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Abstract: Aluminum induced texturing (AIT) is an effective method to enhance light 
trapping in thin film solar cells through texturing the surface of the glass substrate. The 
topography of the textured glass is closely related to the processes that occur at the Al/glass 
interface during thermal annealing, which is commonly carried out at temperatures above 
500 °C. The annealing temperature significantly influences the redox reaction between Al and 
SiO2, and thus the resultant surface texture. In this study, the effect of annealing temperature 
on the AIT process is investigated in order to elucidate on the evolution of the metallic Al 
over-layer into the final Al2O3 – c-Si mixture. The structural and compositional changes at the 
Al/glass interface are compared for samples annealed at varying temperatures. The influence 
of annealing temperature on the final morphology of the glass surface is also discussed, along 
with its optical transmittance. 
© 2017 Optical Society of America 

OCIS codes: (240.6648) Surface dynamics; (160.2120) Elements; (160.5140) Photoconductive materials; (240.6700) 
Surfaces. 
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1. Introduction 

The ability to control the surface texturing of glass offers several advantages in enhancing the 
light trapping for various solar cell technologies including conventional Si wafer solar 
modules (texturing the packaging glass [1,2]) as well as various thin film approaches 
(texturing the substrate/superstrate [3,4]). Light trapping is especially important for thin film 
solar cells, where minimal absorber material usage (i.e., thickness) is necessary to achieve 
cost-competitiveness. Thin film solar cells are often produced by growing functional layers 
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(contacts, absorber, buffer layer, ARC, etc.) sequentially onto glass [5–7]. Therefore, 
texturing of the glass surface prior to the deposition of the solar cell components promises a 
low cost and effective method for increasing the efficiency of capturing light. Modifying the 
glass surface can help increase the fraction of diffused light inside the absorber layer, 
resulting in an increase in the optical path length [8]. Since the texturing is achieved at the 
beginning of the process flow, it does not add any complication (thermal load, chemical 
contamination, etc.) to the subsequent steps. Several techniques for glass texturing have been 
proposed, such as sandblasting [9], dry etching [10], wet etching [11] and aluminum induced 
texturing (AIT) [12]. Among these, AIT is of particular interest due to its minimal damage on 
the bulk of the glass and precise texture control [12]. In AIT, a thin aluminum film is used as 
a sacrificial layer to produce nano- and micro-sized craters on the surface of glass [12,13]. 
The process is chiefly governed by the random redox reaction between Al and SiO2 as shown 
below [14]. 

 2 2 34 3 2 3Al SiO Al O Si+ → +  (1) 

The redox reaction is induced by annealing the Al-coated glass at temperatures above  
500 °C. Annealing temperature 500 and 620 °C have been reported [3,15–20]. According to 
Huang et. al. [13], at the beginning of the annealing process, Al2O3 nodules are formed and 
grow inside of the glass, while Si dissolves into the surrounding Al and forms Si clusters. 
After annealing process, the reaction products are chemically etched, leaving behind a bare, 
textured glass surface. Since the final surface morphology of glass is directly influenced by 
the redox reaction, a better understanding of the thermodynamic processes that occur during 
annealing would lead to improved control of the optical properties of glass. One such attempt 
is presented in this study, which investigates the effect of annealing temperature on the 
Al/glass interface and the final surface texture. As discussed below, two separate mechanisms 
through which the redox reaction occurs are observed, depending on the annealing 
temperature. 

2. Experimental 

AIT experiments were carried out on 10 mm x 10 mm clear soda-lime float glass (Türkiye 
Şişe ve Cam Fabrikaları A.Ş) with a thickness of 4 mm for annealing experiments. Softening 
point of the glass is 727 °C. Prior to Al coating, all samples were cleaned by a chemical 
detergent in ultrasonic bath at 50 °C followed by DI rinse. Following the surface cleaning, 
150nm of Al was deposited via thermal evaporation at a base pressure of 3 x 10−5 torr and an 
average deposition rate of 2 nm/sec. For optical measurements, the glass was cut into 30 mm 
x 30 mm samples. 

