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ABSTRACT Semiconductor nanocrystals of different formulations have
been extensively studied for use in thin-film photovoltaics. Materials used in
such devices need to satisfy the stringent requirement of having large
absorption cross sections. Hence, type-ll semiconductor nanocrystals that are
generally considered to be poor light absorbers have largely been ignored. In
this article, we show that type-Il semiconductor nanocrystals can be tailored

to match the light-absorption abilities of other types of nanostructures as well
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as bulk semiconductors. We synthesize type-Il ZnTe/CdS core/shell nanocryst-

als. This material is found to exhibit a tunable band gap as well as absorption cross sections that are comparable to CdTe. This result has significant

implications for thin-film photovoltaics, where the use of type-Il nanocrystals instead of pure semiconductors can improve charge separation while also

providing a much needed handle to regulate device composition.
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hin-film photovoltaics employ poly-

crystalline or amorphous materials to

minimize fabrication costs. Semicon-
ductors used to make such devices are
associated with a large density of defects
that are ultimately detrimental to device
performance. The presence of a large num-
ber of defects in these materials thus makes
device design a difficult conundrum. From
the efficiency viewpoint, one would aim to
minimize the number of defects by mini-
mizing the amount of semiconductor used
in such a device. From the stand point of
maximizing current, one aims to create the
thickest device possible to maximize the
light absorbed. The light-absorption char-
acteristics of a semiconductor thus play a
central role in determining its suitability in a
thin-film device.

Colloidal materials based on direct-gap
semiconductors have been extensively in-
vestigated for use in these devices because
of their large absorption cross sections and
physical properties as well as their ease of
synthesis. Nanocrystals synthesized from
diverse materials such as PbSe,'™> PbS°
CdSe,”'* CdTe,"> "7 CIS,"® % FeS,*" and
others have been successfully used in devices.
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Most studies on colloidal materials have fo-
cused on pure semiconductors, alloys, as well
as type-l core/shell structures; type-Il materials
have, in most'” cases, been disregarded.

Type-Il semiconductor nanocrystals (NCs)
are materials where the band offsets of the
two semiconductor layers are staggered so
that after excitonic cooling, electrons and
holes reside in different semiconductor
layers.?? The consequent reduction in the
overlap of the electron and hole wave func-
tions of the relaxed exciton gives rise to
several unusual properties. Phenomena such
as enhanced radiative lifetimes®* as well as
exciton—exciton repulsion®* have been re-
cently used to demonstrate NC lasers.>®

The reduced electron—hole overlap that
makes type-Il NCs attractive for certain ap-
plications is one of the key reasons for the
disinterest in type-Il NC photovoltaics. The
absorption cross section that is directly
related to the electron—hole overlap is ex-
pected to be much weaker when compared
to parent II—-VI materials. Type-ll-material-
based devices are thus expected to be
much thicker and therefore relatively ineffi-
cient when compared to other types of NC
devices.
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In this article, we show that the absorption cross section
of a type-ll structure is not necessarily as low as the above
reasoning would suggest. Rather, it may actually end up
being comparable to or even higher than the cross
sections of some single-component semiconductor ma-
terials that are being actively studied for photovoltaics.

Light absorption in a semiconductor material is
dependent on its Kane parameter.?®%” All I1—VI semi-
conductors exhibit Kane parameter values that are
roughly similar.® The differences between the light
absorption of a single-component semiconductor and
a core/shell structure therefore arise from other non-
intrinsic effects that we aim to regulate and control in
this work. To infer the relevance of various parameters
in determining light absorption, it is useful to draw
direct comparisons between the light-absorption char-
acteristics of AX—BY heterojunctions and a single-
component semiconductor, for example, AY or BX.
Furthermore, of the two potential choices, AY and BX,
it is most convenient to pick the semiconductor ma-
terial with a band gap that is closest to the optical
bandgap of the AX—BY heterojunction. For example, a
ZnSe—CdS heterojunction with an optical band gap of
1.83 eV?? can be readily compared to CdSe (band gap
1.75 eV) rather than to ZnS (band gap 3.91 eV).% This
comparison is also motivated by the effective mass
picture of these materials. In this formalism, the con-
duction band edge originates from cell periodic func-
tions arising from the cation, whereas valence band is
determined by the anion. In a type-Il AX—BY structure
where holes relax to the AX layer and electrons to the
BY layer, the wave functions of carriers at the band
edge are thus composed of lattice periodic function
that are similar to the ones that make up the band edges
of BX. This suggests a similarity in the properties of the
seemingly unrelated AX—BY and BX semiconductors.

