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ABSTRACT: The room temperature chemiresistive response of n-type ZnO nanowire (ZnO NWs) films modified with
different thicknesses of p-type cobalt phthalocyanine (CoPc) has been studied. With increasing thickness of CoPc (>15 nm),
heterojunction films exhibit a transition from n- to p-type conduction due to uniform coating of CoPc on ZnO. The
heterojunction films prepared with a 25 nm thick CoPc layer exhibit the highest response (268% at 10 ppm of H,S) and the
fastest response (26 s) among all samples. The X-ray photoelectron spectroscopy and work function measurements reveal that
electron transfer takes place from ZnO to CoPc, resulting in formation of a p—n junction with a barrier height of 0.4 eV and a
depletion layer width of ~8.9 nm. The detailed XPS analysis suggests that these heterojunction films with 25 nm thick CoPc
exhibit the least content of chemisorbed oxygen, enabling the direct interaction of H,S with the CoPc molecule, and therefore
exhibit the fastest response. The improved response is attributed to the high susceptibility of the p—n junctions to the H,S gas,
which manipulates the depletion layer width and controls the charge transport.
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1. INTRODUCTION nanobelts, etc., exhibited high sensitivity.u_ls’w_35 However,
metal oxides based sensors has limitations in terms of operating
and relatively poor selectivity.” In order to enhance the
selectivity for H,S, hybrid metal oxides e.g. SnO,:CuO that
form p—n junctions have been employed.”'**** These hybrid
metal oxides p—n junctions also enhances the sensitivity for

Hydrogen sulfide (H,S) gas is generated in various industrial
processes including natural gas processing and petroleum
refining. H,S is a colorless, highly toxic and flammable gas,
which is extensively used in many industrial processes.”” H,S
exposure in high concentration can cause damage to the

nervous system of the human being.’ The long and short-term H,$ due to large reduction in barrier height.**™"’

exposure limits for H,S are 10 ppm for 8 Hrs and 50 ppm for Organic semiconductors, such as metal phthalocyanines
10 min, which has initiated the research on the development of (MPcs), porphyrins, pentacene etc have been investigated for
H,S sensors that can detect it in the 10—350 ppm range.” For gas sensing applications owing to the facile fabrication,
H,S sensor metal oxide semiconductors e.g, SnO, CuO, operation at room temperature and low fabrication cost.*¥7%

Sn0,/CuO hybrids, WO;, TiO,, In,0;, ZnO, etc. have been In MPcs charge carriers can be generated/depleted on
used as the chemiresistive sensing element due to high

sensitivity, reasonable stability and ease of operation.” Received:  April 29, 2015
Owing to their large surface-to-volume ratio nanostructured Accepted:  July 30, 2015
metal oxide semiconductors such nanowires, nanoparticles, Published: July 30, 2015
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Figure 1. Steps involved in the synthesis of ZnO nanowire films on BOPET substrates.
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Figure 2. Schematic showing the modification of a ZnO nanowire network by CoPc.
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Figure 3. Schematic of the gas sensing set up and electrical measurement unit. The actual photograph of a ZnO-CoPc (25 nm) sample having 4 pairs

of gold electrodes (separated by a 12 ym gap) is also shown here.
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Figure 4. (a) Typical response curve (i.e., normalized resistance versus time) of all samples on 10 ppm exposure of H,S gas. Here R, and R, stand for
resistance in the presence of gas and air, respectively. (b) Response (%) as a function of H,S concentration. (c) Response time. (d) Recovery time as

a function of H,S concentration.

interaction with analyte through the redox process. However,
MPc due to room temperature operation results in higher
response and recovery times.""*>** In addition they also lack in
the specificity. In order to lower the response/recovery times
and improve selectivity the hybrid materials comprising of
organic—inorganic semiconductors has been employed.>>***’
For example metal oxide/conducting polymer based on ZnO-
poly(3-hexylthiophene) and ZnO-polypyrrole, exhibit en-
hanced selectivity but their sensitivity and response kinetics
remains unaffected.*>*® On the other hand metal oxide/
molecular semiconductor such as ZnO-metal phthalocyanine
have not been employed yet for the gas sensing application. It
may be noted that such metal oxide/metal phthalocyanine
based composite structures are widely being explored for
interface study, solar cell, diode applications.’*~>* In this paper,
we demonstrate that the modification of a network of ZnO
nanowires with cobalt phthalocyanine thin films not only
improves the sensitivity for H,S but also lowers down the
response time drastically.

