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New Views on Carrier Diffusion and Recombination by
Combining Small Perturbation Techniques: Application to

BiVO, Photoelectrodes

Agustin O. Alvarez,* Miguel Garcia-Tecedor, Laura Montariés, Elena Mas-Marzd,

Sixto Giménez, and Francisco Fabregat-Santiago*

Impedance spectroscopy (IS), intensity-modulated photocurrent spectroscopy
(IMPS), and intensity-modulated photovoltage spectroscopy (IMVS) are well-
established powerful modulated techniques to characterize optoelectronic devices.
Their combined use has proven to provide an understanding of the behavior and
performance of these systems, far beyond the output obtained from their inde-
pendent analysis. However, this combination is shown to be challenging when
applied to complex systems. Herein, IS, IMPS, and IMVS are cooperatively
used, for the first time, to study the distributed photogeneration, diffusion, and
recombination processes in a photoanode of zircon-doped bismuth vanadate. The
use of this methodology reveals that the carriers that determine the response of the
device are the electrons when the device is illuminated from the hole-collector side
(electrolyte) and the holes when the illumination reaches the device from the
electron-collector side. Detailed quantitative information is obtained for each
carrier, including recombination lifetime, diffusion coefficient and collectrion and
separation efficiencies, identifying the latter as the main limitation of this device.
This methodology is a powerful tool that can be used for the characterization and
understanding of the operating processes of other photoconversion devices.

standing as some of the main systems that
will help to overcome the global depen-
dence on fossil fuels. Photovoltaic devices
are already generating electrical energy
from sunlight massively in the world.
The conversion of sunlight into fuels and
chemicals is also an attractive and growing
field,!! mainly driven by the photoelectro-
chemical production of H, from the oxida-
tion of H,0.

During the operation of photoconver-
sion devices, the overall performance is
determined by several optoelectronic
processes (carrier generation, transport,
recombination, and charge transfer).
Consequently, an appropriate characteriza-
tion of these processes is essential for a
reliable understanding of the operation
mechanism. This knowledge makes it
possible to identify the limitations of the
system, thus favoring their optimization

1. Introduction

Photoconversion devices, including photovoltaic and photoelec-
trochemical cells, are gaining increasing attention over time,
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and even the development of new devices.

Impedance spectroscopy (IS),D’S] intensity-

modulated  photocurrent  spectroscopy
(IMPS),®! and intensity-modulated photovoltage spectroscopy
(IMVS)1% have been extensively used for this purpose.

These three techniques were developed independently and
their results are often analyzed with different procedures, thus
limiting the information that can be obtained from the charac-
terization. IS data are generally analyzed with an equivalent cir-
cuit (EC), where the internal processes are modeled with passive
electrical elements such as resistances, capacitances, and induc-
tances.!''?! On the other hand, IMPS and IMVS data are usually
limited to the analysis of the characteristic times.['*'*]

The combination of the three techniques has gained interest
in recent years, exposing the intrinsic relationship among them.
However, their experimental application has been challeng-
ing.">1% One of the first attempts to combine IS, IMPS, and
IMVS for the analysis of electrochemical systems was made
by Klotz et al. They studied the charge carrier dynamics in hema-
tite photoanodes using a distribution of relaxation times.!"” This
procedure can be particularly useful to separate polarization pro-
cesses, but its implementation is not straightforward, particularly
in complex systems. Bertoluzzi and Bisquert proposed an EC for
a water-splitting system, reporting the corresponding simulated
spectra for IS, IMPS, and IMVS.["® Subsequently, Ravishankar
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et al. proposed an EC to fit the IS and the IMPS responses of a
perovskite solar cell, although some discrepancies were observed
between both results.'” Following these results, we have recently
proposed an improved characterization procedure by combining
the three techniques, for a generic photoconversion device. This
procedure was applied to analyze the response of a silicon pho-
todiode using a common model for IS, IMPS, and IMVS. This
combination proved to maximize the information obtained from
the device, both qualitatively and quantitatively and at the same
time allows accessing new information that cannot be obtained
using the techniques individually.*”

In that previous work, it is considered that photogeneration can
be separated from the other processes in the device. This can be
appropriate for many systems, as exemplified with a silicon
photodiode. However, there are other systems where photogener-
ation is distributed within a space where transport and recombi-
nation may also be nonuniform. This is the scenario of more
complex systems, such as distributed photogeneration in a thin
film with coupled diffusion and recombination. These processes
determine the performance of many photoconversion devices,
including photovoltaic devices such as dye-sensitized solar cells,*"
perovskite solar cells™™; and photoelectrochemical devices,*!
so their understanding is key to optimizing the system behavior.

