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We propose and demonstrate the implementation of an alternative work function tip calibration pro-
cedure for Kelvin probe force microscopy under ultrahigh vacuum, using monocrystalline metallic
materials with known crystallographic orientation as reference samples, instead of the often used
highly oriented pyrolytic graphite calibration sample. The implementation of this protocol allows the
acquisition of absolute and reproducible work function values, with an improved uncertainty with
respect to unprepared highly oriented pyrolytic graphite-based protocols. The developed protocol
allows the local investigation of absolute work function values over nanostructured samples and can
be implemented in electronic structures and devices characterization as demonstrated over a nanos-
tructured semiconductor sample presenting Al0.7Ga0.3As and GaAs layers with variable thickness.
Additionally, using our protocol we find that the work function of annealed highly oriented pyrolytic
graphite is equal to 4.6 ± 0.03 eV. Published by AIP Publishing. https://doi.org/10.1063/1.5007619

INTRODUCTION

To a large extent, the work function (WF) is the mini-
mum energy needed to remove an electron to a point in the
vacuum immediately outside of the surface and it is defined
by the difference between the Fermi level Ef and the vac-
uum level Evacuum as defined by Cahen and Kahn.1 The WF
is a parameter of utmost importance in the description and
control of any electronic device behavior as well as charge car-
rier injection and transport. Moreover, due to its sensitivity to
chemical variations on surfaces, its measurement can be used
as a tool to investigate surface conditions.2 The WF has also
significant importance in the fields of electroluminescence and
photovoltaics, for instance, it influences the band line-up at the
interface between organic materials and electrodes, which is
also noteworthy in the development of organic light-emitting
diodes.3

Furthermore, the WF is an important parameter for the
characteristics of electric arcs, particularly for the electronic
emission in the case of contact materials.4

There exist several methods used to measure the WF of
a material. Among those methods, one can find techniques
based on thermionic emission, methods based on photoe-
mission, and the Kelvin probe method as proposed in the
19th century by Lord Kelvin, to name a few.5–7 However,
the majority of these approaches lack the spatial resolution
required for the characterization of electronics components,
not to mention nano-objects or nanostructured surfaces (i.e.,
nanowires, nanocrystals, and III-V nano-hetero-structures).

An exception to this is Kelvin probe force microscopy
(KPFM) proposed by Nonnenmacher et al.,8 which pro-
vides spatially resolved measurements of the surface potential
of conducting and semi-conducting samples. In principle,

a)Author to whom correspondence should be addressed: lukasz.borowik@
cea.fr

this surface potential, also called contact potential differ-
ence (CPD), provides the WF difference between the surface
under investigation and the probe (i.e., a relative value of
the surface’s WF). Nevertheless, this method can be used
to acquire an absolute WF value if the probe’s WF value is
known.9

The probe’s WF can be found by calibrating the probe
against a reference surface with known WF. Highly oriented
pyrolytic graphite (HOPG) is often used as this reference
for several reasons such as availability, cost, low resistiv-
ity, and its hydrophobic properties among others. However,
HOPG WF values found in the literature are very much dis-
persed, ranging from a value below 4.5 eV10–12 to as high as
5 eV,9,13–15 and such dispersion of WF values can potentially
introduce a high uncertainty level in the probe’s WF calibra-
tion, which in turn compromises the WF measure obtained
over the surface of interest. We note that large dispersion of
HOPG WF values in the literature can be found even for mea-
surements under the same environmental conditions: under
air from 4.6 eV to 5 eV9,14,16,17 and in ultra-high vacuum
(UHV) from 4.48 eV to 5 eV.10,13,17–19 Theory predicts a value
between 4.46 eV and 4.64 eV depending on the number of
layers.20 Thus, attention must be payed when choosing the
HOPG reference value. Furthermore, HOPG WF values can
be quite laterally dispersed over a measured surface (up to
few hundreds mV), even if measurements are acquired over
micrometer areas.21–23 However, it must also be noted that
such strong WF variation on HOPG can be due to the pres-
ence of surface contamination.24 Thus, samples with such
WF dispersion should be avoided as references for KPFM tip
calibration.

