The atomic concentration of both Sn and Ga with respect to Zn was shown to
increase with annealing temperature for RT deposited films shown in Figure 4.9. In
addition, there is a separation of the RT and ET Sn/Zn ratio, where the Ga/Zn ratio

showed separation for RT and ET only for 250 °C.
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Figure 4.7. Influence of oxygen concentration on the atomic concentration of Zn.
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annealing, where RT devices operated in enhancement mode and ET devices in depletion

mode. Conversely, the effect of deposition temperature on TFTs with 450 °C shows a

positive shift in V1, with both devices operating in depletion mode. The effect of

deposition is shown comparatively in Figure 4.24. The characteristic values are shown in

Table 4.6 for RT TFTs and Table 4.7 for that of ET.
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of ET. Figure 4.25 shows that an increase in the temperature and duration of annealing

both result in a negative shift of the transfer curve along the Vs axis. This negative shift

is observed for both RT (Figure 4.25a) and ET (Figure 4.25b) devices.
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Figure 4.24. Channel deposition temperature comparison a) 250 °C 15 minute, b)
250 °C 1 hour, and c) 450 °C 15 minute.

Table 4.6. Comparison of annealing temperature effects on RT TFT performance

. SS
RT Deposited | Ip (A) V7 (V) (Videcade) lonvoft lott (A)
250°C15 | 5 4ov107 11 1.45 3.32x10° | 3.6x10™3
minute
250 °C 1 hour | 4.94x10” 4 1.17 1.28x10° 4.3x108
450°C15 | ) a0 105 14 Not Not Not
minute measurable | measurable | measurable

Table 4.7. Comparison of annealing temperature effects on ET TFT performance

ET Deposited Ib (A) V1 (V) | SS (V/decade) Lon/off Lo (A)
250°C 15 1 4195107 1 1 222x10° | 1.89x10™2
minute
250 °C 1 hour | 6.39x107 2 ~1 1.79x10° | 3.58x10?
450°C 15 | 5 Hgx10 1 1 3.56x10° | 6.4x10™3
minute
. % ] Not Not Not
450 °C 1 hour | 3.94x10 4 measurable measurable | measurable
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Figure 4.25. Channel annealing condition comparison a) RT and b) ET.

4.2.2.2. Annealing ambient

As a continuation of the investigation of annealing effects, annealing ambient was
explored. Comparison of device performance when annealed in air (Figure 4.19) versus
nitrogen (Figure 4.26) shows a lower V1, SS, and |y for the air annealed TFT. The
characteristic values are shown in Table 4.8. The output characteristics of the nitrogen
TFT shows stronger saturation than that of the air annealed device. The transfer curve

comparison is shown in Figure 4.27.
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Figure 4.26. RT 250 °C 1hr N, 2 sccm O, TFT a) output and b) transfer
characteristics.
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Figure 4.27. Effect of annealing ambient on TFT characteristics.

Table 4.8. Comparison of annealing ambient effects on TFT performance

Annealing | Ipmax (A) | V1 (V) SS Lonvoft loft (A)
Ambient (V/decade)
Air 4.94x107 |4 1.17 1.28x10° 4.3x10"
Nitrogen 2.31x10° |10 4.4 5.21x10° 4.43x10™"

4.2.2.3. Oxygen incorporation

The effect of oxygen on TFT performance was revisited using TFTs with isolated
channels layers. During this investigation TFTs were produced with 4 and 7 sccm oxygen

flow. The electrical performance of these devices is shown in Figure 4.28 and Figure 4.29

respectively, shown numerically in Table 4.9. The transfer curves of the previously

examined 2 sccm device and recently explored 4 sccm & 7 sccm TFTs are shown

comparatively in Figure 4.30. Here it was observed that there is a negative shift in the Vg,

values of the devices with increased oxygen flow.
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Figure 4.28. RT 250 °C 1hr 4 sccm O, TFT a) output and b) transfer characteristics.
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Table 4.9. Comparison of the effects of oxygen flow on TFT performance

Oxygen sS
Flow ID (A) VT (V) (V/decade) |0n/off IOff (A)
(sccm)
2 4.94x10°” 4 1.17 1.28x10° 4.3x10"
4 1.67x107 45 2.5 3.84x10° | 4.37x10%3
7 1.96x107 2 2.5 8.54x10° 2.3x10%