IS was widely used to characterize such devices, allowing the
extraction of quantitative parameters such as diffusion length
and recombination frequency.'??*=2% These applications were
widespread by the developments made mainly by Bisquert
and co-workers, which include the determination of the IS trans-
fer function from fundamental equations and the presentation of
the corresponding EC.[**7?8 Although these developments have
shown to be a game-changer in the characterization of optoelec-
tronic devices, in some cases, the IS spectra are not clear enough
to characterize properly the diffusive process.””) Even when the
analysis is possible, there are intrinsic limitations such as iden-
tifying if the diffusive carriers are electrons, holes, or even ions.

Similarly, the IMPS transfer function was also deduced from
fundamental equations. This theoretical development was
mainly carried out by Peter and his co-workers. These authors
also showed the experimental application in dye-sensitized solar
cells.”!] Recently, this development was also experimentally
applied to analyze the IMPS response of a perovskite solar cell.*?!
Following these theoretical equations, the IMVS transfer func-
tion was also developed from fundamental equations.*” Finally,
the three transfer functions were deduced from a proposed EC
for dye-sensitized solar cells, including other internal pro-
cesses.*"*4 However, this EC has not been used for the practical
analysis of devices combining IS, IMPS, and IMVS spectra, yet.

In this work, we will show that it is possible to combine IS,
IMPS, and IMVS techniques to improve the characterization of
systems with distributed photogeneration, diffusion, and recom-
bination processes. We will consider a general theoretical frame-
work for these devices, from which the transfer functions are
derived. Simulations of these transfer functions will be discussed
to describe the possible spectra expected for these processes.
Finally, this information will be used for the practical characteri-
zation of a water oxidation photoelectrode, with zircon-doped
BiVO, (Zr:BiVO,) as an active layer.

While Zr:BiVO, is a promising photoanode material for water
splitting,**¢ it also suffers from poor charge transport, slow
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water oxidation kinetics, and high surface recombination.”:38]
We will show that our methodology can help in understanding
these internal processes behind performance losses, improving
previous approaches used to investigate these electrodes,!”*%)
including the separate use of IS, IMPS **~** and IMVS %2

2. Theory: Transfer Functions

Figure 1a illustrates the basic light conversion mechanism occur-
ring in a photoconversion device, where the photogeneration is
distributed over the light absorber layer (AL), and the charges
must diffuse to be extracted, whilst recombination can take place
along the layer. As depicted, when a photon flux (¢) reaches the
device, only part of the photons will reach the absorber material
(Pint = Noprp , With 5, the optical efficiency) and the rest will be
lost, for example, by reflectance at the contacts. The absorbed cur-
rent can be defined by j, = qa@in, where g is the elementary
charge and a = ¢4, the absorptance, is the fraction of @i, that
generates electron-hole pairs, where a is the absorption
coefficient and d is the thickness of the absorber. The pairs
can be successfully separated in the active material to generate
free-photogenerated charges in the AL (jph = #sep jo» With 7jgep as
the separation efficiency). Depending on whether the illumina-
tion is incident from the ES or the HS, the position-dependent
probability of generating free charges can be expressed as

(a) Diffusion
“—¢ © ﬁ
Rsjeml 8T =171 7
Vext Vint : . <M¢
rec ]ph
Y | W jext

o O 0 o—»

-

Figure 1. a) Scheme of the basic processes occurring in a photoconver-
sion device with distributed photogeneration, recombination, and diffu-
sion. AL is the light absorber layer with thickness d, while ES and HS
are the electron- and hole-collector sides, respectively. ¢ is the photon flux,
Jph Jrec and jey are the free-photogenerated, recombination and extracted
currents, respectively. V,, is the externally applied voltage, V;.; the inter-
nal voltage in the film, and Rs is a series resistance. b) EC modeling the
device schematized in a), where z, and z, are impedance per unit length,
while z,.. is an impedance length. Zs is a series impedance, illustrated here
on the ES layer, but it can contain other processes such as transport in the
HS layer and interfacial processes.