To illustrate the lateral WF variation on a clean HOPG
sample, we performed measurements presented on Fig. 1.
In this experiment, we measured both topography and CPD
of a mechanically under air delaminated ZYB grade HOPG
sample, provided by the Bruker Company. The sample was
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FIG. 1. Topography [(a) and (c)] and CPD [(b) and (d)] images on HOPG by FM-KPFM. AFM detuning frequency was∆f =�25 Hz. FM-KPFM was implemented
using a modulation frequency f = 958 Hz and electrostatically excited with Vac = 500 mV. Sample presented on images: (a) and (b) are as-cleaved (without
annealing), (c) and (d) were annealed in UHV to 700 ◦C during 30 min.

exposed very shortly to ambient conditions. Measurements
were acquired under UHV conditions by atomic force
microscopy (AFM) combined with single-pass frequency
modulation (FM)-KPFM.25 Here we use a Nanosensors PtIr–
PPP-EFM probe with a resonance frequency of ca. 61.2 kHz.
The three-dimensional distribution of chemical composition
on this kind of tip was measured.26 Additionally to the mea-
surements on the as-cleaved sample [Figs. 1(a) and 1(b)], UHV
annealing was performed on the same sample for different tem-
peratures: 300 ◦C, 600 ◦C, and 700 ◦C [Figs. 1(c) and 1(d)],
each time during 30 min. The annealing performed at temper-
atures lower than 700 ◦C did not provide a smoothing of the
sample’s surface potential; even after the annealing cycles at
300 ◦C and 600 ◦C, the surface potential images (not shown
here) displayed multiple dark and white patches and a CPD
contrast as high as 60 mV. By contrast, the CPD of the 700 ◦C
annealed sample is uniform (with the exception of flakes’
edges) and it reveals a homogeneous CPD = �260 ± 15 mV on
the HOPG flakes. This experiment proves that in the case of
HOPG, a sample preparation is needed to obtain consistent WF
values. Nevertheless, the different values of HOPG WF found
in the literature can lead to confusion. To dispel these doubts,
in a further part of this work, the HOPG WF value will be
calculated using the proposed calibration protocol presented
in this article.

As mentioned before, the WF is a parameter extremely
sensitive to chemical variations, and surface state (i.e., contam-
inants, oxide)2,27 consequently measurements reproducibility
stands as a challenge. In view of this, it becomes evident
that in order to perform trustworthy absolute WF measure-
ments, surface modification during measurement shall be
avoided.

In this paper, we propose and demonstrate a protocol to
acquire precise absolute WF measurements using different
monocrystalline metallic reference samples with known sur-
face orientation as an alternative to HOPG. In that endeavor,
we use non-contact (nc)-AFM combined with single-pass
FM-KPFM under ultra-high vacuum (UHV) conditions.25

This configuration offers several advantages, for instance, the
use of nc-AFM prevents any physical contact between the
probe and the sample, in contrast to intermittent contact mode,
where the sample’s surface can be modified by the probe
upon physical contact and vice versa.28 This configuration also
allows us to maintain a constant effective distance between
the probe and the sample. Furthermore, the use of single-
pass KPFM prevents drift artefacts and offers an increased

sensitivity as well as an improved lateral resolution compared
to double-pass KPFM.29 Additionally, under UHV, both probe
and samples can be stored after preparation without suffering
any substantial surface modification for a time period rang-
ing from several days to few weeks depending on sample
composition.

Here, different metallic reference surfaces with known
crystalline orientation (hence, known WF) are used for the WF
calibration of an AFM probe. The calibrated probe is then used
to map the local variation of the absolute WF over a nanostruc-
tured sample. With this approach, absolute and reproducible
WF values were acquired with an improved uncertainty with
respect to HOPG-based protocols.

