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We report the experimentally obtained response surfaces of silicon etching rate, aspect ratio dependent etching (ARDE), photoresist etching rate, and anisotropy parameter in a time multiplexed inductively coupled plasma etcher. The data were collected while
varying eight etching variables. The relevance of electrode power, pressure, and gas flow rates is presented and has been found to
agree with observations reported in the literature. The observed behavior presented in this report serves as a tool to locate and optimize operating conditions to etch high aspect ratio structures. The performance of this deep reactive ion etcher allows the tailoring of silicon etching rates in excess of 4 mm/min with anisotropic profiles, nonuniformities of less than 4% across the wafer, and
ARDE control with a depth variation of less than 1 mm for trenches of dissimilar width. Furthermore it is possible to prescribe the
slope of etched trenches from positive to reentrant.
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The development of silicon processing has been characterized by
the aim to miniaturize structures and to fabricate faster devices. This
is clearly illustrated, for example, by the fact that the number of
components per integrated circuit rose from a few thousands in the
early 1960s to millions in the 1990s. This dramatic trend has been
possible due to advances in a wide range of microfabrication technologies and materials, including the understanding of plasma etching phenomena and the availability of silicon processing equipment
with improved etching capabilities. The bonanza in research and
production of silicon-based devices has also stimulated the growth
of certain fabrication approaches such as microelectromechanical
systems (MEMS).
MEMS combine miniaturization, sensing or actuating behavior,
and electronic interfacing to fabricate devices for a large variety of
applications. Pressure sensors, accelerometers, microchemical reactors, gyroscopes, and micromirror displays are but a few examples of
the structures found in MEMS.
Some MEMS devices also involve high aspect ratio structures
(HARS) which permit the fabrication of devices able to span from 0.1
to 1 mm, and that are compliant in the plane of the wafer but rigid in
the direction normal to its surface.1 HARS also permits achieving
large lateral capacitances. HARS in combination with other technologies, such as wafer bonding, also make possible the realization of
novel and promising applications, such as power MEMS.2
Among the options for fabricating HARS in silicon, we find reactive ion etching (RIE) and electron cyclotron resonance (ECR). However, these conventional dry processing approaches have only had a
limited success in fulfilling the requirements of HARS: high etch
rate, good selectivity to masking material, anisotropy, and compatibility with other processes.3 Both RIE and ECR permit anisotropic
profiles but the etching rate is usually low and etching beyond a few
dozens of microns is time consuming. Furthermore, the selectivity
even to hard masks like silicon dioxide usually does not exceed 20:1.
Another alternative for fabricating HARS is the lithography-electroplating-injection-molding (LIGA, German acronym)4 process.
LIGA offers the largest anisotropy achievable in micromachined
structures, and excellent profile control, at the expense of requiring
a synchrotron radiation source and limited compatibility with other
processes. Thus, a significant research effort has been made to develop a LIGA-like process which would not require an X-ray source. A
solution has been found with high density plasma tools which combine the ability to fabricate HARS with results comparable to LIGA
but with a technology similar to the well-known RIE.
In particular, inductively coupled plasmas (ICP) are satisfying
the need of the aforementioned processes, and the purpose of this
article is to present the measured results of one of these tools. ICP
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etchers provide high concentrations of etching species at low pressures and low dc bias. It is the ionization efficiency of ICP that has
made it a valuable tool not only for etching applications but also for
mass spectrometry.5 However, when applying a fluorinated gas, such
as SF6, the nature of the etch is isotropic6 due to the spontaneous silicon etching rate of fluorine,7,8 and the high volatility of the products. Sidewall passivation steps must be performed to improve the
anisotropy of the etch.9-10 The technique patented by Robert Bosch
GmbH11 relies precisely on the deposition of inhibiting films to obtain anisotropic profiles. This technique is described in the following
section, followed by the experimental approach. The measured performance is then presented. The responses, and their dependence on
operating conditions, are silicon etching rate, photoresist etching
rate, uniformity, aspect ratio dependent etching, and anisotropy.
Time Multiplexed Deep Etching
The time multiplexed deep etching (TMDE) technique developed
and licensed by Robert Bosch GmbH utilizes an etching cycle flowing only SF6 (steps b and d in Fig. 1) and then switching to a sidewall
passivating cycle using only C4F8 (step c in Fig. 1). During the subsequent etching cycle, the passivating film is preferentially removed
from the bottom of the trenches due to ion bombardment, while preventing etch of the sidewalls. The success of Bosch’s TMDE scheme
hinges upon the deposition of the inhibiting films. These films prevent the etching of the sidewalls by SF6 discharges that contain large
concentrations of atomic fluorine which spontaneously etches silicon.
SF6 discharges lack polymer-forming species to block spontaneous
etching.12,13 However, fluorocarbon discharges contain a variety of
radicals14,15 that form Teflon-like films on all surfaces. This is also
consistent with reports of C4F8 having characteristics equivalent to
those of CF4 with a suitable amount of CH4 added.16
The duration of etching and passivating cycles, applied electrode
and coil powers, and gas flow rates can each be prescribed independently. However, as can be seen in Fig. 2, there is always a gas flow
overlap, of around 1 s, due to the finite time response of the mass flow
controllers. This overlap can be extended even more by prescribing
an additional time overlap at the end of either or both cycles.
The Bosch technique uses the high etching rate of a fluorine-rich
plasma to etch HARS. Even etching through the wafer is feasible.
Some recently reported applications are already exploiting this latter
alternative.17-19 Furthermore, by suppressing the time multiplexing,
the equipment can be run with continuous flows of SF6 or C4F8.
With SF6 it is possible to achieve isotropic etch rates as high as
8.28 mm/min. Using C4F8, Teflon-like films can be deposited for use
as antistiction films.20 Soft lithography being a process which involves transfer molding of organic polymers,21 can benefit from the
ability to in situ deposit of Teflon-like films, as release layers.
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Figure 1. TMDE scheme: (a) Patterned photoresist mask on a silicon wafer,
(b) etching cycle, the isotropic nature of the etch is clearly identifiable, (c)
during the passivation cycle a Teflon-like film is deposited on all surfaces,
and (d) during the subsequent etching cycle, the thin passivating film is first
removed from all surfaces exposed to ion bombardment and then the etch
proceeds. Once more the isotropic nature of the etch is clearly shown.