2. EXPERIMENTAL SECTION

2.1. Growth of ZnO Nanowires Films on BOPET Sheet. A
random network of ZnO nanowires (ZnO NWs) was grown on
biaxially oriented polyethylene terephathalate (BOPET) flexible
substrate by hydrothermal method using presynthesized ZnO
nanoparticles as seed.*>>* Figure 1 schematically shows the different
steps involved in the fabrication process. First ZnO nanoparticles
(NPs) were prepared by dissolving Zinc acetate dihydrate (0.015SM) in
methanol (100 mL) under strong stirring at 60 °C. Later a 0.03 M
solution of sodium hydrooxide in methanol (50 mL) was added slowly
at 60 °C.*® The volume ratio of two solutions was maintained as 2:1.
The reaction mixture was stirred for 2 h at 60 °C. The resulting
nanoparticles in solution were having diameter between S and 10 nm
and were stable for a period of around 2 weeks.*® Coating of ZnO
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nanoparticles on BOPET substrates was done by spin coating of as
synthesized nanoparticle solution. The growth of ZnO NWs on these
coated BOPET sheets was carried out by suspending these sheets over
a solution containing aqueous equimolar (25 mM) concentration of
Zinc nitrate and Hexamethylenetetramine (HMTA), (CH,)¢N, at 90
°C for approximately 7 h’® After growth the substrates were
thoroughly washed with deionized water and dried under Ar flow.
The growth of ZnO NWs on BOPET substrate was found to be very
reproducible for the same condition of temperature and solution
concentrations. In the present work, BOPET was chosen as substrate
due to the presence of polar ester groups in the PET chains. Since
ZnO also has polar surfaces therefore ZnO NWs grown on BOPET
exhibit a good adhesion with the substrate due to dipolar attraction.*’
In addition the BOPET substrate has added advantage of flexibility,
lightweight and low cost.

2.2. Modification of ZnO Nanowires Films by Cobalt
Phthalocyanine. The network of ZnO NWs films deposited on
BOPET sheet was modified with different thicknesses (viz.; S nm, 15
nm, 25 and S0 nm) of CoPc as shown schematically in Figure 2. The
CoPc thin films were synthesized using conventional thermal
evaporation at high vacuum (~2.5 X 107 mbar) condition. During
deposition of CoPc layer, ZnO NWs coated BOPET substrate was
maintained at room temperature. The thickness of films was
monitored in situ through a quartz crystal monitor. Hereafter these
samples will be referred as ZnO-CoPc (d nm), where d is the nominal
thickness of the CoPc layer.

2.3. Characterization. The structural characterization of the
samples was carried out by X-ray diffraction (XRD) (model: Bruker
D8 Focus diffractometer). The samples were characterized by scanning
electron microscopy (SEM) (Model: Vega, MV 2300/T40, Tescan).
Raman spectroscopy of the samples was carried out using He-Neon
laser (4 ~ 632.81 nm) as excitation source. The X-ray photoelectron
spectroscopy (XPS) of samples was carried out using Mg K, (1253.6
€V) radiation and the recorded data was calibrated using C-1s peak
from the adventitious carbon-based contaminant with the binding
energy of 284.6 eV. The electronic absorption spectra were recorded
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Figure S. (a) Selectivity histogram (measured at S ppm) of ZnO-CoPc (25 nm) samples for different gases. (b) Stability measurement of ZnO-CoPc
(25 nm) sample performed over a period of 10 upon repeated exposure to 10 ppm of H,S.

using UV—vis spectrophotometer (JASCO, Japan). Photolumines-
cence (PL) measurements were done at room temperature on an
Edinburgh Instruments FLSP 920 system. For PL experiments xenon
lamp (450W) and a microsecond flash lamp (60 W) were used for
excitation and a photomultiplier tube was used as the detector. In
order to measure the electrical resistance of the films, electrical
contacts were prepared by first thermally depositing two gold pads (80
nm thick, size 2 mm X 2 mm at a spacing of 12 ym) onto films and
then attaching silver wires (diameter ~100 ym) to the films by silver
paint. The chemiresistive gas sensing characteristics i.e. the resistance
(R) versus time (t) data for the samples was recorded on exposure to
different oxidizing and reducing gases (i.e, H,S, NH;, NO,, NO, CL,,
C,H,OH etc.) in a static gas sensing unit of volume ~1000 mL, which
is schematically shown in Figure 3. For gas sensing experiment the
films were mounted on a platform in a leak tight stainless steel
chamber (net volume: 1000 mL). A desired concentration of the test
gas in the chamber was achieved by injecting a known quantity of gas
using a microsyringe.

