INVESTIGATION ON IMP ROVEMENTS OF TCO PROCESSING ON
CDTE THIN FILM SOLAR CELLS.

by
Dana Sledz



A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of Mines in partial
fulfillment of the requirements fahe degree of Master of Science (Engineering).

Golden, Colorado

Date

Golden, Colorado

Date

Signed:
Dana A. Sledz
Signed:
Dr. Gregory Bogin
Thesis Advisor
Signed:
Dr. Joseph Beach
Thesis Advisor
Signed:

Dr. John Berger
Associate Professor and Interim Department Head

Department of Mechanical Engineering



ABSTRACT

Cadmium stannat@d,SnQ) is a high performance TCO (transparent conducting oxide) that has
been used in the fabrication of leading performance thin film CdTe solar cells. Several studies in this
work were done tenhancehetechnical knowledgebasandindustryprocessig of the CedSnQ;:
mechanical film properties, tantalum doping, puiBke compared to RF plasma deposition, and

modeling of the sputter systemFluent and Comsol

Mechanical properties, determined from nanoindentation measurements, are valuabldfer flexi
substratelesign and topcoats. It was found films annealed in oxygen rather than nitrogen increases elastic
modulus byl6% and hardness [82%, but film electrical and optical properties were degraded.

Tantalum was also investigated an rype dopahin Cd.SnQ, with the goal of removing the lab
standard CdS plate anneal, which is impractical for industrial manufagtiarious doping levels
deposition temperatureand postinneals were done on sputtered fil@siantificaion of film quality is
done usingthreeproperties electrical, optical, and crystalline. These properties amsored with xay
diffraction, Hall effect, spectrophotometer, and a profilometer to measure thickness and surface
roughnessWhile 1-10% Ta is not an effective dopart,significant discovery is approximate film
properties can be achieved with a 85@indoped C£nQ, deposition with a standaahneakcompared to
the standard 2C film with CdS annealThis film may be competitive in industry as improvement for
the curent FTO (SnQ;:F).

Pulsed DC plasma sputiteg was investigatetb enhanc&€d,SnQ, film propertiesand is known to
deposit faster than with RF for certain materials. It was found PDC improves film qualities at deposition
temperatures of 306G and above,ampared to standard RF §&hQ, films. Even without any anneahe
530°C PDCdeposition hagood properties compared to the RF%50/Nhile conductivity is not as high
with PDC, the mobility of the film is outstanding. With added CdS anneals, depositiparagures
300°C andabove givémprovements to the standard RF film. Deposition rates of these PDddilms

increass 6-21% over RF at corresponding temperatures.

The sputter deposition was also modeled in Fluent (gas and surface reactions) and Comsol
(plasma) in order to approximate deposition rates under various condirhoptimize chamber

propertiesThe result is there is a solid base for a comprehensive model for the sputter deposition.
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CHAPTER 1INTRODUCTION

Solar energy converted directlyetectrial power can be captured with a varietypobven
photovoltaictechnologiesamorphous silicon ¢&i), crystalline silicon(c-Si), thin films, and other
emerging design®OE has placed a $1/Wistalled cosgoal for solar energy that research is moving

towards, in order to make solar economically viable compared to curremenewable energy prices.

Cadmium Telluride €dTq is abranch of the thin film phot/oltaic solar power production
receiving attention due to its high efficiency and lower processiats compared to alternative
technologies. Theaammercialsolarpanel company, First Solar, hasently achievedl7.3%cell

efficiencyand 14.46 total areamodule efficiencywith CdTe[1].

lngg/ >$1 per kWh equivalent PV electricity cost

$10

Module Price

$1 -
1 10 100 1,000 10,000 100,000 1,000,000

Cumulative Production (MW
umu Y ( P) Note: Based on Module

Purchase Price Not
Manufactured Cost
Ken Zweibel/GWU

Figurel.l: Solar Cell learning curvdg].

Futureeconomicalargescale commercial productionacess lies in thin film solar cells.
Improvements to efficiency @& reductiorin processing costan mean a significant cost savings for the

industry.Research is being done globally to determine advancements in these films.

In an attempt t@achieve solacell 1$/Watt goalpur research strives to both reduce manufacturing
cost and improve efficiency. There ananysolar cells in the earlyesearch stages: CIGS, CIS, GaAs
multijunction, and organic. In terms of largeale availability, there are threells that are currently

competitive for manufacturing:=8i [single crystal silicon], Cadmium Telluride, andea[amorphous

silicon]. The efficiencies are shownkiigurel1.2.
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Figurel.2: Efficiency @mparison for €Si, CdTe, and-&i [3].

To achieve the 1$/Watt competitive eneggal ~25% efficiency is requirefr current
manufacture cost€rystalline silicon and CdTe are both capable of achievingffigency; however
the CdTe is superior te8i in variousaspects. CdTe can be manufactured continuously, not in batches,
and can also be deposited on flegibubstrates. However it does have challenges in large scale
manufactring. The record NREL film#16.5%) is composed of
glassCd,Sn0O4/Zn,Sn0O,/CdS/CdTe/metalThe typical film however has
glassFTO/Sn0O,/CdS/CdTe/metalThe TCO window layer is different beuse th&n,SnQ, requires
complex processingsurface plate anngaFTO (fluorine doped tiroxide) is easy to deposit and
commonly used in the electronics industry.

Cd,SnQ, is moredesirabledue to itdower resistance andigher transparency th&nQ,:F
(FTO). It has been reported Rffasma depositiortan obtain a Hall mobility of 60 citV-s and charge
carrier concentrations of 5xf&m?due to its crystal structufd]. Standard Cg5nQ, processing
involves a higkenergy postleposition contact anneal aretch in order to adequately dope the material as
n-type and maintain favorable optiGaid electrical properties. However, this cahtnnealing is not
economicafor largescale manufacturing-he goal of this research is to eliminate the need for this post
anneal and, in doing so, take a limited-$afale technique ta large scale prossing level Additional
work is also done to better characterize the TCO and investigatsegil deposition processes.



CHAPTER 2:TECHNICAL BACKGROUND

Due to the multidisciplinary nature of this project, a brief section is dedicated to explaining the

mechanics of the solar cell system itself.

2.1 Physics of Thin Film Solar Cells

Semiconductor materials can have electrons at orveoo$tates: in the valence bareldwithin the
lattice), or the conduction band free electron able to move ara)nlllumination can excite electrons in
the valence band to the conduction band if thesefiscient photon energyonce an electron is excited to
the conduction band and mobile, thexaipositive space left behirdbscribedas a hole. The hole also is
free © move, much like a dislocation in a lattice. The electron eventually relaxes back inabetinee
band, and a giton can then again generate ano#iectronhole pair (EHP).

The band gapunique to particular materialdetermines what portion of thelar spectrum is
absorbedPhoton energy above the band gay (&n excite an electron, while lower energy will simply
be transmitted through the materfabr photons with significantly greater energy ttigntheresulting
excited electron wilteleaseexcess energy thermallgoth thickness and band gap are optimized
solar cellto maximize the total amount of photon energy absofbadd gap CdTe i%.49[5], CdS is
2.42[6]).

Eph (Photons)
o © o 0 Conduction Band
0 empty 0 0o 0 ° 0 0
e- if Eph > Eg
energy Eg (Band Gap)

filed X x ¥  Valence Band
X

X X X X X x o o x

position

Figure 21: Band Diagram

In order to create electron flowstead of contained recombinatj@pn junction must be
presentWithout an electric field, the net motion of excited electiisits The pn junctionis wherea
material is doped heavily witkither a p on typematerial, defined by valence electro@slS and CdTe
are complex however conceptually can be described with a silicon diggigare 22 andFigure 23).
The p and n materials are then combined to form a juncAom-type material has significantly more
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free electrongompared tdwoles because these materials have 5 valence elegithivsin a 4p

covalently bonded buliEigure 21). A p-type material is the opposite; with only 3 valence electrons
there are gap$iéles) available for electronEhis shifts the balance of holes and electrons in the lattice,
normallyequal in an undoped butkaterial

N-Type P-Type

e-donors e- receptors

3 valence
electrons

Figure 22: CdTe [crystalline cubic] structure. Figure 23: CdS [hexagonal cubic] structure.

The materiabonds affect the energy levels the electrons can occupy and how they move about
the crystal latticeThe bandliagramfrom Figure 21 can be adjusted to show both thand p type
material.N-type material has more electrons availabeinstead ofequiringthe entire gof the bulk
material,there is a small amount of energy needegiteelectrons into the conduction band. The p
type has holes available at a much lower energy teael the conduction band, so it also takes lgss E
(photon energydo move electrons to a mobile locatidine curved edge is representative of thetgtec
field imparted by theharge separation.

e- N - Type P-Type
energy empty

Ec

Er ==

position

Figure 24: P-N junction band gap diagram.



When the p and n type materials are brought together, diffusion of the electrons and holes occurs
across the junctioriA gap is left inthe center devoid of mobile charge carriers, but ions frorddhers
and acceptoreemain creatingan internal electric fieldFigure 25). This electrostatic potenti&brces the
charge carriers to move against the concentragfadient, giving an eventual force equilibripsition
The Fermi energis the probability of electron and hole occupation, maptesents the electrochemical

potentialof the material

When illuminated, the materials generate electron hole paiest®the electric field
concentrated at the juncti on  MinorityearriergifPtyps= ar e separ
electronsp-type =holes) flow to the opposite region (electrons from p,tbailes from n to p) due to the

charge separation.

[ Photons (light) ]

N - Type

\ Electron Donor

IONS ¢ ¢ ¢

1]
0

Donor (hole) + + + +

Depletion region
Creates small E field

I 3
=

Acceptor (&) - % =/ - -

P - Type

Electron Acceptor

Figure 25: EHP generation in-p junction.

While the physics of photovoltaics is fairly complicated, solar cells can be explained simply as

materialsln processing:

1. N and P type materials are doped separately into a bulkiatatéh 4 covalent bond@or Si).
Thebulk is required so the different materials h#we different electron numbers
2. Eyis the energy required to knock out an electron.
a. Very large for the bulk because the electrons are stable
b. Much lower for N and P fyes because the doping is unstable with electrons and holes
(electron vacancy) within the bulkor doped, Eis the same, donor or acceptor atoms
give the carriers.
3. Create a junction by juxtaposing the n and p doped bulk materials toJ¢tbgrurpose dhis is
to generate a local electric field to control carrier direction.
5



4. Holes and free electrons diffuse naturally; when they do they leave a fixadisrofthis is what
stays at the junction boundary).
a. Inthe ntype: pulling an electronud leaves aempty available stat@lectronvacancy)
b. In the ptype:acceptogainsan electronthehole migrates to reduce entropy

When illuminated (and Jg> E)):

1. An ElectrorHole Pair is created (this is for EACH semiconductor material depending on
wavelength (i€Eyp)).
2. The majority carrier (p = +, n 3 is already on its side (i.e. for n type, eteat will fill the
available stafe
3. The minority carrier migrates to the other side
b. If the minority carrier doesitgeherateec ombi ne ¢
electron motion€lectricity)

2.2 Properties of Solar Cells

There are three primary properties to determine the performance of a solar cell film that can be

measured in a lab: band gap, minority free carriers, and carrier lifetime.

2.2.1 Band Gap

The kand gap is theninimum energy required to excite an electiam the valence to
conduction band (& E.T E,). It can be determined with measurements of optical properties, particularly
the absorption over available wavelengths. Absorption increaseplvatbn energy after the band gap is
reached, but is relatively low for areas in close proximity to the band gap due simply to probability
alternative energy lossesbsorption depth is the inverse of the absorptoefficientand represents the
depththe light penetrates until its intensity has dropped by a factor of iéeintensity of light is directly
related to the absorption coefficient and depth within the film aqjiration 2.1

I = [Oe_ax (21)

where | is light intensity at depth x in the filiigis incident light at the film surface, atlis the

absorption coefficient.

2.2.2 Carrier concentration
Carrier concentration is the number or electrons or holes in the materialedsal dependent on
band gaptemperatureand dopingFor materialsvith higher band gaps, it takes more energy to excite an

electron to move (valence to conduction band). Therefore these materials have lower carrier



concentratioa Increased temperature can increase the carrier concentration vahoerbt¢mperature

measurements argtandardor consistent comparisons

2.2.3 Recombination
Recombination refers to electrons that stabilize down to the valence from the conduction band,
which removes a hole in the process. The main types of recombination are radiati(&heBiiey
ReadHall), and Auger. Auger recombination describes when, instetie @nergy release of
recombination in the form of a photon or heag, ¢éimergy is absorbed by an electron in the conduction
band. This electron then thermalizes down intacthreduction band edge. This can limit carrier lifetime
but is less prevalent with increased dopBBHrecombinations simply due to defects in the filnfkor
direct band gap materials (CdTe films), radiative recombination is dominahts form, when
recombination occurs, the energy is released as a photon close to the bandgap. It is only weakly absorbed

and is transmitted out of the film.

Carrier lifetime is the average time a carrier can spend in an excited state before it recombines.

Thicknessofd i | m i s | imited by mobility and carrier 1if
T — (2.2
where @wn is the excess minority carriers, and R 1i:
2.2.4 Mobility

Electron motion due to charge carrier excitaii® controlled by itglirection and the electric field
(due to pn junction).Mobility refers to the net carrier movement in the presence of an electridffield.

relates taiffusivity coefficientwith equation 2.3:
o - (2.3

wherek is the Boltznann constant, T is temperature, q isalextric chargeThe carrier density directly

relates to Jand V., calculatedn equation®.4 and 2.5

2.2.5 Efficiency
There are 3 major properties that characterize the perform#hoéd solar cellshortcircuit
current (4o, open circuit voltage (), and fill factor (FF). The following equations describe in an ideal

sense what impacts these properties.

TheV . is calculated withgas



W —l 1— p (2.5)

where kis the Boltzmann constant, T is temperatuggiskhe photon generated currefihe Vqis critical
as it is the maximum voltage the system can output, and is a measure of the amount of recombination in

the systemThe ®@nversion efficiencyused as thiotal efficiency of solar cell films, is calculated with
(2.6)

where FF is the fill factoiThe fill factoris a ratio of the maximum power over thg. ¥ J.. It describes
the ratio of Raxover the area under the IV cunddure 26) generatedrbm the short circuit currentsQ)

and open circuit voltage (Y.

IA
Jsc —

Prax

>
v

Vo

Figure 26: IV curve for solar cell.

The irradiance value (JPis 1000 W/miwhen using the standard AM1.5 spectrithe Air Mass
1.5 value is®ndard practice for measurement and reflectik@fiverage irradiance in North America
used because longitude, season, and time of day (corresponding to zenith angle) make irradiance variable
The total conversion efficiency then is a ratio of theegated maximum power and the incident power.
Typical values for crystalline silicon aredaof 35 mA/cnf, V. up to 0.65 VFF 0.75- 0.80, conversion
efficiency = 17-18%[7].

