ABSTRACT

SWEETII, WILLIAM JOHN. Application of Conductive Thin Films and Selectively
Patterned Metal Oxide Coatings on Fibers by Atomic Layer Depositibrder the direction
of ProfessoGregory N. Parsons).

Next generation device technologies such as flexible electronics will require new
materials to be developed that meet a broad set of device performances imatraing
strength, flexibility, and electrical conductivity. Atomic lexyDeposition (ALD) isa thin
film deposition technique used moanufactue the current statef-the-art integratedcircuits
because it is capable of producing highly conformal-hole free films on ultra high aspect
ratio featureswhile providing sulnanometer level thickness contr@urface modification
using coating methods like ALDprovides a route to imparting desired material propertie
onto a variety of substrates. By applying ALD coatings to flexible polymer substnates,
hybrid materialscan be created,the properties of which are a function of the substrate
material, the coating material, and the deposition conditions under which the coating was
applied

We utilize the ALD coating method to deposit a variety of thin films including metal,
semiconducting metal oxides, and insulgtimetal oxide films, on polymer and crystalline
substrates. Materials development is done with an eye towards electronic dawides
therefore films are characieed for electrical conductivity;the impact of deposition
conditions on conductivity is thoroughly investigagsiwell A new method is developed to
measure and characterize conductivity for electrically conductive fiber substrates, and
conductive ALD coated fibers are compared to conductive fibeduped by other methods.

The conductivity of metal and semiconducting coatings applied to nonwoven fiber

mats is systematically investigated and characterized using the aforemen@ohejue



developed for measuring the conductivity of conductive fib&e impact of mechanical
deformation onthese coatings islso characterized by measuring conducti\bgfore and
after stretching and bendinigsts The mechanical properties of the ALD coated fibers are
studied by tensile testing the coated nonwovandan increase in tensile strength after ALD
coating isdemonstrated.

A method to pattern ALD coatings onto flexible fibrous substrémgdocalized
physical compressions developed, which can be used to pattern flexible metal or
semiconducting electrodeonto nonwoven substrates by ALPatterning of various
nonwoven substrates by ALD is demonstratead the factors controlling pattern resolution
are examined. A full quantitative transport model is developed that describes the impact of
fiber structureand mechanical compression on patterning resolution.

Furthermore, in situ conductance measuremangstaken during ZnO ALDonto
nonwoven substratesand the process is used to study ZnO film growth on quartz and
polymer fibers. Differences in ZnO film gnoh on ALO3; ALD and TiO, ALD coatings is
shown using in situ conductee measurement¥he change in conductance behavior as a
function of ZnO cycle number is investigated for quartz, ryoand polypropylene
substrates. fie transition througALD growth modes is observed for ZnO deposition on
polypropylene where the transition froiim nucleation/coalesces, ssbrface growth and
eventually seHimited ALD growth is observed, and the in situ conductance measurements

correspond well to literature ressilt
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Figure 3.7. (a) Conductivity of ZnO deposited at 155°C on 1) thermal oxide silicon; and 2)
virgin polypropylene, as a function of DEZ dose time. The conductivity of ZnO on silicon
plateaus with a 1 second dose. Conductivity of ZnO on virgin PP increases withnadese ti
up to 3 seconds. (b) Conductivity of ZnO deposited at 155°C on 0z Abated thermal
oxide silicon; and 2) ZnO on PP first treated with 200Q4lcycles at 50°C; both samples
show saturation with a 1 second dose. This shows th@g A eliminatingsome of the non
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Figure 3.8. (a) Conductivity as a function of ZnO cycle numbier 1) ZnO on virgin
polypropylene at 155°C; and 2) ZnO (at 155°C) on polypropylene first coated with a 200
cycle ALO3; barrier. (b) Conductivity as a function of zinc oxide ALD cycles for 1) zinc
oxide deposited oa 150 nm thermal oxide silicoand 2)zinc oxide deposited on 200 A);

ALD cycles on top of a 158m thermal oxide silicon wafe€Conductivity of ZnO deposited

on Al,O3 is noticeably higher than ZnO without the,@} layer. A peak exists at 200 ZnO
cycles (~360 A of ZnO), after which conductivity decreases towards a bulk value of ~150
S/cm, in line with the value for ZnO deposited directly on thermal oxide................... 49

Figure 3.9. Conductivity is plotted as a function of the number of ZnO ALD cycles, for
ZnO/AIO/PP samples deposited at two different temperatures. As demonstrated in Fig. 3.6,
conductivity is higher for ZnO samples deposited at higher temperatures. This shows that
conductivity exhibits similar behavior as a function of ZnO thickness, for two different
deposition temperatures. Both samples show low conductivity for < 200 ZnO cycles, and
thenex hi bit fAplateauo | i ke behav.i.ar..f..orb50t hi cke

Figure 3.10. (a) A picture and (b) a schematic of a ZnO coatedprolyylene sample as it is

being bent around a glass cylinder with 1.13cm radius. As the cylinder is rolled over the
sample, the sample becomes sandwiched between the cylinder wall and the paper support
adhered to the cylinder. This causes the sample tapahe side as the cylinder is rotated
forward; the cylinder is then rolled in reverse, the sample is removed and the conductivity is
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Figure 3.11. The conductivity of ZnO/AlO; coated polypropylene samples (from Fig.

3.8(a)) as function of the inverse of the diameter of bending. The samples were tested prior to
bending (Aunbento), as well as after bendinc
lines were fit for samplewith 100, 200, 300, and 500 ZnO cycles (deposited at 155°C on

200 cycle AjOs coated polypropylene). Data is shown for other samples, but was not fit, in

order to reduce clutter in the figure. Because the samples sat in ambient for up to 16 months
beforetesting, the unbent conductivity is lower than initially measured from Fig. 3.8&2.

Figure 4.1.Scanning electron microscope iges of (a) polypropylene nonwoven, (b) nyon

6 nonwoven, and (c) nylon woven mats used in this study; all SEM scale bars are 20 microns.
Insets are low magnification optical microscopy images of the respective substrates to show
context for the SEM images¢he scale bars for the inset images are 300 microns. Optical
images are of the fibers as received; a 5 nm Au/Pd coating was sputtered onto the substrates
PriOr t0 the SEM IMAIGES.A .. uiiiiiiiiiiiiiie et eenenannes 78



Figure 4.2. ZnO ALD on nonwoven polypropylene deposited at 155°C, with different
numbers of ALD cycles. The color change reflects the thickness of the ALD caating/9

Figure 4.3. Schematic crossection showing ALD coating on a honwoven mat (a,b) without

a mask; and (c,d) with a compression mask in place. The mask limits latarsiodifof the
precursors within the nonwoven, producing a pattern that is restricted to exposed portions of
the mask. This example shows a solid backing plate. The solid plate allows the extent of
growth in the vertical direction to also be controlledalojusting the precursor dose time per

Figure 4.4. (a) Aluminum solid back plate and pattern mask with mask with slits 10 mm
wide and lengths of 1.6 mm, 3.2 mm, 6.4 mm, and 12.7 mm, spaced at least 5 mm apart and
5 mm from the edge. (b) Both sides of a nyononwoven patterned with 400 cycles of

ALD ZnO at 155°C show a pattern, demonstrating that the precursors vertically permeate
through the nonwoven to also produce a pattern on the side that was covered by the solid
metal back plate. The patterned color of the oxide is visible, with some coatingnatlse

€dge Of the SAMPIES.. ..o errr e e e e e e e e e e e eenr e e e e aaaaes 81

Figure 4.5. (a) An SEM image and EDS scans of a ZnO patterned feature on a
polypropylene nonwove.he numbers on the image correspond to locations where the EDS
scans were taken. (I) The patterned region is not covered by the mask; (ll) the compressed
region near the opening where DEZ diffuses during dosing; (Ill) compressed region beyond
where DEZ difuses. The zinc signal is strongest relative to carbon in the patterned feature,
location (). Carbon signal is strongest in the region that is not patterned, and no zinc signal is
detected. (b) Optical absorption data vs. photon energy for ZnO (400 eycl&&°C) on

quartz disks, for adeposited and after annealing at 800°C in air for 3 hours. Inset shows the
same films deposited on quartz fibers. The visible color on thegssited fibers is ascribed

to ZnO with oxygen vacancy or other related defe..............oovvvviiiiiiiccceeei 82

Figure 4.6. Optical microcopy in reflection (top images) and transmission mode (bottom) of
patterned ZnO ALD on polypropyte and nylor6 nonwoven fiber mats. The pattern edge

is readily visible in reflection, and the average extent of coating under the pattern is observed
L= T ] 157 (o o TS 83

Figure 4.7. Machine direction cut nyle® was patterned with 400 cycles of ZnO ALD using
various DEZ dose times. Short dose times produce a feature that is well defined with minimal
diffusion distance beyond the bowamg of the compressive mask. Longer dose times result in
longer diffusion lengths. This process was repeated for cross direction cuténgod
polypropylene substrates; the results of which are compared and discussed in later sections of
TS WOTK ettt e e ere et ettt e e e e e e e e e e e e e e e s smmreeeeeeeeeaeeeeeannnnnnnee 84

Figure 4.8. Patterned layers made by compression of porous substrates. 4.8(a) shows a
stack of 10 nonwoven nyle® mats stacked (a,i) before and (a,ii) atempression and
patterning. 4.8(b) shows (b,i) a cross section schematic of precursor diffusing through a
sample, wheré andV indicate lateral and vertical diffusion, respectively; and-{to)istacks
patterned with increasing DEZ dose times. For loreyg@osure times per ALD cycle, the
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coating penetrates completely in the vertical direction while maintaining the lateral pattern
through the stack. 4.8(c) shows the top three and bottom three layers of a 16 mabmall

stack patterned with a 2 secotdise time, the numbers signify the position within the stack.
The topmost sample (1) is coated uniformly, but the botsample (10) shows minimal
coating. ALD can achieve patterned growth with controlling depth on a fiber substrae.

Figure 4.9. ZnO ALD on (a) nylor6 nonwoven fiber mats cut in the machine direction, and

(b) polypropylene nonwoven mats. For deposition on nylom extent of diffusion under the
masked area is the same for 400 vs 800 ALD cycles, whereas for the polypropylene substrate
the 800 cycle deposition is more spread out than the 400 cycle sample. For more deposition
cycles, precursor diffusion into thelgpropylene polymer may extend growth further under

the mask region. The images were digitally enhanced to increase contrast hy.50%.86

Figure 4.10. Nonwoven nylor6 and polypropylene were patterned at 125°C and 155°C to
determine the impact of deposition temperature on the pattern. (a)-8lydbows a darker

color pattern is created when deposited at higher temperature, but tteodiffength, as
indicated by the arrows, remains the same. (b) Polypropylene also shows a darker feature
when coated at higher temperature, however, the sample also shows significantly lower
extent of diffusion of the coating at higher temperatures. D&posbn polypropylene at
155°C while under compression may cause the polypropylene to deform, fusing fibers and
increasing tortuosity of diffusing precursor molecules. The contrast of the images was
increased 50% to make the coated region more apparent..........oovvvviccceeeeeee e 87

Figure 4.11. ZnO patterns on nonwoven nyk@nafter coating with 400 cycles at 155°C.

The extent of deposition under the exposed mask depends on the amount of compression
used. In this case, of ul |l compressionodo indi
tghtening screws using a hexagonal wr ench,
finger tight; for consistency, digital calipers were used to measured height of the combined
mask and nonwoven samples to verify tightening was consistent throughoatsatlat..88

Figure 4.12. Optical images of (a) nonwoven nylon; and (b) woven nylon fiber substrates
after patterrcoating with ZnO AID. Optical microscopy images from each sample show the
physical structure of each material. The random orientation of the fibers in the nonwoven
compared to the oriented fibers in the woven yarns restricts lateral reactant transport to
achieve better feata definition. The images were digitally enhanced to increase contrast by

Figure 4.13. Data from experimental measuremeotsisible diffusion length for different
substrates deposited using various DEZ dose times are shown; polypropylene (blue triangles)
and nylon cut in the machine direction (black squares) and cross direction (red circles).
Samples were patterned while endboth full compression (solid symbols) and partial
compression (hollow symbols). Distance measurements were taken using an optical
microscope, four micrographs were taken per sample and the maximum and minimum
diffusion distances were measured for eddie average distance is plotted, and the error
bars shown are for the highest standard deviation sample for each of the data sets. The curves
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shown are derived from the solutions to equation 4.4 and 4.5, which are solved using
b= 0 . 0c1=0.5, eélach subsites physical parameters,(T), but allowing the effective
diffusion coefficient Deg) to vary to fit the data. The tortuosity can then be found for each
substrate uSiNg eqUALTION 4.B...........ooiiiiiiiiieree b eeeea bbb e e e e e e e e aan 90

Appendix Figure A.4.1.(a) Growth per cycle for ZnO ALD on silicon, as a function of DEZ

dose time, for 400 ZnO cycles deposited at 155°C where a cycle is W§&MO/purge =
X/40s/2s/40s. The observed pressure change during a DEZ dose is ~0.07 Torr, and during an
H,O dose is ~0.28 torr. (b) Coverage profile curves as a function of normalized distance

(z/L) for various dose times, using an initial reactionbpeob i | i,=0.91; lonmer infial

reaction probabilities produce less abrupt changes in the coverage profile. The coverage
curves shown here are related to the experimentally data plot of coating distance vs. dose

t i me ¢thelenticaltoverage value, which is the amount of coverage required to produce a
visible coating, whi.©Oh Ow.&....e.s.t..i.ma.t.e..t.ac97be 0. 2

Appendix Figure A.4.2.Zn0O patterns in nonwoven nylon and polypropylene after coating

with 400 cycles at 155°C on nylon, and 125°C on polypropylene. For both substrate
materials, the extent of deposition under the exposed mask depends amdbet of
compressi on used. I n this case, oful | comp
tightened using self tightening screws usi n(
are tightened to finger tight; for consistency, digital caliperewesed to measured height of

the combined mask and nonwoven samples to verify tightening was consistent throughout a
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Appendix Figure A4.3.The NCSU logo patterned on a polypropylene nonwoven mat using
ZnO ALD. The insets show SEM images, where the ZnO coating appears lightly colored and
the uncoated polypropylene appears dark. The sample was coated with 400 cyclesabf ZnO
155°C using dose times of DEZ/purgefpurge = 1s/40s/1s/40s. This demonstrates the
ability to pattern complex designs using ALD and compressive masking. Shorter dose times,
smaller diameter fibers and higher compression could be used to increassolbiéan of
PATErNEd FEAIUIES. ... ..ottt e e et e e e e e e e e e s amme e e e e e e e e eeeeas 99

Appendix Figure A.4.4. Patterning is easily performed using,® ALD, and can be
achieved using anything that can compress the substrate. (a) Perforated aluminum plates are
used to compress a polypropylene mat, and is held togetherrugsignd bolts. 200 cycles

of duminum oxide ALD are deposited at 60°C on the salbs. No color change is observed

but the aluminum coating changes the surface energy of the polypropylene to produce a
transition from hydrophobic to hydrophilic. (b) The @k patterned substrate is floated on
water; the sample selectively wets where #l,0O; coating was deposited, but remains
hydrophobic where the substrate was covered by the mask. Uniformity of the compressive
force is the key to obtaining well defined pattern replication. The force distribution of the
screws is not uniform, resulting variable pattern quality; a large weight could be used
instead of screws to apply force, as long as it permitted sufficient transport of the precursors
during ALD. (c) Large scale patterning can be achieved with the technique, and is only
limited to the ability to apply sufficient compressive force, the uniformity of which
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determines pattern quality; (d) the pattern created from ZnO ALD onto polypropylene the
location ofwhich is indicated in FIGUIE A.A(C)........uuuuurureiiiiiiiie e ceeeiie e e e e e e e 100

Figure 5.1. The nylon6 nonwoven substrate used in this work, as shown in (a) picture, (b)
optical microscopy image, (c) scanning electron micrograph. The orientatiabudistr of

fibers that comprise the nonwoven is shown in (d), which plots the percentage of fibers
aligned relative to the cross direction; i n
LT o= o (= PP PP TP PUUPPPPPPRP 123

Figure 5.2. (a) Zinc oxide film thickness is plotted as a function of cycle number for
deposition on silicon and spuncast nybiilms. ZnO films appear to grow well on native
silicon, exhibiting ~1.7 Angstroms/cycle growth, whereas deposition on+@yfihm appears

to initally inhibit ZnO depostion(b) The mass gain measured after ZnO deposition on xiylon
6 fibers is plotted as a function of cycle NUMBEL.............cooiiiiii e 124

Figure 5.3.Mass gain for 300 cycles of ZnO deposited at°C5@s a function of DEZ/}D

dose time for deposition on Allasso Winged Filemylon-6 nonwoven (black squares); ZnO

film thickness on silicon (grey circles) is plotted for referer®auration is easily achieved

on silicon, where a 0.5 second dose is sufficient to achieve ~90% of the film thickness of a 6
second dose, whereas the PAG6 fibers require a 2 second dose to meet this requirement. The
nylon-6 is a higher surface area mate@ad therefore requires more precursor to reach
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Figure 5.4.The mass gain of ZnO coated nylon nonwoven samples is plotted as a function of
deposition temperature. ALD on polymers is a function of both the coating chemistry (such
as properties of the ALD window) as well as properties of the polymer. Thermal expansi

of the polymer as a function of temperautre may infleunce the deposited coating by effecting
diffusion. The limiting characteristic such as reactivity or diffusivity may shift over the
deposition window. At higher temperatures, reactivity of the coatiayg decrease diffusion

into the polymer, which may explain the observed lower mass gain at higher deposition
10 0] 01T = LU UUPUPPRPN 126

Figure 5.5. TEM images of 300 cycles of ZnO ALD deposited on nyofibers at (a,c)
100°C and (b,d) 19TC. The lobel structure of the Winged Fib&tsan be seen in the low
manification images. The high magnification images show abrupt ZnO/8yioterfacegor
both 100C and 196C deposition with no significant diffusion region or subsurface
NUCTIEALION. ...t eeee ettt e e e e eeee et ettt e et e eaaaeaeeeeeessammeeaeeeeeaeaesssaannnnns 127

Figure 5.6. XRD scans of 300 ZnO ALD cycles deposited at various temperaturés) on
thermal oxide silicon, anfb) nylon-6 fibers. In the nylosé fiber XRD, higher surface area
material leads to more clearly defined peaks, but most of the same features arervibible i
silicon XRD as well. A scan of the silicon substrate that was used is shown for reference, as
is an uncoated piece of nykinfibers. The XRD scans are normalized to the highest peak
value. Peak identification was determined by the use of ICDD (RDB)206036-1451 and
00-054-2323 material data fileS..........ooeiiiiiiiii e 128
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Figure 5.7.Conductivity of 300 cycle ZnO ALD coated substrates as aifumcf DEZ dose

time on thermal oxide silicon (black squares), spuncast #/ldim (hollow squares),
nonwoven fibers oriented in the machine direction (hollow circle) and the cross direction
(hollow triangles). Machine direction fibers preferentally adid perpendicular to the
measurement electrodes, whereas cross direction fibers are preferentially oriented paralell to
the measurement electrodes. As a result, cross direction fibers have highiventeansfer

of current, which introduces additionfiber-fiber resistances, resulting in lower effective
conductivity for the same ZnO COAtING.-...........cevuruvmiiireeeeee e 129

Figure 5.8. Conductivity of varios planar and fibrous substrates, plotted as a function of
ALD cycle number, for (a) ZnO ALD and (b) AZO ALD coatings. ZnO conductivity is
dependent on film thickness for thin films 460 ALD cycles); only moderately so for films

on silicon for spuncast FAfilms, but the conductivity of coated fibers shows a strong
dependence. The conductivity of AZO films appear dependent on film thickness for all
substrates, over the range of thicknesses investigated. Interestingly, thinner AZO coatings on
fibers do noexhibit a decrease in conductivity to the same extent as the ZnO coated fibers in
(a). Both ZnO and AZO films were deposited at 150°C. The AZO film was deposited using a
LS 74 0 [@ 37N (@ 2o (o] o 11 o > i [ JS RS 130

Figure 5.9. Conductivity of(a) ZnO and (b) ZO coatings, deposited on MD nyl@éand
thermal oxide silicon as a function of deposition temperature. The samples were coated with
300 cycles of ZnO or AZO, using reciepes of two second precursor doses (ZnO: [0EZ,H
and AZO: DEZ, HO, TMA) and 40 second MNpurges inbetween. The laminate structure for
AZO Was 19 ZNQ 1 AloOs3. et rne e 131

Figure 5.10.(left) The conductivity of ZnO and AZO coated cross direction mddibers

was measured intermittenly, and is plotted on a log scale as a function of time since being
exposedo ambient lab conditions upon removal from the ALD reactor at t=0 h(mnicdle)

The conductivity data for the ZnO and AZO samples from (a) was normalized to the initial
measurement after deposition (taken 0.1 hours after removal); (EGgimuctivity d the
corresponding ZnO and AZO films deposited on thermal oxide silicon.................... 132

Figure 5.11.Conductivity after mechanical strain is applied for MD PA6 coated (aiti400

cycles of AZO deposited at 1X5, 150C, and 20€C; (b) 100, 200, 400 cycles of AZO
deposited at 20C.The asdeposited conductivity (at 0% strain) of the AZO coated fibers in

(a) increases with deposition temperature, but their decrease in conductivity upon straining
appears to follow the same trend. Simiarly, increasing the AZO coating thickness increases
the asdeposited conductivity of the fibers as shown in (b), but thedtrgpon straining
appears to remain the SAMIE..........oooeiiiiiiice e e e e e e e e e e e e aan 133

Figure 5.12. Nylon-6 nonwoven substrates with preferential fiber orientatiohénmachine
direction and the cross direction were coated with AZO and subject to tensile testing. A fixed
mechanical strain was applied using a universal tensile tester, and the conductivity of the
samples was measured afterwords. Machine direction adidiiters align parallel to the
deformation force, whereas cross direction fibers align perpendicular to the deformation
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force. The coating applied was 400 cycles of AZO ALD at°C50sing a 19:1 ZnO:AD;
(o [o] o] ] oo [ = 1 o F TP PP PPPPPPPPP 134

Figure 5.13. Conductivity for AZO coated machine and cross direction nylon is plotted as a
function of the inverse radius of curvature, to show how the conductivity of the two
substrates orientations changes from intiallydegosited (unbent, 0 ¢thto being bent
aound smaller cylinders, the small est of w
which corresponds to the furthest right data point on the graph (3¥.cm................. 135

Figure 5.14. SEM images of the AZO coated MD PAG fibers from Figure 5.12, after being
strained. The samples were not sputter coated prior to imaging. As a reswdgnuctive

areas appear dark in the image, reveatmeglocation of cracks in the AZO. The formation of
cracks upon straining begin to form, then propogate radially around the fiber, at which point
the polymer underneath the fracture can continue to stretch until other cracks are created as a
result of loalized stress in previously uncracked regions. For all strained samples imaged,
there appeared fibers with significantly fewer cracks than a neighboring fiber, the difference
is likely due to local variability in tensile forces imparted on the induvifibals by the
NONWOVEN fIDEI NEIWOTK.......eeeiiiiiiiiiiee e e 136

Figure 5.15. (a) An all fiber pressure sensor was fabricated using AZO coated -Bylon
norwoven mats as electrodes. An electrically insulating polypropylene mat is place between
the electrodes, and the three are stitched together using insulating thread. An insulating
nonwoven polypropylene layer with hole cut in the center (inset), allowsl¢brodes to be

sewn together without electrical contact, but also permits contact when pressure is applied;
(b) current response, Ra/lo under applied force as described in text; (c) average R values
(from 4 data sets) versus applied force (example data set in inset). R increases exponentially
with applied force up t0 ~ 50 g OVEr €0F...........cocevevevieeeeeeeeeeeeees e enaneen, 137

Figure 6.1. (a) The overall 2vire probe device with the quidkange connection and
electrical feedhrough gasket can be seen at right while a sample being held by alligator
clips can be seen in image left; (b) an image of a Rglonwoven substrate in the probe
after 200 cycles of ZnO ALD; (c) front and (d) back images of nd@ubstrate with woven

gold electrodes used for aMre MeasUremMENt.........cccooveeeeeiiiiiiieeeee e 165

Figure 6.2. Representative plots of in situ conductance data taken showing the various
aspects of the recorded data; this data was gathered during 200 ZDCy&les were
deposited on bare nonwoven polypropylene at@5() A linear plot of the data shows the
significance in behavior ofi) the nucleation/coalescence peri@d), the initial conductance

uptake rate and then the transition to lower conductance uptake per cycle at highigycles,

the steady state rate; (b) A logarithmic plot of conductance for the period immediately before
and after the onset of measurable coralumt. In the span of < 10 cycles the conductance of

the coated sample increases 6 orders of magnitude; on this scale the nuances in rate of change
shown in (a) are lost; (c) an @xple of conductance change within two ALD cycles. The

DEZ dose causes condance to decrease which continues until the introduction of the water
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dose which causes an abrupt increase in conductance followed by a slow drop throughout the
(T 2 L O 0T L0 RS (=T o PP 166

Figure 6.3. Conductance is plotted for three ZnO ALD cycles during deposition on a-nylon

6 nonwoven, as measuréa) using the -®vire probe under 0.5 volt bias; (b) using thevide

probe with 1 mA biasand (c) using the-dvire with 20 mA bias. The same trend can be seen

in data gathered from both probes, suggesting that band bending at the ZnO surface, rather
than changes in contact resistance are the cause of the observed oscillations during ZnO
ALD. It can also be seen 83(b) and6.3(c) that with the 4vire measurement, under 1 mA
current there is more noise in the measurement than when using a 20 mA currentjrthe 2

test under 0.5V bias produces inbetwe€elil@nA in the cycles shown B3(a). d) Current

Voltage curves taken on nyléghfibers coated with 225 cycles of ZnO ALD at 160the 2

wire measurement was taken between the center electrodes ofvire grobe so that the
curves represent measurements over the same distance. This pisttishbnomegligible

contact resistance is present in th@i2 measurement (taken using thevide probe) on the

nylon-6 sample with woven AWire eleCtrodes..........uuuvveiiiiiiiiiiiiieeeeeeeeee e 167

Figure 6.4. An Arrhenius plot of the thermal activation of the conductance of a 100 cycle

ZnO ALD coating deposited on bare quartz fibers. In situ, -gepbsition conductance
measurements were taken as a function of temperature, betwiearkB 350C while the

sampe was kept under vacuum. For ZnO, as with any semductor, thermally activated
carriers cause a samplesd conductivity to i
carriers have sufficient energy to be promoted to the conduction band. The sotyduct

thermal activation energy {Fof the plotted ZnO sample iS E0.42 eV.........ccceeeeee. 168

Figure 6.5.ZnO ALD deposited on bare quartz difs at 156C; the current was measured
and the conductance is plotted for saesp{a) together and 1) individually, for samples
measured under applied bias voltages of 0.05V, 0.5V and 5V, the first well defined
DEZ/H,0 cycle is labeled for each sampldne use of higher voltage seems to require fewer
cycles before the onset of measurable conductance occg)sStady state behavior for the
same samples from-{g), showing ZnO cycles #4488 for each of the tests................... 169

Figure 6.6. The onset of measurable conductance is plotted for ZnO deposition at 150°C on
guartz fibers, nylotb fibers, and polypropylerfgoers, both together (a), and individually (b

d). Figure (a) shows the extent of the difference for the substrates before conductance onset is
reached, while Figures i) highlight the conductance trends observed for each substrate
once measurable sign&g detected. In addition to differences in the number of cycles
required before conductance can be measured, the dose/response characteristics appear
different in the initial stages for all three substrates. For Figure -§)6(steady state
conductancechanges are plotted for ZnO cycles #1141 on quartz fibers, ywon-6 and
polypropylene substrates; note the differences in conductance as indicated caxdége y
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Figure 6.7. (a) Conductance onset is shown for ZnO ALD on bare n@qrerformed at
different temperatures andofted (a) together, and-() individually for each temperature.
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In Figure 6.7(a) it can be seehat the number of cycles required to reach measurable
conductance is dependent on deposition temperature. Figuredd.gflows the nature of
increasing conductance for ZnO deposited on ngloat 178C, 150C, and 10€C;
deposition at 17% and 150C showsimilar dose/response trends but AD@hows distinctly
different behawor. (e-g) Steady state conductance curves are shown for the samples for three
ZnO ALD cycles (#147149). Note the differences in theayis scales of the plots. The
largest conductamcis observed for the 18D sample, which is within the ZnO ALD
window. The dose/response curves for the three samples also appear different, with the
100°C sample showing markedly different behavior. To the right of all three samples, plots of
conductancehange during and after the DEZ dose are shown. The inset of ti@ dfple

shows a sizable bump in conductance, which corresponds in timing to the 2 second DEZ
dose, as indicated, similar to the feature shown in Figure 6.5(g) for ZnO deposition on bare
guartz when measured with a 5V applied bias.............ccccoeiiiiiceceiiici e, 171

Figure 6.8.Conductanceurves for ZnO depositions on bare quartz fibers, and quartz fibers
coated with AJO; and TiQ coatings, plotted (a) together, andgpinduvidually for each
surface coating. Conductance behavior of the nucleating ZnO coating is initially impacted by
composition of the underlying metaekide coating, although this dependence is only an
interfacial phenomenon; andiffin under 50 ZnO ALLxycles, the conductance curves show
similar dose/response behawifor all of the smples, which is not the casarlier in the
deposition when conductance behavior is more influenced by interfacial characteristigs.

