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A simplified method for calibrating atomic force microscope cantilevers was recently proposed by
Sader et al. [Rev. Sci. Instrum. 83, 103705 (2012); Sec. III D] that relies solely on the resonant
frequency and quality factor of the cantilever in fluid (typically air). This method eliminates the need
to measure the hydrodynamic function of the cantilever, which can be time consuming given the
wide range of cantilevers now available. Using laser Doppler vibrometry, we rigorously assess the
accuracy of this method for a series of commercially available cantilevers and explore its performance
under non-ideal conditions. This shows that the simplified method is highly accurate and can be
easily implemented to perform fast, robust, and non-invasive spring constant calibration. © 2014 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4901227]

The spring constant of an atomic force microscope
(AFM) cantilever is required in many applications of the
AFM.'™ Due to variability in the manufacturing process,
in situ calibration of this parameter is critical for accurate
and robust force measurements. Many different methods have
been proposed to calibrate an AFM cantilever, including di-
rect estimation from its dimensions, monitoring its static de-
formation due to an applied load or measurement of the
cantilever’s dynamic properties; see Refs. 4-8. While ac-
curate nanomechanical characterization of AFM cantilevers
has been extensively investigated and optimized, some meth-
ods require additional independent measurements that may
include, for example, electron and/or high-resolution opti-
cal microscopy. These additional measurements can impose
strong practical constraints that limit the broad application of
these techniques. It is therefore desirable to have calibration
methods that eliminate such requirements, and can be rou-
tinely implemented and used in the AFM with minimal effort.

The method of Sader et al.> ' utilizes the hydrodynamic
flow generated by an oscillating cantilever to measure its
spring constant, k,

k = pb*L A (Re)w% Q. (1)

This method requires the angular resonant frequency, wpg
= 2mfg, and quality factor, Q, of the cantilever in fluid (typ-
ically air), knowledge of its plan-view geometry and dimen-
sions (b and L are the cantilever width and length) and its
hydrodynamic function, A (Re), where the Reynolds num-
ber Re depends on the resonant frequency and width of the
cantilever, and the fluid density, p, and viscosity, u. While
this method facilitates rapid, accurate and non-invasive cali-
bration of arbitrarily shaped cantilevers, it requires measure-
ment/calculation of the hydrodynamic function for each can-
tilever geometry. This can hinder practical implementation,
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especially given the rapidly expanding range of commercially
available cantilevers, e.g., see Fig. 1 of Ref. 10 and Table L.

To alleviate this requirement and facilitate its broad appli-
cation, a simplification to Eq. (1) was proposed in Ref. 10 that
is applicable to cantilevers of the same geometry, which also
have identical widths and lengths. This simplified method re-
lates the spring constant, resonant frequency, and quality fac-
tor of a reference cantilever, to the same parameters of the
cantilever to be calibrated. The spring constant, k, of the un-
calibrated cantilever can then be measured using

2—a
k=k 2 (i> , %)

ref
Qref f R, ref

where fr and Q are the resonant frequency and quality fac-
tor of the uncalibrated cantilever, respectively, « = 0.7 (see
Ref. 10, and below) and the subscript “ref” refers to the ref-
erence cantilever. The spring constant can be adjusted analyt-
ically for any difference in the imaging-tip positions between
the reference and uncalibrated cantilevers; see discussion in

TABLE I. Reference cantilever devices of different plan-view geometry, de-
noted “type,” measured using LDV in air. Uncertainty in the spring constants
is based on a 95% confidence interval;'? this dominates uncertainty in the
resonant frequencies, fg, and quality factors, Q, which are approximately
+0.01% and +1%, respectively. Nominal dimensions for all devices are
listed. All devices are arrow-shaped, except TR800(L) which is V-shaped.'?
Types C and F are similar in shape, as are types A and E; they differ in their
widths only.

Type Reference devices b (um) L (um) fp (kHz) Q ki py (N/m)
A AC240TS'0 30 240 83.0 213 290+0.13
B TR800(L)'° 30 200 229 57 0.194 £ 0.006
C AC160TS-R3 40 160 306 477 29.0+0.5

D  AC200TS-R3 40 200 136 281 6944022
E AC240TM-R3 40 240 645 147 1.58+0.03
F AC160TS!? 50 160 370 646 573+1.9
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Ref. 10. All that is required to use Eq. (2) is independent and
accurate calibration of a single reference cantilever — laser
Doppler vibrometry facilitates this measurement, see below.
Thus if manufacturers were to calibrate a single sample can-
tilever and report this reference data, it would allow all can-
tilevers of the same geometry to be easily calibrated by the
user.

