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Decoupling small-scale roughness and long-range features on deep reactive

ion etched silicon surfaces
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A methodology to decouple irregular small-scale roughness and regular long-range features on
deep reactive ion etched (DRIE) silicon surfaces is presented. Height-height correlations of three
different DRIE silicon surfaces are evaluated via atomic force microscopy height data and fit to an
analytic, five-parameter model based on a phenomenological scaling function for the small-scale
roughness and a Bessel function for the long-range features. The resulting roughness parameters
are constant for all three surfaces at small lateral length scales, indicating self-affine roughness
inherent to the DRIE process, but dependent on the etch process at large lateral length scales,
increasing by a factor of five as the controlled portion of the DRIE process decreased. The results
from the analysis are also compared to fracture strengths from recently introduced “theta” test
samples with the same etch features as an example of the potential of the analysis in providing an
unbiased assessment of the processing-structure-property relationships for DRIE silicon surfaces.

[http://dx.doi.org/10.1063/1.4821899]

. INTRODUCTION

The roughness of a surface is of great importance to a
number of thin film technologies, as it directly controls many
physical aspects of materials behavior (e.g., adhesion, fric-
tion, and strength) and, therefore, plays a role in the manu-
facturing yield and operational reliability of thin film
devices. In some cases, surface roughness can be beneficial
to device yield and reliability, for example, as a method to
increase the average surface separation between microma-
chined surfaces, thus mitigating van der Waals and capillary
meniscus adhesion in microelectromechanical systems
(MEMS).I’3 In other instances, surface roughness can be det-
rimental—critical flaws associated with roughness not only
diminish the overall fracture strength of silicon (Si) MEMS,
but, given a distribution of the flaw sizes, also bring about a
wide distribution in the fracture strengths.*® Independent of
the nature of its influence, it is clear that surface roughness is
critical to device performance and thus requires methods to
quantify roughness metrics and correlate them to processing
conditions and mechanical properties to achieve the materi-
als science and engineering goal of producing processing-
structure-property relations. Statistical height descriptors
such as root mean square (rms) height and extreme value
descriptors such as maximum peak-to-valley height are use-
ful for describing height variations in the vertical direction,
but contain no information about spatial variations in the lat-
eral direction.” For instance, two sine waves with equal
amplitudes, but different wavelengths, exhibit equivalent
rms heights, but different spatial arrangements of surface
heights. Therefore, both height descriptors and spatial
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functions are needed to adequately define surface roughness.
Examples of common spatial functions include the height-
height correlation function, the autocorrelation function, and
the power spectral density function.®” In particular, height-
height correlation functions have been used to study the
evolution of surface roughness during the growth'®'! and
etching'*'? of Si, providing quantitative metrics related to
the spatial and time scaling of surface roughness during dif-
ferent MEMS-relevant fabrication methods.

Despite the advances, however, there is still limited
work on Si etching processes that induce both small-scale
roughness and regular long-range features. Yang et al.'* and
later Gogolides et al.'> studied etched Si surfaces with
small-scale roughness and fairly regular three-dimensional
mounds and found that the resulting height-height correla-
tions exhibited undulations at length scales equal to the aver-
age mound separation. The latter group'® later attempted to
separate the two constituents simply by selecting a threshold
surface height, which allowed the overall height distribution
to be separated into its small (i.e., surface roughness) and
large (i.e., regular mounds) components. In the work here, a
new methodology to decouple small-scale roughness and
regular long-range features is described. Deep reactive ion
etched (DRIE) Si surfaces from the Bosch plrocess17 are
examined, as this etch process is widely utilized in the
MEMS industry to construct high aspect ratio devices with
vertical sidewalls, albeit with characteristic etch steps called
“scallops.” Height-height correlations of three different
DRIE Si surfaces are evaluated via atomic force microscopy
(AFM) data and fit to an analytic, five-parameter model
based on a phenomenological scaling function for the small-
scale roughness and a Bessel function for the long-range
scallops. To demonstrate a potential application, the result-
ing roughness parameters are compared to fracture strengths
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from recently introduced “theta” test samples*™® with the
same etch features, allowing for an unbiased assessment of
the processing-structure-property relationships for DRIE Si
surfaces.

