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Work function (WF) of a material is not only an intrinsic characteristic of bulk but also a surface property. The
measurement and control of WF have been of great concern in many electronic and optical devices as the WF
governs charge transfer and charge injection/collection efficiency at interfaces and emission characteristics of
conventional charged particle emitters. Photoelectron spectroscopy (PES) has been mainly used to determine

surface electronic structure and chemical composition. Despite the common use of this technique to measure WF,
there has been a lack of discussion on how to use the PES and what to be considered to determine the absolute
WE. The main contribution of this review lies in the discussion of the causes of errors when measuring WF, and
provides a guide for reliable WF measurement. Along with the limitations of current measurement technology,
we propose future directions for absolute WF measurement.

1. Introduction

Conventional work function (WF) of solid is the minimum thermo-
dynamic work (or energy) needed to remove an electron within the solid
and bring it to a vacuum outside the surface. However, this definition
applies only to metals where the ionization energy and electron affinity
are identical to the WF. For more general picture, the WF is measured as
the difference in electrostatic potential for an electron between the
Fermi level (Ep) and the maximum potential, vacuum level (Eysc). The
measured WF value is usually valid when the surface electrostatic po-
tential varies smoothly near the surface [1]. As the semiconductor Ep
usually lies within the band gap and its corresponding WF varies with
surrounding parameter such as impurity doping. The electron energy
level diagrams either on metal or semiconductor are illustrated in Fig. 1.

The WF value is not only an intrinsic property of pure material but it
depends on a variety of parameters. Essentially, the WF is divided into
bulk and surface contributions [2,3]. The bulk contribution is the energy
difference between bound electron and vacuum level at an infinite dis-
tance. Thus, the WF of single elemental materials as well as binary
compounds roughly correlates with Pauling’s electronegativity [4]. In
more detail, both atomic structures, corresponding to electron density in
a solid, and bulk impurities determine the electron chemical potential of
the bulk, the Er. The calculation of the energy band structure of metal
and the Ef position in impurity-doped semiconductor are already well

established. Nevertheless, it is difficult to experimentally measure the
bulk contribution in a separate way because electrons must pass through
the surface rather than directly exiting the bulk. For the same reason, the
bulk contribution is not important either in practical use. The surface
contribution stems from electric dipole distribution at the surface of the
material. Same bulk materials with varying crystal face, surface atomic
rearrangement or adsorbed species lead to largely alter the electric
dipole distribution, or the vacuum level near the surface. For instance,
the WF of tungsten single crystal varies from 4.47 to 5.25 eV depending
on (111), (100), and (110) surfaces [2]. A discussion of many different
factors influencing the WF has been described in detail elsewhere [1].
The theory of WF calculation began with a simple jellium model and
included periodic pseudopotential for metal surfaces by local density
functional formalism [5]. The advances in ab-initio calculation utilize
the Green’s function technique, linear-muffin-tin-orbital method,
slap-supercell approximation, and Perdew-Burke-Ernzerhof general-
ized gradient approximation, respectively [6-9]. Their results reach
close agreement with the experimental WF values for single elements.
The recent theoretical studies enable to predict the WF changes upon
alloying [10], surface adsorption [11], step formation [12], and nano-
structure surface formation [13].

While metals are full of electrons up to the Ef, semiconductors have a
forbidden energy gap for electrons. The Er of semiconductor lies in the
gap, which causes variable WF values depending on the Ep position.
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Fig. 1. Schematic energy diagram of work function (®) on a metal and a
semiconductor.

Apart from the bulk Ep level determined by doping type and concen-
tration, surface states created by atomic reconstruction causes the sur-
face Er level pinning. Depending on the surface state properties,
additional dipoles occur due to charge redistribution and space charge
layers. Thus, the calculation of semiconductor WF becomes more
complicated [14].

