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Designed Synthesis of Families of Misfit-Layered Compounds
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The synthesis of several new families of misfit-layered com-
pounds is demonstrated. These compounds are crystalline
along the c-axis and in the ab-plane, but show very short
coherence lengths between ab-planes. This disorder leads to
ultra-low and tunable thermal conductivity. Annealing iso-

structural samples under a chalcogen vapour until equilib-
rium is reached results in reproducible Seebeck and resis-
tivity values.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Recently, Cahill and collaborators reported an exception-
ally low thermal conductivity (0.05 Wm~'K-!) for turbos-
tratically disordered tungsten diselenide.l'! This material
had an unusual structure. It was ordered in the c-direction
with the domain size approximately equal to the thickness
of the film (typically 50-100 nm). It also showed well-or-
dered and crystallized ab-planes with typical coherence
lengths of 6-7 nm, but had rotational disorder between the
planes that resulted in a very short coherence length of 1-
2 nm in any other crystallographic direction. When the in-
plane and c-axis order were destroyed by ion implantation,
the thermal conductivity increased, approaching the ex-
pected theoretical minimum for this material. This suggests
that this unusual disordered structure was a key factor in
the low thermal conductivity and that other materials with
this disorder might also have extremely low thermal con-
ductivities.

One class of materials where this unusual balance of or-
der and disorder might be a natural consequence of the
crystal structure is that of the misfit-layered compounds ini-
tially reported by Diaz and co-authors in 1985.21 These
compounds consist of intergrowths of distorted rock salt
layers with dichalcogenide layers as shown in Figure 1.
These compounds have the general chemical formula

[a] Department of Physics, University of Oregon,
1274 University of Oregon, Eugene, OR 97403, USA

[b] Department of Chemistry, University of Oregon,
1253 University of Oregon, Eugene, OR 97403, USA
Fax: +1-541-346-0487
E-mail: davej@uoregon.edu

[c] Advanced Photon Source, Argonne National Laboratory,
9700 S. Cass Avenue, Argonne, IL 60439, USA

[d] Department of Materials Science and Engineering and Materi-
als Research Laboratory, The University of Illinois,
104 S. Goodwin Ave., Urbana, IL 61801, USA

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

2382

vvvvvvvvvvvvvvvvvvvvvv

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[(MX)14)m(TX5),, where X = S and Se, M = Sn, Pb, Sb,
Bi, and rare earth metals. The TX, layer is traditionally
composed of T = Ti, V, Cr, Nb and Ta.[>* The “misfit” in
this structure is given by x, which ranges from 0.07 to 0.28
in compounds reported to date.>-®! The distortion in the
rock salt results from the coordination of M by X from the
TX, layer.”! The values m and n represent the number of
rock salt bilayers and the number of X-T-X planes in the
unit cell, respectively. While an infinite family of com-
pounds with different 72 and n values should in theory exist,
typically only one or two members of any family of com-
pounds has been prepared with m = 1 and n = 1 or 2 ac-
counting for the vast majority of reported compounds.[>#
Of the ca. 80 known misfit-layered compounds prepared by
direct combination of the elements, only 9 are selenides.[¥13
These compounds are structurally ordered, with several sin-
gle-crystal structures reported. Charge transfer is generally
accepted as the stabilizing mechanism for the misfit struc-
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Figure 1. Typical structure projected along [001] for the binary
components (left) and along [100] for the superlattice structure of
[MX)14+.1(TX5); showing a generic stacking scheme observed in
these materials (right). The slight buckling in the MX layer results
from the coordination of the M atoms by the chalcogen atom from
the TX, layer. M, T, and X atoms are represented by light, dark,
and intermediate shade, respectively.
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ture over a physical mixture of the components.'Yl While
there are many reports on the electrical properties of these
materials, there is only one report on the lattice thermal
conductivity of these materials, with a value of
0.8 Wm 'K reported for [(YbS); 24];(NDS,);.[15]

Results and Discussion

This report presents the successful preparation of over
60 new misfit-layered selenides in five selenide families by a
synthetic approach that provides access to many members
of each family. The new misfit-layered compounds
[MX)4+:]m(TX5),, were self-assembled from designed pre-
cursors prepared by sequentially depositing m bilayers con-
taining M and X in a 1:1 atomic ratio followed by 7 bilayers
containing T and X in a 1:2 ratio. In each bilayer, the ratio
of the layer thicknesses was adjusted to obtain the composi-
tion corresponding to the stoichiometry of the desired com-
ponent compound, and the absolute thickness of each bi-
layer was adjusted to provide the number of atoms required
to form an MX rock salt bilayer or X-T-X dichalcogenide
trilayer. Figure 2 shows the evolution of a diffraction
pattern as a function of annealing temperature from a film
designed to form [(BiSe); 10];(NbSe,);. The as-deposited
diffraction scan contains no low-angle diffraction maxima
corresponding to the as-deposited layers, suggesting signifi-
cant interdiffusion. Only weak broad maxima occur at
higher angles. As a function of annealing temperature and
time, we observe the growth of intense (00/) diffraction
maxima as the film self-assembles into the targeted, crystal-
lographically textured misfit compound. The texture in the
samples was confirmed by rocking curve scans, which show
that the alignment increases with annealing temperature
and time with a rocking curve width that narrows from
11.3° as deposited to 2.7° after annealing at 350° for 2 h.

