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Abstract:

The work function, which is the energy barrier for an electron escaping from the surface of a material,
is an important fundamental material surface property with many applications spanning energy harvesting,
heterogeneous catalysis, vacuum electronics and solid-state electronics. In this review, we define different
aspects of the work function through an electrostatic potential treatment. We discuss in detail the role of
electric fields, especially the heterogeneous surface patch field, in order to clarify potential points of
confusion about work function measurement and interpretation. We review standard experimental
approaches to measure work function and the use of density functional theory (DFT) as a computational
tool to predict work function. We then discuss the influence of materials chemistry and structure on work
function trends. We also discuss the role of work function in various applications, including a particular
focus on relative electron energy level alignment. Finally, we discuss two common approaches for
engineering work function values for specific applications: tuning the Fermi level and tuning the surface
dipole. This review provides guidance for researchers interested in the intersection of work function,
surface characterization, surface and interface physics and chemistry, and materials and device design for
a wide array of technologically relevant applications.
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Fig 1. Several application areas where work function engineering is involved, including vacuum electronics,
solid state electronics, catalysis and energy harvesting. Photo credits: Jim Pickett, David Carron, Andrew Glaser.
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I. BASIC PHYSICS OF THE WORK
FUNCTION

The work function (represented by the symbol
@ in the remainder of this paper), generally defined
as the minimum energy required (or minimum work
required) to remove an electron from the material
to vacuum, is an important physical quantity of a
material surface. However, this definition is
imprecise and not unique, which has caused
significant confusion about the meaning of the
work function when measured with different
approaches (e.g., whether the measured work
function is the value of one specific surface or the
average of all the surfaces). The origin of such
confusion is that the energy to remove an electron
from a material can depend on how it is removed,
under what applied fields, and where the electron
ultimately ends up in the vacuum. As a result, it is
not always clear how these factors influence the
results of given measurements of work function,
e.g., photoelectron spectroscopy or thermionic
emission. To help clarify these issues, here we
carefully describe the physics controlling the
energy of an electron outside a material. We then
relate this energy to standard definitions of the
work function and discuss how to extract the work
function from a measurement.

A. Definition of the work function, influenced
by electric field and surface inhomogeneity

Conventionally, the work function is simply
defined as the energy difference between the
vacuum level and the Fermi level [1,2] (see at the
center of Fig 1):

® = Eyqc — Er (1.1)

As will be discussed here, this simple equation
is often insufficient to precisely define the work
function due to complexities in defining the
vacuum level E, .. To clarify the work function
definition, we first introduce a quantity that is
closely related to the work function, denoted as
E(d), which is the electrostatic energy of an
electron at a distance d above a (metallic) solid
surface relative the Fermi level:

E(d) = Eyac(d) — Ep (1.2)

In Eq. 1.2, d is the magnitude of a normal vector
to a specific reference surface. Ep represents the
Fermi level, which is also called the
electrochemical potential of the material. E,,,.(d)
represents the energy level of the electron at
location d that is outside of the material. Typically,
this requires d to be at least a few Angstroms to
have the electron no longer affected by the
energetics inside the solid. Therefore, E,,.(d) is
often referred by its colloquial name of vacuum
(energy) level (therefore with the subscript “vac”).
E,q-(d) is rigorously defined as the rest energy of
a free stationary electron outside a material at
position d, given with respect to some reference.
Generally, the choice of the reference energy has no
impact on the work function and related quantities,
as long as the same reference is also used for E.
Since the electron has zero kinetic energy in the
definition of E,,.(d), it is equivalent to the
electrostatic potential energy of the electron.
E,qc(d) is in general a function of the position
vector d(x,y, d), where (x,y) denotes the position
in the plane of the surface. In the following sections,
when discussing homogeneous surfaces, we will
generally drop the (x,y) from the argument and
just consider E,,.(d), which is equal to E,,.(d)
evaluated at some fixed (x, y). On the other hand,
we will specify the corresponding (x, y) positions
when discussing heterogeneous surfaces. Generally,
E,..(d) is not constant with d due to the electric
fields outside the material.

E(d) can be used to better understand the
concept of work function under different electric
field conditions. To help clarify how E(d) behaves
vs. d, and how the corresponding work function &
is related to E(d), in Sec. I.LA.1 through 1.A.3 we
discuss the vacuum energy level profiles above
homogeneous and heterogeneous (also called
“patchy”) metal surfaces, with and without external
electric fields. Figs 2-4 show the energy diagrams
of these different conditions. We also include a
summary of the typical values of tolerance for the
quantities related to work function physics that
have been discussed here, and corresponding



equations for these values (see Appendix | after the
main text).

1. Homogeneous surface, no external electric
field

The first and the simplest case is a homogeneous
surface with one work function and zero external
electric field above the surface, as shown in Fig 2.
As an electron moves out from the surface, the
potential energy of the electron is initially quite
complex due to still being coupled to the electronic
structure of the material, but the electron then
becomes a free electron after moving a few
Angstroms from the surface, with the image charge

potential energy E;,,(d) being a good
approximation for its E,,.(d):
eZ

Eimg(d)= (2)

l6meyd

With such image charge potential energy, E(d)
rapidly increases within the first 1 to 2 nm, and then
becomes approximately constant beyond a distance
of a few nanometers from the surface, as shown in
Fig. 2. Since there is no significant external electric
field to further influence this electrostatic potential,
this constant energy level will extend to infinity.
Strictly speaking, the image charge interaction
rigorously extends to infinity, but here we will treat
it as going to zero at about 5 nm. This cutoff
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Fig 2. The electron energy diagram above a
surface with Fermi level, vacuum level, and the
definition of work function for a homogeneous
surface without external electric field. In this case,
the vacuum level is flat after the image charge
potential stabilizes when the distance to the
surface increases.

distance of 5 nm is chosen for convenience and ease
of calculation, as the total change in electrostatic
energy from 5 nm to infinity is just 0.072 eV, which
is negligible for most purposes. In this case, the
work function @ is defined as the value of E (d) for
d = 5nm.

2. Homogeneous surface, with external electric
field; the observed work function

The simple case discussed in Sec I.A.1 almost
never exists in real systems. There is almost always
some additional electric field other than the image
charge field present in the vacuum region. Such
additional field may be induced by the charges on
the nearby parts of the surface, called patch field
(described in more detail in Sec. 1.A.3), or other
charges in the nearby environment, called applied
field.

In this section, we discuss the impact of the
applied fields on E(d) and the corresponding work
functions. Such fields are sometimes applied
intentionally to pull off electrons, e.g., the fields
applied between the cathode and anode in electron
emission, or sometimes created inadvertently, e.g.,
the fields that occur in ultrahigh vacuum
experiments due to local work function difference
between a sample and a vacuum chamber wall (also
known as Volta potential). In the presence of an
applied field, the vacuum energy level and E(d)
usually do not converge to a constant at infinity (cf.
Fig 3), and the definition of work function
discussed in Sec. I.A.1 is no longer valid [3].

In this situation, it is generally desirable to
define the work function to be equal to E(d) for
point d that is close enough to a relevant surface of
interest such that the external-field-induced
potential change between the surface and d is small,
but far enough that the image charge potential of d
is close to its value at infinity. This condition is
usually met for d~5 nm under a weak applied field
(defined and discussed more below). Thus, we see
that a natural definition for the work function in the
case of weak fields is to set it equal to E(d) for
d~5nm. This definition is “the work function”
discussed by most researchers, and because it
requires being so close to a surface, it is
fundamentally local in nature. We here denote this



local work function as @; and the local point where
@, is evaluated as d;~5 nm.
@, = E(d)) = Eyac(dy) — Ep (3)

Because the applied fields do not significantly
modify the potential at this distance, the local work
function under this weak field condition is
determined only by the surface itself, making the
local work function an intrinsic surface property. It
should be noted that the discussion of ®; above is
based on the assumption that the applied field does
little work on the electron in the first few nm above
the surface, thus resulting in the weak field limit.
Otherwise, it is within the strong field limit, where
the work function behavior is quite different
(discussed more below). Further discussions and
typical values for these fields are included in this
section and in Appendix I.

These non-image-charge additional fields are
ubiquitous as they are created by different surface
terminations and many experimental setups. The
homogeneous surface with weak external fields is a
canonical situation, making &, the most common
type of work function. However, it is often more
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Fig 3. The electron energy diagram above a
surface with Fermi level, vacuum level, and the
definition of local work function for a
homogeneous surface with an external electric
field. The three curves correspond to an applied
field that is normal to the surface and positive
(pointing away from the surface, subscript “+”,
blue), weak negative (pointing towards the
surface, subscript “-”, orange), and strong negative
(subscript “- -7, red).

convenient or even necessary to measure the energy
of the electrons much farther from the surface than
the local distance, which can impact the
interpretation of the measurements. To clarify this
situation, we note that in the presence of a non-
image-charge field, when measuring the behavior
of an electron at an observation point O at a
distance do from the surface, E(dp) might no
longer be the energy needed to move that electron
from inside the surface to O because of the non-flat
nature of E(d) under these conditions (e.g., the
negative field cases in Fig 3). Instead, the energy to
move the electron from inside the surface to point
O is the maximum electrostatic energy along the
lowest energy pathway from the surface to O, i.e.,
a barrier energy. We define this measured barrier
energy as the observed work function at O, denoted

Dy (do):
Dy (dp) = %(E(d)) =E(dy) (4

Here we denote the distance from the surface to
the point associated with this barrier energy as do.
The point corresponding to this energy barrier is
typically the saddle point of the E(d) landscape,
i.e., the minimum along the directions parallel to
the surface (especially for a heterogeneous surface,
see Sec. 1.A.3) but the maximum along the normal
direction. This barrier energy, a.k.a. the observed
work function, controls many measurements which
will be further introduced in Sec. Il.

The observation point is often quite far from the
surface (e.g., millimeters or more in many electron
emission experiments) and the relationship
between &,(d,) and @; depends on the
measurement situation, e.g., the magnitude of any
external electric fields. The relationships between
®,(dy), ®@; and the external electric field are
summarized as below, where we assign the positive
electric field to be pointing out from the surface:

(1) When the external field is positive (blue
curve in Fig. 3), the field will create an additional
barrier to prevent the emitted electrons from further
leaving the surface, making ®,(dy) > ;.

(2) When the external field is negative but not
too strong (no larger than several 10° V/m, see
Appendix | for calculation details) (orange curve in
Fig 3), the electrostatic energy maximum will occur



just after the influence of the surface image charge
stops being felt, which can be considered at the
local point (i.e., d, = d;). Inthis case, the observed
work function will be equal to the electrostatic
energy at the local point, which in turn is equal to
the local work function. Therefore, ®,(dy) =
E(d;) = ®;. Note that this will not hold if the
applied field is comparable to the image charge
field at a few nm away from the surface (~108 VV/m,
see appendix for calculation details), since this will
change the values of E(d;), see case (3) below.

(3) If the negative field has a strength
comparable to the image charge field within several
nm from the surface (~108 V/m) (red curve in Fig.
3), the potential curve and its maximum will be
significantly bent to lower energy, leading to a
decrease of ®,(d,) by the amount of:

e3F

AD =
4me

(5)

where e is elementary charge and F is the external
electric field. This reduction is called Schottky
effect. The effect is associated with a model
Schottky [4,5] applied in 1923 that failed to
quantitatively explain field emission, but it is still a
very important factor in electron emission which
will be further discussed in Sec. 11.C. In this strong
negative field limit, it is common to still refer to the
observed work function @, (d,) defined in Eq. 4 as
a work function, which is reasonable as ®,(d,) =
E(d,) still holds. However, ®,(d,) under a strong
field is no longer equal to ®; nor any intrinsic
materials surface property, but instead a function of
the applied field.

3. Heterogeneous surface, without and with
external electric field; the patch field

The discussion above focused on the case of a
homogeneous surface with one local work function
over the entire surface. However, in many materials,
obtaining a homogeneous work function surface is
extremely difficult because of the difficulty in
producing and maintaining a large homogeneous
single-crystal surface with only one orientation and
termination. Most materials will consist of multiple
grains with different surface orientations and
terminations, and thus contain different local work

functions. Some may also have heterogeneous
surface dipole coatings that modify the local work
functions in a patchy manner. The presence of
multiple different local work functions on one
material surface will introduce further complexity
into the vacuum level profile and the work function
interpretation through the patch field effect, as
described below.

Fig 4(a) shows the electric field above a surface
containing two surface components with different
local work function values @; and &y (9, < Py),
resulting from, for example, partial coverage by a
surface dipole layer. We assume the patches are
large enough that each can have a well-defined
local work function following the definition given
in Secs. ILA.1 and 1LA.2, and that there are no
applied fields. Since the two regions are in
electrical contact and in equilibrium, the Fermi
levels of the two regions are equal, and the
difference in the local work functions translates to
a difference in the local vacuum levels, which
equates to an electrostatic potential energy
difference between points just above the two
surface patches. Such lateral electrostatic potential
energy difference will naturally create a non-zero
electric field above the surface to modify E(d)
even if the applied field is zero. This modification
of the electrostatic energies by electric fields due to
heterogeneous local work functions on one surface
is often called the patch field effect, first discussed
in the 1930s [6].

Figs. 4(a) and 4(b) illustrate how the patch fields
transform E (d) above different patches. Just above
each patch but far away from the patch edges, the
E(d) will look similar to that of the corresponding
homogeneous surface, as shown in Fig 4(b). As the
electron moves farther above the two patches, the
difference in E(d) above these patches decreases
until E(d) above both kinds of patches merges into
a single value. This convergence is required by the
fact that for an electron far enough from the
material, the local field effects must drop to zero
and the electrostatic energy must converge to a
single value, which is the area-weighted average
value of the two local work functions across the
surface: (®) = n@;, + (1 —n)dy, where 7 is the



coverage fraction of &;. Therefore, when moving
away from the surface, the electrostatic potential
energies (vacuum levels) above the &; and &y
patches will increase and decrease, respectively.

In this two-patch situation there are two well-
defined local work functions, &, and ®y. However,
many measurements do not directly measure either
local work function. Without the presence of
applied fields, if the measurement point O is

relatively far away from the surface, the observed
work function ®,(d,), is set by the asymptotic
value of the electrostatic energy, which is the area-
weighted-average work function (®).

If there is a negative applied electric field, E(d)
will have a term that decreases with distance from
the surface. This term will generally reduce the
observed work function ®,(d,) from (®) towards
a lower value above &, patches because of the
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Fig 4. (a) Schematic of the patch electric field distribution (in absence of an external field) above a
lower local work function (@) patch bordered by higher local work function (&) areas. The induced
lateral surface dipole field draws electrons emitted from the @, patch back toward the @y surfaces. (b)
The energy diagram without an applied field above a patchy surface, with the observed work function
at point O, ®,(d,) , equal to the average work function on the surface. (c) Observed work function

versus applied electric field plot derived from Eq.

