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Polarization phenomena in the optical absorption and emission of metallic, semiconducting or composite nanowires and
nanorods are considered theoretically. Most nanowire-based structures are characterized by a dramatic difference in
dielectric constant ¢ between their material and environment. Due to image forces caused by such & mismatch, coefficients
of optical absorption and emission become essentially different for light polarized parallel or perpendicular to the
nanowire axis. As a result, the intensity and spectra of absorption, luminescence, luminescence excitation, and
photoconductivity in single nanowires or arrays of parallel nanowires are strongly polarization-sensitive. In light-emitting
nanowire core-shell structures, the re-distribution of a.c. electric field caused by the image forces may result in essential
enhancing of core luminescence in frequency regions corresponding to luminescence from the semiconducting core or
when the frequency of optical excitation coincides to the frequency of the plasmon resonance in the metallic shell. In
random nanowire arrays, the effects described above may result in "polarization memory", where polarization of
luminescence is determined by the polarization of the exciting light. Recent experimental data on "polarization memory"

in CdSe/ZnS nanorods are presented.
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1. Introduction

The paper is devoted to optical phenomena in nanowires
having a dielectric constant ¢ essentially different from that
of their environment &;, when polarization effects (image
forces) play an important role. This model describes
semiconductor nanowires (with typical ¢ ~ 10) grown
either in a free-standing fashion from catalyst particle
nano-islands (see, e.g., [1]) or in a dielectric template with
cylindrical pores [2], metallic nanowires where ¢ also
differs noticeably from g, and, besides, has a complex
character and frequency dispersion, and composite core-
shell nanostructures feasibility of which has been recently
demonstrated experimentally [3,4].

In this paper, we consider the influence of image forces
on the intensity of the optically-induced electric field inside
nanowires, which, in turn, determines all light-induced
phenomena, such as optical absorption, luminescence, and
photoconductivity. We show that even in relatively thick
nanowires, where size effects are not significant and energy
spectrum, as well as transport coefficeints, are isotropic,
the difference between ¢ and g, results in a strong
dependence of the above-mentioned phenomena on the
polarization of the exciting light. Similarly, light emitted
by such nanowires appears to be strongly polarized, even if
the probability of the corresponding optical transitions is
independent of the orientation of the effective dipole
moment.
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Figure 1. (a) — spectral dependence of the integral light intensity in a
nanowire with e = 9, g, = 1 for the light polarized parallel to nanowires, I;*
(1) and perpendicular to nanowires, 1, (2), in units of na’Ey%; (b) —
spectral dependence of the polarization ratio P? in the same nanowire.
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Figure 2. Absorption anisotropy P? for a metallic nanowire (solid curve)
and core-shell structures with p = 0.2 (1); 0.5 (2); 08 3) ate; =3, v =

0.1c,.
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Figure 3. Absorption spectra of randomly oriented metallic nanowires at
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Figure 4. Spectral dependence of the effective dipoles dy (1) and d, (2) (in

walc

units of do) and of the ratio dy/d, (3) for a nanowire with ¢ =9, g, = 1.
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Figure 5. Spectral dependence of the polarization ratio P* for

luminescence from a nanowire with € =9, gy = 1.
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Figure 6. Polarization ratio of photoluminescence for a random system of
nanowires with ¢ = 9, g = 1. (a) — luminescence spectra P*(wem) for
different we. Figures at the curves indicate the values we@/c. The curves
corresponding to wea/c = 2.6 and weal/c = 2.8 practically coincide. (b) —
excitation spectra P*(wey) for different wen. Figures at the curves indicate
the values of wena/c. The curves corresponding to wema/c = 1.8 and wena/c

= 2.8 practically coincide. For w.na/c = 2.6 polarization is very close to
zero and not presented at the figure.
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2. Polarization of absorption
2.1. Semiconductor nanowires

If a cylindrical wire is placed in external electric field Eg,
its parallel component, E;, remains the same inside a wire
while the component normal to the wire axis, E,, will be
essentially changed [5]:

2g,

By =Eqp; E, = Eou- 1)

e+¢&

For € > gy, EQ.(1) means that the amplitude of the high-
frequency electric field and, hence, the probability of
optical transitions in a nanowire depend dramatically on
the light polarization, acquiring maximal values for light
with polarization parallel to the nanowire axis. The
practical consequence of this effect is a strong dependence
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of the absorption coefficient K (both inter- and intraband)
on the light polarization for a single nanowire or a system
of parallel nanowires. The ratio of K for two light
polarizations is

2
K c+e
2T %0 )
K, 2¢q
Note that so far we have considered classical

electrodynamic effects caused exclusively by the difference
of the refractive indices for wires and environment. In thin
nanowires, due to size quantization, the optical matrix
element becomes anisotropic [6,7], which may modify the
described polarization effects so that Eq.(2) acquires an
additional factor equal to the square of the ratio of the
matrix elements for the two perpendicular directions.

