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Solution Deposition and Characterization of the Thin Film Inorganic
Materials

Chapter 1

Introduction

The main scope of this thesis is the solutionthadeposition of inorganic
materials by spin coating. Solution-based procgssrmapplicable to many organic and
polymeric materials, but the electronic devicesritatted with these materials exhibit
modest performance; films and devices from inorgaprecursors exhibit higher
performance (Anderson J.T., et al, in press, MitB., 2004). In this study, deposition of
oxide-based inorganic materials is emphasizedoferdost electronics by solution-based,
environmentally friendly, and vacuum-free fabrioatiin the production of chemically
robust materials and devices.

In this study, straightforward beaker chemistrremtoxic water-based precursors
and, as a deposition method, vacuum-free spinrgpatie selected. By spin coating, it is
possible to obtain films with thicknesses over eyweide range (<10 nm- >1um). In this
technique, a high speed rotation (3000-5000 rpmussed to spread the fluid by
centrifugal force. The selected solvent is usuatiatile and evaporates at the time of
application. The film thickness is dependent ondtwecentration of the solution, the type
of the solvent, and the spinning speed selectedallyshigher spin rates produce thinner
films.

In Chapter 2, the depositions of tin (IV) oxidedaminc-doped tin (IV) oxide
semiconductor oxide films have been studied, amgness toward realizing a TFT are
discussed. Tin (IV) oxide is studied as a crystallTFT channel layer due to its many
advantageous properties such as its high transpgréigh conduction, high chemical
stability even at high temperatures, high hardresd adherence to many types of
substrates (Gordon R.G., 1996). Sri@@s uses in high efficiency solar cells, transpare

electrodes, gas detectors, far infrared detecMufix S., et al, 1982). Zinc-doped tin



(IV) oxide (ZTO) is also a useful material for mamgasons. First, it provides an
amorphous nature and a low processing temperatongpared to high processing
temperatures of crystalline oxide channels. ZTOnshimnproved transistor performance
because of its high electron mobility (30%¥ws at 508C) (Hong D., et al, 2006) in spite
of its amorphous character. It has many attragireperties as Minami, et al. concluded,
ZTO film (ZnSnQ) showed superior properties as compared with,&m@d ZnO, such as
the zinc-stannate films were more thermally stableydrogen environment than SnO
films and are chemically stable in acidic and basititions than ZnO films (Minami T.,
et al., 1995). ZTO shows extreme resistance tddurg (Chiang H.Q., et al, 2005), and
more importantly forms an exceedingly smooth sw@facthin films (Young D. L., et al.,
2002).

In Chapter 2, the deposition of a Sb-doped Sfifin from solution is also
discussed, since it is a good conductor that camsbd as a conductor in a TFT. The high
conductivity of Sb-doped Sndilm compared to undoped Sp@omes from the extra
electron on antimony, which is added to the coridadband of Sn@

In Chapter 3, the solution deposition of,Ouilms from a water-based copper (II)
formate precursor is described. The aim here idefaosit a p-type channel layer for a
TFT from solution.

The materials tin (IV) oxide, zinc-doped tin (I\dxide and Sb-doped tin (IV)
oxide in chapter 2 are the examples of n-type semdigctor transparent conductive
oxides (TCOs) where cuprous oxide is a p-type TQkvis discussed in chapter 3. In
most of the spin-coated TFT channel layers eleatrtvansport has been n-type which is
dependent on the type of semiconductor selectedieMer, studying p-type channels is
also interesting because of their attractive appbo areas like solar cells, which are
based on the formation of a junction between n- psigipe layers (to drive charge
separation at the interface). The presence of hotnd p-type transistors is also critical
for the complementary metal-oxide semiconductor (@M technology (Mitzi et al,
2006). The preparation of TCO thin films consistofgp-type semiconductors was first
reported in 1993 (Sato H., et al, 1993). After tieigort, which was on p-type NiO thin



films deposited by rf magnetron sputtering, thewsevenh been many reports on the
preparation of p-type semiconducting thin films ngsinew TCO semiconductors,

however there is no report on the preparation pftgpe TCO thin film suitable for use

as a practical transparent electrode (Minami TO520

TCO thin films find use in transparent electrodas can be either polycrystalline
or amorphous in structure. They exhibit a resistiof the order of 18 Q cm or less and
an average transmittance of the order of 80% invikible range (Minami T., 2005). In
most solids, simultaneous occurrence of high trarespy to visible radiation and high
electrical conductivity is not common. However, gosmall class of post-transition metal
oxides with band gaps near 3 eV, good conducts/itee possible at low carrier
concentrations together with their relatively lolasarption in the visible portion of the
spectrum (Cava R.J., et al, 1994). Some exampldbeske TCOs are 103:Sn (ITO),
ZnO:Al and Sn@Sb (Hosono H., et al, 1996). Especially Sn-dopet®d (ITO) is in
wide use for many applications. Although the regists of transparent films of ITO are
quite low, which are in the range of 200-40Q gm, strong absorption in the blue and
green limits the thicknesses of ‘transparent’ filtns2000 A or less (Jarzebski Z.M.,
1982). New materials with improved transparency godd conductivity would be in
interest for the rapidly growing areas like flanphoptical displays (Cava R.J., et al.,
1994).

Generally, TCOs are interesting for their electptical, interfacial, and material
compatibility properties (Ginley D. S., et al, 200@onsidering application areas of
TCOs, one would understand better why these méeaia in high demand. Their wide
range of applications include heat collectors, gassors, energy conserving (low-
emissivity) windows (eg: oven windows, building wows), automatically dimming
rear-view mirrors for automobiles and electricatbyatrolled "smart” windows,
transparent electrodes on flat panel displaysy sahs, and touch panels. Among these
application areas, a primary application of TCOmithe form of thin films that are used
in TFT-based displays. These displays have a stosfor each pixel on the screen,

allowing the electrical current that illuminateg ttisplay to be turned on and off at video



rates. Liquid crystal displays (LCDs) that use Tte¢hnology are called "active-matrix"
displays, which are higher-quality than older "passnatrix” displays.

In Chapter 4, the deposition of silver metal freatution, which finds application
as a conductor in a TFT, device is discussed. énTHRT devices generally evaporated
aluminum metal, gold or ITO are used for the soumod drain contacts. Low-cost,
solution-processed and conductive silver matewas interesting if a low-temperature
deposition method can be applied. Also, by printiagoparticulate suspensions of gold,
silver, and other metals, it is possible to formmauactors for electronics applications, and
electrodes can be formed by printing a metal pssgusolution then converting it to a
metal (Calvert P., 2001).

The motivation of this thesis was a functioningTTéevice by using the known
basic chemistries of the oxides, used in the cHdapers. To be able to understand how
these devices are functioning first of all the bamrts that a transistor consists of will be
discussed. A transistor has four main parts namaatgistor gate (bottom gate), dielectric
(insulator), channel layer, and metal contacts r@and drain). These parts are shown
schematically in Figure 1.1. The materials usedtierdevices described in this work are
silicon substrate for the gate, thermally grown SiOr the dielectric, spin-coated
semiconductor channel material, and evaporatedialumfor the source (S) and drain

(D) contacts.

CHANNEL

Figure 1.1 Bottom gate TFT layout with the gatehst bottom, dielectric and channel
layers with the source and drain contacts on tdp of



The operation of a transistor can be describeenmg of electrons flowing from
source to drain. The source terminal derives itaemm&rom the carriers contributing to the
current moving from the external circuit into thenmgconductor at this electrode. The
carriers leave the semiconductor, or are “drainfedin the semiconductor at the drain
electrode. The gate is so named because of itsot@ntgating action. The drain current
(In), which flows in response to the applied termiw@tages, is the primary drive current
observable. The current flow is always such thatiea (electrons) enter the structure
through the source, leave through the drain, aedsabject to the control and gating
action of the gate (G). The voltage applied todghte relative to ground isgy while the
drain voltage relative to ground i \(Pierret R.F., 1996).

