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Polaron absorption for photovoltaic energy conversion in a manganite-titanate pn heterojunction
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The relation among structure, electric transport, and photovoltaic effect is investigated for a pn heterojunction
with strong correlation interactions. A perovskite interface is chosen as a model system consisting of the p-doped
strongly correlated manganite Prj¢4Cag3sMnO3; (PCMO) and the n-doped titanate SrTi;_,Nb,O3 (y = 0.002
and 0.01). High-resolution electron microscopy and spectroscopy reveal a nearly dislocation-free, epitaxial
interface and give insight into the local atomic and electronic structure. The presence of a photovoltaic effect
under visible light at room temperature suggests the existence of mobile excited polarons within the band-gap-
free PCMO absorber. The temperature-dependent rectifying current-voltage characteristics prove to be mainly
determined by the presence of an interfacial energy spike in the conduction band and are affected by the colossal
electroresistance effect. From the comparison of photocurrents and spatiotemporal distributions of photogenerated
carriers (deduced from optical absorption spectroscopy), we discuss the range of the excited polaron diffusion

length.
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I. INTRODUCTION

The main constraint for photovoltaic energy conversion
in conventional semiconductor pn junctions is the limitation
to the splitting of the quasi-Fermi energies of photoexcited
electrons and holes set by the presence of an energy band
gap E,. Transmission losses of photons with energies E < E,
and thermalization losses for E > E, determine the Shockley-
Queisser limit of photovoltaic energy conversion.! It is pro-
posed that the conversion efficiency can be strongly improved
by quenching the rapid thermalization process of photoexcited
electron-hole pairs and converting such “hot carriers” into a
photovoltage.”* Consequently, absorber materials without an
optical band gap in the solar spectrum, but with very slow
carrier cooling times, are highly desirable.

The pn junctions formed by materials with strong electron-
electron or electron-phonon interactions offer new opportuni-
ties for the study of fundamental mechanisms of solar power
generation, e.g., since the band gap and related photovoltaic
properties can be tuned by correlation interactions. Especially,
correlated materials without gap in the optical absorption spec-
trum potentially exhibit enhanced lifetimes of photoexcited
carriers, e.g., via excitation of small polarons.4 However, the
generally low polaron mobility gives rise to a limited diffusion
length of the excited polaron states.

As a model system for the study of photovoltaic effects
based on polaronic excitations, we select a heterojunction
consisting of p-doped PrygsCap3sMnO3; (PCMO) and n-
doped SrTi;_,Nb,O3; (STNO; y =0.002 and 0.01). The
strong electron-phonon interaction in PCMO gives rise to
the formation of small polaron states, whose mobility is

Published by the American Physical Society under the terms of the
Creative Commons Attribution 3.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.

1098-0121/2012/85(16)/165315(9)

165315-1

PACS number(s): 75.47.Lx, 73.40.—c, 71.38.—k, 79.20.Uv

dominated by thermally activated hopping.>~’ The correlation
effects in manganites commonly result in a strong tunability
of the current-voltage characteristics by temperature, doping,
or external fields.®!' Previous studies of PCMO-STNO
junctions show diode-like current-voltage characteristics'? and
a photovoltaic effect.!

Due to their high charge carrier densities, junctions between
these heavily doped systems are characterized by space-charge
regions on a length scale of a few nanometers, which in turn
accentuates the important role of atomistic details of interfacial
structure and chemistry. Consequently, in this study we applied
high-resolution electron microscopy and spectroscopy in com-
bination with electrical transport measurements and optical
absorption spectroscopy to yield a comprehensive picture
of the interfacial structure, band scheme, and photovoltaic
properties.

II. EXPERIMENTAL PROCEDURE

Epitaxial perovskite pn heterojunctions were fabricated
by reactive ion-beam sputtering from a stoichiometric target
at deposition temperature Tge, = 750 °C and oxygen partial
pressure po, = 10~* mbar. PCMO thin films with thicknesses
of 200 and 380 nm were deposited into a 5 x 5 mm? shadow
mask on polished STNO(100) substrates with y = 0.002 or
y = 0.01 Nb doping. Ohmic contacts on STNO are obtained by
sputtered Ti contacts with a thin Au protection coating, while
nearly ohmic behavior is found for Au contacts (~150 nm) on
PCMO. All metal contacts were deposited into 1.5 x 4.5 mm?
shadow masks at Ty, = 200°C. A schematic representation
of the setup is provided in Fig. 5(a).