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

85U801 SUOWILLIOD 9A1TE8.D 3 [gedl|dde ay) Aq pausenob a1e sapile O ‘8sn Jo e[l 1oy ArIqi 8uljuO A3]IAA UO (SUONIPUOD-PUe-SLLLIBY WY AB | 1M AleIq Ul |Uo//:Sdiy) SUONIPUOD pue SWie | 8U) 88S *[£202/20/T0] Uo Akeiqiaulluo A8|im ‘(auleAnde) aqnopesy Aq 928002202 110S/200T 0T/I0p/wod e im Azl 1jeuljuo//Sdiy o) pepeojumoq ‘ZT ‘2202 ‘X86T.952


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

GHS(x) = ”sep"oPtawea(x_d) (1)
GFs (X) = ”sep”optaq)e_ax ()

Then, the diffusion of the carriers toward the contacts takes
place. During the diffusion, part of the carriers is lost as
recombination current (jy), which depends on the internal
voltage (qVint = Epn—Epp). The charges that reach the contact
and are successfully extracted generate the extracted current
(Jext = Jjph—Jrec = Ncolfph, With 7cq1 the collection efficiency).
Therefore, the current that is extracted from the device can be
written as

jext = 4N colMlsepMopt P 3)

Which is a function of Vi, which is determined by the externally
applied (or measured) voltage (Vext = Vint + Rs Jext)-

Note that in literature there is a variety in the notation of the
variables involved in this article, which may become an obstacle
for the follow-up and comparison of publications. In Supporting
Information (SI), we present Table S1, with a summary of the
notations used on some relevant papers in the field to ease help
with this problem.

To apply any of the small perturbation techniques (IS, IMPS,
or IMVS) to a specific device, a steady-state condition is needed.
In addition, the combination of IS, IMPS, or IMVS for a com-
plementary analysis imposes that these three small perturbation
techniques are applied in the same steady-state condition. The
steady-state conditions are defined by the light (), applied volt-
age (Vey), and extracted current (j.,), where the variables with
overbars (—) indicate DC signals. In particular, to measure IS,
an AC small-perturbation in voltage (V) is applied and the cor-
responding AC extracted current density (j,,) is measured,
where the variables with a tilde (~) indicate AC perturbations.
The IS transfer function is defined by

Z=- ‘:/e’“ )

j ext

Here, the sign of the current is a convention. In the case of IS, the
current is usually considered positive when it flows into the
device. In our case, we denoted this convention as the injected
current (]’ini = _]eXt).[zo,sz]

Similarly, to measure IMPS or IMVS, a small perturbation is
applied in the light (%) and the j,, or V. responses are
measured, respectively. The corresponding transfer functions
are defined by

jext
—Jext 5
o=z ©)
%
W ext 6
99 ©

Note that from Equation (3) it may be deduced that a small
perturbation of the photon flux provides ., = 4 colsepopt P

which is key for relating the parameters obtained from IS,
IMPS, and IMVS.P!
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From the definitions of the transfer functions, the relationship
W=2x0Q (7)

emerges intuitively. This relationship has been explored theoret-
ically in multiple studies,"®°3? but experimentally it has been
shown that this is not always fulfilled.">'®%’! Therefore, we
emphasize the importance of verifying this relationship for each
case under study, before combining the three techniques.’?*%

2.1. Transmission Line Equivalent Circuit

Figure 1b shows a transmission line-based EC for the analysis of
the device schematized in Figure la. z, = Z,/d and 2z, = Z,/d
are impedance per unit length, accounting respectively for the
electron and hole transport processes within the AL. On the other
hand, z,.. = Z,.4 is an impedance length accounting for inter-
action processes between these two species, such as recombina-
tion and accumulation. Zg is a series impedance, illustrated in
Figure 1b as the ES layer impedance, although Zg can account for
alternative processes such as transport in the HS layer as well as
interfacial processes. The acquisition of the IS, IMPS, and IMVS
transfer functions from a simpler EC was exposed in our previ-
ous work,*% and despite the current complexity, the basic idea to
obtain the transfer functions is similar. As explained above, ¢ =
0 when IS is measured, which is equivalent to removing j,, from
the EC (Figure 1b). Then, from the simplified EC, the impedance
of the transmission line was solved in previous works,**** and
we reformulate it as

Vint anp 2
Zp g = nt _ 1
DR =T A\ Tsinnm)) *

Z2 + Z2 coth(I")
Z,+2, T

|12, +Z
M=, =t 9
Zrec ( )

is a dimensionless parameter related to the effective constraints
on charge extraction (or injection), tending to zero when the
transport impedances (Z, and Z,) do so, as well as when the
recombination impedance (Z,) tends to infinity.

