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Lag gSry,C003/SrTig ogNbg o103 p-n heterojunctions
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Electrical transport properties of heteroepitaxial p-n junctions made of LajgSr;,CoO5; and
SrTij g9Nbg ;03 were studied. Junctions display highly rectifying current-voltage characteristics
over a wide temperature range (20—300 K). Two distinct transport mechanisms are identified:
tunneling assisted by interface states at 7<<130 K and diffusion/recombination at higher
temperatures. Capacitance-voltage characteristics are used to determine the junction built-in
potential at different frequencies. A capacitance relaxation is found due to charge trapping at
interface states. Interface states, which deeply affect transport, are discussed in connection to
charge-transfer processes related to the polarity mismatch at the interface. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2887905]

In recent years, p-n and Schottky junctions fabricated
from transition metal oxides (TMOs) have attracted much
attention.'™ The realization of this kind of devices is a route
to change carrier concentration at the interface without the
structural distortions and/or chemical disorder characteristic
of doping by element substitution.” From the applied point of
view, devices made of these materials are promising due to
the fact that interface properties can be modified by external
stimuli, giving rise to a wide variety of phenomena such as
magnetoresistance,6 rnagnetocapacitance,7 electroresistance,®
photocarrier control of ferromagnetism,9 etc. In this context,
the study of the electronic properties of the interface is
relevant'™"! in elucidating the mechanisms governing the
aforementioned phenomena.

In this letter, we report on the fabrication and character-
ization of p-n junctions based on Lay 3Sr,,CoO5 (LSCO) and
the n-type semiconductor SrTigg9Nbg 9;O5 (STNO). The par-
ent compound LaCoOjs is a charge-transfer insulator,'> which
after being doped with Sr can yield a variety of phases. Par-
ticularly in this composition range, bulk, LSCO undergoes a
phase transition at ~180 K, from paramagnetic p-type semi-
conductor to a ferromagnetic metal." In-plane resistivity
measurements on test x=0.20 LSCO films on SrTiO; (STO)
showed semiconductinglike behavior (dp/dT<0) in the
studied temperature range (10—300 K), consistent with the
observation'* that the position of the metal to insulator tran-
sition shifts to x>0.17 in thin films. Transport mechanisms
are explored from curlrent—voltage]5 (J-V) curves and from
capacitance-voltage1 (C-V) measurements. We show the im-
portance of interface states in determining the transport
mechanism and the built-in potential in this system, outlining
that interface states should be taken into account in modeling
junctions of transition metal oxides.

Epitaxial LSCO films were deposited on both (STO) and
STNO (100) substrates in a high pressure pure oxygen sput-
tering system at a substrate temperature of 750 °C and an
oxygen pressure of 2.9 mbars. Substrates were heated in
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vacuum prior to sample growth. Atomic column resolution
electron energy loss spectroscopy showed TiO, termination
in all cases. After deposition samples were in sifu annealed at
550 °C under an oxygen pressure of 900 mbars for 5 min.
Evaporated Al and Ag spots (0.6 mm?) were used as Ohmic
contacts for LSCO and STNO, respectively (inset of Fig. 1).
X-ray diffraction studies showed only the (100) Bragg peaks
indicating c-axis oriented growth. Film thickness was deter-
mined to be 57 nm by x-ray reflectivity. The electrical prop-
erties of the junction were investigated by measuring current
density-voltage (J-V), capacitance-voltage (C-V), and
capacitance-frequency (C-f) characteristics at temperatures
ranging from 20 to 280 K. Capacitance was measured in an
HP 4284A LCR meter in the frequency range of
20 Hz-1 MHz.

Figure 1 shows temperature dependent J-V characteris-
tics for the LSCO-STNO junction. Good rectifying behavior
is found in the whole temperature range with small current
values in reverse bias (J=5X 107 A cm™2 at V=-0.7 V), as
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FIG. 1. (Color online) Current density-voltage characteristics of LSCO-
STNO junction measured at different temperatures. Temperatures are 20, 40,
70, 100, 130, 160, 190, 220, 250, and 280 K. Insets: sketch of the hetero-
junction sample geometry and semilogarithmic plot of the forward bias re-
gion of the J-V characteristics of the main panel. Dashed lines are linear fits.
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FIG. 2. (Color online) (a) Ideality factor of a LSCO-STNO p-n junction as
function of temperature. (b) Temperature dependence of the built-in poten-
tial barrier of a LSCO-STNO p-n junction calculated from capacitance-
voltage measurements made at different frequencies: 100 Hz (circle), 1 kHz
(downward triangle), 10 kHz (upward triangle), and 100 kHz (square). Open
circles: built-in potential barrier calculated from J-V measurements.
Inset: typical 1/C2-V measurements at 1 kHz. Dashed lines are linear fits for
the low reverse bias region (between —1 and 0 V).

compared to forward bias (J=0.7 A cm™? at V=0.7 V). In
the abrupt p-n junction model, when V>kgzT/q, we can ap-
proximate the forward bias current density (/) as'®

