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By using a rigorous diffraction theory, the localization of light near textured zinc oxide �ZnO�

surfaces is theoretically investigated and compared with experimental data obtained from

scanning-near-field-optical microscopy. Although random by nature, these surfaces show

well-defined geometrical features, which cause the formation of localized light patterns near the

surface. Particularly, photon jets are observed to emerge from conical surface structures. Because

these structures are of primary importance for applications in photovoltaics, we analyze the “real”

surface topography of textured ZnO used in silicon solar cells. With this work, valuable insight is

provided into the mechanism of light coupling through randomly textured interfaces. © 2007

American Institute of Physics. �DOI: 10.1063/1.2800374�

The incorporation of randomly textured surfaces on top

of solar cells is usually regarded as a convenient way to

reduce reflection losses of light at the interface from air to

the solar cell and to increase the scattering of light into the

solar cell.
1

Such surfaces have a promising potential to pave

the way toward an efficient photon management in nowadays

photovoltaic devices.
2

In general, the aim of photon manage-

ment consists in effectively localizing light in the absorbing

layer of the solar cell and in reducing losses in other domains

by optimizing the involved optical elements.

Typical examples are the deposition of thin film antire-

flection coatings on top of solar cells,
3

the incorporation of

highly reflecting back sides,
4

or the use of periodic structures

either on top or bottom of the photovoltaic device
5

However,

the intrinsic disadvantage of all periodic structures is the

critical dependence of the optical response on wavelength,

polarization, and angle of incidence. This allows for an op-

timized design at particular wavelengths, but a broadband

increase of the solar cell’s efficiency is hardly achieved.
6

Such a wavelength dependency is usually not observed

for random surfaces. Depending on the ratio of the charac-

teristic feature size of such a surface to the effective wave-

length, one usually distinguishes between two operating re-

gimes. If this ratio is much less than unity, light will not

resolve the spatial details of the structure and will merely

sense an effective graded-index medium.
7

Such structures

allow for a broadband reduction of the Fresnel reflection. For

ratios much larger than unity, the structure serves as a light

diffuser which shows a Lambertian distribution in the ideal

case. The enhancement of intensity inside the solar cell

caused by such rough surfaces was shown to be 4n2.
8

They

are usually fabricated by etching of the relevant materials.
9

Regular pyramidal structures are obtained when crystalline

silicon substrates are anisotropically etched, e.g., by KOH.

Then, the optical response compares to that of rough surfaces

with a large ratio of feature size to wavelength.

Although to understand the optical functionality of ran-

domly textured surfaces, these approaches work well within

the indicated limits, real structures, barely fit into any of the

two regimes. Particularly, the resonance domain, character-

ized by feature sizes comparable to the wavelength, is not

understood so far. In this domain well-established character-

ization techniques, such as the measurement of the angular

distribution of scattered light for identifying the statistical

parameters of the structure, are of limited use only. Instead,

from a numerical point of view, the solution of the problem

asks for a rigorous diffraction theory to account for all rel-

evant effects of light-matter interactions. Only recently, stud-

ies on the optical properties of such structures on a subwave-

length scale have been performed.
10

By comparing

experimental �scanning near-field optical microscopy

�SNOM�� and theoretical results �rigorous diffraction theory

that takes into account the real topography�, we aim here at

bridging the gap between the two indicated limits in under-

standing the optical functionality of random structures. We

concentrate on the optical effects in the near field of the

textured structures. This is the important optical domain be-

cause thin film solar cells with active layer thicknesses in the

range of a few hundred nanometers are essentially near-field

devices. It will be shown that such structures have a much

richer optical behavior in the resonance domain than usually

anticipated. Effects such as light focusing, light localization,

and the appearance of photon jets can be identified. The im-

pact of such effects on the design and efficiency of solar cells

is discussed. The work here has to be regarded as an initial

step toward a full understanding of optical near-field effects

in the entire solar cell. This comparison of experimentally

observed light fields in the vicinity of randomly textured

surfaces with theory may serve as the starting point for fur-

ther investigations which must include the intensity distribu-

tion within the silicon absorber layer and the complete layer

stack of the solar cell.

In the present study, randomly textured surfaces were

investigated. ZnO thin films with a thickness of h

=1000 nm were textured by etching with HCl. Details of the

sample preparation can be found in Ref. 10. The structures

were characterized by a SNOM with a shear-force feedback

loop to measure simultaneously the topography of thea�
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sample and the electromagnetic near field. The SNOM fiber

tip provides a spatial resolution of less than 100 nm. The

measured signal is regarded as being proportional to the light

intensity at the tip position. The instrument is fed with co-

herent light from different sources ranging from

488 to 780 nm to detect the optical near field at well-defined

wavelengths covering the spectral range of an a-Si:H solar

cell.