In this article, we primarily study the light-absorption
characteristics of the solar-energy-relevant ZnTe/CdS
heterostructure. Although both ZnTe and CdS have
band gaps greater than 2 eV, the resultant type-Il core/
shell structure is expected from theory®® to have an optical
band gap comparable to the band gap of CdTe (145 V).
With the Kane parameters of ZnTe, CdS, and CdTe being
similar,® the primary differences in the absorption cross
sections between ZnTe/CdS and CdTe arise from differ-
ences in carrier overlap as well as the density of states.

RESULTS AND DISCUSSION

ZnTe/CdS NCs were synthesized using colloidal
techniques. Tellurium has an unusually low reduction
potential among the chalcogenides that makes syn-
thesis of telluride NCs and their core/shell structures
particularly challenging. In view of the potential photo-
voltaic applications of this material, the use of the
pyrophoric diethylzinc precursor was avoided during
synthesis; instead, we used zinc chloride as the zinc
precursor, whereas an alcoholic solution of sodium

MAHADEVU ET AL.

o

Intensity (a.U.) apsorbance (a.u.)

Absorbance (a.u.)

500 700 900 118 2 25 3
Wavelength (nm) Photon Energy (eV)

Figure 1. (a) Absorption spectrum of ZnTe (lower) and 9 nm
diameter ZnTe/CdS NCs (offset). The inset shows TEM
images of ZnTe/CdS NCs. Scale bars are 100 and 5 nm,
respectively. (b) Absorption and (c) PL spectra of different
samples of ZnTe/CdS.

hydrogen telluride was employed as the tellurium
precursor.

Zinc telluride NCs are extremely susceptible to
oxidation; we observed that these NCs can even be
oxidized by organic sulfur solutions. The exposure of ZnTe
NCs to a solution of sulfur in octadecene (a precursor
commonly employed in the SILAR approach)*° led to the
appearance of a black precipitate. The composition of this
precipitate was consistent with surface-oxidized aggre-
gated NCs. The synthesis of the ZnTe/CdS NCs thus
needed to rely upon a less oxidizing sulfur precursor
where sulfur is preferably in a completely reduced (—1I)
state. We found that sulfide ions from metal salts such as
sodium sulfide led to problems of independent nuclea-
tion. We therefore focused on obtaining a sulfur precursor
that was not as oxidizing as elemental sulfur and not as
reactive as an alkali metal sulfide. Primary amines are
known to react with elemental sulfur to form polysulfides
that gradually decompose to form hydrogen sulfide.! We
found that these compounds do not appear to oxidize
ZnTe NCs and at the same time react slowly enough to
prevent the occurrence of independent nucleation.

In a typical synthesis, sodium hydrogen telluride was
prepared by the reduction of elemental tellurium by
sodium borohydride dissolved in diol (1,4-butanediol)
under argon. The excess sodium borohydride was
consumed by the addition of dextrose. In a second
flask, a solution of zinc chloride in oleylamine and
octadecene was heated at 150 °C. The solution of sodium
hydrogen telluride was swiftly injected into the second
flask to form ZnTe NCs. The temperature of the flask was
then increased to 250 °C for CdS shell growth. Cadmium
oleate and oleylamine polysulfide were used as precur-
sors. A stock solution of polysulfide was prepared by
heating elemental sulfur in oleylamine under an inert
atmosphere. The precise details of the synthetic techni-
ques are presented in the Materials and Methods section.

The as-synthesized ZnTe NCs have sharp spectral
features; however, growth of an epitaxial CdS shell
leads to smearing out of the optical spectrum along
with the appearance of an absorption tail. In the
example shown in Figure 1a, this new absorption band
extends into the near-infrared until ~900 nm.
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Figure 2. (a) Comparison of powder XRD pattern of ZnTe/CdS NCs with powder patterns of (from bottom to top) ZnS
(Wurtzite, W; zinc blende, ZB), CdTe(W; ZB), ZnTe(ZB; W), and CdS(W; ZB). Powder patterns of CdTe and ZnS NCs (dashed
lines) are also shown for comparison. As the CdS shell thickness increases on the ZnTe core, reflexes corresponding to
CdS increase in amplitude. The four patterns correspond to four different stages of growth of CdS on ZnTe, with the
lower (green) spectrum corresponding to the thinnest shell and the upper (red) spectrum corresponding to the thickest
CdS shell. (b) Absorption spectra of the samples corresponding to XRD patterns of ZnTe/CdS. (c) ZnTe core size (left,
diamonds) and CdS shell size (right, circles), as inferred from the XRD patterns shown in panel a, plotted against
absorption edges inferred from panel b. (d) Evolution of the band gap of a batch of ZnTe/CdS NCs as the Cd/Te ratio
increases because of CdS shell growth (blue solid circles). The dashed line is a linear fit to the variation of the band gap
of a bulk CdTeS alloy as a function of the Cd/Te ratio, which is based on data presented in ref 32. The arrow represents the
optical band gap of a bulk CdTe/CdS heterojunction, which is based on data in refs 28 and 29). (e) HRTEM image of a NC
showing fringes with a 0.42 nm spacing corresponding to ZnTe. (f) HRTEM image of a NC showing fringes with a
0.33 nm spacing corresponding to CdS. (g) HRTEM image of a NC showing fringes with a 0.33 nm spacing correspond-

