
Optical Spectrocopy on
Nanostructrured Materials

C H E N Z H I X U

Master of Science Thesis
Stockholm, Sweden 2015

TRITA-ICT-EX-2015:36





3

Optical Spectroscopy on
Nanostructured Materials

Chenzhi Xu

Master’s Thesis

Examiner
Mats Götelid

Academic adviser
Mats Götelid

KTH Royal Institute of Technology
School of Information and Communication Technology (ICT)
Department of Communication Systems
SE-100 44 Stockholm, Sweden

https://www.kth.se/profile/gothelid/
https://www.kth.se/profile/gothelid/


4

Abstract

Solar cells are designed to transform the optical energy into electrical energy. Using solar
energy is the best way for humans to solve the energy shortage problem. Dye sensitized
solar cell(DSSC) has a low cost and helps people to obtain the solar energy expediently.
The DSSC is based on nano structured TiO2 ; and dye molecules help the particles of TiO2

to absorb more photons. Hence DSSC has higher efficiency than SC(solar cell without dye).

This thesis elaborates and analyzes the dye which is sensitized to TiO2. The absorption
spectrum of the dye was achieved. Two kinds of dye sample were made on the basis of
their places in structure of TiO2. One dye sample is solution, nanopowder of the dye in
aceton. The other dye sample is film, thin film on a quartz plate. The absorption
spectrums of the samples have been measured in laboratory. The measurement suggests
that the dye works improves the absorption of solar energy in DSSC.

This thesis mainly contains the following sections: Chapter I reviews the solar energy
technology development, the research purposes, and the principles of DSSC. Chapter II
introduces the theory of optical spectroscopy. Chapter III and Chapter IV describe the
apparatus employed in this experimental system, the experimental method, and the testing
results. Chapter V gives the conclusions drawn from the experiments.
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1 Introduction

1.1 Background

Shortage of energy and environmental pollution have become great trouble to humanity.
Conventional sources, coal and oil, will all run dry in the next 100 to 150 years. However the
pollution which it brings are threatening the environment that we humans depend upon for
survival.

However solar energy, in future, can be used as an inexhaustible supply and always available for
use. It causes no environmental pollution and is basically not restricted by geographical conditions.
The sun has been constantly transmitting tremendous amounts of energy to the universe.
According to calculation, to burn 108 tons of coal equals the radiation from the sun for just one
second. Meanwhile, the energy which reaches the earth equals 200 thousand times the electricity
generating capacity of the whole world. The solar energy that the earth received for one day
equals to 200 times of global one-year consuming energy. Compared to other energy, using solar
energy can not produce toxic gases and industrial waste. Hence it is more environmental friendly
to using solar energy.

In summary, the research of solar technology is largely beneficial to human development.

1.1.1 Development History and Present Situation of Solar Technology

In order to give a better explanation of the research purpose of this thesis, I would like to start
with the history and present development situation of solar technology.

(1) Beginning Stage (1615-1900) [5]

In 1615, a French engineer and physicist, Salomon de Caux (Caus) (1576–1626) invented the first
solar device, solar engine, in the world. It works by using glass lenses to heat up the air in a metal
vessel which presses out a water fountain to pump water. Between 1615-1900, there came out
many devices supported by solar energy, for instance, in 1845, C. Gunter constructed a climax
solar- water heater.

During this period, all the devices used concentrated light to heat water and generate vapour. The
engine power was small and price was expensive. These devices were not efficient.

(2) Development Stage (1900-1920)

In 1901, a pumping device based on solar power was made in California which had a power of
7.36kW. In 1902-1908, five bi-circulating solar engines were built in USA. Flat-plate solar collectors
and low boil point techniques were used. In 1913, a solar collector irrigation pumping system was
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built in a suburb of Cairo, Egypt. It had a capacity of 100 brake HP which could pump water from
Nile River for irrigation. [6]

This stage of solar technology was still about solar energy power plant. However, the light
collectors had been a diversity and flat-plate solar collectors and low boil point technic had been
introduced. The output power had been largely increased compared to the previous stage.

(3) Frozen Stage(1920-1945)

During the following 25 years, the research of solar technology had been at low tide. Researchers
and programs about solar technology decreased a lot. This is largely due to the development of
mineral fuel, and the world war II (1935-1945).

