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ABSTRACT: Force drift is a significant, yet unresolved, problem in atomic force
microscopy (AFM). We show that the primary source of force drift for a popular
class of cantilevers is their gold coating, even though they are coated on both sides
to minimize drift. Drift of the zero-force position of the cantilever was reduced
from 900 nm for gold-coated cantilevers to 70 nm (N = 10; rms) for uncoated
cantilevers over the first 2 h after wetting the tip; a majority of these uncoated

cantilevers (60%) showed significantly less drift (12 nm, rms). Removing the gold \ \
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also led to ~10-fold reduction in reflected light, yet short-term (0.1—10 s) force

precision improved. Moreover, improved force precision did not require extended

settling; most of the cantilevers tested (9 out of 15) achieved sub-pN force precision (0.54 + 0.02 pN) over a broad bandwidth
(0.01—10 Hz) just 30 min after loading. Finally, this precision was maintained while stretching DNA. Hence, removing gold
enables both routine and timely access to sub-pN force precision in liquid over extended periods (100 s). We expect that many
current and future applications of AFM can immediately benefit from these improvements in force stability and precision.
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cantilever

In atomic force microscopy (AFM), drift is a long-standing
problem that limits a range of applications in biology" and,
more generally, in nanoscience.” We have previously addressed
positional drift between the tip and sample, achieving atomic-
scale (0.1 nm) tip—sample stability in three dimensions via
optical stabilization.® Yet, if one wants to make precise
measurements over long periods (seconds to tens of minutes),
positional drift is only part of the problem. Force drift also
occurs.”” Force drift is particularly troublesome in force
spectroscopy, an exciting class of experiments that includes
mechanically unfolding and refolding individual proteins.*~'® A
related problem is the extended periods of time, often hours or
even overnight,'' required for the AFM to “settle” after loading
an AFM tip. Ideally, one could routinely load cantilevers and
have effectively zero force drift after a minimal settling time.

Many AFM-based experiments would also benefit from sub-
picoNewton (pN) force precision, which has yet to be achieved
over a broad bandwidth in liquid. Sub-pN force precision in a
limited bandwidth has been demonstrated for protein folding
using lock-in detection.'> However, this approach limits the
force detection to a narrow bandwidth around the drive
frequency (20 Hz) and complicates interpretation due to a
significant drive amplitude (S nm). Thus, both force stability
and force precision in liquid need improvement. For broad
utility, such improvements should use commercially available
cantilevers.
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Force measurements with AFM rely on an underlying
assumption: changes in tip deflection (Az) arise only from
changes in the applied force (F). Or, in other words, the zero-
force position of the cantilever (z,) does not depend on time.
Force is then determined using F = —kAz = —k(z4, — 2)
where k is the cantilever stiffness and zy;, is the instantaneous
deflection of the cantilever (Figure 1a). In this Letter, we show
that for an important class of silicon nitride cantilevers z is not
constant but drifts significantly. Further, we show that the
short-term (0.1—10 s) and the long-term (minutes to hours)
force noise of these soft (k = S—60 pN/nm) cantilevers is
dominated by the gold coating. By removing the gold and the
underlying chromium, we achieved a force precision of ~0.5
pN over a broad bandwidth (0.01—10 Hz) in liquid with a
minimal settling time.

Cantilevers are coated in gold primarily to enhance
reflectivity, which is assumed to increase the signal-to-noise
ratio." Yet, coating cantilevers only on the back side leads to a
substantial thermal-induced force drift due to the bimetallic
effect.' ' Coating the cantilever on both sides maintains
increased sensitivity while minimizing such temperature-
induced drift (e.g, Supporting Information Figure S1).
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Figure 1. The cantilever is the primary source of force drift. (a)
Schematic of a force spectroscopy experiment. The AFM tip is
attached to a molecule and retracted from the surface. The force that
the molecule exerts on the cantilever is determined by the deflection
(zﬁp — 2,), as measured on a quadrant photodiode (QPD). (b) With
no molecule attached, the zero force position z, (gold) of a cantilever
(short Biolever) was measured as a function of time two hours after
wetting. A similar record (green) was measured after repositioning the
detection laser onto the chip holding the cantilever and scaled using
the cantilever’s sensitivity and stiffness.