For optical absorption spectroscopy a 140-nm
PCMO film was deposited on a polished (LaAlO3)y3—
(Sr,AlTaOg)g 7(100) substrate by pulsed laser deposition from
a stoichiometric target at Ty, = 750 °C, po, = 0.2 mbar, and
alaser fluence F = 1.5 J/cm?.
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Structure analysis includes x-ray diffraction (XRD), (scan-
ning) transmission electron microscopy [(S)TEM] and elec-
tron energy-loss spectroscopy (EELS). STEM and EELS
analysis was performed with Brookhaven’s Hitachi HD-2700
STEM with a C,-corrected probe.'* Cross-section samples
for TEM analysis were prepared with a focused ion beam
and subsequent low-energy Ar ion milling. A Varian Cary 5e
was used for optical absorption spectroscopy with unpolarized
light.

Electrical measurements were conducted in two-point
geometry with supply-line resistances excluded [see inset in
Fig. 5(a)] in a cryostat with a Suprasil window. [llumination
of the samples for photovoltaic measurements was provided
by a mercury pressure lamp, whose power spectrum extends
from 0.5 to 5 eV, with a roughly constant regime below 2 eV
and strong lines at higher energies.

III. RESULTS AND DISCUSSION

A. Interface structure and band scheme

XRD reveals [001] growth of the PCMO films (Pbnm
notation) with an epitaxial in-plane relation PCMO[100] ||
STNOJ[110] (Pm3m notation). Cross-section TEM confirms
the coherent epitaxy of the PCMO-STNO interface and reveals
a low density of misfit-dislocation (roughly three dislocations
per 10 um). A minor portion of misoriented grains appears
near the surface of the PCMO films, which are also detected
as surface islands with atomic force microscopy.

Figure 1(a) shows a high-resolution STEM image of
the PCMO-STNO junction in high-angle annular dark-field
(HAADF) mode. In the perovskite structure, cations with high
ionic radii (Sr or Pr/Ca) occupy the so-called A site, while
smaller ions (Ti/Nb or Mn) reside on the B site. Since HAADF
imaging is sensitive to atomic mass number (Z contrast),
Fig. 1(a) suggests a stacking order of Sr-Ti(Nb)-Pr(Ca)-Mn
as depicted in the scheme. The chemical composition derived
from EELS line scans in Fig. 1(b) reveals a subtle offset of the
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inflection points of the A- and B-site profiles, by approximately
0.5 nm, and a distinct interdiffusion of Ti into the PCMO. The
individual concentration profiles are fitted with error functions
to extract the roughness parameter o (20 indicates the width
corresponding to a concentration decrease from 84% to 16%).
For the sample with 200-nm PCMO film, we find op;rca =
0.68(2) nm, og =0.56(5) nm, oristno = 0.82(12) nm,
OMn,STNO = 096(21) nm, OTipCMO = 160(32) nm, and
opn.pcmo = 1.78(44) nm, each averaged over several line
scans at different positions. The asymmetric B-site profiles
are fitted in STNO and PCMO separately. Similar numbers are
found for the 380-nm PCMO sample. Note that a systematic
overestimate of the determined roughness must be taken into
account due to the finite size of the probe diameter (0.2 nm)
and the finite thickness of the specimen lamella.

The increased width and the asymmetric shape of the B-
site profiles affect the electronic structure of the interface: in
PCMO the substitution of Mn with a formal valence of 3.364
by Ti** reduces the p-doping level. A nominal transition from
p to n doping takes place, where the absolute concentration of
Ti is larger than that of Ca. Based on this criterion, a shift of
the electronic pn interface toward the PCMO side by slightly
less than 1 nm can be estimated from Fig. 1(b).

The B-cation interdiffusion and the associated change in
the doping level also influence the position and width of the
space-charge layer around the junction. The formal electron
(hole) doping level in STNO (PCMO) is given by the density
of the doping Nb (Ca) cations and amounts ton = (0.3-1.7) x
10%° cm~ for y = 0.002-0.01 and p = 6.4 x 10*' cm™3. As
Hall-effect measurements in the related small-polaron regime
of Lag;Cap3MnOj reveal an effective hole carrier density,
which amounts to roughly 60% of the formal density,'>'® this
is also considered for PCMO in the following. Based on the
solution of the Poisson equation for a sharp heterojunction,'”
space-charge layers of x, = 10-51 nm hold for the STNO side
of the junction, but only x, = 0.2-0.7 nm on the PCMO side
(dependent on Nb doping and temperature; dielectric constants
€510 = 306/1500 and e"MO = 30/30at T = 300/80 K taken
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FIG. 1. (Color) Structure and chemical composition of the PCMO-STNO junction (film thickness d = 200 nm, y = 0.01, T ~ 80 K). (a)
HAADF-STEM image of a cross section of the interface along the [110]-STNO zone axis (collection angle: 114—608 mrad). The projected
structure and stacking order are schematically depicted on the left and the subunit cells are marked on the STEM image. (b) Profile of the
chemical composition across the interface deduced from simultaneous acquisition of appropriate core-loss spectra in EELS line scans. Measured
signal integrals (symbols) are fitted with error functions (lines). The interface is shown as a pink line in all images.
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FIG. 2. (Color online) Evolution of the O K ELNES across the PCMO-STNO junction (film thickness d = 380 nm, y = 0.002).
(a) Individual point spectra (5x binned) acquired at different distances from the interface at room temperature. Reference to the features
labeled A-D is given in the text. (b, c) Detailed evolution of the peak centers of the ELNES features A and B across the interface at room
temperature and 7' ~ 80 K. Gaussian fits to individual spectra (symbols) are fitted with error functions (lines). The interface position (x = 0)

