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Abstract

Zinc oxidethin film transistors (TFTs) are investigated in this work for laagea electronic
applications outside oflisplay technology.A constant pressure, constant floghowerhead
plasmaenhanced atomic layer deposition (PEALD) process hasdmartoped tdabricate high
mobility TFTs and circuits on rigid and flexible substrates at 2D0Zn0O films andresulting
devies preparedby PEALD and pulsed laser deposition (PLbave been compare@oth
PEALD and PLD ZnO films result idensely packed, polycrystallignO thin films that were
used to make higperformancedevices.PEALD ZnO TFTs deposited at 300 °C have adfiel
effect mobility of ~40 cn?/V-s (and > 20 criV-S deposited at 200 °CPLD ZnO TFTs,

annealed at 400C, have a fieldeffect mobility of >60 cn?/V-s (and up to 100 cAiV-s).

Devices, prepared by either technique, show high gamamaadiationtolerarce of up to 100
Mrad(SiO,) with only a small radiatioimducedthresholdvoltage shift (\ ~-1.5 V). Electrical
biasing during irradiation showed renhanced radiatiemduced effects.The study of the
radiation effects as a functi@i material stack ticknesses revealed the majority of the radiation
induced charge collection happens at the semicondpegsivation interface. A simple sheet

charge model at that interface can describe the radigituced charge in ZnO TFTs.

By taking advantage of theubstrateagnostic process provided by PEALBue to its low
temperature and excellent conformal coatingsO electronics were monolithically integrated
with thin-film complex oxides Applicationbased examples where ZnO electronics provide

added functioality to complex oxidebased devices are presented. In particular, the integration



of arrayedlead zirconate titanaté@Pb(Zr, Ti)& or PZT) thin films with ZnO electronics for
microelectromechanical systemMEMs) and deformable mirroris demonstratednO switches

can provide voltage to PZT capacgavith fast charging and slow discharging time constants.
Finally, to circumvent fabrication challenges on predetermined complex shapes, like curved
mirror optics, a technique to transfer electronics frongal rsubstrate to a flexible substrate is
used. This tealiqueallows various thin films, regardless of their deposition temperature, to be

transferred to flexible substrates.

Finally, ultra-low power operation of ZnO TFT gas sensors was demonstite&nO ozone
sensors were optimideto operate with excellent electrical stability in ambient conditions,
without using elevated temperatures, while still providing good gas sensitivity. This was
achieved by using a pedeposition anneal and by partiallygsavating the contact regions while
leaving the semiconductor sensing area open to the ambient. A novel technique tteergast
sensor using periodic pulsing of a UV light over the sensor results in less than 25 milliseconds
recovery time. A pathway tachievegas selectivity by usingrganicthin-film layersas filters
depositedbver the gas sensors tis demonstrat€de ZnO ozone sensor TFaad the UV light

operate at room temperature with an average power below 1 pW.
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Li st of Figures

Figure 1. An example of a plasmeahanced atomic layer deposition (PEALD) cycle to deposit
ZnO using diethylzinc (DEZ) as the zinc precursor and a weak oxida@ti(\this example) as
both oxidizer (when the plasma is tur®@) and PUIge gas........cceuuevrrrrmnniiirimemereernnnnneenss 10

Figure 2. A picture of the showerhead PEALD deposition system with ddola&hamber. The
loadlock chamber was added to the system to minimize moisture in the deposémberh A
custommade LabView program was developed to control various deposition parametei®

Figure 3 (left) Modified Applied Materials P5000 chamber used as a PEALD chamber. The
system carhandle substrates up to 20 cm; (right) schematic of the pressure and gas flow as a

Figure 4. A detailed schematic of thiequms in the showerhead. The showerhead consists of
two plenums with spatially asymmetric holes in the innermost showerhead and spatially
equidistant holes in the showerhead dispensing the gas to the sample.................ccc..... 14

Figure 5. A schematic of the showerhead PEALD system including the gas handling. The gas
handling operates in a run/vent mode (either gases are introduced to the chamber or taken to the
SECONUAIY PUIMP ) cciiiieetieetittte e e e s eeeeeseesa e e e e e eeeeeeeesamaesaasaassaaaaaseeseeessssssnnnsaaaaeaeeeeesssnnnnns 15

Figure 6. Typical deposition parameters for optimized thin films deposited using the showerhead
[ Y I I 3 V1 (<] o PP 17

Figure 7 Deposition rate of PEALD ADs using TMA precursor and C&plasma at 200 °C. The
deposition rate was found to be 0.103 nm per cycle..........ooooiiiien 18

Figure 8. (left) Deposition rate and refractive index for PEALRAlare fairly insensitive to
deposition parameters; (right) leakage current density as a function of applied field@ar Al
metatinsulatormetal structures deposited at two different power densities..................... 19

Figure 9. Deposion rate of PEALD ZnO using DEZ precursor at 200 °C. (left) PEALD ZnO
growth rate as a function of DEZ pulse time, the other parameters were fixed. (right) ZnO
deposition rate is 0.17 nm per cycle and depended on the deposition parameters......... 20

Figure 10. (left) Unpatterned bottegate ZnO TFT crossectional schematic. This structure
was used for rapid device fabrication; (right) Summary of deposition parameters used to deposit
4 1@ 0 1 11 T 11 0 21

Figure 11. (left) Linear region @é= 0.5V) Ibs versus \&s for ZnO films deposited at different
plasma power densities; (right) extracted linesgion fieldeffect mobility as a function of
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deposition power density. Low deposition power density for ZnO films yields higher electrical
[0 L=T {0 1 = 1 o = SRRSO 22

Figure 12. Zheta Xray diffraction scan of PEALD ZnO thin films deposited atimas plasma
power densities according to Figure 10 (right) parameters. As the deposition power density
decreases, the 100 peak diminishes with respect to the 002.peakK..............ccvveeeeeeeeenee. 23

Figure 13. (left) Satration region (s = 8 V) Ibs versus \és for a ZnO TFT with the AlOs
gate dielectric deposited at 200 °C and the active layer deposited at 280 °C. The pedietield
mobility was ~31 crfiV-s. (right) bs versus \&s for a ZnO TFT with, both, the ADs gate
dielectric and the ZnO active layer deposited at 300 °C. The pealeffeltt mobility was ~39
(01012 A =TRSO 24

Figure 14. Crossectional schematic of a patterned gate PEALD ZnO TFTs wiB:Aind ZnO
as gate dielectric and active layer, respectively. The ZnO TFTs are completed with an ALD
based AO3 PASSIVALION [AYEI..........coouiieeie et e e ee e e enenees 26

Figure 15. (left) Linear region @é= 0.5V) Ibs versus \4s for an ALD Al:Os passivated ZnO
TFT (W /L =200 pm/ 20 um) with fieledffect mobility over 20 citV-s; (right) bs versus \bs
characteristics for several Values QfV..........ciiiiiiiiiiiiiiiiieeer e 27

Figure 16. Schenti@ of a PLD chamber and a schematic of the deposition process. Schematic
e LG AT 100 4T 15 OSSO T POPP PP PPPPPP 28

