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1 Introduction 

In recent years organic/inorganic hybrid structures, such as perovskite, 
attracted a lot of attention. Huge variety of potential combinations of materials 
and tunability of a  band gap and other elsewhere described properties [1], 
continuously improving efficiency of perovskite solar cells (SCs) [2]. 
However, perovskite films are still unstable and often contains toxic elements, 
such as lead. Nevertheless, fabrication techniques for perovskite SCs might be 
complicated, especially, when considering large scale fabrication techniques 
such as spray coating [3]. Moreover, an expensive hole transport material 
(HTM) is required, which is usually sensitive to oxygen and water vapor 
interaction and even interacts with metal contact on a top [4].  

One of possible alternatives to perovskite for SCs could be the quaternary 
direct bandgap semiconductors such as copper zinc tin sulfide (CZTS), 
selenide (CZTSSe) and mixed chalcogenide (Cu2ZnSn(SxSe1-x)4) (CZTSSe). 
These materials are considered to be promising materials for the production 
of efficient and inexpensive solar cells [5], [6]. These Earth-abundant and non-
toxic chemical composition of elements and possess excellent intrinsic 
properties, such as high absorption coefficients of about 104 cm-1, tunable 
band-gap (1−1.5 eV) and easy processability [7]. Usually, CZTS SC structure 
contains semiconductor absorber between Mo back contact and the top buffer 
layer (CdS or ZnS) and transparent conducting oxide bi-layer [8], [9]. 
However, this structure has some limitations: it is costly, poor stability and 
incompatible for tandem SCs application. To overcome these drawbacks, 
kesterite SCs can be processed in superstrate configuration as an alternative. 
For non-kesterite SCs a superstrate configuration is often referred as an 
inverted configuration. In this architecture, back contact is transparent 
conductive glass (FTO or ITO) electrode, onto which all electron transporting, 
photoactive CZTS and HTM layers are deposited [10], [11].  

One of the most common HTM for organic/inorganic SC is Spiro-
OMeTAD, however, it is relatively unstable and expensive [4]. The cheaper 
HTM replacement for Spiro- OMeTAD would make organic/inorganic SCs 
more attractive to develop. i.e., a developed HTM should be compatible with 
CZTS and perovskite SC, as these light harvesting materials have similar 
energy levels of the highest occupied molecular orbital level (HOMO) and  the 
lowest unoccupied molecular orbital (LUMO) levels [12]. Fluorene based 
HTMs are promising charge transport substance -relatively cheap synthesis 
and tunability allows to develop cross-linking HTMs. Cross-linking enables 
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multilayered structures without orthogonal solvents, higher stability, 
longevity [13].  

 However, finding out the right molecular structure and synthesis processes 
are time consuming tasks and, moreover, testing all these HTMs in the real 
device would be an ordeal. Straightforward and reliable techniques to select 
compatible HTMs materials are to evaluate charge transport properties by the 
xerographic time-of-flight (XTOF) and ionization potential by photoelectron 
emission spectroscopy in air (PYSA) in bulk layer. These methods allow to 
determine two important properties of HTM: charge carrier mobility (ߤ) and 
HOMO energy level. These parameters impact power conversion efficiency 
(PCE) of SC, open circuit voltage (Voc) and short-circuit current (Jsc) [14]. 

 A depositions technique plays important role for CZTS. CZTS layer can 
be formed employing vacuum or non-vacuum deposition technique. Both 
techniques have their merits and demerits. The vacuum deposition techniques 
allow to obtain a high quality CZTS films, but they are expensive, some 
materials are unstable at high deposition temperatures, it is also difficult to 
control the ratio of elements in CZTS composition. On the other hand,         
non-vacuum growing techniques, such as spray pyrolysis [15], spin coating 
[16], ink printing [17] and electrochemical deposition [18] are versatile, 
straightforward and inexpensive. Thus, currently the challenge is to fabricate 
high quality CZTS films for the superstrate configuration using non-vacuum 
deposition technique. Furthermore, the other difficulty is the fabrication of 
complete CZTS SC using scalable deposition technique, such as spray 
coating. 

The combination of straightforward and reliable characterization methods 
of organic materials, the creation of preeminent HTMs and development of 
scalable, non-toxic SCs active layer in effect can lead towards next generation 
of organic/inorganic SCs. 

1.1  Aim and objectives 

The aim of the dissertation is to evolve fluorene based HTMs, that would 
be suitable for organic/ inorganic structures used in photovoltaic applications. 
Desired features of HTMs can be achieved by improving characterization 
methods for organic materials, enhancing development of HTMs and 
development of inorganic SC fabrication technique. The following tasks were 
set to achieve introduced aim of the work: 

1. To develop the new high sensitivity (~10-19A) apparatus for ionization 
potential (Ip) measurements in organic and inorganic materials. 
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2. To develop the new method of photoemission spectrum analysis that 
would allow a detailed study of the structure of energy levels in organic 
semiconductors. 

3. To evaluate Ip and ࣆ for fluorene based organic HTMs in order to 
identify HTMs suitable for organic/inorganic SCs. 

4. To develop SC, consisting of inorganic light harvesting layers, suitable 
for cross-linkable fluorene based HTMs and estimate the main 
parameters of developed SC. 

1.2 Novelty and relevance 

In a search of new, cheap, efficient and reliable organic HTMs for SCs 
fabrication, there is a need for straightforward, informative and simple 
characterization methods to estimate Ip and ߤ. Ip parameter gives important 
information about compatibility of different materials in terms of energy 
levels.  The absence of accurate Ip value would lead to insufficient engineering 
of SC – as Ip can be approximated as HOMO level; incompatible HOMO 
levels between different materials would lead to inefficient charge extraction 
towards contacts in SC. PYSA for organic materials is relatively well known 
method [19]. If electrometer is used to estimate photocurrent like described in 
[20], it usually has a threshold of around 10-15-10-16 A.  It means, that the 
information about accurate value of Ip may be lost. On the other hand,  
commercial systems like Riken-Keiki’s AC-2 [21] and AC-3 [22] are more 
sensitive than the systems based on electrometer, however, they use 
suppressor grids along with pulse generators for quenching and false pulse 
elimination. The above described systems cause 3ms dead time of the counter, 
which leads to less than 300 electrons per second of maximum possible 
detection rate. A new method was developed to overcome these defined 
issues. 

Most of well performing and commercially available HTMs, i.e.           
Spiro-OMeTAD, are expensive to produce: multistep synthesis procedures, 
expensive reagents and costly purification methods [23]–[25]. Development 
of less costly and easier to synthesize HTMs with performance comparable or 
better than that of Spiro-OMeTAD is a leap towards more effective and 
cheaper organic/inorganic SCs. The development process is strongly 
connected with characterization methods of these materials. ߤ is important 
parameter of transport layers, as it directly impacts efficiency of SC. The 
higher ߤ is, the higher probability to extract more charge carries towards 
contacts of SC, leading to higher Jsc. Common techniques to estimate mobility 
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for organic materials are analysis of Volt-Ampere characteristics (VACh), 
field effect transistor (FET) transfer and output characteristics analysis, time 
of flight (TOF) and charge extraction by linearly increasing voltage (CELIV). 
However, VACh analysis is not accurate and reliable technique, FET 
fabrication requires specific sample structure, while a sample fabricated for 
TOF or CELIV will have at least two conductive contacts and one of the 
contacts will be thermally evaporated metal contact on top of an organic 
material.  Since the evaporated contact will have specific geometry and 
placement, it will provide the information only from small portion of the 
sample. Moreover, evaporation process might defect whole sample or contact 
area, since increased temperature or evaporated metal might accelerate a 
crystallization process of HTM. XTOF examines whole surface of a sample 
(cm2 range) without second metal contact, the results are less affected by 
defects of the surface, in comparison to relatively small area of evaporated 
metal contact (mm2 range). 

As the production of any SC consist of many steps, therefore the main goals 
are to make the production as simple, safe and cheap as possible. CZTSSe is 
perspective composition of materials and has potential to fulfill desired goals 
– it is non-toxic, spray coating is applicable for layer deposition, preparation 
of a solution is simple and materials are relatively cheap [5], [26]. A cross-
linkable fluorene based HTM could be used on top, because CZTSSe films 
can withstand high temperature. Fluorene based HTMs have relatively high 
cross-linking temperature point, which is too high for perovskite films or 
requires inverted architecture [27].  

The use of all improvements and techniques mentioned above, enables the 
search of the new generation of SCs devices.   

1.3  Statements of dissertation 

1. The developed apparatus for the estimation of ionization potential in the 
mixture of air with Ar and CH4 allows to register up to 104 times weaker 
current in comparison to electrometer measurements. 

2. Photoemission yield spectrum plotted as (dY/d(hν))1/2 allows to detect 
more energy levels than just HOMO level, in comparison with most 
frequently used Y1/n plot. 

3. Methoxydiphenylamine-substituted fluorene derivatives HTM4 and 
HTM5 with alkyl groups at para positions of the triphenylamine moiety 
have similar hole mobility, ionization potential values and performance 
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in perovskite solar cells in comparison with Spiro-OMeTAD, however 
the synthesis of them requires only two steps instead of five.  

4. Fluorene-based cross-linkable enamines HTM6 and HTM7 are suitable 
for multilayered structure without usage of orthogonal solvents. HTM6 
and HTM7 demonstrate comparable to or higher hole mobility values 
than Spiro-OMeTAD. These HTMs have suitable ionization potential 
and cross-linking temperature for CZTSSe solar cells.  

5. The solar cell of superstrate configuration 
FTO/TiO2/Cu2ZnSnSe3.2S0.8/Spiro-OMeTAD /Ag demonstrated power 

conversion efficiency of 3.1%, so far it is the highest reported value for 
the spray pyrolysis deposited superstrate solar cells up to date. 

1.4 Publications related to dissertation 

1. R. Tiazkis, P. Sanghyun, M. Daškevičienė, T. Malinauskas, M. Saliba, 
J. Nekrasovas, V. Jankauskas, Sh. Ahmad, V. Getautis,                          
M. K. Nazeeruddin.  “Methoxydiphenylamine-substituted fluorene 
derivatives as hole transporting materials: role of molecular interaction 
on device photovoltaic performance”, SCIENTIFIC REPORTS, 
Volume 7, 150, DOI: 10.1038/s41598-017-00271-z (2017). 
 

2. M. Franckevičius, V. Pakštas, G. Grincienė, E. Kamarauskas, R. 
Giraitis, J. Nekrasovas, A. Selskis, R. Juškėnas, G. Niaura. “Efficiency 
improvement of superstrate CZTSSe solar cells processed by spray 
pyrolysis approach”, Solar Energy, Volume 185, June 2019, Pages 
283-289. DOI: 10.1016/j.solener.2019.04.072 (2019). 
 

3. J. Nekrasovas, V. Gaidelis, E. Kamarauskas, M. Viliūnas, V.  
Jankauskas. “Photoemission studies of organic semiconducting 
materials using open Geiger-Muller counter”, Journal of Applied 
Physics, 126, 015501. DOI: 10.1063/1.5096070 (2019). 

 
4. D. Vaitukaitytė, A. Al-Ashouri, M. Daškevičienė, E. Kamarauskas, J. 

Nekrasovas, V. Jankauskas, A. Magomedov, S. Albrecht,                         
V. Getautis, “Enamine-Based Cross-Linkable Hole-Transporting 
Materials for Perovskite Solar Cells”, SOLAR RRL, Volume: 5 Issue: 
1, 2000597, DOI: 10.1002/solr.202000597 (2021). 
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J. Nekrasovas, V. Jankauskas, Sh. Ahmad, V. Getautis,                          
M. K. Nazeeruddin, “Charge-transporting properties of 
methoxydiphenylamine-substituted fluorene derivatives as hole 
transporting materials for PSC.”, E-MRS Fall Meeting 2017, p. 146, 
Warsaw University of Technology, Warsaw, Poland, September         
18-21, 2017.  

2. J. Nekrasovas, V. Gaidelis, V. Jankauskas, E. Kamarauskas,                
M. Viliūnas, “Puslaidininkių jonizacijos potencialo matavimas 
Geigerio-Miulerio skaitikliu.”ISBN: 9786094598807 ;                        
DOI: 10.15388/proceedings/LNFK.42, the 42nd Lithuanian national 
Physics Conference, Vilnius, Lithuania, October 4-6, 2017. 

3. J. Nekrasovas, E. Kamarauskas, V. Gaidelis, M. Steponaitis,                
T. Malinauskas,V. Getautis, V. Jankauskas, “Charge transport 
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Lithuanian national Physics Conference, Kaunas, Lithuania, October 
3-5, 2019. 
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nanoGe Fall Meeting19, Berlin, Germany, November 3-8, 2019.  

1.6 Participation in scientific projects 

Research Council of Lithuania, the scientist’s groups project “Investigation 
of the charge carriers transport features in thin multilayered hybrid structures, 
Project No. MIP-091/2015, 2015-2018. 

1.7  Contribution of author 

The author participated in the development and construction processes of 
the new PYSA system and performed all experiments and data analysis using 
PYSA and XTOF methods. The author developed Ip determination using 
(dY/d(hν))1/2 dependence.  The author designed the new spray coating system 
and participated in the development of spray coating technique for the new 
CZTSSe SCs and performed VACh measurements of CZTSSe SCs. The 
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author actively participated in the discussions of the results as well as the 
preparation of the related publications. 

Differential scanning calorimetry (DSC) measurements and synthesis of 
HTM1-HTM7 were carried out in Kaunas University of Technology in the 
research group led by prof. Vytautas Getautis. Prof. Sanghyun Paek and prof. 
Michael Saliba performed fabrication and characterization of SCs with 
HTM1-HTM5. Dr. Amran Al-Ashouri and prof. Steve Albrecht performed 
fabrication and characterization of SCs with HTM6-HTM7. The preparation 
of solutions for CZTS layers, chemical bath deposition (CBD) of CdS, CZTS 
films formation by hand spraying, selenization processes of CZTS films and 
Spiro-OMeTAD deposition for CZTS SC were perfomed by dr. Marius 
Franckevičius, dr.Vidas Pakštas, dr. Giedrė Grincienė, dr. Raimondas Giraitis, 
dr. Algirdas Selskis. 

1.8 Layout of the dissertation 

In chapter 1 the introduction of the dissertation is presented, in which the 
importance of the development of new organic and inorganic structures and 
significance of their characterization methods are pointed out. This is followed 
by the aim and objectives, novelty and relevance and statements of the 
dissertation, the list of publications related to the dissertation, the list of 
presentations in the conferences, the list of scientific projects, where author  
participated and  the contribution of the author to the dissertation.  

In chapter 2 the principal of the photoemission spectroscopy and 
estimation methods of Ip are overviewed. The results of PYSA measurements 
of the new fluorene based HTMs are presented. Ip estimation plot as the 
dependence of (dY/d(hν))1/2 and the new system for PYSA measurements is 
presented. Four well known organic materials were investigated to show 
capabilities of the new system and the new way to estimate Ip.  

In chapter 3 the principal of charge carries transport dynamics in organic 
materials and ߤ estimation method using XTOF are overviewed. The results 
of XTOF measurements of the new fluorene based HTMs are presented. 
VACh results of five materials performance with perovskite SC are shown. 

In chapter 4 theoretical principal of organic materials cross-linking and the 
results of new cross-linkable fluorene-based HTMs of PYSA, XTOF and 
VACh in perovskite SCs are presented. 

In chapter 5 the formation and deposition techniques for CZTSSe SCs are 
explained. Results of VACh of SCs are presented. 

In chapter 6 the conclusions of the dissertation are formulated. 
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2 Determination of Ip 

The electron photoemission is an important tool to investigate energetic 
levels of metals, semiconducting materials, especially organic compounds, 
which are widely used in the development of electronic devices, as SCs, light 
emitting diodes (LEDs), FETs. In all the cases mentioned, the knowledge of 
the energetic levels of the materials is essential for making right choice from 
the wide variety of existing materials or to synthesize new materials with 
desired characteristics. The key question in the evaluation of energetic levels 
is the measurement of Ip. Various methods are used for this purpose, such as 
ultraviolet photoemission spectroscopy (UPS) [28]–[37]  and its modification 
valence band UPS (VB-UPS) [32],[33] electrochemical method of cyclic 
voltammetry (CV) [34],[35], the photoelectron yield spectroscopy (PYS) [36], 
[42]–[46] technique and dual-mode Kelvin probe ambient pressure 
photoemission spectroscopy (PES) technique, which enables to measure both 
contact potential difference between the material investigated and the tip 
electrode of the apparatus as well as ionization potential[47] . It should be 
noted that physical process for PYS is the same as PES, where photoelectrons 
are emitted from the sample surface upon UV irradiation. The photoemission 
event is common for both methods, but the photon energy range and detection 
scheme of photoelectrons are different. The UPS technique is widely used for 
investigations of both metals and non-metals. However, this technique has 
some drawbacks related to the need of performing experiments in high 
vacuum and charging-up of the sample as discussed in [48], [49] . Another 
problem arises from the light sources used in the UPS equipment. The cold 
cathode capillary discharge in He light source UV illumination with the quanta 
energy of 21.2 and 40.8 eV is usually used, which may cause negative effects 
on the specimens investigated. The bond dissociation energy in organic 
molecules is around 6.4 eV (or around 618 kJ/mol in the case of the C-H bonds 
and around 338 kJ/mol for C-C bonds)[50], therefore, the energy of the light 
quanta in the UPS apparatus far exceeds the dissociation of the molecules limit 
and may cause photochemical reactions to change the characteristics of 
samples. In the case of TiO2 the work function change of 0.5 eV was found as 
the result of UV illumination during measurement by UPS technique [48]. The 
electrochemical technique is performed with the materials dissolved in 
organic solvent, while in the electronic devices – the same materials are used 
as solids. Therefore, the CV measurements are useful for comparison of 
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different materials among themselves, but in fact they give little information 
on possible behavior of the materials in the devices. 

PYS is based on the measurement of the quantity of photoelectrons 
released from the sample as a function of the light quanta energy. PYS 
experiments may be performed either in vacuum or in a gas atmosphere, 
including air. The technique based on the photoemission in air are relatively 
easy to perform and are widely used for the evaluation of the ionization 
potential of semiconducting materials or work function of metals[42], [51]–
[54]. 

 
Fig. 1. Principle of photoelectron yield spectroscopy in the case of organic 
materials. Adapted from [55], [56]. 

In Fig. 1 the principle of PYS is showed. The quantum yield of 
photoelectron (Y), which is the number of emitted photoelectrons per photon 
absorbed, is detected as a function of incident photon energy (hν). When 
photon energy is lower than threshold ionization energy, the first region of 
spectra is observed - “0” level (grey). The second region starts at the point, 
where hν becomes slightly greater than ionization energy (red). The third 
region is registered, when hν clearly excess ionization energy (green). After 
all, Y1/n(hν) is plotted, selecting the most suitable value of ݊  to achieve the best 
linearity, as further will be explained in more details. However, the second 
region is hardly to be approximated linearly, even when data is plotted as Y1/n. 
This might lead to some deviation of observed results in literature.  
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In three step model, which is presented in [57] and described in simplified 
form in [29], [55], Photoemission event consists of three steps; (I) optical 
excitation of an electron at initial energy E, (II) electron transport towards the 
surface, and (III) escape through the surface to vacuum. During the steps (II) 
and (III), primary photoelectron suffers from inelastic scattering and 
secondary electrons with lower kinetic energy are produced. Scattering 
processes such as electron–electron and electron–phonon scattering should be 
considered. However, if we focus on the threshold region of PYS plot, 
photoelectrons are mainly primary, and the contribution of secondary 
electrons could be neglected. If distribution of photoelectrons is isotropic, the 
photoemission yield for hν expressed as: 

 

ܻሺ݄ߥሻ ∝ 	
 ܲሺܧ, ܧሻdܧሻܶሺܧሻܺሺߥ݄
ఔ
ா౬ౙ

 ୧ܰ
୭୮୲ఔ


ሺܧ െ ሻߥ݄ ܰ

୭୮୲ሺܧሻdܧ
	,	 

 
(2.1) 

 

where ܲ ሺܧ,  ሻ is the probability of exciting an electron to a state of energyߥ݄
E with photon energy ݄  ሻ is the transmission probability for the electronܧሺܺ ,ߥ

at the level E, ܶሺܧሻ is a surface escape function, ୧ܰ
୭୮୲ and ܰ

୭୮୲ are initial and 

final optical density of states, ܧ୴ୟୡ is the energy of vacuum level of the sample. 
However, determination of the threshold energy is not straightforward, 

because the observed yield shows finite intensity even far below the ionization 
energy. To overcome this issue and to detect the threshold energy Et, the 
threshold region can be fitted by a function form. Fowler showed how to 
estimate work function for metals using the yield function of photoemission 
[58]. For  metals photoemission yield shows Fowler function curve [58] and 
yield curve can be approximated as:  

 
ܻ ∝ ሺ݄ߥ െ  ሻଶ, (2.2)ߔ

where ߔ is wok function.  The yield curve is usually analyzed by using 
power dependence as:  

 
ܻ ∝ ሺ݄ߥ െ  ሻ. (2.3)ܧ

The rule of this method is to find the n value, in order to achieve the best 
linearity of plotted curve. For metals ݊ ൌ 2, however, depending on surface 
properties it can vary among ݊ ൌ 1, ݊ ൌ 3/2, ݊ ൌ 5/2 [59]. For organic 
materials ݊ ൌ 3 is recommended. However, ݊ could vary from 1 to 5 to 
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achieve the proper linear fitting [36], [60]–[62]. Kochi and etl. reported the 
results of experiment for tetracene, where good linearity was achieved for the 
values ݊ ൌ 1; 2; 3; 4	[43]. The number of ݊ should be considered as empirical 
value [42]. 

