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Photovoltaic Performance Enhancement in Dye-Sensitized
Solar Cells with Periodic Surface Relief Structures

FADONG YAN1, PILHO HUH1, LIAN LI2, YANPING WANG1,
LYNNE A. SAMUELSON2 and JAYANT KUMAR1,∗

1Center for Advanced Materials, University of Massachusetts Lowell, Lowell, MA
2U.S. Army Natick Soldier Research, Development and Engineering Center, Natick, MA

One-dimensional and two-dimensional periodic TiO2 relief structures were incorporated in dye-sensitized solar cells. The periodic
TiO2 structures were fabricated using surface relief gratings photoinscribed on azobenzene functionalized polymer films as templates
and TiO2 sol-gel solution. Enhancement of power conversion of the solar cells made with the relief TiO2 structures was achieved.
This enhancement suggests that the relief TiO2 structures can offer efficient light-trapping with the increased effective optical-path
length in the solar cells.
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1 Introduction

The urgent need for inexpensive renewable energy sources
has attracted a great attention for developing new mate-
rials and technologies for efficient photovoltaic devices.
Dye-sensitized solar cells (DSSCs) have drawn substan-
tial interest as candidates for next generation photovoltaic
devices due to their simple architecture and great poten-
tial for low-cost and easy manufacturing (1–3). It has been
demonstrated that the DSSCs can offer power conversion
efficiency more than 10% with ruthenium based dyes (4,
5). Extensive investigations have been carried out to in-
crease the light absorption in the DSSCs. Incorporating
dyes that can absorb a broad spectral range of the solar
radiation has been reported and enhancement of the power
conversion efficiency was accomplished (6, 7). Hammond
et al. have demonstrated the ability to pattern TiO2 on the
micron and submicron scale using micro-contact printing
of a copolymer combined with solution synthesis of TiO2
thin films (8). The DSSCs with patterned TiO2 exhibited
almost 10 times larger power conversion efficiencies than
a similar device without patterning due to the increased
optical-path length in the solar cells. However, this multi-
step approach is complicated, and time-consuming. In this
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paper, we reported photovoltaic performance enhancement
of the DSSCs fabricated with structured TiO2. The DSSCs
with periodic TiO2 structures exhibited increased power
conversion efficiency comparing to that without the struc-
ture. The experimental details and results are presented.

2 Experimental

Fluorine-doped tin oxide (FTO) glasses were acquired
from Hartford Glass Company, Hartford City, Indiana.
1,4-Dioxane, isopropanol, nitric acid, acetonitrile, tert-
butanol, and 4-tert-butylpyridine were purchased from
Sigma Aldrich, USA. Poly(disperse orange 3) (PDO3), an
azobenzene functionalized polymer, was synthesized from
diglycidyl ether of bisphenol A and disperse orange 3 fol-
lowing the procedure reported elsewhere (9). The glass tran-
sition temperature of the azo polymer is about 106◦C (10).
A ruthenium dye, Z907 as a sensitizer was used in this inves-
tigation. The ruthenium dye absorbs broadly in the visible
with an absorption peak around 514 nm (11).

TiO2 sol-gel solution was obtained by slowly dropping
10 mL of titanium (IV) isopropoxide and 1.6 mL of iso-
propanol into 60 mL of 0.1 M aqueous nitric acid solution
under vigorous stirring. The mixture was fluxed at 80◦C for
8 h. The TiO2 sol-gel solution was first spin-coated onto
FTO glass substrates at 1000 rpm to form a compact layer
of TiO2. The TiO2 coated FTO glass was then heated at
420◦C for 10 min. The final TiO2 film has a thickness of
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Fig. 1. Schematic of the DSSC with relief TiO2 structure.

approximately 100 nm. The periodic TiO2 relief structures
using the SRGs templates were fabricated following the
procedure described elsewhere (12–14).

PDO3 films were prepared on the compact TiO2 films
by spin-coating 5 wt% PDO3 in 1,4-dioxane solution. The
films were dried in a vacuum oven at 60◦C overnight. One-
dimensional (1D) surface relief gratings (SRGs) on the
PDO3 films were photoinscribed with two interfering laser
beams at 514.5 nm from an Ar+ laser (100 mW/cm2).
The polarizations of the laser beams were chosen to be
45◦ polarized with respect to s-polarization. It is well-
known that azobenzene chromophores can undergo re-
versible trans-cis isomerization process under illumination.
This trans-cis photoisomerization in an azobenzene func-
tionalized polymer can lead to the formation of large re-
lief patterns on the polymer film (15, 16). The period of
an SRG can be controlled by varying the incident angle
and the wavelength of the laser beams. SRGs with pe-
riods about 400 nm, 600 nm and 1 µm were recorded

and used as the templates. Two-dimensional (2D) SRGs
were fabricated by writing two SRGs perpendicular to each
other.

TiO2 sol-gel solution was then spin-coated on the SRG
templates on the TiO2 compact films. The relief TiO2 struc-
tures were formed via calcination at 450◦C for 2 h. Atomic
force microscopy (AFM) and scanning electron microscopy
(SEM) were utilized to measure the periods and modulation
depths of the templates and the periodic TiO2 structures.
X-ray diffraction (XRD) and Raman spectroscopy were
used to examine the crystalline structure of the structured
TiO2.