Since the complete method in Eq. (1) is weakly de-
pendent on variations in the plan-view dimensions of the
cantilever,'’ Eq. (2) is also expected to be only weakly af-
fected by such changes. Consequently, even though Eq. (2) is
derived assuming the reference and uncalibrated cantilevers
have identical plan-view dimensions (and geometry), varia-
tions in these dimensions are expected to exert a weak effect;
a property that we assess experimentally here. This simpli-
fied method, Eq. (2), therefore provides a good compromise
between the very high accuracy achievable using Eq. (1) and
ease of implementation, by eliminating the need to explicitly
measure the hydrodynamic function and the cantilever dimen-
sions; the simplified method is also highly accurate, as we
demonstrate below.

Recently, the performance of Eq. (2) was compared to
other AFM calibration techniques, for which favorable agree-
ment was observed.'":'> However, these AFM techniques in-
variably produce results without strict error bounds — the ac-
curacy of Eq. (2) is therefore currently unknown. In this study,
we use laser Doppler vibrometry (LDV) to provide accurate
benchmark results for the spring constants'® '3 4 and thus rig-
orously assess Eq. (2) for a range of different cantilevers. This
shows that the simplified method in Eq. (2) exhibits high ac-
curacy, at least equivalent to those of calibration methods cur-
rently used in the AFM, while dramatically simplifying im-
plementation — all that is required is measurement of the can-
tilever resonant frequency and quality factor in air, which is
already routinely performed.

Two sets of cantilevers are used to evaluate the accu-
racy of Eq. (2). The first are reported in Ref. 10, for which
all required parameters of the reference cantilever in Eq. (2)
are already available. The second set of cantilevers has sim-
ilar geometries but different dimensions to those studied in
Ref. 10, enabling a more detailed assessment of Eq. (2) and
exploration of its robustness under variations in the plan-
view dimensions. Six different cantilever geometries are stud-
ied here; see Table I. The cantilever sets, (i) AC160TS and
AC240TS, and (ii) AC160TS-R3 and AC240TS-R3, differ
only in their widths: cantilevers in (i) have widths of 50 and
30 um, respectively, while (ii) both have a width of 40 pm.

The spring constant, resonant frequency, and quality fac-
tor of each reference cantilever are measured in air using a
laser Doppler vibrometer [MSA-500 Micro System Analyzer,
Polytec, Waldbronn, Germany], applying the protocol in
Ref. 10; data are given in Table I. This protocol involves mea-
suring the spring constant at a series of positions along the
major axis of the cantilever, from which the spring constant
at the imaging-tip position is determined. Use of this proto-
col ensures accurate measurement of the spring constant. The
dynamic spring constant is reported here; a simple rescaling
gives the static spring constant'? — note that Eq. (2) is appli-
cable to both spring constants. This LDV measurement proto-
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TABLE II. Spring constants obtained using the simplified method, Eq. (2),
for cantilevers of the same type as in Table I. Uncertainty in the spring con-
stants is based on a 95% confidence interval.

k (N/m)

Type Device fr kHz) ©Q LDV Eq. (2)

A AC240TM 0 659 162  1.6540.06 1.64 +0.07
ASYMFM!'? 694 187  2.134+0.06 2.02 £0.09

B TR400(L)'* 11.8 22 0.0293 £0.0027 0.0308 £ 0.0010

C ACI160TS-R3 300 468 26.8 £0.5 27.7+£05
ACI160TS-R3 304 478 290+ 1.1 28.8+£0.5

D AC200TS-R3 139 287 7.40 £0.36 721 £0.22

E AC240TS-R3 65.7 133 1.36 £0.13 1.46 £0.03
AC240TS-R3 592 123 1.26 £0.12 1.19 £0.02
AC240TM-R3 652 149 1.58 £0.04 1.63 £0.03

col also provides the resonant frequency and quality factor of
each cantilever; the measured uncertainty in the spring con-
stant, typically +2 to +5% based on a 95% confidence inter-
val, dominates the overall uncertainty in Eq. (2).'°

The variable “type” listed in Table I classifies the differ-
ent cantilever geometries; cantilevers of the same type have
identical plan-view geometry, i.e., shape. The reference data
in Table I is used with Eq. (2) to calibrate the spring con-
stants of other, identically shaped cantilevers, solely through
measurement of their resonant frequencies and quality fac-
tors. This is again performed in air using LDV, which also
independently gives the spring constants for these other can-
tilevers with quantification of uncertainty. This allows a rig-
orous assessment of the accuracy of Eq. (2). Table II provides
a comparison of the results.