Appendix Figure A.6.1.In situ conductance was measured during ALD of aluminum doped
zinc oxide deposition on quartz fibers at 200°C; aluminum doping was achieved by
depositing an AlO; ALD cycle from TMA and water after 19 cycles of ZnO ALD. The
image on the left plots condactce for 200 AZnO cycles (10 x [19ZnO+ 1 ADs]isuper

cycleso) ; the right i mage shows the first
TMA dopant dose. The dopant dose has a significant impact on conductance over the course
Of the Next LZNO CYCIES.......ccoo oo e e e e e e e e e e 179

Appendix Figure A.6.2.In situ conductance measurements were taken of aluminum doped
zinc oxide ALD deposited onuartz fibers using two different Aloping recipes, based on
work performed by Na et alThe left figure shows deposition recipe which incorporates Al
doping by depositing an ADs; cycle following 19 ZnO cycles. The right figure shows a
recipe which intrduces the Atopant by dosing TMA after the ¥DEZ dose, rather than
including a water dose in between, as was done in the left figure............................ 180

Appendix Figure A.6.3. In addition to depositing Atloped ZnO film, TiQ doped ZnO
films were also deposited, using Ti@nd water as the Tiprecusor. (left) Using a 19 ZnO

to 1 TiO, doping ratio, 200 ALD cycles were deposited on quartz fiber substrate in ALD2 at
200°C. (middle) A portion of the overall run is depicted, which include two Jddses
which cause a large drop in conductance, this can is clearly depicted in (righy wh
INAICALES PrECUISON HOSES......coviiiiieiiiiii e ceeee e e e e et e e e e et eeensa s e e e e e e atae e e e e e essaan snnes 181
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Appendix Figure A.6.4. (a) In situ conductance was measured for ZnO ALD opQAl
coated quartz fibs. After the ZnO deposition, the substrate was coated with 100 cycles of
Al,O3 ALD, conductance was measured during thgQAIALD, and is shan in (b). Shce

Al,O3 is an electrically insulating material, the current is attributed to the underlying ZnO
layer, although curiously, the conductance continues to decrease in a linear rate for the
remainder of the 100 AD; cycles; an inset shows a magnified portion ofdhta part of the

way through the 100 AD; cycles, the duration of an AD; cycle is indicated to give
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Appendix Figure A.6.5.In situ conductance measurement of a ryBononwoven during

ZnO deposition using fADose and Hol do recipe
reactor, the gate to the pump is closed isolating the chamber to allow extended substrate
precursorinteraction, after which the chambis purged. (a) Onset of conductance for the
sample, plotted logarithmically; (b) six dose and hold cycles after onset of measurable
conductance has occurred, the conductance behavior resembles that from ZnO ALD)plots; (

a cycle during the ZnO dose and hold, with the portions of the conductance change labeled to
show what step they correspond to, precudese, precursor hold, or nitrogen purge.183

Figure 7.1. (a) Mass gain as a function of ZnO ALD cycles on nyfonanofibers and
microfibers; (b) Mas gain as a function of hold time after precursor dose for substrates

coated withabd HolOdd®dogel es, where nor mal A
hold time. Longer hold times after precursor dosing may allow better surface coverage or
precursor infiltration of the SUDSIrateS.............ovvviiiii e 196

Figure 7.2. (a) Mass gain as a function of AZO cycles for ALD on ny@nanofiber and
microfiber substrates; (b) the corresponding conductivity of the samples shown in 7.2(a),
noting thatthe samples coalewnith < 80 AZO ALD cycles were not measurably conductive.
The microfibers in 7.2(b) are machine direction oriented, so that any similarly AZO coated
cross direction oriented samples would have lower conductivity than the microfibeesl plott

Figure 7.3. (a) As measured tensile data of Load (in Newtons) vs. Extension length, for
nylon-6 nanofiber mats consistingf A00 nm or 200 nm fiber diameter electrospun
nanofibers acquired from Elmarco and testedeasived (b) Calculated tensile stress vs.
strain data for uncoated nylghnanofibers, as well as Allasso Industries nyéowinged
Fibers™. Using measured fibemat thickness, the load can be converted into tensile stress,
which provides a better comparison of the material performance rather than the sample
specific performance; strain is found from known spacing between clamps performing the
10251 1] T TP PPPPPPPPPPPP 198

Figure 7.4. (a) Representative Stre§train curves for 200 nm diameter electrospun nfon
nanofibers coated with different numbers of ZnO ALD cycles at@58amples with low or

no ALD coating appear to behave similarly; however upon coating with 200 ZnO ALD
cycles tle stressstrain curve is significantly altered. The dashed lines indicate the maximum
tensile stress for each sample; the strain value corresponding to the peak stress is referred to
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as the strain at peak loafh) The comparable ZnO ALD coated microfib&ubstrates for
both MD and CD orientations. Unlike the nanofiber samples, the microfiber samples do not
exhibit a trend uponN ZNO ALD COALING-. .. ..evtiiiiiieeeeeeie e eeee e 199

Figure 7.5. Tensile stres (a), and tensile strain (b) peak load are plotted for nyleh
nanofiber and microfiber samples as a function of the number of ZnO ALD coating cycles. A
ZnO coating of 10 or 50 ZnO ALD cycles increases the tensitength of nylo®
nanofibers, while a 200 cycle coating causes a significant decrease; the tensile strain for these
samples follows the same trend. ZnO coatings up to 200 cycles causes slight decreases in
both tensile stress and strain performancéd@bn nylor6 microfiber samples.............. 200

Figure 7.6. Uncoated nonwoven nyle® substrates were subjected to heat treatment under
vacuum to simulate the heating effects of ALD coating. The substrates were then tensile
tested, and the tensile stress at peak load is plotted as a function of heat treatment
temperature; unheated reference samples are plotted at a treatment temperatie THh&5

heat treatment does not seem to impact the tensile stress at maximum load for either
nanofiber sample or the cross direction microfibers. Machine direction microfippesr to

exhibit a slight increase in tensile performance upon heating for the samples tested. Trend
[INES are t0 QUIAE thE BYE.... ..o e 201

Appendix Al.1 Figure 1.Top-down SEM micrographs of anodic aluminum oxide samples
treated with different thicknesses of ALD tungsten at 250,000X magnification (scale bars are
200 nm). The imaged AAO substratesve approximately 250 nm diameter pores. Image (a)

is an uncoated substrate. Image (b), (c), and (d) were collected after 25 cyclgS;ain

25, 45, and 100 cycles of W respectively at 200°C. These images show pore shrinkage due
to increasing ALD cading thicknesses. Samples coated with higher cycle numbers show
increasingly rounded edges and softer features in the nanometer scale due to the conformality
(o) 1 [T oY= 1] o 1S P PPPPPPPP: 222

Appendix Al.1 Figure 2.Tungsten film thickness versus ALD cycle number on AAO and
silicon substrates. Samples are-peated with 25 cycles of AD; and processed at 200°C.
Film thickness on the AAO were extracted from-tipvn SEM images of AAO pores
SHOWN IN FIQUIE L .. e e e e errea s e e e e e e e e e e e e e e e e esaenneeeeaaaeeeees 223

Appendix Al.1 Figure 3. Crosssectional view of AAO pores with: (a) 45 cycles; and (b)
100 cycles of W ALD after breaking the coated AAO. The AAO templates arzgated

with 25 cycles of AIO; and processed at 200°C. In each image, an inner tube of tumngste
surrounded by an outer AAO substrate shell, and the W thickness increases with ALD cycle
number. The arrow in image (a) points to the outer-wiak of a W tube where the AAO

Shell WaS FEMOVEU. ...t e e e e emenrnn s 224

Appendix Al.1 Figure 4. Photograph showing nonwoven nylérfiber mats after coating

with 100 cycles of W ALD at 140°C. The sample on the left is not treated wiDsAl
resulting n poor tungsten nucleation on the fibers, whereas the sample on the right shows
proper W nucleation as a result of reatment with 25 cycles of ADs at 140°C........... 225
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Appendix Al.1 Figure 5. Micrographs of nylors fibers (Allasso, Winged Fibéer$) coated
with 25 cycles of AIO; followed by 100 cycles of W at 160°C. The dadantrast is from the
tungsten coating, which grows conformally around the fiber wings. Ts@;Alleposition is
not visible at these magnifications. A crasstional SEM image of a P@fibril is shown in
(d), reproduced with permission from Allasso IN@@SEINC...........coovvveiieiiiiiiiiianennenn. 226

Appendix Al.1 Figure 6. Effect of SiH, and Wk exposure on substrate mass gain after 25
Al,O3 cycles and 100 W ALD cycles at 145°C. The data points show mass uptake on the
nylon fiber mat for: (open triangles) increasing silane exposure with fixegléiffosure (=
~2x10 L); and (closed squares) increasing 3\M#th fixed silane exposure (= ~4.5x10).

The pressure change during silane ands\Wses was 0.5 and 0.2 Torr, respectively. For
films with 20% or more mass loading, the maximum error of the mean for fractional mass
increase was 5%, as shown by the error bars. The lines are a guidedgeih........... 227

Appendix Al.1 Figure 7. Fiber mat effective conductivity as a function®iH, and Wk

exposure for 25 cycles of AD; and 100 cycles of W deposition at 145°C. The data symbols
correspond to the samples shown in Figure 6. The conductivity is approximately 1000 S/cm,
independent of exposure conditions when sufficient coating thickness is present. The data
points show effecte conductivity on the nylon fiber mat for: (open triangles) increasing
silane exposure with fixed Wexposure (= ~2xT0L); and (closed squares) increasing sVF

with fixed silane exposure (= ~4.5x10). The lines are a guide for the eye. Each data point
represents an average of 7 measurements for each sample. The standard error of the mean is
smaller than the size of the data POINtS..............uuuuiiiicccr e 228

Appendix Al.1 Figure 8. Effect of varying silane dose times and short silane doses
combined with varying hold times on W mass uptake on n§ldiber mats. All samples

were coated with25 Absand 100 W cycles at 145AC. For t
dose time is set at 10 seconds after which the reactor is closed for a set hold time between 20
and 120 seconds. The remainder of the ALD cycle proceeded unchanged. We also compare
runs donewith different silane dose times without the hold step (triangle symbols, data from
Figure 6). With the 10 second silane exposure, the hold step does not enhance W mass
uptake on the fiber mat substrates. The error bars represent an uncertainty otidhass
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Appendix Al.1 Figure 9. Change in conductivity for conducting layers deposited on fiber
substrateswhen the fiber mats are bent around increasingly smaller cylinders. The
conductivity of ZnO on polypropylene fibers is approximately 20 S/cm as prepared, but it
decreases substantially upon bending. Similar experiments for 4b@ai&d nylon studied

here shows ~90% conductivity retention upon bending. Data from ZnO coated
polypropylene is from reference 20. Tungstemted samples were prepared with 2504l

and 100 W cycles at 145°C. Each data point represents the mean of two conductivity values
colleded from each sample, and the error bars show typical variation..................... 230
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Appendix Al.1 Figure A.1l. (a) The maximum force achieved during the tensile test is
plotted for each of the three types of tested substrateshéiensile strain at maximum load
is plotted for the three types of substrates. Error bars indicate one standard deviat33

Appendix Al.1 Figure A.2.SEM images of (a) adeposited, and (b) tensile tested tungsten
ALD coated nylor6 fibers. The asleposited tungsten coated fibers show limited cracking
from normal lab handeling. The tensile tested tungsten coated-@ydblows much more
significant cracking, as well as patches of delaminated coating which appear as dairk spots
LU 4 F= Lo [T PSPPSR TTTPPO 234

Appendix Al.2 Figure 1.A schematic of the-robe (a) line features and (b) experimental
apparatus used to measure the resistivity of fiber systems. In this design, the outer electrode
spacing is 1.9 cm and the inner probe spacing, s = 0.5 cm. The probe pads are fabricated by
e-beam deposition of 200 nm of Au with a 10 nm Ti adhesion layer onto a glass slide.
Another glass slide is used to apply a uniform compression onto the fiber substrate. Plots of
currentvoltage (c) for silver coated nylon nonwoven fiber mat and (dp AZnO coated

paper with a Zorobe apparatus and thepbbe apparatus introduced in this work. For the 4

probe method, current was applied across the outer probes and voltage was measured across
the two inner probes. For thepPobe method, voltage wapied and current was measured
acCross the tWO INNET PrODES......oii i 264

Appendix Al.2 Figure 2. Plots of (a) conductance vs. coating maamsd (b) effective
conductivity vs. coating mass for the silver coated nylon nonwoven fiber mat. -gdiobel
measurements were conducted with a loading weight of 1700 g. Error bars reflect one
standard deviation of the measured values. (c) Plot afumance measured through silver
coated fiber mats as a function of applied loading mass. Increasing the loading mass
compresses the fiber mats and generally increases conductance. The numbers on the right
refer to the number of coated mats stacked duhegneasurement. Stacking multiple mats
increases the amount of silver available for conductance. (d) Effective conductivity values
obtained from the data in panel (c) after normalizing using equation (3). A somewhat larger
value of saturated effectivaonductivity is obtained with one fiber mat which contained the
fewest total number of fiber/fiber contact points..............cccccvviiimmniiiiee 265

Appendix Al.2 Figure 3. SEM images of woven cotton (a) before ALD processing; and (b)
after 480 ALD cycles of ZnO grown at 115°C. Plots of (c) conductance vs. loading mass;
and (d) effective conductivity vs. loading mass for woven cotton fiber with6BGOALD

cycles of ZnO coating grown at 115°C. The number of ZnO ALD cycles used for each
sample is indicated. Prior to the ALD ZnO, 50 cycles of aluminum oxide was deposited at a
temperature Of BO°C. ... ..ooo i 266

Appendix Al.2 Figure 4. SEM images of cotton paper (a) prior to ALD processing; and (b)
after 480 ALD cycles of ZnO grown at 115°C; Plots of (c) conductance; and (d)
conductivity vs. loading masfor cotton paper after ZnO ALD at 115°C. The number of
ZnO ALD cycles is indicated on the right. Similar to the woven cotton in Figure 3, 50 cycles
of aluminum oxide was deposited at 60°C prior to the ZnO ALD.............ccooiieeenn. 267
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Appendix Al.2 Figure 5. Values of (a) conductance; and (b) conductivity of ZnO coated
woven cotton fiber and cotton paper as a function of ZnO ALD cycles measured with 1000 g
loading mass. The conductance values are not expected to be the same on the two substrates.
However, mrmalization of the data using equation (3) produces an effective conductivity
value that is approximately independent of substrate and extent of film coating.....268

Appendix Al.2 Figure 6. (a) SEM image of polypropylene fiber with 480 ALD cycles of
ZnO grown at 115°C before mass loading. Plot of (b) conductivity vs. loading weight for
nonwoven polypropylene fiber mats with 50 cyclé®bD aluminum oxide followed by 180

to 600 cycles of ALD ZnO. The values do not show a consistent result in this case due to
noncohesive ALD film deposition on the polypropylene fibers. (c) SEM image of
polypropylene fiber with 480 ALD cycles of ZnO gvo at 115°C after loading with 2000 g,
Showing filM CraCking..........ooooiiii e 269

Appendix Al.2 Figure 7. (a) SEM image; and (b) effective condudly vs. loading mass
obtained from quartz fibers coated with 200 cycles of ALD W at 200°C. A consistent
effective conductivity of 1150 S chis observed. (c) Picture of an all fibeased metal
insulatof metal (MIM) capacitor fabricated with tungsteoated quartz fiber (metal
contacts) and polypropylene (insulator). A plot of (d) capacitance density vs. frequency
evaluation of the MIM capacitor exposed to various chemical solutions.................. 270
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CHAPTER 1. Introdu ction

Atomic layer deposition (ALD) is coating method that utilizes alternating- self
limiting vapor phase reactaohemistries to construct filma alayer by layer fashion with
subnarometer level thickness control. As a result of the vapor phase reactants and self
terminating reaction chemistry, highly conformal films can be deposited on complex and
very high aspectatio features. A variety of ALD chemistries have been demonstrated to
date, includingpure metals, metal oxidesnetal nitrides, metal sutfes, and other binary
compounds, in addition to a variety of ternary and quaternary compdukidd. finds
application in the semiconductordustry for deposition of high quality dielectoxidesfor
applications such as trench capacitors in DRAM and-kighte oxidein MOSFETS? Intel
currently uses ALDXo depositHfO, gate oxide layersj u e A L D 0 sated abittp to s
deposit very thin2-3nm), high quality, pinhole free films in agreement with manufacturing
requirements fotheir 45nm node chip desigh

Recently, ALD has been increasingly applied to a wider variety of substrates,
including aerogels, graphenearbon nanotubess well aspolymer films and fibers>3°
Deposition on these surfaces bring a variety of complications not typically present for
depositionon silicon, including high aspect ratio coating considerations like dosing quantity
and time, as well as differing levels of substatecursor reaction varying from inert carbon
materials to very reactive polyméts. The growing sulgivision of ALD stud/ on non
traditional substratesstill has much to be investigatemhcluding even the s of fairly

common precursor chemistries. For this work, application of transparent conducting oxides



on flexible polymer substrates is chosenthe topic of investigation, since it presents a new
set of yet unmet challenges, with interesting potentigliegtions for future research and
manufacturing.

In this regard, the pnarily materias of interest arezinc oxide films deposited by
atomic layer deposition, which can be readigpositedusingdiethyl zinc (DEZ) and water,
over a temperature rangeoiin 60C to above 200°C. For applications as a transparent
conducting oxide, high conductivity is desirable, and deposition conditions are
investigatedvith the goal of maximizing the conductivity of the ZnO films.

The zinc oxide ALD process is wedtudied for deposition on silicon and other planar
substrates? * but little work exists for deposition on other substrates, although recently the
topic has cora under more investigatidfi”* In addition, molecular layer deposition (MLD),

a variant of ALD where molecules are deposited during a cycle rather than atoms, has
incorporatd DEZ as a cgeactant with the goal of developirghybrid organieinorganic
deposition process that possesses -Hk®© conductivity, while incorporating the flexibility

of organic molecule$”?*

Zinc oxide is ann-type semicaductor with a bandgap of ~3.3eMhich makes it
appealing for use in UV capture or emission in applications such as photovoltaics, UV
lighting, and UV sensors. When exposed to various chemical species such as oxygen, water
or ethanol vapor, a depletion layer forms at the ZnO/gas ingeréa@bling ZnO to be used
for gas sensing® %’

Intrinsic zinc oxide is a 4type semiconductor that owes its conductivity to a

combination of ative defects such as interstitial zinc atoms, oxygen vacancies, and hydrogen



doping, although the specifics of its origin is still under deB4t8. Intrinsic ZnO can be
natively doped through tuning of parameters impacting the amount of interstitial zinc or
oxygen vacanciesor example by posgrowth annealing">

The electrical conductivity of a ZnO film or crystal can vary significantly depending
on the stoichiometry, impurities, and defect density, all of which are dependethi on
conditions and method used to deposit or grown the ZnO. Farpéain one report. high
purity, low defect,single crystalZnO grown from melt solutionhad a bulk electrical
conductivityof ~12 S/cmwhile ZnO ALD films canhavean electrical conductivity 0f150
S/cm forundoped asleposited ZnGilms on SiG.?° Defects in the ZnO crystal also impact
both the ctor and transparency of the ZnO; pgsowth annealing of ZnO single crystals in
anoxygen rich environmeritas been shown to increase transparency and redlare while
annealing ima zinc rich environment reduces transparency and turns the ZnO crystal redish
brown3"*?|n addition to producing a color shift in the ZnO, annealingrimxygen orzinc
atmosphergalso caused conductivity to decrease, or increase, respectively.

Highly conductive ptype ZnO films are not formed easily, which has limited the
application for ZnO based mat e¥ Nativedefedtsor us ¢
cannot be used to dop@@ ptype, which is thought to be due to the low formation enthalpy
of donor defects, interstitial zinc, oxygen vacancies, compared to the high formation enthalpy
of native acceptor defects, interstitial oxygen and zinc vacafichesecent reporsuggest
thatdefectdefect interaction between oxygen vacancies and interstitiahzybe the cause

of the ntype conductivity observed in many ZnO filffs.



Extrinsic doping is readily achieved in ZnO, primarily througtypme donors. ZnO
films get additional electrons injected into the conductand from shallowdonor levels
when, for example, an aluminum replaces a zinc &foBy extrinsically doping ZnO, a
defect level is formed which alters band behaviemducingdifferent thermdly dependent
variation of the electrical conductivity for doped and undoped ZnOUndoped
semiconductors have carrier concentragioantrolled by thermal excitation, so increasing
temperature always leads to higher conductivity, and cooling leads to lower conductivity.
Because dopant atoms ionize at low temperatures compared to that required for thermal
excitation of carriersgoped smiconductors have a constant carrier density over a range of
temperaturesAbove temperatures whetopant atomganionize and contribute carriers to
conductioncarrier concentration remains constant until thermally generated carriers begin to
be promotd in sufficiently large amounts that they begin to dominate conduction, shifting
behavior to that of an intrinsic semiconductor.