5.1, showing ®,(d,) decreases as external field

increases, until ®; when the field reaches F,. (d) The energy diagram with a negative external field
above a patchy surface, suggesting ®,(d,) becomes lower.



lower local work function value (as shown in Fig
4(c) and 4(d)). The exact value of ®,(d,) depends
on the field strength, the patch size and the local
work function difference. Bundaleski et al.
computationally determined the quantitative effect
of this patch field by showing the expression of
®,(d,) for a surface consisting of patches with
two work function values & and @, [7,8] can be
written as:

F F,
Dp(dp) = (P) — ((P) — D) F_o (1 + In F)

(6.1)
with
Oy — Py,
Fy=—— 6.2
0 ek\/g ( )

where k is a constant depending on the exact patch
geometry that is typically close to 0.5 when the
patch shapes are not very elongated (for example,
close to circular or square shapes), S is the area of
a single patch (assumed to be the same for each type
of patch), and F is the applied field. Eq. 6.1 predicts
that @,(d,) decreases as the applied field
increases, ultimately reaching @; when F reaches
F,. F, can therefore be understood as the critical
field needed to reveal the lowest local work
function by negating the patch field effect.
Neglecting pre-factors on the order of magnitude of
1, the value of F, can be roughly estimated through
dividing the surface work function difference (in
volts) by the patch lateral size dimension. We note
here that typically F, is still too weak to trigger
significant Schottky effect discussed in Sec. .A.2.
It should be noted that to have physical meaning,
Eq. 6.1 is only valid for the case when F < F;. In
the case of F>F, , ®,(dy) will always
approximately equal @;, until the Schottky effect is
large enough to significantly lower ®,(dy). In
other words, when F > F,, the applied external
electric field is strong enough to overwhelm the
patch fields arising from local work function
heterogeneity, and electrons collected at remote
location O are observed to arrive consistent with
having escaped an energy barrier of the lowest local
work function, ®;. An important implication of this
result is that @,(d,) on patchy surfaces is not
necessarily equal to any local work function of any

surface and must be interpreted with great care.
Further discussion of the impact of patch field
effects on  experimental work  function
measurements is included in Secs. 11.A.2 and I1.C.

The discussion in Secs. 1.A.2 and I.A.3 illustrate
that there are at least two common work function
definitions. The first is the local work function,
which is an intrinsic property of the corresponding
material surface. The second is the observed work
function, which is controlled by the field-modified
energy to remove the electron and may or may not
be equal to any local work function of a specific
surface, depending on patch and applied field
conditions. Going forward in this review, unless
otherwise specified, the term work function refers
to the local work function of a surface when
discussing work function calculation, application,
and tuning mechanisms. We will also make
frequent use of the observed work function since it
is the quantity directly available through work
function measurement, which will be further
discussed in Sec. Il.

4. Work function and related concepts in
semiconductors

The Fermi level in a semiconductor can have a
range of values, typically from just below the
valence band minimum (VBM) (in the limit of
degenerate p-type doping) to just above the
conduction band minimum (CBM) (in the limit of
degenerate n-type doping). For example, for an
undefected ideal semiconductor at a temperature
just above absolute zero, the Fermi level resides in
the center of the band gap, where the density of
states is zero. In the limit of the semiconductor
being n-type (p-type), the Fermi level resides at the
CBM (VBM), and the work function is equal to the
electron affinity (ionization energy). The ionization
energy (IE) is the energy required to remove an
electron from the VBM to the local vacuum level
and the electron affinity (EA) is the energy gained
by adding an electron from the local vacuum level
to the CBM, as shown in Fig 5(a). The ionization
energy, electron affinity, and work function are all
surface electronic properties of a material, as shown
in Fig 5 [1,2]. For the case of a degenerately doped
semiconductor, the Fermi level may be sufficiently
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Fig 5. (a) Schematic band diagram and work function for a (non-degenerate) semiconductor together with its
ionization energy (IE) and electron affinity (EA) inspired by Fig 1 of Ref. [2]. (b) The spreading and smoothing
effect of electron clouds, creating dipole moments on a simple metal suggested by Smoluchowski in Ref. [12].
(c) The atomic structure of a perovskite, an example of polar materials where the AO- and BO2-terminated
surfaces have opposite surface atomic arrangements and therefore opposite dipoles. (From Ref. [13] ©2016
WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim).

n-type (p-type) such that the work function has a
lower (higher) energy than the electron affinity
(ionization energy). In the non-degenerate doping
case, direct knowledge of the work function and
band gap provide values of the resulting ionization
energy and electron affinity. Moreover, the work
function plays a significant role in interface
chemistry and electronic device design because it
dictates the band alignment between materials in
electrical contact [2,9,10]

Compared to metallic systems, semiconductors
typically have much lower free carrier densities and
thus much longer screening lengths. Consequently,
the influences of ambient electric fields and surface
states result in near-surface band bending, making
ionization energy, electron affinity and work
function physics more complex. Historically, the
influence of patch field on the interpretation of
ionization energy and electron affinity has seldom
been investigated by researchers. The (typically)
much lower free carrier density in a semiconductor
vs. a metal results in a thicker interfacial charge
accumulation region, which may influence the
vacuum level landscape and induced patch field
shape. Nevertheless, since the basic physics of
electrostatics in the vacuum are the same for
different surfaces, it is expected that ionization
energy and electron affinity exhibit similar

behavior with respect to local and non-local
vacuum levels as well as patch and applied fields as
the metal work function [2,11].

B. Factors controlling the work function

The local work function of a surface can be
decomposed into two parts: an intrinsic component
which depends on the energy of the electron in the
material as determined by the band structure, and a
surface component determined by the image charge
potential and local surface dipole effects. To
discuss the factors controlling the local work
function, here we assume a well-defined local work
function that is an intrinsic surface property (i.e., it
is not influenced by the additional fields). The work
done on the electron by the surface is determined
by many multipoles, but it is generally assumed that
the dipole dominates the energetics. This
assumption is justified at least in part by the rapid
decay of multipole fields (~ 1/x3for dipoles versus
~ 1/x° for quadrupoles and even faster for higher
order multipoles) and the natural tendency for
charged atoms and their compensating charge to be
close together in dipole-type structures. We further
assume the image charge potential is similar among
different materials, which is strictly true only for
metals, but is also generally a good approximation
for materials with a relatively large dielectric



constant € (e.g., € is larger than ~2), since the
image charge potential energy for an electron above
a dielectric is:

Fimg () = 7 ™)

Under these conditions and approximations, the
values of material work functions are determined
by the material-specific electronic band structures
and surface-specific surface dipoles. Given this,
understanding and controlling the work function in
a material is typically accomplished by modifying
the bulk electronic structure, which governs the
Fermi level location relative to what we will call the
intrinsic vacuum level (the hypothetic vacuum level
in the zero-surface-dipole scenario), and the surface
dipole, which modifies the local vacuum level
energy and makes the work function a surface-
sensitive quantity.

The bulk electronic structure, determined by
composition, structure, dopants, defects, pressure,
and many other factors, sets the Fermi level with
respect to the intrinsic vacuum level, and
consequently affects the work function: a higher
(lower) Fermi level results in a lower (higher) work
function, assuming the surface dipole remains
unchanged.

Besides the bulk electronic structure, surface
properties also significantly influence the work
function. As mentioned above, this modification
manifests as an effective surface dipole effect,
although the detailed surface physics might be very
complex. Below are some widely observed and
discussed surface dipole effects:

(1) Smoluchowski (1941) [12] showed that for
a simple elemental metal, a surface dipole
originates from the electron cloud on the surface
seeking the lowest energy configuration,
accomplished through spreading and smoothing of
the electron cloud (see Fig 5(b)). The electron cloud
spreading creates a negative dipole and increases
the work function, while the smoothing of the
electron cloud has the opposite effect. The
magnitudes of these two effects are typically
similar in absolute value, approximately a few
tenths of eV, but do not completely cancel, thus
resulting in a net dipole for every surface.

Eimg(metal)

(2) For a more complex material system such
as an oxide or other multicomponent system, the
dipole could come from the polarity introduced by
the top-most atomic layer and the layer
immediately beneath it. Such dipoles can be quite
large, where the energy modification could be on
the scale of a few eV [13,14]. Furthermore, any
changes in the surface atomic configuration, such
as differences in surface orientation (e.g., (001)
versus (111) surface of W) or termination (e.g.,
(001) SrO terminated SrTiOs versus (001) TiO2
terminated SrTiOs3), surface reconstructions, or
adsorbed molecules or atoms, can lead to
significant changes in the charge distribution at the
surface, leading to significant changes in the work
function. One example is shown in Fig 5(c).

The above discussion separately discusses the
impact of bulk electronic structure and surface
dipole on the work function. We note here that it is
common practice to assume these two quantities act
independently of each other. However, it is possible
for the bulk electronic structure to alter the surface
dipole and vice versa. As an example of bulk
electronic structure altering surface dipole, an
increasing Fermi level with bulk doping might fill
surface states and thereby change the surface dipole.
Surface changes can also effectively alter electronic
structure far into the bulk of the material when the
electrical screening of the material is low due to
insufficient mobile charges available for screening.
For example, surface adsorbates may dope
electrons (holes) into the system, creating a
positively (negatively) charged surface adsorbate
which acts to increase (decrease) the surface dipole,
and also simultaneously raise (lower) the Fermi
level of the near-surface material. Thus, for
materials with low electrical conductivity (e.qg.,
semiconductors or non-transition metal oxides), the
effects of surface dipoles and bulk electronic
structure modification may become coupled in the
near-surface region, complicating the
understanding and analysis of the work function.

Il. METHODS TO MEASURE THE WORK
FUNCTION

The importance of the work function for many
materials applications (see Sec. 1) makes accurate



measurement and prediction crucial to both
understanding material properties and materials
design. Over the last century a number of
techniques have been developed to measure work
functions. The most commonly used measurement
methods are based on electron emission (with photo,
thermionic or field emission) and contact potential
difference [1-3,9]. These methods have been
previously reviewed and compared [15,16]. In this
section, we discuss these methods specifically in
the context of the electrostatic energy profile
discussed in Sec. I. We emphasize here that,
regardless of the method employed, the measured
quantity is always the observed work function @,
seen at the detection probe, such as a photoelectron
spectrometer, an adsorbed Xe atom, a microscopy
measurement tip, or an emission-testing anode.
Thus, the measured quantity is always influenced
by the previously discussed effects of surface patch
fields and applied electric fields so that the
measured value, ®,, may not be equal to a local
surface work function @;.

A. Photoemission-based measurements

Photoemission-based measurement, typically
ultraviolet photoelectron spectroscopy (UPS), is
the most widely employed approach for reliably
measuring the work function due to its standardized
experimental setup, good electron energy
resolution, and the availability of high-brightness
photon sources [17]. However, we note here that
one should take extra caution when processing UPS
data with regard to applying a suitable bias, setting
up the correct sample-detector geometric
configuration, and interpreting data properly to
understand how the observed work function relates
to the local work function(s).

UPS directly employs the photoelectric effect by
measuring the kinetic energy of a photoelectron
emitted by the absorption of an incident photon.
However, due to conservation of the photoelectron
energy when traveling in the non-uniform vacuum
level towards the electron detector, the UPS work
function could not be directly derived by
subtracting the photoelectron kinetic energy from
the incident photon energy [3]. Consequently, as
pointed out by Cahen and Kahn, the standard

approach to calculate the work function from UPS
data is to subtract the photoelectron spectrum
bandwidth W between the Fermi edge Er and the
secondary electron cutoff E,,. —hv, from the
photon energy [3] (a schematic illustration and an
example are shown in Fig 6(a) and 6(b) [3,18]).
®y = Epac — EF
=hv+ E,;c —hv—Ep
=hv-W (8)

During a UPS work function measurement,
typically a small negative sample bias (5 to 10 V)
will be applied to guarantee an overall negative
electric field that accelerates the photoelectrons
away from the sample and towards the
detector [3,19,20]. As discussed in Sec. I.A, when
measuring a homogeneous metal surface, this weak
negative field will make the observed work
function @, equal to the surface local work
function @; . Meanwhile, as pointed out by
Helander et al., the sample surface needs to be
perpendicular to the spectrometer, in order to avoid
measurement artifacts caused by geometric
configuration [20]. Additionally, surface charge
can significantly perturb the measured work
function, so the sample must have high electrical
conductivity and good electrical contact with the
sample holder. If the sample is a semiconductor
with poor electrical conductivity, the measurement
is typically conducted on a thin film sample [44,45],
and one must carefully calibrate the Fermi edge
location, commonly towards a noble metal
electrode that is electrically connected to the
sample surface [46].

For a heterogeneous surface, the work function
interpretation will be more complex. We emphasize
our discussion in Sec 1.A.3 that the patch field
above a low-work-function area will decelerate
electrons emitted from this low-work-function
patch. Therefore, the observed work function
measured by the spectrometer depends on the
intensity of the applied negative electric field
compared to the critical field in Eg. 6.2. In the
absence of a strong applied electric field
comparable to or greater than the critical field, the
measured work function value for a heterogenous
surface with multiple work functions will be a
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patch-area-weighted average. As the negative
applied field becomes stronger, the measured work
function will decrease, asymptotically converging
to the lowest local work function across the surface
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when the external field exceeds the critical field [4].
An approximate solution of Eq. 6.2 for the typical
applied bias (~10 V) and sample-to-detector
distance (~1 mm) within UPS measurement shows
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Fig 6. (a) Schematic energy and spectroscopy diagram illustrating the procedure of subtracting work function
from UPS, directly indicating Eq. 7 (from Ref. [3] ©2003 WILEY - VCH Verlag GmbH & Co. KGaA,
Weinheim). (b) A set of real data for UPS-measured ITO work function (reprinted from Ref. [18] with the
permission of AIP Publishing). (c) Measured work function with UPS on a heterogeneous surface with zebra-
crossing coatings of CSH and FSH polymers (with 4.3 and 5.4 eV local work functions, respectively) under
weak field, resulting in average measured values across the surface (from Ref. [19] ©2017 WILEY - VCH
Verlag GmbH & Co. KGaA, Weinheim). The "symmetric” and “asymmetric” labels represent the measured
spectrums from a 50%:50% coated surface and a non-50%:50% coated one, indicating the measurements reveal
area-weighted average work function values. (d) An example of PEEM image on polycrystalline copper (from
Ref. [32] ©2006 John Wiley & Sons, Ltd.), with different work functions indicated by brightness differences.
This suggests the local work functions for microscopic grains are resolvable under high applied field.
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that one would not be able to get the lowest work
function if the patch size is smaller than ~100 pm,
assuming the work function heterogeneity is on the
order of 1 eV among different patches. This
straightforward application of patch field theory
implies that nearly all cases of work function
measurement by UPS are in fact the area-weighted

average of the individual patch local work
functions.
Several recent experimental investigations

confirm the conclusion that UPS-measured work
functions are the area-weighted average of
individual (patch) local work functions for
microscopic patches and weak fields. Bundaleski et
al. [8], and Schultz et al. [19,21] have studied the
photoemission-observed work function of several
example surfaces with heterogeneous work
function distributions. The results show excellent
agreement with patch field theory by observing a
surface-averaged work function value for a weak
applied field, and the lowest local work function
value for a strong applied field (in comparison to
the critical field). Note that it is the electrostatic
potential spatial distribution—including the patch
field—that causes this averaging effect, rather than
the limited spatial resolution or the spot size of the
photon source. That said, even if one were to
illuminate a single, micron-sized, low-local-work-
function grain with a highly focused photon source,
the UPS measured work function would still be the
area-weighted average value across a large area
(e.g., millimeters in size), as long as the applied
electric field is much weaker than the critical field.
On the other hand, a measurement with a
centimeter-sized photon spot would be able to
capture the lowest local work function on a micron-
sized patch if the applied field is strong enough
compared to the critical field.

The discussion above excludes the influence of
surface morphology on the observed work function
values. According to some studies, surface
roughness may significantly modify the work
function. However, different studies provide
different conclusions on how the work function is
modified. Some argue that the work function
decreases, due to local field enhancement

introduced by surface roughness [22], while others
suggest either a work function increase [23] or a
decrease [24,25] with increased surface roughness.
Overall, there does not appear to be a consistent
understanding of the physical mechanism behind
morphological influences on the work function at
this time [26-30]. Further work is still needed to
reveal the relationship between the observed work
function, surface morphological features such as
roughness, and the impact on observed work
function. Nonetheless, tuning surface morphology
to include extremely high-aspect-ratio features has
been widely used in field emission to reach a high
local field. For example, typical field emitters have
a sharp-tip shape, which provides a huge local field
enhancement that lowers the work function by the
Schottky effect as well as enables Fowler-
Nordheim tunneling for field emission (see Sec.
I1.C and Sec. IV.A).

