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In the fabrication of crystalline silicon-based solar cells, silicon surface is usually texturised by wet anisotropic etchant without using any
masking pattern. This method provides randomly oriented upright pyramids (or hillocks) of varying sizes. However, a surface textured
with inverted pyramids yields high efficiency compared with the one textured with normal pyramids. Silicon dioxide thin films
synthesised using anodic oxidation technique at room temperature are explored as etch mask in KOH solutions to texturise the Si{100}
surface with inverted pyramids without patterning of the oxide layer using lithography. Oxide films of ∼50 nm thickness are synthesised
in different compositions of the electrolyte under potentiodynamic regime. Thickness uniformity and refractive index of the as-grown
oxide films are measured using spectroscopic ellipsometry. Scanning electron microscope is primarily used to inspect the etched surface
morphology. The composition of the electrolyte, KOH concentration and etching time are optimised for the maximum surface coverage of
inverted pyramids. The surface texturing process demonstrated is very simple and economic as it utilises anodic silicon dioxide as an etch
mask, which is deposited by a simple experimental setup and the process does not involve any lithography step.

1. Introduction: The efficiency of solar cells can be improved by
several methods [1–4]. The surface texturing is one of the common
practices in silicon-based solar cells for reducing light reflectance
to improve their efficiency. It is achieved by different techniques
such as plasma etching, chemical etching and so on [4, 5], but wet
chemical anisotropic etching using alkaline solutions (e.g. KOH,
TMAH etc.) is a popular method because of its low cost and
simple experimental setup [6–9]. These etchants are commonly
used in silicon micromachining for microelectromechanical system
(MEMS) fabrication [10, 11]. The texturing of silicon surface is
realised by forming either random upright pyramids or inverted
pyramids. The surface textured with inverted pyramids yields high
efficiency compared with the surface textured with normal
pyramids [4, 12–14]. The inverted pyramids are fabricated using
selective wet anisotropic etching by patterning of mask layer using
the lithographic technique [12, 13]. The involvement of the
lithography step adds extra cost in the surface texturing process. If
wet anisotropic etching of silicon is employed using the porous
mask layer (e.g. low-density oxide layer), it will yield a textured
surface with randomly oriented inverted pyramids. However
low-density oxide can be deposited using conventional
techniques such as plasma-enhanced chemical vapour deposition,
anodic oxidation method is an attractive alternative as it has
distinctive advantages over conventional deposition methods such
as simple experimental set-up, inexpensive, easy control over
oxide growth, no requirement of toxic. Moreover, oxide properties
can easily be tailored by varying the electrolyte composition
and/or the deposition parameters (e.g. current, gap between
electrodes etc.).

In our previous paper, we explored as-grown anodic SiO2 thin
films for different applications [10, 15]. In this Letter, as-grown
SiO2 thin films are thoroughly investigated for the texturing of Si
{100} surface with inverted pyramids without using any lithograph-
ic process. The effect of electrolyte composition, KOH concentra-
tion and etching time on the surface texturing of Si{100} is
studied in detail. Oxide films are synthesised in different electrolyte
compositions at room temperature. Wet anisotropic etching is per-
formed in KOH solution for the formation of inverted pyramids
using as-grown oxide film as an etch mask.

2. Experimental details: Czochralski (Cz) grown 3 in diameter
P-type boron-doped (resistivity 1–10 Ω cm) {100} oriented
single-sided polished silicon wafers are used for the deposition of
SiO2 thin films using anodic oxidation technique at room
temperature. To obtain the ohmic contact on one side of the
wafer, aluminium is deposited on the rough surface side using the
DC sputtering system. A two-electrode electrochemical set-up is
used for oxide deposition. A customarily designed wafer holder is
used to provide a metal contact on its backside (i.e. the side with
the aluminium layer). In the wafer holder, 2.4 in diameter area of
the wafer surface is exposed to the electrolyte in the oxidation
process. In the experimental set-up, silicon wafer is fixed as the
anode and the platinum gauge mesh (90% Pt, 10% Ir) as the
cathode. The electrodes are separated by a fixed distance of 1.5
cm. Anodic oxidation is carried out in a solution of 0.04 M
KNO3 in ethylene glycol with a small addition of water (2.7 or
3.7 vol%). The pH of the solution is maintained at 4. The oxide
films are deposited under the potentiodynamic regime. In this
process, initial oxide is grown in galvanostatic mode at a constant
current density of 8 mA/cm2 until the forming voltage attains the
predetermined voltage of 110 V. Thereafter, the process is
continued in constant voltage (i.e. potentiostatic) mode at 110 V
for 15 min. Prior to the anodic oxidation process, silicon wafers
are cleaned sequentially in acetone and deionised (DI) water for
5 min using ultrasonic cleaning method. Afterwards, wafers are
dipped in 2% hydrofluoric acid (HF) followed by a thorough
rinse in DI water. This step is attempted to remove native oxide.
After the deposition of oxide layer by anodic oxidation, wafers
are properly cleaned in DI water to get rid of the adsorbed glycol
solvents. Ellipsometry (J.A. Woolam, model: M-2000D) is used
to determine the thickness and the refractive index of as-grown
oxide films.

