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The electronic properties at the transparent conducting oxide (TCO)/ semiconductor interface are
crucial in optimizing the efficiency of light harvesting and storage devices. The back scattered current
and surface defects of ZnO nanorods at interface limit the commercial level fabrication of device
structures with this material system. Herein, a cost effective and scalable electro-nanofabrication
technique has been utilized for the growth of ZnO nanorods over seeded TCO substrates. The
electrochemical conditions for controlling ZnO nano rod morphology over the ZnO self-seeded
transparent conducting oxide coated glass substrate are comprehensively investigated. The results
show that the seed layer thickness, annealing environment for seeding and growth as well as
processing temperatures are critical in optimizing the electronic properties at the interface. By
controlling these parameters the back scattering current has been reduced to record minimum of 107 A
and the interfacial resistance has been minimized to 30 Q. Photoluminescence spectroscopy and the
Electrochemical Impedance spectroscopy are effectively used in this study for defect center analysis
and interfacial characterization.
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1. INTRODUCTION

Research in one dimensional nanostructures gathered momentum in recent years because of its
unique properties that are valuable for electronic, magnetic, optical and photo catalytic applications [1,
2]. ZnO is a prominent ‘“green” material for fabricating one dimensional nanostructure array
electrodes for achieving high carrier mobility in solar cells [3], fuel cells [4 ], bio sensors [5], gas
sensors [6] etc. The wide band gap (3.37 eV) with high exciton binding energy (60 eV) at room
temperature makes it a potential candidate for electrodes in device structure. The piezo and pyro
electric properties of ZnO nanorods are useful for nano generators [7], transducers [8], sensors etc. We
also demonstrated polariton confinement [9] and resonance enhancement [10] in ZnO nanorods that
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leads to polariton lasers [11]. However, the interfacial resistance, charge recombination processes due
to the existence of different defect centres play major role in the efficiency of electrical and
optoelectronic devices with ZnO nanostructures.

ZnO nanorods are widely synthesized by high temperature (500-900° C) physical vapor
deposition [12], VLS method [10] or sol gel technique [13]. These techniques are generally expensive,
slow and difficult to grow over flexible substrates. The hydro thermal method [14] is simple and cost
effective. However, it generally needs high temperature around 200 °C and long growth time (4 hrs to
5 days). Control over the growth parameters such as orientation, rod number density, rod dimensions
are difficult to achieve.

Many sincere efforts have been made by researchers to make high quality ZnO thin films and
nano wire arrays by electrochemical approach [15- 16]. However, because of the high sensitivity of
morphology over wide range of electrochemical growth parameters a systematic investigation on the
dependence of growth parameters, especially growth temperature is required in order to make the
growth possible over flexible substrate. The goal of the present investigation is to understand the
optimum electrochemical conditions for the vertically oriented growth of ZnO nanorods over TCO
coated substrates. ZnO seed layer is used to achieve vertically oriented rod array [17]. Even though the
seed free growth can provide limited verticality [18], the growth control and the optimization of
interfacial resistance of the TCO and the rod layer are difficult to achieve with seedless growth. In this
two-step process reported here seeding is done with a pulse electro chemical deposition (P-ECD) and
the nanostructure growth is carried out in continuous Electro Chemical Deposition (ECD). As ECD has
multiple growth parameters for the control of nanorod morphology compared to hydrothermal
technique. For both seed and nanostructure growth the solution concentration, applied potential and
current density are same in this report. Both steps are done with 73°C and with a growth rate of
0.5nm/sec. The electrochemical parameters such as applied potential, current density, concentration of
the precursor, supporting electrolyte, Oxygen flow rate, temperature and the P" are used to control the
number density of rods, rod diameter, length and orientation of rods. The nanorod diameter is
increased by increasing the charge density and temperature in turn the solubility of Zn (OH)™ which
increases the availability of OH'ion at the surface, during nucleation [19]. The increased P™ increases
the solubility of the Zn (OH)™ species with temperature. The recombination reaction due to the surface
defects is prominent in ZnO photo anodes [20, 21]. This will adversely affect the conversion efficiency
of energy harvesting devices such as solar cell and fuel cells.