Annealing runs were carried out in a classical tube furnace (10 cm diameter) under 4 slm 
N2 flow (preliminary annealing experiments under air revealed the formation of micron-scale, 
blister-like features, which diminished the effectiveness of texturing). As listed in Table 1, 
samples were labelled according to their respective annealing temperature (in °C) and 
duration (in min.), such that sample 550_105 was annealed at 550 °C for 105 min. Following 
the annealing step, the samples were etched for 1 hour using a NaOH:H2O2:H2O mixture with 
a ratio of 1:2:6. A bare glass and an Al coated glass sample (no annealing) were prepared as 
reference for the optical measurements, and were labelled as Ref1 and Ref2, respectively (the 
Al layer on Ref2 was removed via the identical chemical etching method as the rest of the 
sample set). 
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Table 1. List of samples used in the AIT experiments. The number before the underscore designates the 
annealing temperature in °C, and the one after denotes the annealing duration in minutes 

550 °C 575 °C 600 °C 

550_005 550_015 550_060  575_015 575_030 600_005 600_010 600_011 

550_090 550_105 550_120  575_045 575_060 600_012 600_013 600_020 

550_150 550_180 550_300  575_075 575_090 600_030 600_040 600_050 

550_600 550_1020   575_105  600_060   

 
Structural, morphological, and optical characterization of the samples were made before 

and after etching. The morphology and the elemental distribution of the annealed film was 
investigated by an optical microscope (Nade metallurgical microscope - NMM-800TRF) and 
a QUANTA 400F field emission scanning electron microscope (FE-SEM) coupled with an 
Ametek EDAX energy dispersive X-ray spectroscope (EDX). The structural and 
compositional evolution of the over-layer was studied by Raman spectroscope (Horiba 800 
Jobin Yvon). Selected EDX images were processed using Adobe Photoshop CC 2015. After 
texturing of samples, optical measurements were conducted with an 8-inch, 5-port integrating 
sphere (Oriel 70679NS), angle resolved scattering system and topographical characterization 
with SEM (Zeiss EVO HD) and atomic force microscope (Veeco diMultiMode V) using a 
ATEC-NC-20 tip in tapping mode. 2D FFT images were obtained from AFM data using 
image analyses software Gwydion version 2.44. 

3. Results 

3.1 Annealing experiments 

The optical micrographs (OM) and corresponding Raman spectra obtained from samples 
annealed at 550 °C for 90 and 120 min (550_090 and 550_120, respectively) are given in Fig. 
1(a) through Fig. 1(f). The OM of the 550_090 sample shows a high contrast Al background 
darker, micrometer sized spots dispersed on the surface. In addition, agglomerate-like features 
with low contrast can be observed, as seen in the center of the higher magnification image 
given in Fig. 1(b) (taken by the built-in optical microscope of the Raman spectroscope). The 
laser beam of the tool was focused on the agglomerate-like feature, and Raman spectra was 
obtained [Fig. 1(c)]. The Raman peak near 521 cm−1 is distinguishable, which corresponds to 
crystalline Si. Accordingly, it appears that nucleation of the reduced Si has already begun at 
90 min, and the dark features are Si precipitates. The optical images for the 550_120 sample 
[Fig. 1(d) and Fig. 1(e)] show that the precipitates further grow into dendritic structures with 
a distinct crystalline Si Raman peak, as shown in Fig. 1(f). To investigate on the 
compositional distribution of the annealed samples, EDX mapping was carried out for silicon, 
oxygen and aluminum. 
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Fig. 1. (a) OM of 550_090, (b) image from built-in optical microscope of Raman spectroscope 
of 550_090, (c) Raman spectra of 550_090, (d) OM of 550_120, (e) image from built-in 
optical microscope of Raman spectroscope of 550_120, (f) Raman spectra of 550_120. 

