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What are the major goals of the project?

List the major goals of the project as stated in the approved application or as approved by the agency. If
the application lists milestones/target dates for important activities or phases of the project, identify these
dates and show actual completion dates or the percentage of completion. Generally, the goals will not
change from one reporting period to the next. However, if the awarding agency approved changes to the
goals during the reporting period, list the revised goals and objectives. Also explain any significant
changes in approach or methods from the agency approved application or plan.

The goals for this research are found in the original proposal BRCALLO08-Per5-E-2-0021. This
was a collaborative project between the Air Force Research Laboratory and Penn State
University. This report addresses the Penn State work.

“The objective of the proposed project is to advance the fundamental understanding of radiation
induced changes in the electronic properties of metal-oxide (M-O) semiconductors with s-orbital
dominated conduction bands. s-orbital conduction band materials are particularly interesting
because they offer potential for radiation hardness and self-healing very different (and
potentially better) than sp-hybrid bonded semiconductors. Although radiation hardness for
silicon and IlI-V bulk semiconductor devices has been extensively studied, much less is known
about radiation-induced effects on wide bandgap thin-film transistors. The proposed work will
provide models based on experimental results regarding radiation-induced changes in wide
bandgap ZnO films and devices. Using a combination of material deposition techniques,
radiation induced changes on films with varied microstructures will be studied. Both simple films
and realistic device structures, including combinations of ZnO thin films and high-k dielectrics,
will be studied. The scientific knowledge gained by this work will allow the design and
fabrication of radiation hard, substrate-agnostic electronic circuits that can be easily integrated
with other circuits.”

Prior to the program, preliminary data suggested that metal-oxide TFTs should be robust in the
presence of ionizing radiation as shown in Figure 1. In the first year, the goals of this program
were to assess the state of the art in thin-film transistor radiation hardness and compare with
metal-oxide TFT technology. As a test case, the work was to begin with ZnO TFTs produced by
two different techniques, PLD and PEALD, and develop transistor models addressing the
radiation induced changes in device performance.
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Figure 1. a) Early results indicating small shifts in threshold voltage and virtually no change in mobility as a function of *°Co
gamma ray exposure. Dramatic recovery was observed after a short post-irradiation bake in air at 200 °C for 1 minute. b)
Color centers formed in samples and carrier shown for reference as a function of dose.

In the second year, designs of experiments were planned to study the influence of material
growth, device design and passivation parameters on radiation sensitivity and self-healing
characteristics and provide data to develop physical device modeling for ZnO TFTs. During this
period, AFRL appropriated civilian positions were 100% funded and we requested
reprogramming of DTRA funds to increase the level of spectroscopic material characterization
with the goal of using this data to improve the device modeling efforts.

In the third year, the goal was to progress to advanced metal-oxide material development and
continue fabrication and radiation testing of advanced device structures. However, in the
second year, we found the need to continue investigation of the standard ZnO TFT structures
with simple interfaces to isolate the location of the radiation impacts. The goals of radiation
testing, analysis and modeling remained the same, but were carried out on the standard devices
with experiments designed to isolate the physical location of the interfaces affected by radiation
induced changes.
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The following tasks were proposed as goals during the program and are now complete.

Year 1

Task 1. Comprehensive literature survey

Task 2: Rad-hard assessment of the current ZnO TFT designs
Task 3: Initial radiation sensitivity modeling

Task 4: Annual report

Year 2

Task 5: Design of Experiments

Task 6: Characterization, radiation tests and analysis
Task 7: Physical device modeling

Task 8: Annual report

Year 3

Task 9*: Advanced M-O Material Development

Task 10 Fabrication, characterization, radiation tests and analysis of advanced devices
Task 11%: Modeling of advanced devices

Task 12: Final report for PSU-AFRL joint work

NCE

Task 13: Additional radiation testing for modified device structures
Task 14: Extension of ZnO TFT modelling work

Task 15: Modification of PEALD deposition system

! These tasks were modified to focus on standard device materials based on ZnO in order to isolate the physical
location of radiation induced effects.
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What was accomplished under these goals?

For this reporting period describe: 1) major activities; 2) specific objectives; 3) significant results, including
major findings, developments, or conclusions (both positive and negative); and 4) key outcomes or other
achievements. Include a discussion of stated goals not met. As the project progresses, the emphasis in
reporting in this section should shift from reporting activities to reporting accomplishments.

In this section, a list of the major activities is reported for each task. The objectives, results, and
outcomes are reported within each major activity.

The major accomplishments full under the following categories:
1. Literature Survey
2. Materials and Device Fabrication
3. Electrical Characterization of Irradiated Devices and Development of In-Situ
measurement Techniques
4. Materials Characterization and Defect Analysis
5. Device Modeling

Literature Survey
A comprehensive literature survey was started at the beginning of the program and key seminal works
were studied to compare with current state-of-the-art thin film technology. These works were
continually used as fiduciaries during the course of the project. This task continued for the remainder of
the project. The primary references used during the first year can be found in [1] -
[2][31[4](5][6](7][8][9]1[10][11][12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][3
0][31][321[33][341[35][36][371[38][39][40][41] [42]. The main topics surveyed can be summarized as:

1) Characterization of radiation effects in CMOS or silicon devices and circuits

2) Characterization of radiation effects in TFTs, both covalent and ionic bond materials
The literature survey set the tone for future research direction in terms of establishing figures of merit
for measurement and characterization of radiation effects. Radiation effects have been well assessed in
single-crystal silicon CMOS technology, amorphous-silicon and poly-crystalline silicon TFTs. Devices have
been characterized as a function of radiation dose both biased and unbiased during irradiation. A
comparison of turn-on voltage (Voy) for varying technologies from the literature can be found in Figure 2
as a function of dose. In this case, Voy is defined as the gate-source bias resulting in drain current of 0.1
nA. The literature shows that Voy changes rapidly at low irradiation doses for the technologies
surveyed. For comparison, our early work is included in this figure showing the relatively high radiation
tolerance of ZnO TFTs to radiation exposure.
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Figure 2. Comparison of Vg, shift for biased and unbiased devices with literature results as a function of dose. There is
substantial variation for different technologies. However, ZnO TFTs fabricated in this program exhibit significantly better
radiation tolerance than other Si or C based thin-film devices.

There are also numerous reports on passivation strategies of ZnO-based TFTs suggesting the importance
of passivation material selection. As an example, Figure 3 shows an experiment by Nomura et al [43] on
the effects of passivation variation for amorphous In-Ga-Zn-0 (a-1GZO) TFTs. The transfer curves show
that devices are well passivated for some films such as Y,0; or Al,O; but are conducting with films such
as SiO, or HfO,. Due to the large variation in device performance, it was critical for this project to
compare, contrast and select a passivation method that is electrically stable for the irradiation
experiments so that radiation effects and passivation effects are easily distinguished.
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Figure 3. Transfer curves for a-IGZO TFTs as a function of passivation taken from Nomura et al [43].

Materials and Device Fabrication
During the first year effort, an assessment was completed for ZnO TFT designs. These designs include

permutations in the active, dielectric, and passivation layers of the device. ZnO active layers have been

grown by pulsed-laser deposition (PLD) and plasma-enhanced atomic layer deposition (PEALD). Gate

dielectrics deposited by plasma-enhanced chemical vapor deposition (PECVD) and PEALD have been
compared. Finally, several types of passivation have been compared including films deposited by PECVD
and atomic layer deposition (ALD). Figure 4 depicts a layout for a typical bottom-gated TFT and a cross-
section SEM image of a ZnO layer deposited on top of a SiO, dielectric with a Ni/Au gate metal. Though
PLD and PEALD growth techniques are vastly different, the resulting film characteristics are remarkably

consistent with grain sizes ranging from 10 — 50 nm and RMS roughness < 2 nm.
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Figure 4. Cross-sectional view of typical TFT layout. The left side shows an SEM image of a device at the source edge of the
gate. The right side shows a completed device.

In order to establish a baseline structure for subsequent experiments, several variations of device
structures with differing passivation schemes were characterized for stability and initial irradiation
effects. Devices with 50 nm PLD ZnO active layers are compared with devices with 10 nm PEALD ZnO
active layers. For clarification of layers varied in the device structure, see Figure 4. Device schemes with
the following layer stacks have been investigated (listed in order of deposition as gate-dielectric/ZnO
type/passivation):

Device schemes with the following layer stacks have been investigated (listed in order of deposition as
gate-dielectric/ZnO type/passivation):

PECVD SiO,/PLD ZnO/unpassivated
PECVD SiO,/PLD ZnO/PECVD SiO,
PECVD SiO,/PLD ZnO/ALD Al,0;
PECVD SiO,/PLD ZnO/PEALD Al,O;
HfO,/PLD ZnO/unpassivated
HfO,/PLD ZnO/polyimide
HfO,/PLD ZnO/ ALD Al,O4
HfO,/PLD ZnO/ PEALD Al,O;

. AlL,O3/PEALD ZnO/ALD Al,0O4

10. Al,O3/PEALD ZnO/PEALD Al,0;

11. Al,O3/PEALD ZnO/PECVD SiO,

Lo N R WDNPRE
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PLD ZnO TFTs passivated with PECVD SiO, exhibited the best electrical performance as in structure #2.
The transfer characteristics are very stable with no shift in Vi or change in mobility values.
Representative data from different devices overlap in both passivated and unpassivated cases.
Generally, PECVD SiO, passivation does not change device performance of PLD grown ZnO TFTs.
However, samples exposed to 10 Mrad of gamma radiation become conductive and do not pinch off.
These devices do not recover their pre-irradiation characteristics even after annealing at 200 °C. This
could indicate damage or the formation of a channel at the ZnO/passivation interface. Figure 5 shows
transfer characteristics for PLD devices with passivation and without as well as the impact of gamma
radiation exposure on PECVD SiO, passivated TFTs. PLD devices with PECVD SiO, passivation were not
used in further experiments. However, the effect of passivation was studied later in the program.
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Figure 5. Left: Transfer characteristics for representative PLD ZnO TFTs comparing PECVD SiO, passivated devices to
unpassivated devices. Right: PLD ZnO TFTs with PECVD SiO, passivation exposed to 10 Mrad gamma radiation and annealed.
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Further studies on PLD ZnO TFTs passivated by ALD and PEALD Al,O; show conduction at the
ZnO/passivation interface even without irradiation. This is true for all layer stacks using PLD ZnO with
both PECVD SiO, and HfO, gate dielectrics as in stacks #3, #4, #7, and #8. Figure 6 shows transfer
characteristics for Al,O; passivated PLD ZnO TFTs. The ability to modulate the channel is completely
lost. This indicates process induced damage or the formation of a channel at the interface that cannot
be pinched off due to the thicker PLD ZnO layer.

