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2.14.1 Background and Introduction

Motivated by both fundamental science and the long-term
technological applications, semiconductor materials and their
devices have been the subjects of chemistry, physics, materials
science, and industrial technology for decades. (see Chapter
4.04)'™ The birth of the modern microelectronics can be
traced to the invention of the first transistor based on the
germanium semiconductor by Shockley, Brattain, and Bardeen
at Bell Laboratories in 1948.'%!! This discovery led to a Nobel
prize in physics awarded to them in 1956. The next major
breakthrough is the integrated circuit (integrated monolithic
silicon chip),12 for which Jack Kilby, who invented it at
Texas Instruments in 1958, received the Nobel prize in physics
in 2000.

During the latter half of the twentieth century, numerous
significant advances in information processing, energy exploi-
tation, communication, manufacture, and consumer goods
were made as a direct result of semiconductor-based digital
electronics.> 3718 Today, semiconductor devices and technolo-
gies are penetrating every aspect of our lives. From telegram to
cell phones, from Nintendo to personal computers, semiconduc-
tors contribute ubiquitously to the human world and achieve a
status that perhaps no other materials have ever reached. To
enhance functionality and reduce energy consumption, the recent
development of semiconductor devices focuses extensively on the
miniaturization of the device scale.'®~** During the past decades,
millimeter- or micrometer-sized semiconductor devices have
evolved into the nanometer scale. For example, transistor
gate lengths can reach as low as 25 nm on a nominally 32-nm
process (an advanced lithographic node used in volume comple-
mentary metal-oxide-semiconductor (CMOS) fabrication) by
2010.>*?> As the demands for high-efficiency and low-cost de-
vices continue to grow, semiconductor materials will have to
meet more stringent requirements such as suitable particle size
and morpho-logy, high crystallinity and phase purity, good pro-
cessability, and better performance. A potentially far greater mar-
ket in the areas of information technology, biotech, green energy,
and environmental protection industries awaits the new genera-
tion of semiconductor materials that are capable of overcoming
existing challenges.?®~*° Therefore, the development of new and
high-performance semiconductor materials is one of the most
important aspects for future generations of advanced electronic
and optoelectronic devices.

2.14.1.1 Binary Semiconductor Compounds of Group VI
Elements

Binary semiconductor compounds based on elements from
groups II (group 12) and VI (group 16), III (group 13) and V],
IV (group 14) and VI, as well as V (group 15) and VI
have received considerable attention since the 1950s (see
Chapters 1.32; 2.10; 5.09; 4.09).30 These materials have found
a wide variety of applications in optical devices (II-VI), solar cells
(II-VI and III-VI), infrared detectors (IV-VI), and room-
temperature thermoelectric generators (V-VI), to name a few.
Further, they make a significant impact on our everyday lives,
such as optical fiber communications, compact disk players,
satellite TV receivers, barcode readers, and full-color advertising
displays.

The II-VI binary compounds belong to one of the most
important classes of semiconductor materials. They are formed
between the elements of group IIB (Zn, Cd, and Hg) and group
VIA (O, S, Se, and Te). Sometimes, group IIA elements and the
transition element Mn are also considered as group II metals.
There are two crystal structure types dominating in II-VI
semiconductors: zinc blende and wiirtzite. Apart from these
two, other structures such as rock salt, orthorhombic, and
trigonal types are also found in several II-VI compounds
(Table 1). Since most II-VI binary compounds are direct
bandgap semiconductors, the transition probabilities for opti-
cal absorption and emission are relatively large for these
materials.

As wide bandgap II-VI semiconductors, ZnO, ZnS, and CdS
are suitable for use in photonic, optical, and optoelectronic de-
vices.#31=*! For example, ZnO, ZnS, and their composite struc-
tures are unique candidates for ultraviolet (UV) light lasers and
detectors working in the wavelength range of 320-400 nm,*?
which is naturally accessible at the Earth’s surface. In addition,
ZnO has been assembled into nanometer-scale field emitters
with a remarkably high performance.*>=*> Other II-VI semicon-
ductors such as CdSe, CdTe, and ZnTe have been used in
photovoltaic (PV) devices.”**™*® For example, CdTe, with a
direct bandgap of 1.5 eV, possesses high absorption coefficient
and energy radiation resistance.””° These exceptional proper-
ties make CdTe an excellent candidate for solar cells. Narrow
bandgap II-VI semiconductors HgSe and HgTe are classified as
semi-metals as their conduction and valence bands overlap.
They are utilized in a range of applications, including high-
efficiency infrared sensing and gamma-ray detection.’' >

The binary combinations of a group III element (Ga, In,
and T1) and a group VI chalcogen (S, Se, and Te) exhibit great
diversity, and many different stoichiometries have been ob-
served (Table 1). Because the trivalent group III element is
overstoichiometric, III-VI compounds contain ordered or dis-
ordered vacancies and thus can be considered as ternary struc-
tures (ITI-0-VI) in which the vacancies (O) are regarded as
virtual atoms with zero valence. Structural types found for
[II-VI binary compounds (with the stoichiometry of M,Q3)
include: (1) defect wiirtzite structure (with ordered or disor-
dered vacancies); (2) defect zinc blende structure (with ordered
or disordered vacancies); (3) defect spinel structure; and (4)
layered structure.>%>* For 111,-VI; structures with the ordered
vacancies, every atom is located at the wiirtzite or the zinc
blende site and one-third of the cation sites are occupied by
the vacancies.

II1-VI semiconductors are direct-gap semiconductors similar
to the II-VI compounds; however, their polytypism and variety
of stoichiometry are not found in the II-VI binaries. During the
past decades, [1I-VI semiconductors have attracted a great deal of
research attention because of their unique structural, optical,
and electrical properties, which result in applications including

lithium ion batteries,”>>® photovoltaics,””® phase-change

rnemory,5 960 and optoelectronic devices.®!%?

For example, as an n-type semiconductor material, In,Ss3
meets the requirement as window material or buffer layer for
PV structures,®>°° and its bandgap can be tuned between 2.0
and 2.45 eV by varying the material composition. In addition,
the In defects inherent in In,S5 allow it to serve as a host for
metal ions to form II1-VI diluted magnetic materials.®” In,Se;
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Table 1 Crystal structures of selected group VI binary semiconductors

=i H-vi W=vi V=i
Compound  Structure Compound  Structure Compound  Structure Compound  Structure
Zn0 Wiirtzite a-GasSs Ordered vacancies, wiirtzite ~ GeO, Rutile As,03 Cubic arsenolite,
type claudetite I/11
ZnS Wiirtzite/zinc B-GasS; Disordered vacancies, GeS Ges type As,S3 Orpiment
blende wirtzite type GeS2 monoclinic
ZnSe Zinc blende v-GanS3 Disordered vacancies, zinc GeSe GeS type As,Ses Orpiment
blende type GeSe, orthorhombic
ZnTe Wiirtzite/zinc a-GarSes Disordered vacancies, zinc GeTe Rock salt (slightly ~ As,Tes Monoclinic
blende blende type distorted)
Cdo Rock salt B-GasSesz Ordered vacancies, zinc Sn0, Rutile Sb,ySs Orthorhombic
blende type
CdS Wiirtzite Ga,Tes Disordered vacancies, zinc SnS GeS type Sh,Ses Orthorhombic
blende type SnS, Cdl, type
CdSe Wiirtzite/zinc a-InySs Disordered defect spinel SnSe GeS type SboTes Tetradymite
blende SnSe, Cdl, type
CdTe Zinc blende B-InoS3 Ordered defect spinel SnTe Rock salt (slightly  «-Bi,03 Monoclinic
distorted)
HgO0 Orthorhombic ~ y-In,S3 Layered structure Pb0O Tetragonal rutile -Bin03 Tetragonal
Pb0,
HgS Trigonal/zinc a-In,Teg Ordered vacancies, zinc PbS Rock salt Bi,S3 Orthorhombic
blende blende type
HgSe Zinc blende B-IngTes Disordered vacancies, zinc PbSe Rock salt Bi>Ses Tetradymite
blende type
HgTe Zinc blende PbTe Rock salt BirTes Tetradymite

is another important member of this family. It is particularly
suitable for photovoltaic applications because of its appro-
priate bandgap (1.3 eV) and good transport properties.®®¢?
Cui et al. have observed an interesting metal-to-insulator tran-
sition in In,Se; nanowires, which correlates with a fourfold
superlattice-to-normal-lattice transition induced by additional
In vacancies.”® Among all the III-VI compounds, In,Te; pos-
sesses the smallest direct bandgap (~1.0 eV).>* It has been
investigated for potential applications in thermoelectric
power generators, gas sensors, strain gauges, and switching
memory elements.”'~”¢ In,Te; has two crystalline phases. The
high-temperature phase (above 523 K) is disordered p-In,Tes,
a defect zinc blende structure with a lattice parameter of 6.16 A.
The low-temperature phase (a-In,Tes) has ordered vacancies
(zinc blende type) with a lattice parameter of 18.54 A.

The III-VI semiconductors with the stoichiometry of MQ
(such as GaSe, InSe, GaTe, and GaS) have also received con-
siderable interest because of their remarkable nonlinear optical
properties.”” 50

Among group IV elements, Si and Ge represent the two
most technologically relevant elemental semiconductors,
while Sn and Pb form a wide range of binary semicond-
uctor materials when combined with group VI chalcogens
(Table 1).°° The chemistry and crystal structures of IV-VI
binary semiconductors have an added complexity as group IV
elements may all be found in either the +2 or the 44 oxidation
state. SnS, SnSe, GeS, and GeSe possess an orthorhombic lay-
ered crystal structure (so-called GeS-type structure), which may
be considered as a distorted rock-salt structure. The lead salts
(PbS, PbSe, and PbTe) crystallize in the rock-salt structure with
Pb atoms occupying the cation sites and chalcogens forming
the anionic lattice. The structure of GeTe and SnTe is similar to

rock salt, with slight deformations due to the phase transitions.
The IV-VI compounds with the stoichiometry of MQ,, (i.e., +4
oxidation state for group IV elements) also exhibit a variety of
structural types (see Table 1 for details).

The IV-VI semiconductors have long been of interest pri-
marily for two reasons. One is that these materials are narrow
bandgap semiconductors or semimetals with excellent thermo-
electric and bolometric properties.®32 The second is that their
heats of formation are small, reflecting the weak ionicity.
Therefore, the IV-VI semiconductors are easily transformed
between crystalline and glassy states.®*®* Because the small
and reversible structure changes will significantly influence
the conductivity, these materials can be used as phase-
transition memory®”>®®: the crystal state is metallic while the
glass is semiconducting.

As an exemplar of IV-VI semiconductors, SnS possesses
both an indirect and a direct bandgap (1.09 and 1.3 eV, respec-
tively).®” The direct bandgap, being very close to that of silicon,
is located in the desired spectral region of materials with high
efficiency for the collection of solar radiation. The absorption
coefficient of Sn$ is ~10* cm ™", sufficiently high to allow light
absorption occurring at very thin layer of the absorber.®® More-
over, the component elements of SnS are earth-abundant and
low cost, chemically stable, and nontoxic. Therefore, SnS meets
almost all the requirements for an efficient photovoltaic (PV)
absorber, which makes it a unique candidate for PV and other
optoelectronic applications.®*~"!

Binary lead chalcogenides (PbS, PbSe, and PbTe) have
a great potential for their utility in opto devices as optically
active components in the near-infrared (NIR) and IR spectral
regions.”?~* These materials are therefore beneficial to IR
applications such as long-wavelength sensors, IR communication
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relays, etc. Notably, the bandgaps of lead chalcogenides have
negative pressure coefficients’”; that is, they decrease with
increase in pressure, in contrast to what is observed in III-V and
II-VI semiconductors. PbSe and PbTe also serve as examples
where the minimum energy gap increases as the atomic number
of the anion increases. In addition, PbTe is a premier thermo-
electric material for midrange temperature (600-800 K)
applications.”®*® A bandgap of 0.32 eV makes it suitable for
power-generation applications and for either n- or p-type doping
with appropriate dopants. The maximum ZT value for PbTe has
been reported to be 0.8-1.0 (~650 K).”

As another important group of semiconductor materials, the
V-VI binary system is formed between the elements of group V
(As, Sb, and Bi) and group VI (O, S, Se, and Te) from the
periodic table. As shown in Table 1, V-VI binary semiconduc-
tors crystallize in a great diversity of structure types.*®>* For
As;03, a low-temperature phase (i.e., cubic arsenolite) and two
high-temperature phases (i.e., claudetite I and II) have been
found. Bi,O; exists in several polymorphic forms at room
temperature; two representative phases are monoclinic a-phase
and tetragonal B-phase. Both As,S; and As,Se; possess orpi-
ment structure, while As,Tes crystallizes in a distinct mono-
clinic structure. The compounds of Sb,S3, Sb,Ses, and Bi,S;
are nearly isomorphous and their lattices adopt an orthorhom-
bic space group. In addition, Sb,Tes, Bi,Ses, and Bi,Tes struc-
tures are tetradymite type with a space group of R-3m, and the
term ‘tetradymite’ refers to the mineral of Bi,Te,S.

The V-VI materials (especially for Sb,Te; and Bi,Tes) as
well as their alloys are well known for their low-temperature
thermoelectric properties.'°°~'%> They have been used in con-
ventional thermoelectric generators and coolers. As a prototyp-
ical thermoelectric system, Bi,Tes; has a narrow and indirect
bandgap of ~0.15 eV. The state-of-the-art thermoelectric ma-
terials based on Bi,Te; are synthesized by alloying with Sb for
p-type and Se for n-type materials.'°® The highest ZT value for a
bulk p-type Bi,Te; material was reported in 2008. The material
with ZT=~1.4 at 100°C was prepared by ball milling
followed by direct-current hot pressing.'®”

Very recently, research interest in V-VI semiconductors has
led to an additional impetus from a totally different direction.
It has been proposed and then discovered that stacks of quasi-
2D layers of Bi,Te; are members of a new type of materials
referred to as topological insulators.'°®~''° The surface state of
quasi-2D layers of Bi,Tes is predicted to consist of a single
Dirac cone. Besides Bi,Tes, it has been shown that other V-VI
structures such as Bi,Se; and Sb,Te; are also topological
insulators.''' The particles in topological insulators coated
with thin ferromagnetic layers have manifested exotic physic
phenomena and were proposed for possible applications in
the magnetic memory where read and write operations are
achieved by purely electric means.""°

2.14.1.2 Semiconductor Quantum Dots and Quantum Size
Confinement

The bandgap, which separates the conduction and valence
band, is an important property of semiconductor materials
(see Chapter 4.08). The width of the bandgap is fixed in a
bulk semiconductor, namely, it is only determined by the
inherent properties of the material itself. In such a case, an

electron-hole pair in the semiconductor is typically bound
within a characteristic length, called the Bohr radius of the
electron-hole pair or exciton.>® As the particle size of the
semiconductor material decreases below the Bohr radius
(e.g., <10 nm), atomic-like discrete energy levels are formed
and the electrons or holes are confined in one, two, or three
spatial dimension(s). This is because there are no sufficient
atoms to form the continuous energy levels that are character-
istic of the filled and empty bands in bulk semiconductors.
Therefore, the bandwidth as well as energy difference between
the conduction and valence band will vary, and the extent of
such variation will be determined by the number of atoms. As
the particle size decreases, the bandgap will increase accord-
ingly. This peculiar phenomenon is called the ‘quantum con-
finement effect’ (QCE) or ‘quantum size effect,” which gives rise
to a broad bandgap tunability and allows modification of
semiconductor properties on a large scale.''>"''* Nanoscale
materials that exhibit QCE are often referred to as quantum
wells (confined in one dimension), quantum wires (confined
in two dimensions), or quantum dots (QDs, confined in all
three dimensions). QDs can be modeled as a particle-in-a-box
system, where the QD is the 3D box and the excited electron
with its hole counterpart is confined within the dot (sphere of
radius R). This 3D-box model predicts that the size-dependent
contribution to the bandgap of QDs is simply proportional to
1/R*.''® Being zero dimensional, QDs have a sharper density
of states than higher-dimensional structures, and thus possess
narrow emission profiles and broad absorption bands, which
give rise to superior physical properties that could potentially
revolutionize the existing optical and optoelectronic technolo-
gies. Semiconductor QDs bridge the gap between molecules
and bulk materials; however, the boundaries among mole-
cules, quantum dots, and bulk regimes are not well defined
and are material dependent.