is defined as specified in Fig. 1.

from Refs. 18—20). As B-cation interdiffusion takes place on a
sub-2.5-nm scale on both sides of the junction, it mainly affects
the space-charge region of the PCMO and, presumably, leads
to a pronounced enlargement compared to its nominal width.

Further insight into the electronic structure of the junction
is provided by the energy-loss near-edge structure (ELNES)
of core-loss edges, since it probes transitions to the first
unoccupied states above the Fermi level. Figure 2(a) shows the
ELNES of the O K edge (O 1s — O 2p transition) at different
distances to the junction. Comparison with band structure
calculations for SrTiO3 (STO)?' and Pry sCag sMnO5%? yields
a precise assignment of the individual ELNES features. For
STO, the features in Fig. 2(a) labeled A, A*, B, C, and D
are related to hybridization of O 2p orbitals with Ti 3d t5,, Ti
3d e,, Sr 4d, Sr 5p, and Ti 4sp states. In PCMO, feature A
corresponds to hybridization with Mn 3d e, 1 (spin up), and
the broad feature B to hybridization with Mn 3d ,, |, Mn 3d
e, |, and Pr and Ca states. The spectra most distant from the
interface in Fig. 2(a) show bulk-like characteristics.

The slight interdiffusion of Ti and the resulting shift of the
electronic pn interface toward the PCMO side is reflected in
the evolution of the O K A-peak energy across the junction
[Fig. 2(b)], since it is exclusively related to O 2p—Mn 3d
and -Ti 3d hybridization. The corresponding evolution of
the O K B-peak energy [Fig. 2(c)], which is dominated by
hybridization with A-site cations, reveals a sharper transition
and its inflection point is shifted compared to the Ti/Mn
interface position (compare Fig. 1).

Since the onset of the O K edge reflects transitions to the first
empty states above the Fermi level, the evolution of the O K A-
peak energy approximately traces the local electron affinity .
This is particularly valid, since the O 1s orbital is not involved
in hybridization and thus represents a constant reference level
across the junction. Therefore, the offset between the bottom
edges of the conduction bands in STNO and PCMO can be read

off directly from Fig. 2(b) as Ay = 0.65(4)/0.57(5)eVatT =
300/80 K. As its transition width is much narrower than x,
and a substantial part of the built-in voltage Vp = 0.76 V (the
work function difference)?*** drops in the STNO side of the
junction (Vp ,/Vp , = ne,/pe,), the measured Ay indicates
the presence of an energy spike in the conduction band and
a reverse barrier ¢p = AEc — Vp , for electrons from the
PCMO side. Here, the ideal conduction band discontinuity
AEc = Ay can be reduced due to the interdiffusion of Ti and
Mn.

Upon cooling with liquid nitrogen to T = 80 K, electron
diffraction reveals the emergence of a twofold superstructure
along the crystallographic b direction (not shown) as evidence
for the charge-ordered P2;mn phase in PCMO.?* The corre-
sponding shift of the O K A-peak energy to higher values [see
Fig. 2(b)] is consistent with the opening of a charge gap as
reported from optical spectroscopy.’® The analogous shift in
the STNO reflects its well-known low-temperature band-gap
widening.?” Our own measurements of the optical absorption
coefficient of PCMO in Fig. 3 support the picture of a gap
opening upon cooling below the charge-ordering temperature
Tco ~ 230 K. The spectra exhibit a broad absorption band
centered around 1.5 eV, which can be attributed to small
polaron absorption.?82

Figure 4 gives a schematic summary of the aforemen-
tioned considerations in the form of a single-particle band
scheme across the PCMO-STNO junction. We stress this
single-particle representation only to illustrate the relative
equilibrium positions of the respective states around the
Fermi level and the characteristics of the energy spike in the
conduction band of the STNO. Correlation effects governing
localization and polaron formation in PCMO cannot be taken
into account in this simplified picture, especially not in terms
of excited states. Since both materials exhibit high doping
levels, the PCMO valence band edge is assumed to be nearly
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FIG. 3. Optical properties of PCMO thin film. (a) Absorption
coefficient o in the NIR-VIS spectral range at selected temper-
atures. Inset: Corresponding penetration depth ¢ indicating the
decrease in the incident illumination intensity by 90%. (b) Temper-
ature dependence of the optical gap A°" extracted from the abscissa
intercept of linear fits to the low-energy tail of the absorption
coefficient spectra.