E,(p.a)=Eqyeq Y,

Direct measurement of optical absorption in a nanowire
system is difficult but it can be replaced by measurements
of photoluminescence excitation or photoconductivity (for
nanowires provided with contacts). All the effects
discussed should be polarization-sensitive acquiring their
maximum value for the exciting light polarization parallel
to the nanowires. It was first observed and adequately
interpreted in [8]. The authors found photoluminescence
and photoconductivity in InP nanowires increasing up to 48
times when the polarization of the exciting light changed
from perpendicular to parallel. This number exactly
corresponds to Eq.(2) for InP in air. Similar effects with a
slightly lesser degree of polarization (maybe, owing to the
misorientation of the nanowires, the role of which is
discussed elsewhere [9]) were also observed in
luminescence of Si nanowires [10] and photoconductivity
of ZnO and GaN nanowires [11,12].

Eq.(1) was initially derived for static electric fields and
remains valid (together with Eq.(2)) for high frequency
fields as well (with € and g, corresponding to the field
frequency ®) as long as the nanowire radius a remains
much less than the light wavelength both inside and outside
nanowire. This condition is well satisfied in nanometer-
thick nanowires of [8,10] but in those with larger diameter
of about 100 nm, electrostatic formulae Eq.(1), obtained by
solving the Laplace equation, become inadequate, and we
should use more complicated approach to the problem of
optical absorption described in more detail in [13].

We consider a cylindrical nanowire placed in an external
a.c. electric field E, and find the real field distribution E(r)
created by E, together with the nanowire-induced image
forces (contrary to Eq.(1), electric field in the nanowire is

Vel (ka)H D (k@) — g0 I (ka)H & (kpa)

I (ko) exp(ima) ©)

no longer uniform). Then we calculate the total absorbed
power proportional to [E(r)* integrated over the nanowire
volume and study the dependence of this characteristic on
the angle between E, and the nanowire axis, which gives us
the polarization dependence of our interest. In thick
nanowires, E(r) is to be found not from the Laplace but
from the Helmholtz equation AE + ew?E/c? = 0 inside the
nanowire and AE + gyw’E/c® = 0 outside it. The character
of its solution depends on the mutual orientation of E,, the
wavevector of light k, and the nanowire axis z.

For k L z and Eg || z, when Eq = Eq z exp(ikopcosa), the
solution for E contains only a single component E,. This
solution can be found in [14], and we simply use its final
result for the nanowire interior, p < a (here and
henceforward we omit the time-dependent factor exp(-
iot):where J, and H,® are the Bessel and first-kind
Hankel functions, k = Ve w/c, ko = Veo w/C.

For Kk||z and Eq|x, we look for a solution in the form E(r)=
E(p,a)exp(ikoz) and obtain for p < a:

\NE—EQQ
2E0agOV{J1[OpJ cos a}
c

E(p,a) =

\E—ggma \E—ggma \E—ggma .
£0d1 c +& . Jqi' .
4)

At small a, Eq.(4) transforms into the static expression E
= 2g0E/( + &) (see Eq.(1)).
As we have mentioned above, the light absorption
coefficient is determined by the integral power absorbed,
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Figure 7. (a) — photoluminescence spectrum for excitation at A = 349 nm
by linearly polarized light. Different curves correspond to the
luminescence components with polarization in the direction forming the
angle 6 with the polarization of excitation. 6 increases from the upper to
the lower curve with the step 10°. The amplitude of luminescence in the
spectral region A <520 nm is shown with the magnification factor 10. (b)
— spectral dependence of the ratio of luminescence intensities from
Fig.3a for = 0°and 6 = 90° P = I/1,. Curves 1 and 2 correspond to the
two mutually perpendicular polarizations of the exciting light, curves 3
and 4 show the same dependences in another sample.
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Figure 8. Absorption spectra of core-shell nanowires with p = 0.2 (1);
0.5 (2); 0.8 (3) at &1 = 3, v = 0.1, for light polarized perpendicularly to
nanowires.
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proportional to 12 :J‘ J.l E(p,a)|? da pdp (superscript a
00

means absorption). Fig.1 shows the spectral dependences
of 1%(w) (for light with parallel polarization), 1,%(w) (for

light with perpendicular polarization) and of the ratio
If—-12
a :Hcharacterizing the polarization dependence
I +1
Il L

of absorbed light intensity.