People initially recognized the importance of WF in terms of the
threshold energy for Einstein’s photoelectric event on free surfaces and
Edison’s thermionic emission from a hot cathode. Since the WF directly
determines the emission capabilities of conventional electron or ion
emitters [15,16], researchers or engineers should consider the cathode
WF when they design the emitter source. More recently, many optical
and electronic devices, comprising multiple stack of different materials,
show a strong dependence of interface charge injection/collection effi-
ciency on the WF of constituent materials. Fig. 2 shows the schematic
energy level diagram of a metal and a semiconductor before and after
making the contact. The difference between the WF (¢,,) of metal and
the electron affinity (y5) of semiconductor counts for the charge distri-
bution after contact. In thermal equilibrium, the Fermi levels of metal
(EM) and semiconductor (E5) should be aligned, resulting in charge
redistribution at the interface. Therefore, the difference between ¢,, and
s results in forming an interface dipole which greatly influences the
band bending (Vg) and Schottky barrier formation (¢gz)at the interface
[17,18]. For practical examples, indium tin oxide (ITO) is the most
popular anode material for transparent electrode in display and solar
cell devices. Considering the device performance, the hole injection ef-
ficiency from ITO to next semiconductor material or electron blocking
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layer and vice versa has been a great concern, and thus the WF control
and its measurement of each material has been an importance task [19,
20].

In modern metal-oxide-semiconductor field-effect transistors (MOS-
FETs), a proper choice of gate material and its surface treatment be-
comes to be important because the integration of high-k dielectric oxide
layer into the metal gate needs to set the WF in gate in order to achieve a
desired threshold voltage [21,22]. Furthermore, the suitable WF value
in photocatalyst system has been turned out to correlate directly with its
efficient photocatalysis [23-26]. As increasing the metal WF in metal-
lized TiOz powder [25], higher yield of ammonia was produced due to
the efficient light-induced charge separation.

In electrochemistry, the WF of electrode and its relation with elec-
trode potential has been studied to explore the interface of electrode and
electrolyte for the understanding of electrochemical reactions. The WF
of electrode measured after immersion in electrolyte showed the linear
correlation with the electrode potential during immersion, with a slope
of 1 + 0.1 for Au, Ag, Pt, and Ir electrodes [27-30]. The linear potential
induced change in WF on the electrode is associated with the electric
double layer formation at the solid-electrolyte interface. This correlation
can provide a somewhat indirect way to measure the WF of clean metal
electrode. Furthermore, in Li-based battery technologies, the control of
the interaction of Li metal with its surroundings is critical for the
availability of stable Li metal anodes. Even though in the ideal case, the
anode surface should be ionically conductive but electronically insu-
lating, the decrease of its work function caused by interaction with
environmental gas would enhance the reduction of electrolyte molecules
[31]. In addition to the various experiments, the importance of hetero-
geneous electron transfer rate constant on metal WF was studied [26],
which enables to explain experimental data for different metals, sol-
vents, supporting electrolytes, and electroactive species.

Due to the importance of material WF, accurate and reproducible
measurements of the WF have been taken as a major step for material
characterization in various devices. This is because the WF of individual
material is an important parameter in the design of device. This review
compares several different techniques used for the modern WF mea-
surement. Among them, a special focus on photoelectron spectroscopy
(PES) is provided because of its frequent use and wide application. To
expand its application and improve the accuracy and reliability for
measuring WF, we here describe important factors and issues to be
considered upon the measurement.

2. Comparison of WF measurement techniques

The WF measurement has been carried out on the basis of several
different physical phenomena such as thermionic emission, filed emis-
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Fig. 2. Schematic energy diagram (a) before and (b) after metal-semiconductor contact.
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Table 1
Comparison of work function measurement techniques.
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Principle Requirement

Advantage

Disadvantage

Thermionic emission (TE) Stable materials at high temperatures

Field emission (FE) Materials made into a fine tip

Rather simple

Applicable to field emission microscope

Sample with high temperature endurance

Various Effects on tip radius and microfield

depending crystal orientation

Photoelectric effect (PE) Electron spectrometer

Tunable photon source from visible to DUV
and photodetector

Contact potential
difference (CPD)

Reference electrode, usually gold

Compatible with common UPS or XPS technique

Applicable to any substance near ambient
condition

Applicable to insulator

Average WF value over a large area (0.1-3
mm)