The large parameter space for the etch system has proven to be
versatile enough to allow prescribing the profile of the etched features as well as surface roughness and selectivity.
Experimental
This work was performed using a Surface Technology Systems
multiplex ICP (Redwood City, CA). Vacuum pumping of the etching
chamber is done by a Balzers TMH1000C (Pfeiffer Vacuum Technologies, Hudson, NH) turbopump, with a pumping speed of 880 L/s.
The equipment includes two independent 13.56 MHz rf power
sources: a 1000 W supply for the single-turn coil around the etching
chamber to create the plasma and a 300 W supply connected to the
wafer electrode to vary the rf bias potential of the wafer with respect
to the plasma. The efficient inductive power coupling of the coil to
the plasma allows high density plasmas to be maintained. This coil
is connected between the matching network and ground. The phase
between the rf power sources is optimized with a linear-phase shift
controller.
The etching and passivating gases enter from the top of the etching chamber, through a single gas feed located 7 cm off-center. The
gases are then routed through a series of grooves on the top cover
intended to distribute them evenly across the wafer. Finally, the
gases access the chamber through a 2.9 mm groove of diameter 103

Figure 2. Graph showing the gas flow cycles during plasma etching. Note the
overlaps caused by the finite time response of the mass flow controllers.

mm located on top of the wafer. The gas is pumped through a single
large opening located opposite to the load lock gate (see Fig. 3).
Back-side helium pressurization is used to provide good heat
transfer between the wafer and the electrode to maintain a constant
wafer temperature. A set of eight alumina fingers, with interfinger
distance of 89.9 mm, clamp the wafer to the electrode (see Fig. 3).
Additionally, an elastomer in the electrode creates a seal to avoid
helium leaks while etching. The measured temperature on the surface of the wafer during processing is 408C. These low temperatures
reduce the etching rate of the photoresist, thereby allowing its use as
a mask for etching silicon. Photoresist can also be used as a bonding
material for mounting the device wafer to a handle wafer during
processes requiring etching through a wafer. This mounting is
required to prevent helium leaks into the chamber. For very small
features, device wafers can be mounted on quartz for visual detection of the etch completion. The top cover of the etching chamber is
water heated and maintained at 408C.
It is possible to operate with a predetermined common pressure
for both etching and passivating active cycles, or with a fixed angular position for the automatic pressure control valve (APC). In the
first case the position of the throttle valve (or APC valve) varies as
the gas flow changes during each cycle. In the latter case, the position of the throttle valve is fixed and the pressure is determined by
the gas flow rate. The results presented in this report used this latter
approach. Higher values of the APC valve position in degrees correspond to higher pressures. However, the trip pressure is fixed at 90
mT creating an upper limit in these experiments. Tables I and II present the measured pressure under static conditions for both gases as
well as the corresponding residence times.
The residence time, t, is proportional to pV/f, where p is the pressure, V is the chamber volume, and f is the gas flow rate. This time
is important in relation to the removal rate of etch products in the
process chamber with the corresponding effect on reactant concentration.22 Thus, high APC settings or low flow rate (see Tables I and
II) can both have deleterious effects on etching characteristics.
Eight variables were studied in this experiment, namely, SF6 flow
rate, etching active time or etching cycle, etch overlap, electrode