To measure the lowest local work function on a
heterogeneous surface from a remote point, a
sufficiently large field is required in order to
overcome the patch field effect. Such fields are
possibly present in the case of photoemission
electron microscopy (PEEM) [31-35], with a ~1
V/um typical applied field that is capable of
cancelling out the patch field effect on a surface
with >~1 pum patches and <1 eV work function
differences. As a result, the work function
distribution across the sample surface is expected
to be resolvable, and it is possible to map out the
lateral work function distribution. An example of
such mapping is given in Fig 6(c), where the local
work function difference indicated by different
brightness areas (brighter regions indicate lower
work functions). In order to obtain the absolute
work function values, a spectroscopic measurement
is also needed during PEEM experiments [32].

Wandelt et al. proposed alternative approaches
to obtain the local work function value [36]. These
approaches include photoelectron spectroscopy of
adsorbed xenon (PAX) and two-photon
photoelectron spectroscopy (2PPES). PAX uses the
5p core level energy shift of adsorbed xenon atoms
to monitor the surface local electrostatic potential,
while 2PPES measures the energy levels of
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hydrogen-like surface states that transiently trap
photoelectrons [36]. In both cases, the local
electrostatic potential energies (vacuum levels) on
the surface have been directly measured, which will
yield surface local work function values.

Besides using photoelectron spectroscopy,
which measures the secondary electron cutoff of
the photoelectron spectrum, the photoemission
work function can also be extracted by measuring
the  photoemission current.  This  current
corresponds to the quantum efficiency (i.e., the
ability of an incident photon beam to liberate

electrons), which is proportional to (hv — ®)? [37].

Therefore, the work function can be extracted by
fitting the square root of photoemission current
versus the photon energy and finding the
intersection with the horizontal axis [38,39]. Again,
this method should comply with all of the
arguments on applied voltage and patch field effect
provided above.

B. Measurement based on contact potential
difference (Kelvin Probe)

The work function can also be obtained by
measuring the contact potential difference (CPD).
The CPD is the electrostatic potential difference
between surfaces of two metals that are in electrical
contact, therefore it is equal to the local work
function difference between two surfaces with the
proper experimental setup containing a well-
characterized reference metal surface. This method
is known as Kelvin probing (KP). Modern KP
experiments are frequently performed with an
atomic force microscope (AFM) using a non-
contact operation mode setup, called Kelvin probe
force microscopy (KPFM) [40-43]. The probe
(cantilever and tip for the case of KPFM) is usually
made of a conductive material with a well-known
local work function value and high chemical
stability, e.g., tungsten, gold, platinum, or silicon
coated with such metals.

The general process of KPFM experiment is
indicated in Fig 7(a) [43]. In a typical KP/KPFM
experiment, the sample and the tip are in electrical
contact through an external circuit, and an AC
voltage is superimposed onto a DC bias applied
between the sample and the probe. The external

electrical circuit connection ensures that the sample
and probe tip share a common Fermi level. The
total voltage between the tip and the sample is:
V= (VDC - VCPD) + VAC sin wt (91)
where Vpp is the contact potential difference
and w is the frequency of the AC voltage. The force
between the sample and the tip can be derived as:

L _ldc
T 2dz
dc 1 1
=4z [E (Vpe = Vepp)® + ZVAZC

+Vpe — Vepp)Vac sin wt

9.2)

where C is the capacitance between the sample
surface and probe. This force has three frequency
components, corresponding to 0, w and 2w, and
the w component is proportional to (Vpe — Vepp).
Therefore, when tuning the DC voltage bias to
make the w force component zero (or as small of an
absolute value as possible in a real experiment) the
applied V. will be equal to V.pp, Which is also
equal to the work function difference between the
sample and the probe [40]:
AD = eVipp = eV (9.3)
Kelvin probing directly measures the force
derived from the electrostatic potential gradient
influence on the probe. In the electrostatic potential
profile  landscape, Vp. compensates the
electrostatic potential difference between the
sample and the probe. Therefore, A® in Eq. 9.3 can
be considered as the difference between the
sample’s observed work function at the probe
@, (probe), and the probe tip (local) work function.
In a macroscopic (large-area tip) KP experiment,
@, (probe) might be equal to the average work
function on the sample surface. In contrast, the
small distance between the tip and sample (~10 nm)
in a typical KPFM experiment means that the
observation point is the local point, enabling the
direct measurement of the sample’s local work
function, un-perturbed by patch field averaging.
Moreover, since KPFM is a microscopic technique,
it is also possible to map out the lateral distribution
of the surface local work function and
simultaneously  provide a lateral spatial

1 2
~2 Vic cos 2wt]
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measurement resolution on the order of the probe
tip size. As a result, KPFM measurements can
provide local, rather than the average, work
function values across the surface (see Fig
7(b)) [19]. Additionally, if placing the KPFM probe

tip at a position that is farther away from the surface,

(a)

it could measure the electrostatic potential of the
corresponding position, which enables direct
mapping of the potential landscape of a patch field,
with a nice example shown in Fig 7(c) [19].

Many KP/KPFM instruments are operated in an
atmospheric ambient environment, so the surface
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Fig 7. (a) Schematic diagram of KPFM setup for work function measurement (from Ref. [43] ©2006 WILEY -
VCH Verlag GmbH & Co. KGaA, Weinheim). (b) An example of KPFM work function mapping for a
heterogeneous surface (from Ref. [19] ©2017 WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim). The
zebra-crossing pattern deposited with two different organic molecules, namely FSH and CSH, have a local work
function difference of 1.1 eV, which is directly detectable via KPFM. (c) An example of PEEM image on
polycrystalline copper (from Ref. [19] ©2017 WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim), with
different work functions indicated by brightness differences. This suggests the local work functions for
microscopic grains are resolvable under high applied field.
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may experience contamination (e.g., adsorption of
02, H20, CO») that will influence the work function.
For example, Kim et al. have reported that KPFM
measured work functions of indium tin oxide (ITO)
in air or Ar disagree with UPS measured work
functions measured under ultrahigh vacuum (UHV)
conditions [44]. However, this is a consequence of
the surface contamination, and not because the
KP/KPFM  work function measurement is
fundamentally unreliable. As Beerbom et al.
pointed out, UHV-based KP provides highly
reliable work function measurements [45]. Another
advantage of KP/KPFM is its non-perturbative
nature due to its non-contact measurement mode,
avoiding irreversible damage on the surface.
Surface damage can potentially be an issue with
high-energy photons in photoemission-based
methods. Beerbom et al. found the work function of
ITO decreased from 4.55 eV to 3.90 eV after the
UPS measurement, and this decrease is an
irreversible change related to surface chemistry,
suggesting the surface dipole was permanently
altered by the ultraviolet beam. Consequently, the
KPFM work function would be expected to offer
greater validity and reliability in this particular use
case [45].

C. Other experimental methods — thermionic
emission and field emission

There are additional approaches to measure the
work function by exploiting other mechanisms for
electron emission from the surface. These include
thermionic emission, where the electron gains
enough thermal energy to leave the surface at high
temperature, and field emission, where the electron
tunnels through a narrow energy barrier resulting
from a strong external electric field.

The Richardson-Laue-Dushman (RLD)
equation [46,47] with Schottky barrier
lowering [4,5] (Eq. 5 mentioned in Sec. 1.A.2)
describes the behavior of thermionic emission
current density J at temperature T from a cathode
with a single work function (i.e., no patch field),
when electron emission is temperature-limited (TL),
as opposed to space-charge limited,

= AT? ( Cb) (10)
T = AP T

The temperature variation method, also called as
the “total current” method, is a frequently used
method to measure the work function value. In this
method, the value of the work function @ is found
by fitting the RLD equation to experimental
data [48-50]. In particular, standard practice is to
fit a straight line to a graph of In(J/T?) versus
1/T, extracting an apparent work function from the
slope. However, it is important to recognize that
this apparent work function value is also associated
with an apparent value for the pre-exponential
Richardson constant A .

When calculating the theoretical value of A, the
electrons are assumed to act as a non-interacting
electron gas, where the energy levels of the
electrons are determined using the Fermi-Dirac (FD)
distribution. The value of A is obtained by
calculating the rate of which electrons will
overcome an energy barrier equal to the work
function from thermal excitations. This approach
gives avalue of A, = 4mmek?/h3 ~ 120 A/cm?/
K? [37]. However, this value ignores a number of
factors, including the fact that real materials have
very different densities of states than a non-
interacting electron gas, electrons will reflect due to
guantum mechanical scattering at the surface (or,
more precisely, the rates of tunneling from surface
to vacuum states may be quite different from the
simple  assumptions  of  the traditional
derivation [51]), and potentially other factors (e.g.,
electron depletion during emission [37,52,53]). In
general, these effects all tend to lower the actual
value of A below A,, consistent with what is
typically found experimentally and the requirement
of detailed balance between metal and electron
vapor [54]. A fully quantum mechanical treatment
of A was performed by Voss et al. [51], resulting in
predicted values of A for W (110) coated with Cs in
reasonable agreement with experiments that range
from ~ 40 to 200 times smaller than A,.

Meanwhile, examination of a number of
published thermionic emission articles reveals that
there are many cases in which the current-versus-
temperature data deviate, sometimes significantly,
from the RLD equation. This is an incentive for
additional research producing more physically
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complex emission models. It has been suggested
that the dimensionality of the emitter could cause
the emission current density to deviate from the
RLD equation. Ang et al. have studied the
thermionic emission current density through a
graphene-based Schottky interface, suggesting a
pre-exponential term proportional to T3 rather than
T2. More generally, a T# dependence is likely to be
present, originating from the dimensionality and
non-parabolic band structure [55-57].
Furthermore, the emission model suggested by
Chen et al. [4] shows that current emitted from a
heterogeneous cathode surface can deviate
significantly from the simplified RLD equation,
which can be accurately predicted by a more
complex model incorporating patch fields,
Schottky effect, and space charge physics. Recent
additional studies in our group suggest that for a
heterogeneous cathode surface with multiple local
work function values, when simultaneously fitting
both A and &, patch-field-caused distortions from
Eq. 10 to the J vs T curve can result in the fitted
work function value being artificially lower than
any local work function values actually present on
the surface, coincident with an artificially reduced
value for the fitted Richardson constant A [58]. Fig
8 shows the results of fitting simulated data from a
model surface comparable with typical dispenser
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cathodes — a checkerboard consisting of only 2 eV
and 4 eV. The fitted ® = 1.57 eV is smaller than
either of them, with a fitted A much smaller than its
conventional theoretical value.

Given the wuncertainty in A and in the
applicability of the RLD form (Eq. 10), there is
significant uncertainty in the meaning of apparent
work function values extracted from fitting In(J/T?)
versus 1/T data. This uncertainty is particularly
significant when the emission behavior deviates
from the RLD equation (i.e., In(J/T?) versus 1/T is
not linear) and especially when the fitting leads to
an A value differing from the conventional
theoretical value by many orders of magnitude. The
most objective conclusion to draw when RLD-data-
fits imply a radically different A value from the
conventional theoretical one is that the physics of
the emission is not well-modeled by the simplified
RLD equation and that the apparent work function
therefore cannot be reliably identified as any
particular local work function of an actual surface
of the emitting material. There is clearly a need to
develop more advanced models of emission physics
to capture the non-RLD behavior and to understand
the relationship between the measured emission
current and the local work function(s) from
heterogeneous thermionic cathode surfaces.
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Fig 8. Simulation and fitting of the thermionic emission from a heterogeneous cathode with a checkerboard work
function distribution. (a) The surface work function distribution and anode setup. The surface consists of 10 pm
patches with 4 eV and 2 eV local work functions. (b) The simulated current density, full space charge limited
current density and fitted curve for low temperature region, clearly showing a fitted work function (1.5 eV)
much lower than any surface local work function, and a very small A (102 of the theoretical value). (c) The
classical fitting procedure for the simulated emission current density by plotting In(J/T?) versus 1/T and linearly

fitting the low temperature part.
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Given the above observations, it is often
insufficient to only report a fitted apparent work
function to evaluate the thermionic emission
performance of a cathode. Specifically, when
emitted current density data yield an anomalously
low value for the extracted pre-exponential
constant A4, it generally means that the emission is
limited by complex physics mentioned above, and
the apparent work function is not a true work
function of the surface and does not really capture
the emission tendency. Consequently, the emission
performance may not be very promising even if it
shows an extremely low fitted ® (e.g., <1 eV). Thus,
we suggest that when discussing the thermionic
emission behavior of a cathode by fitting the RLD
equation, the fitted values of both A and @ need to
be reported. Alternatively, the anomalous value of
the fitted A can be avoided by only fitting the work
function value with A equal to its theoretical value
A, [59,60], especially at the temperature(s) of
interest to the application. This approach was
discussed by Hensley [60] as the effective work
function approach with the fitted & called the
effective work function of an emitter. It provides a
uniform scale to evaluate and compare the
thermionic emission behavior of different cathodes.

Other thermionic emission  measurement
methods include the calorimetric method [48,49]
and thermionic emission electron microscopy
(ThEEM) [61,62]. Similar to PEEM, ThEEM is
usually measured by applying a large electric field,
so the patch field effect may become negligible. In
those cases, ThEEM can provide information on the
spatial distribution of the work function on a
cathode surface. However, typical ThEEM
microscopes require the emission current to remain
low enough to avoid space charge distortion of the
electron optics. Therefore, ThEEM measurements
of work functions may need to be conducted at
temperatures much lower than temperatures of
practical application interest. If these practical
applications rely on phenomena that change the
emitting material surface conditions at high
temperatures, the ThEEM-inferred values, while
being correct for the temperatures at which they
were measured, may not be the values associated

with the higher temperature (higher emission
current density) conditions of practical importance.

Similar to the case of thermionic emission, the
work function can also be estimated from field
emission experiments [9]. In this scenario, the
Fowler-Nordheim equation is the governing
equation, which describes the emission current
density from electrons tunneling through the
potential barrier on the surface [37,63]:

A by
]F_klzgcfeXp< F)
where A is the same quantum mechanics-based
constant present in the Richardson-Laue-Dushman
equation, F is the applied electric field, and by and
cy are functions of work function and electric field
given by following equations:

(11.1)

by = %\/Zmdﬁv (—“ezi{‘}m’) (11.2)
¢ = hz—F\/Zmth <—“ezz4ng°> (11.3)

where the functions v(y) and t(y) above can be
approximated by

v(y) ~ 0.936814 — y? (11.4)

t(y) = 1+ 0.06489y + 0.0458308y? (11.5)

and y = \/e2F /4me,/® in these expressions.

Field emission experiments are typically
conducted with extremely high electric fields
comparable to the image charge potential (on the
order of 10° V/m or 1 V/nm). Hence, the observed
work function is the strong field local work
function discussed in Sec I.A.2, where Schottky
barrier lowering effect (Eg. 5) is significant.
Furthermore, this field is strong enough to
overwhelm the patch field created by patches larger
than a few nanometers and the patch field averaging
effect will likely not be observed in these
experiments.

Similar to the case of empirically extracting the
work function in thermionic emission experiments
by fitting to RLD equations with @ (and perhaps A)
as fitting parameter(s), the work function can again
be inferred by empirically fitting the Fowler-
Nordheim equation to the field emission data.
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However, in practice, there are often significant
challenges with this approach.