The resistance of the samples was measured through an electrical
circuit (shown in Figure 3) that consists of a voltage source and
current ammeter system. The response data was acquired by a
personal computer equipped with Labview software. At a particular gas
exposure, once the response of sensor film is saturated (constant
resistance with respect to time), recovery of sensors was recorded by
exposing the sensors to air by opening the lid of the chamber. From
the response data of the sensor, response (%) is calculated using the
relation:

Rg — Ra
a

S$% = ‘ X 100

(1)

where R, and R, are the values of resistance in air and H,S gas,
respectively.

Response and recovery times for the sensor were defined as the
time needed for 90% of total resistance change on exposure to H,S gas
and air, respectively.

3. RESULTS AND DISCUSSION

Typical normalized response curves of pure ZnO NWs films
and ZnO NWs - CoPc (having different thickness) films for 10
ppm of H,S are shown in Figure 4(a). From Figure 4(a)
following inferences can be drawn: (i) Pure ZnO NW films and
heterojunction films with CoPc thickness <15 nm exhibit a
decrease in resistance on H,S exposure indicating the n-type
conduction. (ii) Pure CoPc films of thickness ~25 nm exhibit
an increase of resistance when exposed to H,S, suggesting a p-
type conduction. (iii) Heterojunction films with CoPc thickness
of ~25 nm exhibit a huge increase in the resistance on exposure
to H,S indicating that now CoPc starts playing a dominant role
in conduction; hence a p-type behavior is observed. (iv) With

further increase of CoPc thickness (>25 nm) the response and
recovery of heterojunction films becomes sluggish.

The response (%) data for all samples is plotted in Figure
4(b). It can be seen that heterojunction films with CoPc
thickness of ~25 nm exhibit highest response (%) in
comparison to all other samples. The response time and
recovery time data for all samples are shown respectively in
Figure 4(c) and Figure 4(d). From there it can be seen that
ZnO-CoPc (25 nm) sample exhibit the fastest response and
recovery (response time ~26 s and recovery time ~175 s at 10
ppm of H,S) among all samples. It is also important to note
that pure ZnO and pure CoPc films exhibit slow response
kinetics.

Selectivity histogram for the ZnO-CoPc (25 nm) films is
shown in Figure 5(a), which shows that these films are highly
selective to the H,S gas. Moreover, these heterojunction films
were stable in atmospheric conditions for several months.
Figure 5(b) shows the stability measurement of ZnO-CoPc (25
nm) films performed over a period of 10 days, the obtained
result suggests that these films are quite stable (variation of
about 10%) even after repeated exposure to 10 ppm of H,S.
The enhanced response (%), selectivity, fast response/recovery
and stability at repeated exposure qualify these heterojunction
films for rapid detection of H,S in the range of 1—50 ppm at
room temperature.

In the following we investigate why among all samples why
ZnO-CoPc (25 nm) films exhibit highest response (%) and
fastest response for the H,S gas. In Figure 6(a) we have shown
the schematic as well as SEM images of all samples. From
Figure 6(b) it can be seen that pure ZnO NWs films makes a
porous network of NWs and the typical diameter of these NWs
is in the range of 50—110 nm and length in the range of 1-2
um. The quasi-hexagonal ends of the ZnO NWs indicate that
their main axis is preferentially oriented along [0001] direction,
which is in accordance with the growth tendency of wurzite
crystals.”® The surface morphology of the ZnO NWs films did
not change upon deposition of CoPc layer up to a nominal
thickness of 5 nm and this is expected as at low thickness of
CoPc it tries to cover the surface of ZnO NWs. Since in the
response data shown in Figure 4(a), where ZnO—CoPc (S nm)
films exhibit n-type behavior, which suggest that at low
thickness of CoPc does not uniformly cover the surface of ZnO
NWs and as a result n-type conduction of the ZnO NWs
dominates the response. The morphology of the ZnO-CoPc
(15 nm) films exhibit slight increase in the diameter of the ZnO
NWs (shown in Figure 6(c)) suggesting the increasing
coverage of CoPc on ZnO-NWs surface. From SEM image
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Figure 6. (a) Schematic of the hybrid films on the BOPET sheet. (b—
d) SEM images of the pure ZnO and hybrid films. (d) In-plane
current—voltage characteristics of all samples. Inset shows the
resistance of the hybrid films as a function of CoPc thickness.

shown in Figure 6(d), it can also be seen that the increase of
CoPc thickness up to 25 nm, the ZnO NWs gets uniformly
coated and in addition there is also a formation of thin lamellar
sheets of CoPc interconnecting the CoPc coated ZnO NWs.
The p-type conduction of ZnO NWs — CoPc (25 nm) sample
also suggest that in these samples the ZnO NWs are uniformly
coated with the CoPc.