Il. EXPERIMENTAL METHODS

Details about the fabrication process for the Si theta test
samples can be found elsewhere.® Briefly, the test structures
were formed on two different 100-mm (001) silicon-on-insu-
lator (SOI) wafers; the resulting samples from each wafer
are henceforth referred to as batches A and B. The device
layers on both wafers were patterned with the same photoli-
thographic mask, but etched using different Bosch DRIE
processes. The two DRIE processes were designed to yield
vertical sidewalls with distinct scallop dimensions; via
changes to the passivation and etch times, the batch A sam-
ples were intended to exhibit smaller, more frequent, scal-
lops than the batch B samples. The Si handle layers were
then patterned and etched, and the SiO, layers were removed
with a buffered-oxide etch to generate freestanding samples.
Each test strip, consisting of 10 theta samples, was removed
from the wafer with a scribe at notched regions at each end
of the strip. The test strips were clamped into a fixture that
was mounted into an AFM, such that the samples were
upright and isolated from the surrounding clamp material.
Intermittent-contact mode AFM was utilized to scan
(5.0 x 5.0) um? regions of the device layer sidewall surfaces
at a line scan rate of 1 Hz and a resolution of (512 x 512)
pixels, using AFM cantilevers with a nominal 40Nm '
spring constant, 300 kHz resonance frequency, and 10 nm tip
radius.

Figure 1 shows AFM images of the device layer side-
wall surfaces for the batch A and batch B samples. As shown
in Figs. 1(a) and 1(b), unintended variations in the batch A
etch process led to two different surface structures: (a) regu-
lar etch features, or scallops, which were expected with the

FIG. 1. (a)—(c) AFM images of the (a) small scallop, (b) pitting etch, and (c)
large scallop surfaces. (d) Schematic depiction of a discrete Cartesian grid
with pertinent angles and vectors.
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Bosch DRIE process, and (b) irregular etch features, or pits,
which were likely formed when the SiO, layer between the
Si device and handle layers fractured, leading to backside
DRIE gases passing through the SiO, layer and re-etching
the Si device layer.5 In contrast, batch B samples exhibited
only the intended surface structure; the scallop pitch for
batch B samples was larger than that for batch A samples
due to an increase in the passivation and etch step times and
the ensuing decrease in the number of process loops needed
to etch through the Si device layer, as shown in Fig. 1(c).
The AFM surface height / data were used to calculate the
angularly averaged height-height correlation function H
according to

H(r) = ([ + 7o) = h(Fo) "), 6.9 (D

where ( ) signifies the statistical average of the square of the
height difference between two points, with lateral separation
distance r and heights i(¥ + 7p) and h(7), over the choice
of origin, 7y, and the direction of 7, 0z, as depicted in the
schematic diagram in Fig. 1(d). H values were binned in
annuli of small width (Ar =1 pixel) to obtain continuous
well-behaved angular averages of large sample size for H as
a function of r. H for all three surfaces is presented in Fig. 2.

lll. ANALYTICAL MODELS

For the pitting etch surface, H is well-described by the
phenomenological scaling function'®

Hy(r) = 2w*[1 — exp(—(r/&)™)], )

where w is the rms roughness, ¢ is the lateral correlation dis-
tance, and « is the roughness, or Hurst, exponent. For small
lateral separations, (r/£) < 1, H/(r) approaches the asymp-
totic power-law scaling limit for a self-affine rough surface,
H(r) ~ (r/&)*, and for large separations, (r/&) > 1, Hy(r)
approaches the asymptotic invariant limit for a surface sim-
ply described by a rms roughness in which information about
lateral height correlation scaling is absent, H, ~ 2w?. Note
that H(r) in Eq. (2) is a function of the scalar r and is thus an
isotropic descriptor of roughness. Equation (2) provides a
good fit to the pitting etch data in Fig. 2, consistent with the
idea that the unconstrained backside DRIE gases distributed
uniformly over the Si device layer leading to laterally iso-
tropic etching, similar to that observed for ion-bombarded
etch surfaces.'>"?

Conversely, the H data for the batches A and B scallop
surfaces, henceforth referred to as the small and large scallop
surfaces, are not well-described by Eq. (2), most notably
because the H values do not approach a single value, 2w?, at
large r, and also because the values do not approach a single
power law at small r. In particular, there are regular undula-
tions in the data at large r, the first four of which are labeled
(r1 to ry) in the inset of Fig. 2. The undulations at large r are
indicative of long-range height correlations. Previous studies
have observed similar undulations for Si surfaces with fairly
regular three-dimensional mounds and linked the positions
of the undulations to the average separation between nearby
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FIG. 2. Height-height correlation H as a function of lateral distance r for the
small scallop, pitting etch, and large scallop surfaces. For the pitting etch, H
is well-described by Eq. (2) over all r, as shown by the solid curve.
Conversely, H for the scallop surfaces is not well-described by Eq. (2), par-
ticularly at large r, due to regular undulations in the data.

mounds.'*'® The undulations for the mound surfaces quickly
decayed to a steady-state H value, most likely because the
long-range correlations diminished as r increased. In con-
trast, the undulations for the scallop surfaces in Fig. 2 extend
out to the largest r values measured, indicating that the scal-
lop pitch is consistent over the Si device layer. In both
instances, however, it is clear that the overall H data are a
combination of the H data from the underlying small-scale
roughness and the regular long-range features, both of which
are evident in Fig. 1. Hence, a clear determination of the for-
mer is only possible after the latter have been taken into
account by decoupling the combined effects on the measured
H behavior. The extracted values for ¢, £, and w from Eq. (2)
for the best fits in Fig. 2 are given in Table I (in parentheses
for the unmodified small and large scallop surface data).