Ionization energy (rather than WF) detected
for semiconductor

WF significantly relies on tip condition

sion, photoelectric emission, and contact potential difference [4,32-36].
The comparison of the WF measurement techniques is listed in Table 1.
The thermionic emission occurs when thermal energy enough to over-
come the WF of material is provided to charge carriers in the material.
The thermionic current governed by Richardson’s law is exponentially
proportional to the WF at low current regime [37,38]. Thus, the
thermionic WF of solid controls the electronic current density, J, emitted
from a conductor at temperature T. As can be deduced from the corre-
lation, the thermionic WF equals to — kTIn(J /AT?), where k and A are
Boltzmann’s constant and Richardson’s constant, respectively. The
Richardson’s constant, A, is given by A = (4nmk2e) /h3 = 1.20173 x 10°
Am %K%, where m and e are the mass and charge of electron, respec-
tively, and h is Planck’s constant. However, this thermionic emission
method generally requires a target material that can survive at high
temperatures. Field emission enables electrons to be emitted by quan-
tum mechanical tunnelling under a high electric field. In this process,
the local emission current density is described by Fowler-Nordheim
equation [39]. In order to enhance the field emission, a sample should
be made into a very sharp tip. A dense array of carbon nanotube bundles
is a good and practical sample for the use of field emission technique
[40].

Photoelectric emission occurs when the photon energy is greater
than the sample WF. One of the most popular and widely used tech-
niques for the WF measurement is based on this photoelectric emission.
This technique is to measure the minimum photon energy required to
liberate electrons from a substance on the basis of PE. By varying the
energy of the incoming light, the photoelectric WF can be established.
An ambient-pressure photoemission method using variable wavelength
of light is already in commercial use [41]. On the other hand, at a
constant and high enough photon energy, one can also measure kinetic
energies (KEs) of photoelectrons by an electron analyser to estimate the
WF. Using a monochromatic light source with a known wavelength, the
absolute WF value can be estimated.

The next popular method is Kelvin probe (KP) technique, [42] where
relative surface potential is measured by forming a capacitor between
conductive probe tip and sample. This method becomes one of key
techniques in the field of atomic force microscope (AFM). The scanning
Kelvin probe microscope (SKPM) possesses nanometre-scale lateral
resolution but its measured value always relies on tip condition and
measurement environment [43]. Thus, the KP technique does not give
an absolute value but a relative WF.

Among the above methods, the electron spectroscopy produces a
sharp secondary electron cutoff (SEC) for the WF determination [20,44,
45]. Furthermore, X-ray photoelectron spectroscopy (XPS) or ultraviolet
photoelectron spectroscopy (UPS) users can easily adopt this method
without any additional equipment modification or additional sampling
procedure. That is because it is based on a well-developed high--
resolution electron analyser with concentric hemispherical shape and a
well-defined photon energy source from rare-gas discharge or
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Fig. 3. The number of publications per year regarding the WF measurement by
various methods @SCOPUS. UPS, KP (Kelvin probe), FE (field emission), AES
(Auger electron spectroscopy), TE (thermionic emission), and APE (ambient-
pressure photoemission).

monochromatized X-ray. Similar measurement principle of secondary
electron emission induced by electron or ion beam [46,47] has been
used. However, this method requires samples to be stable inorganic
materials that are resistant to particle-induced damage. Furthermore,
charged particle radiation and emission require a constant electrical
potential of sample during the measurement. Otherwise, the different
electric potential of sample makes the KE position shift or broaden the
emitted electron. In that sense, an electrically insulating sample is
difficult to measure its WF by electron spectroscopy. Nonetheless, the
photoelectron spectroscopy is an important and practical method
because the measured value is applicable directly to various solid-state
electronic devices. In particular, the WF of semiconductor is difficult
to be measured by other methods.

Fig. 3 shows the comparison of the numbers of publications over the
past decade years concerning various WF measurement techniques.
Majority of WF measurements has been performed by UPS and KP. While
the UPS provides an area-average WF, the KP can probe local WFs
depending on the effective probe size. Thus, the sensitivity and accuracy
strongly depend on specific measurement system. The recent increase of
their publications is due to the modern development of electron energy
analyser and scanning probe technologies. As a result, more than 65% of
the well-known WF values for materials have been reported based on the
photoelectric effect measurement [48,49].