Even for fully coated cantilevers, recent work points to
material properties of the gold coating itself as the primary limit
to low-frequency force precision.'® Paolino and Bellon
uncovered this effect by measuring the positional power
spectral density (PSD) of gold-coated and uncoated silicon
cantilevers (k = 200 pN/nm) in air at room temperature.16 The
main difference in the PSDs was at low frequency (f) in a
bandwidth (3—100 Hz) well below the resonance frequency of
the cantilever. Specifically, the low-frequency PSD of the gold-
coated cantilevers rose as 1/f while those of the uncoated
cantilevers remained flat, leading to a ~100-fold difference in
the PSD at 3 Hz. The authors quantitatively modeled their data
by incorporating a viscoelastic term into the mechanical
response of the cantilever. More qualitatively, gold’s contribu-
tion to low-frequency force noise is described with terms like
“cracking” and “aging” in scientific discussions, if not often in
the scientific literature.

We sought to determine the relevance of Paolino and
Bellon’s work to biophysics by exploring (i) long times (hours),
(ii) a liquid environment, (iii) softer cantilevers (5—60 pN/
nm), and (iv) effects of a nearby surface. Our work focused on
changes in z, over hours as well as a bandwidth (0.01—10 Hz)

useful for force spectroscopy. Force spectroscopy, like most
biological applications of AFM, is done in liquid, where viscous
damping is much larger than in air. Also, force spectroscopy
typically uses the softest cantilevers available, where the
positional PSD in liquid is >100-fold larger at low frequency
(~1 Hz) than for the stiffer cantilevers (k = 200 pN/nm) in air.
This difference arises because soft cantilevers are no longer
resonant when they are within a few hundred nanometers of
the surface.'” Rather, they are overdamped due to the increased
hydrodynamic drag that distributes the thermal energy over a
broad bandwidth.

A simple test using a commercial AFM (Cypher, Asylum
Research) pointed to the cantilever as the primary source of
force noise in liquid for a fully coated cantilever. In this test,*
we compared the drift of the cantilever to the apparent drift of
the chip on which the cantilever was mounted (Figure 1b,
inset). More specifically, we loaded a cantilever (k = 37 pN/
nm, short Biolever, Olympus), let the AFM settle for 1 h, and
measured z, for S min. Next, we positioned the detection laser
to reflect off of the chip and acquired data for another S min.
We determined an effective force drift for the chip by using the
cantilever’s spring constant and sensitivity (S = 0.043 V/nm).
As shown in Figure 1b, the drift rate on this cantilever (gold)
was ~800-fold higher than the effective drift rate on the chip
(380 vs 0.5 pN/min, respectively). This experiment isolated the
cantilever as the primary source of drift, rather than the external
opto-mechanical system (e.g, laser-pointing noise, mechanical
drift in the QPD, and voltage drift in the electronics).

Long-term drift in z, was substantial, moving beyond the
range of the AFM’s detection system. We accommodated this
drift by periodically rezeroing the QPD. Specifically, we
mounted long Biolevers [k = 6 pN/nm (nominal); Olympus],
performed a sensitivity calibration, retracted the tip 100 nm,
and then started data acquisition. Every S min, the tip was
touched to the surface, repositioned 100 nm above the surface,
and the QPD was rezeroed. Individual 5 min records
(Supporting Information Figures S2 and S3) were algorithmi-
cally stitched together into single long records (Figure 2).
Using this protocol, we quantified drift over arbitrarily long
periods, limited by evaporation from the fluid cell (a difficulty
in our semiarid climate).

