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Abstract

Aqueous solutions of hydrofluoric acid (HF) and perbromic acid (HBrO4) are 
investigated as nitrogen oxide (NOx)-free mixtures for wet-chemical etching of 
(100) silicon wafer surfaces. For the high amount of HBrO4 needed in this work, an 
improved synthesis for HBrO4 with less consumption of fluorine (F2) is reported. We 
investigated etching mixtures containing HF in the range of 14 – 22 mol L-1 and HBrO4 
in the range of 0.25 – 0.5 mol L-1. These mixtures are polishing silicon surfaces with 
high etch rates of up to 2 µm min-1 at room temperature. Increasing the temperature 
leads to higher etch rates up to 7.8 µm min-1. Resulting morphologies on treated silicon 
surfaces are investigated by scanning electron microscopy (SEM), confocal laser 
scanning microscopy (CLSM), X-ray photoelectron spectroscopy (XPS) and diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS). The results indicate a 
reaction pathway with silicon surfaces oxidized by inserting oxygen into Si-Si-bonds by 
HBrO4. The reduction of HBrO4 leads to multiple Br-species in equilibria, thus altering 
the etching behavior and leading to different surface morphologies.
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1. Introduction
For the industrial application of silicon substrates, Si surfaces have to be cleaned and 
etched, e.g. for photovoltaics or microelectronics.1 Wet-chemical processes are used 
in mass-production of e.g. solar cells or microchips, because of their low cost, easiness 
of use and high throughput. Isotropic etching is used for saw damage removal (SDR) 
or polishing of monocrystalline silicon surfaces. Mixtures of hydrofluoric acid (HF) and 
nitric acid (HNO3) are established in the industry.2 The etching mechanism in acidic 
HF solutions is generally described as a two-step process of silicon oxidation followed 
by complexation by HF.3 Etching in aqueous HF-HNO3 solutions generates very 
smooth surfaces and because of the high reactivity towards silicon, process times are 
short but the etchant has to be cooled.4,5 Additionally, the chemicals are available in 
high purity, which is beneficial for the electronic properties of the product, e.g. solar 
cells or microchips.6 Some contaminants are able to diffuse from the silicon surface 
into the bulk (e.g. Cu-atoms), thus reducing the minority-carrier lifetime, which is 
especially undesirable in the photovoltaics industry.1 Etching silicon in aqueous 
HF-HNO3 solutions releases toxic gaseous nitrogen oxides (NOx) and aqueous waste 
solutions containing high amounts of nitrate ions (NO3-) in addition to further toxic 
species which have to be disposed of.7 Metal-assisted chemical etching (MACE) can 
be used to achieve surface structuring with HF solutions.8 By using a precious metal 
(e.g., Cu, Ag) in combination with an oxidizing agent (e.g., H2O2) in HF solution, 
inverted pyramidal structures can be generated on monocrystalline (100) Si wafers.9 
An alternative route uses alkaline etchants like sodium hydroxide (NaOH), potassium 
hydroxide (KOH) or tetramethylammonium hydroxide (TMAH).1,10 Those etchants are 
dissolving silicon anisotropically, leading to rougher surfaces compared to acidic 
processes.11,12 Usually, surfactants like isopropyl alcohol (IPA) or Triton X-100 (a non-
ionic surfactant) are added to optimize selectivity and homogeneity of the resulting 
surface texture.13,14 The reactivity of alkaline etching mixtures towards silicon is much 
lower, which requires heating of the solutions to ~ 80 °C.15 On the other hand, using 
NaOH or KOH solutions has a much smaller environmental impact compared to the 
acidic process, but the chemicals are not available in very high purity.1 Table 1 shows 
etch rates of different acidic and alkaline etchants for monocrystalline silicon wafers.

Table 1. Etch rates of typical etching solutions on (100) silicon surfaces.

Etchant Temperature Etch rate [µm min-1] Literature
HF-HNO3 20 °C > 180 4

HF-HNO3-CH3COOH 25 °C 28.0 16

HF-Cl2 20 °C 0.8 17

HF-HCl-Cl2 20 °C 0.63 18

HF-HClO3 20 °C 0.12 19

HF-HClO4 20 °C 0.019 20

HF-Br2 20 °C 4.0 21

HF-HBr-Br2 20 °C 2.0 21

HF-HBrO3 20 °C 10.0 22

HF-H2O2 20 °C 0.0012 23

HF-O3 20 °C 0.05 24
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NaOH-IPA 84 °C 0.9 25

KOH - Triton X-100 75 °C 0.65 14

TMAH - Triton X-100 90 °C 0.7 26

Our working group is aiming to replace HNO3 as oxidant for the development of acidic 
etchants for silicon with less environmental impact. We therefore used aqueous 
solutions of HF in combination with the halogens chlorine (Cl2) and bromine (Br2) as 
oxidants. Aqueous HF-X2 (X = Cl, Br) solutions are isotropic etchants, polishing 
monocrystalline silicon surfaces with high reactivities at room temperature.18,21 The 
addition of the corresponding hydrohalic acid (HCl or HBr) to HF-X2 mixtures leads to 
anisotropic etching and therefore texturization of (100) silicon surfaces with canyons, 
upright or inverted pyramidal structures.17,18,21 The process of silicon dissolution in 
these solutions is not yet fully understood, which is why we are currently investigating 
the etching behavior of HF solutions with halogen oxoacids as oxidants towards silicon. 
Generally, silicon oxidation takes place via induction of holes (h+) into the silicon 
valence band, which requires oxidants with an electrode potential above 0.7 V.27

