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ABSTRACT: The optimization of solar energy conversion devices relies on their accurate
and nondestructive characterization. The small voltage perturbation techniques of
impedance spectroscopy (IS) have proven to be very powerful to identify the main
charge storage modes and charge transfer processes that control device operation. Here we
establish the general connection between IS and light modulated techniques such as
intensity modulated photocurrent (IMPS) and photovoltage spectroscopies (IMVS) for a
general system that converts light to energy. We subsequently show how these techniques
are related to the steady-state photocurrent and photovoltage and the external quantum
eﬃciency. Finally, we express the IMPS and IMVS transfer functions in terms of the
capacitive and resistive features of a general equivalent circuit of IS for the case of a
photoanode used for solar fuel production. We critically discuss how much knowledge can
be extracted from the combined use of those three techniques.

A

that represents the basic mechanism of operation of the devices
that convert light to energy. The light absorber ﬁlm of
macroscopic area A and thickness d is supplemented with
selective contacts that extract the electrical current density, je,
which is delivered to an external circuit for electricity
production or to a solution for the formation of chemical
fuels. The voltage and electrical current are measured at the
contacts of the device. We describe the incident radiation
normal to the electrode surface with a monochromatic photon
ﬂux Φph(λ) for optical wavelength λ, and we express this
quantity in units of electrical current density, jΦ = qΦph(λ),
where q is the elementary charge.
The idealized model of Figure 1 provides a good
representation of the main device conﬁguration used to
investigate the development of materials and devices for solar
energy conversion, although more advanced concepts such as
photonic full spectrum utilization are neglected. The performance of all such devices can be characterized by a relationship
between three variables, namely, the electrical current density,
je, the voltage, V, and the illumination current intensity, jΦ. We
will assume that a stabilized steady-state performance has been
achieved, implying that the characteristics do not evolve with
time. In the case of solar fuel conversion, we assume the
absence of parasitic reactions so that je provides the rate of fuel
formation. In these conditions, the current density−voltage
curve at a given level of illumination, also known as the

nalysis of solar energy conversion devices involves
investigation of materials, interfaces, their combinations,
and their performance and stability. A wide variety of materials
and conﬁgurations have been investigated in the last few
decades in the search for eﬃcient and low-cost devices that can
transform solar photons to useful energy. First, a number of
new types of solar cells for the conversion of solar light to
electricity emerged based on composites of absorbers and
carrier transport phases, including nanostructured morphologies.1 The most developed technologies are dye-sensitized solar
cells, quantum dot solar cells, and bulk heterojunction organic
solar cells. More recently, high-eﬃciency hybrid organic−
inorganic perovskite solar cells that present a variety of
intriguing and challenging properties vigorously emerged.
Second, another important path of research for materials for
clean energy production investigates the transformation of
photons into a chemical fuel.2 Although there are several
alternative methods to reach such a goal,3 the use of a
semiconductor that performs light absorption and photoinduced catalytic surface reactions in photoelectrochemical
applications has been at the center of the research of many
laboratories in recent decades, and this area has been especially
active over the last 10 years.
Investigating new materials, interfaces, and devices requires
suitable characterization methods that provide knowledge
about the mechanisms of operation, performance, and stability
of the suggested conﬁgurations. In this work, we focus on the
small-frequency modulated techniques that emerged ﬁrst in
electrochemistry and then were extended to a wide range of
studies of solar energy conversion devices. In order to establish
the scope of our discussion, we present in Figure 1 a scheme
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Figure 1. Fundamental energy diagram of a solar cell showing the band edges for electrons and holes (thin lines), the Fermi levels (dashed lines),
and the selective contacts. The current is extracted only at the contacts via the free carriers thermalized in the band edges. We assume low device
thickness that results in homogeneous light absorption and high carrier mobilities, and we neglect surface recombination, which implies that the
Fermi levels are ﬂat. V is the applied voltage, je is the external electrical current density, jΦ is the incident photon ﬂux in units of electrical current, jph
= QΦjΦ (where QΦ is the external quantum eﬃciency) is the short-circuit photocurrent, and jph/q is also the carrier ﬂux internally generated by the
optical radiation. jrec/q is the internal recombination ﬂux. For clarity, j0/q, the carrier ﬂux internally generated by the absorption of blackbody
radiation is not represented. (a) Open-circuit condition Voc is the photovoltage; (b) electrical current generation at V < Voc.