4.2.2.4. Si majority carrier type

Due to silicon being used as the TFTs’ gate metal, the effect of the substrates’
majority carrier type was investigated to observe the impact or lack thereof on the
characteristics of the device. The output and transfer curves of these devices are shown in
Figure 4.31 through Figure 4.34. The transfer curves of these TFTs are compared in
Figure 4.35. V1 extracted from transfer data showed no clear trend with varied oxygen
flow (Table 4.10). RT TFT transfer characteristics indicate an average V1 ranging from
0.5—3V and a Ip on the order of 107 A (Table 4.10) for films deposited with various
oxygen flows. The highest I along with the lowest SS was achieved by devices
produced with a 10 sccm oxygen flow (Table 4.10). All devices observed in the oxygen
incorporation studies consistently operated in enhancement mode, except those produced
with 0.7 sccm oxygen flow. The 0.7 sccm group of TFTs consisted of both enhancement

and depletion mode devices.
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Figure 4.31. RT 250 °C 1hr 0 sccm O, TFT with n* Si substrate a) output and b)
transfer characteristics.
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Figure 4.32. RT 250 °C 1hr 0.7 sccm O, TFT with n* Si substrate a) output and b)
transfer characteristics.
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Figure 4.33. RT 250 °C 1hr 2 sccm O, TFT with n™ Si substrate a) output and b)
transfer characteristics.
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Figure 4.34. RT 250 °C 1hr 10 sccm O, TFT with n* Si substrate a) output and b)
transfer characteristics.
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Figure 4.35. Transfer characteristics of RT 250 °C 1hr TFTs with various O, flows
on n* Si substrate.

Table 4.10. Comparison of the effects of oxygen flow on TFT performance

Oxygen sS
(sccm)
0 1.41x10” 2 2.83 1.37x10° 1.02x107?
0.7 2.13x10” 2 45 1.34x10° 2.46x107?
2 4.26x107 0.5 3 2.42x10° 1.76x107?
10 4.34x1077 3 1.33 2.47x10° 1.76x103
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Figure 5.1. Variation in O,/O,; with oxygen flow introduced during deposition.
Another effect of oxygen, which is consistently reported throughout the literature

on ZnO and ZnO based material systems is the ability to increase film resistivity. This
could not be verified in this work quantitatively, as the resistance of the films was beyond
measurement capabilities of the Hall system. Instead the resistance was qualitatively
inferred from the V1 of devices measured, though it is understood that other processing
factors contribute to the V1 values. V1 shows a linear relationship with Ga/O, ratio
(Figure 5.2). This proportional dependence is expected since Ga is considered as
scavenger of oxygen vacancies due to its strong bonding with oxygen. Therefore as the
Ga/O, ratio increase, the carrier concentration in the film is thought to decrease. This is
verified with the consequent shift in V1 towards positive direction as well as increase in
lors (Figure 5.3). The variation in V1 and lys with Ga/O, ratio is due to the change in Ga

occurring in the film. However, the SS value is found to be inversely varying with Ga/Sn
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ratio (Figure 5.4). This is understandable as increase in Ga/Sn represents higher mobility

with decreased oxygen vacancy and hence decreases the SS.
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Figure 5.3. Variation of I with Ga/O; ratio.
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Figure 5.4. Variation of SS value with Ga/Sn ratio.

The stability tests (electrical stress and photoexcitation) conducted demonstrates a
change in degradation and performance of devices based on oxygen incorporation. The
instability of the 0 sccm oxygenated device is due to the absorption of negatively charged
oxygen species during the stress period. Instability of the 10 sccm oxygenated device is
due to increased electron trapping within existing traps, not increased trap creation. This
increased trapping is due to an increased carrier concentration. The theory for the
behavior of the 10 sccm device is in agreement with the conclusion drawn by Kim et al.
[147].

