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Carrier Localization on the Nanometer-Scale limits 
Transport in Metal Oxide Photoabsorbers

Markus Schleuning, Moritz Kölbach, Ibbi Ahmet, Raphael Präg, Ronen Gottesman, 
René Gunder, Mengyuan Zhang, Dan Ralf Wargulski, Daniel Abou-Ras, Daniel A. Grave, 
Fatwa F. Abdi, Roel van de Krol, Klaus Schwarzburg, Rainer Eichberger,  
Dennis Friedrich,* and Hannes Hempel*

Metal oxides are considered as stable and low-cost photoelectrode candidates 
for hydrogen production by photoelectrochemical solar water splitting. How-
ever, their power conversion efficiencies usually suffer from poor transport 
of photogenerated charge carriers, which has been attributed previously to 
a variety of effects occurring on different time and length scales. In search 
for common understanding and for a better photo-conducting metal oxide 
photoabsorber, CuFeO2, α-SnWO4, BaSnO3, FeVO4, CuBi2O4, α-Fe2O3, and 
BiVO4 are compared. Their kinetics of thermalization, trapping, localization, 
and recombination are monitored continuously 100 fs–100 µs and mobili-
ties are determined for different probing lengths by combined time-resolved 
terahertz and microwave spectroscopy. As common issue, we find small 
mobilities < 3 cm2V-1s-1. Partial carrier localization further slows carrier dif-
fusion beyond localization lengths of 1–6 nm and explains the extraordinarily 
long conductivity tails, which should not be taken as a sign of long diffusion 
lengths. For CuFeO2, the localization is attributed to electrostatic barriers that 
enclose the crystallographic domains. The most promising novel material is 
BaSnO3, which exhibits the highest mobility after reducing carrier localiza-
tion by annealing in H2. Such overcoming of carrier localization should be an 
objective of future efforts to enhance charge transport in metal oxides.
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1. Introduction

Metal oxides (MOs) are widely used as 
active materials in optoelectronics,[1] sen-
sors,[2,3] catalysis, for example, for CO2 
reduction,[4] and solar energy conver-
sion.[5] This work focuses on metal oxides 
developed for photoelectrochemical (PEC) 
hydrogen production from water by solar 
illumination as CO2-free and storable 
energy production is considered a key ele-
ment of a fully sustainable economy.[6,7] 
These metal oxides are usually proposed 
for direct solar water splitting, which 
promises possible cost reduction from 
better integration and improved heat man-
agement compared to indirect solar water 
splitting using photovoltaic-powered elec-
trolyzers.[8] The main advantages of metal 
oxides such as TiO2,[9] α-Fe2O3,[7] and 
BiVO4

[10] over conventional non-oxide sem-
iconductors can be their earth-abundance, 
non-toxicity, ease of preparation, and 
better stability in aqueous solution. 
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However, the demonstrated solar to hydrogen (STH) conver-
sion efficiencies of devices fully based on metal oxides are com-
monly limited to ≈ 1 %,[11,12] while the latest record of 3 % was 
achieved with a Cu2O/BiVO4 tandem.[13] Tandems with silicon 
or III-V bottom cells have achieved STH efficiencies of up to 
8.1%,[14] but are also limited by the metal oxide top cell. The 
poor STH efficiency in current metal oxide-based devices has 
been partially attributed to poor charge transport in previous 
works,[6,15–19] which motivates our investigation of the origin 
of this poor charge transport and our search for novel metal 
oxides with possibly superior charge transport properties.

Therefore, we probe the mobility and charge transport of 
several metal oxides, established and novel, such as α-Fe2O3,[20] 
α-SnWO4,[21] CuFeO2,[22] FeVO4,[23] BiVO4,[24] CuBi2O4,[25] 
and BaSnO3.[26] To this end, photoconductivity transients are 
detected from 100  fs up to 100  µs by an innovative combina-
tion of time-resolved microwave conductivity and optical-pump 
terahertz-probe spectroscopy, which allows continuous and 
rather complete monitoring of the kinetics of thermalization, 
trapping, localization, and recombination of charge carriers in 
these materials. All metal oxides probed here, except BiVO4, 
show distinct signs of carrier localization on the nanometer 
scale, which poses additional transport losses. Further, we can 
show that modifications of the materials can reduce the carrier 
localization in some cases, which rationalizes increased photo-
currents that have been observed previously.

The first aspect of carrier localization that will be discussed 
here is the offset between OPTP and TRMC transients and 
decreasing mobility with decreasing probing frequency. Second, 
a model of carrier localization is developed using CuFeO2 as an 
example, which integrates the carrier localization length, the 
probing lengths by TRMC and OPTP, the XRD domain size, and 
the Debye length at electrostatic potential barriers. Thirdly, the 
overestimation of the diffusion length in the presence of carrier 
localization is discussed, which occurs when the mean absolute 
displacement increases beyond the probing lengths of TRMC and 
OPTP. Finally, a comparison of various metal oxides reveals their 
common issue of intrinsically low mobilities compared to high-
efficiency photoabsorbers such as silicon and III–V semiconduc-
tors and that nm-scale localization further reduces their mobilities.