Solutions of HF and bromic acid (HBrO3) are dissolving silicon very fast and polished 
surfaces are obtained.22 Etching silicon in aqueous HF-HBrO3 mixtures is 
accompanied by the formation of Br2, which is also an active oxidizing agent leading 
to silicon dissolution. The system shifts into a texturing regime over longer etching 
periods, leading to matt surfaces. We assume that formed polybromides are the cause 
for the anisotropic silicon dissolution. With chloric acid (HClO3), polished surfaces are 
also obtained, but the reactivity towards silicon is much lower (see Table 1).19 The 
polishing regime in the HF-HClO3 etching system is much more resilient, structured 
surfaces are only obtained if HCl is added to the solution.19 

The reaction behavior of silicon in aqueous solutions of HF and perchloric acid (HClO4) 
has been studied recently.20 No silicon dissolution is observed because the etching 
reaction is kinetically inhibited. HClO4 is a strong oxidizer with a redox potential of 
E°(ClO4-/Cl-) = +1.38 V (pH = 0)28, but the perchlorate ion (ClO4-) is a very weak 
nucleophile, which explains the observed reaction behavior.20 The relatively small 
chlorine atom in the perchlorate anion is very effectively shielded by the four oxygen 
atoms. Since bromine atoms are significantly larger, the shielding should be less 
effective, leading to higher reactivity. Periodic acid (H5IO6) has not yet been studied for 
wet-chemical etching of silicon, but for Ruthenium (Ru) etching.29 Since the central 
iodine atom in HIO4 is very large, additional oxygen atoms are attached, which is why 
HIO4 does not exist in aqueous solution and is converted to H5IO6.28 Studies on the 
use of H5IO6 as oxidizer in the chemical-mechanical polishing (CMP) slurry for silicon 
carbide (SiC) removal have been carried out.30 The reaction properties of perbromic 
acid (HBrO4) are intermediate between these of HClO4 and H5IO6, it is described as a 
sluggish oxidant at room temperature, but reacts fairly rapidly at 100 °C.31 Therefore, 
it was unclear if silicon dissolution actually occurs in aqueous HF-HBrO4 solutions.  
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In this work, we report on aqueous solutions containing HF and HBrO4 as acidic 
etchants suitable for fast dissolution of silicon at room temperature. The reactivity was 
also tested at elevated temperatures of up to 100 °C. Generated reaction products and 
silicon surface morphologies are discussed as well as silicon dissolution rates. We 
analyzed the silicon surface after oxidation with HBrO4 and after etching in HF-HBrO4 

solution via diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and 
X-ray photoelectron spectroscopy (XPS). The results are discussed in the context of 
existing models for silicon dissolution in acidic media.

2. Experimental
2.1. Materials and Methods

2.1.1. Chemicals and Materials

For the preparation of the etching solutions, HF (50 wt%, VLSI, Honeywell), and 
deionized (DI) water were used. HBrO4 is not commercially available.32 It was prepared 
by passing gaseous fluorine (F2/N2 20:80, v/v, Solvay) into a strongly alkaline (NaOH, 
>99%, p.a., Carl Roth) solution of sodium bromate (NaBrO3, >99%, p.a., Carl Roth). 
The crude product was extracted with acetone (C3H6O, technical purity) and 
evaporated to dryness. The resulting sodium perbromate monohydrate (NaBrO4∙H2O) 
was dissolved in DI water and passed over a strong acid cation exchange resin 
(AmberliteTM HPR1100, Sigma Aldrich) to yield the corresponding acid. The ion 
exchange resin was loaded with H+-ions by conditioning with diluted sulfuric acid 
(prepared from concentrated H2SO4, 96 wt%, VLSI, Honeywell). The prepared HBrO4 
had a concentration of 1 mol L-1. When storing the acid at room temperature for several 
months, a light-yellow coloration appeared due to decomposition of a very small 
bromate content (formation of Br2). This can be removed by bubbling N2 into the 
solution for several minutes. For the determination of the etch rates, silicon wafer 
pieces of approximately 1 cm x 1 cm ((100 orientation), boron doped, as-cut diamond 
wire sawn, thickness of 180 μm, resistivity of 1.75 Ω cm-1, SolarWorld Industries 
Thüringen GmbH, Germany) were used. Detailed information on the investigated 
compositions of the etching solution and the observed etching rates are to be found in 
the Supplementary Information (Table S1).  

2.1.2. Determination of Etching Rates

The etch rate r is the quotient of the removed silicon layer thickness per side (∆d) and 
the immersion time (tetch), see Equation 3. The thickness of the removed silicon layer 
per side (∆d) is calculated from the mass loss obtained by differential weighing 
(ρSi = 2.336 g cm-3 at 20 °C)33, see Equation 2. To determine the area of the wafer 
fragment, the total area of the wafer and its mass were determined. From this, the area 
of the fragment can be calculated using Equation 1.
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A0=AWafer·m0

mWafer
 (1)

∆d=d0-d1=(m0-m1)·104

2·ρSi·A0

(2)

r= ∆d
tetch

 in μm
min

(3)

A0 = area of the wafer piece [cm²], AWafer = area of the wafer [cm²], m0 = mass of the wafer piece [g], 
mWafer = mass of the wafer, d0 = thickness before etching [cm], d1 = thickness after etching [cm], 
m1 = mass of the wafer piece after etching [g], ρ = density [g cm-3], tetch = etching time [min].