First, all the issues discussed above for fitting
the RLD equation, except those due to patch fields,
exist in fitting the Fowler-Nordheim equation to
field emission data, including the uncertainty in the
appropriate value of A. In addition, field emitters
are likely to have extremely sharp geometry to
enhance the local electric field, which could
significantly complicate the relationship between
the emission current density, the effective emission
area and the applied electric field. For example, the
current density is obtained by dividing the
measured emission current by the assumed
emission area. However, the strong electric fields
required for field emission typically result from
field-enhancing sharp tips, including often
unknown microscopically-sharp morphological
features on the surface with high geometric aspect
ratios. This makes it difficult to accurately know
the emission area and to precisely infer the work
function from the measured emission current versus
externally-applied voltage data [64]. Furthermore,
when measuring sufficiently high current densities,
space charge will also play a role in distorting the
Fowler-Nordheim type emission current [65-68].

The work function could be measured through
other approaches if it is involved in the related
physics. For example, in a low energy electron
microscopy (LEEM) experiment, the sample’s
work function could be measured by acquiring the
transition voltage between the mirror mode and
scattering mode with proper correction from the
electron gun’s work function, because such voltage
suggests the minimum energy for an incident
electron starting to interact with the material’s
electrons, exactly matching the work function
definition [69,70]. Again, since the technique is
based on microscopic method with high extraction
field, it is able to directly resolve the local work

function as the patch field effect has been overcome.

I11. WORK FUNCTION PREDICTION WITH
THEORETICAL, COMPUTATIONAL, AND
DATA-CENTRIC APPROACHES

Besides direct experimental measurements of
work function, it is also important to develop

mature approaches to calculate the work function
via computational tools. Computational predictive
models not only enable relatively fast exploration
of the work function values of different materials,
but also deepen understanding of the relationship
between work function and other physical
properties such as composition, structure and
surface chemistry. Historically, physics-model
based methods such as the free electron gas model
and jellium model were used to calculate the work
function of simple metal systems. More recently,
with the rise of computational science and the
development of density functional theory (DFT),
DFT-based work function calculation has become
the primary method to calculate work functions and
has enabled expansion of theoretical predictions to
more complex systems, such as oxides, borides,
nitrides, organic compounds, and low-dimensional
materials.

A. Pre-DFT methods for calculating work
function

In the mid-20" century, prior to the development
of modern digital computation, the work function
was calculated using simplified analytic theoretical
models. Several early works assumed a free
electron gas (Sommerfeld) model to calculate the
work functions of metals, using the early
understanding of metals with electron occupations
represented with a Fermi-Dirac distribution.
Wigner and Bardeen summed up the energy terms
of the electrons and ions of a metal, and compared
the energy difference between a metal system with
its missing-electron counterpart to calculate the
work function of alkali metals [71]. Later, Bardeen
included the effect of the dipole layer on the surface
to further modify the assumed free electron gas
model, and successfully reproduced the measured
work function of alkali metals [72]. These early
efforts provided relatively accurate calculated work
functions for alkali metals compared to
experimental values, with a typical error of 0.05 to
0.2eV.

Further development on the use of analytic
models to calculate the work function included the
jellium model (uniform electron model) where the
positive charge from the nuclei was considered as
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being uniformly distributed, and the near-surface
dipole from electron cloud spreading and
smoothing (as discussed by Smoluchowski [12]),
and the image charge effect were taken into account.
In 1971, Lang and Kohn went further by including
a pseudopotential of the nuclei, enabling the
calculation of the work functions for various crystal
surfaces [10]. They provided relatively accurate
predictions of work functions of simple metals,
including alkali and alkaline earth metals as well as
Al, Pb and Zn, within ~0.2 eV compared to
experimentally measured polycrystalline values.
However,  their  predictions  significantly
underestimated the work functions of noble metals
by ~1.5 eV due to the complex d-electron behavior.
Following that, Russier and Badiali further
advanced the approach in 1989 by including the d-
band and s-band hybridization, resulting in more
accurate calculation results, especially for noble
metals such as Ag, with errors smaller than 0.1
eV [73].

Despite the pioneering success of these methods,
significant limitations remain. At the time these
analytic  methods were  developed, the
computational capabilities of the time were limited
in the ability to numerically evaluate the resulting
expressions, hindering any extensive systematic
exploration. More significantly, these models were
only reasonably accurate for simple material
systems, i.e., free electron metals. For more
chemically complex material systems such as
oxides, organic compounds, materials with surface
adsorbates, or low-dimensional materials, these
traditional methods were not able to capture the
actual charge distributions and therefore the work
functions. The advent of quantum mechanical
computational methods like DFT have enabled
researchers to circumvent these limitations, as
discussed in the next section.

B. Work function calculation with DFT

1. Introduction and technical aspects of DFT
work function prediction
The vast increase in computational power since
the 1990s has made it possible to directly predict
the work function of a material surface via quantum
mechanics-based atomistic calculations. In solid

state materials science, the most widely used
quantum mechanical modeling method is DFT,
based on the Nobel prize-winning development by
Pierre Hohenberg, Walter Kohn and John Pople
that the ground-state energy is a functional of the
electron density [74]. Use of the correct electron
density minimizes the energy functional, enabling
DFT to predict the electronic structures of many-
body systems by considering the (vastly) simpler
case of single electron wavefunctions that interact
with the total electron density. In this way, DFT not
only gives the correct bulk electronic structures and
densities of states, but also correctly captures the
average electrostatic potential of electrons in the
materials. Therefore, DFT can be used to calculate
the Fermi level and the vacuum level away from a
terminating surface, thus vyielding the work
function. In contrast to the traditional analytic
theoretical models discussed above, DFT is an
atomistic calculation method, where the position
and type of every atom under investigation can be
specified. Therefore, detailed examinations of
different material composition, structure, and
surface termination and chemistry can be
systematically evaluated, yielding much deeper
understanding and insight compared to using only
analytic physical theory models. Some examples of
DFT work function calculations are shown in Fig 9.

DFT calculations of work functions of bulk
material surfaces typically use periodic boundary
conditions and a slab geometry, consisting of a
section of the bulk material cleaved along a specific
crystal plane. The termination of interest is thus
exposed, and a vacuum region is introduced into the
simulation cell. With periodic boundary conditions
the cell is repeated three-dimensionally to form
material slabs separated by vacuum regions. The
Fermi level is directly output from the DFT-
calculated electronic  structure. The DFT
calculation also provides the electrostatic potential
for each point in space of the system, which can be
used to calculate the converged planar-averaged
electrostatic potential along the direction normal to
the surface of interest. This converged electrostatic
potential value away from the surface is taken as
the local vacuum level. The work function is
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Fig 9. Examples of DFT work function calculations. (a) Charge density differences of BaxO coated on Hf (1012)
surface with different Ba coverage, which is closely related to surface dipole and work function (from Ref. [92],
Copyright © 2022 American Chemical Society). (b) Comparison of DFT calculated area-weighted average work
function versus their experimental measured counterparts of elemental polycrystals, suggesting consistent
prediction with a constant underestimation of the work function of about 0.24 eV (from Ref. [78], Copyright
2019, with permission from Elsevier). (c) The impact of chemical environment on work function of different W
surface facets. The stable configurations change with O chemical potential (from Ref. [91], Copyright 2018,
with permission from Elsevier). (d) The DFT calculated work function variation with coverage of different Ba,
Sc and Ba-O dipoles on W(001) (from Ref. [89], Copyright © 2010 American Physical Society).

computed as the difference between the Fermi level
(which is directly output from any DFT calculation)
and this local vacuum level.

Similar to performing DFT calculations of other
material properties, obtaining an accurate work
function value requires parametric convergence
tests. In slab calculations, this includes

convergence of the cutoff energy of the plane wave
basis set and k-point mesh, slab thickness, number
of surface layers relaxed, and vacuum region
thickness. Regarding the effect of slab thickness in
particular, Fall et al., studied the oscillation of
calculated work functions of thin metal slabs
resulting from quantum size effects, and formulated
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a post-processing method based on macroscopic
potential averaging which effectively reduces such
size effects, enhancing the convergence of work
function with slab thickness and enabling more
computationally efficient DFT simulations with
slabs comprising fewer layers to reach
convergence [75]. The calculation parameter
values resulting in converged work function results
are case-dependent. As a general rule of thumb, it
is typically sufficient to have a vacuum region that
is 15-20 A thick, a material slab that contains order
~10 repeat units, and a relaxed, near-surface region
of the slab that is 1-2 repeat units thick. However,
cases with long-range interactions, e.g., dipole or
strain effects, may require significantly thicker
slabs, and some systems may not show stable
convergence for a computationally tractable
supercell size. For instance, Lee et al. showed that
the wide bandgap insulator LaAlOz does not
contain a bulk-like region with converged
electrostatic  potential along the direction
perpendicular to the (001) surfaces, even when the
slab thickness has reached 16 layers (~29 A). In fact,
Lee et al. estimated it would take 26 layers before
convergence was obtained. This effect is due to the
large surface dipole on the perovskite (001)
surfaces, together with LaAlOs being an insulator,
making it more difficult to obtain a converged work
function than for a metallic material due to longer
Debye (electron screening) lengths in the
insulator [76].

2. Accuracy of DFT calculated work function

DFT has been used to calculate the work
functions of many kinds of materials, including
pure elements [77,78], metal hexaborides [79,80],
transition metal carbides and oxides [13,81-83],
and 2D materials like graphene and MXenes [84—
87], among others. Some recent studies have
benchmarked the accuracy of DFT calculated work
functions against available experimental data, and
in this section we discuss the results of these
benchmarking studies.

For elemental crystals, De Waele et al. [77]
compared experimental work function values of
polycrystalline metals to the lowest DFT-calculated
value among different surface terminations for each

metal, and found that DFT calculations performed
using the local density approximation (LDA) and
the more physically complex generalized gradient
approximation (GGA) vyield accurate work
functions with errors generally below 0.3 eV,
though it should be noted that LDA Yyields better
overall agreement with experiment (at least for
metals), while GGA tends to show a systematic
underestimation of the true work function. Tran et
al. [78] proposed an area-weighted DFT-GGA
work function based on the Wulff shape with values
that compared well with  experimental
polycrystalline data with a mean absolute error of
0.24 eV. In both studies the DFT-calculated work
functions  were  consistently  lower than
experimental values. These two studies obtained
errors between experiment and DFT that were
nearly the same, despite the use of the lowest work
function value in De Waele et al. and the area-
weighted average by Tran et al. This is consistent
with the fact that the work function variation
between different surface terminations for metals is
quite small, generally within ~ 0.2 eV [88].

More targeted DFT studies of tungsten and
hafnium with various surface orientations and
adsorbate types by Vlahos et al. [89], Jacobs et
al. [90], Zhou et al.[91] and Bai et al.[92]
demonstrated qualitative agreement between
calculated DFT work functions and experimentally
derived work functions from thermionic emission
experiments. However, such comparisons are less
reliable than the case of clean metals, because,
unlike clean metals, the surface of thermionic
dispenser cathodes is structurally and chemically
complex, and the precise coverage and structure of
the adsorbates, especially at the typical high
operating temperatures, is not rigorously
known [93].

For compound materials, Uijttewaal et al. [79]
and Schmidt et al.[80] have demonstrated
reasonably good agreement between DFT-GGA
calculated work functions and experimental values
for metallic lanthanum hexaboride (LaBe) for
different surfaces [94], with errors on the order of
0.1 to 0.5 eV. A recent study from Chambers and
Sushko [83]  carefully  controlled  SrTiOs
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terminations and calculated corresponding work
functions using DFT, where the results showed
quite satisfactory agreement between DFT and
angle-integrated ultraviolet photoelectron
spectroscopy (UPS) measurements on TiO2
termination, differing by less than 0.3 eV. There is
a relatively large deviation between the
experimental and calculated SrO-terminated work
functions (about 1 eV) likely due to the Sr
vacancies. Another work from Ma et al. [14]
performed a case study on SrTiOz using
experimental data where work function and surface
structure were studied together. This work included
careful comparisons between hybrid functional
Heyd-Scuseria-Ernzerhof (HSE) DFT-calculated
work functions and experimental values of the
same surfaces, showing an average difference
between DFT and experiment of about 0.2 eV, the
same level of accuracy as elemental materials. In
the work of Ma et al. [14], it was also demonstrated
that hybrid functionals like HSE are needed to
predict accurate work functions for semiconductors
and insulators, since semilocal functionals like
GGA do not give correct VBM and CBM energy
levels simultaneously, due to the underestimation
of the bandgap. However, it was found that GGA
can typically predict relative work functions almost
as accurately as HSE, for example, between
different surface terminations, and is thus often
suitable to more quickly calculate the influence of
surface adsorbates, terminations, or other effects of
surface modifications on the work function.

Overall, these studies on pure elements [77,78],
compounds [79,80], decorated surfaces [89-91],
and complex oxides [14,83] all indicate that
modern DFT-based methods, when used carefully,
provide reliable work function predictions
compared to experimental values, typically within
0.2-0.3 eV for most cases.
3. Advantages and disadvantages of DFT work

function prediction

A key challenge of obtaining DFT-calculated
work functions of chemically complex systems is
knowing the precise surface structure that is present
in the corresponding experimental or application
conditions. For chemically complex systems, the

work function is often highly dependent on surface
terminations [13,82] reconstructions [95-99], and
the presence of adsorbate species such as Oz, COg,
H20, etc. In addition, experimental samples often
have defects and/or reconstructions, which, along
with adsorbates, are sensitive to the material
preparation process and difficult to characterize at
the atomic level [14]. Thus, it is often difficult to
know at the atomic level what surface was
experimentally measured and ensure that the same
surface was precisely modeled with DFT. This can
make comparison of work functions between
experiment and theory difficult and uncertain.

On the other hand, the fact that DFT allows for
controlling the position of every atom being studied
opens the door to understanding trends and factors
influencing the work function in ways that are not
possible with experiment. For example, introducing
defects, modifying composition, placing adsorbates
on the surface, changing surface orientation and
termination, and adding strain are straightforward
to implement in DFT calculations, making it
possible to systematically investigate the influence
of these and other relevant factors on the work
function [14,81,82].

Other materials properties obtainable from DFT
calculations can also be used to further understand
the work function physics of different classes of
materials. As a concrete example, recent DFT
studies on perovskite oxides demonstrated a linear
correlation between the work function and the bulk
O 2p band center [100]. The O 2p band center is
defined as the centroid of the O atom component of
the projected density of states. The O 2p band
center is a bulk electronic structure descriptor
which serves as a proxy to estimate the work
function value and is much faster and easier to
obtain than an explicit work function calculation. A
similar correlation was also observed in the
calculated work function of two dimensional
MXene materials decorated with organic
adsorbates, where the O 2p band center of the
adsorbate molecule controls the work function [87].
Using bulk-calculation based descriptors of the
work function, such as the O 2p band center, not
only provides @ method of understanding work
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function trends, but also opens up the opportunity
for more efficient work function predictions based
on high-throughput DFT screening studies and
data-centric approaches. Recent work from Ma et
al. used the correlation of work function with the
bulk O 2p band center to screen more than 2000
perovskite oxide materials in search of potentially
low work function materials. They not only found
a handful of potential perovskite compositions that
contain specific surfaces with low work functions
of 2 eV or less, but also provided key design
guidance toward understanding which perovskites
should exhibit low vs. high work functions based
on the electron count of the transition metal in the
perovskite B-site, where transition metals with few
electrons (e.g. 1 or 2 d-shell electrons) have low
work functions while those with mostly filled d-
shells have high work functions [100].

