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We report a one-pot, surfactant free and catalyst freerelgwemical synthesis of CdTe spindle like nanostructuiresty on the
substrate from a single ionic liquid electrolytic bath. Tgrewth mechanism of CdTe nanostructures is revealed biigating
the structural growth in different deposition time domaifihe physical dimensions of CdTe nanostructures were d/dnye
changing Te:Cd ratio in the bath, maintaining 1:1 stoicletmnof Te:Cd in the growing thin film. Maintaining the stoiometry

is necessary for its use in the solar photovoltaic devicesindple configuration Cu:FTO:p-CdTe:Cu was utilized to gttlie

impact of CdTe structures on the electrical properties efdiode. The |-V measurements and admittance spectroseoesgled
that the electrical properties of the diode improve systarally by increasing the diameter and length of the CdTeostmictures.
We also show an efficient reuse and optimized use of the iania for the electrodeposition of CdTe nanostructures.

1 Introduction accurately fabricating either metal or semiconductoicstnes
directly on the substraté=16 Being simple, cost effective and
The semiconducting nanostructures are of great use in thgersatile technique, electrochemical deposition hasegain
field of electronics due to their tunable properties. The-ele great acceptance from researchers. However, all the seport
tronic properties of such nanostructures can be greadyesit  on the electrochemical route are based on the aqueous or no:.
by changing their physical dimensiohsThe modification of  aqueous solutioré18where a direct growth of nanostructures
semiconducting nanoparticles into 1D, 2D and 3D superstrudis not possible. Since discovery, in-spite of having exiao
tures is necessary to extract some extraordinary propertienary properties, the use of ionic liquids (ILs) is confinethe
Many groups have successfully manipulated the dimensibns geactive metal electrodepositi&ti?tand merely for the semi-
semiconducting material and claimed a drastic change in theconductor electrodepositidf2°. Although the aqueous and
electronic, optoelectronié* and optical> properties com-  non-aqueous solutions provide a satisfactory synthestsimof
pared to the bulk material. However, it is very difficult toneo  films26-28 their use is limited up to a certain temperature and
trol the physical characteristics of the nanostructurestae  potential window. On the contrary, ILs can be used at elevate
successful synthesis indeed always needs an in depth knowtemperatures and large voltages to deposit the thin films hav
edge of the growth mechanism. Nanoparticle assemblies ghg desired properti€S. There are variety of IL¥-31 having
two different materials into a binary superstructure wiire-  suitable properties for the electrodeposition of eledtram
cise control over its composition is a challenging faékvari-  solar grade semiconducting thin films. A few reports are tbur:
ous techniques like template assisted meftfodlectrochem-  on the use of IL for the synthesis of nanostructd?fe® but
ical method®!!and self-assembly of particlés have been no report claimed till date on the synthesis of nanostrectur
adopted by researchers for obtaining metal or semiconductedTe thin film from IL medium. Since years, CdTe is being
ing nanostructures. Electrochemical route has proved tmbe ysed in X-ray or gamma-ray detectors, solar cells and pho-
efficient tool for the synthesis of nano-microstructuresaly  todiodes3"-3% Researchef8**have successfully deposited
ious means. A well-known template assisted electrochémicaighly crystalline CdTe nanostructures from aqueous media
growth of nanostructures has opened up a whole new field dbut very few report$® deal with one to one correspondence of
structure-electronic properties. In our initial studies laave
L s e bl i e e Aoy Showied a sucgessulfabrioation of G Te nanostuctures o
?he structures, TEM images of IL after ea’ch cycle and pr?g;;ﬂgs of IL after B.Mlm cl bath38' however in depth study of gquth mecha-
each cycle.]. See DOI: 10.1039/b000000x/ nism and tuning of the structures were challenging taske On
& School of Solar Energy, Pandit Deendayal Petroleum University, Raisan, of the concerns with the use of ionic liquid for the electrode
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Chrobok*%47 showed the recycling process of IL in which he number of independent experiments and observatforisis
recovered 89 % ionic liquid after recycling and the recycledworth to note here that the conventional route of acidic aque
ionic liquid was used for at-least three times. ous medium for the electrodeposition of CdTe thin films never
In this paper, we demonstrate a one pot synthesis of CdTkad to the growth of nanostructures directly on substrate.
spindle like structure network over the transparent cotiduc  The FE-SEM images showing coverage of the substrate af-
ing oxide glass(F:SngFTO) substrate direct from IL bath. ter different time of deposition are given in Figure-1. Weda
The growth mechanism is established and the key affecting pastudied the I-t transients of the individual componentsdT€
rameters for the synthesis of stoichiometric and diffesez#s  alloy, i.e. Cd and T&. It was confirmed by the analysis of I-t
of nanostructures are discussed. A direct correlation®@etw transients that electrodeposition of this binary compduo
physical and electrical properties of the structures isssho  the ionic liquid medium progresses as consecutive nuokeati
when the junction between substrate and nanostructured Cdhnd growth of Te and Cd clusters. We also found from EDX
film acted as a Schottky rectifier. We have also showed analysis that after 2 second of electrodeposition, only (e n
way out for the optimized use of the ionic liquid, in partigul  clei covers the FTO substrate via forming a channel network
BMIm ClI, for the electrodeposition of CdTe nanostructures. (Fig.1(a)). Itis known that the metal ions of Te exists asl§eC
anions in ionic liquid® and the formation of such complexes
2 Experimental brings the reduction pote_n_tial of Te and _Cd ions cl_oser to ea-
chother for the co-deposition. The applied potential ofi51.

