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Exploiting Anisotropy for In Situ Measurement of Silicon Etch
Rates in KOH Solution
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Anisotropic etching of V-grooves in a masked substrate provides the basis for two simple methods for in situ measurement of etch
rates of Si�100�. The width of the �100� facet defining the base of the groove and thus its surface area decreases at a rate which
is determined by the etch rate in the �100� direction. By measuring voltammograms at regular intervals during etching we were
able to monitor the change in geometry of the groove. In a complementary approach, in situ optical microscopy was used for
determining etch rates in real time. An application of the method is described.
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Anisotropic etching of silicon is an essential step in device
fabrication.1,2 Microelectromechanical systems �MEMS� and opto-
electronics rely on the characteristic forms that result from the dif-
ferences in etch rate of different crystallographic orientations.3-5 It is
therefore essential to be able to measure etch rates accurately and to
detect any changes that may occur in these rates during a fabrication
process. In addition, it may be necessary to develop a new etchant or
to adapt an existing one, e.g., to determine the influence of an addi-
tive in a wide concentration range or to investigate the effect of
temperature or of a shift in potential of the sample on the dissolution
rates.

Methods based on the etching of wagon-wheel patterns6-8 or of
semiconductor �hemi�spheres9-11 have the advantage of yielding dis-
solution rates for a whole range of orientations in a single experi-
ment. These methods have a number of disadvantages: they are not
simple, analysis of the results is cumbersome and, most importantly,
the etching conditions generally differ from those used for device
fabrication, e.g., sample geometry, hydrodynamics, gas evolution
and galvanic interaction between facets may be important in deter-
mining etch rate and morphology.12,13

At the other extreme, one can measure etch rates simply by
masking a wafer of a given orientation and, after etching, determin-
ing the etched depth with a profilometer. In addition, examination of
the cleaved sample with optical microscopy or scanning electron
microscopy �SEM� can give information about etch rates of other
orientations �via the underetching14�. Because each etch rate re-
quires a number of separate experiments this approach is tedious,
especially if one wishes to screen a wide range of experimental
conditions. Glembocki and coworkers adapted this approach by us-
ing strips of silicon masked with an oxide layer containing square
windows.15 By retracting the sample stepwise from the solution they
were able to vary the time that windows were exposed to the etchant
and were therefore able to measure a range of etch rates �in their
case as a function of potential� in a single experiment. A disadvan-
tage of this approach is that etching close to the solution/air bound-
ary is important. Conditions near this boundary are obviously not
the same as in a typical etching experiment, in particular because
gas is being evolved. In addition, quenching of the etching reaction
above the solution after a retraction step is not well defined.

The methods described so far can be classed as ex situ: the rate is
determined after removal of the sample from the solution. Interfer-
ometry, on the other hand, offers the possibility of in situ monitoring
of etch rates in real time. Tosaka et al. demonstrated this by mea-
suring transmission and reflection spectra during the formation of
membranes.16 The interference pattern in such a plan-parallel geom-
etry depends on the thickness of the sample, which changes continu-
ously as the material dissolves. Therefore, the intensity of the trans-
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mitted or reflected light is modulated over time with a period that
correlates with the etch rate. With a comparable setup Steinsland et
al. studied etching of the three important crystallographic orienta-
tions of silicon, i.e., �100�, �110�, and �111�, and developed a simu-
lation model.17 Surface roughness and gas evolution can be a prob-
lem with this approach.

In this paper we show how one can exploit the anisotropy of
silicon etching to develop two rather simple methods for in situ
measurement of the etch rate of certain faces of the semiconductor.
With an aligned mask V-grooves defined by �111� facets are etched
in a �100� substrate.12,14,18 Because the electrochemistry of the two
faces is also strongly anisotropic,19,20 in situ anodic current measure-
ments can be used to determine accurately the change in geometry
of the grooves as a result of etching. In a second but complementary
method optical microscopy combined with a flow cell21 is used to
map the sample geometry, which also allows a continuous determi-
nation of etch rates.