2.1 Ip determination using an electrometer and Y1/n dependence 

HTMs, which are less costly and easier to synthesize with performance 
comparable or better than Spiro-OMeTAD, were investigated by 
photoelectron yield spectroscopy in air (PYSA) technique [63]. This method 
was first used in [52]. The chemical formulas are shown in Fig. 2. These 
materials were chosen, because in the recent years pervoskite have 
tremendous amount of interest for SCs applications. Many of high efficiency 
SCs were using Spiro-OMeTAD as HTM [64]–[67]. However,                    
Spiro-OMeTAD is expensive material to produce: multistep synthesis 
procedures, expensive reagents and costly purification methods [23]–[25] are 
required.  

Prof. Vytautas Getautis and his work group prepared 5 materials based on 
methoxydiphenylamine-substituted fluorene and triphenylamine fragments 
(Fig. 2): 4-{[2,7-bis(4,4'-dimethoxydiphenylamino)-9H-fluoren-9-
ylidene]methyl}-N,N-diphenylaniline (HTM1), 4-{[2,7-bis(4,4'-
dimethoxydiphenylamino)-9H-fluoren-9-ylidene]methyl}-N,N-diphenyl-2- 
methylaniline (HTM2), 4-{[2,7-bis(4,4'-dimetoxydiphenylamino)-9H-
fluoren-9-ylidene]methyl}-N,N-diphenyl-3-methylaniline (HTM3), 4-{[2,7-
bis(4,4'-dimethoxydiphenylamino)-9]-fluoren-9-ylidene]methyl}-N,N-bis(4-
methylphenyl)aniline (HTM4), 4-{[2,7-bis(4,4'-dimethoxydiphenylamino)-
9H-fluoren-9-ylidene]methyl}-N,N-bis(4-butylphenyl)aniline (HTM5). 
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 HTM1
 

HTM2

 

HTM3 HTM4

 

HTM5

Fig. 2. Structures of the investigated fluorene-based hole transporting 
materials HTM1 - HTM5. 
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  All materials were designed to have Ip around 5 eV. The solid state Ip of the 
layers of the synthesized compounds was measured by PYSA technique using 
the electrometer, as described further. The samples for the ionization potential 
measurement were prepared by dissolving materials in tetrahydrofuran (THF) 
and were coated on Al plates pre-coated with ~0.5 μm thick 
methylmethacrylate and methacrylic acid copolymer adhesive layer. The 
thickness of the transporting material layer was 0.5-1 μm. The samples were 
illuminated with monochromatic light from the quartz monochromator with 
deuterium lamp. The power of the incident light beam was (2-5)8-10ݔ W. The 
negative voltage of –300 V was supplied to the sample substrate. The counter-
electrode with the 4.5×15 mm2 slit for illumination was placed at 8 mm 
distance from the sample surface. The counter-electrode was connected to the 
input of the BK2-16 type electrometer. The setup is described in [52] at length. 
The 10-15 – 10-12 A photocurrent was flowing in the circuit under illumination. 
The photocurrent I is strongly dependent on the incident light photon energy 
ൌ	The ܻ0.5 .ߥ݄ ݂ሺ݄ߥሻ dependence was plotted. The dependence of the 
photocurrent on incident light quanta energy is well described by linear 
relationship between ܻ0.5	and ݄ߥ near the threshold. The linear part of this 
dependence was extrapolated to the ݄ߥ axis and Ip value was determined as 
the photon energy at the interception point. It has to be noted, that the results 
were plotted as a square, not a cubic root, as explained in the beginning of 
section 2.1. The results are shown in Fig. 3 and summarized in Table 1. In  
Fig. 3 red line is fit line for Spiro-OMeTAD data points. Intersection point of 
red line with abscissa is considered as Ip.  
 
Table 1. Estimated Ip values of HTM1-HTM5 and Spiro-OMeTAD. 

Material Ip, (eV±0.1eV) 
HTM1 5.05 
HTM2 5.00 
HTM3 5.00 
HTM4 4.92 
HTM5 5.03 

Spiro-OMeTAD 5.00 
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Fig. 3. Photoemission in air spectra of HTM1-5 and Spiro-OMeTAD. 
Measured with electrometer. 

All HTMs demonstrated similar Ip as Spiro-OMeTAD, as all of them share 
the same methoxydiphenylamine-substituted fluorene main fragment. HTM4 
has slightly lower Ip, which might be diminished by adding two methyl groups 
in para positions of the triphenylamine moiety. The structure/energy level 
dependency is less clearly defined in tightly packed films compared with the 
solvated molecules. Ip values of the HTMs containing alkyl substituents in the 
triphenylamine fragment are lower as compared to the parent derivative 
HTM1.  

Spectrum of HTM2 is depicted in Fig. 4. Linear approximation crosses x-
axis and the crossing point indicates Ip value with assumption that x-axis is “0” 
level. However, if the spectrum is analyzed more carefully, it is visible, that it 
has 3 regions:  

1. ~4.8 - 5eV – dark signal region 
2. ~5 – 5.4 eV – 1st photoemission region 
3. ~5.4 - 6eV– 2nd photoemission region 
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Fig. 4. Photoemission spectrum of the HTM2. Measured with electrometer. 

Published literature reveals that, there are two methods, how to estimate 
the intersection point - Ip value: 1) spectrum’s fit line and abscissa 
intersection point; 2) “0” level’s fit line and spectrum fit line intersection 
point  [36], [61]. If to consider the green line as true “0” level, the value of 
Ip changes by 0.07eV. Moreover, it is visible that, there is kind of transition 
between 1st and 2nd photoemission regions. There are two main reasons for 
loosing track of “0” level or slope changes: low photosensitivity of organic 
material and low sensitivity of electrometer. Fig. 4 shows the slope change 
of spectrum at ~5.4 eV, which on regular basis can be ignored and linear 
approximation is made using whole 5 – 6 eV range. It explains, why it is 
possible to find various publicized Ip values in literature for the same 
material, e.g. for H2Pc values Ip of ranges from 4.95 to 5.1 eV[29], [32], [68]. 

To overcome these issues the home built slow electron counter (EC) was 
made to be used with other supplementary equipment (as described below).   

2.2 Ip determination using open Geiger-Müller counter and 
(dY/d(hν))1/2 dependence 

PYS technique is widely used for the evaluation of the ionization potential 
of semiconducting materials or work function of metals [42], [51]–[54]. The 
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most common technical implementations to measure Ip in air is by using 
electrometer or open electron counter. The authors of the article [51] for the 
measurement of the photoemission yield used an open EC, however, the setup 
has drawbacks as described in more detail in 2.2.1. The authors of the article 
[52] used an electrometer, which measured the electric potential build-up as a 
result of incoming photoelectrons in the capacitance of the input of the 
electrometer. The practice shows that the sensitivity of the available 
electrometers is around 10-16A and it is too low to detect photoemission 
current near the threshold. In such cases the quanta energy, at which the 
current reaches the noise level, may be regarded as the photoemission 
threshold, and this leads to inaccurate evaluation of the ionization potential. 
In order to increase the sensitivity of the measurement, the experiments with 
an open ionization cell working on the principal of Geiger–Müller counter 
were conducted [69]. A photoemission current as low as about one electron 
per second, or around 10-19A, may be detected. The set-up for the Ip 
measurement was developed. Investigations of the photoemission yield in a 
gas mixture under atmospheric pressure were performed for a number of 
materials, some of which are described further. 

2.2.1 An open Geiger-Müller counter for Ip determination 
 
Fast ionized particles like α and β, thus γ rays, are counted using gas 

counters: ionization camera, proportional counter, Geiger–Müller counter 
[70]–[72]. While photoemission occurs during ionization potential 
measurement, emitted electrons are slow, however, they share similar effects 
as fast particles do. In case of slow electron detection, the gases between anode 
and cathode are not ionized and electrons are emitted straight from 
investigated material. Moreover, electric field in ionization camera should be 
kept relatively low to avoid undesirable electron multiplication effects.  

 Plasma is formed in the vicinity of anode of Geiger–Müller counter. In 
this area electron multiplication happens, however, some UV light might be 
generated here. If UV light will reach cathode, it will free up new electrons 
and they will continue this loop further. To avoid this, the material of the 
cathode is to be insensitive to the light emitted, for example it may be coated 
with a layer of material not emitting photoelectrons. The other problem is 
created by the positive gas ions reaching the cathode. There are two ways how 
positive ions can act when cathode is reached: 1) single-atom or double-atom 
molecules usually will become excited and eventually will emit undesirable 
light quanta, which may cause emission of electrons from cathode, which is 
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not desirable 2) multi-atom gases or halogen molecules can lose energy by 
dissociation [71], which is preferable. The other option to avoid these 
unnecessary electrons is to diminish applied voltage on counter for short 
period of time. This method is used in the Riken-Keiki’s spectrometer [21], 
[22], however it slows down the electron counting process. 

Voltage applied to Geiger–Müller counter is sufficient to initiate impact 
ionization processes, this means, that independently to initiative electron 
energy, a signal will be amplified enough to generate strong current, after 
impact ionization occurred. As electrons generated by photoemission won’t 
have enough energy to go through mica window to counter, it should be 
performed in air or gas mixture. 

For the investigation of photoemission at the atmospheric pressure we used 
the scheme working on the principal of Geiger–Müller counter [71]. Our home 
built slow EC consists of the cylinder shape ionization cell with a slit along 
one side of the cylinder for the electrons to enter from the surrounding space 
(Fig. 5). A thin wire runs along the axis of the cylinder, a high positive voltage 
is applied to the wire during cell operation. The voltage of the wire is 
maintained somewhat lower than the corona discharge initiation voltage.  The 
voltage creates electric field of ~105 V/cm on the wire surface. When slow 
electron enters the interior of the cylinder, it is affected by the electric field 
and drifts toward the wire. The avalanche develops in the vicinity of the wire, 
where ionization of the gas molecules takes place in a strong electric field. 
The swift multiplication of the charge carriers increases their number up to 
around 109. The avalanche process ends, when the positive ions form space 
charge in the vicinity of the wire, thus electric field is weakened. 
Subsequently, positive ions drift toward the cathode, where they lose their 
charge. The molecules become neutral and excited [71]. Some of gases, as Ar 
or N2 loose the excitation energy emitting quanta of UV light [71]; these 
quanta may ionise other gas molecules thus creating secondary free electrons, 
which approach the anode and initiate new undesirable avalanches. In order 
to diminish these avalanches, we used high purity mixture of gases, containing 
5 % methane and 95 % argon together with air at a ratio around 1:1. The 
molecules of methane lose the energy by dissociation, working as effective 
quencher of the formation of secondary electrons and false signal pulses.  
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Fig. 5. Electric scheme of electron counter. 

The electric scheme of the EC is shown in Fig. 5. It consists of high voltage 
source (HV), ionization cell and special sample’s holder placed in a closed 
measurement camera as well as amplifier and comparator with optional 
threshold level adjustment. The pulse counter and the experiment are 
controlled by microcontroller, which is operated by PC. The monochromatic 
light enters into the camera through quartz window. If light quanta is absorbed 
by the sample and electron is emitted into the cell the avalanche discharge 
takes place. A short current pulse runs through the cell and the input resistor 
of the amplifier RIN. The rising part of the pulse less than 1 µs long is 
determined by the processes inside the cell and bandwidth of amplifier while 
the falling part, which lasts around 25 µs, is determined by the capacitances 
of the cell, connecting wires, input capacitance of amplifier and resistor RIN. 
After the pulse, the voltage in the cell increases up to the initial value. The 
duration of the voltage recovery is limited by RHV and the capacitance of the 
cell and connecting wires, with the time constant close to 20 µs. The 
registration of the number of signal pulses is mostly limited by the time of the 
electric field redistribution in the cell and other phenomena, such as warming 
up of the gases in the vicinity of the wire. Therefore, the upper limit is around 
1000 pulses per second. The magnitude of the signal pulses depends on the 
atmospheric pressure, high voltage and gas mixture composition. Typical 
signal height of registered pulses was around 4 V and the threshold of the 
minimum signal height was set to 2 V (UTH). The sample was illuminated with 
monochromatic light from the deuterium light source through the Newport 
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CS260 grating monochromator. The slit width of the monochromator was 
0.2 mm, the reciprocal resolution was 6.4 nm/mm. The calculation gave the 
spectral width of the light beam 0.040 eV at 6.2 eV quanta energy and 
0.026 eV at 5.0 eV. 

In comparison with commercially available photoelectron spectrometers, 
like Riken-Keiki’s AC-2 and AC-3 [22], our system does not use quenching 
and suppressor grids along with pulse generators; instead, we use 
commercially available 95% of argon and 5% methane mixture and this solves 
the problem of quenching and false pulses. An absence of the quenching 
pulses is one of the merits of our counter. The electrons, reaching the counter, 
cannot be detected while these pulses are applied; thus, 3 ms long waiting 
periods arise; as a result, considerably less than 300 electrons can be detected 
per second [21], [22]. These 3 ms are dead time of the counter. In our case, 
the counter recovers with the time constant 25 μs, hence in about 100 μs. This 
enables to detect up to 1000 electrons per second. 

After the new system was ready, to show and compare capabilities of two 
systems, the new samples of HTM2 – HTM5 were made.  Estimated Ip values 
are shown in Table 2. Estimated values of Ip are similar, however, higher 
sensitivity of EC and higher spectral resolution provided more precise results 
of the measurements. 

 
Table 2. Ip values for HTM2-5 when measured with EC in comparison to 
measurements of HTM2-5 with electrometer. 

Material Electrometer (Ip (eV±0.1eV)) EC (Ip (eV±0.05eV)) 
HTM2 5.00 4.99 
HTM3 5.00 4.96 
HTM4 4.92 5.01 
HTM5 5.03 5.00 

 
In Fig. 6 photoemission spectra of HTM2 measured with EC is shown in 

comparison to the measurement of HTM2 with electrometer. In the theory, 
Y1/3 plot (black squares) should be more preferable for organic materials, on 
the other hand, if the most linear plot should be chosen, then Y1/2 plot (green 
empty squares) is more suitable to indicate Ip value. These experiments rise 
the problem – how to figure out, which ݊ value is the right one?  
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Fig. 6. Ip measurements for HTM2, performed with electrometer  

(red circles) and performed with the EC (black squares and green empty 
square). Data normalized to 1. 

The new method of data processing and graphical presentation of the 
PYSA results are presented further. The method allows to study peculiarities 
of the photoemission spectra in detail.  

2.2.2 Ip determination using (dY/d(hν))1/2 dependence 
 
In literature the derivative of the yield spectrum is used to evaluate the 

density of states in the energy bands [51]. The first derivative of the yield with 
respect to energy, dܻ/dሺ݄ߥሻ, reflects an effective density of states around 
valence top region, however, the results strongly depend on the material [73]. 
After numerous experiments, it showed up that Ip estimation using the square 
root of the derivative of the yield dependence on the light quanta energy 
(dY/d(hν))1/2 plot is advantageous tool. As estimated Ip value considerably 
depends on ݊,  (dY/d(hν))1/2 dependence diminishes chosen ݊ value impact, as 
discussed further. The graphical representation of this function is more 
informative and straightforward and allows to distinguish more existing 
peculiarities of the plots.  

Secondly, in publications on the UPS investigations of organic materials, 
as in [38], [39], [68], it is stated that the distribution of the density of states 
(DOS) is a Gaussian function. This function is used in both - theoretical 
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calculations and interpretation of experimental results, but in a sense of 
finding Ip value, it raises a question: how to define and to find experimentally 
photoemission threshold correctly? The Gaussian function smoothly 
decreases down toward zero. If a straight line is drawn, best fitting the slope 
of the Gaussian function, then it intersects the abscissa at the point, where the 
function value is about 10 % of the maximum value. The values below of       
10 % are present in the results of UPS investigations [38], [39], [68]. Thus, 
the weak photoemission, present in the gap, may be caused by the tails of 
HOMO. Y1/n

 dependence eliminates detection of weak DOS in HOMO-LUMO 
energy gap. The weak photoemission below quanta energy lower than Ip is 
reported in literature [42], [51], [61]. 

Mathematical modeling helps to decide, which dependence of the 
graphical data presentation and data processing is better for the evaluation of 
Ip. It is assumed, that the dependence of the yield Y for semiconductors is 
proportional to the cube of the difference between the incident quanta energy 
hν and ionization potential Ip [42], [55]. It is evident that, in the simple case, 
when there is only one photoemission band, the square root of the derivative 
of Y on the quanta energy is linear.  

 Let us consider a model, in which there are two photoemission bands: 
the first weak band and the second strong band accordingly characterized by 
the thresholds IpnR1 and IpnR2. Further, if supposed, that there may be a weak 
nearly constant photoemission of the yield C, caused by the background 
radiation, scattered light or other phenomena, then the yield Y can be presented 
as follows: 

 ܻ ൌ ,ܥ if ݔ ൏  ୮ୖଵ (2.4)ܫ

 ܻ ൌ ܥ  ܣ ⋅ ൫ݔ െ ୮ୖଵ൯ܫ
ଷ
, if ୮ୖଵܫ ൏ ݔ ൏  ୮ୖଶ (2.5)ܫ

 ܻ ൌ ܥ  ܣ ⋅ ൫ݔ െ ୮ୖଵ൯ܫ
ଷ
 ൫ݔ െ ୮ୖଶ൯ܫ

ଷ
, if ݔ   ୮ୖଶ (2.6)ܫ

Here x means the quanta energy. The parameter A < 1 means the 
intensity of the first band, while the intensity of the second band is 1. 
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Fig. 7. Results of theoretical calculations plotted as Y1/n dependencies 

on x (representing light quanta energy) on linear and logarithm scales 
(pink diamond). The values of Y were calculated using formulas (2.4), 
(2.5) and (2.6) with these parameters: IpR1 = 4.6, IpR2 = 5, C = 0.01 and  
A = 0.2. 

The plot of Y values is shown in Fig. 7 as Y1/n dependency on x. Y values 
were calculated using (2.4), (2.5) and (2.6) formulas. The straight lines 
approximating the sections of the curves were drawn in order to find the 
crossing points. The x coordinate of the intersection point considered as Ip2. It 
is necessary to note, that it is practically impossible to find satisfactory linear 
sections in the cases of ݊ = 1 or 2, thus the "best visual fit" was chosen. The 
linearity of the curves improves at ݊ = 3 or 4. In the case of ݊ = 1, the 
dependence was plotted both in linear and logarithm scale. 