METHODS

Here, three monocrystalline metallic samples with known
crystallographic orientation, Ag(111), Cu(100), and Al(110)
are proposed as reference surfaces for probe’s WF cal-
ibration. All reference samples, which are commercially
available, were provided by the Goodfellow Cambridge
Limited Company and stoked in UHV conditions during mea-
surements. Prior to this, all samples were stocked in ambi-
ent conditions. While the proposed samples are not equally
adapted for WF calibration (i.e., different oxidation rates,
surface roughness, surface contamination, cost, etc.), the pur-
pose of having three different metallic samples is to verify
the self-consistency of results. Additionally, the above men-
tioned samples were selected following the criteria of having
the maximum possible gap between their known WF values
(see Table I).

Note that values presented in Table I can largely vary
from one author to the other, for Ag(111),33–40 Cu(100),41–47

and Al(110).48,49 The publications which group WF values
for various materials50–53 can often be useful. WF values for
proposed samples were selected upon critical examination of
methods including the use of an ultrahigh vacuum system and
reduced uncertainty values (this last parameter was not always
available).

TABLE I. WF values found in the literature for proposed samples.

Ag(111) (eV)30 Cu(100) (eV)31 Al(110) (eV)32

φSample 4.74 ± 0.02 4.59 4.06 ± 0.03
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In the used setup, the compensation bias is applied to the
probe, and consequently, the probe’s WF can be determined
as KPFM yields a CPD that can be expressed as

VProbe =CPD=
φProbe − φSample

|e|
. (1)

Here, VProbe represents the compensation bias, φProbe repre-
sents the probe’s WF, φSample represents the sample’s theoret-
ical WF, and e represents the elementary charge.

Following a surface cleaning procedure which shall
include both the samples and the probe (to ensure clean sur-
faces free of contaminants that could modify the expected WF
value), the probe is calibrated against each one of the samples
separately. In this step, it is assumed that each sample’s WF
corresponds to a known value30–32,54 and that the probe’s WF
is constant over time.

Which such an approach and if samples are correctly pre-
pared, the probe’s absolute WF calibration over each sample
should yield approximately the same result.

To illustrate this, a Nanosensors PtIr–PPP-EFM probe
with a resonance frequency of ca. 65.7 kHz previously
in situ heated at 150 ◦C for 20 min was used to obtain CPD
measurements over each sample. This heating step is of cru-
cial importance to ensure the probe’s WF stability over time.
Indeed, by heating the probe we removed the adsorbed water
from the probe’s surface which can induce strong variations on
the probe’s WF value over time. WF calibrations performed on
unprepared probes proved that this adsorbed water can mod-
ify the measured probe’s WF value. We noticed that for some
cases of air exposed and non-prepared probes WF value can
change as much as 600 meV over a 24-h time period due
to water layer modification on the tip cone. In all cases, tip
stability should be observed during the calibration process to
avoid tip changes.55 This can be done by verification of CPD
sameness during the experiment using one of the calibrations
samples.

During these measurements, topography and CPD were
simultaneously acquired by FM-KPFM and nc-AFM. In all
cases, AFM detuning frequency was ∆f = �10 Hz. FM-KPFM
was implemented using a modulation frequency f = 1 kHz
and electrostatically excited with Vac = 500 mV. As dis-
cussed previously56 in some cases CPD can vary in the func-
tion of tip-surface distance. In our case (metalized tip and
homogeneous metal sample surfaces), we did not notice the
distance-dependent CPD values when changing the detuning
frequencies of �25 Hz to �5 Hz. However, as a matter of coher-
ence we kept the same detuning frequency for all calibration
samples.

Prior to the probe’s calibration, as previously men-
tioned, samples’ surface preparation is needed. In general,
surface cleaning means the removal of natural contaminants,
i.e., O, C, and H containing species which form surface
layers of only a few-nanometer thickness yet enough to mod-
ify a sample’s WF. Therefore, a clean, homogeneous sur-
face is of utmost importance when calibrating the KPFM
probe’s WF.

Surface sputtering by ion bombardment is a common
choice for in situ surface cleaning. It offers many advantages,
e.g., practicability and easy integration into UHV systems,

TABLE II. Sputtering and annealing cycles’ duration over all samples.

