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Work function (WF) plays a key role in many physical and
chemical phenomena, such as the semiconductor field-
effect,1 photo- and thermionic electron emission,1,2 ca-
talysis,3 etc. This fundamental property of electronically
conducting materials is defined4 as “the minimum work
required to extract an electron from the Fermi level EF of
a conducting phase through the surface and place it in
vacuum just outside the reach of the electrostatic forces
of that phase”, into a so-called vacuum level. Since even
a clean surface is a physical discontinuity, a surface dipole
η with its associated electric field always appears at the
surface of a condensed phase. Thus the work of extracting
the electron can be conceptually divided between the
work required to free the electron from the bulk and the
work associated with its passage through the surface. The
discussion of chemical modulation of WF in this Account
is therefore divided into two parts: bulk modulation and
surface modulation. We also guide the reader through
the concept of utilization of the charge-transfer complex
formation in solid-state chemical sensors for the detection
of electrically neutral species. Finally, we will show how
this effect can be measured and utilized in solid-state
chemical sensors for electrically neutral species.

Chemical Modulation of Bulk Component of
Work Function
When two dissimilar electronic conductors are placed in
contact, electrons flow from the material that is less noble
(e.g., copper) to the more noble material (e.g., palladium)
until an electrostatic equilibrium is reached and the
contact potential Vc is formed at their junction. The
contact potential is the most ubiquitous of all interfacial
potentials, because of the multitude of possible combina-
tions of electronic conductors, yet its absolute value
cannot be measured.

When ions are partitioned between a solution of
electrolyte and an ion-selective membrane, an interfacial
potential is established that can be viewed as an analogue
of a contact potential, the contact being made by the
transferring ions. This type of charge transfer is described
by the well-known Nernst equation, π ) π0 + (RT/zF) ln
ai, where the interfacial potential is defined “per mole”.
It is important to realize that in both cases an integral
value of charge z (i.e., one electron or one ion) is
transferred which alters the electrostatic equilibrium at
the interface and leads to an integral value of slope of the
dependence of the interfacial potential on the logarithm
of the activity of the charged species in the two phases.
In the case of a multivalent ion with charge z, this slope
has a value of RT/zF. Thus, for example, at 25 °C the slope
of the response of an ion-selective electrode is 59 mV/
decade of change of concentration of the univalent ion,
29 mV/decade of concentration change of the divalent ion,
etc.

The situation is substantially different in the case of
chemical modulation of the work function.5 For example,
when electrically neutral molecular hydrogen dissociates
at the surface and dissolves in palladium, it changes the
electron affinity of the metal, thus its work function and
consequently the contact potential between palladium
and copper. The origin of the contact potential is again
the distribution of electrons between Pd and Cu, but the
cause of the change of this distribution is the interaction
between palladium and hydrogen. In order to scope the
analytical usefulness of this type of interaction, we shall
examine the more general reaction between neutral gas
molecules and a semiconductor. Since the Fermi level is
defined with respect to one electron, the slope of the work
function response is expressed in terms of kT.

If a donor molecule, e.g., gas G, enters the semicon-
ductor matrix, it transfers (or accepts) a fraction of its
electronic charge to (or from) the semiconductor accord-
ing to

This charge-transfer equilibrium can be written as
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where KG is the equilibrium constant, PG is the partial
pressure of the gas, and R is the solubility of G in the solid
phase. Thus the product RPG is the concentration of
dissolved gas G in the solid phase.

The ease with which a molecule forms an ion, either
by accepting or donating one electron, is given by the
average of its molecular electron affinity, Ea, and its
ionization potential, Ip, the so-called Mulliken electro-
negativity coefficient ø6:

On the other hand, the ability of a semiconductor to
donate or accept electrons is uniquely related to the
energy of the electron in its Fermi level, EF. The transfer
of fractional charge δe can be viewed as a redox equilib-
rium between the dopant and the matrix in which the role
of the electron donor, and of the electron acceptor, is
relative and governed by the difference between ø and EF,
respectively.

The coefficient ê is a proportionality constant that will be
discussed later.

