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Motivated by the need for obtaining low reflectivity silicon surfaces, we report on (sub-) micro-

texturing of silicon using a high throughput fabrication process involving SF6/O2 reactive ion

etching at cryogenic temperatures, leading to Black Silicon (BS). The corresponding high aspect

ratio conical spikes of the microstructured surface give rise to multiple reflections and hence,

enhanced absorption under electromagnetic radiation. Aiming a better understanding of this

mechanism, we performed a systematic study by varying several plasma process parameters:

O2/SF6 gas flow rate ratio, silicon temperature, bias voltage, and etching time. We determined the

process window which leads to BS formation and we studied the influence of the process

parameters on the surface morphology of the obtained BS samples, through analysis of scanning

electron microscopy images. The measured optical reflectance of BS is in the order of 1% in the

visible and near infrared ranges (400–950 nm). We noticed that the lowest reflectance is obtained

close to the threshold parameters of BS formation. Absorptance spectral response of BS is

measured from 1.3 to 17 lm, and we observed a great enhancement of absorptance up to

about 75% compared to flat silicon. We also obtained through these experiments, a clear

evidence of a correlation between the excellent optical properties and the aspect ratio of the

BS conical microstructures in the measured wavelength ranges. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4805024]

I. INTRODUCTION

Silicon is a widely used semiconductor for the fabrica-

tion of optoelectronic devices thanks to the developed proc-

essing facilities of silicon microtechnology. However, flat

silicon surfaces have high natural reflectance of around

30%–40%, also strongly depending on the wavelength range.

For this reason, different solutions to reduce the reflection

losses caused by the light specular reflection on the polished

silicon were considered. Usually, an anti-reflection transpar-

ent layer such as ZnO, TiOx, SiOx, or SiNx with quarter

wavelength thicknesses is used.1–3 However, the reduction

of the reflection of these layers is effective only over a lim-

ited spectral range. Another way of reducing reflection is sur-

face texturing, which is one of the most effective techniques

to reduce silicon reflectance surface over wide band. It is a

light trapping scheme within the silicon structure, which

eventually reduces the effective reflectance, due to multiple

reflections of the incident light (Fig. 1) and, therefore, to a

more efficient light absorption in the silicon volume. The

(sub-)micro textured silicon surface can be formed in various

shapes (spikes, “penguin-like” structures, columns, and pyra-

mids) and results in a black surface to the naked eye, hence

the name “black silicon” (BS). BS is now recognized as an

antireflective layer both in visible and infrared ranges;4–6

hence, it attracted attention for numerous applications,

including solar cells,7–10 improved IR photodetector,11,12

and photothermal conversion.13 On the other hand, other re-

markable surface properties of BS led to various applications

such as biomedical devices,14 thermoelectric harvesters,15

superhydrophobic coatings,16,17 and silicon-based lumines-

cence devices.18,19

Several approaches have been developed to minimize

the reflection losses of silicon by texturing the surface. The

techniques of silicon texturing by reactive ion etching

(RIE)20–22 and inductively coupled plasma-reactive ion etch-

ing (ICP-RIE), also known as deep reactive ion etching

(DRIE),23–25 have been reported. Black silicon can be

formed with high throughput and over a wide area without

using a lithography mask. It is achieved in a single step

within a few minutes by DRIE using an inductively coupled

plasma of sulphur hexafluoride (SF6) and oxygen (O2) at

cryogenic temperatures. DRIE allows anisotropic etching of

silicon by taking advantage of passivation mechanism in the

sidewalls. This method is fairly simple, rapid, and controlla-

ble.26,27 Besides, silicon wet etching, not considered in this

paper, can also lead to inverted pyramids or to concave

pits.28–30 The structuring of silicon using maskless femtosec-

ond laser in SF6 resulting in the form of micro and sub-micro

silicon cones is also well developed.31–33 This is an impor-

tant process for the black silicon formation but the equip-

ment investment of this technique is relatively heavy and the

process usually takes a long duration due to the need for

laser scanning over the whole substrate surface.

