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 Semiconductor nanocrystal exhibit localized surface plasmon resonance phenomena 

depending upon aliovalent element doping in as synthesized nanocrystals. Now in recent time 

aliovalent doped degenerate semiconductor nanocrystals (NCs) are addressed considerable attention 

for localized surface plasmon resonance (LSPRs) absorption, optical bandgap enhancing, multiple 

emission centers and high carrier concentration with excellent visible light transparency. The collective 

oscillation of free electrons in metals leads to plasmon effect on the surface of metals. The frequency 

of oscillation depends on the concentration of free electrons and the dielectric constant of metal. The 

interaction of light with high dense electron gives rise to absorption due to plasmonic phenomenon. 

The optical absorption frequency can be easily varied from the ultraviolet (UV) to far-infrared (FIR) 

region through the reduction of size of metals. High electrical conductivity of metal limits the 

plasmonic resonance application due to high absorption loss. Low loss plasmonic materials are very 

attractive because of development new technology such as photothermal therapy, surface plasmon 

resonance sensor, plasmon enhanced fluorescence and solar cell. It is found that doped semiconductor 

nanocrystals reveal plasmonic effect in near infrared (NIR) region through the introduction of more 

carrier concentration in the conduction band of wide band gap semiconductor. Cation and anion 

vacancies and doping by suitable atoms enhance the carrier concentration of semiconductor. Wide band 

gap semiconductors possess high optical transparency in the visible region and can have high electrical 

conductivity due to excess charge carrier in conduction band. Thus heavily doped semiconductors with 

large band gap may have the combined property of high optical transparency, good electrical 

conductivity and moderate plasmonic absorption.  

 

1.Surface plasmon 

Surface plasmon resonance (SPR)  exploits the coherent electron oscillations that are driven at 

the frequency of the incident electromagnetic 

field.1-2  Electric component of electromagnetic 

wave vector excites free electrons to have collective 

oscillation shown in Figure 1. Collective oscillation 

results in propagation of electromagnetic surface 

mode at the interface of metal and surrounding 

dielectric medium.3 Surface plasmon resonance 

addresses couplings of electromagnetic field to the 

kinetic motion of free charge carriers. Indeed the 

challenge is plasmonic propagation loss. While 

presence of negative real part of permittivity in 

noble metal causes sub wavelength confinement 

and also have significant large imaginary 

component of permittivity results in long range 

plasmonic propagation loss.4 So it is needed a 

material which allows sub wavelength optical  

Figure1: Schematic presentation of the 

collective oscillation of electrons in metal 

nanoparticles by excitation of 

electromagnetic wave.  
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confinement and loss mitigation simultaneously. Figure 2 demonstrates the classification of 

materials on the basis of two important parameters that determine the optical properties of conducting 

materials: the carrier density and carrier mobility. Higher carrier nobilities interpret to lower material 

losses. From Figure 2 it is convenient that degenerately doped semiconductors are best conductive 

plasmonic material.  

Different types of chemical doping viz. aliovalent substitution doping in oxide semiconductor (mainly 

transparent conducting oxide (TCO)),5-7 vacancy dopping and interstitial doping results excess charge 

carrier density.8 In nanoscale regime surface plasmon resonance is resulting as localized surface 

plasmon resonance (LSPR). Excellent achievement in colloidal synthesis of nano TCO material 

soundly improves the tunability of LSPR. Excitation of LSPR in nanocrystals (NCs) results in strong 

optical absorption , scattering and strong electromagnetic near field enhancement around the 

nanocrystals9 those can be tuned in a wide range of optical spectrum from visible to far infrared region 

by tuning dopant concentration, post synthetically treatment10-11 via chemical oxidation reduction,12 

electrochemical,13 and photochemical control.14 Due to remarkable optical absorption, scattering and 

strong electromagnetic near field enhancement utilize in molecular-specific imaging and sensing, 

photo-diagnostics, and selective photothermal therapy.  