Figure 6(e) shows the typical in-plane current—voltage
characteristics of all samples in the bias range of +£100 V. One
of the intriguing observations in the Figure 6(e) is that
heterojunction films with increasing CoPc thickness up to 25
nm exhibit lowering of current (at a fixed bias), while for higher
CoPc thickness current enhances and reaches nearly close to
the pure ZnO NWs films. To see this clearly, in the inset of
Figure 6(e), the base resistance (measured at 100 V) of all
sample is plotted. From inset of Figure 6(e) it can be seen that
heterojunction films with CoPc thickness ~25 nm exhibit
highest resistance among all samples and we later provide the
explanation for this behavior. It is also interesting to note that
ZnO NWs-CoPc (S0 nm) sample exhibit a typical I-V
characteristics which is similar to pure CoPc films, where with
increasing bias (>10 V) an ohmic to space charge limited
conduction takes place.*’

The transmission microscope (TEM) images of the pure
ZnO and ZnO-CoPc (25 nm) heterojunction films are shown
in Figure 7. As seen from Figure 7(a), the average diameter of
the pure ZnO nanowires is around ~110 nm. The high
resolution TEM image shown in inset of Figure 7(a) reveals
that these ZnO wire are polycrystalline in nature. From the
TEM images shown in Figure 7(b) it can be seen that the
estimated thickness of CoPc overlayer on ZnO nanowires in
heterojunction films is close to the nominal thickness obtained
from quartz crystal monitor. The TEM image shown in Figure
7(b) also reveals that CoPc layer grown on CoPc are not highly
ordered.

The typical Co 2p;,, and Zn 2p;,, XPS spectra of all samples
are shown respectively in Figure 8 (a) and 8(b). The respective
binding energy value for Co 2p;, (in pure CoPc film) and Zn
2ps/, (in pure ZnO NWs films) were found to be 781.8 and

Figure 7. TEM images of the (a) pure ZnO nanowire; inset showing
the high resolution image of ZnO. (b) ZnO-CoPc (25 nm)
heterojunction films.

1020.6 eV.*>**> From Figure 8(a) it is evident that in
comparison to pure CoPc films, the heterojunction films
exhibits a shift of Co 2p;/, peak toward lower binding energy
with increasing CoPc thickness. On the other hand for
heterojunction samples, with increasing CoPc thickness, Zn
2p3/, peak exhibit a shift toward higher binding energy in
comparison to the pure ZnO NWs films. Such a shift of XPS
peaks indicates the electron transfer from ZnO NWs to CoPc.
Since adsorbed oxygen plays a very important role in the gas
sensing behavior of ZnO and CoPc films therefore for
heterojunction films we have measured the ratio of
chemisorbed oxygen to the Co and result is plotted in Figure
8(c). It can be seen that for ZnO-CoPc (25 nm) sample
exhibits the least content of chemisorbed oxygen. It may be
noted that in heterojunction with increasing thickness of CoPc
the XPS signal from ZnO NWs become weak in intensity. From
the XPS data, we have estimated the actual thickness of CoPc
layer grown on ZnO NWs surface, which was determined from
the attenuation of the intensities of characteristic Zn 2p;,, and
Zn 2p,, peaks.*®

According to Beer—Lambert law, the peak intensities (peak
area) are expressed by°

0 e—d//lzpyzsing

2y, T 2y, ()
and
0 —d/A,, _sind
= € P1/2
2, — 2py, 3)

Where I is the peak intensity of the core level electron 2p;,, or
2p,/, recorded for CoPc coated ZnO NWs, while I°
corresponds to the peak intensity obtained from bare ZnO
NWs. Zn 2p;,, and Zn 2p,, intensity ratios can be calculated
for bare and coated ZnO NWs:

0_ 10 0
R = IZPs/z/IZPl/z 4)
and
R= IZPs/z/IZPl/z (%)

Combining eqs 2-S leads to the analytical expression for
assessing the thickness:

d = sin 6/[(/12p3/2)—1 _ (’12p1/2)_1]1n(R°/R) ©)

The analyses were performed at an emission angle of 90°, so
sin @ = 1. The attenuation lengths were estimated using the
Seah and Dench equation established for an organic coating:

A = 0.11(E}’?) in mg/m” (7)
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where Ey is the kinetic energy of the core level electron Zn
2ps/, (~232 eV) or Zn 2py;, (~210 eV). It follows that for
determining the thickness (in nm), one has to divide A in mg/
m? by the overlayer density in g/cm® which is taken as ~1.6 for
CoPc layer. eq 7 permits to estimate the attenuation length to
1.59 and 1.68 nm for Zn 2p;/, and Zn 2p,,,, respectively.
Applying these values in eq 6 yields a CoPc layer thickness of
22.2 nm which is quite close to the nominal CoPc thickness of
~2S nm.