Zinc oxide is readily deposited by atomic layer deposition with-reutbmeter
control, at low temperatures (< 200°¥€)>1%2°3* Doping ALD films can be readily
achieved using standard delta doplmg systematically alternating in dopant cycles, or if
precursor chemistry allows, preixing the primary metal precursor with that of the dopant
metal precursot: A variety of dopants have been investigated, the most common of which is
aluminum®*¢3%4% pyt others include galliuth*:, hafnium?? titanium?® indium**4*®
fluorine*® and phosphourou€. Post deposition annealing of ZnO ALD films has been
performed using arsenffjn order to create-pype ZnO. By aluminum doping ZnO (AZ&)

the conductivity of deposited films can be increased by an order of magnitude over undoped



films,'® producing a material that has condudgivilose to that of indiunin oxide (ITO)
films, the current benchmark for transparent conducting oxid€3 is a very commonly
used transparent conducting oxide that has applicatioaatronic displays ansolar cell
devices due to its high condiwty and transparency, bumdiumis not widely abundant in
thee a r trast®s The production of indium metal from minede is inefficient, leading
ITO to be expensive, and projected growth in displays (e.g. televisor@iphones) and
solar cells makes the availability antbst of using indium a concern, whitias lead to
increasing interested in alternative materials with comparable performance
characteristic§>*°

In this work, zinc oxide will be deposited by ALD on insulating nonwoven polymer
mats to produce conductive nonwovens which are then electrically and mechanically
characterizedThe conductivity of ZnO deposited on nonwoven substrates is also studied by
in situ measurement, and it is used to study nucleation and coalescence of the ZnO ALD film
as it is being deposited on substrates of different chemistries like metal oxidesyandrp.
Furthermore, a technique is demoatgd to pattern nonwovens by ZnO ALD, which could
be used for exampléo apply conductive metal or metal oxide electrodes onto a nhonwoven

by ALD.
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CHAPTER 2.Experimental Tools
2.1 Atomic Layer Deposition

Atomic layer deposition was performed in one of three homebuilt hot walled ALD
reactors, all of which operate undemsar deposition conditions. The primarily reactor,
which accounts for ~90% of the deposited samples in this ,wwak been described
previously® while the other similarly designed reactors have been described before elsewhere
as well®* All depositionswere performed using nitrogen carrier gas that was filtered dried,
and supplied at ~150 sccm, corresponding to a reactor pressure of ~1.0 Torr. Depositions
were performed over the temperature range froAC36 200C. Typical deposition recipes
for ZnO were DEZ/N/H,0/N, = 2s/40s/2s/40s, where a 2.0s DEZ dose produced a pressure
change of P =0. 0 7,0; Dase had a Aecipe wip TMABH,O/NA +
1.2s/30s/1.5s/30syhich produced a TMA pressure changegoP =08 Torr. All recipes
were constructetb have >2x the water dose of the metal oxide precursor, to ensure complete
reaction of the metalorganics. Furthermoreprecursor doses and purge timeswere
investigatedat various deposition temperaturgsensure appropriately saturating doses were
provided, and that sufficiently long purganes were used to ensure ALWas being
achieved Non-saturating precursor doses produce lower growth per cycle and lead-to non
uniform film growth, while insufficient purging increases the likelihood of precursors
reactingin the gas phase amdusing undesired chemical vapor deposit®aturation curves
were produced as a function precursor dose time for each reactor, and this was used to verify

similar deposition was occurring in all three reactors.
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2.2 Ellipsometry

To determine the film thickness for the deposited ALD coating layer, as well as for
the substrate thermal oxide layer, or sjgast polymer film,spectroscopic ellipsometry
(Alpha S.E., J.A. Woollainwas performed prior to, and after deposition, a mininofifiour
times per sampléAt least two monitor wafers were used for each ALD run, one in the front
and one in the rear of the reactor, to indicate if similar ALD was occurring across the length

of the deposition zone.
2.3 Four point probe

Sheet resistancas measured for films deposited on electrically insulating thermal
oxide silicon wafersusinga 4point probe (Jandel mulheight probe with RM3AR test
unit), a minimum of four times per safep Since the thermally oxidized silicon did not
produce a measable sheet resistance within the range of tp®idt probe, which has an
upper limitof 1q/ squar e, we attribute any sheet res

to be that of the ALD film, and assume the underlying substrate to be completely insulating.
2.4 Four Electrode Probe

In this work, a fourelectrode probe described in previous Viaras used to measure
the resistance ahe conductive coating on thenwoven samples; the same mathematical
analysis was performed in order to determine conductivity values discussed in this work.
Additional analysis of the impact of fibéiber resistanceon the effective condautivity of

conductive nonwoven fiber maigll be discussed in this work
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Resistance measurements of the coatgdvovens were taken usiagiourelectrode
probe attached to &eithley 2400 Sourcemetayperating in sensing mode. Thentact
resistance between the electrodes and alligator clypsected to the Sourcemetens
measured prior t o each 5uGhras, usirg radnultnetsiThef o u n d
resistances of the polymer substrates are too high to be detected hathasttivity limit of
the Keithley therefore the resistance measured on the ZnO coated nonwovens is attributed
only to the ZnO coating.

Only a portion of the ZnO coating actually contributes to a givesistance
measuremengndthat is the amount of coatinge t ween t he probeds i nne
is where the voltage is measured. If assumdinear mass density of the sample, then the
amount of sample between the center electrodes can be deterimerhn determine the
amount of nylor6 between the ceéer electrodes, usind) the length of the sample
perpendicular to the electrodesd. 3.2 cm), an@) the known center electrode spacing of
0.5 cm, we carstimatg(0.5 cm/32 cm=0.156 15.6% of the initialuncoated fiber manass
0.156x25 mg = 3.9 mgs between the electrodes. With the calculated mass gain for a given
sample, e.g. 45% mass gain for 300 cycles of ZnO #iC130e can estimata ZnO coating
mass of Meoating = 0.0039g0.45 = 176x10° g of ZnO coating isin-betweenthe center
electrodes, and thusntributing to the measured resistance.

Resistance, a measurable, extrinsic material property, is used to calculate a materials
resistivity (the reciprocal of conductivity). Resistivity is an intrinsic property of a mjter

and is defined as:
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} (OhmAcm) = Resistance ( Oh/iength(@m) Cr ogXl) Sect i o

which holds regardless of the shape or length of the sample being tested, since the
sampleéresistance decreases proportional to increasing crossnsgcrea, and resistance
increase proportional to sample length. Therefore, usiegheasured length and resistance
of the samples, if we can calculate the cross section area thwveuigh current flows,
resistivity (or conductivity can be determined.

As derived previousl§, by usingl) the coating density (ZnO ~ 5.71 g/&m2) the
length between the measuri{gensing)electrodes, an@) the calculated contributing ZnO
mass, we can determine the cross sectional area of the ZnO coating on the nomsvoven
1.76x10%g / (5.71g/cm - 0.5cm) = 6.16xI0cn?. Sincethe length over whictheresistance
is being measured is known from the probes geongdisyance between the center sensing
electrodes)we can then calculatee conductivity of the sample, by inverting equation 2.1,
such thatl (S/cm)= *)Ohmcm)* = Length / (Area x Resistancé)sing the measured
resistance of the sample (eR)= 33 Ohmj the effective conductivity can be calculated by
the equatiort:

1 LO
S (SCGm™) =
m

coating

e
. 2.2)

which produces an effective conductivity value for gmxamplesample of 24.6 S/cm,
when using a ZnO density of = 53 thd sargpledength=0.5 cmof the sample

contributing to resistance measurement, and an etkecspacing = 0.5 cm
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The first group of terms in equation 2@,x} / cqing are theinverseof the cross
sectional area of the conductive film. The spaagng a fixed value based on the probes
construction; while a different value bfcould be used in thisalculation, as long as the ratio
of contributing sample mass is adjusted accordingly, the change in these terms will cancel to
produce the same effective conductivity.

This calculation is complicated if the substrate is not sefiity electrically
insulating, but thebare polymers used here are not conductive enough to produce a
measurableconductancewithin the detection limits of the devicee.§. current << 1

nanoAmpsdn a fieldof 20 Volty.

2.5 Optical Imaging

Optical images wereollected using a high resolution digital SLR camera with
macraofilter attachments fosome substrate imagdsor some of these imagaés,he | mages 0
contrast was enhanced usiGdMP 2.8 Graphics Software, and is noted in the captions of
any enhanced figuse

High magnification optical images were taken using a Jenoptik optical microscope
with a ProgRes CT5 digital microscope camera attachment. Microscope images were

analyzed using ProgRes CapturePro 2.6 software package.

2.6 Scanning Electron Microscope

For sane samples, a FEI Phenom scanning electron microscope (SEM) operating at a

5 kV accelerating voltage was used to image the substrates. For bare polymer substrates, a 5
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nm Au/Pd coating was sputtered on the samples prior to imaging. For other samples, (e.g.
the case of AZO coated nylon) the samples did not require sputtering prior to imaging. As a
result, such samples, such as the AZO coated r§/lsubstrates imaged after tensile testing,
show a strong contrast between the AZO coating which appeard, larghthe insulating
nylon-6 polymer underneath, which appears dark.

Other samples were imaged in a Hitachi S3200N variable pressure scanning electron
microscope withan Oxford Energy Dispersive-Ky JectrometeEDS) attachmentat the
NCSU Analyticd Instrument Facilitywith the assistance of Chuck Mooney. Samples
prepared for analysis with this tool did not require a conductive coating to be applied since
the tool can image neconductive substrates. As a result, the contrast present in these images
does not reflect a difference in localized conductivity of the substrate, as with the Phenom

SEM images.

2.7 Transmission Electron Microscope

Some samples were analyzed by Transmission Electron Microscopy (THM).
fiber samples were embedded in a low vistyogpoxy resin (Ladd Research Induss) and
allowed to cure ovenight at room temperature. The blocks were then cut to a thickness of
90nm using a Lecia Ultracut diamond knife microtome. The samples were then floated on
300 meh grids and allowed to ¢gr Images were taken at ttNCSU Analytical Instrument
Facility with the assistance of Toby Tung and Roberto Gatsng either dEOL 2000FX
S/TEM or aHitachi HF2000 FETEM, with cold field emission electron sousceand

accelerating voltages of 200kV.
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2.8 Ultra Violet T Visible Light Spectrophotometer

UV-Vis transmission spectra weetaken using an Evolution 30thermo Scientific
UV-Vis spectrophotometer. Double side polished sintered quartz disc substrates (1 inch
diameter) were used for the U¥is measurment because they have > 99.6% transmigsion
the 190 nmi 1100nm wavelengthrange of the spectrophotometer. Prior to use, the quartz
discs were rinsed with acetone, ethanol, and theordeed water to clean the surface, and
then dried with nitrogen. Ae ALD coatings (e.g. 400 cycles of ZnO at AG0were then
deposited onto two quartz dische discs were propped up during deposition to ensure
uniform coverage on the front and back of the substrétiésr deposition, one quartz disc
was analyzed tohbgain the UWVis transmission of the adeposited ZnO ALD film. The
other ZnO coated quartz disc was then subject to annealing in air°@t 803 hours. After
cooling the annealing furnace, the annealadD coatedquartz disc was removed and

analyzed fo UV-Vis transmission.

2.9 X-Ray Diffraction

X-ray diffraction (XRD) was performed at the NCSU Analytical Instrument Facility
using a Rigaku SmartLab -Ky diffractometer with a CuK X-ray source, with th

assistance of Dr. Do Han Kim.

2.10 Tensile Testing

Tensiletesting was primarily performed on nonwoven substrates that were cut into 12

mm X 60 mm strips for tensile testing. The testing was performed using an Instron 5943
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Tensile Tester, using a 1 kN load cell, and a cross head speed of 10 mm/min. To determine
the tensile strength of materials, data was gathered by testing the samples until failure to
determine maximum load and extension measurements.

For other samples, the objective was to determine the impact of tensile strain on the
conductivity of the coatigp The conductivity of these samples was measured prior to tensile
testing using the-électrode probe setup described earlier. Then these samples were strained
a fixed amount (2%, 5%, 10%, 20%, or 50%) and these samples were then tested again for
conductvity. The conductivity measurements and tensile straining of these samples were
typically performed the same day the samples were deposited.

Four samples were tested where the conductance of the sample was measured as the
tensile testing was performed, atitese tests were carried out at the College of Textiles
Physical Testing Lab using a MTS-Tgst/5 Universal Testing Machine. For these tests, a
Keithley 2400 Sourcemeter was used to measure the current between two electrodes attached
to a nonwoven samphlith a conductive ALD coatingFor these tests, 25 mm x 152 mm
substrates were used rather than the typical 12 mm x 60 mm sample size. The Keithley 2400
Sourcemeter was set to collect current data as the tensile test was run. The samples were
tested untilfailure, as indicated by a 50% reduction in load compared to the measured peak
load. Even at mechanical failure however, samples registeredenorcurrent indicating that

conductive pathways still remained through the sample.
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3.1 Abstract

Electrically conductive zinc oxide coatings are applied to polypropylene nonwoven
fiber mats by atomic layer deposition (ALD) at-585°C. A low temperature (80)
aluminum oxide ALD base layer on the polypropylene lindiffusion of diethyl zinc into
the polypropylene, resulting in ZnO layers with properties similar to those on planar silicon.
Effective conductivity of 63 S/cm is achieved for ZnO oa@lcoated polypropylene fibers,
and the fibers remain conductive foonths after coating. Without th#d O3 precoating, the
effective conductivity was much smaller, consistent with precursor diffusion into the polymer
and subsurface ZnO nucleation. Mechanical robustness tests showed that conductive
samples bent aroundéamm radius maintained up to 40% of the-pemding conductivity.

Links between electrical conductivity and mechanical performance will help inform materials

choice for flexible and porous electronics including textésed sensors and antennas.
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3.2 Introdu ction

Conductive fibers and mat materials are currently used in applications such as
chemical and photo sensors, energy conversion and stdriageedical, electromagnetic
shielding, and communication devicéSFor these uses, conductive fiber materais made
by directly spinning or extruding conductive fibrous materiplsstspinning treatment of
conductive fiber precursors, mixing conductive additives into the source polgmeés;
adding a conductive coating to the fib&Ps.’ A large amount otonductive filler is often
required to achieve good conductivity for polyaparticle mixtures, complicating
production and impacting the mechanical performance of the poR/iathile spinning
conductive polymer fibers by techniques such as electrosggjrane gaining interest, coating
fibers with conductive material can be done by many techniques utilizing any fiber types and
production methods. Although coated fibers can be highly conductive, bulky coatings are
stiff and can add significant weight, acoating conformality is often limited.

For this work we explored atomic layer deposition (ALD) to coat nonwoven
polypropylene fiber mats with nanoscale zinc oxide to produce conductive coatings. Atomic
layer deposition applies vapor phase-reactants independently (either spatially or
tempordly) utilizing alternating seHimiting reactant chemistries to deposit a film coating
layer by layer. The selfimiting process allows excellent conformality on thomensional
nonplanar substrate surfaces. Nonwoven mats consist of randomly oriééesl of
synthetic or natural polymers and present an interesting example of a 3D structure amenable

to surface modification by ALD. Nonwovens can be made from many polymers, and offer
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control of fiber diameter and geometry, as well as web density, andecproduced at high
volume and low cost, all of which make nonwovens a versatile substrate thiineoven
production methods include meltblaywspunbond, and electrospinnitechniquesand the

mats are often bound together by physical, chemical,emhanical mearfsPolypropylene,

for example, is a widely used nonwoven which offers a chemically inert substrate that could
be used for sensing applications that involve corrosive species. We conjectured that a thin
conductive film by ALD could add condtirity to nonwoven polypropylene without adding
appreciable weight or significantly impacting mechanical flexibility, and therefore the ALD
process could be advantageous over other known techniques to produce conductive fibers
and fabrics. We chose zinxide as a coating material because it is a popular-semi
transparent conductor that offers, for example, chemical and light sensitivity for sensor
applications, and can be easily doped to increase condudtifiso, zinc oxide can be
readily deposited bALD at temperatures compatible with polymers such as polypropylene,
which can melt at temperatures as low as 165°C.

The surface reactions during initial stages of atomic layer deposition on polymers
depend strongly on the structure of the polymer satestand the vapor phase reactants.
Species can diffuse into polymers, and then react with functional groups in the polymer
backbone, contaminates, or with-temoved precursor species; the extent of-mutace
growth depends on the detailed process armtgss conditions, especially temperature.
Many studies have investigatéd,Os; deposition usingrimethyl aluminum TMA) andH,O

on inert polymers including polyethyleh®, polytetrafluoroethylenét and
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polypropylene’®*?1* At low process temperatufe60°C) the TMA and water diffusion are
limited, promoting a conformal coating primarily on the outer polymer sutfdée.

Problems with suisurface diffusion and reaction can be avoided by careful process
design. For example, by applying a thin blockiager under conditions that minimizes sub
surface reaction, a second layer can be added with a desired functionality. In our case, we
coat the fibers with a thiAl O3 base layer abw temperature, followed by a conductive ZnO
layer at higher temperaewr The entire process proceeds below the maximum process
temperature for the polymer, 165%@Ve then examine the resulting fiber mat conductivity
as a function of ZnO ALD conditions and show initial results of how the fiber mat

conductivity is affected bynechanical manipulation.
3.3 Experimental

Polypropylene (6He)n is a nonpolar, semicrystalline thermoplastic that has high
chemically resistance to many common solvents and acids, and has low water ab%btption.
Polypropylene has a glass transition temperaturd @€, and melts at 16576°C %" The
nonwoven polypropylene used for this work was prepared on asgide mehblowing line
at the Nonwovens Cooperative Research Center at North Carolina Stagesiynivi he raw
polypropylene was from Sunoco Chemicals Polymer Division (product CP36Q=58\b
kDa). The finished mat had a basis weight of roughly 4F gfid was used as received. The
mat was approximately 0.3 mm thick, with fiber diameters betwegrrh, and a specific
surface area of 1.6y determined by Brunau@mmettTeller (BET) surface analysis. The

net effective surface area per unit sample size is then estimated as t48 ¢In6 nf/g) =
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64, meaning that the surface area available toda¢ed, is 64 times larger than the lateral
surface of a sample.

Polypropylene samples were cut from the Abddtvn nonwoven, into 2.0 cm x 3.0
cm rectangles for deposition, giving them a lateral surface area of 6 fecraample and a
net effective sueice area of 384 cnper sample (6.0 cfrx 64 = 384 crf). Polypropylene
samples were weighed using an analytical scale, before and after ALD. Three pieces of
silicon were also coated simultaneously in each run; two 1%0peues with native oxide
present were used for ellipsometry measurements. A 2.5 cm x 2.5 cm piece of silicon with
150 nm thermal oxide was also coated and was used for-ploentd probe conductivity
measurementsBecause the resistivity of the oxide is very large, greater thariGhe
g /square sensitivity limit of the four point probe, the measured conductivity corresponds to
that of the deposited film.

After measuring the starting mass of the fiber substrates, pieces to be coated were
placed in a wire mesh sample holder along withsiheon, and then placed in the deposition
chamber. The reactor was sealed and evacuated, and the temperature was allowed to
equilibrate for at least 20 minutes. Deposition was performed in a custom built 1.5 inch
diameter hot walled flow tube reactor debed in previous work? Nitrogen gas (National
Welders, 99.999% pure) was filter dried (Aeronex Gatekeeper) and used as a carrier gas with
an approximatelyl50 sccm (standard cubic centimeters per minute) flow rate. The system
was punped by a rotary mechanical pump with a background pressure of Txtfand a
leak rate of <1x1® Torr/min. Deposition was performed at a pressure~h Torr as

measured by a convectron gauge (GramRlgips). Trimethyl aluminum (98% purity,
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STREM Chemicals), diethyl zinc (95% purity, STREM Chemicals) and water - (UV
deionized) were used as reactants. A typical precursor dose,fos whs TMA/N,/H,O/N>

= 1.2/30/1.5/30s and for ZnO was DEZ/N,O/N, = 2/40/2/40s. A metering valve was used
toregulatepr ecur sor dose; pressure reached o@P a
DEz, and @P & 0.20 Torr for water during a
50°C and 158C. For bilayers of ZnO owl,03, the temperature of the reactor was slowly

raised afterAl,O; deposition (at ~ € min?) to the temperature for ZnO deposition, and was

then allowed to equilibrate for at least 20 additional minutes. Most Zn@I £ bilayer

coatings were performed wiht breaking vacuum, unless otherwise noted.

Recently, Juret al? demonstrated a method to evaluate conductivity of a coated
nonwoven, and that same method was used here. Specifically, we used a 4 electrode
analyzer witha Keithley 2400 Sourcemeter, algpng a known current through outer
electrodes and measuring voltage between the inner pair. Samples were tested between eight
and ten times each using a compression loading of between 10 and 2000 grams. The amount
of ZnO present on the fibers is detened from the mass change upon coating, and we used
a bulk density of 5.71 g/chto estimate the effective conductivity for ZAQhis analysis
assumes linear electric field along the sample between the outer elgnoaled a uniform
distribution of codluctive material along the fiber mat. Each sample was 3.0 x 2.0 cm in size
to maintain sampho-sample consistency. We also measured resistivity of flms deposited
on oxidized silicon wafers using apbint probe (Jandel multieight probe with RM3AR
test unit), a minimum of four times per sample. Film thickness on these samples was also

measured using spectroscopic ellipsometry (Alpha S.E., J.A. Woollam).
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Crosssectional transmission electron microscopy (TEM) was used to evaluate the
growth of zinc oxile ALD on polypropylene and aluminum oxide coated polypropylene. The
samples were embedded in a low viscosity epoxy resin (Ladd Research Industries) and
allowed to cure overnight at room temperature. The blocks were then cut to a thickness of
70nm using d.ecia Ultracut diamond knife microtome. The samples were then floated on
300 mesh grids, and allowed to dry. The TEM images were obtained using a Hitachi HF
2000 system using a cold field emission electron source, with an accelerating voltage of 200
kV. Due to differences in mechanical properties of the fiber, thin film coating, and epoxy,
sheering can occur during the microtome process, resulting in void formation and film
cracking.

Quartz crystal microbalance is very useful to measure mass gain duringoALD
polymer films1®****but is not easily amenable for use with fibrous media. Therefore in this
work the mass gain is directly determined on the nonwoven polypropylene fibers by
comparing mass before and after ALD. The mass gain was measured usisigela F
Scientific Accul24 Series analytical lab scale with a sensitivity limit ofl4fdg. Figure 1
shows the percent mass gain /O3 on polypropylene fibers as a function of ALD cycles.
Based on previous analysis, we expect #gO; film thickness to scale approximately
l'inearly with number of ALD <cycles when t he
60°C. The trend is approximately linear with number of cycles, consistent witFdefatied

ALD on this surface at low temperature.

The ALO; on polypropylene test series shown in FigBre was used to estimate

aluminum oxide mass for samples deposited without vacuum break, for example, a 200 cycle
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Al,0O3; ALD coating produces a 9% increase in weight over the uncoated polypropylene mat
Percent mass gain was determined by using MG% £M{Q T Mpa)/Mp whereMp is the
initial mass of the polypropylen&)pa is mass of the fiber mat with onM,03 coating, and
Mpaz is the mass of the polypropylene fiber mat after coating Wit©; and ZnO. For
consistencysamples were weighed immediately (within 5 minutes) after being removed
from the reactor. Some samples weraveighed after long exposures to lab air, and no
appreciable change was observé&ar a typical polypropylene fiber sampWe = 2426 mg,
and after coating with 200 cycles Af,03 at 50°C Mpa = 27-29 mg. After 100 cycles of
ZnO, Mpaz increased to ~ 382 mg. Using this analysis, we can directly determine the
amount of ZnO deposited on polypropylene fibers, with and witAbi@®; pretreatment. To
fabricate samples with Zn@V,03 bilayers, the substrates were coated sequentially withou
removing samples from the reactor. To test this analysis, ebthe samples were removed
from the reactor and weighed afi&i,O3; deposition, then replaced for ZnO deposition. The
mass of these samples was indistinguishable from similar samples gulodlitic continuous
deposition.

The change in conductivity upon mechanical bending was measured for some of the
samples by bending them around cylinders with diamégtigeen 9.0 and 1.2 cm. To secure
the fiber sample to the cylinder, the sample was gldlee onto a piece of paper that was
attached by adhesive tape to the cylinder. When the cylinder was rolled over the sample, the
sample was held between the paper and the cylinder, bending the sample along the cylinder
circumference. The sample was themolled and the conductivity was-meeasured. The

process started by rolling over the largest cylinder followed by progressively smaller
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cylinders. Therefore, any change or mechanical damage imparted during one rolling test

remained present during thebsequent tests of that sample.
3.4 Results and Dscussion

3.4.1 Mass Uptake Analysis of Zinc Oxide on Polypropylene Fibers
3.4.1.1Influence of Deposition Temperature

We deposited zinc oxide on planar silicon and on polypropylene nonwoven fibers at
temperatures betwees0°C and 158C. We also studied ZnO deposited on silicon and on
polypropylene pretreated with 200 cycles of TMAD at 50C. These four sample types are
referred to as: ZnO/Si, ZnO/PP, Z#DJOs/Si and ZnOAI,O3/PP. Figure3.2(a) shows the
fractional mass gain, defined using the equation given above, versus deposition temperature
for ZnO ALD on untreated polypropylene fiber mats, and mats pretreated with 200 cycles of
Al,O3 ALD at 50°C. The ZnO mass increased significantlghwincreasing deposition
temperature on the untreated fibers, but the mass change was smaller and nearly independent
of temperature for samples with tAe,0O; pretreatment. Figurg.2(b) shows the thickness of
the ZnO film on silicon and o0Al,O3/Si as masured by ellipsometry. Both sample sets
show the same ZnO thickness over the temperature range studied. The decrease in growth
rate at T<100°C is consistent with the expected temperature window for ZnG Atlizre
lower temperatures produces less démws per cycle, resulting in thinner films. The
different trend in mass uptake for the PP aKdOs/PP is consistent with diethylzinc

diffusion into the untreated PP, whereas the low temperétf@; pretreatment creates a
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barrier to prevent diethylzindiffusion. Other results regarding precursor diffusion are

presented and discussed below.
3.4.1.2Influence of AlO; Base Layer Thickness on ZnO Deposition Behavior

We also explored the impact of thA&,O3 layer thickness on growth and nucleation of
ZnO ALD on PP. Figure.3 shows the percent mass gain after ZnO ALD (at 155°C) on
polypropylene fibers with 0, 50, 100 or 260,03 ALD cycles (at 50C). If we consider
first the growth on the untreated polgpylene, we find that initially there is little growth,
then after ~ 50 cycles the mass increases rapidly followed by a linear increase. This is similar
to the trend previously described f&t,0; ALD on polypropylené? The other traces in
Figure3.3 showthat adding a low temperature alumina coating before ZnO ALD reduces the
initial ZnO mass uptake, but does not affect the linear rate of mass uptake observed after
coalescence. Polypropylene first coated with 200 TIWAAY cycles at 50°C allows linear
ZnO growth after only about-20 DEZH0 cycles at 155°C. This suggests that 200 cycles
of Al,O3 ALD produces a film sufficiently thick to prevent DEZ from penetrating the
polypropylene fibers at 156.

Transmission electron microscopy (TEM) was usedx@rene ZnO deposition on
polypropylene fibers with and withod ;O3 pretreatment. Figurg4(a) shows a TEM cross
sectional image of polypropylene fiber coated with 300 cycles of ZnO ALD &Cl11®igure
3.4(b) shows a polypropylene fiber first coatelhwi50 cycles ofAl O3 at 50°C followed by
300 cycles of ZnO ALD at 1XC. The higher contrast regions in the TEM images

correspond to deposited ZnO. After ZnO ALD on untreated polypropylene, F3gi(a®

32



shows the ZnO extending more than 100 nm into the fiber, with subsurface nucleation and
granule growth towards the fiber edge. This agrees with the mechanism proposed by Wilson
et al, for Al,O3 ALD on polyethylen& and TEM images shown by Jat al after Al,O3

ALD at 9C°C on polypropylené® Figure 3.4(b) shows a uniform bilayer Zn@»0; coating

with abruptAl,Os/polypropylene and Zn®J,0; interfaces. The abruptl ,Os/PP interface

is also consistent with uniforil ;O3 with minimal subsurface growth on PP when substrate
temperature was kept below 90*CThe ALO; layer in Figure3.4(b) appears to be ~23 nm
thick, which is thicker than the 15 nm expected fogQ3lgrowth on silicon under these
conditions. Because tHéers are aligned randomly in the sample, i.e. not perpendicular
with the microtome cut, the apparent thickness measured in TEM can be larger than the

physical film thickness.