ing to CdS.

The absorption and PL spectra of these NCs can be
tuned across the visible to near-IR spectral region. In
the data shown in Figure 1b,c, the tunability has been
achieved by varying both the core diameter as well as
the shell thickness. NCs with the largest ZnTe cores and
the thickest CdS shells synthesized during the course of
this work are found to exhibit a band gap as low as 1.18
eV. The NCs resulting from this synthesis are thus
narrower gap materials than CdTe. In Figure 1b, the
ZnTe core diameter is 5 nm for the four samples with
the narrowest optical band gap. The two subsequent
samples are derived from ZnTe cores that have dia-
meters of 1 and 5 nm, respectively. The CdS shell
thicknesses for samples in order of increasing optical
band gap are 5, 2.8, 2.5, 2, 1, and 0.5 nm, respectively.
Figure 2 illustrates the structural characteristics of the
resulting material. The X-ray diffraction (XRD) patterns
shown in Figure 2a are consistent with the formation of
aZnTe/CdS core/shell NC. For ZnTe/CdS (thin shell), the
XRD patterns are ZnTe-like. Progressive addition of Cd
and S precursors causes the optical band gap to red
shift (Figure 2b) along with the emergence of reflexes
corresponding to CdS in the XRD pattern in Figure 2a.
Lines corresponding to secondary phases such as CdTe
or ZnS are not observed at any stage. For the purpose
of comparison, powder patterns of ZnTe, ZnS, CdS,
CdTe have been included in this figure; broadened
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patterns observed in the case of NCs have also been
included where possible. The clear emergence of re-
flexes corresponding to the shell semiconductor with-
out the emergence of reflexes corresponding to
impurity phases such as CdTe is indicative of the
structural purity of the material.

Two significant features are noticeable in the X-ray
diffraction patterns. First, we do not observe a shift of
the pattern as a function of shell growth. A shift in the
position of various reflexes as a function of the addition
of shell precursors would be consistent with the for-
mation of a macroscopic alloy. The absence of any such
shift along with the presence of reflexes corresponding
to ZnTe and CdS is consistent with the formation of a
core/shell structure. Second, we observe that even
though the reflexes corresponding to ZnTe diminish
in amplitude their angular spread is unchanged as the
CdS shell is grown. In terms of the Debye—Scherrer
formula, this directly implies that the size of the ZnTe
core does not change as the cadmium and sulfur
precursors are added. In particular, we used the Scher-
rer equation to extract the sizes of the ZnTe core at
various stages of shell growth. This is plotted in
Figure 2c as a function of the nanocrystal absorption
edge. This analysis shows that the starting size of the
ZnTe core is 5.8 nm. This size remains unchanged
during the course of the synthesis. In contrast, we
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observe a clear narrowing of the reflexes correspond-
ing to CdS, consistent with the growth of a CdS shell
over the ZnTe core. The continuous increase in the size
of the shell along with conservation of the size of the
core is consistent with a core/shell structure. The data
presented in Figure 2c can further be employed to
determine the structure of the sample quantitatively.
Given the errors associated with this analysis, we
estimate that an interface alloy, if formed, can account
for no more than 4% of the total NC volume.