TCO films are primarily compared with conductivity, parameters of which can be measured with
the Hall effect equipment available. Contivity () is the inverse of resistivity (R), and using the Drude

model can be characterized tmpbility x carrier density carrier charge
” - ‘s 'po ‘sr!] ‘ hﬁ ‘ (2'7)

where mobility (1) is the drift sped (@) over the applied electric field (mv).



Film resistancean be directly measured and exempliftess number of free carrieevailable.

The cell resistance and power generation sections are drdiguire 27) ascircuit diagram.

O

O R metal + junctions

Figure 27: Solar cell circuit schematic. Figure 28: CdTe solar cell.

The p and n type have already been discussed, but there is another generation and resistance
component, the TCQVhile not specifically generating voltage alone, the TCO is an additietyglen
material that works with the-p junction to add to total voltage outputhe transparent conducting oxide
(TCO) is a class of conductive and transparent maseviiile frequently used iroptoelectric devices
like touch screensghe TCO is also used in thin film solar cells as a top conduction layer. This negates the
use of ascreenprintedfront metal contaabetworlks typical of silicon cells.

In order to be effective, theCO should have a high level of clarigg there is no shading of
photon energy, and it should have a low resistance to reduce any losses in th€biecniital and
thermal durability are also critical properties for cell longevAtghough TCO resistivty (around 5 x 10
‘qTcm) i s s emagnituae higoer thaa medals @) T § [8 it is an improvement on

reducing the light to the rest of the cell.

2.3 Processing ofTCO Films
There are a variety of film deposition methods (CVD, PVD, ED, ¢9S)sed taapply a TCOto
(most commonlylow Na glassor treated soda lime glag40]. Thetypical TCO,fluorine doped tin
oxide (SrD,:F), is costly and often requires an additional buldgerfor CdTe films[11][10]. NREL
research determined several advantages s81€@Q over the conventional SpCresistivies 26 times
lower (1.5x10'Y) , hi gh mobility, high carrier [1@oOAftarentr ati
depositinghe TCO, the #ype CdS is deposited aadunction is made between thaype CdTe with the

metal backing.Various anneals and surface treatments are used throughout to improve contacts and



increase grstallization.Due to the variance in processing options ftioeis of this paper shall be the
Cd,SnQ, TCO with deposition methods consistent with CSM and NRBLrdgearch:

1) Sputter amorphous cadmium tin oxide filntaa room temperature substrate
2) Annealfilm at high temperature in contact with a CdS film on a sepatdistrate

Theinitial film is sputtered from a stoichiometric €2hQ, ceramic target. The targets used at
NREL and CSM are made by Materion (formerly Cerac) bypnessing preeactedCd,SnQ, powder.
The C3dSnQ, powder is made by sintering a stoichiometric mixture of CdO and SoMdders and then
milling the sintered product into a fine powder. The hot pressing is performed in a graphite crucible,
which results in some oxygen being @rad from the target. The pressed target is annealed in oxygen to
return it to a fully oxidized state.-Kay diffraction shows that the -@elivered targets aolycrystalline
rhombohedral C£&nQ, (Figure 29) [13].

XRD of doped targets

=—1.22% doped 6.04% doped =11.95% doped
10000

8000

6000

4000

2000

Angle 2 0

Figure 29: XRD of the three doped targets.

The initial film is sputtered using arFRnagnetron sputter gun in a vacuum chamber. The sputter
gasvolumeis 50% Ar + 50% Q@at 10 mtorr. Theddedoxygen is used toombat oxygen depletion in the
target due to plasma interaction, atabilize the sputter target surface compositfopure agon
atmosphere will cause the target surface to be reduced t¢sa @itby and cause the deposited film to be
only partially oxidized. The sputter power is 100 W from a 13.56 MHz radio frequency power supply. A
100 minute deposition under these conditpnsoduces a 400 nm thick film on

borosilicate glass substrate. The substrate is rotated during deposition at approximately 20 rpm to produce
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a uniform film thickness across the substrate. XRD of thdepssited film shows it is asnphous, and

XPS shows that it is a cadmium tin oxide carsiion. A CdS contact anngaérformed on the cadmium

tin oxidefilm to crystallize and add additional Cd ions to the lattice (dopiadjorosilicate glass plate

with a 200 nm thick CdS film on i placed on top of the cadmium tin oxide film. The filos are
annealedaceto-facein a nitrogen atmosphere in a tube furnace. The anneal consists of a 20 minute ramp
to 400°C, a 30 minute dwell at0d€°’C, a 12 minute ramp td06°C, a 60 minute dweht 800°C, and a 34

hour cool to room temperature. XRD of the annealed film shows it to be cubic polycrystai$med_d

Typical films have high optical transmission and bulk resistivity around 2.5'g D¢ m.

Annealing in nitrogen with no CdS plate atsussthe film to crystallize and become
conductive, but therystals are smallend the conductivity is not dsgh. CdS has a vapor pressure near
3 mtorr at 608C. Experimentatiorwith adding elemental Cd or S to the tube furnace indi¢hge Cd is
the active material in the CdS contact plate aniteappears that the Cd aids the film crystallization
slightly and increases the free electron density in the film by a facter oft3 Burstein shift effect
results in increasedyEue to high dopingt has been investigated that the resulting O vacancies from

postdeposition annealing increases carcencentrations due to the Btaig shift effect[14].
CdS annealeflims exhibita hazy region around the perimeter shdw XPSas a Srdepleted

composition. Tin sulfide has a vapor pressapproximatelytwice as high as CdS at 6@) and may be
reacting withS vaporfrom the CdS platand sublimating, leakingut from between thedges of the

plates. The haziness, causgdibn roughnessan be removed by etching the annealed film in a solution
of 0.3 mL bromine in 50 mL methanol for 3 minutes. The etched film has a very clear, uniform

appearance.

2.4 Relevance of Projeci Prior Work

There are three major commercial TC@sorine doped tin oxide (SndF), aluminum doped zinc
oxide (ZnO:Al), and indium tin oxide (IT®0% InO;, 10% SnQ@by weigh). Zinc oxide can be doped
using other materials, but Al is cost effective. Zinc oxide is being used in some thin film amorpteus S
Si) or Cu(In,Ga)S£CIGS) photovoltaic panels, but it is observed to have poor chemical and thermal
stability. Encapsulation with very low water vapor transport rates is required to make durable
photovoltaic panels. ITO is also used in some thin &8i or CIGS photovoltaic panels, but the indium

content makes this option cosfi5].

CdTe is the only commercially successful thin film photovoltaic technology td dafEhe front

layer in aCdTe solar cell is &CO, generally Sn@F. Tin oxide is used because it leagremely good
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thermal and chemical durabilitpecessary for producing high efficiency Cd3@ar cells. Its optical and

electronic properties aasounaffected by water vapor exposure

Thechallengewith using Sn@F in CdTe cells is that its optical transmission and electrical
conductionare not as@od as ZnO or ITO. This reduces the efficiency of the CdTe cells by reducing their
photocurrent and fill factor. In the laboratory, this has been overcome by using a different transparent
conducting oxide, C&$nG. It can have extremely good optical andotionic properties, and also
tolerates high temperatures well. However, the processing methods that are usedhigmakality

laboratory films are not amenable to large scale commercial production.

The difficulties presented bgb processg are thepostdeposition contact anneal and the
postanneattching. Neitheprocess iparticularly compatible with rapid processing on a lagjestrate.
Ideally, we want to develop a process that makes high qualdgasited Ce£5nCQ: films with no need
for a pst-deposition anneal and thus no need for a-poseal etch. Barring thatpaocess that uses a gas
phase postleposition anneal with no peatneal etch could be acceptable.

Various treatments ianattempt toovercomehesechallengediave beetestedon Cd,SnQ, thin
films. One method was ion implantation to modify the structural and optical propeittieag **, which
resulted in roughness increases so large the absorption and transmission dagpaethSnQ, buffer
layer was invesjated successfully by NREL to reduce the probability of forming localized TCO/CdTe
junctions when the CdS film |l ayer thickness 1is
and resistivity matching to the CdS. It can also act as arstiphayer and reduces back layer shunting
[12].

Many n-type dopant$or SnG and CdSnQ, TCOs have been investigatdy a number of groups
for improvementgo carrier mobility and conductivityebO doping in C£5nQ, with an anneal was found
to greatly improve the filnpropertiesperhaps due to a sinteredwetk from the oxidation of Pb
mobility (PE*Y PB"*+26€)[17]. In,0; and Sn@n-type dopants investigated using EEleSettron
energylossspectroscopy) into GBnQ, demonstrate mechanisms of the electron carriers. Indium doping
is compensatd by In (111) onto Sn (V) and Cd (ll) sites compared to the less effective doping ooto Sn
Sbsites which only sponsors one carrier per dopant gtb#h Indium and tantalum combined doping
from metal powder deposition on £2hQ, assist the oxygen vacancies and stigal cadmium as
electron donors. Other materials [In, Sn, Nb, Va, W, Mb] were seen to accumulate in secondary phases or

along grain boundaries as electrically inacfil8].

In 1975, Ta dopingwas tested usingrgets made bgsettling techniquén Cd,SnQ,; (Ta 0.02%

doping) It was found that with an anneal between-ZOG°C in Ar or CdS film propertiesereimproved
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[19]. This confirmeddntalum as an-type dopant, but progress moved towards thestahdard CdS

plate anneal instead due to the presence of secondary phdSe€y@nd CdO)enerated from the
oldertechnology targsbuneven deposition ratéf.was also determined that heated deposition, dependent
on substrate crystallinity, coulgeneraterystalized films (40600°C for glass, 15U for single crystal

Si). The mechanism is thought to be CdO diffusion intgSbd, to form interstitial donors. Improved

Hall mobility plotted as a function of electron concentration is showigare 210.
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Figure 210: Cd,SnQ, and .02%Ta doping and anneal mobilif§9].

While large conductivities can be achieved with high-fragier concentrations and mobilities,
the free carrier increase can add to absorption and recombirit®ita doped film @&00°C substrate
deposition gave 1.7 x $bcm? carrier concentratiarHigher concentrations due to increased doping

could not be investigated because the solubility of Ta limits target preparation.

Thework done in1978 which has not been investigateda published manner since

recommends

iThe economics would improve significantly if
formation of singlephase CeésSnQ, films. If this were the case pedéeposition heat
treatment might be unnecessary and even more attraethaparent electrode

properties could be expected as a2 esult of pc

2.5 ThesisWork

Previous work was donmeanyyears ago demonstrating Ta as aype dopant in C4&6nQ,.
Improved technology (hot pressed targetd enhanced sputterikgowledgé allows current research to
enhance the level and stability of Ta doping. The 1975 study target was made by mixing component

powder in a methanol suspension and settled. For this work, tdepEal target€d,SnQ, targetswere

13



made by a more staadl processThe targets used from Materion were made in a similar manner to their
undoped CgsnQ, targets, but tantalum oxide was added to the powder mixture before it was sintered.
The amount of tantalum oxide added corresponds to 1%, 5%, and 10%we#ghy. These targets held

up wellduring depositiowvith minimal cracking, similar to undoped targets, with increased doping

reducing the amount of cracking due to thermal an RF plasma forces.

This research involvesvestigation othedoping at 610% with variation ofchamber pressur&F
power, and substrate temperatukdditional postdeposition annealing of the filnis also requireeh
order to crystalize some of the filmBhe annealing parameters available for investigation include time,
temperatire, and whether a contact plate is used. Goals of the project reflect the characterization and
investigation of a tantalum doped film performant€0 film performance has been outlined as high
optical transmission in NIR range, defined surface morphdimggfficient light trapping and charge
collection, good thermal and chemical stability, and-tmst growth proced21].

Questions of interest include whether a&itD;: Ta deposited at room temperature can be annealed
without a CdS contact plate to make a high qualitySad), film, whether annealing a doped film
deposited at high temperature will improve it properties, and whether a CdS contact anneal will improve
the properties of a doped fillAdditional research of TCOs involve pulsed DC depositiarown to
increase deposition rate while retaining film qualiday similar TCO films. The RF plasma sputter process
is modeled in Fluent with an added plasma model done in Comsol. The modeling is designed to predict

deposition rates and can be used to optimize parameters.

2.5.1 Measurements
Typical characterizatiomeasurements to describe how the TCO will perform in photovoltaic cells
includegrowth rate, surface roughness, crystalline structure, optical properties, electronic pr@petties,

mechanical properties

Profilometer

Film growth rates characterized bynaskng the film, chemically etcimg the exposed region,
and then using TencorP10stylussurface profilometer to determine the film thicknédse stylus
measures with continuoline scandakingdifferentialheight data at a set frequencihe distane
between data points is set by the combination of scan speed and sampling fredeasayemestwere
taken aBB00em scan at 5@00um/s and 100 Hz sampling withrbg force The line length maximum
depends on the-axis variation. For general errorgtBtepheight repeatability i9.001 pm maknum in
the 13 um rangegnd0.005 pum masmumin the 300 um rangeR, and R (the roughness variation

maximum and averageés reflective of error of thickness measurements for a partigtifarAll films
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were meaured 25 times in various locations dependion precision of measurements to reduce errors
due to uneven film deposition or etching irregularities. Thickness measurements are the largest
contributor of error in electrical characterization as manhefalues must be normalizediyiding by
thicknes3 and is the leagtepeatable due to the multiple steps involv&sithis is an investigative project,

error calculations or multiple trials for a single parameter set are not included.

Figure 211: Profilometer photo.
Hall Effect

Hall effect is measured by a BioRAD semiconductor HL550PC Hall effect system at room
temperature using 10 mm x 10 mm Van der Pauw samples with a 10 mA probe Ginednall Effect
equipment measuresreent over 4 probes with a varied electromagnetic fiéldl.cnf square of the film
is cut and indium contacts are soldered to the corners for improved condiibtamodes are placed on
the fil mdéds cHgue2l2t s, shown in

Figure 212 Hall Effect setup in chamber.
The magnetic field is used to create an asymmetric charge density from the Lorentz force, where
the magnetic field is not parallel to charge motibine current consist of movemeritaiarge carriers

(electrons and holes). Hall coefficient is the ratio of induced electiétdlover the current density:
00 ——— (2.8
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where n is the electron concentration, p is the hole comtiemt, 1 is mobility (electron or hole), and e is

the absolute value of the electronic chafifee mobility [cnf/V-s] is calculated with anV curve.

Electronic properties such as bulk resistivity, charge mobility, and free carrier concentration can
bedetermined from Hall Eect measurementslone at room temperatufénese are the primary electrical

properties that will be compared for various films in this work.