2. Carrier Localization in CuFeO2

Before comparing various metal oxides, we detail our approach 
on the example of delafossite rhombohedral CuFeO2. This 
material has recently been proposed as a candidate metal 
oxide for solar water splitting as it has a suitable bandgap in 
the visible range (Eg ≈1.4  eV) and intrinsic p-doping, which is 
favorable for a photocathode.[22,27] The so far limited investiga-
tion of the charge carrier dynamics of CuFeO2 (e.g., no OPTP 
study) and the distinct carrier localization behavior, make it a 
perfect candidate for a more detailed study.

2.1. Combined Photoconductivity Transients and Initial Mobility

To span different time-windows, photoconductivity transients 
are measured after pulsed photogeneration by OPTP, sample 

terminated (st)-TRMC, open cavity (oc)-TRMC, and conven-
tional TRMC, and are combined in Figure 1a. The excitation 
wavelength was set at 410 and 400  nm for TRMC and OPTP, 
respectively, while the number of exciting photons per pulse 
was in the order of ≈5  ×  1013 cm−2 as detailed in Supporting 
Information80–85. The OPTP and TRMC photoconductivity tran-
sients have been divided by the initial photogenerated carrier 
concentrations and the elementary charge, which allows direct 
determination of the charge carrier mobility from the peak 
value in units of cm2V−1s−1. This value is the sum of the elec-
tron mobility and the hole mobility, because TRMC and OPTP 
measure the photoconductivity of both carrier types. Instead, 
the st- and oc- TRMC transients are in arbitrary units as the 
cavity resonance is not well defined. These transients can, 
therefore, be stitched to the OPTP transient or the conventional 
TRMC transient.

The kinetics of the individual transients match well in the 
overlapping time regimes, which provides confidence that the 
individual techniques probe the same charge carrier ensemble. 
However, to obtain a continuous photoconductivity transient, 
the OPTP transient must be divided by a divisor of ≈14. This 
discontinuity in the transient can be attributed to a frequency-
dependence of the probed charge carrier mobility. OPTP uses 
electric fields that alternate at ≈1  THz, whereas the TRMC 
setup uses ≈9  GHz. From the initial amplitude of the OPTP 
transient in Figure  1a (at t  ≈ 100  fs, measured using a probe 
frequency of ≈1 THz), a mobility of 0.43 cm2V−1s−1 at ≈1  THz 
is found. Stitching the adjusted OPTP and st/oc-TRMC tran-
sients to the TRMC data (i.e., dividing the OPTP transient by a 
factor of 14) provides an extrapolation of 0.029 cm2V−1s−1 for the 
initial mobility at 9 GHz. In contrast, the TRMC-derived peak 
mobility is only 6.2 × 10−4 cm2V−1s−1 due to a photoconductivity 
decay within TRMC time resolution of ≈10 ns, which has been 
previously described also for BiVO4 and amorphous silicon.[28]

It is interesting to note that in our previous work on bismuth 
vanadate, amorphous and single crystalline silicon, and halide 
perovskites no offsets between OPTP and TRMC transients 
were observed.[28] These materials exhibit approximately con-
stant mobilities between 9  GHz and 1 THz, which is in line 
with free-carrier Drude-like transport but also with hopping 
between lattice sites or partial carrier localization on atomistic 
length scales.[29] In contrast, the observed decreasing mobility 
with decreasing frequency for CuFeO2 (a factor of 14 between 
1 THz and 9  GHz) indicates charge carrier localization on 
the nanometer scale.[30–32] Such reduced GHz mobilities have 
been reported previously for α-SnWO4

[33] and certain MAPbI3 
thin films[34] and were attributed to transport barriers at grain 
boundaries. Thus, a modification of our previously reported 
carrier transport model[28] is necessary to represent this effect, 
which is discussed below.

2.2. Mobility Dispersion by Carrier Localization

The frequency dependence of the mobility in the THz range 
can be investigated in more detail by time-resolved terahertz 
spectroscopy (TRTS), a modification of OPTP. The terahertz 
mobility spectrum of CuFeO2 was measured by TRTS at 5  ps 
after photogeneration and is shown in Figure S5 (Supporting 
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Information). In Figure 1b, this data is scaled to the THz peak 
mobility and plotted together with the respective mobility at 
9 GHz. The real part of the mobility decreases with decreasing 
frequency, while the imaginary part of the mobility is negative, 
typical for carrier localization.[35,36] Such mobility dispersion has 
been described previously by various localization models, such 
as the Drude Smith model[37–39] or by hopping transport.[40] In 
this work, the modified Drude–Smith (mDS) model is used, 
which describes carrier localization in a potential well as illus-
trated in Figure  1d.[32,35] The first reason for choosing this 
model is that it can model transport within localizing domains 
without assuming that the charge carrier scattering is domi-
nated by the domain boundaries, which is implied in the orig-
inal Drude–Smith model. Second, it can phenomenologically 
describe transport between localizing domains by the inclusion 
of parameter c, which we will call “localization strength”. This 

parameter is not included in the otherwise similar Siebbeles 
model.[41] Thirdly, the mDS-model considers the spatial extent 
Lloc of the localizing domain, which we will call “localization 
length” and will be compared later to the morphology of the 
probed polycrystalline thin films. If the localization length is 
longer than the intra-domain scattering length, the mDS-model 
can be expressed as Equations 1 and 2:

