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11 ABSTRACT: Control over refractive index and thickness of surface coatings is
12 central to the design of low refraction films used in applications ranging from
13 optical computing to antireflective coatings. Here, we introduce gas-phase
14 sequential infiltration synthesis (SIS) as a robust, powerful, and efficient
15 approach to deposit conformal coatings with very low refractive indices. We
16 demonstrate that the refractive indices of inorganic coatings can be efficiently
17 tuned by the number of cycles used in the SIS process, composition, and
18 selective swelling of the of the polymer template. We show that the refractive
19 index of Al2O3 can be lowered from 1.76 down to 1.1 using this method. The
20 thickness of the Al2O3 coating can be efficiently controlled by the swelling of the
21 block copolymer template in ethanol at elevated temperature, thereby enabling
22 deposition of both single-layer and graded-index broadband antireflective
23 coatings. Using this technique, Fresnel reflections of glass can be reduced to as
24 low as 0.1% under normal illumination over a broad spectral range.
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26A broad array of applications ranging from high-
27 performance computing to antireflective coatings can
28 benefit from the ability to manipulate refractive index in
29 thin films. The refractive index of surface coatings is determined
30 by a combination of composition and structure. The availability
31 of materials with suitable refractive indices, especially for optical
32 applications, is limited. Coatings with low refractive indices
33 improve the performance of light emitting diodes, solar cells,
34 and eye glasses.1 Materials with refractive indices below 1.20 are
35 highly desired for distributed Bragg reflectors used in
36 waveguides and other high-performance optics; however,
37 dense materials with such low refractive indices do not exist.
38 The reduction of light reflected off surfaces relies on adjusting
39 both the thickness and refractive index of the antireflective
40 coating (ARC) in a way that the light reflected off two
41 interfaces, such as air/coating and coating/substrate, interferes
42 destructively. According to the Fresnel equation, this condition
43 can be achieved for a given wavelength λ and angle of incidence
44 when the thickness of the ARC is ∼λ/4 and refractive index of
45 the ARC equals the square-root of the substrate refractive
46 index. The ability to lower the refractive index of the materials
47 is critical for the design of ARCs that help to minimize the

48reflection of the light and improve efficiency. For example, an
49ARC of MgF2 on the surface of float glass can decrease the
50amount of the reflected light from 4.3% to almost 1% at the
51specified center wavelength and normal incidence, thereby
52increasing transmission in a given spectral range.2

53ARCs on the surfaces of materials with relatively low
54refractive indices, such as fused glass (1.458), crown glass
55(1.485), sapphire glass (1.768), Gorilla glass (1.5), and
56polycarbonate (1.586) are of particular interest for corrective
57lenses, telescopes, and flat-panel displays. In telescopes that
58typically have several optical components, additive energy loss
59of reflected light can be substantial, hence effective ARCs are
60required. ARCs on flat-panel displays of electronic devices help
61eliminate stray reflections that cause unwanted veil glares.
62Single-layer MgF2 (with a refractive index of 1.38) is the most
63commonly used ARC for surfaces with low refractive index.
64Even though its performance is not exceptional, it still provides
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65 decent antireflective properties in the middle of the visible band
66 and works reasonably well for the entire spectral range.3 Better
67 performing ARCs for surfaces with low refractive indices
68 typically consist of several metal oxide layers (e.g., TiO2, ITO,
69 etc.), SiO2, and polymers.4 While one’s ability to prepare high
70 refractive index coatings is limited by the nature of available
71 materials, the refractive index of optical films can be lowered by
72 inducing suboptical porosity. For example, the refractive index
73 of bulk silica (SiO2) is 1.46; however, nanoporous SiO2 films
74 with refractive index of 1.08 have been reported,5 which
75 represents a value far below the lowest refractive index known
76 for dense inorganic materials, such as 1.38 for MgF2.

