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ABSTRACT Single-crystalline alloy [1—VI semiconductor nano- 341 VoA ® .
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as nanowires (NWs), nanobelts (NBs), and nanosheets (NSs), and ©

cover a wide range of the visible spectrum (E; = 1.96—2.88 eV). Using pulsed laser deposition, the nanostructures evolve from NWs via NBs to NSs with
decreasing growth temperature. The effects of the growth temperature are also reflected in the systematic variation of the composition. The alloy
nanostructures firmly maintain single crystallinity of the hexagonal wurtzite and the nanoscale morphology, with no distortion of lattice parameters,
satisfying the virtual crystal model. For the optical properties, however, we observed distinct structure-dependent band gap anomalies: the disappearance
of bowing for NWs and maximum and slightly reduced bowing for NBs and NSs, respectively. We tried to uncover the underlying mechanism that bridges
the structural properties and the optical anomaly using an empirical pseudopotential model calculation of electronic band structures. From the
calculations, we found that the optical bowings in NBs and NSs were due to residual strain, by which they are also distinguishable from each other: large for
NBs and small for NSs. To explain the origin of the residual strain, we suggest a semiempirical model that considers intrinsic atomic disorder, resulting from
the bond length mismatch, combined with the strain relaxation factor as a function of the width-to-thickness ratio of the NBs or NSs. The model agreed
well with the observed optical bowing of the alloy nanostructures in which a mechanism for the maximum bowing for NBs is explained. The present
systematic study on the structural—optical properties correlation opens a new perspective to understand the morphology- and composition-dependent
unique optical properties of [1—VI alloy nanostructures as well as a comprehensive strategy to design a facile band gap modulation method of preparing

photoconverting and photodetecting materials.
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chemical compound (chalcogenide) single-crystalline
semiconductors with nanoscale structures®~ 1012131617
provides facile ways of tuning optical and electronic
transport properties and of enhancing photoconvert-
ing properties with reliable engineered modulation of
band gaps over a broad range of the visible—IR spec-
trum. In contrast to the well-known quantum confine-
ment effects, which are eminent when the structure
of the semiconductors has feature size, such as radius
(for quantum dots), length (for quantum rods), or thick-
ness (for quantum wells), comparable to the Bohr
radius (i.e., ~few nanometers), geometrical confine-
ment effects concern semiconductor nanostructures of
several tens of nanometers or larger size (i.e., nano-
wires (NWs), nanorods, nanosheets (NSs), and nano-
ribbons). In particular, they are distinguishable from
the quantum confinement effects in that they give rise
to changes in intrinsic optical properties of the semi-
conductors due to strain development and relax-
ation,®2~'>"*=17 sustaining crystallinity. This is due
mainly to lattice mismatch among the different com-
ponents in a limited dimension, which does not exceed
the feature size of the structure by three or more orders
of magnitude.'""1%~2!

As we had reported in a former study on the experi-
mental and theoretical analysis of the structural and
optical properties of binary alloy CdS,Se;_, NWs,2 the
geometrical confinement accompanied by formation
of a thin and elongated single-crystalline structure
requires the alloy NWs to relax residual strain in both
the radial and the axial directions.®*° This strain relaxa-
tion results in optical property anomalies, such as the
disappearance of the optical bowing, followed by
linear dependence of the band gap as a function of
the composition x.2 The growth of the CdS,Se;_, NWs
indicated that the strain relaxation is a prerequisite to
sustain single crystallinity and maintain structural sta-
bility. In particular, the observed alloy NWs were stable,
growing up to several tens of micrometers, because
the lattice mismatch between hexagonal wurtzite
(HWZ) crystalline CdS (c lattice constant = 6.683 A)
and CdSe (c lattice constant = 6.950 A) is relatively small
(i.e., 3.835%).%%23 Being without optical bowing effects,
the alloy NWs were found to be relevant for band gap
modulation between 1.75 and 245 eV in a linear
manner.?

For quaternary alloy nanostructures composed of
ZnS, ZnSe, CdS, and CdSe, it is expected that the facile
band gap modulation and wide coverage are more
promising than with simple binary alloy nanostruc-
tures. Recently, Pan et al. reported a series of experi-
mental studies on the band gap modulation of the
quaternary alloy NWs and NBs, which cover nearly the
entire range of the visible spectrum.'®'” There are,
however, still several potential barriers concerning the
preparation and utilization of the quaternary alloy
nanostructures for the facile band gap engineering.
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First, to obtain enhanced optical properties, it is re-
quired to prepare the alloy nanostructures in a single-
crystalline solid solution with the same crystalline
symmetry. In the case of the quaternary nanostruc-
tures, the lattice mismatch is relatively large (i.e., from
¢ lattice constant of 5.430 A of HWZ ZnS to 6.950 A of
HWZ CdSe with the maximum lattice mismatch up to
21.867%), and the equilibrium crystal structures would
be different at room temperature (ie., cubic zinc
blende for ZnS, ZnSe, and CdS vs HWZ for ZnS, CdS,
and CdSe).?>?® Additionally, there is a non-negligible
bond length mismatch between ZnS (2.335 A) and
CdSe (2.630 A), mainly due to a large difference
in cation size between Zn*" (0.880 A) and Cd**
(1.090 A).?>23 These structural and bond length mis-
match factors can result in an unrelaxed strain, which
gives rise to unexpected intrinsic atomic disorder?*—2%
in the nanostructures. Last, it should also be noted that
there is a considerable gap in melting points of the
II—VI components (i.e., from 1458 K for ZnS to 2023 K
for CdS), and therefore, a non-negligible difference in
the degree of the supersaturation of each component
in the vapor phase is developed,?*** which can lead to
different condensation kinetics of vapor-phase precur-
sors. In turn, the different condensation kinetics can
result in microphase separation (i.e., local dealloying,
formation of microdomains or polycrystalline struc-
tures) and prevent the solid solution from forming at
equilibrium. These factors could work together in limit-
ing design of the arbitrary composition for the stable
form of quaternary alloy nanostructures, especially for
the nanostructures intervened with the well-known
vapor—liquid—solid (VLS) mechanism. In addition, they
affect the morphological evolution of the alloy nano-
structures, not only the NWs but other forms such as
NSs and nanobelts (NBs). Thus, it is important to
analyze and understand the complex correlations
among the composition, structural stability, morphol-
ogy, crystallinity, and optical properties of the quatern-
ary alloy nanostructures prior to designing the band
gap modulation strategy.