' qV )
Jr=J e , 1
F pn Xp(}’lkBT ( )

, qui)
J o T -=—=, 2
o eXp( kT 2)

where V) is the built-in potential, ¢ is the elementary charge,
kg is the Boltzmann constant, T is the junction temperature,
V is the bias applied, and #n is the ideality factor. In the ideal
diffusion mechanism n equals to 1, whereas n equals to 2
when current transport is dominated by recombination of
charge carriers in the space charge region.16 Current density
is in fact exponential with the forward bias voltage (see inset
of Fig. 1), although for temperatures between 300 and
100 K, there are two distinct regions at low and high biases
with different slopes. Figure 2(a) displays the ideality factor
n obtained from the slopes of the J-V curves. The value n
~ 1.5 obtained in the high bias region at room temperature is
similar to that obtained by other authors for other TMO high
quality junctions.lo On the other hand, we obtain n~2.7 in
the low bias region at high temperatures. This is the signa-
ture of two different mechanisms for current transport, one in
the low bias region dominated by recombination of carriers
and other in the high bias region dominated by diffusion. At
low temperatures, below 130 K, the ideality factor reaches
unphysical values, which implies that Eq. (1) is no longer
applicable. In this temperature range (20—100 K) the slope
of the log J versus V plot no longer varies as 1/7, actually, it
is almost temperature independent. This result points to
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FIG. 3. (Color online) [(a)—(d)] Temperature dependent capacitance-
frequency characteristics of a LSCO-STNO p-n junction at reverse bias
voltage, from top to bottom: —0.5, —=2.5, —4.5, and 5.5 V. [(e)—(h)] Tem-
perature dependent capacitance-voltage characteristics of a LSCO-STNO
p-n at different frequencies, from top to bottom: 100 Hz, 1 kHz, 10 kHz,
and 100 kHz. Temperature values are the same as in Fig. 1.

charge carrier tunneling in the junction, most likely assisted
by interface states. This mechanism has been previously ob-
served in a manganite-titanate p-n and Schottky junctions.“’17
We estimated Vy; values from the temperature dependence of
J,,, [Egs. (1) and (2)] according to which In J} /T is propor-
tional to gVy;/kgT. Vy; (open circles, Fig. 2) was obtained
from the temperature dependence of J;m between 190 and
290 K.

Next, we describe the capacitance (C-V and C-f) char-
acterization of the junctions. The depletion capacitance is
defined as C=dQ/dV, where dQ is the incremental change in
the depletion layer charge for an incremental change in the
applied voltage dV. This is the only significant contribution
to the capacitance under reverse bias. In the abrupt junction
model, the voltage dependence of 1/C? can be expressed as

1 2 1 1
_2=_( + )(Vbi_v)» (3)
C" g\estnoNstno  ELscolNLsco
where egpno and g gco are the permittivities of STNO and
LSCO, respectively, Ngrno and Nygco are the carrier densi-
ties, and V) is the built-in potential across the heterojunction
interface.
Figures 3(a)-3(d) depict capacitance-frequency measure-
ments at reverse bias voltage of —-0.5, -2.5, —-4.5, and
—5.5 V. A capacitance relaxation is observed at a tempera-
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ture dependent (but essentially bias independent) frequency.
Capacitance relaxations at high frequencies are typically due
to charge trapping/detrapping processes at interface states or
deep levels. It may also arise from electric field relaxation
which occurs at frequencies f.~ 1/27R,C, where R, is the
series resistance associated with the junction. We estimate
this frequency to be f,~ 10" Hz at 20 K and even larger at
higher temperatures. Since this value is more than four or-
ders of magnitude larger than the relaxation frequency ob-
served at this temperature, we can exclude this mechanism as
being responsible for capacitance relaxation. The bias inde-
pendence of the characteristic frequency also excludes deep
levels within the space charge region and points to charge
trapped at (electronlike) interface states in equilibrium with
the electron quasi-Fermi level on the STNO side. On the
other hand, the low frequency dispersion of the capacitance
below 300 Hz for different temperatures depends on the bias
voltage and is most likely due to hole (like) deep levels at the
LSCO side. C-V plots will be thus influenced by relaxation
phenomena and the use of Eq. (3) may produce unrealistic
values of the built-in potential. It is thus important to deter-
mine the region in which Eq. (3) remains valid.

Figures 3(e)-3(h) show C-V characteristics at four dif-
ferent frequencies: 100 Hz, 1 kHz, 10 kHz, and 100 kHz. A
linear dependence of 1/C? on V is observed at low values of
the reverse bias voltage. We have used linear fits to Eq. (3)
between —1 and 0 V to obtain (from the intercepts with the
voltage axis) the built-in potential V,; for each temperature
and frequency. The obtained Vy; values are presented in Fig.
2(b). The unphysical high values below 100 K at frequencies
greater that 100 Hz result from the relaxation of the capaci-
tance. Notice, however, that for temperatures above 200 K,
Vi values obtained with different measurement frequencies
(1, 10, and 100 kHz) coincide, providing a measure of V,;,
which should be in fact independent of frequency. The value
obtained from the 100 Hz measurement is abnormally high
as a consequence of the low frequency dispersion of the ca-
pacitance [see Fig. 3(a)-3(d)].