Figure 3 shows the diffraction patterns of 4 [(PbSe) g9]
#(WSe,),, compounds prepared by varying m and n. The
misfit of 0.99 was calculated from the in-plane unit cell di-
mensions of each component.>* In this particular family
of compounds, we have prepared the first 25 compounds,
where 1 =m,n=35. This permits us to examine the regular
change in the lattice parameter as n and m are varied. Fig-
ure 4 contains graphs of the regular changes in lattice pa-
rameter observed as n and m are varied in the five systems
investigated to date, demonstrating the ability to prepare
specific compounds in several classes of materials. For the
[(PbSe)o.99],,,(WSe»),, family, a regular change of 0.654 nm is
observed where m is kept constant and # is incremented by
1. A value of 0.614 nm is observed when increasing .

The extent of structural coherence and the grain sizes of
the crystalline domains vary as a function of annealing time
and temperature. Typically, temperatures around 350 °C are
sufficient to self-assemble the targeted compounds. The
compounds are stable for extended annealing times at tem-
peratures up to at least 550 °C in sealed ampoules to pre-
vent loss of selenium. At the optimal annealing tempera-
ture, 00/ diffraction maxima are observed to beyond 260 =

Eur. J. Inorg. Chem. 2008, 2382-2385

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

a)
N’ “\n
' ‘H 350° C
i U“Ww,
log | "\"‘Vx,\‘, i
PR g 300° C
(} INW”N \HIIMMU i
200° C
bl b didds a0
mﬁ%umh!hmv N as_
deposited
0 2 4 6 8 10
26°
b)
|
” | |
w/\ /\ /) I * /" 350° C
3 / /4 \ /; i A A
”w Yot Sy ol e e w
| | I
I\ i / I i *
AV A ), 300°C
4 R VR S N N
log 1 200°C

”wwmw -
deposited

10 20 30 40 50 60 70
20° —

Figure 2. Evolution of (a) the low-angle reflectivity data from 26 =
0° to 10° and (b) the high-angle diffraction data as a function of
annealing temperature of a precursor film designed to evolve into
[(BiSe); 10]1(NbSe,);. The low-angle data shows significant smooth-
ing of the film as kiessig fringes extend out to higher angles with
annealing. The growth of the superlattice is evident in the high-
angle pattern, with the first 8 00/ diffraction lines emerging as a
function of annealing temperature and time. (¥) indicates substrate
or stage peaks which vary based on the mounting of the sample in
the goniometer.
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Figure 3. Diffraction patterns of four [(PbSe)g.o],.(WSe;),, com-
pounds after annealing at 400 °C for 1 h. The unit cells calculated
for each material show a regular increase in the c-axis of the unit
cell. (*) indicates substrate peaks.
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Figure 4. Plot of the size of the unit cell along the c-axis as a func-
tion of the number of repeat layers for five different systems. Solid
lines correspond to increasing the number of dichalcogenide layers
and dashed lines to increasing the number of rock-salt layers, in
each case the thickness of the other component being kept con-
stant.

74° resulting from the structural order of the interwoven
layers along this direction. In the ab-plane, the expected /1k0
diffraction maxima are observed for the structures of each
of the components. In [(PbSe); o],.(MoSe,), for example,
the a-lattice parameters are found to be 0.6163 =.0003 nm
for PbSe and 0.3310 = 0.0009 nm for MoSe,. These values
compare with 0.6121 nm and 0.3289 nm, respectively, ob-
served in the bulk binary compounds.['®2?l Interestingly,
this unit cell leads to an approximately rational 1:1 stoichi-
ometry between the two constituent components. This ratio
is significantly smaller than has previously been observed
in this class of compounds. The in-plane coherence length
within the rock salt is significantly larger than within the
MoSe,, at roughly 13 nm for PbSe and 6 nm for MoSe,.
Area diffraction patterns show that the film coherence
length between layers can be controlled by changing the
thickness of the rock salt component as well as annealing
temperature and time. In the area diffraction pattern col-
lected for [(PbSe); go]o(MoSe,);, satellite reflections corre-
sponding to the superlattice structure are observed between
brighter spots resulting from the overlap of Akl reflections
for lead selenide. These satellite peaks can be indexed with
very good agreement to lattice parameters determined from
in-plane and cross-plane diffraction data. Area diffraction
data collected for [(PbSe); go];(Mo0Se,), do not contain the
satellite reflections corresponding to the superlattice struc-
ture. In each case, the peak widths of the Akl diffraction
spots are much broader than 4k0 or 00/ spots, indicating a
much shorter coherence length due to plane-to-plane disor-
der.

