Figure 4-2: SEM image of CNx on FTO glass.

This could help explain the higher resistance found in the FTO cells, where the less uniform
morphology helps to impede charge transfer. It is important to note that the differences in
morphology may be mainly due to differences in surface texture of the substrates, ITO and FTO.
Regardless, it is evident that the final samples have significantly different morphologies which

could help explain the differences in the behaviour of cells deposited on ITO as compared to FTO.

4.2 Attempts to Increase Open Circuit Voltage

4.2.1 Different Annealing Environments

Despite the differences in the CNx composition and morphology when deposited on ITO or FTO,
there was still the issue of the high oxygen content which remained largely unexplained. The effect
of different annealing atmospheres and higher annealing temperatures was explored to eliminate
or limit the oxygen content in the deposited CNx films to try and increase the open circuit voltage
of the cells. The different annealing atmospheres were pure nitrogen, pure hydrogen, and a 3%
hydrogen mixture balanced by argon. The reason eliminating the oxygen was important was
because it appeared to be causing CNXx to act as a compensated semiconductor, as opposed to the

n-type semiconductor that is required for a working photovoltaic device. In addition, annealing
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appeared to induce a structural relaxation in the CNx film that could cause it to show better
photovoltaic properties. An annealing atmosphere of pure nitrogen was initially chosen, with
annealing temperatures of 150°C and 300°C for CNx deposited on ITO and FTO glass. The
elemental compositions of the CNx films as determined from EDX are shown in Table 4-3 and

Table 4-4.

Table 4-3: Elemental composition of a CNx film on ITO glass.

Element Atomic % (Fresh Atomic % (Annealed |Atomic % (Annealed
Sample) at 150°C for 1 hour) [at 300°C for 1 hour)
45.2 40.9 38.7

N 34.4 34.8 18.8
21.4 24.2 42.5

Table 4-4: Elemental composition of a CNx film on FTO glass.

Element Atomic % (Fresh Atomic % (Annealed |Atomic % (Annealed
Sample) at 150°C for 1 hour) [at 300°C for 1 hour)
35.2 31.7 30.1

N 45.9 42.9 39.1
17.9 25.4 30.4

The oxygen content is shown to increase with higher annealing temperatures, which exacerbated
the problem of oxygen presence in the samples. Figure 4-3 and Figure 4-4 shows a side by side
SEM comparison of the fresh versus the annealed CNx films on ITO and FTO glass, respectively.
The morphologies of the annealed samples have less texture and are less defined than the fresh

counterparts.
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Figure 4-3: SEM image of CNXx films on ITO glass, left image is a fresh sample, right image
was annealed at 150°C for 1 hour.
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Figure 4-4: SEM image of CNx films on FTO glass, left image is a fresh sample, right image
was annealed at 150°C for 1 hour.

Different annealing atmospheres, times, and temperatures were explored to try and eliminate the
oxygen content from the films. Higher annealing temperatures and for longer periods of time were
designed with the goal that this would result in oxygen evaporating from the samples. Reducing
environments with different percentages of hydrogen were also explored to try and encourage the
removal of oxygen from the films. The different annealing experiments are summarized in Table
4-5,
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Table 4-5: Summary of different annealing experiments performed on CNx films deposited
on ITO glass.

Temperature (°C) Annealing Time (hours) Annealing Atmosphere
300 2 100% N2

350 1 100% N2

150 1 100% H2

300 1 100% H2

150 1 3% H2/97% Ar

150 3 3% H2/97% Ar

However, these experiments also failed in reducing the oxygen content in the film and it was
realized that the oxygen in the FTO and ITO conducting coatings on glass was likely the cause of
the oxygen found in the CNx films. At higher annealing temperatures, it is possible the ITO and
FTO degraded which would also lead to higher oxygen values. This is more pronounced for ITO
as it has a lower thermal stability than FTO. This would explain why the oxygen content was not
removed despite the various annealing conditions. Therefore, varying thicknesses of a tungsten
film were first deposited on ITO or FTO, followed by CNx. The goal was for the tungsten film to
act as a blocking layer to prevent oxygen from transferring from the ITO and FTO into the CNx
films. Different annealing experiments were also performed on these cells, as shown in Table

4-6 for ITO based cells and Table 4-7 for FTO based cells.