Figure 3. General sketch of the etching chamber (not to scale) with volume
of 36 L. The gas feed is located 7 cm off the center of the upper cover. After
being routed through an array of grooves the corresponding gases enter the
etching chamber through a single continuous shower groove with outer diameter 103 mm and width 2.9 mm.
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Table I. Steady-state pressure vs. SF6 flow rate.

Table III. Range of explored variables.

APC
(8)

SF6 flow rate
(sccm)

Pressure
(mT)

Residence time
(s)

50
50
65
65
80
78

70
140
70
140
70
140

6.6
11.4
13.8
24
60.8
85

0.27
0.23
0.56
0.49
2.47
1.73

Variable
SF6 flow rate
SF6 active time
Etch overlap
Electrode power during etch
C4F8 flow rate
C4F8 active time
Electrode power during
passivation
APC

Minimum

Maximum

70 sccm
10 s
00
08 W
20 sccm
06 s
00

140 sccm
015 s
001 s
016 W
095 sccm
011 s
006 W

508

0808

Table II. Steady-state pressure vs. C4F8 flow rate.
APC
(8)

C4F8 flow rate
(sccm)

Pressure
(mT)

Residence time
(s)

50
50
65
65
80
80

20
95
20
95
20
95

2.2
8.4
4.6
18
26.3
85

0.31
0.25
0.65
0.54
3.74
2.54

64 mm, that expose a wafer area of 18%. The photoresist profile is
not anisotropic as can be seen in Fig. 4. After etching the samples,
we used SEM to study them.
For the 5 min runs we used photoresist OCG 825 (20 cs) spun,
baked, and exposed in the same fashion but developed with OCG
934 (1:1). In this case the expected photomasking material thickness
is approximately 1 mm. We used an optical interferometer to measure the thickness of the photoresist layer before and immediately
after etching each sample, and a profilometer to measure the depth
of the etched trenches. No noticeable difference in photoresist etching rate was detected between AZ4620 and OCG825.
Once the samples were prepared, a designed set of experiments
adequate to fit a quadratic model were performed and analyzed using
commercial software. The explored ranges are presented in Table III.
This systematic investigation produced response surfaces23-25 that
enable us to predict appropriate operating conditions for different
processing requirements.

power during etching, C4F8 flow rate, passivation active time or passivating cycle, electrode power during passivation, and APC position
in degrees.
The default passivation overlap over the etching cycle was not
modified, and the inductive coil power was fixed at 600 W during both
etching and passivating cycles. Etches were performed for 30 min to
study etch rate, ARDE, and anisotropy. Additional 5 min etches were
performed to determine photoresist removal rate and uniformity.
For the 30 min runs the samples were prepared in the following
fashion: 4 in. single-crystal silicon <100> wafers, n-type with resistivity between 6 and 20 V cm, were coated with photoresist AZ4620
spun at 3000 rpm (thickness < 6 mm) and baked in a convection
oven at 908C for 30 min. The samples were then exposed in a contact Karl Suss aligner with a wavelength of 320 nm and power density of 6 mW/cm2, developed with AZ440, and baked again at 908C
for 30 min. The mask consists of arrays of trenches of widths of 2 to

Results
The measured etching rate, ARDE, uniformity, photoresist etching rate, and anisotropy parameter were fitted and the corresponding
response surfaces generated. The relevant dimensions are introduced
in Fig. 5, and they are defined in the respective sections for each
response.
Flow rate, pressure, and applied power, are the dominant variables that determine the etching characteristics. Pressure, for in-

Figure 4. Micrograph showing the profile of the photoresist used as a mask
for the 30 min etches.