The values of the parameter Ip2 defined as x values at the crossing points 
are given in   Table 3. In the case of the linear plot, these values decrease with 
increasing of ݊, but the lowest value is estimated on the logarithm scale curve 
at ݊ = 1. In majority of cases estimated Ip2 value significantly differs from the 
real value IpR2 = 5. Moreover, it is problematic to find out the experimental Ip1 
value, which theoretically should be Ip1= 4.6 eV. The new way was explored 
to solve the issues described above, based on the calculation and plotting of 
the square root of the derivative of the dependence of Y on the quanta energy. 
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  Table 3. Values of the parameter Ip2 defined as x values at the crossing 
points. 

݊ Ip2, eV 
A = 0.05 A = 0.2 A = 0.5 

1 ~5.6  ~5.5 ~5.5 
2 ~5.3 ~5.2 ~5.2 
3 5.1 5.06 4.93 
4 5.04 4.98 4.86 
1, log scale 5.04 4.81 4.74 
Derivative 5.05 5.08 5.11 

 
Differentiation of (2.4) to (2.5) gives 
 

 dܻ
dݔ

ൌ 0, if ݔ ൏  ୮ୖଶܫ
(2.7) 

 dܻ
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(2.8) 
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Fig. 8 shows the dependencies of the square roots of Y calculated by the 
formulas from (2.7) to (2.9) at IpR1 = 4.6 eV and IpR2 = 5 eV. The derivatives 
were calculated digitally from Y data, similarly as it was done with the 
experiment results. Each dependence in Fig. 8 may be approximated by pairs 
of straight lines, the crossing points of these lines shift to higher x values with 
increment of parameter A, but this shift is less than in the power law 
presentations. 
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Fig. 8.  Dependencies of the square root of the derivatives of Y according 
to the formulas (2.7) to (2.9). 

Differentiation of the expression (2.6) is advantageous in comparison with 
calculation of the power law expressions or logarithm, because each 
component of the expression is differentiated individually and evaluated 
separately in the equation (2.9). 

2.3 Measurements and data processing 

 In order to demonstrate the capabilities of the new method the 
photoemission spectra of some well-known materials were investigated: 
metal-free phthalocyanine (H2Pc), titanyl phthalocyanine (TiOPc), N,N′-is(3-
methylphenyl)-N,N′-diphenylbenzidine (TPD) from Sands Co., regioregular  
polyhexyltiophene (P3HT) from Sigma Aldrich. Chemical formulas of these 
materials are shown in Fig. 9.  TiOPc and H2Pc powders were dispersed in 
THF without any binding material, the dispersion was casted on the substrates 
consisting of polyester film coated with Al conductive layer and around         
0.5 μm thick layer of copolymer of methylmetacrylate and metacrylic acid, 
coated from the 2.5 % solution in 1:1 mixture of ethanol and acetone. TPD 
was dissolved in THF and coated on the substrate. P3HT was dissolved in 
chloroform. The samples were dried at 60°C for 30 min. 
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Fig. 9. Investigated materials: TPD, P3HT, H2Pc, TiOPc. 

2.3.1 Background signal 

 
Fig. 10. Numbers of the signal pulses, when a sample is not illuminated. 
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Some signal pulses are detected even in the case when the sample is not 
illuminated (Fig. 10). To evaluate the multitude of these pulses, series of the 
counting cycles were made, each lasting 20 s. The numbers of these pulses 
were from 0 to 17, the average was 4.9 pulses per 20 seconds, or 0.25 s−1. In 
case of H2Pc, the average numbers of the pulses of four experiments were     
4.4 s−1 and 24.4 s−1, when H2Pc sample was illuminated with 4.95 eV and    
5.15 eV monochromatic light respectively. The photo signal and the dark 
noise ratio was about 18 and 100 respectively. The pulses registered in the 
dark are caused by the humidity, the radiation background or other factors not 
related to the photoemission [61], [74]. However, the most of dark signal is 
related to humidity – the dark signal was considerably diminished, when 
measurement chamber was dried with pressured air. Relative humidity of 
pressured air was around 8-9%. The dark signal pulses can hinder the 
investigation of the photoemission spectrums near the threshold, where the 
numbers of pulses are relatively small. One of the ways to reduce false pulses 
is to filter and smooth them. When the numbers were considerably higher than 
the average of the near interval of the spectrum, such numbers were replaced 
by the average of the two adjacent counts. The smoothing by the 3 to 5 points 
methods made the results less scattered. 

2.3.2 Data processing 
 
After the photoemission spectrums were scanned for 2 to 4 times, the 

considerably higher numbers than the average of the near interval of the 
spectrum were replaced. The results for all scans were averaged, smoothed by 
the 3 or 5 points methods, divided by the normalized intensity of 
monochromatic light reaching the sample; thus, the corrected pulse numbers 
N* were calculated for the case of equal energy spectrum and the result was 
considered as the photoemission yield Y . The yield was normalized by 
dividing its values by the highest value in the spectrum. The spectrums of the 
derivative Der of Y on the quanta energy hν and the square root of derivative 
were calculated. 

In order to retain the negative values of derivative in the square root of the 
derivative graphs, the following quantity was calculated: 

 
 ሺݎ݁ܦሻ.ହ∗ ൌ ሺ|ݎ݁ܦ|ሻ.ହ ⋅  ሻ, (2.10)ݎ݁ܦሺ/|ݎ݁ܦ|
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where (Der) is (dN∗/d(hν)).  In the cases of positive derivative, the (Der)0.5* 
coinciding with the usual square root, but at the negative (Der) the (Der)0.5* 
value is also negative.  

2.4 Results 

In Fig. 11. Ip of H2Pc powder was estimated using (dY/d(hν))1/2 dependence. 
There is linear part up to the quanta energy of x1 = 4.95 eV (Ip1). There is 
second linear region between x1 = 4.95 eV and x2 = 5.15 eV (Ip2) and the third 
linear region follows above 5.15 eV.  
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Fig. 11. Smoothed photoemission spectrum of H2Pc. 

In Fig. 12 the same data is plotted using Y1/n dependence and logarithm 
scale. Normalized photoemission spectrum of the metal-free phthalocyanine 
powder is presented. There are the regions, which may be approximated as 
straight lines; the crossing points of these lines may be considered as Ip values. 
If the power law function is used, then estimated values vary from 5.45 eV at 
݊	 ൌ 	1 to 5.16 eV at ݊	 ൌ 	4.  In Fig. 12 the case of ݊	 ൌ 	1 is also plotted in 
logarithm scale and the break point may be found on this plot at 5.06 eV. Ip2 
value of 5.15 eV found using (dY/d(hν))1/2 plot is close to the values found 
using the ݊ 	 ൌ 	3 (5.17 eV) and ݊ 	 ൌ 	4 (5.16 eV) in power law plots (Fig. 12), 
but it only reveals one threshold of the spectrum and the value of                          
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Ip1 = 4.95 eV is lost. The square root of the derivative plot is preferable, 
because it reveals the peculiarities of the spectrum clearer and more break 
points are present on these plots. 
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Fig. 12. Normalized photoemission spectrum of the H2Pc in various 
presentations. 

The results of investigated materials in this section are summarized in 
Table 4 and the graphs for other materials are shown in APPENDIX I. In all 
cases the breaking points shift to lower energies at increasing ݊. Usually Ip 
values estimated on the plots at ݊	 ൌ 	3 or 4 are close to the values found on 
the square root of derivative plot. The ݊	 ൌ 	1 plots in logarithm scale gives 
the lowest Ip value. 

Table 4. Results of the Ip measurements in electronvolts (eV). 

Material Ip (eV±0.05eV), when Log 
scale 

(Der)0.5 
 n = 1 n = 2 n = 3 n = 4 Ip1 Ip2 

TiOPc 5.61 5.47 5.40 5.36 5.3 5.25 5.41 
H2Pc 5.45 5.26 5.17 5.16 5.06 4.95 5.15 
TPD 5.57 5.46 5.39 5.35 5.28 5.16 5.34 
P3HT 4.83 4.72 4.67 4.65 4.61 4.40 4.66 

 
The Table 5 shows the comparison of the results of performed experiments 

to those reported in literature. As seen on Table 4, estimated Ip values on 
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(dY/d(hν))1/2 plots correlate with the values estimated on Y1/n plots, when ݊ is 
3 or 4. The difference in Ip values can be caused by such factors: fabrication 
techniques, crystalline modification or amorphous state of the sample, 
apparatus error range or environment of the sample production and 
measurement ( in atmosphere, in inert gases environment or in vacuum). In 
this experiment, if it is not mentioned otherwise, all samples were measured 
right after fabrication. In some published cases, it is not clear, how actually 
the final value of Ip was estimated or ݊ 	 ൌ 	3 was chosen by default. The errors 
of UPS measurements are up to 0.1 eV, in the case of H2Pc [29]. The error of 
new system is around 0.05 eV. Additionally, some thermally evaporated Au 
samples were prepared and measured right after deposition and later – after 
one week and after two weeks. Estimated Ip values were 4.60 eV, 4.92 eV and 
4.88 eV respectively. Au Ip value found using UPS is 5.10 eV [75]. When Au 
samples are measured in the air, estimated Ip value tends to decrease to         
4.78 eV [76]. 

 
Table 5. Ionization potential values in electronvolts found in different 

literature sources. 

Material PES/PYS UPS CV Kelvin 
probe 

Ip1 /Ip2 

(±0.05eV) 
TiOPc 5.24* 

[61], [77] 
5.2 

[32]–[34] 
  5.25/5.41 

H2Pc 5.1* 
[78] 

4.95-5.1 
[29],[32],[70]

 5.1 
[80] 

4.95/5.15 

TPD 5.34** 
[43] 

5.1-5.2 
[29]–[31] 

5.55 
[41] 

 5.16/5.34 

P3HT 4.54** [36], 
4.75* [45] 

4.6-4.85 
[36], [37], 
[81], [82] 

5.2 
[83] 

 4.40/4.66 

Au 4.78* [76] 
 

5.10[75]   4.60***,     
4.92**** 

*in air; **in vacuum; ***after deposition; ****1 week after deposition; 

2.5  Meaning of Ip1 and Ip2 values 

The first weak photoemission band with the start at hν = Ip1 may be appear 
due to various factors, such as the presence of impurities in the investigated 
sample, crystallization or aggregation of the molecules, adsorbed gases. It also 
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may be caused by the tail of HOMO Gaussian function and, at least in some 
cases, represent the real value of the ionization potential. Comparison of 
attained results with the results of UPS studies helps to identify the meaning 
of Ip1 and Ip2 values. The value of ionization potential or HOMO level of 
TiOPc found using UPS technique [32]–[34] is 5.2 eV and it corresponds to 
evaluated Ip1 = 5.25 eV value. Therefore, it can be concluded that, the value 
of Ip1 corresponds to the HOMO value. Then the value Ip2 = 5.41 eV may 
correspond to HOMO - 1. In the case of H2Pc, the UPS value of 4.95 eV [35] 
matches with the Ip1 = 4.95 eV and Ip2 = 5.15 eV is close to the UPS value of 
5.1 eV [79]. The ionization energy of 4.96 eV for H2Pc found in [38] using 
the VB-UPS technique coincides with estimated value of Ip1 = 4.95 eV. 
However, there is no indication of the presence of the second break point, 
found by us at 5.15 eV. The UPS measurements for TPD give the values of 
5.1 - 5.2 eV, which are similar to the value Ip1 = 5.16 eV, thus, the value 
represents the HOMO level. Then, the second value - Ip2 = 5.34 eV, may be 
regarded as HOMO - 1. In the case of P3HT, the UPS value for HOMO is    
4.6 - 4.85 eV, which is similar to Ip2 = 4.66 eV value. If to regard this value as 
HOMO, then the photoemission band with the start at Ip1 = 4.40 eV was absent 
or too weak to be detected in the UPS experiments. The absence of Ip1 may be 
caused by different experiment conditions: high vacuum in UPS experiment 
and the gas mixture. Other factors to consider how the samples tend to change 
their surface properties in air environment, how initial materials where stored 
(in presented experiment, all materials except P3HT, where kept in air) or 
when sample was measured. As mentioned previously, Ip value from Au 
sample decrease up to 0.30 eV in one week. It is known, that Au samples are 
sensitive in terms of contamination [56]. In the case of TPD and H2Pc and 
TiOPc, Ip values changed only within the error range after the samples were 
kept in air for one weak. 

  Fig. 13 shows unsmoothed spectra of HTM2 material (of two different 
samples). (dY/d(hν))1/2 dependence is depicted in black squares and circles. 
Spectrum without smoothing is “noisy”, contrary to Y1/n dependence (red 
squares and circles). In   Fig. 14 the same spectrum of HTM2 is shown, but 
the data was smoothed by 5-point method. After the smoothing, (dY/d(hν))1/2 
dependency shows some repeatable inclinations in spectra, while Y1/n 
dependence “polish” the spectra even without smoothing. If the range from    
5 eV to 6 eV were used to estimate Ip, the results of both presentations would 
be very similar – ~Ip = 5 eV. However, if spectra are analyzed more precisely, 
Ip should be estimated from the range ~ 5-5.4 eV and the value of Ip would be 
different - 4.93 eV, in the case of (dY/d(hν))1/2 presentation. Ability to study 
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“unpolished” spectra is one of the most important merit of (dY/d(hν))1/2 
dependence.  
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  Fig. 13. Unsmoothed spectra of 
HTM2 material. 

 

  Fig. 14. Smoothed spectra of 
HTM2 material. 

It is difficult to approximate weak photoemission linearly on Y1/n plot and 
to choose the right ݊ value, thus (dY/d(hν))1/2 plot is advantageous and allows 
to analyze photoemission spectrum in more detail. 

 
2.6 Summary 

 
The apparatus to measure Ip of semiconductor materials and metals in a gas 

mixture at atmospheric pressure by using the PYSA technique was 
demonstrated. The apparatus is able to detect electron photoemission signals 
down to a single electron per second (10−19 A). The high sensitivity detector 
enabled to detect accurately weak electron emission out of the samples at 
photoemission spectrum threshold. The high sensitivity detector and the new 
method of data interpretation allowed to estimate Ip values more precisely in 
comparison to the PYS results, that were found in the literature. The new way 
of estimating Ip values is to calculate the square root of the derivative of the 
yield dependence on the light quanta energy (dY/d(hν))1/2. This dependence is 
supported by the mathematical consideration and provides more precise 
estimation of Ip in comparison to the results plotted as Y1/n dependence on the 
quanta energy hν. The graphical presentation of this function is more 
informative than the other used presentations, and clearly shows multiply 
thresholds in photoemission spectrum. The experiments were carried out and 
Ip values measured for four well-known materials (TPD, TiOPc, H2Pc, P3HT) 
and Au.  
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3 Determination of μ for organic materials 

3.1 Field and temperature dependent µ 

 

Fig. 15. Distribution of HOMO and LUMO levels in amorphous organic 
semiconductors. Adapted from [84]. 

In fig. 16 (a) simplified illustration of DOS, HOMO and LUMO energy 
levels is shown. If no electric field is applied, a carrier located at mean carrier 
energy of DOS (〈ߝஶ〉) moves only after thermal excitation. If all carriers 
would be located at 〈ߝஶ〉	 and a transport level would exist at the center of 
DOS (ε = 0), the temperature dependence of the mobility should follow a non-
Arrhenius dependence of the form 	exp	ሾെሺߪ/݇ܶሻଶ	ሿ ,where ߪ is Gaussian 
width of DOS [85].  This function is derived using Monte Carlo simulations. 
The predicted temperature dependence of the zero-field mobility is 

 
ߤ ൌ ߤ  exp ቈെ ൬

ߪ2
3kܶ

൰
ଶ

 , 
 
(3.1) 

where ߤ is drift mobility without electric field (E=0). 
 When the DOS is affected by an electrostatic potential, then the average 

barrier height is reduced for energetic jumps to higher energy states in the field 
direction. This leads to the change of charge carrier mobility and equilibrium 
energy 〈ߝஶ〉	 depending as:  

〈ஶߝ〉  ൌ ሺσ/݇ܶሻσ  ሺܧ/ܧ ሻଷ/ଶ , (3.2) 
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where ܧ ൌ ߑ assuming ,ܶ݇/ߪ 10 V/cm and it is independent of	ݔ	1.8 ൌ 0.   
Fig. 17(a) shows the field dependencies of the charge carrier mobility for 
different values of ߪ/݇ܶ . At low electric field charge carrier mobility is less 
field dependent and increases according to a Poole-Frenkel relation at high 
fields: 

ߤ  ൌ  ݁ఈ√ா, (3.3)ߤ

where α – coefficient of ߤ dependence on electric field and electric field 
strength (E). 

 In the case of ߪ/݇ܶ ൌ 0, the mobility decreases in high fields, due to the 
saturation of the drift velocity. Where only positional disorder has effect    
(Fig. 17(b)), charge carrier mobility decreases over entire range of the fields. 
Fig. 17(c) shows mobility dependence in field, where both – energetic and 
positional disorder affects. Negative field dependence on the mobility in case 
of low fields could be explained as: this way a direct path for a charge carrier 
to move is impeded due to either poor overlap or large distance, than a charge 
carrier might take a detour that is faster because of improved coupling. A jump 
against the field is probable, when the field is low.    

 
a)  b) c) 

  
Fig. 17. a - The field dependencies of the mobility for different values of 
 .ߑ b - The field dependencies of the mobility for different values of  . ܶ݇/ߪ
c - The field dependencies of the mobility, when both energetic and 
positional disorder are present. Figures are taken from [85]. 

 Bässler formalism for disordered materials relates the mobility to ߪ/݇ܶ 
and ߑ as [85]–[87]:  
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,ߪሺߤ ሻߑ ൌ ߤ  exp ቈെ ൬
ߪ2
3kܶ

൰
ଶ

 exp ቊ ܤ ቈ൬
ߪ2
3kܶ

൰
ଶ

െ ଶߑ ܧ
ଵ
ଶቋ,  

ߑ  1.5 

(3.4) 

and  

,ߪሺߤ ሻߑ ൌ ߤ  exp ቈെ ൬
ߪ2
3kܶ

൰
ଶ

 exp ቊ ܤ ቈ൬
ߪ2
3kܶ

൰
ଶ

െ 2.25 ܧ
ଵ
ଶቋ, 

ߑ  1.5 

(3.5) 

where B is an empirical constant of 2.9	ݔ	10ିସ (cm/V)1/2	,  is parameter, that ߑ
describes the degree of off-diagonal disorder. logµ versus E1/2 is linear with 
slopes, that decrease with increasing temperature. 

3.2 Xerographic time of flight (XTOF) 

µ in organic semiconductors is low in comparison to inorganic 
semiconductors. Classic methods as Hall effect and magnetoresistance are not 
sufficient to estimate slow charge carriers. Other techniques, such as TOF of 
charge carries through the sample after they were generated by short light 
pulse, CELIV or other similar techniques are sufficient to estimate µ in 
organic materials. However, these techniques require two conductive contacts 
– usually, at least one metal contact, formed by a thermal evaporation. During 
a thermal evaporation, there is a chance to change a structure or to ignite 
crystallization of organic semiconductor beneath a metal contact or even to 
create a short circuit between the contacts. XTOF overcomes these issues – it  
allows to measure bulk layer with only one electrode and it is straightforward 
technique for charge carrier mobility evaluation in high resistivity 
semiconductors [88]. Another advantage to apply of XTOF is, that a sample 
can be prepared from solution by simple drop-casting method. 

The principal of the technique: the floating surface of the sample resting 
on an earthed electrode is charged in the dark by a corona charging device. A 
short pulse of strongly absorbed light is used to generate a thin sheet of 
electron-hole pairs near the surface of the sample. The wavelength of the light 
is chosen this way, that the absorption depth ߜሺߣሻ ൏൏ ݀, where ݀ is the 
thickness of the sample. For a positive applied field the free holes are pulled 
towards the conductive substrate, while the electrons neutralize some of the 
positive charges, or vice-versa  [88], [89]. Fig.18 shows schematic illustration 
of the principle for the XTOF technique.  
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Fig.18 Schematic illustration of XTOF technique for the drift mobility 
estimation. Here,  Vd – velocity of charge carriers, eNi – generated charge, 
Cs – capacitance of a sample, Cp – capacitance of probe, Cin – input 
capacitance, Rin – input resistance, Vsig – voltage of registered signal, E1 and 
E2 – strength of electric field in front and behind charge carries package eNi. 