2. Theory of surface Plasmon: 

The charge carriers are displaced by incoming electromagnetic energy with respect to the nuclei in 

noble nano metal. Excitation of LSPR by a coherent electric field creates a resonance at a particular 

wavelength and results in strong surface  

plasmon absorption band, intense light scattering and an enhancement of coherent electromagnetic 

field. SPR can be tuned in doped 

semiconductor by the variation of 

aliovant dopant concentration, 

nanoparticles size, shape and 

surrounding dielectric medium. 

Conventional noble metals such as 

gold, silver and platinum can exhibit 

LSPR from visible to NIR region. In 

consequence of noble metal some TCO 

material lead to plasmon resonance in 

NIR and MIR due to lower quantized 

plasma energy.15-16 Both plasmon 

absorption band intensity and energy 

are correlated to free carrier 

concentration in TCO NCs that can be 

quantitatively described by Drude-

Lorentz theory. The surface plasmon 

energy has two decay channels. One 

channel is manifested by scattering-loss 

spectra and other is absorption band 

cross section.17 So the total extinction 

cross section is sum of scattering cross 

section (Csca) and absorption cross section (Cabs) can be written as: 

                                               Cext = Cabs+ Csca                                                     (1) 

Extinction is totally depended on the polarizibility(α) of the nanoparticles. i.e. it includes the dielectric 

function of metal.17 

3. Drude Theory 

Drude explained the thermal as well as electrical property of metals by kinetic gas theory.18-19 

Since he considered electrons are moving freely between collisions or elastic scattering with lattice 

defect or phonons. Here Arnold Sommerfeld modified the idea of Drude and he adopt that electronic 

and optical properties are determined by conduction band electrons only. 20 Now the excitation of metal 

by external electric field is described by Drude-Lorentz-Sommerfeld model. The optical properties of 

Figure 2: Conclude oxide semiconductor maintain 

optimum carrier concentration, mitigation loss and 

carrier mobility.  
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metal are evaluated (a) by the fact that conduction electrons can move freely within the bulk of material 

and (b) inter band excitation can be possible if the energy of electromagnetic wave exceeds the band 

gap energy of the respective material.  In real scenario presence of electric field leads to a displacement 

r of an electron which is associated with a dipole moment µ of metal according to µ = er. Here 

displacement of electron is bound by positive ion core which leads to Coulomb attraction acting as a 

restoring force for the electrons. Macroscopic effect in optical and electrical properties is ascribed by 

cumulative effect of each single electron in conduction band. Since the macroscopic polarization per 

unit volume  P = nµ, where n is the number of electrons per unit volume. Now the electric displacement 

D is related to this macroscopic polarization by  

 

                                                 D(r, t) = ε0E(r, t) + P(r, t)                          (2) 

We also have from electro statistic   

D = ε0εE                                 (3) 

Combine equation 2 and 3 by assuming isotropic medium, the dielectric constant can be expressed 

as18, 21-22  

                                                                                𝜀 = 1 +
|𝑃| 

𝜀0|𝐸| 
                                (4) 

Amount of displacement r and macroscopic polarization P can be found out by solving the equation 

of motion of the electrons that are perturbed by an external electromagnetic field. While in case of bulk 

metal damping constant (γ) is proportional to the Fermi velocity vF and inversely proportional to the 

bulk mean free path l∞ (γ = vF/l∞). At a starting point we can consider the electric field of an 

electromagnetic wave travelling in X direction with propagation direction along Z axis. Now we 

consider that 

                              Ēz = Ē0ε
iωt                                                                          (5) 

By applying Drude-Sommerfeld model equation of motion of an electron with mass me and charge e 

is governed by 

                                 𝑚𝑒
∂x2

𝜕𝑡2 + 𝑚𝑒𝛾 
𝜕𝑥

𝜕𝑡
+ 𝑚𝑒𝜔0

2𝑥 = −𝑒Ē0eiωt                    (6)      

Where E0, ω and ω0 are the amplitude, the frequency of the applied electric field and induced frequency 

of oscillating electron. The solution of equation (6) is 17-20 

                                     𝑥(𝑡) = −
𝑒

𝑚𝑒

1

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

Ē0𝑒𝑖𝜔𝑡                              (7) 