perturbation of the variables and measuring the resulting
output. The angular frequency of the perturbation ω is varied
over a broad range of values corresponding to frequencies from
mHz to MHz. Under time variation, the frequency analyzer
instrument produces stabilized output at the given angular
frequency. The state of the system will then be represented by a
more general function Λω that reduces to eq 1 when ω = 0 (the
steady-state limit of operation). From the standpoint of
modeling, Λω is obtained by a set of drift−diﬀusion equations
involving small perturbation of carrier densities that can be
solved in terms of (jê , V̂ , jΦ̂ ).4 The use of a small perturbation
ensures a linear response so that, in contrast to eq 1, the
modulated variables (denoted by a circumﬂex) obey a linear
relationship

polarization curve, is the central characteristic that determines
the power conversion eﬃciency of the device at steady-state
operation. Also important are the curves obtained in opencircuit (je = 0) and short-circuit (V = 0) conditions, as
discussed later. The stabilized light surface of operation points,
or the Λ0 surface for brevity, shown in Figure 2, can be

⎛ ∂Λ ⎞
⎛ ∂Λ ⎞
⎛ ∂Λ ⎞
⎜⎜ ω ⎟⎟j ̂ + ⎜⎜ ω ⎟⎟j ̂ + ⎜ ω ⎟V̂ = 0
e
Φ
⎝ ∂V ⎠
⎝ ∂jΦ ⎠
⎝ ∂je ⎠

When the variables are taken in pairs of output/input, the
result of the frequency modulated spectroscopies is a transfer
function that allows the identiﬁcation of resistances and
capacitances in the operational response. This procedure can
be repeated along a selected trajectory on the Λ0 surface. The
dependence of parameters on the steady-state characteristics
can be investigated by the diﬀerent techniques described here,
removing any ambiguity in the model characteristics.
The most widely used technique is the modulation of current
with respect to voltage, which gives an electrical impedance.
This traditional method is known as impedance spectroscopy
(IS), and it is widely used in several classes of solar energy
devices.5,6 In addition, one can also modulate the light variable
and relate it either to modulated current or voltage. These
techniques are rather interesting because the light produces the
primary excitation from which energy must ﬂow out of the
device. These methods are termed intensity modulated
photocurrent spectroscopy (IMPS) and intensity modulated
photovoltage spectroscopy (IMVS). IMPS was largely
developed by Laurie Peter and his co-workers in connection
with the operation of the planar semiconductor−electrolyte

Figure 2. Steady-state performance of a solar energy conversion
device, the light Λ0 surface in terms of electrical current je, voltage V,
and illumination ﬂux Φph. When these variables are taken in pairs, the
slope of the curve is given by the zero frequency value of the transfer
functions. In the ﬁgure, slopes are shown in the main 2D planes, but
the same analysis can be performed at any point of the surface (when
the three variables are not zero), as indicated by the circular tangent
plane.

determined by a time-independent functional model of the
physical variables as follows

Λ 0(je , V , jΦ ) = 0

(2)

(1)