(4) Recovering Stage (1945-1965)

During the 20 years after world war II, some scientists had noticed that petroleum and natural gas
resources were drying up. Hence, the appealing of new resources that made the solar research
back to popularity.

In 1954, the first modern silicon solar cell was announced as an invention in Bell Labs. It was
exhibited at National Academy of Science Meeting with an efficiency of 6%. [8,9] In 1958, solar cell
was first applied in the Vanguard I satellite for energy supply. This solar cell can have efficiency of
9% which contains n-on-p silicon technology. [8,9] In 1959, the first polycrystalline silicon solar cell
was produced which could have efficiency of 5%.[9] In the same year, a commercial solar cell was
manufactured by Hoffman Electronics. It had efficiency of 10% which used a grid contact, reducing
the cell's resistance. [8] In 1962, gallium arsenide solar cell was produced which can have
efficiency of 13%.[8]

This stage of solar technology accelerated the research of basic theory and basic materials.
Technology of flat-plate solar collectors has been developed the research of Stirling engine and
Tower Solar Power Plants. [9]

(5) Stagnating Stage (1965-1973)

In this stage, solar technology research was stagnating. It is because solar technology was still in a
beginning stage, still immature and cost a lot. These disadvantages could not compete with
conventional energy. Therefore solar technology research could not get support from enterprises
and governments.

However, in this stage there were still some established scientists:

http://en.wikipedia.org/wiki/National_Academy_of_Science
http://en.wikipedia.org/wiki/Vanguard_I
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In 1970, Zhores Alferov and his team in the USSR invented the first highly effective GaAs
heterostructure solar cells. [10]

(6) Transitional Stage (1973-1980)

In October 1973, there happened the Yom Kippur War, Ramadan War, also known as 1973 Arab–
Israeli War. The countries which depended on importing cheap oil from Arab countries were stuck
in an energy crisis. Hence, many countries especially industry countries restart the support to solar
technology research and other sustainable energy. Solar technology research started booming
again.[11]

In 1976, the first amorphous silicon photovoltaic cells was invented by David Carlson and
Christopher Wronski of RCA Laboratories. The efficiency was 1.1%, but it was cheaper to
manufacture than crystalline silicon devices.[12] In 1980, the first thin-film solar cell was produced
at the University of Delaware which had the efficiency of 10%.

Each country strongly intensified the research of solar technology. Many countries made short-
term and long-term plan about this area. Products such as Solar energy heater and solar cells
started commercialized. However the scale was small and the economic benefit was limited.

(7) Back Down Stage (1980-1992)

In 1980s, solar energy research went to a valley. Many countries reduced the research founds of
solar energy, especially America. The main reason was that the price of oil fell down and solar
technology had no big breakthrough which substantially lessened the solar energy’s competition
with oil in price. In 1988, Michael Grätzel and Brian O'Regan introduced the first modern dye-
sensitized solar cells. [16]

(8) Rapid Development Stage (1992-now)

Global warming and pollution started to become serious problems. In this stage, solar technique
had a rapid development. In 2001, HIT solar cells (silicon heterostructure solar cells) were
developed by Sanyo. In 2009, the world's largest solar-powered catamaran, PlanetSolar, were
launched using high-efficiency SunPower solar cells. In 2013, a world efficiency record of 11.9% for
DSSC was made by Sharp. In 2014, a world efficiency record has reached to 31.8% of commercial
concentrated photovoltaic (CPV) modules. Soitec set the efficiency record of 31.8%. [16]

http://en.wikipedia.org/wiki/Zhores_Alferov
http://en.wikipedia.org/wiki/USSR
http://en.wikipedia.org/wiki/GaAs
http://en.wikipedia.org/wiki/Heterostructure
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Figure 1.1 Graph of best research-cell efficiencies[16]

Fi
gu
re
1.
1

G
ra
ph
of
be
st
re
se
ar
ch
-c
el
le
ffi
ci
en
ci
es
[1
6]



19

The above sections give a description of the development of solar technology and explains the
reason for the researching solar cells. A case in point is that the research of Single-crystal (non-
concentrator, the green square in the graph) started in 1977 with the efficiency lower than 14%.
Until 2014, the efficiency increased to 24.2%, created by SunPower. For DSSC, it can be seen from
the figure that the industry of DSSC started around 1990. In 2013, 11.9% efficiency was achieved
by Sharp, as a world efficiency record for dye-sensitized solar cells.[16]

1.1.2 Research Purposes

For the purpose of supporting the solar cell developing, we've done this research about a
spectrum detection system. The system is about to testing dyes, a crucial part of DSSC.