µ f µ f
c

i f
1

1 2
mDS 0 π τ

( ) ( )= −
− ′′







 (1)

eL

k Tµ f12 0
loc
2

B 0

τ ( )′′ =
=

 (2)

where µ0 is the intra-domain mobility, which was originally 
described by Cocker et  al. as a free-carrier Drude mobility 
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Figure 1. Carrier localization on nanometer-scale in CuFeO2. a) Combined photoconductivity transient of a CuFeO2 thin film. TRMC transient and 
OPTP transient are offset by a factor, which can be attributed to reduced TRMC mobility by charge carrier localization. b) Frequency-dependent mobility 
spectrum of CuFeO2 measured by time-resolved terahertz spectroscopy at 5 ps and by TRMC. The THz and GHz mobilities are scaled to the peak 
values observed in a) and fitted by the modified Drude–Smith model. One finds a localization length L of 1.5 nm, a localization strength c of 0.94, and 
an intra-domain carrier mobility µ0 of 0.51 cm2V−1s−1. c) X-Ray diffractogram of CuFeO2. An average domain size < 14 nm is extracted via the Le Bail 
method. d) Illustration of carrier localization in the potential well of the modified Drude–Smith model and more realistic between electric barriers from 
charged XRD-domain boundaries, which decay with the Debey-length λD toward to domain center.
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spectrum. Without proof, we suggest that the intra-domain 
mobility could possibly also be described by other models, for 
example, hopping, depending on the intra-domain transport. f 
is the probing frequency and τ′′ can be understood as the time 
to diffuse through the localizing domain. kB, T and e are the 
Boltzmann constant, temperature, and elementary charge, 
respectively. More details of the model are explained in Sup-
porting Information.

Modeling the combined THz and GHz mobility spectrum 
(Figure 1b) with these equations yields a localization length Lloc 
of 1.5 nm, a localization strength c of 0.94, and an intra-domain 
carrier mobility µ0 of 0.51 cm2V−1s−1, which is approached 
above ≈5 THz. This intra-domain mobility can, for example, be 
described by a Drude-like free-carrier mobility with an effective 
mass meff = 1 and scattering time 0.29scatτ ′ =  fs. However, other 
combinations of effective mass and scattering time can also be 
used to model the measured data; for an unambiguous deter-
mination, a measurement at higher THz frequencies would be 
needed.

The localization strength c is a phenomenological exten-
sion in the modified Drude–Smith model to its rigid devia-
tion. It allows transport beyond the individual localization 
domains with an inter-domain mobility that is reduced to 
(1-c)µ0. The localization parameter scales, as defined here, 
from 0 for the absence of localization to 1 for complete 
localization in the domain with an inter-domain mobility 
reduced to zero. The relatively large localization strength of 
0.94 for CuFeO2 indicates that the barriers at the bounda-
ries of the localization domains are relatively high compared 
to the thermal energy of the charge carriers and cannot be 
overcome easily. It reduces the mobilities at lower frequen-
cies, which have approached an inter-domain value (1-c)µ0 of  
0.029 cm2V−1s−1 at 9 GHz.

2.3. The Origin of Carrier Localization

For the probed CuFeO2 sample, the carrier localization can 
satisfactorily be explained by the presence of electro-statically 
charged boundaries of the crystallographic domains that 
coherently scatter X-rays. The grazing incidence X-ray diffrac-
tion (GIXRD) pattern in Figure  1c shows mainly the CuFeO2 
phase with only very minor CuFe2O4 and Fe3O4 phase contri-
butions. Further, a substantial broadening of the XRD peaks, 
relative to the instrument resolution, can be observed. Mode-
ling with Le Bail refinement[92–94] reveals an anisotropic XRD 
domain size of 19 nm along the c-axis and < 12 nm along the 
a/b axes. As recently shown for CeO2, such grain boundaries 
can be electrostatic barriers, which decrease toward the crys-
tallite interior as illustrated in Figure  1d.[42] The barrier width 
is usually in the order of the Debye length k T ne/D B

2λ ε= ,  
which is ≈5 nm for CuFeO2 based on the reported carrier con-
centration n of ≈1018  cm−3[22] and a relative permittivity ε of 
≈20.[43] Considering the average XRD domain of 14 nm, carriers 
are expected to localize within ≈4  nm, which roughly agrees 
with the localization length of 1.5  nm determined using the  
mDS-model. The small discrepancy may also be caused by the 
difference between the step-like barrier profiles of the mDS-
model and a more realistic smooth electrostatic barrier as illus-
trated in Figure 1d.

In general, the possible origins of carrier localization in 
metal oxides are manyfold and may vary between individual 
materials. However, the determined localization length of a 
few nanometers reduces these possibilities. Figure 2 illustrates 
possible simultaneous partial localization on different length 
scales and indicates which kinds of localization may be respon-
sible for the offset between the mobilities at 1 THz and 9 GHz, 
which are probed by OPTP and TRMC respectively.