Any passivation schemes involving the HfO, dielectric under PLD ZnO films (as in #5, #6, #7, and #8) were
unstable and were down-selected because instability prevented us from having meaningful radiation-
induced results. The polyimide passivation experiment was inconclusive due to the instability from the
HfO, dielectric. However, we do not anticipate polyimide to be robust to irradiation. So polyimide
passivation layer was also down-selected.
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Figure 6. Transfer characteristics of PLD ZnO TFTs before and after passivation with ALD and PEALD Al,O;. On the left are
results from TFTs with PECVD SiO, gate dielectric. On the right are results from TFTs with HfO, gate dielectric. In all cases,
the ability to modulate the channel is lost.
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PEALD ZnO TFTs show different behavior. Aside from the growth technique, the major difference
between these devices and PLD ZnO devices is the relatively thin, 10nm ZnO layer. For PEALD ZnO TFTs,
all types of passivation resulted in devices that could modulate except for PEALD Al,O;. However, every
device exhibited some negative Voy shift after passivation. This indicates leakage at the PEALD
ZnO/passivation interface that can be pinched off due to closer proximity to the gate. Figure 7 shows
transfer characteristics for PEALD ZnO TFTs with passivation. ALD Al,0O; passivation results in a Vgy shift
of -2.0 - -3.2 V, PECVD SiO, passivation results in a V; shift of about -3.0 V, and PEALD Al,O; passivation
results in conduction.
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Figure 7. Transfer characteristics for PEALD ZnO TFTs passivated with ALD Al,O; and PEALD Al,O; (left side) and PEALD ZnO
TFTs passivated with ALD Al,0; and PECVD SiO, (right side). PEALD Al,O; passivation results in loss of channel control.

Variation studies in gate dielectric and passivation layers were completed including SiO,, Al,Os;, HfO,,
and polyimide. Significant changes were seen in device performance, leakage currents, and turn-on
voltage shifts due to these variations. As a result, the number of permutations in epitaxial layers and
gate dielectrics has been reduced to 2 main types: 1) PECVD SiO, gate dielectric with PLD ZnO active
layer and 2) PEALD Al,0; gate dielectric with PEALD ZnO active layer. Even though the physical growth
mechanisms of each technique are different, they show similarities in nanocrystalline size, crystal
orientation, and electrical performance. A comparison between ZnO materials grown by different
techniques allows more general conclusions to be drawn regarding radiation effects in ZnO materials,
while the smaller number of layer permutations reduces the chance that radiation effects are masked by
effects of device fabrication.
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Sample and Process Exchange

The objective of this activity was to compare and contrast sample variations as a function of epitaxial
growth, semiconductor/dielectric interface, and passivation deposited by different techniques. Round-
robin experiments were compared to the baseline AFRL and PSU processes. There are two round-robin
experiments (RR1 and RR2).

Figure 8 shows a schematic cross-section of the baseline structures. The nominal AFRL process flow is a
p-Si substrate-gated device with a PECVD SiO, gate dielectric and PLD ZnO active layer. The nominal PSU
process flow is a metal gated device with a PEALD Al,0; gate dielectric and PEALD ZnO active layer. The
baseline device structures are listed below.

1) PEALD Al,0;—30 nm/ PEALD ZnO 10 nm (baseline PSU structure)
2) PECVD SiO, — 25 nm/ PLD ZnO 50 nm (baseline AFRL structure)

Source | PEALD ZnO | Drain

PEALD Al,O,
metal

Figure 8. Baseline AFRL structure on the left where the p-Si gate is the substrate. The baseline PSU structure is shown on the
right and the substrate is omitted for clarity.

The RR1 experiment involved a gate-dielectric swap from the baseline structures in which the baseline
PEALD gate-dielectric from PSU was deposited on AFRL substrates which were returned to AFRL for PLD
Zn0 deposition and then the baseline PECVD gate-dielectric from AFRL was deposited on PSU substrates
which were returned to PSU for PEALD ZnO deposition. Both samples were passivated by ALD AL,Os.
The resulting layer stacks are shown in Figure 9. The modified baseline structures are listed below.

3) PECVD SiO,—25 nm / PEALD ZnO — 10nm/ ALD Al,O0;—32 nm
4) PEALD AlL,O; — 30 nm/ PLD ZnO — 50nm/ ALD Al,O; — 32 nm

Source | pEALD znO | Drain
PEALD Al,O — PECVD SiO
metal

Figure 9. First round-robin experiment where the gate dielectric in the baseline structures were swapped.

A summary of the transfer characteristics comparison is shown in Figure 10 for both unpassivated and
passivated devices. On the left are devices with PEALD ZnO films grown on both PECVD SiO, and PEALD
Al,O; gate dielectrics. On the right are devices with PLD ZnO films grown on both PECVD SiO, and PEALD
Al,O; gate dielectrics. Both types of devices were then passivated with ALD Al,Os.
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Figure 10 Transfer characteristics of unpassivated and passivated TFTs for ZnO layers grown on both PEALD Al,0; and PECVD
SiO, gate-dielectrics from RR1 as compared to the baseline structures. ZnO thin films grown by PEALD are shown on the left
and ZnO films grown by PLD are shown on the right.

Before passivation, the characteristics for the PEALD ZnO and PLD ZnO devices on both PECVD SiO, and
PEALD Al,O; gate dielectrics are generally similar. Although hysteresis in the subthreshold region
complicates analysis, the PEALD ZnO devices have threshold voltage near 3 V, the PLD ZnO devices have
threshold voltage near 0 V.

After passivation, the results are quite different. For the PEALD ZnO devices the device characteristics
shift negative. To avoid complications from the hysteresis in the subthreshold region, we estimated the
shift from the high current portion of the device curves. For the PEALD ZnO device with Al,O; gate
dielectric the shift is about -2.7 V, for the PEALD ZnO device with SiO, gate dielectric the shift is about -
5.2 V. Using a model of passivation induced charge at the ZnO back surface [44] the shift would be
expected to scale with the combination of gate dielectric and active layer capacitance. The shift for SiO,
compared to Al,O; (and taking into account the thicknesses) is somewhat larger than this simple model
would predict.

The after passivation results for the PLD ZnO devices are somewhat different. The PLD ZnO device with
SiO, gate dielectric is somewhat similar to the PEALD devices. Considering only the high current portion
of the characteristics the device shows a shift of about -1.8 V. The change in subthreshold
characteristics is more dramatic. This is not completely unexpected. Because the ZnO thickness for the
PLD devices is thicker than for the PEALD devices (50 nm compared 10 nm) it is more difficult for the
gate to turn off passivation-related charge at the back surface of the TFT [44]. However, the PLD ZnO
devices with Al,O; gate dielectric behave differently. Considering only the high current portion of the
characteristics the device shows a shift of about -15 V. This large shift is not consistent with the larger
capacitance of the Al,0; gate dielectric compared to SiO,. We do not have a simple explanation for the
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large shift, however comparisons of these devices has motivated work with more similar PLD and PEALD
device structures, especially identical active layer thicknesses.

The RR2 experiment involved both groups exchanging process recipes for their nominal growth
structures; specifically the films were annealed at 400 °C in air for 1 hour at AFRL, according to AFRL’s
nominal process recipe. The samples as modified from the baseline process are shown in Figure 11. A
direct comparison was made between unannealed and annealed thin and thick ZnO active layers for
both growth techniques. The structures compared are listed below.

5) PEALD Al,O3—30 nm/ PEALD ZnO — 50nm, annealed at 400 °C
6) PEALD Al,O;—30 nm/ PEALD ZnO — 10nm, annealed at 400 °C
7) PECVD SiO, — 25 nm/ PLD ZnO — 50nm, annealed at 400 °C (baseline AFRL structure)

Source I TI Drain
Source | PEALD ZnO I Drain PEALD ZnO

PEALD Al,O, PEALD Al O,

«

metal metal

Figure 11. Second round-robin experiment where the layer thickness for the ZnO active layers were matched to the baseline
structures for different PEALD and PLD processes and annealed at 400 °C.

A summary of the transfer characteristics comparison is shown in Figure 12 for pre- irradiation and post-
irradiation for device structures #5, 6, and 7. Device structure #7 baseline AFRL, Figure 12(left), show the
best electrical performance pre-irradiation. Device structures #5 and 6 showed almost no hysteresis pre-
irradiation with the 400 °C anneal, as shown in Figure 12 (middle, right). This is different from
unpassivated, un-annealed PEALD ZnO TFTs where a hysteresis is always seen before passivation. While
the 400 °C anneal reduced the hysteresis, the electrical properties were not improved namely field-
effect mobility was <10 cm?/V-s in both cases. These device structures were also subjected to a 5 Mrad
gamma-ray dose exposure to assess the radiation-hardness on annealed devices. PLD ZnO TFT radiation-
induced shift was as expected, AVoy = -2.2 V, corresponding to an induced charge of AQ = 1.6x10™ cm™.
PEALD ZnO TFTs with 50 nm active layer show a smaller Vpy shift, -1.3 V, when correcting for
capacitance, the radiation induced charge is AQ = 1.8x10™ cm™. PEALD ZnO TFTs with 10 nm active layer
showed nearly no radiation-induced Voy shift after 5 Mrad. However, the devices show some hysteresis
post-irradiation. A complete study of layer thickness variation with radiation is shown later pointing to

active layer/passivation interface as the key radiation-induced change.
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Figure 12. Transfer characteristics of unpassivated TFTs for ZnO layers grown on both PEALD Al,0; and PECVD SiO, gate-

dielectrics annealed at 400 °C for 1 hour. Black curves show device performance before irradiation and red curves show post-
5 Mrad irradiation.

The initial sample and process exchange experiments produced device structures for electrical and
spectroscopic characterization to understand fundamental differences in material growth, interfaces
and processing conditions in materials with similar electrical performance. These experiments helped to
understand differences in interfaces between gate dielectrics and ZnO layers grown by PEALD and PLD
and led to a down-select of dielectric and active layer thickness combinations for use in further studies.
The variations observed in passivation experiments have also led us to focus on a small subset of
passivation or tri-layer passivation techniques for future irradiation experiments to better distinguish
between passivation/interface phenomena and radiation effects.
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The second year focused on the design of a mask set including process control monitor (PCM) structures
for the analysis of 1) radiation effects in TFTs, 2) Metal/gate dielectric, gate dielectric/active layer, active
layer/passivation layer interfaces, 3) Contact barrier to active layer, and 4) in-situ electrical irradiation
characterization. A picture of the 2 cm x 2 cm die is shown in Figure 13.
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Figure 13. A picture of a die of the mask design for PSU and AFRL ZnO TFTs with various structures ranging from simple
isolation structures to ring-oscillators.