In the research of solar cell, the conversion efficiency of light to electricity is the key issue. Simply,
the more we transfer light to electrical energy, the better the solar cell is.To DSSC, dye is the key
point of improving the conversion of efficiency. Thereby, we introduce the elementary concepts of
dye and the reasons for using the dyes.

This thesis mainly contains the following sections: Chapter I reviews the solar energy technology
development, the research purposes, and the principles of DSSC. Chapter II introduces the theory
of optical spectroscopy. Chapter III and Chapter IV describe the apparatus employed in this
experimental system, the experimental method, and the testing results. Chapter V gives the
conclusions drawn from the experiments.

1.2 Function of Dye (Structure of DSSC)

1.2.1 Structure of DSSC

Figure 1.2 Structure of the dye sensitized solar cell.[17]
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As is mentioned in history of solar technology part, in 1988, the first modern dye-sensitized solar
cells was introduced by Michael Grätzel and Brian O'Regan. The basic structure of DSSC still follows
Michael Grätzel's structure. It was composed of four primary parts(can be seen at figure above):
the transparent conducting( normally made by ITO glass sheet coating with nano structured wide
band gap semiconducting layer, mainly TiO2 ), the dye molecules, the electrolyte and the counter
conducting electrodes. [14,17]

1.2.2 Working Principle of DSSC

Figure 1.3 Representation of a dye-sensitized TiO2 solar cell and the processes involved in energy conversion (S
represents the dye-sensitizer and I-/I3-is the charge mediator). [27]

As can be seen from Figure1.3, the principle of normal DSSC can be described (according to
literature article No.14):

1.Dye molecules are stimulated by light. Electrons move from ground state to excited state.

2.The electrons are injected into the TiO2 conduction band.

3.Electrons came out by diffusion to anode, then move out.

4.The oxidized dye is reduced by the electrolyte.

5.The oxidized electrolyte gets electrons from the counter conducting electrodes.

6. The loop ends. The light has been converted into electrical energy.
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2 Theory of Optical Spectroscopy

For making better use of solar energy, more light has to be converted into electrical energy. This
means making the solar cell absorb more photon energy. For the sake of that purpose, there are
three problems need to be solved:

1. What kind of energy range do solar cells absorb?

2. What is the spectrum of sunlight?

3. If the solar cell absorption range cannot well fit to the sunlight spectrum, how to improve
the fitness level?

2.1 Definition of Optical Spectroscopy

Within optical spectroscopy methods, there are different branches: emission spectroscopy,
absorption spectroscopy, and scattering spectroscopy.

In general, absorption spectroscopy is a study of the wavelengths of light the substance absorbs,
the extent of absorption, the reasons why absorption happens. The object of research is
essentially molecular. Absorption spectroscopy has a broad range, from about 10 nm to 1000
micron. In the range of 200 nm to 800 nm, solid, liquid and solution absorption can be observed. In
this paper, one of the main tasks is to test the absorption spectrum of dye(uv-vis). Hence the
previously introduced research method is used as absorption spectrum. In Chapter 4, the testing
absorption spectrum of dye is explained in details

2.2 Spectrum of Dye Molecule

Silicon, as a semiconductor material, has photoelectric properties. However, the cost of silicon is
high. TiO2 is cheaper compare to silicon, but the absorption of photons since 400nm is very low.
Thereby, dye molecules were introduced to increase the absorption range of the spectrum.

Figure 2.2 Principle of DSSC
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Photons from sunlight has energy which can be absorbed from dye molecules. Electrons in dye
molecules excited from HOMO to LUMO, HOMO and LUMO are acronyms for highest occupied
molecular orbital and lowest unoccupied molecular orbital, respectively. [29]Electrons can be
transferred from dye molecules to TiO2. From the TiO2 substrate, electrons move to the
transparent conducting electrode and then move out into out circuit. [15]

The main function of DSSC is to absorb sunlight and convert it to electricity. Hence, the key point is
whether the dye absorption spectrum fits to the solar spectrum. The solar spectrum is presented
as follows:

Figure 2.3 Solar spectrum [33]

The figure shows that sunlight has high intensity in the range of visible light and infra-red light. In
the visible range, the light intensity gradually increases. In infra-red range(red area), the sunlight
keeps large energy.