For kea — 0, this ratio tends to the electrostatic value (&
+ 2eg9 — 3e0’) (€% + 2egy + 5eo’) corresponding to Eq.(2).
However, at higher light frequencies (or thicker nanowires)
we can no longer claim that light with parallel polarization
has much higher absorption coefficient since I#(w) and
I,%w), as well as their ratio, demonstrate a strong
frequency dependence. This dependence is especially
dramatic for 1,%(®), which tends to infinity in a series of
critical points corresponding to roots of the denominator
Eqg.(4). In our example of ¢ = 9, g =1, the first of these
points are ksa = 0.68, 1.89, 3.02,.. Considering a
cylindrical nanowire as an optical fiber [15], we can say
that each of them corresponds to the cutoff of a fiber mode
LP,,, with the same angular field distribution as Eq.(4). At
the cutoff, these modes become purely transverse and
excited by an incident wave. The spectrum of I(®) has no
singularities due to the absence of modes with purely
longitudinal polarization (E || z).

Since an infinite value 1,%(®) at some fixed o is
definitely non-physical, we must discuss what initial
theoretical assumptions are inadequate and what
phenomena are responsible for the real height of absorption
peaks. In our calculations, we have considered one single
nanowire in the electric field of an infinite plane wave. In
this case, the field in a nanowire can, in theory, acquire
arbitrary high values remaining equal to E, at very large
distances. For an array of nanowires with areal density N,
the field will be re-distributed between nanowires and their
environment so that the total wave energy remains the
same as that provided with external excitation in the
absence of nanowires. Near a critical point, almost all wave
energy is localized in nanowires, so that I = g,Eq?/(neNa?)
>> 1 is the natural upper restriction for the curve 2 at
Fig.la. There are also some other mechanisms of
smoothening the mentioned singularities in 1,%, e.g., non-
rectilinearity and thickness fluctuations of nanowires,
which may become dominant at low nanowire density.

The described frequency dependence of the polarization-
sensitive  absorption has not yet been studied
experimentally, except for the observation [11] that two
different frequencies of excited light caused different
degree of photoconductivity anisotropy.

2.2. Metallic nanowires

Similar polarization phenomena in the light absorption
can be observed not only in semiconductor but also in
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Figure 9. Values of p and , for which E,= E,, at g = 3 (solid line) and
g1 = 10 (dashed lines). The area above the line(s) corresponds to E, > Ey, .
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Figure 10. Amplification and spectral shift of a luminescence line
with 0. = 0.2 @, for an effective dipole perpendicular to the axis
of a core-shell nanowire with &; = 3 (a) and ¢; = 10 (b). Dashed
lines correspond to the absence of a metallic shell (p = 0), solid
lines to a different relative volume of a shell: 1 -p=0.2;2-p =
04;3-p=0.6;4-p=0.8.
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metallic nanowires. The main difference consists in the fact
that, due to a strong frequency dispersion of & in metals
related to the plasmon phenomena, polarization

characteristics depend on the light frequency even in
arbitrary thin nanowires. To analyze these phenomena
theoretically, we use for ¢ the simplest Drude expression

®, _ where oy is the plasma frequency and v is the
o(w—iv)

scattering rate.
It can be seen from Eq.(1) that at @ - w, /&y +1the

field component E, inside nanowires increases
dramatically, being restricted only by the non-zero
scattering rate of carriers, which, in turn, results in a
noticeable absorption in this spectral region. This is the
manifestation of well known plasmon effects in
nanostructures [16] which in our extremely anisotropic
case, occur only for light polarized perpendicular to the
nanowire axis. As a result, anisotropy of optical absorption
given by Eq.(2), in metallic nanowires has an interesting
spectral dependence. Far below the plasmon frequency
(which in most metals corresponds to infrared radiation and
the red part of visible spectrum), |e(w)| is very large, and
the situation is similar to that in thin semiconductor
nanowires where absorption is much higher for the light
with parallel polarization. However, near the plasmon
frequency absorption of the perpendicularly polarized light
increases dramatically, changing the sign of anisotropy, as
illustrated by the solid curve at Fig.2.

Thus, the situation near the plasmon resonance is, to
some extent, opposite to that in thin semiconductor
nanowires where, due to large ¢, electric field of light is
polarized mostly along the wire axis. In metallic
nanowires, ¢ for light polarized perpendicular to the wires
and having a frequency in the plasmon region is close to
zero. For this reason, the electric field in a wire will have
essentially normal polarization which makes plasmon
phenomena noticeable for arbitrary light polarization.