Microscopic dipole moment P is connected to the polarization p with carrier density n in conduction 

band by  

                                       P= n.p= -n.e.x                                                           (8) 

By combining equation (4), (7) and (8) leads to  

                        𝜀(𝜔) = 1 +
𝑛𝑒2

𝜀0𝑚𝑒

1

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

= 1 −
𝑛𝑒2

𝜀0𝑚𝑒

𝜔𝑝
2

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

         (9) 

Where  

                                                   𝜔𝑝
2 =

𝑛𝑒2

𝜀0𝑚𝑒
                                                    (10) 

 

ωp is the volume plasma frequency  with vacuum permittivity ε0 . In lattice environment scenario it 

might be change me by m*, the lattice electron effective mass. Finally the frequency dependent 

dielectric function can be expressed as:18 

𝜀(𝜔) = 𝜀′(𝜔) + 𝑖𝜀′′(𝜔) = 1 + 𝜔𝑝
2 (𝜔0

2−𝜔2)

(𝜔0
2−𝜔2)2 +𝛾2𝜔2 + 𝑖𝜔𝑝

2 𝛾𝜔

(𝜔0
2−𝜔2)2 +𝛾2𝜔2           (11) 

In conduction band scattering of electrons with electrons (e-e), lattice defect(e-d) and phonon(e-p) 

results in damping of collective oscillation. At free electron theory damping constant is depicted by 

the inverse of the scattering time of the electron:17 

                                𝛾 = 𝜏−1 =  𝜏𝑒−𝑒
−1 + 𝜏𝑒−𝑑

−1 + 𝜏𝑒−𝑝ℎ
−1                                (12) 

 For the bulk electron-phonon term is denominating one hence 𝛾 should be a constant. In case 

of small particles due to size reduction surface acts as an additional scatter where mean free path of 

electrons becomes comparable to the size of particles. In nano dimension these interactions of the 

conduction electrons with particle surface dominate which result in a reduced effective mean free path 
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of electrons.  According to Drude model23 the damping constant γ can be expressed as in term of 

particle radius such as : 

         𝛾(𝑅) =  𝛾0 +
𝐴.𝑣𝐹

𝑅
                                     (13) 

Where γ0 is the bulk damping constant vF is the velocity of the conduction electrons at the Fermi 

energy, and A includes details of the scattering processes.23  

 

4. Mie Theory 

The breakthrough in understanding of light scattering by spherical metal structures within the 

frame of electrodynamics was first described by Gustave Mie. in 1908.24 He obtained solution of 

Maxwell equation by choosing appropriate boundary condition and used multiple expansions of the 

electric and magnetic field with taking input parameters as particle size and optical material functions 

of the particle and the surrounding medium. It is possible by Mie theory to get an understanding of 

light scattering by structures with other regular shapes, such as cylinders with arbitrary radius and 

ellipsoids with any size.17  Now for the particles much smaller than the incoming electromagnetic 

effect i.e., R << λ then cross-sections for scattering, extinction and absorption can be expressed as:17 

 

                                   𝐶𝑒𝑥𝑡
𝑀𝑖𝑒 =

2𝜋

𝑘2
∑(2𝑛 + 1)𝑅𝑒(𝑎𝐿 + 𝑏𝐿)                                  (14) 

                                            

                                  𝐶𝑆𝑐
𝑀𝑖𝑒 =

2𝜋

𝑘2
∑(2𝑛 + 1){|𝑎𝐿|2 + |𝑏𝐿|2}                                 (15) 

                                         

                                   𝐶𝑎𝑏𝑠
𝑀𝑖𝑒 = 𝐶𝑒𝑥𝑡

𝑀𝑖𝑒 − 𝐶𝑆𝑐
𝑀𝑖𝑒                                                 (16) 

Where 𝑘 =
2𝜋

𝜆
   and  𝑎𝐿 and 𝑏𝐿 are the scattering cross section coefficient. These are the particle size 

parameter (α) depended index which are governed by 

                                                      𝛼 =
2𝜋r

𝜆
                                                                   (17) 

                                   𝑎𝐿 =
𝑚𝜓(𝑚𝛼)𝜓′(𝛼)−𝜓𝐿

′(𝑚𝛼)𝜓𝐿(𝛼)