However, such a steady-state surface in the (je, V, jΦ) space
does not contain detailed mechanistic information, and it is
necessary to work in the dynamic regime, using methods such
as small perturbation modulated techniques. The rationale for
these latter techniques is to perform additional experiments at
one selected point of the Λ0 surface involving small
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interface.7,8 Later on, the technique became important for the
analysis of carrier transport in extended mesoporous ﬁlms and
dye-sensitized solar cells.9,10 IMVS was developed as a tool to
investigate recombination mechanisms in dye-sensitized solar
cells.11,12 Recently, these methods were applied to water
oxidation in hematite photoelectrodes13,14 and perovskite solar
cells.15,16 Here, we will not present an account of the historical
evolution of these methods and their many ramiﬁcations.
Surveys of the recent literature have recently been published.17,18
In the past, there has been an asymmetry of analysis that
complicated the consistent validation of detailed models. While
IS is traditionally studied in terms of the convenient tool of
equivalent circuits (ECs),6,19,20 the analysis of IMPS and IMVS
has been very focused on the comparison of kinetic time
constants to evaluate the competition of carrier recombination
and extraction.14,21−23 Kinetic time constants have the general
form of a product of resistance by capacitance: k = (RC)−1. A
central feature of frequency modulated spectroscopies is that
they provide simultaneous in-phase and out-of-phase response;
hence, they allow us to separately visualize the variation of both
resistances and capacitances along a Λ0 trajectory. We remark
that the analysis of time constants can be especially complex in
the case of multilayer devices that demand the identiﬁcation of
speciﬁc sites for voltage and charge accumulation.24 The
combination of IS, IMPS, and IMVS provides a potential
powerful tool for a direct analytical description by identiﬁcation
of charge storage modes via system capacitances in addition to
charge transfer by resistance components, provided that the
diﬀerent experimental methods of analysis are eﬀectively
combined in a single framework. The relevant time constants
in the system can also be evaluated by time domain methods
such as transient photoinduced absorption spectroscopy, which
must be correlated to the frequency domain techniques;25,26
however, this topic is out of the scope of this work.
The connection of the results of the various frequency
methods in speciﬁc systems has been the topic of several
studies over the last decades.17,27,28 Recently, Halme17 showed
the relation of the diﬀerent methods in an investigation of dyesensitized solar cells. In this work, we aim to present a broader
uniﬁed approach for a general reference system as that in Figure
1. We establish the meaning of the transfer functions at very
low frequency, which recovers essential quantities for steadystate performance such as dc resistance or the external quantum
eﬃciency dependence on photon ﬂux. On the basis of the
general insight obtained for the reference system, we develop
more complex models associated with water splitting reaction
steps at the semiconductor surface. We study the distinction of
models for photooxidation of water via direct and indirect hole
transfer at the semiconductor surface that have been described
previously for IS,29 and we show the parameters and spectral
shapes of the diﬀerent transfer functions. Thus, this work will
provide a sound basis for the validation of physical models from
independent measurements that must converge into a single
picture.
Steady-State Operation Model. We describe speciﬁc Λ0 surface
performance for the model of Figure 1. The rate of generation
of carriers, integrated over the whole ﬁlm, has the value
G = a(λ)Φph(λ)

jph = je (V = 0) = qηIQEa(λ)Φph(λ)

(4)

or, in other terms
ηEQE =

jph
jΦ

(5)

where ηEQE(λ) = ηIQE(λ)a(λ) is the steady-state external
quantum eﬃciency. In the weak absorption limit, a(λ) = α(λ)d
for the absorption coeﬃcient α(λ). In detailed modeling, one
may consider additional photonic features of the device. It is
important to realize that ηEQE(λ) is a function of the steadystate illumination, and in fact, the measurement of ηEQE(λ,Φph)
constitutes an important tool for investigation of the characteristics of dye-sensitized solar cells30 and the mechanisms of
photoinduced oxidation of electrolyte species at semiconductor
electrodes.31
The characteristic current density−voltage curve for the
fundamental model of a solar cell is based on the balance
equation that can be inferred from Figure 1b
je = jph − j0 (eqV / mkBT − 1)

(6)

Here, kBT is the thermal energy. The recombination rate is
determined by j0, the reverse saturation current, which is also
the parameter for recombination in forward mode, and a diode
ideality factor m. The parentheses in eq 6 express detailed
balance equilibrium in the dark. The diode equation model in
eq 6 determines the Λ0 surface shown in Figure 2. Provided
that jph ≫ j0, the open-circuit photovoltage has the expression
Voc =

mkBT ⎛ jph ⎞
ln⎜⎜ ⎟⎟
q
⎝ j0 ⎠

(7)

In terms of the incident photon ﬂux, we have
Voc =

mkBT
mkBT ⎛ qηEQE ⎞
⎟⎟
ln(Φph ) +
ln⎜⎜
q
q
⎝ j0 ⎠

(8)

