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the junction have been mapped through scanning tunneling
spectroscopy (STS), their charge separation ability has been
studied by forming hybrid bulk-heterojunction solar cells with the
heterodimers in a suitable polymer matrix.

2 Experimental
A Formation of CdS|CdTe heterodimers

CdS|CdTe heterodimers were synthesized following a reported
route.'” Briefly, for the synthesis of CdS nanoparticles in their
wurtzite phase, 0.25 mmol CdCl, - H,O (52.2 mg), 2.5 mmol (0.8
mL) oleic acid, and 10 mL dioctyl ether were mixed and degassed
for 10 min at 120 °C. The solution was then heated to 220 °C at
which 0.25 mmol of sulfur stock solution in 0.8 mL oleylamine
was swiftly injected into the reaction flux. The reaction was
allowed to continue for 10 min to allow formation of CdS
nanostructures. The stopped by lowering
temperature of the flask down to room temperature; the
nanostructures were washed and separated through re-dispersion
in hexane and precipitation with hexane and ethanol in sequence.

To form CdS|CdTe heterodimers, CdS nanostructures were
allowed to undergo an anion exchange process to form zinc-
blende structure of CdTe. To do so, CdS nanostructures dispersed
in 4 mL of oleylamine were heated to 260 °C under an inert
TOP:Te solution containing 1.2 mL TOP
(trioctylphosphine) and 0.3 mmol tellurium (Te) was swiftly
injected to the reaction flask. Anionic exchange process occurred
at this temperature resulting in formation of CdS|CdTe
heterodimer. Instead of core-shell nanostructures, a heterodimer
between CdS and CdTe formed so that the strain due to mismatch
of their lattices remains to a minimum. Since the reaction time
determined the extent of the exchange process, we collected the
nanostructures after 20, 60, 90, and finally 120 min after injection
of the tellurium complex. Within 120 min, we anticipated a
complete replacement of sulfur in forming CdTe nanostructures.
The nanostructures were washed in ethanol and redispersed in
hexane for further characterization.

reaction was

environment.

B Characterization of CdS|CdTe heterodimers

The nanostructures were characterized through optical absorption
spectroscopy, X-ray diffraction (XRD) studies, transmission
electron microscopy (TEM), high-resolution TEM (HR-TEM),
dark-field and scanning TEM (STEM) images, and X-rtay
photoelectron spectroscopy (XPS). The instruments used in this
regard were Shimadzu UV—-2550 Spectrophotometer, a Bruker
D8 Advanced X-ray Powder Diffractometer, a JEM 2100F Jeol
TEM, and an XPS instrument (Omicron: serial no. 0571),
respectively. Individual nanoparticles and heterodimers were
characterized in an ultrahigh vacuum scanning tunneling
microscope (PAN style UHV-STM of M/s RHK Technology,
Inc.). To record the image of individual nanostructures and their
STS, their ultra-dilute solutions were drop-casted on freshly-
cleaved (through a scotch-tape method) highly ordered pyrolytic
graphite (HOPG). While the STM chamber was under a pressure
of 2 x 10™'° Torr, temperature of the substrate and the tungsten tip
both were kept at 100 K. During approach of the tip, a current of
0.1 nA was targeted to achieve at 2.0 V. For smoothing of STM
topographies, WSxM software was used. We considered electron-
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tunneling to have occurred through a double barrier tunnel
junction (DBTJ).*® To avoid tip-induced band bending effect
(TIBB) and also maintain DBTJ, we chose a low-current during
the approach of the tip, so that charge accumulation effect was
minimum at the tip-semiconductor interface.?’