Table 4-6: Summary of different annealing experiments performed using the ITO-W-CNx
architecture.

Temperature (°C) | Annealing Time Annealing Tungsten Thickness
(hours) Atmosphere (nm)

300 1 100% N2 2

300 1 100% N2 3

300 1 100% N2 4

300 1 3% H2/97% Ar 4
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Table 4-7: Summary of different annealing experiments performed using the FTO-W-CNx

architecture.

Temperature (°C) | Annealing Time Annealing Tungsten Thickness
(hours) Atmosphere (nm)

300 1 100% N2 2

300 1 100% N2 3

300 1 100% N2 4

These experiments still failed to remove the oxygen from the film, with representative elemental

compositions of the films shown in Table 4-8.

Table 4-8: Elemental composition of a CNx film deposited on tungsten on FTO glass.

Element Atomic %
C 40.9
N 34.8
O 24.2

The elemental composition data shows the tungsten did not effectively shield the ITO and FTO
layers from the CNXx film. Depositing thicker films of tungsten was not an option because the
tungsten would block too much light from hitting the CNx film, which would prevent the films
from having any application in solar cells. It was decided to remove the FTO/ITO layers altogether,
instead opting for plain borosilicate glass with metal deposited straight on it to be used as the

electrode.

4.2.1 Different Substrates for CNx Films

There was hesitancy to use metal as the electrode in place of ITO and FTO because you need a
thick layer to match the conductivity of ITO/FTO, which lowers the amount of light the CNx
receives, which directly affects the power conversion efficiency of the cell. CNx was first
deposited only on plain borosilicate glass and the elemental composition was determined using
EDX, as shown in Table 4-9.
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The results show that, surprisingly, there is no clear-cut dependence of the nitrogen content in the
film on the nitrogen content in the plasma. While the nitrogen content in the plasma was changed
from 75% to 25%, the nitrogen content in the film barely changed and stayed just below 40% with
some variations that did not show any specific trend. This should indicate that the concentration
of nitrogen species in the plasma does not affect the rate of the rate-determining step of CNx
formation. It should be noted, however, that all experiments in this chapter were performed at quite
low deposition powers of 25 and 50 W. It is possible that the rate of ionization of the carbon target
and thus the concentration of carbon containing species in plasma were quite low and thus nitrogen
containing species were in relative abundance. Further experiments are needed to clarify this
behavior.

4.3.1.1 Effect of Annealing on Elemental Composition in CNx Films

Table 4-14 shows that the nitrogen content in the films either remain constant or lower in value
upon annealing. This is especially pronounced for samples D1/D2 and D5/D6, which are all made
using the same deposition power and % N3 in the deposition chamber, as shown in Table 4-12.
The change in the overall nitrogen content in the film upon annealing indicates that annealing
results in certain chemical and structural transformations that involve nitrogen-containing moieties

in the film.

Table 4-14: Effect of annealing on nitrogen content in CNx films.

_N_
(C+N)
Series # Sample Fresh Annealed
1 D1/D2* 0.396 0.372
D5/D6* 0.394 0.337
2 D9/D10* 0.357 0.356
D13/D14* 0.353 0.348
3 D19/D20* 0.359 0.361
D23/D24* 0.365 0.354
4 D26/D27* 0.359 0.357
D30/D31* 0.381 0.384

38



4.3.1.2 Effect of Deposition Parameters on Elemental Composition in CNx Films

There does not appear to be a clear correlation between chamber pressure and nitrogen content.
One can speculate that the nitrogen content could slightly increase with pressure; however, the
statistical significance of this effect was not demonstrated. The relative nitrogen content for the

different samples is outlined in Table 4-15.

Table 4-15: Effect of deposition parameters on nitrogen content in CNx films.

