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Enhanced characterization of niobium surface topography
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Surface topography characterization is a continuing issue for the superconducting radio frequency
(SRF) particle accelerator community. Efforts are under way to both improve surface topography and its
characterization and analysis using various techniques. In measurement of topography, power spectral
density (PSD) is a promising method to quantify typical surface parameters and develop scale-specific
interpretations. PSD can also be used to indicate how the process modifies topography at different scales.
However, generating an accurate and meaningful topographic PSD of an SRF surface requires careful
analysis and optimization. In this report, niobium surfaces with different process histories are sampled
with atomic force microscopy and stylus profilometry and analyzed to trace topography evolution at

different scales. An optimized PSD analysis protocol to serve SRF needs is presented.
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I. BACKGROUND AND MOTIVATION

Particle accelerators continue to grow in importance as
tools for scientific research, with applications from the
most fundamental physics to user light sources. In many
applications, superconducting radiofrequency (SRF) accel-
erator technology delivers improved performance over
traditional technology such that SRF’s role continues to
expand. The ever-scarce resources for new facilities could
go further if their cost could be reduced on a relative basis
by increasing SRF performance. The performance of such
accelerating structures is usually described by plotting the
cavity quality factor Q, versus the accelerating gradient
E.. [1]. In terms of impact, Q, is the ratio of the energy
stored in the cavity to the energy dissipated in its walls,
energy that must be removed by the cryosystem. Gradient
determines how much accelerator length is needed to
achieve the chosen exit beam energy. Gradient is the
performance challenge for a high energy pulsed accelerator
such as the proposed International Linear Collider. For
continuous wave accelerators of both large and small scale,
minimization of dissipated power (maximizing Q,), or
more generally minimizing cryogenic costs, is vital. Two
types of performance deficits observed in the push to ever-
higher gradients are: (i) a decrease in Q, with increasing
gradient—*‘Q drop,” when a certain gradient is reached;
(i1) a lower Q, than expected at all gradients.

Surface topography has long been viewed as a major
contributor via magnetic field enhancement (e.g., at grain
boundary edges) [2]. Even when this enhancement is not
sufficient to induce a full quench of the resonance, it may
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change the local loss. Though the resulting normal-
conducting volume may be too small to trigger a general
quench, the cumulative effect of many such small defects
turning on with increasing gradient would be manifest as
reducing Q, [3] at a higher gradient. Recent studies [4]
emphasize the importance of intrusions (pits, grain bound-
ary crevices) as well as protrusions. Some of the computa-
tional modeling results are surprising. For example a
“sharp-edged” (few-micron radius) shallow (depth/diame-
ter <0.5) disk-shaped pit would have a field enhancement
factor between 1.5 and 2 [2,5,6]. Chemically produced
etching features on niobium with edge radius of curvature
as low as 50 nm have been reported [5]. A recent theoreti-
cal analysis [6] suggests that thermal feedback may make
even apparently modest defects more pernicious than once
thought. A small amount of power deposited at the defect
raises the local temperature slightly, increasing the popu-
lation of normal-conducting electrons. The local surface
resistance increases, which further increases power depo-
sition until either heat transport out of the absorbing region
limits further temperature increase or a quench occurs.
Efforts to explicitly model the effect of topography
continue [7]. Nonetheless, a clear consensus exists in the
SRF community that smoother is better and that a more
sophisticated analysis is called for.

The topography present on the interior surface of SRF
cavities arises from the action of the preparation steps on
the typical fine-grained (~50 um grain size) niobium
sheet material from which they are made. As described at
length elsewhere [8], the sheet stock is cut, shaped, and
welded, then polished mechanically and chemically
etched. Other forms of mechanical polishing are being
replaced by centrifugal barrel polishing, wherein a spe-
cially designed abrasive medium is placed within the
cavity and then tumbled to obtain a uniform surface con-
dition. Cavity etching has been accomplished by buffered
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chemical polish (BCP), consisting of flowing a 1:1:2
mixture of hydrofluoric, nitric, and phosphoric acids
through the cavity at 10°C, removing a few microns per
minute up to a total of about 100 wm. Seeking greater final

FIG. 1.