Al(110) (h) Cu(100) (h) Ag(111) (h)

First cycle 2
/
3.5 0.5

/
0.5 2/1

Second cycle Sputtering/ 2
/
2 1.5

/
>6 1/>6

Third cycle annealing 5
/
2.5 4/4 3/>6

Fourth cycle 2
/
2

and it is a widely used standard procedure for surface clean-
ing.57 Nonetheless, ion bombardment has some inherent
side effects such as damage creation and particle implanta-
tion;58 therefore, annealing of the bombarded surface will be
necessary for surface reconstruction.

Here, samples were treated with low-energy sputter-
ing to minimize damage creation and particle implantation57

(500-600 eV Ar+ ions, current flux ≈40 µA/cm2, and
P = 5× 10�5 mbar) and annealing cycles (temperatures ranging
from 470 ◦C to 520 ◦C) following surface preparation proce-
dures described elsewhere,59–61 until a ladder-like shape in the
sub-nm scale consistent with atomic steps appears on the non-
contact AFM topographic image acquired along with the WF
immediately after each cycle. Sputtering and annealing cycles’
duration over all samples are shown in Table II.

RESULTS AND DISCUSSION

Prior to surface treatment, samples displayed irregular
surfaces, in some cases with topographic features of few
hundreds of nanometers. After each surface treatment cycle,
surfaces began to display more homogeneous surfaces. Topog-
raphy images of the samples’ surface at their final state (i.e.,
after surface preparation was completed) are shown in Fig. 2.
In all cases Ag(111), Al(110), and Cu(100) samples, we see
ladder-like shapes in the sub-nm scale consistent with atomic
steps, indicating that a clean and reconstructed surface was
attained. Additionally, the analysis of the damping images (not
shown) recorded simultaneously with the KPFM data suggests
a homogenous chemical nature at the surface of each of these
samples. More precisely, a homogenous damping signal means
that the dissipated energy of the probe’s oscillation amplitude
due to probe-surface interactions remains constant over the
imaged area. Finally, acquired CPD images were also homo-
geneous, meaning that surface chemistry62 of the analyzed
area is the regular.

Measured values of the CPD between the PtIr–PPP-EFM
probe and all reference samples are given in Table III (see
Fig. 3). These potential differences correspond to the mean
value of several KPFM images acquired over the prepared
samples and corroborated by several single-point measure-
ments. The associated uncertainties correspond to the full
width at half maximum value of the images’ Gaussian dis-
tribution, as represented in Fig. 3. In all cases, CPD values
were obtained in FM-KPFM using a modulation frequency
of 1 kHz and electrostatically excited with Vac = 500 mV.
Concerning the stability of the tip work function, it must
be noted that the final measurements of CPD’s presented in
Table III were completed after all samples’ preparation steps
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FIG. 2. Topography images and corresponding cross sectional profiles (blue line) of (a) Ag(111), (b) A1(110), and (c) Cu(100) samples after surface treatment,
showing ladder-like shapes in the sub-nm scale. Images were acquired with a Pt coated Si probe. AFM detuning frequency was ∆f = �10 Hz.

to avoid long time delay between CPD measurements. Addi-
tionally, at the end of calibration process we check the repro-
ducibility of measurement with one of the calibration sample
where we did not notice any change above uncertainty of CPD
measurements.

Using Eq. (1) and assuming that each sample’s WF corre-
spond to values commonly found on the literature,30–32,54 we
can obtain a probe’s WF value for each sample. The differ-
ence between values establishes the measurement uncertainty.
Results are shown in Table IV.

As shown in Table IV, probes’ WF values found on differ-
ent samples are comparable. It is then reasonable to assume a
probe WF weighted value φProbe = 4.82 ± 0.03 eV. Here, it
is important to mention that the uncertainty values associated
with the results of the calculation of the probe’s WF using
Cu(100) and Al(110) as references already include the original
uncertainty values presented for these samples in Table I. On
the other hand, the uncertainty of the probe’s WF weighted
value was obtained by comparing the results yielded by the
calibrations against each one of the samples (see Table IV).
Indeed, these results differed from each other by 60 meV at

TABLE III. Contact potential difference between probe tip and samples.