2.1.3. Characterization of Treated Silicon Wafers

SEM measurements were carried out with a Tescan Vega TS 5130 S B system. CLSM 
investigations were carried out with a Keyence VK-X3000. For the XPS 
measurements, a Specs Phoibos 150 CCD-9 spectrometer was used with an Al-Kα 
source (1486.71 eV) in a vacuum of less than 10−9 mbar. One scan was recorded for 
the survey measurement, while the detailed spectra (Si 2p, C 1s, O 1s, F 1s & Br 3d) 
were averaged from 20 individual scans. The measurements were carried out with the 
use of a flood gun. Treated wafer pieces for the XPS-measurements were not rinsed 
with DI water to avoid altering the surface termination and instead dried immediately 
with N2 after the oxidation or etching. Short exposure to ambient humidity was 
inevitable during handling of the wafer fragments in ambient conditions. Due to the 
direct insertion into the XPS chamber, the sample had minimal contact with air. The 
energy scales for all spectra were calibrated by setting the signal of adventitious carbon 
to 284.8 eV.34 A Thermo Fisher Scientific Nicolet iS50 FTIR spectrometer with Smart 
Collector Avatar accessory was used for DRIFTS measurements of etched silicon 
wafers. For each DRIFTS-measurement, 64 scans with a resolution of 0.96 cm-1 were 
collected and averaged. 

2.1.4. Characterization of the Liquid Phase

The liquid phases were investigated by Raman spectroscopy. An Ocean Insight 
QEP05509 Raman spectrometer with a 785 nm laser source (499 mW) was used. The 
spectra were acquired at an integration time of 10 s and averaged from 3 scans. The 
focal point of the laser was set to 7 mm in front of the measuring probe window. The 
measurement was conducted directly through the wall of the perfluoroalkoxy 
copolymer (PFA) beaker.
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2.1.5. Etching Procedure

Caution! Etching experiments with hydrofluoric acid and perbromic acid must be 
performed in a HF- and halogen-approved fume hood with HF- and Br2-resistant 
laboratory equipment.

All etching experiments were carried out in PFA beakers. The silicon wafer fragments 
were held with polytetrafluoroethylene (PTFE) tweezers and placed in the etching 
solution. During some of the etching experiments, N2 was bubbled into the etching 
solution via a PTFE frit. The etching reaction was stopped by rinsing the wafer piece 
with DI water. After rinsing, the wafer pieces were dried with pressurized air.

2.1.6. Oxidation Procedure

To H-terminate the silicon surface, as-cut silicon wafer pieces were pretreated by 
etching in an aqueous mixture containing 11.7 mol L-1 HF and 3.9 mol L-1 HNO3 for 
5 min. After etching, the wafer pieces were rinsed with DI water and dried with 
pressurized air. The obtained H-terminated wafer pieces were then placed into the 
oxidation solution for 1 min, rinsed with DI water and dried with pressurized air. 

For the XPS measurements, the wafer pieces were not rinsed with DI water to avoid 
altering the surface termination, and instead dried immediately with N2. Therefore, 
short exposure to ambient humidity was inevitable during handling of the wafer 
fragments. In the XPS measurement for the oxidation of an H-terminated silicon 
surface with aqueous HBrO4, the procedure was altered because the acid ran off the 
wafer very poorly and a lot of perbromate was detected on the wafer during the XPS 
measurement. Before drying with N2, the surface was additionally rinsed with a small 
amount of acetonitrile. Drying with N2 afterwards resulted in a dry surface.

2.2. Synthetic procedures

2.2.1. Preparation of NaBrO4∙H2O

Caution! Fluorine must be handled with appropriate protective gear and ready access 
to proper emergency treatment procedures in case of contact. It can react vigorously 
to explosively with water.

NaBrO3 + F2 + 2 NaOH → NaBrO4∙H2O + 2 NaF (4)

NaBrO4∙H2O was prepared by introducing gaseous fluorine (F2, 20% v/v in N2) into a 
strongly alkaline solution of NaBrO3. The procedure from G. Brauer32 was modified to 
reduce the amount of unreacted F2 leaving the apparatus. A cascade of two scrubber 
bottles (1000 mL & 500 mL) was used. For the reaction in the first PFA scrubber bottle, 
40 g (0.27 mol) of NaBrO3 were suspended in 400 mL of a 20% NaOH solution. To the 
second scrubber bottle, a suspension of 20 g (0.13 mol) NaBrO3 in 200 mL 20% NaOH 
solution was added. Under ice cooling, 20% v/v fluorine gas in nitrogen was passed 
through the bottles into the reaction solutions for a total of 6 h. The reaction is highly 
exothermic, causing the mixture to boil despite ice cooling. An inlet tube with a diameter 
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of at least 9 mm should be selected here, as the standard 5 mm inlet tube quickly got 
clogged with sodium fluoride (NaF). Significantly lower heat generation is a good 
indicator that the NaOH has been completely consumed. As soon as all the sodium 
hydroxide had been neutralized, an additional 60 mL of 50% NaOH solution and an 
additional 16 g (0.11 mol) of NaBrO3 were added to the first scrubber bottle. 
Subsequently, further fluorine gas was introduced. This process was repeated once 
more with 80 mL of 50% NaOH solution and 20 g (0.13 mol) of NaBrO3. The quantities 
of chemicals used are shown in Table 2. A grayish-white paste-like solid formed as the 
reaction proceeded. The end of the reaction was monitored by measuring the pH of 
the solution in the second bottle until it reached neutrality. Excess water was removed 
at 20 mbar and 60 °C by rotary evaporation. The crude product was washed three 
times with acetone to extract the NaBrO4∙H2O.35,36 The solvent was then removed at 
300 mbar and 60 °C in a dynamic vacuum. From this concentrated solution crystals of 
the product did not form spontaneously. For this reason, the remaining solution was 
further dried at 80 °C until it evaporated and the reaction product crystallized. Powder 
X-ray diffraction confirmed the phase purity (see Supplementary Information, Figure 
S1 & Figure S2). NaBrO4∙H2O was obtained as a colorless solid with a yield of 16 g 
(0.087 mol).

Table 2. Quantities of chemicals used to prepare sodium perbromate.