Note that the resonant frequencies, quality factors, and
spring constants of the cantilevers reported in Table II differ
significantly from those of the reference cantilevers in Table I.
Even so, the simplified method, Eq. (2), accurately deter-
mines the spring constants, with results agreeing to within
measurement uncertainty. Type B is particularly noteworthy
because the TR800(L) reference cantilever in Table I has a
thickness double that of the TR400(L) device, and so the
spring constants of these two cantilevers differ by an order-
of-magnitude. Despite this disparity, the spring constant of
the TR400(L) device is accurately captured using Eq. (2).

Importantly, the coefficient « in Eq. (2) is formally bound
to the range 0.5 < a < 1, with the lower and upper values
corresponding to the high and low-Reynolds number limits,
respectively.!” Since AFM cantilevers typically operate at in-
termediate Reynolds number,'> a value for & midway in the
range of 0.5 < o < 1 is expected; and indeed this is borne out
in measurements.'% ! Even so, cantilevers of the same type do
not typically exhibit large variations in resonant frequency, in
contrast to their spring constants — see Table II — the spring
constant depends on the cantilever thickness cubed, whereas
the resonant frequency varies linearly with thickness. Since
the contribution from « in Eq. (2) only arises from resonant
frequency differences, and given the above properties of « re-
garding the Reynolds numbers, measuring its true value and
replacing o = 0.7 with that value will in practice only exert a
weak effect.
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TABLE III. Spring constants using the simplified method, Eq. (2), but em-
ploying reference data from cantilevers in Ref. 10 that have different widths.
Reference cantilevers for types A and F have widths of 50 and 30 pum, re-
spectively, whereas AC160TS-R3 and AC240TS-R3 both have widths of 40
m; see Table 1.

k (N/m)
Type Device LDV Eq. (2)
A AC240TS-R3 1.36 £0.13 1.34 £0.01
AC240TS-R3 1.26 £0.12 1.08 £0.01
AC240TM-R3 1.58 £ 0.04 1.48 £0.02
F AC160TS-R3 26.8 £0.5 316 £ 1.0
AC160TS-R3 290+ 1.1 328 +1.1

We now assess the robustness of the simplified method,
Eq. (2), in situations where the plan-view dimensions of the
reference and uncalibrated devices differ. As discussed above,
the type A and F devices'” and the type E and C devices have
significantly different widths, but possess similar lengths and
overall shapes; see Table 1. These cantilevers thus provide an
ideal platform upon which to examine the effect of dimen-
sional variations.

The spring constants, resonant frequencies, and quality
factors of the AC160TS and AC240TS devices reported in
Table I are used as reference data for Eq. (2). The correspond-
ing resonant frequencies and quality factors of the AC160TS-
R3, AC240TS-R3, and AC240TM-R3 cantilevers, in Table 11,
are then used to determine their spring constants. Table III
shows a comparison of this data with the true spring constants
as measured using LDV. Despite the strong differences in
plan-view dimensions and spring constants between the refer-
ence and uncalibrated cantilevers, the comparison in Table III
shows that the simplified method accurately recovers the true
spring constants. The errors in spring constant produced by
Eq. (2) are larger than those reported in Table II, but given the
large variations in plan-view dimensions here, the agreement
is excellent. This verifies that the simplified method is rel-
atively insensitive to variations in plan-view dimensions be-
tween the reference and uncalibrated cantilevers; it is unaf-
fected by thickness variations, see Ref. 10 and above. Data in
Table I and Eq. (2) can therefore be used immediately to ac-
curately calibrate other cantilevers of the same type without
requiring detailed knowledge of their dimensions.

Rev. Sci. Instrum. 85, 116101 (2014)

In summary, we have experimentally assessed the ac-
curacy of the simplified method, Eq. (2), for cantilever
calibration.'” This showed that the simplified method is ca-
pable of fast and accurate calibration of AFM cantilevers
through measurement of their resonant frequencies and
quality factors alone; cantilever dimensions are not used.
The complete method in Eq. (1), which requires mea-
surement/calculation of the hydrodynamic function, A (Re),
clearly can provide greater accuracys; it is the foundation for
Eq. (2) and eliminates approximation. Nonetheless, the sim-
plified method is capable of accuracy at least equivalent to
methods currently employed in the AFM*® while dramati-
cally simplifying implementation. This method is therefore
expected to be of significant value to manufacturers and users,
as it provides an easy, non-invasive, and routine approach for
calibrating the spring constants of AFM cantilevers of arbi-
trary shape.
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Fellowship.
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