Spectrophotometer

A spectrophotometer measures optical reflection, transmission, andtadss®pflection and
transmission are measured directly, &odh these properties, absorption is calculatethe film
thickness is known, the absorption can be used to calculate aldsdiption coefficient for the film as a
function of light wavelentlp. The Cary 5G U\AVis-NIR Spectrophotometds used to measure 200
nm of light. A reflective sphere measured diffuse light while transmission was taken with a flat plate
sample holderSamples were normalized to blank substr&esr is related tavavelength between UV
visible light andNIR (~11032500 nn), and is outlined iTable 21[22].

Table 21: Spectrophotometer relevant error.

UVv- VIS NIR

Limiting Resolution <0.05n$m| <0.2nm

Wavelength Reproducibility < 0.025 nm| < 0.1 nm

Std Dev[10 measurements| < 0.005 nm| < 0.02 nm

Accuracy 0.1 nm | £0.4nm

X-Ray Diffraction

XRD was carried out using a Siemeng#talloflex 810 xray diffraction apparatus using a Cy K
(27-40GHz frequency band}ray sourceat room temperature. The diffractograms were collected over a
2[ range of 1670°, a step size of 0.05andan effectivescanning ratef 0.0167/s. The rays penetrate
both the filmand substrate due to thickness, so the peak profile of the glass substrate was also measured.
XRD data can be used to describe crystallinity of films, frequently illustrating why certain electrical

properties are seen.
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CHAPTER 3:STUDIES

fiThe current ativity on oxide film researcis aimed atchieving new combinations of functionalities
of metal oxide thin films grown by magnetron sputtering, mathing physical limits of the performance
of these materiald he present research is also coveringirestigation of transition metal oxides
growth processes in order to control the properties througlgchasn i n mor phol[2ljy and st
There are six studies comprising this work: mechanical properties of annealed films, cooling plate design,
Ta doping of CgSnQ, Pulsed DC sputter deposition, and sputter siéipa modeled wittaspects from
Fluent and COMSOL. All the studies aim to enhance the understanding of TCOs for an improvement in

efficiency and a decrease in overall manufacturing cost.

3.1 Mechanical Properties of Annealed Films

There has been recent irgst in the solar community and by DOE in flexible thin film solar cells
[23][24]. In the casefcCdTe and other thin film cells, it is critical to consider ramifications of replacing
thicker glass substrates with softer, pliable materials. One major factor is the mechanical properties of the
TCO layer. The TCO, in this case £tQ, is a transparemonductor with relatively low resistivity (less
than 5x1¢ g L ¢ m),SnQ, i8 dsed as the glassype interface in rigid CdTe solar cells.

3.1.1 Introduction

It has been reported that minor bending or point loading damages amorphous silicon thin film
flexible cells, reducing short circuit current, open circuit voltage, and fill f§2&r CdTe films
deposited on flexible foils or polymer substrates has achieved a maximum 11.3% sff2&nc¢he
research discusses deposition methods and interface physics such as ohmic contacts, however mechanical
properties of the interfaces have not been investigitesdknown that the probability of film
del amination from flexible substrates is increase
This work strives to offer insight with property characterization fo;S0@), for solar cell design or other
apdications with similar design criteri@d study of CpOs thin films found that annealing in different
oxygen concentrations can increase its hardness from 2.5 to 321Ha8]. This work examines the

relative effects of nitrogen and oxygen annealing atmospheres,8n@Qdilm properties.

3.1.2 Film Preparation
Colorado School of Mines lab standard practice to creat8n@j TCOs involves three stages:

Cd,SnQ, film growth, CdS film growthand a faceo-face anneal of the two films together.

Cd,SnQ, thin films were grown on Corning ®agle 2000 borosilicate glass 37 x 37 x 1.1 mm

thick. Afterthe substrates were cut to 37 raquares, they were cleaned by scrubbing both sides with
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Micro-90 detergent and rinsing with deionized water. The rinsed substrates were blown dry with
compressed nitrogen. The dried substrates were treated inGezbive cleaner for 30 minutes prior to
being loaded into the deposition chamber. Four substrates wdeglloato a single substrate holder for

the deposition.

Films were sputtered onto the substrates from a 50.8 mm diameter 6.35 mm thick stoichiometric
5N pure CdSnQ, target manufactured by CERAC [ 8332x1/4"]. The substrat¢arget standoff
distance is pproximately 15 cm and the substrate is rotated to enhance film unifofinéysteady state
deposition conditions are listed in TalBld. The RF power was started at 30 W, ramped to 100 W in 1
minute long 10 W steps, held at 100 W for 100 minutes, angded down to 30 W in 1 minute long 10
W steps. The resulting films are smooth, 400 nm thick, highly resistive, transparent, pale yellow,

amorphous cadmium tin oxide.

Table 31: Cd,SnQ, film deposition parameters.

Parameter Value
Ar flow 10 sccm
O, flow 10 sccm

Chamber pressure | 10 mtorr
RF power (forward) | 100 W
RF power (reflected)) O0OW

Substrate temperatur  30°C

The CdSEagle 200Gannealing plates were cleaned as described for tffenCgisubstrates and
loaded into a vacuurthamber. The chamber was evacuated to 3%di®, the substrate holder was
heated to 151, and the substrates were coated with 150 nm of CdS-at®rdn/s by therma
evaporation from 4N pure CdS shanmds quartz crucible. The resulting films areaoth, transparent,
bright yellow, polycrystalline CdS.

The cadmium tin oxide coated substrates were annealetbféamee against the CdS substrates in
a quartz tube furnace containing a nitrogen atmosphere. The annealing sequence consisted ofea 25 minut
ramp from room temperature to 400 a 30 minute dwell at 480, a 15 minute ramp to 680, a 60
minute dwell at 60%C, and a 3 hour cool to near 2aQFigure 31). The resulting films are

stoichiometric CeSnQ, with a cubic xray diffraction pattern. They are transparent in the center of the

18



substrate but tend to be hazy near the edges. Profilometer measurements show that the center of the film
is as smooth as the-deposited film, but the edges are significantly rougher. X&surements show

that the roughened region has a@or composition, which may be due to volatile tin sulfides leaking

from between the plates during the CdS surface plate anneal. The annealed film can be smoothed by
etching for 2 minutes in a solutiofi @3 mL bromine in 150 mL methanol followed by a rinse in 200 mL

of clean methanol.

Cd,Sn0O, anneal profile
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Figure 31: Anneal temperature profile.

Two of the CdSnQ, films prepared by this process were annealed a second time without a CdS
plate h an atmosphere of either nitrogen or oxygen. The temperature profile of these secondary anneals
was the same as for the initial anneal with the CdS contact plate. It was hypothesized that the film
annealed in oxygen may display a change in mechanicatmiespas previously reported for chromium
oxide films[25]. The N-annealed film served as a control to determine whether any changes observed in
the Q-annealed film were due to the oxygambient or the extra thermal processing. The properties of

the three films (standard film,,Minnealed film, and £annealed film) were measured and compared.

3.1.3 Film Characterization

X-ray Diffraction

X-ray diffraction measurements were made torddtee the films' crystal structure. The
measuements were made in a Siemengdalloflex810x ay di ffracti on am@mparatus
source Figure 32 shows the xay diffraction patterns for the Minnealed and £annealed films. Their
peak locations agree well with the powder pattern for cetlyistalline CdSnQ, [29]. This indicates that
a) the films are singlphase cubic G&nQ,, and b) he oxygen anneal did not cause any bulk chemical or
structural changes in the &hQ, film.
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Figure 32: X-ray diffraction patters for the Mannealed and £annealed films.
Hall Effect

Table 32 conmpares the electronic properties of 0.3 um thick standagrdnNealed, and ©

annealed films as determined from Hall effect measurements.

Table 32: Electronic properties determined from Hall Effect measurements.

Parameter Stardard procesy Nx-annealed | O,annealed
Sheet r elsg 19.8 24.6 156
Hall Coeff. (nf/C) -.0596 -0.0761 -0.219
Mobility (cm?/V-s) 30 31 14
Carrier type n n n
Carrier conc. [1/cfi) 10e+15 8.2e+15 2.8e+15

The Hall effect results show that the oxygen anneal dramatically increadéohheheet
resistance. The increase can be attributed to both a reduction in carrier mobility and a reduction in carrier
concentration. Oxygen vacancies have been postulated as a doping mechanigSn@ fQohs.
Annealing in oxygen could remove oxygescancies, reducing carrier concentration. The films showed
no significant change in-say diffraction pattern, so the reduction in carrier mobility in the@nhealed
film cannot be attributed to major recrystallization. A plausible explanation is thakilgen anneal
increased the charge transport barrier at the grain boundaries, reducing-tregjleamcy charge carrier

mobility that is measured by Hall effect.
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Optical Transmission and Reflection
The optical transmission and reflection of the flmswaeasured with a Cary 5G
spectrophotometer. Transmission was measured using the standard flat plate sample holder and reflection

was measured using the diffuse reflectance accessory. Both measurements are normalized to a bare
substrate.
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Figure 33: Transmission through film.

Figure 33 shows the transmission through the film for wavelengths ranging from 300 nm to 2000
nm. The oscillations occurring from approximately 400 nm to 1000 nm are duestouctine and
destructive interference in the film. There are two notable features in this plot. First, the transmission for
all of the films shows a rapid drop to zero as the wavelength decreases from 400 nm to 300 nm. This
indicates a C£nQ, band gap inthat range. Second, the transmission through the standard film drops
significantly compared to the,Mdind Q annealed films for wavelengths longer than 1400 nm. This is
likely due to infrared absorption by free carriers in the film, which is consistémtia Hall effect

measurements indicating that the standard film has a higher free carrier concentration than eijlwer the N
O, annealed films.

21



a
o

N
ol

\

N

w
o

N
o

Reflection [%]
N
(&)}

=
(6}
I

-
o

(61

o

300 500 700 900 1100 1300 1500 1700 1900
Wavelength [nm]

= Standard ==N2 Annealed =02 Annealed

Figure 34: Reflectance of the films.

Figure 34 shows the reflectance of the films from 300 nm to 2000 nm. The reflectance also
exhibits oscillations in the 400 niml000 nm range due to constructive and destructive interference,
which is commonly observed in smooth thin films. It is notable that thdatadilm shows a slightly

higher reflectance than the Bnd Q annealed films at wavelengths longer than 1700 nm.
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Figure 35: (F asafunctionof photonenergywith linearregressionines.

The absorption coefficient U for thd2nmhree fil
using the measured transmission and reflection data and the measured film thickigpa®e85 shows
a pl bas od fUunction of photon energy (€¥Qforeackd an e >
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of the films. Assuming 4=WME,-&E) °hotds forthis matedial @ep Ar el at i
is aconstant, k,is the photon energy, and is the band gap energy), théntercepts show the band gap
for each film, seen iffable 33.

Table 33: Band Gap calculated
E(eV)
standard 2.93
N,-Anneaéd 2.88
O,-Annealed | 2.78

3.1.4 Nanoindention

A Hysitron T1 950 triboindenter nanoindenter was used with a cube corner tipaaisl &ratch
transducer to examine the mechanical properties of the filigste 3.is a schemati of the tip loading
and zones experienced in the film. A 5 micron section was measured with 50 indentations. Each
indentation was displacement controlled, loading to a depth of 40 nm in a 1 second period and then
unloading in a 1 second period. Primargtiument errors for this equipment are caused by vibrational
noise, thermal variations, and the rigidity of the sample. Because these films are not viscoelastic, taking
measurements over short time steps (<1 second) will reduce noticeable drift. Filittyating the
sample to 2fC adds to the robustness of the da.

Loading Function

Tip a0
: displacement
= (nm)

0

o1 2
time (s)
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Figure 36: Indentation Schematic.
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Force vs Displacement
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Figure 37: Loading curves follO probe sitestyp.

Figure 37 shows 10 loading curves from the nanoindenter testeanreapplied force is
correlated to a displacement for each node measured. The dRigh][df the unloading portion
corresponds to the stiffness (resistance to deformation). The annotations déefiéetive indentation
depth), B (contact depth), ahhe (maximum indentation deptfhe elastic deformation depth

(deformation above the contact area), hs, can be calculatethtogcting he and hc, (Figure63.

The slope [dP/dh] of the unloading portion corresponds to the stiffness (resistance to
defommation). The annotations denotg(&ffective indentation depth), {tontact depth), and.h
(maximum indentation depth). The elastic deformation depth (deformation above the contact, &@aa), h
be calculated by subtractingdnd h (Figure 3).

Hardness (H) is a measure of deformation resistance and can be calculated as a function of

pressure (P(depth)) and indentation are (A

A (3.1
Note hardness is a continuous function with a direct relationship to penetraitbradd
corresponding loading, as seerEimor! Reference source not found. The data does not show a spike
in the hardness near the surface, indicating there are no significant effects from surfacesspithn
Error! Reference source not found.demonstrates the difference in hardness for each node fog the N
and Qanneals. The average hardness for tharithealed film is @5 GPa. The average hardness for the
O,-annealed film is 9.10 GPa, 34.5% greater than thardealed film. There is a slight slope,
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particularly to the @annealed hardness, which may be due to substrate interference (borosilicate glass
properties: hardres- 5.7 GP432], Y o u adgldss64 GP433]). The larger scatter in the dataar

the surface may be due to film compaosition variations near the surface, or the indent may have been on a
grain boundary34]. Overall,the measurements indicate a uniform film.
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Figure 38: Hardness comparison for each node.

TheReduced Youngiéameasurd lbetwaes thg cBmpressed length in the elastic
region to the original length of test piece. Thedent at i on modul us can be di ff

modulus , particularly for anisotropic materials, because it is tighteel average of elastic properties in

a sample volume and t he|[35.dwcanbeicalculaeddy | us is direct
s
b 3.2
Where b is a constant reIatpieidderttaﬁonardsaefn?rhamjst, S i

hc is critical depth [nm].

Error! Reference source not found shows the reduced elastic modulus for each node for the
N»-anneale@nd Q- annealed films. It is to be noted that for either case there is no consistént pop
effect or plastic deformation yield poif86]. There is a slight sloping due predominately to substrate
effects, but is at severe enough &kew resulting modulus valueBhe average modulus for the-N
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annealed film is 91.9 GPa. The average modulus for tren@ealed films is 105.93 GPa, which is 15.3%

larger than that of the Mannealed film.

Elastic Modulus vs Critical Depth

¢ N2 Anneal ¢ O2 Anneal

Er [GPa]

Critical Depth [nm]

Figure 39: Elastic modulus vs critical depth for O2 and N2 films.

The elastic modulus (f the ratio of stress to strain, is determined by [10]:

1. 1Aviz+ 1A V2

E, E E. (3.3)

where, Eand yfor a diamond indenter are 1141 GPa and 0.07 respectively.