aligned to the STNO conduction band edge. Based on the
low defect density at the interface, Fermi level pinning effects
due to interface states are not considered. The ideal and the
interdiffusion-smoothed energy spike in the conduction band
are both schematically depicted. Since the interdiffusion of Mn
into STNO only takes place on a small length compared to the
width of the space-charge layer, an accompanying decrease in
the STNO band gap at the interface should not entirely suppress
the energy spike. This is also supported by the determination
of the activation energy for electrical transport across the
junction presented in the next section.

B. Transport properties I: Equivalent circuit analysis

The current-voltage curves of the PCMO-STNO junction in
Fig. 5(a) exhibit rectifying characteristics at all temperatures.
In order to gain insight into the detailed mechanisms governing
the electric transport across the junction, we interpret the
current-voltage characteristics in terms of an equivalent circuit
consisting of a diode, a series resistance Rg, and a parallel
resistance R,. The corresponding current density-voltage

PHYSICAL REVIEW B 85, 165315 (2012)

relation is given by

JW)=Js [exp (%) — 1] +

where e is the elemental charge, kT is the thermal energy, and
rs = RgA andr, = r, A are the resistances times contact area
A. The deviation from ideal diode behavior is described by the
ideality factor n. The corresponding temperature dependence
of the saturation current density can be written as

—FE
Js = Jopexp [ —2 ), )
P I’LkBT

where Joo only slightly depends on temperature. The activation
energy E4 and n both depend on the electronic structure of
the pn junction and the associated mechanism of electron
transfer. 333

From Egq. (1), Js and n can be determined by a linear fit to
In(J) in that voltage regime, where the current is dominated
by the diode and the influence of Ry an R, can be neglected,
i.e., the regime with the highest local slope in the forward
branch. Js is then given by the ordinate intercept and n
is calculated from the slope. The series resistance can be
estimated as Ry = AU/I™ from the voltage difference AU
between the extrapolated linear fit and the measured curve
in the high-current regime, which is dominated by Ry [here
1™ = 10 mA,; see Fig. 5(a)].

The results of this analysis are presented in Figs. 5(b)-5(d).
At first, we concentrate on the two samples with 380-nm-thick
PCMO films. (Note that below T =50 K the analysis is
heavily flawed by the undifferentiated characteristics at low
voltages, the high Ry and hysteretic effects.) The temperature
dependence of Ry, which is the sum of contributions from
PCMO film, STNO substrate, and contact resistances, is
mainly governed by the thermally activated conductivity
of the PCMO. Remembering that the resistance of PCMO
is a nonlinear function of the applied voltage, the trend
in Fig. 5(b) thus underestimates its temperature-dependent
increase. The resistance of the substrate yields a significant
contribution only at elevated temperatures, as is obvious from
the doping trend. The ideality factor shows an increase upon
cooling from n >~ 1.4 to n > 2. An increase above n = 1, the
value for an ideal diode, occurs, e.g., by Shockley-Read-Hall
recombination via traps in the space-charge region (1 < n <
2) or by tunneling-enhanced recombination at the interface or
in the space-charge region (n > 2).>* The strong increase in
n in the PCMO-STNO junctions at low temperatures points
toward important contributions of tunneling processes. Js
exhibits an exponential decrease with temperature as expected
from Eq. (2). Its strong increase with the Nb-doping level
is incompatible with a diffusion-controlled transport process.
Instead, the energy spike appears to be the relevant barrier
since its width and the height of the reverse barrier decrease
with higher n doping.

Strong evidence for the dominant role of the energy spike
originates from the magnitude of the activation energy as
discussed in the following. According to Eq. (2), it can
be determined as the slope of a plot n - In(Jg) vs inverse
temperature and amounts to E4 = 761(7) meV (y = 0.002)
and E4 = 603(2) meV (y = 0.01), respectively (determined
in the cooling branch). For a pn heterojunction with continuous