For all the chapters considered in this thesiaiabitg high quality thin-films was
the ultimate goal. These films are useful for meetel and electrical applications
especially for the channel layers used in TFTs. dabution-processed films, in general,
atomic rearrangements during solvent loss and dingegenerate rough surfaces and
incomplete coverage (Anderson J.T., et al., ingreBo obtain thin films from solution
deposition, two common routes are commonly used.fifkt one is the deposition of the
films by sol-gel method, and the second one isdégosition of the films from rapid
condensation of a polymer-gel. In traditional sel-deposition, it is difficult to obtain a
homogeneous film layer either by very slow hydr@yand diffusion or by burning
organics through a rapid combustion steghis method, basically a colloidal suspension
is converted to a solid-form gel in appropriatecemsty of application to a substrate. The
gel can be chemically purified, deposited, anddfieg high temperatures into a solid
oxide film. There are considerable disadvantagessofg the high-temperature burnout
step, which leads to significant volume changesawstallization (Anderson J.T., et al.,
in press). Moreover the film obtained from thishieigue commonly appears as a porous
film containing extensive void regions as a restlfilm crystallization. This type of film
morphology is not preferred in a channel layer @i device which brings limitations
on the device performance. An advantage of usiegsth-gel technique is its capability
of coating of complex shapes and large surfaces.céhductivity in undoped oxide films



deposited by this technique is generally low (lettri‘cm™). However, the films are
useful for applications that do not depend on highductivity, but do benefit from cost-
effective deposition. For example, fluorescent laemyelope coatings and transparent
grounding films in cathode ray tubes are fabricdtedhis technique (Brinker C.J., et al.,
1990).

The second deposition method which is used in $higly is called prompt
inorganic condensation. It is the condensation @élathat produces inorganic oxide thin-
films with the lack of complex organic ligands. @emsation reactions form from
aqueous metal precursors having metal-hydroxo-mdtdtOH-M) bonds that
energetically prefer to produce an inorganic oxidi@-film containing covalent metal-
oxo-metal (M-O-M) bonds by giving off water. In shirapid condensation method
bonding in the precursor solution is quite impottim the production of thin-films. An
example of a film deposited by this type of chergiss shown in Figure 1.2. In this
figure a hafnium oxide sulfate (HEQ(SOy)) film is seen which possesses a dense,

uniform, pore and crack-free morphology which ipalgted on Ta metal.

Thermal Cxide

Figure 1.2 Solution processed BISOy)x film on a thermal oxide substrate with Ta
metal on top of it.



The previously mentioned hydrolysis and condeosateactions with metal-
organic precursors are quite slow, which limits #pgplicability of printing techniques.
They also possess an unnecessary expense. Thea@terto organic precursors is the
use of inorganic precursors, which can be rapidlyverted to oxide thin films and at the
same time present suitable routes for digital prgt



Thin Films of SnO,and Zn-doped SnO

Chapter 2

Abstract

Channel-layer performance of tin oxide and zincetbfin oxide semiconductor
oxide films have been studied by fabricating thim ftransistors (TFTS) via spin coating.
Electrical characterization of undoped tin (IV) d&iand zinc doped tin (IV) oxide thin
films are performed. X-ray diffraction and scannialgctron microscope imaging of
solution-deposited thin films of tin oxide and zidgoped tin oxide (ZTO) are taken as a
guide for understanding the difficulties in prochgifunctional thin film transistors. IR
analysis of Sn@films is performed to determine the decompositiemperature of the
nitrate present in the films and the temperatusrghach hydroxide is evaporated from the
films. The chloride and zinc percentages presentthie films at selected anneal
temperatures are determined by electron microprabalysis. The resistivity of
antimony-doped tin oxide from solution is compangth the undoped tin (IV) oxide.

A precursor prepared from tin (II) oxalate, HN@q), and HO, (aq) is examined
for depositing tin (V) oxide films.

I ntroduction

In this study, | examined the solution-depositeécprsors for deposition of
undoped and zinc-doped tin (IV) oxide channel layier use in transparent thin-film
transistors (TTFTs). A unique hydroxo nitrato pmscu was produced from Sn&H,O
for realization of Sng this same precursor was slightly modified to s films of

zinc- and antimony-doped Sa( o examine the production of highly dense films,



processing was extended to include Sas a precursor following addition of HNO
(aq) and HO, (aq).

The TTFT represents the fundamental active devicéhe field of transparent
electronics. Such TTFTs were initially fabricated the basis of crystalline oxide
channels resulting from high-temperature procesgabgpve 608C, Chiang H.Q. et al,
2005). To reduce these temperatures and improvécelgyerformance, amorphous
channel layers have been examined (Chiang H.@l, 2005, Hosono H., 2006).

SnG, adopts a tetragonal rutile structure (space gm®dpmnm). The unit cell
contains two tin and four oxygen atoms. Each tomats bound to six oxygen atoms at
the corners of a regular octahedron, and every exygom is surrounded by three tin
atoms at the corners of an equilateral triangletfiéael H.L., et al, 1995). The value of

the direct band gap has been estimated to be 3(Makhix S., et al, 1982).

Figure 2.1 Unit cell of the crystal structure ofCsnLarge circles indicate O atoms and
the small circles indicate Sn atoms.

If SnO, were completely stoichiometric, it would be exgecto be electrically
insulating. The material, however, is nonstoichitmogbeing anion deficient through the

formation of oxygen vacancies. These vacanciestteaeduction of the St cation and
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occupation of the 8sconduction band. The creation of very high oxygetancies
results in structural and stoichiometric changesnfiSnQ to SnO. X-ray studies reveal
that there are many intermediate oxidation staesh as Si©; or SO,4, which result
during conversion of Sn{ao SnO (Hartnagel H.L., et al, 1995). Undoped Sfildhs are
n-type semiconductors. High conductivity can beugetl in Sn@ films from
stoichiometric deviation (tin interstitials and migi oxygen vacancies), intentional
doping (with fluorine and antimony), and unintent doping (with chlorine when tin
chloride compounds are used as reagents for depysitSubstitutional and interstitial
chlorine gives rise to donor levels that incredsedarrier concentration and conductivity
(Bilgin V., et al, 2004). A stoichiometric SaQrrystal can be made conducting by
creating oxygen deficiencies on heating the sanmmpla slightly reducing atmosphere.
Similarly, replacement of Shwith a cation of valence higher than 4+ increasesn-
type conductivity, while replacement of ‘Srwith a lower valency cation produces a
hole, which acts as a trap to decrease the comityatiHartnagel H.L., et al, 1995). The
combination of a large band gap and high condugti(associated with high dopant
concentrations) makes Sp@ useful transparent conductor (Gordon R.G., 1996)

Zinc tin oxide is a wide band gap, n-type semieatdr, and in thin-film form it
exhibits optical gaps of 3.3 to 3.9 eV (Minami €&t, al, 1995). It has many attractive
properties, including chemical stability with respt oxidation and etching (Minami T.,
et al, 1995), and physical robustness with restgtan scratching (Chiang H.Q. et al,
2005). Although the electrical properties of dof@u (generally doped TCOSs) are
strongly dependent on the deposition method as agelhe deposition conditions, it is
possible to obtain low resistivities on the ordérl6® Q cm with Zn-doped binary
compounds (Minami T., 2005). According to Bilgin &t crystalline structure of the
SnG films was deteriorated with increasing Zn concatndn which is evident from the
decrease in intensity and the number of X-ray péakSnQ. As a result of Zn addition
to crystalline Sn@ films the ZTO film exhibits amorphous structureedpite the
amorphous nature of ZTO it shows mobilities as high30 cfiVs (Kluth O., et al,

2003) in the TFT devices. Such high mobilities imaanorphous material can be
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explained by the conduction band derived from Sphly symmetric ns orbitals of
heavy-metal cation. Such orbitals have high degfemverlap between adjacent orbitals
and considerable band dispersion (Chiang H.Q.l, &085). Zinc addition to thin films
of tin oxide is also known to produce smoother atgb compared to crystalline and
granular undoped SnQ@Young D. L., et al, 2002).
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Experimental

