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ABSTRACT

Quantitative characterization of the mechanical properties of materials in micro-/nano-scale using depth-sensing in-
dentation technique demands high performance of nanoindentation instruments in use. In this paper, the efforts to cali-
brate the capacitive force transducer of a commercial nanoindentation instrument are presented, where the quasi-static
characteristic of the force transducer has been calibrated by a precise compensation balance with a resolution of ~1 nN.
To investigate the dynamic response of the transducer, an electrostatic MEMS (Micro-Electro-Mechanical System)
based on nano-force transfer standard with nano-Newton (10~ Newton) resolution and a bandwidth up to 6 kHz have
been employed. Preliminary experimental results indicate that 1) the force transducer under calibration has a probing
force uncertainty less than 300 nN (lo) in the calibration range of 1 mN; 2) the transient duration at contact points
amounts to 10 seconds; 3) the overshoot of engagement is pre-load dependent.
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1. Introduction

Nanoindentation testing, also referred to as depth sensing
instrumented indentation testing, proves to be one of the
most important methods for determining the mechanical
properties of small volumes of materials, including ul-
tra-thin films/coatings, nanoparticles, nano-wires/tubes,
etc.

In the past decades, effective analysis and interpreta-
tion methods [1-3] for the instrumented indentation tech-
nique (IIT), especially in the field of elasto-plastic mate-
rial testing, have been well developed and standardized
[4,5].

According to the classification of ISO 14,577 [4], nano-
indentation testing is defined as having maximum inden-
tation depths less than 200 nm, which becomes much
more challenging when the materials under test tend to
be softer.

Under the condition that the indenter tip in use has
been well calibrated [5,6], the measurement accuracy of
typical nanoindentation instruments depends [5], in ge-
neral, on
1) the uncertainty of the zero point of contact,

2) systematic measurement errors of the force generation
system and
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3) of the depth sensing system, and
4) drift of the instrument.

Obviously, in the case of hard materials under test, the
latter two factors will play a more important role in error
analysis, since the effective indentation depth under a
given test force tends to be quite small. For weak ma-
terials, the maximum testing force under a given indenta-
tion depth will be quite small, therefore, the former two
error sources become the determinative factors within the
uncertainty budget of measurement.

Furthermore, it’s worthwhile to mention that quanti-
tative determination of the tip area function of indenters
using the method of reference materials [2,5] requires
also precise calibration of the indentation force and depth
of an indentation instrument.

To date, traceable calibration of the depth sensing sys-
tem of indentation instruments has been well investigated
in the last few years, e.g. in [7], where a qualified laser
interferometer [8] was employed for in-situ determina-
tion of the depth sensing capability of a nanoindentation
instrument and its displacement drift.

As for in-situ characterization of the force transducer
of a nanoindentation device, however, less successful
results have been reported [9,10], due to the lack of a
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qualified nano-force sensing device, which could be ap-
plied to in-situ investigate not only the quasi-static but
also the dynamic characteristics of nanoindentation in-
struments.

In this paper, our efforts to in-sifu characterize the
quasi-static and dynamic performance of a commercial
nanoindentation instrument’s force transducer are pre-
sented. For the first purpose, a specialized compensation
balance has been employed. To undertake the second
task, a MEMS-based self-developed nanoforce actuator
is utilized.

2. The to Be Calibrated Force Transducer in
a Commercial Nanoindentation
Instrument

The small force transducer investigated in this paper is
one of the key components in a commercial nanoindenta-
tion instrument (TT 950, Hysitron Inc.).

It has been developed on the basis of a typical three-
plate capacitive force actuating and sensing configura-
tion [11,12] (see also Figures 1(a) and (b)). The
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Figure 1. Calibration of the quasi-static performance of a
small force nanoindenter transducer (T1 950, Hysitron Inc.)

using a commercial weighing balance (YADOL1IS, Sartorius).

(a) Schematic of the calibration setup; (b) Photography of
the calibration setup.
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central plate Py, of the transducer is suspended by a
membrane-like spring system, and moved by the capaci-
tive force generated from the drive plates (P; and P,)
with the maximum displacement range up to about 5 pm.

The outstanding performance of the electronic control
and sensing units of the transducer ensures that the
maximum indentation force up to 10 mN can be output,
and a nominal noise floor of 30 nN for force generation
can be achieved.