The precursors for the electrodeposition of nanostrudtureV Vs Pt is well above the standard reduction potential df Te

CdTe thin films were anhydrous cadmium chloride (99.99sPecie$® and hence the growth of Te clusters starts before
% pure, Aldrich) and tellurium dioxide (99.9% npure, the whole substrate gets covered by Te monolayer. It was ob-

Aldrich). The IL, 1-butyl-3-methylimidazolium-chloride> served that channel growth of Te cluster continues till 28 se
98% pure, watex0.2%,Bromide< 25 mg/kg, Phosphate ond of deposition time as shown in Fig.l(b)._This predepdosit
30 mg/kg,Aldrich) was used as solvent, mediator and catalysT€ layer acts as a seed layer for the nucleation of Cd and Te-C«.
for the direct synthesis of nanostructured CdTe thin film onchain starts forming after 40 second of deposition time ¢as e
F:SnQ ( resistivity 15Q/square, 2.2 mm thickness, Aldrich) idenced by EDX). As Te clusters are forming rather than a Te
substrate. A four stage cleaning with trichloroethylerie, a Monolayer, number of available Te sites (nanoclustersjior
cohol, acetone and double distilled water was done to thorbucleation of Cd increases. It can be seen from Fig. 1(d) that
oughly clean any residue from the substrates. A Potentiolnterconnected Te-Cd deposits cover the whole substrige af
stat/Galvanostat (Autolab) was used to supply a constant pd Minutes of deposition. As deposition prolonged for 5 min-
tential necessary for the electrodeposition of stoichimine ~Utes, a compact layer of well-connected CdTe nanostrugturs
CdTe film*8. A platinum wire was used as a quasi-reversibleWas obtained. At this point of time, we obtained only Te rich
reference electrode and platinum wire (area 115%mwas film and hence the deposition was continued further. Elec-
used as a counter electrode. The resultant films were charagodeposition for longer duration (10 minutes, Fig 1(fdes
terized by X-Ray Diffractometer (XRD, X'pert PRO, PAN- foan overgrowth of CdTe one dimensional nanostructures anr
alytical), Scanning Electron Microscope (SEM, Ultra-55, stoichiometric composition is reached till the depositiiome
Zeiss), Energy Dispersive X-ray (EDX, Inca,Oxford), Trans of 17 minutes. We believe that the formation of CdTe nanoc
mission Electron Microscope (TEM, JEOL, JEM 2100), UV- frucures should follow the following reaction mechanisms.

Vis (Shimadzu-2600), conductance (PGSTAT302N, Autolab)

a}nd -V (U2722A, Agilent) measurements for its physicak op TeCIéf 146 - Tet6C @

tical and electrical properties.