Tin oxide films are obtained upon precipitatingra(tVV) hydroxide gel by slow
addition of 0.6 mL concentrated NKaq) (28-30%, Mallinckrodt Chemicals) to 4.45 mL,
an aqueous solution of 0.9 M SpGH,O (98%, Alfa Aesar). The hazy solution is stirred
for approximately 30 min at room temperature ubtilecomes transparent. An additional
1.3 mL concentrated NHaq) is then added quickly to force precipitatidme gel is
centrifuged for 2 min and then washed with a refraged 5/2 by volume, ethanol/ water
mixture. The washed gel is then centrifuged foreaosd time for 7 minutes. The
separated gel is removed from the liquid and themsferred to a beaker and dissolved in
2.25 mL of 2 M HNQ (aq) (68-70%, EMD). The mixture clarifies and beesm
transparent after stirring at room temperature dpproximately 1 h. This solution is
taken as the spin-coating precursor following additH,O, (aq) (30% solution,
Mallinckrodt, Sn: HO, ~ 1:4). The mol ratio of Sn to HNGs calculated from the
molarities previously mentioned and the amountsSo€L.5H,0 (aq) and HN@ (aq)
added to the solutions. The Sn:Nfatio is thus based on the complete precipitatibn
Sri™* (aq) following the first addition of Ng(aq). In order to quantitatively identify the
chloride present in the Sp@Ims Ag (s) (99.99%, Cerac, 325 mesh) is addethéospin
coating solution in the mol ratio of Sn:Ag= 0.001:1

Thin films of tin (IV) oxide are spin-coated on ZD& SiOy/Si substrates that
were cleaned for 60 min at %5 in an ultrasonic bath containing Conrad 70. The
substrates are washed with millipore water andddbig blowing N (g) on them. The
transparent spin coating precursor of tin (IV) opdr nitrate is deposited by spinning at a
rate of 3000 rpm for 30 s and curing on a hot pét@20C for 30 s between each coat.
The last anneal temperature of the film is ®@or 1 h in air with 18C/ h heating and
cooling rates.

SnG thin films are also spin coated from a chlorideeftin precursor. 0.21 g of
SnGOy (98%, Avocado) solid is stirred in 2 M HN@q), 3 M HO- (aq), and 6 mL of
millipore H,O in the mol ratios of 1:1:8.5 of SpQ,:HNO3:H,0,. The films are cured at
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400°C between coats, which is the decomposition tenyperaof the oxalate group.
Another precursor is made by addition of 0.2 g ${s) to 1 M HCI (36.5-38%, EMD),
conc. HO; (aqg), and 3 mL millipore 0. The mol ratios used are 1:1.12:30.8 for
SnGOy: HCI: H,0,.

Zinc-doped Sn@films are prepared by using hydroxo nitrato preouidescribed
above, except 0.0793 g of Zn metal (99.9%, Alfaake§10.5% of Zn/Zn+Sn) was added
to the clear spin-coating solution. The dissolutiminzinc metal is promoted by the
addition of 1.5 mL of 2 M HN@ (aq) while stirring. The calculated mol ratio ai &
HNO; is 1:1.69 (does not include the reaction of ZnhwiNQ;). The last anneal was
600°C for 1 h in air with 18C/ h heating and cooling rates.

For preparation of Sb:Sn(0.027 g of antimony metal (99.995%, Cerac, 200
mesh) is added to 5 mL of 0.9 M Sp6H,O (aq) solution in the mol ratio of Sh:Sn
=1:20 by stirring 18 h. 0.3 mL of concentrated {N&Q) and 0.28 mL of millipore water
were added to 2.23 mL of this solution, resultim@ hazy solution. It is then stirred for
15 min to produce a clear solution; 1.13 mL of aricated NH (aq) is then quickly
added to obtain a tin antimony hydroxide gel. Th&uton is centrifuged for 7 min,
washed with a mixture of 2.5 mL ethanol and 1 mllipare water, and then centrifuged
a second time for 2 min. After separation of tlggiildl from the gel, the gel is dissolved
with stirring in 1.13 mL of 2 M HN@ (aq) over a period of 3.5 h. The calculated
Sn:HNG; and total metal (Sb+Sn):HNGOnol ratios are 1.73:1 and 1.82:1 respectively.
(These ratios are derived on the basis of completiestoichiometric precipitation during
gel formation.) The resistivities of the Sb-dopeuOg films are measured by van der
Pauw method via putting four stainless steel cdatag the films.

Thin-film X-ray diffraction data were collected thi a Rigaku/MSC Rapid
diffractometer, employing Cu &radiation generated from a rotating anode at 5SGky
270 mA. Electron microprobe analysis (EMPA) dataeveollected on a Cameca SX-50
electron microprobe spectrometer. Data were catkcit three different accelerating
voltages with experimental intensities determinexf the average of five positions on
each sample. Atomic force microscopy in contact enigdused for the identification of
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the surface morphologies, and SEM measurementsi@re at the Hewlett Packard,

Company in Corvallis, OR.

Results and Discussion

Ideal reactions that may occur during the depasitbtin (IV) oxide films are
listed in reactions 2.1, 2.2 and 2.3. The firsps&1, represents precipitation of a tin (IV)
hydroxide gel from a tin chloride salt. The secaedction is the dissolution of the
resulting gel in HN@(aq) to obtain a soluble tin hydroxo nitrato prescurrin solution.
The precursor is prepared in this way to minimize NG concentration, which hinders
condensation. The third reaction occurs after thecyrsor has been applied to the

substrate and thermally annealed.

SnCl(aq) + 4NH(aq) + 4HO(l) —, Sn(OH)(gel) + 4NHCl(aq) 2.1

Sn(OH)(gel) + xHNQy(aq) ——» Sn(OH)(NOs)x(aq) + xHO()) 2.2

Sn(OH)(NOs)x(aq) — SnQ(s) + xNOy(g) + (x/4)Qx(g) + ((4-x)/2)HO(l)
2.3

As noted above, preparation of the tin (IV) oxideqursor solution is effected by
the precipitation of a hydroxide gel via the admhtiof NH; (aq) to SnC4:5H0. By
heating from 200 to 108G the lattice parameter of Sp@s known to decrease,

suggesting the presence of a large amount of hytigrgups in the Sngcrystallites,
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which are expelled as @ on heating. Large amount of hydroxyls remainimghie bulk
of crystallites give rise to a considerable amanintin vacancy sitedlt is also claimed
that remaining hydroxyls create structural deforomatand bond length variations in
rutile structure (Toledo-Antonio J.A., 2003).

One of the issues associated with preparationehtidroxo gel, reaction 2.1, is
the undesired retention of CA common test for the presence of @h) in a solution is
precipitation of AgCl (s) by addition of Agaq). Adding excess silver metal to the

dissolved gel and drying it at 3Wresults in the formation of AgCl (s) as notechirthe
XRD patterns in Figure 2.2.

solution dried 4t
30dc/1 h

intensity A.L

}‘ﬁn._
Ag

AgCl LA
20 25 30 35 40 45 50 55 60

2 theta (deg)

Figure 2.2 Powder X-ray diffraction peaks of Ag é&Jded into spin coating solution
which is dried at 30t for 1 h in air.

The reaction that occurs following addition of esgesilver metalinto the

precursor solution can be written as:
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Ag(s) +NQG;'(aq) + 2H(aq) +Cl(aq) ,» AgCI(s) + Ng(g) + HO() 2.4

It is seen in the reaction that the silver metabxidized to a 1+ oxidation state,
while nitrogen is reduced from the 5+ oxidatiorteta the nitrate ion to the 4+ oxidation
state in nitric oxide.

According to the electron microprobe analysis (EPM#@sults (Table 2.1), the
quantity of chlorine present in the films decreasigsificantly on heating. The chloride
percentages are calculated relative to tin with foeemula of 100x(CIl/CI+Sn).
Considering these results, it is seen that theeedensiderable decrease in the chloride
content following heating at temperatures as low286°C. At 600C which is the
temperature that TFT device performance is teskedfilm has about 70.55 at % O, 0.03
at % Cl, 28.51 at % Sn and 0.91 at % Si. The Steruns largely associated with the

substrate.

SnO; % CI (relativeto Sn)
as depositeq 15.06

200°C 0.21

600°C 0.11

800°C 0.07

Table 2.1 Cl content of tin (IV) oxide films as dsted and annealed for 1h in air.

Top and cross-sectional SEM images of films anmeieir at 608C for 1 h are

shown in Figure 2.3. The film thickness is estirdatebe 89 nm. It is seen that the
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undoped Snefilms appear granular and rough, rather than homoage and smooth,

having small particle sizes of nanometer dimensions

1ealed BOO°C/Thr.