Over the past decades, considerable research efforts have
been devoted to develop semiconductor QDs due to their great
potential for applications in solar cells,''®'** quantum com-
putation,’**~'?° light-emitting diodes (LEDs),"?°'*° la-
sers, 127132 nonlinear optical devices,'4°711¢ and biological
imaging.'!”'47-15° The II-VI-based QDs exhibit some extraor-
dinary optical properties such as size-dependent emission
tunability, sharp and strong emission profile, high quantum
yield, and good photostability.'*! The emission wavelength of
II-VI QDs can be finely tuned from the UV to the NIR region
through systematic control of particle size during the synthesis.
This enables I1-VI QDs to be potentially useful as a new type of
fluorescent tag for biomedical research, clinical diagnostics,
drug delivery, and photodynamic therapy.'*”'>*!>3 Notably,
a recent discovery showed that ultra-small CdSe colloidal
QDs can emit white light directly,'>* which makes it possi-
ble to avoid unfavorable drawbacks associated with the
current white light-generation processes (e.g., use of multiple
phosphors and complex mixing and doping procedures). The
broad emission profile of the CdSe QDs can be attributed to
the large number of midgap surface sites generated by their
high surface-to-volume ratio.'®® Furthermore, ZnSe QDs are
considered to be a leading candidate for the blue LED,'"°
which is a basic component of full-color electroluminescent
displays and one of the three prime components for white-light
LEDs. ZnSe QDs are also promising for the application as laser
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diodes (LDs),****>” which emit blue light at 405 nm and allow a
considerable increase of the storage density of compact disks.

2.14.1.3 Crystalline Inorganic—-0rganic Hybrid
Semiconductor Materials

The earliest development of ‘primitive’ inorganic-organic
hybrid materials can be traced back to centuries. In order to
make colorful and bright paints, ancient people put tremen-
dous effort into producing new admixtures of dyes, inorganic
pigments, and other inorganic-organic natural materials. This
kind of crude admixtures is virtually the origin of the inor-
ganic-organic hybrid materials.’®® It was not until the last
century when the refined analytical techniques replaced the
‘trial and error’ tradition and the modern science allowed the
deep understanding of the true nature of matter; research on
inorganic-organic hybrid materials becomes a quickly expand-
ing frontier for both fundamental science and practical utility.
Because the combination of inorganic and organic compo-
nents may lead to unique properties that are impossible by
either component alone, successful production of such hybrid
materials by either a ‘top-down’ or a ‘bottom-up’ approach will
bring to reality the development of new generations of func-
tional materials at the molecular level.

As a broadly defined and interpreted term, ‘inorganic-
organic hybrid materials’ can refer to a vast variety of different
material systems. Therefore, we herein limit our discussions to
the family of crystalline inorganic-organic hybrid semiconduc-
tor materials. These hybrid semiconductors possess a perfectly
ordered crystal lattice and consist of standalone inorganic and
organic modules blended at the atomic or the molecular level.
Based on the interactions between inorganic and organic moi-
eties, crystalline hybrid semiconductors can be classified into
two categories: (1) those with strong chemical interactions
(e.g., covalent and coordinative bonds) and (2) those with
weak interactions (e.g., van der Waals interactions, hydrogen
bonds, and weak electrostatic force).

Crystalline hybrid semiconductors are materials of both fun-
damental and technological importance. This is because they
integrate the diverse functionality of inorganic semiconductors
(such as optical, electronic, magnetic, thermal, and mechanical
properties) and the advantages of organic species (such as struc-
tural flexibility, lightweight, easy processability, and low cost)
into a single-crystal lattice.’**~'*® One of the major advantages of
such a combination/incorporation is the high tunability of ma-
terial properties. Therefore, it is possible to include more than
one function into a semiconductor by simply incorporating the
appropriate module with the desired property into its crystal
lattice. However, though the crystalline hybrids are highly desir-
able, only a limited number of systems have been reported up to
now. Perovskite-based inorganic-organic hybrid semiconduc-
tors serve as a good example.'>'%°~172 The interactions between
inorganic and organic components in perovskite hybrids are
primarily ionic, accompanied also with relatively weak H-
bonds or van der Waals forces in some cases. Some interesting
optical, electrical, and magnetic properties have been discovered
in these materials.'*>'7>~'%° Particularly, the perovskite hybrids
with layered structures afford a good platform for the investiga-
tion of 2D quantum well systems.'8%190-192

2.14.1.4 Nanostructured Crystals and Structure-
Induced QCE

Despite great success in the development of nanoscale
materials, synthesis of strongly correlated and single-sized nano-
materials with periodically ordered lattices remains an enor-
mous challenge. The need for fabricating such nanomaterials
becomes especially apparent when taking a close look at semi-
conductor colloidal QDs.'?>'%® These remarkable tiny particles
exhibit a very strong size-induced QCE because they can be made
very small (~ 1 nm). Therefore, they are highly capable of tuning
bandgaps and other related semiconductor properties. However,
there are some major problems that limit their use in optoelec-
tronic devices. One of them is the size control issue; even for the
best-grown dots there is always a size distribution. Another
difficulty is to arrange them uniformly because correlations
among these dots are very weak. These issues are very undesirable
for optical applications that require high intensity and a sharp
line width. In addition, passivation by organic molecules to
prevent them from aggregation further reduces the correlation
among the dots and severely limits their applications in
optoelectronic devices that require high transport properties
(e.g., conductivity and carrier mobility) such as solar cells,
LEDs, thermoelectrics, and transistors.

To address the specific problems of colloidal QDs, while
maintaining excellent bandgap tunability, an unprecedented
family of crystalline nanostructured inorganic-organic hybrid
semiconductors based on II-VI binary compounds has been
developed in the last decade.'®®=2°° This family of materials
possesses perfectly ordered crystalline lattices, and the inor-
ganic and organic components are interconnected via strong
coordinative/covalent bonds. In these hybrid structures, the
inorganic moieties are virtually the sub-nanometer-sized build-
ing units of II-VI binary semiconductors, while the organic
linkers or spacers (e.g., mono/di-amine molecules) serve
as structure-directing and passivating agents. Through the
rational control of the composition and the dimensionality
of inorganic modules, as well as variation of organic spacers,
more than 100 members for this family with a variety of
different crystal structures such as 1D chains, 2D layers, and
3D networks are synthesized.

Remarkably, most members of this hybrid family exhibit a
very strong structure-induced QCE, which is a unique property
pertinent to their special structural characteristics. This kind of
structure-induced QCE is originated from the modular nature
of perfectly ordered inorganic and organic moieties at nano-
meter or sub-nanometer scale, quite different from the afore-
mentioned size-induced QCE found in colloidal QDs. As in the
case of colloidal QDs, insulating organic amine molecules in
nanostructured crystalline hybrids also serve as passivating
agents to prevent interactions between the neighboring inor-
ganic motifs. The main difference is that in the hybrid struc-
tures the organic molecules direct the inorganic motifs into a
perfectly ordered (periodical) array in the form of macroscopic
crystals. Such nanostructured arrays can well be considered as
perfectly ordered crystalline quantum well (the crystal structure
containing 2D MQ layers), quantum wire (the crystal structure
containing 1D MQ chains), or QD (the crystal structure con-
taining 0D MQ clusters). As a result, the strong QCE observed
in these hybrids must be attributed to their structure, rather
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than the physical dimension of the particles. It is noted that
such QCE leads to a large blue shift (i.e., shifting to higher
energy) in their absorption spectra and, consequently, a huge
increase in their bandgaps. The extent of such increase (~2 eV)
is significantly greater than what has been achieved by the
smallest colloidal QDs reported to date (~1 eV).'>*207-210

The nanostructured crystalline hybrids are free of several
critical issues haunting in the synthesis of the colloidal QDs
such as post-synthesis purification, particle size and morphol-
ogy control, particle dispersity, lattice stoichiometry (i.e., prob-
lems with lattices altered by the defects such as excess atoms,
alloying additions, or vacancies), local oxygen concentrations,
etc. A more daunting issue for the colloidal QDs is the weak
correlation between the dots, which will lead, inevitably, to
low conductivity and poor carrier mobility, severely limiting
their potential applications for optoelectronic devices. Con-
versely, because the nanostructured crystalline hybrids com-
prise perfectly ordered and extended inorganic networks (e.g.,
infinite 1D chains, and 2D layers) very similar to their parent
semiconductors, the strong carrier correlations in one or two
directions will be ensured in these materials. More impor-
tantly, the bandgap and other physical properties can be read-
ily tuned by varying the composition and dimensionality of
inorganic motifs as well as modifying the overall crystal struc-
ture. In addition, the incorporation of inorganic motifs and
organic molecules into a single-crystal lattice also gives rise to
an enhancement of material functionality, due to the combi-
nation of multiple properties originated from individual con-
stituent, as well as new features and phenomena that are not
possible with the individual component alone.

2.14.2 lI-VI-Based Inorganic—Organic Hybrid
Semiconductor Nanostructures

2.14.2.1 Design, Synthesis, and Crystal Growth

Conceptually different from the common way to tune the
semiconductor properties (i.e., reducing the size of bulk parti-
cles), the design strategy applied here is to build semiconduc-
tor nanostructures within macroscopic crystals. In doing so,
the quantum confinement will occur within the internal crystal
structure, rather than by varying the physical dimension of the
particles. This is accomplished by incorporating neutral amine
molecules into the II-VI crystal lattice, and the resultant
structure will be periodically ordered arrays consisting of
sub-nanometer-sized I1-VI fragments either interconnected
or separated by amine molecules. These sub-nanometer-sized
II-VI fragments (i.e., infinite 2D layers or 1D chains of
thickness <10 A) can be virtually regarded as building units
(like ‘slice’ or ‘wire’) cut from the II-VI parent crystal lattices
with very little perturbation in their structure, composition,
bonding, and charge. In such a way, the semiconductor
properties of inorganic II-VI compounds are expected to be
preserved in the resultant hybrid materials, with inorganic
II-VI components serving as the source of semiconductor
properties and organic molecules as confining agents and
structure-directing species. As a general formula, [MQ(L),]
(M=Zn, Cd, Mn; Q=S, Se, Te; L=amine molecules; x=0.5,
1, 2) is used to designate the family of II-VI based inorganic—
organic hybrid semiconductors.

The first attempt at making inorganic-organic hybrid ma-
terials built on II/VI elements was made by Rao et al. in
1998.2!! In their work, nanoscaled cadmium chalcogenides
were synthesized via solution routes by employing long-chain
amines as amphiphiles. However, the crystal structures of these
composite materials were unable to be determined and only
the compositions were identified by energy-dispersive x-ray
spectroscopy, thermogravimetric analysis (TGA), and transmis-
sion electron microscope (TEM) techniques.

In 2000, the first three ZnTe-based inorganic-organic
hybrid semiconductors in single-crystal form were successfully
synthesized by us.'”® The formulae of these three compounds
are 3D-a-[ZnTe(en)o 5|, 3D-B-[ZnTe(en)o 5], and 3D-a-[ZnTe
(pda)os], and their crystal structures were fully solved. Since
then, we have synthesized and structurally characterized a large
number of members of this unique family.

As one of the most effective crystal growth techniques,
the solvothermal (or hydrothermal) synthesis has found
tremendously broad usage in both synthetic chemistry and
industrial engineering (see Chapter 4.01).>'?~>?” By employing
this technique, a large number of solids such as metal chalco-
genides,?!"??7"23% metal nitrides,>*"**'"2** metal phos-
phides,>*>=2** and metastable phases?**?*4=2°° have been
produced to date. The utility of solvothermal (or hydrother-
mal) reactions in a variety of areas has been described in
a number Of l'eVieWS.212'216'220'240'244'245'251_257 Undel’ SOl—
vothermal conditions, the reaction takes place in a closed
system at elevated temperature and pressure (often in the vicin-
ity of its critical point). The properties of the solvent, such as
solubility, viscosity, density, and polarity, will behave very
differently from how they act under ambient conditions.??%2>8
These changes can enhance the solubility and chemical reactiv-
ity of reactants and, consequently, enable the reactions to take
place under much milder conditions.

The solvothermal synthesis is proven to be the most effec-
tive approach for the preparation and crystal growth of II-VI
hybrid materials. Most reactions are carried out in sealed acid-
digestion bombs or Pyrex tubes of different volumes. In most
cases, metal salts and elemental chalcogens are used as M2F
and Q?~ source. Elemental metal powders and alkali metal
chalcogenides compounds (A,Q, A=Li, Na, K; Q=S, Se, Te)
are also employed in some cases. The difference in metal and
chalcogen sources has an essential impact on the purity, crys-
tallinity, and morphology of the hybrid products, and in some
cases, they can affect the structure type of the material.
A representative example is the crystal growth of 3D-o-[ZnTe
(en)o.s] and 3D-B-[ZnTe(en)o5]; by using different zinc salts
(i-e., ZnCl, and Zn(NO3),-6H,0), two types of ZnTe-based
3D structures (i.e., o and P phases) can be selectively synthe-
sized under the same solvothermal conditions.

Organic amine molecules of low melting points are
employed as solvents in the synthesis of the II-VI hybrids.
These include alkyl monoamines (with number of carbon
atoms ranging from 1 to 6), alkyl-diamines (with number of
carbon atoms ranging from 0 to 9), and several cyclic amines
(such as cyclohexylamine,**>?*° m-xylylenediamine,?®' and
piperazine?®?). The physical properties of selected amine mol-
ecules are summarized in Table 2. All organic amines have dual
functionality in the synthesis of these hybrid compounds. They
serve not only as solvents but also as reactants (spacers). They
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Table2  Physical properties of selected amine molecules?®

Amine molecule Formula FW. (gmol™") Density (g cm™) mp (°C) bp (°C) Abbrev.
Hydrazine anhydrous HoNNH, 32.05 1.021 1.4 113.5 NoHa
Hydrazine monohydrate HoNNH»-H,0 50.06 1.027 -52 120-121 NoHy-H,0
Methylamine (40% ag.) CHsNH, 31.06 0.904 -38 48 ma
Ethylamine (70% aq.) CH3CH,NH, 45.08 0.803 -81 38 ea
n-Propylamine CH3(CH )2NH, 59.11 0.719 -83 48-49 pa
n-Butylamine CHs3(CHy)3NH, 73.14 0.738 =50 76-78 ba
Amylamine CH3(CHy)4NH, 87.17 0.752 —50 104 aa
n-Hexylamine CHs3(CHy)sNH, 101.19 0.766 -19 130-131 ha
Octylamine CH3(CHy)7NH, 129.25 0.780 -1 178-179 0a
Decylamine CH3(CHy)gNH, 157.29 0.787 12-15 216-218 da
Dodecylamine CH3(CHy)11NH, 185.36 0.802 27-31 247-249 dda
Cetylamine CHs3(CHo)15NH, 241.46 0.813 42-44 330 cta
Stearylamine CH3(CHa)17NH, 269.52 0.862 53-55 349 sa
Cyclohexylamine (CHZ) CHNH, 99.18 0.868 -18 133-134 cha
Ethylenediamine 5N(CHy)oNH, 60.10 0.899 8-11 117-118 en
1,3-Propanediamine 5N(CHo)3NH» 7413 0.888 -12 140 pda
1,4-Butanediamine 5N(CHy)4NH, 88.15 0.877 27-28 158-160 bda
1,5-Pentanediamine oN(CH2)sNH, 102.18 0.873 9 178-180 ptda
1,6-Hexanediamine 5N(CHy)gNH, 116.21 0.840 39-43 204-205 hda
1,7-Heptanediamine oN(CHy)7NH, 130.23 0.860 27-29 223-225 hpda
1,8-Octanediamine 5N(CHy)gNH, 144.26 0.858 50-54 225-226 octa
m-Xylylenediamine CGH4(CH3NH2)2 136.19 1.03 14 274 mxda
Diethylenetriamine (NHoCHoCHo),NH 103.17 0.952 —40 200-204 dien

are thus referred to as ‘reactive’ solvents. In some cases, mixed
solvents are also employed to facilitate the formation
of targeted II-VI hybrids. For instance, 3D-[CdTe(en)qs]
was obtained in a mixture solvent of en and hydrazine;
3D-a-[ZnTe(N,H,)o 5] was formed in the solvent containing
hydrazine and ma.

