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In this work we discuss a method of preparation of a highly sensitive light detector based on ZnO nanorods.
A photoresistor constructed by us is based on a heterojunction between high quality ZnO nanorods and
high resistivity p-type Si used as a substrate for nanorods’ deposition. ZnO nanorods are grown by a
modified version of a microwave assisted hydrothermal method which allows for growth of high quality
ZnO nanorods in a few minutes. The obtained photoresistor responds to a wide spectral range of light
starting from near infrared (IR) to ultraviolet (UV). Properties of the detector are evaluated. We propose
the use of the detector as an optical switch.

© 2017 Published by Elsevier B.V. on behalf of Association of Polish Electrical Engineers (SEP).

1. Introduction

Zinc oxide (ZnO) is a wide band gap semiconductor with a
range of possible applications. For example, it is tested for use in
optoelectronics as an active material for light-emitting and detect-
ing diodes [1]. Other applications include a new generation of
electronic devices. ZnO is tested as an active part of transparent
transistors [2], as a part of selector in cross-bar memories [3], as
an active layer in photovoltaic devices PV [4], or as a transparent
electrode [5].

Regarding applications as a light detector, the simplest con-
struction is a photoresistor - a device changing resistance upon
illumination. In consequence, photoresistors have attracted wide
interest over the past three decades. A wide variety of poten-
tial applications were discussed and demonstrated. Photoresistors
were used in automatic detection systems, in computer and opto-
electronic control systems, for combustion process monitoring, for
solar emission monitoring, for biological and chemical analysis
[6-9].

The most common mechanism responsible for resistance
changes is photoconduction which in the case of conventional
semiconductors results in a fast detector response. This relates to
a fast recombination/trapping of photo-generated electron-hole
pairs. However, if resistance changes are related to surface effects,
the response can be relatively slow. This is the case of some
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oxide materials, including n-type zinc oxide structures [10]. Resis-
tance changes of ZnO films are primarily governed by desorption
and adsorption of oxygen or hydroxyl groups. In the case of sur-
face related effects a high surface-to-volume ratio is crucial to
obtain high detector sensitivity. Not surprisingly, the sensitivity is
enhanced in NRs. The latter mechanism is dominant in the case
of high quality ZnO nanorods (NRs) without or with a reduced
concentration of oxygen vacancies [11].

Recently, we reported a modification of a technological method
allowing the growth of high-quality ZnO NRs in a controllable way.
The method is very cheap, safe, and fast. Thus, it is attractive for a
range of possible commercial applications [12].

Zinc oxide because of a wide band gap is commonly used in the
context of the photoresistor for the UV range, but does not respond
to a visible light [11,13,14]. Photoeresistors responsive to a visible
light, using ZnO, are prepared on the basis of a junction with other
semiconductors, for example a ZnO-Si junction [14-16]. In all these
cases, the measured response is a current flow through the diode,
and ZnO is often added in order to extend the spectral range.

In this work we test one of such applications - the use of ZnO
NRs (in junction with a highly-resistive p-type silicon) as a sensitive
photoresistor, however, the measured resistance is not resistance
through the diode, but resistance of silicon which is a partner in
the junction. The ZnO purpose is to improve the collection of light,
broadening the depletion layerin Siand the creation of a conductive
channel for photo-generated carriers (see Section 3). Surprisingly,
the photoresistor response does not depend on gas environment
and is fast. Thus, it cannot be related to surface processes, as com-
monly assumed. The slow decay process described in literature [11]
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Fig. 1. Scanning electron microscope image of ZnO nanorods.

is not observed in this case. Nevertheless, the application of NRs
is beneficial, since the response is much more sensitive than that
of thin film ZnO/silicon junctions. (This statement is based on our
investigations when we tested ZnO layers of different resistivity
and thickness obtained by atomic layer deposition (ALD). Received
responses were many times smaller.) Most probably, the use of NRs
improves light collection as we reported recently for PV structures
with ZnO NRs [4]. High quality and stoichiometry of ZnO NRs is also
important for high sensitivity of the photodetector.