The mask consists of discrete TFT structures with bottom-gated and dual-gated structures of varying
width/length ratios. In addition to standard TFT structures, dual bottom-gated TFTs with an additional
top-gate are included to deconvolve interface states, channel turn-on, and contact turn-on.
Experimental data from this structure helped us have a more comprehensive device model. A cross-
sectional view of this TFT is shown in Figure 14. Standard PCM structures such as capacitors with
different geometries are included to evaluate different gate dielectrics and gated transmission-line
measurement (TLM) structures are included to measure contact resistance and assess radiation effects.
The mask also includes simple circuits like inverters and ring oscillators. Ring oscillators are good
indicators of radiation effects due to sensitivity to device variations.
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Top dielectric

Bottom dielectric
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Figure 14. Discrete TFT structure with bottom dual gate to suppress contact barrier and top gate for channel turn-on.

Initial work focused on obtaining material and device baselines and irradiating these structures to down-
select the number of material and device combinations for in-situ measurements. In order to have
reasonable statistics on device characteristics new hardware integration and software was developed to
measure groups of devices under one cumulative irradiation dose. Figure 15 shows the various array
sizes including 3x3, 4x4, and 7x7. The arrays are mountable in 16-pin dip packages.

4x4 3x3
array array

Figure 15. Different array sizes with varying W/L ratios to fit in a 16-pin dip package for in-situ measurement under
irradiation.

The key outcome this activity was improved ability to measure devices in-situ during irradiation. The
previous mask design was limited to measuring up to three devices at a time. Current capability allows
up to 16 devices to be measured per irradiation experiment. This new capability combined with the
standard PCM structures provides a more complete data set for physical device modeling.
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Electrical Characterization of Irradiated Devices and Development of In-Situ
measurement Technigues

Gamma and Neutron Radiation Testing on ZnO TFTs wih Hf,0 Gate Dielectric

In the previous section we showed various material permutations used in TFT stacks. While some of
these devices show undesired electrical characteristics (hysteresis and high subthreshold slope),
exposing these devices to gamma and neutron radiation was useful to understand material stack
qualities affect radiation-induced effects and the importance of selecting a robust material stack for
subsequent TFT radiation experiments.

Unpassivated PLD ZnO TFTs with HfO, gate dielectric were exposed to 10 Mrad *°Co. Log(lp) versus Vs
at Vps = 0.5 V characteristics are shown in Figure 16 for pre- and post- irradiation. The device layers are a
44 nm ZnO active layer on top of a 30 nm HfO, gate dielectric. Devices with total periphery of 400 um
and gate length of 5 um were measured before and after exposure. Even prior to irradiation, the
devices with HfO, gate dielectric were less stable, exhibiting hysteresis in the transfer curves. After a 10
Mrad gamma exposure, the hysteresis increased by several volts. However, threshold current was not
affected significantly as indicated by a small change in V;. Mobility did not degrade with irradiation. A
short bake at 200 °C for 1 minute in air did not reverse the changes induced by irradiation, though the
hysteresis observed did decrease. This gate dielectric is currently one of the least stable as deposited. It
is unclear whether defects and traps are in the dielectric or at the dielectric/semiconductor interface.
Therefore, this gate dielectric was discontinued to avoid confusion between material-related issues and
radiation effects.
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Figure 16. 10 Mrad gamma exposure of PLD ZnO TFTs with HfO, gate dielectric. Before and after irradiation transfer
characteristics are shown on the left. Transfer characteristic changes after short anneal at 200 °C are shown on the right.
Hysteresis in the data complicates analysis of radiation effects.
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Zn0 devices with Hf,0 gate dielectric were also exposed to fast neutrons for preliminary information. In
this set of experiments samples were exposed to two different times equivalent to 3.3 Mrad (SiO,) and
10 Mrad (Si0,). lIrradiation results on unpassivated PLD ZnO TFTs with HfO, gate dielectrics are shown
in Figure 17. The device layers are a 44 nm ZnO active layer on top of a 30 nm HfO,. Devices with total
periphery of 400 um and gate length of 5 um were measured before and after exposure. As in the
gamma radiation case, the TFTs with HfO, gate dielectrics were unstable before and after neutron
irradiation. Device hysteresis was unstable and no meaningful conclusion could be drawn about the
impacts of neutron irradiation. This device structure was not used in any further radiation experiments.
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Figure 17. Unpassivated PLD ZnO TFTs with HfO, gate dielectrics exposed to 3.3 Mrad (LEFT SIDE) and 10 Mrad (RIGHT SIDE)
fast neutrons. Extreme instability and hysteresis prevent meaningful interpretation.

Gamma and Neutron Radiation on ZnO TFTs wih Al;O3; and SiO; Gate Dielectric

Current-voltage characteristics for PEALD and PLD TFTs were measured before and after 10 Mrad ®Co
gamma ray exposure. For both device types the TFTs function after gamma ray exposure with little
change in mobility or off-current. Figure 18 shows log(lps) versus Vgs characteristics at Vps= 0.5V for a
PEALD ZnO TFT with dimensions W / L = 200 um / 20 um for a device before irradiation, after 10 Mrad
®Co gamma ray irradiation, and after irradiation followed by a 200 °C anneal in air for 1 minute. The
turn-on voltage, Voy, for devices before irradiation is -2 V and the threshold voltage, Vy, is -0.6 V. After
irradiation there is a -0.9 V shift in Voy and a smaller, -0.6 V, shift in V;. The extracted linear region field-
effect mobility is ~15 cm?/V-s before and after irradiation.
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Figure 19 shows log(lps) versus Vgs characteristics at Vps= 0.5V for PLD ZnO TFTs with dimensions W /L=
e irradiation, after 10 Mrad *°Co gamma ray irradiation, and after
eal in air for 1 minute. The turn-on voltage, Vo, for devices before
irradiation is -0.9 V and the threshold voltage, V;, is 0.2 V. Linear region field-effect mobility before
irradiation is 60 cm?/V-s. Device characteristic changes after 10 Mrad *°Co gamma ray irradiation for PLD
TFTs. The linear field-effect mobility, accounting for an irradiation
induced negative V;shift, decreased slightly to 55 cm?/V-s (<10% decrease). After irradiation the PLD
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The larger irradiation-induced shift in Voy than V; can be explained by assuming that irradiation results
in charge at the back of the ZnO active layer (that is, the ZnO interface farthest from the gate). In earlier
work related to passivation of ZnO TFTs we found by two-dimensional modeling that a charge sheet at
the back interface results in a larger shift in Vgy than V1. A back interface charge model can also explain
the larger shift in Voy for PLD ZnO TFTs with irradiation than for PEALD ZnO TFTs. Charge at the back
interface acts across the series combination of gate dielectric and depleted ZnO layer capacitances. For
the PEALD TFTs with 32 nm thick Al,O; gate dielectric and 10 nm thick ZnO active layer and using € = 8gq
for Al,O3; and ZnO gives a capacitance of 180 pF/cmz. For the irradiation induced Vgy shift of 0.9 V this a
charge of AQ = C - AVgy of 1x10™ electronic charges/cm?. For the PLD TFTs with 30 nm thick SiO, gate
dielectric and 50 nm thick ZnO active layer and using € = 3.9¢, for the SiO, and € = 8¢, for the ZnO gives a
capacitance of 61 pF/cmz. For the irradiation induced Vgy shift of -3.4 V this a charge of AQ = C - AVg\=
1.3x10" electronic charges/cm’. This suggests the apparent larger shift in Voy for PLD ZnO TFTs is
related to the smaller capacitance per unit area in this structure, but when converted into charge per
unit area, the radiation-induced shifts are fairly similar for both device types. Table 1 summarizes the
comparison between PEALD and PLD ZnO TFTs exposed to 10 Mrad ®Co gamma ray irradiation.

AVey | AV | Field effect mobility AQ (/cm?)
V) | (V) (cm2/V-s) (Induced by
radiation)
PEALD -09 | -0.6 15 15 1x1012
ZnO TFTs
PLD -34 | 1.8 55 60 1.3x1012
ZnO TFTs

Table 1. Comparison of device characteristics for PEALD and PLD ZnO TFTs before and after 10 Mrad exposure.

Unbiased Neutron Radiation Testing on ZnO TFTs

Irradiation results on unpassivated PLD ZnO TFTs are shown in Figure 20. The device layers are a 48 nm
Zn0 active layer on top of a 30 nm SiO, gate dielectric. Devices with total periphery of 400 um and gate
length of 10 um were measured before and after exposures of 3.3 and 10 Mrad (SiO;). Transfer
characteristics were measured at Vps = 0.5 V while sweeping Vgs from -4 — +10 V. After the 3.3 Mrad
exposure, the devices exhibit a V5 shift of -1.2 V while the peak mobility values remain unchanged. After
the 10 Mrad exposure, V; remains the same and the peak mobility values are again unchanged.
However, there is an increase in hysteresis post- irradiation.

The same phenomenon is observed during neutron irradiation of passivated PEALD ZnO TFTs as shown
in Figure 21. In this case, the device periphery was 200 um with gate length of 20 um. The device layers
are a 10 nm ZnO active layer on top of a 32 nm Al,O; gate dielectric, passivated with 30 nm of Al,Os.
The change in V; after the 3.3 Mrad exposure is -1.5 V. The change in V; after the 10 Mrad exposure is -
0.3 V. In both cases, the smaller change in V; with increasing dose may be caused by self-healing of the
Zn0 layer as the temperature increases during fast neutron irradiation.
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Figure 20. Unpassivated PLD ZnO TFTs exposed to 3.3 Mrad (LEFT SIDE) and 10 Mrad (RIGHT SIDE) fast neutrons. After
higher doses of radiation, the change in VT decreases substantially (in this case, goes to zero) while peak mobility values are
unchanged throughout. The higher doses exhibit signs of self-healing due to increased temperature over longer exposures.
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Figure 21. Passivated PEALD ZnO TFTs exposed to 3.3 Mrad (LEFT SIDE) and 10 Mrad (RIGHT SIDE) fast neutrons. After higher
doses of radiation, the change in VT decreases substantially while peak mobility values are unchanged throughout. The
higher doses exhibit signs of self-healing due to increased temperature over longer exposures.

In-situ test development
Hardware and Software Setup

In response to the need to perform in-situ biased electrical characterization of devices during
irradiation, the objective of this activity was to build multiplexing capabilities for in-situ TFT
measurements. In-situ bias testing is required to analyze the impact of bias on the particular radiation
defect formation mechanisms. For silicon MOSFETs electrical bias during irradiation can significantly
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modify radiation effects. Because the charge collection volume for oxide thin film transistors is very
small, we expect the effect of electrical bias during irradiation to be less. For oxide TFTs, both electrical
stress and radiation exposure can cause changes in TFT characteristics, so it is important to measure the
effects of each.

