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The influence of environmental factors on dimensional measurements of atomic

force microscopy (AFM) was investigated experimentally. Measurements were taken with envi-
ronmental control over a whole AFM chamber and a local sample chamber to highlight the influ-
ence of working conditions on the instrument itself. Both temperature and humidity were found
to have a significant impact on pitch measurements of a two-dimensional grating. The effect of
temperature on the behavior of the microscope itself is generally larger than the thermal expan-
sion or contraction of the sample. The effect of humidity was further determined to be relevant
to the scan direction and velocity. For precise AFM dimensional measurements, the possible
influences of temperature and humidity must be carefully considered. Microsc. Res. Tech.

78:562-568, 2015. ©2015 Wiley Periodicals, Inc.

INTRODUCTION

Surface nanometrology has emerged as an impor-
tant field in nanoscience and nanotechnology. Among
various tools for surface dimensional nanomeasure-
ments, atomic force microscopy (AFM) is probably the
most popular one owing to its prominent advantages,
such as ultra-high spatial resolution, flexible working
environment, simple sample preparation, and versatile
operation modes (Yacoot and Koenders, 2008). How-
ever, many influencing factors, most of which have
already been intensively investigated, should be con-
sidered to maximize the value of AFM in quantitative
surface metrological applications. Such factors arise
from various aspects of instrumentation components
and operational methods. First, the probe tip has a
finite size, which leads to complex geometrical cou-
pling between the tip and the sample in surface data
acquisition and causes considerable errors in deter-
mining the dimensional quantities of the sample
(Chen and Huang, 2004; Gondran and Michelson,
2006). In addition, local tip—sample interaction forces
may vary across the scan area because of different
material properties at each sampling position. The
inhomogeneous physical properties of the sample will
then couple into the topography data (Piner and Ruoff,
2002; Yacoot et al., 2007). Remember that the interac-
tion forces relevant quantities, such as cantilever
deflection, oscillation amplitude, and frequency shift,
are adopted for controlling the tip—sample distance.
Second, AFM usually employs a piezo-scanner, which
is affected by factors such as hysteresis, creep, and
nonlinearity (Leang and Devasia, 2007). Closed-loop
feedback control in three axes can be used to compen-
sate for these error sources. However, for most conven-
tional AFM measurements, such errors may still exist
to a varying degree. Third, performance quality of all
the microscope components can lead to considerable
errors; for example, noise of the electric circuits and
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nonideal responses of the feedback controller
(Anguiano et al., 1998). Last, the working environ-
ment, including factors like light, temperature, humid-
ity, and electromagnetic field, can induce additional
measurement errors (Lievonen et al., 2007).

The general environmental factors faced by an AFM
instrument include temperature, humidity, pressure,
and vibration. Of these, temperature and humidity are
probably the most important. However, previous inves-
tigations on the influence of temperature mainly focus
on the intrinsic thermal properties of the sample mate-
rials, such as the phase change of polymers (Jiang
et al., 2003) and biological proteins (Schlierf and Rief,
2005). Moreover, thermal drift-induced distortions
have been well studied (Henriksen and Stipp, 2002;
Woodward and Schwartz, 1998). For the influence of
humidity, much attention has been paid to its impact
on capillary forces, friction, lubrication, etc. (Ando,
2000). These humidity-relevant forces subsequently
cause complex nonlinear oscillations of the cantilever,
which have also been intensively investigated
(Sahagun et al., 2007; Zitzler et al., 2002). However,
little concern has been paid to the effects of environ-
ment temperature and humidity on dimensional meas-
urements. Intuitively, temperature can affect the AFM
measurement from several aspects. First, temperature
variations can cause thermal expansion or contraction
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EFFECTS OF TEMPERATURE AND HUMIDITY ON AFM
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Fig. 1. Photograph of the experimental setup. Four temperature
sensors were installed to monitor the temperature inside the environ-
mental chamber. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

of the sample. Second, thermal drift can induce image
artifacts and thus affect the measurement of struc-
tural dimensions. Third, the behavior of the micro-
scope components, such as piezoelectric properties of
the piezo-scanner, may depend on the working temper-
ature. As for humidity, capillary forces or lubrication
effects, which are all relevant to humidity, cannot be
ignored in scanning, and they will lead to different
probe responses. Thus, humidity can also affect the
quantitative geometric data obtained from the sample.

