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Abstract

A hybrid composite of non-aggregated lead sulfilbS) nanoparticles of average size 5.8+t1 nm emiedd:
within a film of an octaalkyl substituted metaldrephthalocyanine (Compound 2) was prepared o
interdigitated gold electrodes by mild acidic treaht of newly synthesised octasubstituted leas
phthalocyanine analogue (Compound 1) in solid gthtese. This nanocomposite film shows an enhandeme
of in-plane electrical conductivity over that ofilin of octaalkyl substituted metal-free phthalooyze alone
by nearly 65%. This observation is consistent \ilid formation of charge complex compound as indata
by Raman and XPS data. The presence of PbS inotin@asite was examined on the basis of XRD pea
positions which are comparable with those of bulSP A band gap of 2.22 eV was calculated fromoapti
absorption data using Tauc’s law, implying quantoomfinement. The mono dispersal behaviour of Pb!
nanoparticles was established from TEM and XRDissud'he hopping conduction mechanism is founceto b
primarily responsible for charge transport in tlyrid nanocomposite film with the hopping distahaeger
than PbS diameter.

Keywords: Bohr radius, Quantum confinement, Phogsmal quenching, Percolation limit, Hopping

conduction, Memristors.



1. Introduction

Hybrid materials containing inorganic nanoparticles organic matrices have generated enormou
fundamental research interest in the field of naeo&e because of their potential applications ir
environmental, optoelectronic, biomedical and epestprage fields [1]. The conjugated system of
chemically stable, environmentally non-toxic macrdayphthalocyanine (Pc) compounds exhibits intengs
physical opto-electronic properties leading to aetg of applications in the field of organic elewtics [2],
energy conversion and storage §8ld biosensors [4]. Similarly, the size-dependemngue opto-electronic
properties of crystalline semiconductor quantuns dQDs) typically made of chalcogenides or phosghiof

Il to VI metals have attracted active researchnéitie for their applications in nanoelectronicsticg and
biological sciences [5]. Therefore, attempts hawerb made in recent years to extrinsically dope
phthalocyanines with inorganic nanoparticles liéad sulphide (PbS), zinc sulphide (ZnS), cadmiuiphsde
(CdS) and cadmium selenide (CdSe) with a view teeliping hybrid photovoltaic cells devicegth
enhanced performances [6]. The fluorescence irtefwsi stable hybrid complexes containing CdSe Q@bd
polycationic aluminium phthalocyanine in agueoulsitton was observed to be 48% more than that fdy on
free Pc, an effect leading to possible enhancedopbasitizing activity in photodynamic therapy [The
interaction between quantum dots and phthalocyacomgugates may be of various types such as surfa
passivation of the matrix by the quantum dots,tedstatic interaction, hydrogen bonding, and Van\Yaal
bonding. Electron transfer between CdSe acceptantgm dots and substituted silicon phthalocyanmreod
matrix is found from the femtosecond time-resolveplectroscopy to be responsible for improvec
photophysical activities of CdSe quantum dots esal substituted silicon phthalocyanine matrix [8].
Cadmium telluride (CdTe) quantum dots capped whilgiycolic acid (TGA) on positively charged zinc
phthalocyanines cause quenching of luminesceneasity of the compound in a solvent mixture of wate
and pyridine. This phenomenon may be interpretefluasescence resonance energy transfer between t
electropositive zinc phthalocyanine and CdTe [Bhe electrocataytic properties of the conjugatiohazide-
functiolised CdSe/zZnS QDs with tetrakis (5-hexynpoxon (II) phthalocynine can be employed for segs
toxic pesticide paraquat with the detection linofs5.9x10°uM, satisfying the international standard [10].
The effective non-linear absorption coefficient afr@ée-carrier absorption cross-sections of indiun
phthalocynine(InPc)/CdSe/ZnS nanocomposites waneddo increase with the size of quantum dots aisd t
behaviour is attributed to the increase in photoitakle free carrier density with increasing Cd®&2Ds
radius. These hybrid nanocomposites show thresimit fluence of 0.77Jcih which is at least one order
magnitude lower than a value reported for nanocaig® containing InPc and single walled carbor

nanotubes [11].