In this paper, we present a systematic study of the black

silicon formation by varying the DRIE process parameters

under cryogenic temperatures. Different shapes and sizes

a)Author to whom correspondence should be addressed. Electronic mail:
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(micro and/or sub-micrometer) of BS structures with a high

aspect ratio are obtained within specific conditions of an ex-

perimental process window. The morphological and struc-

tural properties of BS are characterized using scanning

electron microscopy (SEM). Reflectance and absorptance

measurements of these textures are achieved in both visible

and infrared spectral ranges. Among our objectives through

this study is to obtain a variety of high aspect ratio BS struc-

tures and then relate their characteristic dimensions to the

corresponding reflectance and absorptance in the visible and

infrared ranges. To the best of our knowledge, no such inves-

tigation has been reported to date.

II. EXPERIMENTAL DETAILS

Silicon is etched by DRIE process at cryogenic tempera-

tures. BS with random microstructures is obtained in a

plasma compound of SF6 and O2 under controlled process

conditions. It is important at this stage to briefly recall the

mechanism of this process; SF6 gases produce fluorinated

radicals F* for chemical etching of silicon leading to volatile

SiF4, which can be described as

Siþ 4 F� ! SiF4: (1)

Simultaneously, the fluorinated radicals react with the silicon

by forming SiFx sites on its surface, which then react with

the oxygen radicals O* for the formation of sidewall passiva-

tion layers SiOyFx. This passivation layer plays a very im-

portant role in the BS formation.

Siþ x F�!SiFx; (2)

SiFxþ y O� ! SiOyFx: (3)

There are several parameters that influence the process, such

as electrical power, pressure, SF6 and O2 flow rates, bias

voltage, temperature, and etching time. The role of each pa-

rameter is known in the case of classical RIE. But in the par-

ticular case of the BS formation, the main influential

parameters are the O2 flow rate and the etching temperature.

Indeed, the presence of oxygen determines the formation of

the passivation layer SiOyFx, and this layer is essential for

the BS formation.34,35 In addition, this passivation layer is

formed only at cryogenic temperatures and it is volatile at

room temperature. That is why it is essential to operate at

cryogenic temperatures to obtain black silicon.

Fabrication of the BS samples under consideration in

this study was carried out using an industrial reactor Alcatel
601E. A series of BS samples were prepared to study the

influence of different process parameters. The fixed parame-

ters for all samples are ICP power of 1000 W, gas pressure

of 1.5 Pa, and SF6 gas flow rate of 200 sccm. The variable

parameters are the gas flow rate ratio O2/SF6, the tempera-

ture of the silicon wafer, the bias voltage, and the etching

time. These parameters are summarized in Table I. When a

given process parameter is varied, the bold characters indi-

cate the fixed values of the other parameters. The samples

were produced on single side polished (100)-oriented single

crystalline silicon wafers of 4 in.-diameter, with a resistivity

TABLE I. The variable parameters of cryogenic DRIE process. The values

shown in bold are fixed while making changes to any settings.

Ratio O2/SF6 0.02 0.05 0.10 0.15 0.25

Temperature ( �C) �80 �90 �100 �110 2120 �130

Bias voltage (V) 0 210 �20 �30 �40

Etching time (min) 2 5 10 20 30

FIG. 1. Schematic representation of black silicon by conical microstructures

illustrating the multiple reflection of incident light.

FIG. 2. SEM images with 30�-tilted and cross-sectional view of samples

with different ratios O2/SF6: 1000 W, 1.5 Pa, 200 sccm SF6, �120 �C,

�10 V, 10 min.
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of 1-20 X�cm and thickness of 525 lm, on which several

square samples of 1 cm2 have been prepared.

