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A BipSr,Co,0,/Si heterojunction is obtained by growing a layer of p-type oxygen-deficient Bi;SrpCo,0y, film on
a commercial n-type silicon wafer by pulsed laser deposition. Its rectifying and photovoltaic properties are studied in a
wide temperature range from 20 K to 300 K. The transport mechanism under the forward bias can be attributed to a trap-
filled space-charge-limited current conduction mechanism. Under the irradiation of a 532-nm continuous wave laser, a
clear photovoltaic effect is observed and the magnitude of photovoltage increases as the temperature decreases. The results
demonstrate the potential application of a BiSr,Co,0y-based heterojunction in the photoelectronic devices.
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1. Introduction

In recent years, heterostructures fabricated from transi-
tion metal oxides have aroused a great deal of interest, par-
ticularly for oxide electrical applications in which artificial
multi-functionalities are used to realize novel devices.!!]
Bi;Sr;Co,0y, (BSCO), a newly discovered strongly correlated
transition metal oxide, has recently attracted great attention as
a promising p-type thermoelectric material because of its good
thermoelectric performance and chemical stability in air.3-6!
In addition to its good thermoelectric performance, BSCO has
many other remarkable properties, for example, anisotropic
electrical and magnetic properties, low temperature negative
magnetoresistance effects, photoelectric effects, etc.[’9! Such
intriguing properties motivate us to exploring the BSCO-based
heterojunction and utilizing its novel properties at the inter-
faces.

In this work, we demonstrate a new p—n heterojunction
comprised of a p-type BSCO film deposited on commercial
n-type silicon wafers, and investigate its electrical properties
and photovoltaic effect. The result suggests the possibility of
using available state-of-the-art silicon fabrication technology
to create BSCO-based photoelectric devices besides the ther-
moelectric one.

2. Experiments

The BSCOY/Si heterojunction was fabricated by growing
a layer of p-BSCO film (~ 270 nm) on commercial n-type Si
(001) wafers (carrier concentration: 2.2 x 10'8 cm’3) without
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any chemical pre-treatment of the substrate or buffer layers.
An excimer laser with 308-nm radiation was used for pulsed
laser deposition (PLD) with a laser energy density of 1.5 J/cm?
and a repetition rate of 3 Hz. An oxygen pressure of 10 Pa was
maintained during the film growth at a substrate temperature
of 650 °C. After the deposition, the film was cooled to room
temperature within 10 min under the same oxygen pressure.
The current—voltage (/-V) curves and photovoltaic re-
sponse curves of the BSCO/Si junction were measured by the
two-probe method in a wide temperature range from 20 K to
300 K in a cryogenic refrigerator. In order to attain Ohmic
contact, gold electrodes and silver paint electrodes each with a
diameter of 0.5 mm were deposited on the film and substrate,
respectively. The bias voltage directing from the BSCO film
to the Si substrate is defined to be positive in the /-V property
measurement. To investigate the photovoltaic effect, a 532-nm
continuous wave (cw) laser was used as a light source and the
photovoltage was recorded by a 2700 Keithley source meter.

3. Result and discussion

Figure 1(a) shows a typical XRD pattern of BSCO film on
Si substrate, measured using a Philips X’Pert 4-circle diffrac-
tometer. Apart from Si (002) diffraction peak, the main peaks
in the pattern can be indexed to the (001) diffractions of BSCO,
indicating that a single phase BSCO film with c-axis orienta-
tion is formed. Hall measurement reveals that BSCO is p-
type conducting with a carrier density of about 2.9x 10! cm—3

at room temperature. Figure 1(b) displays an R-T curve of
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BSCO thin film on Si. It exhibits a semiconductor conduct-
ing behavior in the whole measured temperature range from
20 K to 300 K. This conducting behavior is quite different
from those reported for BSCO bulks or films in the literature
in which a transition from metal to insulator was clearly ob-
served at about 100 K-150 K.[19121 We suggest that this dis-
crepancy is mainly due to the difference in oxygen content be-
tween the samples. In this work, the BSCO film is fabricated
under low oxygen pressure and thus a lot of oxygen vacancies
will be present in the film."'3] In addition, defects at the in-
terface between BSCO film and Si substrate, induced by the
innative insulating SiO; layer on Si surface, are also likely to
be responsible for this different electric transport behaviors.
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Fig. 1. (a) A typical XRD 6-26 scan and (b) plot of resistivity versus
temperature of a 270-nm-thick BSCO film on the n-type Si substrate.