The Fermi energy (level) is derived from the Fermi-
Dirac statistics which describes the distribution of indis-
tinguishable, non-interacting particles in n available en-
ergy levels. It can be used for electrons or holes, the chief
formal difference being in the presence of the degeneracy
factor g which in silicon is 2 for a donor and 4 for an
electron acceptor. The values of g for an organic semi-
conductor are not known a priori. Otherwise, the argu-
ments concerning the interactions of the donors and
acceptors are the same. The non-Fermi-Dirac distribu-
tion of indistinguishable interacting particles has been also
developed.8 Both forms of the statistics of the particle
distribution lead to the same final result in this analysis.

The occupancy of the levels by the donor molecules D
is

where N ) ND + ND+, the Fermi level, EF, is the average
value of energy of electrons in the phase, and ED is the
dopant energy level. The basic premise of calculation of
the Fermi level is the condition of charge neutrality in the
bulk of the phase.1 In other words, there is no internal
electrical field in the bulk of the semiconductor. As long
as the charge remains inside the phase, the Fermi level,
EF, equals the chemical potential of the electron. The
experimental observation of the charge-transfer complex
formation under these conditions can be made, e.g.,
spectroscopically.7,8

Rearrangement of eq 5 yields

Thus, EF varies logarithmically with the concentration of
the primary dopant. The energy band structure of organic
semiconductors is more complicated than that of silicon.
Nevertheless, the coupling of the secondary dopant, such
as a gas molecule, is expected to occur through one of
the energy levels defined by the primary dopants. For the
time being, it is not necessary to specify what this state
may be. In the case of some organic semiconductors, it
could be the polaron or the bipolaron state which has
been shown to form charge-transfer complexes with
various organic vapors.8

We shall now use N as the total primary dopant
concentration (e.g., the donor) and link it to the charge
transfer from the gas molecules through the electron-
exchange equilibrium. The ionization equilibrium involv-
ing this level is

Combining eq 2 and 7 then yields

and substitution into eq 6 yields for a n-type semiconduc-
tor

or

where the standard dopant energy level at unity partial
pressure of gas G is

Equation 11 is the relationship between the position
of the Fermi level in an n-type semiconductor, and the
partial pressure of the donor molecules in the gas phase.
A similar relationship can be derived5 for the p-type
semiconductor for which the ionization of a discrete
acceptor state NA is given as: NA + e ) NA-.

The resemblance of eq 11 to the Nernst equation is
more than coincidental; the fundamental difference lies
in the fact that the change of the experimentally observ-
able parameter EF with the partial pressure of dopant gas
has a fractional value given by the δ, while in the Nernst
equation the slope has an integral value given by the
charge z on the partitioning ion. Thus eq 11 can be
viewed as a more general form of the Nernst equation that
includes the charge-transfer modulation of the Fermi level
of electronic conductors.

Formation of charge-transfer complexes is a common
occurrence in organic chemistry, and there are also
analytical reactions that utilize this type of interaction. The

KG ) [e]2δ/RPG (2)

ø ) 0.5(Ea - Ip) (3)

δ ) ê(EF - ø) (4)

ND+ ) N[1 - 1
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kT ] (5)

EF ) ED + kT ln(ND/gDND+) (6)

ND ) ND+ + e (7)
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materials particularly suitable for this type of transduction
are organic semiconductors because they can be pene-
trated by a wide variety of gases. They are also the
materials on which the validity of eq 11 has been
experimentally verified. The direct confirmation of the
relationship between the electron affinity of the polymer
matrix (expressed as the initial value of the WF) and its
response to the secondary doping was made.8 In those
experiments various formulations of conducting polymers
were prepared, and the value of their initial work function
in nitrogen has been determined with the Kelvin probe.
The polymers were based on polypyrrole and p-poly-
phenylene doped with different levels of different anions.
This provided a series of materials with the WF ranging
between +60 to +615 mV (versus Au reference plate). The
polymers were then exposed to stream of the following
vapors (in nitrogen): CH3OH (4.6 mM), i-C3H7OH (0.8
mM), n-C6H14 (1.6 mM), and CHCl3 (1.2 mM). The
concentrations were determined by gas chromatography.
Following the exposure to a given vapor, WF reached an
equilibrium value in less than 60 s. In those experiments
the observed modulation of WF was the difference be-
tween the vapor and the nitrogen value for each polymer.
The results in Figure 1 show that a given gas can behave
with respect to the matrix either as a donor or as an
acceptor of electrons depending on the initial value of the
WF of the polymer. Since the gas type and the doping
concentration remained constant throughout those ex-
periments, the only variable parameter was the initial
value of the WF of the polymer. Thus the slope of the
lines in Figure 1 is the coefficient ê in eq 4. The points at
which these lines intercept the “zero” WF modulation lines
correspond to the condition when no charge transfer takes
place, i.e., δe ) 0 and EF ) ø for a given gas molecule/
polymer combination.