All the gold-coated cantilevers tested exhibited significant
drift in the initial several hours after mounting (Figure 2a,
gold). The sign of the initial drift was not constant, nor was the
drift monotonic. Hence, the transiently low drift rate seen in
several traces did not imply a stable z, was being reached.
Rather, many of these traces showed an onset of substantial
drift in the opposite direction. Therefore, a single observation
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Figure 2. Drift in the zero force position (z,) on gold-coated (gold) versus uncoated (blue) cantilevers. (a) Three-hour-long traces of z, show that
gold-coated cantilevers drift significantly more than uncoated ones. (b) The 10-fold expanded scale shows residual drift on uncoated cantilevers.
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Figure 3. Effect of gold removal on sensitivity and precision. (a) Sensitivity of gold-coated (gold) and uncoated (blue) cantilevers. (b) Time records
of zero-force position (z,) for gold-coated (k = 6.8 pN/nm) and uncoated (k = 7.1 pN/nm) cantilevers. High-bandwidth data (2.5 kHz) is shown in
dark colors and smoothed data (10 Hz) in light colors. Note that, while the gold-coated cantilever has an approximately linear drift, there can be
significant short-term fluctuations. (c) Averaged power spectral density of five consecutive 100 s records such as those shown in (b). (d) Integrated
force noise from the records shown in (c). Data taken on the commercial AFM.

of low drift at a particular time does not guarantee low force
drift during subsequent experiments. Finally, independent of
the details of individual records, the magnitude of this drift and
its persistence is noteworthy.

We speculated that the cause of the drift was the laser
damaging the gold. Under this hypothesis, the drift rate should
be a function of laser intensity. Hence, we measured z, for
100 s at 2 h after mounting at different intensities both on the
commercial AFM and on our custom AFM.> The latter’s
detection laser was very stable (~0.002% ; Af = 0.02—100 Hz).
The resulting long-term drift rate on both instruments was
independent of the laser power (Supporting Information Figure
S4), suggesting that slow drift in z, is not caused by
straightforward light-induced effects.

In contrast, removing the gold from the cantilever had a
profound effect on drift (Figure 2b, blue). Drift for uncoated
long Biolevers was reduced 10-fold over 2 h in comparison to
gold-coated ones: 70 nm versus 900 nm (N = 10, rms),
respectively. Moreover, a majority (60%) of the uncoated
cantilevers were even quieter, with an average drift of 12 nm
(rms). We obtained similar results for two other types of
cantilevers (short Biolever and Biolever mini; Supporting
Information Figure SS) and using the custom AFM
(Supporting Information Figure S6). Hence, gold was the
primary cause of long-term drift in z, This result is consistent
with prior work using a variety of cantilevers and conditions
(e.g, cantilevers coated on one side in liquid,14’15’18 and
partially'® or fully’® coated on one side in air).