There are several methods described in the literdtr the synthesis of nanocomposites [12, 13hti®sis

of PbS nanoparticles is comparatively easier than of other semiconductors like ZnO, PbSe, CdSk ar
CdS. This is because of the large exciton Bohusaii8 nm) of PbS. The Bohr radius of CdS, for eplams
5.4 nm and the confinement effect occurs for tliBusaless than 2 nm. In addition to this, PbS h&ager
band gap than those of the other lead-containiaicofgenides PbSe and PbTe. The size, shape, defh#iky
nanoparticle PbS can be tuned by changing theratdstemperature, reaction phase and reagenntiesis
and the tuneable property of the PbS quantum datkesnthem suitable for use in a broad range c
applications, telecommunication to biological inragi[14,15]. The common problem inherent with the
solution-phase synthesis is the aggregation ohtm-sized particles due to their high surface ggnerhe
aggregation makes the surface imperfect and ags tthe charge carriers resulting in a decreaseobflity
[16]. Attempts have been made to overcome thedagms by coating the nanoparticles with surfactanite
surfactants prevent the nanoparticles from adhdsyomaking a physical barrier outside the parti¢leg).
However, the disadvantage of coating is that thiéastant acts as an insulating layer and affeatsctiarge
transport. These difficulties may be overcome byleying in-situ one step solid state a synthetiatecby
which inorganic quantum dots are embedded in aandegnatrix suitable for a specific device applicat

Lead phthalocyanine molecules have been reporthdue a ‘shuttle-cock’ like structure with 3, Gymmetry
and the Pb-N bond length is estimated to vary betw@22 and 0.24 nm depending upon the substigition
These distances are smaller than the bond lengthpianar phthalocyanine [18]. The out-of-planeaRim
makes the Pb-N bond weaker and can be easily raeimoyea reducing agent like hydrogen sulphidgSH
gas. This property has been exploited in our pres/iwork for one-step, cost-effective solid statetisgsis of
inorganic/organic hybrid nanocomposites through displacement of lead from spin-coated thin filnis o
octahexyl substituted discotic liquid crystallimadl phthalocyanine (6PbPc) under an atmosphengdodden
sulphide to afford PbS quantum dots embedded imgleslayered metal free phthalocyanine matrix. The
process was considered to be complete over a 24peowd. Also, the aggregation of the quantum s
avoided to a considerable extent by this solidessynthesis. The size and band gap were estimatgd?a
nm and 1.91 eV respectively [19]. Subsequent wak established that the lability of lead in a eanf
octaalkyl substituted phthalocyanines under mildliacconditions in the solution phase varies acocwdo
the chain length. In light of this behaviour, a ren of examples of this class of compound has bee
investigated when formulated as thin films and esgubto HS [20]. This establishes that films of the
octaoctyl substituted lead phthalocyanine, denage8PbPc (Compourtlin figure 1), may be more readily
converted into the PbS and metal free phthalocgartigH,Pc analogue (Compount) nanocomposite
formulation than 6PbPc. This enhanced rate of di&llagon reduces formulation time and can be S$icgunt

if devices are to be prepared for large scale naatufe. Following similar steps, structurally diséd octa-



(benzo-15-crown-5)-substituted phthalocyaninatolita{as exploited to form a CdS quantum dots base
hybrid /metal-free phthalocyanine [21].

This present article presents the results of cohgmsive studies on steady state conduction chastizie of
the PbS/@H,Pc nanocomposite on an interdigitated gold eleetgydtem over the temperature range betwee
87K and 430 K under a vacuum of “Léhbar. The presence of PbS in the composite waiagd on the
basis of XRD peak positions. The hysteresis inrdproducible current-voltage curves is interpratethe
terms of an equivalent circuit as the applied \g#tavas swept within the voltage range+&0V at four
different scan rates from 5mVs$o 5000mV&. The sizes of PbS quantum dots have been estirfratache
selective-area electron diffraction pattern of TEwWidies. Raman and X-ray photoelectron spectroscof

(XPS) data have been analysed to investigate theatiton between PbS angHGPc.

2. Experimental:
A 50ul solution of Compound (figurel (a)) in a volatile solvent (99.8% pureuhe from Sigma Aldrich)
was dispersed on ultrasonically cleaned substifatethin film formulation. The choice of the sulmis
depended upon the type of characterisation expatiomedertaken. Silicon wafers were used as substfat
the physical-chemical characterisations dsbp cast films which were formed by drying in acwam
desiccator for at least 4 hours. The hybrid nangumsite films containing PbS quantum dots embeddexhi
analogue metal free phthalocyanine matrix of Complduwere produced by exposing the drop cast films o
CompoundLl to H;S gas (99% purity from Fisher Scientific) for apyroately 24 hour in a sealed container.
Pristine thin films of Compoun@ were also similarly produced on respective sulesdréor the sake of
comparative studies. The main reaction can be ptedas

sfbPe->PbS + GH.Pc
X-ray diffraction (XRD) patterns of }$ treated drop cast flms of Compouhdn ultrasonically cleaned
silicon wafers were acquired withBruker D8 Advance instrument with Bragg-Brentgeometry scanning
in the @ range of 10° to 60° at the rate of 0.16°/mifihe instrument is equipped with CuKadiation of
wavelength\ = 0.154178 nm.XRD measurements were also obtained for galenalpoand pristine films of
Compound2. A Zygo NewView 5000 interferometer with a white daswas used for the thickness
measurement. Measurements were repeated on fifexedif areas of the film and an average value ef th
thickness was used for further analysis. The thaski of the film is 5 um. A small amount of drop castSH
treated films of Compound wastransferred by mechanical scratching from the gtagsstrate to a copper
grid support for transmission electron microscofi&EM) examinations using a JEOL EM 13005 at an
accelerating voltage of 200kVh order to determine the thermal stability ofSHreated films of Compourid
and Compoun@, the thermogravimetric analysis (TGA) was carrietl@n the samples under a nitrogen flow



of 50 mL/min using a TA Instruments TGA500. All thle samples were heated up to 700°C at heatingfate
10°C/min. Evaluation was carried out using the @rsal Analysis 2000 V4.3 software.