In this work the ZnO nanorod array electrode is synthesized by optimizing the conditions for
electrochemical deposition and the defect center modification has been investigated in post annealing
process in the presence of air, oxygen and nitrogen. The seed layer thickness is optimized for efficient
charge collection at the conducting glass plate (FTO) by lowering the electron back scattering. The
modification of the rod density in relation to the availability of the ionic availability at the growing
surface of the nanostructure is studied by varying the Oxygen flow rate. The cathodic formation
potentials of ZnOH and ZnO species are measured for different temperatures to find the lowest
possible temperature for the ECD of ZnO. The modification in carrier density and flat band potential
during the device fabrication (where the electrode undergoes thermal treatments) is also well
understood through this study.
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2. EXPERIMENTAL

Substrate Preparation: The FTO glass plates are cleaned with acetone and then ultra sonicated
in acetone and in De- lonized water (DI water) at 50 degrees for 20 minutes each. Then the plates are
dried in N, stream and kept in desiccators for further use.

Electrochemical Conditions and precursor solution: The ECD and P-ECD has been done with
the following precursor and electro chemical conditions. The precursor is 5mM of ZnCl, and 0.5M of
KCI in DI water of 20 ml for seeding and 80 ml for ZnO nanorod synthesis respectively. The solution
temperature is maintained at 73°Cfor both seeding layer and rod growth. The cathodic potential applied
to the working electrode is — 1.1V. A Pt mesh of (2.25 cm x 2.25cm) is used as a counter electrode and
the Ag/AgCl is used as a reference electrode to maintain the potential constant during the deposition.
Using ECD and P-ECD seed layers of thickness 40 nm, 60 nm, 80 nm, 100 nm and 120 nm has been
coated by varying the deposition time.

Spin coating a 0.6M Zinc acetate in methoxyethanol and monoethanolamine solution is made
and the spin coating is done for 2500 rpm. Seed layers of thickness 40 nm, 60 nm, 80 nm and 100 nm
are coated and then sintered at 100 ° C for 10 minutes.

Seeding: Three different techniques such as spin coating, ECD and P-ECD are investigated for
the fabrication of seed layer in this study. Electrodes are prepared with multi-layers of seed. In all
electrodes ZnO nanorod arrays are deposited over the seed layer with ECD technique. The results are
analyzed with SEM images for desired morphology. Scanning electron monographs shows that the
ZnO nanorod array over the P-ECD seeds has better vertical alignment, controllable rod number-
density and diameter. So P-ECD method is opted for seed layer for further investigation. The P-ECD
layers provide better nucleation centers for the vertically oriented growth of ZnO nanorods. The pulse
timing is maintained as 100 sec for each layer of 20 nm thickness. For investigating the effect of
thermal treatment the seed layer is annealed in Nitrogen, Oxygen atmosphere and air at 130°C for 20
minutes and compared the results with un-annealed samples.

Nanorod array synthesis: The un-annealed and annealed seeded substrates are used for the
nanorod array synthesis. The Amperometry for 2000 secs is done with the Metrohm Autolab 84344
Galvanostat potentiostat at a cathodic potential Of -1.1V in controlled Oxygen bubbling with Alicat
Scientific Mass flow controller MC 5SLPM-D with Flow vision MX. The synthesized nanorod array is
cleaned with stream of DI water and dried in N, stream. The sample is maintained in desiccators for
further characterization. The samples are annealed at 130 °C for 20 minutes at air, oxygen and
nitrogen environment. Performances of the electrodes are compared with the un-annealed samples.