For the normal dye absorption spectrum, here is an example:

Two typical dyes are N3 dye and black dye. The structures are displayed as follows:
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Figure 2.4 Structures of the ruthenium-based dyes N3 and‘black dye’ developed by the Grätzel group[30]

N3 dye (RuL2(NCS)2) responds to light from 400 to 800 nm, and black dye (RuL’(NCS)3) responds
to the near-IR region up to 950 nm.

Figure 2.5 Absorption spectra of N3 dye and black dye represented by absorbance and light-harvesting efficiency,
1–T (T : transmittance): ( ) N3 dye, ( --- ) black dye[22]

Figure 2.5 shows two normal dyes, N3 dye (RuL2(NCS)2) and black dye (RuL’ (NCS)3), absorption
spectrum by absorbance and light-harvesting efficiency.

A general spectrum system is displayed below:
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Figure 2.6 Schematic diagram of optical path diagram

A general simple spectrum system is presented as follows:

III 0

where 0I is the incident light intensity, I is the outgoing light intensity, I is the reduced beam

intensity(including the beam intensity absorbed by the sample and the container, and the
reflection from the container).

I can be achieved:

)1(0 TII 

where T is transmission coefficient and I is a constant contains container absorption and
reflection, which can be ignored.

xeII  0

where    is absorption coefficient that depends on wavelengthλ . x is the thickness of

sample.

 

T
x

TTe
I
IT x

1ln

1
0



 





It explains the reason that in Fig. 2.5, absorbance I and (1-T) curves have the same trend but
different intensities.

The absorb spectrum of normal dyes, has good absorption in the visible and infra-red regions.
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3 Experimental system

This experimental system is mainly made by Horiba company. The Schematic diagram of
experiment is placed below:

Figure 3.1 Schematic diagram of experiment system

As is shown in Figure3.1, the system is composed of light source, monochromator, optical chopper,
lock-in amplifier, detectors and PC. Light is generated from the light source and is than transmitted
to the monochromator. The beam incident from the monochromator is monochromatic light and
injected into a slit。One part of the light is detected by a photo detector(PD) as a reference light,
the other part is used as a test light. After the test light goes through the sample, the absorption
light intensity can be detected by a second PD. The information can be seen from the computer.
The optical chopper and lock-in amplifier are used to reduce the noise.

3.1 Light Source

A Xe lamp( FL-1039) is used here as a light source:

Type of
lamp

Power of lamp Wave length range

FL-1039 450W Xe Light Source with Power Supply and
Lamp Housing.

250-2500 nm Ozone free
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Table 3.1 Light sourse parameters

The light source spectrum is displayed below.

Figure 3.2 Xenon light source spectrum [26]

From Figure 3.2, it can be seen that the light spectrum has a very wide range, which is similar to
that of solar spectrum. There are some peaks located after 800nm. In the experiment, it can be
adjusted by normalization.

The reason for taking this light source is because that we want a fully covered spectrum to
simulate the sunlight. Xenon light spectrum provides a very good visible light, from 400nm to
750nm.

3.2 Monochromator

In the experiment, a monochromator( Horiba iHR320 is a Czerny–Turner monochromator) is used
for the purpose of extraction of monochromatic light.
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(a) (b)

Figure 3.3 (a) Internal structure of Horiba iHR320 [23] (b) Simple structure diagram of monochromator

Figure3.3 (a) showed the structure of the monochromator and Figure3.3(b) is just the simplified
structure of Figure3.3(a). Normal structure of monochromator(Figure3.3 (b) above), light from the
light source incident to slit S1, after the objective mirror M1, become parallel light. The parallel
light incidence passes through the grating. After refraction (diffraction) and objective mirror M2,
images in the focal plane of M2. If a slit S2 is put on the focal plane, rotating the grating, the
instrument can have different wavelengths of monochromatic exit light. Comparing two diagrams,
the grating in Figure3.3(b) is substituted with three diffraction gratings: 600/mm, 1200/mm and
1800/mm.