6 Widely
77 used conventional single-layer ARCs target only a particular
78 wavelength at normal incidence, while graded-index coatings
79 allow omnidirectional broadband properties.7 ARCs can be
80 deposited (i) chemically, for example, by spin-casting of silica
81 sols8 or by layer-by-layer (LBL) deposition of charged colloids
82 and polymers,9,10 (ii) using vacuum-based coating techniques,7

83 or (iii) by texturing the surface using lithographic and chemical
84 approaches (e.g., via etching).11−15 These methods allow
85 synthesis of porous films with different degrees of control
86 over the film porosity. Since polymers are typically less stable
87 against heat and UV light compared to inorganic materials,16

88 porous inorganic coatings are preferred for a broad range of
89 applications. When employing chemical approaches, the
90 porosity of inorganic films can be tuned mainly by the size of
91 the particles in the deposited nanoparticle arrays or by the size
92 of the introduced polymeric fillers that are subsequently
93 removed by solvent treatment or oxidative annealing.17

94 Chemical approaches are straightforward for single-layer
95 ARCs; however, they do not work well for graded-index
96 coatings. Also, chemical deposition efforts have largely focused
97 on silica coatings, which limits the control over the refractive
98 index. Physical vapor deposition performed at a glancing angle
99 yields nanostructured films with controllable porosity as a result
100 of the self-shadowing effect and surface diffusion.18 This
101 technique has achieved the record low refractive index of 1.05.7

102 In vacuum methods, graded-index ARCs are obtained via
103 deposition of a number of layers with different porosity and
104 composition. Such methods are usually applied for ARCs on
105 small area surfaces due to their high cost of fabrication.
106 In general, the tuning of the refractive index of ARCs is a
107 labor-intensive process, both in physical and chemical
108 approaches. Lithographic and physical methods can produce
109 ARCs with finely tuned refractive indices, resulting in excellent
110 optical performance, however, this is achieved at the expense of
111 high cost. In turn, the cost of chemically fabricated ARCs is
112 reasonable; however, their performance is somewhat compro-
113 mised, mainly because of the inability to finely control the
114 refractive index. Design of multilayered ARCs by chemical
115 methods, such as sol−gels, dipping or spinning processes, is
116 challenging since each layer requires thermal annealing that can
117 alter the porosity in the previously deposited layers affecting
118 their optical properties. Also, chemical methods based on
119 etching are not well suited to fabricate gradient structures due
120 to potential impact of the etching agents on structures
121 fabricated in the previous steps. However, the biggest challenge
122 for ARCs on surfaces with low refractive indices is that
123 regardless of the fabrication method, state-of-the art graded-
124 index ARCs on surfaces with low refractive indices assume the
125 initial deposition of coatings with high refractive indices. This
126 step of artificial increase of refractive index of the surface is

127needed since there is only a limited number of materials (and
128approaches leading to materials) with refractive index <1.5.
129Here we propose an efficient combined chemo-physical
130approach to finely control refractive index that can be used for
131single-layer and graded-index surface ARC coatings. The
132strategy is based on sequential infiltration synthesis (SIS),
133which involves diffusion-controlled penetration and subsequent
134chemisorption of inorganic precursor molecules inside a
135polymer template. In SIS, the precursors are introduced to
136the substrate in the vapor phase. Following SIS, the polymer
137matrix is removed via thermal annealing. When using block
138copolymer (BCP) films as substrates for SIS, one can achieve
139growth of the inorganic phase selectively within one of the
140polymer blocks. In this way, the self-assembled nanostructures
141of the BCP can be replicated in a functional, inorganic material.
142As SIS is diffusion controlled, growth within thick films can be
143cumbersome with difficult to predict reaction kinetics.19 In this
144study, we report that swelling of the block copolymer template
145in ethanol at different temperatures prior to SIS efficiently
146tunes the thickness and porosity of the resulting ARCs and
147enables the fabrication of optical surface coatings for a desired
148spectral range. Solvent-assisted SIS can also produce multi-
149layered graded index structures to deposit broadband ARCs.
150We believe the solvent-assisted SIS approach offers an
151opportunity to eliminate the commonly accepted artificial
152increase of surface refractive index in broadband multilayered
153ARCs for the materials with low refractive indices.