To investigate the effect of KOH concentration on the surface
texture of Si{100} surface using the as-grown oxide as an etch
mask, etching is performed in KOH solution of different concentra-
tions (2.5, 5, 10, 15 and 35 wt%) at 60°C. To determine the optimal
etching time for maximum surface coverage of inverted pyramids, a
number of samples are etched under the same condition and col-
lected one by one at 1 min interval till the oxide layer is etched
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out completely. All etching experiments are performed in a contain-
er made of Teflon and equipped with a reflux condenser to prevent
evaporation of the etchant solution (or to avoid concentration
change) during the etching process. The vessel filled with the
etchant is inserted into a constant temperature bath. Each time, 1 l
fresh KOH solution of desired concentration is used. The samples
are held in a chip holder made of Perfluoroalkoxy (PFA), which
can accommodate a number of samples at a time. No mechanical
stirring of the etching solution is provided during etching. The scan-
ning electron microscope (SEM) is used to examine the surface
morphology of the etched samples.

3. Results and discussion

3.1. Growth characteristics: The concentration of H2O in the
electrolyte is a key parameter that influences the oxide growth,
density (or porosity) and morphology of the oxide films [16, 17].
In this Letter, oxide films are synthesised in 2.7 and 3.7 vol%
H2O-added electrolytes. To study the effect of H2O concentration
on oxide growth behaviour, the cell voltage during oxide growth
is recorded at 1 min intervals until the forming voltage reaches
the predetermined voltage of 110 V. This voltage value is chosen
to produce oxide films of ∼50 nm thickness [18, 19].
Fig. 1 presents a graph showing the relationship between the oxi-

dation time and forming voltage for the films grown in the electro-
lyte containing 2.7 and 3.7 vol% H2O. It can be observed from the
figure that the voltage increases continuously with time until the
forming voltage reaches the predetermined value (i.e. 110 V) in
order to maintain a constant current density as the film grows
with time [20]. Moreover, it can be noted that the oxide growth
rate is not significantly affected by a small percentage increase in
the H2O concentration since the time required to attain the predeter-
mined voltage (i.e. 110 V) is almost same in different concentra-
tions of water-added electrolytes.

3.2. Thickness and refractive index: Variable angle spectroscopic
ellipsometry is used to measure the thickness and refractive index
of the as-grown oxide films.
The measurements are performed at 65°, 70° and 75° incidence

angles. In electrolytes of different compositions (i.e. 2.7 and 3.7
vol% H2O-added electrolytes), oxide thicknesses are measured to
be 53 ± 0.5 nm. To determine the thickness uniformity on 3 in
wafer, oxide thicknesses are measured at different locations as
shown in Fig. 2. The variation in oxide thickness is <6 Å which
manifests a high degree of thickness uniformity.
Refractive index of the as-grown oxide films measured using

ellipsometry at 632.8 nm is presented in Table 1. It can be noted
that the refractive index of the as-grown oxides is decreasing with
an increase in H2O concentration in the electrolyte. The decrease
in refractive index is due to the increase in O2 concentration incor-
porated into the oxide or increase in film porosity as the H2O

concentration increases in the electrolyte [21, 22]. However, the re-
fractive index of the as-grown oxides is greater than the thermally
grown SiO2 films (1.46) [23]. This could be due to the higher con-
centration of silicon (or oxygen deficiency) in the as-grown oxide
films [24].