In the present study, we report a structure—optical
anomaly correlation in the quaternary alloy Cd,Zn;_,-
S,Se;_, nanostructures that involves NWs, NBs, and
NSs in the nearly full visible spectrum. A vapor-phase
transport method was used to synthesize quaternary
alloy Cd,Zn,_,S,Se;_, nanostructures in which the
spatial gradient of the growth temperature is used to
control the composition. In contrast to the chemical
vapor deposition method incorporated with a double
gradient method (DGM-CVD), which uses two spatially
separated powder sources to prepare the quaternary
alloy NWs and NBs suggested by Pan et al.,'®"” we
employed a single sintered source under a continuous
laser pulse to obtain an ablated plume of the four
components simultaneously, which is transported
to the substrate at which the growth temperature is
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controlled to condense and let the precursor plume be
crystallized with different compositions in various
morphologies of the nanostructures.® Given different
compositions (x and y) at different growth tempera-
tures, we observed three different morphologies of the
single-crystalline HWZ nanostructures such as NWs,
NBs, and NSs, which covered a broad range of band
gaps of 1.96—2.88 eV corresponding to the nearly full
visible spectrum. These different nanostructures
showed different optical properties, such as the dis-
appearance of optical bowing for NWs® and maximum
optical bowing for NBs and slightly smaller bowing for
NSs. We used a computational method based on an
empirical pseudopotential method (EPM) to deter-
mine the structural origin underlying the observed
structure-dependent band gap anomaly,”” 3> and it
turned out that there residual strain existed for NBs
and NSs up to —1.4 (compressive strain) to 1.5% (tensile
strain). By analyzing volumetric strain and the bond
length mismatch factor as a function of the composition,
we found that the intrinsic atomic disorder decreased as
the morphology of the nanostructures evolved from
NWs via NBs to NSs, which implies the existence of
a morphology-dependent strain relaxation factor to
reconcile the observed optical bowing anomaly.
We found a semiempirical equation determining the
structure—band gap anomaly correlation as a function
of morphological parameter such as the width-to-
thickness ratio of the nanoplate-shaped structures,
which agrees well with the experimental observation.
The present study is expected to provide a compre-
hensive understanding of the underlying structural—
optical properties correlation of ll-VI alloy nanostruc-
tures of a variety of morphologies. With a deeper
understanding, a more accurate, reliable, and facile
band gap modulation strategy targeting the visible
spectrum can be constructed, and the strategy can be
employed to enhance light-emitting, photovoltaic,
photocatalytic, and photosensitive performances, tar-
geting applications in a broad range of the visible
spectrum.

RESULTS

Growth of the Quaternary Alloy Cd,Zn,_,S,Se, _, Nanostruc-
tures. Shown in Figure 1a are scanning electron micros-
copy (SEM) images of alloy Cd,Zn,_,5,5e;_, nano-
structures with different compositions monotonically
varying from [x, y] = [0.980, 0.201] (at 898 K) to [0.308,
0.342] (at 1078 K) grown at different temperatures. The
growth temperature range was varied with changing
distance, d, from the target under laser ablation to the
substrate on which the alloy nanostructures grow. We
observed that the temperature can be controlled
continuously from 1100 to 880 K with increasing d
(refer to Figure S1 in the Supporting Information (SI) for
the relationship between the growth temperature (7)
and d). As presented in the figures, the different growth
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temperatures give rise to different geometries from
NWs at higher growth temperature (1024—1078 K)
intervened by NBs in the intermediate temperature
range (971—1011 K) to NSs at lower temperatures
(898—945 K). From this observation, it can be consid-
ered that the nanostructures suffer from morphologi-
cal evolution from NWs via NBs to NSs, in order, with
increasing the degree of supersaturation resulting
from decreasing growth temperature. The NWs have
diameters ranging from 85 to 105 nm and lengths of
25—40 um, while the width of the NBs was up to
0.85—145 um and a thickness and length of
95—110 nm and ~12 um, respectively. For the NSs,
the thickness ranges from 90 to 110 nm, and the area of
the sheets was up to 480—930 um?. The X-ray diffrac-
tion (XRD) data for the alloy nanostructures indicate
that the nanostructures form solid solution phases
regardless of the composition and morphology of the
structure. Notably, the alloy nanostructures maintain
the same crystallinity of HWZ throughout the morpho-
logical evolution, as presented in Figure 1b, in which
the 260 positions of the peaks corresponding to [002]
and [100] directions are commonly shifted from 24.14
and 25.62° at 898 K to 25.52 and 26.60° at 1078 K, with
the increasing growth temperature. This means that
the alloy nanostructures are solid solutions in a single-
crystalline form.

To check the growth mechanism of the alloy nano-
structures, we further explored the morphological evo-
lution, as shown in the SEM images in Figure 1c—e. In
the magnified insets, we can observe a clear interface
between a small Au alloy tip and the end or the edge of
the nanostructures (i.e., NWs in (c), NBs in (d), and NSs
in (e)). A clearer dark-field TEM (transmission electron
microscopy) image for the Au—NW interface is given in
Figure S2 in the SI. From these observations, the growth
of the alloy nanostructures is believed to be governed
by the well-known VLS phase transition mechanism
regardless of the composition and morphology. Accord-
ing to the thermodynamic model for the VLS process,*®
it is believed that the supersaturated liquid-phase ma-
terials diffuse out of the Au alloy nucleus followed by
growth (i.e., phase transition), resulting in the formation
of the elongated solid-phase geometry such as NWs. For
certain conditions, the grown NWs would suffer further
morphological instability accompanied by transition:
NWs to NBs via side branching, which would result from
the surface instability of the NWs accompanied by
concentration undulation along the NWs' elongated
direction.?” With the continuous branch-filling process,
NBs can be developed into wider morphologies such as
NSs. The detailed mechanism for the morphological
evolution of the alloy nanostructures with a theoretical
model and computational approach, such as the phase
field model for the phase transition, is out of the present
study's focus, although helpful information can be
found in the literature.>6—>°
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Figure 1. (a) SEM images of quaternary alloy Cd,Zn,_,S,Se;_, nanostructures grown at different temperatures (T = 1078—
898 K from top left to bottom right in order) with different compositions (x and y). (b) Color-mapped XRD data for the alloy
nanostructures grown at different T with crystalline indices matched for the HWZ crystal structure. (c—e) Representative SEM
images for the different morphologies of the alloy nanostructures (i.e., NWs, NBs, and NSs in (c), (d), and (e), respectively) with
insets for the magnified SEM images of the edge of the structures that is attached to Au alloy tips. (f) Bright-field TEM image of
the alloy NWs (x = 0.72 and y = 0.23) accompanied by spatial mapping of the elemental distributions of Zn, Cd, S, and Se
(colored images) and EDS for each of the elements in the NWs. (g) HR-TEM image for the alloy NWs with the inset of the
selected area electron diffraction pattern showing the crystallinity identified as HWZ. In the HR-TEM image, the c lattice