U—JVS

rp

(1)
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band bending and only small reverse barriers, the electron
transfer can take place via a diffusion current as in a
homojunction. Shockley’s diffusion model yields n = 1 and
the activation energy is given by the band gap E4 = E,. In the
case of a heterojunction, the smaller band gap determines the
t1ransp0rt,33’34 thus here E4 = E, , with E, , < 0.18 eV (see
Fig. 4). For Shockley-Read-Hall recombination, the activation
energy is lower or equals the size of the smaller band gap E4 <
E, ,, depending on the depth of the involved trap levels.*® If an
energy spike in the conduction band is present, the mechanism
of electron transfer can change from diffusion to thermionic
emission. The spike gives rise to a reverse barrier ¢ and leads
to an increased activation barrier E4 = E, , + ¢5.>* Since
¢p ~ Ay, the determined activation energies E4 roughly
match the values determined by EELS in the previous section
[Ax = 0.65(4)/0.57(5) eV at T = 300/80 K for y = 0.002].
The doping trend supports the identification of E4 with the
energy spike in the conduction band of the STNO, since the
Nb level cannot affect the magnitude of the PCMO band
gap. Instead, an increase in the n-doping level enhances the
built-in voltage drop on the p side of the junction and therefore
reduces ¢p.

In the following, we discuss the deviating trends in the
junction parameters of the sample with the 200-nm PCMO
film [see again Figs. 5(b)-5(d)]. On the cooling branch,
the sample initially behaves like its thicker counterpart, but
below 7 = 125 K it deviates distinctively. The subsequent
heating branch constitutes a hysteresis closing at 7 = 250 K.
We interpret this observation as emergence of the colossal

300K Ae
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4.89eV 1
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3.175eV

Mn 3d e 1
02p

0 2p E,
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PHYSICAL REVIEW B 85, 165315 (2012)

electroresistance (CER) effect in the PCMO, i.e., the melting
of the low-temperature, charge- and orbital-ordered phase
by the combined action of electrical current and electric
field.%”37-3% The sharp drop in the resistance of the PCMO, as
reflected by Ry, is a characteristic feature of the accompanying
insulator-metal transition. A direct comparison with the critical
quantities necessary to induce the CER given in Refs. 6 and 7
is restricted by the differences in the particular measurement
geometries, namely, cross-plane vs in-plane. Nonetheless, it
is established therein that the CER is not a unique function
of temperature, electrical current and electric field but, rather,
depends on their complex interplay and the sample history.
In our concrete top-bottom measurement geometry, we argue,
that the high electric field (50 kV/cm at 1-V voltage drop
across the PCMO) is the basic driving force for the phase
transition. The CER increases the ideality factor and reduces
the activation energy, namely, from E4 = 747(9) meV to
E ACER ~ 559 meV. We interpret this as a decrease in the ef-
fective barrier height due to enhanced tunneling contributions,
i.e., thermionic field emission: the collapse of the PCMO band
gap in the CER regime provides additional, low-lying final
states for electrons tunneling through the energy spike from
STNO to PCMO. The decrease in the effective barrier height is
alsoreflected in a pronounced increase in the saturation current
density.

The slight hysteretic features in the respective parameters
of the 380-nm PCMO sample with y = 0.002 suggest that also
therein a minor volume portion might be affected by the CER
at low temperatures.

¢pd‘ A f. *E
4_89EV /"37: ------- T i Vac
Xp 0.57(5)eV T
Mn 3d eyt i ”
oz2p "¢’B Tizdt, O~ :
E. " 4.13eV

N (0 2p)
r i d---== ¥
E, Egp=0.13 Xp= Xn= F

: 4-2,
0.18ev 0.4 5nmg,¢ AE, 52nm
Egn=
Mn 3d et 3.28eV
o2p
0 2p E,

PCMO (p-doping) STNO (n-doping)

FIG. 4. (Color) Band scheme of the PCMO-STNO (y = 0.002) junction at room temperature and 7 ~ 80 K. Data based on our
measurements are depicted in red. The predominant orbital character of states contributing to conduction and valence bands (E¢ and Ey) as
derived from the calculated density of states for PCMO?? and STNO? is noted in green. Above the charge-ordering temperature (Tco A 230 K),
PCMO exhibits a polaronic pseudogap E¥’,. e.g., a pronounced depression of the density of states at the Fermi level Er separating occupied
and empty states of predominant Mn e, character.’! The diffusion potential V, = ®, — ®, equals the difference in the work functions,*?*
while the conduction band discontinuity A E¢ is given by the difference in the electron affinities A x in the case of an abrupt interface. Due
to the discontinuity, there is a reverse barrier ¢p for electrons from the PCMO side. Below T¢o, the PCMO Fermi level shifts to higher
values,” slightly decreasing V). The values for the band gap E, , in STO are taken from Ref. 27; in PCMO E, , opens below Tco.?® For both
temperatures, the existence of an energy spike in the conduction band is evident, but its height as well as the width of the space charge regions

(mainly x,) is affected by the Ti/Mn interdiffusion (see text).