Compound Wash bottle 1 Wash bottle 2
NaOH 400 mL (20%) 200 mL (20%)Weigh-in
NaBrO3 40 g (265 mmol) 20 g (132.5 mmol)
NaOH 60 mL (50%) -1st addition
NaBrO3 16 g (106 mmol) -
NaOH 80 mL (50%) 30 mL (50%)2nd addition
NaBrO3 20 g (132.5 mmol) 8 g (53 mmol)
NaOH - 40 mL (50%)3rd addition
NaBrO3 - 10 g (66.25 mmol)

2.2.2. Preparation of HBrO4

NaBrO4(aq) + ⁓SO3H(s) → HBrO4(aq) + ⁓SO3Na(s) (5)
HBrO4 was prepared from NaBrO4∙H2O by ion exchange according to the preparation 
published by G. Brauer.32 500 mL of a strong-acid ion exchange resin (≥ 2.0 eq L-1 total 
exchange capacity) were suspended in DI-water and loaded into a 500 mL borosilicate 
glass column (1 eq L-1, this corresponds to four times the stoichiometrically required 
amount). The ion exchanger loaded with Na+ ions was conditioned with 500 mL of 2 
molar H2SO4, prepared by adding 55.7 mL 96% H2SO4 to 444.3 mL of DI water with 
cooling, which corresponds to a 100% excess. After passing the acid through the 
column, a strongly acidic solution was obtained at the end of the column, which 
indicates a complete conditioning with H+-ions. 46.38 g (0.25 mol) NaBrO4∙H2O were 
dissolved in 250 mL of DI-water, a Raman spectrum of the aqueous NaBrO4 solution 
can be found in the Supplementary Information (Figure S3). The resulting solution was 
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8

passed through the column. Three fractions were collected, fraction 1 had a pH of 7 
(water from flushing after conditioning with H2SO4), fraction 2 was collected as soon 
as the pH went below 3 and the beaker was swapped again as soon as the pH went 
above 3, thus collecting fraction 3. Additional DI water was used to flush all of the acid 
from the column. Fraction 1 and 3 were discarded, the crude HBrO4 solution (fraction 
2) had a volume of 435 mL, a Raman spectrum of the crude HBrO4 can be found in 
the Supplementary Information (Figure S4). It was concentrated to a volume of 250 mL 
by rotary evaporation (40 °C, 60 mbar). The resulting perbromic acid had a slight 
yellow color due to the decomposition of traces of BrO- and BrO3-, which may still be 
present as impurities after preparation. The contained Br2 was removed by bubbling 
N2 through the solution for several minutes. A small portion of the acid was then titrated 
with 0.2 molar NaOH solution and bromothymol blue as an indicator. A total acid 
content of 0.220 mol was determined. The acid was then concentrated to a volume of 
220 mL by rotary evaporation. 220 mL of colorless, 1 M HBrO4 were obtained. An ion 
chromatogram can be found in the Supplementary Information (Figure S5).

3. Results and discussion

3.1. Reactivity studies

HBrO4 is a superacid (pKa = -8.5, H0 = -13.8)37 and a very strong oxidizer, the redox 
potential E°(BrO4-/BrO3-) = +1.85 V28 is high enough to oxidize silicon surface atoms, 
which requires a potential of at least +0.7 V.38 Nevertheless, a high redox potential 
does not imply that fast silicon dissolution will actually occur, as kinetic factors play an 
important role. For example, silicon is not attacked by aqueous HF-HClO4 solutions, 
because the perchlorate ion is a very weak nucleophile20, despite its high redox 
potential E°(ClO4-/Cl-) = +1.38 V.28 Because the perbromate ion is a quite inert oxidant 
with an apparent oxidizing power between perchlorate and periodate, we were unsure 
about its reactivity towards silicon.31

Surprisingly, we observed fast silicon dissolution in aqueous HF-HBrO4 solutions. First 
evidence for the etching reaction taking place was the change in color of the etching 
solution, which was colorless when freshly prepared but quickly changed to orange as 
silicon was immersed (formation of Br2). Aqueous HF-Br2 solutions are known to 
dissolve silicon with etch rates up to 4 µm min-1 21, which is why we aimed to expel 
formed Br2 from the etching solution. This was done in order to examine only the 
reaction behavior of the perbromate as best as possible. We have chosen and 
combined two methods to remove the volatile bromine: etching at elevated 
temperatures (b.p. of Br2 = 58.78 °C)28 and introducing nitrogen (N2) into the solution. 
The dissolution of silicon in HF-HBrO4 solutions is likely taking place according to 
Equation 6.

Si + 6 HF + 2 HBrO4 → H2SiF6 + 2 HBrO3 + 2 H2O (6)
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As shown in Equation 1, HBrO3 is formed when HBrO4 is reduced at the silicon surface. 
HBrO3 itself is also capable of dissolving silicon when combined with HF according to 
Equation 7.22

Si + 6 HF + HBrO3 → H2SiF6 + HBrO + 2 H2O (7)

The formed hypobromous acid (HBrO) undergoes rapid stepwise decomposition in 
acidic media according to Equation 8 and 939, resulting in the formation of Br2 because 
of the synproportionation of bromate and bromide ions according to Equation 10.28 
Multiple reactions are taking place at the same time, e.g. bromic acid (HBrO2) is also 
decomposing very fast in acidic media.

2 HBrO → HBr + HBrO2 (8)

HBrO + HBrO2 → HBrO3 + HBr (9)

HBrO3 + 5 HBr → 3 Br2 + 3 H2O (10)

We determined the etch rates of aqueous HF-HBrO4 solutions towards (100) silicon 
wafer surfaces at temperatures between 20 °C to 100 °C, the results are shown in 
Figure 1. A total of five silicon wafer pieces were etched one after the other in the 
same etching solution. The respective wafers (first, second, etc.) were connected with 
dashed lines for orientation purposes.

