grains have 

an average size of around 1 �m2. Considering a HCP structure, the area covered by a single cell 

(consisting in 6 SPs) of SPs with a diameter of 100, 500, and 1000 nm is 2.4×10�10, 5.8×10�9, and 

1.5×10�8 cm2, respectively. Accordingly, the SAM domain size decreases with the SPs diameter, 

making more difficult to obtain single domain SAM as the SPs size reduces. The achievement of 

single domain SAM, preventing the formation of grain boundaries (see inset of �� ����,(c)) 

could strongly affect the performance of SPs coatings for applications such as those presented in 

this work (see section 3.6). In addition, the huge areal extension obtained with nanometric SiO2 

SPs (diameter of 100 nm) makes the temperature�assisted dip�coating approach presented here, 

an excellent alternative for the deposition of highly ordered and compact nano�SPs over large 

areas (������). 

%�,���**�����*�+��������-�� ������&��$����� �

In previous experiments, the Si substrates were withdrawn at a constant &w (typically in the �m/s 

range) until the entire sample is pulled out of the suspension. Due to convective mechanism,36 

the observed SL stripes (see �� ����%) is common in large�area dip�coating processes developed 

in vertical position.19�20 Here, we demonstrate that both SPs SL stripe width and stripe�to�stripe 

spacing can be controlled by �w. This could be a low�cost and rapid process for creating 
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periodical patterns of SiO2 micro�SPs SAM, without using complex steps involving lithography 

or surface functionalization. Since our work presents an effective approach to control SPs stripe 

width and spacing through &w and optimizing �w under the influence of �s, this result 

complements previous works such as the one reported by Ghosh et al.19 where SiO2 SPs stripe 

morphology is tuned by &w. For the sake of simplicity, we have used �s of 70oC, θw of 0o, and a 1 

�m SPs suspension with a concentration of 0.31% w/v to investigate the effect of �w on the 

resulting dip�coating. To produce stripes of SPs, we increased &w to 1.3 mm/s, which is three 

orders of magnitudes faster than the &m used in continuous dip�coating (�� ����%). As 

demonstrated elsewhere,19 the use of &w extremely higher  respect to the optimum &w resulting in 

continuous SPs SAM promotes As�cleaned Si substrate was vertically dipped in the SPs 

suspension for "i of 2 min to allow the formation of the meniscus due to the capillarity and 

gravity effects (�� ����.(a)). Thereafter, the substrate was pulled out of the suspension at &w = 

1.3 mm/s, which led to the formation of two dry and wet regions on top of the substrate surface 

(�� ����.(b)). This can be due to &m being low in comparison to &w, which leads to formation of 

an uncovered region underneath the wet region whose width is similar than �w. In this regard, we 

have observed that �w has a direct effect on the stripe�to�stripe spacing, as demonstrated in 

�� ����.(c�f) where dip�coating experiments carried out at �w of 1, 0.5, 0.25, and 0.125 mm 

have been shown to result in periodical patterns of SL SPs with a stripe�to�stripe spacing 

approximately equal to��w. Analysing �� ����.(c�f), one can conclude that SPs strip width is 

ranged between 125 and 360 �m and the strip length is mainly limited by the size of the substrate 

(in this case 1.5 cm). Further exploring the limits of proposed method, we note that �w < 0.125 

mm lead to the formation of MLs between stripes, which hinders the use of this technique for the 

applications presented below. 
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%�.��
�����������

In this section, we show two potential applications of large�area coatings of SiO2 SPs described 

above using dip�coating procedure., namely: i) anti�reflective coatings for PV cells,9 smart�

coatings for vehicles, lens of glasses, screens of smart�phones, and ii) SAMs of SPs for nano�

sphere lithography (NSL) by forming “inside�out” templates, from SPs SAMs as a sacrificial 

porous mask for the fabrication of nano�porous metallic films that are utilized, e.g. as catalytic 

layer during the MACE synthesis of Si NWs.14 In this regard, first we present the 

characterization of anti�reflective properties of SiO2 SPs SAMs, consisting in SPs with different 

diameters (0.1, 0.5 and 1 �m), and their successful dip�coating on top of a poly�Si PV cell (from 

Sanyo). This is followed by second application where we show the use of SiO2 SPs SAMs as 

sacrificial mask for the deposition of a micro�porous Ag layer on top of a Si wafer and the 

successful utilization of this Ag layer as catalyst for MACE synthesis of vertically aligned Si 

NWs. 