2. Experimental

Photoresistors investigated by us were prepared as follows.
On a highly-resistive p-type silicon substrate (from Siegert Wafer
GmbH, the measured acceptor concentration in silicon was of
1.6 x 10'2 cm~3) we deposited by ALD ZnO nanoseeds which nucle-
ate the growth of ZnO NRs in the hydrothermal process. For seeds
deposition it was enough to perform 10 ALD-cycles, with diethylz-
inc (DEZn) as a zinc precursor and deionized water as an oxygen
precursor. The ALD process was performed at 100°C in the ALD
Savannah 100 reactor from Cambridge Nanotech. The so-prepared
substrate with seeds was next placed inside of a microwave-
assisted hydrothermal reactor (ERTEC Magnum II) together with
a solution consisting of zinc acetate dissolved in deionized water.
The pH value of the solution was equal to 8 (adjusted by a precipi-
tation of a 1-mol solution of NaOH). The substrate and the solution
were heated to approx. 50°C and maintained at this temperature
for approx. 1 min which was enough to grow ZnO NRs. Then, the
substrate with ZnO NRs was rinsed with isopropanol and annealed
in air for 10min at 200°C in order to clean the NRs surface from
by-products of the reaction. Further details can be found in Ref.
[12]. The SEM image of ZnO NRs produced in this way is shown in
Fig. 1.NRs are disoriented (see Fig. 1) but are characterized by a very
high crystallographic quality, as reported previously [12,17]. The
nanorods are stoichiometric monocrystals without oxygen vacan-
cies.

Next, Au ohmic contacts were deposited by sputtering on both
sides of the sample (measuring surface: 5 mm x 5mm). The mea-
surement scheme is shown in Fig. 2.

The prepared sample was placed in a gas chamber with electrical
outputs and a quartz window. A quartz lamp and a monochromator
from the spectrometer SOLAR CM 2206 were used as a light source.

In the measurement configuration where the electric contact
from gold fulfils the nanorods, we can achieve two parallel resistors
(ZnONWs matrix and silicon), but there is a huge difference in resis-
tivity of silicon and NWs. Resistivity of the matrix of NWs is nearly
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Fig. 2. Measurement scheme of the photoresistor.

1E-3 4
1E-4 4
1E-5 4

1E-6

Current, A

N

m

2
1

Dark
— Light

169 . . . ' y v T x T
2 -1 0 1 2
Voltage, V

1E-8 4

Fig. 3. 1-V characteristics of the photoresistor.

thousand times higher than resistivity of a used silicon substrate, so
the current through the NWs is negligible. During photo-electrical
measurements we used light of a wavelength from the region of
400-1100 nm, so the light does not generates carriers in ZnO NWs.

Fig. 3 shows the [-V characteristics. The curve is similar to resis-
tor characteristics. There are some perturbations for higher values
of voltage, for the positive voltage current is slightly higher than in
case of the same voltage in the opposite direction, but both dark and
light characteristics are shifted in the same direction. It can be due
to a problem with contacts. They can have slightly different sizes
on the two sides of the sample and contacts were made “through”
NWs which can form a barrier and slightly disturb the current flow.

The I-V characteristics were measured by using a Keithley
2601A multimeter. Resistivity of the sample were established using
power supply by a GW INSTEK GDP-33036 set up for voltage of 1V
between contacts and Keithley 2206A as a current-metre (calcu-
lated later on resistivity of the sample).

3. Results and discussion

In the experiment resistance changes of the sample exposed to
light of different wavelengths and to different gaseous environ-
ments were investigated. Exemplary results are shown in Fig. 4.

The observed response in the case of UV light (below 400 nm)
is characterized by a fast resistance drop followed (after turning
off the light) by a fast partial recovery and, then, a slow return to
the initial resistance. The latter is typical for effects associated with
surface reactions (such as cleaning of the surface from OH groups)
as described in Ref. [11]. However, in the case of a sample illu-
mination with light from the visible range we observe an entirely
different response. A sharp decrease in resistance is observed upon
illumination which returns to the baseline level immediately after
the illumination is turned off. Importantly, this behaviour does not
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Fig. 4. Resistivity of the photoresistor under illumination at different wavelengths.
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Fig. 5. Relative resistivity changes and applied light power as a function of wave-
length.

depend on the gas environment (we tested the detector response
in a chamber filled with oxygen, nitrogen, argon and at vacuum)
which suggests a mechanism different from surface related pro-
cesses.

The system exhibits a nonlinear type of dependence of resis-
tance changes on light power, which was typically observed [13].
Therelative changes in resistance depend very weakly on the power
and wavelength of light, as shown in Fig. 5. This figure depicts the
relative sensitivity (AR/Rg, where Ry is the resistivity in the dark)
and the power of light applied at different wavelengths.

Despite the relatively large differences in light power, the detec-
tor sensitivity hardly changes (as a function of wavelength) only
slightly reflecting the fluctuations in the excitation power. Fig. 6
shows the sensitivity (AR/Rp) as a function of light power at a
constant wavelength. At low light powers the detector sensitiv-
ity grows rapidly, but above 100 wW the response nearly saturates.
Then, even a large change in the light power causes only a slight
change in the system response. Whereas, for a very small light
intensity (20 wW) a relative change in resistance is over 50%, for
a 10 times greater light power the relative change in the resistance
is only slightly higher than 70%. A further increase of the excitation
power only slightly increases the detector response.

This relation is better illustrated in Fig. 7, showing the relative
change in resistance divided by the applied light power (over the
range 400-1150 nm) as a function of light power.