 

Figure 1. Etch rates of (100) silicon wafer surfaces vs. etching temperature in aqueous HF-HBrO4 
mixtures between 20 °C to 100 °C with 300 rpm of stirring.
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The observed etch rate is depending strongly on the etching temperature and seems 
to reach a maximum around 80 °C. As the concentration of HBrO4 decreases during 
etching, the etch rate also decreases. This can be seen for every tested etching 
temperature as the later wafer pieces are etched at a reduced rate.

In Figure 2, the observed etch rate is plotted versus the amount of silicon already 
dissolved in the etching solution. A good fit can be obtained for every tested etching 
temperature, indicating that the etch rate decreases linearly with the amount of 
dissolved silicon (and thus the amount of consumed HBrO4). This suggests that, with 
the same solution composition, less silicon can be dissolved at 20 °C compared to 
higher temperatures. We suspect that this is caused by the temperature dependence 
of the oxidation power of perbromic acid. This implies that no significant silicon 
dissolution occurs in solutions with low HBrO4 concentration at room temperature, but 
there is a reaction when heated. Kinetic factors could be responsible for this effect.  

Figure 2. Etch rates of (100) silicon wafer surfaces versus the amount of already dissolved silicon in 
aqueous HF-HBrO4 mixtures between 20 °C to 100 °C with 300 rpm of stirring.

Silicon is dissolved with etch rates up to 2 µm min-1 at room temperature, when the 
mixture contains 14.6 mol L-1 of HF and 0.5 mol L-1 of HBrO4. Increasing the 
temperature of the etching solution accelerates the etching reaction to a maximum of 
7.8 µm min-1 at 100 °C (see Supplementary Information, Table S1, Experiment V.1). 
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The etch rate decreases linearly with the amount of dissolved silicon, because the 
concentrations of the oxidating species HBrO4 and the complexing species HF are 
decreased. The slope of the functions between 20 °C to 80 °C is similar, but at 100 °C 
the etch rate drops faster. We assume additional decomposition reactions of the 
BrOx--species taking place at 100 °C leading to a faster decline in the dissolution rate. 

Etching of (100) silicon wafer surfaces in freshly prepared aqueous HF-HBrO4 
solutions leads to polished surfaces of high reflectivity. If Br2 is accumulated in the 
etching solution, (100) silicon surfaces are partially matt after etching. This change in 
surface morphology is likely due to anisotropic etching like in aqueous HF-HBr-Br2 
solutions.21 The extent of surface texturization is depending on the Br2 content of the 
etching solution. Using old HF-HBrO4 solutions with higher Br2 contents (which are 
visibly orange) can lead to surfaces with a very matt appearance. We therefore carried 
out surface analysis studies using scanning electron microscopy (SEM) to examine the 
structures generated on (100) silicon surfaces during etching in HF-HBrO4 solutions.

3.2. Surface morphology

Silicon wafers, etched with aqueous HF-HBrO4 solutions, were investigated by SEM.  
Etching at 100 °C expels the formed Br2 and decomposes the generated HBrO3. 
Removing more than the usually about 5 µm deep saw damage1 results in smooth 
surfaces. Due to the very small height differences on polished wafers, hardly any 
surface structures can be seen. Therefore, the SEM images have been moved to the 
Supplementary Information (see Figure S6). We assume aqueous HF-HBrO4 solutions 
to be isotropic etchants for (100) Si, making them suitable for saw damage removal 
(SDR) or polishing of silicon wafers with high reactivities at room temperature and 
without the generation of gaseous nitrogen oxides (NOx).

Etching over longer time periods, at lower temperatures or not introducing N2 into the 
etching solution leads to the formation of structures on the silicon wafer surface 
indicating anisotropic etching. In the SEM pictures, very small onsets of texturization 
become visible, even though the wafer looks very shiny to the naked eye (see 
Supplementary Information, Figure S7). The edge lengths of the generated structures 
are smaller than 0.50 µm. To improve the visibility of the structures, some of the 
analyzed surfaces were investigated with confocal laser scanning microscopy (CLSM). 
As seen in Figure 3, a lot of very small pyramid tips are formed, thus roughening the 
surface.
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Figure 3. CLSM image of a silicon (100) surface, etched in a mixture containing c(HF) = 14.6 mol L-1, 
c(HBrO4) = 0.5 mol L-1 at 60 °C with N2 introduction & 300 rpm of stirring for 10 min, ∆d = 43.6 µm.

Reusing old etching solutions also leads to a roughening of the wafer surface as seen 
in Figure 4 and Figure 5. Isolated pyramid stumps are generated, which are aligned 
with the previous saw damage. Etched wafers appear shiny and striped to the naked 
eye. Etching at room temperature benefits the accumulation of Br2 in the etching 
solution, therefore leading to surface texturing with partly fused upright pyramids like 
in aqueous HF-HBr-Br2 solutions.21 A partly textured surface is shown in Figure 6, the 
texturization is also aligned with the previous saw damage. 

Figure 4. SEM images of a silicon (100) surface, etched in a mixture containing c(HF) = 14.6 mol L-1, 
c(HBrO4) = 0.5 mol L-1 at 100 °C with N2 introduction, with 300 rpm of stirring for 5 min, ∆d = 23.1 µm.
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Figure 5. CLSM image of a silicon (100) surface, etched in a mixture containing c(HF) = 14.6 mol L-1, 
c(HBrO4) = 0.5 mol L-1 at 100 °C with N2 introduction, with 300 rpm of stirring for 5 min, ∆d = 23.1 µm.

Figure 6. SEM images of a silicon (100) surface, etched in a mixture containing c(HF) = 14.6 mol L-1, 
c(HBrO4) = 0.5 mol L-1 at 20 °C with N2 introduction, with 300 rpm of stirring for 20 min, ∆d = 5.9 µm.