3.3. Surface texturing of Si{100}: The main objective of this Letter
is the surface texturisation of Si{100} with inverted pyramids using
as-grown anodic SiO2 film as an etch mask. To optimise the
deposition and etching conditions for achieving better surface
coverage of inverted pyramids, the effect of electrolyte
composition, KOH concentration and etching time is investigated.
These are discussed in the following subsections.

3.4. Effect of oxide composition: To optimise the electrolyte
composition for improved coverage of inverted pyramids, silicon
samples with the as-grown oxide film deposited under different
electrolyte compositions are etched in 5 wt% KOH solution at
60°C. Etched surface morphologies are examined using the SEM.

Fig. 1 Cell voltage versus oxidation time for different electrolyte
compositions

Fig. 2 Oxide thickness at different locations on 3 in wafer for the film
deposited in 3.7 vol% H2O-added electrolyte

Table 1 Refractive index of oxide films developed in two different
electrolyte compositions

Regime: potentiodynamic, pH = 4

H2O concentration Refractive index (n)

2.7 1.482
3.7 1.480

Fig. 3 Surface morphology of the samples etched in 5 wt% KOH at 60°C for
28 min using SiO2 films deposited in H2O-added electrolytes as an etch
mask
a 2.7 vol%
b 3.7 vol%
The SEM images have been taken after removal of the oxide layer
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The etched surface morphologies of the {100} silicon samples on
which oxide films are grown in 2.7 and 3.7 vol% H2O-added
electrolytes used as an etch mask are presented in Figs. 3a and b,
respectively.

It can easily be observed from the figures that the density of the
inverted pyramids is more for the oxide film synthesised in 3.7 vol
% H2O-added electrolyte compared with the film developed in 2.7
vol% H2O-added electrolyte. The density of pyramids can directly
be correlated with the number of pin holes generated in the oxide
during oxide deposition and/or during the etching processes in
KOH solution. Since the oxide grown in 3.7 vol% H2O-added elec-
trolyte provides a higher density of inverted pyramids (better cover-
age), further study is focused on the oxide films deposited in this
electrolyte composition.

3.5. Effect of KOH concentration: To elucidate the effect of KOH
concentration on the size and density of inverted pyramids,
etching is carried out in a wide range of KOH solutions (2.5, 5,
10, 15 and 35 wt%) at 60°C using the oxide grown in 3.7 vol%
H2O-added electrolyte as an etch mask. In all cases, etching is
continued till the surface is covered with the maximum number
of inverted pyramids. To optimise the etching time in each KOH
concentration for maximum coverage of inverted pyramids, large
number of samples are etched under the same etching condition
for different periods of time, ranging from 1 to 45 min. Samples
are collected one by one at 1 min intervals until the oxide layer is
completely etched out. The maximum coverage of inverted
pyramids is observed before all etch pits coalesces (or before the
oxide layer is completely etched out). Thus, the optimal etch time
for various KOH concentrations is the time corresponding to the

maximum coverage of inverted pyramids. A detailed description
of the effect of etching time is elaborated in the next section.

Figs. 4a–e present the surface morphologies of the samples
etched in different concentrations of KOH solution at 60°C. From
the figure, it can be observed that the variation in the density of pyr-
amids with KOH concentration is not significant; however, the pit
size decreases with an increase of KOH concentration. Similarly
the optimised etching time for maximum coverage of inverted pyr-
amids decreases with KOH concentration. It is well known that the
oxide etch rate increases with KOH concentration [25]. In wet an-
isotropic etching, inverted pyramids form due to the existence of
pinholes in the oxide layer and/or their generation during the
etching process. The size of the inverted pyramids depends on
the time for which the silicon surface through pinholes is exposed
to the etchant. As the oxide etch rate increases with KOH concen-
tration, the silicon surface through the pinholes is exposed for less
time and therefore results in smaller sized pyramids.