It is necessary condition that the number of generated/injected carrier Ni is 
much smaller than that of the surface charges -  the drifting sheet of charges 
has negligible effect on the applied field, i.e. E1 ≈ E2 and the internal field can 
be expressed as E0 = U0/d, where U0 is the sample voltage. This condition is 
known as small signal operation and is a widely assumed case in theoretical 
work on transient photocurrent analysis. The injected charge sheet or cloud 
moves under the action of the applied field E0 with a constant drift velocity 
Vd = μd E0, where μd is the drift mobility. The time taken for charge sheet to 
reach the substrate, where it is neutralized, is called the transit time ttr, 

 
୲୰ݐ ൌ

݀ଶ

ୢߤ ܷ
. 

(3.6) 

 In Fig. 19 typical waveforms of transient current and voltage are shown. 
Depending on presence of trapping, the charge carrier mobility can be 
calculated using experimental ttr value and formula (3.6). 
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Fig. 19 Transient current and voltage waveforms showing effect of trapping 
and detrapping. (a) No trapping. (b) Trapping no detrapping. (c) Trapping 
and detrapping. Adapted from [90]. 

 In the current-mode case, the transient current pulse produced by the 
drifting carriers is measured. The detected current is proportional to eNi/d for 
0 < t < ttr and is zero for t > ttr, as shown on Fig. 19. In the current-mode the 
measured potential difference will be longer than system’s time constant         
τ= Rin (Cp+Cin) and measured signal will be  

 

sܷigሺݐሻ ൌ ܴinܥ୮ ⋅
dUሺݐሻ

dt
. 

(3.7) 
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In the case of the voltage-mode, the potential U(t) is developing across R 
and proportional to eNivt/Cd during 0 < t < ttr, where v = d/ ttr denotes the drift 
velocity. For t > ttr, U remains constant and is proportional to eNi/Cs  as long 
as t  ≪ CR, as shown on Fig. 19. In this case, the signal will be  

 

sܷigሺݐሻ ൌ െ
୮ܥ

୮ܥ  inܥ
⋅  .ሻݐሺܷ߂

(3.8) 

If there are no trapping states and a short pulse of strongly absorbed light was 
applied, the potential could be determined as: 

 
ܷሺݐሻ ൌ ܷ െ

ఓேబ௧

εεబௗ
 , for 0 < t < ttr. (3.9) 

Thus, in the voltage-mode the registered signal is expressed as 
 

sܷigሺݐሻ ൌ


౦ାin
⋅
ఓேబ௧

εεబௗ
, for 0 < t < ttr, (3.10) 

 
and in the current-mode the registered signal is expressed as 

 
			 sܷigሺݐሻ ൌ െܴinܥ୮ ⋅

ఓேబ
εεబௗ

 , for 0 < t < ttr. (3.11) 

 
While t > ttr, ௦ܷ 	ൌ 0, as shown in Fig. 19(a).  

The transport of charge carriers of most organic materials is dispersive. 
Thus, in most of the cases, in order to distinguish the slopes’ changes, the    
log-log plot is used. In practice, the current-mode measurement is adopted, 
because the interpretation of results is relatively simple. On the other hand, 
the voltage-mode allows to detect slow charge carriers, because it is not 
limited by Rin (Cp+Cin) and allows to evaluate charge carries mobility, when 
weak signal is observed. To sum up, XTOF is simple and valuable technique 
to determine charge carries mobility, if these conditions are met: 

 Absorption depth ࢾ(λ) <<d 

 Duration of excitation tex <<ttr 

 Dielectric relaxation time 0 >>ttr  

 Charge carries life-time τ> ttr 

 Small signal operation condition eNi << CsU0, 
where Cs is sample’s capacitance. 
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3.3 Results 

 Investigated materials HTM1 – HTM5 were described in section 2.1. The 
samples for the charge carrier’s mobility measurements were prepared by drop 
casting method. The HTM was dissolved in THF. The solution of HTM 
formed layer on polyester film with conductive Al layer. Additionally, the 
samples were prepared by mixing HTM and polycarbonate (PC-Z) 
(Mitsubishi Gas Chemical Co., polycarbonate Iupilon Z-200) in 1:1 mass 
proportion in THF. It is taken into account, that quality of the prepared films 
can have significant impact on the results of mobility measurements [91]: 
every molecule has different film forming properties, therefore, in order to 
mitigate film quality influence on mobility results, additional XTOF 
measurements were performed with HTMs dispersed in PC-Z matrix, which 
minimizes HTM molecule dependent film quality variations. Absolute 
mobility values are lower in comparison to pure HTM due to the presence of 
large portion of nonconductive polymer, however, structure/properties 
relation are expressed better in this case. 

The layer thickness ranged from of 2	ߤm to 6 ߤm. The drift mobility was 
measured using XTOF. Electric field was created by positive corona charging. 
The charge carriers were generated at the layer surface by illumination with 
pulses of nitrogen laser (pulse duration was 2 ns, wavelength 337 nm). The 
layer surface potential decrease as a result of pulse illumination was up to       
1-5 % of initial potential before illumination. The capacitance probe, that was 
connected to the wide frequency band electrometer, measured the speed of the 
surface potential decrease dU/dt. The transit time ttr was determined by the 
kink on the curve of the dU/dt transient in double logarithmic scale. The drift 
mobility was calculated using the equation (3.6). 

Charge carriers drift kinetics in integral mode showed, that in all 
investigated organic materials the dominant charge carries were holes 
(including the samples with PC-Z), as it is shown in Fig. 20 (a and b),            
Fig. 21 (a and b) and  in APPENDIX II. µ of these materials can be 
approximated by Pool-Frenkel relation (3.3). 
 Fig. 20(c and d) shows dU/dt hole-transients for the thin film of pure 
HTM2 and mix of HTM2+PC-Z. The curves exhibit a dispersive hole-
transport, which, along with the strong electric-field mobility dependence, 
suggests the trap-dominant charge transport in HTM2 or HTM2+PC-Z layers. 
ttr was estimated from the intersection points of two asymptotes of           
double-logarithmic plots and used to calculate hole-drift mobility at respective 
applied fields. The same dependencies for HTM3, HTM4, and HTM5 are 
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shown in APPENDIX II. Fig. 20 (e) shows field dependent ߤ values with and 
without PC-Z.  
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Fig. 20. a- Charge carriers drift kinetics in integral mode of HTM2 and b – 
in mixture in PC-Z. c- dU/dt hole-transients of HTM2. d- dU/dt  
hole-transients of HTM2 in mixture in PC-Z.  e- field dependent ߤ values 
with and without PC-Z of HTM2. 
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The hole transport of HTM1 follows Gaussian distribution and transit time 
can be defined in linear plot of transients (Fig. 21 (c)). Fig. 21 (e) shows field 
dependent ߤ values with and without PC-Z. 
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Fig. 21. a- Charge carriers drift kinetics in integral mode of HTM1 and b – 
in mixture in PC-Z. c- dU/dt hole-transients of HTM1. d- dU/dt  
hole-transients of HTM1 in mixture in PC-Z.  e- field dependent ߤ values 
with and without PC-Z of HTM1. 

 
As seen from the summarized results in Fig. 22 and Table 6, synthesized 

HTMs demonstrates competitive charge mobility. XTOF measurements of the 
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films prepared from HTM1, HTM2, HTM4, HTM5 indicate, that the           
hole-drift mobility is ~10−5 cm2 V−1s−1 at weak electric fields and 
~3 × 10−4 cm2 V−1s−1 at field strength of 6.4 × 105 Vcm−1. In Fig. 22 (b) XTOF 
measurements of HTM1-HTM5 in mixture in PC-Z (1:1)is shown and 
demonstrates around one magnitude lower values of ߤ at a field strength of 
106 Vcm−1. The hole mobility of these HTMs is comparable to that of Spiro-
OMeTAD, while HTM3 demonstrates lower results of several orders of 
magnitude. Most likely, methyl group in the meta position of the 
triphenylamine fragment causes it to be more twisted out of the plain, which 
prevents tight packing of the molecules and makes it more difficult for the 
charge to hop between the sites. Methyl group in the meta position of the 
triphenylamine fragment in HTM3 causes significant negative changes in the 
molecule’s conformation, which translates into lowest charge mobility. While 
mobility in HTM4, HTM5, with alkyl groups at para positions of the 
triphenylamine moiety, is up to two orders of magnitude higher ߤ due to better 
optimized structure.  
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Fig. 22. Field dependent ߤ values of pure HTMs(a) and HTMs in mixture 
in PC-Z (b) of all HTM1 – 5, including Spiro-OMeTAD. 
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Table 6. Ip values for pure HTMs, μ0 and μ for pure HTMs and in mixture with 
PC-Z (1:1). 

Compound Ip, (eV) μ0 , (cm2 V–1 s–1) μ ,(cm2 V–1 s–1) 

HTM1 5.05 1.4×10-5 5.9×10-4 

HTM2 5.00 1.3×10-5 3.8×10-4 

HTM3 5.00 1×10-9 3×10-7 

HTM4 4.92 2.2×10-5 3.8×10-4 

HTM5 5.03 1.1×10-5 3.8×10-4 

Spiro-
OMeTAD 

5.00 4.1×10-5 5×10-4 

HTM1 + PC - 3.9 × 10−7 2.3 × 10−5 

HTM2 + PC - 4.0 × 10−7 1.9 × 10−5 

HTM3 + PC - 1.5 × 10−8 1.3 × 10−7 

HTM4 + PC - 1.1 × 10−6 3.7 × 10−5 

HTM5 + PC - 5.8 × 10−7 2.8 × 10−5 

Spiro-
OMeTAD+PC 

- 2.9 × 10−6 6.8 × 10−5 

 
In addition, prof. Sanghyun Paek and prof. Michael Saliba fabricated and 

analyzed perovskite SCs in order to investigate the relationship between the 
chemical structure of the HTMs and the photovoltaic performance. Structure 
of perovskites SC consisted of doped tin oxide (FTO)/compact TiO2/ 
mesoporous TiO2/ perovskite/ HTM/Au. Mixed perovskite precursor was 
prepared by mixing 1.15 m PbI2, 1.10 m FAI, 0.2 m PbBr2, 0.2 m MABr in a 
mixed solvent of DMF:DMSO (4:1 volume ratio) [63]. PCEs were in the range 
of 9% to 16.8% and measured utilizing these HTMs, highlighting the 
importance of the optimal chemical structure, since inappropriately placed 
methyl group could compromise device performance [63].  
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Fig. 23. VACh of the SCs with HTM1 - 5 and Spiro-OMeTAD, recorded 
under AM 1.5 conditions (100 mW/cm2) [63]. 
 
Main parameters of SCs are presented in Table 7. 
 

Table 7. Jsc, Voc, fill factor (FF) and PCE of the best performing                    
Spiro-OMeTAD, HTM1–HTM5 devices on perovskite.  

Materials JSC, mA/cm2 VOC, mV FF(%) PCE (%) 

HTM1 19.075 1005 75.7 14.52 

HTM2 17.526 1146 74.2 15.09 

HTM3 13.371 915 70.7 9.15 

HTM4 21.269 1052 75.0 16.79 

HTM5 21.136 1029 75.7 16.45 

Spiro- 
OMeTad 

21.607 1092 75.3 17.88 
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Mobility measurements have correlation with SC performance. E.g., 
HTM3 demonstrated lowest mobility and lowest SC efficiency. SC with 
HTM3 showed ~5% lower value of FF to other HTMs. VOC was lower by      
10-15%, it might be caused by carriers trapping as XTOF measurements 
indicated dispersive charge transport, which can lead to internal electric field 
redistribution. Jsc was significantly lower, which limited overall performance 
of the devices. One of the factors of low Jsc could be the low mobility of 
HTM3. Low mobility indicates increased probability of recombination of 
generated charge carriers.  

3.4 Summary 

A new group of small-molecule HTM1-HTM5, based on 
methoxydiphenylamine-substituted fluorene and triphenylamine fragments 
was characterized using XTOF and PYSA. μ of HTM1, HTM2, HTM4, 
HTM5 ranged from 3.8×10-4 to 5.9×10-4 cm2 V–1 s–1. These values are similar 
to for Spiro-OMeTAD – 5.0×10-4 cm2 V–1 s–1. However, the synthesis of 
HTM1, HTM2, HTM4, HTM5 is easier in comparison to Spiro-OMeTAD 
[63] - synthesis of Spiro-OMeTAD requires 5 steps procedure [92], thus the 
synthesis of HTM1-5 requires only two. Aliphatic substituents in meta 
position of the triphenylamine fragment cause it to be more twisted out of the 
plain and severely reduce μ of the HTM3 to 3.0×10-7 cm2 V–1 s–1  and overall 
device characteristics of the perovskite solar cells, while substitution at para 
position of the triphenylamine moiety has positive effect on the performance 
of the hole transporting materials. The overall efficiency of the investigated 
HTMs in perovskite SCs varies from 9% up to 16.8%. 
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4 Cross-linkable HTMs 

 
Fig. 24. Conjugated soluble polymer with cross-linkable side groups (on 
left side) and cross-linked insoluble conjugated polymer network (on the 
right side).  

Fig. 24 shows basic cross-linking principle of conjugated polymers.   
Cross-linking “freezes” the initial morphology. Initial conjugated polymer is 
soluble and solution processable (Fig. 24(a)). The new covalent bonds are 
created and the polymer chains are formed after cross-linking (Fig. 24(b)). 
Polymerization results cross-linked conjugated polymer network, “frozen” 
morphology and insolubility. Fig. 25 shows structural formulas of linear 
polymer polystyrene formation from styrene. 

Fig. 25. Structural formulas of linear polymer polystyrene formation from 
styrene. 

There are 3 main processes to initiate cross-linking process: initiator or 
photo initiator, exposure to ultraviolet light and thermal heating. Each method 
has it’s applicability [93]. 

The main advantages of using cross-linkable  polymers for organic or 
inorganic SCs are: a) stabilization of morphology [94], b) insolubility – no 
need for orthogonal solvent and it opens possibility of inverted organic SCs 
[27], c – increased water, oxygen, heat resistance and rigidity [95].  
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In a search of cheap and new SCs, cross-linking by thermal heating stands 
out of all other cross-linking methods. It is straightforward method without 
any additives or particular setup and allows the production of large scale SCs.  
However, it has one drawback – the cross-linking temperature often exceeds 
highest possible annealing temperature for perovskite [96]. The workaround 
can be done by fabricating perovskite SCs with inverted structure. Two 
fluorene-based cross-linkable enamines were synthesized at Kaunas 
Technology University. Structure formulas of these enamines are presented in 
Fig. 26.  

 

HTM6

O
CH3

O
CH3

N
O

CH3

O CH3CH2

CH2

HTM7

Fig. 26.  Molecular structures of the synthesized cross-linkable HTM6 and 
HTM7. 

N,N-bis[2,2-bis(4-methoxyphenyl)vinyl]-9H-fluoren-2-amine (HTM6) 
and N2,N2,N7,N7-tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-9H-fluorene-2,7-
diamine (HTM7) materials were investigated using XTOF and PYSA 
methods. The cross-linking temperatures were chosen according to DSC 
measurements results (see APPENDIX III).The cross-linking of HTM6 and 
HTM7 occurs after 45 minutes at 230-240 oC.  
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Fig. 27. a- Charge carrier drift kinetics in integral mode of HTM6 before 
and after heating. b – charge carriers drift kinetics in integral mode of 
HTM7, before and after heating. c- dU/dt hole-transients of HTM6. d- dU/dt 
hole-transients of HTM7.  e- dU/dt hole-transients of HTM6 after the 
heating. f- dU/dt hole-transients of HTM7.  

In Fig. 27 (a) and (b) charge carrier drift kinetics in integral mode of HTM6 
and HTM7 before and after the heating, are shown. HTM6’s charging voltage 
after the heating remain similar, however, charging voltage of HTM7 reduced 
after the heating.  
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Fig. 28. Field dependent ߤ values before and after the heating of HTM6 and 
HTM7. 

Fig. 28 shows the summary of the measurements. HTM7 showed good charge-
transporting properties, reaching 10-3 cm2V-1s-1, at a field strength of                
3.6 × 105 Vcm−1 before and after heating. HTM6 showed slightly lower hole 
drift mobility – 3.5x10-4 cm2V-1s-1 in neat layer and 1.75x10-4 cm2V-1s-1 in 
cross-linked layer, at a field strength of 3.6 × 105 Vcm−1, yet still comparable 
to those of popular HTMs for perovskite SCs.  

PYSA results for HTM6 and HTM7 are shown in Fig. 29. The values of Ip 
were 5.26 and 5.11 eV for HTM6 and HTM7 before the heating and 5.39 and 
5.30 eV after the heating, respectively. Measured values are consistent with 
the values reported for other HTMs used in perovskite SCs. 
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Fig. 29. Photoemission spectra of HTM6 (a) and HTM7 (b) before and after 
the heating.  

As it was mentioned before, (dY/d(hν))1/2 dependence has advantages in 
comparison to Y1/n dependence, however, usually (dY/d(hν))1/2 dependence 
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requires data smoothing. The nature of derivative requires as smooth 
measurement as possible. In case of HTM6 and HTM7, the measurements 
were relative unstable and Y1/n dependence was chosen for presentation. 

The devices with the inverted architecture were fabricated and 
characterized by dr. Amran Al-Ashouri and prof. Steve Albrecht, in order to 
evaluate the performance of the materials acting as hole selective layers in 
perovskite SCs. HTM6 achieved PCE of ~14% before and after cross-linking, 
while HTM7 recorded PCE was ~15% before the heating and increased up to 
16% after the heating. Structure of perovskites SC consisted of ITO/       
HTM6-7/perovskite/C60/BCP/Ag. Triple cation perovskite was used,  with a 
nominal precursor solution composition of 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 [27]. 
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Fig. 30. VACh measurements of the perovskite SCs prepared with HTM6 
and HTM7. a) comparison of the devices, prepared with the neat HTM7 vs 
cross-linked HTM7; b) comparison of the performances of cross-linked 
HTM6 and HTM7 [27]. 

Fig. 30 shows VACh measurements of the perovskite SCs prepared with 
the HTM6 and HTM7.  The comparison of the devices, prepared with the neat 
HTM7 vs cross-linked HTM7 indicates that cross-linking improves the 
performance of the SC. In general, cross-linking improves overall mechanical 
and resistance properties of organic layers, as was mention before, and such 
cross-linkable HTMs should be advantageous over regular or neat HTMs.   
Fig. 30 (b) shows comparison of the performances of cross-linked HTM6 and 
HTM7. All results are summarized in [27]. 

After the cross-linking, the increment of VOC was detected in both HTMs. 
This might be explained that, as Ip of materials increased or neat layer of HTM 
was damaged during solution- processing of perovskite and increased 
interfacial recombination, which reduced VOC [97], [98]. Higher FF and PCE 
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can be attributed to higher hole drift mobilities – improved transport of the 
charge carriers through the film [99]. 

