AlP | e ™

Tunable photovoltaic effects in transparent Pb(Zr0.53,Ti0.47)O3 capacitors
Bin Chen, Zhenghu Zuo, Yiwei Liu, Qing-Feng Zhan, Yali Xie, Huali Yang, Guohong Dai, Zhixiang Li, Gaojie Xu,
and Run-Wei Li

Citation: Applied Physics Letters 100, 173903 (2012); doi: 10.1063/1.4709406

View online: http://dx.doi.org/10.1063/1.4709406

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/100/17?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Effect of interface configurations on the dynamic scaling behavior of Pb(Zr0.53Ti0.47)O3 thin films
Appl. Phys. Lett. 104, 092904 (2014); 10.1063/1.4867506

Influence of work-function of top electrodes on the photovoltaic characteristics of Pb0.95La0.05Zr0.54Ti0.4603
thin film capacitors
Appl. Phys. Lett. 100, 173901 (2012); 10.1063/1.4705425

Ferroelectric and conductivity behavior of multilayered Pb Zr 0.52 Ti 0.48 O 3/Pb (Mg 1/3Ta2/3)0.7 Ti 0.3
0 3/Pb Zr 0.52 Ti 0.48 O 3 thin films
J. Appl. Phys. 100, 034106 (2006); 10.1063/1.2219211

Internal friction study on CuFe 2 O 4/PbZr 0.53 Ti 0.47 O 3 composites
J. Appl. Phys. 96, 5687 (2004); 10.1063/1.1805187

Ferroelectric BaPbO 3 / PbZr 0.53 Ti 0.47 / BaPbO 3 heterostructures
Appl. Phys. Lett. 81, 3624 (2002); 10.1063/1.1520332



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/98345188/x01/AIP-PT/APL_ArticleDL_1015/AIP-2639_EIC_APL_Photonics_1640x440r2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Bin+Chen&option1=author
http://scitation.aip.org/search?value1=Zhenghu+Zuo&option1=author
http://scitation.aip.org/search?value1=Yiwei+Liu&option1=author
http://scitation.aip.org/search?value1=Qing-Feng+Zhan&option1=author
http://scitation.aip.org/search?value1=Yali+Xie&option1=author
http://scitation.aip.org/search?value1=Huali+Yang&option1=author
http://scitation.aip.org/search?value1=Guohong+Dai&option1=author
http://scitation.aip.org/search?value1=Zhixiang+Li&option1=author
http://scitation.aip.org/search?value1=Gaojie+Xu&option1=author
http://scitation.aip.org/search?value1=Run-Wei+Li&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4709406
http://scitation.aip.org/content/aip/journal/apl/100/17?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/9/10.1063/1.4867506?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/17/10.1063/1.4705425?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/17/10.1063/1.4705425?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/100/3/10.1063/1.2219211?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/100/3/10.1063/1.2219211?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/10/10.1063/1.1805187?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/81/19/10.1063/1.1520332?ver=pdfcov

APPLIED PHYSICS LETTERS 100, 173903 (2012)

Tunable photovoltaic effects in transparent Pb(Zr 53, Tig.47)O3 capacitors

Bin Chen,"? Zhenghu Zuo,? Yiwei Liu, " Qing-Feng Zhan,*® Yali Xie,"? Huali Yang, '
Guohong Dai, " Zhixiang Li,® Gaojie Xu,® and Run-Wei Li'>?®

1Key Laboratory of Magnetic Materials and Devices, Ningbo Institute of Material Technology

and Engineering, Chinese Academy of Sciences, Ningbo 315201, People’s Republic of China

2Zhejiang Province Key Laboratory of Magnetic Materials and Application Technology,

Ningbo Institute of Material Technology and Engineering, Chinese Academy of Sciences,

Ningbo 315201, People’s Republic of China

3Division of Functional Materials and Nano Devices, Ningbo Institute of Material Technology
and Engineering, Chinese Academy of Sciences, Ningbo 315201, People’s Republic of China

(Received 16 February 2012; accepted 12 April 2012; published online 27 April 2012)