The morphological micro/nanostructures of the BS have

been characterized using scanning electron microscope

(FEG-SEM, NEON 40 - Carl Zeiss). Analyzing the top-view

SEM images by Fourier Transform (FT) leads to the charac-

teristic size of the BS structures, also referred as pseudo-
periodicity. We mainly base on morphological observations

through SEM images to perform a preliminary study of the

influence of etching process parameters. The corresponding

optical reflectance of the resulting BS surfaces is also

recorded to study the influence of these process parameters.

We investigated the BS formation process systemati-

cally by varying the different parameters of DRIE process

summarized in Table I, leading to 16 different samples

where BS was effectively formed among the 21 case studies.

FIG. 4. Aspect ratio and average reflec-

tance of BS samples (a) vs. O2/SF6 ratio.

Inset: sketch of aspect ratio of BS struc-

ture. (b) vs. temperature, (c) vs. bias

voltage, and (d) vs. etching time.

FIG. 3. Measured reflectance spectra in the visible and near infrared ranges

of BS samples obtained at different O2/SF6 ratios.
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III. CHARACTERIZATION RESULTS AND DISCUSSION

A. Influence of the O2/SF6 ratio of flow rates

The fabrication results are illustrated in detail when

varying the O2/SF6 ratio of flow rates from 0.02 to 0.25.

Fig. 2 shows SEM images with 30�-tilted view and in cross-

section view of the corresponding samples. Recall that the

oxygen content in SF6/O2 plasma plays a very important role

in the formation of the SiOyFx passivation layer. This is a

crucial factor for the anisotropy of cryogenic DRIE, from

which the interest to carry out this study initially stemmed.

This suggests that the O2/SF6 ratio of flow rates might have

some influence on the formation of BS; at a constant temper-

ature and at fixed ion energy, the BS formation is indeed

expected to depend only on the oxygen content. We experi-

mentally noticed that the BS is formed only starting from the

O2/SF6 ratio of 0.05. This also means that for insufficient ox-

ygen content (O2/SF6¼ 0.02, for example), there is no BS

formation. Instead, we observed some porosity of the silicon

surface. We understand that this is due to the insufficient

thickness of the passivation layer SiOyFx, which is not resist-

ant enough to the ionic bombardment for reaching the thresh-

old limit.

Furthermore, we obtained different types of BS struc-

tures when the O2/SF6 ratio is varied from 0.05 to 0.15 (S02,

S03, and S04) with isolated and homogeneous points, whose

heights are in micrometer range (1300 to 1700 nm), and of

“penguin-like” structures (S05) with height of sub-

micrometer size (550 nm) when the O2/SF6 ratio reached

0.25. We would like to note that the height (h) of the BS

samples was investigated directly from SEM images and rep-

resents the maximum values of the relief (Fig. 2).

The pseudo-periodicity (p) of BS samples was obtained

by the FT analysis of the top-view SEM images.16,36 The as-

pect ratio is then calculated as the ratio between the height

(h) and the pseudo-periodicity (p).

Reflectance measurements have been performed in the

visible and near infrared ranges (400–950 nm), using the

spectrometer Maya 2000 Pro from Ocean Optics equipped

with a fiber-coupled halogen light source and an integrating

sphere. Reflectivity standards have been used for calibration.

Fig. 3 plots the measured reflectance of the BS samples

shown in Fig. 2 when the ratio O2/SF6 varied. The average

reflectance R% in the spectral range (400 nm–950 nm) of BS

samples is calculated and will be then taken as a reference in

the Secs. III B–III F to compare the different samples.

Fig. 4(a) plots the aspect ratio and the average reflec-

tance of BS samples at different O2/SF6 ratios. We noted

here that for estimating uncertainty of the aspect ratio (h/p)