In some cases, desired hybrid materials in pure phase can
only be prepared within a certain range of temperature. For
example, 3D-[ZnTe(L), 5] hybrids can be prepared at relatively
high temperatures (190-200 °C) while 3D-[ZnSe(L)o 5] are
obtained at 100-200°C. In addition, by adjusting the reaction
temperature, 2D-[MQ(L)] and 2D-[M,Q,(L)] could be selec-
tively synthesized. Another noticeable trend is that higher tem-
peratures are required as the chalcogen element changes from
S, Se, to Te. These results show that reaction temperature plays
a critical role in the formation of final products.

By appropriate control of solvothermal conditions, single-
phased II-VI hybrids can be successfully synthesized, and their
crystal structures can be tuned systematically (e.g., from 1D,
2D, to 3D structures). Typical solvothermal reaction condi-
tions for II-VI hybrids are listed in Table 3, which shows that
hybrid structures of most of the II-VI binary compounds (e.g.,
ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, and MnSe) have been
obtained. Among them, ZnTe- and MnSe-based hybrids can
be grown into single crystals with fairly large sizes; addition-
ally, the single crystals of [CdSe(en), 5] are also obtained. The
remaining hybrid compounds are all generated in powder
form and the Cd-based hybrid phases exhibit lower crystallin-
ity than Zn-based phases.

In addition to a vast majority of II-VI hybrid compounds
synthesized and structurally characterized by us, several 1D and
3D structures are recently reported by others adopting similar
synthesis routes. These include 3D-u-[ZnS(en)g s],**"%*

3D-[CdSe(en)y5],%®® 3D-[CdSe(hda)ys],**¢ 1D-a(B)-[ZnTe
(N,H,)5],**” and 3D-u-[ZnSe(mxda)os].>*" A number of
I1I-VI hybrid compounds, such as 1D-a-[ZnTe(N,H,),], 1D-
[ZnSe(pda)], and 3D-[CdS(pda)o 5], can also be prepared by
solution reactions under ambient conditions. These hybrids
as well as the synthetic conditions are summarized in Table 4.
From this table, we see that all solution reactions involve hydra-
zine, which acts both as a solvent and a structure-directing
agent. Some hybrid compounds (e.g., 3D-[CdSe(pda)ss]) can
be prepared by both the solvothermal and the solution growth
method. Another type of reaction to produce hybrid phases is
via exchange of organic components. A good example is the
solvothermal reaction of 2D-[ZnSe(pa)]| with ba, which yielded
2D-[ZnSe(ba)] in pure polycrystalline form.

2.14.2.2 Crystal Structures

All crystal structures of the I[I-VI hybrid compounds that can be
grown into suitable single crystals are determined by the single
crystal x-ray diffraction (SXRD) method. ZnTe- and MnSe-
based hybrid compounds as well as 3D-[CdSe(en),s| are
included in this category. All other II-VI hybrid compounds
are in polycrystalline (powder) form, and their structures are
characterized by the powder x-ray diffraction (PXRD). Based on
the PXRD data, crystal structures of some selected compounds,
that is, 3D-o-[ZnSe(L)os] (L=en, pda, bda, hda, dien,
mxda), 3D-[CdSe(L)os] (L=pda, hda), 3D-o-[ZnS(en)os],
2D-a-[ZnSe(ba)], and 2D-[Zn,Se,(ba)], are also refined and
solved by the Rietveld method. Crystal structures of the remain-
ing hybrids are identified by comparing their PXRD patterns
with those of the known structures, and their unit-cell param-
eters are obtained by indexing of PXRD patterns. Crystal data
of these II-VI hybrid compounds are listed in Table 5
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Table 3 Solvothermal synthesis of [I-VI hybrid semiconductors

Compound Starting materials® Solvents Temp (°C) Time (day)
1D-[ZnTe(pda)] ZnCly+Te (2:1) pda -+ NyHy 70 10
2D-[ZnSe(NoHq)] Zn+Se (1:1) NaHg 110 1
2D-[ZnTe(NoHy)] Zn(NO3),-6H,0 +Te (1:1) NaHg 110 2
2D-[ZnS(ma)] ZnCly+S (2:1) ma 65 7
2D-[ZnS(pa)] ZnClo+S (3:1) pa 60 3
2D-[ZnS(ba)] ZnCly+S (2:1) ba 65 7
2D-[ZnS(ha)] ZnCly+S (2:1) ma 65 7
2D-[ZnSe(ma)] ZnCly+Se (2:1) ma 130 7
2D-[ZnSe(ea)] ZnClo+Se (2:1) ea 120 8
2D-[ZnSe(pa)] ZnCly+ Se (2:1) pa 150 2
2D-[ZnSe(ba)] ZnCly+Se (2:1) ba 140 7
2D-[ZnSe(ha)] Zn(Cl0y4)o-6H20 + Se (2:1) ha 140 3
2D-[ZnTe(ma)] ZnCly+Te (2:1) ma 160 7
2D-[Zn,So(ea)] ZnCly+CS, (2:1) ea 60 5
2D-[Zn,Sy(pa)] Zn(NO3),-6H,0+S (2:1) pa 110 5
2D-[Zn,Sy(ba)] ZnCly+S (2:1) ba 120 6
2D-[Zn,Sy(ha)] ZnCly+S (2:1) ha 120 2
2D-[Zn,Se(ea)] Zn(NO3),-6H,0 + Se (4:1) ea 150 6
2D-[Zn,Sey(pa)] Zn(NO3),-6H,0+ Se (2:1) pa 140 5
2D-[Zn,Se,(ba)] ZnF, +Se (2:1) ba 150 7
2D-[Zn,Se(aa)] ZnClpo+Se (2:1) aa 120 7
2D-[Zn,Se,(ha)] ZnClo+Se (2:1) ha 140 5
2D-[Cd»S,(pa)] CdCl,+S (2:1) pa 80 3
2D-[Cd2S,(ba)] CdCl,+S (2:1) ba 80 4
2D-[CdS,(ha)] CdCl,+S (2:1) ha 50 3
2D-[Cd,Sea(pa)] Cd(NO3),.4H,0 +Se (2:1) pa 110 5
2D-[CdySex(ba)] Cd(NO3),.4H,0 +Se (1:1) ba 110 5
2D-[Cd2Ses(ha)] Cd(NOg),.4H,0 +Se (2:1) ha 120 6
3D-a-[ZnS(en)q/] ZnCly+S (2:1) en 180 6
3D-[ZnS(pda)/2] ZnClo+S (2:1) pda 140 5
3D-[ZnS(bda)1 2] ZnC03+S (1.5:1) bda 120 7
3D-[ZnS(ptda)1/2] ZnClo+S (2:1) ptda 90 4
3D-[ZnS(hda)1/] ZnS04-7H,0+ S (1:1) hda 150 9
3D-[ZnS(hpda)y] ZnCly+S (2:1) hpda 120 7
3D-[ZnS(otda)1/2] ZnCly+ S (2:1) otda 100 7
3D-[ZnS(dien)4,2] ZnClo+S (2:1) dien 120 2
3D-a-[ZnSe(en)q,2] ZnCly+ Se (2:1) en 140 8
3D-a-[ZnSe(pda)y2] ZnCly+Se (2:1) pda 140 8
3D-a-[ZnSe(bda)y 2] ZnC0z+Se (1:1) bda 160 10
3D-a-[ZnSe(ptda)q /2] ZnClo+Se (2:1) ptda 140 7
3D-a-[ZnSe(hda)1 2] ZnS04-7H,0+ Se (1:1) hda 150 9
3D-a-[ZnSe(hpda)y,2] ZnCly+Se (2:1) hpda 140 7
3D-a-[ZnSe(dien)y2] ZnCly+ Se (2:1) dien 135 6
3D-a-[ZnTe(NaHa4)12] Zn0+Te (1:1) NoH4 -+ ma 180 8
3D-a-[ZnTe(en)q/2] ZnCly+Te (2:1) en 200 3
3D-B-[ZnTe(en)q/2] Zn(NOs)o-6H,0+Te (2:1) en 200 3
3D-a-[ZnTe(pda)q2] Zn(NO3),-6H,0 +Te (2:1) pda 200 3
3D-a-[ZnTe(bda)12] ZnF,+Te (2:1) bda 200 4
3D-a-[ZnTe(ptda)q/] Zn(NO3),-6H,0 +Te (2:1) ptda 210 7
3D-a-[ZnTe(hda)12] ZnFy+Te (2:1) hda 200 7
3D-3-[ZnTe(hda)1/s] ZnFy+Te (2: 1) hda 200 4
3D-[CdS(en)12] CdCly+S (1.5:1) en 50 3
3D-[CdS(bda)+2] CdCl,+S (1: 1) bda 70 7
3D-[CdS(ptda)1/] CdCl,+S (2:1) ptda 60 7
3D-[CdS(hda)1.2] CdCl,+S (1:1) ptda 60 7
3D-[CdSe(en)q/] CdCly+Se (2:1) en 130 8
3D-[CdSe(pda)y] CdCl,+Se (2:1) pda 130 8
3D-[CdSe(bda)y,2] CdCly+Se (2:1) bda 120 7
3D-[CdSe(ptda).2] CdCly+Se (4:1) ptda 120 7
3D-[CdTe(en)y] Cd(NOg),-4H,0+Te (2:1) NoHs+en 70 7

(Continued)
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Table 3 (Continued)

Compound Starting materials® Solvents Temp (°C) Time (day)
3D-[CdTe(pda)12] Cd(NOg),-4H,0+Te (2:1) NoH4 -+ pda 80 7
3D-[MnSe(en)q/] MnCl, + Se (2:1) en 160 7
3D-[MnSe(pda)y2] MnCl,+Se (1:1) pda 125 12
3D-[MnSe(bda)/2] (CH3C04)2Mn-4H,0 + Se (1:1) bda 160 10

aMolar ratio shown in parentheses.

Table 4 Solution-based sythesis of [I-VI hybrid semiconductors

Compound Starting materials Solvents
1D-[ZnSe(pda)] Zn(N0O3),-6H,0 +Se NoH4 + pda
2D-[ZnSe(ma)] ZnCl, +Se NoH4.Ho0 +ma
2D-[ZnSe(ea)] Zn(N0O3),-6H,0 + Se NoH4 +ea
2D-[ZnSe(pa)] ZnCl, +Se NoH4.Ho0 +pa
2D-[ZnSe(ba)] ZnCly + Se NoH4.H20 + ba
2D-[ZnSe(ha)] ZnCl, +Se NoH4.H,0 +ha
3D-[ZnS(pda)4»] Zn(N0O3)»-6H,0 + Se NoH4 + pda
3D-[ZnSe(pda)/] ZnCl, +Se NoH4 + pda
3D-[CdS(en)q/2] CdCl, +Se NoH4+en
3D-[CdS(pda)1/2] Cd+S N2H4+pda
3D-[CdSe(pda)1/2] CdCly+Se NoH4 + pda

The bond lengths, inter-layer distances, layer thicknesses, and
amine lengths of selected II-VI hybrids are listed in Tables 6
and 7, respectively.

According to the overall dimensionality as well as structural
features of the inorganic components, the II-VI hybrid struc-
tures can be categorized into four types: the one-dimensional
chain 1D-[MQ(L)], the two-dimensional single-layered 2D-
[MQ(L)], the three-dimensional single-layered 3D-[MQ(L)o 5|
(containing acyclic or cyclic diamine molecules), and the two-
dimensional double-layered 2D-[M,Q,(L)]. More detailed de-
scriptions of these structures are provided in Sections
2.14.2.2.1-2.14.2.2.4.

2.14.2.2.1 The one-dimensional chain 1D-MQ(L) structures
The first 1D-MQ(L) structure 1D-[ZnTe(pda)] was reported by
us in 2003.2°* In this compound, each Zn atom is tetrahedrally
coordinated by two N atoms (from a chelating pda molecule)
and two p,-Te atoms. Such a linkage affords a zigzag 1D
{ZnTe}, chain propagated along the b axis (Figure 1) and it
can be considered as a ‘wire’ cut from its parent structure
(wiirtzite ZnTe) along the [00 1] direction. The overall packing
structure of 1D-[ZnTe(pda)] is illustrated in Figure 1(b) view-
ing down the b-axis. As the 1D-[ZnSe(pda)] was made in
powder form, only the unit cell parameters (Table 5) were
indexed through its PXRD pattern, which is similar to that of
1D-[ZnTe(pda)] (Figure 2).

In 2005, Mitzi et al. reported two hydrazine-based 1D-|[MQ
(L),] structures, 1D-o-[ZnTe(N,H,),] and B-[ZnTe(N,H,),]. >’
In these compounds, the tetrahedral geometry of each Zn site is
defined by two N atoms (respectively from two monodentate
hydrazine molecules) and two p,-Te atoms. The 1D chains
in a-phase extend along the a-axis while in B-phase they run
along the [10—1] direction. These two phases are also

differentiated by the Zn-Te bond lengths, chain conformation
and packing style.

The 1D ZnS/CdS chain-like fragments reported by
Rosseinsky et al.?°® are embedded in 3D chiral compounds
and can also be regarded as ‘wires’ cut from the bulk ZnS
(wiirtzite) or CdS (rock-salt) structure. The theoretical calcula-
tions verified that the VB and CB bands of these compounds
are contributed mainly by their inorganic II-VI components,
placing them in the same category of II-VI based hybrid
materials.

2.14.2.2.2 The two-dimensional single-layered 2D-MQ(L)
structures

The 2D-[ZnTe(N,H,)] layered structure is shown in Figure 3.
The single-atomic slab of ZnTe is parallel to the ab plane within
which each zinc metal center adopts a distorted tetrahedral
geometry defined by one N atom (from a monodentate hydra-
zine) and three ps-Te atoms. The {ZnTe}, layer (6> net) is
a puckered honeycomb net that closely resembles the (11 0)
face of zinc blende ZnTe. Therefore, the {ZnTe}, layer can
be regarded as a ‘slice’ cut from its parent structure. The
2D-[ZnTe(ma)] also has a layered structure with the inorganic
layers parallel to the ab plane (Figure 4); each Zn atom is
tetrahedrally coordinated by one N atom (from a monodentate
ma) and three p3-Te atoms, which is similar to 2D-[ZnTe
(N,Hg4)]. However, the {ZnTe}, layer in 2D-[ZnTe(ma)]| is
analogous to the (11 0) crystal face of wiirtzite ZnTe and
hence can be described as a ‘slice’ cut from the wiirtzite ZnTe
(Figure 4). The Zn-Te distances, {ZnTe}, layer thickness, and
interlayer spacing of these two structures, are included in
Tables 6 and 7.

The 2D-[ZnSe(L)] (L=ma, ea, pa, ba and ha) layered struc-
tures are all obtained in polycrystalline (powder) form, and
thus their unit cell parameters are indexed by use of the PXRD
data (Table 5). The PXRD patterns of this series of compounds
exhibit obvious structural similarity (Figure 5), and the first
PXRD peak moves to the lower diffraction angle as the length
of the amine molecule increases (i.e., from ma to ha).