3.3. DRIFTS measurements of oxidized and etched silicon surfaces

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments 
were carried out on oxidized and etched surfaces to investigate surface species formed 
during the oxidation of silicon surfaces with HBrO4 and etching with HF-HBrO4, 
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respectively. Because multiple active species are involved in the etching reaction, 
different oxidation reactions should occur simultaneously. 

10 x 10 mm silicon wafer pieces were H-terminated by etching in a diluted HF-HNO3 
solution (see 2.1.6. Oxidation Procedure). The fragments were then oxidized with 
HBrO4 or etched in HF-HBrO4 solution, respectively. A DRIFT spectrum of the H-
terminated silicon surface is depicted in Figure 7 (black). Several Si-F absorption 
bands can be seen around 970 cm-1 and 820 cm-1, a partial F-termination after etching 
in HF containing solutions is well documented in the literature.40 The absorption bands 
around 2100 cm-1 and 900 cm-1 are characteristic for various Si-Hn groups on the 
hydrophobized silicon surface.41,42 Oxidation of the silicon surface by oxygen-insertion 
into the Si-Si bonds is known to shift both Si-H bands towards higher wave numbers 
(e.g. with HNO3).43 Additionally, H-terminated silicon surfaces show a second band at 
around 2249 cm-1 after oxidation in HNO3 which is due to still H-terminated surface 
atoms but with Si-O-Si surface bonds.44,45 H-terminated silicon can also be oxidized by 
the abstraction of hydrogen atoms, which is known from the halogens Cl2 and Br2, thus 
completely removing the Si-H band.21,43,46 DRIFT spectra of H-terminated silicon 
surfaces, oxidized with HBrO4 (green) and etched with HF-HBrO4 (blue) are shown in 
Figure 7.

Figure 7. DRIFT spectra of a silicon (100) surface, H-terminated by etching in HF-HNO3 for 5 min 
(black), oxidized with HBrO4 (green) and etched with HF-HBrO4 (blue), reaction time was 1 min at room 
temperature and constant stirring of 300 rpm, see Table S2 in the Supplementary Information for 
detailed information about band positions and assignment.

The intensity of the Si-H band at 2117 cm-1 is decreasing strongly upon oxidation in 
aqueous HBrO4. The band is slightly shifted to 2125 cm-1 and the Si-H deformation 
band at 903 cm-1 is also slightly shifted to 911 cm-1, respectively. Additionally, a very 
small band appears at 2270 cm-1, indicating Si(O)x-H groups. This behavior is an 
indication of an oxygen insertion into the Si-Si bonds close to the surface. The strong 
intensity decrease of the Si-H band around 2100 cm-1 is also known from other oxygen-
inserting oxidants like HNO3 or hydrogen peroxide (H2O2).23 A minor Br2 content due 
to decomposition reactions could also be responsible for an intensity decrease of the 
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Si-H band around 2100 cm-1.21 After etching H-terminated silicon surfaces in aqueous 
HF-HBrO4 solutions, the Si-H band is barely visible. This is probably because Br2 is 
formed in the reaction, which attacks the Si-H bond very fast.21 The structure of the Si-
O-Si region between 1050 cm-1 to 1500 cm-1 is similar to the H-terminated fragment 
produced by etching in aqueous HF-HNO3 solution. We therefore assume the surface 
to initially be H-terminated after etching. This H-termination may also be attacked by 
the evolving gas phase containing Br2, when removing the wafer piece from the etching 
solution. To generate a stable H-terminated surface after etching, a subsequent HF dip 
should follow.

3.4. XPS measurements of oxidized and etched silicon surfaces

H-terminated silicon wafers were analyzed by X-ray photoelectron spectroscopy (XPS) 
to investigate different surface species after oxidation with HBrO4 (see Figure 8) or 
etching in HF-HBrO4 solutions (see Figure 9). After the oxidation with an aqueous 
HBrO4 solution, the sample has a high oxygen content as indicated by the high oxygen-
to-silicon-ratio (see Table 5). The oxygen content is significantly lower compared to 
the oxidation in aqueous HNO3.21 The Si 2p XPS signal was further analyzed to identify 
and semi-quantify the surface species bound to silicon. The Si 2p spectrum was 
processed by using a Shirley-shaped background. The 2p1/2 spin-orbit component was 
set to a spin-orbit splitting of 0.61 eV and an intensity ratio (2p1/2:2p3/2) of 1:2.47 The Si 
2p signal was fitted to a total of three species: Si(0) at 99.24 eV, Si-H at 99.53 eV and 
Si(4) at 103.15 eV (see Table 3). The added Si-H species is valued at a binding energy 
shift (∆BE) of 0.29 eV, matching with literature data of Si-H2 groups as also indicated 
by the DRIFTS measurement (see Figure 7).48 (100) silicon surfaces are characterized 
by two dangling bonds, which is why Si-H2 groups are the dominant species on H-
terminated (100) wafers.23 The binding energy shift of the Si(4) signal is 3.91 eV, which 
is lower than the observed value for oxidation with HNO3 (4.21 eV).21
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Figure 8. XPS spectra of a Si(100) surface, preconditioned by etching for 5 min in a HF-HNO3 mixture 
containing c(HF) = 11.7 mol L-1 and c(HNO3) = 3.9 mol L-1, followed by oxidation with HBrO4,                                   
c(HBrO4) = 1.0 mol L-1, for 1 min.