Adv. Funct. Mater. 2023, 33, 2300065

Figure 2. Localization on multiple length scales. Scheme of the frequency-dependent mobility for multiple partial localization processes on different 
length scales that are possible in metal oxides and an illustration of a µm-sized grain that is subdivided by stacking faults and polaron hopping between 
the lattice sites. The offset between THz and GHz mobilities is usually caused by nanometer-scale localization. But the mobility dispersion shifts for 
larger intra-domain mobilities to higher frequencies and the offset between GHz and THz mobilities becomes more sensitive to localization on longer 
length scales. Inset: Probing lengths for measurements at 1 THz (OPTP) and 9 GHz (TRMC) as a function of charge carrier mobility. Due to larger 
mobilities, the probing lengths are much longer for crystalline silicon (c-Si) than for CuFeO2.
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Small polaron formation, trapping into localized d-states, or 
trapping into defect states have been reported for metal oxides. 
However, these processes localize the carriers on single lattice 
sites and the corresponding localization length should be on the 
atomistic scale. Therefore, they can be out-ruled as the origin of 
the observed nanometer-scale localization. Still, some of these 
atomistic localization processes possibly occur in CuFeO2 and 
may be responsible for a mobility dispersion at higher frequen-
cies as illustrated in Figure 2.

The observed offset between THz and GHz mobilities and 
the corresponding nanometer-scale localization may be caused 
by electrostatically charged grain boundaries, crystallographic 
twins, or stacking faults as suggested by the XRD domains size, 
but also by, for example, defect clusters.

Larger domains in CuFeO2, such as micrometer-sized grains 
or secondary phase inclusions, are not probed by TRMC nor by 
OPTP.

Although the offset between the mobilities at 1  THz and 
9 GHz is caused in the case of CuFeO2 by localization on a few 
nanometers. In general, such an offset may be caused by locali-
zation on different length scales for materials with different 
mobility. Therefore, it is important to explicitly calculate the 
localization length or the probing lengths of TRMC and OPTP.

2.4. The Probing Lengths of TRMC and OPTP

The probing length Lprobe is the distance over which charge 
transport is probed (by TRMC or OPTP) and is derived here by 
considering the mDS-model of a hypothetical additional locali-
zation. The mDS-model could only predict a mobility reduction 
by carrier localization if the probing length is larger than the 
localization domain size. Here we define the probing length 
to be equal to the domain size (localization length) that would 
reduce the effective mobility µ(f) in the mDS-model to half of 
the intra-domain value, which yields Equation 3 as derived in 
SI-2 (Supporting Information). Different definitions for the 
“starting point” of this reduction, such as a mobility reduction 
to 90%, lead to probing lengths with different pre-factors than 
in Equation 3.[36] The resulting probing length is a function of 
mobility and probing frequency. High charge carrier mobili-
ties will increase the probing length, while higher frequencies 
reduce it.

L
k Tµ f

ef

6
probe

B

π
( )

≈  (3)

For total localization (c   =  1), the probing length equals the 
localization length Lloc of the mDS-model, as shown in SI-1 
(Supporting Information). For partial localization, the corre-
sponding length should lie between the OPTP probing length 
and the TRMC probing length, which allows estimating the 
localization length from these probing lengths without mod-
eling the full mobility dispersion.

For CuFeO2, the OPTP-derived mobility of 0.43 cm2V−1s−1 at  
f ≈ 1 THz yields a probing length Lprobe of 1.5 nm. Assuming 
the same mobility at the lower TRMC frequency of ≈9  GHz 
would result in a ≈ ten times larger (square root of 1 THz 

over 9  GHz) probed transport distance of ≈17  nm. How-
ever, carrier localization reduces the mobility at 9  GHz 
to 0.029 cm2V−1s−1 and limits the TRMC probing length to 
only ≈4.1 nm. For other materials with higher mobilities, for 
example, lead halide perovskites 30 cm2V−1s−1 or crystalline 
silicon 1930  cm2V−1s−1, the larger THz/GHz probing length 
of 12/130 and 70/1060 nm are obtained, as shown in the inset 
of Figure 2.

In conclusion, the combination of TRMC and OPTP meas-
urements only reveals carrier localization for which the locali-
zation length is in between the probing lengths of TRMC and 
OPTP.

2.5. Kinetics of Localization and Recombination

Interpreting the kinetics of the combined photoconductivity 
transient of CuFeO2, which is shown for convenience again 
in Figure 3a, is challenging since multiple processes occur 
on similar timescales. Still, we discuss the main processes in 
analogy to the results reported for other metal oxides and in 
particular in comparison with BiVO4 for which nanometer-scale 
localization is absent.