parameter is depicted with yellow dotted lines.

We further tried to check the formation of a solid
solution phase of the alloy nanostructures by examin-
ing elemental distributions of Cd, Zn, S, and Se over the
structures using energy-dispersive X-ray spectra (EDS)
accompanied by TEM. One of the representative anal-
ysis results is given in Figure 1f for Cdg;2ZNngs-
S0.235€0.77 NWs, in which we can confirm that there is
no spatial or elemental correlation in the elemental
distribution data obtained from EDS mapping (top
panel of Figure 1f). This indicates that the spatial
distributions of the four different elements in the
structure are nearly uniform, excluding the possibility
of the microphase separation or dealloying. We also

KWON ET AL.

found similar results for other alloy nanostructures.
This also confirms the formation of the solid solution of
the four components (CdS, CdSe, ZnS, and ZnSe) in the
single-crystalline alloy nanostructures. From the EDS
data (bottom panel of Figure 1f), we can also calculate
the atomistic fraction of each of the components in the
alloy nanostructures, which can be translated into the
compositions x and y. Finally, we used HR-TEM to
observe the single crystallinity and measure lattice
parameters of the alloy nanostructures directly. One
of the representative results is given in Figure 1g for
Cdp72Zn02850235€0.77 NWs. As shown in the HR-TEM
image accompanied by a selected area electron
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Figure 2. (a) Variations of the compositions x and y in the alloy nanostructures as a function of T. Inset is the relationship
between x and y. (b) Variations of the molar fractions of CdS, CdSe, ZnS, and ZnSe in the alloy nanostructures as a function of T.
(c) Systematic change of the experimentally measured lattice parameter a of the HWZ single-crystalline alloy nanostructures
as a function of the compositions x and y (squares) with expected values obtained from the virtual crystal approximation
model (dotted line). (d) Same as (c) except for the lattice parameter c.

diffraction pattern, we can confirm that the alloy nano-
structures have single crystallinity of HWZ. In particular,
the NWs were observed to grow preferentially along
the [0001] direction, which is parallel to the c-axis of the
HWZ crystal structure.

From the EDS, HR-TEM, and XRD analysis with a
Bragg relationship, we analyzed the dependences of
the component fraction and the composition of the
alloy nanostructures as a function of growth tem-
perature. To calculate the composition of the alloy
nanostructure, we employed a linear approximation
relationship such that

CdZm _,S,5e;, = [CdSl,y +[CdSel,q )

+ [ZnS](1 —xy t+ [Znse](1 —-x)(1—y) (1)

As shown in Figure 2a,b, the value of x decreases and
the value of y increases with increasing growth tem-
perature. As a result, the component fractions of CdS
and CdSe decrease with increasing growth tempera-
ture, whereas the component fractions of ZnS and
ZnSe increase. This behavior is not surprising because
the eutectic points of the ZnS—Au and ZnSe—Au are
higher than those of the CdS—Au and CdSe—Au. Due

KWON ET AL.

to differences in the melting point and eutectic point,
molar fractions of each of the components in the vapor
phase before suffering from the vapor—solid transition
are different, which results in the difference in the
degree of supersaturation and differences in the com-
ponent fraction. Notably, it is observed that x and y
have an inverse proportional relationship (inset
of Figure 2a), although it is not a mathematically sim-
ple inverse proportional relationship. This correla-
tion would indicate that the growth process involves
vapor-phase transport of CdS, CdSe, ZnS, and ZnSe
molecular precursors, not of ionic precursors Cd>™,
Zn**, $%7, and Se27.'81%21 | particular, if the process
involves the ionic precursors, there would be no
correlation between x and y. It should also be noted
that the component fraction ratio between ZnSe and
ZnS is nearly constant with increasing growth tem-
perature, whereas the ratio between CdSe and CdS
decreases continuously. This is due mainly to the fact
that the composition of sulfur is relatively lower than
other compositions throughout the growth process.
Interestingly, this tendency is consistent with the ex-
perimental observation of solid solution stability of
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Figure 3. (a) Normalized PL and (b) squared UV—vis Abs spectra of the alloy nanostructures grown at different T. For Abs,
asymptotes (dot lines) are given for the squared intensity of the spectra to indicate the x-axis intercepts that correspond to the
lowest direct band gaps (E,) of the alloy nanostructures. (c) Visible colors translated from the PL spectra fixed on the CIE-1931
color map. In the color map, x. and y. are the color coordinates defining color in the map. (d) Dependence of E, as a function of
T: expected values from the VCA model (blue symbols and dotted line) and experimentally measured values obtained from
the PL (red symbols and dash-dotted line) and Abs (green symbols and dash-dotted line) spectra. Vertical black dashed lines
are given to indicate different morphologies, such as NWs, NBs, and NSs that exhibit an optical bowing anomaly.

alloy Cd,Zn,;_,5,Se;_, quantum wells; CdZnSSe is
more stable than CdZnSe with a high vapor pressure
of Zn.2" Combining the composition and the compo-
nent fraction analysis with XRD and HR-TEM analysis,
we analyzed the dependence of the HWZ lattice para-
meters g and ¢ as a function of the growth tempera-
ture. As shown in Figure 2¢,d, the lattice parameters are
effectively described by Vegard's law such that

' = leasxy +lcdsex(1 — y) + Izas(1 — x)y
+ Iznse(1 —X)(1 —y),l = aand ¢ )

Consistent with Vegard's law, the solid solution alloy
nanostructures satisfy a model determined by the
virtual crystal approximation (VCA).*® This also implies
that the geometric properties of the as-grown alloy
nanostructures having the same point group constitu-
ents are determined by the ensemble average over the
geometric properties of the component materials, as is
usually the case in the context of laser-deposited
pseudobinary alloy CdSSe thin films*' and quaternary
alloy CdZnSSe thin films.*?