The C 1s spectrum was fitted to a total of three species, matching literature data for 
carbon-containing contaminations, likely due to the handling of the treated fragments 
in air. In the O 1s spectrum, a good fit can be obtained with only one species, which 
matches literature data for SiO2 (see Table 4).49,50 Compared to the amount of 
C-species, there is a high proportion of silicon dioxide (SiO2) on the surface, therefore 
the C-O species are not visible in the O 1s spectrum. The F 1s spectrum was fitted to 
two species, matching with literature data for fluorine bound to bulk and oxidized silicon 
atoms, respectively.49 It is well documented in the literature, that etching of silicon in 
HF-solutions leads to a partial F-termination of the silicon surface40, the fluorine content 
is likely due to the pretreatment in HF-HNO3 solution. The Br 3d XPS signal was also 
processed further by using a Shirley-shaped background. The 3d3/2 spin-orbit 
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component was set to a spin-orbit splitting of 1.04 eV and an intensity ratio (3d3/2:3d5/2) 
of 0.671:1.51 In the Br 3d spectrum, two separated signals can be seen, the signal at a 
binding energy of 69.6 eV is attributed to bromine in oxidation state -1, bound to silicon. 
The second species is likely perbromate or its primary reduction product bromate 
(BrO3-), as the acid ran off very poorly and residues stayed on the surface, even when 
additionally rinsed with acetonitrile. Interestingly, the aforementioned species is shifted 
to significantly higher binding energies (76.16 eV, see Table 4) compared to the values 
obtained by Wagner and Newberg for bromate (74.6 eV).52,53 Feng et. al. reported a 
binding energy of 76.7 eV for the entire (unsplit) bromate signal which matches our 
results (76.50 eV) very well.54 Hutson et al. attribute signals between 76 – 78 eV to 
bromate and perbromate species.55 Therefore, it cannot be said with certainty which 
Br-O species is present on the surface. Our experiments with HF-HBrO3 solutions 
showed no Br-O species bound to silicon in the XPS measurements after oxidation or 
etching.22 We therefore assume the detected species to be perbromate.

After etching a H-terminated wafer piece in aqueous HF-HBrO4 solution, the obtained 
XPS spectra change and a significantly lower oxygen-content is observed because of 
the etching by HF. A small signal for Si(4) is still observed in the Si 2p spectrum at a 
∆BE of 4.00 eV (see Table 3), which is not expected when the piece is treated in HF 
solutions. During the etching reaction, Br2 is formed and evolving from the solution. We 
believe that gaseous bromine is oxidizing the wafer piece after its removal from the 
etching solution, where no HF is present to dissolve oxidized silicon atoms, thus 
causing the oxidation signal. We also fitted a Si-H species at a ∆BE of 0.16 eV to obtain 
a good overall fit. The Si-H species has a significantly higher area proportion compared 
to the Si-H2 species on the wafer piece only oxidized by HBrO4 (see Table 3) and 
matches well with literature data for monohydride Si-H species.48 When (100) Si 
surfaces are etched with anisotropic etchants, the (100) and (110) planes are dissolved 
fast and (111) planes remain.1 Because the formed Br2 was not removed, the wafer 
piece had a matt appearance due to the onset of texturization like in aqueous 
HF-HBr-Br2 solutions.21 The remaining (111) planes are characterized by three silicon-
silicon bonds and only one dangling bond, resulting in the observed monohydride 
species. We therefore believe that the silicon surface is H-terminated after etching, but 
is attacked very fast by the formed bromine, thus resulting in more hydrophilic surface 
species like Si-OH. The C 1s and O 1s spectra are fitted to three and two species, 
respectively and can be assigned to carbon containing contaminations from the 
handling in ambient conditions and SiO2 from oxidation or reaction with ambient 
humidity. At 689.32 eV the F 1s spectrum, a small species can be fitted with good 
agreement to literature data of C-F bonding, which might be due to contaminations 
from handling the wafer fragments with PTFE tweezers. Additionally, two species for 
Si-F bonding are observed, a small one for fluorine bound to oxidized silicon atoms 
and a large signal for fluorine bound to silicon. In the Br 3d spectrum, a small signal for 
perbromate is observed at 76.75 eV together with the bromide-signal at 69.62 eV 
(Br 3d5/2). The wafer piece was not additionally rinsed with acetonitrile after etching, 
therefore the perbromate seems to be adsorbed quite strongly to the silicon surface 
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even when silicon dissolution occurs. Perbromate may also be chemically bound to 
silicon surface atoms via one or two oxygen-bridges, but physisorption seems to be 
more likely because the perbromate ion is a very weak nucleophile due to mesomeric 
stabilization.28

 

Figure 9. XPS spectra of a Si(100) surface, preconditioned by etching for 5 min in a HF-HNO3 mixture 
containing c(HF) = 11.7 mol L-1 and c(HNO3) = 3.9 mol L-1, followed by etching with HF-HBrO4, 
c(HF) = 14.61 mol L-1, c(HBrO4) = 0.50 mol L-1, for 1 min.
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Table 3. Experimental data of Si 2p3/2 binding energy shifts (∆BE) compared to literature data. The 
species percentage, based on the signal area, is given in parentheses.

∆BE [eV]
(Percentage by peak area, %)

Species Cerofolini 
et al.48

Cerofolini et 
al.56

Himpsel 
et al.47

Sundaravel 
a et al.57

HBrO4 HF-HBrO4

Si(0) 0.00
(BEabs = 
99.30 eV)

0.00
(BEabs = 
99.40 eV)

0.00
(BEabs = 
99.50 eV)

0.00
(BEabs = 
99.30 eV)

0.00
(BEabs = 
99.24 eV, 
59.65)

0.00
(BEabs = 
99.25 eV, 
44.57)

Si(SiH) 0.13 0.30 0.16
(51.66)

Si(SiH2) 0.28 0.57 0.29
(17.77)

Si(SiH3) 0.47
Si(1) 1.01 0.95 1.00
Si(2) 1.84 1.75 2.00
Si(3) 2.86 2.48 2.90
Si(4) 3.63 3.90 3.70 3.91

(22.57)
4.00
(3.77)

Table 4. Experimental data of Br-, F-, O- & C-XPS-signals compared to literature data.