Optical images of niobium sheet (a) as received, (b) after
BCP, and (c) after EP. The white bar at the lower right of each
image corresponds to 200 pm. Optical microscopy is courtesy of
Thomas Kiederowski, Institute for Laser Technology, Aachen.

smoothness, BCP is now being replaced by electropolish-
ing (EP) in a typically flowing 1:10 mixture of hydrofluoric
and sulfuric acids at 20°C-35°C, with best results obtained
at the lower temperatures [9]. While there are exceptions,
gradients in excess of 35 MV/m with a quality factor of
about 10'? are viewed as routinely attainable by EP but not
BCP. Figure 1 shows optical images of typical surfaces as
received and after etching.

In these images, it is evident that the surface of the as-
received material is significantly transformed by either
BCP or EP. BCP shows prominent grain boundaries with
smaller hillocks or facets within. EP shows only moder-
ately delineated grain boundaries. Topography at a dimen-
sional scale smaller than several microns cannot be
discerned at this magnification.

II. CHARACTERIZATION AND METHODOLOGY

A. Topography characterization

Crediting as valid the notion that “smoother is better,”
there is need for a clear definition of smoothness and its
measurement as it relates to SRF performance and cavity
processing. Surface topography is routinely measured by
stylus profilometry and atomic force microscopy (AFM).
In either case, a probe is moved to a series of locations
along a line on the surface and its vertical position is
measured. The difference between the vertical position at
any specific point and the average vertical position of all
points can be computed. Its root mean square (RMS) value,
R, is one of the simplest descriptions of roughness [10].
The referenced standard indicates a scan length over which
R, should be measured. It is not appropriate for the
niobium materials, which have an inherent potential non-
uniformity at the scale of the grain size, 50-100 pwm here.
Another root mean square (RMS) value R, is used to
measure slope fluctuation, the R, is defined by slope angle
of six adjacent points in [11] as
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where y, are the height of adjacent points, d, is the step
length, and N is the total number of points.

Studies of BCP-treated niobium reported typical rough-
ness values of 1.6 um, with a standard deviation of about
0.2 pum [12]. The same researchers reported values for EP
of 0.1-0.3 um, depending on specifics. Further insight can
come from viewing the distribution of vertical displace-
ments from the average. Figures 2 and 3 present the height
histogram and the AFM scan profile of typical BCP and EP
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FIG. 2. Frequency distribution of height difference from mean
after BCP (100 um removal) or EP (50 wm removal) both at
20°C. The total scanning point number is 262144. The bin for
BCP is 25 nm and bin width for EP is 5 nm.

surfaces. The BCP samples have more height range than do
the EP samples.

The value of average roughness can be strongly im-
pacted by the lateral distance over which data are collected.
A previously reported comparison of niobium SRF mate-
rials treated in different ways found that R, values in-
creased more than fourfold as the sampled area increased
from 20 X 20 um to 1000 X 1000 wm [12]. Use can be
made of the variation of R, with scan length to acquire
lateral information [13]. For the present materials, it may
be expected that scan lengths less than the grain size will
tend to reflect intragranular information, while longer will
include the grain boundaries as well, as seen below.

A further way to view AFM or stylus profilometer data is
to decompose the whole scan into segments of chosen

length and then determine R, for each segment. The like-
lihood of including (e.g.) a grain boundary increases with
segment length, and the slope in Fig. 4 shows this propor-
tionality up to some lateral length. Once the segment
length reaches a value where the number of grain bounda-
ries per unit length is substantially constant, the curve
flattens considerably. The notable feature in this data is
that after electropolishing at —30°C, essentially no depen-
dence on segment length is seen, providing evidence of
nearly complete leveling.

Similar to the electropolished surface, the results from
BCP in Fig. 5 indicate that there is a saturated R, at certain
scanning length. This distance, larger than which the to-
pography values are substantially constant, may be defined
as the correlation length. Visual inspection suggests a value
a little less than 80 wm, consistent with the 50-100 um
grain size. The correlation length can be more precisely
determined by use of an autocorrelation function (ACF)
[14]. Defining h(x) as the difference between the height
value at x from the average value, ACF can be defined as

L
ACF (L) = f hCh(x + L)dx, 3)
0

where L is a fixed distance added to all values of x and h(x)
is the profile function. The highest value of L for which the
value of the integral is constant is the correlation length. At
the correlation length (CL), the value of the ACF falls
toward zero. An appropriate scan length for ACF determi-
nation 3-4 times its expected 75 wm value, here about
200 pm, not the 100 wm scan length limit of our AFM.
Calculating the ACF from data sets in Fig. 5 gives a CL
value around 30 wm, noticeably too small. Typically, cor-
relation length is proportional to grain size, 20-50 pum in
fine-grained Nb. Therefore, measuring it requires at least a
200 wm scan length, preferably 3 to 4 times the correlation
length.