Poi s s o mahbe estimadtdd between 0.27 and 0.3 based on similar nhérf3], [38].
Given this approximation, s between 91 and 93 GPa. For frame of reference, it was found in other
works that at the aluminum back contact of crystalline silicon solar cells, there is a eut&itall8y

with an E of 72 GPa average at 1.5 mNithhe back contact overall (bulk Al and eutectic layer) was 43

GPa[31]. Table 34 summarizes results regarding mechanical properties.

Table 34: Nanoindenter results summary.

Property Maximum Average | Standard Deviation Units

Hardness Bl 8.49 6.75 0.695 GPa
Hardness @ 10.37 9.10 1.13 GPa
Stiffness N 10 pUN/nm
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Table 3.4 continued

Property Maximum Average | Standard Deviatin Units
Stiffness Q 11.18 MN/nm
Reduced Youngs Modulus,N 106 91.9 6.05 GPa
Reduced Youngs Modulus,O 125.09 105.93 7.36 GPa
Property Maximum Average | Standard Deviation Units
Elastic Modulus N 91-93 GPa
Elastic Modulus @ 106-108 GPa
StrainRate Sensitivity N 1.51 0.23

Strain Rate Sensitivity O 1.52 0.23

3.1.5 Conclusions

For use in a flexible device, the transparent conducting oxide must have a similar elastic modulus to
the other components, a cagecific design prdbm. Whena TCO is used as a wear coating, its
hardness is the most important factdowever,with previous goals oriented to optimal electrical
properties, the TCO has been refined to have a structured lattice that allows for the ease of electron
motion, and unidrm doping with few impurities that can strengthen the material. Internal stresses build

due to deposition, which also contribute to hardness, but are relaxed during annealing.

In order to enhance the viability of €2hQ, thin films produced by the givesrocedure as a top coat,
additional atoms added to the lattice may improve hardness. It has been shown that the addition of oxygen
into the lattice can harden the structure by 34.5%, and increase the elastic modulus by 15.3%. However
the tradeoff for hardess is a decline in electrical properties. The elastic modulus for a film annealed in
nitrogen ~92 GPa, oxygen ~107 GPa; average hardness for nitrogen 6.9 GPa, oxygema 9rtige a
comparison: fuzed silica SKE = 69 GPa, h = 9.1 GPa), Si singlestey (E = 135 ®a, h = 12.5 @a),

[39], SiC (h = 9.22 ®a)[40], ITO (E = 99 GPa, h = 6.5), 1ZO (E = 141 GPa, h =1pL6).

3.2 Cooling Plate Design and Build
The Varian sputtering chamber in the CdTeitabsed to deposit GEnNQ, onto glass substratesing
RF plasma sputtering. An Rféwersupply adds an alternating currentitagnet setup behind the target.

The generated magnetic field is used to control the active gas ions in the [@adad.water circulates
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in a copper chamipéo cool the magnets and targht. h e at i n @78mm)frdm the targetan
generate hedh theconcentricsubstrateup to 556C. However with existing cooling systems
temperatures greater than 30@an damage the sputter gidue to the tempenate limitations of the
existing sputtering chamber, an additional cooling plate was designed to sit insideutine wlnamber

with adjustable €80 gph chilled water feed.

Solidworks pressure and hesdrisfer simulations were completed in the design plidsdesign
parameters were to optimizeoling and as a heat shigldainst radiative heat, as well as budgetary
limitationsand ability for futureequipmenexpansionFigure 311 andFigure 312 are fotos of the
Varian sputtering device andsidethe chamber. The is currently only on®F magnetron sputtering
headbut the system is set up for two, so a cutout was included in the desiiow for futureexpansion
Cooling water runs through theuatinum plate machinedising CNGC anda top plate of the same
dimensions wabhand welded around the eddeigure 313 shows a cutaway of the water path. The

system assembly is seerFigure 314.

Figure 310: Varian RF sputtering photo.
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Figure 312 Solidworks modeinside of
chamber.

Figure 313: Solidworks model of cooling plate.

Figure 314: Model of cooling plate inside
chamber.
This improvement to the sputtering machine alléovsleposition on substrates heated t0°650
with protection to the RF sputtegirguns and target stability. Aluminum was chosenWwith di amet er
SwageloKittings to insurethere isno chemical reactivityvith the deposition process. While thicker or
stiffer metal was desired, budgetary limitations necessitated the use of boltd teelde top platéo
preventany separation and leakage over the water cutouts.
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Figure 315: Cutout dimensions on plate, inches.

Thec h a n n e | vide aswell ad thie inlet and outlet fittings to eliminate pressure dodpe t
system. Thénlet flow is spliced from an existing cooling water channel with a reinforced vinyl water
hose The outlet of the chilled water plate runs directly to the chaetming panelsvisible inFigure 3.

To combinethe top and bottom CNC plates, TIG welding on all edges was done. Originally pins were
used, welded top and bottom, to withstand outward pressure of the water in the chamber at 6@ugph (1.
max installed water flow). It was found that the welding didhadtl as anticipated, perhaps due to the Al
rod pins having built up an oxide layer, reducing the effectiveness of theTwelgrojected water

pressure may also have been significantly higher than anticipated, as the piece was tested on an
unconstrainedicect loop to the chiller rather than on the needle valve controller to the chandbead

of pins, bolts were used with weld caps td &dth strength and wattight sealsseen irFigure 316.

Figure 316: Finished plate [without legs attached].
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Four legs are done with 0 | | oodiagneter tapped aluminum rod. These can be exchanged out
easily if target angles or geometry are varied in the fultire.utilization of this cooling plate allowed for
the Ta a@ping study and PDC study with depositions at’65@r up to four hours hot (2 hr deposition, 1

2 hour warming and thermal stabilization), with no negative damage to the system or its components.

3.3 Tantalum Doping Study[T1-4]

Cd,SnQ, is a desirble TCO because of its lomesistance andigh transparencystandard C£&nQ,
processing involves a high temperature fuEgiosition contact anneal and a post anneal etch in order to
adequately dope the material atype while maintaining favorable opticand electrical properties.
However, this contact annealing is not practical for legge manufacturing.

3.3.1 Background

The goal ofthis studyis to eliminate the need farpost anneal and, in doirsp, take a limited lab
scale high quality filnto a large scale processing levdeally, we want to develop a process that makes
high quality asdeposited Ce&5nGifilms with no need for a posteposition anneal and thus no need for a
postanneal etch.

In addition togrowing conductive crystalline adeposited films, they also must hakgh ntype
doping Cd,SnQ, as a TCO has very little research Tra doping, attributed to its limitations in
commercial useOne study done with outdated technology identified Tantalum astgmendopantit
was seen tht the ntype doping incresed as the Ta doping increas&édntalum has the right number of
valence electrons to be a donoit ifubstitutes onto Cd or Snesit(group V) It also is the right size to fit

onto either of those sites.

For this work, we wanto examine Taloped CdSnG: targetsof increasing doping levels [1%, 5%,
and 10% bylamass percenthade by a standaltbtpress then sinteringrocessThis study investigates
the fil mds quithdempetatre RG 308, 400,6@, 85]) dofng levels [0, 1, 5, 10%)], and
post anneals [standard, high temp, with CdS] compared to a baseline standardlterggpaal is to
determine whethea CaSnO:Ta film deposited at roontemperature can be annealed without a CdS
contact plate to make a highuality Ca@SnGs film, if annealing a doped film deposited at high
temperature will improve it properties, afich CdScontact anneal will improve the properties of a doped

film. Also if a high temperature deposition can make a goatepssited film.

31



3.3.2 Target Information

Targets are manufactured by Materistvanced Chemicalgormally CERAC] andare made byot-
pressing preeacted Ce5nQ, powder. TheCd,SnQ, powder is made by sintering a stoichiometric
mixture of CdO and Sn{powders and themilling the sintered product into a fine powder. The hot
pressing is performed in a graphite crucillbjch results in some oxygen being removed from the target

with added Ta oxideThe pressed target is annealed in oxygeamreturn it to a fully oxidized stat

Targets are labeled T4 as seen iffable 35, and will be referenced as such in the rest ofdhidy

Table 35: Tantalum dopedargets.

Target Ta doping [Mass %] Ta doping [Weight %]
T1 0% 0%
T2 1% 1.22%
T3 5% 6.04%
Figure 317: Ta target in chamber.
T4 10% 11.95%

The theory behind varying dopipgrcentagés toincrease the available electrons éacitation;
however minority carriers decrease as dopinggiases. There is an optimal doping level beyohithv
overdoping decreases film efficiendyhis study will determine if Ta is a viable dopanievels above

1% and, at what percentage does overdoping start to hinder film properties.

3.3.3 Deposition Overview

Standard @,SnQ, film deposition procedures were used in all films, unless othespiseified.
This metlod involves first cleaning glass substrates using Micro 90, then an immediate 30 minute ozone
clean.Films were deposited a7 mmEagle 200Morosilicateglass to avoid Na diffusion influence see
in the commercially standard selime glassA 13.56 MHz RF source with matching network to power
an AJA magnetron sputter gimodel ST20, serial # ST2046] generated the sustained plasiae
chanber was maintained at 10 mtorr with 10 sccpra@d 10 sccm Aat approximately room temperature
(20-30°C). The substrate holder turned at 20 rpm to promote film uniformity. m@0fiims were

generated over 100 mins at MORF power (O reflected power).

To make conductive-type filmswith Cd,SnQ,, an additional CdS faee-face anneal is required
at 600C for 1 hour. The CdS films were made by thermaligprating solid CdS chips at 3 xl®rr.
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The Eagle 2000 glass substrate (75 sguare) was heateohd equilibrated at 180. Deposition

occurred between 0.3 and 0.5 nm/s until @6tthickness was achieved

The anneal was done im#rogenpurgedtube furnacen a quartz tray. The CdS films were laid
face down touching the G8nQ, film surfacesFora standard anneakfe r enced as 6standard
apreliminary ramp to 40 then 30 minute dwell prefaced the BD®0 minute anneal to avoid issues
with thermal expansion and maintain the entire films equilibritiimas been found that simply aaling
in nitrogenalso causethe film to crystallize and become conductive, but the XRD peaks are not as large
and the conductivity is not dsgh as with the CdS cover platéddditional high temperature anneals to
800C [ 6f ast 6 and redsnk ioandttempt to httaitydtabirsty] for T8end T4These
temperature profiles as well as tharslard anneal are shownRigure 318.
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Figure 318 Temperature profiles for pedeposition aneal.

A post etctusing bromines typically doneon CdS annealed filnts improveoptical
transmission and electrical contabtsremoving thénazytop sulfidecoating.After 3 minutes in a
solution of 0.3 mL bromine in 50 minethanol, the films typicbl increasen transparency and
conductivity.It was found that in doped targets, #teh was preferential to grain boundaries influenced
by the Ta. The resulting films were significantly worsened, so onlyrtepedilms were etched for this

study.
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3.3.4 Depostition Rate

Film deposition rate isritical in the commercial applicatisndirectly related to production cost
and supply limitations. The deposition rateeshown for films deposited on glass substratdsignre
3.19 (datalistedin PDC sectior8.4.4 Deposition Rate
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Figure 319: Deposition films at various doping temperatures.

It is seen that the undoped fantypically havea higher deposition rate coamed to doped films.
Thismay be a side effect tiie size of the tantaluions inhibiting the At interaction in theolasma
particle streamAnother consideration is if the plasma preferentially removed ions until Ta became the
primary surficial interfaceWith increased temperature, the deposition rate decreases but increases again
at temperatures of 53D. The decrease is explained with density variations inhibiting effective plasma

interaction andhe significance oA Gtickingfactod i s cumowrent |l y unk

It is noted that high pressure has a much lower deposition rate compared to the standard
deposition pressure of 10 mtorr. Higher pressures were required at higher temperatures to maintain the
plasma. As the heat is namiform across the plasma anapre gas atoms (Ar) are required to generate
and sustain tharc when density variation evalent. On the other hand, a low pressure gives a high

deposition rate due to the charged ions within the plasma having a larger mean free path with less atoms

in the way. The plasmaéb6s effecti vEméswasi ncreases
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experimentallychosen as a standard practice to produce highly conductive films. The plasma interaction

with deposition is described in detailthe Comsol modelig.

3.3.5 Electrical Properties

The TCO acts as a front contact to complete the solar cell circuit, so high conductivity is critical.

The mobility and carrier concentration describe the photoelectric performance of the film dgpan n
materialas wellas directly correlate to resistivitiMeasurements for resistance withmaltimeter BK
Test Bench 391] were done to general valugshutthe Hall Effect Measurement Systewas used for
more accurate data collectiofihe Hall effect operates similar éowheatstone bridge but uses magnetic
fields to obtain electron mobility and concentration of carréersvell as resistanceor thin films, sheet

resistance is related to bulk resistance by the formula:
Rou[ Y -cm] = Ryeel Y/Sq * thickness [cm] (3.9

Because the films have slightly variant thicknesgeshulk resistivity is critical for direct
comparisonAnothernormalized valués the carrier density, calculated tgrriersheetconcentration
dividedby the thickness.

It is clear that thickness plays a critical role in the propagation of error for electrical property
calculations. The thickness is deténed for each film using a Tear R10 Surface Profilometer. The
deposited films were etched usiadpaked photoresist painted on half the film and high concentration HCI
bath The photoresist was then removesing ammonia and the film step was measured. The error
associated with thergfilometer is minimal, only a few angstroms. However the erroodghiced by film
roughness or discontinuity is notable. ThgaRd R, or average roughness and maximum [total]
roughness are showntime appendiXxThese values are indicative of errors in thickrees$ have been

averaged over-8 measurements on varyingehtions on the film.

There is another significant source of error associated withigherdoped films(T3 and T4)
Etching withthe standar¢HCl, or HNO; was not effective. Either the film etched poorly, in that the
photoresist was also partially reweal, the etch did nothingyr a clean edge was not createdr striated
edges, a significantly larger measurement interval was used to captumech of the film step as
possible. Solutions to this problem were rather unsuccessful. Research showsildraihén filmsetch
at rates in excess of,0(@:20 HCI/HO A1), HCI/HO @2yt i ons of
HsPO/HCI/CH,COOH (1:1:1), and citric acidA4®, (20:1)[42]. Experimentally it was determined that
fresh aqua regidal[3 HNO3 to HC] was somewhat effeciy but for higher doping levels was still
insufficient. Other chemistries were examined such as HCI, kM@&d HFhowever the photoresist

cannot withstand the time length required to remove the Ta doped I@gessdering the results, it is
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determined thiathese solutions are acceptable because T2 was stilétgbld with the aqua regia,

however it is to be noted that more error is introduced td 3he&nd T4calculations.

Thetablesbelowincorporate most of the electrical measuremdnistirends areasier to view in

the figures that followT h e

anneal All other anneals are done without the plate.