Measured CPD (mV)

Cu(100) 252 ± 17
Al(110) 773 ± 16
Ag(111) 67 ± 18

the most (taking into account uncertainties), which allowed us
to establish an uncertainty of ±0.03 eV.

Using this probe with the known WF value, it has now
become possible to directly measure the absolute WF value of
samples under investigation with an improved energetic reso-
lution compared to HOPG-based calibration methods and a lat-
eral resolution that allows the investigation of nanostructured
samples.

At this stage, this protocol can be applied to find the
WF value on the previously measured ZYB grade HOPG
sample. We will use here the sample annealed at 700 ◦C
as it reveals a homogeneous CPD = �260 ± 15 mV on the
HOPG flakes, the WF of the used probe is φProbe = 4.34 eV
(Nanosensors PtIr–PPP-EFM probe with a resonance fre-
quency of ca. 81.4 kHz). The calibrated HOPG WF value is
equal to 4.6 ± 0.03 eV. This value agrees with the HOPG
WF value theoretical value;20 thus this measurement confirms
that a value around 4.6 ± 0.03 eV should be used when a
WF tip calibration with HOPG as the reference sample is
performed.

Furthermore, we applied the above described protocol
to map the WF over a sample of Al0.7Ga0.3As and GaAs
layers with variable thickness (BAM-L200 sample). A full
description of the sample can be found elsewhere.63

These measurements were made after a surface prepa-
ration which consisted in heating the sample under UHV
conditions at 150 ◦C during 30 min in order to remove the
adsorbed water from the sample’s surface. Such preparation is
essential to maximize the CPD contrast between materials as
reported by Pouch et al.64
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FIG. 3. (a) Topography and (b) CPD
measurements on the Ag(111) sample.
(c) CPD distribution measured from
image (b) with full width at half max-
imum equal to 18 mV.

TABLE IV. Probe WF calculated from CPD measured on reference samples.

Cu(100) (eV) Al(110) (eV) Ag(111) (eV)

φProbe 4.84 ± 0.017 4.83 ± 0.019 4.81 ± 0.02

Figure 4 depicts the BAM-L200 sample structure as well
as the topography and CPD image acquired by nc-AFM com-
bined with FM-KPFM using a previously calibrated Nanosen-
sors PtIr–PPP-EFM probe with a WF value of 4.605± 0.03 eV
and a resonance frequency of ca. 65.7 kHz previously heated
at 150 ◦C for 20 min.

In this figure, we clearly see the CPD contrast between
GaAs and Al0.7Ga0.3As regions; this contrast agrees with
previously reported studies.64 WF measurements over GaAs
and Al0.7Ga0.3As regions give values of 4.45 ± 0.03 eV and
4.62 ± 0.03 eV, respectively.

In order to assess measured WF values, we compared
them to theoretical WF values of GaAs and Al0.7Ga0.3As as
predicted by theoretical models.65,66 Given a sample silicon
doping rate of 5 × 10�7 cm�3 (provided by the manufacturer
and confirmed by a complementary ToF-SIMS analysis, not
shown here), this model predicts a WF of 4.07 eV and 3.62 eV
at room temperature for GaAs and Al0.7Ga0.3As, respectively.
However, in our case, WF values measured over the sample,
both in the case of GaAs and Al0.7Ga0.3As, are influenced by
the presence of native oxides. For this reason, measured val-
ues are not expected to agree with theoretical ones. Indeed, the
native oxide over the sample’s surface causes a positive band

bending of both GaAs and Al0.7Ga0.3As. In turn, results on
GaAs are in good agreement with values previously obtained
by other groups over a similar GaAs sample with oxide on its
surface.67,68 Bastide et al. report a positive band bending of
400 meV in the case of GaAs due to the presence of oxide at the
surface, consistent with our measurements, which explains the
difference between theoretical and measured values.67 Addi-
tionally, the WF contrast between GaAs and AlGaAs layers
is also consistent with contrast values reported in a previous
study.64

Furthermore, we proceed to calibrate a Bruker super
sharp silicon (SSS) probe with a resonance frequency of
ca. 306.6 kHz, previously in situ prepared by Ar+ sputter-
ing with an energy of 5 keV during 30 min. Upon imple-
mentation of the above described protocol, the AFM probe
revealed a WF value of 4.37 ± 0.03 eV. Thanks to its
high aspect ratio this probe allowed the investigation of the
local WF variation over the nanometer-thick layers present
in sample’s zone 2 as depicted in Fig. 4. Additionally, the
use of this probe serves to demonstrate that the calibration
protocol can be implemented regardless of the AFM probe
type.

