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Polycrystalline Si (poly-Si) films formed by flash lamp annealing of precursor a-Si 

films on glass substrates have periodic surface roughness spontaneously formed through 

crystallization, which effectively acts to decrease optical reflection.  The surface 

roughness initially decreases, and then reversely increases with increase in the duration 

of wet etching, performed to modulate the surface morphology and to reduce optical 

reflectance.  This curious phenomenon can be understood as the selective removal of 

surface projections, which contain a number of voids, and as different etching rates of 

large-grain and fine-grain regions.  The antireflection effect is enhanced not by the 

variation of the surface roughness, but rather by the removal of the voids near the 

surface.  The etched poly-Si films covered with antireflection films show remarkably 

low average reflectance of 3% without any complicated texturing processes, which will 

lead to the fabrication of high-efficiency solar cells by a simple process. 
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1. Introduction 

Crystalline Si (c-Si) solar cells, formed using bulk c-Si wafers, are most widely 

used because of their mature fabrication processes and long-term stable operation.  The 

quantity of Si used in the fabrication of c-Si solar cells is, however, still large, in spite of 

diligent efforts to eliminate kerf loss during slicing and to cut ingots as thin as possible 

[1,2].  From the viewpoint of Si usage, thin-film Si solar cells, fabricated using Si 

films such as amorphous Si (a-Si) and microcrystalline Si (µc-Si) deposited by chemical 

vapor deposition (CVD), are of great advantage.  One of the most serious problems of 

Si thin-film solar cells is relatively low conversion efficiency, because of low carrier 

mobility and the resultant short carrier diffusion length.  To provide both the 

advantages of long carrier lifetime in c-Si and efficient Si usage, polycrystalline Si 

(poly-Si) films with high crystalline fraction have attracted attention as next-generation 

solar cell material [3-6].  Thin-film poly-Si solar cells with more than 10% conversion 

efficiency have been demonstrated, indicating high feasibility of this concept [3].  

However, most approaches for poly-Si formation require a high-temperature process, at 

600 °C or more, negating the possibility of using conventional, cost-effective soda lime 

glass substrates with glass transition temperature of less than 600 °C.  Non-thermal 

equilibrium treatment will therefore be a key technology to heat precursor a-Si films up 

to a sufficiently high temperature for crystallization, while avoiding thermal damage to 

glass substrates. 

Flash lamp annealing (FLA) is a millisecond-order annealing technique [7-9], and 

thus can realize crystallization of a-Si films more than 1 µm thick without any serious 

peeling of Si films on quartz and soda lime glass substrates, when Cr adhesion films are 

inserted between Si and glass [10,11].  We have also fabricated solar cells using 
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poly-Si films formed on glass substrates, and we have demonstrated actual diode and 

solar cell operation [12], meaning that the poly-Si films formed by FLA on glass 

substrates can be a candidate for a material utilized in the next-generation thin-film 

poly-Si solar cells.  Effective antireflection structures must be introduced in the solar 

cell structure for the further improvement of the solar cell properties.  Poly-Si films 

formed by FLA on glass substrates with reactive-ion-etching-textured surfaces, aimed at 

improvement of optical confinement, however, show worse minority carrier lifetime 

than those formed on flat substrates, probably due to voids existing inside the poly-Si as 

well as in the vicinity of the Si/Cr interface [13].  We therefore need to fabricate 

antireflection structures on the surface of the poly-Si films formed on flat substrates.  

Fortunately, there exist grating-like periodic structures on poly-Si surfaces, which are 

spontaneously formed through crystallization by FLA as a result of lateral explosive 

crystallization [14,15].  These characteristic structures act to reduce optical reflectance 

to some extent, and further enhancement of antireflection will be realized by modulating 

these surface structures. 

In this paper, we investigate the variation of surface morphology of 

flash-lamp-crystallized poly-Si films induced by conventional wet chemical etching, 

and the variations in their optical reflectance.  The surface roughness shows 

complicated variations with changes in etching time.  These variations are strongly 

related to the characteristic microstructure of the poly-Si films.  Optical reflectance of 

the poly-Si films drastically decreases after slight wet etching, and decreases even more 

after antireflection film formation, resulting in average reflectance of as low as 3%. 