Finally, considering the effect of Zg, the IS transfer function is

Z=Zs+Zpy (10)

Similarly, considering the effect of the conversion parameters
from irradiance to the photogeneration,'” provided by
Equation (3) and the resulting distributed photogeneration
(jon) on the EC, together with the IMPS and IMVS transfer func-

[30-32]

tions solved in previous works, we can obtain

Noptllsep M- Zn + 112 )(Z,y + Zp)

Q= 27,7, (11)
[ZS(Z” + ZP) + Z”ZP} cotllz(l") + cos}nl(]"p) + Zg‘ + Z%’
" coth(I)
W= Noptsep [”FZn + "hlzzp] T (12)
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These transfer functions are written as a function of impedance
parameters (Z, I'), optical elements (1qpt, #sep), and mixed ele-
ments as 7 and n}. The specific definition of 5 depends on
whether the illumination is from HS or ES

I 1
. s (= 1)(1+5tanh(I) + o5ir
”F.HS — ’7111 S _ . - cosh(T") (13)
Az

1 —Ltanh(T) + &L
nl}}HS _ HF,ES _ A - cosh(T") (14)

A

where A = —log(1 — a) = ad is the absorbance and the super-
scripts n and p denote electrons and holes, respectively.
Figure S1, Supporting Information, shows the possible values
that can be taken for these functions in the low-frequency limit
(w — 0). As can be noted, 5 is equal to @ when I' = 0 and it
decreases as I increases.

Writing the transfer functions Z, Q and W using the same
parameters is key, as it allows the simultaneous analysis of exper-
imental data.

2.2. Single-Carrier Diffusion

In this section, it will be considered that only one species
(e.g., electrons) limits the performance of a device, which implies
that the other species (holes in this case) are more efficiently
extracted. In this case, the electron carrier density (1) can be
described by

dn dn n
@~ Paz it G(x,t) (15)
where D is the diffusion coefficient and z,.. is the lifetime of the
diffusion carriers. The case where the diffusive carriers are holes
(p) instead of electrons (n) is described by the same equation. The
differences between these two cases are the boundary conditions,
as shown in Section S1 in the Supporting Information.

In the case of IS, G(x, t) is eliminated in Equation (15) and the
IS transfer function is

Zp_g = Rycoth(I")/T (16)

as previously obtained by Bisquert.*! with

Wrec + 10
@p

r= (17)

where wyec = 1/, and wp = D/d? are the recombination and
diffusion frequencies, and R, is defined as the diffusion
resistance.

Finally, if it is considered that the series impedance is a
single-series resistance (Rg), the total (measurable) impedance
becomes

Z = RS + ZD—R (18)

The effect of incorporating a series resistance modifies
the IMPS and IMVS transfer functions obtained from
Equation (15) providing®?*%*3°)
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R -1
Q= NoptHlsep!lT [1 + KSR} (19)

W= noptl’lsepnI‘ZD—R (20)

where 5 is defined by Equation (13) or (14) depending on
whether the diffusing species are electrons or holes and whether
the illumination is from HS or ES.

The EC corresponding to Equations (18), (19) and (20) is
shown in Figure 2a, which is a particular case of the EC in
Figure 1b (see more details in Section S3 of the Supporting
Information). This EC provides the following equivalences: for
the transport resistance R, =r,d, for the recombination
resistance Ryec = rrec/d = RywpTre, and for the chemical
capacitance C, = ¢,d = 1/Ryec®re. The diffusion length is key
to explaining carrier collection in photoelectrochemical devices
and can be obtained from the parameters provided though
L= d\/opTec = d1/Reec/ R,'??1 With these definitions,
Equation (17) provides that at the low-frequency limit
I'w — 0) =d/L. Note that for good carrier collectors
L/d>> 1, which implies that at the low-frequency limit I' — 0.

Considering explicitly the optical efficiency, the differential
external and internal quantum efficiencies can be expressed as**>°!