C Device fabrication and characterization

Solar cells were fabricated on semitransparent indium tin oxide
(ITO) electrodes, which were stripped and had a surface
resistance of 15 C/square. Poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS) solution was spun on the
electrodes followed by annealing at 120 °C for 20 min to form a
hole-collecting layer. The ITO substrates coated with a
PEDOT:PSS layer, the heterodimers, ZnO nanoparticles formed
through a conventional sol-gel synthesis route, and electronic-
grade poly(3-hexylthiophene-2,5-diyl) (P3HT), which was
purchased from Rieke Metals, LLC., Lincoln, were then
transferred to a glove box to continue with the film formation
process. The P3HT was head-to-tail regioregular (91-94 %) and
had an average molecular weight (M,) of 50,000-70,000. To
form an active layer of hybrid bulk-heterojunction (BHJ), P3HT
and the heterodimers at a measured ratio (10:8, 10:1, or 10:0.5 by
weight) were added to chloroform to form a solution having a
concentration of 15 mg/mL. The solution was spun on the
PEDOT:PSS film at 2000 rpm for 30 s to form an active layer of
the hybrid BHJ devices. Apart from the three heterodimers that
were formed as a result of the anionic exchange reaction for 20,
60, and 90 min, CdS and CdTe nanostructures were also added to
P3HT separately to form thin-films P3HT:CdS and P3HT:CdTe
hybrid BHJ. After annealing the films at 150 °C within the glove-
box, ZnO nanoparticles in 1-butanol solution was spun to form an
electron-collecting layer followed by further annealing at 120 °C.
Strips of aluminum were then thermally evaporated under a
vacuum in a evaporation chamber attached to the glove-box. Area
of the devices, as resulted from overlap of ITO and the aluminum
strips orthogonal to each other, was 6 mm?.

The devices were characterized inside the glovebox that had an
upright solar simulator as an attachment. A Newport-Stratfort 300
W Solar Simulator, located outside the glovebox, provided the
simulated solar illumination to the devices. A Keithley 2636A
Electrometer was used to measure current-voltage (/-V)
characteristics of the devices in dark and illumination conditions.
A mask was used to ensure that the areas outside the cell did not
receive any light during the measurements.

3 Result and discussion
A Characterization of the heterodimers

We have recorded optical absorption spectra of different
heterodimers that were formed by varying reaction time of the
anionic exchange process. The spectra, as presented in Fig. 1,
show a continuum in the high-energy region that is characteristic
to such II-VI semiconductors. The spectra in addition showed an
increase in NIR-component when the time of reaction increased
leading to formation of CdTe through an anionic exchange
process. It appears from the spectra that the exchange process or
formation of CdTe was complete at a reaction time of 120 min.
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Fig. 1 Optical absorption spectra of CdS, CdTe, and different CdS|CdTe
heterodimers.

15 XRD patterns of CdS and CdTe nanostructures and different
CdS|CdTe heterodimers are shown in Fig. 2. The peaks of CdS
could be indexed to their wurtzite (space group P63mc) phase
when compared with Joint Committee on Powder Diffraction
Standards (JCPDS) file #041-1049. Similarly, the pattern of CdTe

20 could be indexed to their zinc-blende phase when compared with
JCPDS file #033-0490. In the spectra of CdS|CdTe heterodimers,
most of the peaks of the two crystalline materials could be found
to be present. Intensity of the peaks corresponding to the two
materials expectedly depended on the extent of anion exchange

25 process, that is, on the content of each of the materials in the
heterodimers.
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Fig. 2 XRD patterns of CdS nanostructures after anionic exchange
reaction of (a) 0, (b) 20, (c) 60, (d) 90, and (e) 120 min in forming
55 CdS|CdTe heterodimers. Patterns from JCPDS files for the CdS and the
CdTe crystals are shown with sticks at the two extreme X-axes of the
plot.

TEM and HR-TEM images of CdS and CdTe nanostructures
and of CdS|CdTe heterodimers are shown in Fig. 3. The images
¢ show that the average diameter of CdS nanostructures was about
13 nm. Upon anionic exchange, cadmium from the surface of
CdS participated in forming CdS|CdTe heterodimer. HR-TEM
images of the heterodimers show that the interface was clearly
separated by the two regions. The images moreover brought out
6s two lattice-separations confirming presence of two materials in
the nanostructures. An interlayer spacing of 0.336 and 0.345 nm
at the two sections of the heterodimers matched well with the
{002} plane of wurtzite-CdS and the {100} plane of zinc-blende
CdTe, respectively. The images of CdS and CdTe nanostructures
70 expectedly exhibited planes of only one single crystal. The STEM
images of heterodimers, as shown in Fig. 3, also confirmed the
presence of two materials in the heterostructures. When the
anion-exchange process was carried out for a short time (20 min),
the CdTe section was much smaller than the CdS one; with
75 exciton Bohr radius of CdTe being 7 nm, such CdS|CdTe
heterodimers can hence be termed as a combination of bulk and
quantum dot phases. As the reaction time grew (60 min), both the
semiconductors attained their bulk phase. At still longer reaction
times (90 min), the size of CdS left in the heterodimer shrunk
so down to around 3.5-4.0 nm. Again, with exciton Bohr radius of
CdS being 3.5 nm, such CdS|CdTe heterodimers can be termed as