Table 36: 0% doping electrical properties

T1 0% Doping

n o @dtefleasna cadmium sulfide pladelded as a faee-face

Multimeter Hall Effect Profilometer Calcuated
eI cds Post Deposition
n position . Sheet R Bulk Resistivity Hall Coef Mobility | Concentration _ _ )
Deposition Anneal
[t [ohm/sq] | [milichms—cm] |  [m2/c] | [em-2/v=s] [em-2] LTS | Eir P
RT standard cds standard 15-18 ohms 19.76 0.800388 -.0596 30.1 -1.048e2+16 3.0384e-5 34.4918e+19
MNaone fastA nc (cracked) - - - 3.7226 e-5 -
300C 100 mins 15 psi MNone none 200 164.6 6.12740 -0.346 21 -1.804e+15 3.7226e-5 4.84608e+19
MNone standard 41.75 113.20 4.21398 -0.0912 8.00 -6.845e+15 3.7226e-5 18.3877e+13
none none 350 239.6 10.26610 -0.266 11.1 -2.344e+15 4,2847 -5 5.47063e+19
400 C dep for 110 mins
cds standard 22.63 12.92 0.55358 -0.0451 34.9 -1.384e+10 4.2847 e-5 32.301e+19
None standard 63.05 47.87 1.29311 -0.15 314 -4.15E+15 2.7013 e-5 15.363e+19
400 C dep for90 mins None none 483.7 313 8.45507 -.316 10.1 -1.973e+15 27013 e-5 7.30389e+19
MNone 800C anneal nc (cracked) - - - 2.7013 e-5 -
500 C dep for 100 mins MNone none 175 98.15 2.13329 -0.211 21.5 -2.956e+15 2.1735e-5 13.6002e+13
500C for 180 mins, p=
None none 127.86 101.7 2.65946 -.136 13.3 -4.605e+15 2.615e-5 17.61 e+19
.017, .022 at dep
MNone none 147.22 89.82 2.18352 -0.206 22.9 -3.031 e+15 2.431e-5 16.4042e+19
550C for 100 mins
MNone fast A nc (cracked) - - - 2.431e-5 -
cds standard 21.47 16.06 0.45211 -0.054 33.0 -1.156e+16 2.8151e-5 41.0643e+19
550C for 200 mins None standard 46.82 29.91 0.84200 -0.0935 31.3 -6.674e+15 2.8151e-5 23.7079e+1%
MNone none 44.20 37.14 1.04553 -0.0837 24.2 -6.955e+15 2.8151e-5 24.706e+19
Table 37: 1% doping electrical properties
T2 1% Doping
Hall Effect Proflometer Caicusted
Cds | Post Deposition Buik
Cd$n04 Depasition
Deposition Anenl SheetR | Resistivity | Mobility | Concentraticn |
Ichms] fohms] | mifiohms: M3 remapva) | femal ckens o) | | ueries Dentiy
cm}
None None nc {cracked) | 3.3715e-5
Room Temp for 100 none fast A nc (cracked) 3.3715e-5
¥ | 4
mins Cds standard 44.80 35.89 1.21003 | 0,0891 248 | -7.003e+15 3.3715e-5 20.7712e+19
1 4 | 4
none standard 108 .27 240287 «0.188 263 «3.3250+15 3.3715e-5 9.86208E+19
None None 0.108 Mohms | 2.17515e-5
| 4 r
300C for 100 mins None standard 174.5 161.7 3.51722 0.334 20.7 18680415 2.17515¢-5 8.58791£+19
None 800C anneal nc {cracked) 2175155
None None 11.8 kehms 2.64995e-5
400C for 100 mins
None standard 106.82 85.24 2.52381 0.202 212 3.096+15 2.63955¢-5 11.6605¢+19
None fastA ne {cracked) 4,4909e-5
14 14
550C for 140 mins Cds standard 74.24 71.92 3.22586 -0.105 14.5 -5.965e+15 4.4909e-5 13.2913e+19
1 4 1 4
None None 325 3403 15.28250 0.192 565 | -3.245e+15 4.4909¢-5 7.22527€+19
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Table 38: 5% doping electrical properties

T3 5% Dopi

None None nc 3.33480-5
Room Temp for 100 | e standard 263 305.9 10.3345 -0.57 164 | -LOS4e+lS | 3.3348Be-5 | 3,28056e+19
e Cds standard 183 2819 9.43415 -0.541 15.1 -L153e+15% 3.3348e-5 3.45748E419
none fast & e (oracked) - - - 3.3348e-5
None MNone n LYTIEE-05
30OC Tor 100 ring AanE standard 2.643 kohims 2O7H6E-05
Mone | S00Canneal | nelcracked) LATHGE-05
Hone None 25.6 kohms 1.961E-05
400C for 100 ming N standard 5.283 kohmis 1.561E-05
Hone Slow Anneal [ 1.961€-05
cds standard 16 kahims 3.7242e-5
Mone None 28.13 kohims 3.722e-5
550C for 155 mins
nane standard 4.6 kahms 3.7242e-5
nane fast & ne (erackied) B.TM2e-5

Table 39: 10% doping electrical properties

T4 10% Doping

M standard 1.165 kahims 2. 1179E-05
Room Temp for 100 Cds standard 1.881 kohms 2A1FE-05
mins
none fast A nc (cracked) 2.1129E-05
Mone Mone nc 211X9e-05
Mone Mone nc 1.46865E-05
300C for 100 mins
MNone B00C anneal fic 1.46865E-05
A00C for 100 mins Mane Mone nc 1.73530E-05
e for 130 m| Mone nc 4.98410E-05
550C test of T4 for
130 mins Cds standard .75 Mohms | 4.98410E-05
Mone fast A ne (cracked) | 4.98410E-05
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Bulk Resistance v Deposition Temp for-1
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Figure 320: Bulk resistance for deposition temperatures o#4Tdnd postinnealed (no CdS).

It is seerin Figure 320that higher doping levelsavea significantly higher resistanc&he low

conductivity can battributed to the amorphous stiuie. Amore detailedrersion is shown ifrigure

321
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Figure 321 Detail view bulk resistance ¥ and postinnealed (no CdS).
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For T1(0% Ta) a peak is seen around 300F°C. For this film, gtimal deposition isat room
temperatureFor T1 anneal, there was a significant improvement as initial deposition temperature
increased. For T2, unannealdths decreasgin resistance as deposition temperature increases, however
without annealing the valueseanot low enough to bieasible TCOs. With the added anneal, a clear shift
in the crystalline structure towards a conductive film is $a@n Ta in the bulk to a greater number of
small CdSnQ, crystals.T3 and T4 are effectively not conductive, buthwdinneals T3 was able to
become conductive, at least for the room temperature deposition. However this was still worse than the
T2 that was annealed. Further investigation into the levelyp& doping will indicate if the tantalum is
improving the films

Resistance v Doping Temp for-#ilw CdS Anneal
50
45
——T1+A

40
:E: 35 39./r44 —B-T2+A
£ T3+A
5 30
e —=T4 + A
g 25
% 20
@
= 15
° . 1.19.43415

5 121003 0.55358 3.22986

0 B , | re —40.45211

0 100 200 300 400 500 600
Deposition Temperature®C)

Figure 322: Bulk resistance for deposition temperatures of#fWith CdS posanneal.

Forthe CdS standard annetile bulk resistance is plottedkigure 322. It is seen that for T1,
the resistince is half the resistance of a T1 anneal without CdS Figare 321]. While T2 is not as
significant an improvement at higher deposition temperatures, the trend of decreasing resistance with
temperature for ne@dS anneals Isanverted for the doped films. T3 has a lower conductivity with a
CdsS anneal, which mayeldue to a simple abnormality or iagonsistent CdS plate. T4 however is
significantly better; while it is still notithe range of an effective TCOdS anneal fof4 20°C has
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dropped resistance by several orders of magnitddeever the difficult processing required limits CdS
plate anneals on the TCO to small,-&dale films.

Carrier Density v Doping Temp for -A1
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20 /
€
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0 100 200 300 400 500 600
Deposition Temperature®C)

Figure 323 Normalized carrier density of ¥4 and posannealed (no CdS).

Figure 323 shows that carrier density has increasing trend at higher deposition temperatures,
particularlyat 400°C. The best carrier density is exhibited by the 0% doping deposite@°at &&h
additiona anneal. T3+ A has a extremely low carrier density while4 at roomtemperature a very high
carrier density. This may be attributedhe interaction oftte tantalunwith the lattice Increased doping
does not directly correlate to an increase inieadensity, but an overdoped level is not clear and may
exist lower than 1% Ta.

It is known that the number of minorityrcirs declines as doping levdlhis can be
characterized in the following equation:

NoPo = 17 (3.5

where R is the electron carrieroncentration, gis the hole carrier concentration, amds the intrinsic
carrier concentratianAs doping increases above 1% (T2), lloée density declines as more of the holes
are taken up by electrong)nknown aslegenerate dopin@egenerate aping places the Fermi level
outside of the band gap.

40



Mobility v Doping Temp for T4
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Figure 324: Mobility for deposition temperatures of Aland posainnealed (no CdS).

Mobility refers to the net carrier movement in the presence of an electric fieid dinelctly
related to carrier density-Higher mobility reflects how easily electrons and holes can n@@emparing
to Figure 323, the trend lines are invertebhe maximum for T1 is still at 558G, while T2 annealed
decreasedightly with increasing temperature. One component to mobility that is directly affected by

crystallography is the carrier lifetime, significantly impacted by lattice and impurity scattering.

While the intent of doping wase eliminate the need for postraaling, the 551 limitations of
deposition mayot be enough energy for thaaterial to crystallize High temperature post anneals at
80C°C and 850C were doné¢o determine if temperatures above &0esulted in a uniform and
conductive crystalline fih. Both slow ramp up and down and the standandp to 808C or 850C left
severe cracking due to CTE (coefficient of thermal expansion) mismatch. The film expanded significantly
less than the glass, causuqgwardsbending and stress fracturing. Thesecksavere too small to
measure currenEigure 325 throughFigure 327 are the filmsurfaces seen in thegfilometer. The

hatch marks represeh@um.
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Figure 325: T1 A- 550°C for 30 and 851 for 60  Figure 326:T3 A- 55(°C for 30 and 85T for 60
mins mins

Figure 327: T2 A- 550°C for 30 and 85%C for 60 mins
Alternative substrates were investigated to determindwtivity without cracking issues
discussed in the sections 813.8 Silicon waferand3.3.9 Quartz substratéote that these issues
resulted from posanneals and may not be experienced in a tagtperature deposition. Also, the
required temperature to achieve crystalline films may be less than-depasition treatment but are not

feasible with the current experimental setup.

3.3.6 Optical Properties

The optical properties of the TCO are icat to avoid eficiency loss of the cellThetotal cell
efficiency declines as the usable photon energy tathe p type layers is absorbed by theO Eilm
appearance ranges from almost clear to a richer transparent yellow. The coloration variance is
predomnantly caused by film thickness. Typical films are showhigure 328 andFigure 329.
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Figure 328 Films annealed at high temperatures 600

Table 310: Film description corresponding witfigure 328.

FilmID  Deposition Anneal Thickness
[cm]
2-21-12-4 T3 RT 100 mins 550C/30 min, 850C/60 min  3.33E05
3-3-12-4 T3 550C for 155 mins fast A 3.72E05
2-22-12-2 T2 RT 100 mins 550C/30 min, 850C/60 min  3.37E05
3-4-12-1 T2 550C for 140 mins fast A 4.49E05
2-20-12-3 T4 RT 100 mins 550C/30 min, 850C/60 min  2.11E05
1-31-12-1 T1300C 100 mins  fastA 3.7226 &5
2-14-12-3 T1 550C for 200 mins 550C/30 min, 850C/60m  2.431 €5

Figure 329 Films annealed with standard CdS.
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Table 311 Film description corresponding Eagure 329.

FilmID  Deposition Anneal Thickness [cm]
2-19-12-1 T1550C for 200 mins  CdS 2.8151 &5
2-21-12-3 T3 RT 100 mins Cds 3.33E05
2-20-12-2 T4 RT 100 mins Cds 2.11E05
3-17-12-2 T4 550C 130 mins Cds 4.98E05

NRELO&s investigati ondnOT C Q@ éhew ammgptimald@d hasparsroai er t i e
fundamental electronic band gap and a large optical banfd@hr he low conduction band can support

high electron concentrations without forming compensating acceptor defects.

The fundamental band gap is a low conduction band edge, beitdang gap to limit the visible

light absorptionTheapparenband gap is impacted lige following equation

Egapparent:Eg + Blm- CQzN (36)

wh e r g@ is e BursteilMoss occupation. This shift ighendopant sitesbove the valence band
exceed the number of sites in the conduction hdopled degeerately. The Fermi energy is pustl up
above the conduction band becaabé¢he states below this level are occupiBoe energy required to

excite el ectr opefers$o logsasdinrband gap due to dohoe defgrts and other
impurities that trap electrons.

In order to calculate theyBf films, a spectrophotomet is used with a transmission and diffuse
reflectanceattachment. The transmission aeflection is measured, normalized to a blank glass
substrate, for wavelengths from 300 to 200@ All films approximate 30800 nm thickness for
consistency.

100 .

%0 0% Doping
§' 80 e T1 RT +A
5 ;g | . e T1 300C
3 o N e T1 300C + £
e
G 40 - NN\ e T1 400C
l‘_l’ 30 - T1400C + 4

20 - T1 550

10 - T1550C + /

O T T T T
2.9 3.1 3.3 3.5 3.7 3.9
Eph [eV]

Figure 3.30: T1 0% doped transmission.
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Figure 3.30throughFigure 337 show plots for transmission and reflectance over wavelengths

from 3002000 nm [2.94.0 eV]. For TCOs, a goddm has low reflectivity, and an optimal absorption
transmission match.

30 .
0% Doping

25
< 20 e T1 RT +A
c = T1300C
5 I
g 15 - T1300C + A
E 10 - e T1 400C

e T1 400C + A
e T1 550

0 : : s T1 550C + A
2.9 3.1 3.3 35 3.7 3.9
Eph [eV]

Figure 331 T1 0% doped reflectance.

For all dopant levels, consistent trends occur. The oscillations frortG@DNmM [1.243.1eV]
are due to constetive and destructive interference in the ficommonly observed in smooth thin films.
The film deposited at 360G has the lowest transmission, which correlates itgtlow carrier density.
Infrared absorptiois increased with a decreasdriansmissiondue to a lower free carrier concentration
550°C with and without anneshave similar carrier density, but with a significant variation in

transmission.Film thickness appears to not be a significant issue, 2€48@he thickest film and is
within the range of the other films.
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T 80 T2RT
c —T2RT+A
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& 40
g \ ——T2300C +A
= 20 - T2 400C
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Figure 332 T2 1% doped transmission.