A LabRam Raman spectrometer equipped with greeNd&NnYAG laser of 618W power for excitation at
wavelength of 532 nm was employed to study theatibn spectra of similar drop cast samples ¢ kteated
Compoundd and2. The measurements consisted of the acquisition dipteuspectral windows in the range
500—1700 crt (Stokes shifts) with accumulation of 5 scans, eacBO sec. The spectral width is 3 tm
Raman spectra were also obtained fgk kreated films of Compoundsand galengowder from 300 to 600
cm’ (40 scans, each in 5 sec and spectral width 3:%) arsing the reduced power of 11u8V. A Perkin
Elmer Spectrum One Fourier Transform Infrared (FT3Rectrometer with a Specac Golden Gate attenuats
total reflection (ATR) accessory collected absamptbands over the 4000 &nto 650 cnl wavenumber
range, at a resolution of 4 €mX-Ray photoelectron measurements (XPS) were médausing a VG
ESCALAB 210 Photoelectron Spectrometer. The X-Rayrese was a non-monochromatic Abksource
(1486.6eV), operated with an X-ray emission curreh20 mA and an anode high tension (acceleratiol
voltage) of 12 kV. The takeoff angle was fixed @t @elative to the sample plane. The area corretipgrto
each acquisition was of 1 ninEach analysis consisted of a wide survey scass(paergy 50eV, 1.0eV step
size) and high-resolution scans (pass energy 50€8¢eV step size) for component speciation. 10soare
taken for the survey spectra, and 5 scans wera tmkeeach one of the expansions. The software &
2.3.13 was used to fit the XPS spectral peaks. bihging energy scale was calibrated using the Ai24f
(84.0eV), Cu 2p3/2 (932.7 eV) and Ag3d5/2 (368.¥7 knes of cleaned gold, copper and silver stadsdar
from the National Physical Laboratory (NPL), UK. |A$pectra were charge-corrected to saturate
hydrocarbon at 285.0 eV. The photoluminescencetatiamn and emission spectra were recorded using
Horiba Jobin Yvon Fluorolog-3 spectrofluorometetiwa pulsed 450 W Xenon lamp over the wavelengtt
range 365 nm and 800 nm.

Using a KW-4A spin coater from the Chemat Techngldigc.,, USA, a set of films was deposited for
electrical measurements on an interdigitated g@ddtemde system (Figure 1(c)) by spinning a 50uthef
spreading solution at the rate of 1500 rpm for 80. A Keithley 617 Programmable electrometer and ar
Oxford Instrument constant bath liquid nitrogenastat were used in a microprocessor controlled ureap
system to record current-voltage 1(V) charactarsstor the samples over the temperature range d&f 87
430 K under a vacuum of TOmbar. Optical absorption spectra for similarly isfilms on ultrasonically
cleaned glass substrates were recorded with arPehiier LAMBDA 650 UV/Vis spectrophotometer using a
1 cm pathlength cuvette at room temperature wihaaning rate of 654.8 nm/min in the range from 800

to 850 nm.