Figure 2(a) and Fig. 2(b) shows EDX maps taken from samples 550_120 and 550_300, 
along with their respective secondary electron (SE) images. The brightness of the color is 
proportional to the signal intensity obtained from its respective element. A distinct 
compositional separation is noticeable on the 550_120 sample, where the dendritic Si islands 
are enclosed by a mixture of Al and O [Fig. 2(a)]. In the near-vicinity of the Si dendrites Al 
signal is particularly bright, whereas the O map reveals very low contrast. The high contrast 
Al regions are considered to be metallic Al, while the surrounding area is aluminum oxide. In 
Fig. 2(b), EDX map of Si, O and Al for 550_300 is given with corresponding SEM image. In 
this sample, Si dendrites appear to have grown into a more equiaxed morphology and no 
metallic Al is present near them. 

 

Fig. 2. EDX mapping for (a) 550_120, (b) 550_300, (c) 575_105 and (d) 600_060. Secondary 
electron image (top left) and maps of Si (top right), O (bottom left) and Al (bottom right). 
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Fig. 3. Optical images of annealed samples with varying durations at a temperature of a) 550 
°C, b) 575 °C, c) 600 °C. All images are obtained using reflected light. 

The evolution of the surface morphology during 550 °C annealing can be monitored by 
the optical micrographs taken from samples annealed for varying times, as shown in Fig. 3(a). 
The dendritic Si crystals reach their final structure between 120 and 180 min. of annealing, 
and further annealing up to 300 min. does not produce a significant effect. For the 550_120 
sample, the dendritic structures yield low contrast, while for longer annealing times, they 
appear bright and the surrounding area have a brownish color. This discrepancy is likely due 
to the reduction in the amount of reflected light from the oxidized Al background, which 
results in the change in the relative contrast between the dendrites and the background. When 
the micrographs of the 550 °C annealed samples are compared to those of 575 °C [Fig. 3(b)] 
and 600 °C [Fig. 3(c)], a drastic difference in the morphology of the surface feature can be 
seen. At 575 °C and 600 °C annealing, circular features are visible instead of Si dendrites at 
the early stages of annealing. Upon further annealing, these structures coalesce into 
unidirectional, “peanut-shell” shaped features (we will refer to these features as “peanuts” for 
the rest of the text). These features appear smaller for the samples annealed at 600 °C 
compared to those annealed at 575 °C. Figure 3 also shows that the necessary annealing time 
to complete the reaction reduced significantly with increasing annealing temperature. 

Figure 2(c) and Fig. 2(d) lists the SE images and EDX maps (Si, O, Al) for samples 
annealed at 575 and 600 °C, respectively. The annealing durations were chosen to ensure that 
the process reached completion (i.e., all of the Al has been oxidized) for each sample. It is 
noticeable that the peanut-like structures formed at 575 and 600 °C are not compositionally 
uniform; Si-rich regions are located at the periphery, and a high concentration of Al and O is 
detectable inside of these features. The separation is particularly distinguishable for the 
sample annealed at 600 °C [Fig. 2(d)]. 

3.2 Etched glass surfaces 

Following the annealing runs, the samples were chemically etched by an alkaline solution to 
remove the reactions products, and the texture of the bare glass samples were investigated via 
SEM. Figure 4 shows micrographs with varying magnification and viewing angles, taken 
from samples representing different stages of annealing at 550 °C. At 90 min. depressions 
(“craters”) up to 2 µm diameter are distributed on the flat glass surface [Fig. 4(a)]. After  
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120 min. of annealing, the crater density have increased significantly, while flat areas can still 
be detected, as shown in Fig. 4(b). The craters coalesced into larger groups, forming a foam-
like network on the surface. At the end of 300 min. [Fig. 4(c)] the surface is completely 
textured. The flat zones observed for sample 550_120 appear to be textured in 550_300, albeit 
with a smaller crater size compared to their surroundings. 

 

Fig. 4. SEM images of samples after etching. (a) 550_090, (b) 550_120, (c) 550_300,  
(d) 600_010, (e) 600_030, and (f) 600_060. Left column shows low magnification image, 
middle high magnification image, and right column tilted view for each temperature. 