45



Reflection [%]

1% Doping

—T2RT
—T2RT+A

35
Eph [eV]

3.7 3.9

T2 300C
T2 300C + A
T2 400C
——=T2 400C + A
T2 550C

Compared to the 0% dopinipe total transmission shifts from a nraxm of 75% to 65%.

Figure 333: T2 1% doped reflectance

Transmission for T&Ims is fairly close together, with a maximum fine 550°C depositionThe

reflectance increases for higher deposition temperatures that have also been annealed, possibly due to

crystallization.Films that are not annealed haviewaer carrier concentration.
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Figure 334: T3 5% doped transmission.
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Figure 335: T3 5% doped reflectance.

Room temperature2(°C) depositions give an invertéxitial profile on reflection and

transmssion The reflection of the higher doped filmsléasgerthantheundoped, perhaps due to surface
roughness.
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Figure 336: T4 10% doped transmission.
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Figure 337: T4 10% doped reflectance.

The ransmission for 10% doping is very high for-3.3 eVand reflection drops aftonsistent

with lower doping levels. Room temperataeposited films have a higher transmission and inversely a
lower reflection.

Absorption efers to the ability to absodnergy at a given wavelengfPhotons near the band
gap have a lower probability of absorption since only the electrons directly at the valance band edge can
interact. The greater the energy of the photon, the higher probability the electron can bealalbkerbe
absorption coefficient/can be calculated with equation 3.7:

4k
o4 =—
A (3.7)
whereads thewavelength, and k is the extinction coefficiefihe absorption depth is given by the inverse
of the absorption coefficieftU* [1/cm],). The absorption coefficient determines the depih the

material a wavelengthenetrates prior to absorption. Forslightly less than f,| can be calculated by
equation3.8:

| 0 (@ (3.8)
where Eis the photon enerdeV], E;is band gap of the filifeV], and A isa constanfcm™(eV)*?. By

plotting| “as a function of photon energy with a linear fit, thetercept is where §= E;. Wavelength
is converted to energysing equation 3:9

o — (3.9)
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where h is the Boltzmann constant, c is the sjpédight, ande-is the wavelength.

Considering the regio®-3.2eV, where transmission drops to zero, the absorbance can be
calculatedby subtracting the transmiea and reflectance from 100%

A=1iITiR (3.10)
Absorption coefficient is theratculated by dividing the absorption by the film thickness [cm].
| - (3.11)

| %is plotted vs photon energgeen in the appendignd a linear regression line is d¢e determine the
x-intercept, which is the band gdfigure 338 plots the band gap for undoped and doped targets tested
(T1-4) at various deposition temperatures with and witladditional anneald.he additional anneals are
standard, with 40 dwell at 30 mins and 600 for 1 hr. These are done wibut a CdS plate simply to
assist in film crystallizationFor referencethe band gap of CdTe = 1.{8], CdS = 2.426], crystalline
silicon = 1.1, amorphous silicon = 1.8.

3.2

-—g=T]

E 76 -7
g

\/

2.2 v

20 20+A 300 300+A 400 400+A 500 550+ A

Figure 338. Band gap for T4 at temperatures and additional anneals.

The band gap considers the photon range323V and incorporates the transmission and

reflectance as well as film thickne3$ie noise seen in the reftance plots is cut off at this range.

Band gap refers to the ease in which electrons can be excited from the valence to conduction
band.The variation in annealed asdeposited films could be due to the additional thermal energy
changing the filh from anorphous to crystallinélhis crystallinity can create a significant changéhm
band gapFor 0% doping300C is significantly lower and is consistent with the films very low
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transmission and increased reflection. The electrical indicatfoasoav carier density matches these
trends. 1% doping shows a decrease at@aad 400C, films which have a lower transmission. 5%
doping have the 40850°C maximum. Higher deposition temperatures gave more consistent higher
transmission. The room temperatareealed film has the lowest initial reflection, but does dip in the
band gapThe highest dopintgvels have a consistently high band gapwvell as a higher transmission

than all the other films, due most likely the lowerfilm thickness.

3.3.7 Crystalline Properties

X-ray diffraction was done for 100° where a 3 second count was taken betweer® @iifie
steps. All filmswere measured, except thelth temperature annea(sipwards of 80%C) due to the
warpedsurface andsignificant cracking. Since XRDrelies on a flat surface to bounceays off of to
show the effects of atomic spacingjcro crackscan create false angleEl-T4 are divided up in this

section to illustrate how post anneals and depostémperatureféects each film

T1 0% Ta doping
T1-variation of deposition temperature
1500
27.35 32.32
1300
1100
33.7
(]
5900 :
= 16.6 51.65
£ ) *|1 56.75

700 AT o

, L 39.15 489

500 V |
’ W
300 il by

i AR N B T :,

00 F~— Ly
10 15 20 25 30 35 40 45 50 55 60 65 70
Angle [7]

——T1RTStdA T1 550C Std A

Figure 339 T1 RT and 55%C XRD fit [Cd} 3355 3:804].
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T1 deposited at room temperature with a standard anneal (T1 RT Std A) results in very crisp
Cdy335m 340, {16.767, 27.547, 32.422, 33.906, 39.352, 48.707, 51.874, 584 4n the amorphous
substrateCd,SnQ, was expectedd4.06,27.28, 31.52, 32.86, 33.43, 33.59, 44.09, 47.0@}5] but is

not as good a fit.

At a high deposition temperature (369 the Cd 3:5m 3:0,l0ses peaks at 16.7¢¥11], 27.547
[220], and48.707 B27. This lack of plane orientation is translated into smaller crystdligh widens
the peaks at 32.311] and 38.9400]. The shifting from the data values is due to thermal residuals that
are expected from a high termpture deposition with any namiformity in cooling.The electrical
properties of good conductivity and carrier concentration for both films is consistent with the clear

crystalline film.
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Figure 340: T2 XRD for all films.

Many of the films for the 1% Ta doping do not exhibit crystalline peR&tevant films are
compared in detail below.
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T27 RT vs RT+A

T2what does std A do to RT?
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Figure 341 T2 RT with and without anneal XRfd [Cd,SnQ, and SnTz0,4].

Figure 341 showsthe difference when a room temperature T2 film is annealed € 60Mile
the norannealed film has aspects of both&u0,[45] and SnTg01,[46], the CdSnQ, peaks are

stronger and better fihowever it is primarily amorphous.

For the annealed film, the large spike at 32@adser to the SnT,®1; (32.243) compared to
Cd,Sn(Q,(32.160). The unique spike at 56.75 is close to both #hT€66.515) and C£5nQ, (56.950).
Overall, the annealed film has more Sga crystals, but also had peaks for,8dQ,. The larger angle
matche are less apparent because in the amorphous film, blended with the glass scatter, the small peaks
given by the pure crystals are masked by the amorphous noise. The second large lift is not characteristic
of glass, but is still amorphous. This tells usfilm is amorphous, not just the glahe main takeaway

is both films are predominantly amorphous.
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Summary

With an anneal, T2 shifts from a larger concentration of goia0 more CdSnQ,. There is
estimated that additional crystalline materials with ©, Cd, and Sn are present in low doses due to
proximity reactionsThe 1% Ta doping is ost favorable as SnT@;; at room temperature, but shifts to
Cd,SnQ, with added thermal energyhis typically assists in diffusion and complete crystallization.
However the film itself is amorphous in both cgsEs may inhibit the crystallization of the €8hQ,
bulk.

T2 300C with A

T2- 300C with various anneals
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——T2300C ——T2300C Std A T2 300C 800A

Figure 342 T2 300C with anneals RT XRD fit [C&#nQ,, and CdTa0;].

Figure 342 comparsfilms of T2 deposited at 300 to those annealed at the standarcGGthd
with an 806C anneal. While the high temperature anneal (film peaks: 25.8, 29.8, 32.15, 33.1, 51.2) is
well characterized by the strong peaks of S@Ta(JCPDS peakpl6]: 22.98, 25.823, 29.579, 30.434,
32.523), the spike at 33.1 correlates to the strongest peak®iQd311) plane. CdT®s (231) plane is
the third largest Bk (to 29.38 and 23.598) and corresponds to the 51.2 (JERFDPH1.7) film peak in
the 800C anneal. The low temperature and non annd#iasl are amorphous and exhibit the possible
crystals in many forms. The two preferential materials formed ay@n@andCd,Ta,0,. The 606C

annealed film has slightly more €hQ, seen, explained by the diffusion grain growth during the anneal.
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T2 400 and 550C

T2 high temperature deposition
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Figure 343 T2 400 and 55 XRD.

Figure 343 shows theprimary peaks that characterize the T2 films deposited €408 556C.
There is some-Ta in the T2 55%C film, but a huge peak aB317 corresponds directly withtTa. Small
peaks of CébnQ, are present in small quantities. The film at ¥5& compsed of primarily Ta and
SnTa0;. The 406C film has more peaks from €gSn, 340, and SnTa0s. With the added thermal
energy, Ta diffuses and combines in a [1 1 0] orientation in large grairl€ d68s contain the Ta but at
a much lower and wider peald slightly widened peak reflects smaller grains. Peak shifts describe strain

in the lattice caused by other crystal structures or residual stresses from thermal stresses.

T2vs T3 RT

T2 (1% doping) with T3 (5% doping) deposited at room temperaigdaoh amorphous films
The two are simlar, but T2 is more consistently&®),. T3, with additional Ta doping, has more peaks
for SnTa0y; (ex: 38.508and 39.99) and Ta(ex: 40.208 and 41.188. These additional structures are

expected with an increasediume of tantalum with limited avaliable oxygen.
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Figure 3.44: T3 300C with anneals XRD fit [T#D,,, and SnTzD44].

Figure 3.44illustrates what happens with additional anneals3al@posited at 30G. There is a

clear shift between annealing at 80(standard) compared to 8@anneal, which gave the majoraty of
the film crystallization of TZD,,. The fit of theexperimentafilm (30.2, 35.05, 50.5, 60.1) compared to
JCPDS datd8] (30.33, 35.16, 50.58, and 60.12) is extremly accurkite. unanealed and standard

annealed films are predominantly Spda with small grains, seen in the width of the peak arourid 32
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Figure 345 T3 400C and anneals XRD fit.
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Figure 345 shows he T3 film deposited at 400 unannealed and anneafdndard fit for XRD.
Both films have similar compositions of SnDy;, with the unanealed having more G8nQ, but the
films aredefinitively amorphousSpecific peak correlations ftne film with an850°C anneahre
SnTa0y; (25.823 JCPDR6] :: 25.95 film), CdSnQ, (33.587 JCPDR5]:: 33.45 film), CdTa0s (51.7
JCPDY47]:: 51.05 film), and -Ta[49] (64.7 both).Clearly there is a transition between a ¥Danneal
(standard) and an 8%D anneal, resulting in crystallization wioderate sizedrystals of SnT#;; andr -
Ta. T3 deposited at 55C annealed and unannealed films are very similar to tiC4liths, and are
both amorphous.

T4ARTvs RT + A

While there is 10% tantalum, there is no indication of a significant amount of Ta crystals. Instead,
the Ta is seen to go infta,0,, in both annealed and unannealed filinat are deposited at Z0D The
unanrealed has peaks characteristic of &8n 30,4, which accounts for the unique middle lift between
the two typical humps (287°). The unannealed also shows stronger peaks 8@, while CdSnQis
prevalent in the annealed film. SnDa also exists irsmall amounts for T4 RT Std A&or both films, the
material is predominantly amorphod& alone does not exist in significant quantities for either film, but
in Ta0,,. Annealing shifts the GdsSn 340, and CdSnQ, to CdSnQ.
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Figure 346 T4 high temperature XRD plot.
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Figure 346 XRD plot is well fit for the peaks depicting crystallization, so no overlay is shown in
order to illustrate the variation in film peaks. The unanmkdilens are consistent with the other
amorphous films, even deposited at lower temperatures. THE S&hdard anneal film is small grains of
Cd,SnQ,. With added thermal energy, peaks shift to a sharp, strong,SnTE@CPDS[46]: 29.579,
34.827), meaning the majoraty of the filnasge crystal SnT®;1. The lower peaks of this film indicate
Cd, Ta,0; crystals. T1, the undoped film, is signficantly different asttows CdSnQ, peaks.

Summary

T1 standard film requires 68D anneal with CdS plate, and crystalizes asSGa.
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Figure 347: T2 overall XRD comparison.

T2 is completely amorphous at all except RT with a standard annedC 86t an 806C

anneal, and unannealed 40Gnd 556C.
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Figure 348. T3 overall XRD comparison.

T3 is amorphous at all except with high temperature anneals abol@. 808is is the same for
T4 (10% Ta doping)Sputtering fron CaSnQ,:Ta targets with 1%, 5%, and 10% Ta did not result in
Cd,SnQ, films with Ta doping. Rather, it resulted in films with amorphous charateristics. After high

temperature anneals, crystalline-Gantaining species were seen.

3.3.8 Silicon wafer

Due to the coefficient of thermal expansio&TE) of borosilicate glass being larger than the
Cd,SnO-TaQ;, a single crystal silicon wafer was deposited on insted®o Ta [T4] doping
investigations identified thermal stress cracking at subditaténterfaces.After annealingthe glass was
bowed upwards due to tension with the film. This
the glass expanded outwards more when hedtddle thickness is critical ircracking, the actual
thickness of thdéilm required to reduce this is too great for any electrical tests to be acduratsolution
is substrate compositiol©orning 7059glass substrates wefeund to be bestor higher temperature

films (CTE > 4x10° cmy°C) [19], but are no longer produceSingle crystal silicon, able to withstand
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advanced annealing temperatures, has a CTE6afL0°cm/C and is used for two tests with high anneal

temperatures.

It shouldbe noted that the surface crykigraphy affects the rate of deposition and orientation of
film. A 1 mm oxide layer was grown with wet oxide growth methodsp to 1108C on[10Q single
crystal silica[50]] to isolate the film electricallyThis was done with the intention that the substrate

would not impact electrical measuremeiBysical constants of this oxide are listethe appendix.

There wee two anneals run on the Si substratiésr CdSnQ, depositionof T4 550C on identical
substratesa slow(al)and fast annegh?2), plotted inFigure 318. The finished deposited film before
annealig is shown irFigure 349. The slow anneal proved to give significant cracking to the film, so a
more controlled heat profile was done to reduce the thermal stress fracturing.

Si substrate for T4 550C depositions with a1 and a2 anneals

30.35 ——Si-al e——Sj-a2

Ta2 02.2 61.75
35.1
32
3.55 5065
Figure 349 Si substateafter  1° 20 30 40 50 60 70
Cd,SnQ, T4 deposition. 0

Figure 350: XRD of T4 on Si substrate at slow and fast anneal.