The possibility of charge transfer between ZnO and CoPc is
further supported by the work function measurement. The
typical work functions mapping results for ZnO NWs and ZnO-
CoPc (15 nm) films are shown in Figure 9(a) and 9(b)
respectively. As seen from Figure 9(c), for pure ZnO NWs
films the work function was found to be 4.8 eV and for
heterojunction films it systematically increases with increasing
CoPc thickness and attains a value 5.2 eV (i.e., comparable to
the pure CoPc) at nominal thickness of 25 nm. The difference
in work function of ZnO NWs and CoPc suggest that at the
interface there is a transfer of charge from ZnO to CoPc
resulting in the formation of a p—n junction with effective
barrier height of 0.4 eV (shown schematically in Figure 9(d)).

The XRD data for all samples are shown in Figure 10. In the
X-ray diffraction data (shown in Figure 10(a)) obtained in the
range of 30—70° we observe diffraction peaks at 26 = 31.5°,
56.5° and 66.3°, which are attributed to diffraction from the
(100), (110) and (200) atomic planes of hexagonal wurtzite
phase of ZnO. The estimated lattice parameters of the ZnO was
found to be a = 3.2480 A and ¢ = 5.2068 A with c/a= 1.6031
and cell volume= 47.57 A’. The obtained lattice parameters are
consistent with the reported literature values.”” Inset of Figure
10(a) shows the XRD patterns (enlarged view of only 31.5°
diffraction peak corresponding to the (100) reflection of ZnO)
of all samples. Large broadening of diffraction peak suggests the
nanocrystalline nature of the ZnO. For heterojunction films
with increasing thickness of CoPc layer there are following two
important points are noticed from XRD data shown in inset of
Figure 10(a): (i) (100) diffraction peak of ZnO NWs
systematically shifts to the lower 20 values and (i) (100)
diffraction peak exhibit lowering of intensity as well as
broadening. Both of these observations suggest that interaction
between CoPc and ZnO NWs creates structural defects in the
ZnO NWs close to the ZnO-CoPc interface.

It is important to mention that CoPc diffraction peak usually
observed at low diffraction angles (<10°) due to its large lattice
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parameters, therefore to obtain the information about the
crystalline nature of CoPc in heterojunction films, the
diffraction data was collected in the grazing incidence mode.
In the grazing incidence X-ray diffraction data (GIXRD) shown
in Figure 9(b), the (200) diffraction peak corresponding to
CoPc layer is observed at low angles. From Figure 10(b) it can
be seen that in the heterojunction films with CoPc thickness
<15 nm the CoPc does not exhibit crystalline nature (ie.,
absence of diffraction peak). For ZnO-CoPc (25 nm) sample
the diffraction peak corresponding to CoPc is observed at
~6.52°. However, for ZnO-CoPc (50 nm) sample the CoPc
diffraction peak become asymmetric toward higher diffraction
angle and it can be deconvoluted into two peaks, one at 6.52°
corresponding to CoPc in immediate vicinity of ZnO NWs and
other at 6.8° (i.e., exactly at same position for pure CoPc films)
corresponding to the relaxed CoPc layer which is far from ZnO
surface.”® In summary, the XRD data suggest, CoPc layer in
close proximity to ZnO -CoPc interface initially grows in a
disordered way but later (i.e, around CoPc thickness of ~25
nm) at full coverage it attains a crystalline nature. The XRD
data also suggest that the interaction of CoPc with ZnO NWs
affects the molecular ordering of CoPc layer near the interface.
As discussed earlier, there is a charge transfer from ZnO NWs
to the CoPc molecules, which may affect the planarity of the
CoPc molecule as a result the interplanar distance between the
CoPc molecules increases and it shifts the diffraction peak of
heterojunction films (with 25 nm thick CoPc) to lower angles.