Def inition of the Transfer Functions. Let us now consider the
result of the measurement of modulated small perturbations.
To this end, we rewrite eq 2 using coeﬃcients that are the
transfer functions corresponding to the measurement of only
two modulation variables, in diﬀerent combinations. Here, we
present a notation that makes a direct connection with
quantities of interest in steady-state performance, as discussed
later on. We have
jê = Q Φ(ω)jΦ̂ + Z −1(ω)V̂

(9)

The impedance is deﬁned in the absence of modulated
illumination as

Z(ω) = −

(3)

⎛ ∂Λω ⎞
⎜
⎟
⎝ ∂je ⎠ j ̂

Φ

=0

∂Λω
∂V j ̂ = 0
Φ

( )

=

V̂ (ω)
j ̂ (ω)
e

jΦ̂ = 0

(10)

With IMPS, we impose V̂ = 0 and the resulting photocurrent
modulation jê (ω) is measured. The corresponding transfer
function is the modulated quantum yield

in terms of the spectral absorptance a(λ). The external
photocurrent at short circuit relates to the generation rate by
means of the internal quantum eﬃciency ηIQE
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Figure 3. (a) Indirect charge transfer model for solar fuel production by a photoanode of length L + d. Electrons and holes are photogenerated at a
rate G. Electrons can be trapped (kinetic constant: βn) and detrapped (εn) in surface states at the semiconductor/electrolyte interface. All of the
photogenerated holes are trapped and can either recombine with trapped electrons or be transferred at a rate ks to the redox couple in solution with
energy Eredox. The concentration of free electrons and holes follows the quasi-Fermi levels, EFn and EFp. At the metal/semiconductor interface, EFn is
directly modulated by the applied voltage V. (b) Direct charge transfer model. Photogenerated holes can either recombine with electrons at a rate
Urec or be transferred to the electrolyte from the valence band at a rate kvb. (c) General EC for both models, calculated for a small perturbation of
light intensity (Φ̂) and a small perturbation of voltage (V̂ ). The small perturbation of light intensity is modeled by a current source. Note that the
voltage perturbation can arise from the light intensity perturbation, as for IMVS, or can be imposed electrically, as for IS. In those circuits, Rtr is the
transport resistance, C(cb)
out is the outer capacitance of the conduction band, Rlf and Clf are the low-frequency resistance and capacitance, and Rhf is the
high-frequency resistance. Each of these electrical elements is expressed in Supporting Information (SI) in terms of the kinetic parameters and
steady-state concentrations speciﬁc to each model.

Q Φ(ω) = −

⎛⎜ ∂Λω ⎞⎟
⎝ ∂jΦ ⎠V̂ = 0
⎛ ∂Λω ⎞
⎜
⎟
⎝ ∂je ⎠V̂ = 0

=

jê (ω)
j ̂ (ω)
Φ

V̂ = 0

deﬁned here Z(ω) and WΦ(ω) have units of Ω·cm2, while
QΦ(ω) is dimensionless.
Interpretation of the Transfer Functions at Zero Frequency. As
mentioned before, the modulated transfer functions provide us
detailed spectral information involving resistive and capacitive
behavior at a given point on the stabilized Λ0 surface. One
particular important result is the limit of the transfer function at
ω = 0. At this frequency, the transient (capacitive) signal
vanishes while the steady-state one remains. Therefore, the
transfer function in this limit is directly connected to a small
perturbation of the steady-state curve. This analysis is wellknown for the impedance function. The quotient of the small
quantities at low frequency has the value

(11)

Finally, IMVS consists of maintaining the photocurrent
perturbation at zero (jê = 0) and measuring the corresponding
photovoltage perturbation. In this case, the transfer function
reads

WΦ(ω) = −

⎛⎜ ∂Λω ⎞⎟
⎝ ∂jΦ ⎠ j ̂ = 0
e

∂Λω
∂V j ̂ = 0
e

( )

=

V̂ (ω)
jΦ̂ (ω)

jê = 0

Z(0) =

(12)

V̂ (0)
j ̂ (0)

(14)

e

For a given steady state, the impedance of the system can be
directly expressed in terms of the IMVS and IMPS transfer
functions as
Z(ω) =

WΦ(ω)
Q Φ(ω)