Optical Properties and Band Gap Bowing of the (d,Zn,_,S,Se,_,
Nanostructures. We further explored optical properties of

KWON ET AL.

the alloy nanostructures by using photoluminescence
(PL) and UV—uvisible absorbance (Abs) spectra. It is well-
known that the II-VI single-crystalline semiconductor
alloys composed of CdS, CdSe, ZnS, and ZnSe have a
direct band gap,*>?*?52%3%% and therefore, PL and Abs
analysis is one of the most quantitative methods to
measure the direct band gap, Eg, of the alloy nanostruc-
tures. As shown in Figure 3a, a clear red shift in PL can be
observed when the fractions of the CdS and CdSe are
relatively abundant with decreasing growth temperature.
This shift also confirms that the direct g can be easily
modulated in the visible spectrum by controlling the
growth temperature as Pan et al. reported in recent
experiments on quaternary alloy Cd,Zn,_,S,5e;_, NWs
and NBs.'®"” From the PL analysis, the capability of band
gap modulation was observed to cover nearly the full
range of the visible spectrum, such as 2.04 (1 = 608.8 nm)
to 2.88 eV (A = 429.6 nm).

To find out whether the band gap modulation
of the alloy nanostructures originates from the in-
trinsic electronic properties of the alloy structures or
morphology-dependent factors, we also analyzed the Abs
spectra (Figure 3b). As is apparent from the figure, the
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x-intercept of the extrapolation asymptotes for the
squared Abs intensity also shows a clear red shift in
E4 with decreasing growth temperature. Notably, the
observed values of E; obtained from the Abs intensity
are slightly smaller than those from the PL spectra,
although a similar capability of covering nearly the full
range of the visible spectrum is acquired again (i.e.,
1.96 eV (A = 633.1 nm) to 2.87 eV (1 = 431.4 nm)). To
check the applicability of the alloy nanostructures for
photonic devices such as photodetectors or multicolor
laser materials, we matched the observed PL spectra
with the visible color obtained from the CIE-1931 color
map (refer to Figure 3c). As pinned in the map, con-
tinuously varying color coordinates of the alloy nano-
structures clearly indicate that the alloy nanostructures
can cover nearly the full visible spectrum. Thus, the
alloy nanostructures synthesized are suitable as func-
tional materials for photovoltaic, photocatalytic, multi-
spectral light-emitting, and photosensitive devices
with applicability in the visible spectrum.

Finally, we tried to compare the expected value of
E4 of the alloy nanostructure calculated from the VCA
model with the experimentally measured values. For
the VCA model, the change in Eg (Egvcalx,y)) can be
described simply as a concentration-weighted linear
combination of £y of pure components such that

Egvealx, y) = EgcdsXy + Eg, casex(1 —y)
+Eg4ZnS(’| _X)y“’EgA,ZnSe(’I _X)“ —}’) (3)

where the model generally assumes the single crystal-
linity with no deformation of the unit cell and a
negligible amount of inner defects or residual strain
at equilibrium.

Asis apparent from Figure 3d, Eqyca is larger than the
experimentally observed values of E; regardless of the
measurement method. This difference in £ is the optical
bowing in the alloy semiconductor,?*2>303133-3541-43
which can be translated into following equation

Eg(,y) = Equcalx,y) — Bix*(Ba+Y) — B3y*(Bs+X)
(4)

where the optical bowing effect can be mathematically
described by a third or higher degree polynomial.° In
eq 4, we assumed that the optical bowing effect is
mostly described by a third degree polynomial with the
bowing parameters By, B,, B3, and B,.3° From the PL and
Abs analysis, we observed that the bowing effect is
0.12—0.15 eV, depending on the growth temperature
(and, therefore, on composition and morphology). Inter-
estingly, this value is considerably smaller than the
expected maximum bowing for the ternary alloy (i.e.,
<06 eV (=24 x 05% eV)).*

For alloy semiconductors, Van Vechten and
Bergstresser proposed that the bowing effect is ascribed
by intrinsic bowing due to disorder in the virtually ordered
crystal and the extrinsic bowing due to short-range

KWON ET AL.

atomic aperiodicity.>*?> We can exclude the extrinsic
bowing factor because the observed nanostructures
have considerably long or wide dimensions in which
defects given by the short-range atomic aperiodicity
are negligible. For the intrinsic bowing, there are
several factors that determine the magnitude of the
bowing such as the local fluctuation of the core atomic
potentials, through the analysis of the coherent
potential approximation calculations,* the linear
electronic density functional approximation,* and
pseudopotential methods in the special quasi-random
structure.*® The intrinsic bowing parameter is also
found to be strongly dependent on the thermody-
namic relationship of the inner disorder of the virtually
ordered alloy.*’ For the intrinsic factors in the case of a
pseudobinary cubic crystalline semiconductor alloy
(AB,_,0), Zunger and Jaffe pointed out the bond
length disorder confined in the unit cell, which gives
rise to the atomic displacement of anions (C) from the
designated position can result in the notable bowing.?®
For the HWZ quaternary alloy semiconductor, the
displacement of cations and bond length mismatch
are expected to be greater than those in the binary
alloy, and therefore, it is not surprising to observe
optical bowing in the present study. Notably, however,
the difference between Ey yca and the observed E; was
negligible for the alloy NWs. This indicates that the
optical bowing disappears even when the composi-
tional entropy is not negligible. In particular, the
compositional entropy per unit volume AS can be
written as

