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We derive analytical expressions for the absorption enhancement expected when dilute

suspensions of small metallic nanoparticles are inserted inside an organic semiconductor. A

comparison with accurate numerical simulations shows excellent agreement for a wide range of

volume filling ratios and even in the case of mixing different types of metals. These results are

invaluable tools in optimizing the absorption performance of plasmonic thin-film organic solar

cells. VC 2011 American Institute of Physics. [doi:10.1063/1.3623759]

Organic solar cells1 hold promise for renewable energy

because of their low cost, flexibility, and light weight. On

the flip-side, they suffer from short carrier diffusion lengths,

of the order of few tens of nanometers,1 placing restrictions

on the active layer thickness. For thin devices, light absorp-

tion is reduced and techniques to improve it are needed. Plas-

monics have emerged as a promising approach for doing that

in both organic and inorganic solar cells.2 This includes me-

tallic scattering elements on the surface,3–9 back10,11 or

inside the semiconductor12–15 in order to scatter and trap the

incident light3–5,10,11 and/or enhance the absorption due the

enhanced near fields around the scattering elements.6–9,12–15

Noble metal nanoparticles (MNP) have been typically

utilized due to their surface plasmon resonance (SPR). Meas-

urements3,6–8 have shown significant improvements in or-

ganic solar cell efficiencies after incorporating MNPs,

becoming almost doubled in some experiments.6 It is impor-

tant that the MNP benefit is strong enough so that it is not

countered by absorption inside the MNPs or by carrier

recombination at the MNP surface.14 Generally, the SPR-

mediated absorption enhancement (AE) is significant when

the semiconductor’s intrinsic absorption is small.16 The need

to establish good design principles necessitates a simple and

intuitive understanding of the AE the MNPs can achieve. De-

spite progress in this field, there is still no simple analytical

solution to this. Here, we study the AE stemming from the

enhanced near-fields of small MNPs dispersed inside an or-

ganic solar cell and derive close-form analytical expressions.

We simplify the problem with three approximations: (1)

point dipole limit,17 (2) low intrinsic semiconductor absorp-

tion (absorption proportional to local intensity), (3) simple

geometry without interfaces and standing waves. While

approximation (3) is far from a realistic device, it will allow

us nevertheless to extract useful relations that can improve

our understanding and intuition, which may be then transfer-

able to practical device geometries.

A spherical MNP of radius a in a host of dielectric con-

stant eh, is irradiated by a plane wave of amplitude E0, fre-

quency x and polarization x̂, shown in Fig. 1(a). The incident

field excites an electric dipole at the MNP center

p ¼ e0ehanpðxÞE � e0ehanpðxÞE0x̂; (1)

where the local field E at the MNP is approximately the

same as the incident (a e�ixt dependence is assumed for p,

E). The sphere polarizability anp in the Mie theory18 is

anpðxÞ ¼
6pi

k3

~mw1ð ~mkaÞw01ðkaÞ � w1ðkaÞw01ð ~mkaÞ
~mw1ð ~mkaÞn01ðkaÞ � n1ðkaÞw01ð ~mkaÞ

; (2)

where w1, n1 are Riccati-Bessel functions, k ¼ nhx=c, and

~m � ~mðxÞ ¼ ~npðxÞ=nh, where ~npðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
e~pðxÞ

q
and

nh ¼
ffiffiffiffi
eh
p

are the MNP’s and host’s indices of refraction. For

a� k, Eq. (2) simplifies to18

anpðxÞ � 4pa3ð~epðxÞ � ehÞ=ð~epðxÞ þ 2ehÞ: (3)

MNP’s index differs from the bulk value due to a reduced

free electron relaxation caused by surface scattering.19 To

account for this, we first assume a Drude-Lorentz model

FIG. 1. (Color online) (a) Schematic of the geometry considered. (b) Compari-

son between Eq. (9) (lines) and accurate FDTD simulations (symbols), for a

square array of a¼ 4 nm Au MNPs in a nh¼ 2 host at periodicity L¼ 21.5 nm

(f¼ 2.7%). The enhancement is calculated on a plane going through the nano-

particle center (z¼ 0). Total, near, and cross field contributions are shown. (c)

Total enhancement vs z at k¼ 610 nm (peak enhancement) and k¼ 700 nm.a)Electronic mail: elidorik@cc.uoi.gr.
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~epðxÞ ¼ e1 �
x2

p

x2 þ ix=s
þ
XN

j¼1

DejX
2
j

X2
j � x2 � ixCj

; (4)

where all parameters are adjusted to reproduce the

experimental bulk metallic dielectric function17 and then

rescale the free electron relaxation time according to

s�1 ! s�1 þ vF=a, where vF is the Fermi velocity.