The decoupling process involved two steps: (1) deter-
mine H for the scallops alone and then (2) add H for the scal-
lops to H for the underlying roughness (Eq. (2)), such that
the overall H can be fit to the experimental data. With
regards to step 1, the simplest method to ascertain H for the
scallops was to represent them as an extruded sine wave,
such that the surface heights parallel to the scallops were
constant and the surface heights perpendicular to the scallops
were a function of 7 as given by hy(F) = Asin[k - 7], where A
is the amplitude and K is the wavevector, Fig. 1(d). The mag-
nitude of & is related to the scallop pitch or wavelength A by
means of [k| = 27/, and the direction of k is perpendicular
to the scallop ridge lines (although we shall see that
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specification of the direction of k will not be required). H for
the extruded sine was then found analytically by substituting
hs(7) into Eq. (1), which results in

H(7) = ({Asin[k - (F + 7o)] — Asin[k - 7o)} )0 (3)
After expanding the terms in the angular brackets and using
trigonometric identities, Eq. (3) yields

1 - 1 "
Hy(F) = <A2{1 — Ecos[Zk (F+70)] — Ecos[Zk - Fo)

+cos[k - (F + 27y)] — cosk - f]}> . (4)
70,07

The average over 7 is performed first. The first, second, and
third cosine terms oscillate with 7y and hence average to
zero, while the constant A2 and the fourth cosine term
A? cos[lg - 7] are invariant with 7y and thus remain the same
on averaging. The average over 67 on the remaining two
terms is performed next, which is evaluated via explicit inte-
gration as given by

LJ A*{1 — cos[kr cos0;]}d0. = A*[1 — Jo(kr)],

Hi(r) = 2n

&)
where 0 is the angle between 7* and k as shown schemati-
cally in Fig. 1(d) and J is the zeroth-order Bessel function
of the first kind. The asymptotic limits of H(r) in Eq. (5) are
H(r) = (kr)*/2 at small separations, (kr) < 1, and H,(r)
= A2[1 — (2/nkr)*cos(kr — m/4)] at large separations,
(kr) > 1. Equation (5) is the basis for a broader class of inte-
gral transforms known as Hankel transforms,19 which are
especially useful during isotropic and angularly averaged
correlation analyses.

Note that H(7) in Eq. (3) is a function of the vector 7
and accounts for the anisotropy of the scallops and the speci-
fication of the vector k. This anisotropy is not neglected on
performing the angular average leading to H(r) of Eq. (5),
which depends on the scalar r, but cannot be recovered
uniquely from Eq. (5) once the average has been performed.
If the regular long-range features had been assumed to be
isotropic, the integrand of Eq. (5) would contain no depend-
ence on the angle 0. A measure of the effectiveness of the
assumed extruded sine wave form for the scallops and the
angular averaging to obtain a scalar function for Hy(r) is how
well Eq. (5) describes the experimental data, particularly at

TABLE I. Fit parameters for the extruded sine (A, 1) and surface roughness (o, &, w). The extracted values for o, &, and w prior to the extruded sine decoupling
process are given in parentheses for reference. Uncertainty values represent one standard deviation from analysis of at least four images.

Pitting etch Small scallops Large scallops
A (nm) 232+04 60.4 = 1.0
A (nm) 426.1 £2.7 663.2 2.0
o 0.80 £0.02 0.81 £0.06 (1.02 = 0.01) 0.77 £0.02 (1.01 = 0.01)
& (nm) 137742 165.3 £26.0 (126.0 = 2.9) 164.5+16.2 (177.1 £2.3)
w (nm) 77.4£3.7 145+0.3(21.9%0.2) 21.7£1.6(48.00.9)
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large r where the effects of small-scale roughness are
expected to be small.