+(,(-�.�"�)��/��	"�������"����/���0&�	����(��

The control and optimization of dip�coating operating parameters, i.e. &w and �s, opens 

interesting avenues for depositing SiO2 SPs SAM over large areas which can be potentially used 

as ARC in photovoltaic (PV) cells9. Here, we have demonstrated the antireflective properties of a 

large�area SiO2 SPs SAM dip�coated on a Si substrate, analysing the effect of different SPs 

diameters (0.1, 0.5 and 1 �m) on the reflectance ($) of the resulting sample surface. �� ����/(a) 

represents $ of a Si wafer (with and without SiO2 SPs SL coating) as a function of photon 

wavelength (λ) in the visible range, i.e. 400 < λ < 700 nm. Prior to the dip�coating, Si wafer 

shows $ ranged between 46 and 55%. In contrast, the dip�coating of SiO2 SPs, forming a SAM 

on top of the Si wafer surface, is observed to reduce $ down to 15�26%. In HCP structures such 

as those shown in �� ����,(a,c,e) for dip�coatings of 1 �m, 500 nm and 100 nm SiO2 SPs, the 
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ratio of covered/uncovered areas (see inset of �� ����/(a)) results in ~92% (independent on the 

SPs size). Accordingly, the $ shows similar values for all dip�coatings developed using SPs with 

different size (�� ����/(a)). The slight variations of $ observed in �� ����/(a) might be due to 

scattering effects owing to varying SPs size (see inset of �� ����/(a)).  

For the sake of simplicity, 1 �m SiO2 SPs are dip�coated on a poly�Si PV cell surface, studying 

the effect of the coating on the PV cell properties. �� ����/(b) and (c) present the current density 

(*) and power density (0) as a function of the applied voltage (&) of a poly�Si PV cell, 

respectively, with (coloured in red) and without (coloured in black) the SPs coating. The 

characterization of the PV cell before and after the SPs coating has been carried out by a 

AM1.5D (AM: Air Mass) solar simulator with a 100 mW/cm2 Xe light lamp. From �� ����/(b), 

one can easily conclude that the SPs coating increases the short�circuit current density (*sc) from 

24 to 32.2 mA/cm2, while exhibiting approximately the same open�circuit voltage (&oc) around 

0.57�0.58 V. From these characteristics, we have calculated a maximum power density (0max) of 

13.7 and 18.7 mW/cm2, without and with SPs coating, respectively. Then, the efficiency of the 

solar cell (η) can be estimated using the density of the lamp (100 mW/cm2), resulting in an 

enhancement of η around 3% mainly due to the anti�reflective effect of the SPs coating, which 

can reduce the loss due to direct reflection of light on top of the PV cell surface.47  

+(,(1�0������2�"����	����"�����/�����"�����#����� ��"�����(�

As an alternative application of the large�area SiO2 SPs dip�coating achieved in this work, we 

demonstrate using periodic SiO2 SPs patterns dip�coated on top of a Si substrate as a mask for 

creating a nano metallic mesh used as catalyst in MACE synthesis of Si NWs.14 �� ����0 

presents a 3D schematic illustration of MACE fundamental steps, comprising of: (a) dip�coating 

of SiO2 SPs over a large�area Si wafer surface (with native oxide); (b) reactive�ion etching (RIE) 
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 20

of SiO2 SPs using CHF3/Ar (25 sccm / 18 sccm), 200 Watt, 30 mT at RT for (b1) 0, (b2) 5, (b3) 

8, (b4) 11, (b5) 15, and (b6) 17 min; (c) deposition of 100�200 nm of Ag layer (see SEM image 

in (c1)); (d) sonication in ethanol for 5 min creating a periodic distribution of micro�holes (see 

SEM image in (d1)); (e) MACE process dipping the sample in a HF:H2O2 solution for 30 min 

resulting in vertically aligned Si NWs (see SEM image in (e1)).  

Initially, 1 �m SiO2 SPs are dip�coated on top of a 1.5�1.5 cm2 Si substrate as schematically 

depicted in �� ����0(a) and demonstrated by SEM analysis (�� ����0(b1)). Prior to the MACE 

process, we purposely decrease the initial SPs diameter and increase the SP�to�SP spacing by 

RIE to achieve NWs with controlled diameter. Resulting SPs diameter and SP�to�SP spacing 

have been analysed by SEM (�� ����0(b1�b6)). �� ����0(b7) records average SPs diameter and 