AS = —kglxInx+(1 —x)In(1 —x)
+yIny+(1 —yIn(1 —y)] (5)

where kg is the Boltzmann constant. For AS, we
assumed no deformation of the unit cell. Indeed, AS
is comparable to the theoretically expected maximum
value of AS (i.e., AS = 1.276kg when x = 0.444 and y =
0.276, which is close to the maximum value such that
AS|max = 1.386kg when x = y = 0.50). This is a notable
finding considering that the bowing effect usually
approaches the maximum when AS is getting closer
t0 AS|max accordingly.® More importantly, in contrast,
the difference in Eg is distinctive for the alloy NBs and
NSs. Additionally, the bowing effect is more prominent
for the alloy NBs compared to NSs. This observation
appears to not be consistent with the experimental
observations of optical properties of Cd,Zn;_,5,5e;_,
NWs and NBs reported by Pan et al.,'®'” where they
observed almost no optical bowing for all NWs and NBs
of arbitrary composition.

By examining the morphological characteristics
from image analysis and the bowing properties, it is
appropriate and possible to differentiate the NWs and
NBs. Admittedly, it can be difficult to distinguish NBs
and NSs by just examining apparent morphology or by
measuring bowing properties. To secure a solid
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distinction, we will explore further structural and op-
tical property correlations from which more quantita-
tive and fundamental standards for differentiating NBs
from NSs are provided. From the perspective of a
simple VCA model, the disappearance of the band
gap bowing for the alloy NWs indicates that the
residual strain would be negligible. In contrast, the
bowing in the alloy NBs and NSs indicates that there is
residual strain. From these observations, we can sug-
gest that the optical bowing effect due to residual
strain depends on the morphology and intrinsic atomic
disorder in the unit cell.

DISCUSSION

Analysis of Residual Strain in the (d,Zn,_,5,Se;_, Nanostruc-
tures. To examine how the different morphologies and
atomic disorders would affect the residual strain and
the optical bowing effect in the alloy nanostructures,
we tried to find a correlation between the optical
bowing factor and the structural properties of the alloy
nanostructures. It is known that the band gap of a
semiconductor can be reduced by residual strain,
which produces deformation potential.>*~3° Thus, we
explored the influence of residual strain on band gap
variation. For the quantitative analysis, we used a
simple computational method based on the EPM to
calculate the electronic band structure with different
compositions. Ever since it was conceived by Fermi,*®
EPM has been shown to be effective and accurate for
calculating electronic structures of metals and semi-
conductors given fitting parameters that describe the
experimental observations.”’ >>** |n the EPM, the
atomic factors and pseudopotential parameters are
adjusted to fit with the known experimental data,
and therefore, it is one of the most efficient and
effective methods to calculate the electronic band
structures of alloy semiconductors in conjunction with
VCA. We used the EPM with known atomic factors
and pseudopotential parameters for the quaternary
alloy nanostructures with different compositions.?” ~=°
Although there are specific computational approxima-
tion models dealing with the NS geometry in conjunc-
tion with the EPM, such as the super cell method,**3*
we used a periodic boundary condition (unconfined
Bloch model) for the calculation. This is mainly due to
the fact that the observed structures of NBs and NSs are
much bigger than the usual dimensions for which the
super cell method can be applied. Usually, the super
cell method can calculate the electronic band structure
of the NSs composed of several thousand atoms,
which, in turn, has dimensions of at most a 10 x
10 nm? monolayer sheet. This dimension is much
smaller than that of the observed NBs or NSs. For the
study on the effects of strain built inside the structures,
we also introduced biaxial strain (parallel to the NBs
or NS plane) to the alloy NBs or NSs under the EPM
calculation. Detailed procedures and information on
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the computational method based on the EPM are
given in the SI.

Shown in Figure 4a,b are the calculated electronic
band structures of the single HWZ crystalline alloy NBs
(i.e., Cdg78ZNp22S0235€077 NBs in (a)) and NSs (ie.,
Cdp.95ZNg 0550.205€0.80 NSs in (b)) with different residual
strains. In the calculated band structures, we can
confirm the existence of the direct band gap between
conduction (I'0) and valence band (I',) at the ' sym-
metry point of the Brillouin zone regardless of the
morphology, composition, or residual strain. For the
strained NBs and NSs, both the compressive (Ae < 0)
and the tensile (Ae > 0) strain affect the reduction in
the band gap.3* 3> By comparing the calculated data
for NBs and NSs, it was also found that the higher the
residual strain, the greater the band gap reduction and,
therefore, the greater the positive band gap bowing.

Using EPM, we found the responsible residual strain
in the alloy NBs or NSs in the tensile or compressive
direction. In Figure 4c, the calculation result is summar-
ized as a function of the growth temperature. As is
apparent from the figure, there is a continuous but
abrupt change in the residual strain in the alloy nano-
structures at a certain growth temperature between
964 and 971 K. This certain point would imply the
existence of a transition point between the NBs (i.e.,
narrow nanoplates) and NSs (i.e.,, wide nanoplates).
Indeed, this is supported by the observation of the
morphological evolution of the nanoplate-shaped
structures. For example, for a growth temperature
above 971 K, the ratio between the width (L) and
thickness (D) of the nanoplates is L/D = 4.8—9.8,
whereas itincreases to L/D=19.3—92.6 by 1 order of mag-
nitude when the growth temperature is below 964 K.
Thus, there is a morphological evolution point that is
similar to the phase transition point, although there is
no physical change in the crystallinity of the alloy
nanostructures. Based on this observation, we sorted
the alloy nanoplates into NBs or NSs. Another notable
point in Figure 4c is that the residual strain in each
structure is relatively constant. For example, the aver-
age calculated residual strain built in the alloy NBs is
1.280 £ 0.157% (for tensile strain) or —1.273 + 0.150%
(for compressive strain). For the alloy NSs, the average
residual strain is calculated as 0.564 + 0.115% (for
tensile strain) or —0.546 + 0.123% (for compressive
strain). These calculated results indicate that the devel-
opment of the residual strain in the alloy nanostruc-
tures is determined mainly by morphology of the alloy
structures. In order to check this proposition, we tried
to find a fitting parameter set for the optical bowing in
eq 4 for NBs and NSs. The bowing parameters are
mainly determined by intrinsic structural properties
such as atomic disorder and residual strain, and there-
fore, we can suppose that there exists a unique set
of bowing parameters that determine the optical
bowing given a specific residual strain.24*>*4=%" With
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Figure 4. Calculated electronic band structure diagrams of the quaternary alloy nanobelts of Cdg 78Zng 2,50.235€0.77 With
different residual strains (A¢) (alloy NB in (a1—a3), in the first row) and nanosheets of Cdg 95ZNng 0550.205€0.80 With different
residual strains (alloy NS in (b1—b3), in the second row). £ in each electronic band diagram is depicted as a green rectangle
located between the conduction band (I'c) and the valence band (T',) fixed at the I' symmetry point of the Brillouin zone of the
HW?Z unit cell. (c) Dependence of the calculated residual strain in the alloy NBs and NSs grown at different T calculated using
the EPM. Blue and red symbols and lines are for the tensile and compressive strains, respectively. (d) Dependence of Eg with
increasing T for the alloy NBs. Calculated values of E; from the VCA model (black dotted lines) are compared with the
experimentally observed values (PL (red) and Abs (green) dash-dotted lines) and calculated values obtained by the bowing
equations with different bowing parameter sets which correspond to the alloy NBs with tensile (t, pink lines) and compressive
(¢, cyan lines) residual strains, respectively. (e) Same as (d) except for the alloy NSs.