5.2 Deposition and annealing temperature

There is consensus amongst published literature that in addition to oxygen
incorporation, the effects of deposition and annealing temperature have the ability to
significantly alter the characteristics of ZnO based active layers. This observation is also
illustrated throughout the presented work. The influence of deposition temperature is
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blatantly illustrated by the inoperability of devices with RT as-deposited active layers,
where ET as-deposited devices were operational though not optimally. The difference in
the functionality of these as-deposited devices is resultant of the annihilation of inherent
defects, and improvement of the local arrangement of atoms by the higher thermal energy
supplied during the ET deposition. The oxygen incorporation is also reduced at high
deposition temperature. Substrate heating was also found to be effective in reducing the
required annealing temperature for which significant changes in device characteristics
such as Vrand SS are observed.

RT and ET annealed films, possess Sn/Zn atomic fractions close in value, and
show similar behaviour with annealing temperature. The major differences between the
RT and ET films are the variations of the Zn/O, and O,/O,, ratios, which are
complimentary to each other with increased annealing temperature. Both of these
differences explain the observed opposite modes of operation of the devices.

Zn/O decreases with annealing temperature Figure 5.5, while the O,/O, increases
with annealing temperature Figure 5.6 though it is more linear in the case of RT annealed
samples. Both data sets indicate that with the increase in annealing temperature, Zn/O;
decreases which imply that carrier concentration increases with V1 increasing. The
increasing value of O,/O, indicates that on annealing there are more oxygen vacancies
being created resulting in increase in carrier concentration. In the case of ET films
however, Zn/O, increases with the annealing temperature while the O,/O,, decreases with
the annealing temperature, excluding the sample at 150 °C which does not fit the data.

Also O)/Oy, is quite high for the ET samples as compared to RT annealed samples. The
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higher O)/O,, implies higher carrier concentration and hence the V is negative and with
increasing annealing temperature it shifts to the positive side with decreasing O,/Oy,.

All TFTs illustrate a possible relationship between Zn/O, and V-, where V1
increases as the Zn/O, ratio Figure 5.7 increases. This relationship appears to be primarily
dependent on the atomic percent of oxygen in that there is a decrease in V1 as O atomic
percent increases. The decrease of V1 with increase in O atomic percent as well as O,
relative percent is consistent with what is expected. As O atomic percent increases there
is an increase in O vacancies which thereby increases carrier concentration, channel
conductivity, I Regarding annealing, the O\/O, ratio of the RT films increases with
increased annealing signifying increased oxygen vacancies in the system.

SS decreases drastically with Sn/O ratio Figure 5.8 but does not vary
significanlty in the case of ET films. The difference in the behavior can be explained that
in the RT films the improvement of defect is significant hence the mobility variation
could be higher with increase in Sn/O, while in the case of ET films as the deposited
films are already less defective, increased Sn does not significanlty affect the films. Also
it is to be pointed out that normally the changes in V1 and los are associated with the bulk
traps and variations in SS are associated with the interface states. So both the Zn and Ga
atomic concentration impacts bulk traps while Sn/O, appears to affect the interface state
density. Figure 5.9 clearly illustrates the dependence of loy0rr ON the Sn/Ga ratio, and

shows that the Sn/Ga should not exceed 1.4 in order to maintain at least an Ioyoff Of 10°.

90



1.6

1.5
1.4
1.3
O 1.2
= |
N 1.1
1.0

0.9 -

0.8

L ® RT
A ET
A
A
® A
'Y
A
Y

-50

Figure 5.5. Dependence of Zn/O, with annealing temperature.

0.75

0 50 100 150 200 250 300 350 400

Annealing temperature (°C)

0.70—-
0.65—-
0.60—-
0.55—-

0/0,

0.50—-
0.45—-
0.40—-
0.35—-

® RT A o
A ET
[ )
A
[ )
A A
[ )

-50

Figure 5.6. Dependence of O 1s components on annealing temperature.

0 50 100 150 200 250 300 350 400

Annealing temperature (°C)

91



V, (V)
o

-4_- )

'6 - T T T T T T T T T T T
0.9 1.0 1.1 1.2 1.3 1.4

Zn/OI

Figure 5.7. V1 dependence on Zn/O; ratio.

4.5 - ] ® RT

4.0 1
3.5
3.0

2.5 [

SS (Videcade)

2.0 A o

1.5 A A

005 0.6 0.07
snio,

Figure 5.8. SS dependence on Sn/O; ratio.