154RESULTS AND DISCUSSION
155When SIS is performed on a polymer such as poly(methyl
156methacrylate) (PMMA), the vapors of the inorganic precursor
157molecules infiltrate the bulk of the film and react with CO
158and −C−O−R functional polar groups of the polymer
159macromolecule.19−21 In the case of diblock copolymers with
160a purely hydrocarbon block, such as polystyrene (PS),
161connected to a block exhibiting polar groups (e.g., PS-b-
162PMMA), the overall molecular weight and the volume fractions
163of the two blocks determine the morphology and size of the
164nanoscopic domains, which serve as a template for the SIS
165processed material. Earlier studies demonstrated that SIS in
166diblock copolymer films is a strategy to synthesize nanophase
167inorganic materials and to improve the quality of litho-
168graphically prepared features.22,23 However, the optical proper-
169ties of SIS-modified diblock copolymers have not yet been
170explored.
171In this work, we demonstrate the ability to tune refractive
172indices by SIS and utilize this capability to synthesize
173antireflective coatings. We studied two types of block
174copolymers, polystyrene-block-poly(methyl methacrylate) (PS-
175b-PMMA) and poly(styrene-block-4-vinylpyridine) (PS-b-
176P4VP), as templates for SIS of inorganic materials with tunable
177refractive indices and antireflective properties.
178PS-b-PMMA is one of the most popular BCPs and is
179frequently used in SIS.20,24−26 PS-b-PMMA has been used as a
180template to pattern ZnO, Al2O3, SiO2, TiO2, W and other
181materials with different degrees of control over periodicity and
182structure.19−21,27 Al2O3 SIS, in particular, has a robust
183chemistry with well-understood kinetics. Thus, we chose PS-
184b-PMMA-templated Al2O3 SIS as a model system for this study.
185Spin-casting 2 wt % toluene solutions of PS-b-PMMA with
186different percentage of PS followed by 1 h thermal annealing in
187argon atmosphere at 180 °C resulted in uniform, 70 ± 5 nm-
188thick films with microphase-separated domains. Since the long-
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189 range periodicity of structures at a scale far below the
190 wavelength of visible light is not expected to affect the
191 refractive index of the material, we did not perform additional
192 procedures to induce long-range orientational order.28,29

193Stepwise exposure of PS-b-PMMA to vapors of trimethylalu-
194minum (TMA) and water during 5 cycles of SIS led to the
195growth of Al2O3 within the PMMA domains. Next, the polymer
196 f1template was removed by oxidative thermal annealing for 1 h at

Figure 1. Depiction of the SIS (a−c) and solvent-assisted SIS (d−f) procedures leading to formation of porous Al2O3 coatings. Hydrophilic
polymer domains (e.g., PMMA or P4VP, shown in red) are infiltrated with the precursor of Al2O3 (shown in green) and converted into porous
Al2O3 upon oxidative annealing.

Figure 2. SEM images and the corresponding refractive indices of porous alumina films grown by the infiltration (5 SIS cycles) of PS-b-PMMA
polymers with different volume fraction of polystyrene: (a) 15k-b-65k, (b) 37k-b-37k, and (c) 42k-b-16k.
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f1 197 450 °C. Figure 1 captures the processes involved in the
198 formation of porous metal oxide films by infiltration of
199 polymers without (a−c) and with swelling (d−f). The oxidative
200 annealing of the SIS films proved to be more efficient than
201 either ozone or plasma etching, which resulted in bubbling and
202 rupture of the Al2O3 films due to rapid release of CO2 (Figure
203 S1).

f2 204 Figure 2 shows SEM images of thin Al2O3 films with a
205 different degree of porosity controlled by the PS/PMMA ratio

206on a silicon surface. Ellipsometry reveals that refractive indices
207are inversely proportional to the porosity and vary from 1.2 at
20860% porosity to 1.39 at 25% porosity at a wavelength of 785
209nm. These values are far below the 1.768 value characteristic to
210bulk alumina and also significantly below the value of 1.6 for
211amorphous ALD Al2O3.

30 Thus, we have demonstrated tuning
212of refractive indices of Al2O3 SIS films and satisfied one
213criterion for design of ARCs. The thickness of these films was
214not sufficient to provide antireflective properties to the coatings

Figure 3. Porous alumina films grown by the infiltration of PS-b-P4VP with TMA/water as a function of number of SIS cycles. (a) Refractive
indices measured at 785 nm wavelength and porosity show variation with the number of cycles. (b) Refractive index values vs wavelength for
films obtained with different numbers of SIS cycles. (c) Representative SEM images of the grown Al2O3 films demonstrate evolution of the
material structure as a function of the SIS cycle number. The thickness of the films shown in (c−f) is 48.7 ± 5.1 nm.