DFT can provide mechanistic understanding of
the role of the work function in different
technological applications. For example, DFT has
been used to find the most stable surfaces and
corresponding origin of low work functions of
tungsten-based thermionic dispenser cathodes
under typical operating conditions [90,91]. Another
study systematically evaluated the modulation of
the work function of tungsten covered with a
monolayer of a variety of atoms using DFT, and
successfully explained the observed work function
trends being due to strain and surface dipole [101].
In solar photovoltaic applications, knowledge of
the work function is needed to assess electronic
band offsets (i.e., band alignment) between
different material layers comprising the solar cell,
which determine the efficiency of charge transport
in the device. Halide perovskite materials such as
methylammonium lead iodide (CH3NH3Pbls) have
undergone a meteoric rise in photovoltaic
performance over the past decade. DFT has been
used to study the work function and energy level
alignment of the methylammonium-terminated and
Pbl-terminated surfaces with other interfacial
layers to understand and explain experimental
observations of cell performance [102]. Finally, as
an example from catalysis, DFT was used in
conjunction with XPS measurements to compare

water reactivity of different LaFeOs surface
terminations, and investigate possible intermediate
species, providing helpful insight for the design of
catalyst materials [103].

Despite the large increase in computational
power over time, the size of the surface slab usable
in DFT calculations is still relatively small, usually
no more than a few hundred atoms with a slab
surface area smaller than a few nm?2 Due to the
limited size of the simulation cell, DFT cannot
directly accommodate defects at low coverage or
concentration, surface features with long
periodicity, or disordered, extended structural
domains, although in some cases one may be able
to extrapolate to the dilute limit the concentration
dependence of the work function based on smaller
simulation cells where the coverage or defect
density is high. Also, there may be additional
complexities or issues when introducing strong
electron donors or acceptors into the DFT
simulation cell. As an example, we consider Nb-
doped SrTiOz (Nb:STO). Pure stoichiometric
Nb:STO is an n-type semiconductor as Nb dopes
extra electrons into the system. However, after
introducing O adsorbates to the surface of a typical
DFT slab calculation, the system can become an
insulator if the oxygen accept more electrons than
the Nb donates. This effect can easily occur with
modest Nb doping and a significant surface
coverage of oxygen because the surface slab in
DFT is small and the absolute number of electrons
donated by Nb is small. Therefore, O easily drains
electrons from Nb:STO. In actual experiments, the
density of donated electrons in the bulk of Nb:STO
overwhelms the small surface area containing O
adsorbates, and thus maintains its n-type character.
If the electron donor/acceptor is on the surface, it
may form a surface dipole and thus create an
electric field across the slab and between periodic
images of the simulated slab, which may result in
shifts to the electrostatic potential [76] or large
changes to the electronic structure, such as
metallization of a semiconductor/insulator. To
avoid such artifacts, DFT dipole corrections can be
used, and a structurally symmetric slab which
contains the same surface species on both sides is
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often preferred as the dipoles will cancel each other.

For calculations with charged defects and/or
adsorbates, a background charge of opposite sign is
introduced to the system to avoid divergent
Coulomb energy. Such artificial charges are also
repeated via periodic boundary conditions, and the
interaction between them has an erroneous
influence on both the total energy and the one-
electron eigenvalues and eigenstates. Therefore, a
correction is needed, especially for the slab
calculations as the artificial counter charge may
induce spurious states in the vacuum. A recent
study devised a self-consistent potential correction
method addressing this issue [104], and this
correction has been implemented into the Vienna
Ab Initio Simulation Package (VASP), one of the
most popular DFT code packages.

C. Data-centric approaches to predict the work
function

In addition to theoretical and computational
approaches to calculate the work function, there
have been a number of recent studies employing
data-centric machine learning methods to predict
the work function.

The simplest work function values to predict are
those of elemental metals. Li et al. [105] tested a
series of regression models in predicting values of
59 elemental work functions comprising 5 alkali
earth metals, 37 transition metals and 17 rare earth
metals. They built their models using only the
mechanical properties of Young’s modulus, bulk
modulus, and shear modulus as features, and found
that the extreme gradient boosting (XGBoost)
model produced the best work function estimate
from 5-fold random cross validation with a root
mean square error (RMSE) of about 40 meV. This
low error on test set data illustrates the strong
physical connection between mechanical properties
and work function, which will be discussed in more
detail in Sec. IV.D.

Another example of predicting work function
using data-centric approaches comes from Xiong et
al., [106] who used machine learning to build
random forest regression models to separately
predict the work function of (001) AO- and BO»-
terminated perovskite oxides. The machine

learning models in their work used features based
on the elemental properties comprising each
composition under study, and also contained a
handful of DFT-calculated electronic structure
descriptors, including the O 2p band center. Their
models had an average root mean square error of
about 0.5 eV for materials with a work function
spanning a range of about 9 eV, indicating these
models are likely of qualitative utility to estimate
the work function magnitude but are currently
unable to provide quantitative prediction of the
work function. Interestingly, by analyzing the
relative importance of each of the features used in
their random forest models, they found that the O
2p band center was the most important feature for
predicting the work function of BO:-terminated
perovskites. On the other hand, the s- and d-valence
orbital radii of the A-site element were the most
important features for predicting the work function
of AO-terminated perovskites, with the O 2p band
center being the fourth most important feature.
These findings are broadly in agreement with the
qualitative arguments made by Jacobs et al. in
understanding the importance of electronic band
levels and thus the O 2p band center, the dominant
factor for setting the BO»-terminated work function,
versus the role of surface dipoles, which is the
dominant factor for setting the AO-terminated work
function. Despite being largely governed by the
surface dipole, the bulk electronic structure and O
2p band center still play a sizable role in setting the
work function of the AO-terminated surface.

The work of Hashimoto et al. [107] sought to
conduct a Bayesian optimization-based active
learning campaign to screen through the Materials
Project database in search of materials with very
low and very high work function values. To
accomplish this, they fit a Gaussian process
regression model to a set of elemental features of
the bulk material composition, and used this model
to predict an approximate “bulk work function”,
which is obtained from the Fermi level of a bulk
DFT calculation. Their work resulted in low work
function materials like Cs (110) and high work
function oxides like KEuO2 (111). These extremal
cases make physical sense, indicating their model
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is at least qualitatively useful. However, reliance on
predicting the approximate bulk work function does
not capture the complex surface dipole physics
critical to obtaining accurate work functions for
many materials. Because of this, there are instances
where the model predictions and calculated work
function values have discrepancies of several eV,
indicating a failure of the model relying on bulk
features to screen work function for a wide range of
material chemistries. As a specific example, the
material LiEuO, has an approximate bulk work
function of 11.2 eV, but slab work functions range
from 3.9-5.4 eV.

A drawback of the work of Xiong et al. and
Hashimoto et al. is the reliance on predicting the
work function, a property of a specific material
surface, using only features comprising the bulk
composition of the material. For this reason,
separate models typically need to be made to
predict work functions of different surfaces or
different structural families or chemistries of
materials. For example, the work of Xiong et al.
focused exclusively on work functions of
perovskite oxides, and built separate models to
predict the work functions for AO- and BO:-
terminated  perovskite surfaces. A  more
sophisticated model of work function was
developed recently by Schindler et al. [108] In this
work, the goal was to develop a machine learning
model capable to predict the work function of a
wide range of material chemistries, and predict the
work functions of different surface orientations for
a particular composition. To do this, Schindler et al.
first conducted a suite of high-throughput DFT
calculations at the Perdew-Burke-Ernzerhof (PBE)
level totaling more than 23,000 surface slab
simulations for nearly 2500 unique materials
compositions comprising unary, binary and ternary
materials. Initial benchmark tests using a large
number of elemental property features of the bulk
materials showed a large 10-fold cross validation
mean absolute error of 0.79 eV. Focusing the
feature generation to just the near-surface region
resulted in slightly reduced errors of 0.61-0.64 eV,
depending on the exact method employed.
However, by (1) using physically-motivated

features based on a priori knowledge of previous
works, which found a strong connection of
electronegativity and atomic size to work
function [109], and (2) a surface-sensitive
featurization technique which used the minimum,
maximum, and average of the electronegativity,
size, first ionization energy and Mendeleev number
of the top 3 atomic layers of each surface, they
found that a random forest model produced 10-fold
cross validation mean absolute errors of about 0.19
eV, within the established range of DFT error of 0.3
eV. While understandable from the standpoint of
needing to calculate a large database of work
function values, it is worth pointing out that this
machine learning model has about a 0.2 eV mean
absolute error relative to DFT-PBE values, and for
materials such as semiconductors and insulators,
the PBE value of work function may still differ
significantly from the true experimental value, for
the reasons discussed in Sec. 111.B.2.

Overall, the use of machine learning approaches
for predicting work functions remains in the
nascent stage. We believe there are opportunities to
formulate improved models to predict work
function. One path that could yield more powerful
models is the use of more complete features based
on the structure of a surface slab as input. Models
with full structural awareness may be able to
discern the impacts of different bulk structures, e.g.,
distinguishing values for different polymorphs.
Such approaches might also be able to treat the
complex surface dipole physics which strongly
influences the work function values of ionic
materials like oxides, enabling more nuanced
prediction of the work function of different surface
terminations for a particular material. Many
sophisticated machine learning models that allow
for featurization of structure now exist, e.g., graph
based neural network approaches [110,111]. In
addition, as the work function can be separated into
a bulk component and a surface component, there
may b€ approaches which employ machine learning
to separately learn key features controlling the bulk
electronic structure and the surface dipole physics,
then combine the separate bulk and surface
component predictions into a work function
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prediction for a specific material surface. In sum, a
key challenge in this space is how to engineer a set
of features which is sufficiently complex as to
capture the rich work function physics across
materials chemistries and surface
orientations/terminations, yet simple enough to be
readily calculable, thus producing substantial time
and cost savings compared to performing a DFT
calculation or experiment to obtain the work
function.

IV. APPLICATIONS OF WORK FUNCTION
AND ENERGY LEVEL ALIGNMENT
ENGINEERING

The basis of many modern technologies relies on
moving electrons from a material to vacuum or
from one material to another, and the alignment of
the relative energy levels is essential to such
processes. Because the work function gives the
energy between the local vacuum energy level and
the Fermi level, and because this local vacuum
energy level might be directly of relevance or
shared between the two surfaces in some
approximation, the work function typically
provides a benchmark for the energy level
alignment. More specifically, such alignment might
be between a solid phase and vacuum, e.g., as in
electron emission, in which case the work function
of the solid gives direct information about the
relative energy levels of material and vacuum. Such
alignment may also exist between two condensed
phases, which is referred to as band alignment. In
this scenario, the electrons do not travel through
vacuum, so the work function is not directly
involved. Therefore, if changes from free surface
dipoles to interfacial dipole are modest compared
to the relative work functions, the relative work
functions serve as a useful band alignment guide at
the interface. Additionally, the work function of a
solid could also provide its relative energy level
compared to standard redox potential or specific
molecular orbital levels, e.g., the oxygen reduction
reaction. Thus, the relative work functions play a
critical role in many technologies where electrons
must be moved effectively between materials.
These applications include electron emission, solid

state electronics and electrocatalysis, to name a few.

Some of these applications with the role of the work
function illustrated are summarized in Fig 10.

A. Electron emitters

One direct application of work function
engineering is electron emission, the case where
electrons move from a material surface into
vacuum. This scenario can be thought of aligning
the energy levels between a solid-state cathode
material and its adjacent vacuum, where the work
function of the cathode serves as an energy barrier
for the emitting electrons, and thus directly relates
to the emission performance (i.e., emitted current
density at a particular operating temperature and
applied potential) of the cathode.

Depending on the mechanism of electron
emission, an electron emitter could be attributed to
one or a combination of the following types —
thermionic (hot), field (cold) or photo emission
cathodes [37,112]. As discussed in Sec. 1I.C, the
emission current density is commonly predicted
using the RLD equation (Eg. 10) for thermionic
emitters operating in the temperature-limited
regime, while for field emitters, the emission
current density is described by the Fowler-
Nordheim equation (Eqg. 11.1) [37]. There is also a
category of cathodes called Schottky emitters,
which uses a mixture of thermionic and field
emission mechanisms [37]. For photocathodes [37],
Einstein’s photoelectric equation (Eq. 7) indicates
that photoemission will only be enabled when the
work function of the cathode & is smaller than the
incident photon energy hv, and the quantum
efficiency is approximately proportional to (hv —
®)2. Therefore, a small decrease in emitter work
function will lead to a dramatic boost in emitted
current for all cathode types mentioned above.

Many different types of cathodes have been
developed for emission applications. For
photocathodes used for generating electron beams
in radiofrequency applications such as linear
accelerators, free electron lasers, and related
devices [37], people are pursuing low work
function coating materials to boost the device
performance, e.g., an alkali metal, such as Cs,
coated on GaAs or GaN, which could lead to a work
function reduction of 2-3 eV compared to the
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Fig 10. Some applications of work function engineering. (a) Schematic structure of dispenser B-type thermionic
cathode (©2018 IEEE. Reprinted, with permission, from Ref. [112]), showing the surface BaO dipole layer that
decreases the work function. (b) Schematic band diagram of a metal-insulator barrier, showing the work function
related Schottky barrier at the interface (Reprinted from Ref. [149], Copyright 2001, with permission from
Elsevier). (c) ORR reaction current density as a function of catalyst’s work function (Reprinted with permission
from Ref. [163]. Copyright 2014 American Chemical Society). (d) DFT-Simulated solar cell parameters as a
function of the work function difference between the TCO electrode and the (p)a-Si:H layer for different
distances of the Fermi-level from the valence band (Reprinted from Ref. [187], with the permission of AIP

Publishing).

uncoated material [113-116]. For field emitters
used as cold cathodes in vacuum electron tubes,
electron beam lithography, and electron
microscopes, one common method that has been
developed is the introduction of materials with
“sharp-tip” shapes, such as sharp-tip tungsten cold
cathodes, arrayed emitters such as Spindt arrays as
well as carbon nanotubes, to enhance the local
electric field [29,37]. In addition to geometrical

(e.g., sharp tip) and morphological (e.g., Spindt
array) engineering of field emitters, the field
emission current densities can be further enhanced
by applying a low work function material or coating.
Zhang et al. [117] and Nakamoto et al. [118] have
fabricated field emitters using low work function
LaBe (2.7 eV, compared to Mo or W based field
emitter with a ~5 eV work function). Nakamoto et
al. [119] have also employed TiN (3.2 eV work
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function) coating on Ni field emitter array to pursue
higher emission. Recently, there has been
significant research on negative electron affinity
(NEA) semiconductors derived from diamond and
nitrides [120-122]. These NEA materials have
been investigated for applications in photocathodes
and field emitter cathodes by proper energy level
pinning to facilitate the emission [120,123,124]. As
a canonical NEA material, diamond realizes its
NEA property from adsorption of H on the emitting
surface. While the NEA property results in
spontaneous electron emission of conduction
electrons in the diamond emitter, the wide bandgap
and thus electrically insulating nature of diamond
makes realization of current densities sufficient for
many functional applications difficult to achieve,
thus motivating the development of alternative
methods of realizing NEA materials capable of
producing high emitted current densities. Very
recently, researchers have created @ photoemission
cathode which realizes an effective NEA state
using optically-pumped hot electrons. These so-
called hot electron laser-assisted cathode devices
comprise a semiconductor-insulator-metal (e.g., Si-
SiO2-graphene) heterostructure where the electrons
originate from the semiconductor material, which
doesn’t need to have a low work function. By
combining photo-excitation (from an incident laser)
with an applied bias potential gradient, the
electrons are excited into the semiconductor
conduction band, tunnel through the insulating
layer and then emit from the metal layer. In the
example of a Si-SiO»-graphene device, graphene
has a high work function of over 4 eV, but the
applied bias and band alignment of the device
creates an effective NEA material because the hot
electrons from the semiconductor reside above the
graphene vacuum level after tunneling through the
SiO, layer, resulting in strong spontaneous
emission. This NEA property is mainly the result of
band alignment engineering as opposed to surface
chemistry modification (e.g., with H adsorption on
diamond), and opens the door to experimenting
with an array of different semiconductor-insulator-
metal combinations together with surface and
interfacial engineering [125,126].