Figure 5. Drawing showing the main dimensions used in this report. The
mask thickness is not included. Silicon etching rate is obtained by dividing
the depth achieved, h, by the etching time. Selectivity is the ratio of silicon
depth attained, h, to the photoresist removed. The anisotropy parameter is
defined as (h-c)/|a-b|.
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stance, increases the formation of atomic fluorine and other radicals,
relative to that of ions, and, thus, promotes isotropic profiles. It also
reduces the maximum ion energy, the sheath width, and the bias drop
across the electrode sheath.24,26,27 Applied electrode power increases the self-bias and the ion directionality and hence etching anisotropy. Ion bombardment energy increases typically increase the etching rate of the photoresist relative to that of silicon, thereby decreasing the selectivity.28,29 Finally, increasing the flow rate increases the
removal rate of etching products and significantly effects the etching
rate.30 Hence etching rate, etch selectivity, anisotropy, and uniformity all have a noticeable dependence on pressure, applied power, and
flow rates.
All response contours were generated holding the variables not
explored in each figure at a value corresponding to the middle point
of their explored range (see Table III).
Silicon etching rate.—Figures 6 and 7 show the etching rate variation as a function of operating conditions. The average etching rate
is defined as the ratio of the total depth, h, divided by the etch time
(30 min). All measurements graphed in Fig. 6 and 7 were taken for
trenches of nominal width, 64 mm. The adjusted R2 of the quadratic
model for this response is 0.85 indicating that the fit is reasonably
good.25
The etching rate of silicon has three components: physical sputtering, spontaneous thermal etching, and ion-enhanced chemical
reaction; the largest component being the ion-enhanced part.22 Thus,
increases in applied electrode power during the etching cycle represent additional gas ionization, dissociation,27 and, more importantly,
additional ion bombardment energy which is reflected in higher etch
rates (see Fig. 6). For low SF6 flows, power increases only have a
marginal effect on etching rate. At low flows the concentration of
etchant (F) is limited and the concentrations of products (SiF4) that
redeposit increases.30
As the flow rate increases, the etching rate increases with both
flow rate and applied electrode power.31
The etching rate dependence on pressure is shown in Fig. 7. The
etching rate initially increases with pressure due to higher F concentrations,22,26 but as pressure is increased even further, the ion energy
and/or flux is reduced and the etching rate drops.22
The etching rate also increases as the etching active cycle duration is increased due to greater fractional etching times with SF6.
Similarly, the etching rate decreases as the duration of the active
cycle of C4F8 increases (see Fig. 7) due to thicker depositions of
Teflon-like film on the silicon. It has been reported that the growth

Figure 6. Silicon etching rate as a function of SF6 flow rate and applied electrode power during the etching cycle.

Figure 7. Silicon etching rate as a function of APC position (pressure) and
passivation cycle duration.

of the fluorocarbon layer is self-limiting,32 however, in the presence
of ion bombardment, its thickness is believed to vary proportionally
with deposition time. Figure 8 presents the profile of a trench etched
with significant passivation depositions. The profile is anisotropic,
but the average etching rate is only 1.1 mm/min.
It was also observed that silicon etching rate has only a mild
dependence on C4F8 flow rate and applied electrode power during
passivation.
The active cycle of SF6 also determines the peak to peak height
of the scalloping noticed on the walls in Fig. 9. The depth variation
of the aforementioned scalloping is a function of the operating conditions and amplitudes as low as 50 nm have been detected. In general higher power to pressure ratios and shorter etching cycles tend
to decrease this effect.
The active cycle overlap of SF6 not only extends the etching time
but, more importantly, reduces the flickering when switching be-

Figure 8. Profile of a trench etched with significant passivation deposition.
Etching conditions were: 70 sccm of SF6 (12.5 s active cycle, no overlap, and
8 W electrode power), 95 sccm of C4F8 (11 s of active cycle and 6 W electrode power), the APC set at 508. Notice the relatively sharp corner at the
trench bottom.
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Figure 9. Micrograph view of the scalloping observed in the walls due to the
periodic etch/deposition. The operating conditions were: 140 sccm of SF6
(10 s active cycle, 1 s overlap, and 16 W electrode power), 20 sccm of C4F8
(11 s of active cycle and 0 W electrode power), the APC positioned at 508.

tween an etching plasma and a passivating one. This is relevant
because stable glow discharges are more amenable to uniformity and
reproducibility while the currents induced by nonuniform plasmas
can damage electronic devices.15
The large parameter space presented in this report makes the utilization of response surfaces a required tool to assess the combined
effect of modifying operating conditions. This is particularly important when those changes have an opposite influence in a specific
response. Figures 10 and 11 illustrate this point. In Fig. 11, the electrode power during the etching phase has been lowered from 16 to
12 W, while this power has been increased from 3 to 6 W during
polymerization. The SF6 active cycle was increased from 10 to 15 s
and the SF6 gas overlap time has been increased from 0 to 1 s. Also

Figure 10. Profile of trench etched with 140 sccm of SF6 (10 s active cycle,
no overlap and 16 W electrode power), 20 sccm of C4F8 (6 s of active cycle
and 3 W electrode power), the APC positioned at 658. The anisotropy of the
smaller gap is larger than that of the wider trench.