Characterization: The electrochemical conditions for seeding, rod growth and orientation of the
rods have been optimized using the scanning electron monographs in Hitachi 3400 model. The
Keithley 2400 with Labview interfacing environment is used for dark current measurement. Metrohm
Autolab 84344 Galvanostat potentiostat with Nova is used for the cyclic voltammetry (CV) analysis.
The Mott Schottky (MS) analysis and impedance studies are carried out in Autolab 84344. The Horiba
jobin Yvon SPEX — F311 spectro - flourimeter is used for the PL analysis for the defect emission
studies.
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3. RESULTS AND DISCUSSION

The electrochemical fabrication of ZnO nanorod is carried out over ZnO seeded Fluorine doped
Tin Oxide substrate. The seed layer improves the lattice matching of the substrate to the nanorod layer.
Hence, better orientation of crystal plane alignment between the rod and the TCO can be obtained. The
lattice matching due to seed-rod layer leads to the reduction of resistance at the interface.

The seed layers deposited with spin coating, ECD and P_ECD have thickness varies from 60
nm to 120 nm one from each are depicted as seed 1 as s1, seed 2 as s2 and seed 3 as s3 in Figure 1.
Electrochemical depositions of ZnO nanorod layer has been carried out in all the seed samples and are
depicted as rod sample on sl as r1, rod sample on s2 as r2 and the rod sample on s3 as r3 in Figure 1.
Scanning electron monographs show that there is no rod formation over the spin coated seed layer, as
the ZnO particles are dispersed in random orientations and during the annealing the agglomeration
happens in non-uniform sizes.
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Figure 1. Scanning Electron Microscope images of s1, s2, s3, r1, r2, r3.

Over the ECD seed layer the nanorods are arranged in zigzag manner. During the seed layering
the ZnO get continuously deposited at the nucleated sites in the direction of the availability of the Zn?*
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and the OH’species. The lattice arrangement of the seeds in every point on the surface is in conformal
with the sustained availability of Zn" and OH" species at the rod growing face.

The nanorod layer grown over P-ECD seed shows more vertical alignment. In this method at
every initiation of pulse, the charges are available at the tip of the surfaces. Hence, the growth happens
only on the tip surface. This favors the spontaneous vertical C-axis growth of oriented ZnO rods in the
second step ECD deposition.
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Figure 2. The effect of oxygen flow in the morphology of ECD ZnO nano rods grown over the P-
ECD seed of 100 nm thickness.

Effect of Oxygen flow control: The effect of oxygen flow rate in controlling the radius of the
nano rods is shown in figure (2), the images ‘a,b,c,d,e,f,g, and h, i are the nanorods deposited with the
Oxygen flow rates of 0.5,0.2,0.05,0.01,0.005,0.0025,0.001 and 0.0005 sccm. At the growth site the Zn
is available from the precursor; the externally supplied oxygen flow rate can be used as one of the
electrochemical nanofabrication control parameter for fixing the rod radius. The supply of Oxygen at
0.5 sccm only hexagonal ZnO flakes having diameter in micrometer range was formed. The oxygen
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pressure is reduced below 0.05 sccm different diameter nanorods are formed. Variation of diameter
with respect to the oxygen flow rate is illustrated in figure (3) (Formation of micron size structures at
higher oxygen flow rate is given in the inset). The flow is maintained constant during the growth
process to have the uniform diameter throughout the length of the rods. The reduced oxygen
availablity at the non polar surfaces retards the lateral growth of ZnO rods. The surface energy of the
alternate Zn- terminated and O- terminated polar planes of the ZnO structure should be larger than the
non-polar planes for the vertical growth of the rods. The availability of the O- only at the polar surface
and not on the lateral side gives the uniformity of the rod diameter throughout the length of the rods
and its verticality. Table (1) gives the number density of the nanorods for different Oxygen flow rates.
The Oxygen flow rate is controlled by the mass flow controller to vary the rod diameter in turn the rod
density. As rod diameter increases the number of rods per unit area changes. The rod densities per unit
micrometer area are measured with the ImageJ software on the SEM images of the samples with
different Oxygen flow rates as in the table. The lengths of the rods are around 1.1 to 1.5um leads to an
average growth rate of 0.4nm/sec to 0.5nm /sec. Thus the regulated supply of oxygen facilitates the
epitaxial staking layer growth kinetics favors the uniform rod morphology.