a combination of quantum dot and bulk phases. We therefore

could form three types of CdS|CdTe heterodimers, namely

bulk|dot, bulk|bulk, and dot/bulk.
ss  The progress of growth of heterodimers could be visualized in
the histogram of size of the two semiconductors (Fig. 3C). As the
reaction time elapsed, the size of CdS section decreased. The
average size of CdTe, as observed in the histogram, similarly
increased evidencing formation of bulk|dot, bulk|bulk, and
dot|bulk heterodimers in sequence.

We have recorded XPS spectra of CdS and CdTe nanoparticles
and different CdS|CdTe heterodimers. The spectrum of CdS
brought out typical binding energies corresponding to 3d, 3p, and
4s, states of cadmium and 2s and 2p of sulfur;*%3! the spectrum of
9os CdTe similarly exhibited 3d, 4s, and 4p of tellurium apart from

the above-mentioned states of cadmium.*> XPS spectrum of

heterodimers having a typical content of CdS and CdTe are

shown in Fig. S1f. The energies obtained in XPS analysis were

corrected with respect to Cls peak at 284.5 eV.
w0 The binding energies in the XPS analysis show peaks that
corresponded to 3p and 3d states of Cd**, 3d state of Te*, and 2s
and 2p states of S* inferring formation of Cd*'S* and Cd*'Te* in
the nano-heterojunctions. The states of the elements were further
identified by recording high-resolution spectra in designated
energy regions (Fig. S17). For example, Cd 3p resolved into 3p,,
and 3p;, appearing at 652.0 and 617.9 eV, respectively.
Similarly, peaks at 410.6 and 403.9 eV matched well with the
3ds, and 3ds), states, respectively, of the reported spectrum of
cadmium. The peaks at 225.2 and 160.6 eV could be referenced
to 2s and 2ps, states of sulfur, respectively. Finally the 3d states
of tellurium occurred at 573.0 and 583.0 eV, which could be
identified to 3ds,, and 3ds), state of the element, respectively.
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B Scanning tunneling spectroscopy and band positions of
heterodimers

11s The heterodimers could also be visualized in STM topographies.
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Typical topographies of CdS nanostructures after anionic
exchange reaction of (a) 0, (b) 20, (c) 60, (d) 90, and (e) 120 min
are shown in Fig. 4. With a set-point of 0.1 nA at 2.0 V applied to
the substrate, the tip in effect probed current through electron-
injection to the conduction band of the semiconductors. As we
stated earlier, while two extremes reaction-times represent CdS
and CdTe nanostructures, the intermediate ones resulted
CdS|CdTe heterodimers having different extent of the
components, namely bulk|dot, bulkbulk, and dotjbulk junctions.

topographics since the tip-to-material height contributes to
tunneling current exponentially; a mapping along the junction in
a constant current mode therefore led to a little height difference

15 in the topographies. The size obtained in the topographies was

slightly higher than that observed in HR-TEM images, since
electronic wave-function of the nanostructures were mapped by
probing the conduction-band of the nanostructure that can often
extend out of physical boundaries of the materials. Finite