XRD indicatesboth anneal methodssult inlarge grain crystals of @, ,(peaks at 30.33, 35.16,
50.58, 60.12, 63.1A large spike at 7Uis reflective ofthe single crystal silicon substrate. The unmarked
peaks and lift around 3are due to the amorphous oxide lagieposited below the filnwhile the

annealed film still has microracks around graimoundariessmall sectins of the film are undamaged.

3.3.9 Quartz substrate

While the silion films still hadcracking, fued quartz was used as a substrate to investigate the
high temperature annealkhe sibstratds quartz glasfom Allen sdentific glass, ASG2241 Quartz
sguar 8 0%/ X 6 0. A standard kliamond cutting wheel was used to quarter the sqihe£TE

of fused quartz i$.5x10"°"/°C [51], almost an order of magnitude difference from single crystal silicon.
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Quartz XRD fit
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Figure 351: Quartz XRD fit with and without 83C anneal [T0, ).

It is seen irFigure 351that with an adiional anneal the film turns from completely amorphous
to a distinct crystalline T8, The small wide peak at 29.0&ay rdlect the [111]plane of CdQor a
similar tin compound. The amorphous peak &tig2eflective of the amorphous quartz subst@aid not
indicative of any film morphologyT here wastill some cracking at 76800em, but large portions were
undamagedKigure 352).

Figure 352 Profilometer of T4 on Quartz annealed at %50

The black dots compare to precipitates but could not be identified if they were exclusive to the
surface upwards, or within the film volume.

3.3.10 Conclusions

The purpose afhe study was to investigate tantalum as -dype dopant in C£&nO, T C O With
the goal of removing th€dS plateanneal which is impractical for industrial manufactutéarious
doping levels (AL0%), deposition temperatures {26°C), and postinneals were done on sputtered
films. Quantification of film quality is done in theespectrums: electrical, optical, and crystallifleese
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properties are measured withray diffraction, hall effect, spectrophotometer, and a profilometer to

measure thickness and surface roughness.

While the intent of doping was to eliminate the needdost annealing, the 580 limitations of
deposition may not be enough energy for the material to crystallize. High temperature post anneals at
800°C and 856C were done to determine if temperatures above’@G@@sulted in a uniform and
conductive crystéihe film. Unique substratesvere useddue to CTE mismatchut high Ta level films
resulted in crystallized £@.,, which has significantly less conductivity th&d,SnQ, A significant
discovery isapproximatefilm propertiescan be achievedith a 556C undoped C£6nQ, depaition with
a standard anneal (0.85Yrtm, 31.3 criV-s, 23.71 x 18 cm®) compared to the standard®20film
with CdS anneal (0.60 Yhcm, 30.1 criV-s, 34.49 x 18 cm?®. This fim may be competitive in
industry asan improvement for the currenT® (SnQ,:F). Further research on setime glass coating
and other interface challenges may be required prior to implementation.

3.4 Pulsed DC SputterDeposition

Cd,SnQ, is a commonly used transparent conducting oxide (TCO) in thin film CdTe solar cell
applications, requiring both optical transpangand high conductivity. The TCO is traditionally
deposited on a glass substrate and additional layers are added to form an operatidhateelte
several other growth techniques investigated faS@G@Ay deposition such as RF magnetron, RF reactive
sputtering, Pulsed Laser Deposition (PLD),-gel, dip coating, and Met&drganic Chemical Vapor
Deposition (MOCVD)[52]. However, pulsed DC (PDC) has not been considered for this material.

3.4.1 Introduction

Pulsed DC refers to the type of power used in plasma sputter deposition. It uses an alternating DC
step function to sustain the energy to the plasma, which removesaifaben a stationary target while
reducing charge buildup that leads to arcing. There is a variety of literature outlining the use of PDC

deposition for other thin film materials.

Pulsed DChas been utilized for certain TCO films that would otherwisegge significant
arcing ZnO:Al andl-ZnO in CIGSsolarcells has been shown that while pulsed DC is more expensive, it
leads to better film qualities, improved stability, and increased depositionj5a}st]. RF deposition
canincrease the density of a film due to enhanced substrate bombardme3s], so it was

determined to attempt to couple the Wifth a pulsed DC instead of existing AC source
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ITO (Indium tin oxide) has also been successfully deposited using pulsed DC sputtering, with
ongoing investigations into RF superimposed pulsedsptering, where the two are coupled. Results
have indicatedlecreased resistivity and NIR transmission improvement. With added RF power there is an

increase in arc events without adequate pulse synchronizatitrollers[56] [57].

Gadoped ZnO (GZO) pulsed DC magnetron spirttewith a rotating target (anode) was also
considered previously due to its high sputtering poiigh plasma density, lorgrm process stability
with arc prevention, and enhanced dynamic deposition [B8§sThis method was shown to have
enhanced target efficiency (>70%) compared to planar targets having @e2@ue to partial
sputtering. This partial sputtering can addddeial crystal orientation as seen with ZnO:Al sputtering.
With additional etching, 80Am AZO films deposited on sodiane glass had good transparency and
lower resistivity under optimal conditions (4K30.4 Pa, 150V power 100s duty time, 5 pulse everse

time, 10 kHz pulse fragency 95% duty cycle)s9].

In CIGS cells pulsed DC is commonly used to create the back electrode (Cr and Mb) as well as a
100 nm TCJ60]. Unique CIGS investigatonsiADC magnetron sput-thg&Sring of
buffer layersshow that the pulsed DC givedigh plasma density that produces films with good
crystalline properties, even at low substrate temperafbiédn,S; films deposited with 100 kHz were

found to be single phase without any additional heating.
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Figure 353: Ideal pulsed DC signal for 100 kH&2].

Optimization of ITO pulsed DC sputtering on single junctieli gave 6.65% efficiency at 40
with a pulse frequency of 201 kHz (for 460 second deposition timespre of 0.53 Pa, gas at 16 sccm,
151°C). This study determined afteg did not improve after-10 mA/cnf that the pulsed DC was arcing
with high power and shorter deposition time, and that the films needed to be thicker due to reorganization

of film particles duringthe off pulse$55].
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3.4.2 Deposition

The lab standard at Colorado School of Mines uses RF sputter depdsiiddC in a
semiconductor case creates a buildup of charge at the target surface contained byuheisgiwxygen
gas and cannot be used for,8dQ,. Some issues with sputter deposition involve arcs within the chamber
(localized electric discharges) that lead to defects in the deposition surface or holes in the target. In RF
deposition, ionization is dren by oscillating electrons in the bulk plasma with greater substrate
bombardment (due to increased plasma vs the floating potential of théndproved films with RF

sacrifice the sputter rate féiim quality.

The standard deposition process isgotger a 400hm thick film using a 13.56 MHRF
magnetron sputter gun at 1@0RF power for 100 minutes. The chamber gasses are a mix of 10 sccm Ar
and 10 sccm @at 10 mtorr. A additional contact anneal with a 150n CdS film at 40%C for 30
minutes and0Cd°C for 60 minutes increases conductivity of the final fikn additional etch is standard
for CdS annealed films, however for the PDC this actually damaged the conductivity. This is likely due to
variation in the crystallization of the grain boundartbe etchtargets grain boundaries more quickly in
the PDC films than with the standard RF growth method.

Magnetic Field [toroid]

Target

Magnets

Cu block casing w/ water cooling

Pole Plate

Figure 354: Sputter target schematic.

Figure 354 shows a schematic of the sputter targagnetic field that influences the Argon ions
in the plasmaPermanent magneése surrounded by a copper casing with integrated water cooling. A

pole plate protects the magnets, but does not interfere with the magnetic field geriEnat&d: power
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switches the electric field direction, but the magnetic field is approximately constant because the magnets

are permanent.

For the Pulsed DC deposition, the power supply RF generator is replaced with a coupled MDX
and DC power source. The MDX, Advanced Energyi®X500 Magnetron Drive, converts incoming
AC power to DC at a controlled current and voltage. The DC power source from the MDX is pulse
controlled by Advanced Energy ® SpdecTM V 100Hz. The Sparde V is installed in series between
the MDX power supp output and chamber. The adjustable variables involve power settings as well as
frequency and cortits to limit arcing. There are threentrol settings: passive, actiaec, and self run
[63], [64]. The setting adjusts the applied voltage based on hard arc initiation [arcs sustained over 10 ms].
Figure 355andFigure 356 illustrate the voltage response to an arc event in passive and active arc mode.

Arc event Spare-le Triggered \
\
= E
ov \ ov I\
14 \
[ \
-400V
-600V
p, ¥
Time (1 psec/div)

Time (1 psec/div) Arc Event —/

Figure 355 Target voltage passive mode. Figure 356: Target votagé active arc mode.

Passive mode is used to clean the target because it allows some energy in the arc to ionize surface
impurities or abnormalities. The optimal method of ramping power was determined by the lowest arcs
throughout he deposition. Total arcs consist of both hard (>10 ms duration) and small (<10 ms) and
occur most rapidly at the beginning of the deposition.
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Figure 357: Plot of total arcs over time for three depositions.
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For depositionpower is set othe MDX, which automatically calculates the applied current and
voltage for that particular target and environment (such as chamber pregsimixture, and target

weal) (Table 3.12). The Sparde pulse contradér is then set:

Reverse time 2e¢s
Crowbar delay 30¢s
Reverse voltage 20%
The plasma is initiated on the Passive setting to clean the target and reduce arcs. Without passive
initial cleaning, arcs total >500 over 20 minugEggure 357). The pressure of ¢hchamber is spiked
with more argon to strike the plasma with\B0in passive mode, and the power is then ramped up by
25W/min to reduce target damage. Once the desired power is reached, active arc handling is turned on.

Table 3.12 MDX data for each deposition.

MDX
Cell # target description Power [W] | Current [A] Voltage [V]
31612 | 14 T1 100W, 100kHz, 30 min 100 0.255 388
8-3-12 1-2 T1 100W, 100kHz, 42mins 100 0.252 397
34 T1 100W, 70 kHz, 45 mins 100 0.259 385
8-5-12 | 1-2 T1 100W, 60kHz, 55mins 100 0.264 378
34 T1 75W, 100kHz, 50 mins 75 0.206 364
5-6 T1 125W, 100kHz, 40 mins 125 0.333 377
7-8 T1 110W, 80kHz, 50 min 110 0.301 359
8-14-12 | 1-2 T1 120W 60kHz 45mins 120 0.332 359
81912 | 1-2 T1 50W, 100kHz, 70nmis 50 0.155 322
8-21-12 | 1-2 T1 40W, 100kHz, 70 mins 40 0.132 302
34 T1 50W, 80kHz, 70 mins 50 0.147 337
8-24-12 | 1-2 T1 75W, 100 kHz, 70 mins, 36G 75 0.221 331
34 T1 75 W, 100kHz, 70 mins , 400 75 0.22 339
5-6 T1 75 W, 100kHz, 70 mins ,55G 75 0.217 338
9-4-12 1-3 | Tlnew | 75W, 100KHz, 70 mins, 53¢ 75 0.163 452
9-4-12 | 4-6 T2 75W, 100KHz, 70 mins, 53¢ 75 0.18 410
9-6-12 1-3 T2 75W, 100KHz, 70 min0°C 75 0.173 425

65



40

a8 Temperature increase seen with deposition

36 e 100W, 100kHz, 30 m

/ /// ——100W, 100kHz, 45 m
32 T =G1056x + 20.012
30 R2 = 0941/// |
y = 0.204x + 22.787 = 100W, 70kHz,45 min
o8 // R2 = 0.9934

y = 0.2245x + 23.451 _
26 R2 = 0.990 /—lOOW, 60kHz, 50 mi
2059 + 23.467  y = 0.0950x + 21.50

Temperature $C]

24 R?=0.9819 75W, 100kHz, 50 mi
22 4
——RF
20 T T T T T 1
0 10 20 40 50 60

Time3Pmins]

Figure 358 Temperature increase variatimaom deposition compared to RF.

3.4.3 Studies

As this is a novel technique for the manufacture ofSa@, T C O Give studies were done
progressively to obtain an optimal film for PDC deposition. Preliminary decisions regarding pulsing
settings were detmined from literature review for ITO and similar PDC deposition settings as discussed

in the introduction. All PDC results are compared to similar RF baseline cases.

Study 1 - optimal frequency

The power setting of 108/ was used as this is the power tioe standard RF deposition. Films
produced were then peahnealed to enhance conductivity with a CdS platetiatace. The anneal
(40C0°C for 30 minutes, 60C for 60 minutes in B is required for RF films deposited at room
temperature to facilitate ystallization of the Cg5nQ,bulk. All films deposited at room temperature were
found to be norconductiveprior to annealingNote 100-60 kHz is the range of the SpdecV equipment.

Table 313: Study 1, electrical properties.

Film deposition details Bulk Resistivity  Mobility  Carrier Density
mY -cm cnf/V-s cm®(x 10")
RF power, 100 mins, RT, CdS A 0.60039 30.1 34.5
100W, 100kHz, 30 min, RT, CdS A 2.83263 15.6 14.1
100W, 100kHz, 42mins, RT, CdS A 3.30356 18.7 10.13
100W, 70 kHz, 45 mins, RT, CdS A 2.48786 28.1 8.94
100W, 60kHz, 55mins, RTCdS A 4.23497 21.5 6.85
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Table 313 compares the relevant electrical properties for\W0@ower, room temperature with
additional anneal, for decreasing frequency. It is seen that the RF power results in the lowest resistivity.
Variation in the 100 kHz values is due most likely to arc events and not thickness, as the values of bulk

resistivity and carrier density are normalized.

While the 70 kHz film has a relatively low bulk resistivity, the carrier density is more than 70%
lower than the RF film. Mobility however increases to near the RF deposited film value. At this power,
none @ the films closely approximatéie RF film.

The theory behinéhcreasing the frequendy that itwill increase the electron temperature and
plasma énsity further from the plasma. This in turn increases floating potential which will increase the
ion bombardment of the targéb]. This is consistent witthe lower deposition rate of higher frequency
films, and clearly impacts the carrier density of the deposited films.