92

0.08



1E+07 -~
[ |
[ |
¢ [ |

1E+06 -
% 1E+05 A * ®RT
=
o WET

1E+04 - O flow

L g
1E+03 T T T ]
1 1.2 1.4 1.6 1.8
Sn/Ga

Figure 5.9. Influence of Sn/Ga ratio on lgnft.

In addition to annealing temperature, the annealing duration and ambient were
investigated. Annealing duration refers back to the comparisons of Figure 4.25, Table 4.6
and Table 4.7, which highlights a negative shift in V1 with increased annealing time. This
negative shift is attributed to the active layers being more conducting with increased
annealing duration. The influence of annealing ambient proved to have significant effects
on the performance of the devices. Our findings being similar to that of Huang et al. [50],
where vacuum vyields the lowest resistivity, followed by air, then nitrogen. With air
annealing held as the baseline standard, the various resistivities resulting from vacuum
and nitrogen are commonly attributed [148] to an increase in oxygen vacancies and
production of acceptors, respectively.

Various mechanisms that are commonly attributed to influence the stabilty of
ZnO and ZnO based AOS devices are interface traps, chemisorption of oxygen, and

defect creation in the channel. The distinction between each of these can be made by the
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observed changes in SS, V1, and los . For instance, during photoexcitation TFTs
demonstrating a change in SS accompanied with a negative shift in V1 are indicative of
electrons detrapping from the states during laser illumination. More specifically, the
changes in SS and V1 occuring without an increase in Iy signifies detrapping of electrons
from the interface states only [149].

When illuminated by the red and green laser respectively, TFTs produced with O
sccm flow oxygen exhibit the largest variation in SS and V+ in contrast to the TFTs with
higher oxygen incorporations of 2 and 10 sccm. The large variations in the characteristics
of oxygen deficient TFTs even under red laser illumination indicate the existence of
shallow traps, consistent with the reports on pulsed laser deposited ZnO films [150]
where it was found that channel layers deposited under oxygen deficient conditions are
more defective with traps located at 0.32 eV below the conduction band edge. It is to be
noted that the traps refer to both the traps in the channel and the interface traps. The light
illumination has been shown [149, 151] to create doubly ionized oxygen vacancy defects,
Vo®" | from the neutral oxygen vacancy, Vo, already existing in the channel. This also
manifests in enhanced interface trap density in these ZnO and the associated AOS
systems [149]. As a result, the observed shift in V1 with illumination is always negative
due to electrons detrapping from the trap states as well as from the interface states. A
comparatively smaller change of V1, SSand Il values for the 2 sccm oxygen
incorporation occurs when illuminated by the green laser compared to the results
collected in the dark. Further, the variation in V1 between 0 sccm and 2 sccm oxygen

incorporation is indicative of significant reduction in the density of trap states in the 2
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sccm device. Further, for the largest oxygen incorporation of 10 sccm, a minimal change
in Vr accompanied with considerably invariant SS and 1o under excitation from both
lasers represent continued reduction in trap density. The inherent defects within the
channel layer of the oxygen deficient device highlighted during photoexcitation
measurements were also observed under stress tests. However, the instability in this case
is represented by a positive shift in V1 with SS being invariant. Further, instability with
respect to gate bias stress was also observed in the TFT fabricated at the other extreme
oxygen condition of 10 sccm. These variations under stress manifest only in V+ shift and
not SS. The lowest V+ shift observed in 2sccm can be explained in terms of the difference
in the location of the quasi Fermi levels at the interface between this TFT and the other
two TFTs. Itisto be noted that the V1 values are similar -2 V and -1 V for 0 and 10
sccm |, respectively, despite other differences in these two samples, while it is -3 V for 2
sccm. Hence, it speculated that for 2 sccm the quasi Fermi level is quite low closer to the
mid gap level and the changes due to the charge trapping comparatively have minimal
effect in the V1 shift. As the device is fairly stable under photoexcitation as well as the
stress condition for the intermediate oxygen incorporation of 2 sccm this deposition
condition was chosen for further investigating the effect of subtrate and annealing
temperatures, despite the slightly inferior transfer characteristics to those of 10 sccm
oxygen flow.