The compounds reported here are unique relative to the
misfit compounds reported to date, both in the extent of
the misfit and in the ability to prepare compounds where
little charge transfer between the components would be an-
ticipated. The physical properties of these materials are just
beginning to be investigated. We have observed metallic be-
havior in systems containing NbSe, as the dichalcogenide,
2384
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in agreement with prior work done on sulfides.?*24 The
compounds of the form [(PbSe)g 99],,(WSe»),, or [(PbSe); ol
(MoSe,), are semiconducting. The thermal conductivity of
PbSe layered with WSe, and MoSe, have shown thermal
conductivities as low as 0.06 Wm'K~!. This is up to an
order of magnitude lower than the only other report on the
lattice thermal conductivity of a misfit layered com-
pound.['31 The electrical properties of samples after anneal-
ing under open N, tend to vary significantly from sample
to sample due to small changes in composition and varying
defect levels. We have discovered that annealing the samples
in an overpressure of selenium, produced by a large excess
of one of the binary components as a vapor source in the
sealed ampoule, equilibrates the carrier concentrations and
defect levels. Figure 5 shows the effect of annealing three
[(PbSe)o.90]1(WSe»); films under open N, followed by an-
nealing in a controlled vapor pressure of chalcogen for dif-
ferent lengths of time.
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Figure 5. Electrical properties of 3 identical samples of [(PbSe)g.g9];-
(WSe,); annealed (1) under open N, at 400 °C for 1h; (2) in a
sealed environment with an Se overpressure at 400 °C for 1 h; (3)
in a sealed Se environment at 400 °C for 2 h.

Conclusions

By using modulated elemental precursors, we have dem-
onstrated that entire families of misfit-layered compounds
can be synthesized with far greater variability in structure
and properties than has been previously demonstrated. By
using this synthetic technique, the balance between order
and disorder can be tuned. While our initial efforts have
focused on the synthesis and structural characterization, we
believe the ability to prepare many compounds in a particu-
lar family and to vary the carrier concentration through
annealing in a controlled chalcogen environment will enable
systematic studies on the variation of physical properties as
a function of n and m.

Experimental Section

Compounds were synthesized in a custom-built ultra-high-vacuum
deposition system, described elsewhere.>>) Samples were synthe-
sized under 1077 Torr. Metals W, Nb, Mo, Ce, Bi, and Pb were
deposited from an electron beam gun at a rate of 0.2 or 0.4 A/s,
and Se was deposited from an effusion cell at a rate of 0.5 A/s. A
computer-controlled quartz-crystal monitoring system was used to
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control layer thicknesses. Samples were deposited on (100) silicon
wafers at ambient temperature with a total thickness in the range
of 20-80 nm. Deposition parameters were determined to yield the
appropriate stoichiometry required for a single rock-salt layer or
transition-metal dichalcogenide trilayer. The two subsystems were
thus brought together as a precursor to form these homologous
compounds composed of the two subsystems. Assembly of the de-
sired structures typically occurs between 350 and 400 °C after an-
nealing for 1 h under nitrogen. Further annealing steps were con-
ducted in a sealed quartz ampoule where bulk powder of one of
the components was used to supply a controlled chalcogen vapor
pressure. The crystalline quality, orientation, and thickness of the
films were evaluated by high-resolution X-ray diffraction and re-
flectivity using a Bruker D8 Discover diffractometer with Cu-K;
radiation. The ab-plane and 2D X-ray diffraction patterns were
collected by using synchrotron radiation at the Advanced Photon
Source (APS) (33BM and 33ID) at the Argonne National Labora-
tory. Electrical measurements along the ab-planes of the thin films
of [(PbSe)o.99].,(WSe,),, were carried out by a DC four-probe
method in the van der Pauw configuration. The Seebeck coefficient
(S) of the films was measured by a conventional steady-state
method. Cross-plane thermal conductivity measurements were con-
ducted using time-domain thermoreflectance.

Supporting Information (see footnote on the first page of this arti-
cle): Further data pertaining to the in-plane and off-axis structure.
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