Fig. 4 Surface morphology of Si{100} etched in various concentrations of
KOH solutions at 60°C for different time periods using the oxide layer
deposited in 3.7 vol% H2O-added electrolyte as an etch mask
a 2.5 wt% KOH, 39 min
b 5 wt% KOH, 28 min
c 10 wt% KOH, 20 min
d 15 wt% KOH, 17 min
e 35 wt% KOH, 6 min
The SEM images are taken after removing the oxide layer

Table 2 Size of the inverted pyramids for the samples etched in different
concentrations of KOH at 60°C

Concentration of KOH, wt% Size of the inverted pyramids

Width, μm Depth, μm

2.5 ∼2.5–1.25 ∼1.76–0.88
5 ∼1.42–0.83 ∼1.0–0.59
10 ∼1.33–0.76 ∼0.94–0.54
15 ∼0.98–0.58 ∼0.69–0.41
35 ∼0.53–0.34 ∼0.37–0.24

Fig. 5 Surface morphology of etched Si{100} after the masking layer (SiO2)
is completely etched in different concentrations of KOH solutions at 60°C
a 2.5 wt% KOH, 40 min
b 5 wt% KOH, 30 min
c 10 wt% KOH, 21 min
d 15 wt% KOH, 19 min
e 35 wt% KOH, 7 min
In all cases, oxide films are deposited in 3.7 vol% H2O-added electrolyte
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It can be noted from the SEMmicrographs that the shape and size
of the inverted pyramids are not identical. Moreover they are ran-
domly distributed. This is due to the fact that the pinholes generate
randomly during the oxide growth and during anisotropic etching
processes. The etch depth (d ) of the inverted pyramids can be cal-
culated using the trigonometric relation d = 0.707 ×w, where w is
the width (or smaller side) of the inverted pyramid and can easily
be estimated from the SEM images. The range of pyramids’ size
(width and depth) for the samples etched in different concentrations
of KOH at 60°C is presented in Table 2. It is apparent from Table 2
and Fig. 4 that the large-sized inverted pyramids develop in low-
concentration KOH solutions (or low oxide etch rate etchant) and
the size decreases with an increase in KOH concentration (i.e.
high oxide etch rate etchant).
Figs. 5a–e present the etched surface morphologies of silicon in

different concentrations of KOH solutions after the SiO2 film (i.e.
masking layer) is completely etched out. It is evident from the
SEM images that the inverted pyramids have disappeared (or the
surface with inverted pyramids has transformed to the surface
with rounded pits) when the oxide layer is completely etched out.
It happens due to the fact that the silicon surface is directly
exposed to the etchant after the removal of oxide film during the
etching process. The etched silicon surface morphology depends
on the concentration of KOH concentration and the time for
which the silicon surface is exposed to the etchant after oxide
etching. The equilibrium between the oxidation rate of silicon
and desorption of byproducts during the etching of bare silicon in
high-concentration KOH leads to a better etched surface morph-
ology [25, 26].

3.6. Effect of etching time: To investigate the etched surface
morphology of silicon with time, etching experiments are carried
out in 5 wt% KOH. Various samples with the as-grown oxide

layer synthesised in 3.7 vol% H2O-added electrolyte are etched
under the same etching condition, but each sample is removed
from the etchant after a different etching time. Fig. 6 shows the
surface morphologies before and after etching for different
periods of etching time. Fig. 6a reveals that the oxide surface is
smooth and uniform. Figs. 6b–e present the sequence of the
formation of inverted pyramids and their annihilation at the point
when the oxide layer is etched out completely. As etching
proceeds, the size of the pyramids increases due to the exposure
of silicon to the etchant through the pinholes in the oxide film.
Initially the number of pinholes increases with time, but after a
certain time of etching, the pinholes (or adjacent pyramids) start
merging with each other which results in the annihilation of
pyramids. As soon as the oxide layer is etched out, the silicon
surface is directly exposed to the anisotropic etchant. Therefore,
the surface with inverted pyramids changes to the surface with
rounded pits as shown in Fig. 6e. It can be concluded here that
the maximum coverage of inverted pyramids occurs before
complete removal of oxide layer. Low-concentration KOH is
preferable for a better surface coverage of the large-sized inverted
pyramids.

It may be emphasised here that the main objective of this Letter is
to study the surface texturisation of Si{100} with inverted pyramids
using anodic SiO2 as an etch mask. The measurement of UV reflect-
ance spectra is important to determine the surface morphology with
high absorbance (or low reflectance); however, it is beyond the
scope of this Letter and hence not attempted.