Figure 2d illustrates the compositional characteris-
tics of this material. The stoichiometry of samples is
determined by inductively coupled plasma—optical
emission spectroscopy (ICP—OES). A typical sample
that exhibits a band gap of 1.3 eV is found to have a
chemical formula Zn;Te;Cd;,S,. For a core/shell struc-
ture, this would correspond to a 1:10 ratio of ZnTe/CdS.
However, in principle, these elements could also be used
to produce a variety of CdTe-based alloys and core/shells
(e.g., CdTeS/ZnS). We note that such structures have been
studied extensively in the literature 3233 A CdTeS struc-
ture with a 10:1 cadmium-to-tellurium ratio is known to
have a much higher band gap of 2.3 eV.3>*3 Figure 2d
illustrates this effect for a single synthesis. Progressive
addition of cadmium and sulfur precursors causes the
composition of the NCs to change. With an increasing
cadmium-to-tellurium ratio, the material band gap de-
creases. This behavior is unlike the well-known behavior
of CdTeS alloys where the band gap increases with the
increasing Cd/Te ratio. In Figure 2d, the behavior of bulk
CdTeS alloys is depicted by the dashed line that is a fit to
the data in ref 32. Over the composition range shown in
the figure, the variation of band gap of CdTeS alloys with
Cd/Te ratio is adequately described by a straight line fit.
Figure 2d also shows the expected CdTe/CdS optical
band gap for a bulk heterojunction (indicated by a black
arrow symbol).?’ The NCs produced by our synthesis
clearly have a much narrower band gap than what is
associated with CdTe as well as its alloys and heterojunc-
tions. It is thus possible to discount the role of CdTe or a
CdTe alloy in determining the band edge optical proper-
ties of the material produced through our synthesis.

Finally, Figure 2e—g shows structural characteristics
of this material at a single-particle level. HRTEM images
of three representative QDs are shown in Figure 2e—g.
All figures correspond to a ZnTe core size of 4.5 nm but
different CdS shell thicknesses. Figure 2e corresponds
to a 1.2 nm CdS shell, Figure 2f, to a 2.8 nm CdS shell,
and Figure 2g, to a 2.3 nm CdS shell. The fringe spacing
observed in the case of Figure 2e corresponds to the
[220] planes of ZnTe, whereas the spacing observed
in Figure 2f,g corresponds to the [002] plane of CdS.3*
The clear correspondence between the HRTEM and
the XRD patterns suggests that the NCs are phase
pure; CdZnTeS alloys and/or phases of CdTe or ZnS
are undetectable both at an ensemble as well as at a
single-particle level.

MAHADEVU ET AL.
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Figure 3. (a) Like other type-ll NCs, ZnTe/CdS NCs exhibit
somewhat longer exciton decay lifetimes compared to pure
semiconductor NCs, CdTe and ZnTe. (b) Band offset of ZnTe/
CdS NCs as inferred from this work.

Structurally, we are therefore able to eliminate com-
pletely the possibility of the presence of a large
amount of CdTe or a CdTe alloy in our samples. An
interface alloy, if present, can account for no more than
4% of the total nanocrystal volume. An extrinsic prop-
erty, such as absorption cross sections, would thus be
unaffected by the presence of such a smallamount of a
secondary phase. To summarize, the NCs synthesized
here have no structural, physical, or spectroscopic
resemblance to CdTe-based alloys and core shells.
We thus unambiguously consider these materials to
be ZnTe/CdS NCs in the remainder of this article.

Other characteristics of these NCs are also typical of
the properties expected from type-Il heterostructures.
Most notably, these NCs exhibit a much longer exciton
recombination lifetime than single-component NCs.
Figure 3a compares the PL decay kinetics of one such
sample with the decay kinetics of CdTe NCs. Both NCs
have identical PL quantum yields (8%) and similar
emission wavelengths (630 nm for ZnTe/CdS and
626 nm for CdTe). The biexponential exciton decay
(70%, 3 ns and 30%, 24 ns) that is observed in the CdTe
NC sample shown here is fairly typical of a single-
component lI-VI material where the exciton fine
structure leads to an emission rate that is marginally
slower than what is expected from the band edge
absorption cross section. The behavior of a ZnTe NC is
also seen to be similar (50%, 2 ns and 50%, 9 ns). In a
type-ll material such as ZnTe/CdS, the separation of
electrons and holes leads to a significant reduction in
carrier—carrier overlap and consequently the exciton
recombination rate (45%, 40 ns and 55%, 200 ns). The
long exciton lifetimes in these materials are potentially
advantageous for light harvesting because this would
provide any working device a greater amount of time
to separate charges.