3.4.1.3Impact of Diethyl Zinc Dose Time on Mass Gain of Fibers

During ALD, diffusion of precursors into and through complex geometries can lead
to precursor or reactant depletion, problems with reactant purging, and other effects that
influence film growth® Therefore, it is important to examine the role of reactant dose time
on ALD film growth on polymers. The impact of DEZ dose time at 155°C on the mass gain
of 200 ZnO ALD cycles on untreated aAt,O; pre-treated polypropylene fibers is shown in
Figure3.5(a). For these studies the water exposure time was 2 seconds, and the purge times
(after DEZ and afteH,O exposure) were both 40 seconds. After 200 BE@/ cycles on
uncoated polypropylene, the percent mass gain is very large (>100% for 1 seconchepse t

and continues to increase even up to 3 seconds dose times. The mass incread&0p the
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pretreated fibers is substantially less. For the alumina treated fibers, mass uptake increases
with dose time from O to 0.2 seconds, followed by saturatidigure 3.5(b) shows similar

trend for ZnO film thickness on silicon &i,0; treated silicon. Based on this analysis, we

use a DEZ dose time of 2.0 s per cycle to achieve saturated growth on all the substrates
studied here. The data shown in Fige&s3.5 are all consistent with DEZ diffusion into

the polypropylene fibers when the fibers are not pretreated with a sufficient alumina
encapsulation layer.

We find that the ZnO ALD on the untreated and pretreated polypropylene changes the
color of the ptypropylene from white to a brown color, and it is especially visible on the
untreated substrates after a large number of cycles (i.e. >300 cycleSGX Bbpeeling the
nonwoven layers apart into multiple layers, as described in EiydE? we visually confirm

that the ZnO related color change penetrates uniformly throughout the nonwoven mat.
3.4.2 Conductivity of Zinc Oxide on Polypropylene Fibers
3.4.2.1Influence of Deposition Temperature

Previous reports show ALD zinc oxide changes cryst&éntation as deposition
temperature changes, and this has been shown to influence the resulting zinc oxide
conductivity™>!’ Figure 3.6 shows the conductivity of ZnO on silicon and alurrioated
silicon, as well as the effective conductivityf ZnO deposited on untreated and alumina
pretreated polypropylene nonwoven fiber mats, as a function of ZnO deposition temperature.
The thermal oxidized silicon and polypropylene substrates are both highly insulating, so the

measured conductivity was due to cutrdlow through the ZnO coating. A highly
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conductive substrate would dominate the current flow, not allowing the conductivity of the
film to be characterizedrFor the effective conductivity analysis, the density of ZnO is
assumed to be the bulk densitywa : }  em’. SThefteportegd/effective conductivity is
related linearly to the density; if the actual density differs from the bulk value by £10%, it
will produce a +10% error in effective conductivity, which is within our uncertainty level.
Similar to previous reports, the conductivity of zinc oxide increases with deposition
temperature. On thexidized silicon substrate the ZnO conductivity reaches 160 S/cm at
155°C, consistent with previous reports of ALD ZnO formed under similar condttidrre
effective conductivity of the ZnO on untreated polypropylene is very small, consistent with
subsurface ZnO mass that does not contribute to conductivity. The effective conductivity of
the ZnO on the alumina pretreated polypropylene is within a facte?-8fof that on planar

substrates.

3.4.2.2Influence of Precursor Dodafluence of Deposition Temperature

We also measured conductivity versus DEZ dose time for ZnO deposited on silicon
and polypropylene, with and without the alumina pretreatment. Results are presented in
Figure 3.7. Analogous to the mass uptake saturation data in Figbreit takes longer
exposure times to saturate the corihity for films deposited oruntreated polypropylene
compared tosilicon. For short exposure times, less mass is deposited per cycle so more
cycles are needed to achieve film coalescence. Film coalescence is fupghdedhon the
polypropylene because of subsurface precursor diffusion and particle growth. Any isolated

ZnO particles formed below the surface contribute to the total mass change, but do not
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increase current flow, leading to the smaller effective condtictmn polypropylene, as
shown in Figure3.7(a). The alumina pretreatment reduces the exposure time needed for
conductivity saturation orboth silicon and polypropylene. Ti#d,03 layer promotes ZnO
film coalescence and continuous (conductive) film growth

For high exposures, the conductivity saturates at ~100 S/cEan€ron silicon~150
S/cm fa ZnO on aluminacoated silicon, <0.1 S/cmon uncoated polypropylenand ~40
S/cm for ZnO on aluminraoated polypropylengbers Again, the effective conduetty on
the Al ,Os/polypropylene isa factor of ~3 lesshanon theAl,Os/Si substratesThe increased
resistance through the fiber matrix compared to the continuous film is ascribed tibfer
resistance effects. The random arrangement of the coated fibers in the nonwoven matrix will
lead to current flow between touching fibers, intraidg an additional resistance that is not
present in the planar thin film on silicon. The much larger surface area on the fibers may
also introduce additional surface scattering effects which will also decrease the apparent

conductivity.

3.4.2.3Influence of te Number of Zinc Oxide Cycles

Figure3.8 shows the effective conductivity of the ZnO plotted versus number of ZnO
ALD cycles for coatings on (a) PP aid,O3/PP, and (b) Si andAl,O3/Si substrates. The
ZnO on theAl,O3/PP fibers initially increases themabilizes at ~55 S/cm after 200 ZnO
cycles, consistent with nuclei coalescence followed by uniform film growth. For ZnO on
untreated PP fibers, the effective conductivity continues to increase even after 700 cycles and

its magnitude remains much less (SZm) than on the pretreated polymer. For ZnO on
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silicon, the conductivity also increases then saturates at ~ 150 S/cm. The values are
generally larger when the silicon substrate is pretreated AVjD;. Similar to the results
shown in Figures.6 and3.7, the ZnO conductivity oalumina pretreategolypropylene is

close (within a factor of ~3) to that measured on the silicon substrates.

The results in Figur&8.8 show a primary result of this work. That is, that careful
preparation of nonwoven polymer fiber mats, in this case bycqang the fibers with
Al,O5 at low temperature, allows conductive materials to be readily coated onto the fibers,
and the materlaconductivity on the fiber mats can be similar to that achieved on planar
substrates.

For the ZnO on th&l,043/Si substrate, one data point shows higher conductivity for
200 ZnO ALD cycles, followed by a decrease then saturation at ~150 S/cm for #hisBer
layers. This trend, along with the obsenfegher conductivity for ZnO on alumina versus
ZnO on SiQ, is consistent with surface babénding at the Zn®@,0;3 interface. Surface
OH generally leads to surface depletion layers on hydroxylated ZnO, but making contact
with ALD Al,O; can decrease interface charge and reduce the depletion layer p&téntial.
The decrease in surface charge depletion will tendntwease the measured lateral
conductivity. Due to the influence of the underlying;®@d on the neasurface ZnO, an
increase in conductivity is expected for samples where the ZnO film thickness is less than the
accumulation layer thicknessyhich is ~1030 nm for ZnO films deposited at low
temperaturé:®*® This is consistent with the peak in conductivity near 200 ZnO cycles for the
ZnO onAl,0O3 coated silicon in Figur8.8(b). Previous studies of-situ conductance during

ZnO ALD show that conductanasscillates with the reactant expos@ighis was ascribed to
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stable bulk conductivity combined with a modulated surface conductivity, where surface
conductivity oscillations resulted from changes in surface band bending and charge for the
different surfaceerminations present during the ALD sequence.

The conductivity of very thin films or narrow features is often less than the bulk
material conductivity because of charge scattering by surface roughness and grain
boundarie$? Results in Figure3.8(a) show that for ZnO deposited at 155°C, the
conductivity of ZnO/A}Os/PP decreases for thicknesses less than 200 ZnO cycles
(corresponding to ~360 A on Si), which is on the order of the ~20 nm mean free path of
electrons in ZnO measured using tinesolved optial absorptiort’ Figure3.8(b) shows the
same trend for ZnO on Si where 30800 ZnO cycles (54320 A) is required to reach full
conductivity. Figure3.9 compares conductivity of ZnO/&Ds/PP for ZnO deposited at
155°C and 11%. The thickness requileto saturate the conductivity is nearly the same at
the lower temperature. The smaller conductivity for the data set deposited°@t agfees

with the temperature dependence of ZnO conductivity shown in Fgiire
3.4.3 The Influence of Mechanical Bending orConductivity

To study the mechanical flexibility of coated fibrous substrates, we measured the
effective conductivity of fiber samples before and after bending around cylinders of various
diameters. The samples were ZADD; bilayers on polypropylene nonwovens with various
thicknesses of ALD ZnO. Like the samples discussed aboveAl#e was deposited at
50°C. The ZnO deposition was done at 155 °C. Figu@a) shows an image of a sample

being bent around a cylinderittv 1.13 cm radius, and FiguB210(b) shows a schematic of
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the sample bending. For this experiment, we first measured the starting fiber mat
conductivity (lying flat in our probe apparatus). We then rolled and unrolled the fiber mat
once under the cylder and measured the effective conductivity again (with the sample lying
flat). This was repeated using cylinders with progressively smaller bending radii, using the
same sample again. Therefore, any damage incurred during one rolling step remained
presen during subsequent testing of that sample. Figdild shows the measured
conductivity plotted versus inverse bending radius, where the extent of bending increases
along positive xaxis. For each ZnO thickness, two or more samples were measured, and the
points in Figure3.11 represent average values with error bars corresponding to one standard
deviation. Conductivity decreased upon bending, consistent with a relatively brittle
Al,03/Zn0O coating on the polymer fiber. We note that all samples testentamaid a
measureable conductivity even after bending at the smallest radius (6 mm)Inorganic

coatings on polymers, including ALD ZnO on polytetrafluoroethylene, have been shown to
enhance the polymer tensile strentjtfince cracks begin to form, thesadily spread across

the plane of the film. Therefore, it is reasonable to expect the strain force applied during
bending to decrease the conductivity as is shown in Fi§uré. One advantage for
conductive coatings on fibers relative to coating on gilditms is that while cracking does
occur on individual fibers, the large number of conductive pathways mitigates the problems
associated with cracking, i.e., large conductivity loss requires many cracks on fibers, whereas
one crack on a film can signifiatly degrade charge flow. Overall, the data shows that good

conductive coatings can be produced using several different ALD materials on polymer
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fibers, and the results provide a starting reference point to characterize conductivity of other

coatings uder mechanical stress.

3.5 Conclusions

The results shown here demonstrate that a low temperature (3050 ALD
coating applied to polypropylene prior to ZnO deposition can reduce the temperature
dependent DEZ precursor infiltration and reduce the precursor dose required for saturated
ZnO ALD film growth. This allowed for higher density ZnO to be depositedopnof the
Al,O3 coated polypropylene. By depositing ZnO at temperatures abowvi€ 128ective
conductivity as high as 63 S/cm was achieved on fibers, and > 200 S/cm on silicon. ZnO on
alumina had higher conductivity than ZnO deposited on,Sa0d this $ ascribed to charge
accumulation and surface band bending effects at the Alp@Y interface. The
ZnOJ/Al,O3/PP samples remained conductive for long periods (up to 16 months to date) after
deposition.

The conductivity of the ZnO on polypropylene decreasgdtematically upon
mechanical bending. Even after bending around a 6 mm radius, the samples maintained
between 2810% oftheir original conductivity. The aluminum oxide pretreatment generally
improved the conductivity of ZnO coatings on polypropyldmd, the relatively thickAl,O3
layer also increased the fiber brittleness. While this work establishes that ZnO conductivity
on polymer fibers can be similar to that on planar substrates, further work using other more
flexible encapsulation coatings anther conductive layers could lead to highly conductive

fiber coatings that are robust under mechanical stress.
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Figure 3.1. Percent mass gain for A); ALD deposition on polypropylene nonwoven fiber
mats (at 50°C) as a function of 83 cycle number. Mass gain was measurable at 50:Al
cycles, and increased as more cycles were appli¢ds data provides a reference mass to
determine the mass gain after ZnO ALD onte@tcoated fibers. A linear trend is fitted to

the data with an Bquared value of 0.99; it is noted that #imear growth maybe occurring

at low cycle numbers, although this was not investigated further due to sensitivity limitations

of the measurement technique.
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Figure 3.2. (a) The percent mass gain 600 ZnO ALD cycles (at 155°C) is plotted as a
function of deposition temperature for: 1) deposition on virgin polypropyl€?E )
deposition on polypropylene first coated with 20G@ ALD cycles at 50°C(m). The
samples are labeled ZnO/PP and ZnO/AIO/PP respectively; (b) The corresponding film
thickness for ZnO growth on silicon corresponding to the deposition on polypropylene fibers

from Fig.3.2(a), and are signified dgbels ZnO/Si or ZnO/AIO/Si.
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Figure 3.3. ZnO mass gain (%) plotted as a function of ZnO cycle number for ZnO ALD on
1) virgin polypropylene A); 2) polypropylene coated with 5Q\), 100 ©), and 200 i)
Al,O3 ALD cycles (at 50°C) prior to ZnO deposition. By first coating the polypropylene with
Al,O3, the ZnO nucleates more quickly on the@d coating than on virgin polypropylene,

reducing the cycles before linear mass gain is achieved.
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Polypropylene ‘
- Fiber '

Figure 3.4. TEM images of polypropylene after 300 cycles of ZnO ALD at 110°C for (a)
untreated polyproggne and (b) polypropylene pteeated with 150 cycles of AD; ALD at

50°C. The untreated polypropylene fiber shows small granular formation towards the center,
growing larger towards the edge of the fiber. For thetygated fiber (b), two distinct laye

can be seen, the AD; pretreatment and the ZnO coating.
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Figure 3.5. (a) Percent mass gain of ZnO ALD at 155°C is plotted as a function of DEZ dose
time for 1) 200 ZnO cycles on untreated polypropylene (Zn@RRANd 2) 200 ZnO cycles

on polypropylene preoatel with 200 AbO; cycles at 50°C (ZnO/AIO/P®). (b) Film

growth on simultaneously deposited silicon substrates shows ZnO deposition on bare Si, and
Al,O3 coated Si, is achieved quickly. Similar to the silicon substrateg)s;Atoated

polypropylene shows saturation is achieved with short precursor doses.
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Figure 3.6. Conductivity of polypropylene after a @&ycle ZnO ALD coating deposited at
various temperatures on 1) virgin polypropyleQg, (and 2) polypropylene with a 200 cycle
Al,O3 ALD barrier layer deposited at 50°@)( and corresponding silicon sampl&3, @)
respectively. The ADs barrier results in ZnO with higher conductivity; presumably because
higher quality ZnO is deposited on the,®4 barrier layer. Fig3.4 shows higher density
ZnO is deposited on top of the ,8; barrier coated polypropylene. Higher temperature ZnO
ALD leads to higher conductivity, most likely due to a shift in preferred crystalline

orientation of the deposited ZnO.
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Figure 3.7. (a) Conductivity ® ZnO deposited at 155°C on 1) thermal oxide silicon; and 2)
virgin polypropylene, as a function of DEZ dose time. The conductivity of ZnO on silicon
plateaus with a 1 second dose. Conductivity of ZnO on virgin PP increases with dose times
up to 3 secondgb) Conductivity of ZnO deposited at 155°C on 1}»@{ coated thermal

oxide silicon; and 2) ZnO on PP first treated with 200QAlcycles at 50°C; both samples
show saturation with a 1 second dose. This shows th&Ad eliminating some of the nen

ideality of ZnO ALD on PP that is shown in (a).
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Figure 3.8. (a) Conductivity as a function of ZnO cycle number for 1) ZnO on virgin
polypropylene at 155°CY); and 2) ZnO (at 155°C) on polypropylene first coated with a 200
cycle ALOs barrier @). (b) Conductivity as a function of zinc oxide ALD ogslfor 1) zinc

oxide deposited on a 150 nm thermal oxide silicdj &nd 2) zinc oxide deposited on 200
Al,O3 ALD cycles on top of a 150 nm thermal oxide silicon walr Conductivity of ZnO
deposited on ADj3 is noticeably higher than ZnO without the,@} layer. A peak exists at

200 ZnO cycles (~360 A of ZnO), after which conductivity decreases towards a bulk value of

~150 S/cm, in line with the value for ZnO deposited directly on thermal oxide.
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Figure 3.9. Conductivity is plotted as a function of the number of ZnO ALD cycles, for
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(b)

Glass Cylinder —»
(Rad: 1.13 cm)

!

Rotation

Figure 3.10. (a) A picture and (b) a schematic of a ZnO coated polypropylene sample as it is
being bent around a glass cylinder with 1.13cm radius. As the cylinder is rolled over the
sample, the sample becom&ndwiched between the cylinder wall and the paper support
adhered to the cylinder. This causes the sample to roll up the side as the cylinder is rotated

forward; the cylinder is then rolled in reverse, the sample is removed and the conductivity is

measurd.
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Figure 3.11. The conductivity of ZnO/AIO; coated polypropylene samples (from Fig.
3.8(a)) as function of the inverse of the diameter of bending. The samples were tested prior to
bendi ng (dwelhab aftartoending araund cylinders of decreasing diameters. Trend
lines were fit for samples with 100, 200, 300, and 500 ZnO cycles (deposited at 155°C on
200 cycle A}O3 coated polypropylene)Data is shown for other samples, but was not fit, in
order to reduce clutter in the figure. Because the samples sat in ambient for up to 16 months

before testing, the unbent conductivity is lower than initially measured fron3.B{@).
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4.1 Abstract

Patterning is an essential part of many industrial processes from printing to
semiconductor manufacturing. Inighwork we demonstrate a new method to pattern and
selectively coat nonwoven textiles by atomic layer deposition (ALD) using compressive
mask patterning. A physical mask combined with mechanical compression allows lateral
definition and fidelity of the AD coating to be controlled. We produce features of several
sizes on different nonwoven fiber materials, and demonstrate the ability to limit diffusion
effects to within < 200 em of the pattern
growth spe@s into nonwoven mats is investigated by plaaw and crossectional imaging.
Vertical growth is also analyzed by imaging coating depth into fiber mat stacks. We develop
a full quantitative transport model that describes well the effect of fiber seuetnd
mechanical compression on the extent of coating under the physical mask. This method could

be implemented for highiolume patterning for applications including flexible electronics.
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4.2 Introduction

Patterning of thin films is a primary process in m@cturing of integrated circuits
for electronic memory, logic, displays and other systefsThere is growing interest in
additive patterning processes where film patterns are formed directly on a substrate using
substrateselective reactions, chemichlocking layers, or surfaelecalized balancing of
deposition/etch ratesShadow mask patterning is an early example of an additive process
that takes advantage of lhoé-sight species adsorption and reaction in thin film sputtering or
other physical degsition processe’.Using shadow masks with more conformal deposition
methods, including chemical vapor deposition (CVD), plasma CVD, and especially atomic
layer deposition (ALD), precursor diffusion leads to film growth under the edge of the mask,
makingit difficult to generate welbefined patterns. For example, Langston étfalnd
that for shadownask patterning during ALD onto planar silicon, the gap between the
substrate and mask must be held near ~10 nm to achieve reliable patterning. O®poEtu
ALD growth profiles in pores or narrow sfi8give insight into species diffusion and growth
mechanisms during thermal or plaserghanced ALD.

Flexible, breathable or stretchable substrate materials, including fibrous textiles and
nonwoven fibemats, have been explored as supports for unique integrated electronic device
systems:® Fibrous substrates are readily available at low cost, and they are also interesting
as substrate materials, in part, because of their physical dimension and aspéict.rsmall
diameter and long length). Under bending stress, the fiber shape helps to balance the

mechanical forces encountered by thin conformal coatings, including forces that direct stress
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toward the coating/fiber interface. Weaving and surfageting technologies are well
developed for fibrous media, and studies have applied these approaches to integrate metal
wires and other electronic elemehtddowever, electronic weaving or printing requires or
produces relatively large wires whichaddbki and noti ceably degrade
the fabric. There is growing interest I n
products, but those also add bulk and diminish breathability.

Recently, researchers have explored vagm@seatomic layer deposition and related
methods to produce conformal metal and semiconductor thin film coatings on textiles and
nonwoven fiber matS'® Atomic layer deposition enables conformal nacale metal
coatings on fibers, for example, so that eabhrfwithin a textile or nonwoven mat receives
the same film layer thickne$8* Nonwovens are interesting because they are made at very
low cost and high rate, and are used in many commercial, consumer and engineered devices,
ranging from personal hygie products to high performance filtration devices and charge
storage batteries. Coated fiber mats may provide a unique capacity for integrating electronic
insulators, semiconductors and metallic conducting layers onto nonwBVerBecause the
coating is very thin (less than 100 nM)*® the coating can be remain intact and stay
conductive, for example, without significantly affecting the fiber weight, flexibility,
breathability or tactile texture. However, results to date for metal ALD on fabridisnétesl
to coatings that cover the entire substrate surface. Electronic device integration into textiles
is emerging, and is interesting for largeea applications, such as temperature, gas or liquid
sensors, or for antennas or other communication elsmBatterning will be important for

active layers, contacts, passivation or other functional regions. Cost and simplicity will be
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critical, and because of the large substrate area, very large device feature sizésfthlor
even larger) could be suffent or even preferred. Early device applications could include
integrated antennas and patterned electrodes or wiring inli#sed electronics. Mask
patterning is simpler and less costly than lithography. Large feature sizes could be sufficient
for these uses, and approaches to minimize lateral species transport may enable smaller
feature definition.

In this work, we demonstrate that compressive diffusion mask patterning applied to a
porous fibrous mat substrate is a functional method to creatd mede thin film patterns,
with pattern control in both lateral and vertical directions on the substrate. To generate the
pattern a metal patterned mask is placed on top of a fiber mat, and the fibers beneath the
covered regions are mechanically conggesl, effectively restricting lateral precursor
transport. The exposed area remains more open, allowing precursors and reactants to diffuse
and deposit on surfaces throughout the region. In some instances, by controlling the time per
ALD cycle that rea@nt species can diffuse vertically into the patterned zone, we also
achieve a vertical pattern in the deposited film coating. In addition, we show that the
characteristic structure and arrangement of the fibers in the fabric affect species diffusion and

transport, and thereby affect the pattern integrity and resolution.

4.3 Experimental

4.3.1 Fiber Substrate Materials
Images of nonwoven fiber mats and woven fiber fabrics used in this study are shown

in Figure4.1. Nonwoven meHblown polypropylene (PP) was acquired from the Nonwovens
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Institute at the North Carolina State University with a basis weight of ~39ajithan as
received mat thickness of ~0.3 mm (uncompres¥efipers within the mats had a circular
cross-section with diameter in the-8 micron range. Samples were cut from theezeived
nonwoven rolls into ~ 2 cm x 3 cm piec@s.In addition, hydreentangled nylor6 (PA6)
nonwoven Winged Fibel¥ mats were acquired from Allasso Industries. The mats wer
approximately 0.4 mm thick (uncompressed) with a weight of ~68. gimdividual fibers
were 510 microns in diameter. The individual fibers had a lobed cross sEdiioimcrease
the overall surface area.

To understand the extent of film growth on fiteer mats, we also analyze the total
surface area of the fibers per unit area of
fsais a unitless value corresponding to the total fiber surface area per unit projected area of
the fiber mat sample. HE value forffsais determined by measuring the specific surface area
of a nonwoven (fig) using BrunauéEmmett Teller (BET) surface area analysis, followed
by multiplying surface area by the sample basis weight3jgmeasured with a laboratory
scale. Fothe polypropylene, we findga= 1.6 nf/g x 39 g/mi = 62, whereas for the nylef
fsa= 2.5 nf/g x 66 g/mM = 166.

Another important factor in the fiber materials is the overall void fractipne. the
ratio of the net fiber mat densify, and thepolymer density ,, where the fiber mat density is

estimated from the fiber mat thickness (which changes upon compression) and basis

weightmg,:
Jm= M/ ty (4.1)
U 19m/ p31-mn/ ol ta) (42)
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Usingy p, = 0.99 g/cni for polypropylene and 1.084 g/érfor nylon6 , we obt ai n
77% for partially compressed nykdh) 53% for fully compressed nyledy 84% for partially
compressed polypropylene and 57% for fully compressed polypropylene.

During nonwovens fabrication, spuibers are collected on a belt moving in the
O6machine directiond ( MD), perpendicular to
generally random, but depending on the belt speed and fiber spinning output, the fibers in the
nonwoven can take on @referential orientation in the MD. Fiber imaging and analysis
software in the Nonwovens Institute was used to determine the preferential orientation of the
mats used for this study. The nylon mats showed some orientation in the machine direction,
with 12% greater orientation in the machine direction and 10% less orientation in the cross
direction than would be expected from a uniform distribution. By comparison, the melt
blown polypropylene is ~6% preferentially oriented in the machine direction. Rdsult
ALD on the nylon6 show different extent of reactant diffusion in the MD and CD, as
expected for partially aligned fibers. The diffusion appears uniform in direction for the
polypropylene, consistent with a random fiber orientation. In this waikMelD s amp |l e 0 h
fibers orientedperpendiculat o f eat ur e being patterned, whe
orientedparallel to the feature direction.

Woven nylon fabric with a plain weave structure (~ 128%ytvas acquired from the
NC State Universityollege of Textiles. The weave consisted of fiber strands or yarns ~250
microns in diameter, made up of many twisted fibers, each ~15 microns in diameter. The

fabric weave, comprised of perpendicular warp and weft yarns, orients the fibers and creates
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a spatial variation in fiber density across the substrate. The yarn size, density and type of

weave strongly influence fluid and particle transport through the fabric.