Though the described spectral dependences of absorption
are very specific and interesting, their experimental
observation is more difficult than for the effects in
semiconductor nanowires. In metals we can measure
neither photoconductivity nor luminescence excitation and
have to restrict ourselves to direct measurements of optical
absorption. The most straightforward method to do it is to
investigate large number of nanowires suspended in some
liquid optically inactive in the spectral region of interest. In
this case, orientation of nanowires is random, and no
polarization dependence should be observed. Strong
anisotropy of absorbing objects will be revealed only in a
specific character of spectral dependence of the absorption
coefficeint (Fig.3). In this spectrum strong low-frequency
absorption is caused by nanowires almost parallel to the
light polarization while the plasmon maximum is formed
by those with orientation close to the perpendicular one.

e=1-



Superficies y Vacio 19(3), 1-11, septiembre de 2006
2.3. Nanorods

The term “nanorods” is typically applied to solution-
grown nanocrystals having essentially non-spherical,
elongated shape and fabricated quite easily from both
semiconducting [17] and metallic [18] materials. They are
characterized by qualitatively the same polarization
phenomena as mentioned above for nanowires but have
two quantitative distinctions. First, nanorods are
characterized by smaller dimensions, typically not
exceeding several nanometers, which makes quantum size
phenomena, mentioned after Eq.(2), more noticeable and
existing not only for the transversal, but also for the
longitudinal motion of carriers. Second, nanorods have the
aspect ratio a/b usually not exceeding 2-5, which is much
less than that of nanowires reaching several hundreds. The
last factor makes the theoretical description used in the
present work and based on the model of infinitely long
cylinder, quantitatively inadequate.

For a more correct treatment, nanorods can be considered
as prolate ellipsoids of rotation with the semi-axes a, b, and
b (a > b). Electrodynamics of this body is characterized by
the so-called depolarization factors n and n, where [5]:

_ (bla)? T iz )
n”77[1_0)/61)2]3/2[Arctanh\/l (b/a)? —1-(b/a) }
L=

Q)

In terms of these factors, Eq.(1) should be re-written in the
form

Eg

_ . Eo,
Bi=rr
1+ (5/80 —1)n”

E,=——7">—.
1+(elgg—Dn,

(6)

0

E, = i& Jl(kﬂa)H(gl)(kpa) ~ JO(kpa)Hl(l)(kpa)
z
k o
= Jl(kpa)H(gl)(pra) - I:O ‘]o(kpa)Hl(l)(kpoa)
P

Here k , =ysw? /c? —k2, K o =4/eg0® 1¢2 —K?Z.

To analyze the intensity of emitted light far from the
nanowire (at p >> ko), we use the asymptotic formula for

1,2
Ko
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For infinitely long nanowires (a >> b), n; = 0, n, = %,

and we return to Eq.(1). By using Eq.(6), it is easy to
generalize Eq.(2) and other formulae for thin nanowires, to
the case of nanorods.

3. Polarization of luminescence

In the previous section we considered physical
phenomena related to the fact that external non-polarized
light becomes strongly polarized inside a nanowire with
high refractive index. Now we discuss the related problem
of polarization of light emitted by a nanowire. As a first
step, we solve the auxiliary problem of finding the electric
field created by an electric dipole placed at the axis of a
cylinder with radius a and dielectric constant ¢, in
environment with g,. The result depends on the orientation
of the dipole moment d, relative to the cylinder axis (z-
axis), and we consider separately the cases dq || z and do L
z. In the static limit kpa << 1, the answer is quite simple
[9]: for do|| z, the electric field of the radiation far from the
nanowire, has the same amplitude and configuration as
would be created by a dipole with the moment d, in free
space. For the normal orientation of dy, the corresponding
effective moment is given by d = 2g4do/(s+g0). As a result,
even for nanowires with isotropic interband matrix
elements (which is definitely the case for cubic
semiconductors and for moderate a when size quantization
only plays a minor role), where otherwise luminescence
should be non-polarized, it acquires a strong polarization
under the influence of image forces.

For thick nanowires, we can use the general approach
described in [19] for a similar problem, which allows us to
present only the final expression for resulting electric field
outside the nanowire. In the case of parallel dipole
orientation (do = dg,), the electric field E, is independent of
a and at p > a is given by

exp(ik, ) H Y (k o) dk, )

HoY and calculate the integral in Eq.(7) using the
stationary phase method. This
Gives

3 (kSa)H Y (kSa) -3, (kSa)H P (k%a)

2
N do,@

Z
&’r

E (6 — &4 cos? O) exp(ikyr +i7z/4)

where k.’ = ko(&/go — 05?0)"2, ko’ = kesin®, r = (p? + 2)"?

is the distance from the dipole, and 6 = arccos(z/r) is the
angle from the nanowire axis.

0 (®)

k%
J; (kSayH Y (kS —k%Jo(kga)Hf”(kgoa)

P

If we consider light emission perpendicular to the dipole
where 6 = /2, the corresponding electric field will have
the same coordinate dependence as that of a free dipole ~
(do,’/c?r)exp(ikor) with some additional factor given by
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the fraction in Eq.(8). Thus, the influence of image forces
is equivalent to the replacement of do, with some effective

J,(ka)H " (ka) - 3, (ka)H? (ka)
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dipole

dz =dOz &

Ved (ka)H P (koa) —f20 3o (ka)H P (ko)

ZdOZ' C)]

For the perpendicular dipole orientation (dy = doy),
similar calculations give

3y (ka)H " (ka) — 3 (ka)H,"" (ka)

dx :de 2

Fig.4 shows the frequency dependence of the effective
dipoles d,, d, and of their ratio. At ® — 0 they acquire the
static values d, = do, dy = 2gudo/(eteg), and then
demonstrate strong oscillations. At larger o (or larger a),
the phases of oscillations close in, d, approaches d,, so that
the radiation becomes almost unpolarized.