3 Results and Discussion Ca? 4 26+ Te—s CdTe @

3.1 Proposed Growth Mechanism of CdTe nanostruc-

tures The co induced deposition is well explained by kroger

who stated that the deposition potential of compound is de-
In order to thoroughly understand the in situ growth of thetermined by the electronegative component, i.e. Te in pitese
nanostructures, an electrolytic bath containing Te andi@d p case. The similar phenomenon of co deposition is also con-
cursors in the molar ratio of 1:40 in 3 mL BMIm Cl was used sidered for the electrodeposition of PbTe from ionic liquid
for the deposition of CdTe thin films on F:Sp®ubstrates for mediun??. A schematic to represent the growth of CdTe nano
different deposition time. The potential necessary fordee  spindles is shown in Figure-2 and the variation in CdTe stoi-
position of stoichiometric CdTe was identified on the basis o chiometry with time is shown in Figure-3.

2] 1-8
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Fig. 1 FE-SEM images showing the substrate coverage after (a)ahdéb) 20 second (c) 40 second (d) 2 minute (e) 5 minute (f) iita,
scale bar shows gm length and inset shows the magnified (at 75K X) images of sisgmbarea.
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Fig. 2 A schematic showing the growth of CdTe nanostructures. Deposition Time / s

. . Fig. 3Variation in stoichiometry of CdTe film with deposition time
3.2 Film Properties

The XRD pattern of the deposited CdTe nanostructured film is
shown in Figure-4. The structures possess a preferred-orien

tation along (220) plane of the cubic CdTe, with small tracesCdTe structures. The EDX spectrum of the deposited nanos
along (111), (222) and (200) planes. tructured film is shown in SI-Figure-1. The EDX results con-

The HRTEM image and electronic diffraction pattern of the firmed that the overall film as well as individual structuresfi
structures is shown in Figure-5. The inter-planner spacatg  1:1 stoichiometry of CdTe. The optical absorbance, tratismi
culated from the images came out to be 0.34 nm which corretance and reflectance measurements were carried out to fird
sponds to the (200) and (111) planes of the cubic CdTe, corthe band gap of the deposited thin film. The Tauc plot con-
firming the results obtained from XRD data. The spot diffrac-firmed a direct optical band gap of 1.5 eV (shown in SI-Figure-
tion pattern confirms the high crystallinity of the depodite 2) for all the films.

1-8 |3
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26 /Degrees Fig. 5 TEM analysis of the CdTe nanostructures.

Fig. 4 XRD spectrum of the deposited nanostructured CdTe thin

film compared with standard database for cubic CdTe, where * cation property of CdTe nanostructures compared to a gaanul

represents the FTO peaks. CdTe thin film?8. In order to see the effect of nanostructures
on the electrical properties of the diode, the |-V measuréme
were carried out. All the diode parameters obtained from the

3.3 A direct Correlation between Structure-Electrical ~— assessment by standard diode theory are discussed in the ne.

properties section.

3.3.1 Tuning of CdTe nanostructureg\s we showed in 3.3.2 |-V Measurementdll the films based on CdTe
our preliminary studies that the potential to deposit Cd¥e i nanostructures having different dimensions were confajure
perfect stoichiometry is only -1.45 V vs. Platinum quasi re-as Cu:FTO:p-CdTe:Cu Schottky diodes to see the effect oi
versible electrode, the variation in applied potential wasa  nanostructured CdTe on the junction properties. The I-\fcha
possible way to tune the dimensions of the structures inrordeacteristic of the different films is compared in the FigureA7
to maintain its required composition. However many studiessystematic enhancement in the diode properties is notised ¢
claim the dependency of dimensions of structures on the aghe dimensions of the structures increase. According to the
plied potential$® where stoichiometry is not a concern. We diode fabrication and the arrangement of CdTe nanostrestur
have also tried to vary the deposition temperature from 80 t@ver the substrate, it would be more scientific to correlage t
110°C for possible change in the structural properties; how-electrical properties with both the diameter and length.
ever the increase in temperature increased the growth fate o All the electrical parameters of the diodes based on Cdic
such structures, hardly changing any dimensions. Hence th@anostructures with different dimensions are listed inddb
only possible way to tune the dimensions of CdTe nanostruck can be seen from the table that by increasing the dimeasion
tures was to vary the precursor concentration in the bath. It of the nanostructures, the rectification ratio increasetlégs
worth to note here that for the electrodeposition of stalde-e 162 and 5800, respectively. Such experimental evidences ha
tronic or solar grade CdTe thin film, it is necessary to supplybeen presented for Schottky diodes made with €N TThe
much more C&" ions in the bath’'8 In order to keep this one dimensional CdTe Nano-spindles are having good cor -
criteria and yet to change the physical dimensions of thestr ductivity compared to CdTe granules and hence favor optima:
tures, the Te:Cd molar ratio was varied as 1:10, 1:20 and 1:4@harge flow due to presence of relatively less grain bouedari
As it can be seen from Figure-6, the variation in molar ratioThe rectification ratio also depends on the series resistafhc
of the precursors leads to a successful tuning of the dimerthe diode and conductance of the active material. It was ob-
sions of nanostructures. Going from minimum to maximumserved that by increasing the dimensions of the CdTe nanos
allowed Cd concentration in the bath under identical experitructures, the conductance of the diode increases driigtica
mental conditions, both the diameter and length of the CdTdt was also noticed that by increasing the size of structures
nanostructures increased linearly. The average lengthiliand the series resistance of the diode decreases in severasorde
ameter profile of the structures is given in Sl-Figure-3.dm o This is because, as the diameter of the structure increthses,
previous work, we showed a great enhancement in the rectifiearriers are free to move in the material without collidinighw

