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SUMMARY
Isotropic etching of silicon in HF based solutions is expected to be controlled by the diffusion of
fluorine to the silicon surface. In order to gain quantitative understanding of the process we studied
etching of Si in HF/HNO3/H2O via circular mask openings and compared the results with the theoretical
expectations. The cavity edges due to etching under the mask were analyzed with a high precision by
processing the optical microscope images. Dependence on the etching time and opening size was
investigated. The time dependence was verified with 1% precision. Dependence on the opening size
predicted theoretically is not fully supported by the experiment. There is a small (4%) but clearly
observable deviation from the theory. A small anisotropy was observed in perfect agreement with the
crystal orientation symmetry. The anisotropy becomes larger with the decrease of the opening size for
(100) and (110) wafers.
1. INTRODUCTION
An attractive feature of isotropic etching is absence of sharp corners, which is important for a number of
liquid-handling devices [1]. The problem is to design a mask that gives a desired etched pattern. It is
complicated by the diffusion of etching agent to the surface, forced or free convection of solution, local
and global temperature distributions. At the moment, there is no reliable design procedure available. At
high HNO3 concentration the reaction proceeds by an oxidation step followed by the dissolution of the
oxide; the flow of reagent to the surface determines the etch rate [2]. Quantitative investigation of the
diffusion-controlled isotropic etching via a mask opening never has been done. We consider this work as
a first step toward a controllable isotropic etching.
2. THEORY
The idea of this work is to make precise comparison between the experimental data and available
theoretical prediction for the same mask geometry. The isotropic etching problem was solved in the
analytical form for two simple geometries: slit-like [3] and circular [4] openings in the mask. Here we are
concentrated only on the latter case. The theory gives the shape of the cavity as a function of etching time
and the opening size. To get the solution it was assumed that the reaction on the surface is very fast and
the process is limited by the diffusion of the reactant to the surface. Due to simple geometry the problem
is characterized by two dimensional parameters: the diffusion coefficient of the reactant D (m2/s) and the
radius of mask opening a (m). There is also an additional dimensionless parameter β that can be
understood [5] as the ratio of volume, which reacting active particle occupies in the solution, to that,
which silicon atom occupies in the solid. Obviously this parameter is naturally large, β ~ 100. As the
result the time dependence is described by the dimensionless variable τ = tD/a2 and the space variables
are scaled with a.
The problem can be solved in the analytical form in the limit case τ >> β. This condition can be readily
met in practice because a typical etching time is large. The theory predicts near spherical 3-dimensional
shape of the cavity, which is difficult to verify due to presence of small anisotropy in silicon etching that
can be easily confused with the effect. The most convenient characteristic of the cavity that can be

precisely analyzed experimentally is the underetch radius R because the nitride mask is transparent for
visible light. For R the theory predicts the following dependence on the parameters and variables:
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R = a 1 + 3Dt / πβ a 2
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We tested this relation experimentally measuring with high precision the in-plane shape of the cavities
(underetch).
3. SAMPLE PREPARATION
P-type low and highly doped Si wafers with orientations (100), (110), and (111) were analyzed.
Standard cleaning procedures and removal of native oxide were followed by the deposition of 500 nm
thick low-stress silicon-rich nitride (SiRN) obtained by LPCVD process. Both sides of the wafers were
covered with nitride. Standard photolithography was done with Oline 907-17 photoresist. Dry etching
of SiRN was carried out with RIE-Elektrotech Twin system PF340. Each wafer was diced to four
quarters with the dicing lines perpendicular and parallel to the primary flat. Finally the photoresist was
striped off in 100% HNO3. The mask pattern consisted of holes with the diameters from 12 to 80 µm
with an increment of 4 µm. The etching solution was 1:6:2 (volume) HF (50%)/HNO3(69%)/H2O. The
etching was done at T0 = 22° C during 10, 21, 30, 45, 63, 82, 100, and 120 min. Four pieces of different
wafers (low-doped (100), (110), (111), and highly-doped (100)) were etched at a time in the vertical
position. The pieces were fixed in a Teflon holder, which was placed gently in the beaker with the
solution. No agitation of the solution was undertaken during the etching process.
4. PRECISE DATA COLLECTION
The edges of the cavities were clearly visible with the optical microscope (see Fig. 1(a)). The resolution
of the optical images was 0.134 µm/pixel while 2R < 150 µm and 0.334 µm/pixel for larger R. The edge
of a cavity could be resolved within a few pixels. Optical images of individual cavities were recorded
and analyzed. In all more than 500 images were processed. Each image was filtered to remove small
spots and tracked for the edges of the cavity. In this way the digital data were collected for the
underetch radius R(ϕ) as a function of the polar angle ϕ in (100), (110), and (111) planes for all opening
sizes and etching times. Typical result is presented in Fig. 1(b).
Although the etching in HF/HNO3/H2O is considered as isotropic, we saw well observable anisotropy
for all kinds of wafers. For this study it is important that the observed anisotropy is in a perfect
agreement with the in-plane symmetry transformations of Si crystal. These symmetries are 4-fold, 2fold, and 3-fold rotations for (100), (110), and (111) wafers, respectively. Additional reflection
transformations allow only even functions of the in-plane angleϕ. It means that the underetch radius for
each wafer orientations can be presented as cosine Fourier series, for example, for (100) wafer

R(ϕ ) = R0 + ∑ Rn cos(4nϕ ) .