4.3.2 Atomic Layer Deposition and Fiber Imaging

Atomic layer deposition of ZnO was performed & homemade tubular hatll
reactor described previousiy. During processing, nitrogen carrier gas (99.999% N
National Welders) was filter dried (Aeronex Gatekeeper) and directed to flow continuously
into the reactor at a flow rate of 150 standardiceentimeters per minute (sccm). Pressure
during deposition was typically ~ 1.0 Torr, and temperature was fixed between 125°C and
155°C. Zinc oxide deposition was performed using diethyl zinc (DEZ 95%, Strem
Chemical) and water (UMeionized, DI). Therecursor and reactant dose times during ZnO
ALD were typically fixed at DEZ/MWH,O/N, = 2/40/2/40 seconds, respectively. The reactor
pressure increased @P a4 0.07 Torr during pr
water exposure step.

For 400ALD cycles at 125°€155°C, the ZnO ALD on the polypropylene and nylon
6 led to a distinct color changéas shown for ZnO on polypropylene in Figdr8. Films
deposited on glass slides and quartz fibers also show similar coloration. The composition
pattern was confirmed for several samples using Energy Dispersiay Zpectroscopy
(EDS) of coated and uncoated regions. We find that 100 cycles oisaméd visibly distinct
from uncoated nylo#®, whereas 200 cycles shows clear color change. When measuring the
extent of coating, we maintain at least 400 ALD cycles, and visible imaging can therefore be

used to compare patterns made under different mimgesonditions.
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Optical images were collected using a high resolution digital SLR camera with
macraofilter attachments for close up shots of the substrates. For some of these inset images,
contrast was enhanced using GIMP 2.8 Graphics Software, asindtedrespective figure
captions. High magnification optical images were taken using a Jenoptik optical microscope
with a ProgRes CT5 digital microscope camera attachment. Microscope images were
analyzed using ProgRes CapturePro 2.6 software package. diffoision length
measurements, for each data point at least two different samples were measured, in at least
four different locations, for no less than eight measurements per data point. The
measurements were taken from the same locations for all samplesjer to maintain

consistency.

4.3.3 Pattern Deposition and Processing

Patterning was performed by compressing the nonwoven or woven fiber samples
between a pair of aluminum metal masking plates as shown schematically in4&8jufide
open areas on maskj plates, which permitted precursors to diffuse into the fiber mats, could
be on one or both of the plates, depending on the desired pattern.

The extent of compression was controlled by screws that held the plates together. The
screws were fingetightened and the plate separation was measured using a digital caliper;
additional tightening was performed as required using a hex wrench. Two different values of
compression were studied. The fibers were
spacing a0.13 £ 0.02 mm for the nyle@ nonwoven, and 0.09 + 0.02 mm for polypropylene

nonwoven. For the ndApartiallyo compressed sa

63



spacing of 0.25 + 0.02 mm for polypropylene nonwoven and 0.27 £ 0.02 mm for theénylon
nonwoven sampl es. Unl ess otherwise stated,

studies described here.

4.4 Results

Figure4.4(a) shows a sample mask with 10 mm wide slits, with lengths of 1.6 mm,
3.2 mm, 6.4 mm, and 12.7 mm, spaced at least 5 mmap&i mm from the edge. Figure
4.4(b) shows the resulting pattern of ALD ZnO deposited using 400 cycles at 155°C on the
top and bottom sides of a MD nykihsubstrate. The mask effectively limits precursor access
only to the uncovered regions. The edgétshe mat are also exposed, allowing visible
growth around the sample border.

To verify the color change is due to the coating of ZnO ALD on the nonwoven,
elemental analysis was performed by elemental dispersioay Xspectroscopy (EDS)
analysis on a ZnO patterned polypropylene substrate. Higbli@ shows an SEM image of
the ZnO patterned polypropylene substrate along with EDS scans that were taken, the
locations of which are indicated on the SEM image with corresponding numbers.

Inside the patterned region, the EDS results in Figué,l) show strong Zn and a
relatively weakC signals, consistent with the patterned ZnO coating on polymer. In the
transition region, which is the area that is compressed and located near the pattern opening,
there is still a strong zinc peak, but also a more significant carbon peak. In the dncoate
region, the compressed area beyond where the DEZ could diffuse, EDS shows only carbon,

with zinc below the detection limit. The zinc signals correspond well with the visible
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coloration of the sample, so the optical color can be used to identify taeagighat the ZnO
coating has progressed from the feature edge.

The redbrown color of our asleposited ZnO is ascribed to oxygen vacancy or other
related gap states in the films deposited at low temperattf&o confirm this, quartz
discs were coatkwith 400 cycles of ZnO ALD at 155°C for UVis analysis, and results for
asdeposited and annealed (3h at 800°C in air) films are shown in Figure 4.5(b). Upon anneal
the ZnO band gap increases from 3.10 to 3.19 eV, consistent with defect oxidatioou$revi
research has shown agrown ZnO single crystals with zinc rich stoichiometry are colored,
and become visibly transparent upon high temperature anneal in air due to defect oxidation.
We also find that white nhonwoven quartz fiber mats coated withZ4@ ALD cycles at
155°C appear retddrown, and become more white colored upon 800°C anneal (inset, Fig.
4.5b), again consistent with oxidation. The-ldwn color on the fibers is therefore a good
visible marker for extent of ZnO ALD.

To determine the e&nht of precursor diffusion, we use optical microscopy as shown
in Figure 4.6. The growth extension under the mask is the distance between the mask edge
(which is clearly visible in reflection mode) and the edge of the coating coloration (which is
clearlyvisible in transmission mode).

The bottom panels in Figure 4.6 show an arrow, set by eye that corresponds to the
measured distance for lateral growth under the mask. Using the magnification scale, we see
that the ZnO coats approximately 1.25 mm into plé/propylene and 0.95 mm into the
nylon-6 for these samples. The extent of diffusion into the open regions between fibers is

expected to depend on precursor dose time, the number of ALD cycles, deposition
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temperature, the compression force, and the striaif the fiber mat (i.e. nonwoven vs.
woven). Generally we observe diffusion laterally under the covering mask, but for thicker
fiber mat samples, we also observe a vertical diffusion pattern. How dose time, compression
and other factors affect the grtwpattern will likely depend on substrate chemistry, so we
investigate polypropylene and nyl@npolymer fibers. Results of the patterning studies are
shown in Figures 4.7 through 4.12. We note that while saturated precursor exposure is
expected to prduce conformal coatings on the fibers, the coating near the growth transition
region will likely not be fully conformal. Near the edge of the film growth region, diminished
precursor exposure will prevent full surface saturation which is necessary farrmahf

coverage.

4.4.1 Influenceof PrecursoDose Time on Pattern Definition

The effect of DEZ dose time per cycle on precursor diffusion length, and
subsequently pattern resolution, is shown in Figure 4.7 for machine direction cut6nylon
For these studieshte f i bers were Afullyo compressed. T
per cycle produces a light color, consistent with-saturated ALD, whereas dose times of
0.5 seconds and longer lead to darker coating. For dose times exceeding 2 seconds, the
coloration extends beyond the masked area, consistent with diffusion into the void space
between compressed fibers.

In addition to monitoring lateral film deposition profiles, we can look at growth

vertically within relatively thick fiber mats, where only @side of the mat is exposed to
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precursor. Figure 4.8 for example, shows a pattern created when 10 fiber mats are stacked
and compressed in a pattern before coating in the ALD reaction chamber.

Figure 4.8(a) shows photographs: (i) prior to; and (ii)raf@ating with 400 ZnO
ALD cycles, where the sample was cut to reveal the vertical penetration pattern. Figure
4.8(b) also shows: (i) a schematic sample cross section; ang @i series of nylo/t
nonwoven stacks deposited using different DEZ dosestifrem 0.5 to 2 seconds. The
images (a, ii) and (b, iv) in Figure 4.8 correspond to different perspectives of the same
sample, showing minimal lateral growth under the mask, but significant growth vertically
into the fiber mat stack. The consistent calbthe coated region in Figure 4.8(b) (images iii
and iv) indicates uniform film thickness in the growth zone. The images also show the extent
of vertical growth increases with increasing dose time per cycle. Samples can be readily
deconstructed layer blayer, to view vertical penetration depth of the precursor; Figure

4.8(c) shows the top and bottom three pieces of a ten piecegkack.

4.4.2 Number of ZnO ALD Cycles

Growth initiation during ALD is sensitive to the starting surface, especially for
depoition on polymer material®****° Polypropylene is chemically inert, so ALD
nucleation proceeds via sshirface precursor diffusion. Nylghas amide groups that are
more chemically reactive. We measured mass change of polypropylene fiber mass versu
number of ZnO ALD cycles and found that nucleation requires986@ycles at 155°C.
After ~60 cycles, mass increases rapidly then slows to steady grov@h.nylon6 fibers,

ZnO mass uptake shows a similar growth incubation period, followed by steady growth.
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Ellipsometry analysis of film thickness versus cycle number on planar spun cast nylon films
further confirms this nucleation trend.

Figure 4.9 showsmages after 400 and 800 ALD cycles for patterned ZnO on (a)
nylon-6; and (b) polypropylene substrates. The m@osamples show similar patterns for
400 and 800 cycles of ZnO. The 800 cycle sample appears darker, consistent with a thicker
coating layer. The polypropylene substrates, however, show a notably larger growth area
after 800 ALD cycles compared to 400 cycles. This may be due to the trends in subsurface
vs. surface growth for ALD on polypropylene. During the early ALD cycles, before an
encapslating coating is formed, precursor can diffuse into the fibers depleting the gas phase
concentration. Subsurface diffusion is blocked after full layer coating, allowing the precursor

to reach further into the compressed region as the number of ALD aycleases.

4.4.3 Deposition Temperature

The deposition temperature is also expected to affect the pattern shape and fidelity.
Higher temperatures lead to thermal expansion, followed by melting (at ~165°C for
polypropylené? and ~215°C for nyloi6"®). For onductive coatings, higher deposition
temperatures are preferred for higher conductance. Figure 4.10 shows 400 cycles of ZnO
deposited at 125°C and 155°C on MD ny®and polypropylene nonwovens.

On nylon6, growth under the pattern edge is independétemperature, whereas on
polypropylene the coating is darker (i.e. thicker) and more confined near the feature edge at
higher temperature. The more confined growth at higher temperature is ascribed to softening

or partial melting of the polypropylene,hveh will tend to block precursor transport. For
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further analysis, the deposition temperature was maintained at 125°C on polypropylene and

155°C for nylor6 substrates.

4.4.4 Extent of Substrate Compression

The extent of fiber compression will influence thstance the precursor travels under
the masked region during the dose time. The precursor diffusion coefficient is set by the gas
species present in the open spaces (i.e. DEZ)ndd we expect any change in precursor
travel distance to reflect a chanigetortuosity. Figure 4.11 shows ZnO ALD (400 cycles, 2s
DEZ dose/cycle at 155°C on MD nyl&) patterns on fully and partially compressed nylon
6.

As expected, the more fully compressed samples show more confined coating for all
mats studied. The imagédor nylon in Figure 4.11 show the coating is more extended in the
machine direction (i.e. along the aligned fibers). For the quantitative analysis discussed
below, coating length in the MD and CD are measured and tabulated separately. As noted
above, te PP mats have more random fiber alignment, so the extent of coating is

independent of direction.

4.45 Nonwoven versus Woven Fiber Substrates

To explore the effect of substrate fiber geometry on pattern resolution, we patterned
ALD ZnO at 155°C on nonwoven diwoven nylon and results are shown in Figure 4.12.

The images show a much better defined pattern on the nonwoven compared to the
woven fibers. The smaller average fiber diameter and random fiber orientation in the

nonwoven helps limit lateral reactaransport, thereby enabling better pattern definition.

69



4.4.6 Coating Distance Under the Mask vs. DEZ Dose

Using the optical microscopy images, we quantified the lateral coating distance under
the mask edge as a function of the DEZ dose time on polypropybeneytbon6 nonwovens
under full and partial compression, and the resulting data points are plotted in Figure 4.13.
The error bars represent one standard deviation and are shown only for the sample with the
largest deviation.

As expected, the fiber compression limits the extent of growth under the mask and
therefore improves pattern uniformity. We note that if the precursor is not fully consumed
during the exposure time, the substrate will continue to be exposed while thesprec
moves back out during the purge cycle step. This means that the actual DEZ exposure time
may be somewhat larger than the measured DEZ exposure time, especially for the longer
exposures. We note that a full model of growth vs cycle number must consitleation
delay which is present in ZnO ALD on polymers. However, since we find nucleation
proceeds similarly on polypropylene and ny®nand the data we use for the extent of
growth uses a fixed and relatively large number (400) of ALD cycles, tueineffectively

normalizes the effect of the nucleation delay.

4.5 Modeling ReactionDiffusion for ALD in a Nonwoven

A key aspect for patterning coatings is to understand the mechanisms associated with
pattern generation and fidelity. Compressing the filbet will reduce reactant transport
under the mask edge, but other factors including fiber alignment and ALD process conditions

are also found to be important. To understand the interrelations between these parameters,
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we develop a simple transport modeldescribe the extent of reactant transport, and analyze
how the transport scales as the fiber mats are compressed. We thereby model the extent of
growth laterally in the covered or compressed fiber region between the metal masking plates
as a function ofiber type, orientation and extent of compression.

The problem geometry is simplified as a 1D samfinite media with continuum
flow. For some conditions, the Knudsen number is sufficiently large that Knudsen transport
could also be considered, but wloose to use continuum molecular diffusion to capture a
broad range of process and sample conditions. Specifically, we build on a time dependent
reactiondiffusion model described by Yangu&sl and Elani’ for ALD in high aspect ratio
materials, but we define parameters and introduce terms to better describe ALD in fiber
mats. In particular, we redefine specific surface agea, i n terms of the fil
enhancement factor, and we establish an effective diffusion coeffibigith account for the
void volume and diffusion tortuosity.

Using conservation of mass and assuming equimolar counter diffusion, then one
dimensional unsteady state mass transport follows:

C . u
—= —(
it

. (4.3)

whereC is the concentration of DEZ moleculess the rate of DEZ loss through chemical
reaction,andpezi s t he precur sor f |XMex=-DdOdewheréDyis Fi c k 6
the diffusion coefficient. The rate of DEZ loss through reaction is determined by the
precursor flux to the reactive sites on the walk(), the available surface area (normalized

per unit volume)s , and the surfacesaction probability, taken to be first order with respect
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to available sites (first orodcé)y . i EdBuharteirsn bl

become®
e Ac o =
=D -b, 03,0 S (4.4)
Ht 23
w h e ro & thé initial reaction probability on anuneact ed sur f ace, d

available reaction sites, aid is the specific surface area (area per unit volume).

For nonwoven substrates, the value tr fsdtn where fsa is the surface area
enhancement factor (defined above) anis the thickness of the fiber mat (which decreases
upon compression). The values far are ~2,500 cm for partially compressed
polypropylene, ~6,800 cifor fully compressed polypropylene, ~6,200 tior partially
compressed nylef, to ~12,800 cm for fully compressed nylon. By contrast, in a
cylindrical pore,s = 2/r Where R is the pore radius, so this rangesofalues (2,000.0,000
cm™*) would be found in pores with R =10 microns.

The kinetic theory of gases givég = ¥ C & wheres is the mean thermal speed

of the diffusing particles. The rate equation for site consumptiomgiditm deposition is

given by

d 1_ o

99 _ 25 Qizt) 4O @z S (4.5)
dt 4

whereS is the average area of a reaction site.
For growth on a planar surfac§ & 2°0which correspods to ~5 adsorbed
moleculesnm?.?* However, on a polymer surface, subsurface precursor diffusion and

reaction can be significaff.'**%??> Analysis of the extent of reaction between trimethyl
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aluminum and various polyméfsshows an effective adsorption site density (i.e. the
effective Anumber of monol ayerso adsorbed p
thanS. Therefore, significant sugurface reaction could help limit precursor tramspad
improve pattern fidelity, although the deposition would not yield a purely metal oxide
coating. While studies of DEZ reactions on polymers are not as extéh&7éresults show
that compared to TMA, DEZ leads to much less-suiface reactionro polyester fiberé?
For this work using DEZ, therefore, we maintain the v&y@ 220 i

During the precursor dose time, we set the precursor concentration at the edge of the
feature to be constant and vertically uniform. That is, we work undeiticorsdwhere the
vertical transport in the exposed fiber region is fast relative to lateral transport in the covered
fibers between the metal plates. The boundary condition at the inlet (z=0) i€@g)»Co
during the dose time. The value 6 was etimated from the measured pressure change
upon DEZ dosing, @P~0.0GA&TarBmoledulescchi. Raor r e s p
away from the inletC ( B, .t At &0, C(z,0)=Q and the surface is fully available for
depositiond ( z ,.0) =1

The v algisehe prababilityfor reaction between the precursor and available
surface site upon c g%l anda sbhanp.grovgloboundas will fdrm,r e a c t
w h i }<@.01besults in a more tapered growth edge profile, but the average coatingedistan
from the edge wild/ =0.01, botefind ahatf uadert tlee ccondition®Ve u s
studied, the outcomeobetweemland~¥trongly sensiti

Equations 4.4 and 4.5 are solved using MATLAB® for various dose times to

determine the gected adsorbed DEZ coverage (i.e. extent of ZnO coating) as a function of

73



normalized distance from the feature edge (z/L). As noted above, the ZnO coating is visible
after >100 ALD cycles. After 400 ALD cycles, therefore, the coating edge will appeae wh
the surface coverage piesetbetweer 001 ahd 1 the céating . 2 5 .
thickness vs. | ater al di stance into the fibe
and 0.75 produce only a small change3@) in the expected visibleoating distance. For
all sampl es, we.5mthe model té identifytthie eisible 6oatingddistance.
Equation 4.4 also requires input for the diffusion coefficient for DEZ in gz
This value can be approximated using the v&ine, diffusion through N,? adjusted from
standard conditions bp1-Py- 732 = D,-P,- T, %2 At 155°C at 1 Torr, this yield®pgz ~270
cn’/s. However, this value for gaseous diffusion needs to be adjusted for diffusion through a

porous network

b = Doe:® (4.6)

The effective diffusion coefficientDes, is less tharDpez due to the volume void
fraction (U) and the tortuosity within the

transport path length relative to the linear distance traveled, and is generally greater than one:

t=L_ /L

van | Lin (4.7)

To calculate the model curves for visible coating distance versus DEZ exposure time,
we use parameters defined above for each sample s&ai®, tm, and() an @0.8let b
andg=0@. 5, and |l eft the tort uo sréstlting motlelcarge an a

fits are plotted with the experimental data in Figure 4.13. The tortuosity, and corresponding

Dess values are presented in Table 4.1.
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Table4.1. The effective diffusion coefficientsd calculated tortuosity values for the model

curves plotted in Figure 4.13.

Nylon-6 Polypropylene

Def Det

Tortuosity U | (cm?/s) | Tortuosity U| (cmf?/s)

Partial MD 2.6 30
4.3 11

Compressior cD 3.7 15

Full MD 3.3 13
3.8 9.5

Compressior cD 47 6.5

The effective diffusion coefficients and the tortuosity values calculated under both partial and

full compression for both Machine Direction and Cross Direction PA6, as well as PP.

For the nylor6 samples, consistent with expected results, transport is moraliée/or
along the machine direction where fibers are aligned with the precursor diffusion. Moreover,
for all samples, we see the effective diffusivity decreases upon compression. However, the
tortuosity increases upon compression in the ng@orbut appearsdo decrease upon
compression in the polypropylene. We interpret these results as follows. In the5nylon
where fiber alignment is not uniform, compression increases tortuosity and decreases void
fraction, leading to a net decreaseDg: and an overaltlecrease in visible coating distance
under the mask. Compared to the nyfgnthe tortuosity is larger in the more random

polypropylene. Upon compression the tortuosity in the nglamcreases. In polypropylene
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the apparent de csmalhaneweibaliev®the decrease in ravel distahcy
(i.e. the decrease et in Table 1) upon compression is due primarily to a decrease in void
fraction (1. e. t he smal.l change I n U in
significant). It s reasonable that a more random network with smaller fibéssi(itrons for
polypropylene vs. A0 microns for nylor6) will produce a relatively large tortuosity, with
relatively small change in tortuosity upon compression.

Overall, the quantitative atdel describes well the observed trends in pattern
extension under the coating mask: larger compression and more random fiber orientation
improves the pattern fidelity. The model also suggests that increasing the density of reactive
sites in the polymer.€. choosing a functionalized polymer and using precursors with more
propensity for subsurface diffusion and reaction) will also improve fidelity, but will produce

a precursor/polymer fiber mixture rather than a uniform thin film fiber coating.

4.6 Conclusions

A method to pattern and selectively deposit ALD thin film layers on fiber mats was
demonstrated using a mask with applied physical compressive force. Patterned ZnO ALD
coatings were formed on nylég and polypropylene nonwovens, and we showed how
substate properties such as fiber diameter and orientation, polymer chemistry and structure
(woven vs. nonwoven) play a key a role in determining the extent of reactant transport into
the covered fiber matrix. Both lateral and vertical penetration of reapiveth species into

nonwoven mats was observed, and lateral species transport was modeled to quantitatively
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analyze the effect of fiber structure and mechanical compression on the extent of coating
under the physical mask.

We find that the extent of re@nt transport is affected by the amount and direction of
fiber alignment within the fiber substrate, and the degree of physical compression applied.
By fitting the experimental results for coating distance versus precursor exposure time to a
guantitativediffusion model, we find that the mechanisms by which physical compression
affects species transport depends on the structure of the starting fiber matrix. For small
random fibers, compression predominantly decreases the void volume, whereas for larger
and more aligned fibers, compression tends to decrease void volume and increase transport
path tortuosity. The quantitative model fits the observed trends in pattern fidelity and
provides a valuable tool to estimate the extent of precursor diffusion amspart in fiber

matrices during coating by atomic layer deposition.
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%, 300 microns
»

Figure 4.1. Scanning electron microscope images of (a) polypropylene nonwoven, (b) nylon

6 nonwoven, and (c) nylon woven mats used in this study; all SEM scale bars are 20 microns.
Insets are low magnification opéicmicroscopy images of the respective substrates to show
context for the SEM images, the scale bars for the inset images are 300 microns. Optical
images are of the fibers as received; a 5 nm Au/Pd coating was sputtered onto the substrates

prior to the SEMmages.
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Figure 4.2. ZnO ALD on nonwoven polypropylene deposited at 155°C, with different

numbers of ALD cycles. The color change reflects the thickness of the ALD coating.
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(a) (b)

Nonwoven ZnO ALD

T T

Compressive Force Compressive Force

of I

Figure 4.3. Schematic crossection showing ALD coating on a nonwoven mat (a,b) without

a mask; and (c,d) with a compression mask in place. The mask limits lateral diffusion of the
precursors within the nonwoven, producing a pattieat is restricted to exposed portions of

the mask. This example shows a solid backing plate. The solid plate allows the extent of
growth in the vertical direction to also be controlled by adjusting the precursor dose time per

cycle.
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Figure 4.4. (a) Aluminum solid back plate and pattern mask with mask with slits 10 mm
wide and lengths of 1.6 mm, 3.2 mm, 6.4 mm, and 12.7 mm, spaced at least 5 mm apart and
5 mm from the edge. (b) Both sides of a ny®onanwoven patterned with 400 cycles of

ALD ZnO at 155°C show a pattern, demonstrating that the precursors vertically permeate
through the nonwoven to also produce a pattern on the side that was covered by the solid
metal back plate. The patterned color of tix&le is visible, with some coating also on the

edge of the samples.
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Figure 45. (a) An SEM image and EDS scans of a ZnO patterned feature on a
polypropylene nonwoven. The numbers on the in@yeespond to locations where the EDS
scans were taken. (I) The patterned region is not covered by the mask; (ll) the compressed
region near the opening where DEZ diffuses during dosing; (1ll) compressed region beyond
where DEZ diffuses. The zinc signalsgongest relative to carbon in the patterned feature,
location (). Carbon signal is strongest in the region that is not patterned, and no zinc signal is
detected. (b) Optical absorption data vs. photon energy for ZnO (400 cycles at 155°C) on
guartz disk, for asdeposited and after annealing at 800°C in air for 3 hours. Inset shows the
same films deposited on quartz fibers. The visible color on tdepssited fibers is ascribed

to ZnO with oxygen vacancy or other related defects.

82



Polypropylene .

Figure 4.6. Optical microcopy in reflection (top images) and transmission mode (bottom) of
patterned ZnO ALD on polypropylene and nyémonwoven fiber mats. The pattern edge

is readily visible in reflection, and the agge extent of coating under the pattern is observed

transmission.
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Figure 4.7. Machine direction cut nylo® was patterned with 400 cycles of ZnO ALD using
various DEZ dose times. Short dose times preduteature that is well defined with minimal
diffusion distance beyond the boundary of the compressive mask. Longer dose times result in
longer diffusion lengths. This process was repeated for cross direction cuténgod
polypropylene substrates; thesults of which are compared and discussed in later sections of

this work.
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Cross sections

Figure 4.8. Patterned layers made by compression of porous substrates. 4.8(a) shows a
stack of 10 nonwoven nyle® mats stackeda,i) before and (a,ii) after compression and
patterning. 4.8(b) shows (b,i) a cross section schematic of precursor diffusing through a
sample, wheré andV indicate lateral and vertical diffusion, respectively; and-{to)istacks
patterned with incresing DEZ dose times. For longer exposure times per ALD cycle, the
coating penetrates completely in the vertical direction while maintaining the lateral pattern
through the stack. 4.8(c) shows the top three and bottom three layers of a 16 mabmall

stack patterned with a 2 second dose time, the numbers signify the position within the stack.
The topmost sample (1) is coated uniformly, but the botsample (10) shows minimal

coating. ALD can achieve patterned growth with controlling depth on adilestrate.
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Figure 4.9. ZnO ALD on (a) nylor6 nonwoven fiber mats cut in the machine direction, and

(b) polypropylene nonwoven mats. For deposition on nylon, the extent of diffusion under the
masked area is the same for 400 vs 800 ALD cycles, whereas for the polypropylersgesubstr
the 800 cycle deposition is more spread out than the 400 cycle sample. For more deposition
cycles, precursor diffusion into the polypropylene polymer may extend growth further under

the mask regioriThe images were digitally enhanced to increase asnhy 50%.
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Figure 4.10. Nonwoven nylor6 and polypropylene were patterned at 125°C and 155°C to
determine the impact of deposition temperature on the pattern. (a)-8lydbows a darker

color pattern iscreated when deposited at higher temperature, but the diffusion length, as
indicated by the arrows, remains the same. (b) Polypropylene also shows a darker feature
when coated at higher temperature, however, the sample also shows significantly lower
extentof diffusion of the coating at higher temperatures. Deposition on polypropylene at
155°C while under compression may cause the polypropylene to deform, fusing fibers and
increasing tortuosity of diffusing precursor molecules. The contrast of the images wa

increased 50% to make the coated region more apparent.
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Figure 4.11. ZnO patterns on nonwoven nykéhafter coating with 400 cycles at 155°C.