Fig. 6. Relative changes of the resistance as a function of light power. The experi-
ment was performed in a wavelength region from 400 to 1100 nm. The colours of
the markers are appropriate to the used wavelength of light (from violet to red), the
black squares mean infrared region.
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Fig. 7. Relative change in resistance divided by applied light power vs. light power.

Fig. 7 shows the hyperbolic decay in sensitivity with increasing
power of light. This type of response to visible light is not related
to the chemical environment or photoconductivity, but depends on
the band structure of the Si-ZnO junction, as explained below.

To explain such a mechanism of photoresponse, we calcu-
lated the energy band diagram based on Anderson’s model [18].
The electron affinity and band gap values for ZnO are x=4.35eV
and Eg=3.37eV, respectively [19,20]. For silicon x and Eg values
are x=4.05eV and Eg=1.12eV, respectively [20]. The Anderson’s
model gives a small conduction band offset which equals 0.3 eV
(AEc= xzno — Xsi) and a large valence band offset equal to 2.55 eV
(AEy =Egzno — Egsi + AEc) [20,21].

To determine the built-in potential (V},;) and the width of the
depletion region (x), we took the acceptor concentration in silicon
equal to 1.5 x 10'2 cm—3. The donor concentration in ZnO was cal-
culated from the slope of 1/C2 to be 2.2 x 101> cm~3. The value of
the built-in potential was determined from Fig. 8. The measured
value of the built-in potential is of 1.75 V.

Based on the Anderson model, the energy band diagram was
calculated for the n-ZnO/p-Si heterojunction, as shown in Fig. 9.
Calculations show that almost the whole depletion region is on the
silicon side (xp =25 pm). On the ZnO side the width of the deple-
tionregion is only 17 nm. This means that the carriers are generated
predominantly on the silicon side of the junction. They are subse-
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Fig. 9. Band diagram of the ZnO/Si heterojunction.

quently separated by the built-in potential and diffuse into ZnO
and, then, to the electrodes.

Based on the calculations we can explain the mechanism of light
detection. The absorption of light near the junction of two materials
causes generation of electron-hole pairs which are separated by the
band bending in the depletion layer. The band bending causes the
flow of electrons to ZnO NRs (slightly n-type) which are not actively
involved in the photo-current. The holes gather on the Si side, thus,
creating an active conducting channel. The depletion layer on the
Si side is 25 wm thick (!), so the separation area is very large. A
higher intensity of light results in generation of a larger number of
carriers, but along with the increase of hole concentration in Si, the
width of the depletion layer decreases. The latter will decrease the
carrier separation and, thus, the detector’s response. Therefore, for
very low light intensities (a few W) the detector sensitivity is very
high, but at an increased light power the system response starts to
saturate.

4. Conclusions

The photoresistor based on ZnO NRs and silicon substrate
developed by us is characterized by high sensitivity at low light

intensities, and by a quite uncommon detection mechanism. The
wavelength detection range is between 400 and 1100 nm which
reflects light absorption by the silicon partner of the junction.
Importantly, post-illumination annealing or chemical treatment
is not necessary before the detector’s reuse. High sensitivity and
the extremely simple manufacturing technology make this detec-
tor very attractive for potential applications. Poor relationship
between the response and the light intensity enables usage as an
optical switch.

Acknowledgements

The research was financially supported by the National Science
Centre through the grant no. (DEC-2012/07/N/ST3/03144).

References

[1] L. Wachnicki, S. Gieraltowska, B.S. Witkowski, S. Figge, D. Hommel, E.
Guziewicz, M. Godlewski, Characterization of n-ZnO/p-GaN heterojunction
for optoelectronic applications, Acta Phys. Pol. A 124 (2013) 869-872.

[2] S. Gieraltowska, L. Wachnicki, B.S. Witkowski, M. Godlewski, E. Guziewicz,
Atomic layer deposition grown composite dielectric oxides and ZnO for
transparent electronic applications, Thin Solid Films 520 (2012) 4694-4697.

[3] M. Godlewski, E. Guziewicz, J. Szade, A. Wojcik-Glodowska, L. Wachnicki, T.

Krajewski, K. Kopalko, R. Jakiela, S. Yatsunenko, E. Przezdziecka, P. Kruszewski,

N. Huby, G. Tallarida, S. Ferrari, Vertically stacked non-volatile memory

devices — material considerations, Microelectron. Eng. 85 (2008) 2434-2438.

R. Pietruszka, B.S. Witkowski, S. Gieraltowska, P. Caban, L. Wachnicki, E.

Zielony, K. Gwozdz, P. Bieganski, E. Placzek-Popko, M. Godlewski, New

efficient solar cell structures based on zinc oxide nanorods, Sol. Energy Mater.

Sol. Cells 143 (2015) 99-104.