of BS, we have calculated the errors on h and p for each BS

sample, while the estimated error of 2% for the average re-

flectance R was evaluated from the measured values of the

BS. It is observed that the reflectance of BS samples

increases with the O2/SF6 ratio. First, when the ratio O2/SF6

varies in the range of [0.05, 0.10, 0.15], we observe that the

average reflectance R% changes slightly [1.36%, 1.38%,

1.47%]. However, when this ratio increases from 0.05 to

0.25, we observe a more important increase in the reflectance

from 1.36% to 2.03%, which is due to the decrease of the

structure’s height (the aspect ratio of the BS decreases by a

factor of two in this case). We noticed that the aspect ratio of

the black silicon decreases by a factor of two when the O2/

SF6 ratio is varied from 0.05 to 0.25. On one hand, the larg-

est aspect ratio occurs in the case of the microstructure of

peaks corresponding to the threshold of BS formation, at the

ratio O2/SF6 of 0.05. On the other hand, the minimum of the

average reflectance is also obtained at this ratio. Hence, the

ratio O2/SF6 of 0.05 was chosen as the fixed parameter in the

following BS fabrication experiments.

B. Influence of substrate temperature

We studied the effect of temperature on the BS fabrica-

tion by varying its value from �80 �C to �130 �C with the

O2/SF6 ratio fixed at 0.05. First, we noted that under our con-

ditions (1000 W, 1.5 Pa, 200 sccm SF6, O2/SF6¼ 0.05,

FIG. 5. SEM images with 30�-tilted and cross-sectional view of samples

with different temperatures ranging from �80 �C to �130 �C (fixed parame-

ters are 1000 W, 1.5 Pa, 200 sccm SF6, 0.05 O2/SF6, �10 V, 10 min).
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�10 V, 10 min), the BS is formed only in a temperature

range between �90 and �120 �C. Fig. 5 summarizes the

SEM observations of these samples showing different types

of BS structure.

Sample S06 obtained at the temperature of �80 �C has a

roughened surface but not black after etching. Whereas sam-

ple S11 formed at the temperature of �130 �C has a

“penguin-like” structure and revealed a dark-gray tone.

Therefore, we can assume that at these temperatures, with a

selected oxygen content, the passivation layer SiOxFy is ei-

ther not resistant enough (S06) or are too resistant (S11) to

the ion bombardment.

From the SEM images with 30�-tilted view of BS sam-

ples, we can observe a BS structure change from the type of

“curvilinear way” as witnessed in sample S07, with an alter-

nation of the black colour “drains” and various zones of the

fine points, to the type of the homogeneous and dense points,

as seen in sample S10. The SEM images in cross-sectional

view of BS samples confirm that the structure becomes more

uniform and dense from �110 �C onwards. When the tem-

perature decreases to �120 �C, an anisotropic structure of

isolated and homogeneous spikes is obtained, owing to

increased resistance of the passivation layer. The spikes

height also becomes more important at this temperature.

Fig. 4(b) represents the aspect ratio and the average re-

flectance of BS samples following the variation of the tem-

perature. It is observed that the aspect ratio of BS structure

rises when the temperature decreases and attains the

FIG. 6. SEM images with 30�-tilted and cross-sectional view of samples

with different bias voltages (fixed parameters: 1000 W, 1.5 Pa, 200 sccm

SF6, 0.05 O2/SF6, �120 �C, 10 min). FIG. 7. SEM images with 30�-tilted and cross-sectional view of samples

with different etching times from 2 to 30 min (fixed parameters 1000 W,

1.5 Pa, 200 sccm SF6, 0.05 O2/SF6, �120 �C, �10 V).

FIG. 8. Average reflectance of BS structures.
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maximum value at the threshold (�120 �C) of the BS forma-

tion. Indeed, we find an increase by a factor of four while

comparing S07 and S10, which correspond to the tempera-

tures of �90 �C and �120 �C, respectively. The average re-

flectance of the threshold BS structure (S10) also

corresponds to the minimum value. In the following proc-

esses, the temperature is hence fixed at �120 �C.

C. Influence of the bias voltage

The influence of the bias voltage on the formation of

black silicon will be studied by varying it from 0 to �40 V

under the following fixed conditions: 1000 W, 1.5 Pa, 200

sccm SF6, 0.05 O2/SF6, �120 �C, 10 min.