EQEPvaiff = Mseplcolllopt (21)
EQEpy_pifr
IQEpy g = — (22)
Hopt@

EQEpy_pig corresponds to the low-frequency limit of Q. Then,
comparing Equation (19) and (21), we have

Rg -1
Zp g(w—0)

nr(w — 0
Mol = F(a ) 1+

(23)

This equation points out the dependence of EQEpy_p;g¢ and
thus IQEpy_pi, on the diffusion length (through ;),?”) but also
on the ratio between the series resistance and the low-frequency
limit of Zp_g.

At this point is worthwhile to mention that the three transfer
functions theoretically obtained comply with the relationship
given in Equation (7), in all the scenarios presented in this study.
Therefore, the parameters obtained from the fitting of experi-
mental data should be the same for the three modulated
techniques.

3. Simulation of Transfer Functions

Figure 2b shows a typical spectrum of the IS response of the EC in
Figure 2a, given by Equation (18). It is important to highlight that
the shape of the IS spectrum is independent of parameters such as
the absorptance (a), the illumination side, and even the carrier
species (electrons or holes), as long as the resistances (Ry, Ryec
and Rg) and the characteristic frequencies (w,.. and wp) are kept
constant.

Figure 2c—f shows the IMPS and IMVS simulations of
Equation (19) and (20) for different absorptances. Considering
HS illumination and electron diffusion and recombination, a
characteristic feature is observed for the IMPS and IMVS

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. a) EC model for single-carrier transport and recombination with distributed absorption, used to simulate b) IS, c,d) IMPS, and e,f) IMVS
spectra, with Rs =50 Q cm?, R, =100 Q cm?, wp =450rads™ ", w,ec=50rad s, and Nseplopt = 100%. Consider either electrons or holes as diffusing
species, with light reaching the device from the “ES” and “HS,” respectively. The different plots represented in IMVS and IMPS correspond to different

absorptance (a) as indicated in the legend.

responses (Figure 2c,e): Q" and W’ reach negative values at high
frequencies. In contrast, for the same HS illumination, but for
hole diffusion and recombination, the IMPS and IMVS spectra
(Figure 2d,f) do not present this characteristic feature. For this
case, these spectra are more similar to the IS spectrum
(Figure 2b), especially the IMVS spectrum. The electron and hole
responses for ES illumination are inverted from those obtained
for HS illumination. Thus, the diffusion and recombination of
holes produce the spectra with Q" and W’ entering the negative
region at high frequencies (Figure 2c,e), while for the electrons
this feature is not present (Figure 2d,f).

The effect of the decrease of a is clear in both IMPS
simulations (Figure 2c,d), mainly reducing the value of the
low-frequency limit, as expected because this limit is the

Sol. RRL 2022, 6, 2200826 2200826 (5 of 10)

EQEpv.pif, see Equation (21).[20’5 ¢ 4 has a similar effect on

the IMVS simulations (Figure 2ef), as expected as the IS
spectrum is independent of a, see Equation (7).

One of the most interesting results of Section 2.1 is that, when
both electrons and holes are diffusing, the IMVS transfer func-
tion, Equation (12), is the combination of both 7! and #},
weighed by Z, and Z,, respectively. From a practical point of
view, this means that the IMVS spectra will be the sum of both
Figure 2e,f, multiplied by the electron and hole transport resis-
tances, respectively. Something equivalent accounts for the IMPS
spectra. This observation allows a qualitative characterization to
identify the dominant diffusive species, by observing the IMPS
and IMVS spectra, particularly if one of these resistances is much
smaller than the other.
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4, Results

In this section, we combine IS, IMPS and IMVS to characterize
the optoelectronic properties of a porous Zr:BiVO, electrode
used in a photoelectrochemical cell for water oxidation.
Figure 3 shows the cyclic voltammetry curves without illumina-
tion (black line) and under blue illumination (470nm at
89mWcm %, blue lines), for ES (solid lines) and HS
(dashed lines) illumination. In this device, the ES illumination
corresponds to illumination from the FTO side, while the HS
illumination corresponds to illumination from the electrolyte
side. Figure S2, Supporting Information, compares these meas-
urements with the measurements made under 1 sun illumina-
tion (yellow lines). Under blue illumination, a higher j., is
obtained since almost all the light is absorbed by the material
(see Figure S3, Supporting Information). Regardless of illumi-
nating with 1sun or with blue light, a higher j,,, is obtained
for ES illumination, in good agreement with previous studies
in BiVO, photoanodes.*® We will show that the characterization
combining IS, IMPS and IMVS allows a deep understanding of
the operating processes and the differences between ES and HS
lighting. In this work, we have performed this characterization
under the same blue light illumination at 1.2 V versus Reversible
Hydrogen Electrode (RHE) (gray line in Figure 3) and in the pres-
ence of 0.1M Na,SO; as hole scavenger in 0.1 M KPi buffer
(pPH=7.5).