Figure 17. Crossectional schematic of a blanket gate PLD ZnO TFTs with i@ ZnO as
gate dieletric and active layer, reSPeCtiVElY............uuuuiiiiiiiiiieeeiiiiiiieieeeeee e 30

Figure 18. Linear region 4= 0.5V) bbs versus \ésfor a PLD ZnO TFT (W /L =200 pum / 20
pm) with a PECVD deposited Si@ate dielectric. In this dése the fieldeffect mobility is 90
cn?/V-s. The fieldeffect mobility measured in these devices ranged fromi@0cnt/V-s......31

Figure 19. Grazing incidence XRD of ZnO thin films (50 nm) daépdsby PLD and PEALD

both show highly textured films with (002) orientation and similar coherence length suggesting
similar grain size. The coherence length for PEALD and PLD ZnO films is estimated, using
Scherrerbd6s equation, ettwelyb.e... =7...nm. .and..=32 2 nm,

Figure 20. (left) Scanning electron microscope (SEM) image of a PEALD ZnO TFT; (right)
transmission electron microscope (TEM) over the channel region of the TFT. PEALD ZnO TFTs
shavs a densely packed polycrystalline structure with grain size of the order of the thickness

Figure 21. Transmission electron microscope (TEM) of PLD ZnO TFT. The ZnO thin film
shows a densely packed polycrystalline structure with grain size in the ordes6f 2®....... 35



Figure 22. Absorption coefficient extracted by parameterization using spectroscopic
ellipsometry. PEAD ZnO films have a slower absorption onset than PLD ZnO films suggesting
a broader taiktate distribution for PEALD ZNO filMS.......uuuiiiiiiiiiiiiiieiieeeiiiieeececccce e 37

Figure 23. Trap distributions used to fit the experimenta tatmodel ZnO TFTs with active
layers prepared by both PEALD and PLD...........cooiiiiiiiiie e eeeeeeeeeeee e 39

Figure 24. Bottonrgate PEALD ZnO TFT schematic cressction. The TFT uses a aén Cr
gate, 32nm PEALD AbOs gate didectric, 16nm PEALD ZnO active channel, Ti sourdeain
contacts, and 3@m ALD Al>Os passivation layer fabricated on a glass substrate............ 42

Figure 25. Bottom gate PLD ZnO TFT schematic cisesgion. The TFT uses a 30n PECVD
SiO, gate dielectric, 5tm PLD ZnO active channel, and Ti/Au soudrain contacts on Si as
SUDSErate and gate............covvviiiuiiiiieeeeee e e erenri e e e e e e e e e e e e e eranrneaeeeeeeeeeneeeene A3

Figure 26. Linear region @4 = 0.5 V) b versus \ésfor a PEALD ZnO TFT before irradiation,

after 10 Mrad(Si®d®°Co gamma ray irradiation, and after
= U P PPPPPPRPRPPPPPPPR 45

Figure 27. Linear region @4 = 0.5 V) Ip versus \ésfor a PLD ZnO TFT before irradiation,

after 10 Mrad(Si®g®°Co gamma ray irradiation, and after
= U PP PPPRPRPRRPPPPPPPR 46

Figure 28. Comparison of diee characteristics for PEALD and PLD ZnO TFTs before and after
10 Mrad(SiQ) gamma ray irmadiation............cccevveeeeeiiiiiecceeeeeeeeeeeeeeeeeeeeee e A7

Figure 29. (left) Insitu bias sample fixture with integrated thermocouple. (right) $afure
loaded INPPCO GAMMA CEIL..........oceeieeeiee et eeee e et ae s seee e e A8

Figure 30. Measurement setup forsitu measurement of ZnO TFTs modified for increased
multiplexing capabilities............ccoooiiiiiiiieee e emeenn . 4O

Figure 31. 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 samplingtes of about 2 minutes and multiple drain bias
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Figure 32. Circuit schematic and optical micrograph of the 4x4 array of PEALD ZnO TFTs used
in electrical bias and radiallaNEaSUIrEMENTS.........cooiiiiiiiiiiiiiireee e 51

Figure 33. A group ofpl versus \&s curves in saturation region (¥ = 6) for a PEALD ZnO
TFT stressed for 50 hours.[&on of +0.5 V and @DVt +0.2 V was observed.................... 52



Figure 34. A group ofpl versus \&s curves in saturation region ¥ = 6 V) for a PEALD ZnO
TFT electrically stressed and exposed to a cumulative dose of 25 Mrad(&jDivalent to 50
hours. Afte 25 Mrad(SiQ) aDVon of -1.1 V and &Vt +0.6 V was observed..................... 53

Figure 35. (left) Bottom gate PEALD ZnO TFT (same structure as used in previous
experiments) andbs versus \és (Vps = 0.5 V) showing a rapid increase in subthreshold current
after only several krad dose. (right) The same TFT structure as used before but with an
additional lowk dielectric and a conductive film over it connected to growngetsus \és (Vos

= 0.5 V) for a PEALDZnO TFT with the top surface shielded. Both structures were exposed to
240 krad(SiQ). Anomalies in the low current region are reduced with proper shielding...56

Figure 36. Threshold voltage &unction of irradiation dose for irradiation only and irradiation
with electrical bias for doses to 100 Mrad(9iA 1 minute anneal at 200 °C nearly removes the
radiatioRINAUCEd M SNIfL.......ooii e a s 58

Figure 37. Multiple device permutations were studied for PEALD ZnO TFTs to understand
which interface was affected the most by irradiation................cccoovieeeiiiii e 59

Figure 38. PEALD ZnO TFTs with different passiion schemes. Passivation variations result
in significant changes in radiationduced charge...............ooovvviiiiiicccee e 61

Figure 39. PEALD ZnO TFTs with active channel thicknesses and no passivation. ZnO film
thickness variations result in some variation of radiatimiuced charge after 5 Mrad (S)Q. 62

Figure 40. 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 (S)OSE-........uveeiieiiee et e e rmeeee e e sneee e 63

Figure 41. Summary of changes ianNleft) and \ (right) as aunction of process varients for
TFTs exposed to 5 Mrad (SiJ0of %%Co gamma radiation...............c.eeeeerviveeeeeeeceeeieeeeene, 64

Figure 42. Summary of changes in charge showing passivation/ZnO interface is most@%itical.
Figure 43. Schematic of the deposition sequence used to depdsipéd ZnO by ALD....... 71

Figure 44. (left) Lateral resistivity of AdopedZnO thin films as a function of ZnO: ADs
cycles; (right) at a fixed 25:1 ratio of ZnOx8)k cycles, resistivity as a function of thickness was
examined. Films over > 30 nm show the lowest resiStiVity..........cccoeeevvevviemeeiiiiieeeeeeiinn . 3

Figure 45. BSTbased twepole tunable Xband filter with integrated Atloped ZnO resistor. 74
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Figure 47. (left) Crossectional schematic of a ZnO TFT monolithically integrated with a PZT
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Figure 50. (left) Schematic of ZnO TFT with a W/L ratio of 150/50 connected to a 3 nF PZT thin

film capacitor; (rg h't ) The capacitorés voltage as a fu
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Chapter 1