4. Conclusions: In summary, we have established a simple and
cost-effective technique to texturise the Si{100} surface with
inverted pyramids without using lithography. The as-grown oxide
layer deposited at room temperature using an anodic oxidation
method is successfully demonstrated as an etch mask in KOH
solution for surface texturing without using lithography. The
films deposited in 3.7 vol% H2O-added electrolyte at 110 V
provide a better coverage of inverted pyramids. In the case of the
etchant, low-concentration KOH solution is an optimal choice to
achieve improved surface coverage of large-sized inverted
pyramids. However, there is a scope for future research to
improve the surface coverage and the size of inverted pyramids
by varying the electrolyte composition, oxide growth parameters,
etching temperature, etchant and its concentration. The present
technique of surface texturisation with inverted pyramids requires
neither lithography nor great consumption of silicon. Moreover,
the oxide films are deposited using the low-cost experimental
set-up. Considering these major advantages, the method
demonstrated in this Letter can be adopted for surface
texturisation of c-Si in order to reduce the front surface light
reflectance for improving the efficiency of silicon-based solar cells.

5. Acknowledgment: This work was supported by a research grant
from the Council of Scientific and Industrial Research (CSIR, Ref:
03(1320)/14/EMR-II), New Delhi, India.

6 References

[1] Kung C.Y., Liu J.C., Chen Y.H., ET AL.: ‘Improved photovoltaic
characteristics of amorphous Si thin-film solar cells containing nanos-
tructure silver conductors fabricated using a non-vacuum process’,
Micro Nano Lett., 2014, 9, pp. 757–760

[2] Weber K.J., Blakers A.W., Stocks M.J., ET AL.: ‘A novel low-cost,
high-efficiency micromachined silicon solar cell’, IEEE Electron
Device Lett., 2004, 25, (1), pp. 37–39

[3] Azzouzi G., Tazibt W.: ‘Improving silicon solar cell efficiency by
using the impurity photovoltaic effect’, Energy Procedia, 2013, 41,
pp. 40–49

[4] Morenon M., Daineka D., Roca i Cabarrocas P.: ‘Plasma texturing for
silicon solar cells: from pyramids to inverted pyramids-like struc-
tures’, Sol. Energy Mater. Sol. Cells, 2010, 94, pp. 733–737

Fig. 6 Surface morphology of the samples etched in 5 wt% KOH at 60°C
using the oxide grown in 3.7 vol% H2O-added electrolyte as the etch mask
a 0 min
b 9 min
c 19 min
d 28 min
e 30 min

Micro & Nano Letters, 2016, Vol. 11, Iss. 1, pp. 62–66

doi: 10.1049/mnl.2015.0333

65

& The Institution of Engineering and Technology 2016



[5] Sridharan S.N., Bhat N., Bhat K.N.: ‘Silicon surface texturing with a
combination of potassium hydroxide and tetra-methyl ammonium hy-
droxide etching’, Appl. Phys. Lett., 2013, 102, 4 pp, 021604

[6] Xi Z., Yang D., Que D.: ‘Texturization of monocrystalline silicon
with tribasic sodium phosphate’, Sol. Energy Mater. Sol. Cells,
2003, 77, pp. 255–263

[7] Munoz D., Carreras P., Escarre J., ET AL.: ‘Optimization of KOH
etching process to obtain textured substrates suitable for hetero junc-
tion solar cells fabricated by HWCVD’, Thin Solid Films, 2009, 517,
pp. 3578–3580

[8] Kim J., Inns D., Fogel K., ET AL.: ‘Surface texturing of single-
crystalline silicon solar cells using low density SiO2 films as an aniso-
tropic etch mask’, Sol. Energy Mater. Sol. Cells, 2010, 94, pp.
2091–2093

[9] Iencinella D., Centurioni E., Rizzoli R., ET AL.: ‘An optimized textur-
ing process for silicon solar cell substrates using TMAH’, Sol. Energy
Mater. Sol. Cells, 2005, 87, pp. 725–732

[10] Ashok A., Pal P.: ‘Investigation of anodic silicon dioxide thin films
for MEMS applications’, Micro Nano Lett., 2014, 9, pp. 830–834