4.1 Summary 

 New hole transporting materials HTM6 and HTM7 were investigated 
using XTOF and PYSA methods. Due to the presence of two vinyl groups, 
materials HTM6 and HTM7 are able to undergo thermal cross-linking during 
the heating at 230-240 oC. After 45 minutes the deposited films became 
resistant toward organic solvents. Polymerization leads to minor changes in 
hole drift mobility: HTM7 showed good charge-transporting properties, 
reaching 10-3 cm2V-1s-1 at strong electrical fields before and after heating. 
HTM6 showed slightly lower hole drift mobility – 3.5x10-4 cm2V-1s-1 in neat 
layer and 1.75x10-4 cm2V-1s-1 in cross-linked layer, yet still comparable to 
those of popular HTMs for perovskite SCs. Ip values for HTM6 and HTM7 
were 5.26 and 5.11 eV before the heating and 5.39 and 5.30 eV after the 
heating, respectively. Due to cross-linking, the materials became suitable for 
application in p–i–n perovskite SCs. As the result, devices with the thermally 
cross-linked films have shown advantageous performance, mainly due to the 
higher open-circuit voltage. Perovskite SCs have shown over 18% power 
conversion efficiency, the HTMs are up to five times cheaper in comparison 
to Spiro-OMeTAD [27]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



60 
 
 

5 CZTS SC 

Perovskite SCs demonstrate the highest efficiency among third generation 
solar technologies [100], however, perovskite usually contains toxic elements, 
such as Sb and , moreover, the longevity of the cells is still the problem. 
Alternatively, CZTSSe SCs are more environmentally friendly, not containing 
any toxic chemical elements. However, it is a challenge to fabricate high 
quality CZTSSe films, especially, for the superstrate configuration using   
non-vacuum deposition technique. Furthermore, if requirements for a 
deposition technique were scalability, low price and fabrication under heated 
substrates – spray coating would be one of the suitable techniques. 

Further CZTSSe SCs fabrication using spray coating technique will be 
presented [101]. One of the goals of this work was to present inorganic SC 
structure, which would be compatible with materials like HTM1-HTM7, 
however, well known and commercially available HTMs should be used. 
Spiro-OMeTAD, as HTM, was chosen in the first stage of the experiment. 

Fabrication technique of CZTS active layer was developed using hand 
automated spray coating system and hand carried spray coating. It has to be 
noted, that the best CZTS films were made using hand carried spray coating.  

The main purpose of using automated spray coating machine was to test 
many different solutions with controllable and repeatable parameters, which 
is hard to do with hand carried apparatus. After the films were deposited with 
automated spray coating machine and the films examined using different 
techniques, further adjustments were done for hand carried spray coating. 

However, the main disadvantages of hand carried spraying are that the 
parameters, such as the distance between nozzle and sample, movement speed 
of nozzle over the sample, flow rate of sprayed solution and etc., are difficult 
to control. Therefore, the main purpose of automated spray coating system 
was to test different fabrication parameters with ability to modify them or 
fabricate layers from different solutions using identical parameters, which is 
almost impossible to do using hand carried spray coating. According to the 
estimated spray coating parameters using automated machine, the further hand 
carried spray coating parameters were set.  
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5.1 Automated spray coating system 

 
Fig. 31. Spray coating apparatus used to 
fabricate CZTS films. 

Fig. 32. Simplified working 
scheme of spray coating 

apparatus. 

  Spray coating system based on “RepRap” style 3D printer [102], tweaked 
“Marlin” firmware [103] and is controlled through “Arduino Mega 2560” by 
sending G-CODE [104] to the controller. The modified “Harder & Steenbeck” 
airbrush was used to distribute a solution on substrates. Photo of the system 
and simplified working scheme of spray coating apparatus are shown in       
Fig. 31 and Fig. 32, respectively. The system has movable platform in y axis, 
which carries hot plate. The airbrush can move along x and z axes. Work of 
airbrush is based on Bernoulli's principle. An air flow creates pressure 
differential, which sucks out a solution from reservoir and solution is 
disintegrated into droplets. The droplets are carried to substrate by initial air 
flow. Air flow is adjusted by the needle in airbrush by moving it, in this 
apparatus, it was attached to stepper motor, which was controlled by PC.  
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5.2 Fabrication of CZTS SC 

Fig. 33. Schematic structure of investigated CZTSSe SC. 

In  Fig. 33 the structure of the solar cells. The devices were prepared on 
conductive fluorine-doped tin oxide (FTO) coated glass substrates. The 
substrates were cleaned using sonication for 30 min in Hellmanex (2% water 
solution) and then rinsed using deionized water and isopropanol. A compact 
titanium dioxide (TiO2) layer of about 30−50 nm was deposited as described 
in [105]. On top of this layer, CdS was deposited as a buffer layer at 65 ºC for 
15 min using CBD method. Thereafter, the CZTS thin films were formed out 
of stock solution containing mixture of copper chloride 0.08 M, tin chloride 
0.04 M, zinc chloride 0.06 M, and thiourea 0.4 M in dimethylformamide 
(DMF using spray pyrolysis) at 340 ºC. The solution was sprayed through the 
glass nozzle (0.25 mm) using compressed air as a carrier of gas with a constant 
flow rate (~1 ml/min). The spraying procedure was repeated several times in 
a 30 s drying interval to build up a precursor film thickness of approximately 
1.5 µm. The formed layer was heated at 340 ºC for 1 hour. Then CZTS films 
were annealed in a graphite box (volume 20 cm3) with different content of Se 
and 5 mg of Sn under atmospheric pressure of Ar (99,999 %) gas. The 
selenization process consisted of two annealing steps and was completed in 
20 min at temperature of 540 °C. Subsequently, hole transporting material was 
deposited on the top of CZTSSe film by spin coating of Spiro-OMeTAD, 
dissolved in chlorobenzene at the concentration of 0.06 M at spinning rate of 
3000 r.p.m. for 20 s, while keeping solutions at ambient environment during 
the whole procedure. The devices were finalized using thermal evaporation of 
50 nm thick silver layer on the top of hole transporting material.  
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Fig. 34. CZTSSe SC J-V characteristics under illumination with different 
ratio of S/(S+Se). 

The devices with different ratio of S/(S+Se) were made. Fig. 34 (a) shows 
VACh characteristics of SC’s. FF, Jsc, PCE, Voc were extracted, calculated 
from data and depicted in Fig. 35 (a-d). The champion cell was made with 
ratio of S/(S+Se)=0.2, showing PCE of 3.1%. Cells with ratio of S/(S+Se)=0.1 
performed reasonably well, too. The solar cell of superstrate configuration 
FTO/TiO2/Cu2ZnSnSe3.2S0.8/ Spiro-OMeTAD/Ag demonstrated a record PCE 
of 3.1%, which is the highest reported value for the spray pyrolysis deposited 
superstrate solar cells up to date. 

 
 
 

j 
(m

A
/c

m
2
)



64 
 
 

Fig. 35. The main parameters of SC, depending on ratio of S/(S+Se): a- fill 
factor, b- short circuit current density, c- power conversion efficiency,  
d- open circuit voltage. 

In Fig. 36 energy diagram of typical perovskite SCs layers including 
CZTSSe and cross-linked HTM6 and HTM7 films is depicted. The diagram 
shows that HTM6 and HTM7 are completely suitable for CZTSSe SCs, in 
terms of energy levels. Moreover, these HTMs are up to 5 times cheaper than 
Spiro-OMeTAD [27], which makes CZTSSe SCs even more attractive to 
develop.  
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Fig. 36. Energy diagram of typical perovskite SCs layers including CZTSSe 
and cross-linked HTM6 and HTM7films [12], [106], [107]. 

5.3 Summary 

The role of Se content ratio in CZTSSe on the structural and optical 
characteristics of CZTSSe films and the superstrate SCs performance were 
investigated. The new spray coating system allowed quicker and repeatable 
development of CSTSSe layers. The development led to achieve the solar cell 
of superstrate configuration FTO/TiO2/Cu2ZnSnSe3.2S0.8/ Spiro-OMeTAD 

/Ag, which demonstrated power conversion efficiency of 3.1% and was the 
highest reported value for the spray pyrolysis deposited superstrate solar cells 
up to date. Suitable photovoltaic structure for cross-linkable fluorene-based 
HTM6 and HTM7 was demonstrated during the experiment.  
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6 Conclusions 

1. The apparatus to estimate ionization potential of semiconductor 
materials and metals in a gas mixture at atmospheric pressure by using 
the photoemission yield spectroscopy in air technique was 
demonstrated to allow more accurate estimation of photoemission 
threshold. The apparatus is able to detect electron photoemission 
signals down to a single electron per second (10−19 A).  

2. Proposed method of plotting photoemission yield spectra as 
(dY/d(hν))1/2 is supported by the mathematical consideration and 
provides more precise estimation of ionization potential in 
comparison to Y1/n plot. The graphical presentation of this function is 
more informative than the other presentations in view of the fact that, 
it clearly shows multiple thresholds in photoemission yield spectrum. 
The new method of data interpretation allows estimation of ionization 
potential values more precisely in comparison to other PYS data 
presentations founded in the literature. 

3. Hole drift mobility of methoxydiphenylamine-substituted fluorene 
derivatives HTM1, HTM2, HTM4, HTM5 research results ranged 
from 3.8×10-4 to 5.9×10-4 cm2 V–1 s–1. These values are almost the 
same or even higher in comparison with widely used Spiro-OMeTAD 
– 5.0×10-4 cm2 V–1 s–1. However, the synthesis of HTM1, HTM2, 
HTM4, HTM5 is easier and cheaper than Spiro-OMeTAD. 

4. Ionization potential of HTM1-HTM5 ranged from 4.92-5.05 eV, 
which is suitable to substitute Spiro-OMeTAD (5.00 eV) in 
perovskite solar cells structure. 

5. Polymerization of fluorene-based cross-linkable enamines HTM6 and 
HTM7 leads only to minor changes in hole drift mobility: HTM7 
demonstrated hole drift mobility up to 10-3 cm2V-1s-1, at a field 
strength of 3.6 × 105 Vcm−1 before and after heating. HTM6 showed 
slightly lower hole drift mobility – 3.5x10-4 cm2V-1s-1 in neat layer and 
1.75x10-4 cm2V-1s-1 in cross-linked layer. Ionization potential values 
for HTM6 and HTM7 were 5.26 and 5.11 eV before the heating and 
5.39 and 5.30 eV after the heating, respectively. These findings are 
compatible with CZTSSe SC structure. Due to cross-linking, the 
materials are suitable for application in inverted perovskite solar cells. 
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6. The solar cell of superstrate configuration 
FTO/TiO2/Cu2ZnSnSe3.2S0.8/ Spiro-OMeTAD /Ag demonstrated 

power conversion efficiency of 3.1%, which is the highest reported 
value for the spray pyrolysis deposited superstrate solar cells up to 
date. 
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1 Santrauka 

1.1 Įvadas 

Pastaraisiais metais daug dėmesio sulaukė organinės / neorganinės 
hibridinės struktūros, tokios kaip perovskitai. Didelė galimų medžiagų derinių 
įvairovė, draustinio juostos tarpo ir kitų savybių derinimas [1], nuolat 
didėjantis perovskito saulės elementų (SC) efektyvumas [2]. Tačiau, 
perovskito dariniai yra gan nestabilūs ir dažnai sudėtyje turi toksiškų 
elementų, tokių kaip švinas. Negana to, net ir mažo ploto perovskito SC 
gamybos metodikos yra gan preciziškos, nekalbant  jau apie bandymus 
suformuoti didelio ploto bandinius, tokiomis metodikomis kaip purškimas [3]. 
Be to, reikalingos brangios skylių pernašos medžiagos (HTM), kurios 
paprastai yra jautrios deguonies ir vandens garų sąveikai ir gali sąveikauti su 
ant viršaus užgarintu metalo kontaktu [4]. 

Viena iš galimų perovskito SC alternatyvų yra vario cinko alavo sulfidas 
(CZTS), selenidas (CZTSe) ir mišrus chalkogenidas (Cu2ZnSn(SxSe1-x)4) 
(CZTSSe) dariniai. Šios medžiagos yra perspektyvios, nes tinka efektyvių ir 
nebrangių SC gamybai [5], [6]. Dariniai susideda iš netoksiškų cheminių 
elementų ir pasižymi aukštu absorbcijos koeficientu (~104 cm-1), 
modifikuojamu draustinės energijos tarpu (1–1,5 eV) ir paprastu sluoksnių 
formavimu [7]. Paprastai CZTS SC struktūra yra su puslaidininkiniu 
absorberiu tarp Mo atgalinio kontakto ir viršutinio buferinio sluoksnio (CdS 
arba ZnS) ir permatomo laidaus  dvisluoksnio oksido [8], [9]. Tačiau tokia 
struktūros gamyba yra santykinai brangi, mažiau stabili bei sunkiau 
pritaikoma tandeminėms SC, palyginti su iš kesteritų pagamintomis SC su 
invertuota struktūra. Šioje struktūroje galinis kontaktas yra skaidrus 
elektrodas nusodintas ant stiklo (FTO arba ITO), ant kurio toliau formuojami  
šie sluoksniai: elektronus pernešantis, foto aktyvus CZTS ir HTM sluoksnis 
[10], [11]. 

Viena iš dažniausiai naudojamų HTM organinėms / neorganinėms SC yra 
Spiro-OMeTAD, tačiau ši medžiaga yra santykinai nestabili ir brangi [4]. 
Pigesnė ir našesnė Spiro-OMeTAD alternatyva ir invertuotos CZTS SC būtų 
puikus derinys bei reikšmingas postūmis saulės energetikoje, turint omenyje, 
kad naujos HTM būtų suderinamos ir su CZTS ir su perovskitų SC: šie šviesą 
absorbuojantys sluoksniai turi palyginamus aukščiausios užimtos molekulinės 
orbitalėss lygius (HOMO) ir žemiausios neužimtos molekulinės orbitalės 
(LUMO) lygius[12]. Fluoreno pagrindu pagamintos HTM yra perspektyvios 
krūvį pernešančios medžiagos - palyginti pigi sintezė ir įvairios modifikacijos 
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galimybės leidžia sukurti skersaryšinamus HTM. Skersaryšinimas atveria 
galimybes daugiasluoksnėms struktūroms nenaudojant ortogonalių tirpiklių 
bei didesniam medžiagų stabilumui ir ilgaamžiškumui [13]. 

Tačiau norint atrasti tinkamą molekulinę struktūrą ir sintezės procesus, 
reikia tam skirti daug laiko bei pastangų, be to, visų šių HTM testavimas 
realiame įtaise pareikalautų dar daugiau išteklių. Vienas iš greičiausių ir 
paprasčiausių netinkamų HTM atmetimo būdų yra krūvio pernašos savybių 
įvertinimas kserografiniu krūvininkų lėkio trukmės metodu (XTOF) ir 
jonizacijos potencialo įvertinimo fotoelektronų emisijos spektroskopija ore 
(PYSA) metodas. Šie metodai leidžia nustatyti dvi svarbias HTM savybes: 
krūvininkų judrį (ߤ) ir HOMO energijos lygį. Šie parametrai yra susiję su SC 
efektyvumu (PCE), atviros grandinės įtampa (Voc) ir trumpojo jungimo srove 
(Jsc) [14]. 

CZTS sluoksnis gali būti suformuotas naudojant vakuuminį arba 
nevakuuminį formavimo metodą. Abi technikos turi savo privalumų ir 
trūkumų. Vakuuminio nusodinimo metodai leidžia suformuoti aukštos 
kokybės CZTS plėveles, tačiau jos yra brangios, kai kurios medžiagos 
nestabilios esant aukštai nusodinimo temperatūrai, taip pat sunku kontroliuoti 
elementų santykį struktūroje. Kita vertus, nevakuuminio auginimo metodai, 
tokie kaip purškimo pirolizė [15], besisukančio stalelio metodas [16], rašalinis 
spausdinimas [17] ar elektrocheminis nusodinimas [18], yra pakankamai 
universalūs ir gana pigūs. Tačiau, yra didelis iššūkis pagaminti aukštos 
kokybės CZTS sluoksnius, kai SC struktūra yra invertuota naudojant ne 
vakuuminio formavimo techniką bei pagaminti pilną CZTS SC, naudojant 
sluoksnių formavimo metodiką, kuri leistų padengti didelio ploto padėklus, 
pvz.: purškimo būdu. 

Greiti ir paprasti organinių medžiagų charakterizavimo metodai, naujų 
HTM sukūrimas,  didelio ploto sluoksnių formavimo metodikos tobulinimas 
bei netoksiško SC aktyvaus sluoksnio vystymas paskatins naujos kartos 
organinių / neorganinių SC atsiradimą. 

1.1.1 Darbo tikslas ir uždaviniai 
 
Disertacijos tikslas buvo ištirti fluoreno pagrindu pagamintas skylių 

pernašos medžiagas, nustatyti jų tinkamumą organinėms / neorganinėms 
fotovoltinėms struktūroms, tobulinant organinių medžiagų charakterizavimo 
metodus, vystant skylių pernašos medžiagas bei plėtojant neorganinių SC 
gamybos būdus. Šiems tikslams pasiekti buvo nustatytos šios užduotys: 
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1. Sukurti naują didelio jautrumo (~10-19A) jonizacijos potencialo (Ip) 
matavimo įrenginį, skirtą organinėms ir neorganinėms medžiagoms. 

2. Sukurti naują fotoemisijos spektro analizės metodą, kuris leistų detaliau 
ištirti puslaidininkinių organinių medžiagų energetinių lygmenų struktūrą.  

3. Įvertinti fluoreno pagrindu susintetintų skylių pernašos medžiagų Ip ir ߤ 
ir nustatyti, kurios medžiagos būtų tinkamos organiniams / neorganiniams SC. 

4. Pagaminti SC, kurių šviesą absorbuojantis sluoksnis būtų neorganinis ir 
suderinimas su skersaryšinamomis fluoreno pagrindu susintetintomis skylių 
pernašos medžiagomis bei įvertinti pagrindinius šių SC parametrus. 

1.1.2 Mokslinis naujumas 
 
Ieškant naujų, pigių ir efektyvių organinių HTM, skirtų gaminti SC, reikia 

greitų, informatyvių ir paprastų medžiagų tyrimo metodų, leidžiančių įvertinti 
Ip ir ߤ. Ip parametras suteikia svarbios informacijos apie skirtingų medžiagų 
suderinamumą, kalbant apie energijos lygmenis. Netikslus Ip įvertinimas 
gerokai apsunkina SC architektūros kūrimą - kadangi Ip atitinka HOMO 
lygmenį, o nesuderinami HOMO lygmenys tarp skirtingų medžiagų lemtų 
neefektyvų krūvio atskyrimą ir ištraukimą link SC kontaktų. PYSA metodas 
organinių medžiagų Ip  nustatymui yra palyginti gerai žinomas [19]. Jei foto 
srovei įvertinti naudojamas elektrometras, kaip aprašyta [20], jo jautrumo 
slenkstis yra apie 10-15-10-16 A. Toks jautris gali būti nepakankamas tikslios Ip 
vertės nustatymui. Kita vertus, komercinės sistemos, tokios kaip Riken-Keiki 
AC-2 [21] ir AC-3 [22], yra jautresnės nei sistemos, pagrįstos elektrometru, 
tačiau jos naudoja slopinimo tinklelius ir impulsų generatorius, kad  užgesintų 
ir neutralizuotų klaidingus impulsus. Tokia sistema turi 3ms nejautros trukmę, 
dėl kurios maksimali galima aptikimo sparta yra mažesnė nei 300 elektronų 
per sekundę. Šiame darbe yra pristatoma nauja Ip įvertinimo sistema, veikianti 
lavininio išlydžio pagrindu dujų mišinyje, kuri leidžia įveikti anksčiau 
minėtus trūkumus. 

Daugelio komerciškai prieinamų HTM, pavyzdžiui, kaip Spiro-OMeTAD, 
sintezė yra brangi: daugiapakopės sintezės procedūros, brangūs reagentai ir 
gryninimo metodai [23]–[25]. Pigesnių ir lengviau sintetinamų HTM kūrimas, 
kurių savybės būtų panašios ar geresnis nei Spiro-OMeTAD, būtų postūmis 
link efektyvių ir pigių organinių / neorganinių SC. Sintezės procesas yra 
glaudžiai susijęs su šių medžiagų charakterizavimo metodais. ߤ yra svarbus 
HTM parametras, nes jis tiesiogiai veikia SC efektyvumą. Kuo didesnis ߤ yra, 
tuo didesnė tikimybė ištraukti daugiau krūvio link SC elektrodų, o tai lemia 
didesnę Jsc. Dažnai literatūroje minimos krūvio pernašos vertinimo metodikos 
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yra voltamperinių charakteristikų (VACh) analizė, lauko tranzistoriaus (FET) 
perdavimo ir išėjimo charakteristikų analizė, lėkio trukmės metodas (TOF) ir 
krūvio ištraukimas tiesiškai didėjančia įtampą (CELIV). Tačiau VACh analizė 
nėra labai tiksli ir patikima technika, FET gamybai reikalinga specifinė 
bandinio struktūra, o norint tirti bandinius TOF ar CELIV, reikia, kad 
bandinyje būtų bent du laidūs kontaktai, o vienas iš šių kontaktų paprastai 
būna termiškai užgarintas metalas ant organinės medžiagos. Kadangi 
užgarintas kontaktas turi specifinę geometriją ir išdėstymą, jis pateiks 
informaciją tik iš mažo bandinio ploto. Be to, garinimo procesas gali paveikti 
bandinį ar bandinio plotą po metaliniu elektrodu - padidėjusi temperatūra ar 
nusodintas metalas gali pagreitinti HTM kristalizacijos procesą. Kadangi 
XTOF tiria visą mėginio paviršių (cm2 eilės) be užgarinto metalinio kontakto 
ant organinės medžiagos, paviršiaus defektai turi mažiau įtakos rezultatams, 
palyginti su santykinai nedideliu užgarinto metalo kontakto plotu (mm2 eilės). 