Series # Deposition N

Parameters (C+N)

Power (W) | N2 (%) 1Pa 3 Pa 5 Pa 7 Pa
! 50 100 0.357 0.363 0.353 0.365
2 25 100 0.395 0.395 0.394 0.388
3 25 7 0.359 0.369 0.365 0.371
4 25 25 0.359 0.387 0.381 0.393

4.3.2 Analysis of Nitrogen Bonding in CNx Films Determined by N 1s XPS

It is important to investigate the underlining mechanism for the emergence of the photovoltaic
effect within the carbon nitride films. This will allow optimization of the films to try and create
solar cells with acceptable efficiencies. To this effect, we studied the effect of annealing, as well
as the deposition conditions in general, on the nitrogen bonding patterns in CNx films. As has been
already noted, the main nitrogen bonding patterns are pyridinic, pyrrolic and quaternary nitrogen.
They differ in their binding energies and thus can be distinguished in N1s high resolution spectra
(Fig. 4.5). Quaternary nitrogen represents nitrogen incorporated into graphitic conducting sheets
and is an n-doping configuration, whereas pyridinic and pyrrolic moieties are non-doping and
furthermore they result in partial break-up of graphitic sheets. Pyridinic nitrogens represent
nitrogen that is located at the edges or defects of the graphitic sheets and is essentially indicative
of dislocation-like linear defects in graphitic planar sheets formed by graphitic carbon and
quaternary nitrogen. Therefore, a decrease in the amount of quaternary nitrogen together with an
increase in the abundance of pyridinic fragments would indicate break-up of graphitic sheets and

formation of many edges and linear defects. These processes should reduce the conjugation
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between graphitic fragments and thus result in a decrease in conductivity and opening of a

bandgap.

Therefore, the abundance of the pyridinic structures together with a reduction in the amount of
quaternary carbon can be associated with the emergence of the photovoltaic effect. Pyridinic
structures posses a lone pair that is not part of the aromatic system. This contrasts with pyrrolic
structures which require the nitrogen to donate its lone pair to maintain aromaticity, and quaternary
structures where the nitrogen does not posses a lone pair. This free lone pair in the pyrrolic
structure leads to the & orbitals undergoing a © = =* transition, which may be the origin of the
photovoltaic response. On the contrary, the quaternary structures will increase photoconductivity

due to photoexcited electrons being transferred efficiently over the graphitic network.

One can see from the data of Table 4-16, when the carbon nitride films are annealed, there is a
clear and pronounced increase in the abundance of pyridinic structures and a decrease in the
abundance of quaternary structures. This results in the breaking up of the graphitic network and
separation of photoexcited electron-hole pairs, perhaps by a mechanism similarly to that found in
donor-acceptor bulk heterojunction solar cells, whereby photoexcited electrons are trapped at the
pyridinic moieties thus facilitating charge separation and the photovoltaic effect. Furthermore,
breakup of the graphitic network will result in a decrease in the film conductivity, which should
also increase open-circuit voltage according to the well-known diode equation, which predicts that
the open-circuit voltage should be greatly enhanced with a decrease in the saturation current due
to residual conductivity of the semiconductor material.

A representative N 1s XPS spectrum is shown in Figure 4-5. The high-energy peak represents the

quaternary bonding, the middle energy peak the pyrrolic bonding, and the low energy peak the
pyridinic bonding.
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Figure 4-5: Representative N 1s XPS Spectra showing the binding energies for the three
different nitrogen bonding configurations.
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Table 4-16 outlines the nitrogen bonding percentages determined by XPS of the 24 samples

prepared.

Table 4-16: Nitrogen bonding percentages of the 24 samples determined by XPS

Series # Sample N Pyridinic N Pyrrolic N Quaternary
1 D1 59.7 305 9.8
D2* 49.1 41.0 9.9
D3 56.6 34.6 8.8
D5 51.9 33.6 14.5
D6* 57.5 335 9.0
D7 53.7 327 13.6
2 D9 51.4 41.9 6.7
D10* 63.9 29.4 6.7
D11 45.4 47.6 7.0
D13 37.6 51.7 10.7
D14* 40.5 51.9 7.6
D15 26.1 66.9 7.0
3 D19 35.2 58.4 6.4
D20* 35.4 59.2 5.4
D21 31.0 49.6 19.5
D23 35.6 51.9 12.5
D24* 36.3 51.1 12.6
D25 37.0 49.4 13.7
4 D26 55.6 315 129
D27* 60.7 30.4 8.8
D28 33.1 273 30,6
D30 40.0 41.4 185
D31* 40.6 41.9 175
D32 456 327 217
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4.3.2.1 Effect of Annealing on Nitrogen Bonding in CNx Films

