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Abstract―High-aspect-ratio (HAR) silicon etching of micro-and nanostructures in a time-multiplexed deep 
etching process (Bosch process) is reviewed, including applications, different technological methods, critical 
challenges, and main principles of the technologies. HAR silicon etching is an application associated primarily 
with micro- and nanostructures. This potentially large-scale application requires HAR etching with a high 
throughput and controllable profile and surface properties. The most significant effects like RIE lag, bowing, 
stop effect, and profile shape dependence are discussed. 

Plasma chemical technologies for etching of silicon 
micro- and nanostructures are being developed 
primarily in response to demands of nanoelectronics 
and micro- and nanosystem technologies [1]. The 
necessity in deep etching of high-aspect-ratio nano-
structures arose, when the size of integrated micro-
circuit elements had reached the nanometer range             
(d <100 nm). In the modern plasma technologies for 
nanoelectronics (element size 20 nm), high-aspect-
ratio nanostructures are used for fabrication of 
nanotransistors [2] and shallow trench isolation [3] and 
of memory cells  with aspect ratios (AR) higher than 
100 [4].  

High-aspect-ratio etch processes have received the 
greatest development in micro- and nano-fabrication 
technologies. For high-rate anisotropic silicon etching, 
a two-stage deep reactive ion etching (DRIE) process 
or so-called Bosch process (by the name of the patent-
holding company) was developed almost two decades 
ago [5]. This process allowed, along with high-rate Si 
bulk etching, etching high-aspect-ratio (HAR) micro-
structures (АR > 20) [6, 7]. As a result, the techno-
logical potential for fabrication of nanoelectronic 
instruments and devices, such as microactuators and 
inertial sensors (microgyroscopes and microaccelo-
meters) has enhanced considerably [8–13].  

At present the Bosch process is used as the basis for 
the development of fabrication technologies for micro- 

and nanostructures with a higher aspect ratio, including 
3D micro- and nanocolumns, as well as nanowires, 
which are applied in nanophotonics [14] and nano-
technologies (fabrication of biosensors [15], micro-
biochips [16], and solar cells [17]).  

The Bosch process combines plasma etching and 
deposition, due to which highly efficient process 
parameters are provided (high speed, anisotropicity, 
selectivity). Moreover, by varying process parameters 
in a selected way, one can obtain structures with a 
variable etch profile. This is especially important in 
nanoelectronics, where micro- and nanostructures of a 
great variety of shapes are needed.  

Three groups of etching processes are recognized, 
depending on the expected result [9]. The first, the 
most widespread type, includes the processes of 
surface microstructuring from different-aspect 
structures with AR < 20. In this case, the process 
should be optimized so that to produce smooth and 
vertical sidewall etched structures. The second group 
includes Si bulk etching. Such processes are used for 
through etching of silicon plates with the aim to 
fabricate 3D integrated circuits [18, 19]. Therewith, the 
etching rate can reach 50 µm/min. The third group 
includes the etching processes forming structures with 
an ultrahigh aspect ratio (АR > 25) [20, 21]. The 
development of technologies on the basis of these 
processes is restrained by the fact that a different 
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negative effects  distorting the profile of the resulting 
structures are still to be overcome [22, 23].  

The present review is devoted to the Bosch 
processes in SF6/C4F8 and SF6/О2 plasmas, forming 
HAR microtrench and microcolumn structures.  

Bosch Deep Anisotropic Si Etching Process 

The basis for the development of the Bosch process 
was formed by the research on ion-stimulated aniso-
tropic etching of silicon surfaces. Such processes are 
applied in the microelectronics technology for a more 
precise copying of the mask image to deeper laying 
layers [24]. Initially, anisotropic Si etching processes 
were performed in a fluorine-containing (SF6/O2,     
SF6/CmFn) radiofrequency capacitively coupled plasma 
[24, 25]. Such plasmas contain two types of particles, 
specifically, oxygen atoms or fluorocarbon radicals 
CmFn, which passivate the silicon surface, as well as 
fluorine atoms which effect etching.  