It is possible to obtain the value of fractional charge δ
from eq 11. This was done for modulation of WF of poly-

(phosphazene)/benzoquinone layers containing iodine by
tributyl phosphate (TBP) vapor10 and for polypyrrole by
methanol.11,12 The corresponding reaction11 caused by
charge transfer between iodine and TBP is given by the
equilibrium reaction

The δ value for this reaction was determined from the
slope of the ∆WF vs log CTBP plot as 0.82 (Figure 2). It
should be noted that at the low concentrations (parts per
billion range), the observed change of WF is apparently
dominated by the surface contribution. For this deter-
mination we also need to know the solubilities R of the
vapors in the polymer. They can be determined gravi-
metrically as was done for similar measurements for
methanol.11,12 Since the charge-transfer complex is a
dipole, it is possible that the solubilities of these vapors
in the polymer are some function of the EF.

In this derivation we assumed that the charge-transfer
complex is formed between the p- or n-primary dopant
and the gas acts as a secondary dopant. In fact, the
interaction of the secondary dopant with any energy state
in the matrix is possible that would lead to the same result
as long as the exchanged electron density becomes part
of the electron population governed by the Fermi-Dirac
statistics. The most important outcome of this derivation
is that a fractional value of the slope in eq 11 is possible
and can be determined. It simply depends on the ability
of the entering molecule to exchange a charge density with
the matrix. The analytical utility of this relationship has
been shown for several inorganic gases.8,10,13-16

FIGURE 1. Dependence of WF modulation (response) of series of
conducting polymers having different values of initial WF. Designa-
tions “acceptor” and “donor” refer to the vapor. Reprinted with
permission from ref 9. Copyright 1996 VCH. FIGURE 2. Dependence of ∆WF on log CTBP. The charge-transfer

coefficient determined from the slope in the ppm region is δ ) 0.82.
The molar concentration of the gas in the polymer is included for
comparison.
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Chemical Modulation of the Surface
Component of Work Function
The subject of modulation of surface properties, including
the work function, by adsorption of gases has been treated
comprehensively both from the catalysis17 and chemical
sensing18 point of view. It has been shown that the
interaction occurs through partial charge transfer between
the surface energy states at the semiconductor and the
chemisorbed gas. This type of charge transfer modulates
both the work function (surface component) of the
semiconductor and the surface conductivity. The latter
is the underlying principle behind the operation of the
chemiresistors utilizing tin and zinc oxides.19

The relationship between the partial pressure of the
adsorbing gas and the change of the work function
depends on the type of the adsorption isotherm, on the
conductivity of the solid, as well as on the amount of the
transferred charge. It is safe to say that the dynamic range
for this type of interaction is limited by the maximum
number of the surface adsorption sites and that the
response follows some form of a power law given by the
adsorption isotherm. In the section dealing with the
mode of measurement of WF modulation, we shall see
that this type of interaction may or may not contribute
to the overall response of the sensor depending on how
the layer is incorporated into the sensor structure.

Measurement of Work Function Modulation
Kelvin Probe. The classical method of measurement of
work function difference (∆WF) is the vibrating capaci-
tor20,21 (Figure 3B). Its operation is based on the fact that
there is an electric field in the capacitor formed from two
materials of different work function. For thermodynami-
cal reasons it is not possible to measure the absolute value
of work function of one plate of a capacitor without
making some “extrathermodynamical” assumptions. In
the case of a copper/palladium junction, the copper plate
becomes positively and the palladium plate negatively
charged resulting in the voltage Vc. A galvanometer and
a variable voltage source, Ecell, placed in series complete
the circuit. As the distance between the two plates is
periodically changed, the galvanometer registers a time-
varying current of the frequency of the mechanical vibra-
tion. Next, a compensating voltage Ecell from the variable
voltage source is applied until the galvanometer registers
zero alternating current. Under those conditions, the
charge, the voltage, and the electric field across the
capacitor are all zero. In other words, the electrons have
been “pushed back to where they came from”, and at that
point the Ecell equals the WF difference of the two plates.