BE [eV]
Species Jin et 

al.58
Newberg 
et al. 52

Sekar et 
al.49

Lu et 
al.59

Yue et 
al.60

Thøgersen 
et al.50

HBrO4 HF-HBrO4

3d5/2 Br(Si-Br) 69.1 69.56 69.62

3d5/2 Br(C-Br) 70.1

3d5/2 Br(O2-

Br)
72.3

3d5/2 Br(O3-

Br)
74.6 76.16 76.37

1s F(Si-F 

weak)
684.9

1s F(Si-O-Si-F) 686.4 685.86 685.63
1s F(Si-F) 687.5 687.23 687.13
1s F(C-F) 689.6 689.32
1s O(C=O) 531.2 – 

531.6
1s O(C-O) 532.2 – 

533.4
532.07

1s O(O2 or 

H2O)
534.6 – 
535.4

1s O(SiO2) 531.5 533.05 532.78 532.67
1s C(C) 284.6 284.80 284.80
1s C(C-H) 284.5 284.0 285.0
1s C(C-O) 286.0 286.2 286.1 – 

286.3
286.31 286.15

1s C(C=O 

keto)
288.8 288.4 287.3 – 

287.6
1s C(C=O 

acid)
288.4 – 
288.9

289.22 289.08

1s C(CO or 

CO2)
290.4 – 
290.8

1s C(C-F) 292.4
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Table 5. Relative atom-concentration [%] of measured elements and proportion related to silicon [%].

HBrO4 HF-HBrO4
Relative atom-
conc. [%]

Proportion in 
relation to Si [%]

Relative atom-
conc. [%]

Proportion in 
relation to Si [%]

Si 2p 58 100 60 100
C 1s 10 18 19 31
O 1s 29 50 17 29
F 1s 1.6 2.7 2.8 4.6
Br 3d 0.7 1.2 1.5 2.4

3.5. Proposed Reaction Scheme

Multiple oxidation and dissolution reactions are taking place when silicon is etched in 
aqueous HF-HBrO4 solutions. HBrO4 is directly reduced to HBrO3.61,62 Oxygen is 
inserted into the rearward Si-Si bonds, leading to isotropic silicon dissolution. Formed 
HBrO3 also reacts with silicon, similarly inserting oxygen into Si-Si bonds.22 The 
reduced Br-species are connected via multiple equilibria, leading to the formation of 
Br2 in the etching solution (Equations 3-5). Br2 reacts differently with silicon compared 
to the bromine-oxygen acids. Si-H groups are attacked directly, leading to the formation 
of Si-Br bonds.21 To enable silicon dissolution, the rearward Si-Si bonds have to be 
activated, either by strong polarization with heteroatoms (e.g. Br or F) or they react by 
oxygen insertion (as with HBrO4 and HBrO3).1 Activated Si atoms are then attacked by 
HF and dissolved. Figure 10 shows a simplified reaction scheme for the dissolution of 
silicon in HF-HBrO4 solutions.

Figure 10. Proposed reaction scheme for the dissolution of silicon in aqueous HF-HBrO4 solutions. Br2 
is formed by the reaction of HBrO3 with Si or rather by the equilibrium reactions of the reduced 
Br-species. All surface states shown in the reaction scheme may be interpreted from the analysis data.
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4. Conclusions
In this study we examined the oxidation and etching behavior of (100) silicon wafer 
surfaces in aqueous solutions of HF and HBrO4. Perbromic acid is a poorly accessible 
oxidizing agent because its preparation involves gaseous fluorine. An electrochemical 
preparation of perbromates is also possible with yields up to 10%, but is not sufficient 
for an efficient preparation on a multi gram scale.31,63 

Using aqueous HF-HBrO4 solutions for etching of (100) Si at room temperature, 
etching rates of up to 2 µm min-1 were observed, the etch rate is increasing with the 
etching temperature. At 100 °C, a maximum etch rate of 7.8 µm min-1 was observed. 
During etching, the solution changes its color from colorless to orange, indicating the 
formation of Br2 from the reduction of perbromate. Silicon surfaces are polished initially 
to yield mirror-like surfaces, but with longer etching times, partially matt surfaces are 
obtained. This is due to the formation of multiple active oxidizing species like BrO3-, Br2 
or Br3- when perbromate ions are reduced at the silicon surface possibly followed by 
further redox reactions in the solution. The etching system is very complex, because 
silicon polishing from HF-HBrO4 is taking place simultaneously with texturization 
induced in HF-HBr-Br2 solutions.

The difference in reactivity compared to HF-HClO4 solutions is remarkable. While no 
silicon dissolution is observed in these solutions, silicon is etched rapidly in HF-HBrO4 
mixtures. Since the perbromate ion, like the perchlorate ion, is a weak nucleophile with 
high mesomeric stability, we attribute the differences in reactivity to the difference in 
size of the central atom. Due to the lower steric shielding of the strongly positively 
charged bromine atom, it should be much easier to attack. In addition, the perbromate 
ion is more easily polarizable due to its larger central atom.

Oxidation experiments show that HBrO4 is an oxygen-inserting oxidant, therefore not 
directly attacking Si-H surface groups, but oxidizing the surface by the formation of 
Si-O-Si species. This correlates with the polishing nature of the etchant and is very 
similar for e.g. HNO3 or HBrO3, which are also oxygen-inserting and polishing (100) Si 
surfaces when combined with HF. The perbromate ion is strongly adsorbed to the 
oxidized or etched silicon surfaces, as a quick rinse with water or acetonitrile does not 
fully remove the adsorbed species. 

Future studies should focus on carrying out in-situ DRIFTS measurements to possibly 
detect an intermediate species during etching. The exact Br2 concentration causing the 
etching behavior to change from isotropic to anisotropic should also be investigated in 
detail.
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