In this work, the influence of environmental factors
on AFM dimensional measurements was studied
experimentally, focusing on the contributions of tem-
perature and humidity. Two types of practical condi-
tions were considered. The first was environmental
control of an overall AFM chamber containing the
entire microscope. The second was the environmental
control of a local chamber containing only the sample
and the probe. In each series of experiments, we ana-
lyzed the effects of temperature and humidity on
measuring the X- and Y-pitches of a two-dimensional
(2D) calibration grating. These experimental investi-
gations were carried out toward the purpose of high-
lighting and emphasizing the role of environmental
factors on AFM dimensional characterization, espe-
cially when quantitative evaluation is necessary. How-
ever, the detailed influencing mechanism, which is
relevant to almost all the instrumental components,
was not concerned in these investigations.

EXPERIMENTAL METHODS

The first series of experiments were performed to
imitate different ambient conditions that an AFM
experiences in normal operations. Consequently, envi-
ronmental control of a whole chamber containing the
entire AFM instrument was applied, as shown in Fig-
ure 1. We used a commercial BY200 AFM (Benyuan
Corporation). The environmental chamber (Tabai
Espec Corporation) has nominal accuracy for tempera-
ture and humidity control of 0.1 °C and 0.1%, respec-
tively. Four temperature sensors were installed inside
the chamber, located beneath the AFM scanning head,
at the side of the AFM head, at one side of the cham-
ber, and at the chamber base. These sensors were
monitored to ensure that the temperature around the
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microscope was homogenous and constant when
acquiring the sample images.

Before data acquisition, temperature and humidity
control procedures were programmed. Considering the
common ambient operation environment, we pro-
grammed the control curves as schematically illus-
trated in Figure 2. The temperature was varied from
10 °C to 35 °C in an increment of 5 °C. Both increasing
and decreasing temperature ramps were designed (see
Fig. 2a). Such a temperature range was mainly chosen
to represent the typical magnitudes in ambient air but
not designed to study the temperature-relevant sam-
ple properties. For the relative humidity, the range
was selected from 45% to 85%, with an adjustment
step of 10%. Again, increasing and decreasing humid-
ity ramps were designed (Fig. 2b). Note that the
humidity range should be selected in a range that is
not harmful to the AFM. Thus, for safe operation of a
specified instrument, consulting the manufacturer’s
manual is recommended. To further examine potential
synergistic influences of temperature and humidity,
the increasing humidity ramp was repeated at two dif-
ferent temperatures, 25 °C and 30 °C. For each adjust-
ment step, a waiting time of 2 h was set to allow the
environment to stabilize, which can be confirmed by
monitoring the installed sensors. After stabilization of
the working environment at the assigned temperature
and humidity, AFM imaging was executed. The probe
here was a ContDLC cantilever (Budget Sensors), with
the spring constant of 0.2 N m™ !, and the sample
adopted in all the measurements was a 2D silicon cali-
bration grating (NanoSensors). Among various dimen-
sional quantities, the X- and Y-pitches of the 2D
grating are supposed to be relatively insensitive to tip
dilations. Consequently, we mainly analyzed the influ-
ences of temperature and humidity on the grating
pitch measurement because the AFM-determined
magnitude of this quantity should be relatively stable
under tip wear. The scan size was 2 pm X 2 pm, with
the sampling points set to be 256 pixels X 256 pixels.
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Fig. 2. Programmed temperature and humidity control curves in
experiments. a: Temperature. b: Humidity. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Fig. 3. Typical AFM images of the 2D calibration grating and pitch analysis from the section profiles.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

With such settings, several grating periods were
observable in the scanned area. The microscope was
operated in contact mode, and the scan rate was 1.0
Hz.

The second series of experiments were performed
with local environmental control over only a sample
chamber. In this case, only the temperature and
humidity around the probe and the sample were under
control, whereas other AFM components were in ambi-
ent air. A commercially available AFM (SPA300HY,
Seiko Instruments) equipped with a built-in sample
holder environmental control module was used, and
the probe was a silicon cantilever (SI-DF20, Seiko
Instruments) with the spring constant of 16 N m™
Practical restrictions of the environmental controller
embedded in the microscope allowed a temperature
range from 25 °C to 55 °C, and a humidity range from
18% to 78%. The nominal temperature control accu-
racy is 1 °C. The programmed ramps were similar to
the previous sets of experiments with the whole cham-
ber environmental control. The ranges between the
two different series of experiments are comparable,
though they are not exactly the same.