Figure 11(a) shows the photoluminescence (PL) emission
spectra of all samples. When pure ZnO NWs sample is excited
with light of wavelength ~320 nm, it shows an emission line at
~380 nm, which is assigned to the near band edge (NBE)
transition and an asymmetric band trailing at higher wavelength
region (peak around 420 nm) due to defect originated from the
oxygen vacancies.”® From the PL emission spectra of
heterojunction films following inferences can be drawn: (i)
The NBE peak exhibit a blue shift with increasing thickness of
CoPc. For ZnO -CoPc (25 nm) sample the NBE peak is
observed at ~355 nm (ii) In addition to the defect related
emission peak at ~420 nm, heterojunction films initially at low
thickness of CoPc exhibit an additional peak at ~480 nm and it
shift to 510 nm for the ZnO -CoPc (25 nm) sample. By taking
the area ratio of defect related emission (combining the
contributions of 420 nm peak and other higher wavelength
peak) to band edge emission, we could estimate the
contribution of defect related emission as ~47% for pure
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ZnO NWs sample while for heterojunction films it increases
with the thickness of CoPc layer. For ZnO - CoPc (25 nm)
sample the contribution of defect related emission is found to
be nearly 88%. The suppression of band edge emission in
heterojunction films can be explained by the formation of p—n
junction between p-type CoPc and n-type ZnO NWs. When a
photon is incident on the films an exciton is formed. The p—n
junction enhances the dissociation of exciton due to built in
field. The electrons which is released by dissociation of exciton
is taken away by the ZnO layer and CoPc layer transports the
holes. Hence the dissociation of excitons suppresses the
electron—hole recombination which is necessary for PL band
edge emission. The extent of interaction between ZnO NWs
and CoPc is also manifested in the excitation profile of the
samples (shown in Figure 11(b)). The excitation spectra of
heterojunction films exhibit blue shift and broadening with
respect to the pure ZnO NWs sample. For ZnO—CoPc (25
nm) sample the excitation spectra exhibit very large broad-
ening, which extends from 220 to 360 nm and it suggest that in
case the conduction band of ZnO is highly perturbed by the
presence of CoPc layer.

Figure 12(a) shows the electronic absorption spectra for pure
ZnO NWs and heterojunction films. The estimated bang gap
for pure ZnO NWs is found to be 3.6 eV.*>*° Some interesting
features has been observed in the electronic absorption spectra
of CoPc in the heterojunction films. For CoPc films the
absorption in the visible region (close to 1.9 eV) is referred as
Q-band arising from the singlet 7—z* transition in the
porphyrins ring (ie., intermolecular excitation) and has a
doublet due to Davydov splitting.”” The difference in the
relative orientation of the molecules decides the extent of
Davydov splitting. From Figure 12(a) it is evident that
magnitude of Davydov splitting remains same at low thickness
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of CoPc but at higher thickness (~25 nm) of CoPc it enhances,
which is consistent with the fact that at low thickness CoPc
grows randomly on ZnO but at higher thickness it attains a
crystalline nature. For CoPc, the peak in absorption spectra in
the near UV region is known as B- band or Sorret band. It is
very important to note that for ZnO-CoPc (25 nm) sample we
observe a peak at 2.7 eV, the origin of which is attributed to the
charge transfer (CT) excitation that is an intermolecular
excitation.”” The energy band gap has been obtained from the
electronic absorption spectra using relation:

a = ay(h — Eg)l/2 (8)
where a is the absorption coeficient, o is a constant and hv is
the photon energy.

As seen from Figure 12(b), the value of direct band gap E,
estimated for ZnO in pure films was found to be 3.5 eV and for
heterojunction films it enhances with increasing CoPc thick-
ness. The band gap of ZnO in the ZnO-CoPc (25 nm) is found
to be 3.7 eV, such an enhancement of band gap is attributed to
the electronic interaction between ZnO NWs and CoPc layers.
For heterojunction film, the increase in E, of ZnO with
increasing CoPc thickness is also supported by the blue shift of
NBE peak in the PL emission spectra. For CoPc layer the E,
value estimated from B band is found to be 2.7 eV (at low
thickness of CoPc) and it increases to 3.2 eV when CoPc layer
thickness is increased to 25 nm. The enhancement of E, for
both ZnO and CoPc layer in the heterojunction ZnO-CoPc (25
nm) films suggest strong electronic interaction between both.

Figure 13(a) and 13(b) respectively shows the Raman
spectra in two different wavenumber regions of ZnO-CoPc
heterojunction films. The ZnO lattice existing in Wurtzite
structure has P63mc symmetry and contains two formula units
in each primitive cell.’” According to the group theoretical
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analysis, the irreducible representation for optical phonons is
given by A, + 2B+ E; + 2E,, of which the nonpolar E, modes
at ~100 cm™' and ~435 cm™' respectively due to the
vibrational motion of the Zn sublattice and oxygen atoms
forms the two most prominent features in the Raman spectra of
our samples.’’ As seen from Figure 13(b), up to 15 nm
thickness of CoPc, no Raman peaks that could be assigned to
the CoPc layer were observed. Interestingly, the E, modes of
ZnO gradually increased in intensity with the increasing
thickness of the CoPc layer until it completely covered the
underlying ZnO layer. As discussed above, XPS data analysis of
the heterojunction films suggests that ZnO which is inherently
n-type semiconductor due to oxygen vacancies donates electron
to the antibonding orbital of the CoPc layer and forms a charge
transfer complex. Such electronic interaction complemented by
the strain induced structural changes due to lattice mismatch
result in the significant change of geometry of vibrational
modes and hence the internal reorganization energy. Similar
effects have been observed for photoinduced electron transfer
in donor—acceptor (D-A) complexes.”” Such geometric change
in the D—A complex may even affect the Raman cross-section
and hence the Raman intensities of a few selective bands, as
observed in case of the ZnO-CoPc heterojunction films