1.1Introduction and Background

Interest in largeaarea electronics for ubiquitous applicagois partly because of the relatively
low-cost of the materials usehd the simplicity to fabricatesuch electronicsFor example,
manufacturing the frorend of aliquid crystal dgplay (LCD) backplane, the exemplary process
for largearea electronics,onsists of as little as four mask stepis isin contrast to some
technologies such asSi CMOS which can afford to use higtost materials and processes
because thelgave high value per unit areaorHargearea electronics fast, inexpensive, and low
temperature processes are favored in order to provide a patvéelectronics on lowcost
substratesAmorphous silicon (&i:H) is an established and successful technology for-kmeg
displays; however, itglectrical performanceimits useful apptiations for more thadisplays
and Xray imagerd1]. In response to the shortcomings e$iegH, a variety of inorganic and
organic semiconductor materiddave been explorems potential candidatés replace 5i:H, all

with different advantages and disadvantd@es]. Among sone of the requirements for material
selectionis the ability to deposit the materiaht low temperatures to be contipée with
polymeric substratesndto have good electrical performance and stability to realize useful large
areaelectronicapplications An emerging class of semiconductors that fulfill these requirements

is metatoxide semiconductors.

Amorphous #icon (aSi:H) owes its low carrier mobility to the localized electronic states
throughout its bandgd®, 7]. A portion of thesestates make up the conduction and valence band

tails and as it has been shgwhe conduction banthil slope dictates the fieldffect mobility in
1



a-Si:H TFTs[6]. This is as of consequence of the strong directivity of the hybridigearbitals
causing bond angle fluctuatipthereby altering the electronic levels and causing high gensi
deep taHstates[6]. The disruptionin the bond angle and bond lenggha consequence of the
preferred low temperaturdeposition process to make the matecampatible with lowcost
substratesOxide semiconductors do not have thssue because dheir inherently different
ionic bonding In oxide semiconductomaterials like zinc oxide, ZnQhe large difference in
electrostatic potential between zinc and oxygen leads to a large ionization gaerdgwering
the energy levels in the oxygen ions and raising the levels in the zinc ionthargiithalpy of
atomization is reached]. Thus, a large bandgap is realized (3.37 &v¥ZnO, and other oxide
semiconductors with high ionicity, the states near the bottom of theictowl band are formed
from isotropic emptys-orbitals of the zinc catiothat may have some overlap with adjacent
orbitals[9-11]. This overlap of neidgboring s-orbitals islargely unaffected bydnd angle and
bond length as is the casenraterials withsp® hybrid bonding(valence band) and artbnding
(conduction bandlike aSi:H [9, 11, 12]. Therefore, the degenerate band conduction and large
electron mobility sen in ZnO is a unique property of ionic bondingide semiconductors and

not seen in covalent amorphous semiconductors {&eth

As mentioned earlier, a number of oxide semiconductors have been explored fearéarge
electronic appliations. These oxideemiconductorsgenerally frype,are largly either a binary
system like ZnO or derived from b form ternary orquaternary alloys like indiurainc-oxide
(1ZO) and indiumgallium-zinc-oxide (IGZO).In this work the ZnO semiconductor is used to
build electronics fordargearea applications. Zn@ a versatile semiconductor with electronic

uses in its thin and thick film forrfor electronic and optoelectronic applicatidi$-15]. The
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wide bandgap (E= 3.37 eV) makes it transparent to IR and visible light. Moreover, because of
its large bandgap, the semiconductor can achieve low leakage current, high temperature

operation, and high voltage operati@16, 17].

This thesis presents the use of polycrystalline ZnO thin film for electronic applications outside of
the backplane technology. A novel plasmahanced atomic layer deposition (PEALD) system
using a showerhead to dispense the reactants is discii$sedleposition process was key in
depositing higlperformancend reproducible films over large substrai&®O films prepared by
PEALD used in TFT structures have fieddfect mobility of ~40 crffV-s when deposited at 300

°C and ~25 crfiV-s when deposited at 20C. Pulsedaser deposited ZnO thin films are also
reviewed and used as a benchmark for PEALD ZnOftlmis because the fieldffect mobility

of those films is closer to bullHall-effect mobility. While the two different deposition
techniques produce ZnO films with slightly similar electrical characteristics, there are some
subtle microstructural differeces. Nevertheless, the similar performance highlights the
ma t e rinsemsitivity to the energy used during deposition. The radiation hardness of ZnO
TFTs deposited by both PLD andEALD further highlighs the intrinsic ionic bonding
characteristics thahake ZnO insensitive to disorder. A simple model is developed to explain the
small radiatioAnduced changes in ZnO TFTs. A general model to reduce radiataned
changes instaggeredbottomgate thin film transistors is presentdebtential application for

more than displays where largeea electronics would be useful are descrilden the high
radiation tolerance of ZnO TFTs, the TFTs are ideal candidates fordezgespace applications.
Integration of ZnO electronics witlead zircomte titanag¢ (Pb(Zr, Ti)Q or PZT) thin films was

developed to add functionality to PZT actuators, in particular for adaptive opticsray X
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telescopes. Finally,ultralow-power ZnO TFT gas sensors for ubiquitous gas sensing

applications have been developed.

Chaper 2 provides an overview of the different deposition techniques wvsddposit oxide
semiconductorsThe design and development oP&ALD system that allows deposition over
relatively large substrates (20 cnmuwheter) is presentedhe system uses a @herhead to
dispense the reaction materials, proving excellent uniformity and with the potential to allow fast
deposition ratebecause of its gas configuratidBystem optimization wasarried to produce
high-quality Al2Oz and ZnO thin films used throughithis work in TFT structures. Next, ZnO
TFTs with the active layer deposited IBLD are presented. Chapter 2 concludes with a
comparison of the electrical and materials characteristics of ZnO thin films deposited by both

techniques.

Chapter 3 describeake radiation tolerance of ZnO TFTs with the active layers deposited by both
PEALD and PLD.While extensive research has been done on the radiation hardness for silicon
and 1V FETS, less is known about radiatiorduced effectsn oxidebased TFTsIn this work,

the intrinsic radiation tolerance of ZnO, and by extension other dpaded TFTsis
demonstrated. A raakion tolerance up to 100 Mré&iO,) is shown with no degradation in field
effect mobility and minimalnegativethreshold voltage\(t) shift. Contrary to the enhanced
radiation effects in Si CMOS with electrical bias, ZnO TFTs are insensitive to electrical bias.
Measurement artifacts in electrically biased ZnO TFTs during irradiation are identified and a
framework is proposed to eradicate #réfacts in ZnO and o#r TFTs with a staggered bottem

gate structureChapter3 concludes by investigating the physical locations of charge trapping due
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to irradiationin ZnO TFTs is investigated arfdund that the ZnO surface is the most sensitive to

radiatiorinduced charge trapping.