 

Fig. 5. AFM images of sample 550_300. (a) 2D image with 40 µm x 40 µm scan area (b) 3D 
image with 40 µm x 40 µm scan area, (c) 2D image with 10 µm x 10 µm scan area of the place 
indicated as “1” in the image with 40 µm2 scan area (d) 2D image with 10 µm x 10 µm scan 
area of the place indicated as “2” in the image with 40 µm2 scan area, (e) 3D image of “1” 
with 10 µm x 10 µm scan area and (f) 3D image of “2” with 10 µm x 10 µm scan area. 
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The bare glass surfaces from the samples annealed at 575 °C and 600 °C were quite 
similar to each other, therefore, only the SEM images of the latter is presented. Figure 4(d) 
shows secondary electron micrographs obtained from the sample annealed at 600 °C for 10 
min. Craters with a diameter of 1 µm or less can be seen randomly distributed on the glass 
surface. At 30 min of annealing, the surface is fully covered with craters, a pattern can be 
seen due to the contrast difference in the plan view images [Fig. 4(e)]. The pattern resembles 
the peanut-like shapes shown Fig. 2(d). The 75° tilted view reveals that the observed contrast 
in the plan view images is due to a height difference between adjacent regions. After 60 min. 
of annealing, the peanut-like features appear larger, and the height difference is more 
pronounced [Fig. 4(f)]. It can also be noted that the craters on these features appear to be 
smaller than those on the surrounding areas. 

Figure 5 shows 2D and 3D AFM images of 550_300 with 40 µm x 40 µm and 10 µm x 10 
µm scan areas. The surface roughness (σrms) for measurement with 40 µm2 scan area is 325 
nm [Fig. 5(a)]. In both 2D and 3D AFM image of 550_300, Fig. 5(a) and Fig. 5(b), there are 
relatively flat areas on the surface. Highly textured area is numbered with “1” while relatively 
flat area numbered with “2”. When 10 µm x 10 µm images taken from these two areas are 
compared it can be seen that in area “1” there are deep craters (with diameter approximately 2 
µm) and the surface roughness is 300 nm as given in Fig. 5(c). On the other hand, in the area 
“2” at Fig. 5(d), there are a few deep craters which are predominantly made up of shallow 
craters with the surface roughness, 192 nm as given in Fig. 5(d). The difference between these 
two areas can be seen clearly in 3D AFM images given in Fig. 5(e) and Fig. 5(f). 

 

Fig. 6. AFM images of 600_060. (a) 2D image with 40 µm x 40 µm scan area (b) 3D image 
with 40 µm x 40 µm scan area, (c) 2D image with 10 µm x 10 µm scan area of the place 
indicated as “1” in the image with 40 µm2 scan area (d) 2D image with 10 µm x 10 µm scan 
area of the place indicated as “2” in the image with 40 µm2 scan area, (e) 3D image of “1” 
with 10 µm x 10 µm scan area and (f) 3D image of “2” with 10 µm x 10 µm scan area. 
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On the other hand, in Fig. 6, 2D and 3D AFM images of 600_060 with 40 µm x 40 µm 
and 10 µm x 10 µm scan areas are given. The surface roughness (σrms) for measurement with 
40 µm2 scan area [Fig. 6(a)] is 124 nm. The peanut-like features observed by other imaging 
techniques above can also be seen in the wide area scans [Fig. 6(a) and Fig. 6(b)]. These areas 
are elevated from the surface by approximately 500 nm. When the surface of this elevated 
area is investigated [Fig. 6(c)], it is seen that the surface craters have diameter smaller than 
500 nm resulting in a local roughness of 72 nm. However, on the surrounding area [Fig. 6(d)], 
the craters are larger (>700 nm) and the surface roughness is considerably higher (134 nm). 
The difference between two surface can be compared in Fig. 6(e) and Fig. 6(f) with 3D 
images. 

3.3 Optical measurements 

To compare the optical properties of the textured samples annealed at different temperatures, 
total transmittance and haze (ratio of the diffused transmittance to total transmittance) 
measurements were carried out. The light was sent through the textured side and the 
integrated sphere was placed behind, facing the flat side of the sample. All samples were 
“fully annealed”, i.e., further annealing did not produce a change in the surface morphology 
(since temperature uniformities were observed for the 30 mm x 30 mm sample annealed at 
550°C, the annealing duration was chosen as 600 min to ensure the process was completed 
across the sample surface). The % transmittance values distributed between wavelengths of 
350 nm and 1100 nm were similar for all AIT samples as well as samples Ref1 and Ref2, as 
shown in Fig. 7(a). Transmittance of the 550_600 sample appeared several percentage points 
(pp) higher than the rest of the samples. The haze values from representative AIT and 
reference samples are given in Fig. 7(b). As expected, diffused transmittance for the non-
textured Ref1 and Ref2 is negligible, while considerable haze was observed for the AIT 
samples at all wavelengths measured. Among these, the 550_600 sample showed significantly 
more haze than its 575 and 600 °C counterparts (between 20 to 40 pp, depending on the 
wavelength of the incoming light). 