The intense peaks observed at higher wavenumber region
(shown in Figure 13(b)) for ZnO-CoPc (25 nm) and ZnO-
CoPc (50 nm) samples are assigned to the different modes of
the CoPc molecule signifying the presence of the CoPc
overlayer. For these hybrid films, the sharp intense peak at
~1535 cm™" and ~1334 cm™" are respectively assigned to the
totally symmetric stretching vibration at the C4Cy and C,-Cy
bonds of the pyrrole rings whereas the peak at ~1136 cm™
results from the breathing vibration of the pyrrole rings. These
vibrations have been primarily assigned as isoindole ring
stretches with large C—N contribution. The Co—N vibration is
observed at 240 cm™". The vibration due to in-phase motion of
isoindole group is observed at 177 cm™.°" The other peaks
assigned at Figure 13(b) matches very well with the reported
values for Raman peak of CoPc.>**

Based on charge transport, SEM, XRD, XPS, work function,
Raman spectroscopy and PL results, we conclude that in
heterojunction films there is a strong interaction between ZnO
NW and CoPc layer and sample with CoPc layer thickness >25
nm uniformly cover the ZnO NWs. The structure of ZnO NWs
consists of tetrahedrally coordinated O*~ and Zn*" ions planes
which are placed alternately along the c-axis. It results in Zn®*-
terminated (0001) and O*” terminated (000T) end polar
surfaces results in a normal dipole moment and spontaneous
polarization along the c-axis of ZnO NWs.”” In general on polar
surfaces at low thickness the CoPc molecules can stacks in a
face on manner due to enhanced molecule—substrate
interaction, however with increasing thickness molecule—
molecule interaction dominates and as a result molecules
prefers to stack in edge on manner. Such a competition of face
on and edge in stacking pattern of CoPc molecule on polar
ZnO surface may leads to the initial growth of CoPc in an
amorphous way.

In ZnO-CoPc (25 nm) films in which ZnO NWs are
uniformly coated with CoPc (thickness ~25 nm), and transfer
of electrons from ZnO NWs to CoPc will reduce the hole
concentration in CoPc up to the depletion layer width. The
depletion layer width (W) of the p—n junction formed at the
ZnO-CoPc interface can be calculated using the following
relation:**

1/2
W= 2¢ec,0: Vo " 2e2,0V%
eN, eN;

a ©)
Here &c,p, is the permittivity of the CoPc and it is taken as 3,
€7,0 is the permittivity of the ZnO and it is taken as 8.7, Vj is
the energy barrier (0.4 eV) at ZnO-CoPc interface, ¢ is the
electronic charge and N, is the acceptors concentration at CoPc
(equivalent to the hole concentration ~3 X 10" m™®) and Ny is
the donor concentration at ZnO (equivalent to the electron
concentration ~1.3 X 10> m™3). The calculated value of W is
~8.9 nm and since Nyg > N, therefore depletion region is
mostly extended in the CoPc region around the p-n interface.
Since in the present case the ZnO-CoPc (25 nm) sample
exhibit least content of chemisorbed oxygen therefore such
sample may have very low hole concentration and therefore
actual W could be much larger than the estimated value. Since
the depletion region obstructs the movement of charges
therefore in such heterojunction films the conduction channel
is quite narrow and hence these sample exhibit the highest
resistance value (as discussed before in Figure 6(e)). At present
it is not clear why ZnO-CoPc (25 nm) exhibit the low content
of chemisorbed oxygen, possibly it could be the presence of the
built in field of the formed p—n junction (which is directed
from ZnO NWs to the CoPc side) which may provide the extra
barrier for the chemisorptions of oxygen. In hybrid films with
thicker CoPc layer (~50 nm) the role of depletion region in
obstructing the charge transport will be negligible due to high
hole concentration at the surface (due to more chemisorbed
oxygen).