20 curvature of the tip could also lead to an increased size in the

The topographies matched well with their corresponding TEM STM topographies.
images. Color contrast of the two materials did not resolve in the
Cds CdS|CdTe (bulkdot) CdS|CdTe (bulkjbulk) CdS|CdTe (dotbulk) CdTe
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Fig 3 (A) TEM and (B) HR-TEM images of CdS nanostructures after anionic exchange reaction of (i) 0, (ii) 20, (iii) 60, (iv) 90, and (v) 120 min. While
two extremes represent CdS and CdTe nanoparticles, the intermediate reaction-times resulted CdS|CdTe heterodimers having different extent of the
components. (C) Histogram of size of CdS and CdTe sections in the nanostructures/heterodimers as the anionic exchange process progressed. (D) STEM
images of two types of heterodimers. (E) A HR-TEM image of a typical CdS|CdTe heterodimer showing lattice planes of the semiconductor-nanocrystals.
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Fig 4 STM topographies of CdS nanostructures after anionic exchange reaction of (a) 0, (b) 20, (c) 60, (d) 90, and (¢) 120 min (from left to right). The
images were recorded with a set-point of 0.1 nA at 2.0 V applied to the substrate.
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Fig. 5 DOS spectra of CdS and CdTe nanostructures and a typical CdS|CdTe heterodimer
15 (bulk|bulk) as measured at different points on each nanostructure or heterodimer. The broken and
continuous lines indicate the location of conduction and valence band-edges in the positive and

negative voltage, respectively.

The scanning tunneling spectroscopy was recorded after
disabling the feedback-loop. From the tunneling current, we
20 determined  differential  conductance (d//dV) that has
correspondence to the density of states (DOS) of the materials.
This enabled us to locate the CB and VB edges of the
semiconductors with respect to their Fermi energy. For STM
measurements, since the voltage was applied to the HOPG
25 substrate, the peaks in the negative voltage of DOS spectrum
denoted the VB of the semiconductors. Similarly, the peaks at
positive voltages, at which electrons could be injected to the
nanostructures, provided the location of the CB.
The dZ/dV — V characteristics of CdS and CdTe nanostructures
o and a typical heterodimer are shown in Fig. 5. In each
nanostructure, the spectra were recorded at many different points
on the structure. The CB and VB energies are also identified in
each DOS spectrum. With the energies being located with respect
to the Fermi energy, the DOS spectrum of CdS evidenced that the
35 Fermi energy was closer to the CB edge inferring n-type nature of
the semiconductor. Similarly, the DOS spectra of CdTe brought

Voltage (V)

Voltage (V)

out p-type nature of the binary semiconductor.
The STS spectra across a pn-junction in general bring out p-
and n-sections along with depletion region at the interface.”®
40 When we look at the spectra of a CdS|CdTe heterodimer at which
both have bulk-behavior (Fig. 5c), we observed CB and VB of
CdS and CdTe at the two ends. The band-edges can be found to
undergo a shift near the interface evidencing existence of a
depletion region. The spectra of bulk|dot and dotjbulk CdS|CdTe
ss heterodimers (Fig. S21) moreover bring out signature of
quantum-confined dot phases having atomic-like states.”*** Since
we recorded STS along the three different CdS|CdTe
heterodimers in their bulk|dot, bulkjbulk, and dotjbulk
configurations, we summed up their band-energies in Fig. 6. The
so points at which differential conductance were recorded are
marked on the topographies of the respective heterodimers. The
results show that a controlled formation of pn-junction in a
nanostructure was achieved. The images moreover brought out
the depletion region in the junction. The depletion region in these
ss three heterodimers had different widths; while the dot section was

This journal is © The Royal Society of Chemistry [year]
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mostly fully-depleted, the semiconductor when in the bulk form semiconductors; apart from the depletion region, the bulk|bulk
was depleted only near the junction. The dot being fully-depleted, heterodimer contained both p- and n-sections at the two ends of
the width of depletion region in bulkldot and dotbulk 10 the nanostructure. In a following, we will show how the width (of
heterodimers turned out to be shorter than that could have formed the depletion region) controls charge separation process through a
s between CdS and CdTe semiconductor nanostructures, that is, the drift of minority carriers across the region and hence the

bulkjbulk case. The bulkbulk heterodimers had the widest photovoltaic performance.
depletion region (13 nm) which extended to both the

2
(a) CdS|CdTe (bulk|dot) (b) CdS|CdTe (bulk|bulk)
Y. )
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30 Fig. 6 Band-mapping of three different CdS|CdTe heterodimers formed after anionic exchange reaction of CdS nanostructures for (a) 20, (b) 60, and (c) 90
min. The figures in addition show the STM topography of the nanorod junctions and the spots at which tunneling current was measured. Points marked as
1 through 10 in the topographies represent CB and VB edges from left to right in each figure. Fermi energy (Er) across the junction and the depletion
region of the heterodimers are also shown in each of the figures. On each point on a heterodimer, at least five d//dV — V characteristics were recorded to
determine the CB and VB edges. The five measurements at each point have been summed up as error bars in energy values.