() (b)

Figure 2.3 (a) Top and (b) cross section views adnBing Electron Microscope (SEM)
images of the tin (IV) oxide film which is air araded at 608C for 1 h.

IR measurements are performed to determine thengsesition temperature of
the nitrate group and to monitor the removal gOHrom the films. The measurements
are done with the powders which are prepared frloendried spin coating solution at
temperatures of 200, 300, 400 and ®DO0According to the Figure 2.4 the nitrate
absorption bands around 559, 677 and 1390 dominantly seen at 20énd 308C
however above 30C these strong absorption bands disappear. Theminsobands at
3500 cnit and 1665 cil which are attributed to -OH stretch are strongbers at
temperatures 260G and 308C but mostly decreased above AD0This is consistent with
the thermogravimetric analysis (TGA) data of Srs@mples. Also it is proved that most
of the hydroxyl group is gone up to 5@which is good because hydroxyls remain in the
samples inhibit the growing of the SnQ@ystallites (Toledo-Antonio, J.A., 2003).
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Figure 2.4 IR absorption data for tin oxide spimtoag solution dried at temperatures of
200, 300, 400 and 660.

Excess nitrate and chloride limit hydrolysis and ngrate stable
[M(OH)(X)(OH>)] (X=CI or NO3) complexes, affecting decomposition temperatue. T
eliminate the effects of chloride in the film afdilent reagent SO, is used to prepare
the precursor solution. The reactions here aredbasexidation of Sn (II) to Sn (IV) by
HNO; (aq) with additional solubility induced by coordiion of the peroxo group.

In the spin-coating technique, gaseous produasgaren off on annealing the
film. The occurrence of the tin (IV) oxide in thigf is evident from the X-ray diffraction
analysis shown in Figure 2.5. Here, the peaks ftbenas-deposited and air-annealed
(600°C) film are shown. The peaks match those from tleos substrate and tin (IV)
oxide. The peaks of tin (IV) oxide at 26.6, 33.8,13and 51.8are evident in the film

annealed at 60C. The films are annealed at 8G0because, as demonstrated in the



19

literature, annealing tin (IV) oxide at 5D leaves only small amounts of residual
hydroxyl groups in the film (Toledo-Antonio, J.2003).

6odC/1h

as depositgd \ | j\

Sno, h L. | A
‘Si subs"[rate JL | | | ‘h l

20 25 30 35 40 45 50 55 60
2 theta (deg)

intensity (A.U

Figure 2.5 X-ray diffraction patterns for as-depesiand at 60T for 1 h annealed films.

Zinc-doped tin oxide films are deposited from aqursor produced by adding Zn
metal to the hydroxo nitrato tin solution. The zmetal dissolves according to reaction

2.5. As the Zn dissolves, the solution pH incredmeEmause of hydrogen ion consumption.

Sri"*(aq)+OH(aq)+2NQ (ag)+3Zn(s)+8H(aq) —» Sfi'(aq)+OH(ag)+2NO(g)+
3zrt*(aqg)+ 4H0(l) 2.5

According to Table 2.2 the Zn concentration is agpnately 10.5 at %;
following an anneal at 86Q, the concentration falls to 7.7 at %. The amadmhlorine
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present in the films decreases significantly fra8mi25 % in the as-deposited to 0.08 % in
the film annealed for 1 h at 8UD.

ZTO film % ClI % Zn

as deposited 18.25 10.47

200°C 6.61 10.64
400°C 0.89 9.75
600°C 0.33 10.49
800°C 0.08 7.74

Table 2.2 Electron Microprobe Analysis of zinc-ddgen oxide films as deposited and
annealed at 200, 400, 600 and ¥Deor 1 h in air.

X-ray diffraction analysis of 10.5% Zn-doped tinid (ZTO) films annealed in air at
600 °C (Figure 2.6) indicates a significant rut8@Q, character with no zinc phases
directly observed. SEM images for the 10.5 at %ddped Sn@film annealed at 660C
are shown in Figure 2.7. In comparison to thoserafoped Sn@(Figure 2.3), smaller

grain sizes, a higher density, and smoother surfeeebe noted.



21

Zn-dopec

intensity (A.U.
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Figure 2.6 X-ray thin film data of ZTO film annedlet 608C/1h in air with the
matching peaks of Si (substrate) and $nO

(@) (b)

Figure 2.7 (a) Top and (b) cross-section SEM imagebe 10.5% Zn-doped tin oxide
films, which are annealed at 6@for 1 h.
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Since it is demonstrated (Srinivasa M.N., et aB3)3hat doping with electronic
donor such as Sbdecreasesesistivity initially up to about 3 mol % goes thgh a
minimum and then increases again for higher antimooncentrations. The 3.18 %
(evident form EPMA analysis) antimony doping inia {IV) oxide is performed to
obtain a conductor. The reactions of antimony medalition are shown in reaction 2.7.

Sr*(aq) + Sb(s) +Nk{aq) + HO , antimony tin hydroxide gel 2.7

After centrifuge and wash steps with EtOH angDHmixture the washed gel is
dissolved in HNQ@ (aq) to obtain a clear spin coating solution. Thal matio of Sn to
HNO; is 1.73 to 1 and the total metal (Sb+Sn) to HN® 1.82:1. Spin coating this
solution turned to Sb-doped tin oxide films. leident form Figure 2.8 that Sa@hase
is crystallized at 60T compared to the as deposited film data. The amynatom is not
seen in X-ray diffraction analyses in Figure 2.8vbwer it is detected from EPMA
analysis. The EPMA showed that at 8D0the atomic mol ratios are 63.25% O, 0.36%
Cl, 11.22% Si, 24.36% Sn and 0.80% Sb. The peagenf antimony relative to tin [100
X (Sb/Sb+Sn)] is calculated to be 3.18%.
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Figure 2.8 X-ray data of 92 nm thick, 3.18% Sb dbfaQ film as deposited and air
annealed at 60C for 1 h.

The SEM images of the 3.18% Sb doped Sfi@s are shown in Figure 2.9. The
film looks granular and has small particle size &igmooth surface is evident from the
cross section image. (Figure 2.9-b)

Antimony doped Sn®showed a resistivity of 34 mohm cm for a film of5~im
thickness which is air annealed at 8DGor 1 h. Compared to the resistivity (5-6 ohm
cm) for a film of ~40 nm thickness which is air aatesl at 608C for 1 h measured for

undoped tin (IV) oxide films a decrease in the gty observed for antimony doped
ones (thicknesses are estimated from SEM).
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coat. Annealed B00°C/1h

Figure 2.9 Top (left) and cross section (right)\wseof SEM images of 46-nm thick 3.18
at % Sh-doped tin oxide films.

Electrical Characterization

Spin-coated, 40 nm thick SaQilms annealed at 600°C for 1 h exhibit a
resistivityof 5-6 ohm cm. 10.5 % Zn-doped Spnfdms annealed at the same temperature
demonstrate ~500 Mohm cm resistivity, so they asallating. TFTs are prepared on
heavily doped p-type silicon substrates with 100 afrthermal silicon dioxide gate
dielectric layer formed via thermal oxidation anthatalum/gold back contact. A channel
layer of 45-nm thick tin oxide layer is then depedivia spin coating (Figure 2.10).
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Figure 2.10 Cross sectional view of the bottom gef§ device with undoped SnrO
channel layer

Bottom-gate TFTs fabricated from pure Snidms could not be characterized
because of high channel conductivity. The SEM insagfethe films are seen in Figure
2.3. From this image the granular nature of the i$ realized. In undoped-Sphere
are approximately 40-nm diameter sphere like pagiaevith vacancies between them
which may cause the film to have many defects.tl$o]ack of densification of the film
or being a too conductive channel layer can makeuiitl to behave as a transistor. This
behavior of the SngXfilms are consistent with the results of PreslegleTheir films are
deposited by RF magnetron sputtering and then répgicmal annealed in Cat 606C.
They stated that the reason of being too conduétivan annealed Sn@hin film is the
tendency of Sn@to form oxygen vacancies, which provide extra wtets to the
conduction-band (Hartnagel H.L., et al, 1995).Hé tchannel layer conductivity is too
high, it can not be modulated by a gate voltageichvimakes the transistor operation
impossible. However the transistor behavior is fbssf the channel-layer conductivity
is decreased to a certain level. They proposeithapossible to minimize the channel-
layer conductivity by decreasing the channel-ldli@akness to ~10-20 nm which helps to

reduce the conductivity of the Sp@ilms (Presley R.E., et al, 2004).
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The zinc doped tin oxide bottom gate TFT layouthis same as tin oxide TFT
device except for the channel material. The ZTO nok&a layer thickness is

approximately 40 nm.