We report an investigation on optical, ferroelectric, and photovoltaic properties of transparent
Sn-doped In,O3 (ITO)/Pb(Zr 53, Tip47)05 (PZT)/ITO thin film capacitors. The ferroelectric PZT
sandwiched structures grown on glass substrates exhibit a transmittance of 65% in the visible
light range. The current-voltage characteristics show that the transparent PZT capacitors possess
a significant photovoltaic response under a light illumination. Moreover, the photovoltaic
response can be well tuned by an external electrical field, which can be understood by
considering the tunable depolarized field in the PZT capacitors. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4709406]

Multi-field couplings of functional materials under
coupled thermal, magnetic, electric, optical, and mechanical
loads have attracted extensive attention." The coupled
electro-optic effect, i.e., photovoltaic effect, which has been
applied for various optoelectronic devices, optical sensors,
and solar cells, has been observed in various materials
including ferroelectrics.”® The photovoltaic effect typically
involves two basic processes, including the generation of
electron-hole pairs under light irradiation and the separation
of electrons and holes under an internal electrical field. Con-
sequently, the net electric current flow is formed in a particu-
lar direction.” For a conventional semiconductor p-n
junction, the internal electric field exists only in the depletion
layer of p-n junctions.® In contrast, the internal electric field
in the ferroelectric thin films extends over the whole volume
of the films after the electric poling process.” In addition, the
internal electric field in ferroelectric materials is nearly an
order of magnitude higher than that in a p-n junction.9
Hence, the bulk photovoltaic effects can be achieved in
ferroelectric film capacitors without constructing compli-
cated junction structures.” In recent years, the photovoltaic
effect in ferroelectric materials have drawn intensive
attentions.**?~'2 A great deal of experimental and theoreti-
cal works have been done to improve the photovoltaic
response in ferroelectric devices.”*™'? The photovoltaic
responses achieved in single crystal and epitaxial thin films
of BiFeOj3 can be modulated by controlling the interface bar-
rier as well as domain configuration.'*™'® Zheng er al. found
that the photocurrent is related to the Schottky barrier and
the ferroelectric polarization in ferroelectric capacitors.]2
Due to the switchable polarization states, the photovoltaic
responses in ferroelectric capacitors are expected to be tuned
by controlling the external electric field.'” Therefore, it is
important to study the relationship between ferroelectric
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polarization states and the photovoltaic response in ferro-
electric capacitors.

Recently, the transparent photovoltaic modules, which
can be integrated into building as roofs or windows to create
power, have attracted much attention and already been real-
ized in a service stations by BP Solar."' Notably, although
both the optical properties and the photovoltaic effect of
ferroelectric films have been investigated separately,'*'® the
photovoltaic effect of transparent ferroelectric film
capacitors has not yet been studied so far. In this letter, we
investigated the photovoltaic response in transparent
Pb(Zr 53,Tig.47)O03 (PZT) film capacitors, which can be well
tuned by an external electric field. The experimental obser-
vation can be explained by considering the tunable depolari-
zation field in PZT capacitors.

Polycrystalline PZT thin films with 400 nm in thickness
were deposited onto commercial glass substrate coated with
150 nm thick Sn-doped In,O3 (ITO) thin films by means of
pulsed laser deposition (PLD) technique at an oxygen partial
pressure of 10Pa. A low temperature of 580°C was chosen
for the PZT deposition because the ITO-coated glass cannot
endure a temperature higher than 600 °C."® The arrays of cir-
cular ITO top electrodes with 150nm in thickness and
100 pum in diameter were deposited on the PZT layer using a
metal shadow mask. The crystalline structure of the films
was characterized by x-ray diffraction (XRD). As shown in
Fig. 1(a), PZT thin films are in single phase with a perovskite
structure. The ferroelectric properties of ITO/PZT/ITO
capacitors were examined using a radiant precision ferro-
electric analyzer system (see Fig. 1(b)). The optical proper-
ties were investigated at room temperature by a UV/Vis/NIR
Spectrometer (Lambda 950, Perkin Elmer). The current-
voltage (I-V) behaviors were characterized using a Keithley
4200 Semiconductor Characterization System equipped with
a He-Ne light source. The photovoltaic response as a func-
tion of wavelength of emitted light at zero-bias voltage was
obtained by an Oriel IQE-200 measurement system