𝑚𝜓(𝑚𝛼)𝑛𝐿
′(𝛼)−𝜓𝐿

′(𝑚𝛼)𝑛𝐿(𝛼)
                                               (18) 

                                   𝑏𝐿 =
𝜓𝐿(𝑚𝛼)𝜓𝐿

′(𝛼)−𝑚𝜓𝐿
′(𝑚𝛼)𝜓𝐿(𝛼)

𝜓(𝑚𝛼)𝑛𝐿
′(𝛼)−𝑚𝜓𝐿

′(𝑚𝛼)𝑛𝐿(𝛼)
                                             (2.19) 

 

Where ψL and nL are represents the Riccati-Bessel functions and prime indicates the first derivative of 

function. Here 𝑚 =
𝑛

𝑛𝑚
   , n is a complex number as metallic particle have absorbing and its refractive 

index 𝑛𝑚 is the real refractive index of liquid surrounding medium. Here L is the summation index of 

admitted the spherical multipole excitations in the particle. In case of  small particles for dipole 

scattering resonance, only the term l=1 is applied in Mie theory and other higher order term l = 2 to 

quadrupolar fields and so on are neglected. So in dipolar field approximation   𝐶𝑒𝑥𝑡
𝑀𝑖𝑒 for spherical 

particle simplified as:25  

                     𝐶𝑒𝑥𝑡
𝑀𝑖𝑒 =

18𝜋𝑉𝜀𝑚
3/2

𝜆
 

𝜀′′(𝜔)

(𝜀′(𝜔)+2𝜀𝑚)2+ 𝜀′′2
(𝜔)

                                (20) 

εm is the dielectric constant of surrounding medium , εω is the dielectric constant of spherical particle. 

V is the volume of spherical particle. Cext has admitted a resonance when (𝜀′(𝜔) + 2𝜀𝑚)2 +  𝜀′′2(𝜔) is 

minimum. When (𝜀′′(𝜔) ) is also very small then  

                                                              𝜀′(𝜔) = −2𝜀𝑚                                                         (21) 

at resonance. 

5. Influence of dopant concentration on LSPR 
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In classical Drude model charge carriers are treated as nearly free non-interacting “quasi-particles”, 

interacting only lattice nuclei, vacancies and dopant ions only through instantaneously collision. This is the 

basic building block of  SPR absorption understanding to the free carrier density. So the LSPR frequency 

is associated with the charge carrier density in the NCs, as shown in Figure 3. Equation (10) depicts the 

Drude  approximation of the dielectric function of a material with free charge carriers. In equation (10) 

ωp is the bulk plasmon frequency, γ is a damping frequency, n is the density of free charge carriers, e is the 

charge of the electron, ε0 is the vacuum permittivity and meff is the effective mass of the charge carriers 

(electrons or holes). In alliovalent doped TCO material free carriers are results in broad LSPR absorption 

peak in IR to mid-IR region. Based 

on Drude theory one can estimate 

the concentration of free carriers in 

doped TCO material from LSPR 

absorption peak and make a 

correlation with doping amount in 

pure sample.26-27  However, factors 

including the poly disparity of 

NCs and non-uniform elemental 

distribution may restrict the 

applicability of this simple 

analysis.28   Here Figure 3  depicts 

the plasmon absorption band 

position in energy scale  with 

carrier concentration. 

 

 

6. Influence of nanoparticle size on the LSPR 

The total extinction coefficient of small metallic particles is given in Mie’s theory (equation 20). For 

nanoparticles much smaller than the wavelength of the absorbing light (about 25 nm for gold particles) 

only the dipole term is assumed to 

contribute to the absorption (dipole 

approximation).17 In quasi-static 

regime where incoming light 

wavelength much larger than particle 

size (R << λ) i.e electron-surface 

scattering becomes important. The 

extinction cross section in Mie theory 

becomes independent of the particle 

volume,17 is contradictory with 

observations found experimentally 

for small metallic nanoparticles. As 

the particle size is reduced that 

electron scattering at the nanoparticle 

surface plays an enhanced role in such 

small particles, as the mean free path 

of the conduction electron is larger than the particle radius. In this scenario plasmon resonance will be 

broadened and red-shifted with decreasing particle size. In this limit the plasmon resonance bandwidth 

is inversely proportional to the particle radius as from Drude free electron model in equation 13. Hence 

carriers are scattered elastically from surfaces rapidly, results in incoherence between scattered waves.  