C dZ/dV imaging of CdS|CdTe heterodimers in their CB and
VB

We also recorded d//dV images of the heterodimer at selected
positive and negative voltages. As we stated earlier, a negative
40 voltage would imply probing of VB of the dimer. Since the
magnitude would determine the semiconductor(s) that would be
tapped, we varied the voltage. In Fig. 7, we show d//dV images of
a heterodimer biased at -0.7 and -1.65 V. We observe that at a
low voltage (0.7 V), the tip could tap only the CdTe section of the
45 heterodimer, since no states of CdS were available at such a bias.
At a higher voltage magnitude (-1.65 V), states of both the
semiconductors were available making both the semiconductors
visible in the d//dV image. Similarly, when the CB was probed
with a positive voltage, CdS section could be imaged at a low
= voltage (0'95,V)' He're, no states of CdTe were a.wulable at such a 6s Fig.7 dI/dVim;Iging ofa édS|CdTé heterodimer recorded at different
voltage. At higher biases (1.15 V), both the semiconductors could biases using lock-in amplifier (12 mV rms 782 Hz). While negative

be visible in the dZ/dV imaging. voltages probed VB of the dimer, positive voltages probed the CB. STM
topographies of the dimer by recording its CB and VB are shown in the
upper panel.

= 1 'i:.
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D Photoinduced
properties

charge separation and photovoltaic When we characterized the devices under a white illumination,

all the devices acted as solar cells (Fig. 8b). As we compare the
characteristics, we find that performance of the devices based on
heterodimers were better than that with CdS or with CdTe

With a pn-junction being formed in each of the CdS|CdTe

o

>

o

2

o

55

heterodimers and each junction containing a depletion region, we
studied their charge-separation properties. The heterodimers
would separate carriers efficiently due to type-II band-alignment
at the interface. In order to study their charge-separating ability,
we formed sandwiched structures with BHJ between the
heterodimers and P3HT as an active layer. We expected that the
output of hybrid BHJ solar cells would have a correspondence
with the charge-separation ability of the heterodimers. We may

30 nanostructures.

Since we also varied the content of the

nanostructures in the polymer, we enlisted parameters of all the
solar cells in Table 1. We observe that for any weight ratio, the

devices with heterodimers returned Dbetter

photovoltaic

parameters as compared to the individual nanostructures, all in

35 the polymer matrix.

: » ) < | (a) Under dark (b) Under white[light I
add here that a sharp interface would facilitate formation of the S 2 Anionic exchange
depletion region and would also widen the region. Alloying or E |2 dmn &
formation of a mixed phase at the interface may adversely affect Z 1L S @ ass
s .
photo-induced charge separation process. g | voromn
We have formed devices based on (thin-films of) hybrid BHJ §
of the nanostructures in a polymer matrix sandwiched between 3 ° :
ITO and aluminum electrodes. Here, the nanostructures used in 10 05 00 o O!O o5 o
forming the hybrid BHJs were CdS, three different CdS|CdTe Voltage (V) Voltage (V)

heterodimers, and finally CdTe nanostructures. Schematic
diagram of a device structure is shown in the inset of Fig. 8. -V
characteristics of the devices under a dark condition are shown in
Fig. 8(a). The characteristics were rectifying in nature which was
due to the dissimilar work-function of ITO and aluminum used in
forming the sandwiched structures.

45

Fig. 8 Current-voltage characteristics of hybrid BHJ solar cells based on
CdS nanostructures after anionic exchange reaction of 0, 20, 60, 90, and
120 min in P3HT matrix under (a) dark and (b) 1 Sun illumination
condition. While the two extremes represent CdS and CdTe
nanostructures, the intermediate reaction-times resulted CdS|CdTe
heterodimers having different extent of the components. Schematic
diagram of a device structure is shown in the inset of (b).