This absence becomes evident from the match between 
TRMC and OPTP transients without offset that we observed 
previously and is shown here in Figure 3b again.[28] The large 
crystallite size can rationalize the absence of nanometer-scale 
localization in BiVO4. X-ray diffraction patterns and electron 
backscattering (EBSD) diffraction maps of PLD-made samples 
are shown in the supporting Figure S2a,c (Supporting Informa-
tion). They yield XRD domain sizes of >100  nm (close to the 
resolution limit), and a mean EBDS domain size of 1.4  µm, 
which are both much larger than the obtained diffusion 
length. To understand if the observation above is specific to the  
PLD-grown BiVO4, a BiVO4 thin film grown by spray pyrolysis 
was probed and the results are shown in the supporting Figure S1  
(Supporting Information). Therefore, BiVO4 tends not to show 
nm-scale localization, regardless of the deposition technique. 
Still, localization on smaller (e.g., atomic) lengths does occur 
in BiVO4.

Initially, carriers are photogenerated in CuFeO2 and BiVO4 
with high excess energy into states that have usually very low 
mobilities. Then carriers thermalize and relax to the mobile 
band edges, which causes the initial rise of the photoconduc-
tivity in Figure 3a and corresponds to an increase in the effec-
tive charge carrier mobility.[44] Subsequently, a steep decay 
within the first ps follows for CuFeO2. This decay is at least 
partially caused by the localization of carriers on the nanom-
eter scale, which is evident from the terahertz mobility spec-
trum measured at 5 ps (Figure 1b). The initial decay of BiVO4 
is less pronounced, which can also be explained by the absence 
of nanometer localization in BiVO4. For both materials, other 
additional localization processes may occur. For example, (mul-
tiple) trapping into defects or band tails as previously described 
for BiVO4 and TiO2,[45–47] exciton formation as known for 
ZnO,[48] and polaron formation that is reported for BiVO4 and 
α-Fe2O3.[49–51] At the time of the peak of the photoconductivity 
transient, likely only a minor fraction of the carrier is in the 
high mobility band edges states and large fractions are still in 
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higher band states or already in localized states, which explains 
the relatively low THz peak mobility. In general, the localization 
processes are connected to a decay in the average mobility of 
the photogenerated carriers. On the longer timescales, recom-
bination should become more significant, which decreases the 
photoconductivity by a decay of the carrier concentration. How-
ever, localization and recombination cannot be distinguished 
here.

Compared to BiVO4, the photoconductivity tail of the 
CuFeO2 photoconductivity transient is extraordinarily long. 
This behavior suggests that the lifetimes of some carriers 
are relatively long (up to 100 µs), which is often taken as a 
sign of a good photoabsorber.[25] However, in this case, the 
long decay time is rather a consequence of carrier localization 
or trapping. Here, it will be interpreted in the framework of 
the observed carrier localization in crystallographic domains. 
On the one hand, the recombination centers are potentially 
located at the domain boundaries or in specific defect-rich 
domains. Hence, they cannot be reached easily by the charge 
carriers  due to the barriers at the domain boundaries. Addi-
tionally, elelctrons and holes tend to localize at different posi-

tions in a poential landscape, which further increases the 
apparent lifetime. On the other hand, the localization will pre-
vent carriers from reaching selective contacts or the electrolyte 
interface, which oposes the charge separation and slows the 
electrochemical reactions when used in a photoelectrochem-
ical device.[52] To reach the interface, the carriers must over-
come the localization barrier, simultaneously exposing them 
to the recombination centers.

In a similar manner, charge carriers can localize by trapping 
into defects, band tails, or polaronic states, which also can pre-
vent them from reaching recombination centers and causes 
slow decay components.[53–56] Such atomistic localization is 
a likely explanation for the long decay components in BiVO4 
where nanometer-scale localization is absent. It may similarly 
affect the kinetics in CuFeO2 although this is not evident from 
our measurements.

Anyway, the reduced transport and the relatively long life-
time likely have the same origin and partially balance each 
other in their effect on the diffusion length. Thus, we conclude 
that long-lived tails of the photoconductivity transients are not 
necessarily a sign of a good photoabsorber.

Adv. Funct. Mater. 2023, 33, 2300065

Figure 3. Localization versus homogeneous diffusion. a) Stitching photoconductivity transients to the OPTP value and to the lower TRMC value for 
CuFeO2 yields different combined transients due to the carrier localization. b) Mean displacement calculated by Equation 4 for the photoconductivity 
plotted in a. The mean displacement reaches the OPTP probing length of 1.5 nm after 23 ps and the TRMC probing length of 4 nm after 11 ns. In 
between these times, the mean displacement is estimated to be limited by the localization length. For much longer times, the mean displacement is 
overestimated by Equation 4 as TRMC or OPTP does not probe possible additional large-scale localization. c) Stitching photoconductivity transients to 
the OPTP value and to the TRMC value for BiVO4 yields similar combined transients without a significant offset in the mobilities as reported earlier.[28] 
d) The mean displacement calculated by Equation 4 from the photoconductivity transient plotted in c. The evolution of the mean displacement can be 
stated confidently between the probing lengths of OPTP and TRMC of 1.1 nm and 12 nm, respectively. After ≈10 ns, the mean displacement estimated 
by Equation 4 converges to a diffusion length of 15 nm.
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2.6. Ambiguous Diffusion Length

For cases in which the charge carriers are subject to time-
dependent lifetimes and time-dependent mobilities and in 
which the individual physical processes involved might be chal-
lenging to deconvolute, we have recently derived an equation 
for determining the diffusion length.