© 2012 American Institute of Physics
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(Newport). In order to check the effect of the external stimuli
on the photovoltaic effect in ferroelectric materials, external
electric voltages were used to tune the polarization state of
the PZT capacitors. dc electric voltages varying from —3 to
+3V at a step of 1.0V are applied on the PZT cells. Each
poling voltage was kept for 30s, and then the photocurrent-
voltage curves were measured at small voltages between
—0.5 and +0.5V to avoid disturbing the poling state. It
should be noted that even though the poling field is smaller
than the coercive field, 30 s of the poling time is long enough
for the ferroelectric polarization switching.?

Figure 2(a) shows the dark and illuminated /-V curves
for the transparent ITO/PZT/ITO capacitors, which indicates
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FIG. 2. (a) I-V characteristics for the transparent ITO/PZT/ITO capacitor in
dark and illumination conditions. (b) Temporal dependence of the photocur-
rent at a zero-bias voltage and various incident light intensities.
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a significant photovoltaic effect. The asymmetric dark /-V
curves in symmetric sandwiched structures are induced by
the internal strain, interface barrier states, and domain states
of the ITO/PZT/ITO capacitors.'>'**! The open circuit
photo voltage (Vo) and the short circuit current (Igc) are
defined as the intersections of the illuminated I-V curves
with the axis of voltage and photocurrent. Under a light in-
tensity of 450 uW/cm?, V¢ and Igc are obtained as —0.25 V
and 0.4 pA, respectively. Figure 2(b) shows the temporal de-
pendence of the photocurrent for a transparent ITO/PZT/ITO
capacitor at various incident light intensity and a zero-bias
voltage, indicating a repeatable and stable photocurrent
response to the light illumination. In addition, there is no
decay of photocurrent when the Igc was measured during 50
on-off cycles of the illumination light.

All components in our layered structures are transparent,
so that the logo (NIMTE CAS) can be clearly seen through
the transparent PZT capacitors, as shown in the inset of Fig.
3(a). The optical transmittance spectra as a function of the
wavelength for both PZT capacitors and blank ITO/glass
substrates are measured. In the visible region (400-800 nm),
the transmittance of the PZT capacitor is about 65%, while
that for a blank ITO/glass substrate is around 80%, as shown
in Fig. 3(a). In general, the high transmittance of ITO/PZT/
ITO capacitors is a disadvantage for photovoltaic devices,
since a high photovoltaic efficiency usually requires most of
the incoming lights could be adsorbed and transferred into
electric energy. However, in some specific cases, for exam-
ple, a roof or window glass serving as an electric power sup-
plier for a building, the transparent photovoltaic modules
which possess both a high transmittance and a high photo-
voltaic efficiency become very useful.”? The transparent fer-
roelectric capacitors provide an alternative candidate for
solar cells with multi-functionalities.

The wavelength dependence of V¢ for the transparent
ITO/PZT/ITO capacitors is shown in Fig. 3(b). The observed
photovoltaic effect strongly depends on the wavelength of
illumination. The maximum Vg, of 0.165V is obtained at



173903-3 Chen et al.

100

() —&— [TO/glass substrate
—&— PZT/ITO/glass film

—

[ee]
(=]
L

D
(=]
1

Transmittance (%o)
ES

20
0 T T T T T
400 600 800 1000 1200
Wavelength (nm)
< 016 ® 9—o
= N
0] \
20 0.14 9 9—ao
g i AN
5 0.12- / —o
N \
e )
A~ 010{ 9

30 340 360 380 400 420 440
Wavelength (nm)

FIG. 3. (a) Optical transmission spectra for a transparent ITO/PZT/ITO ca-
pacitor and a blank ITO/glass substrate in the visible region. The inset shows
that a logo (NIMTE CAS) is placed under the transparent ITO/PZT/ITO ca-
pacitor. (b) Wavelength dependence of the open circuit voltage, Ve, for
transparent ITO/PZT/ITO capacitors.