The extent of deposition under the exposed mask dependseamtount of compression

used. I n this case, oful l compressiond indi
tightening screws wusing a hexagonal wr ench,
finger tight; for consistency, digital calipers meused to measured height of the combined

mask and nonwoven samples to verify tightening was consistent througtiata set.
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Figure 4.12. Optical images of (a) nonwoven nylon; and (b) woven nylon figrstrates

after patterrcoating with ZnO ALD. Optical microscopy images from each sample show the
physical structure of each material. The random orientation of the fibers in the nonwoven
compared to the oriented fibers in the woven yarns restrictallatesctant transport to
achieve better feature definition. The images were digitally enhanced to increase contrast by

40%.
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Figure 4.13. Data from experimental measurements of visible diffusion lengtHifiarent
substrates deposited using various DEZ dose times are shown; polypropylene (blue triangles)
and nylon cut in the machine direction (black squares) and cross direction (red circles).
Samples were patterned while under both full compression (sghtbols) and partial
compression (hollow symbols). Distance measurements were taken using an optical
microscope, four micrographs were taken per sample and the maximum and minimum
diffusion distances were measured for each. The average distance is, plottetie error

bars shown are for the highest standard deviation sample for each of the data sets. The curves
shown are derived from the solutions to equation 4.4 and 4.5, which are solved using
b= 0 . 0c1=0.5, each substrates physigdrameterys, T), but allowing the effective
diffusion coefficient Des) to vary to fit the data. The tortuosity can then be found for each

substrate using equation 4.6
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4.8 Appendix 1 Supplemental ltems Not Published

These figures includateresting and important findings that were removed from the
during drafting of the published article; they are included here since they may provide useful

information for any further work on the topic.

Impact of Precursor Dose on Saturation and Surfac€overage

Figure A.41(a) shows the growth per cycle for ZnO ALD on silicon at 155°C as a
function of DEZ dose time where the deposition recipe is DEZ/pus@fidrge =
X/40s/2/s/40s. Using these conditions, we measured growth rate on planar silicon as a
function of DEZ exposure time and found ALD saturation for DEZ exposure times >0.5
seconds per cycl e, with some increase in gr
saturationo) .

Coverage profiles were simulated using equatidds and 4.5; using a reaction
pr ob abi,0i0k govemde prbfiles are plottedRigure A.41(b) for DEZ dose times
of 0.25, 0.5, 1, 2, 4, and 8 seconds, as a function of normalized distance (z/L). The coverage
profiles utilize the model previously described, with mfinite DEZ source at x=0
corresponding to a partial pressure of Ol@fr. The simulation accounts for dose times of up
to 8 seconds of exposure time, however, exposure of the fibers surface underneath the
patterning mask maybe different. The fibers reaperience exposures up to twice that of a
silicon monitor wafer, since DEZ must enter and exit through the same portion of the mask,

rather than flowover, as with planar silicon.
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In addition, the reversal of the precursor gradient at the mask/sulbsteatace may
not immediately cause the reversal of diffusing DEZ molecules, which may continue to move
producing a O6stretchingé effect with | ong
compared to the DEZ dose time, this effect would be mayeqgunced at long dose times,
requiring xerror bars to account for the trend versus expected behavior based @védiow

saturating coverage profile from silicon.

Impact of Extent of Compression on Pattern Resolution

In the nonwovermroductionprocessspun nylon6 (PA-6) fibers are collected on a
coll ection belt moving in the fimachine di
machine direction in the nylon samples is observed, the difference is clearly visible upon
comparison of Figure A.42(a) andA.4.2(b). The process for PP mats however, produces a
more random fiber alignment where orientation effects are less significant. During the
subsequent ALD coating, precursor transport will be favored along open channels parallel to
aligned fibers. Therefore, for the P&, we expect more coating under the mask in the
machine direction, whereas it should be mostly isotropic for the PP. The images in Figure
A.4.2 (c) show anisotropic coating, consistent with this expectation. For the quantitative
analsis discussed below, coating length in the MD and CD are measured and tabulated

separately.

Unique Applications

ALD patterning nonwovens is an enabling technology, and offers applicability in

electronic textiles, sensors, design, and-emtinterfeiting applications. A requirement for
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use in such applications is the ability to pattern complex designs. FAgl show shows

an optical image of North Carolina State University logo patterned onto nonwoven
polypropylene using a one second DEZ dose time, insets images were taken with an SEM.
Smaller fibers and shorter dose times can be used to improve pattern resdhsicize of

the patterning mask is only limited to the ability to pattern the masking material, and as
shown in this work, the resulting ALD pattern is influenced by precursor dose time,
deposition conditions, and substrate chemistry and structure. aitexrnpused to make the
sample in FigureA.4.3 was produced using the smallest available drill bit in the NCSU
machine shop to produce the N and C letters
as a 3D printed patterning mask could achieve mudterbbne width and therefore be
capable of achieving much more complicated patterns.

Improvements in pattern resolution may be further attained by depositing ALD
coatings at higher pressur@&ecause the diffusiocoefficient changes inversely proportadn
with pressureincreasing the depositigoressure from ~1 Torr to760 Torr for atmospheric
ALD, will greatly decrease the amouhi&tDEZ diffuses under the patterning mask.

Use of this technique for application of metal ALD for patterning flexiblenowens
antennas or circuits could provide a fundamental mechanical advantages over devices created
with printing or line of sight deposition methods. Specifically, printed metal lines for an
antenna will result in a thin metal film carrying the currentjclwtupon significant bending
could lead to fracturing, resulting in additional resistances and performance failure in the
device. Line of sight deposition will produce features that fail during bending, as the coated

portions of fibers loose contact ancamange. However, ALD coatings of metals such as
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tungsten® conformally coat fibers while avoid binding adjacent fibers. As a metal coated
ALD nonwoven feature is bent, fibers will rearrange due to differentials in compressive and
tensile forces, as thiscours, some fibers will lose contact with one another, while others
make new contacts, allowing current to be maintained without significant degradation.
Tungsten coated metal fibers were recently shown to maintain high conductivity even after
bending arond a 6 mm radius cylindgf enforcing the prospect of ALD coated nonwovens

as a realistic approach towards patterning designs for use in circuits or antennas.

Although the color changing effects of ZnO coatings on the nylon and polypropylene
nonwovens uxd in this work make demonstrating the process easy, clearly the technique is
not limited to these chemistries. Nor is the application of compressive forces exclusive to the
way in which it has been demonstrate here as applied by screws; any sufficesntly h
wei ght could be wused to produce compressio
precursor to the exposed portions of the patterning mask. Similarly, any sufficiently flat
substrate should provide the ability to produce the required compresgimdtee a coating
pattern. As an example of diversity of applicable masks as well as for other applications,
nonwoven polypropylene was coated with,@d, a process that is known to produce a
hydrophobic to hydrophilic transition on polypropylene. Figaré.4(a.b) shows nonwoven
polypropylene inside the patterning mask, as well as what the substrate looks like when
placed in water; the 200 cycle /813 coating was applied to the substrate at 60°C, and did not
produce a visible color change in the coatedoregy Clearly the portions of pattern that were
covered, maintain polypropylenes natural hydrophobicity, whil®Aktoated portions are

wetted by water. A discrepancy in pattern definition can be seen in the patterned sample upon
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wetting, which is likelydue to noruniform application of compressive force during®@d
deposition. The compressive force for this substrate was applied by screws and nuts; better
pattern uniformity could be achieved by using a more uniform compressive force, but the
process isclearly capable of being implemented with readily available materials. Figure
A.4.4(c) shows a larger set of three samples being patterned using diamond shaped metal
mask the compressive force was applied by screws and nuts as well. Aigd(el) shows

the ZnO patterned polypropylene corresponding to the indicated area of the rAasK (o).

The ability to scale in size is only limited to the ability to uniformly compress the substrate
with the patterning mask. In this case, sufficient compressiorhisvad using rudimentary
methods to apply the ZnO pattern shown, but more compression, better force distribution,
and careful selection of substrate choice could allow the ability to produce large scale designs
with high feature fidelity. For implementatian large scale, a cylindrical roll with patterned
stenci l could be produced; with precursor g
passing through alternating chemistry zones by method like that of spatiala®ioD to roll

method for pattering ALD production could be created.
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Appendix Figure A.4.1. (a) Growth per cycle for ZnO ALD on silicon, as a function of DEZ
dose time, for 400 ZnO cycles deposited at 155°C where aisyDlEZ/purge/HO/purge =
X/40s/2s/40s. The observed pressurengkeaduring a DEZ dose is ~0.086rf, and during an

H,O dose is ~0.28 torr. (b) Coverage profile curves as a function of normalized distance
(z/L) for various dose times, using an initial reacon p r o =0.0IL; lowet igitialo f b
reaction probabilities produce less abrupt changes in the coverage profile. The coverage
curves shown here are related to the experimentally data plot of coating distance vs. dose
t i me ¢thelenticaltoveragealue, which is the amount of coverage required to produce a

visible coating, whi.©Oh Owé .esti mate to be 0.
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Appendix Figure A.4.2. ZnO patterns in nonwoven nylon and polypropylafier coating

with 400 cycles at 155°C on nylon, and 125°C on polypropylene. For both substrate
materials, the extent of deposition under the exposed mask depends on the amount of
compression wused. In this case, @re dullyl comp
tightened using self tightening screws usi ng
are tightened to finger tight; for consistency, digital calipers were used to measured height of

the combined mask and nonwoven samples to verify tigigemas consistent throughout a

data set.
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Appendix Figure A. 4.3. The NCSU logo patterned on a polypropylene nonwoven mat using
ZnO ALD. The insets show SEM images, where the ZnO coatingaeppghtly colored and

the uncoated polypropylene appears dark. The sample was coated with 400 cycles of ZnO at
155°C using dose times of DEZ/purge@purge = 1s/40s/1s/40s. This demonstrates the
ability to pattern complex designs using ALD and compvessiasking. Shorter dose times,
smaller diameter fibers and higher compression could be used to increase the resolution of

patterned features.
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Appendix Figure A.4.4. Patterning is easilperformed using AD; and ZnOALD, and can

be achieved using anything that can compress the substrate. (a) Perforated aluminum plates
are used to compress a polypropylene mat, and is held togethemussngnd bolts. 200
cycles of &uminum oxide ALD aredeposited at 60°C on the substrate. No color change is
observed but the aluminum coating changes the surface energy of the polypropylene to
produce a transition from hydrophobic to hydrophilic. (b) ThglAlpatterned substrate is
floated on water; the saie selectively wets where the ,8; coating was deposited, but
remains hydrophobic where the substrate was covered by the mask. Uniformity of the
compressive force is the key to obtaining well defined pattern replication. The force
distribution of the s@ws is not uniform, resulting in variable pattern quality; a large weight
could be used instead of screws to apply force, as long as it permitted sufficient transport of
the precursors during ALD. (c) Large scale patterning can be achieved with the dechniq
and is only limited to the ability to apply sufficient compressive force, the uniformity of
which determines pattern quality; (d) the pattern created from ZnO ALD onto polypropylene

the location ofwhich is indicated in Figure A.4(c).
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5.1 Abstract

Flexible electronics and wearable technology represent a novel and growing market
for next generation devices. In this work, we deposit conductive zinc oxide films by atomic
layer deposition onto nyle nonwoven fiber mats and spwast films, and quantify the
impact that deposition temperature, coating thickness, and aluminum doping have on the
conductivity of the coated substrates. We produce aluminum doped zinc oxide (AZO) coated
fibers with conductivty of 230 S/cm, which is ~6x more conductive that ZnO coated fibers.
Furthermore, we demonstrate AZO coated fibers maintain 62% of their conductivity after
being bent around a 3mm radius cylind-er.

f 1 b e ssare gems@r using AZO coated nytrelectrodes. The sensor signal scales
exponentially under small applied force (< Brgf), yielding a ~16x current change under

200 gtn?. This lightweight, flexible and breathable touch/force sensor could funétion,
example, as an electronically active nonwoven for personal or engineered system analysis

and diagnostics.
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5.2 Introduction

Conductive oxides have found a wide array of applications in solar ed#stronic
displays and lighting, awell as in UV andchemical sensors? Zinc oxide is low cost and
can be readily dopewith other eartrabundant materials to form amtype ransparent
conductor withs > 1000 $cm.>* Zinc oxide is easily deposited by atomic layer deposition
(ALD) at low temperatures (200°C) using diethyl zincDEZ and water''®> and adding
cycles of trmethylaluminum (TMA), trimethylgallium (TMG) or trimethylindium to the
ALD sequence leads to Aloped ZnO (AZOY* Gadoped zZnO (GzO%° or In-doped
ZnOP®’ respectively. The typical temperature range for ALD ZnO is-183C>° but
deposition at higher temperaturasybe appealing to increase conductiitifor conductive
coatings on polymer fibersionwoven fiber mats are highly versatile because thaybea
produced in high volume at low cost, in many polymer chemistries, and offer control over
fiber geometry, f<l@0am), web dersigy taedrspeifit Burfacardres. o
Polyamide6 is an attractive exampleonwovensubstrate, in part, baase itdoes not begin
to melt until~215C.°

Previous reports demonstrate ZnO ALD on various polymer fibers substrates
including nylon6,>** cotton’? paper‘? polypropylene’***® polyethylene terephthalatg,
polybutylene terephthalaté polylactic acid®® and polyacrylonitrile® Most reports focus on
performance of the deposited samples, rather than understanding how properties are affected
by process conditions. In this work, we examine the effect of substrate preparation and ALD

processing aaditions on deposition and conductivity of ZnO anddébed ZnO coatings on
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nylon-6 nonwoven fiber mats. We also investigate the mechanical performance through
tensile strain and bend testing-ddéped ZnO coated substrates and characterize the failure
mettod of the ceramic/polymer interface under these deforming forces. Furthermore, we
build, calibrate, and demonstrate andfilér pressure sensor using AZO coated rgon

nonwoven electrodes, and déimRd0gloadate change

5.3 Experimental

Preparation ofFibers andFilms

Spunbond nylof6 hydroentangled nonwoven fabric was provided by Allasso
Industries. The Allass®A6 had a basis weight of ~75d/naverage fiber diameters ©f10
microns, and mulkiobal winged fibef™ cross section. The nylon nonwoven mat was
approximately 0.3nm thick and had a specific surface area of ~2/§ s determined using
the BrunaueEmmettTeller (BET) surface analysis technique.

Figure 5.1 shows optical and scanning electron micrograpages of the nylo®
substrate. Figur®.1l also includes a histogram with the orientation distribution of fibers
relative to the cross direction, which is a common metric for analyzing the anisotropic nature
of the fiber orientation within the nonwoven.

Nonwoven materials are formed continuously by extruding or spinning onto a moving
belt, yeilding flat mats with randomly oriented fibers. The belt moves in the machine
direction (MD), and the direction along the mat width is the cross direction (CD). At hig
production speeds, fibers can become more preferentially ordered into the machine direction,

as determined from fiber orientation distribution analysis. Fiber orientation distribution was
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measured fom 0180° (relative to the cross direction at 0°), éinel data is plotted in Figure
5.1(d). The fraction at 0° correponds to CD fibers and that at 90° are MD fibers. A fully
uniform orientation shows ~5% in each column.

Nylon-6 fiber samples were cut into either 3.2 cm x 1.2 cm or 6.0 cm x 1.2 cm
rectanglesNylon samples were weighed before and after ALD using a Fisher Scientific
Accu-124 Series analytical lab scale, which has a +0.1 mg sensitivity limit. We measured the
fractional mass gain after ALD using %MG =£m;)/m;, where m is nylon mass prior to
deposition and mis the mass of the sample after ALD coating. A typical sample would
weigh between 227 mg prior to deposition. After 300 ALD cycles, the mass increases by
1820 mg (45% mass gain). The mass of the ZnO is thethinshe effective conductivity
analysis.

To compare growth on fibers with films on planar substratg®n-6 planar films
were prepared on 1x1 inch pieces of silicon. After dissolving the Allasso-Gyhammwoven
in formic acid (Fluka Analytical, 98%uity, 2% HO) at 60°C for two hours, a solution of
3wt% nylon6 in formic acid was spun at 6000 rpm for 1 minute, and then annealed on a hot
plate for 1 minute at 90°C. The ALD then proceeded under the same conditions as for the
fibers. Spectroscopidlpsometry was used to measure the thickness of the films before and
after deposition, multiple measurements were averaged for the data shown. Control
experiments showed no change in polymer film thickness by ellipsometry during heating at

deposition coditions.
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AtomicLayerDeposition Reactor and Process

In addition to the nylot6 fibers and films, three pieces of silicon, (one with a 150 nm
thermal oxide), were simultaneously coated in each run. The thermal oxide silicon sample
was ~2.5 cm x 2.5 cm, diwas used for fodypoint probe conductivity analysis.

After preparation, all samples were placed in a wire mesh sample holder along with
the silicon, and then placed in the deposition chamber and allowed to equilibrate for at least
20 minutes at the @esition temperature. This anneal removed excess water from
hydroscopic nylof6, which can contain up to 3 wt.% water. Deposition was performed in a
custom built hot wall reactor described in previous wdrKitrogen gas (National Welders,
99.999% pureyvas filter dried by an Aeronex Gatekeeper and used as a carrier gas flowing
at 150 standard cubic centimeters per minute (sccm). The system was pumped by a rotary
mechanical pump with a background pressure of ¥xI6rr and a leak rate of ~1x%0
Torr/min. Deposition was performed at a pressure of 1 Torr as measured by a convectron
gauge (GranvillePhilips). Trimethyl aluminum (98% purity, STREM Chemicals), diethyl
zinc (95% purity, STREM Chemicals) and water (d¥ionized) were used as reactants. A
typicd ZnO deposition run had precursor doses of DEABO/N, = 2.0/40/2.0/40s and was
performed between 80°C @&r2@°C. Aluminum doping was used to produce the AZO
samples, and was performed by introducing agOAtycle after 19 ZnO cycles. A typical
dopantcycle is TMA/N,/H,O/N, = 2.0/40/2.0/40s. A metering valve was used to regulate
precursor dose. The pressure changewgsP = O .dur Teoamgr t he TMA dose,

Torr for DEZ, and ~@pP= 0.28 Torr for water.
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Conductivity Aalysis

Using fourelectrode probe described previousfy we determine the effective

conductivity of the deposited coating on the fiber migt, using:

" LO 1
5.4(SCGm’) = sO- (5.1)
mcoating R
where we use the bulk ZnO density, = 53 thelelegrbde length=0.5 cmand

separatiors = 0.5 cm the mass of ZnO between the inner electrod®@sasing = 1.76x10° g
(determined from the mass change upon coating), and the measured redistariggical
applied cur+1enAtwhichstypidally brodacés a voltage 620 mV in a
conductive sample. The nyldgh fibers without a conductive coating have R > ZxQ,

which is the upper limit for resistance using this probe. A 300 cycle ZnO coating yields
R=33q wh ilgh 24 iSkene. sFor fiber mats with preferrédef orientation (i.e. in

the machine direction or cross direction), measurements are collected with samples oriented
in each direction.

For comparison, sheet resistance was measured for films deposited on electrically
insulating thermal oxide silicon viexrs using a 4oint probe (Jandel multieight probe with
RM3-AR test unit), a minimum of four times per sample. The thickness ofcgmtmylon
and planar ZnO films was determined using spectroscopic ellipsometry (Alpha S.E., J.A.
Woollam), and was ptarmed multiple times on each sample. Imaging was performed using
a FElI Phenom scanning electron microscope (SEM) operating at a 5 kV accelerating voltage.
For bare nylor6 substrates, a 5 nm Au/Pd coating was sputtered on the samples prior to

imaging. Xray diffraction (XRD) was performed at the NCSU Analytical Instrument
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Facility using a Rigaku SmartLab-Xay di f fr act o merayesourcewiFibdn a Cu
orientation analysis was performed in the NCSU College of Textiles, using an optical
microscope egpped with orientation analysis software. Data was gathered from five

replicates for the substrate material, the average values are plotted inSFigdye
5.4 Results and Dscussion

Nucleation and Growth ofidc Oxide onPolyamide6

Figure 5.2(a) shows ZnO thickness on silicon and planar sm@st nylor6 film
(measured by ellipsometry) versus cycle number at T=150°C. Growth is linear at 1.7
Alcycle, and extrapolation of the data on silicon shows a ~6 cycle nucleation delay. On
planar nylor6, the growth rate is similar, and the delay is ~71 cycles. Figa(b) contains
the net mass gain of the ZnO/ny6énnonwoven ersus DEZ dose time and ALD cycle
number. The delay in mass gain is ~60 cycles, although mass gain during ALD on polymers
doesnot scale linearly at low cycle number. The amide group in nylef will react with
trimethyl aluminum’ and diethyl zind? although it is less reactive with DEZ. The high
surface area of the nyldh Awi ngedo fibers reswmiwboud beé n a |
expected for ALD on the same mass of cylindrical fibers of comparable diameter.

Figure 5.3 shows the saturation behavior, as determined from mass gain, for
deposition on silicon and nylon fiber, as a function of DEZ dose time. DepositioB0Ofas
cycles using DEZ/MH,O/N, = x/40/x/40s. A 0.5 s DEZ dose was sufficient for saturation

on silicon, whereas a larger dose was needed on the higher surface areaFipams5.4
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plots ZnO film thickness on silicon and mass gain on nylon fiberdascion of deposition
temperature. Results follow expected trehdfs.

Figure5.5 shows cross sectional transmission electron micrographs of-@ylbars
coated with 300 cycles of ZnO at 100°C and 190°C. Fighit€a) and5.5() show that the
lobed fiber structure of the Allasso Winged FiB¥rsform trenches between them which
increases the surface area of the nonwoven compared to a circular fiber of similar diameter.
ALD forms a conformal ZnO coating along the fiber lobesqd &ne coating/polymer
interface is abrupt. From the TEM images, the ZnO thickness appears to be ~68 nm for the
100°C sample, and ~41 nm for the 190°C, which correspond reasonably well to 50 and 38
nm for 100 and 190°C samples, respectivalymeasured bellipsometry. We note that
cross sectional TEM can distort the thickness measurement for coatings on fibers, in part
because the fiber axis is not neccesarily oriented perpendicular to the microtome cut.

To investigate the effect of deposition temperaton crystal structure, Figute6
shows XRD scans for samples with 300 cycles of ZnO deposited at 100°C, 125°C, 150°C
and 200°C on (a) thermal oxide silicon, and (b) ysomonwovens Results from a control
nylon fiber sample without ZnO coating isalshown.Peaks at 33° and 62° in Figusé&(a)
are due to the underlying Si(100) substrate. The dominant ZnO crystal orientation for films
deposited at 100°C on silicon is (100), with a strong (002) peak and a small (110), consistent
with hexagonal ZnOAt deposi tion temperatures O 125AC
for depositions at 150°C and 200°C, a (101) peak forms and the (100) peak weakens in
intensity. Nylor6 has a higher surface area than silicon, and therefore the resulting XRD

scans havstronger signal intensity.
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On fibers, the (100) and (101) peaks appear stronger, with deposition at 100°C
showing a (100) strongest peak, and fil ms
while all temperatures show a less intense (002) peakothailicon, possibly resulting from
the conformal growth of the film, or from some difference in nucleation orientation on the
polymer fibers.

Previous reporfs**?# of ZnO conductivity show conductivity tends to increase with
deposition temperatureputo 200°C, and an accompanying transition in crystallinity. In
addition to crystallinity fraction, conductivity can also be affected by film roughness, average
crystal size, and the Zn:O raft6>?* The most conductive films deposited at temperatures

near 200°C have high carrier concentrations but low electron mofifity**°

Impact of Fiber Orientation on Zinc Oxide Conductivity

Figure5.7 plots the conductivity as a function of DEZ dose time for samples coated
with 300 cycles of ZnO ALD orhermal oxide silicon, spuncast nylénfilm, and nylon
nonwoven fibers oriented in the machine and the cross direction. Generally, the conductivity
is small for the smallest dose times, correponding tessititrated growth, and it increases
and saturatest longer dose times. On planar $8Dbstrates, the ZnO conductivity saturates
is ~135 S/cm, and on a spuncast-®Alm we measurél = ~105 S/cm which is reasonably
close to that on planar substrates. On fiber mats, the conductivity is reducedabg 3%
for mats with fibers preferentially oriented in the machine direction and cross directly,

respectively. Fibers orientied in the machine direction run in parallel with the current flow in
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the measurement system. For the cross direction, fibematigt perpendicular to current

flow adds extra resistance because current must move more between fibers.

Aluminum Doping of ZnO on Fibers

ALD zinc oxide can be readily doped by using alternating cycles of a dopant such as
trimethylaluminun?® We depositecdAl-doped ZnO (AZO) using 1 AD; ALD cycle after
each 19 ZnO ALD cycles. The coating conductivity was investigated as a function of ALD
cycle number for both ZnO and AZO as shown in Figu& For AZO on silicon at 150°C,
the conductivity approaches®0” S/cm for 1000 cycles which is close td 32x1GF S/cm
reported previously?>?’ The conductivity ersus thickness on the fibers follows the same
trends as on planar substrates, but the conductivity #Sx~{&ss, depending on the fiber
alignment.

The effect of deposition temperature iy of ZnO and AZO on various substrates is
shown in Figure5.9. Theconductivity of AZO is relatively constant above ~130°C for
deposition on silicon and on fibers. For ZnO, the conductivity decreases on fibers for T =
190°C, which is approaching the FAmelting temperature of 215°C. This decrease is not
observed for AD at T>190°C, possibly because the TMA may react at the ZnO/polymer
interface to stabilize the material. For further analysis, we maintained deposition
temperature < 190°C.