The k.p method may be employed to fit the absorp-
tion band edges of various samples. We employ a
model?*** with a nonparabolic conduction band. Band
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edge electron effective mass are taken to be 0.21 and
0.2 in CdS and ZnTe, respectively, whereas 0.8 and
0.2 are taken to be the masses of heavy holes in the two
materials, respectively.”® Under this model,>?%3% our
data can be reasonably fit by a 1.2 eV conduction band
offset between ZnTe and CdS. The choice of this offset
implies that ZnTe/CdS heterojunctions could, in prin-
ciple, exhibit an optical band gap as low as 1.16 eV.
From a band gap point of view, these NCs are thus well-
suited for photovoltaics.>’

The above survey of physical, structural, and optical
characteristics of ZnTe/CdS NCs suggests that the NCs
are excellent photovoltaic materials in many ways. The
effective optical band gap is close to the Shock-
ley—Quiesser optimum of 1.1 eV,*” the carrier lifetimes
are much longer than in single-component materials,
and, finally, the NCs themselves are air-stable. The only
outstanding issue is their optical absorption character-
istics, which we will turn to in the discussion below.

The most striking characteristic of these NCs is the
absorption tail that extends well below the band gaps
of either constituent semiconductor (2.39 eV for ZnTe
and 2.50 eV for CdS).28 For purposes of light harvesting,
this absorption tail is thus of primary relevance be-
cause it enables ZnTe/CdS NCs to absorb across a
significantly greater solar spectral window.

In light of the above practical considerations, we
divide interband transitions in type-ll NCs into two
rather arbitrary classes. For photons with energies
higher than the band gap of either material, the
electronic transition can potentially involve states de-
localized over the entire structure. These transitions are
labeled H in the inset of Figure 4. For photons with
energies lower than the band gap of either material,
the transition necessarily involves states that are localized
into different semiconductor layers. These transitions are
labeled L in the inset of Figure 4. This classification,
although natural, is nevertheless arbitrary because envel-
ope functions of both carriers do tunnel into the adjacent
semiconductor layer.

The strength of light absorption is dependent on the
transition dipole as well as the density of final states.
States in the absorption tail have a low transition dipole
moment that is also evidenced in the long exciton
lifetimes in these materials. This concern may be recast
into a more experimentally tangible form by consider-
ing the oscillator strengths of the two classes of transi-
tions that we have indicated above. For simplicity, we
consider all possible transitions of an electron that is
initially located at the valence band edge of ZnTe. This
is depicted in the inset of Figure 4.

Progressive increase in the thickness of the CdS shell
has two effects. It increases the total volume of the NC,
leading to increased total light absorption at all en-
ergies above the band gap. The second effect, more
relevant to our discussion here, is a redistribution of
oscillator strengths between the H and L transitions.
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Figure 4. Changes in the absorption spectrum of ZnTe/CdS
induced by a small increase in CdS shell thickness. The red
(black) curve indicates the spectrum after (before) shell
growth. The total area under each curve is constant. The
shaded areas roughly correspond to spectral regions where
the oscillator strengths are redistributed because of the
small change in shell thickness. The inset shows the esti-
mated changes in oscillator strength of transitions from the
band edge s-like hole state. The upper (lower) curve, labeled
H (L), corresponds to transitions occurring to conduction
band levels with energies higher (lower) than the ZnTe
conduction band edge. These transitions are also indicated
in the schematic. Dashed lines are a guide to the eye.

As the CdS shell is grown on ZnTe, the conduction
band levels located at the ZnTe band edge become
increasingly bulk-like, whereas the band edge hole
wave functions are relatively unchanged. The diffuse
nature of the electron and the compact nature of the
hole wave functions lead to a fall in the oscillator
strengths of H transitions. In accordance with the
sum rule of oscillator strengths, the oscillator strength
lost from the H transitions is in turn transferred into the
L transitions so that the total oscillator strength is
conserved. The lower-energy transition thus borrows
its oscillator strength from higher-energy transitions.
Figure 4 shows the changes that result from the
additional growth of CdS on a ZnTe/CdS(thin shell)
NC. Besides the expected red shift of the band edge,
additional CdS growth also causes the optical absorp-
tion at higher energies to diminish relative to the
absorption at lower energies. To highlight this effect,
both spectra have been normalized so that the area
under each curve is constant. For samples with similar
absorption cross sections, this is a reflection of the sum
rule for oscillator strengths. The inset of Figure 4 shows
an estimate of the degree of redistribution as the shell
of CdS grows thicker. Increasing CdS shell thickness
can thus lead to a transfer of ~20% of the oscillator
strength of the H levels to the L levels. The magnitude
of this transfer is a direct outcome of the large surface-to-
volume ratio of colloidal NCs; other geometries have been
shown to exhibit a substantially smaller redistribution 3>°
Although the redistribution is substantial, all parameters
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Figure 5. (a) Absorption cross sections per unit NC volume of ZnTe/CdS (solid lines) and CdTe (dashed lines) NCs dispersed in
toluene. (b) Absorption cross sections of both sets of NCs normalized to the Te content. (c) Absorption cross sections per unit
NC volume of ZnSe/CdS (dashed line, measured; solid line, estimated) and CdSe NCs.