Figure 4. GISAXS (a−d) and transmission SAXS (e) data and fit (solid red line) for Al2O3 SIS films obtained with different number of SIS
cycles. In (e), the data are arbitrarily scaled for better visualization.
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215 in the spectral range above 200 nm. Increase in the thickness of
216 the PS-b-PMMA template achieved by increase of the
217 concentration of the polymer in toluene solution did not lead
218 to thicker final Al2O3 films, likely due to limited diffusion of
219 TMA through the as-deposited film under these SIS conditions.
220 Swelling of BCPs in certain solvents was previously reported
221 to induce porosity that potentially could assist the growth of
222 thicker SIS films.31 Swelling of our polymer templates with
223 acetic acid, a procedure that worked well for periodic pre-
224 aligned PS-b-PMMA,31 was found to be partially successful.
225 Acetic acid swelling allowed us to increase the overall thickness
226 of the Al2O3 SIS films; however, the films were laterally non-
227 uniform and were rather rough. In an effort to integrate
228 swelling-induced porosity with a more controllable morphol-
229 ogy, we turned our attention to another polymer system, PS-b-
230 P4VP, as this is a model system for studying swelling
231 phenomena in polymers.32

232 First, we conducted the set of experiments to confirm that
233 PS-b-P4VP would work as an efficient template for deposition
234 of alumina by SIS. We used a 2 wt % of PS-b-P4VP (75k-b-25k)
235 BCP solution in toluene to spin-cast 80 nm-thick polymer
236 templates and successfully obtained porous Al2O3 with
237 refractive indices in the range between 1.11 and 1.25 following

f3 238 Al2O3 SIS and heat treatment procedures (Figure 3). We found
239 that the porosity could be tuned by adjusting the number of SIS
240 Al2O3 cycles. In particular, the porosity decreased monotoni-
241 cally with the number of SIS Al2O3 cycles. Dispersion of feature
242 sizes in the Al2O3 SIS films prepared using PS-b-P4VP is a
243 result of polydispersity present in the BCP material (most likely
244 due to the presence of homopolymer) causing some size
245 distribution of P4VP domains. The thickness of the alumina
246 films produced by SIS, as measured by ellipsometry, was 48.7 ±
247 5.1 nm.
248 Grazing incidence small-angle X-ray scattering (GISAXS)
249 patterns of samples prepared with 3 and 5 SIS cycles are similar

f4 250 (Figure 4). Both patterns presented a peak at qy = 0.0165 Å−1,
251 indicating 2D nanostructures laterally ordered with a d-spacing
252 of ∼38 nm. GISAXS pattern obtained for the sample with 3 SIS
253 cycles allowed for estimation of the thickness of the Al2O3 film
254 as ∼45 nm, which is in agreement with the ellipsometry data
255 (Table S1). The shape of the peaks is generally a circular spot

256along the vertical direction, indicating that the lateral structure
257is as tall as the film thickness, although the peaks’ weak vertical
258tails suggest coexistence of smaller features. The vertical sizes of
259the smaller features ranged from 5.0 to 6.0 nm and increased
260slightly with the number of SIS cycles. These values, obtained
261by fitting the data to a polydisperse sphere model, are
262summarized in Table S1. We also found at least two feature
263sizes along the horizontal direction, which are about 25 and 10
264nm, respectively. These scattering results suggest that Al2O3

265pillars seen in Figure 3 are made of smaller Al2O3 grains. After
26610 SIS Al2O3 cycles, the sample completely lost lateral ordering
267peaks, and only randomly distributed spherical 8 nm particles
268are observed, indicating that the Al2O3 particles are probably
269grown on the surface of the polymer film. Electron densities
270obtained from the GISAXS patterns33,34 are 0.243, 0.214, 0.403,
271and ∼0.7 e/Å3 for Al2O3 SIS films obtained with 3, 5, 8, and 10
272SIS cycles, respectively. Considering the electron density of
273Al2O3 is 1.17 e/Å