3. Results and discussions:

The results of the XRD measurements are summansdable I. The XRD pattern in Figure 2 (a) was
obtained for the investigation into structural cemsences of exposing drop cast films of CompdutaH,S
gas for 24 hours. The peak positions at 25.980.020, 43.04f and 50.873are similar to those observed for
powdered galena in Figure 2(bAccording to the JCDF cards No. 1-880, these pe#kg be identified with
the planes (111), (200), (220) and (311) correspantb d-spacings of 0.34 nm, 0.29 nm, 0.21 nm @48
nm of the face centered cubic lead sulphide (Ph®) te lattice parameter=a0.593 nm [22]. This value of
the lattice parameteria in good agreement with the value of 0.595 ole@ifor powdered galena from Figure
2(b). A comparison with the XRD pattern in Figu(e)2or the pristine spun film of Compou2dmplies the
formation of hybrid nanocomposite films containiAS quantum dots embedded in the matrix of Compour
2 due to the removal of out-of-plane lead atom fr@mmpoundl by reaction with HS. Values of the
intensity ratio 114/1,00 were found to be 0.82 and 0.85 from Figure 2(a) kigdre 2(b), respectively. These
compare well with the theoretical value of 0.80he corresponding ratios ohdl,00 are, on the other hand,
estimated to be 0.40 and 0.63 from Figure 2(a) ligdre 2(b), respectively. The comparison with the
theoretical ratio of 0.60 implies that the prefdraientation of PbS quantum dots is along the \Z0@ne
[23]. The average size of the PbS particles wéshated from Figure 2 (a) to be 7.1+£1.6 nm using th
Debye-Scherrer equation [24]. This value is muctalker than its exciton Bohr radius of 18 nm and th
threshold size for the quantum confinement is regabto be less than 10 nm for ester capped PbSuquan
dots [25]. The broadening of the XRD peaks in Feg@(a) is, therefore, believed to be caused by th
guantum confinement. Spectra obtained at lowesngf incidence,2from 10° to 20°, presented in the inset
indicate the structure of the phthalocyanine fi[28]. As shown in Inset (i), the ratio of the peaitsl2.6° to
one at 13.5° is estimated to be 1 for the pridiine of Compound2, whereas this ratio becomes much highet
for the nanocomposite film (inset (ii)). The ratiokcomparatively low intensity peaks at larger lasgare
significantly different between the two spectra.isThbservation is consistent with possible changethe
crystal orientation in the metal-free phthalocyamatrix, possibly due to the incorporation of RbShe
film [27].

The TEM images in Figure 3 were recorded for th& Heated films of Compourd The dark spots marked
in circles in Figure 3 indicate the presence of Bjp&ntum dots, showing no obvious aggregation. irThe
average size was found to be 5.8+1 nm. This vapees satisfactorily with that previously obtairfeam
XRD within the experimental error. This correlatimdicates a good degree of non-aggregation oPtie
guantum dots produced by this method for theirtssis Values of the interplanar spacing d were estimate

to be 0.294 nm and 0.214 nm for the crystal pla2€9€), (220) using the formuld :L_F:] where A =

1.981510° is known as the camera constant for TEM operatoiage of 200 kV. The distances between the



centre spot and the peripheral rings were fourukt6.75um and 9.25um as the radius R of the sedeatea
electron diffraction pattern. Both XRD and the s@ilee-area electron diffraction pattern show thaiSP
guantum dots are polycrystalline. Similar TEM sasdhave been reported on high temperature solptiase
synthesised PbS nanowires and the average diasieéeis estimated to be 7 nm which is larger than t
value of the present investigation [28].

Thermogravimetric analysis in Figure 4(a) showsithgation of thermal decomposition of the,$l treated
films of Compoundl at 200°C. Films of Compoun@lin figure 4(b), on the other hand, underwent thérma
decomposition with an increased mass loss betw6éhC3and 442°C. This thermal behaviour is simitar t
that reported for a poly[3,6,9-Tris(p-tolylsulfoind,6,9-triazaundecyl] {3,6,9-Tris(p-tolylsulfonyl)-(3,4-
dicyanophenoxy)-3,6,9-triazaundecanyl} metal frdghplocyanine [29]The residue mass of the hybrid
nanocomposité and Compoun@ was found to be 17.2% and 6.1%, respectively @t.70he PbS content in
H,S treated films is estimated to be 11.1%. Thisrgasonable observation in light of the fact thaSRs an
ionic compound and has a very high melting poir@].[3The volume fraction of PbS quantum dots is
estimated to be 2% from the knowledge that the idessof PbS and Compour®l are 7.60 g/cthand
121g/ci, respectively [31].

The UV-vis spectrum of the 49 treated film of Compoundlin Figure 5(a) exhibits the peak positions of the
split phthalocyanine Q band at 763 nm and 640 nth wishoulder at 688 nm. This absorption behaviou
corresponds very well to that observed in Figure) 36r the pristine film of Compoun@. However,
enhanced absorbance was observed in the spectrutine ofpS treated film of Compound over the
wavelength range from 300 nm to 400 nm which ighattable to absorption by lead sulfide. The apson

in PbS in Figure 5(c) was obtained from the diffie between the spectra shown in Figure 5 (a) @ndér
the wavelength range between 300 nm and 550 nsplaging the characteristic blue shift of absonmp&alge

with respect to that of the bulk PbS [32]. The Talat of (Ahv)’againsthv in the inset was found to be
linear, indicating that electronic transitions asated with optical processes is direct [33]. Thaor of the
slope to the intercept of the ordinate extrapoldtetl =0 produces a value of 2.22eV for the optical banc

gap E,,, for PbS quantum dots. This value is significandisger than that obtained for the bulk PbS band ga

of 0.41eV at 298 K with an absorption onset at 3020 This arises from the quantum confinement aigé

carriers in PbS quantum dots with the relativelyaraffective mass of electrons [34]E_ ., is dependent

opt

upon the size, stoichiometric ratio and passivdigmnds of PbS quantum dots [35].