Figure 1�a� shows a measured topology for a represen-

tative sample over an area of 7�7 �m2. It can be seen that,

although random in nature, the structure consists of well-

defined circular craters with variable size. Occasionally, the

craters are almost touching, causing the occurrence of elon-

gated rims. The typical diameter of the craters was found to

be 800–1000 nm. The largest depth was measured to be ap-

proximately 1000 nm. Thus we conclude that the ZnO thin

films were etched almost down to the substrate.

Measured SNOM images, taken from the same surface

at the representative wavelengths of 780, 658, and 488 nm,

are shown in Figs. 1�b�–1�d�, respectively. The fields were

monitored at a constant distance of 20 nm above the surface.

The structure was illuminated from the back through the sub-

strate and the transmitted fields were measured; the reverse

configuration yielded similar results.

To compare results with simulations, we applied the

finite-difference time-domain method to rigorously calculate

the electromagnetic near field.
11

In the simulation, the topol-

ogy of the 7�7 �m2 surface as measured by the feedback

loop of the SNOM was fully taken into account to permit for

a direct comparison. The lowest point of the surface was

assumed to be in contact with the substrate and the measured

height profile corresponds to the terminating ZnO surface. In

the simulations, the refractive index of the substrate and of

the ZnO layer were nSiO2=1.5 and nZnO=1.94, respectively.

The structure was discretized with �x=�y=�z=15 nm and

illuminated by an x-polarized plane wave from the substrate.

No pronounced polarization sensitivity was found. The

boundaries of the computation window in propagation direc-

tion �z axis� were chosen to be perfectly matched layers. In

the x- and y-directions, periodic boundaries were assumed.

The artificially introduced periodicity did not affect the cal-

culated field at all, as deduced from simulations at a reduced

sample size. This showed that all observed effects are not

associated with a particular feature size that periodically re-

peats along the surface. Instead, the scattering properties of

the individual elements forming the surface and their inter-

ference with fields emerging from the adjacent elements are

of primary importance. To compare measurements with

simulations, we calculated the intensity �defined here as Ex
2

+Ey
2+Ez

2� to be 200 nm above the surface at all positions

�x ,y�. Good qualitative agreement between measurement and

simulation was found. Although the tip-surface distance in

the measurement was only about 20 nm best agreement was

found for the chosen surface distance of 200 nm in the simu-

lation. A possible explanation might be the transfer function

of the SNOM tip, which acts like a low-pass filter with a

finite transverse cutoff wave number. The shorter exponential

decay length of evanescent amplitudes with larger wave

numbers in free space equals in its cause the low-pass filter

of the SNOM transfer function, hence allowing us to com-

pare theoretical and experimental results. Furthermore, we

cannot rule out the possibility that the presence of the SNOM

tip might deteriorate slightly the measured field distribution.

As the agreement between measurement and simulation is

always found to be good even for strongly different features,

we conclude that the tip-sample interaction might only cause

the deviation of details in the measured field distribution as

compared to the real one.

Starting with the longest wavelength of 780 nm �mea-

surement is shown in Fig. 1�b�, simulation in Fig. 2�a�� we

observe an intensity enhancement along the rims of the crater

with rather weak field localization normal to the rims. No

localization shows up parallel to the rims. The field is stron-

ger localized in both transverse directions where rims are

crossing and forming a well-defined maximum at the surface

with a conical shape. The appearance of localized light at

well-defined sites randomly distributed over the surface is

stronger pronounced at shorter wavelengths. The results at

658 nm �measurement is shown in Fig. 1�c�, simulation in

Fig. 2�b�� show that the points of localization remain nearly

the same and the spot size is reduced, as expected for a

shorter wavelength. At the shortest wavelength, the measure-

ment is shown in Fig. 1�d�, the intensity is slightly distorted

due to a fringe like pattern. From simulations, however, we

can see in Fig. 2�c� that the effect of light localization is

further pronounced and light concentrates in narrow spatial

domains above the structure.

This light localization might be explained by the concur-

rence of two effects. The first one is the lightning rod effect.

It causes the enhancement of near fields close to sites where

FIG. 1. �Color online� Measured topography in nanometer for a randomly

textured surface of ZnO on top of a quartz substrate �a�. The near-field

intensity in arbitrary units slightly above this textured surface as measured

with a scanning near-field optical microscope is shown for wavelengths of

780 nm �b�, 658 nm �c�, and 488 nm �d�, respectively.