Study of the mechanism of etching in such plasma 
showed that the anisotropicity of Si etching is 
associated with the concurrent occurrence of ion-
stimulated etching and deposition processes on the Si 
surface [26–28]. A necessary condition for the 
anisotropic etching to occur is that the etching rate is 
strongly dependent on the energy of bombarding ions. 
The surface is etched along the incident ion flux 
direction at fairly high ion energies, when the thin 
SiOFx or fluorocarbon passivation film on the trench 
bottom, which can hinder etching, is almost absent. 
The passivation film is only formed on the trench 
sidewall which is bombarded by ions at grazing angles 
(Fig. 1). In the case of etching of structures with a 
small aspect ratio, the thickness of the fluorocarbon 
polymer film is a few nanometers, and, therefore, it is 
usually not taken into account. However, when it 
comes to HAR structures, processes on trench 
sidewalls acquire extreme significance because of the 
accumulation of a fairly thick polymer film on the 
sidewalls.  

If trench bottom and sidewalls are bombarded both 
by passivating and etching particles simultaneously, 
the processes that occur on the surface being processed 
are quite complicated in nature. The competition between 
etching and passivation slows down both these processes, 
and this makes HAR trenches difficult to obtain.  

At present the most common type of plasma used in 
the trench etching technologies for nanostructure 
fabrication is a halogen-containing plasma of a 

complicated (Cl, Br, N2, O2) [2, 5]. However, such 
plasma is unsuitable for etching of HAR silicon 
microstructures because of the low rate of the process. 
The etching rate could only be increased in the Bosch 
process, where the etching and passivation processes 
are separated in time.  

The Bosch process is realized in a plasma chemical 
reactor with an inductively coupled RF plasma source 
[29, 30]. One of the main advantages of such reactors 
that it allows one to independently control the energy 
and density of ion current [29]. The reactor comprises 
two chambers: discharge and reaction. Discharge is 
ignited in the discharge chamber (a quartz glass) by 
means of an RF generator (frequency 13.56 MHz). The 
generated plasma flows from the discharge chamber to 
a metal reaction chamber. To control the uniformity of 
etching and increase the density of charged particles, 
the reaction chamber is placed in magnetic field. The 
necessary negative bias potential on the electrode 
which determines the energy of bombarding ions is 
provided by supplying RF power bias from a separate 
RF generator.  

In the Bosch HAR deep anisotropic silicon etching 
process, where anisotropic etching is provided by the 
formation of a passivation film on trench sidewalls, the 
etching and passivation stages are separated in time. 
Such separation is realized by alternately supplying the 
etching (SF6) and passivating (in the cited works, 
C4F8) reagent fluxes into the plasma chemical reactor. 
During the passivation stage in the C4F8 plasma, a 
fluorocarbon polymer film is deposited on the trench 
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Fig. 1. Motion of charged species toward trench bottom 
and sidewalls on anisotropic etching in a fluorine-
containing plasma.  

PLASMA CHEMICAL ETCHING  

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  85   No.  5   2015 

   1253 



bottom and sidewalls. During the subsequent etching 
stage in the SF6 plasma the film is rapidly removed 
from the trench bottom, after which silicon is removed 
by reacting with fluorine atoms. 

The etching–passivation cycle is repeated many 
times. Each stage lasts a few seconds. During this time 
sidewalls are etched only slightly. The passivation film 
on the trench sidewall should persist to prevent 
sidewall etching. As a result, trench sidewalls have a 
characteristic notched profile. The balance between 
etching and passivation is imperative of the Вosch 
process.  

The performance of the Bosch process depends on 
a variety of factors (pressure, RF power and shift 
potential, flow rate and composition of the SF6/С4F8 
mixture, wafer temperature, relative passivation and 
etching times), as well as on the process design. The 
complexity of the Bosch process is associated with the 
fact that HAR etching involves five concerted 
processes that occur at the bottom of a trench and at its 
sidewalls: radical Si etching in the SF6 plasma, ion-
stimulated etching and deposition of a fluorocarbon 
polymer film on the trench bottom, as well as radical 
etching and deposition of the film on the sidewall. In 
view of the fact that the etching process is complex 
and multiparameter, its simulation becomes a 
necessary element of research into it. Simulation 
including all surface reactions resulted in a fair fitting 
of the experimental data, implying that the mechanism 
of this process is fairly well understood [31, 32]. 

For high rate and anisotropicity of Si etching, the 
following conditions should be fulfilled at the etching 
stage of the Bosch process. First, the rate of Si etching 
should be as high as possible. Second, the angular 
energy distribution of ions should be as narrow as 
possible. However, these conditions contradict each 
other. High-rate etching takes place at increased gas 
pressure and flow rate, when the concentration of 
fluorine atoms is a maximum is the highest. However, 
when this takes place, the number of collisions in the 
near-electrode layer increases, and the angular energy 
distribution of ions gets wider. The optimal pressure at 
the etching stage is 4–5 Pa. High-aspect-ratio structures 
are formed at even lower pressures.  