Therefore, we obtain a resistance Z(0) = Rdc given by
⎛ ∂je ⎞−1
R dc = ⎜ ⎟
⎝ ∂V ⎠

(15)

The dc resistance of the photoelectrode Rdc (per unit area) is
the reciprocal of the slope of the je−V curve, and this provides
an essential validation method for comparing IS and stationary
measurement.19 Importantly, this observation allows the
reconstruction of the je−V curve from the fundamental
processes determined by IS.32,33
Next, we analyze the section je−jΦ of the Λ0 surface at V = 0.
From eq 11, we have the limit at low frequency

(13)

While eqs 10−13 were suggested by Halme17 for dyesensitized solar cells, eq 9 derived from eq 2 constitutes an
important and novel equation. These are the general
expressions, which must be satisﬁed for any small perturbation
of light and voltage and at any frequency, unlike eqs 10−13,
which are valid for one type of perturbation only. Note that as
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Q Φ(0) =

∂jph
jê (0)
=
̂ (0)
∂jΦ
qΦph

modeled by the transport resistance, Rtr, which implies a voltage
drop
(16)

V1 = V − R trje

Comparing eqs 16 and 5, we note that QΦ(0) is the slope of
ηEQE dependence on the photon ﬂux Φph. This property has
been discussed by Vanmaekelbergh et al.10,34 for nanoporous
semiconductor electrodes.
Finally, we address the curve Voc−jΦ on the Λ0 surface at je =
0. This curve has often been measured in order to determine
recombination properties of dye-sensitized solar cells11,35 and
perovskite solar cells.36 It is usually presented as Voc vs log Φph
due to the standard relation in eq 8. The transfer function has
the low-frequency value
WΦ(0) =

V̂ (0)
1 ∂Voc
=
̂
q ∂Φph
qΦ(0)

(17)

∂Voc
1
qΦph ∂ ln Φph

(18)

hence
Z(ω) =

According to the model of eq 6,we obtain
∂Voc
mkBT
=
∂ ln Φph
q

V̂
= R tr + Z1(ω)
jê

(22)

where Z1 corresponds to the internal EC of the semiconductor
electrode.
Upon illumination, n free electrons and p free holes per unit
volume are generated at a rate G, deﬁned by eq 3. In the
indirect charge transfer model (Figure 3a), the ps photogenerated holes per unit volume are trapped in a density of
surface states Nss and can either recombine with the trapped
electrons or be transferred to the electrolyte for fuel production
with rate constant ks. In the direct model (Figure 3b), free holes
can recombine with free electrons via a band-to-band
recombination mechanism or can be directly transferred to
the electrolyte via the valence band with the rate constant kvb.
The continuity equation for electrons reads

or else
WΦ(0) =

(21)

∂p
∂p
1 ∂je
∂n
+ k vb(p − p0 )
+ s + ks(ps − ps0 ) +
=
q ∂x
∂t
∂t
∂t
(19)

(23)

Therefore, the function WΦ(0) at low frequency is related to
the derivative of the function Voc vs log Φph, which gives
information on recombination in the solar cell, as discussed by
Huang et al.11
Models for Photo-oxidation at the Semiconductor Surface. We
now apply the previous general considerations to the models
for light-to-fuel conversion at the semiconductor electrode. We
consider here the case of a photoanode. In the context of the
operation of the photoelectrochemical cell, it is very important
to establish the main pathway for the transfer of photogenerated holes, either by direct transfer from the valence band
or by indirect transfer via surface states. The models are shown
in Figure 3. Previously, the features of IS have been described in
detail,6,29 and here, we express the IMPS and IMVS responses
in terms of the resistances and chemical capacitances associated
with each charge storage mode. We remark that the quantity
QΦ(0) was analyzed by steady-state methods by Salvador and
co-workers, and they established markedly diﬀerent dependences for both types of charge transfer mechanisms.31
We model the semiconductor/electrolyte system with a thin
homogeneous semiconductor layer of thickness L + d. On the
left (x = 0), the semiconductor is contacted by an ohmic
electron-selective contact. The semiconductor/electrolyte interface (x = L + d) is a blocking layer for electrons. The important
feature of this model is that the hole density cannot be
modulated by external voltage, unlike in the model of Figure 1,
but only by light due to the step of the hole Fermi level at the
interface, which is a rather fundamental feature of this type of
system, as described by Salvador.37 In contrast, the homogeneous concentration of electrons in the conduction band is
directly modulated by the voltage V as