165315-5



SAUCKE, NORPOTH, JOOSS, SU, AND ZHU

a -1 T T vy
@ 1o i
102 -
3 e 200K |
o 10 Hei 150K
§ 104 100K
10
2 e 50K
S 10° 5K
10_6 Contacts —
-7 PCMO \‘_ |
10 STNO
10—8 . 1 1
-1000 -500 O 500 1000 1500
U (mV)
T T T T T T
(b) x
10! O % -
a ¢ 1
€ ot CR N -
e« & O M
101 ) ? S @ . |
102 b %
(C) 5 = —+ _
4 o i
3t % 8 o i
< 2 F X £ S |
X ® Pk
XU %G
1 i i i i | }
(d) 104 ® 2 ¥ =
106 [ o) |
o 108+ @TE %QX il
S 1000 © X P4 380nm:y=0.002 |
~ 10 QX 380nm;y=0.01
1071 - X i 200nm:y=0.0021
10718 1 1 I | 1 1

0 50 100 150 200 250 300

T(K)

FIG. 5. (Color online) Temperature-dependent current-voltage
characteristics of the PCMO-STNO junctions without illumination.
(a) Selected J-U curves of the 380-nm PCMO sample with y =
0.002. Inset: Sample and measurement setup as described under
Experimental Procedure. The arrow exemplifies the determination
of Rg; see text for details. For all samples, the appropriate parameters
of the equivalent circuit model analysis (see text) are given in (b)
series resistance Rg, (c) ideality factor n, and (d) saturation current
density Js. Crosses (circles) represent the cooling (heating) branch.

C. Transport properties II: Photovoltaic effect and
photocarrier diffusion length

[llumination of the PCMO films generates a photovoltaic
effect in the complete temperature interval under consideration
as presented in Fig. 6. The observation of a photovoltaic
effect is most remarkable above the charge-ordering transition
temperature, where a band gap in the PCMO absorber is absent.
The strong impact of a 2.3-eV high-pass filter on the photo-
voltaic properties, demonstrated in Fig. 6(a), is discussed later.

The photovoltaic short-circuit current Isc in Fig. 6(b) is
most pronounced in the sample with the thinnest PCMO
absorber, whose thickness is admittedly already comparable
with the mean photon penetration depth [see Fig. 3(a)]. We
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FIG. 6. (Color online) Temperature-dependent photovoltaic ef-
fect of the PCMO-STNO junction. (a) Current-voltage characteristics
in the dark [(red) circles] and under illumination with a Hg lamp
[(blue) squares] or an additional 2.3-eV high-pass filter [(green)
diamonds] of the 380-nm PCMO sample with y = 0.002. Dark-
colored filled symbols represent measurements at room temperature;
light-colored open symbols mark measurements at 7 = 150 K below
the charge-order transition. Solar cell parameters under unfiltered
Hg lamp illumination, i.e., (b) short-circuit photocurrent /sc and
(c) open-circuit voltage Uqgc, are represented by crosses (circles)
for the cooling (heating) branch. The inset in (c) is a zoom of the
high-temperature regime.

assume that the difference between the samples with 380-nm
PCMO is due to slight deviations from their nominal thickness.
We interpret the decrease in Isc in the thick samples at low
temperatures as an effect of the vanishing carrier mobility in
the PCMO, which, in contrast, is maintained in the thin sample
due to the CER.

Neglecting the influence of parallel resistance, the open-
circuit voltage reads, from Eq. (1),

kgT J
Uoc(T) = = " In <Jisc + 1) 3)
o Ea_nkaT (o "
e e Jsc )’
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where In(Joo/Jsc) > 0V T and the approximation holds for
Jsc > Jg, ie., below T = 200-250 K, depending on the
sample. Consistent with this relation, Fig. 6(c) exhibits a
roughly linear increase in Upc at the early cooling stages
and saturation at lower temperatures, where n and Isc begin
to increase and decrease, respectively. The offset between
the curves for samples with different Nb-doping levels
amounts to AUpc ~ 150 mV. In accordance with Eq. (4), this
value nicely coincides with the difference in the respective
activation energies determined in the previous section. (A
precise estimate of E4 by linear fits to Ugc is hindered by
the temperature dependence of n.)* Correspondingly, the
decrease in the activation energy due to the CER in the
200-nm PCMO sample, AE ACER ~ 190 meV (see the previous
section) is reflected by an analogous drop in Upc. Furthermore,
the related photovoltage drop in the 380-nm PCMO sample
with y = 0.002 again indicates a CER impact at very low
temperatures.