4| 1-8
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Fig. 6 Variation in length and diameter of the structures with d&im precursor concentration Te:Cd as (a) 1:10 (b) 1:20:49 1

110 ——1:20
——1:40 — Granular

Current / A

Voltage / V

Fig. 71-V characteristics of CdTe granular and films depositeddifferent molar concentration of Te:Cd in IL bath.

each other. The improvement in the breakdown region of theliodes based on CdTe nanostructures having different dimer:
diode is found optimum for the structures with highest dimen sions were studied. The diode admittance was recorded as &
sions. This can be understood by assuming CdTe granules &snction of applied frequency in the range of 0.7 MHz to 7
shunting sites in the diode and hence the films with more CdTélz. As recorded admittance spectra for the films with differ
granules than the CdTe nanostructures make a poor schottlent dimensions of CdTe structures are shown in Figure-8. Aa-
junction with the substrate. However, the source of leakagenittance spectra itself revealed the reason for the higtoper
current is still not found for many nanostructure systems du mance of highest dimension (length and diameter) strusture
to lack of experimental suppStt The corresponding electrical equivalent circuit shownhia t
inset of Figure-8 was used for further analysis. In the dircu
3.3.3 Two Probe Admittance Analysi¥he admittance Rs IS the series resistance (independent of biag)s e con-
measurements were done for two purposes. Firstly to qyantitductance and (s the capacitance of the diode. It was found
the conductance of diodes with structures of different dime tha_‘t the gran_ular fllm resqlts in to the SEres RC eq_uwalamt_c
sions and secondly to study the junction properties. As disg“t of the diode with a little Chan_g_e in its capacitance with
cussed in above section, the conductance of diode increasBLaS' .Hov.vever fqr a Schottky rectifier, one expects a palrall_e.
by changing the dimensions of CdTe structures. Our arrangéz°mbination of bias dependent R and C. Hence the diode wiu,
ment of Cu:FTO:p-CdTe:Cu makes the simplest possible wa'€ granular CdTe behaves as a soft Schottky diode, which
to accurately measure the conductance from CdTe nanostrugonducts _almost th_e same amount of current in reverse an~
tures and electrical properties of the diode. In order taoréra fo_rwgrd bias cond|t|0n§. Whereas, th_e naljostrL_JCtured CdTe
the effect of CdTe structures on the device properties ticein thin film makes nearly ideal Schottky junction with the sub-

1-8 |5
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Fig. 8 Admittance spectra of (a) Granular CdTe thin film (b) D =75 tr, 1.2um (c) D =120 nm, L =1.8m (d) D = 148 nm, L = 2.Zim

strate FTO and operates only in forward bias conditions. 183.4 Efficient reuse of ionic liquid BMIm Cl for Electrode-

can be also seen from Table-1 that the value of capacitance  position of CdTe thin film

is minimum for the diode with highest dimensions structures

and maximum for the granular CdTe thin film. This claims thatWe have showed in our previous study that a constant poter.
CdTe granules act as a capacitive load during the diode opefial of -1.45 V (vs. Platinum quasi reversible reference) is
ation. Hence it is expected that the diode with the CdTe grannecessary for the electrodeposition of adherent, smoath ar.
ules will allow a large reverse current because of partial restoichiometric CdTe thin film. The charge-time profile con-
moval of the minority carriers which results in high switegi  firmed the thickness of Z2m after deposition time of 3600
time. The films with the CdTe nanostructures also comprise osecondé®. For re-using the same ionic liquid bath for the de-
CdTe granules and hence allow more reverse current than on@DSitiOﬂ of almost identical CdTe thin films, one has to cohtr