In the case of the indirect charge transfer model, kvb = 0, p =
p0, ∂p/∂t = 0, and ps is governed by the equation

⎛ qV ⎞
n = n0 exp⎜ −
⎟
⎝ kBT ⎠

∂ps
∂t

= G − βnnps + εn(Nss − ps ) − ks(ps − ps0 )

(24)

where βn and εn are the electron trapping and detrapping rates,
respectively. On the contrary, for the direct charge transfer
model, ks = 0, ∂ps/∂t = 0, the bimolecular recombination rate is
B, and p is determined by the rate equation
∂p
= G − B(np − n0p0 ) − k vb(p − p0 )
∂t

(25)

The general expression for the concomitant direct and
indirect charge transfer processes has been treated in ref 20.
Determination of the Transfer Functions. To obtain the transfer
functions associated with the IS, IMPS, and IMVS techniques,
one can apply a small sinusoidal perturbation of light intensity,
which directly modulates the generation rate (Ĝ = α(λ)Φ̂ph(λ))
in the rate eqs 24 and 25. The corresponding voltage (V̂ ) and
current (jê ) perturbations are obtained by linearizing and
applying the Laplace transform to eqs 20 and 23−25. After
integration over the homogeneous semiconductor layer of
length d, we obtained
n̂ = −

qV1̂
n
kBT ̅

iωn ̂ = −

176

qd

+ (iω + ks)pŝ + (iω + k vb)p ̂

(27)

pŝ =

Ĝ − βnps̅ n ̂
iω + βnn ̅ + εn + ks

(28)

p̂ =

Ĝ − Bp ̅ n ̂
iω + Bn ̅ + k vb

(29)

(20)

The index 0 refers to an equilibrium quantity. In addition,
transport of electrons may be limited by low bulk conductivity,

jê

(26)

DOI: 10.1021/acs.jpclett.6b02714
J. Phys. Chem. Lett. 2017, 8, 172−180

Letter

The Journal of Physical Chemistry Letters
where x̅ refers to a steady-state quantity. Note that eq 28 is
valid only for the indirect charge transfer model (i.e., when p̂ =
0), while eq 29 is valid for the direct one (i.e., when p̂s = 0).
The steady-state hole concentrations (p̅s and p̅) are obtained by
setting the time derivative to zero in eqs 24 and 25 and are
given in the SI. The photocurrent perturbation for the indirect
charge transfer model is then obtained by combining eqs
26−28
jê =

⎞
(iω + ks)βnps̅
q 2d ⎛
⎟⎟V1̂
n ̅ ⎜⎜iω +
iω + βnn ̅ + εn + ks ⎠
kBT ⎝
α(λ)d(iω + ks)
ĵ
+
iω + βnn ̅ + εn + ks Φ

of the transport resistance because for IMVS the current
passing through Rtr is zero. Obviously, IMPS is better suited to
observe phenomena that take place in series with the
generation step, like electron transport, while IMVS captures
the parallel component that often contains recombination
phenomena. This is why IMPS was measured predominantly at
short circuit and IMVS at open circuit in solar cells.34,39
However, as remarked by Halme,17 the measurements can be
taken at any point of the Λ0 surface.
We now explain which features can be extracted from the
typical patterns displayed in Figure 4 with the IS, IMPS, and

(30)

The photocurrent corresponding to the direct charge transfer
model is obtained by combining eqs 26, 27, and 29
jê =

q 2d ⎛
(iω + k vb)Bp ̅ ⎞ ̂
α(λ)d(iω + k vb)
n ̅ ⎜iω +
ĵ
⎟V1 +
kBT ⎝
iω + Bn ̅ + k vb ⎠
iω + Bn ̅ + k vb Φ
(31)