Figure 11. Profiles obtained with 105 sccm of SF6 (15 s active cycle, 1 s
overlap, and 12 W electrode power), 20 sccm of C4F8 (11 s of active cycle
and 6 W electrode power), the APC positioned at 658. Once more, the
anisotropy of the smaller gap is larger than that of the wider trench presented in this micrographs.

the SF6 flow rate has been decreased from 140 to 105 sccm. Finally,
the polymerization cycle was increased from 6 to 11 s. The decrease
in SF6 flow rate and applied power during etching and the increase
of the duration of the passivation cycle, all tend to reduce the etching rate (Fig. 6). However, the increased duration of the active cycle
during etching tends to increase the etching rate (Fig. 7). Finally, as
was previously mentioned, changes in applied electrode power during passivation have only a marginal influence on etching rate. With
all modifications in place, the measured etching rate is only slightly
affected. However, the final outcome is difficult to predict without
the aid of the appropriate response surfaces.
The model was tested by specifying an etching rate of
3.3 mm/min, with selectivity of 100:1 and anisotropy parameter of
50. The output of the model was: 136 sccm of SF6 flow (14.8 s active
cycle, 0.7 s overlap, 12 W electrode power), 90 sccm of C4F8 (7 s
active cycle, 2 W electrode power), the APC set at 658. The measured etch rate for features of nominal width 64 mm was 3.4 mm/min
with selectivity 92:1 and good anisotropy. An application of these
operating conditions is shown in Fig. 12. It is important to point out
that this operating point is not suitable for smaller features.
Aspect ratio dependent etching.—The etching rate was observed
to decrease with trench width. This phenomenon, common in fluorinated plasmas and known as reactive ion etch lag 33-37 (RIE-lag) is
just one perceptible indication of aspect ratio dependent etching34,35
(ARDE). The dependence of etching rate on etch depth is another
form of ARDE, however, we will not address that effect in this paper.
All references to ARDE will be specific to the trench width effect,
particularly since it is the most relevant to our applications. To quantify this effect, the ratio of etched depth of trenches of nominal
widths of 64 and 8 mm was collected and analyzed. This effect is
presented for different etching conditions in Fig. 13. ARDE varies
with operating conditions and, therefore, it is also possible to control
this behavior as is shown in the same Fig. 13.
We have found that the operating conditions required to minimize
ARDE with the present fluorinated chemistry, involve high SF6 flow
rates (see Fig. 14). This observation has already been reported by other
authors33,34 and it is thought to be related to reduction of the product
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Figure 14. Aspect ratio dependent etching variation with SF6 flow and
applied electrode power during the etching phase. Plotted values of ARDE
are the ratio of the depths of trenches of nominal width of 64 and 8 mm. Note
the decrease of ARDE for high SF6 flow rates. The adjusted R2 of this
response is 0.82.
Figure 12. Mold of the blades of a microturbine etched in silicon using the
output generated by the model. The depth of the trench is 180 mm.

species in the discharge which contribute to redeposition. Although
the model also predicts windows of opportunity with low SF6 flow
rate regimes, that particular region has not been fully explored.
An example that exhibits small ARDE is shown in Fig. 15.
Trenches of 8.16 and 35.3 mm widths achieved the same depth.
However, the profile of the bottom of the trench changes from con-

Figure 13. Aspect Ratio Dependent Etching variation with trench width.
Run 17: 140 sccm of SF6 (15 s active cycle, no overlap and 8 W electrode
power), 20 sccm of C4F8 (11 s of active cycle and 6 W electrode power), the
APC positioned at 508. Run 37: 140 sccm of SF6 (15 s active cycle, 0.5 s
overlap, and 12 W electrode power), 95 sccm of C4F8 (11 s of active cycle
and no electrode power), the APC positioned at 658. Run 47: 105 sccm of SF6
(15 s active cycle, 1 s overlap, and 12 W electrode power), 20 sccm of C4F8
(11 s of active cycle and 6 W electrode power), the APC positioned at 658.
Run 48: 140 sccm of SF6 (15 s active cycle, no overlap, and 12 W electrode
power), 58 sccm of C4F8 (6 s of active cycle and 6 W electrode power), the
APC positioned at 658. Run 49: 70 sccm of SF6 (12.5 s active cycle, 0.5 s
overlap, and 8 W electrode power), 95 sccm of C4F8 (6 s of active cycle and
no electrode power), the APC positioned at 658.