Raman spectra of drop cast films of botySHreated Compountiand Compoun@ are presented in Figure 6
(@) and (b) show no appreciable shifts of peaktprs between two films. The peak positions witkith

Raman vibrational assignments of both films arersansed in Table Il [36, 37]. Compouds regarded as



being a B, symmetric molecule. The peaks at 1097*@nd 1522 cm which remain relatively more defined
from adjacent peaks are identified with non-totaljynmetric By and totally symmetric pactive modes [37].
Ag modes are not sensitive to charge-transfer efféxkevwBy; modes are highly sensitive to charge-transfe
contributions [38]. The relative intensity changgviieen these two peaks is higher feEHreated Compound

1 than for Compoun@. The degree of charge transfeg; was estimated to be 0.29 and 0.39 for Compounc

1 and 2, respectively from the ratiig,of the intensities of B to Ay using the formul@,, = 1J|rR| . The
R

degree of charge-transfer depends upon the exxtitatavelength and the PbS quantum dot size. PIaS is
weak Raman scatterer and undergoes degradatiom higthelaser power. A lower scan rate experimerth wi
low laser power was carried out for the Raman karfebS. The inset of Figure 6 shows a Raman ped&Gt
cm® for both bulk PbS and PbS quantum dots. This jeaktributed to the vibration of longitudinal ol
phonons [39]FTIR spectra of the films of Compourzland HS treated Compountl are shown in figure 7
over the range 650-4000 €mCgH,Pc displays 71 infra-red active modes correspontin®,, symmetry
including Bs,, By, term symbols with most intense peaks. Vibraticesdignment and symmetry associatec
with the peaks have been summarised in Table |l [Bi@e peaks in the range 670-1700 care mostly due
to C-C and C-H and N-H vibrations. The peak at 3289 is assigned as N-H stretching which is absent i
metallated phthalocyanines

XPS data in Figure 8 show a complex structure adettpeaks corresponding to different atomic orbitéhe
binding energies were estimated from Figure 8(d)ed.38.7eV and 143.4eV for Ph4fand Pb4j, orbitals
respectively for PbS within the spun films of3Htreated Compountl The Figure 8(b) shows the binding
energy of 9psp 159.5 eV and S2p at 162.8 eV. Similar values were obtained for Ph@ngqum dots
produced by precipitation of methanolic lead aeettdtiourea [41]. These values also compare weh e
corresponding standard values of 137.2 eV and &¥2f4r Pb4f including 159.2 and 161.9 for S2p isecaf
bulk galena [42]. The peaks of Pb4f and S2p showearease of binding energy compared to the bulk.Pb
The broad peak at around 169 eV in Figure 8(b)osaassociated to the presence of sulphur dioxi@g) (&
the surface [19]. The binding energy of the N1saigf the organic component ob$itreated Compountl

in figure 8(c) was found to be 399.6 eV, slightighter than 398.4 eV obtained for Compouhdhe higher
binding energies of the Pb4f, S2p and N1s orbitatepared to the pure components support the caanlus
from Raman spectroscopy regarding the charge gabstween the nanocomposite components [37].

Figure 9(a) shows the photoluminescence (PL) eonsspectra of the drop cast films of pristine Coomub2
and HS treated Compound in the range 365-800 nm at excitation wavelendid 8m. Three emission

bands were observed at around 446 nm, 662 nm ahem7for the film of Compoun@. The position and



relative intensities of these PL bands correlatkk wi¢h the corresponding phthalocyanine B and Qaaption
bands respectively [43]. However, the presence of a single band at 380 nth sgplitting and the
disappearance of the 662 nm and 776 nm bands wsegwed for the film of b5 treated Compount Plots

in Figure 9(b) of PL spectra were obtained for Commql 2 as a solution in toluenat concentrations from
0.007 mg/ml to 0.7 mg/ml. In comparison to thed@lhase, two broad and blue-shifted PL emissiondban
345 nm and 745 and became broader, undergoingegm@atnching with rise in concentration. The latm
be attributed to increasing aggregation of the Bteauleqd44]. Also, it can be suggested that the sphtim
the 300-400 nm emission bands appears in the mres#ness aggregated species or monomers. From t
solution phase study, the splitting in theSHreated Compound 1 in the figure 9(a) of thimfdpectra can be
attributed to the less Pc-Pc interaction of th@iporated PbS quantum dots in the Pc matrix (Fi§(iog).