For thermionic emitters that are widely used as
electron sources of electron microscopy, electron
beam lithography, and high-frequency vacuum
electronic devices, the main research efforts have
been devoted to lowering the cathode work
function and improving the operational stability
and longevity. Besides some early works on less-
stable oxide cathodes[127-129], the mostly
studied and commercialized materials are
hexaborides [130-132], tungsten-based dispenser
cathodes [133,134] and scandate dispenser
cathodes [112]. Hexaborides have moderately low
work functions of ~2.5 eV created by an
intrinsically polar surface. Dispenser cathodes, on
the other hand, are able to achieve apparent work
functions (extracted from thermionic emission
current measurements, see Section 11.C) of about 2
eV owing to the vaporization of the Ba-containing
impregnates and the adsorption of Ba-O monolayer
species that creates a large surface dipole. However,
dispenser cathodes generally suffer from lifetime
and contamination issues due to the volatile nature
of the impregnate species [112,135-139]. In the
past two decades, a subgroup of dispenser cathodes
containing Sc20s nanoparticles in the W matrix (or
the impregnate), commonly known as scandate
cathodes, has drawn great attention in both research
and industrial applications, due to the lower
apparent work function (about 1.5 eV) and higher
beam brightness of these cathodes compared to
non-scandate  dispenser cathodes. However,
scandate cathodes also have emission uniformity,
performance and manufacturing reliability issues,
and the mechanism of the lower apparent work
function still remains unresolved, though
understanding has Improved in the past few
years [91,140,141]. Recently, researchers have
proposed using stable oxides with polar surfaces to
obtain low work function emitters [13,100,142]. A
key area of current and future research is the
development of next-generation thermionic
emitters with low work function, long lifetime, and
low volatility.

B. Solid state electronic interfaces

The work function is a crucial property to
understand the electrical properties of material

28



interfaces in solid state electronics [143]. When
two different materials are brought into contact,
thermodynamic equilibrium will align the Fermi
levels of the two materials at the same energy, as
the Fermi level is the chemical potential of
electrons in the material. Thus, if the two materials
have different work functions, electrons will flow
from the lower work function material to the higher
one, leading to several effects at the interface.

Taking a metal-semiconductor interface as an
example, the electron flow will cause each material
to become slightly biased, where excess charge
would primarily accumulate on the semiconductor
side near the interface because of its relatively
lower (compared to the metal) electrical
conductivity, causing the formation of a space
charge region and band bending [143]. Meanwhile,
this charge flow will form an energy barrier at the
interface due to the contact potential difference. For
the contact of a metal and an n-type semiconductor,
as shown in Fig 10(b), if the work function of the
metal is larger than the work function of the
semiconductor, the metal-semiconductor junction
will be rectifying, and there will be a sharp energy
barrier on the interface, known as a Schottky barrier.
In the idealized case, its height (denoted as ®y,) is
determined by the metal work function &, and the
semiconductor electron affinity x, according to the
Schottky-Mott rule:

Oy, = Py — X (12)

On the other hand, if the metal work function is
smaller than the (n-type) semiconductor work
function, the interface region will be non-rectifying,
leading to the formation of an Ohmic contact.

The above Schottky-Mott rule (Eq. 12) and
associated models for rectifying and Ohmic
junctions are the simplest, ideal cases. In reality,
defects and imperfect bonding at the interface (e.g.,
dangling bonds) lead to charged interface states
which can pin the Fermi level and cause the true
Schottky barrier height to deviate from the ideal
case value. This makes the barrier height
calculation significantly more complicated. Several
theoretical treatments have been developed to deal
with the deviation of the Schottky barrier height
from the theoretical prediction of Eqg. 12. For

example, Freeoff and Woodall have developed an
effective work function model, which substitutes
the metal work function in Eg. 12 with a proper
weighted average work function of different
interface phases (“effective work function”, note
this term is different from the one previously
mentioned in Sec. 11.C, since they were discussed
by different researchers in different scenarios).
Schmitz, et al. studied the Schottky barrier between
n-type GaN and various metals, suggesting that the
barrier height indeed increases monotonically with
increasing metal work functions, although the value
does not scale proportionally. These studies suggest
that despite the additional complexity induced by
sometimes sophisticated interfacial chemistry, the
relative work functions of the metal and the
semiconductor are still relevant to the rectifying
nature and the Schottky barrier height [144,145].

The correlation between the work function and
the interfacial barrier height directly relates to
device properties such as charge transport across
the interface. Specifically, despite the possible
complex interfacial physics (which may cause very
weak dependence between work functions and
barrier height), tuning the work functions of both
sides of the interface is still an important approach
to achieve optimum barrier height or high-quality
Ohmic contact. For example, Tongay et al. have
used Br intercalation to tune the work function of
multilayer  graphene in  connection  with
semiconductors, and consequently modified the
barrier height and device performance of the
Schottky diodes. Tang et al. have reported a
uniform method for solution-processed doped films
that are able to reach ultrahigh or ultralow work
functions, which is essential for good Ohmic
contact in device engineering [143,146-151].

The work function is also a critical property in
electronic devices comprising multiple junctions,
such as transistors. One important case is the metal-
oxide-semiconductor  field effect transistor
(MOSFET) devices that are widely used in the
micro- and nano-electronics industry. The heart of
a MOSFET is a metal-insulator-semiconductor
(MIS) structure, in which the flat band voltage,
which is the gate voltage required to flatten the
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band bending in the near-interface region of the
semiconductor base, is directly influenced by the
work function difference between the metal gate
electrode and semiconductor base [143]. The flat
band voltage plays a significant role in determining
the threshold voltage of a MOSFET, which is the
most important parameter of the transistor [152].
Therefore, tuning work function of the gate metal
(or base semiconductor) of the MOSFET could
effectively tune the device performance. Examples
of such tuning include using binary alloy
systems [153] or p-doped gates on n-MOSFET
devices [154] to control the threshold voltages.
Additionally, as modern electronic devices are
fabricated to be ever smaller, several effects
induced by small length scales that cause
drawbacks in device performance have become
more significant. It has been suggested that these
effects could be eliminated with proper work
function engineering. For example, Deb et al. has
shown that a continuous work function variation,
created by alloy mole fraction variation in the gate
electrode material, could suppress the drain-
induced barrier lowering effect in silicon-on-
insulator MOSFET devices [155]. Hou et al.
demonstrated that an increase of gate electrode
work function reduced the gate-to-channel
tunneling in off-biased n-FETSs, and the use of a
metal gate with a mid-gap work function resulted in
a significant reduction of gate to source/drain
extension tunneling in both n- and p-FETs [156]. In
multi-gate devices, work function engineering is
also important for more optimal device design.
Researchers have suggested for the fin-FETs, the
work function variation on gates could affect the
device performance parameters such as threshold
voltage [157] and current flow shape [158]. Proper
electrode treatment for effective work function
engineering has been employed to improve fin-FET
device performance [159].

Overall, for solid state electronic devices,
engineering the work functions of various materials
comprising the heterostructures of a device is
particularly critical for reaching desirable electrical
connection and controlling device performance by
tuning barrier heights. To sum up, the work

function strongly influences the relative energy
level alignment across interfaces in solid state
electronic devices, therefore is one of the key
properties to understand and to tune, in order to
boost the device performance.

C. Catalysis

A chemical reaction is often accelerated by a
solid catalyst that binds species relevant to the
overall reaction. Such binding often involves
electron transfer between the catalysts and the
adsorbed reactants, typically involving the Fermi
level of the catalysts and the highest occupied
molecular orbitals (HOMOSs) or lowest unoccupied
molecular orbitals (LUMOs) of the reactants.
Therefore, the catalytic behavior can correlate with
the relative alignment between the catalyst Fermi
level and the reactant orbital levels, and therefore
with the work function of the catalyst. However,
determining the expected qualitative relationship
between work function and charge transfer between
the catalyst and reactants needs careful
consideration of contributing factors, as we
illustrate below.

First, consider the case of a reactant or product
that is essential to the rate limiting step (RLS) of a
reaction and is adsorbed on the surface of a catalyst
in a way that includes some charge transfer (i.e.,
chemisorption). For simplicity, assume that
approximately one electron is transferred from the
catalyst to the adsorbate (e.g., F on Cu), the catalyst
has a simple homogeneous surface, the adsorbate
has a fixed energy level to take the electron that is
not altered by adsorption, and there are no external
fields. All of these constraints can be easily relaxed
without changing the qualitative trends implied by
the following arguments, but the ideas are clearer
for this simplified case. One might expect that the
energetics of the electron transfer are related to the
work function. To understand how this relationship
emerges, think of the electron transfer as taking
place in two steps: (i) the electron is removed from
the clean catalyst surface to a local point, and then
(i) the electron is returned to the surface to reside
on the adsorbate. The first step, by definition (see
Eqg. 3), results in an energy cost equal to the local
work function ®. The second step results in an
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energy gain associated with moving the electron
from the local point to the adsorbate. If the electron
and adsorbate were both in the vacuum region, this
energy would be, by definition, the adsorbate
electron affinity (EA) (if the adsorbing species is
giving out electrons, this will be the ionization
energy IE). However, since the adsorbate is not
strictly in vacuum in step (ii), there may be
significant energy modification, which is denoted
as an energy gain of AE. Thus, the energy of the
charge transfer process can be written as & — EA —
AE per electron, or n(® —EA—AE) for n
electrons, where n is positive for electrons
transferred from the catalyst to the adsorbate. For a
given adsorbate reactant and a series of catalysts, if
we assume that the AE term (and the EA term, by
definition) is approximately constant, then the
energy to transfer electrons scales with the catalyst
work function plus a constant shift. We propose
that it is a reasonable qualitative assumption that
the Gibbs free energy Gy of the binding of a species
X consists of dominant chemical binding term that
is proportional to the charge transfer energy and a
more modest charge transfer independent constant,
G ie.,

Gx = An(® — (EA + AE)) (13)
Here A is a reaction-specific coefficient of
proportionality assumed to be positive (i.e., more
energy gained in charge transfer will lead to a more
negative binding energy that stabilizes binding).
The (EA + AE) and Gy terms are expected to vary
only modestly among catalysts with similar
properties (which are considered as belonging to
the same catalyst family), e.g., among all simple
metals or all transition metal binary oxides.

This simple analysis suggests that for a given
reactant, the binding energies associated with
significant charge transfer should have a strong
correlation with the catalyst work function for
catalysts in the same family. However, such
correlations are not expected to be exact, as many
factors above we approximate to be constant may
change to some extent between different catalysts
(e.q., surface dipoles induced by the adsorbate, the
adsorbate electron affinity or ionization energy,
etc.), and the binding energy may not be exactly a

linear function of the charge transfer. Since the
adsorption energies of species in the RLSs largely
control catalytic rates, we conclude that work
functions and catalytic rates are likely to show
correlation for a given reaction within a catalyst
family.

Consistent with the preceding arguments and
binding energy model, correlation between work
function and catalytic rates is in fact well
documented, as discussed below. Meanwhile,
before we give examples, it is useful to consider
extending the arguments just provided to
electrocatalysts.

In many electrochemical reactions it is a good
approximation to assume that the overpotentials are
set by the relative Gibbs free energies of the
adsorbates in the initial and final states of the
RLS [160]. This can be written as

AG Gp — Gg

=— —E° E° 14.1
1 ne ne ( )

where 7 is the overpotential, Gy is the Gibbs free
energy of the adsorbate state X, with P and R
standing for product and reactant, respectively, n is
the number of electrons transferred in the RLS, and
E° is the standard potential for the reaction.
Assuming binding energies behave as described
above for the chemical catalysis case, then we
expect that

AG =Gp—Gr=A(np —ng)®+C (14.2)
where A is the proportionality coefficient, and C
represents the contributions from (EA + AE) and
G terms, as well as any other species within the P
and R states that are not bound to the catalyst, e.g.,
ions formed in solution. Since the (EA + AE) and
G terms likely do not vary much within the same
catalyst family, and the contributions from the
unbound species are independent of the catalysts, it
is plausible that C is approximately constant within
a specific catalyst family. Therefore, an
approximately  linear  dependence of the
overpotential on the work function of the catalyst is
expected. It should be noted that the second term C
in Eq. 14.2 is not expected to be small, and even
modest variations between catalysts could wash out
the work function dependence of the first term in
Eqg. 14.2. It is therefore likely that Eq. 14.2 is only
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applicable in limited situations, and particularly for
cases where the catalyst family has very strong
similarities (e.g., as might occur for a series of Pt-
group metal catalysts).

As a concrete example, for water splitting in acid,
the adsorbed intermediates have been proposed to
be, in order of their formation, O>*, HOO*, O*, and
HO*, where * denotes a surface adsorption
site [160]. If the HOO* — O™ reaction were the
RLS, then the overpotential would be set by the
Gibbs free energy of reaction for HOO* + e —» O*
+ OH", which we denote as AGy+_pyoo+. For fixed
applied potential, pH and temperature, the only
terms that change with catalysts are the energies of
the species on the surfaces, i.e., AGo*_poo* =
Go* — Groo + C' = A(ng= — nype~)® + C. Here
we have used the expression for binding energy
from Eq. 13 and €’ and C are terms assumed to be
approximately constant within a catalyst family.
Given the different oxygen content of O* and
HOO¥*, it is likely that n,-and nygo+ are quite
different, leading to a strong dependence of
AGy+_poo+ On the catalyst work function. The
correct RLS for water splitting in acid on metal
catalysts is generally believed to be the reaction
OH* + H" + & — H20 (liquid) + *[160]. If we
assume this is correct, then, following the same
argument given for the previously discussed RLS
step, it could be predicted that the overpotential for
water splitting is approximately AGoy+«_. =
Angy=)® + C , where C represents a term
approximately constant across similar catalysts.

We now describe some computational and
experimental examples demonstrating  the
correlations implied by the preceding binding
energy model (Eqg. 13) and associated arguments.
We note that Eqg. 13 implies that the binding energy
trend with @ has a slope that depends on the sign of
the charge transfer. We will define two types of
(electro)chemical ~ reactions:  “Electrophilic”
(reductive for the adsorbate(s)) reactions are ones
where the RLS benefits from binding species that
effectively take electrons from the catalyst and
place them on the adsorbate(s). In contrast,
“electrophobic” (oxidative for the adsorbate(s))
reactions are ones where the RLS benefits from

binding species that effectively take electrons from
the adsorbate(s) and place them on the catalyst. We
would expect that electrophilic (electrophobic)
reactions have negative (positive) trends in relevant
binding energies and associated reaction rates with
catalyst work function.

An example of such trends in experiments are
given by the empirical observation from by
Vayenas et al. that for non-Faradaic
electrochemical modification of catalytic activity
(NEMCA) [161,162], the catalytic reaction rate r
exponentially depends on the catalyst work
function ® through:

T b — b

lna=a T (15)

where a and ®* are reaction- and material-specific
constants. Vayenas et al. found that « is positive
(negative) for an electrophobic (electrophilic)
reaction, just as is implied by our analysis above.
Furthermore, our arguments suggest that activation
energies for RLS, which tend to correlate to binding
energies, will be linear in the catalyst work function.
Thus, the linear dependence of In(r) on work
function is very consistent with our model. Linear
dependence of In(r) on work function is quite
common throughout the examples below.