3, their porosities of 2−5, 8, and 10 SIS cycles
274are 80, 65, and 40%, respectively. The summary of the GISAXS
275and SAXS data is given in Table S1. Ellipsometry measure-
276ments estimated the porosity of the same structures as 68, 58,
277and 40%, which is in relatively good agreement with SAXS data.
278We have demonstrated that Al2O3 SIS in PS-b-P4VP
279templates yields even lower refractive indices values compared
280to PS-b-PMMA. However, as in the case of PS-b-PMMA,
281increasing the thickness of the PS-b-P4VP template did not
282increase the resulting Al2O3 film thickness beyond ∼48 nm,
283which again relates to slow diffusion of the TMA precursor
284through the free volume of the PS-b-P4VP film. In order to
285introduce porosity to enhance diffusivity, we explored swelling.
286Swelling is a nondestructive strategy to induce and modify the
287porosity in BCP materials.31 It is performed by immersing the
288BCP film in a solvent that is selective to the minority block.
289Upon drying, pores are generated throughout the film in the
290positions where the minority block has collapsed. Swelling of
291PS-b-P4VP in ethanol at different temperatures allows the
292formation of interconnected pores in the range between 10 and
29350 nm.31 These pores are much larger than the molecular-scale
294pores that define the polymer-free volume. Given that Knudsen
295diffusion scales as the diameter squared,35 we expect a much
296more rapid and effective infiltration of the TMA into the

Figure 5. Porous alumina films grown by the infiltration of PS-b-P4VP polymers (10 cycles) without swelling in ethanol (a) and after swelling
for 1 h at different temperatures at 55 °C (b), 65 °C (c), and 75 °C (d). The refractive indices of alumina films obtained with no polymer
swelling and as different swelling regimes (e).
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297 solvent-treated PS-b-P4VP films compared to the untreated
298 films.
299 We immersed 80 nm-thick PS-b-P4VP films for 1 h in
300 ethanol at different temperatures. After drying the samples
301 under dry nitrogen for 10 min to remove excess ethanol, the
302 Al2O3 SIS was performed. We increased the number of SIS

f5 303 cycles to 10 in order to target thicker films. Figure 5a
304 demonstrates that Al2O3 SIS films prepared with 10 SIS cycles
305 are still porous but rather dense. The porosity of the film
306 estimated by ellipsometry is ∼40%, which is in a good

307agreement with SAXS data (Figure 4e). Figure 5b−d shows
308that swelling of the PS-b-4PVP template at different temper-
309atures increases the porosity of the Al2O3 films, resulting in
310substantially lower refractive indices (Figure 5e). More
311importantly, the polymer swelling also yielded thicker Al2O3
312SIS films. Figure 1 depicts the effect of swelling on the
313morphology of the final Al2O3 films. The Al2O3 films prepared
314using an untreated 80 nm-thick PS-b-P4VP template were only
315∼48 nm in thickness. However, swelling the 80 nm-thick PS-b-
316P4VP template films in ethanol at temperatures of 55, 65, and

Figure 6. Porous alumina films grown by the infiltration during 5 SIS cycles of spin-cast 400 nm-thick PS-b-P4VP polymer (75k-b-25k)
templated without swelling (a) and (b) after swelling at 75 °C for 1h.

Figure 7. Two cases of antireflective coatings with single wavelength minimized reflection (a,b) and wide range minimized reflection
deposited on the glass substrate (c,d). Figures (b) and (d) demonstrate the SEM images of porous Al2O3 coatings on silicon substrate
fabricated by solvent-assisted SIS technique using the same synthesis parameters that were used for deposition on a glass substrate. Porous
Al2O3 film deposited on glass with the use of PS-b-P4VP (75k-b-25k) precursor demonstrates minimized reflection for 785 nm light in
comparison to bare glass (a); a three-layer Al2O3 deposited on glass in sequence with the assistance of three different polymer films
demonstrates reduced reflection over the broad wavelength range of 400−1050 nm (c).
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317 75 °C yielded Al2O3 film thicknesses of 53, 75, and 105 nm,
318 respectively. We attribute this increase in thickness to the more
319 effective diffusion of TMA through the 10−50 nm void spaces
320 remaining after removing the PS component of the polymer
321 template films.
322 The refractive indices of the Al2O3 SIS films obtained at
323 different swelling temperatures were in the range between 1.17
324 and 1.14. These values are far below the lowest refractive index
325 known for bulk inorganic materials such as the widely used
326 MgF2 in the design of ARCs.36 The swelling property of the
327 BCP is essential for the deposition of ARCs since it allows for
328 tuning the thickness of the surface coating, which is critical for
329 achieving a low reflectivity in a specific, targeted spectral range.