Figure 4 shows (solid black circles) the IS, IMPS, and IMVS
measured spectra of the Zr:BiVO, photoelectrochemical cell,
exposed to HS illumination (a, ¢, and e, respectively) and ES illu-
mination (b, d, and f, respectively). In all spectra the frequency
range is from 5 kHz to 1 Hz. In Figure 4ef, the comparison of W
with the product of Z and Q (see Equation (7)) is presented

Ry — ES illumination
- - - HS illumination
—— Dark
3 |
S
5
< 2]
E
%
2
1
0

T

05 10 12 15
V., vs RHE (V)

Figure 3. Cyclic voltammetry curves of a Zr:BiVO, electrode used in water-
splitting photoelectrochemical cell: without illumination (black line) and
89 mW cm™' of blue light (blue lines); from the ES, continues lines,
and the HS, dashed lines. IS, IMPS, and IMVS are measured under the
same illumination conditions and at 1.2V versus RHE (gray line).
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(empty red squares). In general, the experimental data are in
good agreement with Equation (7). The major difference between
W with the product of Z and Q is observed at lower frequencies,
but this is not a limitation for our analysis because we are inter-
ested in the processes taking place at high frequencies. For this
reason, we will focus on the experimental data until 20 Hz for our
analysis.

Independently of the illumination side, the shapes of IS,
IMVS and IMPS spectra (Figure 4), exhibit the same features,
presenting the characteristic trend, reaching negative values at
high frequencies for Q” and W’. The main differences between
the experimental spectra for the different illumination sides
relate to the low-frequency values obtained for IS and IMPS,
which correspond to total resistance and the EQEpy.p;sr, respec-
tively.2*>¢! Comparing Figure 4 with 2 is not surprising that the
experimental IS spectra are similar, since this technique gives
the same response for the different scenarios. However, by com-
paring the experimental IMPS and IMVS spectra in Figure 4 with
the simulations in Figure 2, we can conclude that the extraction
of electrons determines the device performance when the illumi-
nation reaches the device from the HS, while when the illumi-
nation is from the ES, the limiting carriers are the holes. This
means that the other carrier species (holes for HS illumination
and electrons for ES illumination) are transported well enough to
have no significant effect on the IMPS and IMVS spectra, see
Equation (12) and the corresponding discussion in Section 3.
These results could be attributed to the fact that the carriers that
dominate the spectral response have to travel longer distances as
they are, on average, generated farther away from their extracting
contact, while the other species can be more easily extracted.

Therefore, we analyzed all the experimental spectra with the
EC in Figure 2a, whose transfer functions are given by
Equation (18) and (16) for IS, and Equation (19) and (20) for
IMPS and IMVS, restricted to #- given by Equation (13). We used
these equations to fit simultaneously the three measurements
(IS, IMPS, and IMVS), using Wolfram Mathematica software.
The fitting results are shown as blue lines in Figure 4, having
an excellent match with the experimental results. The extracted
parameters, with variable errors below 10% and R* values above
0.999, are presented in Table S2, Supporting Information and
summarized in Table 1.

Comparing the parameters from the fitting of each illumina-
tion side in Table 1, we can first notice that the Rg values are
practically identical, these resistances corresponding to the
high-frequency limit of Figure 4a,b. This is an expected result
because this quantity is associated with transport properties
external to the AL, which should be, in principle, independent
of the illumination conditions.

Data obtained from the fitting of measurements with ES and
HS illuminations indicate that the holes are transported more
efficiently than the electrons, as they have a considerably lower
Ry, higher wp, and consequently, a higher diffusion coefficient.
In contrast, w,.. of holes almost doubles that of electrons, which
implies that they have almost half the lifetime of electrons. While
chemical capacitance is similar, a bit larger for holes, the large
difference in w,.. is associated with the large difference observed
in recombination resistance, which is much smaller for holes,
indicating larger recombination. As consequence, the diffusion
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Figure 4. a) IS, ¢) IMPS, and e) IMVS (with their respective zooms) measurement results (solid black circles) of a Zr:BiVO, electrochemical cell illumi-
nated from the HS (see Figure 1). The spectra in b, d, and f) show the corresponding measurements for ES illumination. In (e,f) measured Ws are
compared W with the product of Z and Q (see Equation (7)), in red empty squares. The blue lines represent the simultaneous fittings of each set of
measurements (IS, IMPS, and IMVS), with the EC in Figure 2a. The measurements were performed at 89 mW cm ™2 blue light (470 nm) and 1.2V versus

RHE. The frequency range is, in all the spectra, from 5kHz to 1 Hz.