The mean absolute displacement 〈|x(t)|〉 and the diffusion 
length LD can be calculated by Equation 4 directly from the 
integral of sheet photoconductivity transients ΔσΣ(t′), which 
are measured by TRMC and OPTP,[28] and from the initially 
induced sheet carrier concentration Δns(t′ = 0). The mean dis-
placement converges to the diffusion length at sufficiently long 
times, that is, LD = 〈|x(t → ∞)|〉. As TRMC and OPTP measure 
the sum of the photoconductivities induced by electrons and 
holes, the mean displacement and the diffusion lengths calcu-
lated by Equation 3 are effective values assuming equal electron 
and hole mobilities.

x t
t

n t

k T

e
dt0.75 2

00

t

s

B
2∫

σ ( )
( )( ) ≈ ∆ ′

∆ ′ =
′∑  (4)

In our previous work on PLD-grown BiVO4, halide perov-
skites, amorphous silicon thin films, and a crystalline silicon 
wafer,[28] the mean displacements calculated by Equation 4 con-
verged to finite diffusion lengths, which were in line with litera-
ture data from other techniques. However, these materials did 
not exhibit carrier localization between the TRMC probing and 
OPTP probing lengths.

In contrast, the carrier localization and the mobility disper-
sion observed for CuFeO2 in Figure 1 conflict with Equation 4, 
which assumes that the mobility is homogeneous throughout 
the medium and frequency-independent. Stitching the pho-
toconductivity transients to either the TRMC transient meas-
ured at 9  GHz or the OPTP transient measured at 1 THz 
yields two different combined transients. Consequently, 
applying Equation  4 to both transients leads to ambiguous 
values for the mean displacements, as shown in Figure  3b. 
The only two values that can be stated with confidence are the 
times at which the mean displacements approach the corre-
sponding probing lengths (green markers in Figure  3b). For 
CuFeO2, it takes 23  ps and 11  ns for the carriers to spread 
1.5 nm and 4 nm. In between these times, the mean displace-
ment increases significantly slower than expected for conven-
tional diffusion (≈t0.5), which can be attributed to the partial 
carrier localization. Likely, the mean displacement is limited 
by the localization length until a part of the carriers overcome 
the localizing barriers.

Mean displacements and diffusion lengths beyond the 
probing lengths of TRMC disregard possible additional trans-
port barriers on longer length scales that may limit long-range 
transport. Hence, the calculated mean displacements do not 
converge to a finite diffusion length but continuously increase 
even after 100 µs in Figure 3b, are likely overestimated. Mean 
displacements that are shorter than the probing lengths of 
OPTP are potentially underestimated as such transport may not 
be affected by the barriers that are probed by OPTP. Only meas-
urements at lower or higher frequencies will allow probing 

carrier transport and potential localization on such longer or 
shorter length scales.

For BiVO4, the probing lengths of ≈11  nm for TRMC and 
≈1.1  nm for OPTP are indicated by dotted lines in Figure  3d. 
Since the transients and the corresponding mean displacement 
9 GHz and 1 THz coincide, the mean displacements between 
the probing length can be stated with confidence. Also, the dif-
fusion length can be estimated, since the mean displacement 
converges. In conclusion, due to carrier localization and the 
corresponding mobility dispersion, the diffusion length cannot 
be determined unambiguously but only the times at which 
probing lengths are approached.

3. Screening Photo-Absorbing Metal Oxides

Having shown two main distinct behaviors for CuFeO2 and 
BiVO4, we further screened various metal oxide thin films, 
including α-Fe2O3, FeVO4, α-SnWO4, CuBi2O4, and BaSnO3. 
The latter four are emerging photoelectrode materials in the field 
of solar fuels (Deposition details are found in the Supporting 
Information86–92). The initial THz peak mobilities of the metal 
oxides under investigation are shown in Figure 4a. All values 
remain < 2.6 cm2V−1s−1, and most of them are in the order of  
≈0.3 cm2V−1s−1. These values are at least one order of magnitude 
below the mobility of inorganic or hybrid materials that yield high-
efficiency solar cells, such as halide perovskites (≈30 cm2V−1s−1), 
crystalline silicon (≈1000 cm2V−1s−1) or InP (≈2000 cm2V−1s−1).[36] 
They are relatively comparable to those known for well-
performing organic PV materials (≈0.4  cm2V−1s−1).[57] Organic 
solar cells recently surpassed 19% efficiency,[58] showing that 
such low mobilities are no fundamental limitation but require 
sophisticated device architectures.[59]

The reason for this common low THz mobility of metal 
oxides could be carrier localization on length scales below 
the THz probing length of a few nanometers. Such localiza-
tion on the atomic scale has been reported for metal oxides, 
for example, due to small polaron formation in BiVO4

[49–51,63] 
intrinsically localized d-states in α-Fe2O3

[60–62] or trapping in 
defect states. Hence, even for BiVO4, which does not exhibit 
carrier localization on the nanometer scale, carrier localization 
on the atomistic scale is not excluded but actually reported.[49,55]