So far we have analyzed the emission characteristics of one
single effective dipole in a nanowire. To obtain radiation
characteristics of the whole nanowire, we must perform
integration over its length assuming the dipoles distributed
uniformly along z. As a result, light emitted, say, in y
direction and polarized along x is, indeed, generated only
by d, dipoles. At the same time, light with z polarization
contains contributions from both d, and d, dipoles (in
cylindrical nanowires d, = d,). As shown in [9], the
intensity ratio for different light polarization

Iy dZ+2d?
I (12)
1$ 3d,
(superscript e means emission). Spectral dependence of the
IF—1°¢
resulting polarization ratio P° zlll’—li calculated with
(RS

EQgs.(9)-(11) for isotropic internal emission (dox = dg,) is
shown in Fig.5. This is seen to have a strong oscillatory
character changing sign at some critical frequencies
differing from those in the polarization dependence of
absorption (Fig.1).

Strong polarization of luminescence from nanowires with ¢
# gy was clearly demonstrated experimentally [8,10]. The
effect is qualitatively similar to the property of absorption
considered in Sec.2 but the magnitude of polarization is
different. By comparing Eq.(11) with Eq.(2) one can see
that in the static limit, where
dZ2+2d?  (e+&0)? +2¢5

3d? 6el

for luminescence is less than for absorption. It is caused by
the fact that, according to Eq.(11), light with parallel
polarization is generated not only by d, dipole moments but
also by d, which are weakened by image forces. E.g., for
thin InP nanowires (¢ =12.7) we get K/K, = 49, I,/1, = 30,
in good agreement with the experimentally observed values
of K”/KJ_ =48, I”e/IJ_ =24 [8]

,the degree of polarization

Jeo J1' (ka)H Y (koa) — Ve 3y (ka)H P (koa) -

X< 0x (10)
In thick nanowires, according to Fig.5, the polarization of
luminescence should oscillate with . If, for instance, the
luminescence spectrum of a nanowire material contains
several lines with noticeably different frequencies (as, say,
in ZnSe [20] or ZnO [11] nanowires where interband and
impurity transitions may cause emission with frequencies
differing by 1.3-1.7 times and comparable intensities), the
polarization of these lines can be essentially different and
even have opposite sign, as it was observed in ZnO
nanowires [21].

4. Polarization memory
4.1. Theoretical considerations

So far we have considered optical characteristics of a single
nanowire. In many cases real nanowire structures are
comprised of arrays of many parallel nanowires and the
absorption or luminescence is a sum of their individual
contributions. If the nanowires are parallel, all the previous
expressions can adequately describe the behavior of such
an whole array since the terms "parallel” or "perpendicular"
polarization have the same meaning for all nanowires. We
implicitly used this fact when comparing the single-wire
formulae with experimental data for systems of parallel
nanowires. In the case of an array of randomly oriented
nanowires (say, nanowires in a polymer matrix of in
solution), the system has macroscopically isotropic optical
properties but simultaneously must possess a very
interesting property of polarization memory. If we excite
photoluminescence in the system using polarized light, in
accordance with Sec.2.1, non-equlibrium carriers in thin
semiconductor nanowires will be generated mostly in those
that are oriented close to parallel to the light polarization.
According to Sec.3, light emitted by these nanowires will
have preferable polarization parallel to them, or in other
words, parallel to the polarization of the exciting radiation.
This effect was discussed theoretically in [9,22] and
observed experimentally in porous Si structures [23] where
the condition kpa << 1 is satisfied.

In metallic or thick semiconductor nanowires the
polarization characteristics for absorption and emission
were shown to vary dramatically with the light frequency.
This allows us to expect that the polarization memory must
demonstrate strong dependence on the frequency of both
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exciting (we) and emitted (wem) light and even change its
sign at some intervals of we, and wen.

We present here a brief outline of its theoretical description
[13] based on our earlier analysis [9] of the limiting case
koa<< 1. We assume that a random array of nanowires is
excited by z-polarized light with frequency we While our
detector is placed at some point (0,yo,0) outside the array.
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By symmetry, the Poynting vector of resulting
luminescence S is directed along the y-axis and is given by
the sum of S, components created by all nanowires.
Consider a single nanowire with orientation characterized
by spherical angles 6 and o. According to [9], the ratio of
S, for the light with z-and x-polarization (parallel and
perpendicular to the exciting light polarization) is

(Sy)z ~ (df +2d22)cos2 0(cos2 0 +sin? @sin? oc)+3dx2 sin® @sin? «

(Sy), (d2+2d2)sin? 6sin? alcos? 6+sin? @sin? a}+3d 2 cos? 0

where in our case d, and d, are given, respectively, by
Eq.(10) and Eq.(9) with the frequency o equal to wen.