2.14.2.2.3 The three-dimensional single-layered 3D-MQ
(L)o 5 structures

2.142.2.3.1 The 3D single-layered structures containing acyclic
diamines

The 3D-o-[ZnTe(en)os| structure adopts an extended 3D
framework (Figure 6). In this structure, each zinc atom is
tetrahedrally coordinated by one N atom (from an en mole-
cule) and three p,-Te atoms. Through alternate connections
between Zn and Te atoms, puckered {ZnTe}, layers (6° nets)
are formed parallel to the ab plane and interconnected by
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Table 5 Crystal data of 1I-VI hybrid semiconductors

Compound a (/°| ) b (/DI /B (%) o (,ZI ) SG*? A Deare. Method References
1D-[ZnSe(pda)] 9.9949 6.5324 9.9242 Pbcm PXRD?
1D-a-[ZnTe(NaH4)2] 7.2157(4) 11.5439(6)/101.296(1) 7.3909(4) P2, 4 2.828 SXRD 267
1D-B-[ZnTe(N2Ha4)2] 8.1301(1) 6.9580(5)/91.703(1) 10.7380(7) Pn 4 2.812 SXRD 267
1D-[ZnTe(pda)] 9.997(2) 6.997(1) 10.332(2) Pbem 4 2.455 SXRD 204
2D-[ZnS(ma)] 6.415(3) 6.194(4) 20.296(11) Pbca PXRD?
2D-[ZnSe(ma)] 6.7099(17) 6.4786(17) 19.6134(5) Pbca PXRD?
2D-[ZnSe(ea)] 6.7312(13) 6.4952(9) 24.242(4) Pbca PXRD?
2D-[ZnSe(pa)] 6.687(2) 6.492(3) 30.289(10) Pbca PXRD?
2D-0-[ZnSe(ba)] 6.6746(17) 6.4642(10) 34.217(5) Pbca 8 1.957 Rietveld 203
2D-[ZnSe(ha)] 6.686(2) 6.4724(19) 44.161(11) Pbca PXRD?
2D-[ZnTe(NaHa4)] 4.2222(6) 6.9057(9)/98.928(3) 7.3031(10) P2, 2 3.553 SXRD 204
2D-o-[ZnTe(ma)] 7.179(1) 6.946(1) 18.913(4) Pbca 8 3.156 SXRD 204
2D-[Zn,Se,(ba)] 6.8035(9) 6.5194(6) 41.894(6) Pbca 8 2.587 Rietveld 203
3D-a-[ZnS(en)1/2] 6.393(1) 6.205(1) 17.263(1) Pbca 8 Rietveld 264
3D-[ZnS(pda)/] 19.907 6.383 6.219 Ccme2, PXRD?
3D-[ZnS(bda)1/2] 6.402 6.183 22.099 Pbca PXRD?
3D-[ZnS(hda) 15] 6.393 6.188 27.314 Pbca PXRD?
3D-a-[ZnSe(en)q2] 6.6374(3) 6.4681(3) 17.3699(7) Pbca 8 3.117 Rietveld 201
3D-a-[ZnSe(pda)y o] 20.0028(8) 6.6356(3) 6.4488(3) Ccme2, 8 2.825 Rietveld 201
3D-a-[ZnSe(bda)1/2] 6.636(3) 6.462(2) 22.275(8) Pbca 8 2.608 Rietveld 202
3D-a-[ZnSe(ptda)y2] 25.124 6.6305 6.4465 Ccmc24 PXRD*
3D-a-[ZnSe(hda)1 0] 6.628(2) 6.453(2) 27.152(9) Pbca 8 2.319 Rietveld 202
3D-[ZnSe(hpda)12] 30.161 6.6251 6.4322 cme2, PXRD?
3D-[ZnSe(dien)42] 24.720(2) 6.6239(6) 6.4426(6) cme24 8 Rietveld 324
3D-a-[ZnSe(mxda)/] 24.991(3) 6.7350(9) 6.4425(5) Ccmc24 8 Rietveld 261
3D-[ZnTe(NaHa)1/2 ] 6.9167(5) 6.8033(5) 13.2853(10) Pbca 8 4.441 SXRD 168
3D-a-[ZnTe(en)q2] 7.061(1) 6.927(1) 17.524(4) Pbca 8 3.457 SXRD 199
3D-B-[ZnTe(en)q2] 5.660(1) 17.156(3) 4.336(1) Pnnm 4 3.518 SXRD 199
3D-[ZnTe(pda)1 /] 20.169(4) 7.038(1) 6.882(1) Ccmc24 8 3.128 SXRD 199
3D-a-[ZnTe(bda)2] 7.0723(4) 6.9258(4) 22.3497(13) Pbca 8 2.877 SXRD 206
3D-y-[ZnTe(bda)12] 7.0996(4) 6.9439(4) 20.4912(11) Pbca 8 3117 SXRD 206
3D-[ZnTe(ptda)1/2] 25.263(5) 7.056(1) 6.903(1) Ccme2, 8 2.635 SXRD 206
3D-a-[ZnTe(hda)y2] 7.036(1) 6.866(1) 27.008(5) Pbca 8 2.556 SXRD 206
3D-y-[ZnTe(hda)1/2] 7.1353(5) 6.9616(5) 23.7318(18) Pbca 8 2.829 SXRD 206
3D-3-[ZnTe(hda)1/s] 7.1091(14) 34.612(7) 25.091(5) P242124 4 2.701 SXRD 206
3D-[CdS(en)1,2] 6.841 6.548 16.659 Pbca PXRD?
3D-[CdSe(en)s2]? 7.0911(5) 6.7628(5) 16.6093(11) Pbca 8 3.693 SXRD 204
3D-[CdSe(pda)y,2] 20.6671(12) 6.8904(4) 6.7517(4) Ccme2, 8 3.156 Rietveld 204
3D-[CdSe(ptda)1/2] 25.771 6.852 6.735 Ccme24 PXRD?
3D-[CdSe(hda)y,7] 6.8852 6.7894 27.4113 Pbca 8 2.586 Rietveld 266
3D-[CdTe(en),] 7.484 7.204 16.821 Pbca PXRD?
3D-a-[MnSe(en)q] 6.711(1) 6.614(1) 17.720(4) Pbca 8 2.769 SXRD 201
3D-a-[MnSe(pda)q2] 20.383(4) 6.719(1) 6.565(1) Ccme24 8 2.526 SXRD 201
3D-a-[MnSe(bda)12] 6.732(1) 6.590(1) 22.638(5) Pbca 8 2.354 SXRD 168

aSpace group.

“0nly unit cells were indexed by the PXRD method.

bidentate en molecules, completing its overall 3D network. As
shown in Figure 7, 3D-B-[ZnTe(en), 5] is isomorphous to the
a-phase. These two compounds have the same composition,
similar coordination mode and 3D structure, but distinctly
different configurations in their {ZnTe}, layers. The {ZnTe},
layers in a-phase can be described as ‘slices’ cut from the
wiirtzite ZnTe (i.e.,, (11 0) crystal faces) while in p-phase as
‘slices’ cut from the zinc-blende ZnTe. Such a difference results
in a different connectivity between the inorganic layers and
organic linkers in the two structures.

3D-[ZnTe(pda)os| also crystallizes in a 3D structure
(Figure 8) that belongs to the noncentrosymmetric space
group Cmc2,. Both the coordination environment and the

overall 3D framework of this compound are analogous to
those of 3D-o-[ZnTe(en)q 5]; however, the organic diamines
dictate the overall symmetry of the framework. Diamine mol-
ecules made of even number of carbon atoms have an inver-
sion center (i) and they possess a mirror symmetry (m) if
containing an odd number of carbons. As a result, the corre-
sponding hybrid structures will crystallize in centrosymmetric
space group Pbca and noncentrosymmetric space group Cmc2;,
respectively. Other minor differences for these two groups of
structures are found in the connectivity between inorganic and
organic components and orientation of their {ZnTe}, layers.
As a general rule, all 3D-0-[ZnTe(L) 5] structures with all-trans
diamines of even numbered carbons such as 3D-a-[ZnTe

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:28:10.



Copyright © 2013. Elsevier. All rights reserved.

Nanostructured Inorganic-Organic Hybrid Semiconductor Materials 385

Table 6 Selected bond lengths of [I-VI hybrid semiconductors and 11-VI binaries

Compound m-Q (/°l ) M-N (/°l ) References
3D-o-[ZnS(en)q /2] 2.336, 2.343, 2.349 217 264
ZnS(wiirtzite) 2.336, 2.341 x 3 30
2D-[Zn,Sey(ha)] 2.4464, 2.4540, 2.4505, 2.4550, 2.4501, 2.4535 2.0489 203
3D-a-[ZnSe(en)q 2] 2.4353, 2.4433, 2.4703 2.137 201
3D-o-[ZnSe(pda)/o] 2.4350, 2.4572, 2.4753 2.102 201
3D-a-[ZnSe(bda)y 2] 2.460, 2.470, 2.491 2.100 202
3D-u-[ZnSe(hda)1/o] 2.424,2.444, 2.489 2.1041 202
3D-a-[ZnSe(dien)y,2] 2.437,2.442, 2.482 1.933 324
2D-u-[ZnSe(ba)] 2.383, 2.4252, 2.464 2.158 203
ZnSe (wiirtzite) 2.440,2.434 x 3 30
1D-a-[ZnTe(NaHy)o] 2.5839, 2.6197, 2.5798, 2.5836 2.097, 2.115, 2.089, 2.103 267
1D-B-[ZnTe(N2Hy),] 2.5902, 2.5914, 2.5752, 2.5905 2.083,2.107, 2.089, 2.115 267
1D-[ZnTe(pda)] 2.5711,2.5890 2102 x 2 204
2D-[ZnTe(NaHq4)] 2.6147, 2.6294, 2.6339 2.080 204
2D-u-[ZnTe(ma)] 2.6358, 2.6454, 2.6454 2.083 204
3D-0-[ZnTe(N2Ha)1/2] 2.5999, 2.6273, 2.6295 2.125 168
3D-o-[ZnTe(en)/] 2.6139, 2.6431 x 2 211 199
3D-B-[ZnTe(en)1,] 2.632, 2.6389 x 2 2.054 199
3D-[ZnTe(pda)1/2] 2.618, 2.634, 2.640 2.059 199
3D-o-[ZnTe(bda)q2] 2.6246, 2.6393, 2.6463 2.095 206
3D-y-[ZnTe(bda)1/] 2.6141, 2.6431, 2.6547 2.103 206
3D-[ZnTe(ptda)+2] 2.6129, 2.6395, 2.6589 2.070 206
3D-o-[ZnTe(hda)q0] 2.611,2.617, 2.634 2.075 206
ZnTe (zinc blende) 2.641x4 30
ZnTe (wilrtzite) 2.617 x 3, 2.621 30
3D-[CdSe(en)q2] 2.6177,2.6247 x 2 2.339 204
3D-o-[CdSe(pda)y2] 2.623, 2.6142, 2.6504 2.354 204
3D-o-[CdSe(hda)+2] 2.594,2.611, 2.628 2.356 266
CdSe (wiirtzite) 2.629,2.632 x 3 30
3D-a-[MnSe(en)y2] 2.5288, 2.5460 x 2 2.179 201
3D-o-[MnSe(pda)y,»] 2.5237, 2.5465, 2.5475 2.190 201
3D-o-[MnSe(bda)s2] 2.529, 2.542, 2.559 2.22 201
MnSe (wiirtzite) 2.520 x 4 30

(bda)os] and 3D-a-[ZnTe(hda)es] are all isotypic to

3D-0-[ZnTe(en) 5] and crystallize in Pbca (Figures 9(a) and
9(c)), and all 3D-[ZnTe(L)os| structures having all-trans
diamines of odd numbered carbons (e.g., ptda and hpda)
belong to Cmc2, and are isotypic to 3D-[ZnTe(pda)os]
(Figure 9(b)). For longer chain diamine molecules, several
conformations exist and they lead to a number of different
hybrid structures. For example, hda molecules adopt both
trans and gauche conformations in 3D-8-[ZnTe(hda), 5] (rather
than all trans in the o-phase) (Figure 10); this structure pos-
sesses a chiral space group P2;2,2, and its interlayer distances
(between {ZnTe}, layers) are much shorter than those in
3D-a-[ZnTe(hda) 5] (Table 7).

3D-[ZnSe(L)os] (L=en, pda, bda, ptda, hda, hpda, and
dien) compounds are all obtained in polycrystalline (powder)
form. Crystal structures of selected phases, such as 3D-[ZnSe
(en)o.5], 3D-[ZnSe(pda)y 5], 3D-[ZnSe(bda)o 5], and 3D-[ZnSe
(hda)o 5], are refined and determined by the Rietveld method
based on their PXRD patterns. Among them, 3D-[ZnSe(en)g 5],
3D-|ZnSe(bda)y 5], and 3D-[ZnSe(hda)ys] are isotypic to
their corresponding 3D-a-[ZnTe(L)os| counterparts, while
3D-|ZnSe(pda)es| is isostructural to 3D-[ZnTe(pda)os].
Analogous to the 3D-o-[ZnTe(L)os] family, 3D-[ZnSe(L)o 5]
structures comprise {ZnSe}, layers that can be described as

‘slices’ cut from the wiirtzite ZnSe (i.e., (11 0) crystal faces).
Paralleled {ZnSe}, layers are interconnected by bidentate
diamine linkers, forming 3D inorganic-organic hybrid struc-
tures. The PXRD patterns for this series of compounds are
shown in Figure 11. From Table 7, we can see that as the
length of the amine spacer increases (from L=en to hda),
the distance between the adjacent {ZnQ}, (Q==Se, Te) layers
for 3D-[ZnQ(L)o 5] series increases correspondingly. However,
the thickness of the {ZnQ}, layers experiences very little
change. The PXRD patterns of 3D-[ZnS(L)os] (L=en, pda,
bda, ptda, hda) compounds are shown in Figure 12. This
group of hybrids is also obtained only in polycrystalline
form, and the crystal structure of a representative member
3D-[ZnS(en) 5] is solved by Rietveld refinement. The results
show that 3D-[ZnS(en)os] is isostructural to 3D-o-[ZnTe
(en)os]. Based on this analysis as well as the similarity of
their PXRD patterns, other 3D-[ZnS(L)os] structures are
assigned the same space groups as 3D-[ZnTe(L) s].

The single-crystal structure of 3D-[CdSe(en)os| was
obtained by Deng et al.?°> and us independently. It is isostruc-
tural to 3D-[ZnSe(en), 5]. The 3D network of 3D-[CdSe(en)o 5]
consists of inorganic {CdSe}, layers interconnected by en
molecules (Figure 13), and these {CdSe}, layers can also be
considered as ‘slices’ cutting from the (11 0) crystal faces of
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Table 7 Interlayer distance, layer thickness, and amine length for selected 11-VI hybrid semiconductors

Compound Interlayer distance (/DI )? MQ layer thickness (/°l ) Amine length (/°l )¢ References
2D-o-[ZnSe(ba)] 12.78 4.34 6.575 203
2D-[ZnTe(NoH,)] 2.64 458 2.925 204
2D-o-[ZnTe(ma)] 4.04 5.41 2.945 204
2D-[Zn,Sey(ba)] 12.58 8.48 6.297 203
3D-a-[ZnS(en)q/] 424 4.39 5.247 264
3D-o-[ZnSe(en)q 2] 3.92 4.76 5.335 201
3D-a-[ZnSe(pda)i/] 5.20 4.80 6.628 201
3D-u-[ZnSe(bda)1/] 6.28 4.86 7.949 202
3D-a-[ZnSe(hda)1/2] 8.84 4.74 10.374 202
3D-u-[ZnSe(dien)1/] 7.58 478 9.136 324
3D-a-[ZnSe(mxda)/] 7.92 458 8.683 261
3D-a-[ZnTe(NaHa)1/2] 1.28 5.36 2.840 168
3D-a-[ZnTe(en)1,2] 3.36 5.40 5.292 199
3D-B-[ZnTe(en)q/2] 3.14 5.44 5.322 199
3D-[ZnTe(pda)1 /] 4.68 5.40 6.518 199
3D-a-ZnTe(bda)s., 5.78 5.39 7.793 206
3D-y-ZnTe(bda)/ 4.86 5.39 7.028 206
3D-ZnTe(ptda)1,2 7.22 5.41 9.084 206
3D-a-ZnTe(hda)q/2 8.12 5.39 10.355 206
3D-y-ZnTe(hda)1 /2 6.48 5.39 9.265 206
3D-3-ZnTe(hda)/ 6.25 5.32 9.178, 9.220, 9.545, 10.274, 10.304 206
3D-[CdSe(en)q2] 3.16 5.09 5.227 204
3D-a-[CdSe(pda)1 2] 5.14 5.19 6.663 204
3D-a-[CdSe(hda)1/] 8.66 5.05 10.24 266
3D-o-[MnSe(en)2] 3.88 498 5.29 201
3D-a-[MnSe(pda)12] 5.20 4.99 6.506 201
3D-a-[MnSe(bda)y,»] 6.34 498 7.758 168

“Interlayer distance: perpendicular distance between the centers of two Q atoms from adjacent layers minus 2r (r=covalent radius of Q atoms: Q=Te, 1.37 A Q=S¢ 1.17 A Q=5

1.04 A).

bLayer thickness: perpendicular distance between the centers of two Q atoms at the opposite sides of an inorganic layer plus 2r.

Amine length: distance between two N atoms plus 1.48 A (i.e., covalent diameter of N).

wiirtzite CdSe. Other 3D-[CdSe(L)o 5] compounds such as
3D-[CdSe(pda)e 5], 3D-[CdSe(bda)o 5], and 3D-[CdSe(ptda)o 5]
are in polycrystalline form. PXRD patterns of these hybrids are
similar (Figure 14), implying that they all adopt analogous
structures.