(b)

FIG. 3. Topography images created from AFM data (a) after BCP and (b) after EP treatment, the same samples as in Fig. 2. The
horizontal scales are both 100 xum by 100 xm and the vertical scales are 2500 and 50 nm, respectively.
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FIG. 4. Stylus profilometry measurements of R, of niobium sheet electropolished in 2N sulfuric acid in methanol at the indicated

temperature [40].
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FIG. 5. R, as a function of AFM scan length for Nb after
100 wm removal by BCP, average of three samples.
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FIG. 6. Slope histogram of the scans in Fig. 2. The total
scanning point number is 262144. The bin for BCP is 0.25°
and bin width for EP is 0.05°.

Deeper insight into topography can be obtained by con-
sidering the variation in vertical position between adjacent
measurements, expressed as slope, to capture the notion of
sharp features. Histograms are usually used to determine
the structure of surface, revealing isolated features such as
holes or bumps. Figure 6 is the slope histogram of scans of
Nb surfaces treated by BCP or EP.

The greatly increased frequency in the number of high-
slope points for BCP reflects what is qualitatively evident
in the optical images earlier. It needs to be understood that
the value of slope is affected by the distance between
adjacent points. Spacing the points more closely would
result in higher slope values for very sharp features, the
very ones thought to be most harmful for high-field SRF
cavity performance. Further, the sampling issue noted ear-
lier still applies—collecting data from a larger area in-
creases the likelihood that a point of still higher slope
will be detected. Finally, the ‘““fatal flaw” impacting SRF
performance is likely to be an extreme point, such as the
most prominent sharp projection. From that perspective,
the distributions such as Figs. 2 and 6 may be more
informative than the various averages. All the statistical
methods above are limited by the scan length and charac-
terization resolution, and give no roughness information at
different scales.

B. Power spectral density (PSD) data analysis

The optics and the microelectronics communities encoun-
tered the need to deal more incisively with topography data
some years ago [ 14]. They found it fruitful to make a Fourier
transform of the scanning probe topography data to obtain
the contribution at different lateral scales: the power spectral
density (PSD). Sharper features will have a more relative
contribution at shorter scales as compared with gentle un-
dulations of the same vertical amplitude, for example.

Power spectral density has been used as a tool to com-
bine measurements from different scales and different
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instruments [12,14,15]. It represents the spatial-frequency
spectrum of surface roughness measured in inverse-length
units. The power spectral density function of a surface
profile h(x, y) is defined as [12,14,15]

PSD(f.., f,)
1 L/2  (L/2 , 2
= lim — [ h(x, y)e 2Tt i dxdy |
L—oo [, —)2J-L)

“4)

where f, and f) are the rectangular components of surface
frequencies. From Eq. (4), we know that the PSD gives
information about the relative contributions of all the
possible surface spatial frequencies for an ideal measure-
ment of an infinite surface in the limiting case from 0
frequency (an infinite surface) to an infinite frequency
(infinitely small structure) [14]. PSD represents the
squared amplitude of surface features plotted against the
spatial frequency of those features. PSD and ACF are
Fourier transform pairs.

In practice, topographic images of surfaces are recorded
in the form of digitized data of surface height, which is
finite rather than infinite and sampled rather than continu-
ous. The PSD for digitized data in one dimension used in
this study is defined by Eq. (5) [14],

N—1

S h(x),exp(—i2mnm/N) | K(m),
n=0

PSD (/)1 (m) = "

&)

where N/2 = m = (N/2) — 1. Equation (5) gives an ex-
pression for the mth term in the PSD calculated from a
profile of N points; it gives PSD amplitude in units of
length cubed. There are discrete values of f, = m/L,
where L is the measurement length and x in the function
of h(x), takes on discrete values: x = (L/N),. Also, Ax is
the spacing between data points in the profile, A(x), are the
height values of the profile data points, and K(m) is a
bookkeeping factor that equals 1 except that K(+N/2) =
1/2 at the ends of the power spectrum. More complete
mathematical descriptions can be found in Refs. [14,15].