Figure 2(a) illustrates the current—voltage (I-V) curves of
the BSCO/Si heterojunction, measured by tuning the applied
voltage in a temperature range of 20 K to 300 K. As shown
in the inset of Fig. 2(a), the contacts between Au and BSCO
and between Ag and Si are Ohmic, which indicates that the
asymmetric rectifying behavior is the intrinsic property of the
heterojunction. Figure 2(a) shows that with temperature de-
creasing, the leakage currents decrease gradually at reverse
bias curves and the forward biased curves shift toward higher
voltage, and that no obvious change in the general /-V rela-
tions is observed at low temperature despite the great resis-
tance change of BSCO shown in Fig. 1(b). Diffusion voltage
(Vy), defined as the voltage value of the forward current in-
stantaneously increases, is obtained by fitting the forward /-
V curve as shown in Fig. 2(b), and Vj increases almost lin-

early from 0.5 V to 0.72 V as temperature decreases from
300 K to 20 K. This V4—T behavior is quite different from
that of BSCO/Nb-doped SrTiO3 heterojunction previously re-
ported by Wang et al.,['”) where V; deviated from the linear
growth at a temperature of above 150 K at which a metal—
insulator transition was also observed on the corresponding
R-T curve. Considering the fact that the BSCO layer reported
in Wang et al’s work was deposited at an oxygen pressure
of 40 Pa and then cooled under an oxygen pressure of about
1 atm (1 atm=1.01325x10° Pa), we think that the different
Va—T curve observed in this BSCO/Si heterojunction is mainly
caused by a large number of oxygen vacancies in the BSCO
layer due to its lower deposition oxygen pressure.
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Fig. 2. (color online) (a) I-V curves of BSCO/Si heterojunction, mea-
sured from 20 K to 300 K. The inset shows the /-V curves of the
two Au contacts on the BSCO film as well as Ag contacts on Si sub-
strate at 300 K. (b) Temperature-dependent diffusion voltage (V4) of
the BipSr,Co,0,/Si heterojunction. (c) The positive branches of -V
curves in a log—log scale.
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To further understand the transport mechanism, we have
re-plotted the positive branches of /-V curves in a log-log
scale as shown in Fig. 2(c). The slope of /-V curve increases
from 1 to 67 with the increase of forward bias voltage. Simi-
lar characteristics have been observed in many other transition
metal oxide heterojunctions and can be attributed to a trap-
filled limit space-charge-limited current (SCLC) conduction
mechanism.!'"*~!7) Tt should be mentioned here that the slope
of I-V curve governed by the typical SCLC conduction usu-
ally has a slope of 2, but if there exist defects at the junc-
tion interface the slope will be larger than 2.8 Figure 2(c)
shows that at lower applied bias voltage, the thermally excited
free carriers are dominant and the /-V curves each follow the
Ohm’s law with slope about 1. When the applied bias volt-
age reaches up to a threshold voltage Vt, the number of in-
jected carriers exceeds that of thermally excited free carriers
and a trap-filled SCLC conduction occurs in the /-V curves
with slope larger than 2, indicating that the oxygen vacancies
or other interface defects-related trap centers are distributed in
the space-charge region of the BSCO/Si heterojunction.

Figure 3 shows the photovoltaic responses of BSCO/Si
heterojunction when BSCO film surface is irradiated by a cw
532-nm laser at different powers at room temperature. As the
laser power increases from 5 mW to 30 mW, the photovolt-
age increases from 13 uV to 51 uV. This can be well under-
stood according to the theory of the conventional p—n junc-
tion. Since the 532-nm photon energy (~ 2.3 eV) is larger than
the band gap of BSCO (~ 1.0 eV), photon-induced electron—
hole pairs are created mainly in the BSCO layer. When these
photo-induced nonequilibrium charge carriers, electrons, and
holes, diffuse into the space-charge region, they will be sep-
arated by the built-in field and move to the Si region as well
as BSCO region, generating the open circuit voltage (V) be-
tween the two electrodes. It is known that for a conventional
p—n junction, the relation between V. and laser power P at
a constant temperature can be described by the equation of
V.. = (kgT/e)In(1 + BP), where kg is the Boltzmann con-
stant, e is the electron charge and f8 o< exp(E,/(kT)) (Eq is
the band gap).!'”) The plot of exp((eVoe)/(kpT)) versus P of
the BSCO/Si heterjunction exhibits a straight line at room tem-
perature as shown in the inset of Fig. 3, being coincident well
with the predication of the equation.

Figure 4 displays the variation of V. with temperature
at an irradiation power of 20 mW. It can be seen that V. in-
creases monotonically with temperature decreasing. A simi-
lar behavior has been observed previously in many manganite
heterojunctions and considered to be related to the change in
the thickness of the depletion layer and the magnitude of the
built-in field.?°221 As temperature decreases, the depletion

layer becomes thicker and the built-in field becomes higher,
which indicates more photo-induced carriers accommodated
by the space-charge region and a larger driving force for these
carriers, and therefore leading to a higher V.
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Fig. 3. (color online) Photovoltages of the heterojunction when BSCO
film is illuminated by 532-nm laser at different power densities. The
inset shows an exponential plot of V. against laser power.
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Fig. 4. Variation of V,,. with temperature.