The iHR320 is actually a Spectrograph, if the slit S2 changed to a CCD. Then, ithe spectrum of the
incident beam can be detected.

A typical reflection grating structure is shown below:
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Figure 3.4 Diffraction grating

When parallel incident rays has an angel α, the grating equation becomes:

)sin(sin   dm

where β is the angle between the diffracted ray and the grating's normal vector, d is the distance

from the center of one slit to the center of the adjacent slit, and m is an integer representing the
propagation-mode of interest.[32]

To calculate the differentiation of λ, same as
0

d
da

, the angular dispersion becomes:




cosd
m

d
d


,

Hence, if the grating constant d decreases( the groove density N increase), the angular dispersion
increases.

The resolution here is :

NmR 

where N is groove density of the grating. Thus using higher value of N gives better resolution.

http://en.wikipedia.org/wiki/Normal_(geometry)
http://en.wikipedia.org/wiki/Integer
http://www.iciba.com/angular_dispersion
http://www.iciba.com/grating_constant
http://www.iciba.com/angular_dispersion
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3.3 Detector

Two same silicon photodiodes are used here( from EOS company S-025). The Operating
Wavelength of the photodiode is from 300-1000nm and the typical spectral response spectrum
can be seen below:

Figure 3.5 Sensitivity curve ( red, S-series)[24]

In this figure, there are two curves, the red one and the blue one. Only the red one ( S-series) is used in
the experiment. It has the highest sensitivity around wavelength 925nm. The dark currency is 5nA and
the rising time is less than 50ns. [31]

3.4 Optical Chopper and Lock-In Amplifier

For normal noise processing, there are usually two kinds of methods: by optical chopper or
frequency jittering. In this experiment, the optical chopper is applied.

A C-995 Optical Chopper from TTI is used in the experiments.
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Figure 3.6 C-995 Optical Chopper [28]

By using a high speed spinning slot blade, the DC light signals can be changed into AC signals
(Figure 3.6). The frequency of AC signal is adjusted by the rotating speed of blade and numbers of
the slot. This frequency is used as the reference frequency for the lock-in amplifier.

In the experiment, the Lock-In Amplifier SR810 is used. This instrument uses digital signal
processing (DSP) to replace the demodulators, output filters, and amplifiers found in conventional
lock-ins.

Figure 3.7 Lock-in amplifier, SR810.

SR810 is a single channel lock-in amplifier. Its function is to detect the signals having the same
reference signal (Other signals like noise can be filtered out). The principle is presented as
follows：

The measured signal after modulation (frequency is ω), Es and Er are prescribed as input signal
(with noise) and the reference signal:
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Here,  is the noise frequency and  is initial phase.
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only the DC part of <Eout> is leaved . The output is:
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When
090 , the output to the minimum value. When 0 , the output to the maximum value

of
002

1
rs EE
. It means that the phase is locked. The locked valuable signal can be amplified by the

output amplifier. Thus, the noise is suppressed.
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4 Experiments

4.1 Sample Preparation

TPAC dye powder, introduced by doctor Shun Yu, is dark red powder. Its chemical structure is
showed below

Figure 4.1 TPAC dye powder (up) and molecular structure(down)[15]

In the experiments, the same powder was prepared in two different property samples: dye film
and dye solution.

Dye film is made by dissolving the dye powder in acetone, and spraying the liquid in a vacuum
injection chamber to a thin glass plate.
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Figure 4.2 Vacuum injection chamber

The chamber is connected to vacuum pumps. By different vacuum levels, the liquid can be
pumped through the chamber on the thin plate and dried out as a film layer.

Figure 4.3 Sketch of the vacuum system

The liquid sample is made by maximally dissolving dye powder into acetone. The testing sample is
filled in a Sapphire Rectangular bottle.
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4.2 Testing of Absorption Spectrum

The light source is a Xenon light. For the purpose of a stable light source, the lamp was lighted 4-5
hours before it was used. A Horiba iHR320 monochromator was connected to the lamp.
Detectors(Is1 and Is2) were connected for getting the monochromatic light. All the signals got
from detectors were transfered to a lock-in amplifier.

For the purpose of reducing signal noises, the lock-in-amplifier was used. The detailed principle of
the lock-in-amplifier is explained in chapter 3. The integral of the lock-in-amplifier largely reduces
the noises. The testing system is setup as Fig. 3.1.