G. Luka, T.A. Krajewski, B.S. Witkowski, G. Wisz, LS. Virt, E. Guziewicz, M.

Godlewski, Aluminum-doped zinc oxide films grown by atomic layer

deposition for transparent electrode applications, ]. Mater. Sci. Mater.

Electron. 22 (2011) 1810-1815.

[6] B.N. Denisov, A photoresistor as a multifunctional optoelectronic element, J.
Commun. Technol. Electron. 52 (2007) 478-481.

[7] M.D. Vittorio, B. Poti, M.T. Todaro, M.C. Frassanito, A. Pomarico, A. Passaseo,
M. Lomascolo, R. Cingolani, High temperature characterization of GaN-based
photodectors, Sens. Actuators A: Phys. 113 (2004) 329-333.

[8] I Ferguson, C.A. Tran, R.F. Karlicek Jr., Z.C. Feng, R. Stall, S. Liang, Y. Lu, C.
Joseph, GaN and AlGaN metal-semiconductor-metal photodetectors, Mater.
Sci. Eng. B 50 (1997) 311-314.

[9] A. Asgari, E. Ahmadi, M. Kalafi, AlyGa; _xn/GaN multi-quantum-well ultraviolet
detector based on p-i-n heterostructures, Microelectron. J. 40 (2009) 104-107.

[10] D.A. Melnick, Zinc oxide photoconduction, an oxygen adsorption process, J.
Chem. Phys. 26 (1957) 1136-1146.

[11] B.S. Witkowski, L. Wachnicki, S. Gieraltowska, P. Sybilski, K. Kopalko, M.
Stachowicz, M. Godlewski, UV detector based on zinc oxide nanorods
obtained by the hydrothermal method, Phys. Status Solidi C 11 (2014)
1447-1451.

[12] B.S. Witkowski, L. Wachnicki, S. Gieraltowska, P. Dluzewski, A. Szczepanska, J.
Kaszewski, M. Godlewski, Ultra-fast growth of the monocrystalline zinc oxide
nanorods from the aqueous solution, Int. J. Nanotechnol. 11 (2014) 758-772.

[13] FJ. Liu, Z.F. Hu, ]. Sun, ZJ. Li, H.Q. Huang, ].W. Zhao, X.Q. Zhang, Y.S. Wang,
Ultraviolet photoresistors based on ZnO thin films grown by P-MBE,
Solid-State Electron. 68 (2012) 90-92.

[14] H. Zhou, G. Fang, L. Yuan, C. Wang, X. Yang, H. Huang, C. Zhou, X. Zhao, Deep
ultraviolet and near infrared photodiode based on n-ZnO/p-silicon nanowire
heterojunction fabricated at low temperature, Appl. Phys. Lett. 94 (2009)
013503.

[15] C.Huang, Y. Yang, J. Chen, C. Wang, Y. Chen, L. Hong, C. Liu, C. Wu, p-Si
nanowires/SiO, /n-ZnO heterojunction photodiodes, Appl. Phys. Lett. 97
(2010) 013503.

[16] Z. Guo, D. Zhao, Y. Liu, D. Shen, J. Zhang, B. Li, Visible and ultraviolet light
alternative photodetector based on ZnO nanowire/n-Si heterojunction, Appl.
Phys. Lett. 93 (2008) 163501.

[17] B.S. Witkowski, L. Wachnicki, S. Gieraltowska, A. Reszka, B.]. Kowalski, M.
Godlewski, Low-temperature cathodoluminescence investigations of
high-quality zinc oxide nanorods, Microsc. Microanal. 21 (2015) 564-569.

[18] S.M. Sze, K.K. Ng, Physics of Semiconductor Devices, 2nd ed., Wiley, New York,
1981.

[19] J.A. Aranovich, D.G. Golmayo, A.L. Fahrenbruch, R.H. Bube, Photovoltaic
properties of ZnO/CdTe heterojunctions prepared by spray pyrolysis, J. Appl.
Phys. 51 (1980) 4260-4268.

[20] A.E.Rakhshani, Optoelectronic properties of p-n and p-i-n heterojunction
devices prepared by electrodeposition of n-ZnO on p-Si, J. Appl. Phys. 108
(2010) 094502.

[21] Z. Guo, D. Zhao, Y. Liu, D. Shen, J. Zhang, B. Li, Visible and ultraviolet light
alternative photodetector based on ZnO nanowire/n-Si heterojunction, Appl.
Phys. Lett. 93 (2008) 163501.

[4

[5


http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0030
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0035
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0040
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0045
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0050
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0055
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0060
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0065
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0070
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0075
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0080
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0085
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0090
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0095
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0100
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105
http://refhub.elsevier.com/S1230-3402(17)30004-5/sbref0105

	Photoresistor based on ZnO nanorods grown on a p-type silicon substrate
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