The photoexcitation results on 250 °C annealed ET devices are also consistent, in
that higher drain current and larger negative shifts in V1 are observed on illumination,

indicative of enhanced detrapping of electrons than 250 °C RT devices. Similar changes

95



on green illumination are observed for RT device at higher annealing temperature of 350
°C. This clearly indicates depending on the deposition and annealing combination one
can change the energetic distribution of the interface states in the gap.

Thus our findings show that it is possible to achieve enhancement and depletion
mode devices through different combinations of oxygen partial pressures during
deposition as well as deposition plus post-deposition annealing temperatures, with both
remaining below 250 °C, thus making the entire process compatible for potential
applications on flexible substrates. Further these can be judiciously chosen to get a stable
performance both with respect to the bias stress as well under illumination, a great

practical importance for potential applications in highly stable transparent TFTs.
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CHAPTER 6
CONCLUSION

GSZO films of 30nm have been deposited by rf sputtering at both RT and ET
with varied oxygen partial pressures. The films produced are amorphous within the
temperature ranges of this investigation. Transparency typically above 80% in the visible
region were observed for films with at least 2 sccm oxygen incorporation during
deposition, with an optical band gap of approximately 3.1 eV. All the data have been
explained by delineating the O 1s XPS peak into two peaks with the first one at lower
binding energy attributed to the metal oxides and oxygen vacancies. The second peak at
higher binding energy to chemisorbed species on the surface. The changes that were
observe in O, flow as well as in the annealing temperature depend on the variation that
occurs in the elemental atomic concentration of the films which is correlated to the
variations in the oxygen vacancies through O, peak . It is to be noted that zinc vacancies
were also considered as a contributing factor in the variation of film composition, but was
excluded after further investigation. GSZO depletion mode TFTs have been fabricated
with 1o of 10° A, V7 of -3V, SS of 1.3 V/decade, and lonoft of 10° when operated in the
dark without gate stress. The trap density, defect creation in the layer and oxygen
chemisorption play a critical role in determining the operational characteristics of the
device, all which can be controlled by the oxygen incorporation and temperature during
deposition, along with post-deposition annealing. Device instability, with respect to the
electrical stress and optical illumination, can be suppressed by suitably tailoring these

parameters. TFTs with 10 sccm oxygen incorporation deposited 50 pum x 50 um channel
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with post-deposition annealing at 250 °C exhibits the best performance in enhancement
mode with Ip = 107A, V+ =3V, SS = 1.3 VV / decade, and loworr = 10°. Mobility values
are shown to increase with oxygen incorporation, and are low compared to the literature.
A stable TFT has been achieved under electrical stress for the intermediate 2 sccm RT
deposition with 250 °C annealing condition, exhibiting AVt as low as ~0.5 V for 3hour
stress under a gate bias of 1.2 and 12 V, while optical stability has been achieved at 10

sccm oxygen deposition and 250 °C annealing condition.
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CHAPTER 7
RECOMMENDATIONS

Due to the lack of information on the GSZO material system and its characteristic
influence on resulting device behavior, there remain unexplored/underexplored
phenomena. Regarding, film characterization the following areas would prove beneficial.
First, additional XPS analysis conducted within a week of deposition. This analysis
should be performed without sputtering of surface oxide and with sputtering. In addition
analysis should be further by including depth profiling. Secondly, Hall measurements for
highly resistive films should be performed to give quantified insight into the effects of
deposition parameters and post deposition techniques on the film characteristics.
Regarding TFT production the next step would be fabrication on a flexible substrate, and
it is the advice of the author to further reduce the active layer area so that it does not
protrude from under the source and drain electrodes. In reference to device
characterization, RT TFTs should be produced with active layers that are annealed at
temperatures above 350 °C, in an attempt to observe a positive migration in V+ as in that
of the ET samples. In addition, photoexcitation measurements should be repeated using
lasers of the same power density. To complement the photoexcitation measurements,
capacitance — voltage measurements should also be performed to identify the density of
traps, as it was not achievable during this work. Lastly, it is the suggestion of the author
to modify the target composition with a higher Sn atomic fraction to improve the

attainable Ip within the 0 — 10 V Vps and Vg range. These recommendations are resultant
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from the deposition, processing, fabrication, and testing experience acquired during this

research work.
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