Removing the gold coating came with a ~10-fold loss in
reflectivity from the cantilever. On the commercial AFM, this
loss led to a substantial decrease in sensitivity (Volts per
nanometer) (Figure 3a). Despite the reduced reflectivity,
uncoated cantilevers showed improved precision, both in
position and in force. To highlight these improvements, we
measured z, for 100 s at ~3 h after mounting a long Biolever
(Figure 3b). The trace for an uncoated cantilever (Figure 3b,
blue) shows significantly less drift than one using a gold-coated
cantilever (Figure 3b, gold). The PSD of uncoated records
show less positional noise than corresponding gold-coated
records (Figure 3c). Moreover, this improvement existed over
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three decades of bandwidth (0.01—10 Hz). At higher
frequencies, the coated cantilevers had comparable noise to
uncoated ones. Hence, reduced reflectivity does not limit the
force precision. Rather, the gold coating limits force precision
and stability on both short- and long-time scales (Figure 3d), a
result confirmed on the custom AFM, which did not have
reduced sensitivity due to differences in electronics (Supporting
Information Figure S6 and S7). We expect that this insight will
generalize to other classes of cantilevers, instruments, and
assays, as long as there is sufficient light incident upon the QPD
so that signal is not limited by detector noise. To illustrate this
generalization, improved force precision was maintained when
using an uncoated cantilever in conjunction with a gold-coated
substrate (Supporting Information Figure S8), a common
surface preparation in biophysics’”>' and nanoscience.””*
Next, we investigated which cantilever yielded the best force
precision, focusing on a popular class of cantilevers used in
biophysical experiments (Figure 4). Specifically, we measured
the positional and force noise for an uncoated Biolever mini (k
= 58 pN/nm; | = 38 um), a short Biolever (k = 20 pN/nm; [ =
60 pum), and a long Biolever (k = 6.2 pN/nm; | = 100 ym), all
from Olympus. At the lowest frequencies, the positional PSDs
of all three cantilevers were nearly identical, showing that
instrumental noise dominated over thermal noise (Figure 4a).
The crossover to thermally limited positional noise occurs
when the PSD response becomes flat with respect to frequency.
In this thermal regime, the smaller cantilevers had less
positional noise, as expected.”* To determine which cantilever
exhibited the highest force precision, we calculated the force
PSD by scaling the positional PSD by the cantilever stiffness
(Figure 4b). Our data show that while all three cantilevers had
nominally similar force spectral sensitivity (~0.1 pN/ \/ Hz)
around 10—500 Hz, the shortest cantilever was the quietest,
also as expected. However, at low frequencies where
instrumental drift dominated, long Biolevers had decreased
force noise because of their lower stiffness. We also note that
the force precision depends weakly on the height of the
cantilever over the surface (Supporting Information Figure S9).
While spectral sensitivity is a common metric in AFM, many
biophysical assays are sensitive to the total applied force. Thus,
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Figure 4. Noise on three different uncoated cantilevers. (a) Positional
power spectral density (PSD) based on five consecutive 100 s records
for a long Biolever (blue, k = 6.2 pN/nm), short Biolever (pink, k = 20
pN/nm), and Biolever mini (orange, k = S8 pN/nm). Low-frequency
positional noise was the same for each cantilever, because it was
dominated by instrument noise. (b) Force PSD determined from the
data in (a). (c) Integrated force noise shows that the softest lever has
the lowest total noise over the full bandwidth of the measurement.

the crucial metric is the integrated force noise in a particular
bandwidth. This bandwidth needs to encapsulate the total
duration of the experiment, so that the dynamics under study
are not altered. State-of-the-art AFM-based force spectroscopy
experiments last up to ~10 s.>'* We chose a 100 s window to
encompass these and future studies. With this metric, the long
Biolever showed 1 pN force precision from 0.01—-76 Hz, while
the short Biolever and the Biolever mini had 1.9 and 4.7 pN of
noise, respectively. Hence the softest cantilever studied, the
long Biolever, exhibited the best force precision (Figure 4c).

Why does the longer and softer cantilever yield the best force
precision? This result runs counter to the traditional wisdom
for AFM. Typically one expects the best force precision to be
achieved with shorter cantilevers with a reduced drag coeflicient
().* This expectation is based on the fluctuation—dissipation
theorem, which yields a force precision of (4kyTAfB)"2
However, this theorem assumes that thermal fluctuations limit
detection. Our work highlights that for applications on time
scales longer than ~1 s, thermal noise does not limit the force
precision.