remaining the same, the band edge of a type-ll material
would only be one-fifth as absorbing as the band edge of
a regular single-component semiconductor. Fortunately,
oscillator strength is only one of the determining factors,
with the density of carrier states being the other key
parameter. CdS has a conduction band effective mass that
is twice as high as the conduction band effective mass of
CdTe (0.21 for CdS, 0.11 for CdTe);?® this directly implies a
2-fold higher conduction band density of states. A second
important modification to the density of states is intro-
duced by the different bulk band gaps of the materials.
Since ZnTe/CdS (1.16 eV) has a lower effective band gap
than CdTe (1.45 eV), at any particular photon energy it has
a higher density of state. A rough estimate of the same can
be obtained by considering a (E — E,)"* type dispersion.
Here E is the photon energy and Eg is the semiconductor
band gap. This contributes a factor of 3 at ~1.5 eV and a
factor of 1.25 at 2 eV. Thus, the density of states in a ZnTe/
CdS structure is between 6 to 2.5 times the density of
states in CdTe over the 1.5—2 eV energy window. Even
with only 20% of the integrated oscillator strength of the
transitions occurring within the tail, this simple estimate
suggests that optimal ZnTe/CdS NCs could in fact be
1.2 times more absorptive than CdTe in the 1.5 eV region.

This is an unexpected result; a judiciously designed
type-Il structure can thus be a better light absorber
than a single-component semiconductor. This result is
also surprising from the carrier lifetime point of view;
type-ll structures are associated with much longer
carrier lifetimes, yet, as reasoned above, they can be
stronger absorbers of light as well. This apparent para-
dox can be quite easily resolved: type-ll structures al-
ways have a much weaker interband transition dipole
but can be engineered to have a high density of states.
During absorption, a valence band electron is promoted
to an empty conduction band. The higher density of
states can thus be used to compensate for the weaker
transition dipole during light absorption. During emis-
sion, a conduction band electron falls into a single
available valence band hole. The weaker transition
dipole thus ensures a much slower recombination rate.

A direct measurement of the absorption cross section
reveals that ZnTe/CdS is indeed roughly as absorptive as

MAHADEVU ET AL.

CdTe. Figure 5a compares the NC-volume-normalized
absorption cross sections of type-Il ZnTe/CdS NCs with
those of CdTe NCs. Because ZnTe/CdS NCs exhibit nearly
similar cross sections per unit volume to CdTe and have
the additional advantage of much higher exciton life-
times, photovoltaic devices based on these materials
can, in principle, outperform their CdTe-based counter-
parts. The ZnTe/CdS NCs shown in Figure 5b have
diameters of 10.5 and 16 nm, respectively, whereas
the CdTe NCs have diameters 11 and 4 nm. The NCs
typically have a 10% size dispersion; for example, for the
10.5 nm ZnTe/CdS NCs, we measure a 1.0 nm size dis-
persion. The cross sections per unit volume are not
affected by ensemble polydispersity because this quan-
tity has no explicit volume dependence. Errors in these
measurements arise from instrument sensitivity issues
and are expected to be within 1% of the measured result.

The substitution of single-component semiconduc-
tors with type-Il materials has other advantages as well.
As shown in Figure 5b, the NCs considered here have
only one-tenth of the tellurium content of a typical
CdTe NC. Given the 10% size dispersion in ensembles,
of these NCs, a 30% variance is expected from NC to
NC. By constructing type-ll NCs out of electron- and
hole-transporting semiconductors, it is possible to
create NCs that preferentially support electron or hole
transport. As shown in Figure 5b, the regulation of NC
composition can be achieved without significantly
affecting light absorption. The use of type-Il NCs could
thus allow for the manipulation of electron- and hole-
flow directions in the absorbing layer itself, thereby
leading to thinner, more efficient devices.

The cross sections in Figure 5a have been measured
by determining the number of NCs in a solution by
elemental analysis. In some cases, a rough estimate of
the cross sections may also be made from bulk refrac-
tive indices.*® The cross section of the type-Il NC at high
photon energies can be approximated by the absorp-
tion cross section of a QD made purely from the major
component of the type-ll NC.*' In this approximation,
one considers the absorption spectrum of a 10 nm
ZnTe/CdS (thick shell) NC to be the same as the
absorption of a 10 nm CdS QD at photon energies
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much higher than the CdS band gap. The absorption
cross section at lower energies is then inferred by
normalizing the absorption spectrum. For samples
with thick CdS shells, one thus assumes the absorption
cross section to be 6.76 x 107'® a® cm? at 4 eV. Here,
a is the particle radius in nm. The results from this
approximate procedure are very similar to the results
obtained from a direct measurement. We note at this
point that the results obtained so far are fairly general;
any AX—BY type-ll structure can have a higher absorp-
tion cross section than a single-component semicon-
ductor AY provided the major component of the
AX—BY heterostructure has a sufficiently high density
of state. As yet another example, we measure the
optical cross sections of ZnSe/CdS and find these to
be similar to CdSe. This result is shown in Figure 5c.