f6 330 Figure 6 shows that swelling of a 400 nm-thick PS-b-P4VP film
331 in ethanol for 1 h at 75 °C leads to a 447 nm-thick porous
332 Al2O3 SIS film, while no swelling results in the thickness limited
333 by ∼48 nm value (Figure 6a).
334 With control established over both the refractive index and
335 thickness of the deposited films, we proceeded to explore the
336 SIS process to prepare ARC coatings. For a single-layer ARC,
337 light reflection will be minimized when the coating satisfies
338 certain criteria for its refractive index and thickness. The
339 refractive index of the antireflection coating (nf1) should be

=n n nf1 s air , where ns and nair are the refractive indices of the
340 substrate and air, respectively. The optimum thickness of the

341
ARC (df1) should be = λd

nf1 4
0

1
, where λ0 is the wavelength of

342 the light to be fully transmitted. For example, in order to
343 eliminate the reflection of 785 nm wavelength light at a glass
344 substrate with refractive index of 1.54, an 158 nm-thick ARC
345 with refractive index of 1.24 is required. We prepared such an
346 Al2O3 SIS coating by spin coating 80 nm-thick PS-b-P4VP and
347 swelling it at 75 °C, followed by 10 SIS cycles. The thickness of
348 this coating was 152 ± 8 nm, and the refractive index was 1.24.
349 Reflectivity measurements indicate that only 0.1% of the light is
350 reflected at ∼780 nm, while the uncoated glass substrate

f7 351 reflected ∼14% (Figure 7a). Figure 7a demonstrates that, in
352 fact, the deposited single-layer Al2O3 SIS coating lowered the
353 reflectivity in the entire 400−800 nm spectral range.
354 The main challenge for synthesis of ARCs that can eliminate
355 the Fresnel reflection over a broad spectral range is
356 unavailability of materials with very low refractive indices that
357 can closely match the refractive index of air. Light reflection is
358 minimized when the coating refractive index exhibits a
359 continuous gradient change along the thickness from the
360 value of the substrate material at the substrate/coating interface
361 down to the air refractive index at the coating/air inter-
362 face.37−39 The deposition of films with uniform gradient change
363 is challenging. Previous studies have demonstrated dramatic
364 reduction in the light reflection for a coating made of several
365 discrete layers with different constant refractive indices.7

366 Control over the refractive index in graded-index structures
367 of this nature minimized reflectivity over a broad spectral
368 range.7 Previous studies demonstrated that this goal can be
369 achieved by deposition of layers of certain materials with
370 controlled thickness and porosity by oblique-angle deposition.
371 However, even though oblique-angle deposition obtained a
372 record low refractive index of 1.05 for multilayers of TiO2 and
373 SiO2, it is challenging to use this method for larger scales.
374 We explored the potential of SIS to design graded-index
375 ARCs. To this end, we deposited three stacked layers of Al2O3
376 SIS films. Figure 7c shows the strategy we followed in terms of
377 parameters selected for each layer. In order to minimize the