365 nm, which approximately corresponds to the band gap of
PZT films.”

The effect of external electric fields on the photovoltaic
response in ferroelectric capacitors is investigated. Figure
4(a) shows the -V characteristics of the transparent ITO/
PZT/ITO capacitors under various external poling voltages.
It can be observed from the figure that (i) the I-V curves are
shifted towards the positive/negative field direction when a
positive/negative external electric voltage is applied and (ii)
Voc and Isc are varied with the poling voltage (as shown in
Figs. 4(b) and 4(c)). Therefore, both Voc and Isc can be con-
tinuously tuned by applying an external poling voltage.
When switching the external voltage from —3 to +3V, Isc
and Ve are varied from 0.6 to 0.15pA and from —0.45 to
—0.15V, respectively. The temporal dependence of photo-

Appl. Phys. Lett. 100, 173903 (2012)

current for the transparent ITO/PZT/ITO capacitor under
various poling voltages is presented in Fig. 4(e), which sug-
gests that the instantaneous photocurrent response can be
tuned by the electric poling field as well. Figure 4(d) shows
the light-to-electricity power conversion efficiency of a
transparent PZT capacitor at various external poling vol-
tages. The power conversion efficiency can be calculated by
the ratio of the output electrical power P, to the incident
optical power P;,, where P,,,=JV, J, and V are photocurrent
and photovoltage, respectively.'' While switching the exter-
nal voltage from —3 to +3 V, the maximum conversion effi-
ciency value is changed from 0.02% to 0.22%. Although the
present ITO/PZT/ITO capacitors possess the small conver-
sion efficiency value of 0.22%, which is comparable with the
previous experimental value,” the photovoltaic response of
ferroelectric capacitors can be tuned by the external electric

voltage.

Since the photovoltaic effect in ferroelectric materials is
due to the separation of the light-induced carriers under an
internal electric field, the tunable photovoltaic effects in the
ITO/PZT/ITO capacitors can be interpreted with considering
the effect of the depolarization field. The total internal elec-
tric field, E, in ferroelectric capacitors consists of two inde-
pendent components,
depolarization field, E,. The Ej; in ferroelectric capacitors
originates from various factors, including the oxygen-related
strain gradient®* and the effect of interfacial layer between
the ferroelectric thin films and the substrates.?” In the present
ITO/PZT/ITO capacitors, E;,; may result from the effect of
the interface layer between PZT films and ITO electrode.
The effect of E;,; on the photovoltaic response of ferroelectric
capacitors deserves further research.”’ The E,, is proportional
to the strength of ferroelectric polarization and therefore can
be tuned by varying the external bias Voltage.28 It should be
noted that the screening effects, which may suppress the
depolarization field, need to be taken into account in metal
electrode/ferroelectric/metal electrode structures. However,
for oxide electrode/ferroelectric/oxide electrode structure,
including our ITO/PZT/ITO capacitors, the screening effect
is very weak and can be neglected.lo‘” When applying a
positive/negative electric voltage to the ITO/PZT/ITO
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capacitor, £, becomes negative/positive, and the effective
electric field in the PZT -capacitor is correspondingly
reduced/enhanced, resulting in a reduced/enhanced photo-
voltaic response. In order to facilitate the discussion, the
depolarized voltage V), i.e., E,, X d, and the build-in voltage
Vi 1e., Ep;xd, are used, where d is the thickness of
PZT films. Based on the method developed by Zheng
et al.,'”* |Vp| and |V,;| can be estimated by using the equa-
tions V, =3(V, —V_) and Vj; =3 (V, +V_), where V,
and V_ are the open-circuit voltage after positively and
negatively poling the samples, respectively. Similarly, the
current |/p| contributed by the depolarized field and |I;;| con-
tributed by the build-in field can be evaluated by using
[Ip| =3(I, —1_) and |I,;}] =3 (I, +1_), where I, and I_
are the short-circuit current for the positively and negatively
poling states, respectively. Thus, |Vy;| = |Ep x d| =027V
and |I;] =0.38 pA can be obtained. The ferroelectric polar-
ization dependent components |Vp| = |E, X d| and |Ip| are
obtained as 0.05, 0.10, 0.14V and 0.06, 0.16, 0.20 pA at an
external applied electric voltage of 1, 2, and 3V, respec-
tively. Our experimental observations demonstrate that the
external electric voltage can effectively tune the photovoltaic
responses of ferroelectric ITO/PZT/ITO capacitors. As afore-
mentioned, these photovoltaic responses are related with the
variations of £, in ferroelectric films.” On the other hand, the
external applied voltage dependence of E,, exists in all ferro-
electric materials.?® Thus, the photovoltaic response for fer-
roelectric thin films is expected to be controlled by the
external electric voltage. Although the present ITO/PZT/ITO
capacitors possess the small conversion efficiency value of
0.22%, this new degree of control may find application in
some novel ferroelectric-based solar cells since a large
conversion efficiency value of 6.5% is reported recently in
Pt/epitaxial Bi,FeCrOg/Nb-SrTiO3 capacitors.29