Equations 30 and 31 clearly illustrate the important
connection between photocurrent, (photo)voltage, and photogeneration, provided by eq 9. Given the similar form of these
equations, one can express the photocurrent for both models of
Figure 3a,b with one single equation
⎛
1
̂j = ⎜iωCμcb +
1
e
⎜
R hf +
⎝
(R lf )−1 + iωClf

⎞
⎟ ̂
⎟V1 + 1 +
⎠

Q

0
jΦ̂
R lf
1
R hf 1 + iωClf R lf

(32)

In eq 32, Q0 = α(λ)d,
is the conduction band capacitance,
Clf and Rlf are, respectively, the low-frequency capacitance and
resistance, and Rhf is the high-frequency resistance. The
expressions of those elements are speciﬁed for each model of
Figure 3a,b in the SI. Equation 32, combined with eq 22, allows
one to extract the general transfer functions for both models
Ccb
μ

⎤−1
⎡
1
Z1(ω) = ⎢iωCμcb +
⎥
R hf + Z lf (ω) ⎦
⎣

(33)

Z lf (ω) = [(R lf )−1 + iωC lf ]−1

(34)

⎡⎛
R tr ⎞⎛
Z (ω) ⎞⎤
Q Φ(ω) = Q 0⎢⎜1 +
⎟⎥
⎟⎜1 + lf
⎢⎣⎝
Z1(ω) ⎠⎝
R hf ⎠⎥⎦

(35)

−1
⎛
Z (ω) ⎞
WΦ(ω) = Q 0Z1(ω)⎜1 + lf
⎟
R hf ⎠
⎝

(36)

−1

Figure 4. Simulation of the (a) IS, (b) IMPS, and (c) IMVS responses
calculated for the following resistance and capacitance values, Rtr = 30
Ω·cm2, Rlf = 1 kΩ·cm2, Rhf = 0.4 kΩ·cm2, Clf = 10 μF/cm2, and Ccb
out =
1 μF/cm2, and Q0 = 1.

IMVS techniques. In particular, we discuss the typical case in
which two semicircles can be detected by IS (Figure 4a), which
corresponds to the situation in which Ccb
out ≪ Clf. (The opposite
situation would lead to one single arc, and only limited kinetic
information would be extracted.) This case has been well
established in the investigation of hematite photoelectrodes by
cb
IS.19,40−43 The Cout
is attributed to the combination of
dielectric capacitances such as the depletion layer and CH,
while the low-frequency capacitance is often associated with the
storage of charge at surface states or catalytic layers,44 that is,
the low-frequency arc is regulated by the low-frequency
capacitance, Clf, and the low-frequency resistance, Rlf. The
latter corresponds to the diameter of the low frequency
semicircle. Therefore, this arc gives information about the main

Models Characteristics. The general EC corresponding to IS,
IMPS, and IMVS can be obtained from the analytical models
described above, and it is shown in Figure 3c. We remark that
Ccb
μ has been replaced by a more general capacitance, the outer
capacitance of the conduction band Ccb
out, which accounts for
displacement currents such as charging of the Helmholtz layer,
typically described as a capacitor CH.38 It can be noted that light
modulation introduces a current source to the classical EC
obtained with IS, which arises from the generation term in eq
28 and 29.
If Rtr = 0, the contribution from the chemical capacitance of
the conduction band (contained in Z1(ω)) cannot be observed
in the IMPS response. On the contrary, WΦ(ω) is independent
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hole storage mode (via Clf) and the hole transfer process (via
Rlf). On the contrary, the high-frequency arc is regulated by Ccb
out
and Rhf and gives information about the population of electrons
in the conduction band as well as the main electron
recombination pathway. The ratio of both resistances (Rhf/
Rlf) has been shown to play an important role because it
controls the onset photovoltage and photocurrent at small
applied bias.20
The corresponding IMPS pattern is displayed in Figure 4b.
Note that the IMPS frequency dependence is inverted with
respect to the one of IS because Z ∝ 1/jê while QΦ ∝ jê . The
low-frequency arc observed in IMPS is also controlled by Clf,
while the high-frequency one is controlled by Ccb
out. The radii of
both arcs depend on all resistances involved in the model. In
fact, both intersections with the real axis, shown in Figure 4b,
can be calculated within the approximation Ccb
out ≪ Clf, and they
have the value
Q Φ(0) = Q 0