a least-squares fitting method, we obtained fitting
parameter sets for the alloy NBs such that [B;, By, Bs,
B4]1 =1[0.21,0.10, 0.09, 0.08] (in eV for tensile strain) and
[0.15,0.31,0.06, 0.12] (in eV for compressive strain) and
for the alloy NSs such that [B,, By, B3, B;] = [0.11, 0.08,
0.15, 0.02] (in eV for tensile strain) and [0.13, 0.09, 0.12,
0.05] (in eV for compressive strain), respectively. As
shown in Figure 4d,e, the optical bowing relationship
with the fitting parameters agrees with the experimen-
tal observations for both alloy NBs and NSs. With these
findings, we can suggest that the alloy NBs and NSs are
structurally distinguishable as well as optically different.

Next, we further investigated the structural origin
that governs the observed anomaly of the optical
properties of the alloy nanostructures. First, we sought
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to find a dependence of the volumetric strain (Aey) by
comparing the ratios between the linear combination
of the concentration (f)-weighted unit cell volume of
each component

Vs = Y fivi,v; = 3'202¢;/2,
i
i = CdS, CdSe, ZnS, and ZnSe (6)

and the virtual crystal unit cell volume Vyca = 3"%
Avea’cyca/2 (Where the subscript VCA denotes the VCA
model) such that Vs/Wyca = 1 + Aey. It is also possible
to calculate the biaxial strain factor Ag from Aey by
the relationship Aey = (1 + Ag)*(1 — oAsqy), where ¢
denotes Poisson's ratio. Here, Ag is not physically
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Figure 5. (a) Two-dimensional map for the variations of the volumetric ratio between the concentration-weighted
summation of unit cell volumes of HWZ CdS, CdSe, ZnS, and ZnSe and the unit cell volume of HWZ alloy Cd,Zn,_,S,Se,_,
from the VCA model (1 + Aey) as a function of x and y. In the map, black circles are the composition data extracted from the
observed alloy nanostructures. (b) Dependence of 1 + Aey as a function of T. (c) Same as (a) except for the biaxial strain factor
Ag) and (d) dependence of Ag) as a function of T. (e) Same as (a) except for the bond length mismatch parameter (Ab?/c?) and
(f) dependence of Ab%/c? as a function of T. (g) Ratio between the width and the thickness of the nanoplate-shaped alloy

nanostructures (L/D) as a function of T. (h) Dependence of Ab?/c? as a function of L/D. The data are fitted with a power-law
function such that Ab%/c* ~ (L/D)*.

equivalent to the real residual biaxial strain (A¢) be-
cause there is neither structural deformation nor a
crystalline phase change of the alloy nanostructure.
However, it works as a guide to deduce the relative

magnitude of the residual strain as a function of the
composition of the alloy nanostructures.

In Figure 5a,c, we provided 2D maps for the dis-
tribution of Aey (@) and Ag (c) as a function of the
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composition assuming that o = 0.3, which is a typical
value for compound semiconductors.*>?* From the
maps, it can be found that the strain factors decrease
with decreasing compositional entropy. Given the
observed composition at the different growth tem-
peratures, we can analyze the variations of Agy and
Agj, as shown in Figure 5b,d, and from the figure, it is
evident that the strain factors decrease from the alloy
NWs via NBs to NSs. It should be noted that the
decreasing behaviors of the strain factors from the
NWs to NBs are contrary to the observations of optical
bowing (i.e., no bowing for the NWs but the highest
bowing for the alloy NBs).

In addition, we can analyze atomic disorder by
calculating bond length mismatch which originates
from the atomic displacement of the anions from the
designated center coordinates of the HWZ unit cell.
The bond length mismatch can be the major factor that
governs the atomic disorder in the quaternary alloy
nanostructures. Indeed, there is a considerable dif-
ference of 23.86% in the cationic diameter for Cd*"
(1.090 A) and Zn** (0.880 A), and the maximum mis-
match can be calculated as 11.84% between CdSe
(bond length = 2.630 A) and ZnS (bond length =
2.335 A).2>?% The bond length mismatch for the HWZ
unit cell can be calculated as follows:

A _(|b — boc?l)
< Cvca?

= 2y(1 —y)(x|bccas® — becdse’|
+(1 = X)|bczns® — bc.znse’]) )

where b, and b, are for the bond length between the
anion and the cation along the c-axis and off the c-axis,
respectively.*#°*° A detailed derivation of eq 7 is
given in the SI. Using eq 7, we constructed a 2D map
(Figure 5e) for the distribution of Ab%/c* and analyzed
variations of Ab%/c? at different growth temperatures
(Figure 5f). As shown in Figure 5f, it is evident that the
atomic disorder generated by the bond length mis-
match decreases with decreasing growth temperature,
as in the context of the strain factors. Thus, it is contrary
to the experimental observations of no optical bowing
for the alloy NWs and high bowing for the alloy NBs.
This implicates the existence of a counterpart that
describes the increasing behavior of the degree of
bowing reduction from NSs to NWs.