Avery important connection between R, and PSD is that
one can calculate the R, distribution over a specific fre-
quency range. The contribution from that scale is a portion
of total roughness composition of the whole scan range.
Note that integration of the PSD yields the square of R,
over the range of integration [15],

Ry = [; " PSD(f)d. ©)

Four major limitations are involved in PSD calculations
from real data [16]: (i) bandwidth limits, (ii) aliasing,
(iii) trending, and (iv) statistical instability [17]. In this
study, the bandwidth limits of surface profile measure-
ments are determined by the total trace length, sampling

interval, and various filtering operations. The surface fre-
quency limits included in this study are [18]

1 N
fmin = Z» fmax = fNyquist = i’ (7)
where L is total trace length sampled at N equally spaced
points. In practice, bandwidth limits may be extended by
acquiring further scans with greater or lesser distance
between data points. The issue of a possible difference in
locations scanned needs to be considered.

Any instrument that acquires topography data convo-
lutes its own signature with the data, the machine transfer
function, where “‘aliasing” is a harmful effect. Antialiasing
of stylus profilometry is accomplished by introducing a
low pass filter for surface frequencies greater than the
Nyquist frequency [19,20]:

1

M) = Gy ®)
The value of d|, is optimized from tip scanning speed, and
defined as the spatial wavelength for 50% amplitude at-
tenuation of this low pass filter. We chose to use
dp0.862 pum as suggested by Ref. [19] for a stylus profil-
ometer scan with resolution of about 0.65 pm.

In order to explore well the fine scale structure evolution
with different treatments and avoid a spurious trend which
might be due to the presence of surface components with
wavelengths longer than the record length [21], a back-
ground must be removed from all data to effectively flatten
the mean surface— ““detrending.” Experience in the optics
and semiconductor communities indicates that a suitable
approach is to remove a two-dimensional third order poly-
nomial from each record before further analysis [18,22].
Such an approach is promising for relatively smooth sur-
faces (EP), but major sharp surface steps (BCP) may need
to be individually removed—‘destepping.”

Windowing is used to eliminate the discontinuity at the
two end points, which may otherwise cause error while
calculating the Fourier transform [20]. With a window
function, the surface fractal property will be correctly
shown. In addition, in order to reduce the statistical insta-
bility of real data and minimize the measurement errors, a
standard way of stabilizing the PSD function is used:
averaging. Figure 7 below shows PSDs calculated after
only averaging data. Figure 8 shows PSD’s calculated
after additionally addressing antialiasing, detrending, and
windowing.

For the data shown in Figs. 7 and 8, power spectra for all
traces in the fast scan direction were averaged, and the PSD
profiles measured at different locations under the same
scan condition were also averaged. A Tukey window trans-
form was applied in Fig. 8 in order to eliminate spurious
high-frequency noise and maintain the amplitude of R,
[23]. As shown in the comparison of Fig. 7 to Fig. 8, the
surface fractal property will be correctly shown with use of
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FIG. 7. Power spectral density calculated directly from the raw
data for the indicated scans collected from fine-grained niobium
sheet subjected to 5 min of BCP.
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FIG. 8. Power spectral densities calculated from the same data
as Fig. 7, but with the corrections discussed in the text.

a window function. In order to reduce the impact of the
window function on the averaged PSD, a further
polynomial-based deconvolution is conducted in
MATLAB® code [24].

The impact of proper data treatment on the opportunity
to combine different data sets is clearly evident by com-
parison with previous PSD calculation in Fig. 7 [25]. PSDs
in Fig. 8 correct artifacts such as the high-frequency level-
ing and the middle frequency “peak.” Certain character-
istic features of such PSD data from Nb BCP samples are
evident: (i) power falls with increasing frequency; (ii) a
significant data range at high frequencies is a straight line
on the log/log plot indicating a power law function; and
(iii) in the lower frequency data range, the frequency
dependence of power departs from linear and approaches
a constant value.

To summarize, for stylus profilometry or atomic force
microscopy, tip size, spacing of points, number of points,
and machine characteristics limit precision, and contribute
artifacts, obtaining an accurate PSD of a surface requires a
series of steps: (i) data acquisition; (ii) antialiasing correc-
tion: to reduce contribution from machine transfer
function, tip size; (iii) detrending correction: to reduce
contribution from surface curvature—Ilack of planarity at
large scale; (iv) windowing correction: to reduce artifacts
on transform due to finite length; (v) averaging: to reduce
the statistical instability of real data.

C. Components analysis

Researchers [22,26,27] in the optics and microelec-
tronics communities applying PSD analysis have noticed
characteristic patterns associated with frequently occurring
topographies. For example, a 90° sharp step gives a PSD
having the form K/ f?, a straight line of slope —2 in log-log
coordinates. PSD data may be further analyzed in terms of
characteristic patterns. Such structures may frequently be
described in terms of three idealized models, fractal struc-
ture, and two superstructure models.