 

Fig. 7. (a) Transmittance and (b) haze of samples annealed at different temperatures and 
durations with 2 reference sample. 

4. Discussion 

4.1 Structural and chemical evolution of the over-layer 

The observations from the annealing experiments at different temperatures are presented in 
the above section. Several commonalities exist amongst all temperatures examined. At the 
onset of annealing, micron-scale Al2O3 nodules are distributed on the surface (Fig. 3, leftmost 
column), which, after chemical etching, manifest themselves as craters with several µm 
diameters (Fig. 4, top row). As the annealing continues, distinct features appear on the 
surface, consisting (at least partially) of crystalline Si [Fig. 1(a) through Fig. 1(f)]. The 
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process continues until no available metallic Al is present at the glass surface. These 
observations are well in accord with the AIT model presented by Huang et. al. [13]. 

However, the morphology of the Si-rich regions show considerable variation based on 
annealing temperature, and indicates a fundamental difference in the crystallization of Si. 
Whereas the Si crystals grow into a distinctly dendritic shape at 550 °C [Fig. 2(a)], they form 
as a layer around the edges of Al-oxide structures at and above 575 °C [Fig. 2(c) and Fig. 
2(d)]. In an attempt to explain this apparent discrepancy, we make two assumptions to 
simplify the materials system: 

(1) Glass is assumed to be composed solely of SiO2, while the effect of other components 
(alkali oxides, etc.) is ignored. 

(2) We consider SiO2 and Al2O3 to be chemically inert and neglect the effect of oxygen 
(considering the minute solubility of O in Al and Si at the temperatures of concern 
[21,22]). 

The problem can then be reduced to an isothermal Al-Si system where the composition of 
Si with respect to Al is increasing with time (as the redox reaction progresses). As such, we 
can refer to the Al-Si phase diagram (Fig. 8) and discuss the possible crystallization 
mechanisms for the low temperature (550 °C) and high temperature (600 °C) processes 
separately. 

 

Fig. 8. Al-Si phase diagram with sketches illustrating the evolution of the film and interface 
morphology. Phase regions are defined as (A) α-Al (<1.3% Si), (B) α-Al + Si, (C) Liquid Al 
(~11-14% Si), (D) α-Al (<1.3% Si) + Liquid Al (~11% Si) and (E) Liquid Al (~14% Si) + Si 
(~100% Si). 

At the beginning of annealing the system consists solely of Al. As the reaction ensues, the 
chemically reduced Si dissolves in Al and its composition w.r.t. Al increases rapidly, as 
indicated by the blue (550 °C) and green (600 °C) arrows in Fig. 8. At 550 °C, as the 
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concentration of Si exceeds the solubility limit (approximately 1.1%) nucleation occurs, 
forming Si crystallites within the solid Al matrix. The location of the available Al is dictated 
by the network of Al2O3 particles at this stage. At this stage, the process resembles the 
nucleation and growth mechanisms observed for Al induced crystallization, where the Al-
grain boundaries and Al-oxide surface act as preferential nucleation sites for Si [23–29]. 
Originally closer to a circular shape [Fig. 1(a) and Fig. 1(b)], the crystallites respond to local 
fluctuations of Si concentration in the surrounding Al and grow into a dendritic form [30] 
[Fig. 1(d) and Fig. 1(e)]. As the Al2O3 growth compete with that of the Si dendrites for lateral 
space, the expansion of the latter is restricted within the available Al. This can easily be seen 
by comparing Fig. 9(a) and Fig. 9(b), where the EDX maps presented in Fig. 2(a) and Fig. 
2(b) are overlaid to show the composition near the Si dendrites for samples annealed at 550 
°C for 120 and 300 min., respectively. At 120 min. regions rich in Al (i.e., poor in oxygen) 
are visible, particularly in between the “branches” of the Si-dendrites, while the background 
is predominantly of Al2O3 [Fig. 9(a)]. As the growth is confined into the Al, the Si crystals 
become more compact in shape, while the effective radii (approximately 50 µm) does not 
change appreciably at 300 min. of annealing [Fig. 9(b)]. Our explanation of the processes that 
occur at 550 °C is based on the work published by Huang et. al., which investigated the AIT 
process at 570 °C and observed the formation of dendritic Si [13], very similar to those shown 
in the present study. 