Q Φhf = Q 0

R hf
R tr + R hf + R lf

R hf
R tr + R hf

only be able to detect the processes that induce electron Fermi
level variations. The holes can only be detected through their
recombination with electrons. As a matter of fact, if holes were
not recombining with electrons, one would not be able to
detect them with light/voltage modulated techniques. This
shows that light modulated techniques can provide only as
much information as IS. This conclusion was previously
remarked by Vanmaekelbergh et al. for recombination in
semiconductor electrodes.4 One should however notice that
each process will be detected at diﬀerent frequencies,
depending on the nature of the technique. Hence, processes
that occur at frequencies too low/high to be detected by IS may
be detected by light modulated techniques.
In summary, we have established the connection between
light intensity, voltage, and electrical current modulation
techniques through a general formalism involving a stabilized
Λ0 surface describing steady-state performance. The photocurrent arising from a small perturbation of light and/or voltage
can be expressed as a linear combination of the IS and IMPS
(or IMVS) transfer functions. This relation is of high interest
because it allows one to connect the transfer function of light
intensity modulated techniques to physical quantities of
fundamental importance obtained by IS, such as the chemical
capacitance, the recombination resistance, and/or the charge
transfer resistance. Hence, unlike a purely kinetic treatment,
this method allows identiﬁcation of the main charge storage
mode(s) of a system at a given illumination and voltage. We
calculated the IMPS and IMVS transfer functions of a
photoanode used for solar fuel production for two distinct
types of charge transfer: indirect charge transfer from the
surface states and direct charge transfer from the valence band.
We have provided expressions of the transfer functions in terms
of the chemical capacitance of the surface states/valence band,
the trapping−detrapping/recombination resistance, and the
charge transfer resistance from the surface states/valence band.
We showed that the EC for light intensity modulated
techniques is the same as the one of IS with the additional
contribution of a current source, which models light
modulation. Finally, we explained how to recover the capacitive
and resistive features from the complex plane plots for IMPS
and IMVS, in relation with IS. Therefore, we have built a
uniﬁed background for the analysis of solar devices with small
light and voltage perturbation techniques, which should have
profound impact in terms of device characterization and
optimization.

(37)

(38)

From eqs 37 and 38, one can recover the ratio Rhf/Rlf
previously mentioned for the IS analysis of the main limiting
mechanism of solar fuel production at small applied bias.
Finally, the IMVS pattern simulated in Figure 4c shows two
contributions. Both arcs contain the contributions of both lowand high-frequency capacitances, unlike for IS and IMPS. In
fact, assuming Ccb
out ≪ Clf, one can calculate the intersections
with the real axis displayed in Figure 4c
WΦ(0) = Q 0R hf

WΦhf =

C lf
cb
Cout

+ C lf

(39)

Q 0R hf

(40)

Equations 37−40 obtained above are similar to the those
published by Peter and co-workers and Schefold and coworkers.21,27 Yet, in those models, charge transfer is modulated
by the Helmholtz capacitance, which is included in our model
within the outer capacitance of the conduction band, Ccb
out, and
is independent of the charge storage mode (surface states or
valence band). Unlike these models, our model allows
identiﬁcation of the main charge transfer mechanism through
the voltage variations of the low-frequency capacitance. In
addition, it allows estimation of the surface concentration of
trapped/free holes in addition to the charge transfer kinetics.29
Having completed study of the information that the three
modulated techniques provides for the same model system, we
now remark that light modulated techniques do not give more
information than the electrical impedance technique itself. This
observation may appear surprising because one may expect that
diﬀerent types of perturbation will modulate diﬀerent
processes. For instance, voltage does not generate minority
carriers, while illumination does, and one would aim to extract
diﬀerent information with light modulated techniques than with
IS. However, the information that can be extracted from these
techniques is conveyed by one single carrier, independently of
the type of perturbation that is applied. In the n-type
semiconductors discussed here, the information is contained
in the variations of the electron quasi-Fermi level. In other
words, whether light or voltage perturbation is applied, one will
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