Chapter 4 build on the fact that ZnO TFTs are substrate agnostic, due to the low deposition
temperature and conformal dgition technique, andpplicatiors are exploreevhere TFTs ray
provide added functionality to othéechnologies. An example of integrating ZnO passive
electronics wittbarium strontium titanate (BaSTiOz or BST) thin films for tunable RF filters

is described. Furthermore, the integration of ZnO electronics with PZT thin films used for a
range of atuators is shown. A robust process was developed to integrated passizetiaad
ZnO-based electronics on different substrates wi8TBand PZTilms without degrading their
performance.The radiatioshardness of ZnO TFTs led to explospacerelated aplcations

where largearea electronics might be desdesuch as adaptiveray optics using PZT thin films

to deform the opticsThe ZnO TFTs were used as switches to provide the desired voltage to the
PZT thin films and consequently reduce the numbesl@ttrical connections needed to address
pixels in the adaptive opticd ZnO-basedelectrostatic discharge (ESD) circuit was designed
and tested to reduce ESD events in the -ZAD array.An array of PZT capacitors were
actuated through ZnO TFTs and defation of the thin flat glass substraskedemonstrated.
Chapter 4 concludes by introducing a potentially useful processing technique to build electronics
on thin polymeric substrates to avoid problems using conventional microlithography techniques

on cuned substrate®ecause the adaptive optical mirrors will ultimately have a conical shape

Chapter 5 demonstrates ulttav power ZnO TFTs for ubiquitous gas sensing applicatiohs.

ZnO-basedgas sensor TFTs wer@ptimized to operate at low temperatusth excellent
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electrical stability by using a pedeposition anneal andy partially passivating the TFT
structure with the active semiconductor area open for gas sed$iegZnO ozone sensor

operate at room temperature with an average power below .1AuMdvel way, using pulsed
ultraviolet (UV), to reset and achieve low power consumption of the ozone sensors is described.
Di fferent ozone |l evels were detected by | ooki
detected down to 110 ppb. Chapfeconcludes by pointing at possible methods and techniques

to achieve gas selectivity in ZnO TFTs while keeping the same overall power operation.

Chapter 6 concludes the discussiomxbloring the use aZnO electronics for other applications
besides wplays and provides suggestion for future wamkorder for this technology to be more
attractive for broader applications a further understanding of the material properties is needed to
be used as guideline to modify the deposition parameter conditmnachieve higher
performance films. An iterative and compesmsive study relating different deposition
parameters to the energy level transitions by photoluminescence (PL) and connecting it to the
device performance is discussed. Also, further applicairented demonstrations, using the
current technology, are proposed. For examigiegragingthe radiatiorhardness of the ZnO

TFTs to develop a backplane integrated with photodiodes for a flexiblegdsivdetector is
describedLastly, anapplicationrorientedopportunityis proposed for a system level integration

of a selfpowered gas sensor node system using PZT as energy harvester, an active ZnO rectifier,

and ZnO gas sensors.



Chapter 2

2.1 Thin Film Deposition Processes for Oxiskemiconductors

A wide range of deposition techniqueasbeen used to depositetaloxide semiconductors.
These deposition techniques vanythe energy used during growth; typical types of energy
provided during film deposition are thermal, chemical or electromagmiifferent chniques

such as metal orgac vapor deposition (MOCVD)ulsed lasedeposition(PLD), sotgel, and
sputtering have been researched to deposit ofite21]. These deposition techniques have
advantages and disadvantages are generally selected depending on thefilhinapplication.

Most of the recentinterest and research effort has focused on using spufteanticularly for
thin-film transistors The interest is partly because sputtering is a scalable technique and the
manufacturing infrastructure is already in place mdrgearea display industryrhis technique

has been comprehensively optimized deposit amorphous oxide thin films such asiund
gallium zinc oxide (IGZO) and indium zinc oxide (1Z{®1, 22]. However for I1ZO, controlling

the defect cocentration is ften difficult resulting in small current on/off tias; therefore the
addition of gallium provides better concentration control making it a robust pri@#8sghe
process has matured to the point that some display manufacturers have partially ramped up
IGZO-based TFT backplanes to drive actimatrix organic LED (AMOLEDs]23, 24]. Some of

the advantagesf oxide semiconductorsver the established%i:H technologyare electrical

stress stability, higher fieldffect mobility, and lower power consumption.

While the fieldeffect mobility of IGZObased TFTs deposited by sputtering can be over 30

cm?/V-s, in reality, the average fieldffect mobility for TF® used in backplane manufacturing
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can be as low as 4 &W-s [25]. This fieldeffect variation is partly due to ZnO thickness
variation which has been reported to be as hkigt23.5% variation over ~152if25]. Another
drawback of sputtering oxideased thin films is the inherent relatively poor step coverage over
substrate defects aomplextopography. This is particularly problematidliie use of polymeric
substrates, for flexible electronias,desired. In the following sections, two different techniques
to deposit ZnO thin films are presented: pulsed laser deposition (PLD) and {@abaraced
atomic layer deposition (PEALD). While PLD is hardly scalable to be compatible withdazge
electonics, the material grown by PLD was used as a benchmark for TFT electrical
performance. On the other hand, an Ab&sed deposition technique has a potential pathway to
be scalable and compatibAgth largearea electronics argrovides excellent stegpverage over

inherently complexsubstrate topologknown in polymeric substrates.

The growth and the majority of the fabrica of PLD ZnO TFTs shown heatter were done at

Air Force Research Labs (AFRL) and the device characterization was carried enndbtRte.

For the PEALD ZnO TFTs, the growth and fabrication of films was done at Penn State. Films
grown by wo different techniques allowedomparing and contrastinthe materials and
electrical characteristicsWhile different deposition and pedepaition temperatures were
investigated throughout this work, the bulk of the effort was focused on depositingbfiims

PEALD at 200 °C to be compéte with polymeric substrates.



2.2 Showerhead PlasrtenhancedAtomic Layer Deposition

Atomic layer deposibn (ALD) is a techniquethat was developed in the 1®S5by V.B.
Aleskovskii et al[26]. ALD is a selflimiting process that takes advantage of the sequential use
of a gas phase chemical process. MAED reactionsuse two chemicals, often referred as
precursors. Given the hakactionnature of the process, ALprovides excellent uniformity and
conformality; coveringaspect ratios of/d & 5 ,0whedel is film thickness andl initial pore
diameterhave been reportd@7]. This feature makes the ALf2chnique an excellent candidate

to deposituniform thin films on a range of substrates, including substrates withrbmfhmean
squareg(RMS) roughnessThe technique has been studied to deposit a range of materials such as
dielectrics,ferroelectricsmetals and semiconductof28-31]. In paricular, the ALD technique

was very importanin the development and introduction of higlgate dielectric in the 45 nm
node in Si CMOS technology8?]. The techmjue was an attractive option for this application
becausef its excellent thickness contradyven for ultrathin films, and relatively low deposition
temperature However, its major limitation is its slow deposition rate when thick films are
desired This is not an issue fohigh-k gate dielectric deposition in statef-the-art CMOS
becausehe films need to be ultshin. However, forapgications where relatively thickims are
neededhe technique becomes less attractlve to its low throughpufA typical deposition rate

is 0.51 nm perminute. Atmospheric patial ALD (SALD) is an approach that has been
invesigated to overcome this drawba¢B3]. SALD deposiion techniqueuses a head with
reactive gases separated by a purge gas to avoid free reaction. The head is then moved over the
sample at fast speeds achieving up to 25 nm/min deposition[B8ednitial work has been

done to assess whether a showerhead system configuration could achieve high throughput.