3. Characterization of the Quasi-Static
Performance of a Force Transducer in a
Commercial Nanoindentation Instrument

To in-situ determine the static performance of the force
transducer, here a modified compensation weighing ba-
lance (YADOI1IS, Sartorius) is utilized, which features
compact 3D dimensions (<70 mm height) and a weighing
resolution down to 1 pg (~10 nN). The fundamental prin-
ciple of this balance is also illustrated in Figure 1(a), in
which an electromagnetic unit is employed to balance the
mass to be measured.

3.1. Configuration

Due to its slim design, this balance is able to be mounted
into the work chamber of the nanoindentation instrument
TI950, and to be located directly under the small force
transducer so as to in-situ characterize the indentation
force generated by the transducer.

The force calibration range of this setup is actually
limited by the frame compliance K; of the balance, which
amounts to about 2.1 kN/m, resulting in a maximum
calibration force Fipgent < 1.1 mN.

During the calibration procedure, the indenter-pan in-
teraction has actually little influence on the calibration
results. However, to minimize the potential damage onto
the weighing pan of the balance, in the experiments, a
spherical diamond indenter with the tip radius Rg, of
about100 um is employed, and the weighing pan is made
of a sapphire plate, whose reduced elastic modulus Esapphi,e*
~ 440 GPa. Finally the maximum surface deformation of
the balance pan is estimated to be

d= F;Ti/izm/li(4/3)x Es*apphire x Rlll/pz ]2/3 <4nm (1)

3.2. Experimental Results

For the purpose of static force calibration, the nanoin-
dentation instrument TI950 works in the SPM(scanning
probe microscopy)-mode, which allows the output force
of the transducer to be manually adjusted after engage-
ment with the weighing pan of the balance. The actual
output of the transducer is then measured by the balance
underneath it.

Figure 2(a) demonstrates the measured indentation
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Figure 2. Experimental investigation of the quasi-static indentation force generated by the small force transducer of a
nanoindenter (T1950, Hysitron Inc.). (a) Comparison of the indentation force Fingen: generated by the transducer to be cali-
brated with the actual force F,, measured by the balance. The linear deviation between Fj,qn: and Fp, indicates a scale error
of the force transducer; (b) Investigation of the short-term stability of the output force at a given force Fingent = 1 UN; (C)
Long-term repeatability measurement over the whole range after scale-correction. (Note: the five measurements have been

undertaken within five different working days.); (d) Detailed illustration of Figure 2(c) in small force range.

force F,, with respect to the nominal force Figen (blue
curve with the marker “*”). The deviation between F,
and Fipgey is illustrated also in Figure 2(a) as the green
curve with marker “o0”. Here the linear deviation AF (=
F — Fingeny) clearly reveals that the force transducer has a
scale error of 4.0% over the whole calibration range (i.e.
1 puN to 1.0 mN). Based on this calibration result, the
force scale factor of the transducer has been then cor-
rected.

It’s interesting to know the quasi-static performance of
the transducer at very low indentation forces. Figure 2(b)
shows the repeatability measurement results when the
nominal Fjge = 1.0 pN. It can be seen that, after
scale-factor correction, an uncertainty of 52 nN (10) has
been achieved, which indicates the quasi-static (short-
term) noise floor of this instrument under our laboratory
conditions.

In addition, it is already known that the actual accu-
racy of the force scale of a capacitive transducer is also
subject, to a large extent, to the environmental instability,
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including fluctuation of the temperature, air pressure and
relative humidity.

To investigate the long-term repeatability of the output
indentation force generated by the transducer, five full-
range calibrations (1.0 uN < Fiygent < 1.0 mN) within five
different working days have been carried out, and the
deviation between the measured and nominal force F is
shown in Figure 2(c). In addition, Figure 2(d) shows the
deviations AF within the small force range Figent < 30
uN.

It can be seen from Figure 2(c) that, even under open
air conditions, the actual indentation force generated by
the force transducer has an uncertainty less than 0.2%
(10) over the calibration range Figen > 30 uN.