H, for various A and / are shown in Fig. 3. As illustrated
in the examples, H, exhibits many of the same features as
the experimental H in Fig. 2, namely, power-law behavior at
small r and regular undulations of diminishing magnitude at
large r. In detail, however, it is clear that the specifics regard-
ing H, are significantly dependent on the values for A and .
For example, it was found that 1 determines the undulation
positions; as / increased by a factor of two, ry also increased
by a factor of two (from P to P’). The positions of the minima
in H, are related to the odd-numbered roots of the first-order
Bessel function J;, such that r{=1.1174, rp,=2.1214,
ry=3.1224, r4=4.1234, and so on.?® Analogous minima are
observed in Fig. 2. In contrast, it was observed that A deter-
mines the magnitude of Hg; as A increased by a factor of
two, Hy increased by a factor of four (from Q to Q'), or more
generally, Hy~ A” per Eq. (5). Overall, many of the details
detected in Fig. 2 can be modeled via the inclusion of
Eq. (9).

With regards to step 2 above, it has been previously
established that the autocorrelation of the sum of two com-
pletely uncorrelated functions is the sum of the autocorrela-
tions of each function.® Similarly, it can be proven that the
height-height correlation of the sum of uncorrelated func-
tions is simply the sum of the height-height correlations sep-
arately. As a result, H for the underlying small-scale
roughness, H in Eq. (2), can be added to H for the regular
scallop features, H, in Eq. (5), to arrive at an analytic, five-
parameter model for the measured height-height correlations

Hi(r) = 2w*[1 — exp(—(r/&)*)] + A*[1 = Jo(kr)].  (6)

IV. RESULTS AND DISCUSSION

H for the small and large scallop surfaces is shown in
Fig. 4 and fit to H(r) of Eq. (6). In both instances, H is well-
described over all r, as shown by the solid curves. The
extracted values for A, 4, «, &, and w are given in Table I.
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FIG. 3. Height-height correlation H as a function of lateral distance r for the
extruded sine wave with different A and 4, as described by Eq. (5). From the
examples, it was found that 4 determines the undulation positions and A
determines the magnitude of H.
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FIG. 4. Height-height correlation H as a function of lateral distance r for the
small scallop and large scallop surfaces. In both instances, H is well-
described by Eq. (6) over all r, as shown by the solid curves.

The results for 4 are in good agreement with line scan meas-
urements of the scallop pitch.® The height-height correlation
approach to assessing A is more robust than the line scan
method, as it “averages” over an entire surface and is not
sensitive to irregularities in the peaks and valleys or to
detailed specification of the scallop orientation. The results
for o also agree with previous experimental'>' and numeri-
cal***? results on other plasma and reactive ion etched Si
surfaces, where o ranged from 0.80 to 1.0. In addition, it is
important to note that « was relatively constant at ~0.80 for
the three different surfaces (within experimental uncer-
tainty). Hence, despite changes to the interscallop geometry,
which represents the “controlled” or anisotropic part of the
DRIE process, the scaling behavior for the intrascallop sur-
face roughness, which is influenced by the “uncontrolled” or
isotropic etch step, was unchanged. In fact, «~0.80 when
the controlled portion of the etch was completely absent, as
with the pitting etch surfaces, indicating that the outcome
may be inherent to the DRIE process. In contrast, w
increased from 14.5nm to 21.7 nm to 77.4 nm as the surfaces
changed from the small scallop to the large scallop to the pit-
ting etch, respectively.

It is critical to note that quantitative assessment of the
scaling of surface roughness features relies on separation of
controlled and uncontrolled surface fabrication processes—
in this case, separating the scallops superposed on the under-
lying roughness. As an example, fitting Eq. (2) to the experi-
mental scalloped-surface height-height correlation data in
Fig. 2 gave best fit power-law dependences in the small r
region of “slope” 2~ 2 (values in parentheses in Table I).
These dependences are very close to that of the small r as-
ymptote of the height-height correlation function for the
extruded sine wave, Eq. (5), implying that the scallops
strongly affected the experimental height-height correlation
over the full range of length scales, and not just at large r as
might be expected. The analytical method used here to
model the height-height correlation of the scalloped surfaces
was extremely effective at describing the experimental
observations, Fig. 4, suggesting that the choice of an
extruded sine wave and angular averaging to arrive at a
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scalar correlation function captured the main features of the
anisotropic scallop geometry. Advantages of the method
include easy addition of the scallop and small-scale rough-
ness correlation functions as in Eq. (6), direct comparison
with the annular bin-averaged experimental data from Eq.
(1), and no requirement to specify wavevector directions in
the images. Analyses that utilize vector height-height and
other correlation functions for surface features** lose these
advantages but could provide information regarding higher-
order structure, both perpendicular and parallel to super-
posed long-range features, and information regarding poten-
tial anisotropy of underlying small-scale surface roughness.
Such information will enable detailed refinements in nano-
scale fabrication processes for surface-specific properties
and applications.'™®