The ALD process can be slightly modified to use plasma in conjunction with aaxeddnt to
produce the secdnhalf of he reaction, acting as an oxidiz&ihis variation is typically known

as plasma&nhanced ALD (PEALD)There have been reports of a variety of oxide thin films
such as ZnO, ADz3, ZrO,, and HfQ deposited by PEALD31]]. It hasbeen reported that plasma
chemistry significantly reduces the incorporation ©H groupswhich are related to condtion

in ZnO and defects ioxide-based dielectricE31, 34]. Using plasma as an energy source for the
chemical reaction allows lowering the deposition temperature while sidlupsmg high quality

thin films [34, 35]. Moreover, the use of plasma has proven to be beneficial in suppressing

interface states andefmilevel unpinning in IV MOS interface$34].

090, § Frovoro,

2. Excess DEZ purged
using N,O (no reaction)

o~ Mo, 0, o Low temperature
deposition (200 °C) H,0, 0, O, CO,, CO,

O 0 s T
I\.okq\qﬁ_f‘-ow\o\\o\l example of ZnO | © 0000000 |

1. DEZ pulse absorbs 3. Plasma on, reaction
to the surface Repeat cycle N times  °étween DEZ & N,O

999999099
4. Reacting byproducts purged out

Figure 1. An example of a plasmaenhanced atomic layer deposition (PEALD) cycléo depositZnO using
diethylzinc (DEZ) asthe zinc precursor and a weak oxidant (NO in this example) as both oxidizer (when the
plasma istuned-on) and purge gas.
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The majoriy of PEALD processes use;@ouplel with plasmaas aprecursoy creating the
oxidizing species in a remote plasma and transporting these species downstream to the substrate
[3]]. A slightly differentapproachas been taken in this woskmilar to the work byMourey D.

et al.[30]. Figurel showsa typical PEALD process cycle. The process starts by introducing the
metal organic precursor (Zn precursor in the example) in to the chamber to saturate the surfaces
with at least a monolayer. Next, the excess metal organic is purged out awreaktivty gas,

typically CO, and NO. Weakoxidant gasebave been chosen oveigh reactivitygasesso the

gascan be usgas both purge gas and oxidizer when the plasma is turnefifitenthe excess

metal organic is purged out, the plasma is ignited andxtie dayer is formedThe plasma is
generated sing anAdvanced EnergRF power generatd®FX-600 (1356 MHz). The matching
network used t@ensurecloseto 50-ohm impedance at the RF generator was an-88LC 3 kW

versa tuner. Aigh voltage supply (7.5 Kvattached to a thin tungsten wire through a simple
vacuum feed through with a sharpen end is used to provide a source of electrons to the plasma
when it is first started. This is particularly important to reliably start the plasma at low power
densities waich is, aswill be shown later, important to have high performance thin filrhs.

cycle is completed by purging out the reaction byproducts and the cycle is repeated until the
desired thickness is reachebypically, both, ALD and PEALD use a soak andrgmi time
dictated by the specific chamber volun@et and outlet porkocationin order to achieve film
uniformity. During a cycle, there are soaking times (time during the metal organic is introduced
and the plasma is turnauh) and purge time3.he so& and purge stepduring a cycle resuih
relatively large changes in pressure throughout a cytlese deposition systems are typically
configured withinlet and outlet port®pposite of each oth¢B6, 37]. This configuration helps

uniformity and step coveradgecause the mass transppattially relies o diffusion to deliver
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the metal organics and oxidizagents everywhere in the chamber. In this witik possible
advantage®f modifying the gas handling and delivering in the PEALD process by using a

showerhead reactarerestudied

PEALD chamber Load-lock

RF power Metal organic
supply sources

Figure 2. A picture of the showerhead PEALD depsition system with a loadlock chamber. The loadlock

chamber was added to the system to minimize moisture in the deposition chamber. A customade LabView

program was developed to control various deposition parameters.

The deposition system describedré uses a modified commercially available showerhead
reactor, P5000, manufactured by Applied Materials. The P50@0singlevafer chambebften
configured in clusters for chemical vapor deposition (CVD), etch and/or photoresist strip

applications. The lamber washeavily modified to be used as a singlafer chamber

12



Originally the chamber had a mechanical system for wafer loading compatible with a cluster
system designThis wasmodified by using a loading chambard a manual valve in between the

two chambersas shown irFigure2. The loadlock chamber not only provides a convenient way

to load a sample but it alsbelps prevent the process chambeprr being exposed to
atmospheretherebyminimizing the moistureintake in it The original lamp heatewas replaced

by a simple 15 cm stainless steel heater plate where a 20 cm substrate holder is placed. The
showerhead consists of two plenums with spatially asymmetric holeghe innermost
showerhead and spatially equidistantesoin the showerhead dispensing the gas to the sample

as show inFigure 4. This geometryprovides gas uniformly across a 20 c@i substrate A
schematic of t chamber is shown Figure 3 (left).

Showerhead PEALD gas flow & pressure

n

Time —>»
Gas Inlets Pressure "
Showerhead (Precursors Total fi
RF electrode Oxidants) orattlow
Metal organic I I
L Weak oxidant
= __j_ - ———‘ Plasma (gas line 1)
Load-lock \_—) I—'l
chamber Weak oxidant
L b (gas line 2)
Sample Heater
metal organic purge plasma purge
Pump —> pulse

Figure 3 (left) Modified Applied M aterials P5000 chambeused as a PBLD chamber. The systencan
handle substrates up to 20 cm; (right) shematic of the pressure and galow as a function of time use to
operate the showerhead depasbn system
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Figure 4. A detailed schematic of the plenums in the showerhead. The showerhead consists of two plenums

with spatially asymmetric holesin the innermost showerhead and spatially equidistant holes in the
showerheaddispensing the gas to the sample.

As previously mentionedhe gas deliver systenmdesigned and built for this chambedifferent

from convention ALD system A detailed schematiaf the gas handling is shown kigureb.

The frowerhead PEALD system uses a run/vent gas dglimethod; similar taa method often
employedin metatorganic chemical vapor depositioMQCVD) systems to run at nearly
constant chamber pressuBaring atypical PEALD depositia the metal organic anche of the

weak oxidants gas lines are alternated to keep a constant flow and constant pressure in the
process chamber. The gas dapensed tohe chamber is delivered to a secondary puhtis
operation mode reduces stap effects and insures the plasns contained right alve the
sample and not insidthe showerhead plenums. A schematic of the gas flow and pressure as a
function ofone cycle is shown iRigure 3 (right). Because the gas is delivered directly above the
substrée, in conjunction with the relatively small (~1 L) chamber volume, and the typical flow
rates(~1 slpm) a short residenceéme can be achieved (~100 msecgndsis short residence
times, in theory, indates very short cycles (<Osecs) could be achied. The parameter space

in theshort cycle regne has been initially explored and deposition rates of ~4 nm/min have been

achievedHowever, further investigatioand optimizations still needed.