Table 1: Number density of nanorods for different oxygen flow rate.

Sl no Oxygen flow(sccm) Number density of rods/um-®
1 0.5 1
2 0.2 3
3 0.05 4
4 0.01 12
5 0.005 28
6 0.0025 65
7 0.001 150
8 0.0005 180

Even though the ZnO can be deposited with an applied potential ranges between -0.8 V and -
1.6V [22], formation rate of ZnO is maximum at -1.1V. The growth temperature is then optimized for
this potential. The deposition is tried with different temperature and the lowest possible temperature is
determined by finding the formation peaks for the nucleation of ZnO. The cyclic voltammogram of the
deposition is recorded at different temperatures. The basic chemical reaction for the deposition is as
follows [23],

Zn** +0.50; —2¢+ Zn0

Zn*" + H,0 + 0.5 0~ 2ZnOH + 2¢

Zinc is hydrolyzed in the presence of oxygen and then ZnOH is dehydrated to ZnO. The
formation of ZnOH and ZnO species at different temperatures is analyzed with the cyclic voltammetry
for a range of temperature varies from 35 °C to 75°C, in 5 ° C steps figure (4). The cathodic peak for
the formation of ZnOH is observed between -0.3 V to -0.48 V which is a progressive process. The ZnO
formation peak is obtained at -0.048 V which is an instantaneous process. The formation of ZnOH and
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ZnO is predominantly seen only after 70 °C as in the voltammogram. Up to 70°C all the Zn species is
exhausted for the ZnOH formation and not available for the formation of ZnO. Below 70 °C there are
no peaks for the ZnO has been observed. The dehydration of ZnOH to ZnO happens only after 70°C.
Hence, the lowest temperature of deposition for this optimized potential (-1.1 V) is 70 °C. (For all
structures reported in this article we maintained the growth temperature at 73 ° C). As the deposition
temperature is below150°C it is suitable even for flexible substrates.
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Figure 3. Nanorod diameter variation with oxygen flow rate over P-ECD seeded substrates.
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Figure 4. (a) VVoltammogram for different temperatures and the ZnOH and ZnO forming cathodic
peaks, (b) magnified peaks at 70°C.
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In the electrode the electrons are back scattered at the interface of the metal oxide layer and the
TCO during the charge transportation and gives the dark current. This leakage current is one of the
factors which reduce the efficiency in a device structure. The leakage current can be reduced with a
compaction layer which acts as a fastener at the interface. In the present electrode the compaction layer
and the seed layer are mended together for both verticality of the nanorods and reduction of electron
backscattering.
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Figure 5. (a) Lowest dark current achieved for 100nm (5s) seed layer anode (b) Dark current
Measurements of 100 nm (5s) and 80 nm (4s).

As the thickness plays a major role in the compaction layer in the reduction of dark current
multiple layer seeds are prepared (40 nm, 60 nm, 80 nm, 100 nm, and 120nm). The samples are coded
with the difference in layer thickness. For a pulse deposition of 100 seconds give the layer thickness of
20 nm. So the seed samples are coded as - 1s for 20 nm, 2s for 40 nm, and so on. The dark current is
measured in Keithley meter with Lab view interface. The 100 nm (5s in figure 5) seed shows the
lowest dark current (107A) compared to the other multilayer seeded electrode as seen in figure (5).
This low dark current is due to the low electron back scattering at the high crystalline state of the
charge transporting layer. Seed layer thickness is the critical parameter that decides rod diameter and
orientation of the nanorods [24, 25].