 

2. Experimental details 
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Cr films 60-200 nm thick were first formed by sputtering on quartz glass substrates 

20×20 mm
2
 in size.  We confirmed no significant change in the microstructure of the 

crystallized Si films due to variations of Cr film thickness.  Precursor a-Si films 4.5 

µm thick were then deposited on the Cr-coated substrates by catalytic CVD (Cat-CVD), 

often called hot-wire CVD.  The Cat-CVD can yield a-Si films with hydrogen content 

of as low as 3%, preventing peeling of the Si films during FLA even without a prior 

dehydrogenation process [16].  The deposition of a-Si films was performed using SiH4 

and H2 with flow rates of 50 and 10 sccm, respectively, at a substrate temperature of 

320 °C with a deposition rate of approximately 100 nm/min.  Further detailed 

deposition conditions are summarized elsewhere [17].  Flash lamp light was supplied 

from a Xe lamp array with a sufficient areal homogeneity over a 20×20 mm
2
 sample 

area.  Flash lamp light has a broad spectrum mainly in a visible range, whose typical 

spectrum can be seen elsewhere [18].  FLA was performed under a fixed pulse 

duration of 5 ms, whereas its irradiance was optimized to maximize the crystallization 

area around 20 J/cm
2
.  Only one shot of flash irradiation was supplied for each sample.  

No additional heating was performed during FLA. 

The poly-Si films were chemically etched by conventional mixed acid in the 

proportion HF (50%) : HNO3 (70%) = 1:49 for a duration of up to 60 s at room 

temperature.  Indium tin oxide (ITO) films 100 nm thick were formed by sputtering on 

some of the etched poly-Si films to form an antireflection coating.  The etching rate of 

the poly-Si films with the mixed acid is approximately 30 nm/s.  The microstructures 

of etched poly-Si films were characterized by atomic force microscopy (AFM) (Veeco 

Instruments Inc., Nanoscope III) with tapping mode using a cantilever whose thickness, 

length, and width are 4, 125, and 30 µm, respectively, and transmission electron 
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microscopy (TEM) operated at a acceleration voltage of 200 kV.  The surface 

root-mean-square (RMS) roughness of the poly-Si films was estimated from 10×10 

µm
2
-area AFM images.  The spectral reflectance of wet-etched poly-Si films was 

measured with a spectrophotometer (SHIMAZU Co. Ltd., UV-3150) equipped with an 

integrating sphere. 

 

3. Results and discussion 

Figure 1 shows the surface AFM images of the poly-Si films before and after wet 

etching of various durations.  The 1-µm-spaced grating-like periodic structures can be 

clearly seen in the image of the poly-Si film before etching.  The RMS roughness is as 

high as approximately 120 nm, as has been already reported [14].  As the etching 

progresses, the surface morphology of the poly-Si films changes drastically, while 

maintaining the original stripe patterns.  Figure 2 shows the RMS roughness of the 

poly-Si surface as a function of etching time.  Interestingly, the roughness first 

decreases with etching time, and then reversely increases and finally exceeds the initial 

RMS roughness, in spite of using the etchant conventionally used for mirror etching of 

Si.  This phenomenon is strongly related to the microstructure of the 

flash-lamp-crystallized poly-Si films.  Figure 3 shows the cross-sectional TEM image 

of a flash-lamp-crystallized poly-Si film.  The periodic surface roughness can be seen 

on the surface, along with a large number of voids just below the surface projections.  

There also exist periodic structures consisting of two different grain-size regions inside 

the poly-Si film.  One is the large-grain region, containing relatively large grains more 

than 100 µm in size, which is connected to the surface projections.  The other is the 

fine-grain region, consisting only of 10-nm size small grains, linked to the flat regions 
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of the surface.  The fact of the existence of 10-nm-size fine grains is consistent with 

the line width of the Raman c-Si peak of 7-9 cm
-1

 shown previously [7,8].  The 

mechanism of the formation of these characteristic periodic microstructures has been 

discussed elsewhere in detail [15], and we concentrate our attention here in this paper 

on the variations of the surface morphology and of their optical reflectance.  Based on 

the characteristic microstructures, the seemingly complicated variations of surface 

roughness with the etching process can be fully understood as follows.  Figure 4 shows 

the schematics of the structural variations of the poly-Si films due to wet etching.  In 

the initial stage, the projecting regions, containing a large number of voids, will be 

etched more rapidly, resulting in decreased surface roughness.  However, in the second 

stage, that is, after the removal of the surface voids, the fine-grain regions are etched 

faster than the large-grain regions, because of the existence of more grain boundaries.  