Figure 10(a) shows a set of reproducible room teaipee current-voltagel(V.)] characteristics of spin
coated films of HS treated Compountl deposited on interdigitategbld electrodes when the applied voltage
Va was swept over the voltage range+6DV at four different scan rates from 5 mi® 5000 mVs. In all
cases, the direction of the current in the forwaniiage sweep (0V- 50V and -50V—0QV) is reversed in the
backward sweep (0¥ 50V and -50V— 0V), and shows a scan rate dependent hysterasish& sake of
clarity, the forward characteristics are given igufe 10(b), showing a rise in current with inciagsscan
rate for the forward applied voltadle. The current level is, however, of the same oadenagnitude as one
obtained for Langmuir-Blodgett films of bis-hydrdxyhexaoctyl metal free phthalocyanine [45].
Measurements were also performed on the spin chétesiof Compouna in a similar device configuration
and the results are shown in Figure 10(c) for tamsate of 500 mVs Values of room temperature in=plane
Ohmic conductivitiegoy), were estimated to be 1.66 u$@nd 2.74 pSihfor Compound® and HS treated

Compoundl, respectively, using the equation (1) in the form:

o~ - 0D M

Vy, Wt
where values ot and W are indicated in Figure 1(dN = 24 the number of fingers in the electrode systen
and the thickness t of the thin film is 20 nm. THeS QDs act as preferential acceptor centres ofrefes
while the GH,Pc donor molecules provide the supply of electrétsctrons are progressively transferred to
PbS QDs from adjacentgB,Pc molecules under the influence of the appliedagal and remain trapped
therein. This charge transfer leads to a signititacrease in the density of the majority carrigrsles) in the
CgHoPc matrix. As a result, the nanocomposite film ofound? is formed into a complete charge transfer

complex after the application of a positive biadtage with simultaneous reduction in recombination



probability for both types of carriers [46]. Thig/gs rise to an increase in conductivity by a facb2 for
nanocomposite film of Compourid

The hysteresis is found to be more pronounceddrjlt{V,)] characteristic of b5 treated films of Compound
1 than films of Compoun@. The effect of the scan rate on the planar chaagesport in both films can be
interpreted in an equivalent circuit model. Thecgitr consists of two passive electrical componersistor
Rand capacito€, connected in parallel. The net currehtis the sum of the circulating current and

displacement components in the form:
I = fa , da v, ac + T] 2
"Rt @A R (@)
where,t= CR is the charging and discharging time constant.

Figure 11 shows the dependence of the short ciccuient ., open circuit voltageV,. and the hysteresis

sc’/

loop on the scan rate of the applied voltage The open circuit voltageV, can be written as

T dv,

_ R dt
V =-|——Ra
=71, dv, dc
R dt dv,

for 1=0. The gold forms an Ohmic contact with metal fpdghalocyanine [47]

and the value of the capacitance C may thus bentakde determined by the geometry, dimension an

dielectric constant of the compounds, mak‘%% =0. Therefore, the linear rise &f . with the scan rate in
a

Figure 11(a) is expected from Equation (2). Thedr increase of  with the scan rat{dd\f‘}in figure 11(a)

for both samples is in keeping with the observafimm Equation (2) that SC:%d;% corresponding to

V,=0. Values of time constant for films of H,S treated Compourttland Compoun@ are estimated to be

95s and 75s from the slopes of the graphs. The @fr¢he hysteresis loop is determined by the nigaler
integration and its value also increases with temgate as shown in Figure 11(c) for both typelirof The
sweeping time decreases with the increasing sdanarad this time for the fast scan rates becomesesh

than the time constant Under these circumstances, the majority of theiera are swiftly swept from the
injecting gold electrode finger to the counter &lede contributing largely to the circulating curreRi. The

trap-detrapping mechanisms become progressively &fothe scan rate is increased.
The percolation is not believed to be not respdedir overall planar conduction in view of volurfraction
of 2% PBS from the earlier TGA observation [48].adarements of the current voltage-characteristexe w

therefore, made over the temperature range fraft8430K for both of HS treated films of Compourit
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and Compound?2 with a view to identify the carrier transport meotsan. It is evident from the Arrhenius
plot in in Figure 12(a), representing the dependasfc Inl on T, that no single mechanism is responsible fol
charge transport over the entire temperature raflgee distinct temperature regimes, namely (i) 87K<
220K, (i) 235K < T < 302K and (iii) T > 302K are observed in Figure d2for H,S treated films of
Compoundl. The slopes of the linear graphs in figure 12{ive the value of 1.11 meV for the activation
energy corresponding to the regime (i) faiSHreated films of Compouridand 2.23 meV for Compouriiin

the same temperature range. Low activation enedji¢éise compounds the regime (i) imply temperature
independent tunnelling conduction through the watlveen the localised sites separated by a dis&nddée
tunnelling current can be derived from the followiturrent-temperature relationship (equation (@yer the

thermally assisted coincidence of the states wdtivation energy J49],

_ WtVa ;g [( i_Zasz)]
_L(N—l)T exp |- | 2aS, + _ (3)
where,w =10 S, the frequency of the barrier oscillation; m is thass with the value of T0kg. At very

low temperatures the activation energy to crosd#reer is comparatively higher than the thermrargy at

that temperatureU>ks7). Therefore, the currertty,, is dependent only on the extent of overlap betwiben

2
wavefunctions ZaS,) and the tunnelling terrﬁw,i—nl;. From the linear plot of Infl,T) vs T in figure 12(c), the

inverse of site localisation parameter for the penetration of wave functions into a dleaby forbidden

region was estimated as 0.53%ben™ for both of HS treated Compountiand Compoun@. The intercept

wtv
L(N-

of the graphs can be written @& i‘) -2aS,). From the value ofi, the $was calculated as 8.28x1@m

for both of HS treated Compoundi and Compoun®. S was taken as independent of temperature an
thermal expansion is negligibl&@he values of o and % are comparable with the values predicted by ir
Tregold Model for low conductivity semiconducto&oJ.