cave for a smaller trenches, to convex for trenches with widths
beyond ,50 mm. If such a profile is critical in a particular application, a compromise has to be made between ARDE and the squareness of the feature bottom.
SF6 flow rate is the dominant variable that influences the RIE lag.
However, other variables have a lesser effect as shown in Fig. 14 for
the applied electrode power during etching.
Photoresist etching rate.—Low photoresist removal rate is necessary for a robust operation. Figure 16 shows the photoresist etching rate dependence on APC position and duration of the etching
cycle. The removal rate is obtained by measuring the masking material thickness with an interferometer before and after etching. The
adjusted R2 for this variable is 0.90. This response is sensitive to
applied electrode power, pressure, and the duration of the etching

Figure 15. Trenches with openings of 8.16 mm (left) and 35.3 mm showing
a depth variation of 0.3 mm after a 30 min etch. Operating conditions specified in Fig. 13 under run 37. The bottom of the trench is less concave for the
wider trench. For even larger trenches, the feature bottom becomes convex.
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Figure 16. Photoresist etching rate as a function of APC position (pressure)
and etching cycle duration. For very large values of the APC position, polymer deposition exceeds the removal during the etching cycle; the effects are
usually deleterious for the profile of the etched features.

and passivating cycles. The photoresist etching rate increases with
applied electrode power which increases ion bombardment energy,
therefore, increasing ion bombardment improves the etching anisotropy but lowers the selectivity.39
Although the photoresist etching rate decreases as the pressure is
increased (see Fig. 16), there are several other important implications associated with large settings of the APC, namely, the sputtering and redeposition of masking material which promotes the formation of microcolumns or “grass,”38 the damage of structures (see
Fig. 17) and polymer deposition. This latter observation is represented as a negative removal rate in Fig. 16. This passivation significantly slows the etching rate and can even stop the etching of the
substrate altogether. These conditions limit the range of useful settings to no more than 758. The duration of the active etching cycle

Figure 17. Profile etched with 70 sccm of SF6 (15 s active cycle, 0.5 s overlap, and 16 W electrode power), 95 sccm of C4F8 (8.5 s of active cycle and
3 W electrode power), the APC positioned at 808.

Figure 18. Uniformity dependence on SF6 flow rate and applied electrode
power during the etching cycle. The adjusted R2 of this variable is 0.86.

determines the exposure time of the masking material during the
etch (see Fig. 16) and therefore the longer the cycle, the more the
photoresist is etched. Similarly, the thickness of the polymerization
film increases with time, thereby decreasing the photoresist removal
rate with increasing passivation cycle time.
Uniformity.—The variation of etching rate uniformity with operating conditions is shown in Fig. 18. Plotted values were obtained by
comparing the depth of trenches of nominal width of 64 mm in the
middle of the wafer, with trenches located 3 cm away (Fig. 19)
according to 100(1 2 h/hmiddle). The same Fig. 19 shows the trench
depth measured on a wafer after etching for 5 min as measured using
a profilometer, the profiles corresponding to the operating conditions
are shown in Fig. 20.
Ideally, users would avoid overetching samples if the depth of
etched features across the wafer was the same. In the particular case
of this ICP, nonuniformities are explained in terms of the geometric

Figure 19. Measured etching depth with the following operating conditions:
140 sccm of SF6 (10 s active cycle, no overlap, and 8 W electrode power),
20 sccm of C4F8 (6 s of active cycle and 6 W electrode power), the APC positioned at 508. The maximum depth is observed opposite to the location of the
external gas feed.
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Figure 20. Profile of trenches etched with the operating conditions specified
in Fig. 19.

