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Abstract—A simple and unified model has been established for
size- and composition-dependent dielectric constant e(x, D) based
on a size-dependent melting-temperature model, where x is the
fraction of composition, D denotes the diameter of nanoparticles
and nanowires, and the thickness of thin films. It demonstrates that
depending on the dimension of nanocrystals, e(x, D) decreases
with different trend as D drops, while e(x, D) is a nonlinear
function of . The theoretical prediction agrees approximately with
experimental and computer simulation results of semiconductor
nanocrystals in single phase or multiphases.

Index Terms—Alloy, component effect, dielectric constant, semi-
conductor, size effect.

I. INTRODUCTION

OW-DIMENSIONAL nanocrystals (nanoparticles, nano-

wires, and thin films) exhibit fascinating physicochem-
ical properties dramatically different from the corresponding
bulk counterparts, which has attracted great attention because
of potentially immense applications [1]. As one of the most
important parameters for physical and optoelectrical character-
istics, dielectric constant € is a quantum that describes how
much electric field (flux) is generated per unit charge and has
been intensively investigated in both experimental and theoret-
ical methods [2]. It has been recognized that in nanomaterials
with the size D, (D) < e(co) because of the lower screening
of confined electrons [3]—[5], where D denotes the diameter
of nanoparticles or nanowires, and the thickness of thin films,
and oo denotes the corresponding bulk crystals. The reduced
€(D) can enhance the Coulomb interactions among electrons,
holes, and ionized shallow impurities in nanodevices, signifi-
cantly modifying the optical absorption and transport proper-
ties [2]. For a more promising application: nanocrystal flash
memories, nanocrystal is usually embedded in the gate oxide
as a charge storage node, but the inclusion is expected to af-
fect the gate capacitance [6]-[8]. Thus, a basic understanding
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of dielectric properties is critical for designing devices of de-
sired performance. Size effect on (D) has been verified by
recent first-principles calculations and other theoretical inves-
tigations [2], [5], [9]. In spite, of great efforts devoted to the
achievements of demanded optical properties by tuning the di-
electric constant of nanocrystals via changing the size, in par-
ticular, down to 2-3 nm, one has to envisage an insurmountable
stability problem [10]. To resolve this limit, multiphase alloys
have been of special interest because of higher stability [10], as
well as the unique superiorities such as high luminescence and
the basic optical properties of the corresponding single-phase
nanocrystals [11].

Although there were some models to be proposed for the e(D)
function, the theoretical predictions that were in good consis-
tence with experimental results indispensably relied on some
adjustable parameters in these models [2], [12]. This naturally
limits the direct use of these models [2], [12]. Moreover, be-
cause of few considerations about the composition (z) effect on
e(x, D) in multiphase alloys, to develop a quantitative model
for e(z, D) covering both size and composition effects, becomes
highly desirable.

In this contribution, based on several known thermodynamic
functions, a model without any adjustable parameter, has been
developed to predict the e(x, D) function. According to this
model, e(x, D) is demonstrated to decrease with D for different
nanocrystals in elements, compounds, and multiphase alloys.
Furthermore, £(z, D) can also be effectively tuned by selecting
proper z for alloys, and the validity is verified by the experi-
mental and computer simulation results, suggesting an effective
way to develop their applications in optoelectronic devices.

II. MODEL

According to the nearly-free-electron approach, E, = 2|V;|.
Here, I/, denotes the band gap, which is a major factor determin-
ing the electrical conductivity of materials. V; is the crystalline
field depending on the total number of atoms and interatomic
interaction of solids (V') [13]. Generalizing this relationship into
nanometer size range, as a first approximation, it can be obtained
that

AE,(D)
By (c0)

_ ‘AV(D)‘ "

V()
where shows the difference. Since V' o< E. [13], where E. is
the atomic cohesive energy, there is

E.(D) — E.(0)
E.(c0)

’ AV(D) ‘ _
V()

-
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The function of E.(D) has been given as [14]

E.(D) Tu(D) _ 28,11, (00) 1
E.(00)  Tw(co) 3R D/Dy—1

3)

where T, is the melting temperature, Sy}, (c0) is the bulk vi-
brational melting entropy, and R is the ideal gas constant. For
semiconductors, Sy (00) /= Sy, (00)—R is usually employed as
a rough approximation and Sy, (co) denotes the bulk melting
entropy [15]. Dy means a critical diameter at which all atoms
of a low-dimensional material are located on its surface. As a
function of both dimensionality d and atomic distance h, Dy is
determined by [15]

Dy =2(3—-d)h 4)

where d = 0, 1, and 2 for nanoparticles, nanowires, and thin
films, respectively. It should be mentioned that except for free
nanoparticles with d = 0, d = 1 is assumed for nanoparticles
deposited on substrates with the shape of island or disk [15].