As shown in Figure 13(a), charge transport igSHreated Compound in the temperature range (ii)
corresponding to 235K T < 302K was identified with the variable range hogpmechanism according to

the law in the form of Equation (4) [50]:

3WtVavphe? 9N, (T_0)1/4
Iygy = T
L(N-1) 8makT

(4)
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where,TO = . The parametev,,,, is called Debye frequency, the average phonon frequency tand |

0
value is equal to ¥ Hz. The term; is the characteristic temperatuné,is the density of localized states at

the Fermi level. Employing the Equations (4), theps of the graph Invk:VT vs T**can be expressed as

3WtVavphe

2 1 9N
L(N-1) 1+ ;ln (

2. Using the above Equation (4he value off, ,
ak 0

(T,)"*. The value of intercept ifn [

8T
o and N were measured as 8.10R10, 1.08x10 cm* and 6.12x18 eV*' cm™® from Figure 13(a). The
optimum hopping distancg,, was found to be 9.05 nm from the knowledge [56f th

9 1
)% (5)

S, = (—————
H (8nakNOT

In figure 13(b), Inl versus IT was plotted corresponding to the region (iii) yS treated Compound of
plot 12(a). A sharp rise of current can be obsewil changing the temperature from 320K to 430KisT
activation energy is related to the charge catraarsition between band edges. The activation grnfergthe
conduction was calculated as 0.41 eV using the ekits equation. Hopping conduction was observed i
hybrid nanocomposites such as polyaniline titantioxide nanocomposites [51]. However, the intemgdien

of the mechanism in this present investigation lheen supported by providing quantitative value/oft

parameters & a, No and $.

4. Conclusions

PbS quantum dots of an average size of 5.8 nm and ¢gap of 2.22 eV were successfully embedded talme
free phthalocyanine (Compoul matrix exploiting the non-planar structure of Gwundl. The XRD and
TEM studies confirmed the presence of PbS QDs.pHnticle size estimated from TEM is in good agreeime
with one obtained from XRD study. The volume frantwas estimated as 2% in the matrix, eliminathng t
possibly of percolation limited conduction involgiguantum dotf?hotophysical quenching was found in the
presence of quantum dots, indicating the incorpmmabf the QDs in the lattice structure of Compouhd
Charge transport in the .8 treated quantum dots obeys the’*Tlaw of the variable range hopping
mechanism at room temperature. The hopping distahcharge was estimated to 9.05 nm by temperatut
study of I-V characteristics. In the case ofSHreated Compount] this value is larger than the percolation
limit 5.8 nm for PbS QDs. At very low temperaturiesenergic tunnelling of charges takes place witt
temperature independent I-V characteristics. Thenamg behaviour of the metal free phthalocyanine/Pb¢
nanocomposite was studied by the hysteresis irctinent-voltage obtained at different scan rates.tife
memory loop was found to decrease with the decrgastan rate, the effect was attributed to trapping

12



detrapping mechanisms. The gap between the particky have contributed to the displacement cuirent

the hysteresis loop by trapping and de-trappinchafge. This behaviour of the nanocomposite comgpbias

potential application in memristors.
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Table I: d-spacings and lattice indices of dominant reftatiand peak orientation as
featured in Figure 2.

20 (°)

d (nm)

Intensity ratio

Spun films of H,S treated Spun films of H,S treated Spun films of H,S treated
Compound? spun films of Compound? spun films of Compound? spun films of
Compoundl Compoundl Compoundl

12.40 12.68 0.70 0.69
13.98 13.29 0.62 0.66 1.00 0.27
18.07 14.51 0.48 0.60 0.83 0.26
18.48 15.85 0.47 0.55 0.89 0.26
19.58 18.21 0.45 0.48 1.09 0.29
19.84 19.68 0.44 0.44 0.85 0.32
21.08 20.11 0.41 0.43 0.76 0.31
22.22 21.31 0.39 0.41 0.84 0.32




Table 1l: Raman shifts (cif) for Raman spectroscopy with different laser istées at 532

nm illustrated in Figure 6, showing the main peakd featured FTIR Absorption bands (cm

1) of FTIR pattern illustrated in Figure 7.

