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There is a high impact of the solar cells on energy manufacturing. For several years the energy efficiency
was limited due to base-materials’ structural and technological limits. High increase of energy harvest-
ing of solar cells has been observed since the first solar cell based on dye-sensitized colloidal TiO, films
occurred. One of the most promising solutions are used quantum dots (QD) for light energy conversion. In
this paper, we described the use of selected characterization techniques for sandwich-type TiO,/QD com-
posites for a low-cost quantum dots’ solar cell in the point of view of mass manufacturer of solar cells and
research and development laboratory. Moreover, the increasing role of Raman spectroscopy and mapping
for the TiO,/QD was presented and compared with other necessity techniques for solar cell investigations
such as ellipsometry, atomic force microscopy (AFM), and secondary ion mass spectrometry (SIMS).

© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

High increase of electrical devices on daily use brings high
demand of the electricity production. On the other side, traditional
power resources strongly decrease. One of the solutions is sun-
light harvesting by solar cells. For several years, the common use
of solar cells was limited by high costs and low efficiency. In 1991
O’Regan and Michael Grdtzel proposed a low-cost, high-efficiency
solar cell based on dye-sensitized colloidal TiO, films [1] which are
now called dye-sensitized solar cells (DSSC).

DSSC cells consist of sensitizing dye, transparent conducting
substrates (F-doped tin oxide), nanometer-sized TiO, [2] film,
iodide electrolyte, and counter electrode (Pt or carbon). When a dye
molecule absorbs light, it excites electrons on the highest occupied
molecular orbital to the lowest unoccupied molecular orbital. The
excited dye molecule injects an electron into the conducting band
of the TiO,, film. The oxidized dye is restored by electron donation
from the reducing ions in the electrolyte, usually being an organic
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solvent containing a redox system. The donated electron is in turn
regenerated by the reduction of conjugated ions in the electrolytes.
The circuit is competed by electron migration through an external
load [3]. In this kind of a solar cell, TiO, plays a very essential role.

Itis evident that the specific structure of the TiO, layer may have
an influence on increasing the efficiency of DSSCs. Therefore, many
specific TiO, nanostructures were studied theoretically [4] and
practically [5-7], to name just a few like nanofibre-nanoparticle
composite electrodes [8], nanowire-based composite electrodes
[9,10], nanofibre based electrodes [11], nanorods - nanoparticle-
based composite electrodes [12], nanoparticle- nanowire com-
posite electrodes [13], TiO, nanowires, and highly ordered TiO,
nanotube arrays [14]. The dye-sensitized nanocrystalline TiO, film
plays an important role in a DSSC. There are many methods for
preparing TiO, thin films on the conductive side of fluorine-doped
tin oxide (FTO) glasses: sol-gel method [13], physical vapor deposi-
tion (PVD)[15], liquid phase deposition[16], a spin-coating method
[17], and screen printing technology [18,19]. Compared with other
methods, the film thickness can be easily controlled in screen print-
ing by the selection of paste composition, screen mesh size and
printing times.

The most intensive progress with DSSC is observed in recent
years, while quantum dots (QD) are used for light energy conversion
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[20,21]. The systems named quantum dots’ solar cell (QDSC) brings
new opportunities according to QD size-tunable optical properties
[22,23]. Raman spectrometry is useful to verify the presence, dis-
tribution or structure [24] of additives of nanocomponents, such as
graphene oxide [25,26], fluorite structure-metal-dioxide of CeO,
[27]and SnO, [28] particles or modified CdS:Zn quantum dots [29].
Raman techniques are adequate for surface mapping of solar cells
to evaluate the homogeneity of the structure [30].

From the mass manufacturer’s point of view, the relation
between manufacturing costs and profits plays a key role. The sec-
ond main factor is easy access for the main suppliers of the critical
product components and their ability to supply the same qual-
ity products. It is especially important when new nanomaterials,
such as quantum dots are used. For that reason, in this paper, we
decided to present the investigations of QDSC photovoltaic sys-
tem which is based on quite easy access commercially available
materials, such as titania paste and Zn-Cu-In-S/ZnS quantum dots.
Moreover, we have described the results obtained from the most
important characterization techniques used by research and devel-
opment department of the new designed QDSC. The presented
Raman spectroscopy, microscopic, secondary ion mass spectrome-
try, and ellipsometry techniques bring a quick answer to the main
question: is the proposed system worth to deeper investigations
and could it be applied for mass production. Furthermore, our
results show that the Raman techniques might play a key role
in rapid measurements in innovative research and development
centers.