Concerning the source of the observed photocurrents, three
contributions have to be taken into account: (i) excitations
above the STNO band gap in the substrate, (ii) excitations
directly above the spike within the space-charge region of
the PCMO (pSCR), and (iii) polaronic excitations in the
PCMO absorber. In order to discriminate among the different
contributions, a 2.3-eV high-pass filter was inserted in front
of the Hg lamp to exclude the PCMO polaron absorption
peak [see Fig. 3(a)]. In the temperature range 150-300 K,
this leads to a drop in Isc by 83% (sample with 200-nm
PCMO film and y = 0.002), 88% (380 nm, y = 0.002) and
85% (380 nm, y = 0.01), respectively (not shown as a separate
figure). Therefore, at elevated temperatures, only a minor part
of the photocurrent in these samples stems from excitations
within the wide-gap STNO substrates; instead, low-energy
excitations in the PCMO side of the junction dominate. At
lower temperatures, the influence of the CER again draws a
distinction between samples with thin and those with thick
PCMO layers: the portion of the low-energy excitations in
Isc remains at 83% down to T =5 K in the case of the
CER-affected 200-nm PCMO absorber, while in the 380-nm
PCMO samples almost the whole photocurrent is generated
from excitations by photons with £ > 2.3eV below 7' = 80 K.
We return to this important observation later.

The nature of the photoexcited minority carriers in the
PCMO, especially their mobility and lifetime, is a central
issue concerning its potential as an efficient photovoltaic
absorber material. In this context, a question arising from
our measurements is whether the observed photocurrent at
elevated temperatures stems from photocarriers in the PCMO
(iii) or whether it is dominated by excitations in the pSCR (ii),
i.e., rather like excitations of electrons from a metal directly
above the spike, as in an n-type Schottky solar cell. To further
elucidate these individual contributions, we concentrate in the
following on that part of the photocurrent which is generated
by low-energy excitations Ié"cw, i.e., the difference between
Isc obtained by illumination with the full Hg spectrum
and that obtained with the additional 2.3-eV high-pass filter
respectively. From the measurement of the optical absorption
coefficient [compare Fig. 3(a)], we can deduce a penetration-
depth-dependent electron-hole pair generation rate g(z,A) =
a(r) - P(z,1)/E(A) and compare it with the actual number of
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electrons carrying I3, ni = 1%V /(A - e). Here, z denotes

the penetration depth into the PCMO absorber, A the photon
wavelength, E the photon energy, « the absorption coefficient,
P the local illumination power density per wavelength (in
mW cm~2 nm™') deduced from the Lambert-Beer law with
the given o, A = 0.5 x 0.2 cm? the illuminated area of the
PCMO absorber, and e the elemental charge. Taking into
account 5% absorption loss due to the cryostat entrance
window and 10% reflection loss at the sample surface as
deduced from ellipsometry, an incident illumination power
P0O,0)=6x 107> mW cm™? nm~! for the photovoltaic
measurements is used for the calculation of g(z,1). (Note that
the quantum efficiency is set to unity, i.e., every absorbed
photon generates one electron-hole pair.) Thus, given both the
spatiotemporal distribution of photoexcited minority carriers
in the sample and the resulting photocurrent, we now try to
determine the effective “inflow region” of photocarriers to the
heterojunction.

The mean free path before recombination for photoelec-
trons in PCMO is given by the diffusion length L, which thus
represents the radius of a “habitat sphere” around the locus
of the initial photocarrier generation. As depicted in the inset
in Fig. 7, the interpenetrating volume of this sphere with the
PSCR and STNO is considered as a measure of the probability
that the appropriate photoelectron will reach the accelerating
built-in field of the SCR and potentially contribute to ..
Given the high intrinsic carrier density in PCMO, we propose
that Auger recombination is the dominant recombination
mechanism. In the previous section, we demonstrated that the
interfacial energy spike in the conduction band dominates the
transport properties of the junction. Since this energy barrier
constricts photoelectrons to enter STNO, the recombination
is effectively increased by the junction and we assign a
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FIG. 7. (Color) Diffusion length L of photoexcited electrons in
PCMO as a function of the junction recombination rate R and the
p-SCR width x,. Data are calculated from the comparison of the
photocurrent and the spatiotemporal distribution of photogenerated
carriers according to Eq. (5) for the 380-nm PCMO sample with
y = 0.002. Inset: Basic constituents of the random-walk model of
the diffusion process (see text).
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dimensionless recombination rate R, which also subsumes
potential recombination paths in the pSCR or at the very
interface. All photoelectrons generated inside the pSCR are
accelerated toward the interface in the built-in electric field
and potentially contribute to the photocurrent. As stated above,
the actual width of the pSCR is in the range x, = 0.2-2.5 nm.
The contribution to Ié%w of photocarriers from PCMO outside
the pSCR is governed by diffusion, since no external field is
applied. In the following, this diffusion process is modeled
as a three-dimensional random walk, which appears to be a
valid simplification since the local density gradients dg/dz
turn out to be rather small (Ag/g < 10% on a 10-nm scale).
According to the inset in Fig. 7, the probability for a diffusing
photocarrier to reach the pSCR as a function of its distance
x reads w(x,L) = (1 —x/L)/2 —x3/4L? - (x®>/L* — 1) (in-
terpenetrating volume divided by full sphere volume). Given
the junction recombination rate R and the width x, of the
pSCR, the diffusion length L is varied to yield the measured
low-energy photocurrent density:

d
ng = (1 —R)~/d/\{/ g(z,0)dz
d—x,

d—x,
+ / g(z,A) - wld —x, — Z,L)dz}. )
d—x,—L

Here, d denotes the PCMO film thickness and the integration
over the photon wavelength runs through 540-2500 nm (2.3—
0.5eV).