Kadangi, bet kurio SC gamyba susideda iš daugelio žingsnių, dažnai 
pagrindiniai tikslai yra padaryti SC gamybą kuo paprastesnę, saugesnę ir 
pigesnę. CZTSSe yra perspektyvus medžiagų derinys ir gali pasiekti šiuos 
tikslus - jis nėra toksiškas, galima formuoti sluoksnius purškimo būdu, tirpalo 
gamyba yra paprasta, medžiagos palyginti pigios [5], [26]. Kadangi CZTSSe 
sluoksniai gali atlaikyti aukštą temperatūrą, todėl ant jų galima formuoti 
skersaryšinamas HTM fluoreno pagrindu. Fluoreno pagrindu pagamintų HTM 
skersaryšinimo temperatūros yra gana aukštos ir dažniausiai yra per aukštos, 
kad būtų panaudotos perovskito SC. 

Visų aukščiau paminėtų patobulinimų ir metodų naudojimas įgalina naujos 
kartos SC įrenginių paieškas. 

1.1.3 Ginamieji teiginiai 

1. Fotoemisijos spektro matavimo įrenginys veikiantis lavininio išlydžio 
principu oro, Ar ir CH4 dujų mišinio aplinkoje, leidžia registruoti iki 104 
karto silpnesnes foto sroves nei spektro matavimo sistema naudojanti 
elektrometrą. 

2. Fotoemisijos spektro analizavimas naudojant (dY/d(hν))1/2 
priklausomybę, leidžia spektre išskirti daugiau nei vieną HOMO 
lygmenį, lyginant su dažniausiai naudojama Y1/n(hν) priklausomybe. 

3. Metoksidifenilaminu pakeisti fluoreno dariniai HTM4 ir HTM5 su alkilo 
grupėmis trifenilamino para padėtyse turi panašias skylių judrio ir 
jonizacijos potencialo vertes bei efektyvumą perovskito saulės celėse, 
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lyginant su Spiro-OMeTAD, tačiau šių darinių. sintezė vykdoma dvejais 
etapais vietoje penkių. 

4. Fluoreno pagrindu susintetinti ir skersaryšinami HTM6 ir HTM7 gali 
būti naudojami gaminant daugiasluoksnes struktūras nenaudojant 
ortogonalių tirpiklių. Skylių judriai yra palyginami arba didesni nei 
Spiro-OMeTAD. HTM6 ir HTM7 turi tinkamą jonizacijos potencialą ir 
skersaryšinimo temperatūrą CZTSSe saulės celėms. 

5. Invertuotos struktūros saulės celė FTO/TiO2/Cu2ZnSnSe3.2S0.8/         

Spiro-OMeTAD /Ag  pasiekė 3,1% efektyvumą, kuris, tuo metu, buvo 
didžiausias tarp purškimo būdu suformuotų ir invertuotų CZTSSe saulės 
celių. 

1.1.4 Publikacijos 

1. R. Tiazkis, P. Sanghyun, M. Daškevičienė, T. Malinauskas, M. Saliba, 
J. Nekrasovas, V. Jankauskas, Sh. Ahmad, V. Getautis,                          
M. K. Nazeeruddin.  “Methoxydiphenylamine-substituted fluorene 
derivatives as hole transporting materials: role of molecular interaction 
on device photovoltaic performance”, SCIENTIFIC REPORTS, 
Volume 7, 150, DOI: 10.1038/s41598-017-00271-z (2017). 
 

2. M. Franckevičius, V. Pakštas, G. Grincienė, E. Kamarauskas,                
R. Giraitis, J. Nekrasovas, A. Selskis, R. Juškėnas, G. Niaura. 
“Efficiency improvement of superstrate CZTSSe solar cells processed 
by spray pyrolysis approach”, Solar Energy, Volume 185, June 2019, 
Pages 283-289. DOI: 10.1016/j.solener.2019.04.072 (2019). 
 

3. J. Nekrasovas, V. Gaidelis, E. Kamarauskas, M. Viliūnas,                        
V.  Jankauskas. “Photoemission studies of organic semiconducting 
materials using open Geiger-Muller counter”, Journal of Applied 
Physics, 126, 015501. DOI: 10.1063/1.5096070 (2019). 

 
4. D. Vaitukaitytė, A. Al-Ashouri, M. Daškevičienė, E. Kamarauskas,      

J. Nekrasovas, V. Jankauskas, A. Magomedov, S. Albrecht,                    
V. Getautis, “Enamine-Based Cross-Linkable Hole-Transporting 
Materials for Perovskite Solar Cells”, SOLAR RRL, Volume: 5 Issue: 
1, 2000597, DOI: 10.1002/solr.202000597 (2021). 
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J. Nekrasovas, V. Jankauskas, Sh. Ahmad, V. Getautis,                          
M. K. Nazeeruddin, “Charge-transporting properties of 
methoxydiphenylamine- substituted fluorene derivatives as hole 
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Warsaw University of Technology, Warsaw, Poland, September        
18-21, 2017.  
 

2. J. Nekrasovas, V. Gaidelis, V. Jankauskas, E. Kamarauskas,          
M. Viliūnas, “Puslaidininkių jonizacijos potencialo matavimas 
Geigerio-Miulerio skaitikliu.”ISBN: 9786094598807 ;                  
DOI: 10.15388/proceedings/LNFK.42, the 42nd Lithuanian national 
Physics Conference, Vilnius, Lithuania, October 4-6, 2017. 
 

3. J. Nekrasovas, E. Kamarauskas, V. Gaidelis, M. Steponaitis,           
T. Malinauskas,V. Getautis, V. Jankauskas, “Charge transport 
properties of novel enamines with different central group.”, eISBN: 
9786090216385 ; DOI: 10.5755/e01.9786090216385, the 43th 
Lithuanian national Physics Conference, Kaunas, Lithuania, October 
3-5, 2019. 

 
4. J. Nekrasovas, Š. Daškevičiūtė, M. Daškevičienė, V. Getautis,        

V. Gaidelis, V. Jankauskas, “Charge-transporting properties of 
enamine-based fluorene derivatives as hole transporting materials for 
PSC”, nanoGe Fall Meeting19, Berlin, Germany, November 3-8, 
2019.  

1.1.6 Dalyvavimas moksliniuose projektuose 
 
Lietuvos mokslo tarybos, mokslinių grupių projektas “Investigation of the 

charge carriers transport features in thin multilayered hybrid structures, 
Project No. MIP-091/2015, 2015-2018. 

1.1.7  Autoriaus indėlis 
 
Autorius dalyvavo kuriant ir konstruojant naująją PYSA sistemą, atliko 

visus su PYSA ir XTOF susijusius eksperimentus ir duomenų analize. 
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Autorius vystė Ip nustatymą naudojant (dY/d(hν))1/2  priklausomybę. Autorius 
suprojektavo naują purškimo sistemą ir dalyvavo naujų CZTSSe SC purškimo 
metodikos tobulinime ir atliko CZTSSe SC VACh matavimus. Autorius 
aktyviai dalyvavo rezultatų aptarime ir publikacijų rengime. 

Diferencinės skenuojančios kalorimetrijos (DSC) matavimai ir HTM1-
HTM7 sintezė buvo atlikti Kauno technologijos universitete, tyrėjų grupėje, 
kuriai vadovauja prof. Vytautas Getautis. Prof. Sanghyun Paek ir                   
prof. Michael Saliba pagamino ir charakterizavo SC su HTM1-HTM5.          
Dr. Amran Al-Ashouri ir prof. Steve Albrecht pagamino SC su HTM6-HTM7 
ir jas charakterizavo. Tirpalų paruošimą CZTS sluoksniams, cheminį CdS 
nusodinimą (CBD), CZTS sluoksnių formavimą purškiant rankiniu būdu, 
CZTS sluoksnių selenizaciją ir Spiro-OMeTAD dengimą ant CZTSSe SC 
atliko dr. Marius Franckevičius, dr.Vidas Pakštas, dr. Giedrė Grincienė,         
dr. Raimondas Giraitis, dr. Algirdas Selskis. 
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1.2  Ip charakterizavimas 

 Ip yra svarbus parametras tiriant metalų, puslaidininkių medžiagų, o ypač 
organinių junginių, energinius lygius, kuriuos reikia žinoti kuriant 
elektronikos prietaisus, SCs, šviesos diodus (LED), FET. Visais paminėtais 
atvejais, norint tinkamai pasirinkti iš daugybės esamų medžiagų arba sintetinti 
naujas medžiagas su norimomis savybėmis, būtina žinoti medžiagų 
energetinius lygmenis. 

 
1 pav.  Fotoemisijos spektroskopijos principas organinių medžiagų atveju. 
Adaptuota pagal [55], [56].  

1 pav. parodytas PYS principas. Kvantinė fotoelektronų išeiga (Y), kuri yra 
emituotų fotoelektronų skaičius vienam absorbuotam fotonui, atidėta nuo 
fotono energijos (hν). Kai fotonų energija yra mažesnė už slenkstinę 
jonizacijos energiją, stebimas pirmasis spektro regionas – „0“ lygyje (pilka 
tiesė). Antrasis regionas yra, kai hν tampa šiek tiek didesnis už jonizacijos 
energiją (raudona kreivė). Trečiasis regionas, kai hν gerokai viršija jonizacijos 
energiją (žalia kreivė). Duomenys atvaizduojami Y1/n(hν) grafike, parenkant 
tinkamiausią ݊ vertę,  kad žalioji ir raudonoji kreivės būtų kuo tiesiškesnė. 

Fotoemisijos kreivė gali būti aprašoma pagal formulę:  
 

ܻ ∝ ሺ݄ߥ െ  ሻ. (1.1)ܧ
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Šio metodo principas yra surasti n vertę, kad būtų pasiektas geriausias 
nubraižytos kreivės tiesiškumas. Metalams ݊ ൌ 2, priklausomai nuo 
paviršiaus savybių, jis gali skirtis tarp ݊ ൌ 1, ݊ ൌ 3/2, ݊ ൌ 5/2 [59]. 
Organinėms medžiagoms rekomenduojamas ݊ ൌ 3. Tačiau ݊  gali svyruoti net 
nuo 1 iki 5 [36], [60]–[62]. 

1.2.1 Ip charakterizavimas naudojant elektrometrą ir Y1/n priklausomybę 
 
Pigesnės ir lengviau sintetinamos HTM, kurių našumas saulės celėse yra 

panašus ar geresnis nei Spiro-OMeTAD, buvo tiriamos fotoemisijos 
spektroskopijos metodu ore (PYSA) [63]. Šis metodas pirmą kartą buvo 
panaudotas [52]. Struktūrinės cheminės formulės parodytos 2 paveiksle. 
Daugelis didelio efektyvumo SC naudojo Spiro-OMeTAD kaip HTM [64]–
[67]. Tačiau Spiro-OMeTAD sintetinimas yra brangus: daugiapakopės 
sintezės procedūros, brangūs reagentai ir sudėtingesnės gryninimo procedūros 
[23]–[25]. 

Prof. Vytautas Getautis ir jo mokslinė grupė susintetino 5 naujas skylių 
pernašos medžiagas  fluoreno pagrindu (2 pav.): 4 – {[2,7-bis (4,4’-
dimetoksidifenilamino) -9H-fluoren-9-ilidene] metil} -N, N-difenilanilinas 
(HTM1), 4 – {[2,7-bis (4, 4‘-dimetoksidifenilamino) -9H-fluoren-9-ilidene] 
metil} -N, N-difenil-2- metilanilinas (HTM2), 4 – {[2,7-bis (4,4‘-
dimetoksidifenilamino) -9H- fluoren-9-ilidene] metil} -N, N-difenil-3-
metilanilinas (HTM3), 4 – {[2,7-bis (4,4‘-dimetoksidifenilamino) -9] -
fluoren-9-iliden] metilas } -N, N-bis (4-metilfenil) anilinas (HTM4), 4 – {[2,7-
bis (4,4’-dimetoksidifenilamino) -9H-fluoren-9-ilidene] metil} -N, N- bis (4-
butilfenil) anilinas (HTM5). 

 
 
 
 
 
 
 



77 
 
 

 HTM1
 

HTM2

 

HTM3
 

HTM4

 

HTM5

2  pav. Struktūrinės formulės tirtų skylių pernašos medžiagų HTM1 – 
HTM5. 



78 
 
 

 Medžiagų Ip nustatytas  naudojant PYSA metodiką ir elektrometrą. 
Matavimo metodika ir bandinių gamybos procesas detaliau aprašytas [52].  

Rezultatai atvaizduoti 3 pav. ir apibendrinti lentelėje 1.  
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3 pav. HTM1-5 medžiagų fotoemisijos spektras ore. Spektras išmatuotas 
naudojant elektrometrą. 

Lentelė 1. Nustatytos Ip vertės HTM1-HTM5 ir Spiro-OMeTAD medžiagoms. 

Medžiaga Ip, (eV±0.1eV)  
 

HTM1 5.05 
HTM2 5.00 
HTM3 5.00 
HTM4 4.92 
HTM5 5.03 

Spiro-OMeTAD 5.00 
 
Visos HTM pademonstravo  panašias Ip vertes, kaip ir Spiro-OMeTAD. 

HTM2 spektras pavaizduotas 4 pav. Naudojant tiesinį aproksimavimą, galima 
rasti tašką, kur spektras kerta x ašį ir nustatyti Ip vertę, darant prielaidą, kad x 
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ašis yra „0“ lygyje. Tačiau, jei spektras analizuojamas atidžiau, matyti, kad 
jame yra 3 regionai: 

1. ~4.8 – 5 eV – tamsinio signalo regionas 
2. ~5 – 5.4 eV – pirmasis fotoemisijos regionas 
3. ~5.4 – 6 eV– antrasis fotoemisijos regionas 

4,8 5,0 5,2 5,4 5,6 5,8 6,0
0

2

4

6

8

10
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16

I
p?

=5.07 eV
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Y
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/2
 (

a.
 u

.)

h (eV)
 

4  pav. HTM2 fotoemisijos spektras ore. Spektras išmatuotas naudojant 
elektrometrą. 

Daugumoje publikuojamos literatūros nurodomi du metodai, kaip 
nustatyti Ip reikšmę: 1) spektro aproksimavimo tiesės ir abscisių ašies 
susikirtimo taškas; 2) „0“ lygio aproksimavimo tiesės ir spektro 
aproksimavimo tiesės susikirtimo taškas [36], [61]. Jei laikytume, kad žalia 
linija yra tikrasis „0“ lygmuo, Ip vertė pasikeičia per 0,07eV. Be to, matyti, 
kad vyksta perėjimas tarp 1 ir 2 fotoemisijos regionų. Atsižvelgiant į 
organinių medžiagų jautrumą šviesai, monochromatoriaus spektrinę 
skiriamąją gebą ir elektrometro jautrumą, gali būti pakankamai sunku 
nustatyti tikrąjį „0“ lygį ar kreivės polinkio/lūžio taškus (pvz., kaip 4 pav., 
ties ~ 5,4 eV), ir tiesinis aproksimavimas būtų atliktas naudojant visą 5–6 eV 
diapazoną. Tai gali paaiškinti, kodėl literatūroje galima rasti įvairių 
publikuotų Ip verčių tai pačiai medžiagai, pvz. kaip H2Pc – Ip reikšmės  
svyruoja nuo 4,95 iki 5,1 eV [29], [32], [68]. 
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1.2.2 Ip charakterizavimas naudojant atvirą Geiger-Müller skaitiklį ir 
(dY/d(hν))1/2 priklausomybę   

 
Fotoemisijos atmosferos slėgyje tyrimui naudotos aparatūros supaprastinta 

schema pavaizduota 5 pav. Fotoelektronų detekcija veikia Geigerio – Müllerio 
skaitiklio pagrindu [71]. Elektronų skaitiklis (EC) susideda iš cilindro formos 
jonizacijos celės, kurios plyšys palei vieną cilindro pusę leidžia elektronams 
patekti į celę (5 pav.). Išilgai cilindro ašies eina plona vielelė, prie vielelės 
prijungta aukšta teigiama įtampa. Vielelės įtampa palaikoma šiek tiek 
mažesnė už vainikinio išlydžio įtampą ir vielelės paviršiuje sukuriamas ~105 
V/cm elektrinis laukas. Lėtam elektronui patekus į cilindro vidų, jį veikia 
elektrinis laukas ir jis traukiamas link vielelės. Artėjant link vielelės vis didėja 
elektrinio lauko stipris ir prasideda dujų molekulių jonizacija bei griūtinio 
pramušimo procesas. Spartus krūvininkų dauginimasis padidina jų skaičių iki 
~109 karto. Lavinos procesas baigiasi, kai teigiami jonai suformuoja erdvinį 
krūvį šalia vielelės, taip kompensuodami sudaryta elektrinį lauką. Vėliau 
teigiami jonai dreifuoja link katodo, kur jie praranda savo krūvį. Molekulės 
tampa neutralios ir sužadinamos [71]. Kai kurios dujos, pvz. kaip Ar arba N2 
praranda perteklinę energiją, išspinduliuodamos UV šviesos kvantus [71]; ši 
UV spinduliuotė gali jonizuoti kitas dujų molekules ir taip sukurti antrinius 
laisvuosius elektronus, kurie priartėję prie anodo vėl inicijuoja naujas 
nepageidaujamas lavinas. Norint neutralizuoti tokias lavinas, galima naudoti 
dujų mišinį, kuriame yra 5% metano ir 95% argono ir šį mišinį maišant su oru 
~1: 1 santykiu. Metano molekulės išlaisvina energiją disociacijos būdu, 
veikdamos kaip efektyvus antrinių elektronų ir klaidingų impulsų gesintojas. 
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5 pav. Elektronų skaitiklio elektrinė schema. 

Elektronų skaitiklio elektrinė schema parodyta 5 pav. Jį sudaro aukštos 
įtampos šaltinis (HV), jonizacijos celė ir specialus bandinio laikiklis, įdėtas į 
uždarą matavimo kamerą, taip pat stiprintuvas ir komparatorius, slenkstinės 
įtampos valdymui. Impulsų skaitiklį ir likusią eksperimentinę įrangą valdo 
kompiuteris per mikrovaldiklį. Monochromatinė šviesa į kamerą patenka pro 
kvarco langą. Jei bandinys sugeria šviesos kvantą ir į celę patenka elektronas, 
vyksta lavinos išlydis. Naudojant šią sistemą galima detektuoti iki 1000 
elektronų per sekundę. 

Parengus naują sistemą ir norint palyginti dviejų sistemų galimybes, buvo 
pagaminti nauji HTM2 - HTM5 bandiniai. Įvertinos Ip vertės pateiktos 
lentelėje 2. Nustatytos Ip vertės yra panašios, tačiau didesnis EC jautrumas ir 
aukštesnė spektrinė skiriamoji geba leidžia atlikti tikslesnius matavimus. 

 
Lentelė 2.  Ip vertės HTM2-5 medžiagoms. Matavimai atlikti su EC ir  
elektrometru. 