In summary, we have investigated the ferroelectric prop-
erties and photovoltaic responses of the transparent ITO/
PZT/ITO capacitors. The present results show that the photo-
voltaic response in ferroelectric capacitors can be controlled
by an external electric field, which is explained by consider-
ing the variable depolarized field in ferroelectric capacitors.
The ability to control photovoltaic effects by the external
electric field in ferroelectric capacitors is important for
developing intelligent ferroelectric-based optoelectronic
devices and solar cells with multi-functionalities.

The authors acknowledge the financial supports from
the National Natural Foundation of China (10904156,
11174302), State Key Project of Fundamental Research of

Appl. Phys. Lett. 100, 173903 (2012)

China (2012CB933004), Zhejiang and Ningbo Natural Sci-
ence Foundations, and Chinese Academy of Sciences (CAS),
and Ningbo Science and Technology Innovation Team
(2011B82004, 2009B21005).

'Q. H. Qin and Q. Sh Yang, Macro-Micro Theory on Multifield Coupling
Behavior of Heterogeneous Materials (Springer, New York, 2009) and
references therein.

%Y. K. Uchino, Y. Miyazawa, and S. Nomura, Jpn. J. Appl. Phys., Part 1
21, 1671 (1982).

D. Dimos, H. N. Al-Shareef, W. L. Warren, and B. A. Tuttle, J. Appl.
Phys. 80, 1682 (1996).

“T. Choi, S. Lee, Y. J. Choi, V. Kiryukhin, and S. W. Cheong, Science 324,
63 (2009).

K. Yao, B. K. Gan, M. Chen, and S. Shannigrahi, Appl. Phys. Lett. 87,
212906 (2005).

ow. Ji, K. Yao, and Y. C. Liang, Adv. Mater. 22, 1763 (2010).

M. Qin, K. Yao, and Y. C. Liang, Appl. Phys. Lett. 93, 122904 (2008).

8p. Peumans, S. Uchida, and S. R. Forrest, Nature 425, 158 (2003).

°H. T. Huang, Nat. Photonics 4, 134 (2010).

M. Qin, K. Yao, and Y. C. Liang, Appl. Phys. Lett. 95, 22912 (2009).

"B. Chen, M. Li, Y. W. Liu, Zh. H. Zuo, F. Zhuge, Q. F. Zhan, and R. W.
Li, Nanotechnology 22, 195201 (2011).

'2E. G. Zheng, J. Xu, L. Fang, M. R. Shen, and X. L. Wu, Appl. Phys. Lett.
93, 172101 (2008).

BH. T. Yi, T. Choi, S. G. Choi, Y. S. Oh, and S.-W. Cheong, Adv. Mater.
23, 3403 (2011).

“D. Lee, S. H. Baek, T. H. Kim, J.-G. Yoon, C. M. Folkman, C. B. Eom,
and T. W. Noh, Phys. Rev. B 84, 125305 (2011).

153 Y. Yang, J. Seidel, S. J. Byrnes, Shafer, P. C.-H. Yang, M. D. Rossell,
P. Yu, Y.-H. Chu, J. F. Scott, J. W. Ager III, L. W. Martin, and R. Ramesh,
Nat. Nanotechnol. 5, 143 (2010).