Within the small force range (i.e. Fipgeny < 30 uN), the
environmental influence on the performance of the trans-
ducer becomes negligible, as detailed in Figure 2(c), a
random static deviation of about 270 nN (10) has been
determined, which amounts to approx. 5 times of the
nominal noise floor of the transducer in our laboratory.
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4. Characterization of the Dynamic
Response of a Force Transducer in a
Commercial Nanoindentation Instrument

The dynamic response of a force transducer used in nan-
indentation instruments plays an important role, espe-
cially when the materials under test have time-dependent
mechanical properties, e.g. viscoelastic/plastic materials
including polymers.

Although the compensation balance used in the cali-
bration setup shown in Figure 1 has demonstrated high
sensitivity and stability, its slow response time (on the
order of tens of seconds) prevents itself from being used
for the investigation of the dynamic performance of a
force transducer, whose resonance frequency is usually
on the order of hundred Hz.

A novel force sensing device, which features not only
high force sensitivity but also relatively broad bandwidth,
is hereby highly desired.

Taken into consideration that silicon-based micro-
electro-mechanical systems (MEMS) feature small size,
ease of batch fabrication and therefore low cost, capabil-
ity of integration of electronics and much higher reso-
nance frequency (compared with conventional mechanic-
cal macro-sensors/actuators). Therefore here a MEMS
force sensor was chosen to undertake the desired calibra-
tion tasks.

4.1. A MEMS-Based Nano-Force Transfer
Standard

Recently in the PTB a silicon-based nano-force transfer
standard [13] has been developed, whose fundamental
configuration is illustrated in Figure 3(a): the main shaft
of the force standard is suspended by several pairs of
folded springs with an equivalent spring constant kygws,
the vertical movement (i.e. along the z-axis in Figure
3(a)) of the MEMS main shaft is real-time measured by a
set of electrostatic comb-drives [14], whose moveable
fingers are fixed to the main shaft of the MEMS sensor.
On the top of the main shaft a test platform is attached
for engagement with the objects to be tested.

Obviously the test force measured by this kind of force
standard will be

K ::kMEMS'(]s'SMEMsa (2)

m

where U is the capactive readout of the MEMS sensor,
and syvpyms the sensitivity of the in-plane displacement of
the MEMS main shaft.

A prototype of the designed nano-force transfer stan-
dard has been fabricated using the bonding-DRIE tech-
nique developed at TU Chemnitz [15]. Figure 3(b)
shows an overview of the MEMS force standard, which
has a nominal stiffness kypms = 6.57 N/m, and a reso-
nance frequency of about 6.5 kHz.
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Figure 3. A MEMS-based nano-force transfer standard. (a)
Schematic of a MEMS-based (passive) nano-force transfer
standard; (b) Photography of the MEMS force standard.
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A lock-in based capacitive displacement readout sys-
tem [16] has been developed, which enables that the
in-plane displacement of the MEMS main shaft can be
measured with subnanometric resolution, yielding a sen-
sitivity of the MEMS force standard down to 3 nN.

4.2. Experimental Setup

The MEMS prototype is firstly bonded on a PCB sub-
strate and then assembled to a mechanical holder. The
latter is finally mounted on the xy-positioning stage of
the indentation instrument, as shown in Figure 4(a).

The excellent optical capability of the auxiliary micro-
scope equipped with the nanoindentation instrument TI
950 helps the instrument users to easily find the top sur-
face of the MEMS main shaft, as illustrated in Figure
4(b).

The MEMS force standard is used here for the inves-
tigation of the performance of the nanoindentation
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Figure 4. Experimental setup for the investigation of the
dynamic performance of a nanoindenter small force tran-
sducer using a MEMS force standard. (a) Photography of
the calibration setup using MEMS; (b) Optical image of the
nano-force transfer standard obtained by the nanoindenter
(focused on the top surface of the main shaft of the MEMS).

transducer at very low forces (e.g2. Fingenr < 10 uN),
therefore a conical indenter with a nominal tip radius Ry,
= 2 um is utilized in the following experiments. After
careful calibration of the lateral offset between the op-
tical system and the indentation system, a lateral posi-
tioning error less than 1 pm can be realized with this na-
noindenter.

4.3. Preliminary Experimental Results

Since the vertical displacement of the force transducer
has already been carefully calibrated, the displacement
scale factor sypvs of the MEMS sensor will be in-situ
determined by this transducer, as demonstrated in Figure
5.