This phenomenon increases the surface roughness.  This explanation is supported by 

the cross-sectional TEM image of the poly-Si film after 60-s etching shown in Fig. 5.  

The periodic surface structure has been kept, and the large-grain regions are still 

projecting, even after removal of 1.8-µm-thick poly-Si from the surface. 

Figure 6 shows the optical reflectance spectra of the poly-Si films after wet etching 

of durations up to 60 s, along with the spectrum of a mirror-polished 

flash-lamp-crystallized poly-Si film for comparison.  Note that the mirror-polished 

poly-Si film has higher reflectance than the unpolished ones, which clearly indicates 

that surface roughness effectively acts to decrease surface optical reflectance.  With 

increased etching time, optical reflectance decreases in the whole visible range.  The 

variations of the average optical reflectance as a function of etching time are 

summarized in Fig. 7.  The RMS roughness of the poly-Si films, already shown in Fig. 
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2, is again plotted for comparison with the reflectance variation.  Optical reflectance in 

general decreases with increased surface roughness, which is not the case with the 

flash-lamp-crystallized poly-Si films, for the two reasons that reflectance decreases with 

decrease in RMS roughness, and that reflectance plateaus even after increase in the 

roughness.  These phenomena can be understood as follows.  Some of voids, existing 

near the surface, would act to increase optical reflection, since they can reflect some 

incident photons due to the different refractive indices of air and c-Si if the voids have a 

dimension larger than or similar to the wavelength of incident light.  Besides that, we 

should consider the possibility of antireflection due to the formation of a subwavelength 

structure (SWS) [19].  The surface structures might act as SWS due to their periodicity 

and dimension, and the reflection of incident light could be dominated by the variation 

of average refractive index from the top to the bottom of the surface structure.  Surface 

voids contribute to reduction in the average refractive index of the projecting region, 

resulting in its reflective index closer to air.  The removal of voids by etching would 

lead to more gradual variation of refractive index from air to c-Si and the resultant 

suppression of optical reflection.  On the basis of these considerations, the initial drop 

in optical reflectance, shown in Fig. 7, is probably not related to the variations of 

surface roughness, but caused by the removal of the surface voids.  This effect will 

continue until the surface void-containing regions are completely etched off.  The 

etching time of 15 s, required to minimize average reflectance, corresponds to an 

etching thickness of approximately 450 nm, which roughly equals the depth of voids, as 

shown in Fig. 3.  The least RMS roughness (approximately 50 nm) shown in Fig. 2, 

realized after 15-s etching, corresponds to more than 100 nm height from the bottom to 

the top of the projections, which seems to be large enough for sufficient antireflection.  
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With sufficiently high projections, most incoming photons between the projections will 

be absorbed, and only the photons colliding with the tops of the projections will be 

reflected. 

Finally, we discuss the benefits of the spontaneously-formed roughness structures, 

and of the resulting antireflection effects.  Figure 8 shows the reflectance spectra of the 

poly-Si films before and after formation of an ITO antireflection film on the poly-Si 

films etched for 60 s, along with the spectra of the as-crystallized poly-Si films without 

and with ITO film coating for comparison.  Optical reflectance of the etched poly-Si 

film significantly decreases after ITO film formation, resulting in an average reflectance 

of as low as 3%.  The ITO films are necessary for the front electrodes of the final solar 

cell structure, and hence, the solar cells fabricated using etched poly-Si films actually 

have such low reflectance.  Since the surface void-containing regions are etched off, a 

doped layer must be formed on top of the structured surface after the wet etching 

process, for instance, by some deposition techniques.  Although the fabrication process 

of solar cells becomes complicated, the solar cell performance can be improved in the 

post-deposition process, because surface passivation layers, such as thin intrinsic a-Si 

layers, can be inserted between the etched poly-Si films and doping layers [20].  Low 