The dielectric constant originates from electronic polariza-
tion or electron transition from the lower valence band to the
upper conduction band. This process is subject to the selec-
tion rule of energy and momentum conservation, which de-
termines the optical response of semiconductors and reflects
how strongly the valence electrons couple with the excited con-
duction electrons [2]. Therefore, the ¢ of a semiconductor is
directly related to its E, at room temperature. According to
(1)=(3) an approximate relation of x(c0) o E 2 [2], the size de-
pendent electron polarization coefficient y (D) can be given by
[x (D) /x(0)] ={2— [T (D) /Ty (oo)]}fQ. Extending the
relationship of € = x +1 into nanoscale gives rise to the (D)
function, namely

1254 oo [} o

In order to clear the contribution induced from composition
variation, e(x, oo) of ternary alloys or pseudobinary solutions
with regular solution is introduced [16]

g(x,00) = xe(0,00) + (1 — z)e(1, 00) + Q(x, 00)x(1 — )
(6)
where 0 and 1 separately represent the components in a binary
alloy, x denotes the molar ratio of component “0” in the alloy,
and Q(x, 0o) is the bowing parameter of bulk crystals, which
results in the bowing behavior of e(z, 00).
In a similar way as expressed in (6), it is easy to obtain the
e(x, D) function for nanocrystals

e(x,D) =2¢(0,D) + (1 —2)e(1, D) + Q(z, D)x(1 — x)
(7
with Q(z, D) given by [10]
Qx,D) 1—2Dy(x)
Qz,8) D

®)

where Dy(z) is critical diameter of alloying nanocrystals.
Dy(z) = 2(3-d)h(x) [10]. It is well known that Vegard’s law
is an approximate empirical rule which holds that a linear rela-
tion exists, at constant temperature, between the crystal lattice
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Fig. 1. &(D) function of Si nanoparticles and thin films. The solid lines denote
the model predictions in terms of (5) and the dashed lines denote the Tsu’s model
predictions [12]. (a) Symbols (V) [2] and (A) [9] are corresponding computer
simulantion results of Si nanoparticles. (b) Symbols (A) [3] and (A), (o), and
(V) [4] denote the corresponding experimental results of Si thin films.

TABLE 1
RELEVANT DATA USED IN THE CALCULATIONS OF (5) AND (10), WHERE
Syip (00) IS IN J-(g-atom) ! K1, @ IS IN nm AND £ IS IN nm

&(o0) Syin(0) al23] h°
Si 114[2] 672[24] 0543 0235
CdS  8.7[25] 6.18° 0.582  0.252
CdSe  9.7[25] 6.59° 0.608  0.263
CdTe 10.2[25] 1206 0.648  0.281
ZnS  9.6[25] 2.19° 0.541  0.234
ZnSe 8.6 [25] 6.81° 0.567  0.245
InP  12.5[25] 15.63°  0.586  0.254
InAs 152[25] 10.56[24] 0.606 0.262

2Sin(00) = Sm(20)—R [15] with Sy(o0) = 16,628 J -g-atom 'K [24],

14.91J -g-atom 'K [24], 20.37 J -g-atom 'K [24], 10.5 J -g-atom K" [24],
31.5J -g-atom'K! [24] and 23.94 J -g-atom™'K"! [24] for CdS, CdSe, CdTe,
ZnS, ZnSe and InP respectively.

®h =\3 a/4 for the zinc blende structure [10] and a is lattice parameter.

constant of an alloy and the concentrations of the constituent
elements [17]. Thus, h(x) can be expressed as

h(z) = zh(0) + (1 — z)h(1) )

with h(0) and h(1) denoting the atomic distance of bulk crystals
with an assumption that A is almost a size-independent amount
[10].