Defect reduction: Hundred nanometer seed layers are grown over FTO. The samples are then
annealed in the Oxygen, Nitrogen and air stream at 130 °C for 20 minutes to reduce the surface
defects. Samples with nanorods grown over annealed and un-annealed seed layers are prepared. After
nanorod formation samples are again annealed at same annealing conditions of the seed layer and
compared the performance with un-annealed samples. The samples used for the Mott Schottky (MS)
analysis are n AS-R — non Annealed Seed and Rod layers, SAA-R — Seed Air Annealed and Rod non
annealed, SNA-R — Seed Nitrogen Annealed and Rod non annealed, SOA-R — Seed Oxygen Annealed,
SAA-RAA — Seed Air Annealed and Rod Air Annealed, SOA-ROA — Seed Oxygen Annealed and Rod
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Oxygen Annealed, SNA-RNA Seed Nitrogen Annealed and Rod Nitrogen Annealed. These codes are
used throughout the article refers to the above details of the sample preparation conditions.
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Figure 6. Mott Schottky plots for the samples n AS-R, SAA-R, SNA-R, SOA-R, SAA- RAA, SOA -
ROA, SNA - RNA.

For charge density calculation, Mott Schottky (MS) analysis is carried out with
Electrochemical Impedance spectroscopy (EIS). In two electrode system ZnO array is used as
electrode and Pt mesh is used as the counter electrode. 0.1 M LiClO4 in carbonate propylene is used as
the electrolyte to avoid the decomposition of ZnO. EIS spectra are recorded in the frequency range of
100 MHz to 100 KH. The Mott Schottky plots and the Nyquist plots are prepared and analyzed based
on the following equation,
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1 ) Kt
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Wheres,= 10 is the dielectric constant of ZnO, and thes, = 8.85 x 107 **F/cm? and e is the
positive electronic charge [26]. Np is the charge density and VFB is the flat band potential and are

calculated from the MS plot slope and intercept figure (6) from the following equations
2

esy <, A% (Slope)
and
intercept kT
Vep = — I—+ —1
slope e

The MS plots show deviation from the straight line due to the porous nature of the nanorod
electrode. Charge density values are tabulated in Table (2). The low Np values in the Nitrogen and
oxygen annealed implies reduction of the surface defect states at the interface. The air annealed and the
non annealed samples have similar Np values. In Oxygen annealing the Oxygen vacancies are filled so
there is a reduction of defects. In the Nitrogen annealed samples as there is no available oxygen to fill
the vacancy but the lattice adjustments repositions the Zn; defects so there is a reduction in vacancy. So
on both cases there is a defect reduction at the surface so there is a charge density reduction at the
surface. This is further confirmed with PL analysis.

Table 2: charge density and flat band potential of samples.

Sl no Sample Np — charge density(cm®) Veg-Flat band
potential (V)
1. 3.148x10% 0.386
nAS-R
2. 2.50x107 0.542
SAA-R
3. 1.602x10* 0.021
SAA-RAA
4. 9.36x10° 0.069
SOA-R
5. 3.526x10™ 0.523
SOA-ROA
6. 1.499x10° -0.101
SNA-R
7. 5.762x10™ 0.126
SNA-RNA




Int. J. Electrochem. Sci., Vol. 12, 2017 6648

=—m 375nNM
112.0k } * 500k s 380NN
mmimm 300NM
400k = 420NM
* g 450NM
3105.0k k = g 460NM
< © i
\5 \5300k
s =
C [
(5] [¢5]
£ \ £ 200k |
= 98.0k ¥, =
\ / "
* 100k
*
91.Ok [ 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l
320 360 400 440 480 SAA-R SNA-R SOA-R SOA-ROAN A S-R SNA-RNASAA-RAA

Wavelength Samples

Figure 7. PL spectra with Gaussian fit of the Defect emissions at the Interfaces (i) n AS-R (ii) SAA-
RAA (iii) SOA —ROA (iv) SNA-RNA

. SNA-RNA SOA-ROA
1x10 J
3.3x10] 380nm
390N M
:]_X:LO5 30X105 m— 460NM
420nm
3 m— 450NM
4
9x10 2.7x10 sum