The 3D-[CdS(L)os] (L=en, pda, bda, ptda, hda) and
3D-[CdTe(L)os] (L=en, pda,) hybrids are also obtained in
polycrystalline form, and their PXRD patterns are shown in
Figures 15 and 16, respectively. In addition, the unit-cell
parameters of 3D-[CdTe(en) 5] can be generated by indexing
its PXRD pattern (Table 5).

The crystal structures of MnSe-based hybrid materials
3D-[MnSe(L)o 5] (L=en, pda, and bda) are determined by
SXRD. The results show that all of them are isostructural to
their ZnSe analogues 3D-[ZnTe(L)ys]. The selected bond
lengths of these compounds are listed in Table 5.

2.14.22.32 The 3D single-layered structures containing cyclic
diamines

3D-a-[ZnSe(mxda), 5] was synthesized in powder form and its
crystal structure has been characterized by PXRD and refined
by the Rietveld method.?®" This 3D structure crystallizes in a
orthorhombic space group Ccm2; and also contains single-
layered {ZnSe}, slabs interconnected by mxda molecules
(Figure 17). The infinite {ZnSe}, slabs can be regarded as

‘slices’” cut from the wiirtzite ZnSe (i.e., (11 0) crystal faces);
hence, this material possesses the same structure type as 3D-
o-[ZnSe(en)o s].

Song et al.”>*?%° reported other two examples of I1-VI
hybrid semiconductors containing cyclic diamines, that is,
[ZnS(cha),| and [CdS(cha),]. The samples were prepared in
the form of nanofibers in which periodic layered structures
with thickness of ~2-3 nm were identified by a high-resolution
transmission electron microscope (HRTEM). The HRTEM im-
ages further indicate that their layered structures are formed
by interlaced arrangement of the amorphous cha and crystalline
wiirtzite ZnS. Another similar case is [Zn(pz)os],”®> which
is a metastable nanomaterial and can be described as the
layered structure where wiirtzite ZnS layers are connected to
each other through bidentate piperazine molecules. Interest-
ingly, at sufficiently high temperature, the piperazine molecules
can be removed from the layers and residue nitrogen atoms
left in the structure then act as dopants to afford N-doped ZnS.

2.14.2.2.4 The two-dimensional double-layered
2D-M,Q5(L) structures

All the double-layered compounds 2D-[M,Q,(L)] (M=Zn,
Cd; Q=S, Se; L=ea, pa, ba and ha) are in powder form, and
their structures are characterized by the PXRD method. From
Figures 18-21, we see that the PXRD patterns of these hybrids
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are analogous, indicating that they are all isostructures. As the
length of the amine molecules increases from ea to ha, the first
peak of each PXRD pattern shifts to a lower 20 diffraction
angle. Moreover, the PXRD peaks of this series of compounds
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Figure 1

Crystal structure of 1D-[ZnTe(pda)]: (a) 1D {ZnTe(pda)},
chain along the b-axis. (b) The overall structure viewing down the b-axis.
Hydrogen atoms are omitted for clarity.

are relatively broad and have low intensities, implying rela-
tively poorer crystallinity and smaller particle sizes.

To study the detailed crystal structure of double-layered
hybrids, 2D-[Zn,Se,(ba)] was selected as the representative
model. The unit cell parameters of this compound were
obtained by fully indexing synchrotron PXRD data and the
Rietveld method was used to refine the crystal structure. It
has been found that 2D-[Zn,Se,(ba)] crystallizes in an ortho-
rhombic space group Pbca, and consists of double-layered 2D
{Zn,Se,},, motifs coordinated by ba molecules projecting out-
ward from {Zn,Se,}, layers (Figure 22). In this compound,
two crystallographically distinct Zn sites are observed, one
coordinated by two ps-Se atoms, one pi,-Se atom, and one
N atom from the ba molecule, and the other coordinated by
three 14-Se atoms and one p3-Se atom. Compared to the single-
layer structure 2D-[ZnSe(ba)], the only difference between
the two is the length of the ¢ axis. In addition, the double-
layered {Zn,Se,}, moieties in 2D-[Zn,Se,(ba)] can also
be considered as a ‘slab’ cut from the (11 0) crystal face of
wiirtzite ZnSe.

2.14.2.3 Selected Properties

2.14.2.3.1 Optical absorption and bandgaps
Optical absorption behaviors of II-VI hybrid semiconductors
are investigated by measuring their diffuse reflectance at room
temperature using solid polycrystalline/powder samples. The
phase purity of samples is usually identified by the PXRD
analysis prior to the optical absorption studies. The bandgaps
of these materials are obtained by converting the diffuse reflec-
tance data into a Kubelka-Munk function'®?2* that is directly
proportional to the absorption coefficient.

The optical absorption spectra of selected II-VI hyb-
rids as well as their parent II-VI binaries are shown in
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Figure 2 PXRD patterns of (a) 1D-[ZnSe(pda)], (b) 1D-[ZnTe(pda)], and (c) the simulated pattern of 1D-[ZnTe(pda)] (using the single-crystal data).
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" e

Figure 3 Crystal structure of 2D-[ZnTe(N2H,)]: (a) 2D {ZnTe}, single layer. (b) The overall structure viewing down the a-axis. Hydrogen atoms
are omitted for clarity.

Figure 4 Crystal structure of 2D-[ZnTe(ma)]: (a) 2D {ZnTe}, single layer in this structure. (b) The overall structure viewing down the a-axis.
Hydrogen atoms are omitted for clarity.
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Figure 5 PXRD patterns of (a) 2D-[ZnSe(ma)], (b) 2D-[ZnSe(ea)], (c) 2D-[ZnSe(pa)], (d) 2D-[ZnSe(ba)], and (e) 2D-[ZnSe(ha)].
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(a)

Figure 6 Crystal structure of 3D-a-[ZnTe(en)os]: (a) 2D {ZnTe}, single layer. (b) The overall structure viewing down the a-axis. Hydrogen atoms

are omitted for clarity.
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Figure 7 Crystal structure of 3D-B-[ZnTe(en)os]): (a) 2D {ZnTe}, single layer. (b) The overall structure viewing down the c-axis. Hydrogen atoms

are omitted for clarity.

Figures 23 and 24. These spectra clearly illustrate that all the
hybrid compounds exhibit very large blue shifts (i.e., shifting
to higher energy) in their absorption edges, comparing with
their parent inorganic phases. The absorption intensity is also
enhanced to a large extent. The experimental bandgap values
and estimated blue shifts are included in Table 8 for selected
II-VI hybrid compounds.

Some interesting trends may be extracted by comparing
data listed in Table 8: (a) except for Mn-based phases, all
other II-VI hybrids exhibit large bandgap increase (~0.7-
2.0 eV) with respect to their parent II-VI binary compounds;
(b) varying the length of organic linkers has negligible effect on
both the blue shift and bandgap values of the hybrids; (c)
single-atomic 1D hybrid compounds 1D-[(MQ)(L)] exhibit
greater blue shift than their 2D and 3D analogues, while the
bandgap and blue shift values are very similar among single-
layered 2D and 3D hybrid structures 2D-[(MQ)(L)] and

3D-[(MQ)(L)os], respectively; and (d) the blue shifts of
double-layered 2D-[(M,Q,)(L)] hybrids are significantly smal-
ler than single-layered 2D-[(MQ)(L)] compounds.

These observed trends can be well explained based on the
unique nature of this unprecedented series of nanostructured
hybrid materials. First, the large blue shift is due to the strong
QCE that occurred in these materials. Notably, the extent of
such QCE is much stronger than what was found in colloidal
QDs. This is because the thickness of the layers or the diameter
of the chains being confined in the hybrid structures is at a
significantly smaller scale compared to the physical dimen-
sions of the colloidal QDs. Generally, the thickness of a single
MQ layer is in the range of 0.43-0.55 nm (Table 7). Conse-
quently, the QCE extent of most II-VI hybrids is much stronger
than what has been achieved for the smallest colloidal QDs
reported to date. 154,207-210 Ag an exception of this observation,
MnSe-based hybrid compounds only show a negligible blue
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Figure 8 Crystal structure of 3D-a-[ZnTe(pda)g5]: (a) 2D {ZnTe}, single layer. (b) The overall structure viewing down the b-axis. Hydrogen atoms

are omitted for clarity.
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Figure 9 Crystal structures of (a) 3D-a-[ZnTe(bda)o 5], (b) 3D-[ZnTe(ptda)o 5], and (c) 3D-a-[ZnTe(hda)q 5]. Hydrogen atoms are omitted for clarity.

shift of 0.1-0.2 eV compared to the parent phase. This very
small QCE is attributed to the highly localized 3d bands of Mn.

Second, because the hybrid structures are modular, the
semiconductor moieties (2D layer or 1D chain) are largely
stand-alone in nature, where the composition, bonds, charge
balance, coordination environment, and structure are very little
perturbed from the parent binary phases. Therefore, the semi-
conductor properties originated from the parent bulk materials
are inheritably preserved in the hybrid structures. As long as the
inorganic components remain the same, the variation in the
length of organic amines (spacers) will have very little effect on
the bandgap and other associated properties. This elucidation
is further verified by the theoretical calculations which reveal
that the valence and conduction bands of the hybrids are
overwhelmingly dominated by the inorganic II and VI atomic

Copyright © 2013. Elsevier. All rights reserved.

states (see Section 2.14.2.3.2). Furthermore, it is well under-
stood that because the 1D hybrid structures are confined to two
dimensions (similar to quantum wires), they exhibit larger
blue shift than their 2D and 3D counterparts that are made
of II-VI atomic layers confined only to one dimension (similar
to quantum wells).

Finally, the bandgap of the hybrid materials containing I1-
VI layers can be systematically tuned by simply varying a single
structural parameter, the number of single atomic slabs (n)
within a layer. Comparing to the analogous method used to
control the size of colloidal QDs, this structure-based tuning
approach is far more efficient and precise. As shown in
Figure 25(a), the parent bulk materials (MQ) can be consid-
ered as made of ‘infinite’ number of single atomic MQ slab
(n=00), while the hybrid structures comprised of single
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atomic MQ layers (such as 3D-[MQ(L)os]) have n=1. These
two extreme cases correspond to the largest (n=1) and zero
(n=00) structure-induced QCE, respectively. By making the
hybrid structures with various n values between 1 and oo, the
bandgap and other related properties can thus be tuned
precisely and rationally. Two intermediate cases with n=2
(double-layer) and n=3 (triple-layer) are illustrated in
Figure 25(a). As an example, the absorption spectra of
double-layered 2D-[(Zn,Se,)(ba)] and single-layered 2D-
[(ZnSe)(ba)] are compared in Figure 25(b). Because the

Figure 10 Crystal structure of 3D-3-[ZnTe(hda)o 5]. Hydrogen atoms
are omitted for clarity.

thickness of the {Zn,Se,}, layer is approximately twice that
of the {ZnSe}, layer, the QCE (exhibiting as the blue shift
in the bandgap) in the double-layered phase (n=2) is signifi-
cantly smaller than that in the single-layered phase (n=1).

2.14.2.3.2 The band structures
Calculations of band structure (BS) and density of states
(DOS) have been carried out for selected II-VI hybrids using
their single crystal structures as starting models. A planewave
code CASTEP is used in these calculations.”®*~*"! The total
energy is calculated by density functional theory (DFT) within
the framework of a nonlocal generalized gradient approxima-
tion (i.e., Perdew-Burke-Ernzerhof (PBE) functional).’’* The
interactions between the ionic cores and electrons are
described by the ultrasoft pseudopotential.>*>?”> The follow-
ing electrons are treated as valence electrons: Zn: 3d'%4s?, Cd:
4d'°5s2, Se: 4324p4, Te: 5825})4, C: 25221)2, N: 2522p3, and
H:1s'. Pseudopotentials are used for all atoms. The number
of plane waves included in the basis is determined by a cutoff
energy and the numerical integration of the Brillouin zone is
performed using different Monkhorst-Pack k-point setting (see
Table 9). The other calculation parameters and convergent
criteria are taken from default values of the CASTEP code.
The calculated results are tabulated in Table 9, from which
we can see that the calculated blue shifts of II-VI hybrids are in
excellent agreement with the experimental values. Also, it is
observed that the calculated bandgaps are smaller than the
experimental ones. This is not surprising because it is well-
known that the DFT-GGA (generalized gradient approxima-
tion) does not accurately describe the eigenvalues of the
electronic states, which causes quantitative underestimation
of bandgaps.?”*~2"® Remarkably, this systematic error (~0.8-
0.9 eV) is demonstrated to be transferable from bulk II-VI to
hybrid compounds (Table 9).
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Figure 11 PXRD patterns of (a) 3D-[ZnSe(en)o 5], (b) 3D-[ZnSe(pda)o 5]
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Figure 13 Views of the 3D-[CdSe(en)q 5] structure: (a) a {CdSe}, single layer in the structure. (b) The overall structure viewing down the a-axis.

Hydrogen atoms are omitted for clarity.

The band structures as well as the total and partial DOS of
3D-a-[ZnTe(en),,,], 3D-B-[ZnTe(en),,,], 3D-[ZnTe(pda);,,],
3D-[CdSe(en),;;], and 2D-o-[ZnTe(ma)] are plotted in
Figures 26-30, respectively. Based on the calculated bands, it
is clear that all compounds possess direct bandgaps. The DOS
plots of all hybrid structures show very similar features, as
evident from Figures 26-30. In the case of 3D-a-[ZnTe(en); 5]
(Figure 26), the conduction bands are predominately con-
tributed from the inorganic elements. The major contribu-
tions are from the Zn-4s atomic orbitals, along with lesser
contributions from Zn-4p, Te-5s, and Te-5p states. The
valence bands from —2.6 eV to the Fermi level are largely
made of Te-5p atomic orbitals, with partial contributions of
Zn-4s, Zn-4p, and Te-5s states. The occupied bands at

Copyright © 2013. Elsevier. All rights reserved.

lower energies (between —22 and —11.5eV) are primarily
the C-2s, C-2p, N-2s, and N-2p atomic states. The sharp
and narrow d-band from —7.5 to —5 eV is exclusively from
the Zn-3d orbitals.

A comparison of the density of states of 3D-a-[ZnTe(en); ;]
with those of the wiirtzite ZnTe (Figure 26(d)) reveals that: (a)
There is a clear bandgap increase in the hybrid phase, and its
electronic band structure resembles the parent structure with
similar distributions of atomic states in the VB and CB energy
states. This verifies that the electronic states and semiconductor
properties of the binary species are well preserved going from a
parent bulk to a hybrid structure. (b) The atomic orbitals
contributed to the VB and CB are almost exclusively from the
inorganic component, with negligible involvement of the
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organic component. This result confirms that any electronic
and optical properties related to the electronic states in the
frontier region (VB+ CB) will be predominantly determined by
the inorganic II-VI modules, and the role of organic spacers is
largely passivation. Consequently, the observed large blue shifts
in the band-edge optical absorption spectra of the II-VI hybrids
are due to the strong QCE induced by the organic spacers. These
findings are further verified by calculations on other hybrid

systems (Figures 27-30). Furthermore, band structure and tran-
sition probability of selected II-VI hybrids have also been cal-
culated by the DFT-LDA method.'*?”727® The results from
different computational methods are fully consistent.

2.14.2.3.3 Thermal stability
Thermal stability of II-VI hybrid semiconductors has been
studied by the TGA performed on polycrystalline/powder
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Figure 17 Views of the 3D-a-[ZnSe(mxda)g 5] structure: (a) a {ZnSe}, single layer. (b) The overall structure viewing down the a-axis. Hydrogen

atoms are omitted for clarity.

samples. Some other thermally related properties, such as con-
tents of the organic components, thermolysis behavior, as well
as the phase-transition process, are also investigated by TGA
experiments. Relevant results are included in Table 10; TGA
profiles of selected compounds (e.g., 2D-[ZnSe(L)]) are illus-
trated in Figure 31 as representative examples.

The TGA data shown in Table 10 illustrate that most of
the II-VI hybrid compounds are thermally stable between 100
and 200 °C. Above this temperature, they start to lose their
organic components in a single-step weight-loss process. A few
of them undergo multistep weight loss. As shown in Table 10,
the experimental weight loss is generally in good agreement

with the theoretical value calculated from the molecular
formula.