The annealed samples in Table 4-17 show a clear increase in nitrogen pyridinic bonding for all

samples studied. As discussed previously, this is beneficial for the emergence of the photovoltaic

effect. This indicates that annealing is a positive treatment for CNx films for use in solar cells. The

increase in pyridinic bonding is more pronounced for the 1%t and 2" series of samples compared

to the 3 and 4™ series. This is perhaps due to the lower nitrogen percentage used for the

depositions for the 3@ and 4™ series.

Table 4-17: Effect of annealing on nitrogen pyridinic bonding in CNx films.

N Pyridinic Bonding %
Series # Sample Fresh (%) Annealed (%)
! D1/D2* 47.1 49.1
D5/D6* 51.9 575
2 D9/D10* 14 630
D13/D14* 37.6 405
3 D19/D20* 35.2 35.4
D23/D24* 250 263
4 D26/D27* 55.6 60.7
D30/D31* 40.0 406

Table 4-18 shows the nitrogen pyrrolic bonding percentages comparing the fresh and annealed

samples. There does not appear to be a clear trend for any of the samples, except for a significant

decrease for D10 compared to D9 which appears to be an anomaly.
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Table 4-18: Effect of annealing on nitrogen pyrrolic bonding in CNx films.

N Pyrrolic Bonding %

Series # Sample Fresh (%) Annealed (%)

1 D1/b2* 39.1 41.0
D5/D6™ 33.6 335

2 D9/D10* 41.9 29.4
D13/D14* 17 10

3 D19/D20* 6 c0
D23/D24* 51.9 51.1

4 D26/D27* 15 204
D30/D31* 414 419

The annealed samples in Table 4-19 show a clear decrease in nitrogen quaternary bonding for

almost all the samples studies. The exceptions are that D10 remains the same as D9, and D24 is

negligibly higher than D23. As discussed previously, this is beneficial for the emergence of the

photovoltaic effect. This reinforces that annealing is a positive treatment for CNx films for use in

solar cells.

Table 4-19: Effect of annealing on nitrogen quaternary bonding in CNx films.

N Quaternary
Bonding %

Series # Sample Fresh (%) Annealed (%)
1 D1/D2* 13.0 99
D5/D6* 145 9.0
2 D9/D10* 6.7 6.7
D13/D14* 10.7 76
3 D19/D20* 6.4 54
D23/D24* 12,5 12.6
4 D26/D27* 13.0 89
D30/D31* 18.5 17.5
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Overall, the effect of annealing was shown to increase the pyridinic bonding and decrease the
quaternary bonding. It is likely the quaternary bonding configurations were converted to pyridinic
moieties during the annealing process, as shown Figure 4-6. The result of this conversion is the
break up of the graphitic networks, resulting in less conductive films. It is proposed that this may

be cause of the emergence of the photovoltaic effect when samples where annealed.

Figure 4-6: Conversion of quaternary nitrogen to pyridinic nitrogen.

4.3.2.2 Effect of Deposition Parameters on Nitrogen Bonding in CNx Films

Table 4-20 shows the nitrogen pyridinic bonding percentages for the prepared samples. For series
1, there is a decrease, while for series 2 and 3 there is a slight increase. The trend for series 4 is not
clear. The effect is the most obvious when comparing series 1 and 2 which were prepared at
different deposition powers. Series 1 prepared at 50 W experiences a sharp decline in pyridinic
bonding with increasing pressure, while series 2 prepared at 25 W slowly increases with increasing
pressure. Since pyridinic bonding is generally favoured for photovoltaic performance, higher
pressures may be beneficial at 25 W but lower pressures would be better at 50 W. However,
increasing pressure always increases the contribution of quaternary nitrogen (see below), which is
detrimental for the photovoltaic effect. Therefore, we may conclude that the best chances to make
photoactive films are at low deposition powers and pressures and 100% N2 content in the plasma.

This is confirmed by the results of our previous studies [10].