It can be observed in Figure  4a that apart from BiVO4, all 
the probed metal oxides in this study exhibit lower mobili-
ties at 9 GHz than at 1 THz, which can be attributed to carrier 
localization on the nm-length scale. To correct previous reports 
of some of the authors of this study, the TRMC-derived peak 
mobilities are also shown in Figure 4a, which are significantly 
lower than the previous values that were based on an incorrect 
analysis (SI-3, Table S2, Supporting Information). The correctly 
determined TRMC-derived peak mobilities are significantly 
lower than the initial mobilities at 9 GHz due to the photocon-
ductivity decay within the time resolution of the conventional 
TRMC setup. The ratio of mobilities at 9  GHz and 1 THz is 
represented by the blue area in Figure 4a. It is a measure of the 
strength of the carrier localization and allows defining the local-
ization strength c* = 1 − µ(9GHz)/µ(1THz), which is similar 
(but not equal) to the localization strength c of the mDS-model. 
For a straightforward comparison between different materials,  

Adv. Funct. Mater. 2023, 33, 2300065
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we will use the simplified localization parameter c*, as it can be 
determined directly from the OPTP and TRMC transients. In 
contrast, a precise fitting of the mDS-model requires an addi-
tional measurement of the frequency-dependent THz mobility 
spectra. The values of c* for all metal oxides are given in Table 1  
together with the probing lengths and the peak mobilities for 
OPTP and TRMC, respectively. The determined localization 
strengths show that the charge transport in all probed metal 
oxides, apart from BiVO4, suffers from carrier localization.

The transport length scales in the various metal oxides are 
shown in Figure 4b. The diffusion lengths could only be calcu-
lated for BiVO4 and for the reference materials silicon and lead 
halide perovskite. For the other metal oxides (Figure S4, Sup-
porting Information), the calculated mean displacements do 
not converge. This is unlikely to represent the actual behavior 
but is an artifact from the carrier localization and the poten-
tially lower mobilities at length scales longer than the trans-
port lengths probed by TRMC and OPTP. For the metal oxides 

with carrier localization, the probing lengths are in the range 
1–6 nm and the localization lengths are between these probing 
lengths, marked by the blue range in Figure 4b.

Overall, the localization-free transport in BiVO4 is quantified 
by a diffusion length of 15  nm, and the localized transport in 
the other metal oxides is quantified by the localization lengths 
in the range 1–6 nm. Both transport lengths are much shorter 
than the typical layer thickness of a few hundred nanometers 
needed to absorb enough solar photons in an energy conver-
sion device. Hence, carrier transport in metal oxides, and in 
particular the carrier localization, should be optimized or trans-
port must be enhanced by electric fields. In comparison, for 
high-efficiency PV materials, such as silicon and halide perov-
skites, the calculated diffusion lengths are much larger than 
the typical layer thicknesses, resulting in no significant current 
losses from carrier transport.

In this context, it is notable that the only metal oxide investi-
gated in this work that exhibits no signs of carrier localization 

Adv. Funct. Mater. 2023, 33, 2300065

Figure 4. Screening metal oxides. a) Sum mobilities in several metal oxide photoelectrode materials are significantly lower than in high-efficiency PV 
materials and even lower than in amorphous silicon, indicating intrinsically slow transport. The mobility reduction from 1 THz to 9 GHz is caused by 
carrier localization, and its amplitude quantifies the localization strength. A photoconductivity decay within the TRMC time resolution causes even 
lower TRMC peak mobilities. b) The transport length scales can be quantified by the diffusion length or, if carrier localization occurs, by the localization 
length, which is in between the probing lengths at 9 GHz (TRMC) and at 1 THz (OPTP). For metal oxides, these transport lengths are shorter than the 
desired layer thickness, which will cause losses in the corresponding power conversion devices.
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on the nanometer scale is BiVO4, which is one of the metal 
oxides for solar PEC water splitting with the highest reported 
EQE values. Hence, we suspect that the absence of nm-scale 
localization due to, for example, grain boundaries is an essential 
prerequisite for a metal oxide to achieve high solar conversion 
efficiencies. While improving the microstructure consequently 
showed increased extractable photocurrents in SnWO4,[33,64] 
FeVO4

[65] and CuBi2O4
[66] photoelectrodes, this is still yet to be 

realized in many emerging metal oxides.
In contrast, the probed α-Fe2O3 was grown epitaxially so that 

the microstructure should not restrict the transport. Hence, the 
observed nanometer-scale localization must have a different 
origin, for example, defect clusters, but clarifying the exact 
origin needs more detailed studies. The reported localization 
on the d-states can be out-ruled as the origin of the observed 
nanometer-scale localization since the corresponding localiza-
tion length should be on the atomistic scale. A previous study 
has shown that TRMC photoconductivity measurements do not 
detect carriers in such d-states, which indicates atomistic locali-
zation without considerable transport between the d-states.[60]