Over the course of the program we developed two different capabilities for in-situ temperature
monitoring and DC-1V device characterization during irradiation for the ®Co source and neutron reactor.
The first iteration of measurement capabilities used an HP 4141B and Keithley 708A switch matrix
controlled by LabView. Figure 22 shows the sample fixture with integrated thermocouple used for in-situ
radiation experiments and sample fixture loaded into ®°Co gamma cell. The drawback of this first
generation measurement setup was that only up to 3 devices could be measured during an experiment.
While the first-generation of measurement capabilities provided us with initial results, we developed a
second generation of measurement capabilities expanding the number of DUTs.

Figure 22. Left side: In-situ bias sample fixture with integrated thermocouple. Right side: Sample fixture loaded in co
gamma cell.

The new test setup is capable of supporting the 4x4 arrays included on the new mask set. The previous
test equipment used a HP4141B DC source/monitor and a Keithley 708A switching system, limiting
characterization to only three devices per exposure. The second generation of measurement equipment
was upgraded to a Keithley 7075 multiplexer card, as shown in Figure 23. Adding the Keithley 7075
multiplexer card with eight 1x12 banks resulted in the ability to measure up to 16 devices during
irradiation.
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Custom software was developed in Visual C++ to support measurement of Ips — Vgs sweeps and Ips—
time. New capabilities were added to increase device-under-measurement count and measure full
arrays of devices. Groups of devices can be biased in saturation while other groups of devices can be
biased in the linear region all during the same exposure. Additionally, the sampling period has been
reduced from ~1800 seconds to ~140 seconds when compared with the original equipment and
software. The timing diagrams for both the old and new configuration are shown in. For the arrayed
TFTs, lps versus Vgsis measured by sweeping a row with one column held at a given Vps. During this
sweep, the other rows are held at Vs = -6 V (OFF state) and the other columns at Ips = 0. Different drain
biasing conditions can be selected for the different drain lines. The gate leakage current is also
monitored on every device. The software can be modified in almost real-time to customize bias
conditions. The current software version is configured to measure a 4x4 array.

The outcome was the ability to generate statistically significant measurements of bias effects in
irradiated devices. This is a requirement to identify physical mechanisms responsible for changes in
electrical performance and self-healing. The new system offers increased measurement flexibility in
terms of bias conditions and number of samples.

Automated Program HP 4141B DC source monitor Keithley 708A — with
7075 multiplexer card
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Figure 24. The original timing diagram shown on the left is from the prior period of performance and limited to a sampling
rate of about 30 minutes. The timing diagram on the right depicts the system improvements with sampling rates of about 2
minutes and multiple drain bias configurations.
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In-situ Bias Testing of ZnO TFTs while Irradiated

The objectives of this task were to demonstrate large-scale data collection of devices that are biased in-
situ during irradiation and compare changes in transfer characteristics and gate leakage before, during,
and after irradiation. In this experiment, a 4x4 PEALD ZnO TFT array as shown in Figure 25 was
irradiated with ®°Co at the Breazele Reactor at Penn State University. ZnO TFTs with W/L = 100/5 um
were irradiated up to 25 Mrad with an approximate dose rate of ~600 krad/hr. The TFTs were biased at
two different drain-bias voltage, in the subthreshold region Vps = 0.5 V and in the saturation region Vps =
6 V. Each device was measured every ~140 secs. The timing diagram for the data collection is shown on
the right side of Figure 24. Data was collected for non-irradiated, baseline samples with electrical stress
only and compared to evolutionary data for devices under irradiation. The pre- and post-irradiation
electrical characteristics are compared. Characterizing and controlling measurement artifacts are critical.

50 micron

Ly 1
4 AN
(A L]
[ |
| [

Figure 25. Optical microscope image of 4x4 TFT array used for testing shown on the left with zoom-in of active device area
shown on the right.

A control experiment is required to differentiate electrical stress effects on ZnO TFTs in the presence
and absence of radiation. Results from the control experiment to collect baseline data for TFTs under
electrical stress are shown in Figure 26. Transfer characteristics are shown for two different drain biases
(Vps = 0.5V and 6.0 V) during a DC stress test over 50 hours. The OFF-current noise at negative gate bias
measured in these devices is an artifact of the cables used in this measurement. Normal OFF-current
levels for devices measured on-wafer is orders of magnitude lower. The devices showed no significant
degradation in subthreshold slope or on-current. The most significant change seen for both drain bias
conditions was a positive Vgy shift of ~ +0.5 V as a function of time. This positive shift will become
important when observing the devices during irradiation.
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Figure 26. Transfer characteristics of ZnO TFTs during electrical stress only for 50 hours. Devices biased at (left) Vps = 0.5V
and (right) Vps =6 V.

In-situ DC stress tests for devices biased at Vps = 0.5 V and Vps = 6.0 V and were conducted for devices
under irradiation up to a cumulative dose of 25 Mrad. Figure 27 shows transfer characteristics for
devices before, during, and after irradiation. The transfer characteristics pre-irradiation are similar to
those obtained for non-irradiated samples. However, there are significant differences during irradiation.
There is a large change in subthreshold current. This subthreshold current increases as a function of
time, but completely recovers as soon as the TFTs are taken out of the cell. The source of this current
appears to be gate leakage as seen in Figure 28. However, the gate leakage current increases by the
same order of magnitude that the subthreshold current increases and completely recovers as soon as
the radiation is stopped. During the course of the experiment, Voy has a several volt negative shift.
After radiation is stopped, Voy remains shifted by -1.0 V. The final negative Vo shift is a true effect of
the radiation. We believe the in-situ Vgy shift of several volts and increase in subthreshold current to be
an artifact of cable charging or other in-situ ionization effects in the reactor that do not permanently
change the device characteristics, as shown next.
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Figure 27. Transfer characteristics of ZnO TFTs before, during, and after irradiation for devices biased at (left) Vps = 0.5 V and
(right) Vps = 6 V. The cumulative dose was 25 Mrad.
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Figure 28. Gate leakage current before, during, and after 25 Mrad irradiation of ZnO TFTs

DISTRIBUTION A. Approved for public release: distribution unlimited.



Figure 29 compares before and after electrical bias transfer characteristics of TFTs stressed for 50 hours.
A direct comparison is made between devices biased at Vps = 6.0 V and Vps = 0.5 V. A small positive
change in Vgy (~ 0.5 V) is seen for both bias conditions. The subthreshold slope and saturation current
do not change. This is indicative that Vo shift might be related to negative charge trapping in the gate
dielectric as a function of time (stress time).
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Figure 29. Before and after electrical bias transfer characteristics of TFTs stressed for 50 hours. A direct comparison is made

between devices biased at Vps = 6.0 V and Vps = 0.5 V. A small positive change in Vg is seen for both bias conditions. The
subthreshold slope and saturation current do not change.
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Figure 30 shows pre- and post-irradiation transfer characteristics of TFTs with 25 Mrad cumulative dose.
A direct comparison is made between devices biased at Vps = 6.0 V and Vps = 0.5 V. The change in Vgy is
identical for both bias conditions. The saturation current converges to the same value pre- and post-
irradiation values suggesting nearly no change in V; post-irradiation but only a change in Vgy. The
subthreshold slope is the same pre- and post-irradiation for both bias conditions.
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Figure 30. Pre- and post-irradiation transfer characteristics of TFTs with 25 Mrad cumulative dose. A direct comparison is
made between devices biased at Vs = 6.0 V and Vps = 0.5 V. The change in Vgyis identical for both bias conditions. The
saturation current converges to the same value pre- and post-irradiation values. The subthreshold slope is also the same
pre- and post-irradiation for both bias conditions.

A comparison of field-effect mobility ratio extracted from devices under electrical stress only and
electrical stress with 25 Mrad dose is shown in Figure 31. Field-effect mobility is nearly unchanged for
devices under electrical stress only, which indicates V; is unchanged during electrical stress. For TFTs
under electrical stress and irradiation an apparent increase in field-effect mobility is seen while
irradiated. However, we believe this is an artifact of an apparent change in V; convoluted with the
increase in subthreshold current because the field-effect mobility returns to its initial, pre-irradiation
value, post-irradiation.

Contributing factors for this phenomenon include 1) the ionization of the surroundings (air) contributing
to positive charge on the surface of the TFT and 2) the off-state negative gate bias applied to devices
between sweeps attracting ionized charge to the interface. Further experiments were carried out to
differentiate these effects including adding a ground plate to the top of the device to add another
degree of control over the channel charge.
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Figure 31. Comparison of field-effect mobility for electrical stress only and electrical stress with 25 Mrad cumulative dose.
No change in mobility for devices with electrical bias only. An apparent increase in mobility, for devices with electrical bias
and 25 Mrad cumulative dose, while irradiated is believed to be an artifact and post-irradiation mobility is the same as
measured pre-irradiation.

The key outcomes for this activity are the measurement of statistically significant devices in-situ during
irradiation and the observation that ZnO TFTs show very limited degradation under bias during
irradiation unlike other TFTs. These experiments have also revealed the need to do further experiments
to characterize potential systemic issues such as cable charging and ionization in the reactors and
differentiate these effects from radiation effects.

Measurement Artifacts

During irradiation the TFT low-current characteristics, including the apparent off-current and the
subthreshold characteristics near V;, are significantly perturbed. We believe this is largely due to charge
collection on the surface of the TFTs and unshielded wiring in the ionizing radiation environment.
During irradiation ions and electrons are created by interactions between gamma rays and the air in the
irradiator. Charge is collected by the device test wiring and leads to artifacts in the low current TFT
characteristics. Measurements of device test wiring with bias, but with no TFT connected, show
significant leakage current inside the ®°Co irradiator, though not as large as the measured TFT low
current effects during irradiation. We believe an additional contribution comes via charge collection at
the back interface of the TFT during irradiation.
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Unlike silicon MOSFETs, in bottom gate TFTs the gate electric field is not contained during all regions of
device operation. For ZnO TFTs, when the device is biased to form an electron accumulation channel
(the TFT on state) the gate electric field terminates on channel charge. However, when the TFT is biased
in the off state the gate charge may not be balanced by minority charge (holes). For this case the gate
electric field extends through the device back interface and terminates on the device contacts or other
nearby features. This fringing field can also attract mobile charge, present as ions and electrons in the
irradiation environment. For the TFT biased with Vg5 < 0 we expect the TFT back interface to attract
positive ions. This positive charge layer, which will depend on details including the irradiation ambient
and time, will act to shift the apparent turn-on voltage for the TFT. The charge at the TFT back interface
is not stable and may be lost when the TFT gate is biased positive or compensated by additional
adventitious charge in the irradiant ambient. The charge is only partially bound and even a positive gate
voltage is sufficient to remove much of the charge.