The bottom-gate TFT fabricated from ZTO film exisbia reduced channel
conductivity with respect to the TFT fabricatednfrgpure Sn@ film. Looking at the
grain morphology in the SEM images of ZTO filmsHigure 2.7, it will be noticed that
there are isolated grains forming grain boundamtteang which possibly reduce the
mobility of the ZTO device. The grain boundary $eahg is not surprising if the
polycrystalline nature of the ZTO films is considér The morphology of the ZTO films
makes it evident that the films have dehydratedigdas rather than hydrated ones and
having dehydrated particles and being nondenseatar@ most possibly decreases the
hydroxo polymerization. As a result the device batrais attributed to many things like
poor grain morphology, possible retention of cldercounterion and the small amount of
Zn doping that the SnQilm contains which leads to high concentratioretefctron traps
that leads to the inability to turn the device ®he film likely to contain Zn:Sn®and
ZnO. However ZnO is not seen in the X-ray pattesimswn here, as its concentration is

too low.
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Solution Deposition of Cuprous Oxide Thin Films

Chapter 3

Abstract

The deposition of cuprous oxide thin films fromuaqus solutions of copper (I1)
formate tetrahydrate is achieved by spin coatinth yiost annealing under a nitrogen
atmosphere at temperaturest0C. Morphologies of these thermally treated filme ar
compared to those produced via photoexposure watrelgngths in the range 254 to 436
nm.

X-ray diffraction, atomic force microscopy (AFM)né scanning electron
microscopy (SEM) are used to characterize the filhé spectrometer is used to identify

the UV absorption wavelength of copper (Il) formegahydrate.

I ntroduction

CwO is known as a p-type semiconductor, and its piateapplication in solar
cells has attracted much attention because obwsdost, high solar absorbance, low
thermal emittance, nontoxicity, and simple proceésnanufacture (Luzeau P., et al,
1990). The p-type nature of € is derives from the positive holes associated wit
ionized copper vacancies and interstitial oxygenmeat (Porat O., et al, 1995). The band
gap of CyO is 2.17 eV, and a single crystal mobility of 46°8/™ s* has been reported
(Buljan A., 2001). Cw,O has a wider energy gap compared with cupric oxidech is
around 2.0 eV (Portier J., et al, 2004).
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For the preparation of the polycrystalline thirdahick films of cuprous oxide
there are many techniques such as thermal and chkemoixidation of copper,
electrodeposition, and reactive sputtering, asereed by Rakhshani A. E., 198®d Rai
B.P., 1988 for their use in solar cellthe depositions on glass substrates are usually
applied by techniques such as reactive sputteegrish-Marchwicka G., 1982)nd
vacuum evaporation (Pankov Ju. D., 1978). The cbandieposition of a GO film on a
glass substrate was first reported by Ristov Malell985.Ristov’s method consists of
alternate immersions of a substrate in a solutfoNa®OH at temperatures betweer’G0
and 98C and in a solution containing a copper compleX¢3Fepeated over several
cycles.This technique was modified by Nair M.T.S., et gldliminating the rinsing step
between the immersion cycles to deposit aCCtilm onto a microscope glass slide in
1999.

According to Nair M.T.S, et al's results annealitng deposited film in air at
300°C led to a partial conversion of &ito CuO, and annealing at 360led to a total
conversion of the material to CuO. As the reactmwoceeded the colorless solution
changed to yellow—orange and brown-black due toftmmation of CyO and CuO
respectively. On the other hand, the crystallirotythe films and the composition of
Cw0O remained unchanged during the annealing undergeib gas at temperatures of up
to 400C. The conversion of GO to CuO during heating in the presence of oxygen i
known (Trotman-Dickenson A.F., 1973). In the bubtknh the conversion is reported to
take place at temperatures above®@00t is also reported that at still higher tempere,
CuO could change to GO.

The electrical conductivity of a 0.15 pum thick Oufilm is reported about 5x10
Q'cm™. The electrical conductivity of this film increasabout an order of magnitude
(5x10° Q'cm™) when the film was annealed in nitrogen at “@0The increase in
conductivity with annealing temperature under aiaswalso reported. The dark
conductivity of the CuO film produced by air anrieglof a 0.15 pm G film at 408C
is about 7x18 Q'cm™ (Nair M.T.S, et al, 1999).
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The crystal structure of GO is known to be in cuprite structure as shown in
Figure 3.1. It is formed bybcc array of oxygen atoms with copper atoms between
consecutive oxygen layers. Copper forms linear @2Cbonds with oxygen where
oxygen atoms are surrounded by a tetrahedron gdezagtoms. As seen from the Figure
3.1 each copper atom is two-coordinated and eagheoxatom is four coordinated.

Figure 3.1 Crystal structure of g where large spheres represent O and small spheres
represent Cu.

It is known that the salts of carboxylic acids awpecially formates decompose
in oxidant-free media to give metals. The decontpwsiof these salts is exothermic and
occurs with a high rate at relatively low temperasu According to derivative
thermogravimetric (DTG) curve of anhydrous coppk) formate the decomposition
occurs at one stage at a temperature of@8&nd the resulting metallic copper is
oxidized to CwO (220)C) and later to CuO (386) (Efremov et al, 2002).
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In this study, aqueous solutions of copper forntateahydrate are chosen as
precursors for the deposition of cuprous oxide dilmPAccording to Mohamed and co-
workers, decomposition in air of anhydrous coppig¢fdrmate to copper (1) formate then
copper metal is claimed to be complete at approina23€C together with two
exothermic peaks observed at 484ind 218C evident from differential thermal analysis
(DTA). These exothermic peaks are confirmed bywddinie thermogravimetric (DTG)
analysis that they correspond to the peaks obsawedound 17% and 224C which
attributed to the mass losses of total 52.3 %, esdd of significant oxide product
formation. The continued mass increase after deositipn was related to the slow
oxidation of metallic Cu or G present in the residual products at 2%Mohamed
M.A., et al., 2004). According to Narsimlu and co-workers, the opticllsarption
spectrum ofi-Cu (HCOO) single crystal exhibits one absorption band inWhéregion
at 28571 cnt and another band in the visible region at 14285.cfine absorption band
occurring at 28571 cihis attributed to a charge transfer from the ligémanate ion -
COOH to the central Cu (ll) metal ion. The broad peakuring at 14285 cth has
been ascribed to the ligand-field splitting of 8& energy levels of the copper (lI) ion
(Narsimlu et al., 1996).

In the process of solution deposition, polymer@atn the precursor solution is
quite important for the purpose of obtaining a cwntus film. Polymerization can be
formed by condensation reactions involving eithgdrbxylation or oxolation. In some
cases, polymerization and condensation can be @wdwda optical excitation and
decomposition of an organic moiety such as formidteaviolet light A~ 348 nm) has
been previously used to decompose copper (1) feen@u (I1) is initially reduced to Cu
() and then later reduced to Cu (0) (Vigil E.,adt 2005). From this perspective it is
thought to decompose the precursor copper (Il) &emand cure the resulting cuprous
oxide films by UV light. Hence, photo-induced degmsition of copper (ll) formate
provides a potential route to the production of@tilms.
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Experimental

Cuprous oxide (G) films were prepared from aqueous solutions df .
Cu(HCOO».4H,O (98%, Alfa Aesar) by spin coating annealing undetrogen
atmosphere at temperatured00C.

The substrate used for the deposition was siligith a 1700 A thick coating of
SiO,. Substrates are cleaned af@Sor 60 min in an ultrasonic bath containing Cahra
70 detergent. Prior to use the substrates are \Wasitle millipore water and dried under
a stream of B(g). Spin coating this solution at a rate of 30ptrfor 30 s resulted in
colored films. The copper formate solution was cadb the substrate with annealing at
120°C for 1 min between each coat.