Fig. 9. Overlaid Si, Al, and O EDX maps of (a) 550_120 and (b) 550_300. The green arrows 
indicate the direction that Si dendrites are allowed to grow, while the red lines suggest where 
growth is restricted. 

The annealing process at 600 °C commences similarly to that at 550 °C: The Si produced 
in the redox reaction is dissolved in Al (“#1”, as labelled in Fig. 8), forming a solid solution, 
until the concentration of Si in Al exceeds the solubility limit (#2, approximately 1.3%). 
Beyond this point (#3), addition of Si into the system results in the formation of a liquid Al-Si 
phase (with a Si concentration of approximately 11.0%) within the saturated Al solid phase 
(Si concentration of approximately 1.3%). The fraction of the liquid phase increases as Si is 
introduced (and Al is removed) until the system is fully liquid at an overall Si concentration 
of 11.0% (#4). The system stays as a single liquid phase (#5), until the Si concentration 
reaches ~14.0% (#6), after which the nucleation of Si is initiated (#7). The Si precipitates 
continue to grow until there is no available Al left to sustain the redox reaction at the glass 
surface. Using this model, we can then explain the structural formation of crystal Si as 
follows: At #2, Si saturated Al phase is present, wherein Al2O3 particles are dispersed 
randomly. Upon the formation of the liquid phase, the rate of redox reaction at the 
liquid/glass interface increases drastically due to enhanced transport mechanism. This results 
in a positive feedback loop where the increase in the amount of liquid phase increases the 
production of Si, and vice versa. This cascading reaction kinetics is apparent in OM images 
presented in Fig. 10, where a sudden change in morphology between 11 minutes and 12 
minutes of annealing can be seen. The Si concentration rapidly reaches past #6, and 
precipitation begins. The Al2O3 surface acts as a highly preferential nucleation site for Si, 
which wraps around the Al2O3 regions to form the structures seen in Fig. 2(b). A similar 
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phenomenon where Si segregation on Al2O3 was observed for the cooling of eutectic Al-Si 
mixture in a previous study [31]. 

 

Fig. 10. Optical microscope images of (a) 600_011, (b) 600_012 and (c) 600_013. 

4.2 Texturing mechanism and the effect of annealing temperature 

As understood from the present study as well as those carried out previously [13], the 
fundamental texturing mechanism of AIT formation of Al2O3 particles and their expansion 
into the glass, which manifest themselves as micro-craters on the glass surface after chemical 
etching of the over-layer. On the other hand, the simultaneous production of elemental Si 
results in processes that affect the crater formation depending on the temperature at which the 
annealing is carried out. 

As the precipitates grow, they act as a diffusion barrier between Al and glass, hindering 
the redox reaction. This is apparent in Fig. 11(a) and Fig. 11(b), where the Si-EDX map from 
the Al over-layer of the 550_120 sample (prior to chemical etching) is compared to the SE 
micrograph of the same sample after etching as well as in AFM images in Fig. 5. Relatively 
flat regions with shapes that resemble the Si dendrites are clearly visible on the etched glass. 
The lateral size of the flat zones appear to be smaller compared that of the Si dendrites, 
possibly indicating that the growth of Si extends onto the Al2O3 particles during the later 
stages of annealing. 