MATERIALS AND METHODS

Synthetic Methods. Tellurium (Te, 99.99%), zinc chloride (ZnCl,,
anhydrous 99.999%), sodium borohydride (NaBH,; 96%), trioctyl-
phosphine (TOP, technical grade, 90%), 1-octadecene (ODE,
technical grade, 90%), oleylamine (technical grade, 70%), sulfur
(S, <99.5%), and cadmium oxide (99.9%) were purchased from
Sigma-Aldrich. 1,4-Butanediol (90%, AR) and dextrose (95%
anhydrous, AR) were purchased from SD Fine Chemicals. All
chemicals were used without further purification.

Zinc Telluride (ZnTe) Nanoparticle Synthesis. This synthesis
involves two steps: initial preparation of sodium hydrogen
telluride followed by the synthesis of ZnTe.Flask 1. Tellurium
powder (0.1 mmol, 12.76 mg) and sodium borohydride (NaBH,
0.1 mmol, 9.45 mg) was added to a 50 mL three-necked flask
containing 1 mL of diol (i.e., 1,4-butanediol). This flask was
heated at 60 °C under an argon atmosphere for about 15 min.
NaBH,4 reduces elemental tellurium (Te(0)) to its Te(—Il) state.
Dextrose (0.1 mmol in 1 mL of 1,4-butanediol) was added to
consume the excess borohydride. This step is important be-
cause the rapid injection of an unreacted borohydride solution
into a heated flask (see step 2) may lead to a sudden release of
hydrogen gas and an unexpected rise in pressure. TOP (0.2 mL)
is then added.Flask 2. ZnCl, (0.1 mmol, 13.63 mg) was added to
a separate flask (flask 2) containing ODE (4 mL, from Aldrich) as
solvent and oleylamine (1 mL) as ligand. The mixture was degassed
thoroughly and heated at 150 °C under an argon atmosphere. The
contents of flask 1 were swiftly injected into flask 2.

CdS Shell Growth on ZnTe Quantum Dots. We observed that
elemental S dissolved in ODE can oxidize ZnTe NCs, and this
precluded the straightforward use of S/ODE as the sulfur
precursor. The sulfur precursor (SP) was prepared by heating
32 mg of S powder in 5 mL of oleylamine at 250 °C for 5 min
under an argon atmosphere. The resultant reddish solution was
diluted with 5 mL of ODE. The cadmium precursor (CP), cad-
mium oleate, was separately prepared by heating 128 mg of
cadmium oxide in oleic acid (3 mL) and octadecene (7 mL) at
300 °C for 10 min under argon. The resultant colorless solution
was then degassed under vacuum for 5 min at 100 °C.

To grow ZnTe/CdS core/shell NCs, as-prepared ZnTe NCs
were heated at 250 °C. SP and CP were added dropwise
alternately (2 mL of each per hour) until the desired shell
thickness was achieved. CdS shells were grown on ZnSe cores
by employing a more conventional approach, with a 0.1 M
solution of sulfur in octadecene as the sulfur precursor and
0.1 M cadmium oleate as the cadmium precursor. The reaction was
conducted at 220 °C under an argon atmosphere, with the ZnSe
NCs dispersed in 4 mL of octadecene and 1 mL of oleylamine.

The NCs were cleaned thoroughly after synthesis, before
proceeding to analysis and characterization. Care was taken to
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CONCLUSIONS

We demonstrate that type-Il semiconductor nano-
crystals are spectroscopically better suited for thin-film
photovoltaic devices than their single-component
counterparts. The primary advantage offered by these
materials is that they can absorb light just as well as a
single-component direct gap semiconductor while
exhibiting carrier lifetimes that can even be over an
order of magnitude longer. Type-Il NCs are thus ex-
tremely flexible materials where various properties
such as absorption cross sections, emission lifetimes,
and so forth can be controlled by regulating shell
thickness. On the basis of considerations of their
spectroscopic characteristics alone, devices made from
type-1I NCs should outperform devices based on single-
component materials.