FIG. 2. �Color online� Simulated intensity of 200 nm above the randomly

textured ZnO surface at wavelengths of 780 nm �a�, 658 nm �b�, and

488 nm �c�. Black and white colors denote zero and maximum intensity.
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the surface curvature of micro- and nanometer sized particles

is the largest. The intensity in the apex is material indepen-

dent and merely a function of geometry. For example, at

particles with an elongated hemispheroidal shape, the en-

hancement is approximately �a /b�2 / ln�a /b��1, with a and

b being the radii of the two relevant axes.
12

The third axis c

is equal to b. This light localization is restricted to the near

field of the particles. The origin of the effect compares to the

formation of localized plasmon polaritons excited in nano-

particles made of noble metals. The second effect that con-

tributes to the light concentration is a focusing effect by the

surface profile that has, at least locally, a preferentially

parabolic- or coniclike profile for points were localization

was observed. Light concentration caused by focusing

should preferentially occur at a certain distance from the sur-

face. This effect is a result of constructive interference of

light emerging from the surface profile with an appropriate

phase delay.

Because measurements in a single plane behind the

structure did not allow to elucidate which effect governs the

response of the textured structure, we proceeded in measur-

ing the intensity distribution in various planes parallel to the

surface normal. This allows for monitoring the three-

dimensional intensity distribution. Exemplarily, in Fig. 3�a�,
the intensity is shown at a wavelength of 780 nm in the plane

with y=1 �m �compare to the topography image in Fig.

1�a��. The measurement is compared with theoretical simu-

lations shown in Fig. 3�b�. Here, the field in z direction was

measured with a spatial resolution of 350 nm. In agreement

with the low-pass filtering response of the SNOM tip transfer

function, the measured intensity is slightly smeared out and

the fine details that appear in the simulation are experimen-

tally not resolved. Nevertheless, all qualitative features do

appear nicely in both experiment and simulation, namely,

light localization close to the surface and light focusing fur-

ther away from the surface. Combining both effects, we ob-

serve for these samples the appearance of photon jets emerg-

ing from high curvature points of the surface, causing rather

elongated light strings in the air. The light localization that

occurs above the surface at x=−3 �m, is caused by a strong

curvature of the surface in y direction and is, therefore not

directly deducible from the surface profile. As the light lo-

calizes rather close to the surface, we conclude that this con-

centration is dominated by the lightning rod effect. It occurs

if the surface profile is sufficiently strong curved, indepen-

dent from the macroscopic extension of this geometrical fea-

ture. On the contrary, the light localized above the surface at

x=1 �m focuses further away from the surface, hence the

effect of light focusing dominantly contributes to the ob-

served light localization.

In the simulation, we can additionally observe light lo-

calization inside the ZnO material below points of a high

curvature, experimentally not accessible. Particularly, for the

present sample, such localization is observed in the ZnO film

at x=1 �m. This is in agreement with the observation that

there light localization is dominated by a focusing effect due

to the strong curvature. The back reflected light at the inter-

face from ZnO to air interferes constructively inside the

material.

The present structure can be incorporated into solar cell

devices to enhance the absorption. For structures in the reso-

nance domain the light localization near such randomly tex-

tured surfaces causes an enhancement of the near-field am-

plitude, which will enhance the absorption. Similar

observations were made for metallic nanoparticles incorpo-

rated in solar cells, although there the light localization is

caused by localized plasmon polaritons.
13

The advantage of

using rough surfaces in high permittivity materials as com-

pared to metallic nanoparticles is their much lower absor-

bance of light. This absorbance is detrimental to the perfor-

mance of solar cells. Furthermore, the localization of light at

surfaces with large curvatures is less sensitive to the wave-

length, as shown here experimentally and theoretically.

To summarize, light localization in the near field of ran-

domly textured surfaces was analyzed experimentally and

theoretically. Typical feature sizes of the present structures

are comparable to the wavelength. The origin of the observed

localization was identified to be the simultaneous appearance

of the lightning rod effect and focusing of light due to the

strong curvature of the surface. Similar structures as studied

here show great promise for thin film solar cell applications.

However, to fully understand the functionality of randomly

textured surfaces further studies have to be conducted. Most

importantly, the connection between the possibility to local-

ize light by such surfaces and the resulting absorption in a

deposited Si layer has to be understood. This will allow us to

optimize the texture of the surface.
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FIG. 3. �Color online� Measured �a� and simulated intensities �b� in a cross

section of the field distribution above a random surface for a wavelength of

780 nm for the illuminating wave field. The light propagation is in the

positive z direction through the substrate. Black and white colors denote

zero and maximum intensity, respectively.
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