V. EXAMPLE APPLICATION

As mentioned previously, the etching processes used to cre-
ate MEMS devices leave residual surface features such as sur-
face roughness that can limit fracture strength, and
consequently, device yield and reliability. As a result, it is neces-
sary to determine the effects these etching processes have on
MEMS device strength. To this end, micro-scale theta test speci-
mens with the same etch features were tested using an instru-
mented indentation system and failure loads were converted to
strengths via finite element analysis.*® The resulting values
were fit to a three-parameter Weibull distribution function

Py =1 —exp{—|[(or — om)/0c0]"}, @)

where P; is the cumulative failure probability, m is the
Weibull modulus, oy is the scaling strength, and gy, is the
threshold strength (the “characteristic strength,” where
P;=0.632,is 6. = 09+ oy,). Pr was assigned to each strength
value by P;= (i — 0.5)/N, where i is the rank of the strength
in an ascending-order ranked strength distribution and N is
the number of samples. From the ﬁts,6 ag. was found to be
2.22 GPa, 2.12 GPa, and 1.28 GPa for the small scallop, large
scallop, and pitting etch surfaces, respectively. As shown in
Table I, w was found to be 14.5nm, 21.7 nm, and 77.4 nm
and o was found to be relatively constant at ~0.80 for the
same surface sequence, suggesting an inverse correlation
between o. and w and no connection between ¢, and o.
Previous studies on the fracture strength of Si have alluded
to the former trend,®>° but have largely ignored the latter
relationship (or lack thereof), primarily due to their single-
scale (large r) depictions of surface roughness. Both conclu-
sions are only possible here because the analytic, five-
parameter model presented above, Eq. (6), is based on a
multi-scale (small and large r) representation of the rough-
ness and scallops. In fact, fracture mechanics considerations
suggest that o. should scale with w as G~ (W) 12,
where ¢; is the length of a small, sharp crack located at the
root of a rounded surface cavity of characteristic dimension
w3 Taking c;=5nm as common to all three DRIE surfaces,
such scaling predicts strength ratios of 2.05:1.76:1 for the
small scallop, large scallop, and pitting etch surfaces, which
compares with 1.73:1.66:1 observed experimentally.® The

J. Appl. Phys. 114, 113506 (2013)

agreement provides support for the ability of the model to
provide quantitative characterization of surface properties.

It is important to note, however, that the aforementioned
structure-property relationships are not based on an exhaus-
tive study of the DRIE etch process and its effects on frac-
ture strength, and therefore, the exact nature of the
dependence requires additional experiments. For example,
the two scalloped surfaces were formed via changes to both
the passivation and etch DRIE steps, and as a result, exhib-
ited changes to the small-scale roughness and long-range
features. Consequently, the changes to g. cannot be entirely
attributed to the changes in w, as both A and « are also vary-
ing (however, in a previous study,® it was hypothesized that
g. should be independent of A and o because the loading
direction is parallel, not perpendicular, to the scallops).
Nevertheless, DRIE Si surfaces with similar small-scale
roughness but different long-range features, and vice-versa,
need to be evaluated with this method and tested with the
theta test specimen, such that the effects of roughness and
scallops on fracture strength can be decoupled. The decou-
pling process may be further enabled by additional studies
on various pitting etch surfaces, as these surfaces are void of
any long-range features.

VI. CONCLUSIONS

In conclusion, a new approach to decouple irregular
small-scale roughness and regular long-range features on
DRIE Si surfaces was presented. Three different sidewall
surface structures were studied, two with the intended scal-
lop features and one with an unintended pitting feature.
Height-height correlations of the three different surfaces
were evaluated via AFM height data and fit to an analytic,
five-parameter model based on both the small-scale rough-
ness and the long-range features. For all three surfaces, o
was relatively constant at ~0.80, suggesting the self-affine
scaling behavior at small » was invariant regardless of the
changes to the controlled portion of the DRIE process. In
contrast, w differed with the etch, signifying that the vertical
amplitude of fluctuations in the large r region was sensitive
(varied by a factor of five) to the details of the process. The
results from the analysis were finally compared to ¢, values
from theta test samples with the same etch features. The
comparison suggested an inverse correlation between . and
w and no correlation between o, and o.. Future work on surfa-
ces with different small-scale roughness and long-range fea-
tures will elucidate the exact nature of the correlations, and
in doing so, reach a materials science and engineering goal
of forming a complete set of processing-structure-property
relationships for DRIE Si surfaces.
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