Principle of Approach

Because the etch rate of the �111� face of silicon in KOH solution
is much lower than that of other faces,4,6,13,14,22 etching through
windows in an aligned mask pattern on a silicon �100� substrate
gives well-defined �111� facets.13,14,18,19,22,23 V-grooves and inverted
pyramids are formed in the case of rectangular and square mask
openings, respectively.1,13,20 During the process, the silicon is etched
chemically at open-circuit potential and slow-etching �111� facets

Figure 1. Voltammograms measured at 20 min intervals during V-groove
formation in p-type Si in 5.0 M KOH solution at 60.0°C. Width of mask
window: 100 �m �sample type B�. The potential was scanned from −2.00 to
+0.50 V at a rate of 25 mV/s.
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become exposed to the KOH solution. Figure 1 shows how the
electrochemistry of a p-type wafer etching in 5.0 M KOH solution
at 60.0°C changes as the V-groove is formed. For these experiments
anisotropic etching at open-circuit potential was interrupted at regu-
lar intervals �20 min� and a voltammogram was measured: the po-
tential was scanned to a positive value and the current was recorded.
Subsequently the applied potential was removed and the system re-
turned to open-circuit condition. The voltammograms show two cur-
rent peaks, due to the �100� and �111� faces; anodic oxidation and
passivation of the �111� sidewalls occur at considerably more posi-
tive potential. During anisotropic etching, the �100� surface area
decreases continuously with time and the �111� surface area in-
creases with time. After the grooves are fully formed, only �111�
surfaces are exposed to the etchant and the peak current remains
constant. A detailed discussion on the mechanism of anisotropic
etching and the electrochemistry of the two crystal planes can be
found elsewhere.19

By measuring the peak currents taken from voltammograms at
various stages of V-groove formation we can determine the relative
areas of the faces and thus the geometry of the groove; this allows
us to follow the �100� etch rate. If etching is carried out at potentials
positive with respect to the open-circuit value, i.e., in the anodic
range, the etch rate can be determined simply by measuring the
current as a function of time at that potential. Alternatively, the
progress of V-groove formation can be followed directly in a flow
cell by means of an optical microscope.

Experimental

For the experiments, 4 in. �100�-oriented wafers were used. On
these Czochralski grown n-type �phosphorus doped, 1–10 � cm,
Okmetic� and p-type �boron doped, 5–10 � cm, Okmetic� substrates
a 100 nm thick silicon-rich nitride masking layer �SiRN� was depos-
ited by LPCVD. Windows were opened in the nitride layer by a
plasma etch �DRIE�. By using two photolithography steps, the edges
of the windows were aligned along the �110� direction with an ac-
curacy of 0.05°.23

After preparation, the wafers were diced into samples of 20
� 20 mm. Different types of electrode were prepared for these ex-
periments. To ensure a significant current in the electrochemical
measurements each sample contained an array of openings. For
studying V-groove formation, the A samples consisted of 210
rectangular mask openings �35 � 6 array, 100 �m width, and
1.0 mm length�. The B samples contained arrays of rectangular
openings of different widths �100, 150, and 200 �m, 8.0 mm length,
and number of openings: 30, 25, and 20�. Details regarding prepa-
ration and cleaning of the samples can be found in Ref. 19.

For the electrochemical measurements, the configuration con-
sisted of three electrodes. The silicon working electrode, a platinum
counter electrode and a saturated calomel reference electrode �SCE�
were connected to a potentiostat �EG&G Princeton Applied Re-
search, PAR-273-A� which was computer controlled by LabView.
All measurements were performed in the dark and the etchant was
continuously purged with argon to remove dissolved gases.

In a series of complementary experiments, measurements were
performed with a flow cell,21 which allowed us to measure groove
dimensions in situ with an optical microscope. Using a long working
distance objective lens �Nikon, 20x, working distance 24.0 mm, CFI
L Plan Epi SLWD� on the microscope �Zeiss, Axioplan 2� equipped
with a CCD camera, it was possible to view the etching sample via
a quartz window at the top of the cell. The flow cell was made from
Teflon and Kel-F and the thickness of the liquid layer over the
sample surface was 6.0 mm.