16R, Guo, L. You, L. Chen, D. Wu, and J. L. Wang, Appl. Phys. Lett. 99,
122902 (2011).

7], F. Scott, Ferroelectric Memories (Springer, Heidelberg, 2000).

'8K. Rapolu, K. Sites, M. Guragain, and P. Singh, Proc. ASME Int. Solar
Eng. Conf. 2007, 185.

YF. G. Zheng, J. P. Chen, X. W. Li, and M. R. Shen, Mater. Lett. 59, 3498
(2005).

201, Stolichnov, A. Tagantsev, N. Setter, J. S. Cross, and M. Tsukada, Appl.
Phys. Lett. 83, 3362 (2003).

2y L. Qin, C. L. Jia, K. Urban, R. Liedtke, and R. Waser, Appl. Phys. Lett.
80, 2728 (2000).

2S. Yoon, S. Tak, J. Kim, Y. Jun, K. Kang, and J. Park, Build. Environ. 46,
1899 (2011).

M. Qin, K. Yao, and Y. C. Liang, J Appl. Phys. 105, 061624 (2009).

2*F_ Chen, X. L. Tan, Zh, Huang, X. F. Xuan, and W. B. Wu, Appl. Phys.
Lett. 96, 262902 (2010).

K. Abe, N. Yanase, T. Yasumoto, and T. Kawakubo, J Appl. Phys. 91, 323
(2001).

26K Sreenivas, M. Sayer, T. Laursen, J. L. Whitton, R. Pascual, D. J. John-
son, D. T. Amm, G. L. Sproule, D. F. Mitchell, M. J. Graham, S. C. Gujra-
thi, and K. Oxorn, Mater. Res. Soc. Symp. Proc. 200, 255 (1990).

2’D. W. Cao, H. Zhang, L. Fang, W. Dong, F. G. Zheng, and M. R. Shen,
Appl. Phys. Lett. 97, 102104 (2010).

#D. J. Kim, J. Y. Jo, Y. S. Kim, Y. J. Chang, J. S. Lee, J-G. Yoon, T. K.
Song, and T. W. Noh, Phys. Rev. Lett. 95, 237602 (2005).

2R. Nechache, C. Harnagea, S. Licoccia, E. Traversa, A. Ruediger, A.
Pignolet, and F. Rosai, Appl. Phys. Lett. 98, 202902 (2011).


http://dx.doi.org/10.1143/JJAP.21.1671
http://dx.doi.org/10.1063/1.362968
http://dx.doi.org/10.1063/1.362968
http://dx.doi.org/10.1126/science.1168636
http://dx.doi.org/10.1063/1.2136228
http://dx.doi.org/10.1002/adma.200902985
http://dx.doi.org/10.1063/1.2990754
http://dx.doi.org/10.1038/nature01949
http://dx.doi.org/10.1038/nphoton.2010.15
http://dx.doi.org/10.1063/1.3182824
http://dx.doi.org/10.1088/0957-4484/22/19/195201
http://dx.doi.org/10.1063/1.3009563
http://dx.doi.org/10.1002/adma.201100805
http://dx.doi.org/10.1103/PhysRevB.84.125305
http://dx.doi.org/10.1038/nnano.2009.451
http://dx.doi.org/10.1063/1.3641905
http://dx.doi.org/10.1016/j.matlet.2005.05.079
http://dx.doi.org/10.1063/1.1621730
http://dx.doi.org/10.1063/1.1621730
http://dx.doi.org/10.1063/1.1469683
http://dx.doi.org/10.1016/j.buildenv.2011.03.010
http://dx.doi.org/10.1063/1.3073822
http://dx.doi.org/10.1063/1.3458599
http://dx.doi.org/10.1063/1.3458599
http://dx.doi.org/10.1063/1.1426249
http://dx.doi.org/10.1557/PROC-200-255
http://dx.doi.org/10.1063/1.3488829
http://dx.doi.org/10.1103/PhysRevLett.95.237602
http://dx.doi.org/10.1063/1.3590270