RMS roughness is probably better for good surface coverage with post-deposited 

doping layers and with ITO films [21].  The fact that the poly-Si films with the lowest 

RMS roughness also have the lowest reflectance is therefore quite favorable to realizing 

high-efficiency solar cells.  The periodic surface structures provide another advantage 

when the poly-Si films are used as the bottom layer of tandem solar cells.  The top 

layers are deposited on the rough poly-Si films, which will significantly enhance optical 

confinement in the top layers.  Recently, purposely formed grating structures on glass 
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substrates have been used to demonstrate enhancement of light trapping through 

changing the grating period and height [22].  Since such grating structures are 

spontaneously formed on flash-lamp-crystallized poly-Si films without any complicated 

processes, additional light-trapping effects are expected both in the poly-Si layers and in 

the top layers. 

 

4. Conclusions 

We demonstrate drastic reduction of optical reflectance in flash-lamp-crystallized 

poly-Si films by conventional wet chemical etching.  The surface roughness shows 

curious changes with etching time, which can be fully understood by considering the 

characteristic microstructures of the poly-Si films, which consist of void-containing 

projections and of two different grain-size regions.  Optical reflectance suddenly 

decreases, and then, plateaus with increase in etching time, indicating that reflectance is 

reduced by the removal of a large number of voids near the surface.  By combining 

reflection-suppressing etching and the ITO antireflection film coating, the average 

optical reflectance of the poly-Si films can be decreased down to as low as 3% without 

any complicated processes, which will contribute to improvement in solar cell 

performance. 
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Figure captions 

 

Fig. 1  AFM images of the flash-lamp-crystallized poly-Si surfaces with an area of 

10×10 µm
2
 after (a) 0-, (b) 15-, and (c) 60-s etching. 

 

Fig. 2  RMS roughness of the flash-lamp-crystallized poly-Si films as a function of 

etching time. 

 

Fig. 3  Cross-sectional TEM image of the flash-lamp-crystallized poly-Si film.  Solid 

and dashed arrows indicate “Large-grain region” and “Fine-grain region”, respectively.  

Surface periodic projections are also seen on top of the large-grain regions. 

 

Fig. 4  Schematic diagrams showing the mechanisms of roughness variations of the 

poly-Si surface due to wet etching. 

 

Fig. 5  Cross-sectional TEM image of the 60-s etched poly-Si film.  Dashed squares 

indicate large-grain regions. 

 

Fig. 6  Optical reflectance spectra of the poly-Si films after wet etching of various 

durations up to 60 s.  The spectrum of the mirror-polished poly-Si film is also plotted 

for comparison. 
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Fig. 7  Average optical reflectance of the poly-Si films as a function of etching time.  

The variation of the RMS roughness is also shown, to emphasize its relation to optical 

reflectance. 

 

Fig. 8  Optical reflectance spectra of the poly-Si films before and after ITO 

antireflection film formation.  The spectra of the as-crystallized poly-Si films without 

and with ITO film coating are also shown for comparison. 
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Figure 1  K. Ohdaira et al., 
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Figure 2  K. Ohdaira et al., 
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Figure 3  K. Ohdaira et al., 
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Figure 4  K. Ohdaira et al., 
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Figure 5  K. Ohdaira et al., 
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Figure 6  K. Ohdaira et al., 

 

 

60

50

40

30

20

10

0

R
e

fl
e

c
ta

n
c

e
 (

%
)

800700600500400300

Wavelength (nm)

Mirror-polished

FLA’ed poly-Si film

0 s

5 s

10 s
15 s

60 s



23 

 

 

 

 

 

 

35

30

25

20

15

10

5

0

A
v

e
ra

g
e

 R
e

fl
e

c
ta

n
c

e
 (

%
)

6050403020100

Etching time (s)

200

150

100

50
R

M
S

 r
o

u
g

h
n

e
s

s
 (

n
m

)

 

 

Figure 7  K. Ohdaira et al., 
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Figure 8  K. Ohdaira et al., 

 

 

 

 

 

 

 