1. Fractal structure model

As is evident in Fig. 8, the high-frequency portion of the
PSD plot for BCP-treated niobium surface appears as a
straight line on a log/log plot and so can be fit by a power
law expression having the form

S(f) = K./ f", (©))

where K,, and n are the fitting parameters. Note n called
fractal dimension, is often between 2 to 3, and larger n
means rougher surface. Power law forms arise from fractal
surface topography inter alia, a self-affine topography that
is self-similar, having key features repeating at successive
dimensional scales, schematically depicted as a Koch
curve shown in Fig. 9.

Characteristic fractal structures are associated with
specific values of the fractal dimension D, given by D =
(7 — n)/2. Integrating the expression for S(f) yields the
fractal structure R, and correlation length CL,

K,L" 1712
Rq:L———],
n—1

_(n— 1%L

22n— 1)’ (10)

FIG. 9. Koch curve illustration of fractal structure [41].
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where K, is the scaling factor, n is the fitting order, and L is
the scan length [28,29]. Note, however, that the correlation
length obtained from the above equation is necessarily
bounded by the scan length.

2. Superstructure models
a. “K correlation” or “ABC Model” [30-33]

Structure present at a larger dimensional scale, such as
grain size in the present case, may be superimposed on
small-scale structure. Such structure has been described in
cluster ion beam polishing and in thin film growth [22].
The PSD of such a model is described by

S(f) = A/[1 + (BPIC2, (11)

A, B, and C are fitting parameters, with C > 1. It is possible
for a surface to have superstructure at more than one scale,
each described by such an expression. For such a model,
one obtains R, and CL [26]:

R2_ 27A _(C—1)B?
T BXCc-1) 27 C

Note that this calculated R, and CL refer to the
K-correlation contribution only.

CL? (12)

b. Shifted-Gaussian model [34]

The shifted-Gaussian model basically described a sur-
face with isolated islandlike structures. Rasigni found this
in a PSD with structure that fits a Gaussian distribution but
with peak shifted [34]. The model gives clear definitions of
size, height, and periodicity of particles on an otherwise
independently structured surface, which in our case can
help calculating local R, and CL. It has been demonstrated
suitable for describing the initial stage of thin film growth
models [34]. A shifted-Gaussian component to surface
roughness contributes to the PSD as

S(f) = motriel- U] (13)

where o, 7, and x denoted the height, size, and periodicity
of superstructures.

For example, the PSD of a BCP-treated surface might
consist of a shifted Gaussian at low frequencies reflecting
the grain structure and mostly a straight line at higher
frequency reflecting the prominent sharp edges. In

TABLE 1.
100 wm (unit: nm).

contrast, PSD data obtained from electropolished materials
typically do not exhibit straight lines on a log/log plot but
display two regions of strong curvature, as will be seen
later. More generally, the PSD of a niobium surface pre-
pared by various methods can be fruitfully decomposed
into contributions from each of these types of models
[22,26,35-37]:

PSD (tOtal) = PSDfractal + PSDK correlation
+ PSDshift Gaussian*

One may optimally fit the measured PSD curves with
such components by using the Levenberg-Marquardt least
squares method within the chosen frequency regions.
Usually, a certain PSD pattern can dominate within a
certain frequency range. Thus, one may fit the PSD in
this frequency range with only that dominant model.
Accomplishing the fit proceeds with awareness of the
characteristic forms arising from the surface processing
that has been employed, as indicated above, to make an
initial guess. Automatic fitting procedures can then be
employed to converge on a best fit. Having these fitting
parameters, one can derive the physical parameters: fractal
dimension, K correlation R, and correlation length, and
particles’ size, height and frequency, etc., and learn the
surface evolution during process.

ITI. APPLICATIONS AND RESULTS

We illustrate with three sets of materials. (i) Single crys-
tal Nb materials were obtained by cutting from a large-
grained ingot; the surface orientation was determined by
electron backscatter diffraction to be (110). (i) Fine-
grained Nb was standard residual resistivity ratio sheet
material used for cavity production. Both of these types of
samples were polished to great smoothness (nanopolished)
by a proprietary treatment (Wah Chang). While the vendor
does not disclose the details of their method, we are able to
obtain substantially similar results by careful use of metal-
lographic polishing methods. Samples of each type were
subjected to 1:1:2 BCP at 10°C to achieve the material
removals indicated later. (iii) Some fine-grained samples
were subjected to EP after 100 wm removal by BCP.