Analysis of the Structural Origin of the Band Gap Bowing
Anomaly of the (d,Zn,_,5,Se;_, Nanostructures. We trans-
lated the behavior between Ab%/c* and the growth
temperature into a relationship between L/D and
Ab%/c? (Figure 5h) via an experimental observation of
the dependence of L/D as a function of the growth
temperature (Figure 5g). In Figure 5h, we found that
Ab?/c* can be described by a simple scaling law with
respect to L/D such that Ab%/c® ~ (L/D)” with a scaling
exponent as the fitting parameter of y = —0.0598 of a
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satisfactory statistical model correlation coefficient. It is
known that the bowing factor can be described as a
quadratic function of the short-range order parameter
which is strongly dependent on L/D.”' Therefore, it
is our understanding that the origin of the scaling
behavior of Ab%/c? can be the scaling behavior of the
bowing factor with respect to Ab*/c*-dependent
short-range order, albeit it appears to not be suffi-
ciently close to the complete scenario for the under-
lying mechanism that determines the scaling behavior
of Ab%/c? as a function of L/D with the specific scaling
exponent. As shown in Figure 5h, it is clearer that the
alloy NWs have the highest atomic disorder while
NBs and NSs have smaller disorders. Thus, it is re-
quired to reconcile the experimental observation of
the structure-dependent optical anomaly concerning
the bowing effects and the intrinsic strain factors and
atomic disorder behaviors in the nanostructures.

As a semiempirical method, we propose the strain
and atomic disorder relaxation factor which is a func-
tion of the structure-related variable such as L/D. In
experimental studies on the pseudobinary CdS,S;_
alloy NWs,2 we have already observed the disappear-
ance of the optical bowing and shown that the strain
relaxation along the c-axis and in plane, which is
normal to the c-axis, is required for the NWs to maintain
the single crystallinity without structural and geome-
trical deformations. This observation is specific for the
alloy NWs because the simultaneous relaxations of the
uniaxial and biaxial strains are only possible for the
elongated structures with a finite diameter that is
considerably smaller than the length of the elongated
structures.® Thus, we can suggest that the strain relaxa-
tion factor is equal to zero for the alloy NWs. For the
single-crystalline and structurally stable NBs or NSs, it is
not required for the alloy nanostructure to relax the
biaxial strain over the plane direction if the dimension
of the plane is sufficiently larger than the thickness of
the structure. Thus, it is expected that the strain
relaxation factor would increase with increasing L/D
and saturate for the alloy NSs with a sufficiently large
value of L/D. From these mathematical properties, we
can propose a sigmoidal functional form for the strain
relaxation factor as a function of L/D, and one of the
simplest forms of the sigmoidal function is a Hill-type
function, such that [(L/DY’ — 11/I(L/DY’ — 1, where
p and y are the fitting parameters. When the strain
relaxation factor and the scaling behavior of the bond
length mismatch are combined, it is possible to con-
struct a semiempirical structural disorder—bowing fac-
tor correlation as follows:

(L/Dy —1

B~ (L/D) | ————
o (L/DY +y

(8)

where the bowing factor B is an entity describing
overall bowing which is proportional to the difference
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Figure 6. Dependence of the experimentally observed nor-
malized bowing factor (B/By,) as a function of L/D. Different
colored points denote different alloy structures. The data
are fitted with the suggested semiempirical equation (black
dashed line).

between the expected values of Eg from the VCA model
and for experimentally observed values of E4. In eq 8, it
is expected that B is equal to zero for the alloy NWs and
rapidly increases as NWs evolve to NBs followed by
a slow decrease when the NBs evolve to NSs. This
behavior would describe the maximum optical bowing
for the NBs. We used the semiempirical correlation in
eq 8 to describe the observed bowing factor normal-
ized to the maximum values (i.e., B/By) as a function of
the morphological parameter, L/D. Based on least-
squares fitting, we found that § = 4.82 and y = 17.2.
As shown in Figure 6, we can find that the semiempi-
rical correlation equation with these fitting parameters
effectively describes the observed behaviors of the
structure-dependent band gap anomaly of the alloy
nanostructures such as the disappearance of the bow-
ing for NWs, maximum bowing for NBs, and smaller yet
notable bowing for NSs with a good statistical fitting
coefficient. It is also notable that the difference be-
tween the NBs and NSs are clearly observable: max-
imum and nearly constant values for the NBs and
smaller and nearly constant values of the NSs.

As shown above, it is evident that there is a
structure-dependent optical anomaly, represented by
the peculiar optical bowing behaviors of the NWs, NBs,
and NSs. It is also possible to distinguish NBs from NSs
by examining the structural and optical properties. In
terms of band gap modulation engineering, it is im-
portant to control and understand how exactly the
structure-dependent multicolor light-emitting and

EXPERIMENTAL SECTION

Preparation of the Quaternary Alloy Nanostructures. We grew the
quaternary alloy Cd,Zn,_,S,Se;_, nanostructures via the vapor-
phase transport of a source vapor onto a substrate by pulsed
laser deposition. The source materials for the formation of the
alloy nanostructures were prepared by sintering targets in a
cylindrical-shaped pellet made of the as-received pure powder
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light-absorbing properties deviate from the expected
band gap, and therefore, it is highly desirable to find
a semiempirical yet quantitative correlation on the
structure—bowing relationship. Thus, the present ex-
perimental study, supported by computational studies
with a mathematical model, is beneficial to accurately
modulate the band gap of -Vl alloy nanostructures to
cover the full visible spectrum.