Medžiaga Elektrometras (Ip(eV±0.1eV)) EC (Ip(eV±0.05eV)) 
HTM2 5.00 4.99 
HTM3 5.00 4.96 
HTM4 4.92 5.01 
HTM5 5.03 5.00 

 
6 pav. pavaizduoti HTM2 fotoemisijos spektrai, išmatuoti naudojant EC ir  

elektrometrą. Teoriškai, Y1/3 skalė (juodi kvadratai) turėtų būti labiau tinkama 
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organinių medžiagų  Ip nustatymui, kita vertus, jei reikėtų pasirinkti kreivę, 
kuri būtų kuo artimesnė tiesei, reikėtų rinktis  Y1/2 atvaizdavimą (žali tušti 
kvadratai). Šie rezultatai iškėlė klausimą - kaip išsiaiškinti, kuri n reikšmė yra 
teisingesnė? 
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6 pav. HTM2 medžiagos Ip matavimai atlikti elektrometru (raudoni 

apskritimai) ir atlikti su EC (juodi kvadratai ir žali tušti kvadratai). 
Duomenys sunormuoti į 1. 

Toliau pristatomas naujas PYSA matavimo rezultatų apdorojimo ir 
grafinio pateikimo metodas, siekiant išsamiau parodyti fotoemisijos spektrų 
ypatumus. 

1.2.3 Ip charakterizavimas naudojant (dY/d(hν))1/2 priklausomybę 
 
Publikacijose [38], [39], [68] apie organinių medžiagų tyrimus UPS 

metodiką, teigiama, kad būsenų tankio (DOS) pasiskirstymas yra Gausinė 
funkcija. Ši funkcija naudojama tiek atliekant teorinius skaičiavimus, tiek 
interpretuojant eksperimentinius rezultatus, tačiau, norint nustatyti Ip vertę, 
kyla klausimas - kaip teisingai apibrėžti ir eksperimentiškai nustatyti 
fotoemisijos slenkstį? Gauso funkcija tolygiai mažėja link nulio. Jei nubrėžta 
aproksimacijos tiesė, atitinkanti Gauso funkcijos polinkį, tai ji susikerta su 
abscisių ašimi taške, ten kur funkcijos vertė yra apie 10% nuo didžiausios 
funkcijos vertės. Panašūs UPS tyrimų rezultatai pateikti [38], [39], [68]. Šis 



83 
 
 

nuokrypis realiuose matavimuose praktiškai neįskaitomas,  nors ir literatūroje 
yra minima silpna fotoemisija, kai sužadinimo energija yra mažesnėse nei  Ip 
[42], [51], [61].  

Matematinis modeliavimas padeda nuspręsti, kuri priklausomybė yra 
geresnė Ip vertinimui - Y1/n ar  (dY/d(hν))1/2. Pasinaudojant formule 1.1, galima 
daryti prielaidą, kad paprastu atveju, kai yra tik viena fotoemisijos juosta, Y  
išvestinės kvadratinė šaknis bus tiesė. 

Aptarkime teorinį modelį, kuriame yra dvi fotoemisijos juostos: pirmoji 
silpnos fotoemisijos juosta ir antroji stiprios fotoemisijos juosta, atitinkamai 
apibūdinamos IpnR1 ir  IpnR2  lūžio taškais. Taip pat egzistuoja pastovus foninis 
signalas C, kurį sukelia foninė spinduliuotė, išsklaidyta šviesa ar kiti 
reiškiniai, tuomet Y gali būti aprašytas taip: 

 
 ܻ ൌ ,ܥ jei ݔ ൏  ୮ୖଵ (1.2)ܫ

 ܻ ൌ ܥ  ܣ ⋅ ൫ݔ െ ୮ୖଵ൯ܫ
ଷ
, jei ୮ୖଵܫ ൏ ݔ ൏  ୮ୖଶ (1.3)ܫ

 ܻ ൌ ܥ  ܣ ⋅ ൫ݔ െ ୮ୖଵ൯ܫ
ଷ
 ൫ݔ െ ୮ୖଶ൯ܫ

ଷ
, jei ݔ   ୮ୖଶ (1.4)ܫ

Čia x reiškia kvantinę energiją. Parametras A <1 reiškia, kad 
pirmosios juostos intensyvumas yra mažesnis už antrosios, o antrosios 
intensyvumas yra 1. 
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7 pav. Teorinių skaičiavimų rezultatai pavaizduoti kaip Y1/n 

priklausomybė nuo x (kvanto energija) tiesinėse ir logaritminėse skalėse 
(rožinis deimantas). Y reikšmės buvo apskaičiuotos pagal formules (1.2), 
(1.3) ir (1.4) naudojant tokius parametrus: IpR1 = 4.6, IpR2 = 5, C = 0.01 ir 
A = 0.2. 

Y reikšmių diagrama parodyta 7 pav., kaip Y1/n priklausomybė nuo x. Y 
vertės buvo apskaičiuotos naudojant (1.2), (1.3) ir (1.4) formules. Norint rasti 
susikirtimo taškus, nubrėžtos aproksimavimo tiesės. Susikirtimo taškas tarp x 
ašies ir aproksimavimo tiesės, yra laikoms Ip2. Reikia pažymėti, kad ݊ = 1 or 
2 atvejais, praktiškai neįmanoma parinkti tinkamų aproksimavimo kreivių, 
todėl buvo pasirinktas „geriausiai atrodantis“ variantas. 

Lentelė 3. Ip2 vertės susikirtimo taške, priklausomai nuo A parametro 

݊ Ip2, eV 
A = 0.05 A = 0.2 A = 0.5 

1 ~5.6  ~5.5 ~5.5 
2 ~5.3 ~5.2 ~5.2 
3 5.1 5.06 4.93 
4 5.04 4.98 4.86 
1, log skalė 5.04 4.81 4.74 
Išvestinė 5.05 5.08 5.11 
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 Ip2 vertės vertės susikirtimo taške, priklausomai nuo A parametro pateiktos 
lentelėje 3. Beveik visais atvejais apskaičiuota Ip2 vertė reikšmingai skiriasi 
nuo realiosios vertės Ip2 = 5. Be to, problematiška nuspręsti, kaip šiuose 
grafikuose rasti tikrąją Ip1 vertę, kuri yra 4,6 eV. Naujas būdas išspręsti 
aukščiau aprašytas problemas yra Ip nustatymas braižant (dY/d(hν))1/2 
priklausomybę.        
 Diferencijuojant (1.2) - (1.4) gaunama 
  

 dܻ
dݔ

ൌ 0, jei ݔ ൏  ୮ୖଶܫ
(1.5) 

 dܻ
dݔ

ൌ ܣ3 ⋅ ൫ݔ െ ୮ୖଵ൯ܫ
ଶ
, jei ݔ ൏  ୮ୖଶܫ

 
(1.6) 

 
		
dܻ
dݔ

ൌ ܣ3 ⋅ ൫ݔ െ ୮ୖଵ൯ܫ
ଶ
 3൫ݔ െ ୮ୖଶ൯ܫ

ଶ
, jei ݔ   ୮ୖଶܫ

 
(1.7) 

8 pav. Y atvaizduota pagal (dY/d(hν))1/2, skaitmeninės vertės apskaičiuotos 
pagal formules (1.5) - (1.7), kai IpR1 = 4.6 eV ir IpR2 = 5 eV. 8 pav. kiekvienoje 
kreivėje galima nesunkiai išskirti tiesines dalis. 
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Y
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0.
5
 n
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m

.

 
8 pav. Y priklausomybė nuo energijos (dY/d(hν))1/2 atvaizdavime remiantis 
formulėmis (2.7) to (2.9) 
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1.2.4 Tirtos medžiagos 
 

 Siekiant parodyti naujojo metodo galimybes, buvo ištirta keletas gerai 
žinomų medžiagų: bemetalis ftalocianinas (H2Pc), titaniloftalocianinas 
(TiOPc), N, N′-is (3-metilfenil) -N, N′-difenilbenzidinas (TPD) iš „Sands 
Co.“, regioreguliarus poliheksiltiofenas (P3HT) iš „Sigma Aldrich“. 
Medžiagų cheminės formulės parodytos 9 pav. TiOPc ir H2Pc milteliai buvo 
disperguoti THF tirpiklyje be rišamųjų medžiagų, dispersija buvo užlieta ant 
padėklų, susidedančių iš poliesterio plėvelės, padengtos laidžiu Al sluoksniu, 
ir ~ 0,5 μm storio polimero. TPD buvo ištirpintas THF ir padengtas ant 
padėklo. P3HT buvo ištirpintas chloroforme. Mėginiai buvo džiovinami 30 
minučių kaitinant 60°C temperatūroje. 
 

 
9 pav. Tirtų medžiagų struktūrinės formulės: TPD, P3HT, H2Pc, TiOPc. 

1.2.5 Rezulatai 
 
10 pav. H2Pc miltelių Ip buvo įvertintas naudojant (dY/d(hν))1/2  

priklausomybę. Spektrą galima suskirstyti į 3 sritis: iki x1 = 4.95 eV yra 
tamsinė sritis,  tarp x1 = 4.95 eV ir x2 = 5.15 eV (Ip2) yra antroji tiesinė sritis, 
ir nuo  5.15 eV seka trečioji tiesinė sritis. 
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10 pav. H2Pc fotoemisijos spektras. 

10 pav. tie patys duomenys atvaizduoti pagal Y1/n  priklausomybę ir 
logaritminėje skalėje.  
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11 pav.: Normalizuotas H2Pc fotoemisijos spektras įvairiuose 

atvaizdavimuose. 

Apskaičiuotos Ip vertės svyruoja nuo 5.45 eV, kai ݊	 ൌ 	1 iki 5.16 eV, kai 
݊	 ൌ 	4. Kai kurios vertės galėtų būti palyginamos su Ip2, tačiau nei viena vertė 
neindikuoja Ip1 egzistavimo. (dY/d(hν))1/2  metodas geriau atskleidžia spektro 
ypatumus bei leidžia įžiūrėti daugiau spektro polinkių. 
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  Šiame skyriuje ištirtų ir aptartų medžiagų rezultatai apibendrinti  lentelėje 4. 
Visais atvejais lūžio taškai pereina prie mažesnių energijų didėjant ݊.  
 

Lentelė 4. Ip matavimų rezultatai elektronvoltais (eV). 
Medžiaga Ip (eV±0.05eV), kai Log 

skalė 
(Der)0.5 

 n = 1 n = 2 n = 3 n = 4 Ip1 Ip2 
TiOPc 5.61 5.47 5.40 5.36 5.3 5.25 5.41 
H2Pc 5.45 5.26 5.17 5.16 5.06 4.95 5.15 
TPD 5.57 5.46 5.39 5.35 5.28 5.16 5.34 
P3HT 4.83 4.72 4.67 4.65 4.61 4.40 4.66 

5 lentelėje parodytas eksperimentinių rezultatų palyginimas su 
aprašytais literatūroje. Kaip matyti 4 lentelėje, apskaičiuotos Ip vertės pagal 
(dY/d(hν))1/2 priklausomybę koreliuoja su vertėmis, apskaičiuotomis pagal 
Y1/n, kai	݊ yra 3 arba 4. Ip verčių skirtumą gali nulemti gamyba metodai, 
kristalinė ar amorfinė struktūra bandinio struktūra, matavimo įrenginio 
paklaidos arba vieta, kur mėginys buvo pagamintas ir matuotas: 
atmosferoje, inertinių dujų aplinkoje arba vakuume. Šiame eksperimente, 
jei nenurodyta kitaip, visi mėginiai buvo matuojami iškart po pagaminimo.  

Lentelė 5. Ip matavimų rezultatai elektronvoltais (eV) ir jų palyginimas 
su publikuotais rezultatais  

Medžiaga PES/PYS UPS CV KP Ip1/Ip2, 

(±0.05eV) 
TiOPc 5.24* 

[61], [77] 
5.2 

[32]–[34] 
  5.25/5.41 

H2Pc 5.1* 
[78] 

4.95-5.1 
[29],[32],[70]

 5.1 
[80] 

4.95/5.15 

TPD 5.34** 
[43] 

5.1-5.2 
[29]–[31] 

5.55 
[41] 

 5.16/5.34 

P3HT 4.54** [36], 
4.75* [45] 

4.6-4.85 
[36], [37], 
[81], [82] 

5.2 
[83] 

 4.40/4.66 

Au 4.78* [76] 
 

5.10[75]   4.60***,     
4.92**** 

*ore; **vakuume; ***po pagaminimo; ****po 7 dienų; 
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1.2.6 Ip1 ir  Ip2 verčių reikšmė 
 
 Pirmąją silpną fotoemisiją, kurios pradžia yra hν = Ip1, gali sukelti įvairūs 

veiksniai, tokie kaip priemaišų buvimas tiriamame mėginyje, sluoksnių 
kristalizacija ar agregacija, adsorbuotos dujos ir kt. Tai, taip pat gali nulemti 
HOMO Gauso funkcijos „uodega“ ir, bent jau kai kuriais atvejais, atspindi 
tikrąją jonizacijos potencialo vertę. Rezultatų palyginimas su UPS tyrimų 
rezultatais padeda tiksliau atsakyti į šį klausimą. TiOPc atveju jonizacijos 
potencialo arba HOMO lygio vertė, nustatyta UPS metodika [32]–[34], yra 
5,2 eV, o Ip1= 5,25 eV yra labai artima šiai vertei. Todėl galime daryti išvadą, 
kad šiuo atveju Ip1 vertė atitinka HOMO vertę. Tada reikšmė Ip2 = 5,41 eV gali 
atitikti HOMO - 1. H2Pc atveju UPS nustatyta vertė yra  4,95 eV [35] sutampa 
su Ip1 = 4,95 eV, o Ip2 = 5,15 eV yra artima 5,1 eV UPS vertei [79]. Su            
VB-UPS  nustatyta H2Pc 4,96 eV jonizacijos energija sutampa su                     
Ip1= 4,95 eV. Tačiau nėra jokių požymių, kad būtų antrasis lūžio taškas, kuris 
yra ties 5,15 eV. TPD UPS matavimai parodė 5,1–5,2 eV vertes, kurios yra 
artimos Ip1 = 5,16 eV reikšmei, todėl galime manyti, kad ši vertė atspindi 
HOMO. Tada antroji vertė - Ip2 = 5,34 eV, gali būti laikoma HOMO - 1. P3HT 
atveju UPS vertė HOMO yra 4,6 - 4,85 eV, o tai yra artima Ip2 = 4,66 eV 
vertei. Jei vertinsime šią vertę kaip HOMO, tada fotoemisijos, kurios pradžia 
yra Ip1 = 4,40 eV, nebuvo arba ji buvo per silpna, kad būtų aptikta UPS 
eksperimentuose. Tai gali sukelti skirtingos eksperimento sąlygos - aukštas 
vakuumas UPS eksperimento metu ar dujų mišinys šiuo atveju. Kiti veiksniai, 
į kuriuos reikia atsižvelgti, yra šie: kaip mėginiai keičia savo paviršiaus 
savybes oro aplinkoje, kaip laikomos pradinės medžiagos (mūsų atveju visos 
medžiagos, išskyrus P3HT, laikomos ore) arba kada buvo matuojamas 
mėginys. Pvz. Au bandinio Ip vertė per savaitę pasikeičia iki 0,30 eV. Yra 
žinoma, kad Au bandiniai yra jautrūs užterštumui [56]. TPD, H2Pc, TiOPc 
atveju, mėginius laikant ore vieną savaitę, Ip vertės pasikeitė tik paklaidos 
ribose. 

1.3 Krūvininkų judrio nustatymas organinėms medžiagoms 

1.3.1 Kserografis lėkio trukmės metodas (XTOF) 
 
XTOF metodika leidžia matuoti bandinius tik su vienu elektrodu ir įvertinti 

krūvininkų judrį didelės varžos puslaidininkiuose [88]. Taip pat verta 
paminėti, kad  XTOF matavimams bandiniai gali būti paruošti paprastu 
liejimo iš tirpalo metodu. 
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XTOF veikimo principas: įžemintas bandinys tamsoje įelektrinamas 
vainikiniu išlydžiu. Tuomet trumpas stipriai sugeriamos šviesos impulsas 
bandinio paviršiuje sugeneruoja elektronų-skylių poras. Šviesos bangos ilgis 
parenkamas taip, kad absorbcijos gylis būtų ߜሺߣሻ ൏൏ ݀, kur ݀ yra bandinio 
storis. Tarkime, esant teigiamam paviršiaus potencialui, laisvos skylės yra 
traukiamos link laidaus pagrindo [88], [89]. Tokiu atveju, žinant trukmę, per 
kurią skylės pereis per bandinį ttr, prijungtą įtampą ܷ bei bandinio storį ݀, 
pasinaudojus formule 1.8 galima apskaičiuoti skylių judrį ୢߤ. ttr trukmė 
nustatoma iš krūvininkų dreifo dU/dt kinetikų. 

 
୲୰ݐ ൌ

݀ଶ

ୢߤ ܷ
. 

(1.8) 

1.3.2 Rezultatai 
 

 Bandiniai su HTM1 - HTM5 buvo paruošti liejimo metodu. HTM buvo 
ištirpinti THF tirpiklyje. HTM sluoksnis suformuotas ant poliesterio plėvelės 
su laidžiu Al sluoksniu. Papildomai buvo pagaminti bandinai sumaišant HTM 
ir polikarbonatą (PC-Z) („Mitsubishi Gas Chemical Co.“, polikarbonatas 
„Iupilon Z-200“) 1: 1 masės dalimis THF tirpiklyje. Yra žinoma, kad paruoštų 
bandinių kokybė turi įtakos judrio matavimų rezultatams [91]: kiekviena 
molekulė turi skirtingas sluoksnio formavimo savybes, todėl, siekiant 
minimizuoti sluoksnio pagaminimo kokybės įtaką rezultatams, buvo atlikti 
papildomi XTOF matavimai HTM PC-Z matricoje. Absoliučios judrio vertės 
yra mažesnės, nes struktūroje yra nelaidaus polimero, tačiau struktūros ir 
savybių santykis yra geriau išreikštas. 
 Bandinių storiai buvo tarp 2 μm ir 6 μm. Bandinys įelektrinamas naudojant 
vainikinį išlydį. Krūvininkai sugeneruojami sluoksnio paviršiuje apšviečiant 
azoto lazerio impulsais (impulso trukmė 2 ns, bangos ilgis 337 nm). Tranzito 
trukmė ttr buvo nustatyta pagal dU/dt krūvininkų dreifo kinetikas dvigubame 
logaritminiame mastelyje. Krūvininkų judris apskaičiuotas pagal formulę 
(1.8). 
 Krūvininkų dreifo kinetikos integraliniame režime parodė, kad visos tirtos 
organinės medžiagos yra skylinio laidumo (įskaitant ir bandinius su PC-Z).  
 12 (c ir d) paveiksluose parodyta grynos HTM2 medžiagos ir                  
HTM2 + PC-Z mišinio dU/dt priklausomybė. Kreivėse matomas dispersiška 
skylių pernaša, o tai indikuoja apie stiprią judrio priklausomybę nuo elektrinio 
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lauko bei esančius prilipomo lygmenis. 12 pav. (e) atvaizduota μ 
priklausomybė nuo elektrinio lauko bandiniams su HTM2 ir HTM2 + PC-Z. 
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12 pav. a- HTM2 medžiagos krūvininkų dreifo kinetikos integraliniame 
režime ir  b – mišinyje su PC-Z. c- HTM2 skylių pernašos dU/dt kinetikos. 
d- HTM2 + PC-Z skylių pernašos dU/dt kinetikos.  e- μ priklausomybė nuo 
elektrinio lauko bandiniams su HTM2 ir HTM2+PC-Z. 

 
 Matavimų rezultatai apibendrinti 13 pav. ir 6 lentelėje. XTOF matavimai 
parodė, HTM1, HTM2, HTM4, HTM5 medžiagose skylių dreifinis judris 
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silpnuose elektriniuose laukuose yra apie ~10−5 cm2 V−1s−1 ir  
~3 × 10−4 cm2 V−1s−1, kai elektrinio lauko stipris buvo 6.4 × 105 Vcm−1. 13(b) 
paveiksle pateikti XTOF matavimai HTM1-HTM5 mišinyje PC-Z (1:1).          
μ vertės buvo maždaug viena eile mažesnės, esant lauko stiprumui 106 Vcm−1. 
Tokios μ vertės yra palyginamos arba didesnės su Spiro-OMeTAD μ vertėmis. 