From the selection of novel materials investigated here, the 
localization is strongest for BaSnO3 with a mobility reduc-
tion from 1.3 to 0.007 cm2V−1s−1. Interestingly, annealing in 
H2 and H2S at 400 °C reduces the localization strength (blue 
bar in Figure  4a) and increases the localization length from 
≈2 to ≈6  nm. This reduction of carrier localization strength 
rationalizes our previously reported increase of TRMC-derived 
mobility.[67] Future work will clarify if an increasing XRD 
domain size is responsible for this reduced localization as in 
CuFeO2, or if the annealing in a reducing atmosphere intro-
duces extended defect bands of oxygen vacancies as suggested 
in references,[67–70] which would allow relatively fast trans-
port. In the latter case, the localization length may correspond 
to the size of the defect clusters. Nonetheless, this example 
shows that carrier localization can in some cases be effectively 
reduced. Overcoming it should allow long-range transport with 
a mobility value approaching that derived from OPTP, which is 
2.6 cm2V−1s−1 for hydrogen-annealed BaSnO3 and much larger 

than for any other metal oxide probed here. This high mobility 
is in line with one of the smallest effective masses reported 
for a metal oxide so far.[71] Therefore, this material seems to be 
promising despite the observed carrier localization.[72–75]

On the other side, FeVO4 exhibits especially poor transport 
since the TRMC amplitude is the lowest, and the OPTP signal 
was too small to be monitored and remained buried in the noise. 
For this material, the mobility is likely intrinsically limited by 
atomistic localization on iron d5-states to very low values, even 
without additional localization on the nanometer scale.[77]

4. Conclusion

In this work, we combined TRMC and OPTP transients to 
measure the mobilities of photogenerated charge carriers and 
to monitor their photoconductivity and diffusion from 100  fs 
to the µs-regime. Particularly for CuFeO2, α-Fe2O3, α-SnWO4, 
CuBi2O4, and BaSnO3, frequently discussed atomistic carrier 
localization such as small polaron formation, trapping into 
point defects, or intrinsically localized d-states, are not limiting 
the transport through the probed thin film materials at their 
status of material development. Instead, transport is limited 
by partial carrier localization at a typical length scale of a few 
nm, which seems to be a common issue of metal oxide pho-
toabsorbers. This localization occurs within a few picoseconds 
and leads to extraordinarily slow decay components of up to 100 
µs in photoconductivity transients. Such long tails can lead to 
an overestimation of the carrier diffusion and are not automati-
cally a sign of a good photoabsorber. Another fingerprint of car-
rier localization is the offset between OPTP and TRMC-derived 
transient, which reflects a reduction of the mobility at ≈9 GHz, 
probed by TRMC, compared to the mobility at ≈1 THz, probed 
by OPTP. This frequency-dependence opposes the deter-
mination of the diffusion length but allows quantifying the 
localization length instead. From a methodological perspec-
tive, this work complements the conventional diffusion length 
by the determination of the probing length, the localization 

Adv. Funct. Mater. 2023, 33, 2300065

Table 1. Overview of obtained transport properties of emerging metal oxides.

Diffusion length [nm] Localization strength c* Probing length 
@1 THz [nm]

Probing length 
@9 GHz [nm]

Peak mobility  
@1 THz [cm2V−1s−1]

Peak mobility  
@9 GHz [cm2V−1s−1]

Peak mobility TRMC 
[cm2V−1s−1]

BiVO4 (PLD) 14 0 1.1 12.0 0.25 0.25 1.6 × 10−3

BiVO4 (spray) 11 0 0.8 8.7 0.13 0.13 5.4 × 10−4

a-Si 22 0 3.8 41 2.9 2.9 1.8 × 10−2

CuFeO2 artificial divergence 0.93 1.46 4.1 0.43 0.029 6.2 × 10−4

α-SnWO4 ” 0.96 1.0 2.3 0.21 0.0092 1.3 × 10−4

BaSnO3 ” 0.99 2.5 2.1 1.3 0.0073 5.6 × 10−4

BaSnO3-x : H ” 0.97 3.6 6.1 2.6 0.064 1.1 × 10−2

BaSn(O,S)3−X ” 0.85 1.3 5.7 0.36 0.055 1.5 × 10−2

α-Fe2O3: Sn ” 0.89 0.94 3.4 0.18 0.020 3 × 10−4

CuBi2O4 ” 0.80 1.2 5.9 0.30 0.06 1.3 × 10−4

FeVO4 – – – 4.1 no signal – 3.9 × 10−6

FeVO4: Mo – – – 2.3 no signal – 1.4 × 10−5

uncertainty ±25% ±50% ±25% ±25% ±25% ±50% ±25%
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strength, and the localization length. For CuFeO2, the observed 
carrier localization length of 1.5  nm is in close agreement 
with carrier localization in the ≈14  nm-sized crystallographic 
domains and the expected width of electrostatically charged 
domain boundaries. Hence, a strategy for future improving the 
charge transport is increasing the crystallinity. For the other 
materials, the origin of the observed nanometer-scale localiza-
tion remains to be clarified. However, for BaSnO3, annealing 
H2 atmosphere reduced the observed localization and increased 
the THz mobility to 2.6  cm2V−1s−1, which is the highest value 
of the materials studied here. Therefore, this material is a very 
promising candidate for the future development of a metal 
oxide photoabsorber with relatively high mobility.
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from the author.
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