Under the assumption that ion collisions in the 
near-electrode layer are negligible, the rms deviation 
of the ion incidence slope angle is given by the 
equation [33, 34]:  

 where k is the Boltzmann constant; Тi, thermal 
energy of ions; and Еi, kinetic energy of ions. At the 
ion energy of 100 eV (Usb = –80 V) and Тi = 0.04 eV, 
this angle is 2°.  

As follows from Eq. (1), the higher the ion energy, 
the narrower is the ion energy distribution. However, 
in this case, the selectivity of etching of the Si/SiО2 
surface decreases. Therefore, to obtain high- and 
ultrahigh aspect ration microstructures are better 
prepared using metal masks.  

The passivation stage is as important as the etching 
stage. The passivation parameters that have impact in 
the etching process parameters (duration, RF shift 
power, SF6 and C4F8 flow rates and their ratio, and 
pressure) should ensure that the polymer films grows 
primarily on the trench sidewall rather than on the 
trench bottom. To slow down formation of the polymer 
film on the trench bottom, a definite RF bias power 
may be supplied on the wafer. This increases the 
energy of bombarding ions and prevents polymer film 
formation on the trench bottom and on the mask 
surface [35]. However, high shift potentials favor 
faster SiO2 etching, which adversely affects the 
selectivity of the process. Moreover, it should be borne 
in mind that, as the trench depth increases, the ion flux 
density at the trench bottom decreases [36, 37], and 
this changes the polymerization conditions. Poly-
merization can be either enhanced or attenuated, 
depending on the relative fluxes of ions and radicals.  

Fluorocarbon polymer film deposition is an ion-
stimulated process, and , therefore, the polymer film is 
slower deposited on sidewalls, where the ion flux is 
weaker. The rate of film deposition rate on a plane 
surface is 6.0 nm/s, whereas the respective value for 
the sidewall close to the trench top is about an order of 
magnitude smaller [35]. Evidence for the ion-
stimulated deposition mechanism is provided by the 
shape of the sidewall film (Fig. 2) [38]. Three-minute 
monitoring of the deposition into deep trenches etched 
in the Bosch process showed that the film grows along 
the direction of ion flux incidence, whereas between 
the deposit build-ups, where the deposition is 
controlled by the radical flux, the film thickness is 
much smaller (Fig. 2b). The sidewall film thickness 
was determined by the angular distribution of ions. 

σi = arctan
kTi
kTi√

/
// , (1) 
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The mechanism of fluorocarbon plasma-enhanced 
film deposition is still not understood to sufficient 
detail. As shown more than two decades ago, this 
process is stimulated by low-energy ion bombardment 
[39, 40]. It was assumed that under low-energy ion 
bombardment the fluorocarbon polymer film forms 
predominantly from CF, СF2, and СF3 radicals. The 
rate of radical polymerization is 5–10 times lower 
compared to the ion-simulated process. However, later, 
after it had been established that the surface being 
processed in itself works as a source of light radicals, 
researchers started to believe that film formation 
involves heavy radicals СxFy (x, y >3) [41, 42].  

Etching of the polymer film in the SF6 plasma is, 
too, an ion-stimulated process. Therefore, it is rapidly 
removed from the trench bottom and slowly removed 
from sidewalls, where etching is predominantly a 
radical process. Therewith, one also should account for 
sidewall etching produced by ions incident at grazing 
angles. This factor, too, depends on the angular 
distribution of ions. However, as mentioned above, this 
function is generally unknown. Therefore, the optimal 
process parameters, in particular, the durations of the 
etching and passivation stages, when the rate of 
microstructure formation on vertical walls is a 
maximum, are determined experimentally [33, 43].  

Formation of Ultrahigh Aspect Ratio Silicon 
Microstructures 

If the etching conditions are invariable over the 
course of the process, the highest aspect ratio 
attainable for trenches with vertical walls is 30 [20, 
34]. As the trench depth increases, the thickness of the 
passivation film on the trench sidewalls tends to 

decrease. As a result, the radical and ion fluxes 
incident onto the trench bottom and sidewalls also 
decrease [36, 37], leading to a strong distortion of the 
micro- and nanostructure profiles, mask underetching, 
bowing, trench sharpness, and stop etching [20, 34, 43, 
44]. A typical profile of thus formed trenches is shown 
in Fig. 3а. Similar trench profile distortion effects are 
also observed in a cryogenic SF6/O2 plasma Bosch 
process [45–47].  