The dynamic procedure of the nanoindentation in-
strument for the engagement with different pre-loads F
has been firstly investigated, and is illustrated in Figure
6(a). We can see that, under the predefined parameters of
the instrument’s PID controller, a heavy overshoot of the
contact force will appear during the engagement proce-
dure, and the overshoot F, has a linear relationship with
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Figure 5. In-situ determination of the scale factor of the
MEMS force standard.
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Figure 6. In-situ inspection of the engagement procedure of
a nanoindentation instrument using a MEMS force stand-
ard. (a) Real-timely measured engagement procedure by
the MEMS force standard; (b) “Snhap-in” effect detected
during the engagement procedure, indicating that the
peak attractive force between a 2 um diamond tip and
a silicon surface amounts to ~50 nN.
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respect to the preload Fj,
F,=097F,+3.8uN . 2)

The engagement procedure can be generally finished
within 10 seconds, when the preload Fjy <5 uN.

In addition, a detailed look into the transient contact
point (see also Figure 6(b)) reveals the snap-in effect
when the MEMS main shaft jumps into contact with the
indenter tip, since the stiffness of the MEMS force stan-
dard used in experiments is far smaller than that of the
TI950 force transducer. And the tip-surface attractive
force is measured to be about 50 nN.

A complete indentation procedure with the small force
transducer is also inspected by the MEMS force transfer
standard. As shown in Figure 7, at the time 7, = 117 s
the force transducer begins to engage the MEMS sensor
with a preload Fy = 1 puN. At 73 = 207 s a typical
five-segment indentation procedure [5] with a peak in-
dentation force of 10 uN and three holding segments of
50 s duration is started. At the time point 7, = 557 s the
predefined indentation procedure is finished. After re-
moving the indentation force, however, due to the drift of
the TI950, the real contact force is clearly smaller than
the predefined value (i.e. 1 puN). It takes the instrument
about 20 s (i.e. from the time point 7, to 7T3) to reset its
contact status. At T, = 652 s, the indenter is disengaged
from the MEMS sensor.

It’s worthwhile to mention, that before the time point
Ty and after the time point 7y, the vertical coarse posi-
tioning stage of the TI 950 is moved to realize the en-
gagement and disengagement procedure. This caused
vibrations of the MEMS sensor, as can be seen in Figure
7. To investigate the dynamic performance of the force
transducer to be calibrated and that of the MEMS stand-
ard, the noise spectra of both systems during the initial
holding time of the indentation procedure are analyzed
and shown in Figure 8. It indicates that the commercial
transducer has a short-term noise floor of 30 nN/Hz'?,
whilst the MEMS sensor demonstrates a noise floor of
0.04 nN/Hz"? under open-air conditions.
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Figure 7. In-situ inspection of an indentation procedure of a
nanoindentation instrument using a MEMS force sensor.
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Figure 8. Comparison of force noise spectra between a na-
noindenter force transducer and a MEMS force sensor.

5. Summary and Outlook

In this paper, our efforts to quantitatively calibrate the
small force transducer of a commercial nanoindentation
instrument are reported. A modified compensation ba-
lance has been utilized to characterize the quasi-static
performance of the nanoindenters capactive transducer
and a self-developed MEMS force transfer standard has
been employed to investigate the dynamic response of
the transducer in the low force range.

Preliminary experimental results verify that the small
force transducer under test possesses adequate quasi-
static performance for indentation forces ranging from 30
puN to 1 mN.

Preliminary kinetic characterization of the small force
transducer using a MEMS force standard has revealed
that (1) a relatively long transient duration (on the order
of 10 s) is needed for the transducer under test to find the
zero-contact point, (2) preload-dependent heavy over-
shoot can appear during the engagement procedure,
which must be taken into consideration, when objects
under test are very weak. In addition, owing to the high
sensitivity of the MEMS force standard, the “snap-in”
phenomenon between the diamond indenter tip and the
silicon surface of the MEMS sensor has been detected,
where the peak attractive force amounts to ~50 nN.

The used MEMS force transfer standard prototype in
this paper has not yet been traceably calibrated, including
its in-plane displacement scale and spring constant,
which should be our next work in the near future.

To further increase the quasi-static force calibration
range, a compensation balance with lower compliance
(e.g. kr > 20 kN/m) is needed since the displacement
range of nanoindenters is usually very small.
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