[11] Tang B., Sato K., Zhang D., ET AL.: ‘Fast Si (100) etching with a
smooth surface near the boiling temperature in surfactant-modified
tetramethylammonium hydroxide solutions’, Micro Nano Lett.,
2014, 9, (9), pp. 582–584

[12] You J.S., Kim D., Huh J.Y., ET AL.: ‘Experiments on anisotropic
etching of Si in TMAH’, Sol. Energy Mater. Sol. Cells., 2001, 66,
pp. 37–44

[13] Fan Y., Han P., Liang P., ET AL.: ‘Differences in etching characteristics
of TMAH and KOH on preparing inverted pyramids for silicon solar
cells’, Appl. Surf. Sci., 2013, 264, pp. 761–766

[14] Green M.A., Zhao J., Wang A., ET AL.: ‘Very high efficiency silicon
solar cells – science and technology’, IEEE Trans. Electron
Devices, 1999, 46, (10), pp. 1940–1947

[15] Ashok A., Pal P.: ‘Room temperature synthesis of silicon dioxide thin
films for MEMS and silicon surface texturing’. Proc. 28th IEEE Int.
Conf. on Micro Electro Mechanical Systems (MEMS), Estoril,
Portugal, 18–22 January, 2015, pp. 385–388

[16] Mende G., Flietner H., Deutscher M.: ‘Optimization of anodic silicon
dioxide films for low temperature passivation of silicon surfaces’,
J. Electrochem. Soc., 1993, 140, pp. 188–194

[17] Schmidt P.F., Owen A.E.: ‘Anodic oxide films for device fabrication
in silicon, I. The controlled incorporation of phosphorus into anodic
oxide films on silicon’, J. Electrochem. Soc., 1964, 116, (6),
pp. 682–688

[18] Ashok A., Pal P.: ‘Growth and etch rate study of low temperature
anodic silicon dioxide thin films’, Sci. World J., 2014, (2014),
9 pp, 106029

[19] Baranov I.L., Tabulina L.V., Stanovaya L.S., ET AL.: ‘Synthesis of
anodic silicon oxide films in water-organic solutions containing
orthophosphoric acid’, Russ. J. Electrochem., 2006, 42, (4), pp.
320–325

[20] Schrnidt P.F., Michel W.: ‘Anodic formation of oxide films on
silicon’, J. Electrochem. Soc., 1957, 104, pp. 230–236

[21] Ceiler M.F.Jr., Kohl P.A., Bidstrup S.A.: ‘Plasma-enhanced chemical
vapor deposition of silicon dioxide deposited at low temperatures’,
J. Electrochem. Soc., 1995, 142, pp. 2067–2071

[22] Joshi B.N., Mahajan A.M.: ‘Growth and characterization of porous
SiO2 thin films for interlayer dielectrics applications in ULSI’,
Optoelectron. Adv. Mater., 2007, 1, pp. 659–662

[23] Pliskin W.A.: ‘Refractive index dispersion of dielectric films used in
the semiconductor industry’, J. Electrochem. Soc.: Solid-State Sci.

Technol., 1987, 134, pp. 2819–2826
[24] Lin C.F., Tseng W.T., Feng M.S.: ‘Formation and characteristics of

silicon nanocrystals in plasma-enhanced chemical vapor-deposited
silicon-rich oxide’, J. Appl. Phys., 2000, 87, (6), pp. 2808–2815

[25] Seidel H., Csepregi L., Heuberger A., ET AL.: ‘Anisotropic etching of
crystalline silicon in alkaline solutions I: orientation dependence and
behavior of passivation layers’, J. Electrochem. Soc., 1990, 137, pp.
3612–3626

[26] Zubel I., Kramkowska M.: ‘The effect of isopropyl alcohol on etching
rate and roughness of (100) Si surface etched in KOH and TMAH
solutions’, Sens. Actuators A, 2001, 93, pp. 138–147

66

& The Institution of Engineering and Technology 2016

Micro & Nano Letters, 2016, Vol. 11, Iss. 1, pp. 62–66

doi: 10.1049/mnl.2015.0333


	1 Introduction
	2 Experimental details
	3 Results and discussion
	4 Conclusions
	5 Acknowledgment