arrangement of the coil power coupling and the gas feed schemes
used. Other variables such as temperature uniformity across the
wafer, local rates of plasma density loss and formation, and exposed
area as well as feature density also play an important role in determining etching uniformity. However, we can significantly simplify
this picture focusing on plasma formation. Thus, the plasma density
being higher at points closer to the rf power coil, promotes local
increases in the etch rate. Therefore, for most operating conditions
the etch rate will be higher on the periphery of the wafer. Furthermore, the uneven introduction and pumping of the gases39 can also
promote nonuniformities (Fig. 3).
Uniformity benefits from lower SF6 flow rates for all power settings in the mid to high applied electrode power regimes (Fig. 18).
This is due to the pressure variation with changes in flow rates for a
particular position of the APC. Lower pressures improve uniformity42 because the diffusivity varies inversely with the pressure.
Greater diffusivities reduce the plasma nonuniformity providing a
better distribution of the ion flux to the wafer. The diffusive gas
transport of the neutral reactants is also increased reducing concentration gradients in the gas phase and producing a more uniform neutral flux on the surface. However, larger SF6 flow rates are preferred
for higher etch rates and also to minimize ARDE. Thus a compromise will always be required for all these responses.
Figure 21 shows the profile of features in the periphery and the
middle of the wafer with a nonuniformity of 4.8% (56.7 and
54.1 mm). Etching conditions were: 70 sccm SF6 (10 s active cycle,

Figure 21. Profile of trenches of nominal width 64 mm. The measured depths
for features on the edge of the wafer (left) and in the middle (right) were
56.7 and 54.1 mm, respectively.

Figure 22. Profile of trenches of nominal width 64 mm. The measured depths
for features on the edge of the wafer (left) and in the middle (right), were
103 and 91.1 mm, respectively.

0 s overlap, 8 W electrode power), 20 sccm of C4F8 (6 s active cycle,
0 W electrode power), and the APC positioned at 508. In this case the
uniformity is low at the expense of the average etching rate which is
only 1.89 mm/min. Inversely, it is also possible to significantly
increase the etching rate at the expense of uniformity as is shown in
Fig. 22. In this case the etching conditions were: 140 sccm SF6 (10 s
active cycle, 0 sec overlap, 16 W electrode power), 20 sccm of C4F8
(6 s active cycle, 3 W electrode power), and the APC positioned at
658. The measured uniformity is 13.1% and the average etch rate in
the middle of the wafer is 3.04 mm/min.
Anisotropy parameter.—This response is of importance in every
application, and the ability to tailor the slope of trench walls is one
of the more important characteristics of this deep silicon etching
tool. The dimensionless anisotropy parameter, a, is defined as the
ratio of the trench depth, h-c, to the absolute value of the difference

Figure 23. Micrographs showing different profiles obtainable. In (a) the positive slope was achieved with 70 sccm of SF6 (10 s active cycle, 1 s overlap,
and 8 W electrode power), 95 sccm of C4F8 (11 s of active cycle, and 6 W
electrode power), the APC positioned at 508. In (b) the etching conditions
were 140 sccm of SF6 (15 s active cycle, 1 s overlap, and 16 W electrode
power), 20 sccm of C4F8 (6 s of active cycle and 6 W electrode power), the
APC positioned at 508. In (c.) the operating conditions were 70 sccm of SF6
(12.5 s active cycle, no overlap, and 16 W electrode power), 20 sccm of C4F8
(6 s of active cycle and no electrode power), the APC positioned at 808.
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Figure 24. Micrographs showing the effect of lowering the applied electrode
power during the etching cycle: from 12 W in (a) to 10 W in (b).

in width at the top compared to that at a reference point at the bottom of the trench, i.e., (h-c)/|a-b|. The reference point is defined as
that where the slope of the wall changes from a straight line to a
curved line (see Fig. 4). In most cases, this is easily identifiable
(Fig. 23a and b). However, under certain conditions profiles with
features not shown in Fig. 4 were observed. Bowing (Fig. 23c) and
surface damage (Fig. 17) are cases in point. For these examples, the
value considered for anisotropy is the observable general trend of the
etching, i.e., reentrant in Fig. 23c, positive in Fig. 17. Choosing the
reference point in these cases is arbitrary and makes the predictions
of the model inaccurate. Thus, for this particular response, the
graphs obtained are qualitative in nature and are not included in this
publication. There are, however, a number of observations that must
be pointed out. Anisotropy has a well-defined dependence on applied electrode power and chamber pressure.41 In fact, anisotropy
increases as the applied electrode power is increased and an example is shown in Fig. 24, where the power in Fig. 24a is 2 W more
than the applied electrode power in Fig. 24b.
With pressure the behavior of this response is different. Initially
anisotropy increases with pressure increases, as thicker polymer films

Figure 25. Micrographs showing the effect of increasing the position of the
APC valve from 658 in (a) to 708 in (b).