Further supporting our model is that a generally
negative dependence between the catalyst work
function and catalytic reaction rate has been
frequently observed for many “electrophilic”
reactions. For example, Cheon et al. found a linear
decrease in electrochemical oxygen reduction
reaction (ORR) current density as the work
function of a doped nanocarbon catalyst
increases [163]. Stoerzinger et al. and Hong et al.
have studied LaMnOs-type perovskites, and
showed that the work function correlates to the
ORR rates by indicating the interfacial band
bending related to electron transfer during such
reactions [164,165]. The work from Trasati [166],
Calle-Vallejo et al. [167], and Losiewicz et al. [168]
on hydrogen evolution reaction (HER) all show that
the HER exchange current increases exponentially
as electrode work function decreases, where the
negative correlation is consistent with the reaction
being fundamentally reductive.
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Similarly, abundant examples also indicate the
opposite (but expected) trend for “electrophobic”
oxidation reactions. Kumar et al. showed that the
methane oxidation activation energy decreases
linearly (i.e., reaction rate increases exponentially)
with the increase of a series of catalyst work
functions [169], consistent with the reaction being
oxidative. Similarly, As reported by Vayenas et al.,
the NEMCA in oxidation reactions with B”-Al,O3
iIs exponentially increasing with the catalyst
average work function. Grimaud et al.
demonstrated the oxygen evolution reaction (OER)
current density of perovskite catalysts positively
correlates with the oxygen p-band [170-173],
which in turn correlates positively with work
function [13,100].

A somewhat counterintuitive example of
catalyst trends with work function is that a number
of studies have shown the oxygen surface exchange
coefficient in perovskites, k*, also correlates
positively with the oxygen p-band [170-172] and
therefore positively with work function. For all of
the systems studied in deriving these positive
correlations the mediating species for the oxygen
exchange process that set k* are oxygen vacancies,
which reduce the catalyst when they are formed and
are therefore “electrophobic” reactions. Thus, the
positive correlation between k* and work function
is consistent with the trends expected from our
above analysis and Eqg. 13. Interestingly, Lee, et
al. [174] showed that for a set of interstitial oxygen
transport materials k* was negatively correlated
with work function. For these materials, the
mediating species for the oxygen exchange process
that set k* are oxygen interstitials, which oxidize
the catalyst when they are formed and therefore
represent an “electrophillic” reaction. Thus, the
negative correlation between k* and work function
in these materials is also consistent with the trends
expected from Eq. 13. In summary, all the above
correlations between catalyst or electrode work
functions and reaction characteristics are consistent
with the qualitative and in some cases even
quantitative implications our above analysis based
on Eqg. 13.

In general, we expect significant correlation
between work function and the energetics of any
process involving exchange of electrons at the
material surface, such as surface adsorption, charge
transfer, and redox. Thus, it is possible to tune
catalytic properties of specific electrochemical
reactions by tuning the work function of the catalyst
surface [33,175]. These results, and many others,
suggests work function engineering is a critical tool
when designing high-performing catalysts.

D. Work function for materials design with
targeted mechanical properties

Qualitatively, the work function is a measure of
how strongly a material binds electrons. As electron
binding strength is deeply intertwined with overall
chemical bond strength, it is reasonable to expect
there are relationships between work function and
mechanical properties of materials. Hua and Li
showed there is a simple relationship between the
Young’s modulus E of polycrystalline elemental
metals and their corresponding (polycrystalline)
work function, E = a¢®, where a is about 0.02
GPa/eV®. [176] It is worth noting that there is some
significant spread in the data, and a range of 0.5 to
2 times this quoted a value of 0.02 is needed to
fully bound the dynamic range of the data [177].
This sixth-power scaling law of Young’s modulus
to work function can be modified to also correlate
yield strength and hardness with work function,
provided the Poisson ratio of the material is
known [178]. Lu and Li also extended their
previous work to include correlations of work
function with bulk modulus, thermal expansion
coefficient, and Debye temperature [179]. We note
here the quality of fits for yield strength and
hardness do not seem as robust as that of Young’s
modulus, likely reflecting the fact that yield
strength and (particularly) hardness are sensitive to
the material microstructure and associated
dislocation dynamics responsible for deformation,
and are thus not strictly intrinsic materials
properties. In addition, the relationships described
above all involve polycrystalline, elemental metals,
and the performance of these scaling laws to
include alloys and more complex microstructures
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(e.g., those with mixed phases) appears to be
largely an open question.

Some correlations between work function and
mechanical properties in alloys has been
demonstrated. For example, Lu et al.[180]
correlated the change in Young’s modulus and
hardness of X70 steel alloys with varying amounts
of Ni with the corresponding change in work
function as measured using a scanning Kelvin
probe. Given the higher work function of Ni
compared to Fe (the primary component in X70
steel), it was observed that increasing the Ni
content led to an increase in work function and a
corresponding increase in the measured Young’s
modulus. Once greater than 10% Ni was added, and
particularly once at least 30% Ni is added, the
material shows phase separation between the
original X70 phase and a Ni-rich FeNiz secondary
phase. This secondary phase was shown to have
lower hardness and lower measured work function
than the parent X70 material. This result is
interesting as it demonstrates that microstructural
patches of X70 and FeNis phases display patchy
work function behavior and different local
hardnesses. A follow-on study by Li et al. further
connected work function differences and their
associated potential drops across material
interfaces with the mechanical quality of the
formed interface [181].

Overall, the work function of metals is
physically connected to the underlying bond
strength, thus forming a link between work function
and the mechanical and thermal properties of
materials. Work in this space has focused primarily
on polycrystalline elemental metals, but the study
from Lu et al. on X70 steel indicates that correlative
relationships persist when considering metal alloys
as well. Additional work in this space to make and
validate empirical relationships between work
function and mechanical properties of alloys and
complex microstructures with a distribution of
different material phases could be helpful for
guiding the design of materials with targeted
mechanical properties.

E. Other applications: energy harvesting, water
splitting, solid-state batteries, gas sensing

Work function-based energy level alignment
serves as a useful guide for a number of related
applications.

Work function has been involved as a key factor
in many energy harvesting applications, i.e.,
transforming other forms of energy to electricity.
Thermal energy can be harvested directly from
thermionic emission through so-called thermionic
converters, in which alkaline metal adsorption from
the vapor is the primary approach to lower the
cathode work function [39,182]. In solar
photovoltaics used to harvest photon energy,
similar to solid state electronics, work function
serves as an important factor for controlling charge
transfer. For example, as pointed out by Qi and
Wang [183], when the electrode-active layer
contact in the organic solar cell is non-Ohmic, the
open-circuit voltage will largely depend on the
work function difference of the electrodes. It has
also been suggested that the built-in electric field,
open-circuit voltage and efficiency of Si-based and
organic photovoltaic cells strongly correlates with
work functions of the transparent conductive oxides
(TCO), and a higher work function is generally
preferred [184-187]. Recently, tuning the band
alignment (thus work function) of the electron and
hole transport layer materials has been one of the
key factors contributing to the recent boost of the
halide perovskite (e.g., using methylammonium
lead iodide (MAPbDI3)) solar cell efficiency to
nearly 25% [102,188,189]. Additionally, Varpula
et al. reported an approach to harvest mechanical
energy from two electrodes with different work
functions by vibrating one electrode relative to the
other [190]. Because the work function difference
between electrodes introduces a built-in electric
field, such electrode motion will do work in the
field, transforming kinetic energy of the electrode
to electrostatic energy.

In a photocatalytic water splitting reaction, the
water molecules decompose into H* ions and O
after absorbing photons and holes, and H* ions
combine with electrons to form Hz. Thus, a key
process is separating electrons and holes before
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recombination, in which case proper band
alignment plays a significant role. Beasley et al.
have studied a series of metals in the metal-TiO-
heterostructure for photocatalytic water splitting
and discovered a linear increase of hydrogen
production with the increase of metal work function
in the heterostructure [191]. This is because a
higher metal work function makes it energetically
more difficult for electrons to transfer back to TiO>
to initiate electron-hole recombination, resulting in
a higher hydrogen yield. Similarly, for water
splitting photoelectrochemical cells, Ye et al. have
also tuned the C3N4 electrode work function by
boron doping to enhance the charge
separation [192]. Meanwhile, they have also
managed to reduce the interfacial energy loss and
increase the open-circuit voltage of BiVO4
photoelectrochemical cells by tuning the work
function via Mo doping, which is also beneficial for
water splitting.

Band alignment is also involved in many studies
on batteries. Recently, Gao et al. [193] have
studied the gassing issue of the spinel LisTisO12
anode of the lithium-ion battery, pointing out that
the Li-rich surface and oxygen vacancies lower the
anode work function, which translates into an
increasing chemical potential that greatly promotes

the interfacial reaction of electrolyte decomposition.

Warburton et al. have investigated the interfacial
thermochemistry and band alignment of a solid-
state Li-ion battery with lithium lanthanum titanate
electrolyte (LLTO) using DFT calculations [194].
The study points out the TiO.-terminated surface is
more likely to be involved in redox reactions
because the conduction band minimum of LLTO is
lower than the Fermi level of metallic Li anode,
when aligning the vacuum level together, which
makes electron transfer to LLTO more favorable,
leading to the decomposition of the electrolyte by
reducing Ti*" cations to more reducing states. This
could explain the tendency for decomposition of
TiO> terminated LLTO. Such band alignment also
shows the difficulty of charge transfer in the
presence of a La>Os buffer layer, suggesting its
potential application as an interface coating
material.

There are also numerous examples related to
other application aspects. For example, Li et al.
have investigated using TiO2-SnO2 core-shell
heterostructure nanofibers for gas sensing [195]. In
such a heterostructure, TiO2 has a lower work
function (4.2 eV) compared to SnO; (4.9 eV),
meaning that extra electrons will flow from TiO2 to
SnOy, significantly increasing the detection
response towards acetone and ammonium.

V. MECHANISMS OF WORK FUNCTION
ENGINEERING

Since work function depends on the bulk
electronic structure and surface dipole, there exist
two main strategies to realize work function
engineering. They are (1) tuning the bulk electronic
structure, i.e., setting the location of the Fermi level,
or (2) tuning the surface dipole to modify the
surface potential. It should be noted that many work
function engineering approaches, such as doping
and composition tuning may vary these two factors
simultaneously, in which case the work function
change is a mixed effect [13,82,186].

A. Tuning the Fermi level

Assuming a rigid band model, the Fermi level
can be directly modified by doping free carriers into
the material. On the other hand, it is also possible
to alter the shape of the band structure by
composition changes, oxidation state variation, and
defects.

The first approach we discuss is to dope the bulk
material. The dopant atoms will not only provide
excess free carriers, but also add dopant energy
levels that modify the original band structure, and
both of these effects will change the electron filling
level [186,196]. This doping strategy is typically
employed in semiconductors or transition metal
oxides. Klein et al. have studied transparent
conductive oxides (TCOs) such as Al-doped ZnO,
SnO2 and ITO [186], and quantified the Fermi level
shift and work function change in terms of dopant
and material processing methods. As shown in Fig
11(a), the work function is negatively related to the
Fermi level. That is, the work function decreases as
the Fermi level is increased above the VBM. As
mentioned in Sec. I.B, it is hard to derive a clean
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(a) The work function dependence of Fermi level for

different TCOs (from Ref. [186]. Copyright: open access, credit to the original authors). (b) Computational
results for a series of perovskite (001) work functions with different terminations (typically AO and BO;
terminations have opposite dipole moments) (from Ref. [13] ©2016 WILEY - VCH Verlag GmbH & Co.
KGaA, Weinheim). (c) DFT-calculated platinum electrode’s work function dependence on different adsorbed
halide functional groups (from Ref. [216]. Copyright: open access, credit to the original authors).

linear relationship between these two quantities
because it is not possible to fully decouple the
surface dipole effect when taking the Fermi level
shift into account.

In the limit of very high doping levels (e.g., a
few percent or more), the material is effectively
alloyed, and the composition is tuned significantly,
leading to significant changes to the band structure.
This is typically the case of work function
engineering via Fermi level modification in
transition metal oxides, in which case not only the
electron filling level has been changed, but also the
band structure. It could be imagined that with high
composition flexibility, composition tuning can be
used for more precisely altering the band structure.
Meanwhile, the electronic band structure might
also vary with the cation chemical states or defect
concentrations, especially for transition metal
oxides, in which the cations may adopt different d-
band filling levels associated with stoichiometry
and oxygen vacancy concentration. Greiner et al.
measured the work function for a set of transition

metal oxides [197]. Their work suggests that the
work function decreases with decreasing cation
oxidation states and increasing oxygen vacancy
concentration [197], which could be attributed to
increasing donor doping states associated with
oxygen defects, and higher concentration of low
electronegativity cations.

Another possible way to tune the bulk electronic
structure is to introduce strain into the original
material. Peng et al. have studied the work function
of armchair graphene nanoribbons (AGNRs) under
different strain states with DFT calculations [198],
and saw an increase in work function under tensile
strain. This change could mainly be attributed to the
changes in Fermi level associated with bulk
electronic structures evolution under different
strain states, since the local vacuum level barely
changes during this evolution.

The work function modification magnitudes
realized from doping, significant composition
changes, and strain, are varied. By altering the
material composition and cation valence states, the
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work function could change by a few tenths of an
eV to up to a few eV when the band filling levels
become significantly altered. Strain, on the contrary,
generally has a minor effect on the band structure
compared to the changes resulting from
compositional and valence state effects, making the
modification of work function smaller, typically on
the order of 0.1 eV [13,82,197,198].

Another example of tuning the Fermi level of the
material is represented by negative electron affinity
materials. In these materials, the Fermi level is
tuned to be in the conduction band, and the vacuum
level lies within the band gap, below the conduction
band minimum. Materials with such properties,
with the most widely known example being
diamond with adsorbed H, are promising
candidates for field emitters and photocathodes,
provided the surface features necessary to have
negative electron affinity can be maintained during
emission [121,122,199].

B. Tuning the surface dipole

In addition to tuning the bulk electronic structure,
an alternative approach is to modify the surface
dipole. Some studies have argued there are two
distinct mechanisms related to surface dipole
modulation, namely adsorbate-induced dipole and
charge transfer-tuned dipole [198]. Sometimes
there will be charge transfer between the bare solid
surface and adsorbates during adsorption, making
the total dipole moment a mixed effect of altering
the surface dipole and modifying the electronic
structure and Fermi level in the near-surface region
of the material.

The scale of surface dipole effects can be
understood in terms of the Helmholtz equation,
which gives the relationship between work function
change A® and surface dipole density from an
electrostatic potential perspective:

AD = —Z 1 (NN (16)
€o

Here, e is the elemental charge, N is the density
of surface molecules, and u,(N) is the dipole
moment per molecule that is perpendicular to the
surface [89,200]. This equation can be understood
by considering the surface dipole as a charged
parallel capacitor, and the resulting work function

change equals the potential energy change when an
electron passes through the capacitor. Such model
is well supported by numerous computational
works, showing that after applying reasonable
estimates of dipole density and moments, the
Helmholtz equation gives good estimations for the
work function modifications [161,201,202].

Every solid surface has its own intrinsic dipole,
originating from broken symmetries and dangling
bounds on the surface [9]. With further surface
treatments, such as adsorption of functional groups
or sputter etching, this dipole can be modified in a
purposeful way. For example, the adsorption of Cs
or Ba species will lower the work function of W
dispenser cathodes [112], and hydrogen plasma
dry etching has been observed to enhance field
emission performance of silicon nanowires [203].

