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Figure 7.2. XRD spectra of spray pyrolysed sample annealed in vacuum



7.6. Preparation and characterisation of CBD samples

Even though numerous techniques had been employed for the preparation of pyrite
films, to the best of our knowledge there is no report on the preparation of this compound

using CBD technique. So attempts were made to prepare pyrite thin film using CBD
technique.

7.6.1. Sample Preparation

Samples were prepared from a reaction mixture containing FeCl; (1N) and thiourea
(IN). TEA was used as the complexing agent. Ultrasonically cleaned glass slides were used
as the substrate and pH of the solution was kept above 10. Several trial preparations were
made in order to establish the deposition temperature to make adhesive thin films on glass
substrate, by varying bath temperature from room temperature to 80°C. The temperature of
the bath was selected as 70°C and dipping the substrate for 2 hours in the bath yielded films
of thickness 0.5 pm. Films with more thickness could be obtained with multiple dipping.

The present work is based on TEA complex method, the chemical equation for this is
2[Fe(TEA)] > +4SC(NH,), + 8OH = 2FeS; + 2TEA + 4CO(NH,), + 4H,0

Reaction mixture was-prepared with different volumes of FeCly and thiourea in order to
make pyrite films with different Fe:S ratio. Results of deposition and quality of films

obtained for various Fe:S ratios is shown in table 3.

7.6.2. Characterisation of CBD samples
The conductivity type of the samples was found to be n-type from hot probe
analysis. It is well established that pyrite films exist in n-type and as well as p-type material

[38]. Resistivity of the samples was found to be 10" Q cm which is very high for any

photovoltaic application.
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Table 3. Nature of CBD samples obtained for different ratio between Fe and S

Ratio of Fe:S | Film Quality

0.25:1 Discontinuous

0.5:1 Discontinuous

0.75:1 Discontinuous

1:1 Slightly improved
1.25:1 Much Improved
1.5:1 Very poor deposition
1.75:1 No deposition

2:1 No deposition

Ratio of S:Fe | Film Quality

0.25:1 Discontinuous

0.5:1 Discontinuous

0.75:1 Discontinuous

1:1 Slightly improved
1.25:1 Much Improved
1.5:1 Very poor deposition
1.75:1 No deposition

2:1 No deposition

Optical absorption studies of the various films were done and a typical absorption
spectrum is shown is figure 7.3. Band gap values were calculated from the spectra and
variation of band gap with bath temperature is shown in table 4. In the present study films
with Fe and S in the ratio 1.25:1 and 1:1 prepared at 70°C has band gap of 0.9 ¢ V and is in
agreement with the values reported earlier [44]. In addition to this, different values of band
gap from 0.79 eV to 2.25 eV were obtained for different samples, the cause of which is not
clear. Similar type of dispersion of Eg values from 0.7 eV-2.6 eV had been reported in
pyrite crystals by LJ. Ferrer et al {20]. The nature of transition responsible for this energy

gap was not given by them.
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Figure7.3. Absorption spectra of CBD sample
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The absorption spectra were taken for samples annealed at different temperature
from 100-300°C for 1 hour. Band gaps determined from the absorption spectra of annealed
films are shown in table 5. Interestingly it is observed that when the film was annealed at
300°C, the band gaps obtained were 0.8 ¢V and 1.04 eV which is very near to the 0.9-eV
and 1.1eV that had been reported earlier [15,44,62].

Table 4. Band gap values of CBD samples with different Fe:S ratio at different

deposition bath temperature

Ratio of Fe:S Bath temperature Band gap (eV)
1.25:1 Room temperature 0.79, 2.07
70°C 0.9, 2.12
1:1 Room temperature 1.9,2.2
70°C 0.9,2.25

Table 5. Variation of band gap of CBD sample (Fe:S = 1.25:1) prepared at 70°C

with annealing temperature

Sample type Band gap (eV)
As-deposited 0.77,1.02
Vacuum annealed at
100°C 0.79, 1.05
200°C 0.79, 1.05
300°C 0.80, 1.04
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We conducted PIXE measurement of the sample and figure 7.4 shows PIXE spectra
(proton 3 MeV) of the sample vacuum annealed at 300°C for 1 hour. Spectrum indicates
number of peaks and three of them are identified. One is due to Fe and other is due to Ca.
Source of Ca in the sample could not be identified. Most probably it could be from the glass

used as the substrate. One peak could be identified due to the presence of S.

XRD studies were made on as-deposited as well as annealed samples. Figure 7.5
shows the XRD spectra of the sample vacuum annealed at 300°C for 1 hour. Here we could
not identify any phase from XRD spectrum and this may be due to the amorphous nature of
the sample. The high resistivity of the sample is suspected to be due to the presence of this
amorphous phase of the pyrite. It is reported that absorption of sulphur and crystallinity of
the film increases with an increase in grain size and thickness of the films [52]. The film
preparation has to be further modified for obtaining better crystalline films with lower

resistance and higher thickness.