Thus, substituting (8) into (7) gives rise to the expression of
e(z, D) function of alloying nanocrystals

e(x,D) = 2¢(0,D) + (1 — z)e(1, D)

N (1 — 2Dy (x)

D > Q(z,00)z(1 — x). (10)

III. RESULTS AND DISCUSSION

Fig. 1 shows the plot comparing the model predictions accord-
ing to (5) (solid lines) with Tsu’s theoretical evidence (dashed
lines) as well as experimental and theoretical results for (D) of
Si nanoparticles and thin films. The parameters utilized in the
calculation of (5) are listed in Table I. As we can see, a general
trend is that (D) decreases with dropping D as a result of in-
creasing number of surface atoms or surface/volume ratio. The
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model prediction is consistent with experimental measurements
especially for nanoparticles and thin films with D smaller than
10 and 6 nm, respectively. While £(D) approaches to bulk value
as D > 10 nm. Thus, the surface atoms become prominent in
determining the properties of nanocrystals due to their distinct
physical characteristics comparing with that of interior atoms.
Wang and Zunger proposed that the changes of the dielectric
constant are due to the surface of the quantum dot, not the
overall size of the dot [5], [9] and Delerue et al. thought that
dielectric suppression is due to the breaking of surface polariz-
able bonds [3], which supports the earlier findings of Wang and
Zunger. It has been found that as the size of nanocrystals de-
creases, the lattice contracts and cohesive energy decreases [2].
Although lattice contraction leads to the increasing of single-
bond energy, the lower coordination number of surface atoms
(existing of breaking bonds at surface) results in the decreas-
ing cohesive energy of nanocrystals with the increasing surface
atoms. As the result, coordination-imperfection (cohesive en-
ergy decreasing) induced local quantum entrapment perturbs
the Hamiltonian that determines the band gap (band-gap ex-
pansion) and hence, the process of electron polarization conse-
quently [18]. According to the above analysis, it is reasonable
that (D) decreases with dropping D according to the approx-
imate relationship between dielectric constant and band gap.
In contrast, as we can see in Fig. 1, Tsu’s model is consistent
with experimental results or (5) only when D > 10 nm. This
is due to the limited condition E,(D)/E,(c0) < 0.5 [12] al-
though the value of AE,(D)/E,(c0) can be larger than 0.5 for
nanocrystals in several nanometers [2]. Compared with Tsu’s
model, our predictions are in good agreement with the exper-
imental and computer simulation results for Si nanoparticles
and thin films in full-size range. Similar results can be found in
Fig. 2 for II-VI and III-V semiconductors, in which the good
agreement between model predictions and experimental results
further verify the validity of model.

The composition effect on e(x, D) of nanocrystal alloys in
terms of (10) is shown in Fig. 3 and Table II, compared with
experimental evidences. On one hand, for a fixed z, ¢(x, D)
has a downward shift with D decreasing as that in Figs. 1 and
2. On the other hand, e(x, D) shows a shift from an almost
linear function to a nonlinear one with the increase of D, ex-
hibiting a bowing behavior. This is determined by the third term
[Q(z, D)] in (10). For binary alloys with the components in the
same group, h(x) is less dependent on composition according
to (9) because they have almost similar lattice constants. For
simplicity, Dy(z) is assumed to be z-independent. Therefore,
Q(z, D) — 0 according to (8) with D — 2D (x), leading to a
linear characteristic function of e(x, D), as shown in Fig. 3 for
CdTe, Se;_, with 4.9 nm. It suggests that when D — 2D (z),
e(xz, D) also can be determined by Végard's law even if we
do not know the value of Q(z,00). However, for D = 14 nm,
e(x, D) shows a nonlinear relationship with z changing be-
cause )(x, D) increases and bowing behavior is obvious with
D increasing. When D is increased to larger size, for example,
D = 40 nm and D = 50 nm, size effect on £(x, D) is very
weak and Q(z, D) approaches the to bulk value, where the dif-
ference between &(x,40) and £(x,50) is small and (z, D) can
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Fig. 2. &(D) function of semiconductor compounds in terms of (5). Solid
lines denote £(D) of nanoparticles and dashed lines denote it of nanowires. The
symbols are experimental results. (a) CdS: (V) [25], (H) [29] and (e) [30] for
nanoparticles, and ((J) [25] for nanowires. (b) ZnS: (A) [31] for nanoparticles
and (OJ) [25] for nanowires. (¢) InP: (o) and (M) [32] for nanoparticles and
(o), ((J), and (A) [32] for nanowires. (d) InAs: (o) [33] for nanoparticles, and
(0O) [34] for nanowires.