RESULTS AND DISCUSSION

Figure 3 shows a typical AFM topographic image of
the 2D grating. After analyzing subsequent images
under the same environmental settings (Niu et al.,
2010), drift-induced discrepancies were demonstrated
to be insignificant in our experiments. To eliminate
possible distortions induced by the scanner nonlinear-
ity and cross-coupling between the Z-axis and X-Y-
plane, we selected a central area containing 3 X 3 gra-
ting elements to measure the pitch at each environ-
mental condition. The pitches in both X- and Y-
directions were obtained by sectional profile analysis.
From the extracted profiles as schematically sketched
in Figure 3, the X- and Y-pitches can be calculated in
form of their average means and standard deviations.
We also applied Fourier transformation to determine
the average grating pitches, and the results obtained
by the two approaches were in close agreement. For

clarity, we present here only the measured values from
the sectional profile analysis.

Effect of Whole Chamber Environment

The influence of the whole chamber temperature on
the measured grating pitch is shown in Figure 4. From
the results, the temperature of the working chamber
has an obvious influence on the dimensional measure-
ment. Both the determined X- and Y-pitches change
according to the temperature variation. Furthermore,
the increasing and decreasing temperature ramps
have similar trends, showing that the measured pitch
decreases with higher environment temperature in
general. In our case, the alterations of the measured
pitches are approx1mate1y 1.2-1.5 nm °C~! (X-direc-
tion) and 0.7-0.8 nm °C~ ' (Y-direction). Note that an
obvious minimum Y-pitch appears at 30 °C in the
increasing temperature ramp. When acquiring images
under that condition, we changed a new cantilever due
to severe tip wear, and this may probably induce the
local minimum in the measured Y-pitch.

As a rough estimation, the thermal expansion
coefficient of silicon materials is approximately
2.6 X 10°% °C™1. Therefore, the dimensional differ-
ence cons1der1ng purely the influence of thermal
expansmn or contraction is around 7.8 X 10 *
nm °C~ ! for a grating pitch of 300 nm. The magni-
tude of the thermal expansion effect is, therefore,
far smaller than that observed in our measure-
ments. The experimental results indicate that the
influence of temperature on the microscope itself,
but not the thermal expansion or contraction of the
sample, may be the dominant factor. In fact, the
piezoelectric coefficient of the scanner has already
been found to be closely relevant to the working
temperature, and the coefficient may increase mark-
edly with increasing temperature (Wang et al.,
1998; Wolf and Trolier-McKinstry, 2004). To achieve
the same elongation of the piezo-scanner, the drive
voltage can be reduced when the temperature is
higher. Without recalibration of scanner behavior,
the apparent grating pitch will then be smaller at
higher temperature. Such an effect should be taken
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Fig. 4. Effects of the whole chamber temperature on the grating pitch measurement. a: X-direction. b:
Y-direction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

into consideration, especially in cases where precise
dimensional measurements are demanded.

Figure 5 shows how the chamber humidity typically
affects the grating pitch measurement results. In this
experiment, the temperature was 25 °C, and it was
kept constant when altering the chamber humidity.
Even though the standard deviation of the determined
dimension is quite large, it can still be unambiguously
concluded from the results that the measured grating
pitches in the X-direction and the Y-direction decrease
as the relative humidity increases. The large errors in
the measured pitches are probably because of the
imperfect geometry of the 2D grating. That is to say,
the pitch measured at different cross-sections will
intrinsically vary a lot. Here, the pitch reduction is
approximately in the range of 0.9-1.2 nm (X-direction)
and 4.1-8.0 nm (Y-direction) per 10% change of rela-
tive humidity. Such a magnitude demonstrates that
relative humidity also does have obvious influence on
the dimensional measurement. It is well known that
humidity will affect the lubrication of tip—sample con-
tact junction, which alters the frictional forces. In
addition, capillary forces in ambient air are dependent

on the humidity. Consequently, the interaction forces
may be quite different as the humidity changes, which
in turn cause different distortions of the determined
dimensions. If the sample is immersed in liquid, then
the influence of humidity is believed to be much
weaker because of its ignorable effect on the tip—sam-
ple interactions. Another obvious indication from the
experimental results is that the influence of humidity
may be relevant to scan velocity. As can be seen in the
figures, the overall trends and magnitude variations in
the Y-direction are much more obvious than those in
the X-direction. Note that the X-direction is set to be
the fast scan direction in our experiments.

A further experiment was carried out to study the
influence of coupling between temperature and
humidity. By comparing the dependence of measured
pitches on humidity, we can find that the two curves
at 25 °C and 30 °C are well separated (see Fig. 6).
Under the specified experimental conditions here, the
influence of temperature seems to be larger than
that of humidity. However, it is worth mentioning
that the influence of humidity should be relevant to
many other factors, such as operation modes and
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Fig. 5. Effects of the chamber humidity on the grating pitch measurement. a: X-direction. b: Y-direc-
tion. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 6. Coupling effect of the whole chamber temperature and humidity on the grating pitch measure-
ment. a: X-direction. b: Y-direction. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

material properties of the samples. Depending on the
surface hydrophilicity, the effect will be significantly
different (Sirghi et al., 2006). Nevertheless, the possi-
ble influences of temperature and humidity should be
paid careful attention in AFM-based dimensional
metrology. When comparing the AFM results, it is,
thus, necessary to provide enough information on the
measurement environment.