 HTM1
 HTM2
 HTM3
 HTM4
 HTM5
 Spiro-OMeTAD

200 400 600 800 1000

10-6

10-5

10-4

10-3

T=25oC

 
 (

cm
2 /V

s)

E1/2 (V/cm)1/2

a)

0 200 400 600 800 1000 1200 1400
10-8

10-7

10
-6

10
-5

10-4

=0.0032(cm/V)
1/2

=0.0036(cm/V)1/2

=0.0022cm/V)1/2

=0.0036-0.0040(cm/V)1/2

T=25oC
 

 (
cm

2
/V

s)
E1/2 (V/cm)1/2

b)

 HTM1+PC
 HTM2+PC
 HTM3+PC
 HTM4+PC
 HTM5+PC
 spiro-OMeTAD+PC

 
13 pav. μ priklausomybė nuo elektrinio lauko bandiniams su HTM1-5 (a) ir 
HTM1-5+PC-Z (b) bei Spiro-OMeTAD. 

Lentelė 6. Ip grynose HTM, μ0 ir  μ grynose HTM ir mišinyje su PC-Z (1:1). 

Medžiagos Ip, (eV) μ0 , (cm2 V–1 s–1) μ ,(cm2 V–1 s–1) 

HTM1 5.05 1.4×10-5 5.9×10-4 
HTM2 5.00 1.3×10-5 3.8×10-4 
HTM3 5.00 1×10-9 3×10-7 
HTM4 4.92 2.2×10-5 3.8×10-4 
HTM5 5.03 1.1×10-5 3.8×10-4 
Spiro-

OMeTAD
5.00 4.1×10-5 5×10-4 

HTM1 + PC - 3.9 × 10−7 2.3 × 10−5 
HTM2 + PC - 4.0 × 10−7 1.9 × 10−5 
HTM3 + PC - 1.5 × 10−8 1.3 × 10−7 
HTM4 + PC - 1.1 × 10−6 3.7 × 10−5 
HTM5 + PC - 5.8 × 10−7 2.8 × 10−5 
Spiro-

OMeTAD+PC
- 2.9 × 10−6 6.8 × 10−5 

 
Prof. Sanghyun Paek ir prof. Michael Saliba pagamino ir išanalizavo 

perovskito SC su HTM1-5. SC PCE buvo nuo 9% iki 16,8% [63]. Toks 
rezultatų skirtumas, parodė ryšį tarp HTM cheminės struktūros ir 
fotoelektrinių savybių  ir leido įvertinti, kaip netinkamoje vietoje esanti metilo 
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grupė gali pakenkti prietaiso veikimui. Perovskito SC struktūrą sudarė 
legiruotas alavo oksidas (FTO) / kompaktiškas TiO2 / mezoporinis TiO2 / 
perovskitas / HTM / Au. Vieno žingsnio perovskito tirpalas buvo paruoštas 
sumaišius 1,15 m PbI2, 1,10 m FAI, 0,2 m PbBr2, 0,2 m MABr DMF: DMSO 
tirpiklyje (tūrio santykis 4:1). 

1.4 Skersaryšinami HTM 

Pagrindiniai skersaryšinamų polimerų panaudojimo privalumai 
organiniams ar neorganiniams SC yra šie: a) morfologijos stabilizavimas [94], 
b) netirpumas - nereikia ortogonalaus tirpiklio ir tai atveria galimybę gaminti 
invertuotas SC [27], c - padidina atsparumą vandeniui , deguoniui, karščiui 
bei padidina atsparumą mechaniniam poveikiui [95]. 

Norint pagaminti pigius SC, terminis skersaryšinimas yra paprasčiausias 
metodas, nereikalaujantis jokių cheminių priedų ar specialios įrangos, kuri 
apsunkintų didelio ploto SC gamybą. Tačiau šis būdas turi vieną trūkumą - 
skersaryšinimo temperatūra dažnai viršija aukščiausią galimą perovskito 
atkaitinimo temperatūrą [96]. Vienas iš sprendimų yra gaminti perovskito SC 
su invertuota struktūra. Kauno technologijos universitete buvo susintetintos 
skylių pernašos medžiagos su fluoreno pagrindu.  Medžiagų struktūrinės 
formulės pateiktos 14 pav. 

HTM6

O
CH3

O
CH3

N
O

CH3

O CH3CH2

CH2

HTM7

14 pav. HTM6 ir  HTM7 medžiagų cheminės struktūrinės formulės. 

N, N-bis [2,2-bis (4-metoksifenil) vinil] -9H-fluoren-2-aminas (HTM6) ir 
N2, N2, N7, N7-tetrakis [2,2-bis (4-metoksifenilas) vinilas] -9H-fluoren-2,7-
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diaminas (HTM7) buvo ištirtos XTOF ir  PYSA metodais. HTM6 ir  HTM7 
skersaryšinimas truko 45 minutes esant 230-240 oC temperatūrai.  
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15 pav. μ priklausomybė nuo elektrinio lauko HTM6 ir HTM7 bandiniams 
prieš ir po kaitinimo. 

15 pav. atvaizduota  μ priklausomybė nuo elektrinio lauko HTM6 ir HTM7 
bandiniams prieš ir po kaitinimo. HTM7 medžiagos μ prieš ir po kaitinimo 
buvo apie 10-3 cm2V-1s-1, esant 3.6 × 105 Vcm−1 elektriniam laukui. HTM6 
pademonstravo šiek tiek mažesnį skylių judrį  - 3.5x10-4 cm2V-1s-1 ir 1.75x10-

4 cm2V-1s-1 skersaryšintame sluoksnyje, kai elektrinio lauko stipris buvo 3.6 × 
105 Vcm−1. Šios vertės yra palyginamos ar net geresnės, nei daugelis 
dažniausiai naudojamų HTM  perovskito SC.  

PYSA rezultatai HTM6 ir HTM7 parodyti 16 pav. Ip vertės HTM6 ir HTM7 
prieš kaitinimą buvo 5,26 ir 5,11 eV, o po kaitinimo - 5,39 ir 5,30 eV 
atitinkamai. Tokios vertės atitinka kitų HTM, naudojamų perovskito SC. 
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16 pav.  Fotoemisijos spektrai HTM6 (a) ir HTM7 (b) medžiagų, prieš ir po 
kaitinimo. 
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Dr. Amran Al-Ashouri ir prof. Steve Albrecht pagamino invertuotas 
peroskito SC su HTM6 ir HTM7 medžiagomis. SC su HTM6 prieš ir po  
skersaryšinimą pasiekė ~ 14% PCE, o SC su HTM7 PCE prieš kaitinimą buvo 
~ 15% ir po kaitinimo padidėjo iki 16%. SC struktūra buvo sudaryta iš 
ITO/HTM6-7/perovskito/C60/BCP/Ag. Perovskito tirpalo kopozicija buvo 
sudaryta iš Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 [27]. 
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17  pav. Perovskito SC su HTM6 ir HTM7 VACh matavimai. a) SC 
palyginimas, kai HTM7 buvo neskersaryšinta ir skersaryšinta b) SC 
palyginimas, kai HTM6 ir HTM7 buvo skersaryšintos [27]. 

17 pav. perovskito SC su HTM6 ir HTM7 VACh matavimai.  Po 
skersaryšinimo VOC padidėjo abiems HTM. Tai galima paaiškinti tuo, kad 
suskersaryšinus šias medžiagas išauga jų Ip arba formuojant perovskito 
sluoksnį buvo pažeistas skylių pernašos sluoksnis ir dėl to išaugo paviršinė 
rekombinacija,  kas galėjo nulemti mažesnę VOC [97], [98]. Didesnį FF ir PCE 
galima būtų priskirti didesniam skylių judriui - pagerėjusiam krūvininkų 
transportavimui per sluoksnį [99]. 

1.5 CZTS SC 

Perovskito SC yra efektyviausios trečiosios kartos saulės celės [100], 
tačiau perovskitai dažnai sudaryti iš toksiškų elementų, tokių kaip Sb, o SC 
ilgaamžiškumas vis dar yra problema. Mažiau aplinkai kenksmingos ir 
neturinčios toksiškų cheminių elementų, yra CZTSSe SC. Tačiau yra gana 
sudėtinga pagaminti aukštos kokybės CZTSSe sluoksnius, ypač invertuotos 
struktūros, nenaudojant vakuuminio nusodinimo technikų. Jei gamybos 
metodui būtų iškelti reikalavimai, tokie kaip didelis plotas ir  naši gamyba -  
purškimas būtų vienas tinkamiausių gamybos būdų. 

Toliau bus pristatyti CZTSSe SC, pagaminti naudojant purškimo metodą 
[101]. Vienas iš tikslų buvo pagaminti neorganinę SC struktūrą, kuri būtų 
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suderinama su tokiomis medžiagomis kaip HTM1-HTM7, tačiau buvo 
nuspręsta, kad pirmajame eksperimento etape turėtų būti naudojami gerai 
žinomi ir komerciškai prieinami HTM, todėl kaip HTM buvo pasirinkta Spiro-
OMeTAD. 

CZTS aktyviojo sluoksnio gamybos technika buvo tobulinama naudojant 
automatizuotą purškimo sistemą ir formuojant sluoksnius rankiniu purkštuku. 
Svarbu paminėti, kad geriausi CZTS sluoksniai buvo pagaminti naudojant 
rankinį purškimą. Tačiau rankinio purškimo esminis trūkumas yra tas, kad  
tokie parametrai, kaip atstumas tarp purkštuko ir bandinio, purkštuko judėjimo 
greitis virš bandinio, purškiamo tirpalo srautas ir kt. yra sunkiai 
kontroliuojami. Todėl pagrindinis automatizuoto purškimo tikslas buvo 
išbandyti skirtingus gamybos parametrus, juos modifikuoti ar formuoti 
sluoksnius iš skirtingų tirpalų identiškomis sąlygomis, kas yra beveik 
neįmanoma naudojant rankinį purškimą. Tuomet, pagal su automatizuota 
purškimo sistema nustatytus preliminarius parametrus, buvo formuojami 
sluoksniai naudojant rankinį purškimą. 

1.5.1 Automatizuota purškimo sistema 
 

 
18 pav. Automatizuota purškimo sistema, 
skirta formuoti CZTS sluoksniams. 

19 pav. Supaprastintas 
purškimo sistemos veikimo 

principas. 
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Purškimo sistema paremta „RepRap“ stiliaus 3D spausdintuvu [102], 
modifikuota  „Marlin“ programine įranga [103] ir valdoma per „Arduino 
Mega 2560“, siunčiant valdikliui G-CODE [104]. Tirpalo paskirstymui ant 
padėklų buvo naudojamas modifikuotas „Harder & Steenbeck“ aerografas. 
Sistemos nuotrauka ir supaprastintas įrenginio veikimo principas parodytas 18 
ir 19 paveiksluose. Sistemoje yra judanti platforma y ašimi, su kuria kartu juda 
kaitlentė, ant kurios dedamas bandinys. Aerografas gali judėti išilgai x ir z 
ašimi. Aerografo veikimas paremtas Bernoulli principu. Oro srautas sukuria 
skirtingo slėgio zonas ir sudaromos sąlygos siurbti tirpalą iš rezervuaro. 
Tirpalas patekęs į oro srautą suardomas į lašelius. Pradiniu oro srautu lašeliai 
pernešami ant padėklo. Oro srautas reguliuojamas purkštuko adatėlę traukiant 
į viršų ar į apačią. Adatėlė yra pritvirtinta prie žingsninio variklio, kurį valdo 
kompiuteris. 

1.5.2 CZTS SC gamyba 

20 pav. CZTSSe SC struktūra. 

20 pav. pavaizduota SC struktūra. SC buvo gaminamos ant laidžių fluoru 
legiruoto alavo oksido (FTO) padengtų stiklo pagrindų. 30–50 nm 
kompaktinis titano dioksido (TiO2) sluoksnis buvo nusodintas ant FTO. Ant 
TiO2 sluoksnio cheminėje vonelėje (CBD) nusodintas CdS buferinis 
sluoksnis. Po to suformuotas CZTS sluoksnis esant 340°C padėklo 
temperatūrai, naudojant purškimo pirolizę. Tirpalas buvo purškiamas per 
stiklinį antgalį (0,25 mm), naudojant suspaustą orą kaip nešančiąsias dujas, su 
pastoviu tirpalo srauto išpurškimo greičiu (~ 1 ml / min.). Purškimo procedūra 
buvo pakartota keletą kartų, kad susidarytų maždaug 1,5 µm sluoksnio storis. 
Susidaręs sluoksnis 1 valandą buvo kaitinamas 340 ° C temperatūroje. 
Susiformavęs CZTS sluoksnis buvo atkaitinamas grafito kameroje (tūris        
20 cm3) su skirtingu Se kiekiu ir 5 mg Sn,  Ar (99,999%) dujų atmosferoje. 



98 
 
 

Selenizavimo procesą sudarė du atkaitinimo etapai ir jie buvo atlikti per          
20 minučių 540 ° C temperatūroje. Vėliau besisukančio stalelio metodu  
suformuotas Spiro-OMeTAD sluoksnis ir ant viršaus termiškai užgarintas     
50 nm storio sidabro sluoksnis. 

 
21 pav. CZTSSe SC VACH esant skirtingoms S/(S+Se) koncentracijoms. 

21 pav. pateiktos CZTSSe SC VACh charakteristikos. FF, Jsc, PCE, Voc 
buvo nustatyti ir atvaizduoti 22 (a-d) pav. Našiausia SC pagaminta naudojant  
S/(S+Se)=0.2 santykį ir pademonstravo PCE 3,1%. Invertuotos struktūros 
saulės elementas FTO/TiO2/Cu2ZnSnSe3.2S0.8/ Spiro-OMeTAD /Ag  
pademonstravo 3,1% efektyvumą, kuris, tuo metu tarp publikuotos literatūros, 
buvo didžiausias tarp purškimo būdu suformuotų ir invertuotų CZTSSe saulės 
elementų. 
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22 pav. Pagrindiniai CZTSSe SC parametrai, proklausomai nuo S/(S+Se) 
santykio: a- užpildos faktorius, b- trumpo jungimo srovė, c- efektyvumas, 
d- atviros grandinės įtampa. 

23 pav. pavaizduota tipinės perovskito SC, CZTSSe ir suskersaryšintų 
HTM6 ir HTM7 sluoksnių energijų diagrama. Diagrama rodo, kad HTM6 ir 
HTM7 yra tinkami CZTSSe SC, kalbant apie energijos lygmenis. Be to, šie 
HTM yra iki 5 kartų pigesni nei Spiro-OMeTAD [27]. 

 
23 pav. Tipinė perovskitų SC, CZTSSe ir suskersaryšintų HTM6 ir HTM7 
sluoksnių energijų diagrama [12], [106], [107]. 
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1.6 Išvados 

1. Sukurtas matavimo įrenginys, skirtas puslaidininkių ir metalo 
jonizacijos potencialo nustatymui oro, Ar ir CH4 dujų mišinio 
aplinkoje. Įrenginys leidžia registruoti foto sroves iki 10-19A. Toks 
fotojautris leidžia atlikti tikslesnius fotoemisijos spektro matavimus. 

2. Fotoemisijos spektras pateiktas (dY/d(hν))1/2 atvaizdavime, yra 
informatyvesnis ir parodo daugiau spektro lūžio taškų nei dažniausiai 
naudojamas Y1/n atvaizdavimas.  Naudojant fotoemisijos (dY/d(hν))1/2 
priklausomybę apskaičiuotos Ip vertės yra tikslesnės, lyginant su 
rastomis vertėmis literatūroje. 

3. Metoksidifenilaminu pakeisti fluoreno dariniai HTM1, HTM2, 
HTM4, HTM5 pademonstravo skylių judrį tarp 3.8×10-4 ir         
5.9×10-4 cm2 V–1 s–1. Šios vertės yra panašios arba didesnės lyginant 
su dažnai naudojama skylių pernašos medžiaga Spiro-OMeTAD – 
5.0×10-4 cm2 V–1 s–1. Tačiau, HTM1, HTM2, HTM4, HTM5 darinių 
sintezė vykdoma dvejais etapais vietoje penkių. 

4. Nustatytas HTM1-HTM5 medžiagų jonizacijos potencialas buvo tarp 
4.92-5.05 eV. Tokios jonizacinio potencialo vertės tinka pakeisti  
Spiro-OMeTAD (5.00 eV) perovskito saulės elementų struktūroje. 

5. Polimerizacija turi minimalų poveikį krūvininkų pernašai fluoreno 
pagrindu susintetintoms ir skersaryšinamoms HTM6 ir HTM7 
medžiagoms: prieš kaitinimą HTM7 skylių judris siekė                      
2x10-3 cm2V-1s-1, o HTM6 - 3.5x10-4 cm2V-1s-1, esant 3.6 × 105 Vcm−1 
elektriniam lauku. Nustatytos HTM6 ir HTM7 jonizacinio 
potencialos vertės buvo 5.26 ir  5.11 eV prieš kaitinimą ir  5.39 ir   
5.30 eV po kaitinimo. Tokios jonizacinio potencialo vertės yra 
suderinamos su CZTSSe energine struktūra.  Šias suskersaryšintas 
medžiagas galima panaudoti invertuotoje perovskito saulės celės 
struktūroje,  kaip apatinį skyles pernešantį sluoksnį. 

6.  Invertuotos struktūros saulės elementas FTO/TiO2/Cu2ZnSnSe3.2S0.8/ 

Spiro-OMeTAD /Ag  pademonstravo 3,1% efektyvumą, kuris buvo 
didžiausias tarp publikuotų purškimo būdu suformuotų ir invertuotų 
CZTSSe saulės elementų. 
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APPENDIX I 

Ionization potential determination results for TPD, TiOPc and P3HT. 
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Fig. S1. Photoemission spectrum of 
TPD.  

Fig. S2. Photoemission spectra of 
TPD in different presentation. 
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Fig. S4. Photoemission spectra of 
TiOPc in different presentation. 
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APPENDIX II 

Presentation of charge carriers drift kinetics in integral mode, dU/dt hole-
transients, field dependent ߤ values of HTM3 with and without PC-Z. 
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Fig. S7. a- Charge carriers drift kinetics in integral mode of HTM3 and  
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PC-Z.  d - field dependent ߤ values with and without PC-Z of HTM3. 

 
 
 
 
 
 
 
 
 
 
 
 
 



111 
 
 

Presentation of charge carriers drift kinetics in integral mode, dU/dt hole-
transients, field dependent ߤ values of HTM4 with and without PC-Z. 
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hole-transients of HTM4 in mixture in PC-Z.  e- field dependent ߤ values 
with and without PC-Z of HTM4. 
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Presentation of charge carriers drift kinetics in integral mode, dU/dt      
hole-transients, field dependent ߤ values of HTM5 with and without PC-Z. 
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Fig. S9. a- Charge carriers drift kinetics in integral mode of HTM5 and  
b – in mixture in PC-Z. c- dU/dt hole-transients of HTM5. d- dU/dt  
hole-transients of HTM5 in mixture in PC-Z.  e- field dependent ߤ values 
with and without PC-Z of HTM5. 
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APPENDIX III 

DSC measurements of HTM6 and HTM7 are depicted in Fig. S10. During 
the first DSC heating cycle the glass transition process was detected at         
100 oC, followed by a melting process at 228 oC for HTM6. Directly after 
melting, an exothermic process was detected at 231 oC, suggesting that 
thermal polymerization occurs at this temperature. During the second 
heating cycle, no phase transitions were observed, confirming formation of 
the cross-linked polymer. For HTM7 with higher molecular weight, a 
slightly higher Tg of 136 oC was detected and no melting process was 

observed. The cross-linking process started at 190 oC, with a peak at around 
239 oC. 
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Fig. S10. DSC measurements of HTM6 and HTM7. 
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