378reflectivity of the glass surface in spectral range 400−1050 nm,
379a minimum of three layers with the following refractive indices
380and thicknesses are required: 1.54 and 50 nm (first layer); 1.4
381and 190 nm (second layer); and 1.1 and 200 nm (third layer).
382First layer was obtained by SIS using 80 nm-thick PS-b-PMMA
383and 10 SIS cycles. PS-b-P4VP templates of 80 nm and 10 and 5
384SIS cycles, respectively, were used to form the second and third
385layers. The first and second layers were annealed at 450 °C
386under air flow for 1 h to remove the polymer prior to spin-
387casting of the second and third layers of a polymer template,
388correspondingly.
389As evidenced from SEM imaging, the final film is porous and
390rather uniform (Figure 7d). Wavelength dependence of
391specular reflectivity demonstrated that the glass with three
392layers of Al2O3 SIS coating reflects between 0.4% and 0.1% of
393the light in the range of 400−1050 nm at normal incidence.
394Photographs of the uncoated glass and glass with single and
395multilayer coatings with optical characteristics are shown in
396 f8Figure 8. The blue background in the area covered by uncoated
397glass is darker as compared with the uncovered area, whereas
398there is no visually detectable difference in the color of the blue
399background in the areas uncovered and covered with glass
400substrates with single- and three-layered ARCs. In order to
401quantify this observation, we analyzed the color of the images
402shown in Figure 8a in the areas uncovered (n) and covered
403with glass substrates (n*). We compared the color histograms
404in the areas covered by coated glass within the neighboring
405uncovered areas. Figure 8b demonstrates that the significant
406shift toward the darker color is observed in the area covered by
407plain glass, while a minor shift and no change in color
408histogram are observed for one- and three-layer coatings,
409respectively. These data indicate better light transmittance and
410the absence of residual carbon in the thermally annealed films.
411Energy dispersive X-ray analysis confirms that no carbon
412remains in the thermally annealed samples (Figure S2). As
413shown in Figure 8c, transmittance increased from ∼92.5%
414(uncoated glass sample) to ∼96.5% in a narrow range around
415785 nm for the single-layer coated sample. In the case of three-
416layer films, the transmittance is improved to ∼95% in the whole
417visible light spectral range. Since the reflectance both in case of
418single-layer and gradient coatings was found to be <1%
419(Figures 7a and 7c), we attribute the losses in the transmittance
420in the coated samples to the light scattering at the larger
421features present in the Al2O3 (Figure 7b,d) formed as a result of
422polydispersity and/or homopolymer present in the original
423BCP template.
424Contact angle measurements demonstrated that the Al2O3
425SIS coatings rendered the glass surface more hydrophobic
426(Figure 8c). The contact angle of water droplet at the surface of
427uncoated glass was 32 ± 2°. Deposition of single-layer Al2O3
428SIS coating resulted in contacted angles of 42 ± 3°. Three-layer
429Al2O3 SIS coating demonstrated a contact angle of 57 ± 3°.
430This trend can be explained by increased porosity of the
431surface.

432CONCLUSIONS
433In conclusion, low refractive index coatings can be successfully
434obtained using gas-phase SIS. We have shown that the
435refractive indices of inorganic coatings can be efficiently
436tuned by the volume fraction of the SIS-binding block in the
437BCP and by the number of SIS cycles. The refractive index of
438Al2O3 can be lowered down to 1.1 by SIS. We have
439demonstrated that the thickness of the Al2O3 surface coating
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440 can be efficiently controlled by solvent swelling of the template,
441 which induces porosity in the BCP and, as a result, facilitates
442 rapid diffusion for the precursor molecules and complete
443 infiltration of the polymer film. Control over the thickness of
444 the SIS coating has enabled the deposition of both particular
445 spectral range and graded-index broadband ARCs. Fresnel
446 reflections have been shown to decrease down to 0.1% under
447 normal illumination over a broad spectral range. The deposition
448 of low refractive index coating by SIS is simple and robust.
449 Since porosity and thickness of the films can be efficiently
450 tuned in a broad range, solvent-assisted SIS does not require an
451 artificial increase of the refractive index of the low refractivity
452 substrate surface as is commonly accepted in the design of
453 broad band antireflective coatings. We believe that SIS can be
454 easily applied to a broad range of materials and can be

455considered as a cost-efficient alternative to the oblique-angle
456techniques currently used for deposition of broadband ARCs.