4. Conclusions

In this paper, we prepare a BSCO/Si heterojunction by us-
ing PLD technology. The heterojunction exhibits a perfect rec-
tifying characteristic, and its transport mechanism under the
forward bias can be attributed to a trap-filled SCLC conduc-
tion mechanism. A clear photovoltaic effect is observed in this
heterojucntion and the photovoltage increases monotonically
with temperature decreasing. The result suggests potential ap-
plications of the BSCO-based heterojunction in optoelectronic
devices.

References

[1] Zubko P, Gariglio S, Gabay M, Ghosez P and Triscone J 2011 Ann. Rev.
Condens. Matter Phys. 2 141

[2] Xie Y W, Guo D F, Sun J R and Shen B G 2010 Chin. Phys. B 19
117306

[3] Funahashi R and Shikano M 2002 Appl. Phys. Lett. 81 1459

[4] HsuHC, Lee W L, Wu K K, Kuo Y K, Chen B H and Chou F C 2012
J. Appl. Phys. 111 103709

[5] Xu G J, Funahashi R, Shikano M, Matsubara I and Zhou Y Q 2002 J.
Appl. Phys. 91 4344

107301-3


http://dx.doi.org/10.1146/annurev-conmatphys-062910-140445
http://dx.doi.org/10.1146/annurev-conmatphys-062910-140445
http://dx.doi.org/10.1088/1674-1056/19/11/117306
http://dx.doi.org/10.1088/1674-1056/19/11/117306
http://dx.doi.org/10.1063/1.1502190
http://dx.doi.org/10.1063/1.4720075
http://dx.doi.org/10.1063/1.4720075
http://dx.doi.org/10.1063/1.1455157
http://dx.doi.org/10.1063/1.1455157

Chin. Phys. B Vol. 22, No.

10 (2013) 107301

(6]
(71
(8]
(9]

[10]
[11]

[12]

[13]

Yin L H, Ang R, Huang Y N, Jiang H B, Zhao B C, Zhu X B, Song W
Hand Sun Y P 2012 Appl. Phys. Lett. 100 173503

Fujii T, Terasaki I, Watanabe T and Matsuda A 2002 Jpn. J. Appl. Phys.
411783

Yamamoto T, Uchinokura K and Tsukada I 2002 Phys. Rev. B 65
184434

Wang S F, Li HL, Zhao K, Zhao S Q, Chen M J, Chen J C, Wang J L
and Fu G S 2011 Appl. Phys. A 105 407

Koumoto K, Terasaki I and Funahashi R 2006 MRS Bull. 31 206
Wang S F, Zhang Z C, He L P, Cheng M J, Yu W and Fu G S 2009
Appl. Phys. Lett. 94 162108

Wang S F, Venimadhav A, Guo S M, Chen K, Li Q, Soukiassian A,
Schlom D G, Katz M B, Pan X Q, Wong-Ng W, Vaudin M D and Xi X
X 2009 Appl. Phys. Lett. 94 022110

Xing J, Guo E J and Wen J 2011 Chin. Phys. B 20 037304

[14]

[15]

[16]

[17]
(18]

[19]
[20]

[21]
[22]

107301-4

Guo S M, Zhao Y G, Xiong C M and Lang P L 2006 Appl. Phys. Lett.
89 223506

Wang C C, Liu G Z, He M and Lu H B 2008 Appl. Phys. Lett. 92
052905

Tian H, Zhao Y G, Jiang X L, Shi J P, Zhang H J and Sun J R 2011
Appl. Phys. A 102 939

Xing J, Hao H'Y, Guo E J and Yang F 2011 J. Appl. Phys. 110 033103

Lampert M A and Mark P 1970 Charge Injection in Solids (New York:
Academic)

Sze S M 1981 Physics of Semiconductor Devices, 2nd edn. (New York:
Wiley)

Sun J R and Shen B G 2004 Appl. Phys. Lett. 85 3375

Luo J and Gao J 2006 J. Appl. Phys. 100 056104

Sun J R, Lai C H and Wong H K 2004 Appl. Phys. Lett. 85 37


http://dx.doi.org/10.1063/1.4705429
http://dx.doi.org/10.1103/PhysRevB.65.184434
http://dx.doi.org/10.1103/PhysRevB.65.184434
http://dx.doi.org/10.1007/s00339-011-6551-5
http://dx.doi.org/10.1557/mrs2006.46
http://dx.doi.org/10.1063/1.3122930
http://dx.doi.org/10.1063/1.3122930
http://dx.doi.org/10.1063/1.3072803
http://dx.doi.org/10.1088/1674-1056/20/3/037304
http://dx.doi.org/10.1063/1.2393148
http://dx.doi.org/10.1063/1.2393148
http://dx.doi.org/10.1007/s00339-011-6276-5
http://dx.doi.org/10.1007/s00339-011-6276-5
http://dx.doi.org/10.1063/1.3621143
http://dx.doi.org/10.1063/1.1806560
http://dx.doi.org/10.1063/1.1769079

	1. Introduction
	2. Experiments
	3. Result and discussion
	4. Conclusions
	References