The angular distribution of ions is a critical factor 
in HAR trench etching. The formation of barrel-shaped 
trenches can be explained by the effect of grazing ion 
bombardment. The angular distribution of ions is 
responsible for the critical aspect ratio which is defined 
as the aspect ratio of a trench, the middle point of the 
bottom of which is reached by ions whose incident 
angle is equal to the average deviation angle of the ion 
flux [34].  

Trench widening results in that the aspect ratio in 
fact decreases [34]. The deep mask underetching is 
associated with decreased thickness of the fluoro-
carbon polymer film. The fact that the film thickness 
decreases with increasing trench depth can be 
explained by a peculiar leading effect. The deeper the 
trench, the larger is its sidewall surface area and the 
smaller is the film thickness at a constant fluorocarbon 
radical flux. Therefore, for HAR structures to form, the 
passivation conditions should enhance with increasing 
grove depth. The enhancement should be very 
essential, because as the trench depth doubles, the 
trench sidewall surface area increases four times. 
However, the enhancement of passivation either by 
prolonging the stage or by increasing the С4F8 flow 
rate in long-term processes (200–500 cycles) can 

(a)                                                                      (b) 

Fig. 2. Fluorocarbon polymer film deposited into (a) deep trenches with crests on their sidewalls and (b) shape of the film on the 
top of the trench sidewall. 
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results in film accumulation on trench sidewalls near 
the top. This hinders access of chemically active 
species depthward the trench, resulting in sharpening 
of the trench bottom followed by a strong slow-down 
of the etching process. However, even if passivation is 
much enhanced, sidewall etching near the trench top 
still cannot be prevented. This fact can be explained by 
a nonconformal passivation film deposition on 
sidewalls [38, 48]. The thickness of a strong sidewall 
passivation film is nonuniform. Therefore, on 
prolonged etching, silicon sidewall etching takes place 
between crests, where the film is the thinnest.  

To avoid excess film formation on the trench top, 
three- and four-stage etching processes were developed 
[20]. The three-stage process includes the stage of 
depassivation of the surface being processed in an 
argon plasma, whereas the four-stage process, one 
more additional, short stage involving etching of the 
excess fluorocarbon film. As a result, trenches with 
АRs higher than 40 could be obtained [20]. However, 
additional stages slow down the etching process. The 
excess sidewall film can be removed not in every 
cycle, but only after 50–100 cycles and additional 
passivation. In this case, etching slow-down is not so 
strong, and one can obtain vertical trenches with АR ≈ 
50 (Fig. 4). 

Higher AR trenches can hardly be fabricated in a 
fluorocarbon plasma, because the passivation of 
sidewalls in a C4F8 plasma is hindered in view the fact 
that active species poorly penetrate into the depth of 
the trench, and film deposition occurs predominantly 
near the top of the trench. Fluorocarbon films 
deposited on HAR trench sidewalls are located 
predominantly on the trench top and eventually 

encapsulate the latter. The fact that film deposition 
occurs near the trench top may suggest that the film is 
charged. The local charging effect is caused by the 
temperature difference between ions and electrons, and 
this effect is characteristic of plasma dielectric etching 
processes [49]. Due to the fact that the charge of the 
incident electrons and ions is not completely 
compensated for on the dielectric sidewalls, 
bombardment of the trench bottom is hindered, and 
this induces termination of etching (stop effect). 
However, the charging effect appears to take place if 
the sidewall film is sufficiently thick. A thin 
fluorocarbon film is conducting, and its charging 
should not occur. Experimental evidence for this 
suggestion was obtained on an example of high-aspect-
ratio SiO2 etching [50, 51].  

Thus, for HAR etching one should enhance 
passivation of the surface being processed and increase 
the ion bombardment energy. Figure 5 shows trenches 
with AR > 30, obtained by etching in such conditions. 
As the energy of ions increases, their angular 
distribution becomes narrower, and this would favor 
more vertical sidewalls. The aspect ratio of column 
microstructures, as defined as the column height-to-
width ratio [2], will be about 100. However, it should 
be noted that such definition is not completely correct, 
as it does not take account of the physical limitations 
on the access of etching species. The flux of the 
etching species in the case of column structures is 
stronger compared to trenches, and, therefore, the 
etching depth is former case is higher.  