If all nanowires emitted with the same intensity, then
averaging the numerator and denominator of Eq.(12) over
all angles would give unity (non-polarized radiation).
However, according to Sec.2a, the intensity of absorbed
exciting light and hence the intensity of luminescence

(12)

depends on 6 being proportional to (I it cos® @+ 17 sin? 9)
where I,* are determined by the expressions of Sec.2.1 with
® = o Performing angular integration in Eq.(12) with
this weighting factor, we eventually obtain the ratio of
luminescence intensities with polarization parallel and
perpendicular to that of the exciting light:

1E 215 (@0)|4702 (@) + 1002 (@) |+ 31 (@) 130 (@) +120 (0]

15 412 (04,1602 (0gy ) + 1102 (@ggy) [+ 317 (e )[230 2 (g ) + 40 2 (0g) |

To avoid misunderstanding, we emphasize the difference in
notations between Eq.(13) and Eq.(11) where I,° and I,°
referred to the light polarized parallel and perpendicular to
the nanowire axis.

Fig.6 shows the dependences of the system polarization

IF =1

ratio P® =Hon the frequencies of exciting (mey) and
Iy +1
I 1

emitted (wem) light [13]. Formally, calculations can be
performed for an arbitrary relationship between ., and
®em-  Since, however, in standard photoluminescence
measurements e, always exceeds wen, parts of the curves
in Fig.6 where this condition is violated, are given by
dashed lines. At wey, wem — 0 polarization tends to its low-
frequency limit calculated in [9] which for our choice &/gq =
9 is equal to P® = 0.40 and in the limit /gy — oo tends to
0.5.

It is important to mention that if the nanowire material is
characterized by several Iluminescence lines with
essentially different frequencies, then these lines may have
different degree of polarization, in accordance with Fig.5a.
Since the curve at the figure crosses the level P® =0 (or I°
= 1,°), there exists even the possibility when one of these
lines is polarized along and another — perpendicular to the
polarization of exciting light.

4.2. Polarization memory in semiconductor nanorods
(experiment)

Experimental investigation of polarization memory in
nanorods [24] was performed at core-shell CdSe/ZnS
heterostructures — the system with elaborated technology of

(13)

growing high-quality nanocrystals. Statistical analysis of
microscopic images gives the following values for nanorod
dimensions and their dispersion: diameter 2b = 3.67+0.47
nm, length 2a = 8.57+0.85 nm, which results in the aspect
ratio a/b = 2.37+0.33. For optical measurements nanorods
were dissolved in chloroform.

To investigate the polarization memory, the samples were
optically excited by a polarized light with A = 366 nm. The
luminescence spectrum presented at Fig.7a consists of two
peaks. The ground state peak A = 573 nm corresponds to
the effective bandgap E; = 2.16 eV, which for our CdSe
nanorods is in a complete agreement with the
comprehensive data table of [25]. The short wavelength
peak, centered around 450 nm, in the luminescence spectra
has essentially lower amplitude and some additional
structure. Polarization properties of the emitted light
presented at Fig.7a in the form of luminescence spectra for
different angular positions of the analyzer related to the
direction of exciting light polarization e. The luminescence
is seen to be polarized mostly parallel to e and the degree
of this polarization is much higher in the short wavelength
peak that in the long wavelength one. It is especially clear
from Fig.7b where the curve 1 shows the spectral
dependence of the polarization degree P = I15/1°;
representing the intensity ratio of luminescence with
polarization parallel and perpendicular to e for the data
given in Fig.7a.

To attribute unequivocally the observed regularities to the
polarization memory, we need an additional confirmation
that the polarization of luminescence is not related to an
internal anisotropy of a system, which might be due to the
mutual alignment of NR forming a system similar to liquid
crystals. For this purpose, we repeated the whole series of
luminescent measurements for the excitation polarization
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rotated by 90° from the initial position. The corresponding
spectrum of polarization degree is also given at Fig.3b. The
two curves differ quantitatively, presumably due to some
mismatch in polarization measurements and/or system
anisotropy. However, their qualitative behavior is strictly
similar confirming: (i) existence of the polarization
memory and (ii) its different amplitude for different
luminescence peaks.