To provide a reference for the methods used in this work,
samples were etched for various times under open-circuit conditions
in 5.0 M KOH at 60.0°C. The dimensions of the V-grooves were
determined with SEM after cleaving of the single crystalline mate-
rial. In Fig. 2, the widths of the �100� and �111� facets are plotted as
a function of etching time. The linear change in surface areas shows
that the �100� etch rate is constant. From the extrapolation of the
linear fit of the trace for L�100� the end point of the etch and the �100�
etch rate can be calculated �21.8 �m/h�. The anisotropic ratio �de-
fined here as the etch rate of the �100� facet divided by the etch rate
of the �111� facet� is larger than one order of magnitude,13 and
effects of the mask underetch on the width of the �100� facet are
negligible.

Results and Discussion

Electrochemical approach.—The results shown in Fig. 1 clearly
illustrate that it is possible to monitor the etching process simply by
measuring voltammograms during V-groove formation and that this
can give information about both facets. Figure 3a shows the peak
current for the �100� and �111� peaks �IPeak,�100� and IPeak,�111�� vs
time for the series of voltammograms shown in Fig. 1. As the �100�
etch rate is constant, the �100� peak current decreases and the �111�
peak current increases linearly with etching time, as expected for
this geometry �see inset of Fig. 2�. After the V-grooves are fully
formed, the �111� peak current remains constant.

To show the influence of the dimensions, measurements were
performed on arrays of 100, 150, and 200 �m wide V-grooves under
identical conditions. In Fig. 3b, the �100� peak current of the CV is
plotted vs time with a correction for the different number of grooves
in these arrays. It is expressed as the peak current per groove. The
figure shows that the initial �100� peak current is linearly dependent
on the surface area, i.e., the width of the mask opening. On the basis
of the geometries of the electrodes and extrapolations of the linear
fits of the peak current data points �see Fig. 3b�, the passivation
current density for the �100� facet was calculated to be �1.61 + /
−0.04� mA/cm2. This corresponds well to results reported before.19

As the rate of groove formation is the same in all cases, i.e., the
�100� etch rate is constant, these peak current-time plots show par-
allel lines. This clearly illustrates that the �100� peak current can be
used to measure the dimensions of V-grooves and thus the �100�
etch rate.

For the results shown in Fig. 1, both crystal facets were passi-
vated with anodically grown oxide after each scan. Consequently the
slopes of the straight lines shown in Fig. 3 do not represent the
“true” chemical etch rate of the �100� surface. Three possible effects
have to be considered: �i� contribution from electrochemical etching
during the scan to positive potential. Previous work has shown that
this “anodic” etch rate is much smaller than the chemical etch rate.25

�ii� An effect of applied potential during the scan on the chemical

Figure 2. Formation of 100 �m wide V-grooves under open-circuit condi-
tions �n-type Si, sample type A�. After cleaving, dimensions of the V-grooves
were measured by SEM. The lines are linear fits through the data points.
Definitions of L�100� and L�111� are shown in the inset of the figure. Condi-
tions: 5.0 M KOH at 60.0°C.
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etch rate. This might be important in the case of n-type Si: see
below. However, the time required to scan from open-circuit to the
peak potential is short ��20 s� as compared to the interval between
the measurement of two voltammograms �20 min�; �iii� The forma-
tion of oxide. After each electrochemical measurement in Fig. 1 the
�100� and �111� faces are passivated. Before anisotropic etching can
recommence the oxide must be dissolved. Because the oxide etch-
back time is the same for all the runs in Fig. 1 the etch rate can be
corrected for this effect.

As the peak current density is larger for the �100� plane,19,20,24 it
is more accurate to use this plane for the characterization of the
groove dimensions. Therefore, it suffices to end the scan at a poten-
tial slightly more positive than the �100� peak potential. This mini-
mizes effects of the oxide etch back time and possible influence of
the applied potential on the etching process. If one is interested in
chemical etching at applied potentials positive with respect to the
open-circuit potential, then the time-dependence of the anodic cur-
rent of the �100� face can be used to measure etch rates. Like the
peak current, this current decreases linearly in time and can be used
to define the groove geometry.