The post-TGA residual materials are characterized by
PXRD and the phases are identified as inorganic II-VI bina-
ries. For most ZnTe-based hybrids, the residue is zinc blende
ZnTe. One exception is 3D-a-[ZnTe(en)o 5|, for which both
the zinc blende (major) and the wiirtzite (minor) phase
are found at higher temperatures (e.g., >420 °C). For ZnS,
ZnSe, CdS, and CdSe-based hybrids; however, the post-TGA
residuals are wiirtzite phase. As illustrated examples, post-
TGA PXRD patterns of 3D-[ZnSe(L)os] phases are shown
in Figure 32.
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Figure 19 PXRD patterns of (a) 2D-[Zn,Ses(ea)], (b) 2D-[Zn,Sex(pa)], (c) 2D-[Zn,Ses(ba)], and (d) 2D-[Zn,Seo(ha)].

Generally, the thermal stability of the II-VI hybrids de-
pends on the type of inorganic component, nature of organic
linker, as well as the overall structural dimensionality. Within
the group of 3D hybrid structures, the Cd-based compounds
are less thermally stable than Zn-based phases (Table 10). As
the structural dimensionality lowers (e.g., from 3D to 1D), the
thermal stability of the II-VI hybrids decreases accordingly. For

example, 3D-[ZnS(L)os], 3D-[ZnSe(L)os], and 3D-[ZnTe
(L)os] decompose in the temperature ranges of 314-359,
312-353, and 290-318 °C, respectively; however, the decom-
position temperatures for 2D-[ZnS(L)] and 2D-[ZnSe(L)] are
within 173-182 and 194-215 °C, respectively.

The post-TGA residuals of some II-VI hybrid compounds
are virtually nanoparticles with a variety of morphologies,
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Figure 21

which have been verified by both SEM and PXRD methods.
Because both wiirtzite ZnS and ZnSe are thermally metastable,
the thermolysis of suitable hybrid compounds may be a prom-
ising approach of producing metastable II-VI semiconductor
nanomaterials.

2.14.2.3.4 Phase transitions

Some II-VI hybrid semiconductors made of long organic
amine molecules exhibit interesting phase-transition phenom-
ena. Two representative examples are 3D-[ZnTe(bda)o 5] and

Copyright © 2013. Elsevier. All rights reserved.

PXRD patterns of (a) 2D-[Cd,Se,(pa)], (b) 2D-[Cd,Sex(ba)], and (c) 2D-[Cd,Seo(ha)].

3D-[ZnTe(hda), 5].>°° For both compounds, as the tempera-
ture decreases below a certain value, so-called the phase
transition temperature, their original o- or 3-phases (observed
at room or higher temperature) will change to another phase,
namely the y-phase. The transition temperatures of 3D-[ZnTe
(bda)os] and 3D-[ZnTe(hda)os] are ~130 and ~220K,
respectively. As shown in Figure 33, the organic molecules in
both 3D-y-[ZnTe(bda)os] and 3D-y-[ZnTe(hda)e 5] possess a
peculiar conformation that is quite different from that of the
a-phases (Figure 9). Organic molecules in the y-phase adopt
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Figure 22 Crystal structure of 2D-[Zn,Sey(ba)]: (a) {Zn,Sey}, double layer. (b) The overall structure viewing along the a-axis. Hydrogen atoms

are omitted for clarity.
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Figure 23 Optical absorption spectra of selected hybrids (i.e., 3D-[ZnS
(L)os], L=en, pda, bda, ptda, hda).
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Figure 24 Optical absorption spectra of selected hybrids
(i.e., 3D-[ZnSe(L)o 5], L=en, pda, bda, ptda, hda, hpda).

the GTG and GTITG forms (mixture of trans (T) and gauche
(G)) while in the a-phases only trans conformers are observed.
As a result, the spatial stretching length of the organic mole-
cules as well as the interlayer distance in the a-phase are longer
than those in the y-phase (Table 7). These phase transitions are
reversible through an in situ lattice-constant measurement of a
single crystal undergoing cooling and heating cycles below
and above the transition temperature.206 In addition, Mitzi2®’
also reported that 1D-o-[ZnTe(N,H,)] can be converted
to 2D-[ZnTe(N,H,)| via a solid-to-solid phase transition
at ~100 °C.

2.14.2.3.5 Thermal expansion
The II-VI hybrid materials also exhibit interesting thermal
expansion properties. As is well known, different materials
respond to the change of temperature in different ways. Most
materials undergo a volume expansion as temperature in-
creases, and such a behavior is characteristic of positive ther-
mal expansion (PTE). Conversely, materials that experience a
volume contraction as temperature increases are referred to
have negative thermal expansion (NTE), and they are much
less common in comparison with the vast majority of PTE
materials. Particularly, when a substance does not respond to
temperature change (i.e., neither expanding nor contracting in
heating or cooling), it is classified as a material of zero (or
nearly zero) thermal expansion (ZTE). ZTE materials are of
great demand for a variety of applications®”®> where constant
volume or size is required. However, such materials are ex-
tremely rare and only several examples have been reported to
date.?89-283 To achieve overall ZTE effect, a great deal of re-
search effort has been focused on making composite materials
(e.g., alloys) by mixing PTE and NTE phases.?”*?54-287 Never-
theless, such composite materials will unavoidably involve a
large number of grain boundaries, which can lead to severe
cracks in the materials and impede the ZTE performance.

The modular nature of crystalline II-VI hybrid materials
makes them attractive for improved ZTE performance
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Table 8 Bandgap (BG) and blue shift (BS)? of selected 11-VI hybrids

Compound BG (eV) BS (eV) Compound BG (eV) BS (eV)
3D-[ZnS(en)g 5] 4.5 1 3D-[MnSe(en)o 5] 1.8 0.2
3D-[ZnS(pda)g 5] 45 1.3 3D-[MnSe(pda)o s] 1.7 0.1
3D-[ZnS(bda) 5] 45 1.3 3D-[MnSe(bda)g 5] 1.8 0.2
3D-[ZnS(hda)g 5] 4.6 1.4
3D-[ZnS(hpda)g 5] 4.6 1.4 2D-[ZnS(NoH,)] 4.3 1.2
3D-[ZnS(otda)g 5] 4.6 1.4 2D-[ZnS(ma)] 45 1.3
3D-[ZnS(dien)g 5] 4.6 1.4 2D-[ZnS(pa)] 45 1.3
3D-[ZnSe(NaHyg)o 5] 37 1.2 2D-[ZnS(ba)] 4.6 1.4
3D-[ZnSe(en)o s] 4.0 1.5 2D-[ZnSe(N2Ha)] 37 1.2
3D-[ZnSe(pda)o 5] 3.9 1.4 2D-[ZnSe(ma)] 4.0 15
3D-[ZnSe(bda)o 5] 4.0 1.5 2D-[ZnSe(ea)] 39 1.4
3D-[ZnSe(ptda)g 5] 4.0 1.5 2D-[ZnSe(pa)] 4.1 1.6
3D-[ZnSe(hda)g 5] 4.1 1.6 2D-[ZnSe(ba)] 4.1 1.6
3D-[ZnSe(hpda)o 5] 4.1 1.6 2D-[ZnSe(ha)] 41 1.6
3D-[ZnSe(dien)o 5] 4.0 1.5 2D-[ZnTe(NoHy)] 3.2 1.1
3D-[ZnSe(mxda)g 5] 4.0 1.5 2D-[ZnTe(ma)] 35 1.4
3D-[ZnTe(N2H4)o 5] 3.2 1.1
3D-a-[ZnTe(en)o 5] 3.5 1.4 2D-[Zn,Sy(pa)] 39 0.7
3D-B-[ZnTe(en)o 5] 3.3 1.2 2D-[Zn,S,(ba)] 3.9 0.7
3D-[ZnTe(pda)g 5] 34 1.3 2D-[Zn,S5(aa)] 4.0 0.8
3D-a-[ZnTe(bda)o 5] 35 1.4 2D-[Zn,S,(ha)] 4.0 0.8
3D-a-[ZnTe(hda)g 5] 3.5 1.4 2D-[Zn,Se,(ea)] 3.5 1.0
2D-[Zn,Se,(pa)] 3.5 1.0
3D-[CdS(en)o 5] 3.9 1.6 2D-[Zn,Se,(ba)] 35 1.0
3D-[CdS(pda)o s] 39 1.6 2D-[Zn,Se,(aa)] 35 1.0
3D-[CdS(bda)gs ] 4.0 1.7 2D-[Zn,Se,(ha)] 35 1.0
3D-[CdS(ptda)g 5] 39 1.6
3D-[CdS(hda)o 5] 3.9 1.6 2D-[Cd2S,(pa)] 29 0.6
3D-[CdSe(en)o 5] 35 2.0 2D-[Cd2S,(ba)] 29 0.6
3D-[CdSe(pda)o 5] 35 2.0 2D-[CdoS,(ha)] 2.9 0.6
3D-[CdSe(bda)g 5] 35 2.0 2D-[CdoSex(pa)] 2.6 1.1
3D-[CdSe(ptda)o 5] 35 2.0 2D-[Cd,Sex(ba)] 2.6 1.1
3D-[CdSe(hda)g 5] 35 2.0 2D-[CdoSex(ha)] 2.6 1.1
3D-[CdTe(en)o.s] 3.1 1.7
3D-[CdTe(pda)os] 3.1 1.7 1D-[ZnTe(pda)] 3.8 1.7
3D-[CdTe(ptda)o 5] 3.1 1.7 1D-[ZnSe(pda)] 4.3 1.8

9Estimated bandgaps of [I-VI inorganic semiconductors: wiirtzite CdS 2.3 eV, wiirtzite CdSe 1.5 eV, CdTe (zinc blende structure) 1.4 eV, ZnS (zinc blende structure) 3.2 eV, ZnSe (zinc
blende structure) 2.5 eV, ZnTe (zinc blende structure) 2.1 eV. As an approximation, data for zinc blende structure were used when bandgap values of wiirtzite structure were not

available.

Specifically, the inorganic and organic modules may show
different thermal expansion behavior. The II-VI binary com-
pounds are typical PTE materials while the NTE effect has been
reported for some amine molecules.?*?%° The incorporation
of these two modules into a single-crystalline structure allows
the compensation of PTE and NTE generated by the two com-
ponents. In doing so, the grain boundary problem associated
with the composite materials is entirely eliminated. It is inter-
esting to note that as freestanding molecules, a number of
amine molecules display the PTE effect, while all of them
show NTE behavior when embedded in the hybrid structures.
The extent of NTE increases as the length of the organic mol-
ecule increases. As a result, the thermal expansion of the hybrid
structures can be readily tuned by appropriate combination of
inorganic and organic components with suitable length and
composition.

The thermal expansion behaviors of five selected hybrid
materials are illustrated in Figure 34. These hybrids
are 3D-o-[ZnTe(N,H4)os] (a), 3D-o-[ZnTe(en)os| (b),

3D-o-[ZnTe(pda)o 5] (c), 3D-a-[ZnTe(bda)ys] (d), and 3D-a-
[ZnTe(ptda)os] (e), respectively. All five structures contain
{ZnTe}, single atomic layers, which are interconnected by
diamine molecules via coordination bonds between Zn and
N atoms. The changes in lattice parameters of compound b are
plotted in Figure 34(a). The two short axes (L, and L,, parallel
to {ZnTe}, layers) increase as temperature rises. This PTE
behavior is also observed for other four hybrid compounds.
The thermal expansion coefficients () of a-b are in the range
of 0.9-1.5x10 > K ! (for Ly), and 1.4-2.9x10 > K ' (for
L,), respectively. From Figure 34(b) one sees that the PTE
effect (represented by the changes in L,) generally decreases
as the number of amine carbon atoms (n) increases from a to
b. The long axis L;, which is perpendicular to the {ZnTe},
layers, shows a much smaller PTE for compound a (with the
shortest diamine, n=0), whereas for other compounds, L3
exhibits an increasing NTE effect as diamine molecules get
longer (Figure 34(c)). Individual contributions of inorganic
and organic components to Lj are plotted in Figure 34(d) for
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Figure 25 (a) The schematic plot illustrating the correlation between the layer thickness (7) and bandgap for 3D hybrid structures (i.e., 3D-[MQ(L) 5]).
(b) Optical absorption spectra of ZnSe (zinc blende type), single-layered 2D-[(ZnSe)(ba)], and double-layered 2D-[(Zn,Se,)(ba)].

Table 9 Calculation parameters and results of selected I1-VI hybrids

Compound Parameters Results

Monkhorst— Cutoff energy Empty BG (eV) BG (eV) BS (eV) BS (eV) BG type

Pack (eV) bands cal. exp. cal. exp.

k-point set
3D-o-[ZnTe(en)os] 4x4x1 310 12 2.707 35 1.252 1.32 Direct
3D-B-[ZnTe(en)os] 4x4x%x6 310 12 2.345 3.3 1.226 1.2 Direct
3D-[ZnTe(pda)o s] 4x4x4 310 12 2.737 34 1.282 1.22 Direct
3D-[CdSe(en)o.s] 4x4x2 280 12 2.600 35 1.849 2 Direct
2D-B -[ZnTe(NoHy)] 4x4x3 310 12 2.329 3.2 1.21 1.1 Direct
2D-o-[ZnTe(ma)] 3x4x1 310 12 2.791 35 1.336 1.32 Direct
1D-[ZnTe(pda)] 3x4x2 310 12 2.951 3.8 1.496 1.62 Indirect/direct
1D-o-[ZnTe(NoHyg)2]  4x2x3 310 12 2.974 3.8 1.519 1.62 Indirect/direct
ZnTe-W 7TxT7x4 310 12 1.455 2.18 N/A N/A Direct
ZnTe-ZB TxTx7 310 12 1.119 2.1 N/A N/A Direct
CdSe-W 7TxT7x4 260 12 0.751 15 N/A N/A Direct

a (n=0) and c (n=3). The inorganic motifs in both compounds
exhibit a comparable PTE effect, while the organic components
in c exhibit a significantly more prominent NTE than those in a,
giving rise to an overall PTE and NTE for a and c, respectively.
The thermal expansion behavior of 3D-f3-[ZnTe(en), 5] has
also been analyzed in powder form.?*° The phonon spectrum
of this compound is calculated using a linear response theory.

The calculation results reveal that a number of transverse and
transverse-longitudinal (mixed) modes can be excited in a
temperature range between 4 and 400 K. The frequencies are
in the similar region of the transverse modes found in other
NTE materials.?’"?°? In addition, Raman analysis has verified
that the frequencies experience red shifts upon cooling
(a signature of the transverse mode).
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Figure 26 (a) Band structure of 3D-a-[ZnTe(en)os]. (b) and (c) Total and partial DOS of 3D-a-[ZnTe(en)q 5]. (d) Total and partial DOS of

wiirtzite ZnTe.

2.14.2.3.6 Photoluminescence and white-light emission

As one of the most promising energy-saving lighting technol-
ogies, solid-state lighting (SSL) is evolving very rapidly during
recent years. By utilizing semiconductor materials, SSL devices
have a higher efficiency in converting electricity to light and
they last for a longer time than conventional lighting sources. It
has been estimated that by 2020, SSL applications would con-
tribute up to 50% reduction of global energy consumption for
lighting.>** Additionally, as it can make direct use of solar
power, a renewable energy source, SSL technology will consid-
erably reduce the greenhouse gas accumulation and contribute
to a cleaner environment.

Two main branches of SSL technology are light-emitting
diode (LED) and organic light-emitting diode (OLED), both
of which have attracted tremendous research attention in
recent decades. White-light LEDs (or OLEDs) are most
demanding for conventional lighting applications. Generally,
they are fabricated by phosphor conversion,>** in which white
light is generated by a blue or near-UV LED coated with a
yellow or a multichromatic phosphor. Another approach is
by the combination of monochromatic LEDs (i.e., red, green,

and blue LEDs). However, both fabrication methods involve
complicated mixing and doping processes that are associated
with problems such as self-absorption, nonradiative carrier
loss, and low light-capture efficiency.?*>~*°” Such problems
will significantly reduce the lighting efficiency of the device
and thus hinder the widespread utility of SSL technology.

An interesting discovery in 2005 showed that the very small
CdSe nanocrystals could directly emit white light without involv-
ing a doping process.'>* The emission of these CdSe nanocrystals
(~1.5 nm) is very broad and covers the entire visible spectrum.
This phenomenon is owing to the very high surface-to-volume
ratio of the CdSe nanocrystals. In such a case, a large number of
midgap surface sites are generated and the photogenerated holes
are trapped in these midgap states and combined with electrons
before returning back to the ground state through a nonradiative
pa’[hway.154 However, due to the weak correlations between the
nanoparticles, these nanocrystals are practically unable to
achieve high conductivity and mobility required for LEDs.