3. WF measurement by UPS
According to the photoelectric effect, the photon irradiation onto a

solid sample induces photoelectron emission with various KEs. Fig. 4
illustrates how to define the WF of metal and semiconductor from
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Fig. 4. Illustration of WF measurement by UPS (He I light source) for metal and semiconductor. Once the Fermi level (E) is established by spectrometer calibration,
one only needs to measure the secondary electron cutoff (SEC) position. Here A means the WF difference of the two materials.

photoelectron spectrum measured by UPS (He I light source). The total
photoelectron spectrum (Fig. 4) obtained from electron spectrometer is
displayed in the range between photon energy (hw) and sample WF. The
maximum kinetic energy (KEnqy) of photoelectrons emitted from a metal
is defined as Fermi level (Ep). Since the emitted photoelectrons are
collected through an electron spectrometer, the WF of spectrometer
should be considered to measure sample WF. Due to the spectrometer
WF, one needs to calibrate the spectrometer energy scale by determining
the Er position using a noble metal surface after surface cleaning. The
inset shows an example of the Fermi edge. At a limited energy resolu-
tion, the first derivative of the spectrum can be fitted with a Gaussian
function. The detailed procedures of UPS energy scale calibration and
the Fermi level determination are described elsewhere [50-52].

Practically, one should measure the minimum KE (KEp;,) from the
SEC and the KEp4 from the Ep to estimate the sample WF according to
the following equation (1) [3,53-55].

WEF = 10 — |KE s — KEpin| = h0 — |BE yox — Er| M

If the spectrometer energy scale is well calibrated, the Eg position for
the KEnax electron can be established, in which the electron binding
energy (BE) becomes zero. Therefore, the spectrometer WF is not
necessary to be considered afterwards. What has to be measured is the
position of KEn, or SEC position. In other words, the sample WF is
calculated from the width of total spectrum |KEmax — KEmin| or the
maximum binding energy (BEpax) in equation (1). As the right side of
the SEC includes the density of states of the corresponding material on
top of the secondary electron background, a general simulation of the
SEC shape is not possible. However, when the cutoff spectrum exhibits
sigmoidal shape, the SEC can be represented by an extended logistic
function [56,57]. Otherwise, one can draw three linear line fittings
along the SEC.

When semiconductor and metal materials are put together in contact
as a typical interface structure of electric devices, the metal WF and
semiconductor ionization energy govern the energy level alignment
according to Schottky-Mott rule, as long as they do not generate inter-
face chemical reaction as in Fig. 2. However, the electrical charge
redistribution upon equilibrium between the two materials could bring a
change in the vacuum level and concurrent band bending of semi-
conductor. This charge redistribution builds up the interface dipole (A),
as shown in Fig. 4, which plays a critical role in the prediction of carrier
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transfer characteristics at a heterogeneous junction [55,58].

Since the secondary electrons with low KEs are collected by an
electron analyser for the WF measurement, the electron analyser should
be able to detect the low KE electrons down to a few eV. To collect the
reliable electron signal by a conventional hemisphere-type electrostatic
analyser, at least a few eV of electron KE is needed in practical way.
Thus, a certain amount of negative bias voltage is necessary to accelerate
the photoelectron towards the spectrometer. The bias voltage can be
optimized with respect to a measurement system or sample holder ge-
ometry. A low bias voltage is preferred as long as the low background
and sharp SEC are observed. Otherwise the high electric field between
sample and analyser input lens deteriorates emitted electron pathway.
Nonetheless, the low energy electrons are so vulnerable to surrounding
electric and magnetic field. For that reason, the analysis chamber should
be properly shielded from remnant magnetic field. Currently, Mu-metal,
which is nickel-iron alloys with very high magnetic permeability, is
widely used for manufacturing chambers to screen the magnetic field.
Otherwise, the SEC position is not well identified because the earth’s
magnetic field alters the electron trajectory. Another requirement for the
WF measurement is the electron emission geometry normal to the ana-
lyser axis at the sample surface. Off-normal emission geometry may alter
the symmetric distribution of the electric field between the sample
surface and the analyser input lens [53]. Thus, an angle-resolved elec-
tron analyser with narrow acceptance angle is desirable. In addition,
uneven structures around the sample may interfere with the electric
field and should also be avoided [1].