Figure 7 displays the result of this analysis for the room-
temperature data on the 380-nm PCMO absorber on y = 0.002
STNO substrate spanning the full R—x, range. At low R
and a wide pSCR, the photocurrent exclusively stems from
excitations within the pSCR [the first integral in Eq. (5)] as
represented by the black area. In this case, the photoexcited
electrons from the PCMO cannot diffuse to the pSCR within
their lifetime. Reducing x, and increasing R require additional
inflow of photocarriers from the PCMO, and diffusion lengths
of the order of 10 nm emerge. Similar numbers are found
for the thinner, 200-nm PCMO sample demonstrating the
consistency of the analysis. The determined diffusion length
thus turns out to be an order of magnitude smaller than the
PCMO film thicknesses used in this study. Therefore, the
major part of the absorber merely acts here as a dimmer
[compare the light penetration depth in Fig. 3(a)], and most of
the excited carriers remain unused in terms of photovoltaic
energy conversion. This is also reflected in the efficiency
of the solar cells, which is between 10~7% and 0.005%,
depending on the absorber thickness and the temperature.
It could be largely improved by optimization of the film
thickness or the geometry of the shading contact or appropriate
nanostructuring.

It is evident from Fig. 7 that proper knowledge of the
junction recombination rate R is essential to decide whether
significant contributions to the photocurrent stem from the
PCMO film outside the pSCR. A strong hint of such contri-
butions arises from the comparison of Ié‘(’jw for CER-affected
and -unaffected samples. As stated above, Igocw vanishes for
the latter at low temperatures, which could be related to the
decreasing mobility of the photo-carriers inside the PCMO
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film upon charge ordering. However, the photocurrent remains
constant also at low temperatures by virtue of the CER in the
200-nm thin sample, thus indicating the important contribution
of mobile carriers from the PCMO film to the photocurrent.
Such essentially temperature-independent characteristics of
photoexcited carriers in the CER regime is a rather puzzling
observation, which demands further investigations. At least,
a pronounced lowering of the apparent activation energy
for polaron hopping has been reported for the CER regime
compared to the charge-ordered phase.’

Combining the diffusion length L = /7 D and the Einstein
relation for the diffusion coefficient D = ukgT /e with the
mobility 1 = 0.015 cm?/Vs, typical for majority carriers in
PCMO at room temperature (u = 1/pep with resistivity p =
0.1 2 cm and effective carrier density p = 4 X 10%' cm™3),
photocarrier lifetimes T = 1-30ns correspond to the estimated
L =5-35 nm. Wu et al. report on photocarrier lifetimes
of 500 ns in the roomtemperature small-polaron regime
of LaggCap4MnO; thin films,*® which points to strongly
reduced mobilities of excess carriers, e.g., by localization at
acceptor defects.”® In future work, direct experimental access
to these important questions of nanoscale carrier diffusion and
recombination could be provided by high-resolution electron-
beam4—induced current measurements as demonstrated by Han
et al ¥

IV. SUMMARY

Our combined study of the PCMO-STNO pn heterojunction
reveals detailed information about its atomic and electronic
structure and the related electrical transport properties. We
found a difference in the materials’ electron affinities of
Ayx =0.65(4)/0.57(5) eV at temperatures of 7 = 300/80
K constituting an interfacial energy spike in the conduction
band. Despite the slight Mn/Ti interdiffusion, on a 2.5-nm
scale, this energy spike dominates the electrical transport
across the junction, which is e.g., reflected in the determined
activation energies. A robust photovoltaic effect prevails at all
temperatures in the interval 7 = 5-300 K, most remarkably
also in the band-gap-free Pnma phase of the PCMO. The
emergence of the CER effect at low temperatures proves to
have a pronounced impact on the photovoltaic properties,
namely, a drop in the open-circuit voltage due to an appropriate
decline in the activation energy and an enhancement of the
photocurrent via preservation of carrier mobilities. We found
evidence of important contributions to the photocurrent from
photoexcitations within the PCMO bulk and estimated the
corresponding photocarrier diffusion lengths to be on the scale
of 1-10 nm.
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