45



Table 4-20: Effect of deposition parameters on nitrogen pyridinic bonding in CNx films.

Series # Deposition N Pyridinic

Parameters Bonding %

Power (W) | N2 (%) 1Pa 3 Pa 5Pa 7 Pa
L >0 100 51.4 45.4 37.6 26.1
2 23 100 47.1 49.9 51.9 53.7
3 25 & 35.2 31.0 35.6 37.0
4 25 25 55.6 29.2 40.1 45.6

Table 4-21 shows the nitrogen pyrrolic bonding percentages for the prepared samples. Series 1
experiences a sharp increase in pyrrolic bonding with increasing pressure, the opposite effect series
1 demonstrated for pyridinic bonding. At higher pressures and higher deposition powers, pyrrolic
nitrogen moieties are favoured over pyridinic ones. There is not any clear pattern for the other
series, with series 2 and 4 remaining relatively constant except for an anomaly at 5 Pa for series 4.
Series 3 experiences a decline after 1 Pa but then remains effectively constant. Overall, we must
conclude that the pyrrolic content fluctuates significantly and does not show any specific trends in

our experiments. More data is needed to clarify this behavior.

Table 4-21: Effect of deposition parameters on nitrogen pyrrolic bonding in CNx films.

Series # Deposition N Pyrrolic

Parameters Bonding %

Power (W) | N2 (%) 1Pa 3 Pa 5 Pa 7 Pa
! 50 100 419 476 517 66.9
2 25 100 33.2 34.9 33.6 32.7
3 25 & 58.4 49.6 51.9 49.4
4 25 25 315 30.8 414 32.7

Table 4-22 shows a general increase in nitrogen quaternary bonding with increasing pressure for
series 2 — 4. Series 1 remains relatively low when compared with the other series, likely due to the
higher deposition power. At the higher deposition power, the nitrogen atoms are less likely to

incorporate into the graphitic networks, instead opting to form pyrrolic and pyridinic moieties. All
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other series taken at low deposition power clearly show that increasing the pressure favour nitrogen

substituting into the graphitic networks in the CNx film.

Table 4-22: Effect of deposition parameters on nitrogen quaternary bonding in CNx films.

Series # Deposition N

Parameters Quaternary

Bonding %

Power (W) | N2 (%) 1Pa 3 Pa 5 Pa 7 Pa
! >0 100 6.7 7.0 10.7 7.0
2 25 100 13.0 11.9 145 13.6
3 25 & 6.4 19.5 12.5 13.7
4 25 25 13.0 21.4 18.5 21.7

4.3.3 Analysis of Carbon Bonding in CNx Films Determined by C 1s XPS

The C 1s spectra obtained in this thesis showed multiple peaks, instead of the usual broad, single
peak. Similar patterns have been seen in graphitic CNx materials, as well as melamine

[55 - 57]. Like these materials, our data shows a low energy peak centered at 248.5 eV which
corresponds to carbon bonded to itself in an graphitic configuration. The data was charge corrected
by setting this peak to exactly 284.5 eV because it is a well documented binding energy and is
clearly separable from the other peaks. The nitrogen content in the CNx films prepared in this
thesis are considerably less than for g-CsNa. This results in the higher energy peak being much
broader which represents the many different environments nitrogen can participate in. To account
for this, the broad peak had to be split up into several peaks to fit the data accurately. A
representative C 1s XPS spectrum is shown in Figure 4-7. The two middle peaks are associated
with carbon-nitrogen bonding, with the higher energy peak representing carbon single bonded to
one nitrogen atom in a pyrrolic fashion (C-N), and the lower energy peak representing carbon
double bonded to nitrogen in a pyridinic configuration (C=N) [58]. The low energy peak is our
single and double bonded graphitic carbons as discussed above. The highest energy peak, Pi-Pi*,
is related to the “shake-up” m — m* transition associated with the aromatic carbons. In one sample,

D28, there is the appearance of an additional high energy peak attributed to carbon double bonded
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to oxygen (C=0) and carbon single bonded to nitrogen with a plus charge (C-N+) [59]. This is
unusual because when carbonaceous materials are doped with nitrogen, the carbon-oxygen peaks

usually disappear, as demonstrated with the remaining samples prepared [60 - 62].