In order to analyse the defect levels present in the CBD films, we carried out TSC
measurement of these samples. Figure 7.6. shows the TSC spectra of a CBD sample. The
spectra show no peaks at all and from this it is clear that this CBD sample does not provide
any defect level detectable in TSC measurement. Spectra show only a semiconducting

behaviour.
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Figure 7.4. PIXE spectra of vacuum annealed CBD sample
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Figure 7.5. XRD spectra of vacuum annealed CBD sample
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7.7. Conclusion

Attempts were made to prepare pyrite thin films using simple chemical methods like
Spray pyrolysis and Chemical Bath Deposition techniques. XRD analysis of spray pyrolysed
samples indicates that films are sulphur deficicnt, probably in FeS phase and it also reveals
the presence of iron oxide phase in these samples. In the process of spray pyrolysis, we used
compressed air as the carrier gas and probably this may be the reason for the presence of the
oxygen in the sample. Analysis of the spray pyrolysed samples revealed that it is quite

difficult to prepare pyrite films on glass substrate in the presence of oxygen / air.

Samples were also prepared using CBD technique. From PIXE-analysis we could
detect the presence of iron and sulphur in these CBD samples. Presence of Ca from
unidentified source could also be detected from this analysis. Optical absorption studies of
these CBD samples gave band gap values almost similar to the previously reported values.
Variation of the band gap with deposition tcmperature and annealing temperature is also
presented in this work. XRD analysis of these CBD samples could not reveal any crystalline
phase and this may be due to the amorphous nature of the samples. We carried out TSC
measurements these samples, but could not detect any defect levels. It merely shows a
semiconducting behaviour. This also may be due to the amorphous character of the sample

prepared using CBD. The defect levels may be distributed almost continuously in the band
gap.
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Chapter 8

Summary and Conclusion

The present work mainly concentrates on the Thermally Stimulated Current studies
of some compound semiconductor thin films used for photovoltaic applications. We
selected this technique because of its simplicity and sensitivity. Thin films of compound
semiconductor materials like CdS, CulnSe,, PbS and FeS; were investigated in this work.
We also conducted dark conductivity measurements. Results of the analysis of different

samples are summarised in the following sections.
CdS thin films

TSC measurements were conducted on n-type and p-type spray pyrolysed CdS thin
films in order to get a picture of the activation energies of different trap levels present in the
samples. From this study we found that the mobility of sulphur vacancy is a prominent
cause of electrical conductivity in as-prepared and annealed (both in air and vacuum) n-type
CdS samples. But in addition to the mobility of sulphur vacancy, as-prepared and vacuum
annealed n-CdS samples showed a level of Cd and S vacancy complexes of smaller cross
section which could be detected only under an excitation time of 10 minutes. In the case of
air-annealed n-CdS, even under 10 minutes excitation, we could not find the presence of Cd
and S vacancy complexes. Instead we obtained a trap level of chemisorbed oxygen. TSC
studies on p-type CdS gave two distinct trap levels, viz. sulphur vacancy and copper
impurity having the same cross section. A possible explanation is also discussed and we
found that it is the Cu impurity on Cd-S complex vacancy sites that gives the p-type
conductivity to this sample. Nature of different trap levels observed in n and p-type CdS
films were also determined. We made a study on existing trap levels in these samples by
dark conductivity measurements and the results are found to be in agreement with the results

obtained from TSC studies.
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As-prepared CBD CdS films are highly resistive (10’ Q cm) and the variation of
sheet resistance with aging and annealing was also included in this study. It was found that
CBD CdS films of resistivity 10° € cm could be obtained after annealing in air at 250°C for
3 hours. The present work also discuss a simple technique for producing low resistivity CdS
films in which high resistive films were chemically treated with halides of Cd, In and Sn. It
was found that samples treated with InCl; had the least resistivity (5 Q cm). The effect
of annealing on resistivity of these samples were also studied. While air annealing slightly

increased the resistivity, vacuum annealing converted the film into highly resistive form.

TSC measurements of high resistive CBD CdS films revealed that the samples
contain no defect levels detectable by this measurement. But the low resistivity CBD CdS
samples indicate the presence of Cd-S vacancy complexes, independent S vacancies and
chloride ions. Annealing in air removes the Cd-S vacancy complexes and chloride ions, but
these samples posses S-vacancies and chemisorbed oxygen. TSC measurements of vacuum
annealed CBD CdS films indicate no defect levels and this explains the high resistive nature