Topography was determined by AFM. 100 um by
100 um areas on each were examined by AFM. AFM

Averaged R, and R, parameters with and without third order polynomial detrending with AFM scan range 100 uwm by

Samples Single crystal 13 Nanopolished fine-grained 10 “Standard” fine-grained
Treatment As received  After 30 um BCP  As received  Initial (5-6 um) BCP 100 um BCP 50 um EP
R, (nm) 14 13 155 458 72

R, (nm) detrended 11 10 148 337 47

Ray (°) 0.67 1.1 0.38 3.8 4.0 0.95
R, detrended (°) 0.67 1.1 0.35 3.8 39 0.93
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FIG. 10. AFM scans of single crystal sample 13 in Table I: (a) as received and (b) after 30 wm removal by BCP. The horizontal scale

is 100 wm by 100 um; the vertical scale is 100 nm.

(a)

9 +  Single Crystal 13
K correlation
Fractal

~— Shifted Gaussion

PSD(nm3)

103 L n L " PR | \ i I L i PR RS §
10* 10
Spatial Frequency (nm™)

10 T T

(b)

9 +  Single Crystal 13 After BCP
K correlation

Fractal

— Shifted Gaussion

PSD (nm3)

10*f \ |
\

3 L 1 L

10° 10
Spatial Frequency (nm")

FIG. 11. Average one-dimensional PSD of single crystal 13,
(a) as received and (b) after 30 wm removal by BCP. The range
of fitting for each component is indicated by the solid line.

measurements were performed as previously [12] using a
commercial AFM (Digital Instruments: Nanoscope 1V) in
a tapping mode using silicon tips with a diameter of 10 nm.
The AFM images were captured as arrays of height values
with 512 by 512 points. The R, and R, parameters with
and without detrending were calculated and shown in
Table I. Here, the R, and R, are RMS of height and slope
angle. Notice that the R, value decreases after detrending
but R4, is almost unaffected.

A. Single crystals

Since grain boundaries are absent, single crystal samples
may correspond to the polishing of grain interiors in fine-
grained materials. Four single crystal samples with un-
known prior history were characterized before and after
30 wm BCP etch. AFM scans were performed on four
different locations on each sample. Representative scans
are presented in Fig. 10.

Surfaces in Fig. 10 give an R, change from 11 to 10 nm
in Table I, while Fig. 10 illustrates that the surface becomes
significantly smoother through BCP etching. Even though
this visual impact is significant in the AFM image, R,
almost remains the same. More insight is required for an
incisive analysis.

1. PSD results and analysis

The average 1D PSD derived from the AFM scans of
Fig. 10 are shown in Figs. 11(a) and 11(b) to compare the
single crystal sample before and after the BCP process.
They may be fit by a fractal model + K-correlation model +
shifted-Gaussian model. Three components are fitted in
Fig. 11; fitting parameters are given in Table II.

Three components are fit in Fig. 11, fitting parameters
are given in Table II.
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TABLE II. Fitting parameters of samples (unit: nm) for Fig. 11.

K correlation Fractal Shifted Gaussian
Model: (nm) A B C K, n Height o Size T Frequency x
As received 1.27 X 107 1494 2.71 0.28 2.1 1.13 1.01 X 10* 4.41 X 107
After BCP 6.52 X 106 1577 1.18 1.4 X 10° 0.47 1.25 110 X 10* 177 X 1073
Frequency range 2.6 X 1074-2.6 X 1073 9.0 X 1079-2.6 X 1074 1 X10709.0 X 1073
2. Discussion one representative line sectional profile. Figure 13 shows

In Fig. 11, the PSD of the single crystal sample as VO representative line profiles before and after BCP from
received shows a straight line at middle frequencies from  the fine-grained nanopolished sample as shown in Fig. 12
9.0 X 1075 to 2.6 X 10~ nm™!, perhaps due to the pre- by black lines. They illustrate that the grain boundaries

vious mechanical polishing history. After BCP etching, the =~ ©MeIg¢ in sharp relief.

PSD amplitude decreases at low frequency and increases at
high frequency. This decrease results in AFM image
smoothness, while the increase in high frequency comes
from the submicron feature growth. It is apparent that n,
the fractal dimension, decreases after BCP etching. The
PSD amplitude from the fractal component also is reduced
by BCP.