To confirm that charge at the TFT back interface plays a role in the low-current measurements during
irradiation we prepared test devices with shielding added to avoid back interface charge accumulation.
For this test we used PEALD ZnO TFTs with the previously described device structure. To these devices
we added a ~3 um thick layer of chemical vapor deposited poly(p-xylylene) (parylene) and used silver
paint, connected to ground, to provide simple shielding over the device area, as shown in Figure 32
inset. Test devices were then exposed to ®Co (0.01 Mrad/hr) for 24 hours for a cumulative dose of ~240
krad. Log(lps) versus Vgs was measured, as shown in Figure 32. When the sampile is first introduced to
the irradiator there is an increase in the apparent TFT off-state current, though much less than for
unshielded devices. After a few minutes of irradiation the TFT off-state current is reduced further and
remains constant for the remaining cumulative dose. The initial larger off-state current may be related
to charge accumulation on the measurement cables. The steady-state off-state current in the irradiator
is similar to the current measured for biased device test wiring with no TFT and is likely due to charge
collection in the ionizing irradiator environment.
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Figure 32. Insert: Bottom gate PEALD ZnO TFT (same structure as used in previous experiments) with an additional low-k
dielectric and a conductive film over it connected to ground. Linear region log(lp) versus Vgs for a PEALD ZnO TFT with the top
surface shielded exposed to 240 krad. Anomalies in the low current region are avoided with proper shielding.
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With the effects of artifacts related to the ionizing irradiation environment removed, the effect of
electrical bias on gamma-ray radiation-induced changes in ZnO TFTs is very small. As shown in Figure
30, PEALD ZnO TFTs biased as described and exposed to a cumulative dose of 25 Mrad, have a Vg shift
of -1.1 V and V5 shift of -0.6 V. The small difference in shifts between biased and unbiased devices with
irradiation is likely caused by the effects of electrical stress noted above. 25 Mrad dose required about
50 hours exposure in the irradiator used for this experiment. The control experiment of electrical stress
with no irradiation resulted in Voy and V; shifts of 0.5 and 0.2 V, respectively, for 50 hours of the bias
conditions used during irradiation. Subtracting the control electrical bias shift from the observed
electrically biased during irradiation shifts gives Voy and V; shifts of -1.6 and -0.8 V, respectively, close to
the irradiation-induced shifts observed for unbiased devices. In-situ biasing does not seem to have
significant impact on device changes during irradiation and suggests the need to spend more time
isolating physical mechanism and location of irradiation induced changes as opposed to bias conditions.

Results for Wide Irradiation Dose Range

Figure 33 shows the shift in TFT threshold voltage, Vs, for ®Co irradiation dose up to 100 MRad. This
relatively high cumulative dose of 100 Mrad is unlikely to be reached under normal space application
but underlines the intrinsic radiation hardness of ZnO TFTs. Figure 33 includes data for both biased and
unbiased devices and is uncorrected for the shifts related to electrical stress. Notably, the threshold
voltage shift is not linear with dose rate, but slows with increasing dose. As noted above, a short anneal
at 200 °C removes most of the irradiation induced device changes and some reduction take place even
at room temperature. V1-shift recovery post- 200 °C, 1 minute anneal is shown for devices exposed to 50
Mrad. We expect that self-annealing during irradiation also affects the results. The two irradiators
operate at different nominal temperatures (~34 °C for the high dose rate irradiator and ~30 °C for the
low dose rate irradiator).
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Figure 33. Threshold voltage as function of irradiation dose for irradiation only and irradiation with electrical bias for dosed
up to 100 Mrad. In both cases, threshold voltage is similar in both cases. 1 minute anneal at 200 °C nearly removes the
radiation-induced V; shift.

DISTRIBUTION A. Approved for public release: distribution unlimited.



Physical Location of Radiation-Induced Changes in ZnO TFTs

While we have shown that properly designed ZnO TFTs can withstand up to 100 Mrad doses, devices
show a small radiation-induced negative V; shift indicating charge accumulation within one of the
materials or interfaces. The objective of this task was to have a preliminary understanding of the
physical location of the radiation-induced charge accumulated in the TFT structure. We studied the
impact of surface charge and passivation, varied active layer and gate dielectric thickness and used this
information to develop a model based on the experimental results. All devices were exposed to 5 Mrad
gamma-ray and were evaluated in terms of induced charge on the stack (AQ = C-AV). As illustrated in
Figure 34, these experiments were designed to isolate changes in the top ZnO interface (left), ZnO layer
itself (middle), and within the gate dielectric (right). By changing the volume exposed to radiation, a
larger change in charge should occur in regions where damage is occurring.

v

Figure 34. Multiple device permutations were studied for PEALD ZnO TFTs to understand which interface was affected the
most by irradiation. Left — changes in passivation technique identify effects at the ZnO top interface; middle — changes in
ZnO0 thickness show effects generated in the ZnO layer; right — changes in the gate dielectric thickness show effects of
radiation in the gate dielectric.

This set of experiments used PEALD ZnO TFTs with a metal gate and Al,0; gate dielectric because we had
the most data for this material stack. Throughout the program we have emphasized the need to
carefully pick a passivation layer that is robust, provides electrical stability under normal operation and
radiation environments. We first studied passivation variation effects. ZnO TFTs were fabricated with a
32 nm-Al,O; gate dielectric and 10 nm-ZnO active layer. Three different passivation schemes were
investigated: unpassivated, ALD-passivated, and tri-layer. While a passivation layer is typically added
post- device processing to improve electrical stability, devices can function without a passivation layer.
The baseline device stack with ALD passivation was also included to have a comparison to our previous
work. The tri-layer structure has the same material stack as the baseline device but the gate dielectric,
active layer, and passivation are all grown in one step. This method prevents the channel region from
being exposed to air and/or chemicals during fabrication, and giving enhanced electrical stability over
post- processing ALD-passivated ZnO TFTs.

Figure 37 shows Log(lps) versus Vgs for ZnO TFTs using different passivation schemes as represented by
Figure 34 (left). The V; shift induced by 5 Mrad gamma-ray radiation is -0.14 V for unpassivated devices,
-1.43 V for ALD-passivated devices, and -0.59 V for tri-layer devices. This experiment suggests that
passivation variations result in significant changes in charge from radiation exposure. While
unpassivated PEALD ZnO TFTs offer limited electrical stability, they appear to be the most radiation-
hard. However, they are vulnerable to processing induced effects on the amount of charge collected at
the ZnO/passivation interface.
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Figure 35. PEALD ZnO TFTs with different passivation schemes. Passivation variations result in significant changes in
radiation-induced charge.

Next, we studied the effects of ZnO film thickness variation as in Figure 34 (middle). Three different
thicknesses where chosen, 10 nm, 33 nm and 58 nm, over same thickness gate dielectric and no
passivation. The reason we opted for no passivation on these PEALD-grown ZnO TFTs is because
passivation of >30 nm ZnO films result in a change in the subthreshold region associated with a
conductive layer at the ZnO/passivation interface. Figure 36 shows Log(lps) versus Vgs for ZnO TFTs with
different active channel thicknesses. While there is a variation in charge collected by the devices
between thin (10 nm) and the thicker (38-nm and 58-nm) active channels, the change in charge is
significantly less than the change in charge in the passivation variation, pointing to
semiconductor/passivation as the most radiation-sensitive interface.
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Figure 36. PEALD ZnO TFTs with active channel thicknesses and no passivation. ZnO film thickness variations result in some
variation of radiation-induced charge.
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Lastly, we examined the effects of gate dielectric thickness variation when exposed to gamma
irradiation Figure 34 (right). Three different gate dielectric thicknesses where chosen: 16 nm, 33 nm and
58 nm, with a fixed 10-nm thick ZnO film and same ALD passivation. Figure 37 shows Log(lps) versus Vs
for ZnO TFTs with different gate dielectric thicknesses. The variation in gate dielectric thickness had
negligible effects on the radiation-induced charge collected in the device after 5 Mrad suggesting
negligible trapping in the bulk of the Al,O; gate dielectric up to the thicknesses grown here.
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Figure 37. PEALD ZnO TFTs with varying gate dielectric thickness, fixed active channel thickness, and same ALD passivation.
Gate dielectric thickness variations result in negligible change in charge for 5 Mrad dose.

To summarize and compare the changes in the different device permutations shown above we plotted
Von and V7 shift as function of total film thickness stack for a cumulative dose of 5 Mrad, as shown in
Figure 38. The Vo shift is larger than V: shift, particularly for thicker films. If the radiation-induced
charge was captured by the bulk of the materials the Vo shift would be similar to the V; shift for all
cases. The largest change observed for Vgoy for pre-/post- irradiation was for passivated ZnO films
indicated the passivation/ZnO interface dominates the radiation-induced charge collection in the device.

When all the device permutations are analyzed in terms of AQ, as shown in Figure 39, results show two
clear groups of charged-induced on TFTs with passivation and without passivation. The active layer
thickness variation with a passivation shows greatest AQ with irradiation. These results are consistent
with a model that charge accumulation is at the ZnO/passivation interface. This charge can be modeled
as sheet charge at this interface. Using the extracted AQ from this set of experiments we included them
into our device modeling, shown in the modeling section.

The ZnO thin film transistor radiation exposure results discussed above were summarized in a paper
published in IEEE Transactions on Nuclear Science and included below.
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Figure 38. Summary of changes in Vo (left) and V; (right) as a function of process variants for TFTs exposed to 5 Mrad of
®co gamma radiation.

-4.0
J B Varied ZnOthickness - Unpassivated
354 Tri-layer
: Base line process
! Varied gate dielectric thickness
-3.0-
€ 25 o _______ Passivaed
o {'A '
< | |
ﬁ '2.0' | |
S oo ________X !
X -1.5-
Q l1e Unpassivated
< -104r - ---- B~ |
{1 e
054" =7~ !
|'m :
L oo o o o o o e e e e e e e 4
0.0

10 20 30 40 50 60 70
Films Thickness (hm)

Figure 39. Summary of changes in charge as a function of process variants for TFTs exposed to 5 Mrad of ®co gamma
radiation. The passivation/ZnO interface is most critical.
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Materials Characterization and Defect Analysis

The major activities in the materials characterization and defect analysis work included grazing incidence
x-ray diffraction (GIXRD), spectroscopic ellipsometry, and photoluminescence spectroscopy. The
objectives of this task were to characterize the differences between ZnO films with similar
crystallographic and electrical characteristics deposited by completely different techniques (PEALD and
PLD) and to identify physical mechanisms for electrical degradation during irradiation and device
recovery post-irradiation. A series of round robin experiments was conducted in which samples were
prepared with both PLD and PEALD ZnO films and simultaneously subjected to the same gamma
irradiation (20 Mrad ®°Co) and recovery conditions. The key outcome is the observation of spectroscopic
differences in the samples as a function of growth and proposed physical mechanisms for unique
defects observed in the materials. The observed defects validate the choice of parameters used in the
Device Modeling section below in which different numbers of deep-levels and different density of states
distributions give better physical models for device performance depending on the growth technique
used.