The conductivity of ZnO and AZO coated fibers and films was measured for an
extended period of time to investigate how the conductivity of the materials changed upon

extended exposure to the labs ambient conditions. The initial conductivity measurements
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were taken a few minutes after the samples were taken out of the ALD reactor, and then
measurements were taken intermittently for up to 10,000 hours, in between measurements the
samples were stored exposed to lab air in covered vessels. On fibers andiltanarthe

AZO conductivity stayed constant (x5%) over the measurement period. A small decrease in

ZnO conductivity was also observed, likely due to reaction with ambient oxygen.

Mechanical Properties of AZO Coated Ny6érNonwovens

Mechanicalperformance of ALD coatings applied to polymers is of interest for
applications in flexible electronics, packaging and encapsulation, and electronic textiles.
Recent reports show ALD coatings can enhance or degrade mechanical performance,
depending on pragties of the substrate and the coafht?®* For some applications,
conductive fibers may have a mechanical advantage over planar films because fibers offer a
multiplicity of parallel conduction pathways, so that many fractures are needed before
failure 20
To investigate durability of AZO on fibers, we exposed coated fibers to various
amounts of tensile strain and measuliggafter strain release. Results are plotted in Figure
511. While the conductivity is larger for deposition at higher terature, growth
temperature between 145 and 200 °C does not greatly impact the change in conductivity
upon tensile strain. Recently Sun éfahowed with nandndentation that the critical strain
required to induce crack formation increased with dejoostemperature between 60°C and

120°C for AbOs; ALD deposited on spunast PA6 films. Our results suggest that this

propensity for crack propagation with increasing temperature does not extend to ZnO ALD
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films on fibers. Figure5.11(b) shows conductity versis tensile strain for different
thickness AZO coatings formed at 200°C. The thicker films show larger conductivity, but as
in Figure 5.11(a) the conductivity change upon tensile strain is nearly the same for all
samples. Jen et?dlfound for AbOs; on heat stabilized polyethylene naphthalate sheets,
decreasing the coating thickness from 80 nm to 5 nm made them more robust, capable of
withstanding ~1.9% larger tensile strain before cracking. Our results do not show a marked
change in strain resiste@m as ZnO films decrease in thickness from ~ 61 to 12 nm. Results in
Figure 5.12 show the effect of fiber orientatiorelative to applied stres&s expected,
applying stress parallel to the fiber direction (along the machine direction) degraded
conductivity more than for similar stress applied perpendicular to the fiber alignment (cross
direction). Stress along the cross direction tended to reorient the fibers, with less cracking
and related damage. Because the conductivity follows many pathwayconductive fiber

mat, applying mild stress (20%) does not causeatastrophic conductivity lossThe
materials studied here do not exhibit elastic behavior, straeing a previously strained

sample is expected to add strain to the coating.

Thelmpact of Fiber Orientation on Conductivity Retention upon Flexing

In addition to tensile stress response, we measured conductivity change upon fiber
mat flexing around a radius betwe€b0 and 0.29 crim thecross direction (fibers parallel to
the bendig axis) or the machine direction (fibers perpendicular to benabig). Figure
5.13 shows the conductivity of AZO coated MD and CD nyoas a function of the inverse

bending radius.All samples show decreased conductivity upon bending, but the eftent
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loss depends on fiber alignment relative to the bending. Samples measured in the cross
direction start with somewhat smallés; but the conductivity loss is 38%, versus 53% for
fibers measured and bent in the machine direction. We note that thedei€xl fibers have

higher conductivity than similar fibers coated with undoped ZnO, and the-cdaed

nylon-6 fibers retain their conductivity better than ZiwOated samples under the same
measurement conditions.

We also used SEM to examine crack formation upon straining-éa&®ed PA6
fibers (Figure5.14). Before straining (i.e. after routine sample handling), no cracks are seen
in the AZO coating. Upon 5% strain, cracks are visible, although large portions fibéin
remain uncracked. Arrows in FiguBel4 highlight partial fractures in the AZO after 5%
strain. After 10% strain, cracking increases, including both partial and dafharated
cracks. After 20%, most cracks appear separted. We also notelohgtan individual fiber,
the crack spacing appears to be uniform, iatilig) uniform applied stresBurthermore, each
set of fibers imaged (up to 20% strain) showenhefibers that remained unfractured.

As a possible application for conductive coatingsfibers, Figurés.15(a) shows an
all-fiber pressure sensor using AZO coated myBamonwoven. Gold wire contact electrodes
were threaded through two nylon nonwoven substrates, followed by coating with 400 cycles
of AZO at 150°C. The AZO electrodes wethen stacked with an insulating nonwoven
polypropylene spacer between them, then the three materials were stitched together with
insulating cotton thread. A small hole cut in the PP spacer (inset ib.Etn) allows the
conducting electrodes to makentact under applied pressure. The current response, R=

low/loft, Where b, and b are the current (bias voltage = 1V, contact arearélwith and
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without mass applied, respectively, is plotted for different applied mass in Figafgb)

and (c). Figures.15(b) shows R under light, medium and heavy applied finger pressing
force. The R value is repeatable and returns to ~1 (i.gx)lafter each touch. Figure
5.15(c) shows similar measurements using known mass applied ower’~ The R value
increases exponentially bet wée~200Q, oa~A@mA~5 0
compared to 10 nA with no applied mass. This exponential change in signal with applied
force could be useful, for example, for lightweight, flexilaled breathable touch or force
sensor electrodes integrated into textiles or advanced electronically active nonwoven

materials for personal or engineered system analysis and diagnostics.
5.5 Conclusion

In this work we have investigated ZnO deposition on rf@aronwoven fibers and
spunrcast films, and examined the impact of deposition conditions on ZnO ALD film growth
behavior and as well as the conductivity of the deposited ZnO on silicorcaptnylor6
films, and nylor6 nonwoven fibers. As a function ofL® cycle number, we found the
conductivity of ZnO coatings on films and fibers increases as a function of cycle number
until reaching saturation conductivity on all substrates by 600 ZnO ALD cycles. It was also
determined that the effective conductivity asared for ZnO coated nyléhwas dependent
on the dominant orientation of the fibers in the nonwoven mat; the more conductive fiber
orientation produced samples that had an effective conductivity ~2.5x than the less
conductive orientation. Aluminum dopingf the ZnO films produced a ~4x increase in

conductivity of films deposited on silicon and ~6x on fibers, and thin film AZO coatings did
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not show the same dramatic drop off in conductivity exhibited by undoped ZnO coatings for
thicknesses o Both @l-doped G&and arydopkede Zn0 films exhibited lower
conductivity for 1260 shile higher demperatpres sup toet80 O
produced increasing conductivity for ZnO and AZO on silicon, as well as AZO on-fylon
while it resulted in lower catuctivity undoped ZnO coated nykghfibers. AZO coated
nylon-6 fibers were shown to better maintain their conductivity after being exposed to
ambient conditions, with samples maintaining betwee®&% of their initially measured
conductivity after >10,00 hours ambient exposure, while ZnO coated nyofibers
maintained only 5&2% of their initially measured conductivity over the same period.

AZO coated nylor6 nonwovens were subjected to tensile straining and bending and
the conductivity was measureafterwards to determine the impact of such mechanical
deformation to the conductivity of the coated substrate. The AZO coated substrates proved to
be mechanically robust, maintaining up to 14% of their conductivity after having be stretched
20%, or maintaiing up to 62% of their conductivity after having been bent around a 3mm
radius cylinder. SEMs of the stretched samples suggest fibers in close proximity can be
subjected to very different forces, as evidence by significant cracking damage in one fiber
while the adjacent fiber is hardly affected. The conductivity durability of the tested material
arises in part due to the multitude of pathways that exist in a conductive nonwoven, which is
what makes them particularly robust compared to planar thin filmghwdre subject to
critical failure upon the formation of a crack. As demonstrated through the fabrication of an
all-fiber pressure sensor, AZO coated nonwovens can be sufficiently conductive to serve as

electrodes for flexible devices. Through the systensudy of the electrical and mechanical
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properties of ZnO ALD thin films deposited on an industrially important thermoplastic that is
both sufficiently reactive and thermally stable, we have incorporated conductivity into a
strong, flexible and light wght material that could be used to enable new applications for

use in next generation materials, flexible electronics, wearable technologytexites.
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Figure 5.1. The nylon-6 nonwoven substrate used in this work, as shown in (a) picture, (b)
optical micoscopy image, (c) scanning electron micrograph. The orientation distribution of
fibers that comprise the nonwoven is shown in (d), which plots the percentage of fibers

aligned relative to the cross dir edationisn;

in the center.
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Figure 5.2. (a) Zinc oxide film thickness is plotted as a function of cycle number for
deposition on silicon and spuncast ny®ilms. ZnO films appear to grow well on native
silicon, exhibiting ~1.7 Angstroms/cycle growth, whereas deposition on-@yfihdm appears

to initally inhibit ZnO depostion(b) The mass gain measured after ZnO deposition on xaiylon

6 fibers is plotted as a function of cycle number.
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Figure 5.3. Mass gain for 300 cycles of ZnO deposited3®°C, as a function of DEZA®

dose time for deposition on Allasso Winged FiBlemylon-6 nonwoven (black squares); ZnO

film thickness on silicon (grey circles) is plotted for referer®auration is easily achieved

on silicon, where a 0.5 second dossufficient to achieve ~90% of the film thickness of a 6
second dose, whereas the PAG6 fibers require a 2 second dose to meet this requirement. T

nylon-6 is a higher surface area material and therefore requires more precursor to reach

saturation.
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deposition temperature. ALD on polymers is a function of both the coating chemistry (such
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of the polymer as auhction of temperautre may iaénce the deposited coating by effecting
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temperatures.
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Figure 5.5. TEM images of 300 cycles of ZnO ALD deposited on nyfofibers at (a,c)
100°C and (b,d) 190°C. The lobel structure of the Winged Fieran be seen in the low
manification images. The high magnification images show abrupt ZnO/8yiaterfaces for

both 100C and 190°C deposition with no significant diffusion region or subsurface

nucleation.
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Figure 5.6. XRD scansof 300 ZnO ALD cycles deposited at various temperaturegapn
thermal oxide silicon, an(b) nylon-6 fibers In the nylon6 fiber XRD, higher surface area
material leads to more clearly defined peaks,mhost ofthe same features are visible in the
silicon XRD as well. A scan of the silicon substrate that was used is shown for reference, as
is an uncoated piece of nyleé fibers.The XRD scans are normalized to the highest peak

value.Peak identification was determiddy the use of ICDD (PDF 2009) @36-1451and

00-054-2323 material data files.
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Figure 5.7. Conductivity of 300 cycle ZnO ALD coated substrates as a function of DEZ dose
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nonwoven fibers oriented in the machine direction (holtwle) and the cross direction
(hollow triangles). Machine direction fibers preferentally aligned perpendicular to the
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the measurement electrodes. As a resuitss direction fibers have higher infdrer transfer
of current, which introduces additional fibi#oer resistances, resulting in lower effective

conductivity for the same ZnO coating.
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Figure 5.8. Conductivity of various planar and fibrous substrates, plotted as a function of
ALD cycle number, for (a) ZnO ALD and (b) AZO ALD coatings. ZnO conductivity is
dependent on film thickness for thin films 400 ALD cycles); only moderately so for films

on gdlicon for spuncast PAG6 films, but the conductivity of coated fibers shows a strong
dependence. The conductiviof AZO films appear dependent on film thickness for all
substrates, over the range of thicknesses investigated. Interestingly, thinner AinQscoat

fibers do not exhibit a decrease in conductivity to the same extent as the ZnO coated fibers in
(a). Both ZnO and AZO films were deposited at 150°C. The AZO film was deposited using a

19:1 ZnO:AbO3 doping ratio.

130



E | ! [ N | ! I ! 1 ! | ! 1 § g | ! | ' I ! I ! I ! | ! 3
22 ZnoO on\Si ] 22 AZO on Si
10F E 10 E
—~ f 1~ . AZO on PA6 Fibers
g 107—— 3 ] g 101'_ Machine Direction A
o f {ioahine Diresion o 16 | :
2 10% 12 10t 1
- 12 E
© F 10 C
Sl 4 3 a1l -
c10E {3 107F
g F ] g F
010'2;— E o 10'22— -
10-3- 1 " | " 1 " 1 L 1 " 1 L 1 10-3- l L 1 " 1 L 1 L 1 L 1 " 1
80 100 120 140 160 180 200 80 100 120 140 160 180 200
Deposition Temperature (°C) Deposition Temperature (°C)

Figure 5.9. Conductivity of(a) ZnO and(b) AZO coatings, deposited on MD nykghand
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was measured intermittenly, and is plotted on a log scale as a function of time since being
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(middle) The conductivity data for the ZnO and AZamples from (a) was normalized to

the initial measurement after deposition (taken 0.1 hours after rem@igiit) Conductivity

of the corresponding ZnO and AZO films deposited on thermal oxide silicon.
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Figure 5.11. Conductivity after mechanical strain is applied for MD PA6 coated (&ixd00

cycles of AZO deposited at 145, 150C, and 20€C; (b) 100, 200, 400 cycles of AZO
deposited at 20C.The asdeposited conductivity (at 0% atn) of the AZO coated fibers in

(a) increases with deposition temperature, but their decrease in conductivity upon straining
appears to follow the same trend. Simiarly, increasing the AZO coating thickness increases
the asdeposited conductivity of thebiers as shown in (b), but the trend upon straining

appears to remain the same.
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direction and the crostirection were coated with AZO and subject to tensile testing. A fixed

mechanical strain was applied using a universal tensile tester, and the conductivity of the

samples was measured afterwords. Machine direction oriented fibers align parallel to the

defamation force, whereas cross direction fibers align perpendicular to the deformation

force. The coating applied was 400 cycles of AZO ALD at 150°C using a 19:1 Z@Q:Al

doping ratio.
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10 microns

Figure 5.14. SEM image of the AZO coated MD PAG fibers from Figure 5.12, after being
strained. The samples were not sputter coated prior to imaging. As a resudgnuctive

areas appear dark in the image, revealing the location of cracks in the AZO. The formation of
cracksupon straining begin to form, then propogate radially around the fiber, at which point
the polymer underneath the fracture can continue to stretch until other cracks are created as a
result of localized stress in previously uncracked regions. For athedrgaamples imaged,

there appeared fibers with significantly fewer cracks than a neighboring fiber, the difference
is likely due to local variability in tensile forces imparted on the induvidual fibers by the

nonwoven fiber network.
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Figure 5.15. (a) An all fiber pressure sensor was fabricated using AZO coated -Bylon
nonwoven mats as electrodes. An electrically insulating polypropylene mat is place between
the electrodes, and the three aréckéd together using insulating thread. An insulating
nonwoven polypropylene layer with hole cut in the center (inset), allows the electrodes to be
sewn together without electrical contact, but also permits contact when pressure is applied;
(b) current reponse, R=cl/lo under applied force as described in 1€g} average R values

(from 4 data sets) versus applied force (example data set in inset). R increases exponentially

with applied force up to ~ 50 g over e
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CHAPTER 6 isa manuscripin preparation to be subrted.

CHAPTER 6. In Situ Nucleation Analysis during Zinc Oxide Atomic Layer Deposition

on Polymers using Reatime Conductance Measurement

6.1 Introduction

In situ monitoring of film growth is critical for industrial semiconductor
manufacturing in order to maximize odar uptime, as well as for fundamental
investigations into film deposition by academic and industrial researchers. Quartz crystal
microbalances are commonly used to measure film depositios fatea variety of
deposition techniques, including Atomicylea Deposition (ALD) in which it is widely used
to stugy mass uptake for deposition onmetal oxide or polymer film§* A technique not
widely used to study film growth during ALD processes is in situ conductance monitoring,
although the technique can give useful information on the character of interfacial chemistry
and physics, and importantly, give insight into the ce@dace of the deposited film. This
work will demonstrate the adoption of a simple in sitwie and 4wire conductance test,
investigate the nature of ZnO ALD on polymer and quartz fiber substrates, and explore the
impact that various prdeposited metabxide ALD base layers have on the subsequent
nucleation and growth of ZnO ALD films.

Previous works have utilized in situ conductance analysis to study ALD processes of
Zn0'**% snQ,® and tingster?. However, most work to date has demonstrated steatly st
fluctuations in conductance, while only a few have shown conductance onset associated with

film coalescencé? To our knowledge, none have shown a systematic investigation of the
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ability to studyfilm nucleation or coalescence using this technique.this work, we will
demonstrate a simple but effective method to monitor the deposition of conductive films,
through the use of zinc oxide atomic layer deposition as a representative process.
Furthermore, we will analyze the consistency, influencing petrars, and the potential
pitfalls of this approach. Utilizing high surface area polymeric and ceramic fiber substrates,
we will look into the impact of substrate choice, as well as the influence of deposition

temperature, and compare film growth on bai®@,%0 that of AbO3; and TiQ ALD coated

SiOs.
6.2 Experimental

Atomic Layer Deposition Reactor andoeess

The substrate material used consisted of nglopolypropylene and quartz fiber
mats. The polypropylene nonwoven substrates were melt blown and reémwedhe
Nonwovens Institute at North Carolina State University. The polypropylene nonwoven mats
had a 40 g/mbasis weight and 1.6%g specific surface area, and were used as received. The
nylon-6 nonwovens were produced by Allasso Industries and tedsi$ hydreentangled
spunbond nylof6 nonwoven Winged Fibet, with a 75 g/m basis weight and 2.5 g
specific surface area, and they were used as received. Quartz fiber mats were purchased from
Millipore and had an 85 gffrbasis weight; these subgtra were rinsed in hot ethanol and
then dried, prior to use.

Depositions were performed in a custom built hot walled ALD reactor. The reactor

chamber consists of a stainless steel tube

143



Thermo ScientificLindberg Blue M MiniMite tube furnace; depositions were performed at
between 60°C and 200°C.

Depositions were performed under vacuum which is maintained by a rotary
mechanical pump with a background pressure of #xI@rr. Filtered dried nitrogen
(99.99%0, National Welders) was flowed through the reactor at ~125 sccm (standard cubic
centimeters per minute) which producaddeposition pressure of ~900 orfl. Precursors
were used at room temperature and the nitrogen feed lines were kept at ~60°C. Diethyl zi
(DEZ, 95%, Strem Chemical) and trimethyl aluminum (TMA, 98%, Strem Chemical),
titanium tetrachloride (TiG| 99% Strem Chemical) and UV -@enized water (DI water)
were used for ZnO, AD; and TiClL-TiO, deposition. Some samples were-poated with a
TiO, coating using tanium tetraisopropoxide (TTIP, Strem Chemjcahd water, which
were performed on a similar reactor; after deposition these samples were placed in the in situ
conductance probe, and ZnO deposition was performed in the primary reactor.

Prior to in situ conductance measurements of our ZnO films, 100 cycles of ZnO ALD
were deposited to condition the chamber before the probe was placed in the reactor. Once the
probe was placed in the reactor, the system was allowed to equilibrate fom@@snat
deposition conditions, prior to the start of the in situ conductance measurement. An
initialization period of 120 seconds was recorded before the first DEZ dose, to record the
state of the probe prior to being exposed to precursors; the 120 seitialidation time was
included in all the data plotted. A typical ZnO dose consists of DEAM/N, =
2s/ 40/ 2s/ 40s, with a resulting pressure cha

0.28 Torr for water, depositing ~1.7 A/cycle on silicon 80°C. A typical AbOs cycle
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consists of TMA/N/H,O/N, = 2s/40/2s/40s, with a pressure change during Tddaing of

@P & 0. 07 Tor orforwated, depdaiting ~10L A/2y8le af 150°C on silicon. A
typical TiCly TiO cycle was TiCJ/No/H,O/N, = 1/40/1/40, andpP & 0. 05 Tor r ,
0.28 Torr for water, which at 150°C produced 0.5 A/cycle on silicon. The @@tings from

TTIP utilized a bubbler which was charged withfidr two seconds prior to dosing, and used

a recipe of 2s/0.5s/40s/0.466 = N charge/TTIP Dose/Npurge/HO/N, purge, which

produces a P & 0. 2durirmg ododiidait eanmdl | & dmM
which at 105°C produced 0.25 A/cycle on silicon. Prior to TTIP,Ta@ating, a 150 cycle

TTIP TiO, conditionrun was performedWhen required, &se layer coatings @kl,O3; or
TiO,-TiCl, weredepositedn situ prior to ZnO ALD, after which the reactor was allowed to
equilibrate for 30 minutes prior to ZnO deposition.

The two wire probe used to hold the nonwoveihssrate consisted of a two wire
copper wire electrical feetthrough vacuum gasket attachment, which was attached using
vacuum s cr e wgaugeaoppeldvire® witl dlligaiolclips soldered to the end. The
probe length was sufficient to place the géarbeing measured in the middle of the furnace
heating the reactor, the same location the temperature measurements were taken to calibrate
the furnace. The four wire probe consists of a similar-fove electrical feed through gasket
attachment, whichis onnect ed t-gaudge copper wirek.5Tbe eldd® of the copper
wire were looped back onto themselves, to which entwinegb2®e goleplated copper wire
was wrapped, and then sewn through the substrate to be measured. The copper wires for both

probes were self supporting such that the substrate being measured could be placed in the

center of the reactor without touching the walls. Upon placing the probe in the reactor,
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resistance measurements were taken to ensure that the wires holding the samplet wer
touching the reactor walls thereby shorting the measurement; further detail is provided in the

following method section.

In Situ Conductance Measurement Method

For this work, a set of -@ire and 4wire probes were made to hold nonwoven
substrate. The-@&ire probe was use for the majority of data gathering, and was made using
alligator clips that were soldered to copper wires which were attached to a gasket with
electrical feed through. A similar construction was used for therd probe, but due to the
size constraints of the reactor geometry, probe contacts were woven into substrates using
conductive goleplated copper wires, which were then attached to theetopipes in the 4
wire electrical feed through gasket. Figér& shows the overall probe set up for theige
probe, a close up image of a substrate in ther@ probe, and the front and back images of
the woven electrodes used for thevide substrateéests.

Before attaching a substrate to be measured, a resistance test was performed on the
empty probe, to ensure no short was present between the copper wires holding the sample.
An applied bias of 180V was found to be sufficient to reveal the preseotea low
conductivity ZnO short, which would eventually form on the ceramic insulators that
electrically separate the copper fedbdough wires from the stainless steel gasket body. If a
low conductivity ZnO short was present, a3®/ bias was sufficiento produce 18°110°
Amps (nonzero) of current. To reduce the likelihood of this issue, the probe was cleaned

every day before use, and when a short was detectechelt method for removing tE&@O
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was to detach the copper wiceamps used to hold treamples, and subject the body of the
probe to a dilute acid wasand then reconditiothe probewith Al,O3 and ZnO ALD.

Using the 2wire probe, the substrates for deposition were then placed in between the
alligator clips, which were placed with 5 mm séparation. The wires holding the samples
were aligned vertically and horizontally as required to prevent them from touching the
reactor walls once inside. The substrate was placed in the reactor chamber, and after being
evacuated, filter dried nitrogen wélown over the substrate. To ensure the substrate was not
touching the walls, a resistance test was performed using applied voltage of 0.5V to ensure
no short with the walls was being created; a-sborting sample would have a +mro
average resistapc measurement. The sample was then allowed to equilibrate to the
deposition temperature for 30 minutes prior to depaosition.

An example of a representative data set is shown in Fig2rewhich plots the
deposition of 200 ZnO cycles deposited on bareolyylene at 150°C. The three figure set
shows a linear plot of the conductance data, a logarithmic plot of conductance immediately
before the onset of measureable conductance, and the steady state conductance change during
two ZnO cycles.

The shape theonductance curve on a linear plsych as the one shown in Figure
6.2(a) is substrate dependent, as growth characteristics impact the shape of the curve. For
example, in Figuré.2(a), the transition can seen to occur from nucleation and coalescence in
part (i), to rapid increase in conductance in part (i) where ZnO growth is transient and
subsurface film growth may still be occurring, to region (iii) which is the beginning of steady

state ALD growth rate which remains linear for the duration of thegiepn, as observed
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for runs up to 400 cycles, twice as long as the deposition shod@(a)). Other reports have
shown mass uptake on bare polypropylene under similar deposition conditions reaches linear,
ALD growth, after about 200 ZnO ALD cyclésBy contrast, nylors has a similar length
nucleation/coalescence phase (i), but a short variable rate growth phase (ii), reaching steady
state phase (iii) growth more quickly than the polypropylene samples in FogR(ie).
Deposition on quartz fibers exhibivery short nucleation/coalescence and variable rate
growth regimes, quickly reaching steady state growth, making it a highly repeatable standard
test substrate for the depositions performed to evaluate in situ conductance monitoring as a
method.

Similarly, characteristics differences between the substrates impact parameters for the
data as shown in Figu@&@2(b) and6.2(c). For example, in the data plotted in Fig&i&(b) it
can be seen that for the first ~5 ZnO cycles after the onset of measurable conductance, after
the water dose the conductance stays constant throughout the purge step, whereas in the last
few cycles of Figures.2(b) as well as in Figuré.2(c), it an be seen that conductance
decreases throughout the purge step. This transition is unique to depositibare
polypropylene substrate§Ve suspect this transition magy a function of polypropylenés
hydrophobic nature, rather than the hydrophilic nyéoand quartz fiber surfaces. Figures
6.2(b) and6.2(c) are representative of how most data is compared in this work since it lends
insight into differences in nucleation/coalescence and steady state behavior, although figures
like Figure6.2(a) can providénsight into overall growth behavior.