14



Showerhead PEALD System

Schematic

Pressure Read-out

Open ports for
other gases

MFC

Needle valve

—_—
Compressed
Air

Gate Valve

Process
Chamber

Gate
valve

Load-lock

Pressure Read-out

Burn
box

Exhaust

?

Secondary
pump

Figure 5. A schematic of the Bowerhead PEALD system including the gas handlinglhe gas handling
operates in a run/vent mode (either gases are introduced to the chamber or taken to the secondary pump).

A system optimization was carried out to understand the-tHdeusing an atygial gas delivey

method, chamber geometry, constlotv, and constanpressurein a PEALD system Next,

films deposited using the showerhead system were characterized in the context of deposition

rate, refrative index,and electrical measurements.

2.2.1Showerhead PEALDhin Film Propertieaind Devices

The most well studied material deposited by ALD is@lusing timethyaluminum(TMA) as

precursor anavater H20) as oxidize{38]. Therefore, as startingpoint of system optimization
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the properties of PEALD ADs were characterizedThe deposition rate of ADsz is fairly
insensitive to depositioparameters partly because of the beta elimination betweerMAeahd
the T OH terminated surfaces which limits the reaction to about one monolayer pef23§jcle
The samechemisorption mechanism also takes places in PEAg&MbsitedAl20Os films. The
amount of metal organic dispensed {ah@rganic valve open time flow rate at a fixed metal
organic temperature and carrier gas pregsymerge time, plasma time, process pressure, and
plasma power density were investigatéde minimummetal organicdoseneededo saturate all

the surfaces (including the substratgscalculatedby estimating the total surface afear) of

the chamber that the metal organic wondskd tocover and by estimating the surface density of
AlOs (atoms/cm). Using these values a dose volumas estimated fora given temperature
(typically ~15 °C) and pressurd the bubbler(typically pressuried with argon at ~1500 Torr)
containingthe metal organiprecursor A diluted dose(argon + metal organigin the order of
~0.04 TorrL (~8 cn?) was found to be sufficient form about a monolayer on the substiate

still have good material utilizatiorThe initial optimization of the rest of the parameters was
guidedby using therefractive indexof the deposited films(in general, a higher the index of
refraction approachi ng t hresponds thigh fimadensity)iTlasl 6 s
optimization was followed by etérical characterization as thosharacteristics were the most
relevant o this work.Typical valuesof parameters fooptimized thin films are shown iRigure

6.
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Typical deposition parameters
for the showerhead PEALD

Metal organic valve open 2 seconds
Metal organic flow rate 250 sccm
Purge time 4 seconds

Weak oxidant flow rate 250 sccm
2"d weak oxidant flow rate 650 sccm

(always open)
Plasma time 2 seconds
Plasma power density 0.06 W/cm?
Plasma purge time 2 seconds
Process pressure 1 Torr

Figure 6. Typical deposition parameters for optimized thin films deposited using the showerhead PEALD
system.

Films thicknessesand refractive indexwere determined by spectroscopic ellipsometry.
Optimized deposition parameters forB4, deposited at 200 °C yielded a deposition rate of
~1.03 nm/cyclewith a refractive indx of ~1.64-1.65 at 633 nmThis value ishigher than other
repored values for films deposited by ALD at 177 °C (1.6 at 633 buat)as expectedpwer
than sapphire (~1.76 at 633 nf8p, 40]. Error! Reference source not found.(left) showsthe
eposition cycle as a function of thickness for PEALD@I films. This deposition rate is

consistent with ALDand PEALD depositionates reportedh the literatire[39, 41].
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Figure 7. Deposition rate of PEALD AlO3s using TMA precursor and CO; plasmaat 200°C. The deposition

rate was found to be 0.103 nm per cycle.

While a refractive index value similar to the bulk material is indicative of densdilthirin this
work the electrical properties of the PEALD thin filmge of outmost importance to maximize
the transistor performanc€igure 8 (left), showsthe leakage current as a function of electric
field for two 30-nm-thick PEALD Al>Os films, deposited using twdifferent power densities
The dielectric constant for both films was found to be ~8 By @easurementd he deposition
rate, refractive indexand breakdown voltage were found to be rel&ivedependent othe
deposition details, as shown Figure 8 (left). The currentoltage characteristics shown in
Figure 8 (right) show two clear regions of conduction mechani$he second region ham
exponentifiincrease in current densityhich can beattributed to the onset of Fowddlordheim
(FN) tunneling dominance&Subsequent ADs films shown in this chpter weredeposited using

the optimized conditionas shown irFigure6.
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Figure 8. (left) Deposition rate and refractive index for FEALD Al 2Os are fairly insensitive to deposition
parameters; (right) leakage current density as a function of applied field for A0z metal-insulator-metal
structures deposited at two different power densities

Unlike Al2Os deposited byeither ALD or PEALD using TMA as precursor, ZnO deposition
parametersusing diethyzinc (DEZ) as precursor, can drasticaityy the deposition rate,
material densityand crystal orientation. The majority of thergmeter space investigategs at
a fixed temperature 200 °C. Otherdepositiontemperatures were also investigatad shown
later,but 200°C was primarily investigated because of its compatibility with-tmst substrates
like plastics and glass. ZnO deposition parameters weestigated to maximize fieldffect
mobility. Choosing fieldeffect mobility as a parameter to be optimized assudiesic contacts
to ZnO; however, experimental and simulation evidence show a 0.1 eV contact[d&fri€his
means that the extracted fiedffed mobility may be masked byontact effectsUsing a similar
approach to theAl20s thin-film deposition optimization, various deposition graeters were
investigated to optimize ZnO thin film®Vhile the growth rate is dependent on thetal organic

(DEZ) pulse time, as shown ifigure 9 (left), the most important parameter, apart from
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depositiontemperaturgto obtan high fieldeffect mobility in ZnO thin films is the deposition

plasma power densitythe deposition rate for optimized ZnO thin films is showrFigure 9

(right).
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Figure 9. Deposition rate of PEALD ZnO using DEZ precursor at 200 °C.(left) PEALD ZnO growth rate as a
function of DEZ pulse time, the other parameters were fixed(right) ZnO deposition rate is 017 nm per cycle

and dependedon the deposition parameters.

The efect of plasma power dengitvas investigated bygepositing films and fabricatingnO
TFTs Plasma power is known to create defeatd/or sputter off material when operated at high
densities[31]. Simple devices, using a blanket gatere fabricated with32-nm-thick PEALD
Al>0s as gate dielectriand 10nm-thick PEALD ZnO as active layer. The gate dielectric for all
the samples was deposited under the same optimized conditions whiletitiee lager was
deposited using different plasma power densifiepositionparametersincluding the different
plasma power densitieare shown irFigure 10 (right). After Al2Os and ZnO deposition, 100

nm-thick Ti contacts werdormed by liftoff. The ZnO was then isolated to reduce the OFF

current.The devices werenot passivated to avo@threshold voltage\(t) andturn-on voltage
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(Von) shift induced bya chemcal reaction between the semiconducamd the ALD -deposited

Al 203 passivation layef43]. A crosssectional schematic of the TFT stture is shown idrigure

10 (left).
Source Drain
O Ti(100 nm)
Power Density  0.06, 0.24, and
[] PEALD 0.77 W/icm?
Zn0 (10 nm) Pressure 1 Torr
g PEALD
AlLO; (32nm)  Total Flow 900 sccm
Glass
Blank Cr Gat
H (1;1(;l nm)r “¢  DEZFlow 250 sccm

L4 AY
ZnO channel Gate

Figure 10. (left) Unpatterned bottom-gate ZnO TFT crosssectionalschematic This structure was wsed for

rapid device fabrication; (right) Summary of deposition parametersusedto deposit ZnO thin films.