Table 1. Resulting parameters from the simultaneous fitting of the IS,
IMPS and IMVS spectra for both HS and ES illumination in Figure 4,
with the EC in Figure 2a and a = 98% obtained from direct measurement.

lllumination HS ES
Diffusion Species Electrons Holes
Rs [Qcm?)] 413+0.2 432£0.1
Ry [Q cm?] 3142 16.4+0.4
D [em?s™] (3.7£0.3)x107¢ (5.7+£0.2)x107¢
Wrec [rad s 87+4 155+3
Rrec [ cm?] 520+ 50 240410
C, [MFem™?] 22+2 2741
L [pm] 2060 + 70 1920 + 30
Neol (%] 90 + 4 8342
Nsep 1] 44402 10.940.2
IQEpy.oifr [%] 40402 8.8+0.3
EQEpv.pifr [%] 3140, 6.5+0.1

length, ~4 times the film thickness, is very similar in the two
cases, slightly larger for the electrons.
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These results are consistent with previous studies. In fact, we.
has been measured for BiVO, photoanodes using IMPS, achiev-
ing values around 100 rad s, which are in good agreement with
the values reported in Table 1.4°°% D is proportional to the
carrier mobility (i) through the equation D = kTu/q, whereby
we obtained electron and hole mobility values of
1.4x107* and 22x10*cm?’V~'s™!, respectively (see
Table S2, Supporting Information). Similar values were reported
by Abdi and coworkers for the mobility of W-doped BiVOy,, sug-
gesting that Zr and W doping could have a similar effect on the
photoanode. Furthermore, in that work, lower mobility values for
HS illumination (~=30%) were also reported.®® However, the
corresponding characteristic times in that article were in the
ns order, which yields diffusion lengths in the nm order, which
in our case would yield to the impossibility of collecting current
because our thickness is several orders of magnitude greater.
Those measurements were performed on films, without selective
contacts, and this difference could be the reason for a much
shorter carrier lifetime than the one presented in Table 1.

Table 1 shows, in both cases, that 5, is smaller than 100%,
which is the value usually considered under hole scavenger con-
ditions (the present case).”*?! For illumination from the ES, 5. is
smaller than from HS, in good agreement with diffusion length.

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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This result might suggest a smaller j,, for ES illumination which
is contrary to the experimental measurements (Figure 3). The
reason for this behavior is that, as shown in Table 1, the charge
separation efficiency for HS illumination is only 4.4% while for
ES it reaches a value of 10.9%. Therefore, as the absorptance is
98% in both cases and the difference in the optical efficiency is
very small (see Table S2 in Supporting Information), it can be
concluded that the main limitation to extract absorbed current
is #ep- As a result, as shown in Equation (21), the EQEpy.pisr
is only 6.5% and 3.1% for ES and HS illumination, respectively,
which is in line with the low-frequency limit of the IMPS spectra
shown in Figure 3. Similar values have been reported in the lit-
erature for the EQE of these devices for blue light (470 nm).1**!

A possible origin of the differences between 7, obtained in
each case may be related to the presence of structural defects,
mainly oxygen vacancies, on the surface of BiVOy, as it has been
extensively reported.® =¥ These defects can act as recombina-
tion centers, known as surface traps, that could ultimately
decrease the nsep.[“’“’] Indeed, surface recombination was
reported as the main limiting process on the performance of
BiVO, photoanodes.*>*”) When illuminating from the HS,
the photogeneration is higher near this trap-rich interface which
could act as an internal recombination center, thus reducing #ep-
Another possible origin is the higher conductivity found for
holes which could help to separate carriers more efficiently. A
more detailed analysis of the origin of the differences in 7,
is beyond the scope of this article and will be the target of future
works.