The [I-VI-based hybrid semiconductors may have potential
for use in white-light LEDs.?*®2°° In 2008, we reported the first
semiconductor bulk material 2D-[Cd,S,(ba)] (Figure 35(a))
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Figure 27 (a) Band structure of 3D-B-[ZnTe(en)o 5] (b) and (c) Total and partial DOS of 3D-B-[ZnTe(en)qs]. (d) Total and partial DOS of zinc

blende ZnTe.

that generates white light directly.””® The photoluminescent
emission of this material spans over the full region of the visible
spectrum (Figure 35(b)), which makes it a characteristic and
well-balanced white-light emission. As a well-known strong
luminescent center, Mn2" ions are also used to further enhance
the emission intensity.?*3°>3°! Showing in Figure 36 are
white-light LEDs fabricated by using 2D-[Cd,S,(ba)] and Mn-
doped 2D-[Cd,S,(ba)] samples as phosphors. The chromaticity
coordinates of these white-light LEDs are located well within the
white region of the International Commission on Illumination
(CIE) 1931 color space chromaticity diagram.?®>°% The inter-
nal quantum yield (QY) of 2D-[Cd,S,(ba)] type structures is
~4-5%.%°% Much higher QY (~25%) has been achieved for
2D-[Zn,S,(L)] type compounds.*®*

Although the white-light emission found in II-VI hybrids is
similar to what has been elucidated for CdSe nanocrystals,304
the hybrid materials possess some exclusive advantages that
make them more promising. First of all, because they comprise
infinite and perfectly ordered II-VI modules, high carrier con-
ductivity and mobility are anticipated in hybrid structures and
they may become suitable candidates for single-material-based
active layer in high-efficiency white-light LED chips. Second,
the hybrid materials are free of issues related to the particle size

or size distribution that must be addressed in the cases of
nanocrystals. Furthermore, the structures and optical proper-
ties of the hybrids can be tuned systematically. Finally, since
the hybrid materials can be readily processed in bulk form,
they are likely more favorable in industrial device-fabrication
processes.

2.14.2.3.7 Mechanical properties
Despite the fact that organic molecules in II-VI hybrid com-
pounds make little effect on the bandgap and related electronic
and optical properties, they play a crucial role in other func-
tionality and behaviors. One of the most attractive features of
the hybrid structure is that by combination of two distinct
components into a single-crystal lattice, multiple important
and useful properties pertinent to each of the two components
can be integrated into the resultant material. Thus, the 11-VI
hybrid compounds are substantially lighter and more flexible
than their parent II-VI binaries because of the incorporation of
organic molecules. Such properties would profoundly contrib-
ute to the mechanical behavior of the II-VI hybrids.

The mechanic strength of some selected II-VI hybrid
compounds is tested by typical stress—strain measurements,
performed on pellet samples prepared from polycrystalline
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Figure 28 (a) Band structure of 3D-[ZnTe(pda)os]. (b) and (c) Total and partial DOS of 3D-[ZnTe(pda)o s].

powders.’*® The stress-strain profiles of 3D-o-[ZnTe(L)qs]
(L=N,H,, en, pda, bda, and hda) and three reference mate-
rials prepared in the same manner (ZnTe, pentacene, and
polystyrene) are shown in Figure 37. The data at the low-
pressure region show that the hybrids with shorter organic
molecules exhibit similar mechanical behavior to that of pen-
tacene, while those containing longer organic amines are anal-
ogous to polystyrene. 3D-a-[ZnTe(hda), 5|, having the longest
organic amine molecule (i.e., hda), possesses a larger strain
than that of polystyrene under the same stress force. Further-
more, the relatively high flexibility of the hybrid materials is
evidenced by its capability of ‘bending,” as shown in the image
of freestanding film sample (Figure 38).

2.14.2.3.8 Thermal conductivity

Another interesting property of II-VI hybrids is their thermal
conductivity.°® The results of thermal conductivity measure-
ments for the 3D-o-[ZnTe(L)o 5] (L=N,Hy, en, and pda) struc-
tures and the reference material ZnTe are plotted in Figure 39.
Based on the thermal conductivity data, it is clear that the
thermal conductivity of all these hybrids is reduced to a large
extent in comparison with that of the parent compound ZnTe.
When the length of the organic molecules increases from N,H,
to pda, the unit cell of the hybrid compounds expands accord-
ingly. A monotonic increase in the specific heat capacity is
observed in Figure 39. Such an increase is coupled with a slight
decrease in the thermal diffusivity, which leads to a net increase
in the thermal conductivity as the temperature rises.

2.14.2.3.9 Magnetic properties
Magnetically substituted hybrid semiconductors are obtained by
incorporating magnetic elements (e.g., Mn, Fe, and Co) into the
host lattices of nonmagnetic hybrids (such as 3D-[ZnSe(L)o 5],
3D-[CdSe(L)o 5], 2D-[ZnSe(ba)], and 2D-[Zn,Se,(ba)]) without
changing their crystal structures.”°*>°¢%33% Analogues to the
host hybrids, the magnetically substituted hybrids also manifest
a large blue shift in their absorption spectra, and the shift extent
depends on the amount of magnetic substituents.”®°
Substitution of magnetic elements into nonmagnetic hybrids
introduces large enhancement in the magnetic moments. The
magnetic behavior of these substituted hybrids is characteristic
of paramagnetism with antiferromagnetic coupling between the
Mn?" cations, evident from the continuous decrease of ;T values
as temperature is lowered. More interestingly, these values de-
crease as the concentration of Mn>* increases over the entire
temperature range selected in the study (Figure 40). In addition,
the antiferromagnetic interaction between the Mn>" ions de-
creases as the length of organic diamines increases. Such an inter-
action is also affected by the inorganic II-VI arrays. This is
supported by the fact that Mn-Mn interaction in the single
atomic-layered 2D-[Zn;_Mn,Se(ba)] is stronger than that
found in the double-layered structure 2D-[Zn,_,,Mn,,Se,(ba)].>*®

2.14.2.3.10 Other properties

In addition to the findings described above, studies have also
been carried out to investigate a number of other properties for
the hybrid materials. For example, II-VI hybrid structures have
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commonly been used as precursors to synthesize inorganic
II-VI nanomaterials with appropriate morphology and size.
There are a number of publications exemplifying the research
progress in this area.?®>3%°=3!® Through the thermolysis of
3D-[ZnS(en)os], Yu and coworkers®'® fabricated the nano-
sheets of wiirtzite ZnS, while the wiirtzite ZnS nanorods were
also obtained by Wu et al.>'? In addition, Li and coworkers>2°
synthesized the nanofibers of wiirtzite ZnS and ZnSe through
solvothermal decomposition of [ZnQ(N,H,),] (Q=S, Se) in
ethanol solution. Apart from the II-VI inorganic phases, the
hybrids themselves could be fabricated into nanomaterials
with different morphology and size ??%3!%316-318:321-323 gq;
instance, uniform 3D-[ZnSe(dien),s| nanobelts were pro-
duced by Yao et al.>** through the control of the solvent
composition. Mitzi and coworkers®®”3?>32¢ reported that
the low-dimensional ZnTe-based hybrids which can be dis-
solved in hydrazine are promising alternative precursors to
fabricate thin films via a solution-deposition process. This
approach has a great potential to afford low-cost and high-
efficiency devices for the PV industry.

The absorption and emission spectra of polycrystalline
3D-|CdSe(hda), 5] and 3D-[CdSe(en)ys] have been studied
by Qian et al.>*° at room temperature. For 3D-[CdSe
(hda)o 5], it has a sharp emission at 362 nm (3.43 eV) with
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(a) Band structure of 3D-[CdSe(en)q5]. (b) and (c) Total and partial DOS of 3D-[CdSe(en)q5]. (d) Total and partial DOS of wiirtzite CdSe.

full width at half-maximum of 0.177 eV while absorbing
strongly at 354 nm (3.5 eV). The Stokes shift is 0.07 eV. These
findings verified that for II-VI hybrids, the band-edge absorp-
tion and emission are originated from the inorganic II-VI
components and are irrelevant to the length of amine mole-
cules. In addition to these compounds, photoluminescence
studies are also carried out for several 2D and 3D sulfur- or
selenium-based hybrid structures.??%31%323324 Notably, some
hybrid structures may be good candidates for photocatalysis.
For instance, both 3D-[ZnS(en), 5] and 3D-[ZnS(pda), 5] have
been used in the photocatalytic degradation of selected
dyes.>*”

Fu and coworkers>?® investigated the behavior of 3D-[ZnSe
(en)o.s] under hydrostatic pressure by using a first-principles
pseudopotential method with mixed-basis set. Surprisingly
different from the general assumption, the bonds of inorganic
{ZnSe}, layers rather than organic linkers are predominantly
and highly compressed under the pressure. Moreover, the
bandgap as well as other properties of the hybrid structures
exhibit unusual pressure dependence. Moon and coworkers>2’
also employed the first-principles method in the study of struc-
tural stability, electronic properties, and total energy differ-
ences of en-based hybrids. The calculation results show that
en molecules with different conformations give rise to two
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Figure 30 (a) Band structure of 2D-[ZnTe(ma)]. (b) and (c) Total and partial DOS of 2D-[ZnTe(ma)].

polymorphs for hybrid structures, that is, oj-phase and
ay-phase. The en molecules adopt the GTG conformation for
the latter and TIT conformation for the former, respectively
(T=trans, G=gauche). In addition, it has been found that the
ar-phase is the most stable phase while the stability of the
op-phase goes down as the lattice constants of the hybrids
decrease. The theoretical study also reveals that the kinetic
effect plays a very important role in the formation of different
hybrid phases.

Under appropriate reaction conditions, single crystals of
ZnTe-based hybrids can be produced in fairly large size
(1-2 mm), which allows the measurement of polarization
dependence directly performed on single-crystal samples.
Therefore, Raman analysis has been carried out on single
crystal samples of ZnTe-based hybrids at room temperature.?**
The obtained spectra show multiple sharp phonon modes at
frequencies that are different from those of the bulk ZnTe,
which would be probably ascribed to the band folding of the
semiconductor-related modes. By varying the structural dimen-
sionality of ZnTe-based hybrids (i.e., from 3D to 1D), different
vibrational signatures are clearly observed in their Raman spec-
tra. In addition, Raman analysis also demonstrates that
the ZnTe-based hybrids possess high surface quality and high
crystallinity.  Furthermore, polarized photoluminescence,
absorption, and reflectance properties are also investigated at
different temperatures on single crystals of 1D-ZnTe(pda) and
3D-B-[ZnTe(en)y s]. The experimental results indicate that at

both low temperature and room temperature, these hybrid
materials show significantly enhanced band-edge absorption,
huge confinement effect, strong exciton binding energy, and
large anisotropic refractive index.?”®33° For 3D-B-[ZnTe(en)y 5],
the free exciton-polariton emission at the fundamental band
edge has been observed for the first time at both low tempe-
rature and room temperature.

2.14.3 IllI-VI-Based Inorganic-Organic Hybrid
Semiconductor Nanostructures

Most of the II-VI hybrid semiconductors possess large band-
gaps (>3.0 eV, see Table 9) and are therefore not suitable for
utilization as active layers in PV devices. To reduce the band-
gaps, new hybrid nanostructures based on III-VI semiconduc-
tors are being developed. The III-VI compounds are generally
direct bandgap semiconductors and have much lower band-
gaps than those of II-VI binaries. Among all the III-VI semi-
conductors, In,Te; has the smallest direct bandgap (~1.0 eV)
so that it could be an excellent candidate for PV applications.
By applying the design strategy similar to the construction of
II-VI hybrids, an unprecedented zero-dimensional (0D) hy-
brid structure IngTe;,(trien), (trien =triethylenetetramine) has
been successfully prepared through a solvothermal synthesis.>*!

0D-[IngTe;,(trien),] crystallizes in the C2/c space group.
The structure comprises a {IngTe;,} cluster coordinated to
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Table 10 TGA data of selected 11-VI hybrid semiconductors

Compound Exp. weight loss (%) Calcd. weight loss (%) T (°C) TP (°C) T, (°C) Residual
3D-o-[ZnS(en)g 5] 229 23.6 260 >400 359 ZnS(W9)
3D-[ZnS(pda)o 5] 30.3 27.6 180 420 348 ZnS(W)
3D-[ZnS(bda) 5] 31.0 3141 200 420 352 ZnS(W)
3D-[ZnS(ptda)o 5] 36.2 344 100 420 314 ZnS(W)
3D-[ZnS(hda)g 5] 37.9 374 220 420 344 ZnS(W)
3D-a-[ZnSe(en)o s 17.7 17.2 250 410 326 ZnSe(W)
3D-a-[ZnSe(pda)g 5] 22.0 20.4 250 410 326 ZnSe(W)
3D-u-[ZnSe(bda)g 5] 242 23.4 230 420 353 ZnSe(W)
3D-a-[ZnSe(ptda)g 5] 28.1 26.1 200 420 312 ZnSe(W)
3D-a-[ZnSe(hda)g 5] 26.8 28.7 120 410 353 ZnSe(W)
3D-o-[ZnSe(hpda)g 5] 32.0 311 200 420 325 ZnSe(W)
3D-a-[ZnTe(en)os] 13.7 13.5 200 400 299 ZnTe(ZB°+ W) +Te
3D-B-[ZnTe(en)o 5] 13.9 13.5 200 400 290 ZnTe(ZB)
3D-a-[ZnTe(pda)os] 14.4 16.1 200 400 318 ZnTe(W)+Te
3D-[CdSe(en)q 5] 14.3 13.6 180 320 244 CdSe(W)
3D-[CdSe(pda)g 5] 16.5 16.2 150 350 247 CdSe(W)
3D-[CdTe(en)o ] 9.1 11.1 180 >420 238 CdTe(ZB)>>Te
2D-[ZnS(pa)] 34.7 37.76 80 400 174 ZnS(W)
2D-[ZnS(ba)] 43.82 42.87 50 420 173 ZnS(W)
2D-[ZnS(ha)] 53.15 50.90 50 400 182 ZnS(W)
2D-[ZnSe(ma)] 18.14 17.7 130 360 200 ZnSe(W)
2D-[ZnSe(ea)] 23.45 23.80 130 360 197 ZnSe(W)
2D-[ZnSe(pa)] 29.32 29.05 130 360 194 ZnSe(W)
2D-[ZnSe(ba)] 32.88 33.63 130 360 200 ZnSe(W)
2D-[ZnSe(ha)] 40.73 4117 130 400 215 ZnSe(W)
2D-[ZnySy(pa)] 26.93 23.26 RT 420 156/263 ZnS(W)
2D-[ZnySy(ba)] 27.35 27.28 RT 420 187/248 ZnS(W)
2D-[Zn,Sy(ha)] 35.58 34.14 RT 420 145/238 ZnS(W)
2D-[ZnySey(pa)] 18.68 16.99 100 400 180.562 ZnSe(W)
2D-[Zn,Sey(ha)] 21.43 20.21 100 400 180/257/315 ZnSe(W)
2D-[Cd,S,(pa)] 18.49 16.98 80 420 201 CdS(w)
2D-[Cd,Sea(pa)] 12.55 13.38 100 300 181 CdSe(W)
2D-[Cd,Se,(ba)] 16.23 16.03 100 300 193 CdSe(W)
2D-[Cd,Se,(ha)] 22.15 20.69 100 300 214 CdSe(W)
1D-[ZnSe(pda)] 32.90 339 120 410 240/314 ZnSe(W)
1D-[ZnTe(pda)] 27.83 27.8 150 360 223/300 ZnTe(ZB>>W)

T, is the temperature at which the hybrid compound begins the weight loss.
°T, is the temperature at which the hybrid compound completes the weight loss.

°T4 is the decomposition temperature.

W, wilrtzite.
¢7B, zinc blende.
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Figure 31 TGA profiles of 2D-[ZnSe(ma)] (1), 2D-[ZnSe(ea)] (2)
2D-[ZnSe(pa)] (3), 2D-[ZnSe(ba)] (4), and 2D-[ZnSe(ha)] (5).