In cryogenic etching, the bias voltage controls the

energy and direction of the ions which arrive at the surface

of silicon. Under our conditions, the BS is formed starting

from the bias voltage of �10 V. In the case of etching with-

out potential bias, the BS did not form (S12), on which a

roughened surface was produced uniformly. Fig. 6 shows the

morphological evolution of black silicon structures when the

bias voltage varied from �10 to �40 V. The SEM images

obtained with 30�-tilted view show that all the four BS sam-

ples (S13, S14, S15, and S16) present the same type of

microstructures owning isolated points. The aspect ratio and

the average reflectance of these structures vary slightly

between two values of the bias voltage of �10 V and �40 V

(see Fig. 4(c)). The variation of the bias voltage in this case

obviously does not have much influence on the characteristic

dimensions and the reflectance of BS. Sample S14, which

was obtained at a bias voltage of �20 V, reveals the highest

reflectance and in the same time it exhibits the smallest as-

pect ratio.

D. Influence of etching time

To evaluate the effect of the etching time on the BS for-

mation, we performed a study with the following fixed pa-

rameters: 1000 W, 1.5 Pa, 200 sccm SF6, 0.05 O2/SF6,

�120 �C, �10 V, whereas the duration of etching time varied

from 2 to 30 min.

As shown in the SEM images with 30�-tilted view of

these samples (see Fig. 7), a complex evolution of the BS

structures is noted when the duration of etching changes.

The sample of black silicon S18 obtained after 5 min of etch-

ing presents a sub-micron “penguin-like” structure. After

10 min, a structure (S19) of micrometric size is obtained.

The cross-sectional observation of this sample shows that

there are groups of submicron-size peaks covering the cones

in micrometer size. An increase of the aspect ratio (from 1.8

to 3.1) is noticed by comparing the two samples S18 (5 min)

and S19 (10 min). When the etching time increases to 20 min

(S20) and 30 min (S21), we observe the same type of struc-

tures with fairly homogeneous peaks of micro and sub-

micrometric size. However, we obtain a structure with

sharper and more homogeneous peaks in the case of S21 and

the aspect ratio increases to the value of 3.8.

Fig. 4(d) shows a plot of the aspect ratio of BS structures

and their average reflectance in the spectral range of

400–950 nm vs etching time. We can conclude that in the

case of the BS formation, the aspect ratio of the BS structure

increases with the etching duration. The BS structure with

largest aspect ratio represents the minimum reflectance in

the visible and near infrared ranges.

TABLE II. Three groups of BS samples with the same aspect ratio but dif-

ferent reflectances.

Sample Aspect ratio Height [nm] Average R [%]

S18 1.8 650 2.00

S08 1.8 1130 1.78

S14 3.3 1250 1.37

S20 3.3 1400 1.23

S04 3.7 1300 1.47

S21 3.8 1600 1.15

FIG. 9. Top-view SEM images of BS

samples S03, S05, S15, and S19.
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E. Correlation between average reflectance, aspect
ratio, and height of the BS structures

In Secs. III A–III D, the measurements of reflectance in

the visible and near infrared for all our BS samples were

investigated. It is also to be noted that our best BS samples

behave as anti-reflected surfaces with an average reflectance

of about 1% in the visible and near infrared ranges. Fig. 8 rep-

resents the average reflectances of all BS samples obtained in

our work, and we found clear evidence that the reflectance

decreases when the aspect ratio increases. Two groups of sam-

ples with different heights can be distinguished: one group

where the height varies from 550 to 1130 nm and a second

group with greater heights, ranging from 1250 to 3000 nm.