Strictly vertical trenches with AR > 73 could be 
obtained, when their sidewalls were passivated by 
oxidation in an oxygen-containing plasma [21]. It 

(a)                                                 (b) 

Fig. 3. (a) Typical profile of deep trenches in a Si structure, 
obtained at invariable etching parameters and (b) profile of 
a HAR trench obtained at the enhanced passivation stage. 

4 μm 

Fig. 4. Fluorocarbon film–coated HAR trenches (AR ≈ 50, 
width 1 µm) on a Si structure surface, obtained by Bosch 
etching in a С4F8/SF6 plasma. 
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should be noted that even though the high- and 
ultrahigh-aspect-ratio silicon etching was performed in 
a Bosch process, the etching rate was fairly low (less 
than 2 µm/min) in view of aperture limitations. 
Therewith, no sidewall notches characteristically 
formed on the trenches fabricated in the cyclic process, 
are not observed. Such etching can be considered as a 
quasi-Bosch process. Ultrahigh-aspect ratio structures 
are difficult to obtain by etching in a continuous mode. 
Note that cyclic etching failed to provide strictly 
vertical trenches about, say, 5 µm in width and 500 µm 
in depth because of process instabilities, sidewall 
etching, or, vice versa, trench narrowing. All resulting 
structures with AR > 50 had trench widths of no less 
than 1 µm.  

As mentioned above, by varying passivation and 
etching conditions one can control the grove profile. 
Narrowing or widening trenches are formed at 
different passivation degrees (Fig. 6). Trenches of a 
more complicated shape, for example, variable-width 
ones, can be fabricated by varying the passivation 
degree and the ion energy at the etching stage                 
(Fig. 6а). Simulation also showed that variable-width 
trenches are formed in a two-stage etching process, in 
which the first stage forms positively inclined side-
walls and the second stage, vertical walls [52].  

Trenches widening bottomward (Fig. 6b) can be 
fabricated by slightly prolonging the etching stage 
after structures with a sufficient height have already 
formed. By varying process parameter in one or 
another way one can obtain quite diversely shaped 
structures [53, 54].  

Aspect-Dependent and Aspect-Independent  
Silicon Etching 

Wide trenches fabricated by plasma etching are 
generally deeper compared to narrow ones [55, 56]. 
The same aperture effect (or aspect-dependent etching) 
takes place in etching of long microtrenches and 
microwells (Fig. 7).  

The explanation for this effect lies in the fact that as 
the aspect ratio of the etched structures increases, the 
limiting stage of the process, specifically, delivery of 
active species to the bottom of the structures, is slowed 
down [57]. Simulation of the Bosch etching of deep 
silicon trenches by fluorine atoms [32] showed that at 
aspect ratios higher than 12 the etching rate decreases 
according to the Knudsen transport model [57]. The 
more probability reaction of fluorine with silicon, the 
stronger the etching process is slowed down. Thus, if 
the probability of fluorine reaction with Si is 0.5, the 
etching rate of trenches with AR 20 decreases more than 
three times.  

Fig. 5. Ultrahigh-aspect-ratio microcolumn structures 1 µm 
in width. 

      (a)                                                            (b) 

Fig. 6. Changes in trench profile depending on process conditions. 
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However, in a Bosch process, where the etching 
stage alternates with the film deposition stage, fluorine 
transport in not the only limiting factor. Thus, if at the 
passivation stage a variable-thickness polymer film is 
formed on the bottom of a wide (with a lower aspect 
ratio) or narrow trench, removal of such film may 
become a limiting factor. Therewith, an inverse 
aperture effect may even be observed.  

Analysis of the aspect-dependent Bosch etching 
process showed that this effect can be suppressed, if 
the passivation state is much prolonged [58–60]. In 
this case, the rate of Si etching in wide trenches 
decreases, while the etching rate in narrow trenches 
decreases to a much smaller extent. At certain process 
parameters the etching depths of wide and narrow 
trenches may prove comparable with each other. 
Therewith, the sidewalls of wide trenches remain 
vertical.  

Theoretically, such process can be realized to form 
HAR trenches [58], but in fact trenches of equal 
heights with AR > 10 could not be obtained. This is 
explained by the fact that etching after strong 
passivation results in formation of microneedles on the 
bottom of a wide trench. As open silicon surface with 
such needles gets black due to strong light absorption. 
Research into the mechanism of mucroneedle 
formation showed that this phenomenon is associated 
with the micromasking carbon residues formed after 
etching of the nonuniform-thickness fluorocarbon film 
on the trench bottom [61, 62]. The same “black 
silicon” effect is observed in the Bosch process in an 
SF6//O2 plasma [46, 47].  
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