xlO2
Name Pos. FWHM L.Sh. Area %Area
35 C=C,C-C 2845 129998 A(0.4,0.38,200GL(30) 33694 2598
C Pyrrok 288.047 198643 GL(30) ~4364.9 33.65
C Pyridinic 286.536 1.98643 : : 38.56
30.] Pi-Pi* 290.912 2.79776
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Figure 4-7: Representative C 1s XPS Spectra showing the binding energies for the four
different carbon bonding configurations.
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Table 4-23 outlines the carbon bonding percentages determined by XPS of the 24 samples

prepared.

Table 4-23: Carbon bonding percentages of the 24 samples determined by XPS.

Series # Sample C Pyridinic C Pyrrolic C Graphitic
1 D1 405 33.2 24.6
D2* 38.1 322 2738
D3 55.7 34.9 8.8
D5 38.6 33.6 26.0
D6* 426 29.9 25.7
D7 38.1 33.9 26.1
2 D9 60.0 25.1 14.0
D10* 63.4 22.0 12.9
D11 46.2 28.3 23.9
D13 44.6 29.8 23.9
D14* 54.9 26.6 17.3
D15 41.8 31.3 25.2
3 D19 59.4 275 12.2
D20* 56.5 27.2 15.3
D21 49.1 38.1 12.0
D23 42.6 328 23.0
D24* 42.3 335 22.6
D25 38.4 35.8 24.0
4 D26 22.1 60.8 16.0
D27* 21.4 59.3 18.0
D23 35.6 425 14.9
D30 39.3 411 18.4
D31* 35.8 38.3 24.3
D32 39.2 38.0 21.3
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4.3.3.1 Effect of Annealing on Carbon Bonding in CNx Films

The annealed samples in Table 4-24 does not show any clear pattern when compared to the fresh
samples. This may be because the carbon pyridinic peak also incorporates C=N bonds that are

bonded to quaternary nitrogen in the graphitic domains of the CNx film.

Table 4-24: Effect of annealing on carbon pyridinic bonding in CNx films.

C Pyridinic
Bonding %
Series # Sample Fresh (%) Annealed (%)
! D1/D2 405 38.2
D5/D6 38.6 426
2 D3/D10 60.0 63.5
D13/D14 44.6 54.9
3 D19/D20 594 565
D23/D24 42.6 423
4 D26/D27 608 593
D30/D31 411 383

Table 4-25 shows the carbon pyrrolic bonding percentages comparing the fresh and annealed
samples. There is a general decrease for the annealed samples, except for the one exception of D24

compared to D23.
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Table 4-25: Effect of annealing on carbon pyrrolic bonding in CNXx films.

C Pyrrolic Bonding %

Series # Sample Fresh (%) Annealed (%)
1 D1/D2 33.2 329

D5/D6 33.7 29.9
2 D9/D10 25.1 22.0

D13/D14 298 6.6
3 D19/D20 275 279

D23/D24 32.8 33.5
4 D26/D27 221 214

D30/D31 39.3 35.8

Table 4-26 shows the carbon graphitic bonding percentages comparing the fresh and annealed

samples. There are slight increases and decreases in percentages but with no clear dependence on

the deposition parameters. This shows that annealing involves mostly nitrogen-containing moieties

and does not affect purely graphitic fragments in the films.

Table 4-26: Effect of deposition parameters on carbon graphitic bonding in CNx films.

C graphitic Bonding %

Series # Sample Fresh (%) Annealed (%)
1 D1/b2 24.6 2738
D5/D6 26.0 25.7
2 DI/D10 14.0 129
D13/D14 r20 73
3 D19/D20 129 153
D23/D24 23.0 226
4 D26/D27 160 181
D30/D31 " 203
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4.3.3.2 Effect of Deposition Parameters on Carbon Bonding in CNx Films

Table 4-27 shows the carbon pyridinic bonding percentages for the prepared samples. The bonding
percentages decrease with increasing deposition pressure for all the series, which is similar to what
was obtained from N1s spectra. As for the dependence on the deposition power and nitrogen
content in the plasma, no clear trends can be discerned. This is at variance with the trends observed
for nitrogen pyridinic bonding, which provides more evidence that the carbon pyridinic peak also
incorporates C=N bonds that are bonded to quaternary nitrogen in the graphitic domains of the

CNXx film.