We also note three sub-groups of BS samples whose aspect ra-

tio is nearly identical in each group but having different reflec-

tances. These sub-groups are (S18, S08), (S14, S20), (S04,

S21), and are represented also in Table II. It is found that the

reflectance of BS within each sub-group is inversely propor-

tional to the height of the structure: the greater the height, the

smaller the average reflectance. These observations let us

assess the correlations between morphological and optical

properties of our BS samples. Those results are also in agree-

ment with our simulation results of the optical reflectance in

the visible and infrared ranges.37

F. Absorptance of black silicon in infrared range

The absorption of black silicon structures in infrared

spectral range has been investigated in this section. We have

chosen four typical BS samples (S03, S05, S15, and S19),

which represent the four morphological varieties of the

obtained BS samples. Indeed, the different geometries of the

samples can be more clearly seen from the top-view SEM

images (Fig. 9). The structure description and the characteris-

tic dimensions of these samples are summarized in Table III.

The reflectance (R) of BS samples and polished silicon

were measured using Vertex 70 FT-IR spectrometer

equipped with an integrating sphere. The measurements of

transmittance (T) in infrared spectral range were performed

by using an FT-IR spectrometer (Perkin Elmer Paragon

1000). The absorptance (A) of the samples was obtained via

the relation A¼ 1 – R – T.

The absorptance spectra of BS samples and the unstruc-

tured silicon in the wavelength range from 1.3 to 17 lm are

shown in the Fig. 10. It should be noted that the absorption

peaks observed at�9 lm are assigned to the stretching

vibration of Si-O-Si bond, while the other peak observed at

�16.2 lm is due to the stretching vibration of Si-Si bond of

bulk silicon.38,39

We noted an enhancement of BS absorptance while

compared to the flat silicon that presents an infrared absorp-

tion of about 30%. The infrared absorption is strongly related

to the aspect ratio of the BS. The higher the aspect ratio is,

the greater the absorptance. In our study, we can distinguish

two groups of black silicon samples: one (S05) with low as-

pect ratio (�2) showing an absorptance in the order of 50%;

while the other one (S03, S15, and S19) with higher aspect

ratio (�3–4) presents an absorptance of about 75%. We also

noted the specific absorption peaks of our BS samples com-

paring to the polished silicon, such as peaks at 3.5 lm and

6.7 lm and we observed that these peaks become more sig-

nificant in the case of higher aspect ratio group. Although

the lower aspect ratio of S19 compared to S03 and S15, this

sample owns the same order of the absorptance. We suppose

that it may be due to its significant height; therefore, it

becomes more effective in light trapping than the others.

IV. CONCLUSIONS

We fabricated black silicon surfaces in a high through-

put process based on DRIE at cryogenic temperatures. We

studied the influence of various parameters of the etching

process on both morphological and optical properties. The

reflectance measurements of these structures were performed

over a large spectral range from the visible to the mid-

infrared. It is found that the average reflectance of the BS

samples is clearly correlated to the aspect ratio; it decreases

as the aspect ratio of the structure increases. Furthermore,

for a given aspect ratio, it is found that the reflectance is

inversely proportional to the microstructure height. It is also

noted that black silicon surface obtained by this technique

TABLE III. Characteristic dimensions of BS samples S03, S05, S15, and S19.

Sample Structure Period (nm) Height (nm) Aspect ratio Average reflectance (%)

S03 Structure of isolated quasi-circular holes and fine peaks 402 1700 4.2 1.38

S05 “Penguin-like” structure of small period and submicron size 255 550 2.2 2.03

S15 Structure with isolated points of uniform size 382 1700 4.5 1.27

S19 Structure with large period and micron size 955 3000 3.1 1.51

FIG. 10. Absorptance spectra in infrared ranges (1.3 lm–17 lm) of BS struc-

tures compared with polished flat silicon.
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presents a reflectance of about 1% in the visible range.

Besides, we reported the absorptance of BS samples in the

infrared spectral range (1.3–17 lm). A greatly enhanced ab-

sorptance of BS (compared to flat silicon) is observed up to

about 75% and it is ascribed to be from the high aspect ratio

and the height of the silicon cones, which strongly influence

the ability of light trapping. The excellent optical properties

of microstructured silicon cones and the simplicity of the

fabrication technique provide obtaining high quality black

silicon surfaces, with optimized properties thanks to con-

trolled process conditions.
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