Figure 5 shows the WF cross section acquired over the
P9-P17 area, and we noticed that the WF contrast previously
observed tends to decrease with the layers’ thickness and it dis-
appears when the layers’ thickness drops below few nanome-
ters. As it has been already demonstrated,64 this decreasing
tendency is due to an overlay of depletion layers, which causes
a band bending overlap.

FIG. 4. (a) BAM-L200 strip pattern
scheme. The doublet layers indexed
from P1 to P8 and from P9 to P14 have
been, respectively, certified by the fab-
ricant from 587 to 76.5 nm and from
76.5 nm to 17.5 nm. Doublet lay-
ers indexed from P15 to P17 have
been equally certified from 13.3 nm
to 6.9 nm, respectively. The separated
Al0.7Ga0.3As layers indexed that W8,
W10, and W11 are certified to have a
thickness of 38 nm, 14.2 nm, and 3.5 nm,
respectively. (b) Topography and CPD
measurements acquired over dashed-
lined box area marked in (a). (c) CPD
cross section acquired over P3 doublet
layers as shown in (b) by the red line.
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FIG. 5. WF cross section acquired by non-contact FM-KPFM using a SSS
probe over the P9-P20 area. A scheme of sample’s P9-P17 area was posi-
tioned over the cross sectional profile to indicate the correspondence between
CPD peaks and the different sample’s layers. AFM detuning frequency was
∆f = �10 Hz. FM KPFM was implemented using a modulation frequency
f = 1 kHz and electrostatically excited with Vac = 500 mV.

CONCLUSION

In this study, we proposed and demonstrated a protocol
for KPFM probe’s WF calibration, which was used for the
acquisition of spatially resolved WF measurements. For this,
we used non-contact AFM combined with single-pass FM-
KPFM under UHV. We demonstrated why HOPG is not a
well-suited reference sample for WF measurements. Instead,
we proposed three different metallic samples with known
crystallographic orientations as WF reference samples. Fur-
thermore, we demonstrated the importance of UHV conditions
when performing WF measurements, as measurements can
vary largely due to absorbed water and other atmospheric
contaminants on both the probe’s and sample’s surfaces. Fur-
thermore, the implementation of non-contact AFM combined
with FM-KPFM was considered necessary in order to avoid
sample-probe physical contact which could lead to surface
modifications, hence WF variation.

Sample preparation was proven of utmost importance for
the probe’s calibration precision. Using metallic reference
samples we successfully calibrated a PtIr–PPP-EFM probe
with an uncertainty of 0.03 eV. This calibrated probe was used
to measure the absolute WF value on the HOPG ZYB grade
sample, where we found φ = 4.6 ± 0.03 eV. Moreover, we also
mapped the WF local variation over a nanostructured semi-
conductor sample presenting Al0.7Ga0.3As and GaAs layers
with variable thickness. Finally, using the proposed protocol
we calibrated a SSS probe which was used to investigate the
local WF variation of the nanometer-thick layers on the same
nanostructured sample. WF values found over this sample are
in good agreement with the previously reported values over
similar samples.64

Summarizing, this approach allows the acquisition of
absolute and reproducible WF values with an improved uncer-
tainty with respect to often used HOPG-based protocols.
Besides, the developed protocol allows the local investiga-
tion of the absolute WF value over nanostructured samples
and can be applied for characterization of different electronic
structures and devices.
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12A. Liscio, V. Palermo, K. Müllen, and P. Samorı̀, J. Phys. Chem. C 112,

17368 (2008).
13C. Sommerhalter, T. W. Matthes, T. Glatzel, A. Jäger-Waldau, and M. C.
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