In summary, we have shown here that the combination of the
IS, IMPS, and IMVS measurements, followed by an appropriate
analysis method, allows a detailed characterization of the
optoelectronic processes in the Zr:BiVO, photoanodes. This pro-
cedure can be used for the characterization of other photoconver-
sion devices and electrodes, and it can be also extended for the
analysis of the changes produced by varying the external voltage,
the current, or the illumination conditions.

5. Conclusion

In this work, we establish the theoretical basis and a practical
method for combining IS, IMPS, and IMVS to characterize pho-
toconversion devices with distributed photogeneration, recombi-
nation and diffusion. The potential for this combination was
demonstrated by comparing the possible responses of the three
techniques for such devices. The practical application of this
method is based on the simultaneous fitting of the experimental
data, using the same model and parameters. The relationship
between the optical and electrical properties is key for this analy-
sis. The application of this method to a Zr:BiVO, photoanode
allowed, first, to identify the electrons as the carrier controlling
the response of the device when the illumination arrives from the
HS (the electrolyte), while the holes assume this role when the
sample is illuminated from the ES (the FTO). Then, it provided a
detailed quantitative characterization of the photoconversion
parameters, that served to identify the separation efficiency as
the main limitation to the performance of this device, which
was 10.9% for ES and 4.4% for HS illumination. Other param-
eters, such as the recombination, transport resistance, diffusion
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coefficient, and diffusion length of each carrier, played a minor
role in the differences in device performance, including extracted
current and external quantum efficiency found for each illumi-
nation side.

6. Experimental Section

Zr:BiVO, electrodes were prepared through a previously reported
two-step method.?>%® The first step was the electrodeposition of metallic
Bi on fluorine-doped tin oxide (FTO, 14Qsq ')-coated glass substrate.
The second step was the addition of the vanadium precursor by
drop-casting technique. According to a previous optimization process,
2.5mol% of ZrCl,-8H,0 (Sigma-Aldrich) was added to the B*™ plating
bath [

The optical properties were measured in a Lambda 1050+ spectropho-
tometer (Perkin Elmer), with BaSO, as white reference. The optical
efficiencies were calculated as

ngpst = TQuartZ(.| - RHS) (24)
nﬁﬁt = TQuartz(1 — Res)(1 = arro0) (25)

where the superscript refers to the HS and ES illuminations, Tqy,n, is the
transmittance of the quartz cuvette, agro is the absorptance of the FTO,
and Rys and Rgs are the reflectances of the measured film when light
reaches from HS and ES, respectively. On the other hand, the absorptance
(@) was calculated by considering the photons that were not reflected or
absorbed in the FTO.

Ths 1

a=1-
1—Rus 1 —arro

(26)

with Ts the transmittance of the measured film when light reaches from
HS. These variables are shown in Figure S3, Supporting Information.

The photoelectrochemical characterization of the electrodes was per-
formed in the dark and under illumination (100 mW cm™2 of white light
and 89 mW cm 2 of blue light) in a 0.1 M Potassium phosphate buffer solu-
tion of pH 7.5, including 0.1 M Na,SO; solution as a hole scavenger. The
electrochemical cell was composed of the working electrode, an Ag/AgCl
(3™ KCl) reference electrode, and a Pt wire as a counter electrode. All
the potentials were referred to the RHE through the Nernst equation

Ve = Vag/agal + Vig/age T+ 0-059pH (27)
where
Viag/aga (3 mKCl) = 0199V (28)

The IS, IMPS, and IMVS measurements were performed with an Autolab
PGSTAT302 equipped with a FRA32M module and combined with the
Light-emitting diode (LED) driver. The three techniques were measured
under 89 mW cm™? light intensity generated by an array of three blue
LEDs (Philips LUMILEDS LXML-PB01-0040 with 470 nm peak). For the
IS measurement, a 20mV AC perturbation was applied. For IMPS and
IMVS, an AC perturbation equal to 10% of the light flux was applied.
The frequency range was for the three techniques from 5kHz to 1 Hz.
The measurements were performed at a bias voltage of 1.2V versus
RHE. The analysis of all spectra was done using MultiNonlinearModelFit
function of Wolfram Mathematica software.

The morphology of the sample, including the thickness, was examined
by field-emission scanning electron microscopy (FESEM) with a JSM-700F
JEOL FEG-SEM system (Tokyo, Japan) equipped with an INCA 400 Oxford
EDS analyzer (Oxford, UK) operating at 15 kV. Before the FESEM experi-
ment, the samples were sputtered with a 2 nm-thick layer of Pt.
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