4. Effect of surface contamination, roughness, and
inhomogeneity

Since the WF is so sensitive to surface condition, even minor modi-
fication to the surface brings a dramatic change in the WF. This property
has inversely been used as a measurement submonolayer thickness of
species adsorbed on clean surfaces. Strong electronegative or positive
adsorbates cause clear WF changes [59,60] unless they are chemically
too reactive. The measured value heavily depends on surface cleanliness
and homogeneity for a single metal substance. Even after cleaning the
surface under ultrahigh vacuum (UHV) condition, the WF changes are
often observed over time due to the contamination within the UHV
chamber. Fig. 5 shows the WF changes of Au measured by UPS with time
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Fig. 5. Work function values of Au measured by UPS with time after Ar *
sputter-cleaning. The base pressure of the chamber is 3 x 107° Torr. Error bars
are their minimum and maximum values of nine different points within the 8 x
8 mm sample.

after Art sputter-cleaning (3 kV for 30 min). The WF continues to
decrease over time, even when the sample remains in UHV condition. A
small amount of residual gas present in the chamber can be adsorbed on
the clean Au surface, which compresses the tail of electronic dipole at
the metal surface. The metal WF decrease with exposing time in UHV
(Fig. 5) is a result of so-called pillow effect or cushion effect [61,62]. In
addition, the measured WF values show wide scattering distribution
with time. In particular, the minimum value within the error decreases
more rapidly than the maximum value, which indicates the inhomoge-
neous contamination process over the surface. Notwithstanding, quan-
tifying the surface contamination with XPS signal is difficult due to the
% detection limit.

Another parameter that may influence the WF is surface roughness. A
previous report indicates that the WF decreases with surface roughness
[63]. Fig. 6 shows the WF variation of copper as increasing surface
roughness proved by experiments and simulations. This result indicates
that the microstructures such as grain shape and grain size of specimen
surface with different surface roughness should induce the significant
WF change. This model is examined only on highly rough surfaces above
30 nm of surface roughness.

4.9 —— Theoretical curve
485 . .
4.8 ] Experimental points
475 "\
o 47 N
= 465
S 46 =
4.55 s
45 =
4.45
44 T
20 30 40 50 60 70 80 90
Rg(nm)

Fig. 6. Work function variation of copper with different surface roughness (R,).
Reproduced with permission from Ref. [63]. Copyright © 2005 American
Institute of Physics.
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Fig. 7. SEC region of UPS spectra for inhomogeneous surface. Patchy Au sur-
face shows three different WFs (¢; — ¢3), while clean and dirty sample surfaces
show distinct WF values, ¢; and ¢, respectively. Reproduced with permission
from Ref. [53]. Copyright 2010 Elsevier.

Non-uniform surface patches of a few pm size sometime generates
multiple SECs and pitfalls in WF measurements [53,64]. When dirty and
clean surfaces coexist, the SEC shows two different locations as shown in
Fig. 7. An atomically inhomogeneous structure can be created by the
steps on metal crystal surfaces. The WF decreases linearly with the step
density for W(100) surface [65]. This phenomenon is interpreted as each
step orientation giving a different direction of electric dipole, reducing
the net dipole relative to the flat surface.

Another way to measure WF on a heterogeneous surface is the
photoemission from adsorbed xenon (PAX) [66]. The UPS generally
produces an ensemble average value over a few mm area and the elec-
tron charge distribution smoothens the electric potential on the surface.
Thus, an atomically inhomogeneous surface will produce wide or mul-
tiple slopes in the SEC signal. As a result, the UPS cannot distinguish
such different regions at all. But, the strong polarizability and chemi-
cally inert nature of Xe adsorbed on the surface results in the indepen-
dent energy level alignment with Eysc. Thus, the Xe 5p measurement
gives the information of local WF on atomically inhomogeneous surfaces
[67]. But, the PAX requires the low-temperature sample cooling below
80 K, which hampers wider applications.

5. Future directions

For the measurement of insulator samples, positively charged holes
left behind the electron emission cause an electric potential shift, which
limits reliable SEC measurement. Irregular charging effect on sample
surface (so-called differential charging) may bring additional broad or
multiple feature of the SEC. The charging problem is dependent on
sample resistivity, temperature, and light intensity. Compared to UPS,
XPS neutralization methods such as electron flood gun (in combination
with a pulsed ion gun), sample heating, UV irradiation, etc. are rela-
tively well established within commercial machines [68,69]. Thus, the
XPS can be the better choice of WF measurement for many types of
insulating samples.