1. Exploring materials with intrinsic dipoles

Typically, intrinsic surface dipoles have small
magnitudes, especially for metals and metal alloys,
and therefore a small effect on work function
(typically on the order of a few tenths of an eV). As
discussed in Sec. 1.B, conduction electrons in
metals and alloys are well-modeled as an ideal
Fermi gas, and their surface dipoles are mainly
from smoothing or spreading, where the actual
elemental composition near the surface and
associated charge plays a small role [12]. Thus, the
work functions of most metals are 4 to 5 eV, except
for alkali and alkaline earth metals which generally
have work functions around 2 to 3 eV. Furthermore,
the work function differences between different
orientations and surface terminations for metal
systems are small, around 0.3 to 0.5 eV [88,204].

However, in more chemically complex material
systems such as oxides, the simple Fermi gas model
is no longer applicable since the electrons are
mostly ionically or covalently bonded or localized
near the ions. The distinct charge states among
different elements cause large variations in both the
Fermi and vacuum levels for different materials and
different surface terminations, resulting in a large
spread of work functions from ~0.85 eV for
Cs20 [205] to 7 eV for V205 [206]. This 7 eV value
for V205 is much higher than the work function of
refractory metals like Mo and W, partially because
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of the large surface dipole of V.Os. For chemically
complex materials like oxides, due to the
electronegativity differences among different
compositional elements, the top-most atomic layer
and the layer beneath may lie in different charge
states, forming a polar surface with a large dipole
moment, where the dipole moment could result in
an effect of a few eV in magnitude if estimated by
the Helmholtz equation. In these cases, tuning the
intrinsic dipole moment may be an appealing
approach for work function
engineering [13,14,82,83,207]. In first principles
calculation works by Jacobs et al. [13] and Zhong
and Hansmann [82], the (001) AO-terminated and
BO»-terminated work functions in perovskite
ABO3 compounds are predicted to differ by over 4
eV. For example, according to Jacobs et al., SrO-
terminated SrVOz is predicted to have a 1.86 eV
work function, whereas the VO.-terminated
counterpart is predicted to be 5.89 eV. This large
work function range of oxides is also evident from
experiments. Chambers et al. has measured the
work functions of (001) SrO- and TiO2-terminated
Nb-doped SrTiO3[83], showing a 15 eV
difference between these two terminations.
Similarly, the origin of low work function surfaces
in some commercial thermionic emitter materials
such as LaBs and CeBs, can also be at least partially
attributed to an intrinsic dipole moment between
the cation layer and boron framework [138,139].
This suggests that by exploring material systems,
tuning compositions, and selecting surface
orientations and terminations, it may be possible to
access a wide range of work function values by
altering surface dipole moments. Although recent
studies have focused on perovskites, other material
systems which can stabilize the intrinsic polar
surface would be of interest for using this polarity
to engineer work functions.

To achieve stabilization of intrinsically highly
polar surfaces it is likely that materials with high
electrical conductivity (for example, conductive
oxides) are needed. Typically, strongly polar
surfaces are not stable due to the additional
electrostatic energy introduced by the strong
surface dipole [208]. Insulators compensate such a

dipole with surface adsorption or reconstruction,
diminishing the intrinsic dipole moment [95,209].
On the other hand, with enough free electrons,
metallic systems can simply screen such a dipole
moment by moving electrons [76,210]. In order to
achieve metallic behavior in oxides, transition
metal elements should be included to provide
additional electrons for the formation of a partially
filled conduction band. This explains why, as
mentioned above, perovskites have been
investigated for work function engineering with an
intrinsic dipole moment. Other conductive oxides
such as spinels [211] or Ruddlesden-Popper phases
might also be amenable to significant, stable
intrinsic surface dipoles. We suggest that it is an
open research opportunity to further explore these
and related materials systems for promising work
function engineering material candidates.

2. Additional surface treatment to modify the

dipole

Although the surface dipoles could be in
principle tuned by exploring compositions and
structures of different materials, in practice it is
often challenging to find a material that has both a
significant surface dipole and good properties in
other application aspects, such as melting point,
electrical conductivity, mechanical strength.
Therefore, modifying the surface dipole by surface
treatments of the base material for the proposed
application may offer more practical appeal.
Several examples of such treatments include
introducing surface adsorbates, adding buffer
layers, and etching the original surface.

A good example of this surface treatment
approach is the dispenser cathode, which is
mentioned in the above sections. During operation,
the high temperature of the cathode vaporizes the
Ba in the impregnates and enables a BaO
monolayer to form on top of the tungsten body,
creating a large surface dipole that reduces the W
intrinsic work function by over 2.5 eV [112,200].

Besides the case of BaO-impregnated dispenser
cathodes, GaAs and AlGaAs photoemitter work
functions are modified by cesiation of their surfaces.
Additionally, other functional groups, such as
halides, -OH or -H, -O (or O2), have also been used
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for modifying the work function of graphene,
MXene, bare metals, etc. [198,212-216] The work
function modification is typically associated with
charge transfer between the base material and the
functional group. Generally, the surface species
with higher electronegativity, such as -O, tends to
attract electrons from the material, creating a dipole
that increases the work function. Other adsorbates
such as -H tend to donate electrons and create
dipoles that decrease the work function [198].
However, according to the Leung et al. [214], this
IS not always the case as the charge transfer and the
electron cloud behavior could be complex on the
surface. In some cases, for example O on W, the
work function may decrease for certain
arrangements of O on W when the spreading of the
electron cloud tail creates a positive effective
dipole relative to its clean surface counterpart.

Surface dipoles are also modified by other
surface treatment methods, such as sputtering and
chemical etching [217-219], which are effective
approaches for work function engineering for
specific applications. For example, Joo et al.
explored BCla/Ar plasma etching of Al-doped ZnO
thin films, reporting a 200 meV work function
increase resulting from this treatment [218].
Bruening et al. studied the effect of chemical
etching of CdSe, reporting  significant
modifications of the work function, including
increases of 0.5 to 0.7 eV with oxidizing etching,
and decreases of 0.3 eV with a following reducing
etching [219].

VI. SUMMARY AND OUTLOOK

In this paper, we reviewed the basic physics of
work function, its measurement and prediction
methods, followed by applications and mechanisms
of work function engineering. We reviewed the
fundamental physics regarding the work function
definition, especially the role of patch and applied
fields, clarifying the local nature of surface intrinsic
work function and introducing the concept of the
observed work function. We reviewed the physics
determining the work function, emphasizing the
important roles of bulk electronic structure and
surface dipole. We reviewed the common work
function measurement methods together with their

advantages and limitations. For the canonical
photoemission-based method, we summarized and
stressed some finer points related to correctly
performing and  interpreting  results  of
photoemission experiments and discussed the
important influence of patch field effects on work
function interpretation. For common methods of
extracting work function values from electron
emission, we emphasized the importance of citing
both the fitted work function and pre-factor
constants. We reviewed the DFT prediction method
and the recent development of machine learning
approaches, showing their power in work function
calculation and understanding. We summarized
some particularly important fields among the vast
applications of work function engineering. We
pointed out the two main strategies of work
function engineering based on work function
physics, namely tuning bulk electronic structures
and surface dipoles.

Given the importance of work function
engineering, and the existing unsolved problems of
its fundamental physics, there are many current and
future research opportunities. We discuss some of
these future opportunities below.

A. Work function and electron emission
physics and models

In this review, we have discussed the work
function behavior under different field conditions,
especially under the patch field induced by surface
heterogeneity. However, this understanding is still
only in the nascent stages. For example, the
discussion in this review focused only on a
simplified flat surface with two kinds of patches
that only differ in local work functions (i.e., with
identical sizes and shapes). On real surfaces, the
physics is generally more complex. For example,
the surface can have more than two local work
function components, with different patch sizes and
shapes. Many emitting cathode surfaces will be
porous and rough, rather than smooth. The
roughness may affect emission through local
electric field enhancement, porosity may result in
electron emission from within pores, and complex
realistic morphology will generally result in
complex space charge electric fields. Quantitative
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theoretical predictive models incorporating these
effects are needed to accurately predict critical
characteristic parameters of photo-, thermionic and
field electron emission such as onset photon energy,
current density versus temperature and applied
voltage, spatial distribution of emission current,
discrepancy between fitted and theoretical
Richardson constant values, beam shape and
emittance.

The discussion on fundamental work function
physics in this review has mainly focused on metals.
Given the technological importance of
semiconductors in micro- and nano-electronics,
fuel cells and solar cells, electrocatalysis and water
splitting, it is important to understand how
ionization energy, electron affinity and work
function behave under different field conditions,
with few mobile carriers, wide interfacial charge
regions, and energy band bending on the surfaces
and interfaces.

B. Computational work function predictions

In the past few decades, considerable progress
has been made on predicting work function with
computational tools. However, exciting and
important further opportunities remain.

First, there are still relatively large
disagreements between computationally predicted
and experimentally measured work function values,
especially for complex materials and surfaces. This
can be partially attributed to the difficulty in
capturing the exact surface structures for these
systems, which, in turn, affects other surface
electronic and chemical properties. Therefore,
advanced models are needed to more accurately
predict work functions and many related surface
phenomena on complex surfaces. Additionally,
leveraging machine learning approaches for work
function prediction is still at the nascent stage.
Present models still have relatively large prediction
errors and limited domains of applicability. This
leaves great opportunities for future research, to
expedite work function predictions on complex
material systems and reveal nuanced physical
relationships between work function and other
material and surface properties.

C. Work function engineering targeting various
application needs

Across different application areas, there is an
increasing demand for optimizing device
performance by tuning the work function of a
material to realize desirable band alignments and
other properties.

For example, low work function materials with
high electrical conductivity, robust stability, and
good mechanical properties would make promising
candidates for next-generation electron emitters.
Recent research results show the potential benefits
of discovering how to weaken patch electric fields
by reducing local work function heterogeneity and
enlarging emission surface patch sizes.

In solid state electronics, properly tuning the
electrode work function with advanced specific
materials would enable further optimization of the
electron migration behavior across interfaces. This
has potential for advanced device applications such
as designing high-frequency Schottky diodes with
proper barrier height, or controlling threshold
energy and suppressing small-size drawbacks for
MOSFETs. Moreover, it will enable deeper
understanding of how the electrode work function
couples with other interfacial phenomena such as
interfacial states and oxide charges, to influence the
device performance.

Carefully controlling the energy level alignment
between catalysts (i.e., the work function,
ionization energy or electron affinity) and reactant
species (i.e., HOMO or LUMO), should
significantly improve the performance of a material
in catalytic reactions. There are also opportunities
to enhance the charge separation in water splitting
and suppress the interfacial degradation in solid-
state batteries with proper work function
engineering.

D. In-situ work function measurement, and

connection between work function and exact
surface structure.

Accurate measurement of work function is a
crucial research topic in surface science. As
discussed in Sec. Il, various methods have been
employed to measure the work function. However,
these methods are generally conducted ex-situ and
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are therefore unable to characterize the surface
structures and chemistry under the application
conditions. Since the work function is extremely
sensitive to the surface changes, these ex-situ
measurements may yield misleading discrepancies
between the measured work functions and their
actual values under the application conditions.
Advanced characterization methods that could
measure the work function in-situ and thus connect
the work function with the surface microstructures
and behaviors during device fabrication and
operation, would enable deeper fundamental
materials science insights and device performance
optimization.

Given the significant impact of patch fields on
emission energy barriers and observed work
functions, it is critical to properly configure
experiments (e.g., applied electric field and probing
distance) for correct local work function
measurements. Furthermore, advanced in-situ
measurements of work function distributions on
heterogeneous surfaces would provide valuable
Insights on the influence of local work function
heterogeneity in various applications.

E. Systematic investigations of materials for
work function engineering

It has been proposed that several material
systems are naturally suitable for work function
engineering because of the high tunability of their
electronic properties (i.e., bulk Fermi level position
and surface dipole). Therefore, another opportunity
involves systematic investigation of bulk materials
or surface species that are suitable for work
function engineering, including polar oxides such
as perovskites and spinels, or different functional
groups (fluorine, hydroxide, alkaline or alkaline-
earth metal species, etc.). Many of these materials
with extreme work functions tend to be less stable,
presenting research opportunities for
fundamentally understanding and controlling their
instabilities.
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APPENDIX I: VALUES OF CUTOFF
ENERGY, DISTANCE, ELECTRIC FIELD,
AND PATCH FIELD

In Sec. | we discussed many quantities related to
work function definitions and their behavior under
different field conditions. This appendix section
describes our precise definitions for what we
consider negligible, small, large, etc. This section
provides a set of self-consistent values of these
quantities that is valid for typical applications
involving work function from the equations
mentioned in Sec. I.

We first derive a distance where the image
charge potential energy is negligible based on Eq 2,
in which case the electron could be considered as
no longer being influenced by the solid surface.
Typically, a length of “several nm” is quoted by
researchers as the distance that the electron is far
enough from being impacted by the surface. At this
range the magnitude of the image charge potential
energy (compared to 0 at infinity) is not larger than
~0.1 eV, which is negligible in most applications in
which the work function is involved. To set a
simple specific value for this work we select this
distance as 5 nm, corresponding a -0.07 eV image
charge potential energy.

Next, we evaluate the relative strength of the
(negative) applied electrical field to determine if we
are in low or high (or neither) field limits relative
to the image charge by considering the magnitude
of the Schottky effect (Eg. 5). We define a weak
field as one that leads to a negligible lowering of
work function due to the Schottky effect. If we
assume the same 0.07 eV as used above as a
negligible energy is straightforward to show that
the for Schottky barrier lowering is 0.07 eV for a
field of 3x10° V/m (or approximately 10° V/m).
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Thus, any electric field less than this value will be
considered as a weak field in this work. On the
other hand, if the applied field could cause a barrier
lowering much larger than this value such lowering
is then significant in many applications. We will
take 0.4 eV as a clearly significant lowering of the
work function. If we solve for the field that leads to
an 0.4 eV lowering from the Schottky effect (Eq. 5)
we get 1x108 V/m, and we will consider any value
equal or greater than this as a strong field. The
fields between 10° and 10® V/m are intermediate
and will have a modest effect whose importance has
to be assessed based on the specific situation.

Another area where certain assumptions are
needed is when we evaluate the interplay between
the patch field and applied field, based on Egs. 6.1
and 6.2 in the main text. In this case, the observed
work function strongly depends on the applied
negative field even if it is in the weak field scenario
discussed above. Here we just provide two
examples, showing the critical field for
macroscopic and microscopic patches. Assuming
the local work function difference between the
lower and higher work function patches is 1 eV, and
neglecting re-factors on the order of magnitude of
1, the critical field for a surface with 1 mm (1 pum)
patches is 10 V/m (108 V/m).

In Table 1 we summarized the above discussed
quantities, the associated equations, and the typical
values. It is noted that by simply plugging different
values in these equations, one can adjust these
quantities for any conditions or constraints.

Table 1. Quantities and values related to work
function physics.

Quantity Equation Value
Distance from 5nm
cathode that image

charge potential is

negligible  (local | Eimg(d)

distance) e?

Negligible energy | = ~16re,da | 0.07
for applications eV
with work function

change (image

charge potential
change from 5 nm
to infinity)

~108
V/im

Typical upper bond
of weak field
(lowering the
barrier by 0.07 eV)

AD =

~108
V/im

Typical lower bond
of strong field
(lowering the
barrier by 0.4 eV)

4re,

~10°8
Vim

Critical field for 1
mm patches with 1
eV work function

difference Oy — P,

=
I

~108
V/im

Critical field for 1
pm patches with 1
eV work function

ek\/S

difference
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