CONCLUSIONS

In conclusion, we presented experimental, compu-
tational, and theoretical studies on the structural and
optical properties of single-crystalline HWZ quaternary
alloy Cd,Zn;_,5,5e;_, nanostructures. By changing the
growth temperature, composition, molar fractions of
components, and morphology, such as nanowires,
nanobelts, and nanosheets, of the nanostructures, are
varied with maintaining the single crystallinity of the
hexagonal wurtzite. From the optical properties mea-
sured, we observed an optical bowing disappearance
for the alloy NWs and distinct positive optical bowing
for NBs and NSs. Using a simple but effective computa-
tional method based on the EPM, we found that there
is residual strain within the NBs and NS ranging from
—1.4to 1.5%, which results in the optical bowing. From
the volumetric strain and bond length mismatch de-
veloped in the alloy nanostructures, we found the
intrinsic atomic disorder, which was responsible for
the bowing factor, decreased as it evolved from NWs
via NBs to NSs. This decreasing behavior of the bowing
origin is balanced with the strain relaxation factor,
which increases from NWs at zero to NSs at saturated
maximum. By finding a semiempirical correlation be-
tween the structure and optical bowing, we explained
the observed optical bowing anomaly for the alloy
nanostructures. From the analysis, we also found that
the different nanostructures can be differentiated from
each other by examining residual strain variation inside
the structure and optical bowing behavior. The present
work is expected to guide band gap engineering by
modulating and tailoring the direct band gap of nano-
structured semiconductor alloys. In particular, to use a
variety of morphologies of the nanostructures, the
present work would provide more accurate and effec-
tive structure—optical properties correlated to design
the desirable band gap to cover specific visible wave-
lengths for applications in photovoltaic, photocatalytic,
and photosensitive materials.

mixture of ZnS and CdSe (purity >99.99%, particle size <1 um,
Sigma-Aldrich) with the desired mixing ratio (1:3—3:1 weight
ratio) at 700 °C under an Ar—H, atmosphere (5 vol % of gaseous
H,). The as-prepared targets were ablated by means of an
excimer laser (Lambda Physik, Compex-205, Kr—F radiation,
A = 248 nm, 25 W, 5 Hz pulse) with an energy density of 3—
7 Jcm~2 The vapor pressure in the tube of the hot-wall furnace
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was uniformly varied in the range of 1 to 10 Torr with 120—150
sccm flow rate. The surface temperature of the prepared target
was varied in the range of 1150 to 1300 K. The surface
temperature of the substrate was varied by changing the
distance from the source and the substrate (d) on which the
alloy nanostructures grew (refer to a plot for the measured
growth temperature and d in the SI). The temperature inside the
quartz tube was measured with thermocouples. The pulsed
laser was focused onto the targets, which were placed in the
center of the reaction chamber, while the substrate was held in
the region in which the temperature was sustained in the range
of 890 to 1100 K for a predetermined period of time (1—24 h).
For the synthesis of the alloy nanostructures, a thin Au layer,
with a typical thickness of 10—20 A, was deposited onto the
cleaned silicon (100) substrate or quartz using ion sputtering.
During the growth, the Au thin layer dewets, and the dewetted
Au works as a catalyst that drives the VLS process for the
formation of the quaternary nanostructures. To examine the
morphology of the resulting nanostructures, scanning electron
microscopy (Hitachi SE-3000, 20 kV) and field emission scanning
electron microscopy (FESEM, Hitachi S-4100, 40 kV) were used.
For measurement of the crystallinity, XRD (Bruker D8, Cu Ka
radiation, A = 1.5406 A) and TEM (JEOL JEM-4010, 200 kV) were
used. The composition of each binary compound in the alloy
was measured by energy-dispersive X-ray spectroscopy (JEOL
JEM-4010, 200 kV) during the TEM examination.

Measurement of the Optical Properties of the Quaternary Alloy
Nanostructures. Photoluminescence was excited at room tem-
perature by means of a laser (Spectra Physics Mai Tai VF-T1S Ti:
sapphire laser, A = 400 nm, 0.55 mm WD, 0.60 NA, objective lens
of 50%, 1.5 x 10> W cm~2) to measure the lowest optical direct
band gaps of the as-synthesized alloy nanostructures. The 2 x
2 mm? dimension sample was mounted on a pedestal and held
at temperatures between 75 and 298 K using a cryostat (JANIS
ST-500). The PL signals were collected and detected by a
charge-coupled detector (Tokyo Instruments DV 420A-OE).
The PL data were measured at 298 K. A scheme for the
employed PL system is given in Figure S2 in the SI. For the
measurement of the UV—vis Abs signal, we used a micro-
spectrophotometer (uUV—vis, CRAIC 20VM, focal area of
250 x 250 um?). For the measurement of the absorbance, the
alloy nanostructures grown on the transparent quartz were
mounted on the sample holder to which a fiber-optic coupler
was focused and detected light from the sample. To extract
quantitative information on E,, the squared intensity of the
absorbance was fitted with linear extrapolation, and Ey; was
matched to the x-intercept of the extrapolation function.

Calculation of the Strain in the Quaternary Alloy Nanostructures. For
the analysis of the strain effects for the variation in the band gap of
the alloy nanostructures, we employed EPM calculation accom-
panied by fitting parameters, which accounted for the effects of
strains. For the calculations, we used the calibrated atomic factors
and potential parameters from the literature.?” —>° The effects of
the strain were considered by introducing a fitting parameter set
[P4, P;] for the local pseudopotential, Vio.(q), such that

Vioc (k) = Vioc,cds (k)Xy + Vloc‘CdSe(k)X('l - y) + Vloc‘ZnS (K1 - X)y
+Viocznse (1 = X)(1 —y) = PixPy —Pay’x  (9)

where k is the reciprocal wavenumber, and it is found from fitting
with the experimental data that [P;, P,] = [—0.225, 0.092] for the
tensile strain and [P;, P,] = [—0.305, 0.114] for the compressive
biaxial strain. We used the VCA model for the nonlocal pseudo-
potential and ionic parameters including elastic constants. Given
the calibrated parameters, we examined the band gap variation
of the alloy nanostructures with a given composition to find the
effective residual strains in the alloy nanowires, as shown in
Figure 4a,b. Using an arbitrary combination of the compositions
x and y, we also calculated Eg, from which we calculated the
bowing equation parameters for the nanostructures used in
Figure 4d,e with residual tensile and compressive strain, respec-
tively. Detailed information on the EPM is given in the SI.
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