(2)

n =1

We found out that 4-parametric fit with Eq. (2) describes all the cavities very well with higher
harmonics to be on the noise level. No systematic deviations from the symmetry predictions were
noted. The model described above deals only with the isotropic etching. To make the comparison with
the theoretical predictions, we can analyze the isotropic part of the expansion (2), which is given by the
first term:

R0 (t , a ) = (2π )

−1

∫

2π

0

R(ϕ , t , a )dϕ

(3)

It is the averaged underetch radius considered as a function of the etching time t and opening radius a. It
can be extracted from the data with very high precision. Typical root mean square (rms) errors in the
radius are 0.07 and 0.15 µm for larger and smaller magnifications, respectively. The relative error in the

radius of individual cavity for both magnifications is estimated as 0.3%. This high level of precision is
explained by good quality of images and significant amount of the data collected from each image
(1500-2500 points). It is important that the holes in the nitride mask are reproducible with a nominal
precision of 1 µm due to restrictions in the fabrication of masks for lithography. For comparison with
the theory we used the nominal size of the holes. The relative error in R0, which is introduced in this
way, can be estimated as ∆R0/R0 ≈ ∆a/3a. It is on the level of 1%. A similar error of 1% appears due to
indefiniteness of the etching time, which is estimated as ∆t = 30 s.
5. RESULTS AND COMPARISON WITH THEORY
The samples with different crystal orientations give very close results for R0. The difference between
(100), (110), and (111) samples is just a little bit larger than the level of errors but it is systematic. The
underetch radius is the largest for (100) and the smallest for (111) samples. We did not observe
significant deviations between low and highly doped (100) samples. A very small difference was found
between cavities etched in the center and in the periphery of the same sample. One (110) sample had no
SiN protecting mask on the back side so that the cavities and the back side were etched simultaneously.
One can expect that the heat produced on the back side due to significant area which is etched will
influence the cavity etching. This effect indeed was observed. The sample with open back side was
etched faster. Additionally, we observed that the change in the solution temperature of about of 2° C
gives significant influence on the cavity sizes. It shows that the small variation of the temperature is an
important factor, which cannot be neglected.
The main prediction of the theory is that the ratio R0/a does not depend on t and a separately but only in
the combination t/a2 as it follows from Eq. (1). Log-log plot of the data for (100) samples is shown in
Fig. 2. One can see that all the points are attracted to one line. It gives strong support to the theoretical
prediction. Moreover, according to Eq. (1) this line must be a straight line with the slope equal to 1. The
best straight line fitting the data is 0.96⋅ln(t/a2)+6.02. The slope is really close to 1 and the free term
6.02 can be used to estimate the unknown parameter D/β from the relation ln(3D/πβ) = 6.02. We have
found D/β ≈ 430 µm2/min = 7.2⋅10-12 m2/s. This value is in good correspondence with our expectations
for the parameters D ∼ 10-9-10-10 m2/s and β ∼ 100. Similar behavior of the data was found for the
samples with (110) and (111) orientation.
The high precision of our data allows the separation of an effect, which is not described by the theory.
The relative deviation of the data in Fig. 2 from the straight line is of about 4% but the points are not
scattered arbitrarily and there must be some systematic effect that is not taken into account by Eq. (1).
To see this effect more clearly we constructed a parameter B as
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According to the original model [4] this parameter should be a constant equal to 3D/πβ. To check this
prediction we plotted B as a function of a for fixed etching time. B agrees much better with a linear
function of a than with a constant. For each t the values of B were fitted with the linear dependence
B=B1+B2a. The parameters B1 and B2 found for different etching times do not show any statistically
significant time dependence and for this reason they can be characterized by their mean values and
variances. For (100) samples we have found B1=377±11 µm2/min and B2=3.3±0.3 µm/min and close
values for other orientations. With 2 adjusting parameters agreement with the observations becomes
perfect: rms error ∆R0/R0=0.9% for all t and a. This level of agreement is in good correspondence with
our expectations for the experimental errors of 1% due to uncertainties in a and t. Coincidence between
these two figures ensures that there are no other sources of significant errors in our data.
We analyzed small anisotropy of cavities using the coefficients Rn in Eq. (2). The ratio R1/R0 as a
function of a is shown in Fig. 3. The ratios Rn/R0 do not demonstrate time dependence. Additional

investigation has to be done for better understanding of anisotropy especially for smaller a, where the
relative anisotropy significantly increases.
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Figure 1 (a) Optical image of the cavity for t=21 min, a=9 µm. Small anisotropy is clearly visible. (b) The digital
data collected for the underetch radius from the image: the distance from the center as a function of in-plane polar
angle (about 2000 points). The figure demonstrates perfect agreement (0.3%) with the in-plane 4-fold symmetry
of the wafer.

Figure 2 All the data for (100) samples plotted
against only one variable t/a2 (dots). A straight line,
which fits the data, gives a strong support to the
theoretical model [4] of the diffusion-controlled
etching.

Figure 3 Relative anisotropy R1/R0 as a function of the
opening size a, where R1 and R0 are given by the
Fourier expansion (2). No time dependence was found
in the experiment.