Furthermore since we will assume arrays of MNPs at some

finite volume filling ratio (say a cubic array of side L), the

MNP local field is affected by the fields scattered from other

MNPs. This is done within the Clausius-Mossotti theory20

anp ! anp=ð1� Nanp=3Þ ) Q! Q=ð1� f � QÞ; (5)

where N is the MNP number density, f ¼ 4pa3=3L3 is their

volume filling ratio, and Q the normalized polarizability

QðxÞ ¼ anpðxÞ=ð4pa3Þ. Finally, the incident power is effec-

tively reduced by absorption inside the MNPs. For a� k,

Mie theory18 gives the absorption cross section

Cabs ¼ 4pa3kImfQg. We crudely take this effect into

account by rescaling the incident intensity

jE0j2 ! jE
0

0j
2 ¼ jE0j2ð1� Cabs=L2Þ ¼ cjE0j2: (6)

The total field at r on a horizontal plane at distance z from

the nanoparticle center is20

Eðr;xÞ � E00eikr cos hx̂þ eikrð4pe0ehÞ�1

� k2r�1r̂� ðp� r̂Þ þ ðr�3 � ikr�2Þ½3r̂ðr̂ � pÞ � p�
� �

: (7)

The first term in the square bracket is the dipole radiation

field while second and third are the dipole near-fields. At res-

onance, they exceed the incident field and drive the AE.

These three terms scale with distance and wavelength as

/ k�2r�1 and / r�3, / k�1r�2
, respectively. The / r�3 term

dominates for particles and distances small compared to the

wavelength. In the following, we only consider the near-field

and generally ignore the dipole radiation term (except for its

cross term with r�3 which yields a / r�2 contribution).

The absorption is Aðr;xÞ ¼ 1=2RefRðxÞg jEðr;xÞj2,

with RðxÞ the optical conductivity. Normalizing by the

absorption without MNPs and using Eq. (7), the AE is

Fðr;xÞ ¼ c 1þ a6jQj2r�6
h
3x2 þ 1þ k2r2ð5x2 � 1Þ

in

þ 2a3jQjr�3 ð3x2 � 1Þ cos Dþ krð3x2 � 1Þ sin D
h io

(8)

where x ¼ sinh cos/, D ¼ kr � kzþ f and Q ¼ jQjeif. The

first term is from the incident wave, the second from the MNP

near-fields, and the last from the cross term between incident

and MNP near-field. We stress that Eq. (8) assumes a pertur-

bative effect of the absorption, i.e., it is small everywhere so

that fields are well estimated by Eq. (7). Our approach, thus,

applies better for weakly absorbing materials, which is any-

way where the AE is more critical. We should also note, how-

ever, the general rule that the semiconductor’s absorption rate

must exceed the plasmon decay rate, otherwise, the absorbed

energy may dissipate into ohmic damping in the MNP.2

We perform spatial integration first on a plane at dis-

tance z from the MNP (see Fig. 1) and then vertically. This is

convenient if we need the AE within planar regions of finite

thickness.6–8 For particles arranged in a cubic lattice of side

L the planar enhancement is normalized by L2. Integration

over the area outside the MNP puts a lower limit

rmin ¼ jzj=d, with d ¼ minð1; jzj=aÞ. The planar AE is

Fðz;xÞ ¼ c
n

1� rð1� d2Þ

þ ðr=4ÞjQj2a4z�4
h
5d4 � 2d6 þ z2k2ð6d2 � 5d4Þ

i

þ 2rjQjajzj�1 dð1� d2 � k2z2Þ cos D0 � d2kjzj sin D0
� �o

(9)

where D0 ¼ kjzj=d� kzþ f and r ¼ pa2=L2. We ignored

terms of order ðkzÞ3 and higher. The three terms in Eq. (9)

have the same meaning as in Eq. (8). In its derivation, we set

the upper integration limit to infinity ignoring possible inter-

ference effects between near fields of different MNPs. This

is justified for dilute MNP dispersions, and in reality, the

MNPs will be randomly dispersed averaging-out possible

interferences.

We test Eq. (9) against accurate finite-difference time-

domain (FDTD)17,21 simulations for Au MNPs17 of radius

a ¼ 4 nm inside a nh ¼ 2 host, which is approximate to most

organic solar cells. A dilute suspension at f ¼ 2:7%
(L¼ 21.5 nm) is assumed. The FDTD grid resolution is set to

0.25 nm. Fig. 1(b) plots the AE on a plane through the MNP

center (z¼ 0). We also plot the partial contributions of the

near-field and of the incident/near-field cross term. The

agreement is excellent. In Fig. 1(c), we plot the AE vs z at

k¼ 610 nm corresponding to the SPR and at k¼ 700 nm.

The excellent agreement proves that the point dipole approx-

imation is an adequate tool for studying such systems.

Fig. 2(a) compares the AE of theory and FDTD for

increasing filling ratios, on the z¼ 0 plane. Excellent agree-

ment is also found here, except of a theoretical underestima-

tion at the SPR peak at high filling ratios. The reason is that

Eq. (9) does not account for cavity effects which lead to

higher fields in the space between the MNP.2 These are seen

in the two figure insets which plot the total intensity at z¼ 0.