The UV photoexposure to the films is performed/agious UV sources. After the
first layer of the film is spin coated the film éxposed to UV light for ~30 min period
then the next layer of the film is spin-coated.sTprocedure is followed 8 times until the
desired film thickness is obtained. The experimeith the hand lamp (model UVG-54)
was performed by setting it in a nitrogen glove bble film is spin coated and exposed
to UV light between each consecutive coat in theogen glove box for 15 min. The
company named Optical Associates, Inc. (OAIl) inifdalia analyzed the films with a
UV source having a wavelength of 260 nm. Their egobpower density and the
exposure time were 18.3 mW/€@nd 30 min respectively. A thermocouple is attecioe
the bottom of each sample and the temperaturesi@asured in the beginning and at the
end of the process which occurred betweélCzind 78C.

UV photoexposure was achieved by using an RPRtNG@eactor (12 mercury
lamps with 254-nm output providing a power of 35ttwaand a power density of ~
0.0128 W/cm) or a UVG-54 hand-held lamp (254-nm output pravida power of 6 W).
The other UV sources used are Hg short arc HAS4{26tp provided by Advanced
Radiation Corporation Company (300 to 436 nm ouppaviding a power of 200 W and
a power density of 0.018 W/&rand a UV lamp provided by Optical Associates, Inc
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(OAI) (260 nm output providing a power density 0608 W/cnf). The RPR-100 UV
reactor and UVG-54 hand lamp are found in our latoy.

Thin-film X-ray data were collected with a RigaM®8C Rapid diffractometer,
employing Cu K radiation generated from a rotating anode at 50akd 270 mA. A
Siemens (Bruker) D5000 diffractometer was used dlbect powder X-ray data (Cu
radiation), atomic force microscopy (AFM) is usent the identification of the surface
morphologies and scanning electron microscopy (SEMa were acquired at Hewlett
Packard.

Results and Discussion

As previously mentioned on heating copper form&t&rahydrate organic
decomposition is completed at around Z38lohamed M.A., et aR004), where carbon
dioxide and hydrogen are evolved. The suggestechamezm for the decomposition is
written as in reaction 3.1. In this reaction Cu) (i reduced to Cu (0) with an
intermediate product of copper (I) formate (Galwelf., et al, 1974).

CU(HCQ), —> Cu+2CQ+ H, 3.1

According to Mohamed M.A., et al, from thermograeiric analysis under
nitrogen atmosphere a mass loss is observed up3€ avith Cu metal formation and
then above 21 there occurred a slow mass increase which atéibio CyO and CuO
formation. They concluded this result as the traoésoxygen found in Bl gas
environment. According to their results, copperahet the primary solid product for the

decomposition of copper (Il) formate under an irmosphere. In air, after the
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decomposition of anhydrous copper (ll) formate awsloxidation of metallic Cu or
residual CwO is observed. Under a hydrogen atmosphere, angeasulted in only Cu
metal (Mohamed M.A., et al, 2004).

In the process of spin coating the copper (lI)rfate tetra hydrate precursor, the
solid product formed on the films following an aahen a nitrogen atmosphere is
confirmed by X-ray diffraction as cuprous oxide diie 3.2). The X-ray diffraction
peaks of the annealed film at 4@0for 2h 30 min under nitrogen atmosphere, the air
annealed film at 30 for 2h are compared with the reference peaksuof@tal, CwO,
CuO and the Si substrate.

fim under N\, at 408C/2 h 30 mi

e

fim in air at 300C/2 h

— jtj___/\ Cuwo .
R A, CuwO
J\ Cu
%ﬂg.“, , , Si substrat

28 30 32 34 36 38 40 42 44 46 48 50
2 theta (deg)

intensity A.L
L

Figure 3.2 X-ray data of the thin film annealed4@t’C for 2 h and 30 min under,N
atmosphere and thin film annealed at%&D€or 2 h in air.

For the film annealed at 48D for 2 h 30 min under nitrogen atmosphere these ar
matching peaks of the Si/SiGubstrate at 32°6f 20, cuprous oxide at around 38¢f
26 and 42.830f 28, however the peaks of the air annealed film af@d0r 2h only
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matched with the substrate peak. It is noticed fFagure 3.2 that the diffraction peaks of
the film annealed under nitrogen atmosphere donaith with the peaks of CuO and Cu
metal.

The obtained G® film by annealing under N(g) atmosphere which is
confirmed by X-ray data can be the result of oxatatof the films. The films are
annealed for a long time (2 h 30 min) under nitrogavironment that it is possible to
have some residual oxygen in the(ty).

Instead of the thermal treatment applied underogén atmosphere after the
deposition of the films, UV light is used to decamsp the as-deposited film. The
evidence of the UV light shined film being in cupsooxide structure is shown by the X-
ray data in Figure 3.3. It will be noticed from thgure that the other possible copper

phases of copper metal and cupric oxide peaks alidnmatch with the obtained data of
the film itself.

substrate peak

flm under UV

intensity A.l

w b
S

20 25 30 35 40 45 50 55
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Figure 3.3 X-ray data of the thin film spin coatett exposed to UV light
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The morphologies of the deposited films are oletirby the atomic force
microscope analysis. In Figure 3.4 the AFM imagehaf cuprous oxide film which is
thermally annealed between coats at°C26n hot plate followed by post-annealing at
300°C for 2 h in air is shown. In order to cure therfithe last step applied as a UV
treatment for 45 min with a UV reactor giving ofwavelength of 254 nm. The RMS
roughness is around 35 nm for this film.

In Figure 3.5 the cuprous oxide film which is deqmsed with UV light between
each coat for about 15 min is seen. The film h&MsS roughness of 4.47 nm and a
thickness of about 78 nm which is estimated from 8EM results. As a comparison
between the thermally treated followed by UV shirmedl only UV decomposed films
there is a difference in roughness where in thterldess rough films are obtained.
Considering the morphologies of both films it igsdrom the AFM images that the film
that has been only UV shined possesses a smoaitiaces and smaller grains. But still
images show that the two films are granular whicmat so preferable in the use of a

channel layer of a TFT device.

135.58 nm

-84.91 nm

Figure 3.4 The cuprous oxide film which is anneale808C for 2 h in air following an
exposure to UV light of 253.7 nm for 45 min. RM&ighiness of the film is 35 nm.
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-15.52 nm

Figure 3.5 The cuprous oxide film which is exposedJV light between coats for ~15
min with a RMS roughness of 4.47 nm and a thickio¢ss’8 nm.

In order to see thenorphologies of the films from other perspectiveSVS
analyses are done. The SEM images ofutielecomposeduprous oxide films are shown
in Figure 3.6. Between the coats 253.7 nm wavelengtUV light was shined on them
for 30 min with RPR-100 UV reactor. The temperatingde the reactor is measured to
be 35C.

From the Figure 3.6 (b) it can be noticed thatfilme is granular but the surface
of the film is smooth and from Figure 3.6 (c) théckness of the films can be measured

as approximately 78 nm for eight coats.
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Figure 3.6 The SEM of (a) top view, (b) cross smtiview in 200 nm scale, (c) cross
section view in 100 nm scale of cuprous oxide fimose surface is decomposed via UV
light for 30 min for each coat.

In Figure 3.7 the SEM image of a film is shown e¥his decomposed via UV
light followed by a N atmosphere anneal at 3@0for 1 h 45 min. As it is expected
annealing under nitrogen atmosphere at’@0furned the film into crystalline cuprous

oxide phase confirmed by X-ray diffraction analysis
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(€)

Figure 3.7The SEM of (a) top view, (b) cross section view2l0 nm scale, (c) cross
section view in 100 nm scale of cuprous oxide fiimose surface is decomposed via UV
light following an anneal underNtmosphere at 380 for 1:45 hour.

As a comparison of the SEM images shown in Fi@useand Figure 3.7 only UV
decomposition or UV decomposition followed by amea under nitrogen atmosphere
creates no big difference in morphology. Howevelrigure 3.7 a rougher film which

contains bigger patrticles is realized which camtbebuted to the crystallization achieved
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by the thermal anneal. In the exposition of thetesfthe UV reactor used had a
wavelength of only 254 nm which is not the exact @hsorption wavelength of the
precursor of copper (1) formate tetrahydrate.