2. Materials and methods
2.1. Materials

Titanium dioxide layer was made using Dyesol’s 18NR-T Trans-
parent Titania Paste. The crystal structure was 99% of anatase with
the particles size of approximately 20 nm in diameter. The viscos-
ity of the paste is between 40,000-55,000 mPa s. Dyesol’s 18NR-T
Transparent Titania Paste has highly dispersed and stable anatase
nanoparticles and is optimized for screen printing using a synthetic
43T mesh screen.

Commercially available Zn-Cu-In-S/ZnS quantum dots were
purchased from PlasmaChem Gmbh. The used QD were cadmium
free, coated with hydrophobic organic ligands soluble in toluene.
The emission peak width full with of half maximum (FWHM) was
ca. 100 nm and large Stokes shift ca. 120 nm. Typical quantum yield
for QD was 40-70 % with diameter 4-5 nm.

2.2. Samples preparation

In this study, triple layer sandwich-type samples’ TiO,/QD com-
posites were prepared during the three-step procedure (see Fig. 1).
First, as a groundwork a 1 mm thick float glass covered by transpar-
ent conductive oxide (TCO) layer, in this case, CVD deposited FTO
was used. In the second step, on the top of the FTO layer, the TiO,
layer was made using a screen printing technique. Finally above
the TiO,, quantum dots (QDs) were deposited using the deposition
technique: n-areo.

2.3. Methods

The surface investigations were performed using high-
resolution scanning electron (SEM), atomic force microscopy
(AFM), and secondary ion mass spectroscopy (SIMS). Optical mea-
surements were done using Ellipsometry and Raman spectroscopy
to investigate thickness, optical and electrical parameters, as well
as phase identification.
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Fig. 1. Schematic representation of the structure of QDSC.

Scanning electron microscope (SEM) FEI Verios for sample imag-
ing was used. The SEM was equipped with in-column backscatter
detector (ICD) which provides no loss material contrast, mirror
detector (MD) which provides low loss material contrast, ICD detec-
tor enabling low kV resolution at high immersion ratios, and energy
dispersive spectroscopy (EDS) detectors. The images were regis-
tered at the accelerating voltage varied from 1 to 2 keV and working
distance between 2 and 4 mm.

AFM measurements were done using AFM Agilent 750 sys-
tem which provides spatial information parallel and perpendicular
to the surface. In addition to topographic high-resolution infor-
mation, local material properties such as adhesion and stiffness
can be investigated by analyzing tip-sample interaction forces.
System equipped with five 24-bit scan drives for high resolution
and accuracy, two 24-bit output channels for controlling imaging
parameters. The scanning range is formed of 9 pm x 9 wm up to
90 pm x 90 wm, Z range of 8 wum and the vertical noise of 0.5 ARMS.
Measurements were done in room temperature in a tipping mode
set-up.

SIMS (secondary ion mass spectrometry) investigations were
made using TOF SIMS system from ION-TOF equipped with a reflec-
tron TOF analyser giving high secondary ion transmission with high
mass resolution and sample chamber with a 5-axis manipulator (X,
y, z, rotation and tilt) for flexible navigation, a fast entry load-lock,
charge compensation for the analysis of insulators.

RAMAN - for the TiO,/QDs composites structure investiga-
tions, Raman spectra were obtained by LabRam HR system from
Horiba. A Helium-Neon (HeNe) laser with an excitation wavelength
A=632.8nm of the internal 177 mW was used. The system was
equipped with a confocal microscope coupled to an 800 mm focal
length achromatic spectrograph and a two-dimensional multichan-
nel CCD camera. Measurements were done in room temperature.

Ellipsometry - the electric and optical parameters, as well as
the thickness of the layer were studied using the SE-2000 modular
optical platform including a spectroscopic ellipsometer with rotat-
ing compensator optics. Non-contact and non-destructive optical
measurements on substrates, single layer and multi-layer samples
to obtain individual thin film thickness and optical properties were
done. Measurements were performed in room temperature in a
spectral range of 250-1100 nm and an angle fixed at 70°.