Despite this advantage, the WF determination with the low-KE SEC
and Ep in the XPS demands a wide range of scale linearity over a few
thousand eV due to the use of high X-ray source energy compared to
UPS. Fig. 8 illustrates the WF measurement by XPS with Al Ko light
source, where the total XPS spectrum obtained from electron spec-
trometer is displayed in the range between photon energy (hw) and
sample WF. Compared with UPS measurement (Fig. 4), the total range is
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Fig. 8. Illustration of WF measurement by XPS (Al Ka light source) of clean Au.

much wider for WF measurement by XPS. Without a guarantee of the
scale linearity within this wide range, using XPS measurement raises
additional concern to estimate the accurate WF. Furthermore, the rela-
tively low energy resolution of XPS causes further uncertainty in WF
determination compared to UPS. Most XPS users often use it for the WF
measurement without understanding these weak points [70,71]. Thus,
when using XPS, the absolute WF value should be carefully determined
due to the above reasons. In case of using adventitious carbon-adsorbed
films as BE referencing method in XPS, the C 1s BE relative to Er from the
hydrocarbon varies over a wide range of 2 eV or more depending on the
substrate, and correlates well with the underlying sample WF [72,73].
The consequence of Eysc alignment between the adventitious carbon
layer and the underlying sample significantly reduces the standard de-
viation of C 1s BE relative to Eyac rather than to Er. A similar concept has
been applied for the absolute WF determination by using ambient
pressure XPS, where Ar gas is in dynamic contact with sample surface.
There is a good correlation between several known surfaces and the WF
of the Ar 2p core level BE [74]. Thus, the above examples are good al-
ternatives to UPS using XPS when performing WF measurement on un-
known materials.

Whether a WF measurement technique gives absolute or relative
value, any reference material could be useful to calibrate a photoelec-
tron spectrometer. In particular, the KP method enables to measure the
relative WF between sample and tip, where the reference material is
strongly required to measure the WF of unknown material. However, the
uniformity and stability of reference candidates has not been carefully
examined so far. There are lots of known WF values for pure materials in
literature. But, the values were obtained from clean crystal surfaces,
which are not easily accessible in ordinary laboratories, because they
need in-situ cleaning procedure. Furthermore, their surfaces are not
stable at all in air. One of old conventional references is highly oriented
pyrolytic graphite (HOPG) with the WF of 4.4-4.7 eV [75-77]. Indeed,
many KP users use the HOPG as a reference due to its relatively stable
surface under ambient condition. However, the HOPG grade and crystal
orientation distribution influence the actual value. The use of HOPG as
reference for PES-based WF measurement needs further investigation
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such as HOPG grade and surface cleaning method. Another type of po-
tential WF references is self-assembled monolayer (SAM) formed onto
surface. Depending on molecular structure, the WF of indium tin oxide
has been controlled in a wide range [78,79]. This SAM-based surface can
be a good candidate for WF reference standards. Kant et al. theoretically
analyzed the influence of molecular polarity of SAM, its dipolar orien-
tation and electrode surface morphology on average WF [80-82].
Therefore, the suitability for the SAM-based WF standards can be
decided by considering these effects. Similarly, a polymer composite has
successfully been used to control the WF. Depending on the ratio of two
different polymer concentration, self-organized surface showed WF
variation on the ITO [83]. Another candidate for the WF reference is
gold film because it has an even and inert surface compared to other
metals, good conductivity for PES-based WF measurement, and main-
tains a clean surface in UHV during WF measurement after sputtering.
Nonetheless, one must be aware of the surface cleanness because a thin
film of polycrystalline gold exhibits a WF of 4.4-4.7 eV when exposed to
air [62]. As shown in Fig. 5, the Ar" sputtering in UHV reduces the WF
variation (error bar) of the gold. Therefore, well-defined sputtering
method under UHV can provide the gold as a WF reference.

6. Conclusion

The WF has long been a well-known physical parameter, but in
recent years the importance of its absolute value control has emerged
due to sophisticated modern electronic devices. The demand for WF
evaluation of new materials will increase. Since the PES is a widely used
technique not only in academy but also in industry, we reviewed the
pros and cons of the PES for the WF measurements. Knowing the PES
characteristics will help users measure the WF values that will be used
more frequently in the future. To achieve reliable WF measurements, the
appropriate selections of machine operation condition, measurement
geometry, and sample surface are required. Extending UPS to XPS and
adding proper reference materials for WF measurements will have a
greater impact on material and device development.
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