of these samples.
CulnSe, thin films

Trap level detection of CIS films prepared using CBD was performed by TSC
measurement technique. As-prepared samples had Se vacancy as a prominent trap and Cu
vacancy of smaller cross section. But when annealed in air, the Se vacancy of the as-
prepared samples disappeared and another donor level, supposed to be due to the adsorption
of oxygen, came into existence. Cu vacancies continued to exist in the air annealed
samples. Vacuum annealing did not affect the presence of Se vacancy, since oxygen
adsorption is quite difficult under this condition. Interestingly these samples also showed
the presence of Fe impurity. Fe impurity can come from the copper salt used in the
preparation. When Fe is present in the reaction mixture at a pH ~ 7, Fe (OH); may be
formed which decomposes and deposits as  y-I'eO along with CIS. When such film is
annealed in air, Fe;O3; may be formed and hence it may not give rise to any TSC peak. But

when the sample is annealed in vacuum, FeO may be transformed to FeSe and SeO,. FeSe
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is unstable and will be associated with other molecule or defects and may give rise to a TSC

peak.

Nature of the different trap levels observed in TSC measurements were also
determined. Dark conductivity measurements on these CBD CIS samples were found to be
in good agreement with the results obtained from TSC measurements. As far as the
fabrication of CIS/CdS solar cells by CBD technique is concerned, these investigations are

quite relevant.

PbS thin films

Thin films of PbS were prepared using CBD technique, without the addition of any
oxidants. Two types of samples were prepared from deposition bath, one with the
complexing agent EDTA and the other without EDTA. Resistivity of PbS films prepared
from deposition bath without EDTA was found to be 10° Q cm, where as that with EDTA
was 10’ Q cm . TSC measurements on PbS film with EDTA revealed the existence of a
sensitizing center for photoconductivity at an activation energy of 0.21 eV. Those films
without EDTA showed two traps, one at 0.21 ¢V (observed in the previous case) and the
other at 0.05 eV. This second trap is an acceptor level and this may contribute to the
decrease in resistivity of these films. We conducted dark conductivity measurements on
these two types of PbS films. From the Arrhenius plot, an activation energy of 0.215 eV
was calculated in the case of PbS film with EDTA. The similar plot for the second type of
sample without EDTA revealed various slopes and the calculated activation energies were
0.215 eV (sensitizing center), 0.13 eV and 0.05 eV (acceptor level). The level at 0.13 eV is
a less effective sensitizing center. So it is very clear that the dark conductivity
measurements also support the existence of sensitizing center responsible for high
photosensitivity of PbS films. Earlier this type of films were prepared using solution growth
technique with the addition of oxidants only. Works are in progress in our laboratory to
produce PbS films, with lower resistivity and improved characteristics in order to try the

fabrication of p-n junctions.
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FeS; (Pyrite)

In the present work, attempts were made to prepare pyrite thin films using simple
chemical methods like spray pyrolysis and CBD technique. XRD analysis of spray
pyrolysed samples indicated sulphur deficiency and presence of iron oxide. In the process of
spray pyrolysis, we used compressed air as the carrier gas and probably this may be the
reason for the presence of oxygen in the samples. Analysis of spray pyrolysed samples
revealed that it is quite difficult to prepare pyritc films on glass substrate in the presence of

oxygen/air.

Samples were also prepared using CBD technique. From PIXE analysis, we could
detect the presence of iron and sulphur in :thesc samples. Presence of Ca from unidentified
source could also be detected from this analysis. Optical absorption studies of these CBD
samples gave band gap values almost similar to the previously reported values. Variation of
band gap with deposition temperature and anncaling temperature is also presented. XRD
analysis of these samples could not reveal any crystalline phase and this may be due to the
amorphous nature. We carried out TSC measurements on these samples, but could not
detect any defect levels. It merely showed a semiconducting behaviour. This also may be
due to the amorphous character of the CBD sample and continuous distribution of defect

levels in the band gap.
Various defect levels observed in semiconducting samples of CdS, PbS and FeS, are

summarised in table 1. It gives the activation energies, the probable reason and nature of the

observed defects.
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Sample type Observed defect Nature or
level activation Reason typeness
energy(eV)
Sprayed CdS
n-type as-prepared 1.2 Mobility of Vg electron trap
04 Vcds complex hole trap
n-type air annealed 1.2 Mobility of Vg electron trap
0.9 Chemisorbed O, hole trap
n-type vac.annealed 1.2 Mobility of Vg electron trap
0.4 Vcas complex hole trap
p-type as-prepared 1.2 Mobility of Vg electron trap
0.73 Cu impurity hole trap
CBD CdS |
High resistive No defect levels - -
Low resistive
as-prepared 0.4 Vg.s complex hole trap
0.12 Vs hole trap
0.03 Chloride ions electron trap
air-annealed 0.1 Vs hole trap
0.92 Chemisorbed O, -
Vacuum annealed No defect levels -
PbS
With EDTA 0.21 Donor level electron trap
Without EDTA 0.21 Donor level electron trap
0.05 Acceptor level hole trap
FeS,

As-prepared

No defect levels
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