Ideally, sub-pN force precision and stability would be
routinely accessible without extended settling time using a
commercial cantilever and instrument. To demonstrate this, we
measured fifteen uncoated long Biolevers 30 min after wetting
using the commercial AFM (Supporting Information Table
S1). The average force precision of all fifteen cantilevers was 1.0
+ 0.7 pN (0.01-10 Hz) based on five consecutive 100 s
records for each cantilever. Moreover, a majority (9 out of 15)
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of the cantilevers tested had a force precision below 1 pN (0.54
+ 0.02 pN). Hence, the simple removal of gold enables routine
access to sub-pN force precision just 30 min after mounting.
This sub-pN force precision was also achieved in a common
single-molecule biophysics assay, stretching DNA.2**~% DNA
was nonspecifically adsorbed onto mica, and the tip was pressed
onto the surface. In the first experiment, we retracted the stage
at a slow velocity (vsmge = 400 nm/s). The resulting force—
extension curve was very quiet by AFM standards and shows
the canonical overstretching transition at ~65 pN (Figure
5a).>*! We quantified the force precision by stretching a DNA
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Figure S. Stretching DNA with uncoated cantilevers exhibits sub-pN
force stability. (a) Force—extension curve of DNA at a 400 nm/s
pulling velocity. The high-bandwidth data (2.5 kHz) for approach
(light pink) and retraction curve (light purple) was smoothed (100
Hz, purple and red). (b) Force versus time trace smoothed to 10 Hz
while holding DNA at constant extension at 22.6 pN (pink), 27.1 pN
(blue), and 62.1 pN (green). High-bandwidth data are shown in light
colors and traces displaced for clarity. (c) Integrated force noise of
traces shown in (b).

molecule that was attached to the tip by >30 nm and holding it
at variable extensions for ~100 s (Figure Sb). Analysis shows
that the force stability and precision was excellent, as
demonstrated by full bandwidth records smoothed to 10 Hz
(effective data rate = 20 pts/s). When the integrated force noise
was calculated, we achieved better than 0.6 pN force precision
(0.01-10 Hz) on three different cantilevers (Figure Sc).
Force stability in single molecule force spectroscopy is now
limited by tip—sample drift and the stability of the biomolecular
attachments, which is typically based on nonspecific adsorption.
For live cell assays needing serum-based medium, removing the
gold also dramatically reduces the long-term drift (Supporting
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Information Figure S10a). However, force precision in serum is
worse than in buffer alone, consistent with particulates diffusing
through the cantilever detection beam (Supporting Information
Figure S10b,c).

In calculating force for AFM, researchers have typically
assumed that the zero-force position of the cantilever was
constant. Our work shows that this is a poor assumption for a
tully gold-coated cantilever, even several hours after mounting a
tip. However, the simple removal of gold led to sub-pN force
precision 30 min after mounting for a majority of cantilevers
tested, even though the cantilever’s reflectivity was reduced.
Further, removing the gold dramatically reduced long-term
drift. We speculate that the long-term drift in z, over hours is
tied to the mechanical stress of wetting. It is not uncommon for
soft cantilevers to fold backward and stick to the chip
(Supporting Information Figure S11). One would expect that
the residual stress after such a significant mechanical deflection
is large. Within this hypothesis, such large deformations must
affect gold-coated cantilevers differently than uncoated canti-
levers. Moreover, the exact mechanics of wetting may be highly
variable and therefore lead to the observed variability in the
drift of nominally identical cantilevers. Independent of the exact
mechanism, sub-pN force sensitivity, which is typically
associated with optical traps and magnetic tweezers,” is now
routinely accessible with a commercial AFM in liquid using a
simple modification to popular commercial cantilevers. Our
results should generalize to any AFM with a sufficiently
sensitive and stable detection system. Thus, we expect that this
enhancement in AFM’s core function, measuring force, can
immediately benefit research in biophysics and nanoscience.

B ASSOCIATED CONTENT
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Detailed description of removal of gold from cantilevers, DNA
pulling, and spring constant calibration procedure. Further, we
show raw long-time drift records; drift related to temperature
and laser intensity; measurements of drift from various
cantilevers; drift and noise data acquired with the custom
AFM; force measurement on a gold-coated substrate; force
stability in 2% horse serum; and electron micrographs of a
folded cantilever and the resulting degradation of its gold
coating. This material is available free of charge via the Internet
at http://pubs.acs.org.
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