Figurel1l (left) showsdrain currentlps) versusgate voltage\{cs) ata drainvoltage ofVps =8

V with a W/ L =200 um / 20 unfor ZnO deposited at three different power densitihile a
direct comparison is slightly complicated because of the differentavid \r as a function of
plasma power density, the slope and current drive above threshold cleavl/thlad ZnO films
deposited at 0.06 W/chhave the highest ONurrent €307 pA/mm).Figure 11 (right) shows
the extractedlinear regionfield-effect mobility as a function of diéfent deposition plasma
power densities fothe ZnO thin films. Lower power density was investigated but no further

improvement was seend striking plasma reliably at very low powers is not trivial
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Figure 11. (left) Linear region (Vps= 0.5V) Ips versus Ves for ZnO films deposited at different plasma power
densities; (right) extracted linearregion field-effect mobility as a function of deposition power density. Low
deposition power density for ZnO films yields higher electrical performance.

In orderto understand changes the microstructureof the ZnO thin films as a function of
plasma power density, ZnO films deposited on oxidizkkcba wafers were examined by-pay
diffraction and spectroscopic ellipsometry. Under spectroscopic ellipsosratil changes in
refractiveindex were seerwithin the measurement and model erfeigure 12 shows a zZheta
X-ray diffraction scan for the ZnO films deposited at the same power dersstibe active
layers were deposited for TFTshigurell. The 100 diffraction peak is reduced with decreasing
deposition plasma power density, while the 002 pisapreferred. The strong 002 preference
indicates the majority of the grains are aligned perpendicular to the suHagang wellaligned
and textured polycrystallinEnO films yields ahighly resistivematerial that can be used as a
dedeted semiconductorThick nonstoichiometric ZnO films have been shown to have a
decrease in film resistivity due to the generatiosmfduction carriers at the grain boundaries in
nonstoichiometric ZnOfilms and with the crystallite orientatisrplaying a role in the grain

boundary heiglst[44, 45].
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Figure 12. 2-theta X-ray diffraction scan of PEALD ZnO thin films deposited at various plasma power

densities according tarigure 10 (right) param eters.As the deposition power density decreases, the 100 peak
diminishes with respect to the 002 peak.

Lastly, for exploration completeness of the deposition parameter space, the deposition
temperature was briefly surveyddowever, a systematic studg fully optimize thePEALD
deposition temperature of the 28k gate dielectric and ZnO is still needed. Here, an initial
survey of the effect of deposition temperatureelectrical performance of the ZnO TFis
presented. ZnO TFTs were fabricated using $tructure shown ifrigure 10 and were also
unpassivatedThe deposition parameters were fixed based on the results shown above and only
the deposition temperature was variedone case, the gate dielectric was deposited af@00
while the active layer was deposited at 280 Thiis particular ZnO deposition temperature was
simply selected as a starting point to examine the higimeperature parameter spagghout
compromising the chamhbies s eal s ( -fings) Bigue t34dlafthbsbows tii®ds versus

Vgsat Vps = 8V with a W/L = 200 um / 20 pum In these devices the ZnO was not patterned
(isolated); thereforehe continuous ZnO films over the entire sample also exbuit a slight

increase inthe OFFcurrent level.The field-effect mobility, extracted at the same electric field
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(2.5 MV/cm) as previous devices, increaged~31 cn¥/V-s by simply incresing the deposition
temperature. fis corresponds to &60% increase in mobility compared toettZnO TFTs
deposited at 200 “QNext, ZnO TFTs werefabricated with both the ADs gate dielectric and
ZnO deposited at 30TC. Figure 13 (right) shows theds versus \ésat Vps = 0.5 V with a W/L
=200 um / 50 umThe extractedield-effect mobility in this case increased to ~3%8frs. This
correspondgo almosta 2fold increment in mobility compared to the ZnO TFTs deposited at
200 °C.Further increase dhe depositiontemperature was not possible becauséheteater
tempeature limitation and thetype of O-rings used to seal the chamb@&his, nevertheless,

highlights a pathway to develop high performa@nO TFTs deposited by PEALD.
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Figure 13. (left) Saturation region (Vs = 8 V) Ips versus Vs for a ZnO TFT with the Al20O3 gate dielectric
deposited at 200 °C and the active layer deposited at 280 °C. The peak fieffiect mobility was ~31 cré/V-s.
(right) Iosversus Vs for a ZnO TFT with, both, the Al2O3 gate dielectric and the ZnO active layedeposited
at 300 °C. The peak fieldeffect mobility was ~39 criV-s.
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2.2.2Typical ZnO Thin Film Transistors

Thus far, ZnO TFTs deposited under different parameters and in the showerhead PEALD
deposition system have been presented. Previous work bgrthip ha shown similar device
performance for films deposited at 200 °C using a more conventional pump/purge PEALD
deposition systeri30]. Also, all the deviceasults shown up to now do not have a passivation
layer. However, extensive work has been shown that a passivation layer is very important for
many oxide semiconductors to achieve good electrical stalifiityis also the case for PEALD

ZnO TFTs[43, 46-48]. Because the bulk of the work shown throughout this document is focused
on ZnO TFTs with filmsdeposited aP00 C, prepared either usintpe showerhead PEALD or

the conventional PEALBystem the representative characteristics of passivated devices shown
in this sectiomare for the aforementioned deposition temperafline. passivation layer used is
Al203 depositedby ALD at 200 °C[30]. Previously, simple devices with a blanket gate metal
were presented. However, to be able to independently address each transistor,rpaviiceite

used in a circuit or array application, the gate electrode should be patteiguee.14 shows a
crosssectional schematic of a typical bottayate staggered PEALD ZnO TFT. The process
starts by sputtering and patternib@0-nm-thick chromiumto form the gate metal. 32m-thick

Al>0O3 gate dielectric and 20m thick ZnO active layer are deposited by PEALD. Next, vias
through the AOs to contact the bottom gate metal are made by wet etching usi@: ldt 80

°C for 50 secnds The ZnO is then patterned using dilute HCL (4000:1). Ti is deposited by
sputtering and patterned loppuble layer resist (PMMA/1811) lithography ahit-off to form

source and drain contact&inally, a 30nm-thick ALD-based AJOsz passivation layer is

deposited to complete the device fabrication.
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Figure 14. Crosssectional schematic of a patterned gate PEALD ZnO TFTs with ADs and ZnO as gate
dielectric and active layer, respectivelyThe ZnO TFTs are completed with an ALDbased AkOs passivation
layer.