Temperature (°C)

500

four trien molecules (Figure 41). Half of the indium sites have
a four-coordinated tetrahedral {InTe,} geometry and another
half adopts a distorted square-pyramidal {InNsTe,} coordina-
tion. The overall packing structure is shown in Figure 41(b) as
viewed down the b-axis. In this structure, the {IngTe;,} cluster
can be described as a small building unit cut from the In,Tes
parent structure (a-phase) with its composition, bonds, charge,
and crystal structure little perturbed. Thus, the semiconductor
properties of the parent In,Te; can be well retained in
this hybrid structure, and this has been confirmed by the
theoretical calculations using CASTEP.>*' Similar to the
I1-VI hybrid semiconductors, the insulating organic molecules
in OD-[IngTe;,(trien),] are also dual functional. They act
as passivating as well as structure-directing agents. Structure-
induced QCE is, therefore, anticipated in the resultant crystalline
hybrid structure 0D-[IngTe;,(trien),]. The system can be
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Figure 32 PXRD patterns of post-TGA residuals for 3D-[ZnSe(en)q 5] (1), 3D-[ZnSe(pda)q 5] (2), 3D-[ZnSe(bda)q 5] (3), 3D-[ZnSe(ptda)g 5]
(4), 3D-[ZnSe(hda)g 5] (5), and 3D-[ZnSe(hpda)q 5] (6). Simulated PXRD pattern of bulk ZnSe (wiirtzite type) is also included for comparison.
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Figure 33 Views of 3D-y-[ZnTe(L)o 5] structures: (a) L=bda and (b) L=hda.

regarded as perfectly ordered QDs made of In,Te; semiconduc-
tor clusters. To the best of our knowledge, this is the first example
of colloidal QDs that crystallize into a periodic crystal lattice.
The optical absorption spectra of 0D-[IngTe;,(trien),] and
inorganic In,Te; (o-phase) are shown in Figure 42. Comparing
with In,Te;, the absorption edge of 0D-[IngTe;,(trien),]
exhibits a large blue shift (~2.2 eV), and its absorption inten-
sity is significantly increased. The size of the {IngTe;,} cluster
is ~1.02x1.02x0.71 nm, which is much smaller than the
average dimensions of known colloidal QDs. Therefore, the
extent of QCE of this hybrid nanostructure is evidently much

stronger than that of the smallest QDs (~1 eV) reported to
date.'?#297-210 I comparison with the perfectly ordered quan-
tum wells (i.e., 2D MQ layers) and quantum wires (i.e., 1D MQ
chains) of II-VI hybrids confined in one and two dimension
(s), it is clear that IngTe;; QDs in 0D-[IngTe;,(trien),| are
confined in all three dimensions. As a result, 0D-[IngTe;,
(trien)4] offers a larger blue shift than its II-VI counterparts
(~0.7-2.0 eV).

Moreover, this compound has a relatively high thermal
stability (up to 180°C) and can be readily dispersed
into suspendable nanoparticles through an ultrasonication
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Figure 35 (a) Structure view of 2D-[Cd,S,(ba)]. (b) Absorption (Aex=360 nm) and emission spectra of 2D-[Cd,S»(ba)] at room temperature.

process. The suspendable 0D-[IngTe;,(trien),] can be used as a
molecular-based precursor of In,Tes, and employed to deposit
high-quality PV thin films containing the targeted material
with appropriate stoichiometry. Along with other advantages
such as one-pot synthesis, higher materials utilization effici-
ency, fewer processing steps, and ease in structure characteri-
zation, this hybrid QDs-based deposition method may enable
a promising alternative approach to produce low-cost and
high-efficiency PV and other optoelectronic devices.

2.14.4 Other Types of Metal Group-VI-Based Hybrid
Semiconductor Nanostructures

Another strategy to prepare hybrid semiconductors is by mak-
ing use of molecule-based extended solids that are analogous
to known inorganic semiconductors. For example, the com-
pound [Pb(SCsH,4S)], may be considered another type of PbS-
based hybrid material where the semiconductor properties of
the bulk PbS are largely retained in the hybrid phase. Based on
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this strategy, sulfur-based ligands are explored as components
of inorganic modules to construct hybrid materials.?37337
However, most materials made through this way are actually
molecular species or coordination polymers, possessing low
conductivity or being insulating.

In 2008, Vaid et al.>*® reported a semiconducting PbS-
based hybrid compound 3D-[Pb;(CsSe)], which was prepared
by reaction of Pb(OAc), with benzenehexathiol in en solvent.
This compound crystallized in a hexagonal space group
P6/mmm, with each Pb coordinated by eight S atoms
and each S bonding to four Pb atoms and one C atom.>3®
The overall structure of this hybrid compound can be best
described as a 3D PbsSs network periodically embe-
dded with sulfur-terminated neutral hexagonal rings. Rece-
ntly, Aron Walsh?*° investigated the electronic structure of
3D-[Pb3(CsS6)] through DFT calculations. Based on the calcu-
lation results, it is confirmed that such a PbS-based hybrid
maintains many of the key characteristics of PbS, and its elec-
tronic bandgap is also increased comparable to quantum-
confined PbS nanoparticles. The optical bandgap of this hybrid

Figure 36 (a) A reference UV LED (360 nm)-emitting blue light
(commercially available). (b) Image of the same LED coated with
2D-[Cd,S,(ba)] before illuminating. (c) Coated LED illuminating white
light. (d) Coated LED illuminating white light after Mn?* doping

(0.1 mol%).

material is 1.7 eV, ideal for harvesting the visible spectrum for
photocatalytic and PV applications.
As a derivative of the II-VI hybrid system, Yao et al.>'¢
prepared the nanofiber bundle of a new type of hybrid semi-
conductors [Cd(TeO3)(L)] (L=en, dien). The formula for this
type of hybrid materials was proposed based on the evidences
obtained from the PXRD, SEM, TEM, XPS, and FTIR analyses.
In addition, element analysis (EA), TGA, and energy dispersive
spectra (EDS) also verified that the experimental compositions
of [Cd(TeOs)(L)] are in good agreement with the calculated
values based on the proposed formula. Inorganic {Cd(TeOs3)},
layers are assumed to exist in the structures and these layers
are inter-connected by the diamine molecules through the
coordination bonds between nitrogen atoms and cadmium
ions. In {Cd(TeOs)}, layers, the Cd atom is coordinated by
four O and two N atoms while Te coordinates to three O atoms
to form [TeOs]?". Therefore, the overall structure of [Cd(TeOs)
(L)] is very similar to the 3D II-VI hybrid structure 3D-[MQ
(L)o.s], with its MQ layer replaced by CdTeO5 and accordingly
reducing the number of L by half. The thermal stabilities and
optical properties of these nanofibre bundles have also been
investigated. Thermal decomposition of [Cd(TeOs3)(en)] at
450 °C afforded a mixture of CdTe and CdTeO; phases, while
for [Cd(TeOs)(dien)] a pure CdTe phase was obtained. Fur-
thermore, both of these two hybrids emit blue light and the
emission intensity is strongly dependent on the acidity of the
solutions. Such properties make them potentially useful as acid
$ensors.

Sofos et al.'” recently reported a lamellar hybrid material
containing periodic and alternating polycrystalline ZnO sheets
(~1nm thick) separated by conjugated organic molecules
(~2-3-nm layers). This material is attained through a one-
step self-assembly process by electrodeposition directly onto
an electrode. Notably, the organic conjugated molecules not
only serve as structural linkers, but also introduce opto-
electronic functionality to the hybrid architecture. The n-n
interactions among the conjugated molecules synergistically
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Figure 37  Stress—strain profiles of 3D-o-[ZnTe(L)o 5] (L=N2H,, en, pda, bda, and hda) comparing with three reference materials ZnTe, pentacene, and
polystyrene.
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stabilize the hybrid nanostructure by converting the initially
electrodeposited Zn(OH), (insulator) into ZnO (semicon-
ductor) at 150 °C. It is interesting to note that some opto-
electronic properties of this hybrid nanostructure, such as
photocurrent gains, normalized detectivities, and dynamic
ranges, are among the best values measured for amorphous
silicon, hybrid heterojunction, and photoconductive organic
molecules reported to date. Therefore, this method offers a
promising approach for the synthesis and device integration
of high-efficient, flexible, wavelength-tunable, and environ-
mentally benign photoconductors.

Another hybrid system is inorganic-organic copper
chalcogenoantimonates. These materials can be synthesized
by solvothermal reactions, and a total of four compounds
(i.e., 2D-[Cu,SbSes(en)os],>*® 2D-[Cu,SbSes(en)],**° 2D-
[Cu,SbSes(pda)s],>*' and 2D-[Cu,SbSs(en)ys]**?) have
been reported to date. These hybrid structures consist of 2D
{Cu,SbQs}, (Q=S, Se) slabs separated (and hydrogen
bonded) by neutral organic molecules residing between the
slabs. All four compounds contain mixed-valent copper
atoms Cu(I) and Cu(Il), which has been confirmed by the
magnetic susceptibility data.**?> The {Cu,SbQs}, layers in

—

Figure 38 Top: A freestanding film sample made from 3D-o [ZnTe
(hda)q 5]; bottom: Cross-sectional view of the film showing the thickness
(~25 pm).

2D-[Cu,SbSe;(en)o 5] and 2D-[Cu,SbSes(en)] are very similar,
while the orientations of the en molecules are different in the
two structures. As both compounds have a bandgap of 1.6 eV
and are earth-abundant, they are potentially suitable for use as
absorber materials for PV applications.

Based on a similar strategy of incorporating transition
metals into thioantimonate(IIT) networks, Bensch et al 3*33%°
and other groups®>'*>? synthesized a series of layered hybrid
structures containing charge-neutral Mn,Sb,Ss motifs. This
hybrid family can be formulated as [Mn,Sb,Ss(L)] (L=N,Hy,,
en, pda, ptda, ma, ea, dien, and phen, respectively). Most
compounds of this family possess a layered 2D structure anal-
ogous to their inorganic neutral layers {Mn,Sb,Ss},, stacked in
a manner that the amine molecules fill the interlayer space and
also partially the holes. An exception among these is
[Mn,Sb,S5(N,H,)5],>°?  in which  the  neighboring
{Mn,Sb,Ss5},, layers are bridged by hydrazine molecules to
afford a 3D structure. The magnetic properties of this series of
hybrids are characteristic of frustrated magnetic systems, that
is, although very large negative values of the Weiss constant are
observed, no long-range order is found above 4 K.>**

More recently, Bensch et al.>>* reported another type of Mn-
thioantimonate-based hybrid structure, Mn3Sb,Ss(L). In this
structure, the neutral inorganic motifs {Mn3Sb,Ss}, are 1D
chains, which are inter-connected by the diamine molecules
in a bidentate manner, thus affording a 2D layered structure
for Mn3Sb,S¢(L). In addition, the magnetic properties of this
compound are essentially determined by the 1D feature of
{Mn3Sb,Ss}, chains, which has been confirmed by both the
magnetic and the heat-capacity studies.

Several other hybrid ternary phases, for instance
[Mn,SnS4(N,Hy),| and [Mn,SnS,(N,H,)s|, were synthesized
by Kanatzidis et al.>** and Yuan et al’>® As the inorganic
phase Mn,SnS; is known,**® the hybrid compounds
[Mn,SnS,(N,H,),] can be regarded as insertion of N,H,
molecules into the neutral framework of Mn,SnS,. In doing
so, the dense 3D network of Mn,SnS; is expanded to
offer a lower-density architecture. Although [Mn,SnS,(N,Hy,),]|
and [Mn,SnS4(N,H,)s] possess the similar 3D frameworks,
their local structural features are different.*>® Furthermore,
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— m— 3D-a-[ZnTe(pda), ]
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Figure 39 Thermal conductivity plots of ZnTe and selected hybrid compounds.
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the 3D network of [Mn,SnSs(N,H,)s] is less dense than
[Mn,SnS,(N,Hy),|, and that is because the former incor-
porates more N,H, molecules into its crystal lattice. For
[Mn,SnS,(N,H,),], it has been found that the strong antiferro-
magnetic interactions exist between the Mn>" centers which
exhibit ordering at ~41 K.>**

As representative examples for VI-VI hybrid semicon-
ductors, a number of MoOs- and WOs3-based hybrid stru-
ctures, such as 3D-[MoOs(L)os] (L=4,4"-bpy, pyz)>>">°"
3D-[WOs(L)os] (L=4,4"-bpy, pyz),***2D-[MoOs(trz)o5]>*
and 1D-[Mo0O5(2,2"-bpy)],>*° have been produced by hydro-
thermal reactions. These hybrid structures are constructed
through the neutral metal oxide motifs (2D layers or 1D
chains) linked or separated by organic molecules. Further,
these metal oxide motifs can be considered as a slice (or
thread) cut from the parent bulk materials (i.e., MoOj or
WO3;) with the structure little perturbed. The analogy is
apparent with regard to the II-VI hybrid systems. For
3D-[MoOs3(4,4'-bpy)o.s], the MoOs3 layers are stacked in an
‘ABAB..." sequence; hence, its structure can be described as
composed of alternating arrays of inorganic metal oxide layers
and organic tethers. Particularly, Zubieta et al.**” found that

at®
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Figure 40 47T versus T plots for Mn-doped 3D-[ZnSe(pda)g 5]
compounds.
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partial reduction of [MoOs3(4,4'-bpy)os] could produce a
mixed-valence material [H,M0O53(4,4’-bpy)os] (x~0.5). This
phase preserves the main structural features of the parent
[MoO3(4,4’-bpy)o.s], and calculation has predicted it to be
metallic, as found for H,-M005.3%7

The VI-VI hybrid material [WO,(en)] has been prepared as
nanobelts by Hu et al.** via a mild solvothermal process. The
nanobelts are ~50 nm wide with lengths up to several tens
of micrometers. They exhibit promising responses for photo-
switches and may have potential for applications in
optoelectronics.

2.14.5 Conclusion

In conclusion, this chapter presents an overview on the recent
development of nanostructured inorganic-organic hybrid
materials built on metal chalcogenide (M,Q,, M=metal,
Q=group-VI chalcogen) semiconductors. By incorporating
inorganic and organic components (modules) into a single
crystal lattice, an unprecedented class of semiconductor
nanostructures comprised of periodically ordered arrays of
zero-, one-, two-, and three-dimensions is constructed.
The inorganic component in these hybrid structures can
be regarded as a sub-nanometer-sized M,Q, segment (i.e., clus-
ter, chain, or layer) cut from its parent semiconductor. There-
fore, its composition, coordination, structure, and charge
remain intact or practically unchanged. The organic compo-
nent, on the other hand, serves both as a passivating agent
to confine the inorganic nanostructures and as a structure-
directing agent to guide the inorganic segments into a perfectly
ordered arrangement. As a result, the semiconductor proper-
ties of the parent materials are well retained in their hybrid
phases. In addition, such a unique and modular combination
of two distinctively different components into a single crystal
structure not only leads to significantly enhanced and inte-
grated properties, but also introduces new phenomena and
appealing features that are impossible with either individual
component alone, for example, nearly zero thermal expansion
and direct white-light emission observed in the single- and
double-layered structures, respectively.

Figure 41 Views of the 0D-[IngTeqo(trien)4] structure: (a) {IngTeqo(trien)4} cluster and (b) the overall packing structure viewing down the b-axis.

Hydrogen atoms are omitted for clarity.
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Figure 42 Optical absorption spectra of 0D-[IngTeqo(trien),] (solid line)
and o-InyTes (dashed line).

Most of these hybrid materials exhibit large blue shifts in
their optical absorption edge, due to a very strong structure-
induced QCE. Such a confinement originates from their inher-
ent crystal structures, rather than the reduction of their physical
dimensions, and is therefore conceptually different from the
size-induced QCE found in conventional QDs. This allows a
complete elimination of the particle-size requirement and the
extent of such confinement can be tuned systematically by con-
trolling structural topology, dimensionality, as well as material
composition. Because the blending of inorganic and organic
nano-modules in these hybrid structures takes place at the
atomic/molecular level and through strong chemical bonds, ma-
terials of this type may be free of certain interface issues that are
inevitable for other nanoparticles and composite materials. Com-
pared to the conventional ways for the preparation of hybrid
nanocomposite materials, the synthesis of the crystalline M,Q,
hybrid nanostructures offers a feasible and effective approach
to avoid structural fluctuations and phase inhomogeneity.

The discovery of the M,Q,-based hybrid inorganic-organic
semiconductors opens a new direction in the development of
functional materials and contributes to better understanding of
structure-property relationships in complex materials. Contin-
ued advancement in nanostructured hybrid material research
will be very important for both fundamental science and tech-
nological applications.
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