10
D=50 nm
9_v
D=40 nm
8-
a D=14 nm
R
w
S_w
0.0 0.2 04 06 08 1.0

Fig. 3. &(z, D) function of CdTe, Se; _, nanocrystal alloys in terms of (10)
(solid lines) and experimental results (Ml and A [22]). Q(z, c0) = -3.32 [35].

be determined by the bulk value. Similar results for e(x, D) of
Zn,;Cd;_,Se, Cd,;Zn;_,S, and CdS, Se;_, nanoparticles can
be found in Table IT and the deviations are less than 5% between
calculated and experimental results, which demonstrates that
the model can adequately (and quantitatively) describe e(z, D)
as a function of both composition and size. It is worth mention-
ing that, (10) is essentially suitable for alloying nanoparticles
with free surface or supported by a passivated substrate where
there is a weak chemical interaction between the crystal and the
substrate [19]-[22]. On the other hand for nanocrystals fabri-
cated by vapor phase deposition methods [10], nanoparticles on
substrates have incoherent, semicoherent, or coherent interface,
which may induce different tendency like the phenomena of
supercooling and superheating observed for nanocrystals with
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TABLE II
COMPARISONS OF €(x, D) BETWEEN MODEL PREDICTION IN TERMS OF (10) AND THE CORRESPONDING EXPERIMENTAL
RESULTS OF TERNARY ALLOYS, WHERE D IS IN nm

Q(x, o0) x D g(x,D) % Error (with exp.)
This work Exp.
Zn,Cd;,Se -1.99[26] 0.28 5.8 6.87 6.8219] 0.73
044 6.3 6.87 6.79[19] 1.18
0.55 6.8 6.91 6.80[19] 1.62
0.67 7.5 7.00 6.82[19] 2.63
Cd,Zn,, S -0.563[27] 025 9 8.60 8.75 [20] 1.71
075 9 7.77 7.80[20] 0.38
CdS,Se;, -0.563[28] 036 2.8 4.84 5.07 [21] 4.54
043 28 4.83 5.05[21] 4.36
0.60 3.1 5.16 5.39[21] 4.27
0.64 3.1 5.15 5.19[21] 0.77
02 3.6 5.80 5.75[21] 0.87
041 3.6 5.70 5.64 [21] 1.06
026 43 6.31 6.41 [21] 1.56
039 43 6.23 6.01[21] 3.66
0.82 43 6.08 5.90 [21] 3.05
02 58 7.09 7.32[21] 3.14
0.75 5.8 6.79 6.96 [21] 2.44
10 T CaoSe change of e(x, D) of nanowires is weaker than that of nanopar-
0.1~%0.9 ticles and stronger than thin films. These differences should be
attributed to the different surface/volume ratios of A/V = 6/D,
e ——==—=—z=====z==3 4/D, and 2/D for nanoparticles, quasi-dimensional nanoparti-
== _Z:w- _C(-j_ s cles or nanowires, and thin films with d = 0, 1, and 2, respec-
~ 0.9%d0.19¢€ . . .
Q tively. The result shows that both size and composition can tune
{.} the dielectric constant of alloying nanocrystals. In order to meet
the desired dielectric constant, applying alloying nanocrystals
is a better way by tuning the composition and size compared to
elements and compounds just by tuning size, which suggests an
effective approach to develop the applications of nanomaterials
in optoelectronic devices.
0 10 20 30 40 50
D (nm) IV. CONCLUSION
Fig. 4. e(z, D) function of Zn, Cd; _, Se with the fixed composition (x = 0.1 In summary, a therm()dynamicauy quantitative model has

or 0.9) in terms of (10).

different interface [14]. The interface effect will be considered
in further works.

Fig. 4 shows the size-dependent dielectric constant of
Zn, Cd; _, Se with the fixed composition (x = 0.1 or 0.9) for thin
films, nanowires, and nanoparticles, respectively, according to
(10). The solid lines are for z = 0.1 and the dash lines are for x =
0.9. From the top down, the three lines represent e(x, D) for thin
films, nanowires, and nanoparticles, respectively. An obvious in-
crease in e(z, D) is observed in the size range of D <10 nm,
while e(z, D) changes slowly as D > 10 nm. For Zn, Cd; _, Se
with different z, the difference of e(x, D) for nanocrystals with
the same dimensionality is negligible in small size (D < 5 nm),
and then becomes obvious when the size becomes larger (D >
5 nm). It indicated that the size effect is evident only when the
size is just several nanometers, and the composition effect on
e(x, D) is obvious for larger size (D > 5 nm). Furthermore, the

been developed to calculate e(x, D) functions of semiconduc-
tor elements, compounds, and alloys. e(x, D) decreases with
decreasing D, and shows a bowing behavior as a function of
z, depending on the size of nanocrystal. Furthermore, the size
effect on dielectric constant of nanowires is weaker than that of
nanoparticles and stronger than thin films due to the difference
surface/volume ratio. Consistency between the model predic-
tion with experimental and computer simulation results con-
firmed that the model could be expected to be a valid approach
to analyze the optical properties of nanomaterials, which will
accelerate the applications of nanomaterials in optoelectronic
devices.
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