The last experimental fact requires a special discussion and
explanation. If the two luminescence peaks correspond to
different types of optical transitions in a nanorod, the
observed difference in polarization memory should be
attributed to different anisotropy of corresponding optical
matrix elements. In the absence of this anisotropy, the
dielectric constant mismatch must result in preferable
absorption and emission of light polarized parallel to the
nanorod axis with the same optical memory for all
transitions. Our experimental results could be explained if
the matrix element responsible for the ground state 573 nm
line is larger for perpendicular light polarization (it is really
the case for NR with a small aspect ratio [26]) while that
for the 470 nm line is either more isotropic or larger for
parallel polarization. This is in qualitative agreement with
the theoretical [27] and experimental [28] conclusions of
essentially different polarization properties of different
optical transitions in NR. More detailed comparison of the
theory and experiments is difficult since our samples were
characterized by the aspect ratio belonging to the critical
region a/b = 2-3 where the energy spectrum and
polarization characteristics of CdSe NR suffer dramatic
changes [26].

There is one more mechanism, which can be partially
responsible for different polarization degree of different
luminescence peaks. Theoretical calculations of the
polarization memory [9,22,23] used the formulae for

2g

20 28,5 (&1 + &)+ Py —&1)(e2 — &)

For Eq parallel to the wire axis, E; = E; =Ej .

Formulae Eg@s.(14),(15) can be used to determine the
spectra and polarization dependence of optical phenomena
in core-shell nanowires. We will not analyze the cases
when the core and the shell are both semiconducting or
both metallic since they have no qualitative difference with
the effects considered above. The situation is different for
nanowires with a metallic shell and a semiconductor core.
We will see that the plasmon spectra of such systems differ
noticeably from those in uniform metallic nanowires and,
besides, mutual influence of plasmon effects in a shell and
luminescent phenomena in a core results in new effects and
new functional possibilities of such structures.

Specific features of the optical response of metallic
nanoshells arises from the fact that the plasmon absorption
maximum existing in the entire metallic shell is split into
two maxima with positions depending on the relationship
between r; and r, for the light with perpendicular

(61+6,)Eg +2(gy — )&, —60)1 — 7
yof
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electric field redistribution caused by one single nanorod
and hence are adequate only for strongly diluted solutions.
In real systems, fields of neighboring nanorods interact,
and measurable optical characteristics are determined by
some effective averaging over a domain with characteristic
size of order of the light wavelength. Such averaging may
result in some isotropization of effective absorbers/emitters
suppressing the polarization memory. For a given nanorod
system, the number of nanorods in such domain becomes
larger and the polarization smaller with the increase in
wavelength. We may assume that this effect is also
responsible for the decrease of P with the emitted light
wavelength observed in porous Si [23].

5. Core-shell nanowires
5.1. Field distribution

Now we generalize some of the obtained results to the
case of core-shell nanowires containing two coaxial regions
with different dielectric constants. We consider a nanowire
consisting of the central core having radius p; and
dielectric constant €; and the shell with radius p, > p; and
dielectric constant ,. For simplicity, we restrict ourselves
to the thin-wire static case kpa << 1. In this case, an
external electric field E, perpendicular to the wire axis
creates in the core a uniform field

B 4gp6,E
' 25(e + £2) + P&, — &1)(e2 — &)
where p = 1 — (ps/p,)? is the ratio of shell volume to total
nanowire volume. The field in the shell is a sum of a
uniform field and that of a linear dipole:

= AE, (14)

Eo  2r(rEp) (15)

Yo
polarization [9]. The frequency regions near the plasmon
resonances are characterized by anomalously high electric
field strength (light amplification) both in the core and in
the shell. As it has been already pointed out for core-shell
nanodots [29], this can be used for enhancement of non-
linear optical effects in a core (in our case — only for light
with a perpendicular polarization). There is also a
reciprocal effect: an oscillating dipole d, in the core creates
outside the wire radiation field which may be much larger
than that in a uniform medium.

5.2. Optical absorption

To calculate the optical absorption in a core-shell nanowire
caused by light with perpendicular polarization, we must
include the local absorption Ime;, |Ex(p)|* and integrate it
over the whole shell. Using the Drude formula for ¢,, we
obtain the absorption spectra for this polarization, K, (o).
Comparing them with the monotonic Kj(w), coinciding



Superficies y Vacio 19(3), 1-11, septiembre de 2006

with that in bulk metals, we get the polarization curves also
presented in Fig.2. In accordance with the previous
paragraph, they demonstrate the presence of two minima
corresponding to two plasmon modes. With increasing p,
the minima approach each other so that at p — 1 we get a
single plasmon resonance near o = wp/\/2 typical for a long
metallic cylinder.

If the core is a semiconductor with the bandgap Eg < 7o,
then, besides the absorption described above, there is also
interband absorption in the core proportional to |E4|%. The
magnitudes of absorption in a shell and a core depend on
different parameters (i.e., the plasma frequency and
scattering rate in metals, and band gap width and interband
matrix element in semiconductors) and thus the absorption
spectrum and its polarization properties have no universal
character, which makes the optical absorption data quite
ambiguous for analysis. The problem can be solved by
measuring the excitation spectra for core luminescence. In
composite nanostructures, those are proportional only to
the partial absorption in the core and thus differ from the
absorption spectra. We discuss briefly polarization
characteristics of the mentioned excitation spectra.