Figure 26. Micrographs showing the effect of increasing the SF6 flow rate
from 105 sccm in (a) to 125 sccm in (b).

are deposited protecting the sidewalls. However, as the pressure is increased even further, the reduction in the average ion energy as well
as the increase in the ion angle of incidence42 combine to produce
deleterious effects on anisotropy. Figure 25 shows the anisotropy
deterioration as the APC position is increased from 65 to 708.
It was also observed the relevance of SF6 flow rate in tailoring the
anisotropy: lower SF6 flow rates are beneficial in producing anisotropic profiles, as can be seen in Fig. 26.
In general, the combination of ion bombardment in conjunction
with the formation and preservation of protective films on the sidewalls, allow us to achieve prescribed anisotropy and selectivity targets.43 Although these protective layers help achieve anisotropic etches, they can be a source of contamination. Oxygen plasmas have been
shown to remove them on unpatterned wafers but not on feature sidewalls. This is due to the much reduced ion flux on those walls.
It was generally observed that the anisotropic parameter is larger
for 8 mm features compared to 64 mm features, with larger trenches

Figure 27. Trench of nominal width 64 mm with a slope significantly less
positive than that presented in Fig. 23a for the same etching conditions.
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Figure 28. Micrographs showing trenches with a positive slope in (a) and reentrant walls in (b) for the same operating conditions.

tending to become more reentrant, or with a slope less positive. Figures 27 and 23a are a typical case illustrating this point. Thus, it is
possible for trenches of dissimilar width to have sloped walls that are
positive in one case and negative in the other (Fig. 28).
In addition to high anisotropy, good quality etched features are
expected to exhibit no surface damage and no grass. Surface damage
can be explained in terms of the polymer films failing and permitting
the exposure to plasma to produce uneven and rough surfaces. Figure 17 is a typical example of this effect. During this experiment, it
was observed that surface damage was always associated with high
APC positions or with passivating active cycles having a similar
duration than the etching active cycles.
Grass is formed as masking material is redeposited on flat surfaces
creating micromasking sites (see Fig. 29). In addition to high APC
settings, high SF6 flow rates also promote the appearance of grass.
Besides the scalloping previously mentioned, etched walls also
have a roughening band extending from the photoresist interface to

a depth determined by the operating conditions and the length of
time the sample is exposed to plasma etching (see Fig. 30). The origin of this feature is the plasma damage to the photoresist mask, and
the subsequent transfer to the walls of the etched topography. It has
been reported that the addition of a thin layer of silicon oxide18 drastically reduces the height of this band.
The presence of vertical striations on etched walls can also be
observed in Fig. 30. This effect is due to the photoresist receding
unevenly as the etch proceeds. Yet, it is possible to obtain very
smooth walls. Such is the case of the operating conditions specified
in Fig. 11.

Figure 29. Trench etched with the APC positioned at 658 but with an SF6
flow rate of 140 sccm.

Conclusion
We have characterized the response dependence of etch rate,
ARDE, photoresist etch rate, uniformity and anisotropy, on etching
conditions for a time multiplexed inductively coupled plasma etcher.
The measured performance agrees with observations made in
high density plasma environments.22,30 The most attractive innovation of this equipment is the possibility to attain HARS using soft
masks, i.e., photoresist, with high selectivity to silicon and silicon
etching rates in excess of 4 mm/min.
With the utilization of SF6 as an etchant, in combination with a
gas, such as C4F8, which has been shown to produce good passivation films, it is now feasible to microfabricate high aspect ratio
devices, even those requiring etching through wafers without the
need of wet chemical etches. An example of a 404 mm deep trench
and 12 mm wide width is shown in Fig. 31.
The tool is very versatile and allows the tailoring of the responses covered in this report.
There are, however, a number of issues that still have to be
addressed, such as the dependence of etching rate, uniformity, selectivity, ARDE, and anisotropy on coil power variations. Also, the utilization of silicon oxide films as a masking material has to be
assessed. In this case the selectivity is expected to increase significantly, but the lack of carbon from the photoresist and its influence
on anisotropy should be investigated. The mechanical strength of
etched samples depends on the radius of curvature of the feature bottom (see Fig. 5), which in turn is determined by etching conditions.
Thus, the measured strength of silicon biaxial samples also has to be
investigated.

Figure 30. Micrograph showing the roughening band at the top of a 35 mm
hole etched through a double-side polished, 450 mm thick silicon wafer.
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Figure 31. A trench 12 mm wide and 404 mm deep etched with the tool
described herein.
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