Effect of Sample Holder Environment

We now investigate the effect of the local environ-
ment near the tip and sample only. As shown in Figure
7, the measured pitch in the X-direction increases,
whereas the measured pitch in the Y-direction
decreases as the assigned temperature of the sample
chamber increases. Grating pitch variations in the two
directions per unit temperature are determined to be
0.4-1.0 nm °C™ ! and 0.7-0.8 nm °C ™' in the X- and Y-
directions, respectively. Such magnitudes are again far
larger than thermal expansion or contraction of the
sample. However, it is difficult to determine specific
reasons that these deviations should be different in

the two directions. Further systematic investigation is
necessary, but it is beyond the scope of this work.
Here, we focused mainly on emphasizing possible envi-
ronmental  influence on AFM  dimensional
measurements.

Though the temperature ranges of the two different
environmental controls are different, an overlapping
range exists. Over the same temperature range, vary-
ing the whole chamber temperature (see Fig. 4) has a
larger effect on the pitch measurement than varying
the sample holder temperature (see Fig. 7). Results
further demonstrate that the influence of temperature
on the microscope itself is the dominant environmental
factor in AFM dimensional measurements, and not the
thermal expansion or contraction of the sample.

Figure 8 shows typical results of how the local
humidity affects the grating pitch measurement. In
fact, the trends are quite similar to those obtained
with the whole chamber humidity control. The envi-
ronmental humidity mainly affects the interactions of
the tip—sample junction, whereas its influences on
other AFM components seem to be negligible. So, both
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Fig. 7. Effects of the sample chamber temperature on the grating pitch measurement. a: X-direction.
b: Y-direction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
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whole chamber humidity control and local sample
holder humidity control achieve nearly the same
results. The measured grating pitches in the X- and Y-
direction decrease as the relative humidity increases.
Again, the variation trend and magnitude in the Y-
direction are found to be much more obvious, which
implies the influence of humidity depends closely on
the scan velocity. Comparison of the humidity curves
at 25 °C and 35 °C shows that they are well separated,
as seen in Figure 9. Depending on the environmental
temperature, the magnitude of the influence of humid-
ity varies.

All above results demonstrate the obvious influence
of environmental temperature and humidity on the
dimensional measurements. However, such influence
closely depends on the microscope itself, the sample
under inspection, the mounted cantilever, and the
operation mode. Thus, the magnitude of environmen-
tal effect is assumed to vary with different microscopes
and experiments. If the accuracy of the dimensional
measurement is of critical concern, then it is recom-
mended to perform a detailed check of the possible dis-

tortions induced by environmental factors, as outlined
in our experiments here.

SUMMARY AND CONCLUSIONS

Two types of experiments, those in which environ-
mental control was held over the whole chamber and in
which control was only held over the sample chamber,
have been carried out to investigate the effects of tem-
perature and humidity on AFM dimensional measure-
ments. Using a silicon grating, both temperature and
humidity are found to have obvious influences on the
pitch measurements obtained via AFM. For example, in
our experiments, the measured grating pitch changes
approximately from 0.7 to 1.5 nm with every 1 °C
temperature variation, and it changes from 0.9 to
1.2 nm (fast scan direction) and from 4.1 to 8.0 nm (slow
scan direction) with every 10% variation of the relative
humidity.

The effect of temperature on the behavior of the
microscope itself is larger than the thermal expansion
or contraction of the sample. In the case of environ-
mental control of the whole chamber containing the
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Fig. 9. Coupling effects of the sample chamber temperature and humidity on the grating pitch mea-
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entire AFM system, the determined pitch decreases
along with the increase of temperature, which is prob-
ably attributable to the alteration of the piezo-
scanner’s piezoelectric coefficient. The effect of humid-
ity on the grating pitch measurement is also quite
obvious. Such effect is determined to be relevant to fac-
tors such as scan direction and scan velocity. Further-
more, it is believed to be relevant to material
properties and AFM operation modes.

In precise AFM dimensional measurements, the pos-
sible influences of temperature and humidity should
be taken carefully into consideration. Owing to the
close dependence of these effects with the materials,
operation modes, instrumental structures, and
mechanical components, the requirement for further
systematic investigations remains.
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