3. Results and discussion
3.1. Surface and size investigations
The presented layer was made using screen printing technol-

ogy and the thickness of the layer was estimated to be in the
range of 5 wm according to the deposition process. Substrate for
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500 nm

FEI Verios 4601

Fig. 2. SEM images: A. surface topography of TiO, taken using SE detector with a
magnification of 100kx, B. surface topography of TiO, layer with QDs on the top took
using SE detector with a magnification of 200kx, C. surface topography of TCO took
using SE detector with a magnification of 50kx.

the TiO, deposition was glass coated with FTO thin layer with a
thickness of around 600 nm, what is a widely used architecture for
the building of a DSSC or QDs solar cell. A typical picture of TiO,
and TCO topography with different magnification is shown in Figs.
2A, 2B, 2C. High magnification and high-resolution images show a
mesoporous structure of the TiO, layer (Figs. 3A, 3B). This kind of
structure is favorable for both DSSC and QDSC regarding the fact
that the absorber is either liquid in case of DSSC or small particles
in case of QDSC. The accelerating voltage was fixed on 2 keV for TCO
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and TiO;, and 0.8 keV for QDs layer, the working distance between
4.1 and 2 mm. Since the TiO, layer is a low conducting material a
charge accumulation effect was observed, in order to overcome the
effect on the imaging a drift correction function was used.

One can clearly see the typical structure of the transparent con-
ductive layer (Fig. 2C) composed with crystallites closely linked.
Since TCO is a conductive layer SEM investigation of topography is
easy and one can use even higher accelerating voltage. No inhomo-
geneity in terms of chemical compounds, in this case, was observed
done with higher magnification clearly illustrates the mesoporous
structure of TiO, (Figs. 3A and 3B). This structure and electrical
properties of TiO, makes the measurements difficult and compli-
cates the investigation of nanoparticles (see Fig. 3C).

Nonetheless, since TiO, is widely used the material in photo-
voltaic as a photoanode, finding a way of characterization of QDs
on TiO; is critical. One of the obstacles is the charge accumulation
effect which hardly enables observation of nanostructures such as
quantum dots. In order to overcome this problem it is necessary to
decrease both the accelerating voltage and the current intensity, as
well as use the drift correction feature. Due to these features, we
could obtain a clear good quality image of the material. The size of
the TiO,, crystallites was found to be in the range between around 7
and 20 nm. This difference is a result of used deposition technique
namely screen printing. Quantum dots are visible on the top as a
non-continuous layer. The diameter of the QDs was found to be in
a range of about 6 nm.

AFM measurements done on the samples without and with
QDs shows a slight difference. Clear TiO, layer measured by AFM
shows a mesoporous structure (see Fig. 4A). The crystallites are
sharp edges and the Z contrast ranges up to around 115 nm. One
can notice random distribution of the material with rough surface
topography.

A sample of TiO, after deposition of QDs differs from the clear
TiO, layer (see Fig. 4B). No clear images of QDs are visible nonethe-
less now sharp edges of TiO, are the more rounded shape. This is
attributed to the presence of small in diameter quantum dots which
possible fulfill the holes between the substrate material and stick
to the edges. One can also notice that the roughness of the surface
decreases for the samples with QDs compared to the clear TiO,
layer.

Measurements show that the size of the crystallites ranges from
tens of nanometres up to few hundreds of nanometres. This could
be related to the presence of QDs which linked to the TiO, crystal-
lites form bigger structures. Even though one can assume presence
of QDs because of the difference in topography, AFM does not allow
to estimate the size of quantum dots on a highly rough substrate
such as TiO,. Possible way to measure directly the diameter and
investigate the shape of the QDs is to place them on flat surface, e.g.:
silicon wafer, in this way one should easily obtain the requested
information.