Now we present plausible sensing mechanism of detection
H,S i.e. a highly reducing (electron-donor gas). (i) Since ZnO
NWs exhibit n-type conduction and when it is exposed to
atmosphere, oxygen molecules adsorb on the surface of the
ZnO NWs and form O, ions by capturing electrons. Thus,
ZnO NWs films show a high resistance state in air ambient. Its
resistance falls down on exposure to a reductive H,S because
H,S reacts with the surface O, species, which results in an
enhancement of electron concentration in the ZnO NWs. (ii)
In pure CoPc films, due to low coordinated structure of Co
atoms in CoPc molecules, it is the most preferable sites for the
chemisorptions of oxygen. H,S can interact with CoPc films by
two processes, the first one can be the direct interaction with
the Co sites free from adsorbed oxygen, this process leads to
very fast response and second process is the competitive
displacement of the chemisorbed oxygen, which is relatively a
slow process.”® The plausible mechanism of direct interaction
of H,S with the oxygen free Co sites can be understood by the
dissociation of H,S on the metal surface under ambient
condition because it is a weak acid (acid dissociation constant
pK, = 7.05).”” The dissociation of H,S results into H* and HS~
ions. The resulting HS™ anion mediates the reduction of CoPc
(resulting in increase in the resistance) and it converts back to
parent CoPc by exposing sample to the air.®

The second process, which is competitive displacement of
the chemisorbed oxygen by H,S from CoPc surface
(responsible for response of the sensor) can be understood
by the following equation:™*°

H,S + 30°” - H,0 + SO, + 6e~ (10)

The released electrons captures the hole charge carriers of
CoPc films and as a result the resistance of samples will rise on
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H,S exposure. The recovery of the sample takes place by
picking up the electron by atmospheric oxygen.

Based on these proposed mechanisms we now explain why
ZnO-CoPc (25 nm) sample exhibit fast response kinetics and
highest response (%) among all samples. In ZnO-CoPc (<25
nm) films, CoPc does not uniformly cover the ZnO nanowires,
hence when such samples are exposed to H,S they exhibit less
response (%) and high response time due to superimposition of
the response signals from CoPc (which shows the rise of
resistance due to p-type conduction) and ZnO (which shows
the lowering of resistance due to n-type conduction). In ZnO-
CoPc (25 nm) samples, ZnO nanowires are uniformly coated
with CoPc layer and exhibit very low chemisorbed oxygen
therefore direct interaction of H,S with oxygen free Co sites is
preferable and hence we observe a rapid response of the ZnO-
CoPc (25 nm) films. According to the morphology imaged by
SEM for ZnO-CoPc (25 nm) sample the top surface of the
CoPc coated ZnO NWs are interconnected with thin CoPc
lamellar sheet and charge transport takes place via CoPc layer.
Due to low density of holes in the CoPc layer (because of the
less amount of chemisorbed oxygen) the depletion width
extends more toward CoPc side from the ZnO-CoPc interface.
When these heterojunction films are exposed to H,S gas, the
electrons donated by H,S further extends the depletion region
toward the CoPc layer and blocks hole conduction channel
resulting in huge rise of resistance/response. The above
proposed mechanism of H,S sensing of heterojunction films
is schematically shown in Figure 14. In ZnO-CoPc (50 nm)
samples, the ZnO nanowires network gets covered with thick
CoPc layer and hence the diffusion of H,S inside the bulk of
films results in slow response.

In air
1 CoPccoated ; (, ; CoPccoated
ZnO NW i % | ZnONW
PO |
st
o o SN o o o BN o}

In H,S

BN 77,0 NwWs BN CoPc WM Depletion layer

Figure 14. Schematic showing the H,S sensing mechanism of ZnO—
CoPc heterojunction films.

4. CONCLUSIONS

A cobalt phthalocyanine modified ZnO nanowires network
based H,S sensor was fabricated in two steps. First the random
network of ZnO nanowires was grown on lightweight flexible
BOPET sheets using hydrothermal method. In the second step
these ZnO nanowires films were modified with different
thickness of CoPc films. We have demonstrated that
modification of n-type ZnO nanowires network by 25 nm
thick p-type CoPc layer dramatically lowers the response/
recovery times and improves the sensitivity for H,S detection.
The rapid response/recovery and high-sensitivity in these

heterojunction films based sensor arises respectively due to
direct interaction of H,S with free Co site and blocking of
conduction channel by enlargement of the depletion layer
width. Our results suggest that the ZnO-CoPc heterojunction
films are attractive candidate for practical H,S sensing
applications, in view of its outstanding room-temperature
sensitivity, excellent dynamic properties such as rapid response/

recovery and high stability.
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