Figure 15 (left) shows representativesiversus \s at Vps = 0. 5 Vfor a passivatednO TFT
with W/L = 200 um / 20 um.Figure15 (right) shows a representativss veraus Vps at various
Vs values for the same deviedth good current saturation above threshditie linear field
effect mobility for passivated ZnO TFTs is typically > 20%¥hs. The passivation induces a
negative voltage shift attributed to badkanneltop ZnO interfacefloping due to the chemistry
reaction when passivat¢d3]. The TFT has a turon voltage, \én, (defined here as a4 for Ips

= 0.1 nA/ mm) of ~-2 V, making it a depletion mode device. Whilen is shifted negative, the
shift is not sigrficant enough tgrevent the use of the TFTs a@ircuit applications. In fact, the
passivation layer provides greater benefits, namely excellent electrical stabiiggsaryor

stable circuit application$revious work by this group have shown simdawice performance

and a threshold voltage shift fV for passivated devices, of 50 mV after 20 000 seconds of

constant stress at 80 {B0]. Herafter, the majaty of the work presented in this document will

usepassivated PEALD ZnO TFTs.
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Figure 15. (left) Linear region (Vos= 0.5V) Ips versus \es for an ALD Al 203 passivated ZnO TFT (W /L =
200 um / 20 pm) with fieldeffect mobility over 20 cn®/V-s; (right) | os versus \bs characteristics for several
values of \&s.

2.3Pulsed Laser Deposition

The useof a pulsed laser as a directed energy source to evaporate materials for thin film growth
has been explored soon after the first lasas Wuilt in 1960. The earliest report, in 1965, by
H.M. Smith and A.F. Turner describdee use of a ruby laser to deposit a range of materials like
Stibnite (SbS;) and ZnTe among othef49]. Since then, pulsed laser deposition (PLD) has been
refined and has been used to depasivariety of inorganic and organic thin films such as
superconductors, semiconductors, metals, insulators, polymers and even bionja@ri&kD

is a physical vapor deposition technique that shares some similarities with sputtering and
molecular beam epitaxy (MBE). The principle of PLD is relatively straightforward; the laser,
operated at a high energy density, ablates some samallint of the target material, creating a
plasma column. The process is graphically describé&dgure 16. This plasma column provides

the material flux to the substrate for film growth. An important advantage of this techmique i
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that films grown by PLD can have the same stoichiometry as the material from the target

(although, not trivial to achievéy1].

Ly

target
carousel

1 Rotating heater

\ Laser beam
Laser window

Short(0.1-20 ns), high energy
(0.1-10 J/cm?) laser pulse
impinges on ablation target

diatomic, molecular, ionic) forms
on target surface with ablation

Highly forward directed plasma
plume traverses away from

t~0.1 ps I Laser-induced plasma (atomic,
I target

substrate, deposited plume

t~4 ps Ablation plume impinges on
¢
species on the substrate surface

Figure 16. Schematic of a PLD bamber anda schematic of the depositiomprocess. Schematic taken from

[51].

PLD technigue is an attractive deposition technigque to grow high quality, nanocrystalline ZnO
thin films on a range of substrates from lattrnatched single crystal to amorphous substrates.
Depending on thetargeted application which are quite diverse (i.e. LEDs, solar cells,
photodiodes, and as semiconductand desired film stoichiometrthe deosition parameters

like laser wavelength, pulse duration, fluence, oxygen pressure, substrate temperature,-substrate
target distance, and even selection of substrate, play a role in the film charac{&i$tiche

PLD technique is of particular interest to grow epitaxiandengineeredZnO/Zn.xMgxO

hetepstructuresbecausegquantum confinementan be achieved by tuning the well widBy
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varying thex ratio of Mg in the film, the bandgap can be engineered from 3.37 eV up to 4 eV
while still maintaining the wurtzite structufgl]. The ability to tune the bandgap is of interests

for applications such as UV ploatetectors, UV LED (in conjunction with a-tppe
semiconductor), resonant tunneling diodes (RTDs), and HEMTs. There has also been an interest
in using PLD to deposiunder the right parametersell-oriened, ordered, ZnO polycrystralline

films that can b used as semiconductor active matgBai54]. The ZnO film stoichiometry can

be widely varied depending on the deposition parameters. This plays an imposaint o
conductivity of ZnO filmsas the intrinsic defects such as zinc interstitials, oxygen vacancies, and
hydrogen act as donors and the def fl§b5. densit
Depending on the applicatiocertain type ofdefects mightbe desired in order to tune the
emitted light color in LEDS or to reduce optical losses in waveguidsenerally speaking
defects in the bandgap are undesirable if the material is used as an active material in a transistor

configuration.

2.3.1 ZnO Thin Film Transistors with Active layer Depositedahyp

There have been various reports of PLD deposfie® thin films for TFT applications with
different device structures and gate dielectwis field-effect mobilitiesranging from as low as

0.31 cn/V-supto 110 cni/V-s [52-54]. The fieldeffect mobility of polycrystalline ZnQs, of
course, not onlylictated by the trap distwtion in the semiconductdut is alscaffected by the

MOS interface and the quality of the gate dielectBayraktaroglu B. et al. at iA Force
Research Labs (AFRL) have demonstrated thin film transistors with ZnO active layers pulsed

laser deposited, and pemtinealed at 400 °C, with a high fieddfect mobility of 110 crffV-s,
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and fr = 500 MHz fuax = 400 MHz with channel length of-2m on semiinsulating GaAs
substrate$54]. The device performance ofede ZnO TFTs is comparable to polysilicon TFTs.

In this work, in collaboration with Dr. Gregg Jessen, Dr. Kevin Leedy and Dr. Burhan
Bayraktaroglu from AFRL, the electrical characteristics of PLD ZnO TFTs were measured and
compared to PEALD ZnO TFTs. Alsthe material similarities and differences are explored in
the following sectionThis comparison was an important piece to better understand the radiation

effects in ZnO TFTs, deposited by both techniques, shown in chapter 3.

Figurel7 shows a crossectional schematic of the PLD ZnO TFTs. A silicon wafer was used as
both substrate and bottom gate. Ar8@ SiO, grown by PECVD, at 250 °C, served as gate
dielectric. A 56nm-thick ZnO layer was deposited by PLD using a ZnO tawgéh oxygen
background ga®llowed by a thour anneal in air at 400 °Che laser operated with an energy
density of 2.6 J/chand a pulse rate of 30 Hdeposition details can be find [64]. Lastly,
Ti/Pt/Au metal was deposited by evaporation and patterned to form source and drain contacts.
The device performance has beeaptimized by AFRL without a passivation layer and the

investigation of a passivation layer for PLD ZnO TFTs is outside of the scope of this work.

B e S

SiO,

p+ Si

Figure 17. Crosssectional schematic of a blankegate PLD ZnO TFTs with SiOz and ZnO as gate dielectric
and active layer, respectively.
Figure18 shows representativedversus \ésat Vps = 0. 5V for a PLD ZnO TFT with W/L =

400 pm / 10 pmThe TFT has a turon voltage, ¥, (defined hereas \ss for Ips = 0.1 nA/
30





















































































































































































































































































