a nanostructure will allow. Thus one can assign CdTe granuleits deposition conditions. For simplicity, we assumed 100%
as a source of leakage in the diode operation. The values dfaradic efficiency of the deposition process, and hence eacr
room temperature conductance for CdTe structures arel listetime the same amount of precursors were added in the ionic
in Table-1. A systematic increase in the conductance of théquid bath so that Te:Cd as 1:40 is maintained. Since &
diode is related to the increase in the dimensions of the-stru Other parameters were optimized, only the thickness cbntrc
tures. The value of conductance of the highest dimensionwas a tricky task. The charge transfer profile for each deposi
structures is comparable with the CdTe thin film deposited byfion cycle is shown in Figure-9. It was confirmed by number
vacuum based technigtfe The increase in conductance with Of experiments, that the time required for the same amoun:

the increase in dimensions leads to drastic change in tieeire Of charge to be transferred is less when the same ionic lig-
trical properties as Schottky rectifiers. uid is used for 2 to 4" cycle. This may be understood as,

the ionic liquid used in the first cycle with the precursors of
cadmium and tellurium generates complexes in the bath anA
these complexes facilitate the growth of Te nuclei for the se
ond cycle of deposition. We have also noticed that the vis:
cosity of ionic liquid changes significantly after each eyof

6] 1-8
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Table 1 The parameters for CdTe nanostructures derived from D.€Aa@.analysis

Avg. diameter Avg. length  Series Resistance Rectificatiorondlictance Capacitance

(D) (L) (from DC analysis) Ratio @05Vand @O0OVand
@ 5V 0.7 MHz 100 Hz

nm um Q Siemens F

Grains - 1.0k10% 102 4.0%10°° 5381010

75 1.2 1.8%10* 16 1.93<10°/ 1.8x10°10

120 1.8 1.7&10° 162 3.36<10°%  2.55¢10°

148 2.7 3.0 107 5800 1.0%10°° 8.9x10°12

deposition. However, detailed analysis of this observaigo
beyond the scope of this study. The increased growth rate af-

ter first deposition cycle might be due to a significant change 0.0

in the viscosity of the ionic liquid, which again facilitatke

charge transfer process. To have the same thickness of the ;021

film after each deposition cycle, the charge-time profile was 3

continuously monitored. As the identical charge transter d %’3‘0'4'

ing the first cycle is achieved, the electrodeposition psece 5 06

was stopped. It can be seen from the charge-time profile that '

from third cycle onwards less than half of the time is reqgiire 0.8

to achieve same thickness. The same procedure of adding an

equal amount precursors and monitoring the charge transfer 04—, : : .
was applied for at-least four cycles. After each depositipn 0 1000 2000 3000 4000
cle we observed noticeable change in the color of ionic tiqui Deposition time /s

(photographs shown in SI-Figure-4). To understand such pro

cess, we took TEM image of the used ionic liquid dispersed irFig. 9 Profile of time required for same charge transfer for
methanol. The TEM images of the samples after each reuse #iccessive deposition runs using same ionic liquid bath added
shown in SI-Figure-5. It was confirmed from the TEM imagesPrecursors.

that the ionic liquid itself stabilizes some nuclei aftesfide-
position run. Such nuclei can act as seeds to grow CdTe struc-
tures for the second deposition cycle and hence decreases t
deposition time as compared to the first run. When the reus%f
of ionic liquid reaches at 5th cycle, the ionic liquid comisi t
much more cadmium precursor than the required amount f
the stoichiometric CdTe electrodeposition. Hence thegefis
ionic liquid BMIm ClI without any purification was limited up
to four cycles to electrodeposit stoichiometric CdTe tHimsi

of identical characteristics.

1.09<10-° Siemens by increasing the length and diametel
the CdTe nanostructures. We have showed a way to reusc
e ionic liquid bath up to four times to obtain CdTe nanos-
Ot;uctured thin film. The current investigation provides avne
route to get thin film based on CdTe nanostructures, the ci-
mension of which can be varied to obtain interesting el@itro
and opto-electronic properties.
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