457METHODS AND EXPERIMENTAL DETAILS
458Materials. Two types of block copolymers used in the study,
459poly(styrene-block-4-vinylpyridine) (PS-b-P4VP) and polystyrene-
460block-poly(methyl methacrylate) (PS-b-PMMA) with different lengths
461of polar and nonpolar blocks (PS75k-b-PMMA25k, PS15k-b-PMMA65k,
462PS37k-b-PMMA37k, PS42k-b-PMMA16k) were purchased from Polymer
463Source, Inc. BCP films were prepared by spin coating from 2 and 6 wt
464% toluene solutions (to prepare the films of different thicknesses) onto
465clean silicon substrates with native silicon dioxide films and with ALD-
466deposited 5 nm alumina adhesion layers. Samples demonstrating
467antireflection properties were prepared on clean glass substrates. In the
468case of the glass samples, no adhesion layer was necessary for
469producing a uniform antireflective coatings. Cleaning of the substrates
470was performed as following: 20 min of sonication in acetone, followed
471by 20 min of sonication in isopropanol, followed by 30 min of UV
472ozone exposure. After BCP deposition, the samples were kept on a hot
473plate at 180 °C for 10 min to evaporate residual toluene and to induce
474microphase separation. The thicknesses of resulting polymer films
475varied from 70 ± 5 nm to 400 ± 12 nm for 2 and 6 wt % toluene
476solutions, respectively.
477Sequential infiltration synthesis reactants such as trimethyl
478aluminum (Al(CH3)3, TMA 96%) were purchased from Sigma-Aldrich
479and used as received. Deionized water was used in the deposition
480process.
481Polymer Swelling. Swelling of the polymer films to increase the
482film thickness and to introduce pores for rapid infiltration with metal
483oxide was performed by immersing the whole sample into pure
484ethanol, and the samples were kept at 55, 65, or 75 °C for 1 h. Upon
485completion, the samples were dried under nitrogen gas flow.
486Sequential Infiltration Synthesis. SIS was performed using
487GEMStar Thermal ALD system. The Al2O3 coatings were produced by
488infiltrating the polymer films using binary reactions of TMA/H2O.
489Exposure of BCP films to TMA vapor results in selective binding to
490polar groups in microphase separated polymer domains. Selectively
491bound Al-(CH3)2 reacts with water molecules in the subsequent SIS
492half-cycle. The SIS was performed at 90 °C (below the polymer glass
493transition temperatures) to avoid the flow of swelling-formed
494predefined polymer structures. All precursors were introduced into
495the reactor as room temperature vapors. Silicon or glass substrates
496with polymer films were loaded on a stainless steel tray and kept in a
497200 sccm nitrogen flow for at least 30 min prior to deposition. One
498cycle of SIS was performed as follows: 10 mTorr of the synthesis
499reactant precursor was admitted into the reactor for 400 s. After that,
500the excess of the reactant was evacuated and followed by admitting 10
501mTorr of H2O for 120 s; the chamber was then purged with 200 sccm
502of nitrogen to remove not-infiltrated byproducts. The cycle was
503repeated several times to grow films of different porosity.
504Thermal Annealing of the Polymers. Following SIS, the
505polymer component of the resulting film was removed by baking
506the samples in a Thermo Fisher Scientific tube furnace at 450 °C for 1
507h while flowing oxygen gas at 50 sccm. Upon cooling, near-complete
508removal of carbon was confirmed with energy dispersive X-ray
509spectroscopy analysis of the film.
510Characterization. Scanning electron microscopy (SEM) images
511were obtained using a FEI Nova 600 Nanolab dual-beam microscope
512with EDX capabilities. Spectroscopic ellipsometry (Horiba Uvisel
513Ellipsometer) was used to evaluate the film thickness and porosity.
514Specular reflectivity of the samples prepared on a glass substrate was
515measured with a Filmetrics f40 thin-film analyzer. SAXS and GISAXS
516data were collected at beamline 12-ID-B at Advanced Photon Source
517(APS). The transmittance of the samples was characterized using UV−
518vis spectrophotometer Cary-50. A 14 keV X-ray beam was exposed to
519thin-film samples using both transmission and grazing incidence
520reflection modes for SAXS and GISAXS measurements, respectively.
521The scattering data are collected with a Pilatus 2 M detector located

Figure 8. Photograph of uncoated glass and glass with single-layer
and graded index ARCs (a). Color histograms (b) obtained for the
selected areas of the blue background denoted in (a) as n and n*.
(c) Transmittance spectra of glass and glass samples coated with
single- and gradient three-layers aluminum oxide. (d) Photographs
demonstrating the contact angle of water droplet at the surface of
plain glass and glass with single-layer and graded index ARCs.
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522 about 2 m away from samples. The contact angle measurements were
523 conducted using a Krüss DSA100 drop shape analyzer.
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528 SEM image demonstrating the rupture of aluminum
529 oxide films during oxygen plasma-assisted polymer
530 removal. EDS analysis on Al2O3 film obtained by
531 thermally annealing of SIS sample (PDF)
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