remove excess ligands, solvents, and unreacted precursors.
Cleaning of NCs involved three steps. Initially, 5 mL of methanol
and 0.5 mL of ethanol were added to 5 mL of synthesized NCs,
and the mixture was centrifuged for 1 min at 900 RCF (relative
centrifugal force). This led to the formation of two immiscible
layers. The upper layer, which contained dissolved reaction
byproducts and unreacted chemicals in ethanol, was separated
from the lower layer, which contained NCs dissolved in octade-
cene. The lower layer was used for the second step of purifica-
tion. In the second step, 0.5 mL of methanol and 5 mL of ethanol
were added and kept for centrifugation for 1 min at 900 RCF. For
the third step, the lower layer was retrieved again, and 0.5 mL of
methanol, 0.5 mL of ethanol, and 2 mL of isopropanol were
added and kept for centrifugation for 1 min at 900 RCF. The
supernatant was removed, and the NCs in were found precipi-
tated in the form of a solid that adhered to the sides and the
bottom of the tube. For spectroscopic studies, the NCs were
typically dissolved in spectroscopic grade hexane or spectro-
scopic grade toluene and then centrifuged at 3600 RCF for
5 min. NC aggregates and insoluble byproducts were thereby
precipitated. The supernatant was used for further studies.
Spectroscopic data were collected with the NCs in either hexane
or toluene solution.

XRD Patterns and Analysis. Films for XRD measurements
were prepared by casting NCs from hexane solutions onto a
glass substrate. A 0.154 nm source was used to collect all data.
The core size was determined by applying the Scherrer equa-
tion to the reflex at 40.5°. The shape factor was taken to be 0.94
in all cases. The shell thickness was determined from the reflex
at 51.8° using the knowledge of the core size.

Quantum Yield Measurements. Absolute quantum yields were
determined using an integrating sphere. Samples were dissolved
in hexane and introduced into the sphere in a quartz cuvette. The
absorption of light at the excitation wavelength was determined
by comparing with a reference cuvette with hexane.

Cross Section Measurements. Absorption cross section measure-
ments were performed by first dissolving samples in toluene to
take absorption spectra. The solvent was then evaporated, and
the NCs were digested in concentrated HNO;. The resultant
solution was diluted to 25 mL. Composition was then determined
using inductively coupled plasma. Size distributions were esti-
mated from TEM images. The density of NCs was assumed to be
identical to bulk CdS (4.82 g/cm3). Quantum dots used in this
work are typically less than 15 nm in size. Particles of this size do
not scatter perceptibly. Extinction and absorption have thus been
taken to be equal throughout this article.

Calculations. Effective mass calculations were performed
using a Bastard model. The valence band was assumed to have
a parabolic dispersion. The band offsets described in Figure 3
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were obtained by fitting the spectral position of the S-exciton of the 12. Yu,Y.H. Kamat, P.V,; Kuno, M.; CdSe Nanowire/Quantum,
starting ZnTe NC and the end of the absorption tail of the type-II A. Dot Hybrid Architecture for Improving Solar Cell Per-
structure by the above model. The oscillator strengths described in formance. Adv. Funct. Mater. 2010, 20, 1464-1472.

Figure 4 were obtained by summing over the squares of overlap 13. Jasieniak, J.; MacDonald, B. I.; Watkins, S. E;; Mulvaney, P.
integrals between conduction and valence states. Aside from the Solution-Processed Sintered Nanocrystal Solar Cells via
usual approximations contained within k.p theory, this approxima- Layer-by-Layer Assembly. Nano Lett. 2011, 11, 2856-2864.
tion also neglects differences in Kane velocities in the two materials 14. MacDonald, B. I.; Martucci, A.; Rubanov, S.; Watkins, S. E.;
(19.1 and 21 eV for ZnTe and CdS, respectively). A Lorentzian line Mulvaney, P.; Jasieniak, J. J. Layer-by-Layer Assembly of
width of 0.1 eV was assumed for each transition. The oscillations that Sintered CdSe,Te;_, Nanocrystal Solar Cells. ACS Nano
are observed in Figure 4 (inset) are an outcome of this choice of line 2012, 6, 5995-6004.

width; these are not expected to be observed in a real sample where 15. Zhu, H.M.;Song, N. H,; Lian, T. Q. Wave Function Engineer-
valence band levels arising from hole states other than the 1S heavy ing for Ultrafast Charge Separation and Slow Charge
hole would also contribute to optical absorption. Recombination in Type Il Core/Shell Quantum Dots.
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