SP�to�SP spacing obtained from SEM analysis and their corresponding standard deviation as a 

function of the RIE time. This figure includes experimental data obtained from SEM analysis 

along with the best fitting corresponding to an exponential function. This method permits us to 

reduce the initial size of the SPs from 1 �m down to 600 nm which has a direct effect on the 

diameter of resulting NW during MACE. This also offers a simple way to develop NWs with 

different diameters to meet the requirements of a target application. Similar RIE process carried 

out with 500 and 100 nm SPs resulted in continuous SiO2 SPs SL, comprising SPs diameters 

from 20 nm to 1 �m. After RIE step, we deposit Ag layer by thermal evaporation. To prevent the 

formation of a continuous Ag layer on top of the Si substrate its thickness is less the height of 

assembled SPs �� ����0(c1). The discontinuity of the metallic nano mesh is a key feature that 

allows the successful development of MACE process.14 Resulting sample is then dipped in 

ethanol and sonicated for 5 min to remove the SPs from the substrate surface. �� ����0(d) shows 

the SEM image of a resulting porous Ag layer after the sonication step. As mentioned above, the 

Page 20 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 21

pore size can be roughly controlled by the initial size of the SPs. Since the Ag thermal 

evaporation is highly directional, each SP present a mask over the Si substrate surface, slightly 

increasing the pore size with respect to the SP diameter. Finally, the sample is dipped in a 

HF:H2O2, promoting the preferential etching of Si wafer underneath the Ag layer, and resulting 

in vertically�aligned Si NWs on top of Si wafer as demonstrated by SEM �� ����0(e1). The 

advanced use of temperature�assisted dip�coating method to create periodic SiO2 SPs SAM 

stripes over large areas (�� ����.) would allow to control the NW�to�NW spacing resulting from 

MACE. Therefore, this is a promising low�cost and easy�of�developing approach for improving 

performance e.g. of transfer�printing of NWs over large areas.48 

�

(�����������

In this work, we have thoroughly analyzed the effect of �s on the performance of SiO2 micro� 

and nano�SPs self�assembled by dip�coating method on large�area Si substrate. For the first time, 

we have demonstrated the assembly of 100 nm, 500 nm and 1 �m SiO2 SPs forming a SL 

hexagonal close packed structure over areas (~2.25 cm2) which are an order magnitude larger 

than those reported in literature with sub�micrometric SPs. This is achieved with controled 

operational parameters such as &w, θw and �w, and suspension properties including �s and SPs 

concentration. From this study, we have confirmed for the first time the key role of the �s, 

observing that dip�coating performance of SiO2 SPs can be improved by syncronizing &m and 

&w. In particular, we have obtained a continous SiO2 SPs SL over 100% of the 2.25 cm2 substrate 

area, using �s of 70oC, θw of 0o (vertical withdrawal), and a &w of 1.3 �m/s, improve 10 times the 

performance obtained by room�tempreature dip�coating.19�20 Through an easy and rapid dip�

coating method, we have found a novel approach for creating periodic SiO2 SPs SL stripes, with 

excellent dimensional control (i.e. width and spacing between stripes), which can be an low�cost 
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and high�performance method for the development of optical gratings, filters, polarizers etc. 

Moreover, the approach has been succesfully used to create uniform and large�area coatings 

based on SiO2 SPs for different applications, including ARC on PV cells, and metallic nano 

mesh for large�area MACE synthesis of vertically aligned Si NWs. 

��������� ���*��������

Contact angle measurements of receiver substrate before and after the hydroxylation; Description 

of the method used to characterize the surface coverage obtained by dip�coating; Schematic 

illustrations of meniscus shape as a function of the receiver substrate properties. 
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�� ������

 

�� �������Optical transmittance (�) of 0.5 �m SPs suspension. (a) � vs λ for different SPs w/v%; 

inset: experimental data and fitting of � vs SPs w/v% @ λ = 1144 nm. (b) � vs λ measured 

overtime @ w/v of 5%; inset: �� overtime @ λ = 970 nm.�

 

 

�� ���� ���2D schematic illustration of dip�coating setup. Inset: self�assembly process of SiO2 

SPs driven by dip�coating.�
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�� ����%��Optical characterization of 1 �m SiO2 SPs dip�coated on 1.5×1.5 cm2 Si substrates at 

RT < �s < 80 oC using &w of (a) 0 and (b) &m. Inset: SEM image of SL/ML interface. (c) SEM 

images of SiO2 SPs SAM formed at 70 oC and &w of &m.  