Representative ZnO thin films deposited by PLD and PEALD, both 50 nm thick, were first characterized
by GIXRD. The scans shown in Figure 40 highlight the similarity of the ZnO films used in this work
independent of the growth technique. These results indicate both films are highly textured with a
preferential (002) growth orientation. The intensity counts were normalized to facilitate comparison.
Both films show a sharp intensity peak with a small full-width-half-maximum (FWHM). Coherence
length is inversely proportional to FWHM and can be used to estimate crystal size. From the GIXRD, we
observe similar grain size for both PEALD and PLD ZnO films.
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Figure 40. Grazing incidence XRD of ZnO thin films deposited by PLD and PEALD both show highly texture films with (002)
orientation and coherence length suggesting similar grain size.

DISTRIBUTION A. Approved for public release: distribution unlimited.



Spectroscopic ellipsometry was used to look for differences in optically active defects in the materials by
measuring polarization of the material, €;, as a function of photon energy. The second component of
the complex dielectric function, €= €, + ie,, the absorption coefficient, €,, starts contributing to the
dielectric functions when the ZnO material starts to absorb. The absorption coefficient, €,, is extracted
from the complex dielectric function, using parameterization. Comparing €,for ZnO grown by PLD and
PEALD, shown in Figure 41, indicate PLD-deposited ZnO has a sharper on-set absorption slope than ZnO
PEALD. This suggests ZnO deposited by PEALD likely has a broader tail-state distribution than ZnO
deposited by PLD. In the Device Modeling section, electrical characteristics of TFTs grown by PEALD
were successfully modeled with a broader Gaussian distribution than TFTs grown by PLD.
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Figure 41. Absorption coefficient extracted by parameterization using spectroscopic ellipsometry. PEALD ZnO films has a
slower absorption onset than PLD ZnO films suggesting a broader tail-state distribution for PEALD ZnO films.

Low-temperature photoluminescence spectroscopy (PLS) was used to measure the energy level of
defects present in the materials as a function of device processing. Energy levels of photoemission from
Zn0O band-structure and defects are well documented in the literature and provide vital clues to the
differences in the materials and ultimately physical mechanisms of radiation damage and self-healing
properties. Expected defects common to both materials include Al donors due to low level impurities in
gases (<10 cm™), native defects such as oxygen and zinc vacancies (Vo, Vz,) and related complexes, and
possibly cubic inclusions. Figure 42 and Figure 43 show expected calculated energy levels for point
defects, both native and extrinsic, for ZnO materials. Of particular interest, are transitions associated
with Vg that are known to produce emission anywhere from 2.0 eV — 2.2 eV, as well as Vz, and Zng that
can add to or shift observed mid-gap emission. Other important transitions to consider include nitrogen
substitutional impurities and acceptors formed with N at around 120 and 170 meV above the valence
band [45]. This is particularly important for the PEALD samples since they are grown by cracking N,O
molecules as the oxygen source for the ZnO materials. While N, molecules are interstitial impurities
that are removed from the lattice during annealing, atomic N may form acceptor and deep level
complexes in the lattice. Nitrogen subsitutional impurities on an oxygen site (Ng) are known to be an
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acceptor in ZnO and may form complexes with H. There is no nitrogen ambient in the PLD materials
growth process. In all materials, we expect to see near bandedge emission (NBE) from donor bound
excitons (D°X,) and possibly associated phonon processes as shown in Figure 44 along with deep level
defect emission around mid-gap. Al-bound exciton emission is well known to occur at 3.36 eV.
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Figure 42. Donor defect levels in ZnO calculated by Sokol et al. [46] for native point defects on top and for extrinsic donor
defects on bottom. Energy levels are shown with respect to the conduction band. Reprinted without permission.
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Figure 43. Energy levels for native and hydrogen point defects in ZnO calculated by Oba et al. [47]. Energy levels are
calculated with respect to the valence band. Reprinted without permission.
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Figure 44. Left: Schematic showing phonon-assisted transitions in ZnO resulting in phonon-replica structures in PLS [48].
Right: Sample spectra at 10 K for Ni:ZnO films showing free-exciton, exciton, and phonon-assisted transitions [49]. Both
reprinted without permission.

In this program, there were two rounds of sample exchanges in which thick and thin PLD and PEALD ZnO
thin films were prepared and analyzed by PLS at 11 K 1) as grown, 2) after a 400 °C anneal and pre-
irradiated, 3) post-irradiation (20 Mrad ®°Co), 4) after post-irradiation recovery anneal. The process flow
for this experiment is shown in Figure 45. A composite plot of all PL spectra taken at 11 K for both PLD
and PEALD grown samples as a function of processing and irradiation with %Co is shown in Figure 46. All
PLD spectra are shown in red and all PEALD spectra are shown in black. Film thickness characterized for
both PLD and PEALD materials are 10 nm and 50 nm. Though the plot is complex, we can make some
general observations. Near-bandedge emission from Al-bound excitons at 3.36 eV was observed in all
samples. Phonon replicas were observed near the bandedge in both types of materials but not all
samples. This is expected for single crystal material, but somewhat surprising to observe in disordered
material such as nanocrystalline ZnO and indicates high quality crystals. Expected mid-gap states were
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observed in all materials peaking from 1.9 — 2.2 eV. These mid-gap states are attributed to transitions
from an oxygen vacancy (Vo) to an acceptor or the valence band. The peak photon energy of the mid-
gap distribution for PEALD materials occurs around 1.97 eV while the peak photon energy of the mid-
gap distribution for PLD materials occurs 130 meV higher at 2.10 eV. PLD materials exhibit an additional
mid-gap state with a low density of states around 2.55 eV. Some PEALD samples exhibit a defect pair at
around 3.24 eV and 3.17 eV.

Irradiation

Figure 45. Process flow for PLS characterization of samples as grown, annealed, pre- and post-irradiation, and again after
annealing is shown.
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Figure 46. Composite plot of all PL spectra obtained at 11 K for both PEALD (black) and PLD (red) for all processing steps.
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For clarity, we look in detail around the bandedge of PLD and PEALD films optimized for electrical
performance. The PLD films are 50 nm and are baked at 400 °C after deposition. The PEALD films are 10
nm and do not have a 400 °C bake after deposition. Figure 47 shows the PL spectra for these films as
prepared, after gamma irradiation, and after recovery bake. PLD films very clearly indicate donor-bound
and free exiton (D°X, and FXa) transitions as shown by Singh [49] as well as the two electron satellite
(TES) transition. Both PLD and PEALD films show phonon replicas of the free exciton peak (FX,-1LO and
FXA-2LO). PEALD films exhibit a unique pair of peaks at around 3.25 eV and 3.18 eV. This pair of peaks
appear in several of the PEALD spectra and none of the PLD spectra. We tentatively assign this as a
donor-acceptor pair (DAP) transition from the D°X, or FX, to an acceptor state formed by a nitrogen
substitutional impurity on an oxygen site (Ng).
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Figure 47. PL spectra for PEALD and PLD ZnO films optimized for electrical performance near the bandedge as a function of
processing. Exictonic features and phonon replicas are evident in both materials. The PEALD films show a pair of peaks that
are not phonon replicas and are assigned as donor-acceptor pair transitions.

It is important to note that the gamma irradiation does not have any impact on the fine structure of the
PL spectra. This is the case in general and suggests that there is no effect due to atomic displacement
within the ZnO film occuring during irradiation. Fine structure such as the DAP pairs and phonon
replicas are strongly impacted by the 400 °C bake and 200 °C recovery bake. For samples that have not
been baked at 400 °C prior to irradiation, the recovery bake does reduce or remove DAP peaks and
phonon replicas. For samples that have been baked at 400 °C prior to irradiation, the recovery bake
does not change the spectral features. This suggests that the bake drives out or changes bonds between
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No and H, but gamma irradation does not. Figure 48 clearly shows the impact of annealing on spectral
features for samples that have been exposed to gamma radiation for 10 nm PEALD ZnO films. Figure 49
shows PL spectra for 50 nm PLD ZnO films treated with a 400 C anneal prior to irradiation.
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Figure 48. PL spectra for thin PEALD films as a function of irradiation and recovery anneal at 200 °C for as-deposited films
(left) and films treated with a pre-bake at 400 °C (right). These spectra are normalized to NBE. Annealing causes spectral
feature changes related to DAP and phonon processes while irradiation only changes relative intensity of the features.
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Figure 49. PL spectra for thick PLD films as a function of irradiation and recovery anneal at 200 °C for films treated with a 400
°C pre-bake at 400 °C. There is no change in the NBE and fine structure. Only relative intensity changes are observed.

Table 2 shows a summary of guassian peak fits to the D°X, energy level and FWHM for PLD and PEALD
films as prepared, after irradiation, and after recovery anneal. The change in energy level and FWHM
after irradiation and recovery bake are tabulated. Changes in D°X, energy levels due to irradiation are
all < 7 meV or within measurement error due to low signal and imperfect guassian fit. Changes in DX,
FWHM are also within error. The sample with the highest signal to noise ratio and cleanest fit were the
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50 nm PLD samples with the 400 °C bake. These samples exhibited > 0.9 meV shift in in D°X, energy
level and > 0.09 meV in FWHM after irradiation and recovery anneal at 200 °C. Gamma radiation did not
measurably change defect spectroscopy structure or energy levels. The primary impact of gamma
radiation was to change relative contributions of defect levels and bandedge emission.

Growth Film Recovery Exciton Exciton Peak |FWHM |FWHM Change
Method Thickness |As Deposited (400 CBake |[Irradiated [Anneal 200 C [Peak (eV) (Shift (meV) |(eV) (meV)

PEALD 10nm 3.34908 0.02958

PEALD 10nm 3.3487 -0.38[ 0.03071 1.13
PEALD 10nm 3.34822 -0.48( 0.09148 60.77
PEALD 10 nm 3.35071 0.09114

PEALD 10 nm 3.3505 -0.21| 0.07842 -12.72
PEALD 10nm 3.352 1.5| 0.09518 16.76
PEALD 50 nm 3.34989 0.06297

PEALD 50 nm 3.34584 -4.05[ 0.06954 6.57
PEALD 50 nm 3.35216 6.32 0.0456 -23.94
PEALD 50 nm 3.35889 0.03279

PEALD 50 nm 3.3545 -4.39] 0.03949 6.7
PEALD 50 nm 3.35818 3.68| 0.03079 -8.7
PLD 10nm 3.34225 0.13904

PLD 10nm 3.34331 1.06| 0.12079 -18.25
PLD 10nm 3.35619 12.88( 0.09915 -21.64
PLD 10nm 3.36168 0.02095

PLD 10nm 3.36767 5.99| 0.03739 16.44]
PLD 10nm 3.36354 -4.13| 0.02327 -14.12
PLD 50 nm 3.34518 0.09502

PLD 50 nm 3.3525 7.32| 0.06576 -29.26
PLD 50 nm 3.35279 0.29| 0.06671 0.95
PLD 50 nm 3.3592 0.01028

PLD 50 nm 3.35836 -0.84( 0.01034 0.06
PLD 50 nm 3.35874 0.38| 0.01043 0.09

Table 2. Summary of donor bound exciton peak energy level and FWHM as a function of processing for thick and thin PEALD
and PLD films. The change in peak energy level and FWHM are shown as a function of irradiation and recovery anneal for
each sample.