It is important to point out the major difference
between Kelvin probe potentiometry and Nernstian po-
tentiometry. In the case of Nernstian potentiometry, we
have a complete separation of charge that changes the
electrostatic (Galvani) potentials of the two phases. There-
fore, we can use a voltmeter for the measurement of the
cell voltage. In that case there are two contributions to

the Ecell (Figure 3A): the potential of the working electrode
and the potential of the reference electrode system. The
surface dipoles, even if present, do not affect the meas-
urement.

In the case of the WF modulation by absorption of
electrically neutral species, the Galvani potential of the
phase changes only as a result of the secondary
processstransfer of electrons to the two neighboring
electronic conductors. Such an effect cannot be measured
by a voltmeter because the resulting change of the two
interfacial potentials is the same and they cancel out. The
only alternative is to interface one side of the modulated
phase to an insulator. In that case the contributions to
the Ecell are the contact potential VC and the two surface
potentials η from the working plate and the reference plate
of the vibrating capacitor, respectively (Figure 3B)

The obvious practical problem is the stability of the two
surface contributions and also the necessity to separate
the bulk contribution from the surface contribution of the
selective layer. In order to minimize the adsorption effects
on the reference plate, it is possible to deposit a few
hundred angstroms of an inert material, e.g., silicon
nitride, onto the surface of the metal reference plate. It
slightly decreases the signal-to-noise ratio of the measure-
ment, but it minimizes possible adsorption in many cases.

FIGURE 3. Measurement of the cell voltage Ecell in (A) Nernstian
and (B) non-Nernstian potentiometry. VC is the contact potential,
ηREF and ηW are the surface components of WF of the reference
and selective layer (working) plate, and x is the variable distance
between the plates. πREF and πW are the interfacial potentials
between the sample solution and the reference electrode and the
working electrode, respectively.

Ecell ) VC - ηW - ηREF (13)
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Semiconductor Field-Effect. There is an entire class
of solid-state semiconductor devices that operate on the
basis of the so-called “semiconductor field-effect”1 and
that are miniature “cousins” of the Kelvin probe. The
most common is the insulated gate field-effect transistor
(IGFET). The essential element in the operation of the
IGFET is the metal-insulator-semiconductor (MIS) capaci-
tor. Let us form this capacitor from palladium (to be
modulated by hydrogen), silicon dioxide (insulator), and
p-type silicon (semiconductor) and examine the energy
levels in this structure (Figure 4).22 In a “thought-
experiment” (Figure 4A), the junction is disassembled by
division through the insulator, and the two halves are first
treated as electrically isolated objects. Throughout this
text we have been using “WF” as the acronym for “work
function”. In the ensuing equation we use the common
symbol φ for work function of a material. There are three
electron work functions to be considered: that of pal-
ladium, φPd, that of an arbitrary metal which does not
interact with hydrogen, φM, and that of silicon, φSi. The
insulator is considered to be “ideal” which means that it
does not contain mobile charges and, therefore, does not
have a defined Fermi level. Because the two halves are
not connected, their energy levels are in an arbitrary
undefined position with respect to each other. On the
other hand, metal M and palladium (also M and silicon)
form ohmic junctions, the Fermi levels in those materials
must be equal, and contact potentials appear at those
interfaces.

In Figure 4A we show graphically both the surface and
the bulk terms (φB + Eg/2) for the work function of silicon.
Let us specify that there is no electric field and therefore
no space charge at the insulator/silicon interface. In other
words, the potential difference between the surface and
the bulk of the semiconductor is zero (φSB ) 0) and the
energy bands are flat. This arbitrary, but convenient, state
is called the flatband condition. We will maintain the
flatband condition throughout the ensuing manipulations,
with the help of an externally applied flatband voltage VFB,
if necessary. The Fermi level inside the palladium layer
is flat by virtue of the high conductivity (no electric field
can exist inside a metal at equilibrium). It is further
assumed that no trapped charges or oriented dipoles exist
inside the insulator or at its interfaces.