3.2. Structure analysis

SIMS measurements were done on the samples without quan-
tum dots as areference sample (Fig. 5A) and on the samples with the
layer of QDs (Fig. 5B). For both measurements, Cs* as a primary ion
beam with an energy of 10 keV was used. The crater size is 5 x 5 pm.
Figures 5A and 5B show the counts vs. erosion time for all acquired
signals. Erosion time is directly proportional to the depth of the
crater, nonetheless, no profile calibration was done to estimate the
exact depth. One can only say that shorter time corresponds to the
upper part of the sample.

For both profiles the presence of the Ti, C, Na, is easily noticeable.
The main difference one can see between profiles A and B is a pres-
ence of metals such as Zn, Cu, In which are the compounds of the
quantum dots. The occurrence of these elements clearly indicates
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Fig. 3. SEM images of mesoporous structure of TiO,,: A., B., C. sample in the measuring chamber.
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Fig. 4. AFM image of the surface taken from the sample: A. without QDs, B. containing QDs.
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Fig. 5. SIMS profiles for two investigated samples: A. TiO; layer, B. TiO, layer with QDs on the top.
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Fig. 6. Raman spectra of TiO, taken using 6328 nm wavelength as the excitation
source.

that the quantum dots are present on the surface of the sample.
We can see that the presence of these elements is only noticeable
in the first 800 s of the erosion, so we can conclude that quantum
dots are present only on the top of the TiO, and do not penetrate
the mesoporous layer deeply.

A typical structure of TiO, is shown in Fig. 6. Clear peaks allow
to easily identify the polytype, in this case, is anatase. No Inclusion
of other polytypes or significant defects is noticeable. TiO, anatase
is tetragonal and belongs to the space group D!9", 4, (14amid). The
primitive unit cell contains two TiO, chemical units. According to
the factor group analysis, the 15 optical modes have the irreducible
representation 1Ayg, 1Ay, 2B1g, 1Boy, 3 Eg, 2Ey. The modes Ay, Byg,
and E; are Raman active and the modes 1A;, and E, are infrared
active. The By, mode is inactive both in the Raman and infrared

spectra. Raman modes seen in Fig. 4 are assigned to the Raman
spectra of the anatase single crystal [10]: ~144 cm~! (Eg), 197 cm ™!
(Eg),399cm™!, (Byg), 513 cm~! (Agg), 519 cm~! (Byg) and 639 cm ™!
(Eg).

Next Raman measurements were done on the samples con-
taining QDs on the top. Since the layer of QDs is thin and not
homogenous to obtain any trace of the nanoparticles a larger area
of the surface was analyzed using mapping mode (see Fig. 7). Again
clear signature of TiO,, is noticed, as well as a large peak in the range
of 330cm™!. Since in case of anatase we do not expect to see any
peak between 197 cm~! and 399cm~! this peak was assigned to
the presence of quantum dots. The peak appears only for samples
containing QDs and on the area where QDs are expected to be (the
brighter area on the sample).

3.3. Ellipsometry

Thickness, since it one of the key parameters was estimated
using ellipsometry technique. To estimate the thickness of the TiO,
layer, first of all, we measured TCO layer on glass since ellipsomet-
ric measurements done on a complex structure could be difficult
to analyze. The TCO sample was modeled using an already very
complex model, describing the single films using 4 layers in total.
Tables 1 and 2 show a schematic representation of the layers used
for the modeling. The reason is a graded refractive index of the TOC
film. Measurements results are shown in Figs. 8 and 9.

The dispersion of the TCO film was described using a spectral
combination of a Tauc-Lorentz oscillator mode and Drude absorp-
tion. The optical model includes a total number of three individual
TCO sublayers, as well as a roughness on top, to obtain a fairly good
fitting. The real structure of the TCO films seems to be even more
complex. The total TCO (3 * TCO +roughness) film thickness was
determined to d=816 nm.

Next, the stuck of TiO, on TCO was measured. For this, the same
model of TCO was used but this time the TiO, layer on the top was
added asshowninFigs. 10 and 11.The TiO2 / TCO | glass shows high-
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Fig. 7. Raman mapping on the TiO, sample with quantum dots on the top.
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Layer Thickness(nm) Layer type n/k (A=632.8nm)
Air - NK layer n=1.0000

Roughness Air/x0 32.30 Effective medium and interface n=1.3648 k=0.00107
TCO-SC1 37.73 Spectral combination layer n=1.7637 k=0.00231
TCO -SC2 570.22 Spectral combination layer n=1.8830 k=0.04593
TCO-SC3 176.16 Spectral combination layer n=1.8155k=0.26722
Glass - Cauchy layer n=1.5214

Table 2

Schematic representation of the TCO +TiO2 layers used for the modeling.