50

Table 1. Open-circuit voltage (Voc in V), short-circuit current (Isc in mA/cm?), fill-factor (FF in percent), and energy conversion efficiency (1 in percent)
of different hybrid BHJ solar cells containing CdS and CdTe nanostructures and different CdS|CdTe heterodimers; content of the nanostructures in the

polymer matrix that has also been varied, is stated in the table.

Reaction time of CdS (Nanostructure in

Nanostructure:P3HT ratio

6

S

6.

A

70

P3HT) - - -
5 weight% 10 weight% 80 weight%
VOC ISC FF n VOC ISC FF n VOC Igc FF n
0 min (CdS) 0.63 0.14 27 0.023 | 0.62 0.34 30 0.063 | 061 | 4.2 | 28 | 0.72
20 min 0.62 0.16 26 0.026 | 0.63 0.36 28 0.065 | 0.64 | 5.3 31 1.06
(CdS|CdTe) (bulk|dot) ) ) ) ) ) ) ) ) )
60 min 0.66 0.18 32 0.038 | 0.67 0.38 34 0.086 | 068 | 7.5 | 36 | 1.84
(CdS|CdTe) (bulk|bulk) ) ) ) ) ) ) ) ) )
90 min
(CdS|CdTe) (dot[bulk) 0.62 0.15 29 0.028 | 0.63 0.35 32 0.071 | 0.63 | 6.8 | 34 | 1.60
120 min (CdTe) 0.58 0.04 22 0.005 | 0.60 0.11 25 0.016 | 0.58 | 1.8 | 22 | 0.32

As such, improved performance in the BHJs based on
heterodimers is due to introduction of an efficient channel for
charge separation in the form of depletion region at CdS|CdTe
heterodimers. We have observed that the Igc and accordingly
solar cell efficiency was higher in BHJs based on bulk/bulk
heterodimers as compared those based on bulkjdot or dotjbulk
ones. As we inferred earlier, the width of depletion region was
wider in the former heterodimer as compared to the latter ones.
The results hence implied that the width of depletion region had a
direct influence on solar cell performance which primarily
depended on the ability of charge separation since the quantum of
photoabsorption and routes of carrier transport remained the same
in these devices.

If we look at different parameters of solar cells, such as Ve,

Isc, and fill-factor, we observe that all of them improved in the
bulk|bulk heterodimer based BHJs as compared to those with
bulk|dot or dotjbulk ones. The Vo, which depends on band-

)
o

offsets of the components and is affected by recombination o

f

carriers in the devices, optimized in bulk[bulk heterodimer based
BHJs. That is, a wider depletion region separates carriers to a
longer extent leading to lesser recombination loss, which
correspondingly yielded an improvement in the fill-factor of

bulk|bulk heterodimer based hybrid BHJ devices.

We may also add that in varying the weight ratio between the
nanostructures and the polymer, a lower concentration of the
nanostructures was chosen to sift the effect of charge separation
ability of the heterodimers on solar cell parameters minimizing

ss the variation of photoabsorption that the nanostructures introduce

This journal is © The Royal Society of Chemistry [year]
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when their concentration was higher (80 weight%). The results
based on 10 and 5 weight% of nanostructures in the polymer also
bring out the importance of the use of bulk|bulk heterodimers as
compared to the other two CdS|CdTe dimers and the individual
semiconductor nanostructures.

4 Conclusions

In conclusion, we have grown CdS|CdTe heterodimers through a
partial anionic exchange process. By varying the reaction time,
we could form different heterodimers with the semiconductor
components evidencing bulk|dot, bulk/bulk, and dot|bulk forms in
the junction. Since the two semiconductors form a type-II band-
alignment at their interface, a depletion region formed in the
heterodimers that led to separation of charge carriers. From
scanning tunneling spectroscopy and correspondingly the density
of state, we mapped the band-edges along the nanostructure and
the heterodimers; we have observed that the width of depletion
region depended on the reaction time in forming CdTe in the
dimers. When one of the components of dimers is in the quantum
confinement region, the smaller material became fully-depleted
leading to shrinkage in the width of depletion region. We have
observed that when diameters of both the components are over
the quantum confinement limit, the width of depletion region
maximized. Charge separation ability of the heterodimers studied
in hybrid BHIJ solar cells based on such nanostructures
corresponded with the width of depletion region.
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