According to the literature the UV absorption bamfdo-Cu (COOH) single
crystal shows one absorption band in the UV regioB50 nm (Narsimlu N., et al, 1996).
So to learn the absorption wavelength of the copipeformate tetrahydrate, the aqueous
solutions of copper (Il) formate tetrahydrate ie toncentrations of 0.4 M, 4.3 and
4.10* M are prepared and analyzed with a spectrometdchwis in the range of
wavelengths between 200 nm and 800 nm. Accordinigetgpectrogram shown in Figure
3.8 the absorption of copper (Il) formate tetralayerin the UV region is seen at below
350 nm and the second absorption is seen in thideviegion starting from 550 nm for
the 0.4 M of solution and 650 nm for the more @tlbnes. Since it is shown that copper
(I formate tetrahydrate absorbs light below 3%0 im the UV region it is preferable to
have a UV source that will give a wavelength beR&0 nm. So, for the exposition of the
films the UV source was chosen in the wavelength5gf nm.

Since it is confirmed that UV light can decompdse films into cuprous oxide as
well as nitrogen annealing the other way tried wiaising the UV light under nitrogen
atmosphere. In the films that are obtained fromUNesource in nitrogen glove box, it
was not observed any noticeable thickness buildtog.this reason looking for a more
powerful source (more than 6 Watts total) and athrevavelength spectrum (below 350
nm) was necessary. So, the films have been sdniotalifferent companies in the name
of Advanced Radiation Corporation (ARC) and Optiéasociates, Inc. (OAl) to be
analyzed with UV sources of different wavelengths.

By comparing the morphology of the films exposedUV light by the OAI
Company and the ones exposed to UV light providgdRBR-100 UV reactor (Figure

3.5) not much difference is observed
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Figure 3.8 The absorption spectrum of copper @hfate tetrahydrate solutions in the
concentrations of 0.4 M, 4.FM and 4.1¢' M between wavelengths of 200 nm and 800
nm.

This is also evident from the Figures 3.9 and 3Ih0the Figure 3.5 the film
which is UV exposed by a RPR-100 UV reactor betwdwnconsecutive coats for 15
min showed a roughness of 4.47 nm on the other tremfiilms exposed to UV light by
OAI Company showed a roughness of 2.3 nm and 3®%®vident from the Figures 3.9
and 3.10 respectively. The film seen in Figurei8.8pproximately 9.75 nm thick which
is once coated and exposed to a UV light for 30. mime film seen in Figure 3.10 is
approximately 78 nm thick which is exposed to Ughti with the RPR-100 UV reactor
for 30 min between each coat and the post-annega¢ri®rmed by the OAI Company
with the same UV source for the same amount of.tifkese results can be evaluated by
looking at the roughness values of the films imigrof morphology. The least rough
films are obtained by both UV shining between tbats following a post anneal with

UV. This film morphology can be seen in Figure 3.10
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19.51 nm

@ (b)

Figure 3.9 (a) AFM image of the ~9.75 nm thick cugr@xide film exposed to UV light
by OAI. The film has a surface roughness of 2.3 (bjndeflection image of the same
film.

20.67 nm

-20.21 nm

Figure 3.10 AFM image of the ~78 nm thick cuprougdexfilm exposed by RPR-100
UV reactor and exposed to UV by OAI. The film shaavsurface roughness of 3.95 nm.
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Solution Deposition of Silver Metal Thin Films

Chapter 4

Abstract

Conductive materials have many application areah as electrodes, pixel pads,
conductive lines, and tracks in enabling low-cdscteonics (Li Y., et al, 2005). The
conductors prepared from organic materials are pooconductivity and long term
stability. For the purpose of direct ink depositmfmmetals the most common approach is
the deposition of nanoparticles (Stathatos E.,|e2@00). However there are some
limitations of this type of deposition such as hignealing temperatures and inferior
mechanical properties. The gold and silver nanapest are the primary candidates that
show promising conductivites (~A0° S cm') at high temperature and vacuum
conditions. The high cost of gold makes it non @rable over silver particles and the
high temperatures (> 380) which are not suitable for flexible plastic stbages lead to
looking for new deposition routes.

The solution deposition of silver metal at low feratures is the primary goal of
this work. Our approach is the deposition of theesimetal films directly from solution
with the method of spin coating. A solution of sit1) oxide dissolved in concentrated
agueous ammonia is used as the precursor; silvel msedirectly realized with curing
temperatures as low as 220

The deposited silver films are confirmed via X-ralffraction, and the
morphology of the films is characterized by atonfiorce microscopy (AFM)

measurements.
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Introduction

Silver metal is widely used as an IR reflectivetenal in low-emissivity coatings
and solar control layer stacks in automative winslg@ahm H. et al, 2004). Silver thin
layer is usually covered with protective dielectagers like ITO and pure #; due to
its poor atmospheric stability (Ando E., et al, 2Dther applications of the silver are in
soldering alloys, high-capacity batteries, eleafriequipment, and printed circuits. The
silver salts are also extensively employed in thetpgraphic industry (Housecroft C.E.,
et al, 2001).

Solution deposition and printing of the metal &lfas traditionally been centered
on the use of micron-sized flakes and nanoparticg printing and annealing
nanoparticulate suspensions of gold, silver, arftkrometals it is possible to form
conductors for electronics applications. Such sastenaterials however have exhibited
poor mechanical properties and relatively high piiyo

Liquid-based deposition and patterning of trawsistrcuits are being studied as a
low-cost alternative to amorphous silicon techn@sgfor electronics. These circuits
have many applications such as large-area electdaig., active-matrix LCDs, organic
light emitting diodes, e-paper) and low-end devi¢es)., wearable electronics, smart
labels, radio frequency identification tags), whenechanical flexibility is required.
Liquid processable semiconductors for channel gee mostly investigated for printed
electronics however there is not too much reseatche in printable conductive
materials. Some of the applications areas of canduenaterials are electrodes, pixel
pads, conductive lines, and tracks in enabling ¢ost electronics (Li Y., et al, 2005).

Earlier printable conductor works focused on orgamaterials, which exhibit low
electrical conductivity (< 3 S c¢®) and their poor chemical, thermal, and electrical
stabilities. Gold and silver metals exhibit highndactivity (~1d-10° Scm®) and
operational stability, but high temperature anchhigcuum conditions are necessary for
their deposition. Gold nanoparticles have been siggb by Wu Y., et al in 2005 with a
low-temperature method however its high cost da¢smake it a preferable material. For

this reason, low-cost, solution-processed silvetenls are preferred if a deposition
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method is found which provides its high conducyiand low-temperature requirements
together (Li Y., et al, 2005).

Commercial silver pastes and inks have a low filim conductivity (Gray C., et
al, 2001) which is around 2000 S ¢raven with annealing temperatures above’@dor
a thickness of 300 nm. On the other hand silveroparticles with thin-film features
below 200 nm and at temperatures above@athow high conductivity (Fuller S.B., et
al, 2002) due to large particle size or presencgtroing stabilizers (Wu Y., et al, 2007).
These films, however, exhibit significant porosity.

If silver nanoparticles form strong bonds with amg stabilizing agents they may
require high processing temperatures to break theses. However, alkylamines are
claimed to have weaker interactions with silver ethiead to conductive layers at low
temperatures. In the work of Li Y., et al., theyedsa precursor of silver (I) acetate
solution which is reduced by phenylhydrazine in pihesence of a stabilizer (1-dodecyl-
amine) in toluene at temperatures as low as 128c14Dhe high conductivity and long
term stability are in crucial importance in theldief electronic circuit manufacturing.
Their reported electrical conductivity of the spasted silver films is in the range of 2-4
x 10* S cm’ for a 70 nm thick film. The organic TFT built bging these silver source
and drain contacts exhibit an average mobility df560.08 cm V's® and a current
on/off ratio of 16-10 (Li Y., et al, 2005).

Usually silver salts are known to thermally seéince to metallic silver, but this
process requires a high temperature (Liu Z., e2@05) and strong reducing agents such
as NaBH, hydrazine, and aldehyde. However, these reduamgegts would cause a rapid
reduction of silver salt solution with uncontrollptecipitation (Wu Y., et al, 2007).