Layer Thickness(nm) Layer type n/k (A=632.8nm)
Air - NK layer n=1.0000

Roughness 2 32.00 Effective medium and interface n=1.6671

TiO, 5000.00 Tauc-Lorentz layer n=2.4256

Roughness 1 32.30 Effective medium and interface n=2.0860 k=0.00122
TCO-SC1 37.73 Spectral combination layer n=1.7637 k=0.00231
TCO -SC2 570.22 Spectral combination layer n=1.8830 k=0.04593
TCO-SC3 176.16 Spectral combination layer n=1.8155k=0.26722
Glass - Cauchy layer n=1.5214
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Fig. 8. Schematic optical model of the TCO layers along with measured and modeled
(red) PSI.

frequency interference fringes due to the high TiO, film thickness.
These fringes are extremely damped. The reason can be a high film
thickness inhomogeneity.

When TiO, of 5 wm film thickness is introduced into the model,
a huge mismatch between measurement and model is observed.
The damping is too strong to find a reasonable model for that. We
conclude that the ellipsometry is not an optimal technique to esti-
mate the thickness of the TiO, layer made by screen printing. Due
to the issues in the spectral range where the TCO and TiO, are trans-
parent (VIS), the modeling of the QD was tried in the UV spectral
range instead. There, TiO, is opaque and becomes the substrate
material in the optical model, underlying layers become invisible,
and the model becomes simpler. However, a reasonable model was
not found. The reason might be a strong roughness on top if the
TiO, film. Furthermore, the differences in the TiO, film might be
stronger than the influence of the QD layer making it difficult to
find an optical model for the QD layer.
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Fig.9. Schematic optical model of the TCO layers along with measured and modeled
DELTA spectra at an AOI of 50° and 70°.

3.4. Photoluminescence

Photoluminescence measurements were done in room tem-
perature using a 380 nm wavelength as an excitation source. The
signal was acquired by CCD camera. Results of measurements done
on the TiO, layer (blue line) and stack TiO, + QDs (red line) are
shown in Fig. 12. For TiO, layer just a typical signature of this
material is visible. We do not observe any trace of other elements.
Three peaks are clearly visible. The peak at 404 nm is attributed
to the free exciton emission near the fundamental band edge. The
excitonic peak at 419 nm is attributed to the recombination of self-
trapped excitons in anatase TiO,. Peaks in the range of 500-700 nm
are identified as phonon replicas in anatase TiO, and arise from
the excitonic e-—h*recombination via oxygen vacancies. Since the
measurements were done in room temperature and low spectral
resolution, it’s not possible to well resolve all peaks of excitonic
and band-band transitions.
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Fig. 11. Schematic optical model of the TCO +TiO; layers along with measured and
modeled DELTA spectra at an AOI of 50° and 70°.

Red line corresponds to the samples containing quantum dots
on the top. An intense peak appears at 521 nm. Since we did not
observe it for clear TiO, layer, we conclude then this peak comes
from the presence of quantum dots. In addition in case of anatase
or even rutile typical PL bands appear as a peak in the range of
400-490 nm arising from an excitonic e~ —h*recombination via
oxygen vacancies, so we do not expect to see any features at 521 nm.
This clearly points at the presence of QDs.

4. Conclusions

In this work, we present a complex analysis of TiO, anatase
layer and TiO, + QDs. A wide range of techniques was used in
order to obtain detailed information about the measured layer. It
was shown that complementary study is necessary for clear and
unquestionable identification of nanoparticles on the mesoporous
structure such as TiO,. We showed that both structural and spec-
tral analysis are equally useful regarding the required information.
All technique is considered being complimentary and can provide
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Fig. 12. Photoluminescence spectra taken on samples TiO; (blue line) and samples
with QDs (red line).

additional information concerning distribution, size, optical and
electrical parameters for substrate and quantum dots.
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