A Keithley 2400 Soucemeter was used to apply bias voltage or current during the

tests, and LabTracer software package was used to record the measurement data. For long
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depositions of >100 cycles like the one showrrigure 6.2, a 250 millisecond delay was
used after each measurement, which allowed the software program controlling the
measurement to last the duration of the deposition, but also stay underneath the data
collection limit of 100k data points per test.rEhorter depositions, a 100 millisecond delay
was used, to give a more detailed dataset. It was determined that for long runs, (e.g. 200 ZnO
cycles with a 250ms data delay) that a small time distortion (< 1.0%) arose between the time
as reported by the Kaley and the actual time, causing the Keithley to report shorter than
expected timescales. The distorted effects of the time reporting can be seen iIr6Ri@jre
which reports the end of the 19Zn0O cycle to have occurred 16,684 seconds into the
measirement, when in fact the end of that cycle occurred 16,834 seconds into the
measurement. The difference between reported time and actual time was ~2.3% for
measurements taken with a 100 millisecond delay. Because the delay appears uniform over
the kengthof the measurement, it caasilybeaccounted for whil@analyzing the data.

The Keithley was used to apply the bias voltage or bias current for buaitle 2nd 4
wire measurements. Depositions with ther@be device were measured using an applied
bias, typically 0.5 volts, and then the resulting current was measured. Fcwige 4
measurement, a current was applied between the outer electrodes, while the inner electrodes
measured a voltage; thiswire design allows for the separation of contact resistdram
sample resistance producing a more accurate resistance value. Big(ag shows
measurements from thevdre and 4wire probes for three ZnO cycles during deposition at

150°C on bare nyleB, while Figure6.3(b) shows currentoltage curves for # 2wire and
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4-wire tests (performed with the four wire probe) after 225 cycles of ZnO were applied to
bare nylor6 at 150°C.

During a typical ZnO ALD cycle, oscillations in current were observed, which
correspond to a decrease in current during a DEZ, dos#® an increase in current during
water dose. Similar oscillations have been observed previously during ZnO deposition using
a 2probe devicé:?? Such oscillation effects were previously ascribed band bending at the
ZnO surface, caused by electron witharby DEZ and electron donation by waltefo
exclude the potential that the aforementioned observed phenomenon was due to fluctuations
in contact resistance during precursor dosinwiré measurements were taken. Such-a 4
wire test applies a current assothe sample antheasures a voltage -between.By
separating the circuit applying current from the circuit measuring the voltage, it is possible to
separate the contact resistance from the measured resistance of the sample, for a better
measurement of & sample itself. This removes the possibility that fluctuating contact
resistance is the cause for observed oscillations in conductance during an ALD cycle. The 2
wire probe provided easy set up for measurement because it utilizes alligator clips to make
contact with the sample, compared to theide apparatus which requires the electrodes to
be woven into the substrate to be measured. A larger reactor design would allow for the
construction of a 4vire apparatus that utilizes alligator clips to hold taengle, but while
utilizing a 1.50 diameter -Wirk prabe wasfolendtoleeact or
more feasible and was deemed sufficient for use in all the measurements discussed hereafter.

In order to demonstrate the thermal activation ofiees present in the ALD ZnO

films deposited on quartz fibers, conductance was measured over a range of reactor
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temperatures in posteposition temperature tesilotting the conductance and measurement
temperature on an Arrhenius plot will reveal genductivity thermakctivation energy for
thermally promoted carriers as the slope of the curve for In(conductance) vs. 1000/T(K),
which can be used to solve Slope 7 ELO00%;,).

Thermal activation data of ZnO coated quartz fibers coated with 108soytlZnO at
150°C is plottedn Figure 6.4 The measurement was taken in situ without breaking vacuum
after depositing the 100 cycle ZnO coating onto bare quartz fibers. As the samples are heated
from 52°C to 350°C the conductance increases slightly upl&0°C before decreasing
rapidly between 150°Q15°C, followed by a rapid increase in conductance between 215°C
350°C. We ascribe this behavior to thermal excitation of carriers within tdepasited,
defect rich ZnO film between 52°C and 150°C, folloW®y the annealing out of intrinsically
doping native defects in the ZnO film as the temperature is raised from 150°C to 215°C,
followed by further thermal excitation of carriers in the annealed ZnO semiconductor from
215°C to 350°C. The slope of the measuents taken betweenl®C and 350°C
corresponds to eonductivity thermal activation energy Bf ~ 0.42V.

For two probe measurements, using an applied bias rather than applied current was
determined to be best, since a fixed bias voltage allows cuteenhcrease during
measurement and maintains response throughout the length of the deposition, whereas using
a fixed current bias eventually leads to lower measured voltages as the film thickness
increases, leading to lower sigriainoise ratios as filnthickness increases.

Deposition of ZnO films at 150°C was performed on bare quartz fiber substrates and

measured using an applied voltage bias of 0.05, 0.5, and 5 Volts, to determine the impact on
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detection sensitivity. Figuré.5(a) depicts the onset afieasurable conductance for samples
measured under 0.05V, 0.5V and 5V, and Figus€b) plots three ZnO cycles for the same
samples once the processes has reached steady state change.

In Figure6.5(a) it can be seen that the measurement taken under bia®ltegisters
the onset of conductance before the measurements taken at 0.5V or 0.05V. However, after
~15 cycles all three measurements converge on the same conductance trend line. In previous
work, Na et. al. used a similanre in situ measurementdenique on silicon and detected
the onset of conductance for ZnO films grown on silicon at under 20 ZnO cycles, although
film nucleation and coalescence is not significantly addressed in their priort wiigure
6.5(e-g) shows cycles #488 for all thee measurement3.he decrease in current response
during the DEZ dose and purge steps appears to be highest for the measurement taken under
0.05V, and lowest for measurement under 5V. Since conductance is plotted, the data is
directly comparable since/ V = 1/ R, the higher voltage should produce proportionally
higher current, therefore any differences may be attributed to slight differences between the
various quartz fiber substrates used.

A clearly distinguishable feature of the measurement taken under 5V is the current
response after the water dose, which produces a larger increase in current than either the
0.5V or 0.05V measurements. For the first ~25 ZnO ALD cycles during the test smown
Figure6.5(d), the conductance curve for the 5V measurement appears very similar to that of
the 0.5V or 0.05V measurement,.ite large peak in conductance durthg water dose
shown in Figure &) is not present throughout the entire deposition rétlher develops as

the ZnO coatingyets thicker. Tie high 5V biagproduces much larger currents than in the
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other measurements, which maybe the cause of the large spike seen in6Eig)reor
examplein Figure6.5(g) thewater dosas followed by an increase in currdndbm 23mA to

75mA in a few tenths of a second. We suspect that such large current flow may be causing
localized heating through the conductive film, which in turn could influence precursor
sorption.

For the depositiontypical in our study, we found a 0.5V measurement bias provided
sufficient sensitivity to nucleation and film coalescence, and avoided producing currents so
high they distorted the measurement, such as the 5V measurement shown iré b{gjre
Alternatively, by sweeping voltage from 5V to 0.5V over the course of the measurement
would allow low cycle number sensitivity, while avoiding distorting high end currents.

Another notable feature present in the 5V measurement is the presence of a small
peak aftetthe DEZ dose is introduced. We attribute this to the ending of-8ez@d DEZ
dose, and thus the decrease in DEZ fluxhe substrate being measurekistfeature is

present in other conductance graphs and will be discussed in a later section.

6.3 Resultsand Discussion

Conductance measurements were used to study nucleation of ZnO ALD films on
guartz, nylor6, and polypropylene nonwovanbstrates. As shown in Figusé, nucleation
of ZnO occurs quickly on quartz fibers, taking betwé&eand 12 ZnO ALD cycles for
samples to have measurable conductance, which indicates the ZnO coating has coalesced
sufficiently to allow for electron transport through the ZnO. The quartz fibers are analogous

to deposition on planar silicon, since they offer S#0rfaces fo precursor nucleation, and
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do not show significant infiltration, thermal expansion or degradatialeruaur deposition
conditions, aspects that compliaatdeposition on polymers. Ehsignificant difference
betweenZnO nucleation omuartz fibers and polyer fibers can be seen in Figle®(a); by
contrast both the polypropylene and the nyononwoven substrates take about 81 cycles
before onset of measurable conductance occurs.

As mentioned earlier, the infiltration effects present in polymers, like the
polypropylene sample shown in Figus&(a), do not manifesturing deposition on quartz
fiber substrates, which apparent wheromparing the substrates plottedRigure 6.6(a).
Interestingly, the polypropylene and nylénsubstrates appear to take #@smne number of
ZnO cycles before becoming conductive enough to be measured. This is a surprising
difference since polypropylene is chemically inert, and nyotontains an amide group
which has shown to be very reactive to other ALD precursors such rasthyi
aluminum®#?®

Another interesting difference is the shape of the dose/response curves for the various
substrates during the first few cycles after the onset of measurable conductances.Gigure
shows ZnO growth on quartz initially resembles the same trend as is observed during steady
state, with the one significant exception. During the first four cycles after conductance is
measurable for ZnO on quartz fibers, during the post DEZ dose entqmgrge, conductance
appears to increase throughout the duration of the puitge.behavior is only observed in
coatings on quartz during the first7ZnO ALD cycles,and thismay indicate it is related to

absolute film growth rather than due to growthquartz specifically.
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It can be seen in Figur@6(a) that ZnO deposition on polypropylene and nyfon
undergo different growth behavior after the onset of measurable conductance, as highlighted
by the divergence of the respective curves after thefévstmeasurable cycles. The growth
behavior for polypropylene was discussed in Figbi&a), and although not evident as
plotted in Figure6.6(a), nylon6 undergoes considerably faster transition todstestate
deposition compared to polypropylen€he rylon-6 conductance curve in Figu&6(a)
shows conductance increasing a few orders of magnitude in the ~3 cycles after conductance
is first measured, but then transitions to a slower growth rate for the next ~30 cycles, at
which point it then transition® a lower growth rate. Even on quartz fibers, it can be seen in
Figure6.6(a) that once conductance becomes measurable, there is a rapid increase over a few
orders of magnitude, but after ~5 cycles the increase in conductance per cycle starts to
mitigate; as the fluctuations decrease in magnitude towards a steady state value, the curve
appears to thin, (e.g. ~18@000s) until it approaches steady state growth, t > 7000s.

Figure6.6(e-g) shows cycles #1449 for all three substrates, and it can be sesn th
all three appear to exhibit the similar behavior. Ny@orshows the largest change in
conductance in response to water doses, but this to be expected as it is the highest specific
surface area material of the three. For polypropylene as depicted ire Bi§(g), the
conductance decreases after the water dose at a linear rate compared to the logarithmic loss
exhibited for growth on quartz or nyl@hnonwovens. As the only hydrophobic polymer, we
ascribe this difference in behavior to the continued initeeof the underlying hydrophobic
polypropylene. Recall that, as was discussed with regards to growth modes in6E2¢aire

the steady state behavior for ZnO growth on polypropylene was not observed until towards
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the end of the 200 cycle run. The dosgdense curves for the ZnO on polypropylene in
Figure6.6(g), transitions to resemble that of the ZnO growth on quartz and-6ylBigure

6.2(c) shows two of the last cycles of the same sampk5ify), after the water dose the
conductance no longer deases at a linear rate. It appears to take growth of ZnO amzqu

fibers ~80 cycles, nylo6 ~130 cycles, and polypropylerel80 cycles, before they reach

their respective steady state rates of change. This transition signifies that the dose/response
curvefor the conductance plot can signify at what point the underlying polymer character is
fully encapsulated, as indicated by the transition in-p@ger dose physisorption behavior of

ZnO coated polypropylene from hydrophobic to hydrophilic.

This approactcould be used on polymers for in situ study of ZnO coatings as a
function of deposition temperature, to indicate at what point encapsulation was achieved.
Similarly, it could be used to determine if an,@4 ALD base layer coating, as we have
shown can be used for encapsulation of polypropylene prior to ZnO’AldE, performing

to task, depending on the dose/response curve of the ZnO ALD top layers.

The Impact of ZnO Deposition Temperature

The impact of depgition temperature was investigated for ZnO ALD on myfon
nonwovens, which is a good polymehnoice when depositing ZnO filmbecause it is
thermally stable up to ~210°C, and reaches steady state ALD growth regime more quickly
than similar depositions gmolypropylene. Nylof6 can be used to investigate ZnO ALD at
temperatures well above the ZnO AALD windowc

the characterization of the different temperature limited growth regimes that define the ALD
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window. In addion, the thermal expansion and infiltration that occurs during ALD on
polymers is potentially a very interesting topic that may be investigatethéoyn situ
conductance methodHowever, if probing characteristics of the ZnO filgrowth was the
goal,usng quartz fiber substrates woudé less complicated than using polymer fibers.

The conductivity of zinc oxide ALD deposited on silicon is dependent on deposition
temperature as well as film thickndssGenerally, higher temperatures deposit more
conductve ZnO films, with maximum conductivity values for films deposited 200°C to
250°C. Deposition at these temperatures on thermallgitsen substrates like polymers,
maybe possible if an appropriate polymer can be identified. In addition to the thermal
restictions polymers impose on the deposition conditions, growth is often complicated by
subsurface growth, thermal expansion of the polymer, precursor infiltration/removal issues,
and the growth dynamics between precursors and polyméiish are governedjybthe
temperature dependent balance of precursor diffusion and reaction Kiri&titsThe znO
films analyzed in this work are sufficientgin®’ that both the conductivity (S/cm) and the
conductance (S) are dependent on film thickndss temperature at which the ZnO was
deposited, and the measurement temperature. Therefore, analyzing in situ conductance for
ZnO deposition on nyleB nonwovens as a function of deposition temperature imparts
additional challenges to interpreting and ersfanding the measured data.

We deposited 200 cycles of ZnO on ny@rsubstrates at 100°C, 150°C, and 175°C
as depicted in Figuré.7, to probe the differences in film nucleation and growth, as well as
conductance change, as a function of deposition d¢esyre. Figure6.7(a) plots the

conductance of the ZnO coatings deposited on AR§laronwoves at 100°C, 150°C and
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175°C; a significant difference can be seen in the required number of ZnO cycles needed to
produce a coating that has a measurable condigctan

The data plotted in Figur@7(a) shows the differences in time (ZnO cycles) required
to deposita film of sufficient thickness and conductivity that a measurable amount of current
can be detected undeO& Volt bias. These are the only plots thettorporate two variables
for comparison, film thickness per cycle as a function of deposition temperature, and ZnO
conductivity as a function of deposition temperature; lower temperature films are generally
thicker but less conductive. The most intriguioigservation may be the initially counter
intuitive result that the deposition that shows the earliest onset of measurable conductance is
the lowest temperature deposition, 100°C on n@olomparing the conductivity of ZnO
films deposited at different depition temperatures, it has been shown that a ZnO film
deposited on planar silicon 175°C would be much more conductive than a film deposited at
100°C for the same number of ZnO cycles, despitegoei®% thinnethan the 100°C film
as was shown in Chapts.

However, CVD effects caused by incomplete purging inldkaetemperature sample
maybe asignificant contributing factor tdhe faster mcleation at lower temperatures
becaus@recursor doses and the purge tirmesheld constant between these samples.

Others have reported low temperature depositions by ALD, for example, us(dg Al
or ZnO ALD at temperatures below 40*€"® although the authors utilized comparatively
long purge times in their runs in ordergmvide sufficient purging of uneacted precursors,
even though, in some cases, the O6extended

here® As a comparison, AD; ALD in a comparable viscous flow tube ALD reactor
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operated under similar coridins, utilized a 180 second purge after the water dose to fully
remove urreacted precursors, while the authors found only a 5 second purge was required
after the watedosefor depositions at 177°€

The deposition at 100°C in Figuré.7(a) not only nuleates faster than the
depositions at 150°C and 175°C under the given deposition conditions, as is seen in Figure
6.7(d) it also exhibits a completely different trend after thaset of measureable
conductance.By comparison, thedepositions at 150°C and73°C show similar
dose/response behavior to ZnO deposition at 150°C on quartz fibers from Gigime
Furthermore, the trend behavior of the steady state change for the sample deposited at 100°C
shows characteristics not seen in the 150°C or 175°C runs, such as is shown i6.Fjgure
an increase in conductance as a function of time after the dager rather than the typical
conductance spike at the start of the water dose, followed by a slow conductance decrease
over the length of the purge. Rather, at 100°C, it can be seen that the spike/purge behavior is
replaced with conductance saturationthy end of the water purge. The purge step after the
DEZ dose appears to be insufficient for the 100°C sample, compared to the 150°C and 175°C
samples, as is indicated by the conductance rate of change immediately before a subsequent
water dose.

The shap of the dose/response conductance curves in Figafe,f) show a
noticeable difference to the 100°C in Figur&(6g) ; a sl i ght fAbumpo i n
seen during the purge step after the DEZ dose, similar to that seen on the ZnO deposition on
quatz measured with 5V bias. This is attributed to the end of the DEZ dosing, and the close

up figures to the right in Figu@7eeg) show a magni fied plot of
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location and duration of the DEZ dose signified above the dose/respanse Although the

trend is most evident in the 100°C sample, a small featuteseeed for all the depositions.

In the higher temperature deposition the conductance fluctuation during a normal ALD cycle

is significantly larger than the 100°C samplgaki ng t he Obumpd associ a

the DEZ dose only a small feature of the overall decreasing trend.

Nucleation of ZnO on Bare and Mef@kide Coated Quartz Fibers.

We have investigated the nucleation and growth behavior as a function efgcoati
chemistry to determine the impact that-peposited ALD coatings have on the nucleation
and growth of ZnO films. To do this, we deposit®@d and TiQ coatings on quartz fibers
prior to ZnO deposition, and compare the conductance behavior of ZnOdiipusited on
coated quartz to that on bare quartz. We compare the conductance of ZnO films deposited on
TiO, films grown using two different precursors, titanium tetrachloride @Fi@D,) and
water, and titanium tetraisopropoxide and water (FTi®,). For the AbO3; and TiQ base
layer coatings, we deposit ~25A of coating, which corresponds to 2% é&\cles, 50 TiC}
TiO, cycles, and 100 TTHIO; cycles. The AlOz; and TiCL-TiO, coatings were deposited
on bare quartz fibers in situ prior to ZnO degpiosi, and TTIRTIO, coatings were deposited
on bare quartz in another reactor, then placed in the conductance probe and inserted into the
primary reactor for ZnO depositiofigure 6.8(a-e) plots the conductance of ZnO films
deposited on ALD AlO3; and ALD TiO; base layer coatings during the first 29 cycles of ZnO
deposition. Figuré.8(f-i) show the steady state conductance behavior of the deposited ZnO

films on the various substrates, after 47 cycles of ZnO ALD, at which point the conductance
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dose/responseurves are very similar, having largely outgrown the effects of the underlying
coating chemistry.

In Figure6.8(a) it is evident that a different number of ZnO ALD cycles are required
before the onset of measurable conductance is achieved for depositioe various coating
types. Furthermore, the conductance curves for ZnO deposited,@3 &id TTIRTIO,
coatings, as well as bare quartz exhibit similar growth trends after the first few ZnO cycles
after the onset of measurable conductance. However, the ZnO conductance trend in Figure
6.8(e) for deposition on the TigITiO, surface is distinctly differenthaan the other three
coatings. Nucleation on TigITiO, takes a bit longer than nucleation on T, and once
nucleation occurs, the conductance increases more quickly than oATiOAPThe early
cycle ZnO growth on TiGHITiO, in Figure 6.8e) also appers fluctuate less in response to
DEZ or HO dosing, than the three other substrate types.

Zinc oxide deposited on AD; has been shown to exhibit increased conductivity for
ZnO thin films (< 34 nm) thickness compared to ZnO deposited opsBitaces. The ZnO
film in Figure 6.8(c) deposited on 25A AD; ALD coated quartz, shows onset of measurable
conductance much earlier than ZnO films deposited on other coatings. There does not appear
to be a difference in the cycles required to produce a measuraideictance for ZnO
deposition on bare or TTIPIO, coated quartz. After the first four cycles it appears as
though the ZnO film deposited on TFIRO, coated quartz is not increasing conductance as
quickly as the ZnO deposited on bare quartz. Figuéf-i) shows similar conductance

fluctuation behavior for the ZnO deposited on each substrate during the fiEdddes.
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We suspect that better nucleation and growth of the deposited ZnO ALD film,
reduced charge trapping at the ZnOQ@ interface, or differencein depletion layer effects
may account for why the conductance is measured much more quickly for ZnO deposited on
Al,O3 coated surfaces'® Furthermore, the onset of measurable conductance for ZnO
deposited on bare and TFIRO, coated quartz takes tsame number of cycles, after which,
the conductance behaviors diverge. We suspect divergence in conductance change, maybe a
result of different interfacial growth rates of the ZnO, or band bending effects caused by
differences in interface quality or defibn layer formation.

We ascribe the behavior in Figuée8(e) for ZnO deposition on TiGTiO, coated
qguartz to be a result of DEZB interaction with ufreacted TiCJ precursor molecules,
byproducts, or contamination. The TidliO, coating was the only film deposited using a
halogenated precursor, and ZnO is known to be readily etched by a variety gf asidwe
suspect small amounts of HCI contamination may retard ZnO growth, or reduce the
conductivity of ZnO that does deposiChanges in the growth rate or the conductive
properties of the deposited ZnO could account for the observed slower onset of measurable
conductance, and the unique conductance dose/response curve observed for ZnO deposited
on TiO, grown from TiCk and wate, that is not observed for ZnO deposited on ;TiO
surfaces grown witta metal organic precursoAfter deposition of the ZnO film on the
TiCl4-TiO, coated quartz plotted in FigusB(e), pitting was observed on the alligator clips
holding the substratendicative of that the surface observed during initial ZnO ALD cycles

was corrosive.
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6.4 Conclusions

The ability to measure in situ conductance during deposition of conductive zinc oxide
films by ALD onto nonwoven substrates was demonstrated. Betlie2and 4wire in situ
conductance measurements were taken during ZnO ALD, and both show a decrease in
conductance during the DEZ precursor dose and an increase in conductance during the water
dose.Measurable conductance was observed after as few as 10 cycle® éiLnhon bare
quartz fiber substrates, although the conductance for ZnO ALD tkpssitedon nylon6
and polypropylene was not measurable until after ~80 ZnO ALD cycles.

Regardless of how many cycles were required to produce a sufficiently conductive
ZnO coating such that the conductance could be measured, over the couhsenaxt~10
ZnO cyclesthe conductance of the ZnO coating increased up to six orders of magnitude
before slowing towards a more linear increase in conductance as a functioteafuyber.
Conductance measurements were performed for ZnO ALD films deposited on bare and metal
oxide coated quartz fibers, and the conductance curves of the ZrOnidreimpacted by
the metal oxide coating on which it was being deposited. ZnO depositalliminum oxide
coated quartz fibersroduced measurable conductance with fewer cycles than ZnO deposited
on bare quartz. ZnO deposited on bare quartz showed similar nucleation behavior as ZnO
deposited on a Ti9coating deposited witlf TIP and water precursors, although ZnO
deposited on a Ti©coatingfrom TiCl, and water preursors had a longer nucleation delay
before a measurable conductance was achieved, and afterwards, the conductance curve

exhibiteda completely unique dose/resgmbehaviorduring a ZnO ALD cycle.
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Importantly, regardless of the interface characteristics between the substrate and the
ZnO ALD film being deposited, eventually all the measurements evolved into the same
conductance behavior response to DEZ and watdoses. Thigslemonstreesthat although
the interface properties initially dominant the onset of measureable conduidatiee ZnO
coating the steady state behavior of ZnO ALD will eventually evolve as theddmeves
sufficient thicknessand is no dngerimpacted by thehemistry of theunderlying substrate
The simplicity of the design and implementation of this in situ conductance measurement
technique, combined with the demonstrated sensitivity and ability to studying eoating
substrate interfaceharacteristics makesthis technique a promising method for in situ

characterization of conductive ALD films.
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Figure 6.1. (a) The overall 2vire probe device with the quidkange connection and
electrical feedhrough gasket can be seen at right while a sample being held by alligator
clips can be seen in imagdtjgb) an image of a nyle6 nonwoven substrate in the probe
after 200 cycles of ZnO ALD; (c) front and (d) baokages of nylof6 substrate with woven

gold electrodes used for avire measurement
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Figure 6.2. Representative plots of in situ conductance data taken showing the various
aspects of the recorded data; this data was gathsf@D ZnO ALD cycles were deposited

on bare nonwoven polypropylene at 160 (a) A linear plot of the data shows the
significance in behavior ofi) the nucleation/coalescence peri@g, the initial conductance
uptake rate and then the transition to lower conductance uptake per cycle at highaogcles,

(i) the steady state ratéy) A logarithmic plot of conductamcfor the period immediately
before and after the onset of measurable conductance. In the span of < 10 cycles the
conductance of the coated sample increases 6 orders of magnitude; on this scale the nuances
in rate of change shown in (a) are lo®t} an example of conductance change within two
ALD cycles. The DEZ dose causes conductance to decrease which continues until the
introduction of the water dose which causes an abrupt increase in conductance followed by a

slow drop throughout the water purge step
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Figure 6.3. Conductance is plotted for three ZnO ALD cycles during deposition on a-nylon

6 nonwoven, as measurga) using the2-wire probe under 0.5 volt biady) using thed-wire

probe with 1 mA big; and(c) using the4-wire with 20 mA bias. The same trend can be seen

in data gathered from both probes, suggesting that band bending at the ZnO surface, rather
than changes in contact resistance are the cause of the observed oscillations during ZnO
ALD. It can also be seen t3(b) and6.3(c) that with the ire measurement, under 1 mA
current there is more noise in the measurement than when using a 20 mA currentirthe 2

test under 0.5V bias produced@tween 611 mA in the cycles shown B.3(a).(d) Current

Voltage curves taken on nylé@hfibers coated with 225 cycles of ZnO ALD at 160the 2

wire measurement was taken between the center electrodes ofvire grobe so that the
curves represent measurements over the same distance. Thisopletthatnon-negligible

contact resistance is presenthie 2-wire measurement (taken using thevite probe) orthe

nylon-6 sample with woven Awire electrodes.

167



Figure 6.4. An Arrhenius plot of thehermal activation of the conductance of a 100 cycle
ZnO ALD coating deposited on bare quartz fibers. In situ, -gepbsition conductance
measurements were taken as a function of temperature, betwieark8 350C while the
sample was kept under vacuukor ZnO, as with any sersbnductor, thermallhactivated
carri er s c aaordectiviyto maaage lae tendperature is increased, since more
carriers have sufficient energy to be promoted to the conduction Baedconductivity

thermal activationmergy(E,) of the plotted ZnO sample i E 0.42 eV
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