Wu Y., et al, reported the solution depositionsd¥er films without a separate
synthesis of nanoparticles. Their method is theodgen by using a solution of a silver
(I) acetate, an organoamine (e.g., ethanolamimal),aalong-chain carboxylic acid (oleic
acid) in an alcohol solvent (n-butanol). They olwai a conductivity about 1.0-2.0 x310
Scmi® by annealing in air at 200°C for 10 min or a cactélity of about > 16 S cni' at
150°C by increasing the annealing time to ~45 min (WueY al, 2007). With the acid



45

additive they reduced the crystalline domains prese the films which lead to low
conductive films. The TFT device of a bottom-gategttom-contact structural
configuration were built on an n-doped silicon waising silver source/drain electrodes
generated from the silver acetate solution and & sated organic channel
semiconductor. The obtained FET mobility from ttiévice is reported as 0.10-0.15%m
vt st with a current of on/off ratio in the range of 1®Wu, Y., et al, 2007). As a
comparison of TFTs with vacuum-deposited silvecktes which show a mobility of
~0.06 cni V* st with a current of on/off ratio in the range of°41D’, the deposition
method of Wu Y., et al.,, was successful. Howevérttedse deposition methods use
organic materials and show way less mobility valwesnpared to methods using
inorganic precursors.

In this study our approach is the deposition of sileer metal films at low
temperature from new ink chemistry. AYis chosen as a precursor since the binding
energies of AgQ are very low and it gradually decomposes intoesilislands at a
temperature of 18C at atmospheric pressure. Previously silver naricpes were
produced by the deoxidization of Ag@ims in a hydrogen atmosphere (Tominaga J.,
2003). This study is concentrated on the deposuiothin films of silver with AgO as
the reagent for precursor formation. For this paggasmooth and conductive films are
necessary.

Many compounds of silver are insoluble in watert e brown solid, AgD, is
soluble in alkali solutions such as concentrateds; NBq) forming complexes of
[AgNH3]" and [Ag(NH),]". These complexes may be readily decomposed at low

temperatures (18Q) to silver metal.
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Experimental

The deposition of silver metal thin films by smioating method is achieved via
the reduction of silver (I) oxide solution to sifvenetal. The precursor solution is
prepared in the concentrations of 0.05 M and 0.ftdvh Ag,O (s) which is dissolved in
concentrated aqueous ammonia. The freshly pregalation is directly spin coated at a
rate of 3000 rpm for 30 s which results in metadl@or films. The temperature used
between consecutive coats is 42®n a hot plate for 30 min.

The substrates used for the deposition are sjliedrich has a 1700-A thick
thermally evaporated Sidayer on top of it. Substrates are cleaned 8€46r 60 min in
an ultrasonic bath of containing Conrad 70 detergeme clean substrates are rinsed with
millipore water and dried by blowing nitrogen gastbem.

The deposited films are characterized with a Srem@ruker) D5000 X-ray
diffractometer (Cu radiation) and a Multimdfeatomic force microscopy, which is used

in contact mode for the identification of the sedanorphologies.

Results and Discussion

The films annealed at 14D on a hot plate are silver metal; no additional
annealing is required. The identity of the filmssdser metal is confirmed by the X-ray
diffraction data shown in Figure 4.1. From thisufig, the peaks of silver metal and the
substrate are confirmed. The deposited silver fims around 98 nm thick, which are
obtained by 10 consecutive coats via spin coatihgy do not show any observable
conductivity by simple probing. The overall reaatieading to deposition of the silver

film is shown in reaction 4.1.



a7

AgO (s)+NH (ag) — » 2Ag(s) + NHaq) + 1/2Q (g) 4.1

As a reference, the silver (I) oxide (&) powder as bought is annealed at®?D0
for 2 h and 308C for 2 h in air but it is seen from the X-ray psRat the silver (1) oxide
did not turn to silver metal at all.

substrate peak fim annealed at 30€/2h in ai
= X
<
2 .
D flm as deposite
“q—') LT 'h* M Dpretemntony
£
Ag meta
20 25 30 35 40 45 50 55 60
2 theta (deg)

Figure 4.1 Powder X-ray diffraction peaks of tHenfas deposited (120) and annealed
at 300C for 2 h in air.

The AFM images of the silver films are seen inur&y4.2, Figure 4.3 and Figure
4.4. The film in Figure 4.2 is post-annealed in&i208C for 2 h. The films in Figure
4.2 and 4.3 exhibit surface roughnesses of appmeiyn 21.3 nm and 28.3 nm
respectively. The film in Figure 4.2 is post-aneekih air at 208C for 2 h where the film
shown in Figure 4.3 is post-annealed in air atnaperature of 3T for 30 min. In the

next figure (Figure 4.4) the silver film shown igitg rough with a surface roughness of
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~44 nm. The film is quite granular and discontinsiolihe silver film in this figure is
annealed in air at 380 for 2 h followed by a nitrogen atmosphere anae&00C for 2

h 30 min.As a comparison between those films in Figures4L.2 and 4.4 the higher the
annealing temperature the rougher the film get® [€hst rough films are obtained with
the film in Figure 4.2 which is annealed at 200 In all these films a granular

morphology can be noticed with some dispersed remtiofes on the surface.

102.96 nm

(@) (b)

Figure 4.2 (a) AFM image of the deposited silvém§ annealed at 280 for 2 h in air
(b) the deflection image of the image (a).

As a result there are some challenges in the fioomaf silver films. First, to be
used as a conductor in TFT applications the filmrphology needs to be improved.
Second, the film should be conductive rather thesulating as in our case. To achieve
the desired results, the concentration of@gan be altered, additional Ag salt mixtures
can be tested to prevent nucleation, and the effe#cspin-coating and annealing process

parameters can be examined.
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(b)
(b

Figure 4.4 (a) AFM image of the silver films anreghht 308C for 2 h in air followed by
an anneal at 30C for 2 h and 30 min under nitrogen atmospher¢h@)eflection image

of the image (a).

|

120.97 nm
-87.06 nm

(@)

Figure 4.3 (a) AFM image of the silver films anrezhht 308C for 30 min in air (b) the

deflection image of the image (a).
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Chapter 5

Summary

By spin coating tin (IV) oxide, and zinc-, antimedgped tin (IV) oxide, it is
possible to obtain crystalline films, near 800The undoped SnGilm is too conductive
to be used as a channel layer in a TFT, at ledbttive dielectric materials available for
study. In the zinc-doped Sa@Im, the conductivity is decreased significanthere, the
resulting trap densities and morphology are notlacive to realizing a functioning TFT.

Considering the morphology observed in the SEM iesadghe lack of device
performance is not surprising. It is known thatqus and inhomogeneous films can
have low mobilities and low carrier concentratioAsigh chlorine concentration present
in the precursor solution may be equated with amtentionally high mineral acid
content, and probably results in decreased tinrpefization. The as-deposited film
therefore exhibits a significant halide salt ch&gacather than a well-bonded hydroxide
network. Finally, early nucleation of dehydratedCs species during precipitation may
prevent monolithic gel condensation. As a restiiiese effects are capable of
contributing to the granular morphology seen in SkEMges and reflected in limited
TFT operation.

ZTO thin films deposited from a single source preou have demonstrated
limited field effect in TFT structures. Device pamhance appears to be trap dominated,
and SEM images suggest morphological contributiasswvell. Potential changes to
solution precursors include higher Zn concentratja@nhanced chlorine removal steps,
changes to the soluble tin source, and modificatitm the hydroxide precipitation
reaction.

In Chapter 3, the nitrogen atmosphere depositiddugO films is explained. The
deposition is performed with the UV decompositioh tbe films at around room
temperature (3&). The challenge was to improve the morphologgheffilms. However
the smoothest films are obtained by both UV expodoetween coats and a post-
deposition anneal with UV light. We can conclubtattthe current cuprous oxide films

need to be densified, and in the future films stidnd much smoother and free of
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porosity. The limitation with current cuprous oxideposition chemistries has been
identified as poor polymerization in the precursolution.

The solution deposition of the silver films at teeratures as low as 14D is
discussed. It is a promising result since a poseahat higher temperatures not needed to
deposit these films, providing a means for use ofadety of substrates including
dielectrics, metals, plastics etc. If the deposfigds were sufficiently conductive and
smooth, they could be used as a conductor in afilhintransistor or as a mechanical

element in a microelectromechanical device.
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