Optical observation.—The results shown so far rely on the mea-
surement of current in an external circuit and the dimensions of the
structures are determined “indirectly” via the linear dependence of

Figure 3. �a� Peak current for the �100� and �111� surfaces vs time, as
determined from the series of voltammograms in Fig. 1. �b� Peak current for
the �100� surface vs time for different widths of V-grooves �sample type B�.
Current is expressed per groove. The lines are linear fits through the data
points.
the measured current on surface area �compare Fig. 2 and 3�. With
the flow cell it is possible to observe the sample and measure di-
mensions directly during etching. Due to the sample geometry �see
inset of Fig. 2�, only the �100� facet remains parallel to the focal
plane of the optical microscope. The �111� sidewalls of the
V-grooves are at an angle to the surface of the sample, and they
appear dark as they do not reflect light into the objective lens of the
microscope. Due to this contrast, the width of the �100� facet �L�100��
could be determined accurately. Figure 4 shows an example of the
results of such an experiment, in which L�100� is measured during the
formation of V-grooves. The inset of the graph shows a typical op-
tical microscope picture, in which the �100� facet appears bright and
the �111� facet dark. The figure shows that the width of the �100�
facet, i.e., its surface area, decreases linearly with time, as was also
observed with SEM �see Fig. 2� and peak current measurements �see
Fig. 3a and b�.

An application.—Various groups have shown that the chemical
etch rate of silicon in alkaline solution can be influenced by apply-
ing an electrochemical potential to the etching wafer. The most ex-
tensive work was carried out by Xia et al.25 For these experiments,
n- and p-type silicon �100� was etched with an O-ring as mask. After
etching for a given time at fixed potential the etched depth was
measured with a profilometer.

Using our electrochemical approach we have reproduced the
trends found in Xia’s work.25 Anisotropic etching of n-type and
p-type Si was carried out a range of fixed applied potentials. Etching
was interrupted at regular intervals during V-groove formation, and
a number of voltammograms were measured at each potential. From
the evolution of the �100� peak current the etch rate at a given
potential could be determined. In Fig. 5a and b these etch rates are
plotted as a function of the applied potential for p-type and n-type
silicon, respectively. In both cases, the etch rate decreases markedly
as the surface becomes anodically passivated at positive potentials.
Under cathodic polarization, the etch rate of p-type Si is essentially
constant �see Fig. 5a� whereas in the case of n-type the etch rate
drops considerably on going to more negative potentials �see Fig.
5b�. The reasons for such trends have been discussed elsewhere.25

Conclusions

Due to the geometry of the V-groove used in this work, the width
of the �100� facet decreases continuously during anisotropic disso-
lution at a rate determined by the �100� etch rate. With electrochemi-
cal measurements or optical microscopic observation of the groove,

Figure 4. In situ measurement of L�100� during V-groove formation in p-type
Si �sample type A�. Data were measured at two different facets and are
averaged. The inset shows a typical optical microscope picture. Conditions:
5.0 M KOH at 48.0°C.
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the etch rate can be measured in situ. In this way, the influence of
external parameters such as potential or additives can be easily stud-
ied. These in situ approaches may also be applicable to other Si
faces �the �110�, for example� or to the anisotropic etching of other
semiconductors such as GaAs and InP.26

The electrochemical method described in this paper might also
be used for process control in the batch fabrication of devices. A
reference wafer with an Ohmic contact and an external source could
be used to continuously monitor the etching system.

Figure 5. Etch rate as a function of applied potential for �a� p-type and �b�
n-type Si�100� in 5.0 M KOH at 60.0°C. Data points are connected to guide
the eye. Measurements are based on the difference in �100� peak currents in
voltammograms measured before and after polarization. The calculated etch
rate was calibrated with the etch rate at open-circuit �see Fig. 2�. The poten-
tial was applied for 30 min. Normalized voltammograms are shown for com-
parison with the etch rate data points.
In the present work V-groove formation is considered. However,
the electrochemical method can be used to monitor and determine
the end point of formation of various geometries. Deep trenches27

and structures etched in the bulk of a wafer are all poorly accessible
with optical microscopy and SEM without cleaving the material. In
that case, it is advantageous to have a simple method to monitor the
etching process. D’Arrigo et al. have shown that it is possible by
measuring voltammograms to study the formation of rhomboidal
microchannels in the bulk of a �110� wafer.28
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