100
1

(@)

B. Initial genesis of BCP topography

A fine-grained niobium sample received a propriety g .
polish (“‘nanopolish™) by a commercial vendor. We view "o 25 50 75 100
this treatment as comparable to careful metallographic Distance {um)
polishing. The surface topography of these samples was 21 (b)

characterized as received, and after 2 min BCP etch at
18°C. Since we are using 1:1:2 standard BCP solutions, the
removal rate is ~3 wm/ min, so nominally 6 xm materi-
als was removed.

Height (nm)
0
4
{

1. Characterization

Four locations for each state were scanned by AFM.
Typical AFM images are presented in Fig. 12.

Figure 12 clearly shows that the sharp features grow and
their sizes vary; R, increases from 16 to 148 nm on these  g[G. 13, Surface line profiles of nanopolished fine-grained
samples. To learn these features profile, one can choose samples: (a) as received and (b) after 6 um removal by BCP.

-700

T
50 75 100
Distance (um)

@ L
N
v

(b)

. -
80 .| 7
um

FIG. 12. AFM images of (a) nanopolished fine-grained sample as received and (b) after BCP with 6 um removal. The horizontal
scale is 100 wm by 100 pm; vertical scales are 500 and 1500 nm for (a) and (b), respectively.
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TABLE III. Lateral lengths and angles between the given two
cursors shown in Fig. 13.

Nanopolish 2 min BCP
Between two cursors by vendor (6 pm removal)
Horizontal distance (um) 9.2 3.5
Vertical distance (nm) 23 415
Angle (degree) 0.14 6.7

Two cursors are placed at potential grain boundary step.
Their height difference is peak to valley at the step feature.
Note that the vertical scales are different. Length and angle
measurements at the marked steps are given in Table III.

From Table III, one observes that the vertical distance
grows from 23 to 415 nm, while the horizontal distance
remains essentially constant, so that the angle slope of step
increases dramatically.

2. PSD results and analysis

The averaged 1D PSD derived from Fig. 12 AFM scans
are shown in Fig. 14 to illustrate the BCP process on
nanopolished samples.

Figure 14 is also regionally fit with different model
components and the fitting parameters are given in
Table IV.

The PSD of the nanopolished fine-grained sample as
received shows a straight line character at midfrequency
and superstructure curvature at low and high frequencies,
while the PSD of the fine-grained sample after BCP reveals
a straight line for the majority frequency range. Presuming
that nanopolishing is some variant of chemomechanical
planarization, this could reflect random roughening at a
very low level together with the signature of the abrasive.
But BCP produces differential etching and creates facet
surface features, which follows power law character as
reflected by the straight line in PSD. In addition,
the amplitude of PSD increases substantially around
1 X 107* nm™!, this resulting in the R, increasing from
16 to 148 nm.

3. Discussion

Previously measured [38] removal rates in 1:1:2 fresh
BCP solutions indicate 6 wm removal here. In Table III,
the increase of greatest height difference from 23 to

(@
+  Nanopolished Sample10
K cormelation
— Shift Guassian
Fractal

PSD (nmd)

10* 10
Spatial Frequency (nm™!)

(b)

+ 2 mins BCP Nanopolished 10
Fractal
— Shifted Gaussian

PSD (nm?)
2

10* T
Spatial Frequency (nm")
FIG. 14. Averaged 1D PSD for nanopolished fine-grained ma-

terial: (a) as received and (b) after 6 uwm removal by BCP. The
range of fitting for each component is indicated by the solid line.

415 nm at the grain boundary discontinuity suggests a
differential etch rate between exposed grain faces of
around 200 nm/ min. The lateral length is approximately
the observed length of grain boundary incline, so that the
slope changes from 0.14° to 6.7°. Therefore, in the lateral
frequency range associated with the grain boundary fea-
ture, a one-dimension averaged PSD spectrum amplitude
increases as an overall effect of each individual line evo-
lution. Since the intragrain roughness is insensitive to the
BCP etching (Table I), its component in PSD increases
little.

TABLE IV. The fitting parameter of samples (unit: nm) for Fig. 14.

K correlation

Fractal Shifted Gaussian

Model (nm) A B C n Height o Size T Frequency x
As received 4.1 X 10° 1356 1.2 2.87 X 1072 2.05 4.35 120 X 10* 121X 1077
Frequency range 45X 1074-25x 1073 12X 10744.5x 1074 1 X107°-1.2 % 1074

6 um BCP 0.16 2.98 27.48 4.60 X 103 1.73 X 1073

Frequency range

1.5 X 1074-2.5 X 1073

1 X 107°-1.5 X 107
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(a)

2500

-2500
um

80 /

um

FIG. 15.