A map of the most common transitions observed in both PLD and PEALD spectra is shown in Figure 50
with tentative assignment of physical cause. There is no doubt that the donor bound exciton is
observed at 3.36 eV and that mid-gap states peaking from 1.9 — 2.2 eV are related to V, transitions. We
speculate that V;, is the cause of some of the spectral features observed in PLD films and have strong
evidence to suggest that there is a DAP transition related to Ny observed in PEALD films. A Ng acceptor
level could explain the observed peaks at 3.25 eV and 3.17 eV around the bandedge as well as the red-
shift of about 130 meV in mid-gap emission with respect to PLD films which should have no N
incorporation.
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Figure 50. Band structure of observed states by PLS in ZnO. Transitions common to both materials are indicated in the
center. Transitions observed only in PLD are on the left and transitions only observed in PEALD are on the right.

The outcome from the enhanced characterization effort is, for the first time, we have attempted to
assign physical identification to observed spectral features and use this as input for Device Modeling
efforts. Measured defect energy levels provided feedback to physical modeling activities in the next
section in terms of improving initial guesses for defect energy levels and DOS for each level. Being able
to observe the evolution of defect spectra as a function of processing and irradiation is a major advance
in being able to understand the root physical causes of changes in electrical performance and self-
healing in ZnO TFTs.

We show clearly that there is an additional state in PEALD materials that is not present in PLD materials.
This observation is consistent with the need to model PEALD device performance with one more trap
than PLD materials in the Device Modeling section. We also show that gamma irradiation does not
produce any spectroscopically observable change in point defects. Changes in PL intensity due to
irradiation are consistent with competing non-radiative recombination processes at the surface or an
interface. This is consistent with the observations in the prior section showing that changes in charge
are occurring primarily on the top surface of the ZnO film and successful modeling of the DC-IV curves
by assuming a charge model at the ZnO/passivation interface. Substantial work remains in this area and
it is necessary to follow up with additional radiation sources such as neutron irradiation and other
characterization techniques to see if similar effects are observed. Overall, ZnO thin films appear
extremely robust to irradiation, but must be thermally stabilized prior to use in a harsh environment.
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Device Modeling

The goal for the device modeling was to first usefully model the as-fabricated PEALD and PLD TFTs and
then extend the modeling to understand radiation-induced changes. The Synopsis Sentaurus Device
simulator was used for this work. This software allows two- and three-dimensional modeling of multiple
materials systems and device physics including electrical, thermal, and optical characteristics. Sentaurus
Device is also capable of modeling single event effects and total ionization dose effects. To provide data
to guide model development, ZnO TFT Iy(Vg) curves were measured as a function of temperature as
shown in Figure 51. The observed non-square-law behavior and V; shift with temperature can be
modeled using distributions of carrier traps near the conduction band minimum. The general model
used includes two or three Gaussian trap distributions including a narrow distribution near the
conduction band minimum (CBM) and a deep broad trap distribution.

Two-dimensional models were developed for both PEALD and PLD ZnO TFTs and the results indicated
significant differences in the material properties. PEALD ZnO TFTs could be modeled as having intrinsic
electron mobility (p) of 50 cm?/V-s with a very narrow, high-density trap distribution at the CBM (o =
0.005 eV, Np = 1.5x10* cm®) and a very broad distribution of states centered around 0.5 eV below the
CBM (0 = 0.5 eV, Ny = 6x10"7 cm™). On the other hand, PLD ZnO TFTs could be modeled with a
significantly higher mobility (1 = 200 cm?/V-s) with a wider, medium-density trap distribution at the CBM
(0 = 0.2 eV, Ny = 1.5x10" cm™) and no mid-gap states. A comparison of the trap levels and density is
shown in Figure 52.
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Figure 51. |-V characteristics of a ZnO TFT as a function of temperature. This data is used to fit device model parameters
such as mobility and trap energy/density characteristics.
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Figure 52. Trap density and distribution comparison between PLD ZnO TFTs (LEFT) and PEALD ZnO TFTs (RIGHT). PLD grown
TFTs exhibit behavior consistent with higher mobility and negligible mid-gap states. PEALD grown TFTs are better fit with
lower mobility and higher trap density of states at the CBM and mid-gap.

The model requirement of additional trap states to fit the PEALD TFT characteristics compared to PLD
TFTs is in general agreement with the material characterization results for PEALD and PLD ZnO.
However, the material characterization also suggested traps with energy deeper into the forbidden band
were also likely. Also, because many of the PEALD TFTs used in this study were fabricated on low
thermal conductivity glass substrates, the device testing was extended to pulsed measurements to
eliminate self-heating effects. The goal was to self-consistently model a wide range of device
characteristics, including the shape of the linear drain current versus gate voltage (I versus V)
characteristics, the temperature dependent drain current versus gate voltage, temperature dependent
quasi-static capacitance-voltage (QSCV) measurements, the drain current versus drain bias
characteristics, transmission line measurements (TLM), and characteristics of devices with thickness
variations.

Synopsys TCAD Sentaurus Device was again used for two-dimensional device simulations. An example
device structure for simulation is shown in Figure 53 (left). Transient simulations were used to fit quasi-
static capacitance-voltage data and quasi-stationary simulations to fit all other experimental data. The
basic simulation parameters are summarized in Table 3. Simulations with only these parameters did not
fit the experimentally observed data (threshold voltage shift with temperature, slow ramp quasi-static
capacitance-voltage overshoot). To fit the experimental data we added trap distributions near the ZnO
conduction band edge and also a small barrier at the contacts.
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Approximately 500 simulation runs were done to optimize the trap distributions and contact barrier.
The best fit was found for one Gaussian trap distribution centered at the conduction band minimum
with peak of 2x10%*/cm>-eV and o = 0.005 eV and a second Gaussian trap distribution centered 0.5 eV
below the conduction band minimum with peak of 6x10'®/cm*-eV and o = 0.5 eV. The trap density is
assumed to be uniform throughout the active layer. Figure 53 (right) shows the trap distributions. The
simulations also included a contact barrier of 0.1 eV, with barrier tunneling included in the simulation

physics.
Zn0O parameters
Bandgap 3.37 eV
Electron affinity 4.1eV
Electron mobility 200 cm? /V-s
Contact barrier 0.1 eV
E. DOS 3.66 X108 /Jcm3
Electron tunneling mess 0.5 m,
Dielectric constant 8
Table 3. Modeling parameters used in Sentaurus Device for ZnO TFTs.
aussian tail state ¢ = 0.005 eV
Source Channel Drain © 02 N,=2:10%
1 Hm 20 Hm 1 um £ 0.4} |Gaussian deep level 6= 0.5 eV
> g ol N,=6x10'8
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Figure 53. (Left) Example device structure for simulation. (Right) Initial trap distribution optimization.

Although the trap distributions described above were successful in qualitatively fitting the temperature
dependent |-V characteristics, the trap densities required also resulted in a sub-threshold slope larger
than experimentally observed. Experimental sub-threshold slope for PEALD TFTs varies somewhat with
device structure and processing, but is typically 80 - 250 mV/decade. Using the trap distribution from
above, the simulated sub-threshold slope is 370 mV/decade.
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After carefully revisiting the big difference in subthreshold slope between the simulated and
experimental result, we realized that self-heating can complicate experimental measurements. Because
PEALD ZnO TFTs are typically fabricated on low-thermal-conductivity substrates (glass) even mW power
levels typically used in device testing can cause significant device self-heating. This means that in our
variable temperature |-V measurements, the temperature depends not only on the sample fixture
temperature, but also on the device input power.

To eliminate this effect, we repeated our experimental measurements using short duration (< 1 ms), low
duty cycle (< 2%) pulses. Figure 54 shows temperature dependent |-V measurements using normal
near-DC sweeps (left) and pulsed measurements (right). The temperature dependent shift is
significantly reduced for the pulsed measurements.

We are able to fit the pulsed experimental data with significantly lower trap density. The best fit was
found for one Gaussian trap distribution centered at the conduction band minimum with peak of
1.5x10%%/cm>-eV (3/4 of the trap density required with self-heating) and ¢ = 0.005 eV and a second
Gaussian trap distribution centered 0.4 eV below the conduction band minimum with peak of
6x10"/cm*-eV and o = 0.5 eV (1/10 of the trap density required with self-heating). The simulations again
included a contact barrier of 0.1 eV.
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Figure 54. (Left) Nearly-DC sweeps as function of temperature lps-Vgs and (Right) Pulsed measured Ips-Vgs. Vy spread is
greater in DC measurements because of self-heating.

We have also simulated ZnO PLD devices. Because these devices are fabricated on silicon substrates
with large thermal conductivity, pulsed and near-DC sweep measurements are very similar except at
very large device power. Again, we are able to get a reasonable qualitative fit between simulation and
experiment, however only a single trap distribution is required. The best fit was found for a single
Gaussian trap distribution centered at the conduction band minimum with peak of 10*®/cm*®-eV and o =
0.2 eV (again a contact barrier of 0.1 eV was used).
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Because the simulation approach uses a constant mobility (200 cm?/V-s), with traps used to match the
experimental curves, it is expected that PLD ZnO devices would have a lower integrated trap density. It
is interesting that the distribution details are also different. Notably, the photoluminescence data
shows a peak below the bandgap energy for the PEALD ZnO devices, but not for the PLD ZnO devices,
consistent with the two trap distributions required to fit PEALD ZnO devices and only one distribution
required for PLD ZnO devices.

Although bulk trap distributions were used to fit the experimental data, the fit is not unique and we can
fit the data about as well using traps localized at the ZnO/gate-dielectric interface. In principle, it should
be possible to separate bulk and interface traps using data from TFTs with different active layer
thickness. This analysis is complicated by the source-drain contact barriers. We have designed and
fabricated TFTs with extra gates used to turn on the device contact regions and reduce contact effects.
Results for these devices are better matched by bulk traps than by interface traps.

Extension of ZnO Trap Model

The trap model developed above is quite general and useful for understanding the characteristics of
oxide semiconductor TFTs including ZnO and IGZO devices. Although the model was developed to assist
in understanding radiation exposure results for PEALD (PSU) and PLD (AFRL) TFTs the general approach
is useful in understanding other device effects. To better demonstrate the general utility, we used the
modeling approach to analyze ZnO TFTs supplied by the Eastman Kodak Company. These ZnO TFTs were
fabricated at the Kodak Research Laboratory using ZnO deposited by spatial ALD. In contrast to the PSU
and AFRL ZnO TFTs which both used bottom gate, top source/drain contact devices structures, the
Kodak devices used a vertical TFT structure. A trap model was developed for the Kodak ZnO TFTs and
used to better understand the device experimental characteristics. This work was published in the IEEE
Transactions on Electron Devices and is included below. This paper also provides information on the
trap model and verification with experimental results.
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MODEL EXTENSION TO GRAIN BOUNDARIES

In addition to the uniform bulk trap distribution in the modeling described above the ZnO material was
also treated as homogeneous. However, both PEALD and PLD ZnO films have a nanocrystalline
microstructure. To consider microstructure effects we implemented a model for grain boundaries into
our simulations.