2.4x10] ;
4
§8x10 : / \
rf 2.1x10 )
7x10° )
1.8x10]
6x10° ;i/
300 W 35|0 " 400 450 500 g 300.0 3500 4000 4500 500.0
avelength("m) ¢\ A oA Wavelength (nm) < o
7x10" 380nm 5 380nm
— 390nm | 2 "*10 = 390nM
. m— A50NM 420nm
6x10 — 460NM m— 450nm
5
420nm| 2:4x10 \/. 460nm
5x10° sum s
X
= 2.1x10°
]
g 4x10° \M/
\\ﬂ\ 1.8x10°
3x10°* %U ‘ =
S
—
300 350 400 450 500 e 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
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The surfaces and interfaces are the physical termination of the material, there exist more
dangling bonds. This dangling bonds create mid band gap states which facilitates the radiative and
non-radiative recombination. The photoluminescence of these surfaces states appreciably contribute
when the charge density is low [27, 28].The prominent defect emissions in ZnO are at 380-500nm in
the blue region is due to the Zn; defects, at 480-600nm in the green region is of the V, defects [29,30].

The PL spectra are made at room temperature with the excitation wavelength of 280nm.The
Gaussian fit of the PL spectra show a clear exposition of the defect densities (figure7). As O, is a
shallow donor and the reduction of this defect is insignificant.

The PL study is focused on the reduction of defect mainly the Zn; as it is the prominent electron
trap which contributes the recombination during the charge transfer (at interfaces) and transport. The
325nm band edge emission (BEE) of ZnO and the intensities of the defect emissions are compared in
the different samples annealed at different atmospheres. The air annealed sample has the higher
emission peak at 380 nm and400 nm which is contributed by Zn; defect. In the oxygen annealed
samples the BEE emission is more as there is no reduction of defects. In figure (8) the Nitrogen
annealed samples show a batho-chromic shift of the emission from 450 nm to 470nm which confirms
the reduction of Zn; defects [31]. The comparison of the defect emission peaks shows substantial
reduction in the defects in Nitrogen annealed samples. BEE and the specific defect frequency emission
intensities of the Nitrogen annealed sample are shown in the figure (8).
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Figure 9. Nyquist Plot of the Samples — the small curvature of the Nitrogen annealed sample shows
the lowest charge transfer resistance and impedance.

The impedance of the electrode is studied with the Nyquist plot in figure (9).The small
semicircle at the high frequency region is the charge transfer at the interface. The elongated curved
semicircle is due to the diffusion of charges by mass transfer at the electrolyte. The straight lines at the
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low frequency region exhibit the pure capacitive behavior [32]. The Charge transfer resistance can be
directly found from the radius of curvature of the Nyquist plot semicircle. The X axis intercept of the
semicircle gives the R values of the different samples. From the figure (9), it is clearly seen that the
Nitrogen annealed sample has the lowest curvature with the value of Ri30 Q with the X axis intercept
measurement. Other samples have impedances more than 100 Q except air annealed as in the table (3).
The reduction of R implies higher conductivity at the interface. Thus in the Nitrogen annealed sample
the charge transfer at the interface is effective when compared to the rest. So there is an efficient
charge transfer resistance with the optimized electrode.

Table 3. The Impedance values of the samples.

Sl no Sample details Impedance values
1. nAS-R 140
5 SAA-R 10
3. SOA-R 0
4 SNA-R 150
5. SAA-RAA %
6. SOA-ROA 120
7 SNA-RNA "

4. CONCLUSION

In conclusion we developed a low temperature two step electrochemical nanofabrication
technique that can fine tune the morphology of the ZnO nanorod array electrode. The interfacial
properties are substantially improved with this growth technique. The impedance spectroscopic studies
and photoluminescence studies are effectively utilized for quantitative analysis of the interfacial
properties and defect modification. The electron back scattering is reduced to the lowest value of 10
’A. In the post fabrication heat treatment studies show that Nitrogen atmosphere the interfacial charge
transfer resistance is reduced more than four times from 140Q to 30 Q and the charge density reduced
by half compared to un-annealed sample. A substantial reduction in the interfacial defect has been
well established with PL studies.
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