From the above experimental results, it is clear that it is
not possible to obtain the built-in potential using 1/C>-V
characteristics using a single frequency measurement over
the whole temperature range. Instead, different frequencies
should be used to ascertain the relative influence of the dif-
ferent contributions to the capacitance on the V}; determina-
tion. Within the appropriate frequency range [see Fig. 2(b)],
different frequencies provide the same consistent value of the
built in potential, Vi;=0.6 =0.1 V, almost temperature inde-
pendent.

Both current voltage and capacitance characterization
agree in showing the presence of interface states. We argue
that the states assisting the tunneling process at low tempera-
tures (J-V) are the same which trap charge and cause the
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capacitance relaxation (C-f-V). Notice that the unrealisti-
cally large values of the built-in potential (denouncing inter-
face charge relaxation) occur in the same temperature range
where the tunneling assisted transport is observed. The origin
of interface states may be related to the electronic recon-
struction resulting from charge leakeage18 or to the disrup-

tion in the charge sequence (polarity mismatch) at the inter-

face, which dopes the interface TiO, plane with electrons."

Charge trapped at interface states may be thus essential in
determining band discontinuities and the built-in potential.

In summary, we studied the transport mechanisms of het-
eroepitaxial LSCO-STNO p-n junction. We established that
in the range of temperatures from 100 to 300 K recombina-
tion current dominates at low bias voltage, while diffusion
current dominates at high bias voltage. Below 100 K, trans-
port is dominated by interface state-assisted electron tunnel-
ing. Charge trapped at interface states also determines the
built-in potential and is responsible for capacitance relax-
ation phenomena. These results underline the importance of
interface states in determining junction properties and future
modeling of junctions of transition metal oxides should con-
sider their contribution.

The work at UCM was supported by MEC MAT 2005—
06024 C02 and work at UMN was supported by NSF DMR.

N Yamamoto, A. Sawa, H. Akoh, M. Kawasaki, and Y. Tokura, Appl.
Phys. Lett. 90, 112104 (2007).

’C. Mitra, P. Raychaudhuri, G. Kobernik, K. Dorr, K.-H. Muller, L.
Schultz, and R. Pinto, Appl. Phys. Lett. 79, 2408 (2001).

%J. Zhang, H. Tanaka, and T. Kawai, Appl. Phys. Lett. 80, 4378 (2002).
A Xie, J. R. Sun, D. J. Wang, S. Liang, W. M. Lu, and B. G. Shen,
Appl. Phys. Lett. 90, 192903 (2007).

SM. Nakamura, A. Sawa, H. Sato, H. Akoh, M. Kawasaki, and Y. Tokura,
Phys. Rev. B 75, 155103 (2007).

°H. Tanaka, J. Zhang, and T. Kawai, Phys. Rev. Lett. 88, 027204 (2001).
N. Nakagawa, M. Asai, Y. Mukunoki, T. Susaki, and H. Y. Hwang, Appl.
Phys. Lett. 86, 082504 (2005).

8T, Fujii, M. Kawasaki, A. Sawa, Y. Kawazoe, H. Akoh, and Y. Tokura,
Phys. Rev. B 75, 165101 (2007).

°H. Katsu, H. Tanaka, and T. Kawai, J. Appl. Phys. 90, 4578 (2001).

104, Sawa, A. Yamamoto, H. Yamada, T. Fujii, M. Kawasaki, J. Matsuno,
and Y. Tokura, Appl. Phys. Lett. 90, 252102 (2007).

'Y, Kozuka, T. Susaki, and H. Y. Hwang, Appl. Phys. Lett. 88, 142111
(2006).

12T, Arima, Y. Tokura, and J. B. Torrance, Phys. Rev. B 48, 17006 (1993).

J. Wu and C. Leighton, Phys. Rev. B 67, 174408 (2003).

M. A. Torija, M. Sharma, and C. Leighton (unpublished).

A. Sawa, T. Fujii, M. Kawasaki, and Y. Tokura, Appl. Phys. Lett. 86,
112508 (2005).

155, M. Sze, Semiconductor Devices, Physics and Technology, lst ed.
(Wiley, New York, 1985).

T, Susaki, N. Nakagawa, and H. Y. Hwang, Phys. Rev. B 75, 104409
(2007).

185, Okamoto and A. J. Millis, Nature (London) 428, 630 (2004).

YA. Ohtomo and H. Y. Hwang, Nature (London) 427, 423 (2004).

Downloaded 25 Apr 2013 to 147.96.14.15. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