Now we rejoin the two halves (Figure 4B). The con-
necting lead is made again from the same metal M so that
no additional contact potentials develop (they would not
affect the final result anyway). We now use the Fermi level
in silicon as the starting point and pass the test charge
through this structure in a counterclockwise direction until
it is returned to the starting point, adding the work at each
stepspositive when we move up and negative when we
move down. In essence, we are performing a thermody-
namic cycle on this structure. The position of the vacuum
level above silicon is defined by φSi. Because of the
stipulated flatband condition, the vacuum level over the
insulator is flat; i.e., no electric field is present in the
insulator. That defines the position of the Fermi level
inside the palladium layer which is φPd below the vacuum

level. Because there is an ohmic contact (exchange of
electrons) between M and Pd, the Fermi level inside M is
the same as that in the Pd layer and defines the position
of the vacuum level for M (φM above the Fermi level). The
metal M on the left-hand side of Figure 4B is the same as
on the right and so is the vacuum level. Because the

FIGURE 4. A thought-experiment with palladium-insulator-silicon
junction under the flatband condition. (A) The junction is divided
through the insulator and the two halves are electrically isolated.
(B) The two halves are rejoined and the vacuum levels are matched
(see the text). (C) A layer of metal M has been interposed between
the palladium layer and the insulator.
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Fermi levels in M and in Si are equal, there is a contact
potential at that interface. The sum of the energy
contributions in this cycle is then

or

Now we see that the vacuum levels above the same metal
M are not equal. The resulting difference is the flatband
voltage VFB which must be externally applied in order to
maintain the flatband condition. Thus, the flatband
voltage (multiplied by the test charge) equals the differ-
ence in the electron work function of Pd and Si. In the
non-ideal junctions, there are other charges and dipoles
in this structure which must be added to the overall VFB.

If hydrogen is introduced into palladium at high
concentration, the work function of Pd decreases as is
indicated by the dashed line in Figure 4B. Because
hydrogen does not interact with metal M (by definition),
the magnitude of its work function is not affected, but its
vacuum level is displaced upward by the contact potential.
In order to satisfy the flatband condition, the VFB must
be reduced accordingly, relative to its previous value. Such
a change of the VFB can be measured. Let us pause and
take an inventory of the situation up to this point: (1) we
have a plausible mechanism of modulation of both
components of WF of a selective layer (palladium); (2) we
have at least two methods of measurement of this
effectsthe Kelvin probe and devices based on semicon-
ductor field-effect. However, the placement of the selec-
tive layer within the structure used for either measurement
determines whether the effect is observable or not. In
order to explain this caveat, we shall add another layer of
the same metal M between Pd and the insulator in
structure shown in Figure 4C. This would correspond to
a “real life” situation when we would try to connect a
selective layer by a wire to the MIS structure or a Kelvin
probe. It is not necessary to perform the same Carnot
cycle as we have done in Figure 4B. Instead, we add the
individual energy contributions in the cycle which begins
and ends at the silicon Fermi level (anticlockwise):

or

We see that the work function of palladium, φPd, has
disappeared from the flatband voltage, the same way as
φM has disappeared from eq 15. This means that despite
the modulation of the work function of Pd (or any other
selective layer) in this structure, there is no effect on the
flatband voltage. The contact potential between Pd and
M has changed, but because there are two ohmic junctions
between Pd and M, the change of those potentials cancels
out. This situation can be generalized by the statement

that: In order to observe the flatband voltage change due
to chemical modulation of the electron work function of
the layer, one interface of this layer must be capacitive. The
corollary of this statement is that measurable response to
the modulation of work function originates only in the layer
adjacent to the insulator. Such a condition is satisfied in
the structure shown in Figure 4B but not in Figure 4C.

This condition is also satisfied in the Kelvin probe
measurement where the selective layer is interfaced to the
gap which is an insulator. However, now we see a subtle
yet an important difference between the Kelvin probe and
a MIS-type measurement; in the Kelvin probe it is the
surface of the selective layer which contributes the surface
term ηREF to the Ecell. In the MIS structure it is the interface
between the solid insulator (silicon dioxide) and the
selective layer that contributes to the overall signal.