As we have shown in Sec.2, thin semiconductor and
metallic nanowires have an opposite character of electrical
anisotropy (and hence of polarization properties): the
perpendicular component of the electric field is suppressed
as compared with the parallel one, in a semiconductor
nanowire, and enhanced in a metallic nanowire in the
vicinity of a plasmon frequency. In composite core-shell
structures, both variants can be realized, depending on the
shell thickness and light frequency. The corresponding
"phase diagram” using p-o axes, is shown in Fig.9. The
areas above the line(s) correspond to the "metallic" case E;
> Ep, while those below the line(s) - to the
"semiconductor" case E, < Eg,. In other words, these lines
correspond to |A| = 1where the factor is given by Eq.(14).
At small p, one naturally deals with the "semiconductor"
regime. One might be surprised that at p — 1 the regime is
not "metallic* but it should be pointed that the figure
describes the field not in a metallic shell, but in a
semiconductor core, which in the limit of a pure metallic
nanowire simply disappears.

The condition |A| > 1 is satisfied in the vicinity of plasmon
resonances, which means that for light inducing interband
absorption in the core, the intensity of electron-hole pair
generation and, hence, the intensity of luminescence caused
by these pairs is larger than in the absence of a metallic
shell. That is why we call A the "amplification factor".

5.3. Luminescence amplification

We have just mentioned the possible role of metallic shells
in amplification of the a.c. electric field of the exciting
light due to the influence of image forces. Now we discuss
the influence of shells on the direct emission of light by a
semiconductor core. The a.c. electric field emitted by a
core, which can be considered as an effective dipole d,, is
disturbed by a metallic shell so that the field far from the
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nanostructure looks like one created by some other
effective dipole d. By analogy with the previous section,
we may expect that in the vicinity of a plasmon resonance
the condition |d/do| > 1 can be realized, which means an
effective amplification of the emitted radiation as well. The
calculations show [9] that luminescence of core-shell
structures is characterized by exactly the same rules as
absorption. The field of dipoles parallel to the nanowire
axis is not disturbed by image forces, while the field of
perpendicular dipoles acquires the additional factor A. As a
result, for an isotropic distribution of effective dipoles,
such as in a cubic semiconductor core in the absence of
size quantization, the emission from a nanowire acquires a
partial polarization parallel to the wire axis at |A| < 1 or
perpendicular at |A| > 1. Since A has a strong frequency
dependence, the components of emitted light with different
polarization may have different spectra depending on the
metallic shell parameters.

For an effective dipole do, perpendicular to the axis of a
core-shell nanowire, the real luminescence spectrum is
determined by the product of the bare luminescence
spectrum |do(®@)]? and the spectrum of |A(w)]>. To
demonstrate the role of a metallic shell, we performed
calculations assuming |do(w)[? to have a Gaussian shape
with the centre at ®en=0.200, and the width 0.le,.
Calculations show that for reasonable parameters of
nanoshells, the lower plasmon peak may lie both left and
right of this wem. Fig.10 shows the resulting transformation
of the luminescence spectrum for perpendicular to a
nanowire polarization. The most remarkable but anticipated
result consists of a dramatic increase in the luminescence
intensity near the resonance condition when the plasmon
frequency coincides with o.n. Another interesting feature
is the shifting of the frequency of the luminescence line in
off-resonant conditions. From the practical point of view,
the results of Fig.9 demonstrate that by using metallic
shells we can increase multifold the intensity of nanowire
luminescence and shift the spectral position of a
luminescent line. Qualitatively similar effects for core-shell
nanodots have been recently predicted in [30].

For cubic semiconductors and the absence of size
quantization in the core, dox = do;, and the dashed curve at
Fig.8 gives directly |do,(w)°. As a result, comparing it with
the corresponding solid curve and using Eq.(11), we get
directly polarization of the emitting radiation and its
frequency dependence.

It would be wvery attractive to enhance the
photoluminescence dramatically by a simultaneous
amplification of both exciting and emitting light. Such a
situation often occurs in surface-enhanced Raman
scattering but in luminescence its realization is more
difficult since the difference in frequencies of exciting wex
and emitted wen, light is usually quite large. They can be
covered by a single plasmon peak only if the latter is wide
enough, which can be realized only at large enough v
which corresponds to a low level of amplification. An
alternative possibility consists in using both plasmon
peaks. In this case the shell parameters should be chosen in
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such a way that the low-frequency peak corresponds to men
in a given nanowire core while the source of excitation is
tuned for wey to coincide with the second peak lying near
®p, Which for most metals belongs to the ultraviolet
spectral region.
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