4.3 Testing Results

Within the monochromator scanning range, by using different test samples, some spectrums can
be obtained:

4.3.1 Spectrum of Light Source

In the same testing condition mentioned before, test has been done by putting no sample. Hence,
the testing result is actually the spectrum of light source under the condition of air. The result is
plotted below:

Figure 4.4 Spectrum of light source (under the condition of air)

However, there are some special structures in the curve, such as peaks. This can disturb the
detection of the sample absorption.

For the purpose of reducing disturbance from the light source, we used two detectors: PD1 for
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reference beam intensity 1SI and PD2 for probe beam intensity 2SI .

Figure 4.5 Diagram of light path

At first, we ratio the data of reference beam intensity and the probe beam intensity without
sample, which can be graphed as below:

Figure 4.6 Ratio between probe beam intensity and reference beam intensity.

The curve(see Fig.4.6) is basically a horizontal line. It demonstrates, in the testing wavelength
range, there is very small differences between probe beam intensity and reference beam intensity.
Hence, the disturbance from the light source can be eliminated.
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4.3.2 Transmission Spectrum of Dye

Then, the sample was changed into a sapphire cuvette with dye(TPAC) acetone solution. The
transmission spectrum was detected:

Figure 4.7 Optical absorption in spectrum in TPAC solution

In the range around 450-500nm, TPAC solution has a very strong absorption. In the range of 550-
750, the absorption keeps in a low level.

4.3.3 Transmission Spectrum of Dry Film

The other sample was made in the vacuum injection chamber, as a thin layer dry film on a glass.
The absoption spectrum of the film was detected:
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Figure 4.8 Optical absorption in spectrum in TPAC dry film

It can be seen from Figure 4.8, in the range around 450-500nm, TPAC solution has a very strong
absorption. In the range of 550-750, the absorption keeps in a low level. Compared with Figure 4.7,
the curve moved left. It might be due to the difference between dry film and solution. Both Figure
4.7 and 4.8 can be combined into one figure:

Figure 4.9 Optical spectrum in TPAC solution and dry film.



Figure 4.9 Optical spectrum in TPAC solution and dry film.

The photon energy is:
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where, E1 is the photon energy from TPAC solution,E2 is the photon energy from TPAC dry

film, λ 1 and λ 2 are the middle point wavelength of intensity from the two curves,

respectively. λ2=495nm, λ2=520nm. We have:
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5 Conclusions

Under the increasing pressure of the shortage of fuel and the air pollution, how to make an 
efficient and economic use of the solar energy is a burning question. The Swiss Scientist Michael 
Gratzel advanced the Dye sensitized solar cell(DSSC). DSSC is a simple and feasible solution to this
energy problem. The main purpose of this thesis is to look for a proper kind of dye to be used for 
DSSC.

A spectrum is adopted as a method to explore the proportion of the sun light absorbed by dye.
Molecules of dye in a nano particle state was selected as a testing material. The absorption 
spectrum of the dye was tested in the acetone solution and on a nano film sprayed in vacuum. The
solar energy absorption rate of the dye was attested.

The research method and testing process for spectrum absorption was elaborately described. Xe 
lamp(FL-1039) with the similar sunlight spectrum was used as a light source. iHR320 
monochrometer device outputs monochromatic light. The noise of the spectrum signal made by
the dye absorption was filtered through lock-in amplifier SR810. The dye absorption spectrum was
clearly observed. The absorption peak was located in the strong radiation zone in the sun light 
spectrum, which indicates that the dye can absorb the most possible amount of solar energy.

Another important observation is that the dye absorption in the solution is almost as same as that 
of the film, which suggests that the molecule constructions are almost stable and have no
variations in these two states.
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stabilize the lamp.
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1. The Lock-in amplify can be set as below:

2. Quick start:

This bottom is a quick start of doing experiment from the previous experiment setup.

If want to change the setting, go to Collect=> Experiment Setup.

After press OK, the scan of the spectrum will start:
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3. Produce spectrum:

Starting to produce spectrum:

After finish:
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4. Process data:

There is data of the spectrum can be found:

Select one of the column:
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Right click=》 plot, or press"set the colume value "to do some change, or normalize forexample:

Adjust table parameters:
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