(b)

60,

N

um

AFM images of fine-grained material after (a) 100 wm removal by BCP or (b) 50 wm removal by EP. The horizontal scale

is 100 wm by 100 pum for both. Vertical scales are 2500 and 1000 nm for (a) and (b), respectively.

10 @ ]
+ BCP 3
1 ~— Shift Guassian
10 ¢ . Fractal 3
10
10
T 10°
£
a
3
2 100 ¢
107 |
10° ¢
10° |
104 L } |.3
107 10
Spatial Frequency (nm‘T)
10" : : 5
Wl (b) 1
+ EP 3
K correlation 1
— Shift Guassian E
Fractal structure E|
a
£
=S
a
@
o
10
\ ~
4 1 L \
10 = 3
10 10

Spatial Frequency (nm'1)

FIG. 16. Average 1D PSD from fine-grained sample
after removal of (a) 100 um BCP or (b) after 50 um EP.
The range of fitting for each component is indicated by the solid
line.

The impact of BCP is conditioned by the presence of
grain boundaries, a candidate for selective attack (see
Figs. 12 and 13). The PSD from the nanopolished fine-
grained Nb sample shows continuing evolution toward
straight line character, reflecting a surface structure domi-
nated by step edges. These grain boundary step edges
overwhelm the overall frequency domain. The features of
most concern for SRF performance are the pronounced
sharp edges at the apparent grain boundaries. On the con-
trary, in Sec. III A, the single crystals (which do not have
grain boundaries) do not evolve toward the same PSD
character under BCP treatment. This suggests the need
for a characterization approach that discerns a small num-
ber of isolated features (e.g. histograms) as well as an
integrative approach that discerns the net evolution of
surface character.

C. Fine-grained Nb sample treated by BCP or EP

Nanopolished samples represent the genesis of
topography from a near perfect mechanical condition;
single crystal samples represent etching the grain
interior surface. Here, the final set of samples represents
a typical end point of polishing of SRF cavities in produc-
tion [39].

1. Characterization

The samples were subjected to 100 xm removal by BCP
and plus 50 um removal by EP. EP done here was at 30°C
without stirring. Samples were scanned by AFM at five
locations. Representative AFM images for these conditions
are shown in Fig. 15.

2. PSD Results and analysis

Representative PSDs for these two fine-grained Nb
samples are shown in Fig. 16; the corresponding compo-
nent fit parameters are given in Table V.
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TABLE V. Fitting parameters (unit: nm) for Fig. 16.

K correlation Fractal Shifted Gaussian
A B C K n Height o Size 7 Frequency x
100 wm BCP 1.1x 1074 3.6 1.1 X 102 23X 1073 3.3 X 1073

1.5 X 1074-2.5 X 1073

Frequency range
50 um EP
Frequency range

6.22 X 10° 1239 1.9 17.6
2X 1074-2.5%x 1073

1 X 10732 x107*

1 X107-1.5 X 1074

1.8 X 1077 28X 1077
1 X107°-1 X 107

1.4 1.0 X 10"

3. Discussion

Analysis of the PSD in terms of contributions shows that
BCP-treated surfaces are dominated by the fractal or power
law component, associated with the presence of sharp
edges, perhaps grain boundaries. The response to EP is
more complex. Significant smoothing is evident in the
spatial-frequency range corresponding to 1-10 wm, but
not longer. The dominant contributions are K correlation
at higher frequencies and shifted Gaussian at lower.
Strikingly, a few um removal by one process following
the other results in a change to the PSD signature to that of
the last-performed process.

IV. CONCLUSION

The PSD approach affords opportunity to examine the
contribution of features at different lateral scales to the
observed topography. Obtaining a PSD that accurately
represents the surface requires collection, preparation,
and postcorrection of suitable data sets. The PSD can be
further analyzed in terms of contributions related to topo-
graphic models: fractal/power law, K correlation, and
shifted Gaussian. Viewing the effect of BCP and EP, indi-
vidually and sequentially, in these terms provides useful
insights. It is particularly interesting that only a few mi-
crons removal by one process or the other causes the
signature of sharp edges to come or go. The PSD approach
is not, however, sensitive to the presence of a small number
of prominent features, which are better revealed by height
or slope histograms.
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