Raman FTIR
Compound H.S Vibrational Symmetry | Compound H,S Vibrational Symmetry
2 Treated assignment 2 Treated assignment
Compound Compound
1 1
724 724 , Ag 750 750 N-H out Boy
Pc ring
def of plqne
' bending
739 740 Pe rin Ag C-H out Bau
9 874 874 of plane
def.
def.
1097 1097 B1g N-H Bay
C-H def. 1023 1023 bending,
Isoindole
def.
1215 1214 C-N, C-H Boy
C-H def. Big 1150 1150 | bending
in plane
Pyrrole | | ... | | | e
1331 1332 str. Ag 1298 1298 | T
Pyrrole . Bau
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Figure 1: Structural representatiorof lead phthalocyanine (Compound) non-
peripherically  substituted at 1-,4-8-,11-,15-,28-,25-sites  with
octakis(octyl) R= @H;7 and (b) 1-, 4-, 8-, 11-, 15-,18-, 22-,25-phthakmtpe
metal free (Compoung) molecules, (c) interdigitated gold electrodegytass.
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Figure2: XRD patterns of (a) $b treated film of compound, (b) galena PbS and (c)
compound2. (inset) (i) compoun@ and (ii) HS treated film of compound 1 in

the low gazing angle.



Figure3: TEM images of KIS treated dropcast film of Compouddwith some of PbS
guantum dots marked in circles and selective-aeszren diffraction pattern of a
PbS quantum dot.
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Figure4: TGA plots of (a) HS treated film of Compountl (solid line) and (b) pristine

Compound (broken line).
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Figure5: Optical absorption spectra of (a)3treated spun film of Compouddbroken

line) (b) spun film of Compouna (solid line) (c) PbS after subtracting (dotted
line) (a) from (b). (Inset) Tauc plot of (A)f vs h.
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Figure6: Raman spectra of (a).8 treated film of Compountl (b) Compound. (inset) (i)
Galena (ii) HS treated Compount
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Figure7: FTIR spectra of (a) §$ treated film of Compount] (b) Compound.
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Figure8: XPS spectra of (a) Pb4f orbital of PbS QDs; (Bl $rbital of PbS QDs and

(c) N1S orbital of,H treated Compourt(solid line) and compoun® (dash

line).
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Figure9: (a) (i) PL emission spectra of the film o($itreated Compourit(solid line)
and (ii) Compouriti(dash line); (b) PL emission spectra of solutib@ompound
2 in toluene at different concentration in mgh(l) 0.007, (i) 0.018, (iii) 0.071,
(iv) 0.600. Excitation wavelength is 300 nm.
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(a) Current vs applied voltagKV.)] graphs of KIS treated compount as the
applied voltage Yis swept from OV to 50V in the forward and backevar
directions at the scan rate of 5mVtriangle), 500mV¢g (square) and
5000mVs' (circle), arrows show the voltage sweep; (b) Fodvi(Va)]
characteristics of $$ treated compounblat the scan rate of 5mV¢triangle),
50 mVs'(star), 500mV¢ (square) and 5000mVs(circle); (c) Current vs
voltage[I(Va.)] of H,S treated compount(open square) and compoudgsolid

square) for 500 mV arrows show the voltage sweep.
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Figurell: Dependence of (a) open circuit voltage short circurrent, (b) open circuit
voltage and (c) area of hysteresis loop with scate rfor BS treated
compoundl (open squares) and compouh(solid squares).
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Figure 12: (a) In | vs 1/T in the range of temperature 87K#36r (b) Zoomed plot of Iri
versus 1T in the temperature range 87K-220K for H2S treamdmoundl and
compound (c) In (ITunT vs T plot for H2S treated compouhdnd compound
2. H2S treated compount is represented in open square and compduimd

closed square. The applied voltage is 50 V.



-206 20
(a)

21 1
208
Z
c T2
£ 2 =
£ £ .31
< 212 1
< 24 1

-21.4 T T T T -25 T T T T T I J T T T T
023 0.4 025 0.26 22 24 26 28 3 32 34
T4 (K44) 1T (x10°K?)

Figure 13: @) In(LreVT) vs TY for H,S treated compountlin the temperature range

235K-302K, (b) In I versus 1/T in the range of teargiure 320K-430K for
H,S treated compount] The applied voltage is 50 V.



Chain-length dependent lead liability of newly synthesised octaalkyl substituted lead
phthalocyanines under mild acidic conditions is exploited to produce nanocomposite
containing non-aggregated lead sulphide quantum dots in metal free analogue
matrix.

The improved electrical characteristics of hybrid nanocomposites over the pristine
phthalocyanine is attributed to the formation of a charge transfer complex as
evidenced in Raman and XPS studies.

The charge transfer dynamics have been examined by the employing the voltage
sweeps at different scan rates. The exploration of the current hysteresis properties
of the new nanocomposites will be a basis for fabricating hybrid nanocomposite
based memory storage devices.