Table 4-27: Effect of deposition parameters on carbon pyridinic bonding in CNx films.

Series # Deposition C Pyridinic

Parameters Bonding %

Power (W) | N2 (%) 1Pa 3 Pa 5Pa 7 Pa
L >0 100 60.0 46.2 44.6 41.8
2 25 100 40.5 55.7 38.6 38.1
3 25 7 59.4 49.1 42.6 38.5
4 25 25 60.8 42.5 41.1 38.0

Table 4-28 demonstrates how the carbon pyrrolic bonding percentages generally increase with
increasing deposition pressure. The correlation is strongest when comparing samples made at

1 Pa to samples made at higher pressures. When comparing series 2 to series 1, it appears that
increasing deposition power results in less carbon pyrrolic bonding. At low pressure, there is also
a clear decrease in carbon pyrrolic bonding with decreasing % N2 in the deposition chamber. The

significance of these changes is not entirely clear at the moment.
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Table 4-28: Effect of deposition parameters on carbon pyrrolic bonding in CNXx films.

Series # Deposition C Pyrrolic

Parameters Bonding %

Power (W) | N2 (%) 1Pa 3 Pa 5 Pa 7 Pa
! 50 100 25.1 28.3 29.8 31.3
2 25 100 33.2 34.9 33.7 34.0
3 25 7 275 38.1 32.8 35.8
4 25 25 221 35.6 393 39.3

Table 4-29 shows the carbon graphitic bonding percentages for the prepared samples. There is an

increase in the values with increasing pressure for all the series except an anomaly at 3 Pa for series
2. Valuable information can be derived if Table 4-29 is compared to the nitrogen quaternary
bonding shown in Table 4-22. Series 1 — 3 demonstrate relatively high carbon graphitic bonding

without the accompanying nitrogen quaternary bonding. This demonstrates that there is a

significant graphitic network in the CNx films without nitrogen doping occurring, which is

detrimental to the emergence of the photovoltaic effect. However, the values for graphitic carbon

bonding and nitrogen quaternary bonding for series 4 are similar. This indicates that when low %

N2 is used in the deposition chamber, lots of nitrogen is incorporated into the graphitic networks

in the CNx films.

Table 4-29: Effect of deposition parameters on carbon graphitic bonding in CNx films.

Series # Deposition C Graphitic

Parameters Bonding %

Power (W) | N2 (%) 1 Pa 3Pa 5Pa 7 Pa
! >0 100 14.0 23.9 23.9 25.2
2 25 100 24.6 8.8 26.0 26.1
3 25 & 12.2 12.0 23.0 24.0
4 23 25 16.0 14.9 18.4 21.3
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4.4 Conclusions

The effects that the different deposition parameters had on the elemental compositions and bonding
configurations are summarized in Table 4-30. From this table, it demonstrates that the most
pronounced net effect of annealing is to increase nitrogen pyridinic bonding at the expense of
nitrogen quaternary bonding, with a negligible effect on the carbon bonding in the film. The effect
of the deposition power cannot be clearly established because too few powers were investigated.
Increasing the % N in the deposition chamber surprisingly did not result in clear changes in the
nitrogen content in the film. At the same time, it increases nitrogen pyridinic bonding at the
expense of nitrogen quaternary bonding, and has a negligible effect on the carbon bonding
configurations. Increasing the deposition pressure increases nitrogen quaternary bonding while
decreasing nitrogen pyridinic bonding, and increases carbon pyrrolic and graphitic bonding which

causes carbon pyridinic bonding to decrease.

Table 4-30: Summary of the effects deposition power, pressure, % N2 in the chamber, and
annealing had on the elemental compositions and bonding configurations of the CNx films.