Insulated Gate Field Effect Transistors. There have
been several field-effect devices of this type described.22

They are variations on the same basic principle of the
insulated gate field-effect transistor (IGFET). Here we
present two basic forms utilizing the MIS structure
discussed above. The detailed explanation of the opera-
tion of these devices can be found in standard texts.1 The
structure of a regular IGFET is shown in Figure 5A. We
chose to make the gate electrode of this transistor from
Pd in order to utilize the elements of the previous
discussion. The MIS structure (Pd/SiO2/Si) in this case is
the gate itself. The conductivity of the channel region
between the drain and source electrodes is modulated by
the electric field in the gate capacitor. Thus, the current
in the channel becomes a measure of the charge on the
silicon “plate” of the gate capacitor. At this point we
should see the relationship between this device and the
Kelvin probe. In the latter, we would have to vibrate the
plates in order to null out the electric field; in the IGFET
we measure the drain-to-source current ID in order to

φSi - φPd + φM + qVFB + (φSi - φM) - φSi ) 0 (14)

qVFB ) φPd - φSi ) ∆WF (15)

φSi - φM + φPd - (φPd + φM) + qVFB +
(φSi - φM) - φSi ) 0 (16)

qVFB ) φM - φSi (17)

FIGURE 5. Schematic diagram of (A) IGFET and (B) SGFET. The
selective layer is a conducting polymer. In the IGFET there are two
additional contacts through which the impedance (Z) of the layer
can be measured.
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obtain the information about the charge on the gate
capacitor. For VD > VG - VT, the drain current is given
by

where W, L, and C0 are constants given by the geometry
of the transistor, µm is the electron mobility in silicon, and
VG is the applied gate voltage. The threshold voltage VT

is defined as

The intrinsic Fermi level of silicon, φFI, is not affected by
the environment because the bulk of silicon is well
protected by the oxide and silicon nitride layers. The term
(QSS + QB)/C0 in eq 19 represents residual charges in the
transistor which also do not change. Thus, the only
variable term in eq 19 is the VFB which responds to the
work function changes of Pd according to eq 15. This
device was first introduced by Lundstrom and has been
intensively studied ever since.23 We have recently used
the same structure but with a polyaniline active gate
deposited directly at the solid gate insulator.24,25

The second type of IGFET bears resemblance to the
Kelvin probe. It is called the suspended gate field-effect
transistor (SGFET)26 because the gate conductor is sus-
pended approximately 1 µm above the gate insulator, thus
forming a gap (Figure 5B). It is possible to deposit an
electrochemically selective layer under this suspended
metal bridge and then modulate this layer chemically.
Suspended gate field-effect transistors, selectively sensitive
to alcohol vapors,27 hydrogen cyanide,14 tributyl phos-
phate,9 hydrogen, and ammonia, have been described.28

Conclusions
We have shown that a rather unusual combination of two
old principles, the Kelvin probe and an (expanded) form
of the Nernst equation, can lead to a new class of chemical
sensors based on modulation of work function of the
chemically selective layer. The principles on which the
Kelvin probe operates are mirrored in solid-state field-
effect transistors. The obvious advantage of these devices
is that they can be fabricated in silicon and assembled as
large sensing arrays. There is a growing library of materi-
als suitable for selective detection of electrically neutral
species based on charge-transfer complex formation.
Furthermore, we have shown that the selectivity of these
materials can be electrochemically tuned. In order to
illustrate this possibility, we have synthesized electro-
chemically polymers according to the information pre-
sented in Figure 1. Polymers have been prepared with
the initial value of WF ranging from 60 to 615 mV (vs Au).
Exposure of these polymers to five organic vapors showed
a remarkably different pattern of selectivity (Figure 6).
Moreover, for each vapor a material could be synthesized
such that it had “zero” response to the vapor and could
be used as the “reference” layer.

One of the most attractive features of sensors fabricated
in silicon is the possibility of formation of large multi-
sensing arrays. Combination of this fact with the flex-
ibility, versatility, and tuneability of electrochemically
synthesized materials allows us to make a safe prediction
that a new class of rationally designed and microfabricated
multisensing arrays can be developed in the near future.

This work was supported in the early stages by the Office of
Naval Research and in the last four years by the DOE’s Office of
Nonproliferation and National Security.
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