Because grain boundaries are three-dimensional structures requiring complex and time-consuming
modeling, we used a simplified two-dimensional structure as a first iteration. Figure 55 (left) shows an
example modeled device structure. In this example structure the grain size is 50 nm. A constant
mobility of 200 cm?/V-s is used inside the grains and 50 cm?/V-s is used in a 1 nm wide region at the
grain boundary. Traps are included only at the grain boundaries and barrier tunneling is also included
near the grain boundaries. A rough optimization found a best fit to the experimental data using two
trap distributions: a Gaussian distribution centered at the conduction band minimum with peak of
4x10%% /cm3-eV and o = 0.005 and a second Gaussian distribution with peak of 5x10% /cm3-eV and o =
0.5 centered about 0.5 eV below the conduction band minimum, Figure 55 (right).
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Figure 55. (Left) Two-dimensional grain boundary model example, (right) grain boundary confined trap distribution.

The simplified two-dimensional grain boundary modeling showed that a relatively high density of grain
boundaries with a large local trap density can give simulation results that qualitatively match the
experimental results, similar to the simple bulk trap (no grain boundaries) approach. However, the two
models are not the same because the grain boundary model depends not only on the trap density, but
also on the grain boundary density. Figure 56 shows the grain boundary related barriers (top row of
plots) along the TFT channel (along the arrow in Figure 55 (left)) for different numbers of grain
boundaries and varying grain boundary spacing. Figure 56 (bottom row of plots) shows the resulting
drain current as a function of gate bias and temperature. The most noticeable effect is an increase in
current with a decrease in the number of grain boundaries.
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Figure 56. (Top row) Grain-boundary related barrier along TFT channel. (Bottom row) Drain current as a function of gate
bias and temperature, both for varying numbers of grain boundaries.

The two-dimensional grain boundary modeling is interesting, but may be oversimplified to the point of
limited utility. This is because in a real device grain boundary effects are unlikely to be isotropic. That is,
in most models of grain boundary associated traps, the trap density depends on the local disorder or
other effects at the grain boundary. Qualitatively this is like an obstacle course with a large number of
wall-like barricades that vary widely in height with position. In running the obstacle course one would
not be forced to go in a straight line and so would naturally choose to go over the low-height barriers.
So the effect of the barriers would be both requiring the energy to surmount some height and also the
work to zig-zag to find low barriers, running farther than a straight line path. This is similar to Hosono’s
distribution of above band edge barriers model [50], but with the possibility of improved connection to
microstructure.

Modeling grain boundaries in this way requires three dimensions. Three dimensional modeling is more
difficult because the number of mesh elements required is greatly increased and also because solution
convergence can be more difficult. In addition, connection between microstructure and grain boundary
traps or other effects is uncertain or unknown. Figure 57 (left) is a reminder of the columnar grain
structure in PEALD ZnO thin films and (right) is an example simplified device structure with grain
boundaries we have used in our three-dimensional modeling. Initial three-dimensional modeling
indicated a wide range of parameters that can be used to qualitatively match device experimental
characteristics.
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Figure 57. LEFT - Cross-sectional TEM of PEALD ZnO film. Right - TCAD Sentaurus 3D simulation structure.

Modeling of Radiation Induced Changes

A goal for the device modeling was to assist in understanding in ZnO TFTS. As described above, gamma
ray irradiation produced shifts in the ZnO TFT |-V characteristics. Notably, the shift in turn-on voltage
was larger than the shift in threshold voltage, with little change in mobility, but with strong effects
related to passivation of the TFT back interface. Similar results have been observed by Mourey, et al, for
passivation of ZnO TFT and were modeled as a charge sheet at the ZnO passivation interface [44]. A
similar approach was used to model the radiation induced TFT changes. As a first step the trap
distributions for the PEALD and PLD ZnO TFTs were refined to better fit the experimental characteristics.
Figure 58 shows the modeled structure, general modeling parameters, and trap distributions used for
the radiation induced TFT changes simulations.

PEALD ZnO TFTs with varying ZnO active layer thickness were modeled. Based on the experimental
results, a positive sheet charge of 1.5 x 10" electronic charges/cm? was introduced at the ZnO back
interface (Figure 59 (top). Figure 59 (bottom) shows the results. The sheet charge model does a good
job of fitting the experimental characteristics.

The device modeling confirms the importance of the ZnO TFT back interface or passivation interface for
radiation-induced device changes. To further examine this, preliminary characterization of radiation
exposure effects on an alternative, trilayer, PEALD ZnO TFT structure were done. For these PEALD ZnO
TFTs the bottom dielectric layer, active ZnO layer, and top passivation layer are all deposited in
sequence [51]. These TFTs have reduced passivation-induced device changes compared to the PEALD
ZnO TFTs described earlier. Notably, the radiation induced changes for the trilayer PEALD ZnO TFTs
were reduced compared to the standard device structure. This indicates that optimization of the ZnO
TFT structure may allow minimization of radiation induced device changes.

DISTRIBUTION A. Approved for public release: distribution unlimited.



Source Channel Drain
1 MM 20 pm 1 MM

PSU Baseline modeled structure

ZnO parameters
Bandgap 3.37 eV
Electron affinity 41eV
E. effective DOS 3.66 X10'® /cm?3
Electron tunneling mess 0.5 m,
Dielectric constant 8
PEALD ZnO TFTs PLD ZnO TFTs
'02 st '0.2 B
......................................................... 1 !Gau
c=0.05
----- 1st, Gaus o = 0.05 eV |
Ee 0.0p—===" 1 Ng=3.1x1020 Fe 0.0 > " Ng=1x10"
0.1
> 0-2 No=5.1x1017 >0.2
Qo

3rd,Gau c=0.2

0.4 N,=9.3x1018

0.4+ | 2™ Gauss=02ev
Ng=2x10"7

0.6 0.6

21

1019 1020 10 1017 1613 1619 1620 1621
DOS (1/cm’) DOS (1/cm’)

Figure 58. Modeled structure, general modeling parameters, and trap distributions used for the radiation induced TFT
changes simulations in Electrical Characterization section for determination of physical location of changes induced by “co
gamma irradiation.

18

10

17

10

DISTRIBUTION A. Approved for public release: distribution unlimited.



Q=1.5%10"2 /cm?
0000

[\TAT/

AlL,O,

Glass
10 ZnO:10 nm - 30 nm 10* 50 nm
o |Vo=08V . V, =05V Veo0sv
10 1t,.o =10 nm 1074, =30nm 10 1t,,, = 50 nm
10°- 10° 10°
— 107 107 107
§' 10°- 10 10°1
g 44, 1071 1071
§ 10-10- 10-10_ 1010-
g 10-11 10-11_ 10114
107" 10™ 101
10" —— Pre- irradiation 10" 4 —— Pre- irradiation | 1074 = Pre- irradiation
107" : —Pu:st-irr di l‘ 107" . . —Po:st-irradialtiun 10" : - Po?t- irradialtion
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
Gate Electric Field (MV/cm) Gate Electric Field (MV/cm) Gate Electric Field (MV/cm)

Figure 59. Cross-section of TFT modeled during exposure to ®co gamma irradiation as a function of ZnO active layer
thickness variation in Electrical Characterization section. Predicted I-V curves describe the empirically observed change in
threshold voltage as a function of thickness.
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Optimization of PSU PEALD Process

A notable result of the ZnO TFT radiation exposure work was a better understanding of the similarities
and differences of devices fabricated using PEALD and PLD deposition of ZnO active layers. Although the
radiation exposure results are broadly similar and both deposition methods provide devices with
excellent radiation resistance, some details are quite different. First, the PLD (AFRL) devices in general
have superior performance in terms of field effect mobility and maximum channel current. This is in
agreement with, and partially explained by, the differences in trap distributions shown by the low-
temperature photoluminescence results and also found in the trap fitting used in the TFT simulation
work.

To better understand the device differences we have worked to better optimize the PEALD devices.
Among the differences in the PEALD and PLD devices, the PEALD devices typically use channels much
thinner than (~10 nm) than the PLD devices (~50 nm). This was addressed above in understanding the
likely physical location of radiation induced changes and pointed to the device back surface or back
surface dielectric interface as the likely location of radiation induced charge. As part of the PEALD
optimization we examined variations in the oxidizing plasma density, including modification of one of
the deposition system to include an inductively coupled, high-density plasma source. We find that the
PEALD oxidation conditions can strongly influence the back surface characteristics, including the
apparent trap density.

To further examine this, we also did a series of high temperature (300 — 600 °C) anneals on deposited,
unpassivated ZnO channels prior to source/drain contact deposition. We find that, like the oxidation
conditions, this can have significant impact on the apparent trap density and other device
characteristics. Most notably, high temperature annealing greatly reduces the hysteresis for
unpassivated PEALD TFTs. Notably, AFRL PLD devices, which also typically use a high temperature
annealing step, typically show small hysteresis, even for unpassivated devices. In contrast, unpassivated
PEALD TFTs typically have significant hysteresis; this hysteresis is removed by adding a passivation layer.
By using a high temperature anneal we find that PEALD TFT is small (similar to PLD devices) both before
and after passivation.

The PEALD process optimization is ongoing. Although the optimized plasma oxidation and high
temperature annealing improve the device hysteresis, neither has yet resulted in field effect mobility or
channel current similar to the best PLD devices. In addition, for some applications, for example,
polymeric substrate devices, the high-temperature anneal step is problematic and we continue to work
to reduce the required processing temperatures.
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Summary

ZnO TFTs were found to have a high tolerance to gamma and neutron radiation for doses up to
100 Mrad. After removing measurement artifacts and charging during in-situ measurements, it
was determined that in-situ biasing degradation mechanisms were similar to degradation seen
without in-situ biasing. Spectroscopic measurements suggest the possibility of O and Zn
vacancies in PLD ZnO materials and N substitutional impurities in PEALD ZnO materials. The
largest factor affecting device performance changes due to irradiation appear to be the
passivation/ZnO interface while the ZnO itself appears to be robust. Final simulation results are
able to replicate shifts in V; based on these new observations, quantifying charge changes due
to irradiation at the top device interface. Significant work remains to optimize device structures
for stability and passivation at the top ZnO interface, but the technology shows great promise for
applications requiring rad-hard operation.
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