A more complex phenomenon is observed at 600 °C, which is well above the Al-Si 
eutectic temperature, 577 °C [32–36]. The increase in the Si concentration in Al promotes the 
formation of a liquid phase. Where the liquid phase is in contact with the glass, the rate of the 
redox reaction is significantly enhanced, therefore, a more rigorous etching pattern is 
expected. In Fig. 11(c) and Fig. 11(d), it is seen that the shape of peanut-like structures seen 
during annealing are imprinted on the glass surface as distinct regions following the chemical 
etching of the over-layer. These regions have a lower crater-size distribution and appear to be 
elevated by 500 nm compared to their surroundings [Fig. 4(f), Fig. 6(a) and Fig. 6(b)]. The 
peanut-like structures were formed during the initial phase of annealing, while the Al was 
solid, and were subsequently enclosed by Si upon its precipitation. As such, the glass under 
these regions were kept from interacting with liquid Al, thus have a lighter etch pattern. 

It is worthwhile to mention that the AIT experiments carried out at 575 °C and 600 °C 
appear very similar, indicating the formation of a liquid Al-Si phase in both cases. 
Considering that the eutectic temperature of the pure Al-Si system is 577 °C, texturing at 575 
°C would be expected to occur in solid phase only, similar to 550 °C. This is likely an 
indication that the additional elements introduced through the glass (Na, Mg etc.) resulted in a 
decrease in the eutectic temperature of the system, as suggested by previous studies that 
reveal such a modification of the Al-Si system [34,36,37]. 
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Fig. 11. Comparison of EDX map of Si with textured surface. (a) EDX map of Si belongs to 
550_120, (b) SEM image of 550_120 after etching. (c) EDX map of Si belongs to 600_060 and 
(d) SEM image of 600_060 after etching process. Plateaus are circled with red dashes. 

4.3 Optical measurements 

Optical measurements given in Fig. 7(a) and Fig. 7 (b) show that the diffused transmittance in 
sample annealed at 550 °C is greatly enhanced compared to its counterparts annealed at 
higher temperatures. The haze is approximately 20 pp higher at low wavelengths (near 400 
nm) for the former, and the difference reaches up to 40 pp at higher wavelengths (near 1100 
nm). This significant difference in haze can be correlated to the difference in surface texture 
of samples annealed only in solid phase (i.e., at 550 °C) and those experienced the formation 
of a liquid phase (at 575 and 600 °C). As explained in the previous section the overall surface 
texture is relatively uniform for samples annealed at 550 °C, whereas two distinct regions 
with different texture characteristics are observed at higher annealing temperatures 
(depending on whether the redox reaction between Al and SiO2 occurred at the solid/solid or 
the liquid/solid interface). In order to elucidate the texture periodicity of samples annealed at 
different temperatures, 2D Fast Fourier Transform (2D FFT) images are created using 
representative AFM images of samples annealed at 550 and 600 °C, as shown in Fig. 12. For 
both cases, the highest intensity is seen at the center of the map, which corresponds to 
scattering events associated with lowest spatial frequencies, thus transmission is almost 
entirely specular. The scattering events with higher frequencies (i.e., diffused scattering) are 
represented with a higher k-vector, thus are further away from the center [38]. It can easily be 
seen that as at higher k-vectors the brightness of the sample 550_300 is significantly greater 
to that of the sample 600_060, suggesting a higher haze value over a wide range of 
frequencies. 
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Fig. 12. Comparison of surfaces by Fast Fourier Transform (FFT) of 40 µm x 40 µm AFM 
images; (a) AFM image of 550_300, (b) AFM image of 600_060, (c) 2D FFT of AFM 
image of 550_300 and (d) 2D FFT of AFM image of 600_060.

5. Conclusion

An in-depth study was carried out on the mechanisms that affect aluminum induced texturing 
of soda-lime glass. It was observed that the final texture is closely related to the redox 
reaction products and the phases in which the process occurs. As such, the annealing 
temperature plays a crucial role by governing the dissolution of the reduced Si in Al and its 
subsequent precipitation. Most favorable surface texture was obtained below the Al-Si 
eutectic temperature, where the redox reaction occurred in solid phase only, leading to a 
controlled texturing process with uniform distribution of micro-craters. 
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