 

 

�� ����'��SEM images of dip�coating experiments carried out at θw of (a) 0o and (b) 45o. Insets: 

2D schematic illustrations of the dip�coating conditions (top�right), higher magnification SEM 

images of SL and ML regions (bottom). 
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�� ����,��SEM images of Si substrate surface dip�coated with SiO2 SPs of different diameters, 

comprising (a) 1 �m, (b) 500 nm, and (c) 100 nm, using �s = 70oC, &w = 1.3 �m/s and a 

suspension concentration of 0.31% w/v. Insets: higher magnified SEM images of SiO2 SLs.�

 
 

 

�� ���� .�� (a, b) 2D schematic illustration of 1 �m SPs based stripes formed by dip�coating 

procedures carried out at �s = 70oC, &w = 1.3 �m/s, θw = 0o and �w of (c) 1 mm, (d) 0.5 mm, (e) 

0.25 mm, and (f) 0.125 mm.�
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�� ���� /�� (a) $ vs λ of a Si wafer before and after dip�coating of SiO2 SPs with different 

diameters; inset: 2D schematic illustrations of areas dip�coated with SPs of different sizes. (b) *�

& and (c) 0�& of a poly�Si PV cell with and without 1 �m SiO2 SPs anti�reflective coating; inset: 

PV cell characteristics.�
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�� ����0� 3D schematic illustration of MACE steps for the synthesis of Si NWs, comprising of: 

(a) dip�coating of SiO2 SPs over a large�area Si wafer surface (with native oxide); (b) reactive�

ion etching (RIE) of SiO2 SPs using CHF3/Ar (25 sccm / 18 sccm), 200 Watt, 30 mT at RT for 

(b1) 0, (b2) 5, (b3) 8, (b4) 11, (b5) 15, and (b6) 17 min; (b7) SPs size and SP�to�SP spacing vs 

RIE time; (c) deposition of 100�200 nm of Ag layer (see SEM image in (c1)); (d) sonication in 

isopropanol for 5 min creating a periodic metallic nano mesh (see SEM image in (d1)); (e) 

MACE process dipping the sample in a HF:H2O2 solution for 30 min resulting in vertically 

aligned Si NWs (see SEM image in (e1)). 
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�����  

Table 1. Comparison of various micro- and nano-SPs assembly approaches. 

SPs Material SPs Concentration SPs Size [����m] 
Receiver 

Substrate 
Assembly Technique Max. SAM coverage [cm

2
] REF [#] 

Silica 2.85-3.75% wt. 1.43 Glass, PET, PVC Charge-reversible substrates 64 
18 

Silica 16.7 mg/ml 0.36, 0.55 Glass Langmuir-Blodgett 63 
24 

Silica 0.2% wt 0.4 PET Scalable Printing 30 
33 

Silica 9, 20% wt 0.3, 0.55 Sapphire Spin-coating 20.3 
22 

Polystyrene 0.5% wt 1.59 Glass Capillarity Forces 10 
31 

Silica and Latex 35% vol. 0.44 Glass Spin-coating 6.25 
23 

Au 0.01-0.3% vol. 0.01, 0.015 Glass Two-plates assisted coating 6.19 
37 

Polystyrene 30 mg/mL 1.4 Glass Capillary Forces 6 
31 

Polystyrene 0.9-35% vol. 1.1 Glass Two-plates assisted coating 4 
37 

Silica 5% 0.1, 0.5, 1 Si Dip-coating 2.25 this work 

Polystyrene 0.2-2.5% wt 0.97 Glass 
Gravity-assisted convective 

assembly 
2 

30 

Latex 0.8-7.0% wt 0.18-1.15 Glass, Si Inclined drop-casted method 1.25 
21 

Polystyrene 0.5% wt 0.26-0.6 Glass Confined Convective Assembly 1 
28 

Latex 1.2% wt 0.32 Glass Vertical Deposition 1 
32 

Silica and Latex 0.5% vol. 0.7-1.4 Glass Dielectrophoresis 1 
34 

Silica 5-27 2 Silicon Dip-coating 0.3 
20 

Silica 5-27 2 Glass Dip-coating 0.165 
20 

Silica 0.01-0.1 0.21-2.1 Silicon Dip-coating 0.25 
19 

Polystyrene 1% vol. 0.079-2.11 Glass 
Continuous Convective 

Assembly 
0.0006 

29 

Polymer 0.1-0.2 g/mL 1-2.31 Glass Langmuir-Blodgett 0.00045 
25 
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Table 2. Surface coverages of single layer (φSL), multi-layer (φML) or non-assembled SPs (φSPs) obtained at Vw = 0. In brackets, φ corresponding to Vw = Vm. 

Ts (
o
C) φSL (%) φML (%) φSPs (%) φT (%) Vw (�m/s) 

50 10.1 (56.7) ±0.1 0 (0) 23.9 (0) ±0.1 34.0 (56.7) ±0.2 0.37 

60 18.8 (56.2) ±0.2 10.9 (21.6) ±0.2 18.8 (0) ±0.1 48.6 (77.9) ±0.1 0.64 

70 80.9 (100) ±0.1 19.1 (0) ±0.3 0 (0) 100.0 (100) ±0.3 1.30 

80 67.2 (97.9) ±0.1 15.0 (0.5) ±0.1 0 (0) 82.2 (98.4) ±0.1 2.32 
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