S. Link et al.29 shown size dependence of the plasmon absorption band as depicted in Figure 4. 

7. Solvent effect on the LSPR absorption peak 

Surrounding medium’s refractive index has correlation on the dielectric function of the material 

as governed by equation (21). In continuation with equation (21) it is confirmed that have a dependency 

of the plasmon resonance on the refractive index n of the surrounding medium (𝑛2 = 𝜀𝑚). Gradual 

 

Figure 3: LSPR frequency is associated with the charge carrier 

density in the NCs.27 

Figure 4: Size effects on the LSPR absorption in spherical 

gold nanoparticles. The UV-vis absorption spectra of 

colloidal solutions of gold nanoparticles with diameters 

varying in between 9 and 99 nm reveal that the absorption 
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increase of dielectric constant leads to decrease of the Columbic restoring force of the electron cloud 

of nanoparticles, those results in decrease of the plasmon frequency. Figure 5 represents the 

experimental results of solvent variation LSPR absorption peak. A red-shift of the LSPR absorption 

peak is noticed with increasing refractive index of the solvent. Refractive index sensitivity may 

beneficial for biosensing applications.  

 
8. Shape dependency on LSPR absorption 

The LSPR absorption wavelength depends on the complex dielectric function of the dielectric 

function of material, surrounding medium (εm), and the nanoparticles size and shape. Shape dependent 

anisotropy has large contribution on LSPR absorption pattern. In Mie approximation the excitation of 

the LSPR is independent of the polarization of excitation as spherical particle has high symmetry. In 

quasi-static regime, where R << λ, Mie theory can be extended according to R. Gans. by combining  

depolarization factors for the three axes of  the particle to account for the contribution of the light 

polarization in different  mode for axes of the nanoparticles spectrum. Nanoparticles for arbitrary 

shapes need to a computational method for solving Maxwell’s equations using numerical tools viz.  the 

finite difference in the time domain method (FDTD) boundary element method (BEM)  and the discrete 

dipole approximation (DDA). However for regular shapes like nanorod electromagnetic wave 

polarization plays an excellent role as two main directions of collective oscillation identified such as 

along the main axis of the rod or perpendicular to it. Previously reported gold nanorods has showed 

the extinction spectrum of  two bands, corresponding to the oscillations along (longitudinal or L-band) 

and perpendicular to the long axis (transverse or T-band) of nanorod. Now according to Mie Gans 

modification extinction cross section (Cect) represented as30 

                                 𝐶𝑒𝑥𝑡 =
2𝜋𝑉𝜀𝑚

3/2

3𝜆
∑

(
1

𝑃𝑗2)𝜀′′(𝜔)

(𝜀(𝜔)+
1−𝑃𝐽 

𝑃𝐽
𝜀𝑚 )2 +𝜀′′2

(𝜔)
                                    (22) 

Pj are the depolarization factors for the three axes x, y and z for three dimensional system (j =  
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A, B, and C of the nanoparticle with A > B = C). Depolarization factors are represented as 31 

                                                𝑃𝑥 =
1−𝑒2

𝑒2 [
1

2𝑒
ln (

1+𝑒

1−𝑒
) − 1]                                        (23) 

                                                      𝑃𝑦 = 𝑃𝑧 = (
1−𝑃𝑥

2
)                                                  (24) 

Where e is geometric factor appeared in equation (23) defined as 

                                                     𝑆 = (1 −
1

𝑅2)2                                                      (25) 

R is the aspect ratio of nanoparticles. From equation (22) it is clear that two distinct perpendicular 

bands are arise along with the principal long axis band. Multiple plasmonic bands are studied in differ 

aspect ratio for gold nanoparticles using equation 22 (Figure 6).31 
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