Aside that, the overall agreement is impressive considering

that at f ¼ 14%, the cell size L¼ 12.5 nm is comparable to

the MNP diameter 2a¼ 8 nm. We stress the crucial impor-

tance of Eqs. (5) and (6) rescalings, which account for red-

shifting and broadening with increasing filling ratio, and for

the proper available power level.

Next, we perform the vertical integration from z ¼ �1
to z ¼ þ1. To normalize we divide by L. The incident/near-

field cross term is integrated between z ¼ �L=2 and z ¼ L=2

to avoid divergences that appear at infinity.

FðxÞ ffi c 1� f þ 2f jQj2ð1þ a2k2Þþ
n

2f jQj

� 1� ðk2=8Þða2 þ 3L2Þ
� �

cos f� ð3kL=4Þ sin f
� �o

(10)

where we ignored terms of order ðkaÞ3, ðkLÞ3, and higher.

For a� k, this further simplifies to

FðxÞ ffi cf1þ f ð2jQj2 þ 2RefQg � 1Þg: (11)

Note that for f�1%, i.e., L
a, terms like ðkLÞ3 and higher

must be included in Eq. (10). Such cases, however, are of no

063304-2 Lagos, Sigalas, and Lidorikis Appl. Phys. Lett. 99, 063304 (2011)
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practical interest. Eq. (10) is contrasted against FDTD in Fig.

2(b). Agreement is better than for the planar case due to vol-

ume averaging-out. Important AE is predicted below the

SPR frequency, which for f¼ 14% reaches above 70%.

Finally, we check on the predictive power of Eq. (10) on

different MNP combinations. Fig. 3(a) shows the top view of

a f¼ 5.5% composite with Au and Ag (Ref. 22) MNPs. This

is as the f¼ 5.5% Au MNP case of Fig. 2, except that half of

the Au MNPs are replaced by Ag MNPs. In such composites,

the rescaling of Eq. (5) becomes Qi ! Qi=ð1�
P

fiQiÞ,
where i runs through all MNP types and fi is the correspond-

ing partial volume filling ratio with
P

fi ¼ f . Also, the inci-

dent intensity rescaling of Eq. (6) becomes

c ¼ 1� ð
P

fiCiÞ=ðL2f Þ, where L is the elementary unit cell

for each MNP (in this case L¼ 17 nm). All other terms in

Eqs. (9)–(11) are just the corresponding weighted sums. The

combined AE is shown in Fig. 3(c), while independent

responses (one MNP type at f¼ 5.5%) are shown in Fig.

3(b). The insets plot the field intensity at k¼ 500 nm (Ag

SPR) and k¼ 600 nm (Au SPR). The agreement between the

theory and the FDTD is excellent, further validating the

power of the dipole approximation. Moreover, the double

peaks in Fig. 3(c) are a clear indication that using different

MNP configurations, we can cover the whole visible and

near IR spectrum, so to match the semiconductor’s absorp-

tion spectrum and optimally enhanced its performance.

In conclusion, we derived analytical expressions for the

surface plasmon near-field-mediated absorption enhancement

expected for weakly absorbing organic semiconductors when

doped with small metallic nanoparticles. Excellent agreement

is found with accurate FDTD simulations, even in the case of

mixed nanoparticle types, verifying our point dipole approxi-

mation. Our formulas provide an excellent tool for optimizing

a nanoparticle dispersion to get enhanced absorption perform-

ance at particular points, planes, or volumes of the system.

While we assumed a simplified geometry with no interfaces,

and thus, no standing waves, we anticipate that such effects

can be easily incorporated by appropriately rescaling the inci-

dent power. We are now working on exploring our formulas’

validity and/or modifications for strongly absorbing semicon-

ductors and realistic device geometries.

The authors acknowledge computing time at the Research

Center for Scientific Simulations (RCSS) at the University of

Ioannina.
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FIG. 2. (Color online) (a) Total enhancement vs wavelength on a plane

through the Au MNP center, for four MNP arrays: L¼ 21.5 nm (f¼ 2.7%),

L¼ 17 nm (f¼ 5.5%), L¼ 14 nm (f¼ 9.8%) and L¼ 12.5 nm (f¼ 14%).

Lines for analytical and symbols for numerical results (vertically shifted by

2 for clarity). The insets plot the total intensity on a z¼ 0 plane at f¼ 14%

and f¼ 5.5%. (b) Total enhancement vs wavelength over all volume for the

arrays considered in (a).

FIG. 3. (Color online) Schematic of a test case with mixed Au and Ag

MNPs with L¼ 17 nm (f¼ 5.5%). (b) Individual enhancement over all space

of each MNP type at f¼ 5.5% (c) Enhancement of the composite over all

space. Lines for analytical and symbols for numerical results. The insets plot

the field intensity at k¼ 500 nm (Ag SPR) and k¼ 600 nm (Au SPR).
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