Parameter Annealing Higher Power Higher % N: Higher Pressure
Nitrogen
No Clear Effect | No Clear Effect | No Clear Effect | No Clear Effect

Content
N Pyridinic

) Increase Decrease Increase Decrease
Bonding
N Pyrrolic No Clear Effect | No Clear Effect | No Clear Effect | No Clear Effect
Bonding
N Quaternary

) Decrease Decrease Decrease Increase
Bonding
C Pyridinic Decrease (only

) No Clear Effect | Increase Decrease
Bonding at low pressure)
C Pyrrolic ) Decrease (only

) Slight Decrease | Decrease Increase
Bonding at low pressure)
C Graphitic No Clear Effect | No Clear Effect | No Clear Effect

_ Increase
Bonding
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Chapter 5: Conclusions and Future Work

The properties of vacuum deposited CNx thin films were explored for films grown using a variety
of substrates, deposition parameters, and various kinds of post-deposition treatments. CNx films
demonstrated a suitable absorption spectrum for application in solar cells, absorbing light across
the visible and near-infrared spectrum. UV-Vis spectroscopy showed a linear increase of film
thickness from 25% N2 up until 75% N, with the thickness for 100% N2 being effectively the
same as for 75% N». Tauc plots were also produced from the UV-Vis data to estimate the band-
gap of the CNx films. It was shown that the band-gap slowly increases with increasing %N at the

deposition parameters used.

CNx and aluminum were deposited onto ITO glass to form a Schottky cell with an ITO-CNx-AI
architecture. The cells showed that they could produce a photocurrent as shown in J-V plots,
however the efficiencies of the cells were low. Ageing of the cells in inert conditions significantly
improved their performance, most likely due to structural relaxation. However, CNx demonstrated
the properties of a compensated semiconductor, indicating both holes and electrons were acting as

photogenerated carriers.

CNx and aluminum were also deposited onto FTO glass to form a Schottky cell with an FTO-
CNx-Al architecture. The same ageing effect was also demonstrated in FTO cells using J-V plots,
however those samples had zero open circuit potential. Annealing different FTO cells for a longer
period showed a significant increase in open circuit potential. Despite the FTO cells showing a
pronounced increase in open circuit potential, the high resistance in the films prevented the desired
results. It was also shown that CNx continued to act as a compensated semiconductor.

SEM data of CNx deposited on ITO and FTO showed significant differences in morphology of the
two films, which helped to explain the differences shown between the cell properties. Energy-
dispersive X-ray Spectroscopy (EDX) showed a very substantial component of the CNx films was
oxygen for both ITO and FTO, although it was more pronounced in the CNx films on FTO. This

helped to explain the compensated semiconductor nature of the CNx film in both types of cells.
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Due to the negative effect of the high oxygen content in the carbon nitride films on the open circuit
voltage, different annealing conditions were implemented to try and eliminate or lower the value
of oxygen. Pure nitrogen, pure hydrogen and a 3% hydrogen mixture balanced by argon at different
annealing temperatures all failed to remove or lower the oxygen content in the films. It was
discovered that the oxygen from the ITO and FTO glass was being incorporated into the CNx
films, causing the high oxygen content. Metal blocking layers were unsuccessful in preventing this
leaching, so the ITO and FTO glass was replaced with plain borosilicate glass with thin film
tungsten replaced the ITO and FTO as the electrode. This was successful in significantly lowering

the oxygen content to negligible values in the CNx films.

XPS analysis was carried out on the low oxygen content CNx films to study the effect different
deposition parameters had on the properties of the film. It was demonstrated that deposition power,
pressure, the % N2 in the deposition chamber, and post-deposition annealing all had effects on the
elemental compositions and bonding configurations within the CNx film. Specifically, the positive
effect of annealing on the photovoltaic properties of the films was related to formation of more
pyridinic moieties in the CNx films and the associated break-up of the conducting graphitic

network, including that doped with quaternary nitrogen.

More work needs to be done to explore the full effects of the deposition parameters on the bonding
configurations within the CNx films. Series with a wider range of deposition powers and nitrogen
content in the chamber need to be made and analyzed. This will further explain the origin of the
photovoltaic effect and determine the optimal deposition parameters for CNx films for applications
for solar cells. Once this is established, a transparent conducting glass that would not incorporate
oxygen into the CNx films would ideally be found. These would be the first steps towards realizing

a solar cell based only on a carbonaceous active material.
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