The structured TiO2 films were dipped into a dye
solution (Z907, 0.3 mM in acetonitrile:tert-butanol, 1:1
by volume) overnight. The films were rinsed with absolute
ethanol to remove excess dye molecules on the TiO2
surfaces and dried by blowing nitrogen gas. The liquid
I−/I−

3 electrolyte was prepared by dissolving 0.0254 g
I2 and 0.1358 g LiI in 2 mL acetonitrile and 0.3 mL

Fig. 2. AFM images of 1D (a) and 2D (b) SRGs with 1 µm period.
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Table 1. Photovoltaic characteristics of the DSSCs

Period (nm) Depth (nm) Voc (V) Jsc (mA/cm2) Fill factor Efficiency (%)

Non-structured 0.45 0.30 0.56 0.078
1D 1000 270 0.53 0.70 0.52 0.19

600 80 0.57 1.18 0.58 0.39
400 50 0.61 1.04 0.56 0.36

2D 1000 230 0.58 0.97 0.57 0.32
600 60 0.61 1.45 0.59 0.52
400 35 0.59 1.70 0.55 0.55

4-tert-butylpyridine. Thick platinum (100 nm) coated
FTO glasses were used as the counter electrodes and
reflectors. The schematic of the DSSC made with relief
TiO2 structures is shown in Figure 1. A DSSC without the
relief TiO2 structure was also fabricated for comparison.

I-V characteristics of the DSSCs were evaluated under
simulated AM 1.5 illumination (100 mW/cm2) in conjunc-
tion with a Keithley SMU2400 source meter. The active
area of the DSSCs was controlled to be 0.25 cm2 with a
mask.

3 Results and Discussion

It is believed that during calcinalation the polymer
templates tended to planarize above the glass transition
temperature and the coated TiO2 sol-gel migrated into the
template grooves and aggregated. At higher temperature,
the polymer templates were degraded and pyrolyzed,
leaving the periodic relief TiO2 patterns on the FTO
substrates. Topography of the SRGs and the relief TiO2
structures was investigated by AFM and SEM. Figure 2
shows the AFM images of 1D and 2D SRGs of 1 µm
period. The SEM images of fabricated 1D and 2D relief
TiO2 structures are shown in Figure 3. The periodicities of
the relief TiO2 patterns are about the same as those of the

templates. The periods and modulation depths of the TiO2
structures are summarized in Table 1.

The XRD study of the periodic TiO2 pattern confirmed
the anatase phase of the TiO2 with one diffraction peak
observed at 2θ = 25.2◦ (d-spacing of 3.53Å). This peak
corresponds to the diffraction from the (101) plane. The
characteristic Raman peaks of the anatase TiO2 at 402, 518
and 640 cm−1 were measured. The strongest Raman peak
at 143 cm−1 was not observed due to the limitation of the
Raman spectrometer.

The photovoltaic characteristics of the DSSCs with or
without 1D and 2D periodic TiO2 structures were mea-
sured and summarized in Table 1. Figure 4 shows the I-V
characteristic of a solar cell made with a 2D 600 nm peri-
odic TiO2 structure. The DSSCs with the relief TiO2 struc-
tures showed much higher photovoltaic performance than
that without the relief TiO2 structure. This enhancement
indicates that the TiO2 relief structures can offer efficient
light-trapping in the solar cells, leading to higher photocur-
rent. The photocurrent and power conversion efficiency of
the cells made with the 2D TiO2 structures are higher than
those with 1D TiO2 structures of the same periods. This re-
sult suggests that the 2D TiO2 structures can provide more
efficient light-trapping. The power conversion efficiency of
the DSSCs with the TiO2 structures of 400 and 600 nm pe-
riods are higher than those of the DSSCs with 1 µm TiO2
structures, implying that the relief TiO2 structures of 400

Fig. 3. SEM images of 1D (a) and 2D (b) relief TiO2 structures with 1 µm period.
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Fig. 4. I-V curve of a DSSC made with a 2D TiO2 structure of
600 nm period.

and 600 nm periods offer better diffraction in the spectral
range where the Z907 dye absorbs.

The relief TiO2 structures in the solar cells act as diffrac-
tive elements. The normal incident light can diffract ac-
cording to the following equation:

n� sin θ = mλ

Where n is the refractive index of the liquid electrolyte, �

is the period of the TiO2 structure, θ is the angle of diffrac-
tion, m is the order of diffraction, and λ is the wavelength of
the incident light. Through reflection from the thick plat-
inum coating and total internal reflection (if the diffraction
angle is larger than a critical angle at the air/glass inter-
face), the diffracted light beams can be confined inside the
solar cell. The critical angle is estimated to be 42◦ using re-
fractive index of 1.5 for the glass. These multiple reflections
would consequently increase optical-path length, resulting
in efficient light-trapping and absorption, and significant
enhancement in the photovoltaic performance. The TiO2
structures with the smaller periods provide larger diffrac-
tion angles, leading to better light harvesting and higher
photocurrents. It is expected that these diffractive effects to
be effective at most thorough out the visible spectrum due
to the fact that the liquid electrolyte has an index around
1.5 (17), thereby effectively reducing the wavelength of the
light in the medium.

4 Conclusions

A series of DSSCs using the periodic 1D and 2D TiO2 re-
lief structures were fabricated. The relief TiO2 structures
were readily made using the SRGs photoinscribed on the
azobenzene functionalized polymer films as the templates.

The photocurrent and power conversion efficiency of the
DSSCs with the periodic TiO2 structures are higher than
those without the structures, suggesting that the diffractive
effects from the periodic TiO2 structures can increase the
optical-path length and offer efficient light-trapping and
absorption in the DSSCs. The 2D TiO2 structures provide
higher ability to trap light in the solar cells, resulting in bet-
ter power conversion efficiency. The DSSCs with the TiO2
structures of the smaller periods show better performance
than those with 1 µm TiO2 structures.
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