Study 2 - optimal power

The plasma is controlled not only by frequency of the PDC power source, but the conjunction of
the power and fragency. The second study serves to relate film properties deposited at various
frequencies and power levels for room temperature BRC) deposition. Power was varied from-225
W for 60-100kHz frequency, shown ifable 314. Note a symmetric matrix was not done due to the
ability to measure properties for each sample, and direction of thevsasdyljusted after each

deposition.
Table 314: Study 2, electrical properties.
Film deposition details Reiiiltli<vity Mobility gz:is?try
mY-cm  cm?/V-s cm?(x 10
RF power, RT 100 mins, CdS A 0.60039 30.1 34.5
75W, 100kHz, 50 mins, RT, no A 3.0402 16.1 12.7
75W, 100kHz, 50 mins, RT, CdS A 1.10252 23.8 23.7
125W, 100kHz, 40 mins, RT, CdS A 5.525® 18.1 6.23
50W, 100kHz, 70mins, RT, CdS A 2.52756 16.5 14.9
40W, 100kHz, 70 mins, RT, CdS A 1.52594 15.6 26.2
50W, 80kHz, 70 mins, RT, CdS A 2.83669 13.3 16.6
110W, 80kHz, 50 min, RT, CdS A 4.61548 20.1 6.73
120W 60kHz 45 mins, RT, CdS A 5.56616 18.6 6.02
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It is seen that the RF power deposition results in lower resistivity, higher mobility, and higher
carrier density. The PDC of 8 100kHz gives similar results to the RF. Increased power, while
increasing the deposition rate, decreases conductiViig trends seen with power and frequency are best

visible inFigure 359 throughFigure 361

Study 2 Bulk Resistivity
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Figure 359 Study 2 bulk resistivity plot.

Resistivity increases with inasing deposition power. Hz and 80kHz have lower
conductivity compared to the 188iz. The best film PDC film in terms of conductivity is theV¥5100
kHz with CdS anneal. The 100 RF tes not follow this correlatioRF power is not exactly the same
as DC power because DC power is a scalar quantity. RF uses RMS values and has reactance, where
power is stored or released (apparent and reactive power). Adding the vectors of reactance and resistance

is known as impedance.

Study 2 Mobility

30

20
:-g/ ¢ ® .Unannealed ® # 100 kHz
£ . - W 80kHz
2 10
§ 5 60

X RF
0
40 60 80 100 120
Power [W]

Figure 360: Study 2 mobility.
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Mobility is directly affected by the mean free pditin electrons and holes which is determined by
the various scattering mechanisms. The most important are lattice scattering and impurity scattering.
Mobility is fairly consigent, but all PDC films are lower than the RF deposition. The best films &ke 80
100kHz with added CdS anneal.
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Figure 361 Study 2 carrier @nsity.

Carrier density is reflective of how effective aftype dopant is at havg available electron
donorsto supply Lower power results in higher carrier density, consistent with lower bulk resistivity.
The tradeoff is in the deposition rate. The PDC film that most approximates the best RF standard
deposition is 78V 100kHz to ahieve resistivity of 1.16n Y-cm, mobility of 23.8cnt/V-s, and carrier
density of 23.% 10cm?.

Study 3 - Optimal T emperature

Standard RF deposition is done at room temperaturé@)20ut increasing the temperature can
assist in the crystiéation of the film. Improved film deposition depends on how easily atoms can move
about the surface of the substrate to bond in the desired orient@tiem the C¢5nQ, stoichiometry is
achieved, the mobility of the resulting group is reduced and is legstiikieave the surface, resulting in
island growth from nucleation sitéBable 315 lists the electrical properties of films depesi between
300-550°C.
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Table 315: Study 3, electrical properties.

Film deposition details Bulk Mobility Carrier
Resistivity Density
mY-cm  cnf/V-s cm?(x 10
75W, 100 kHz, 70 mins, 3000CdS A 0.64402 31.6 30.7
RF power, 300C 100 mins, std A no CdS 4.21398 8.06 18.4
75 W, 100kHz, 70 mins400C, CdS A 0.42078 37.1 40.0
RF power, 400 C 110 mins, CdS A 0.55358 34.9 32.3
75 W, 100kHz, 70mins, 530C, no A 9.55306 45.5 14.4
75 W, 100kHz, 70 mins530C, CdS A 0.52789 44.5 26.6
RF power, 550C for 200 mins, no A 1.04553 24.2 24.7
RF power, 550C for 200 mins, std A no CH4 0.84200 31.3 23.7
RF power, 550C for 200 mins, CdS A 0.45211 33.6 41.1

It is seen that 40C PDC results in films with lower resistivity than RF at any temperature. The
PDC film at 536C is close to the 55Q deposition with RF. The variation in thesenperatures is due to
equipment degradation, so PDC temperatures aboV€ 52Mnot be runthe 75W, 100kHz, at 536C
has an extremely high mobilitys deposited (no A nopostanneal) and after anne&igure 362
throughFigure 3.64 illustrate the trends for PDC compared to RF for temperature.
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Figure 362 Study 3bulk resistivity.
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In terms of resistivity, the higher number seen in the plot is without a CdS annealefith with
the annealed films is a decrease in resistivity as temperature increaseSCAtBORF is less
conductive than the PDC.
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Figure 363 Study 3 nobility.

Higher mobility reflects the ease of carrier motion ancklated to the resistance in the film and
the carrier concentration. The highest mobility is seen in th&C5BDC; the PDC in general is higher
than the RF values. The trend of increasing temperature results in increasing mobility overall.
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Figure 3.64: Study 3 Carrier Density.
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Carrier density reflects the number of minority carriers availabbany currentfor a TCO it is

about conducting electricityt seems to peak at 3Wfor PDC films, and 55 for RF.

Overall,the 75W, 100kHz, 53C film has the highest mobility [4&m?/V-s] but not the lowest
resistance. The best RF film is deposited af6536 achieve aesistivity of 0.45m Y-cm, mobility of
33.6cnt/V-s, and carrier density of 41xX110"cm®. The PDC film deposited at 4 is the best film,
giving the properties: 0.42 Y-cm, 37.1cn?/V-s, and 40x 10" cmi®. However the pulsed DC with high
substrate temperature can garghanced carrier density that, with more work, the-gepbsition anneal
may not be necessailya dopant that can be deposited with PDC can be determined, the 75 W 100 kHz
53C°C deposition may make good qualitydeposited films.

Study 4 - T1 New Comparison

TheT1 target was initially used for a multitude of RF depositions, and has inconsistent wear and
cracking due to cycling. This study was done to compare the old target to a bra@d,Be@, target as
well as investigate the target wear. The dejmwsobf 75W, 100kHz, at 536C was done for the new and

old target, and electrical properties are liste@iable 316.

Table 316: Film properties for used and new target.

Film deposition details Regigltli(vity Mobility  Carrier Density
mY-cm cnf/V-s cm?® (x 10%)

75W, 100kHz, 70 mins, 530C, new no A 1.53676 54.5 7.46

75W, 100kHz, 70 mins, 530C, new CdS A  0.62993 47.6 20.8

75 W, 100kHz, 70 mins ,530C, no A 9.55306 455 14.4

75 W, 100kHz, 70 mins ,530C, CdS A 0.52789 44.5 26.6

It is seen that thélms from the new targdtave higher mobility but lower carrier density than the
old target films. The unannealed film for the new target has significantly improved conductivity. The
resistivity increase with the CdS annealed new targethmdiynited to variations with CdS plate. It is
anticipated these two films will be similar after anneal, crystallization is primarily related to the

deposition temperature.

Target Wear
Using the PDC as a power source rather than RF puts different sinaims target-igure 365
shows a new target installed in the setting. After one PDC deposition, the target develops circular

discolorationand crackindFigure 366).
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e e

Figure 365. New target prior to PDC deposition. Figure 366: New target after 1 PDC deposition

Figure 367: Target after multiple deposition, including chamber film damage.

After all of the PDC dpositions as well as initial RF depositidasthis work a significant
amount of discoloration, c¢cracking, and wear aroun
(Figure 367). The area of interest is the damage ®fitlm built up on the surface of the chamber. After
PDC arcing, this film began peeling off the aluminum cooling plate. This illustrates the damage hard arcs
can have on neighboring conductive material, and may be a limiting factor in -&d¢atgenanudcturing

process.The peeking could also be from the films setting thick after successive depositions.

The new target gives worse properties and an improved deposition rate (New 2arget
nm/min as compared to the old targe&t.30 nm/min(averagedor temperature adjustment)). This is

similar to the PDC films at higher powers. With a new geometry for the argon ions to interact with, the
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magnetic field may need to be adjusted to achieve optimal orientation of plasma concentration. The
discolorationmark radius appears smaller than the older fivwsar patterns, which coincides with

variation in themagnetic field orientation.

Study 57 1% Ta Doped Comparison

The ability to effectively deposit films with targets of differing conductivity is relevant t
expanding the knowledge of PDC controlled plasma. A 1% Tantalum [mass percent] defped,Cd
target was investigated. Initially the Ta doping was investigated asyme nlopant and to remove the
need for a CdS post anneal, however the conductiviBdgBnQ, was hindered by the Ta in the bulk.
This study is focused more on deposition thaer-resistivty target (doped target resistivity is Y7,

undoped is 5.32 Y measured witlhusigPDQul ti met er

The target is manufaured by Materion Advanced Chemicals [$$371] andare made byot-
pressing preeacted Ce5nQ, powderand TaOs and sintered. The A%, 100kHz deposition is done at
room temperature and 58Dand compared to 1% doped films grown with an RF power solesults
are compared iffable 317.

Table 317: 1% Ta doped targets deposited with PDC and RF.

Film deposition details Bulk Mobility Carrier
Resistivity Density

mY-cm  cm?V-s cm?®(x 10

)

75W, 100KHz, 70 mins, RT, CdS A 7.85682 20.4 3.89
1% Ta RF power, RT 100 mins, CdS A 1.21003 24.8 20.8
1% Ta RF power, RT 100 mins, Std Ano C 2.40287 26.3 9.86
75W, 100KHz, 70 mins, 530C, no A 26.65680 24.4 0.96
75W, 1®MKHz, 70 mins, 530C, std CdS A 5.14514 30.6 3.97
1% Ta RF power, 550C 140 mins, no A 15.28250 5.65 7.22
1% Ta RF power, 550C 140 mins, CdS A 3.22986 14.5 13.3

The PDC has approximately2times the resistivity of RF films. Mobility is fairly consistehut
drastically reduced for the RF high temperature deposition. The carrier density of the PDC films is
extremely low. The Ta doped target deposits less effectively with PDC thanriRérder to understand

why these variations are seen, a study otthstallography was done usingr&y diffraction.
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Figure 368 XRD low temperature RF and PDC.

Figure 368 comparewariations of the Ta doped target deposition on a glass substrate using RF
and POC at room temperature. The overall shape seen in the glass substrate will be present in the other

films. The doped film deposition is very similar for both methods exhibiting a characteristic lift around

31.25, indicating small crystals of €&3h(Q,[45].
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Figure 369 XRD high temperature RF and PDC.
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Figure 369 shows the high temperature deitioss of Ta doped films deposited with RF and
PDC, and the PDC undoped filfihe RF film has a strong peak at 38.4, correspondingtth&thas
crystallized in an amorphous bulk £6hQ,. The PDC films have a wide peak at 31.25, indicative of
small crysals of CdSnQ, with some SnT#D-, seen in the small shift around 31.ZHere is not a
significant difference between the doped and undoped film deposited with PDC, indicating the tantalum

does not form crystals.

The Ta doped PDC deposited film at 83Mas a lower conductivity than the undoped due to the
interference of SnL®; within the CdSnQ, bulk. RF deposition of this doped target generatgs Ta
islands, which improves conductivity since the bulk is more paorhis case, the tantalum is not
interacting with the electrons path of least resistance.

The best RF film is deposited at room temperature to achiegsaivity of 1.21m Y-cm,
mobility of 24.8cn¥/V-s, and carrier density of 2x8 0" cmi®. This is the lowest resistivity and highest
carrier concentration of the 1% Ta doped study. The highest mobility is found with the PDC film
deposited at 53, giving the properties: 5.1 Y-cm, 30.6¢cnf/V-s, and only 3.9% 10°cm®.

3.4.4 Deposition Rate

One major benefit of PDC deposition israditionally the deposition rate is2imestherate of

RF film growtl66]. The deposition rate is most related to the power, seEabile 318.

Table 318: Deposition Rate for PDC compared to RF.

Deposited Film Temperature Power Frequency DepR(;?(iation
°Cc W kHz nm/min
RF 20 4
RF 300 3.7226
RF 400 3.001444
RF 500 2.1735
RF 550 2431
100W, 100kHz, 30 min, RT 20 100 100 5.326
100W, 100k, 42mins, RT 20 100 100 8.047
100W, 70 kHz, 45 mins, RT 20 100 70 6.876
100W, 60kHz, 55mins, RT 20 100 60 6.553
75W, 100kHz, 50 mins, RT 20 75 100 3.577
125W, 100kHz, 40 mins, RT 20 125 100 9.838
110W, 80kHz, 50 min, RT 20 110 80 8.331
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Table 3.18 cntinued.

Deposited Film Temperature Power Frequency DepR?;Ltion
120W 60kHz 45 mins, RT 20 120 60 7.336
50W, 100kHz, 70mins, RT 20 50 100 2.221
40W, 100kHz, 70 mins, RT 20 40 100 1.543
50W, 80kHz, 70 mins, RT 20 50 80 1.674
75W, 100 kHz, 70 min300C 300 75 100 3.945
75 W, 100kHz, 70 mins , 400C 400 75 100 3.095
75 W, 100kHz, 70 mins ,530C 530 75 100 2.941
New target, 75W, 100KHz, 70 mins, 530C 530 75 100 2.739
1% Ta doped, 75W, 100KHz, 70 mins, 530C 530 75 100 6.245
1% Ta doped 75W, 100KHZ0 mins, RT 20 75 100 4.869

Deposition can be as high as 9.8 nm/min with \d2BDC, however the film properties decline
with power over 7. Trends of temperature and frequency variation are shotigime 370and
Figure 371
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Figure 370: Deposition rate for given frequencies of PDC.

As power increases, deposition increases approximately 0.063 nf@nais seen in a linear

regression of 10RHz. Higher frequency doe®nnecessarily give higher deposition rate.
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Figure 371 Deposition Rate for PDC vs RF vs temperature.

Increasingeémperature decreases the deposition rate congjstenboth RF and PDC. This is
related to the plasma insation of a temperature gradient from the high temperature plate generating
localized pressure variations above the sputter target. With an increase in pressure around the sputter
head, the argon atoms used to generate ions by striking the target intétfexee another, reducing the
effectiveness of the physical vapor deposition. It is also seen that with increasing temperature, the
effective sticking factor of the film on the glass substrate is decreased. At high temperatures, the energy

of the ions mg be too high to stay on the surface and generate nucleation sites.

3.4.5 Film uniformity

Uniform deposition of the film is critical to achieve consistent and repeatable prop@utizse
profiles were done on a Tencor Profilometer at 5 mm,mGecat 50Hz (giving 632 data points per
measurement). Each film was measured at least twice at different locations; a typical film is shown in
Figure 372
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Figure 372 20°C 100W, 100kHz film.

Surfaceprofiles are comprised of waviness and roughnessgiitmss values are given in the

appendix; here we consider waviness, or the variatiorighhrelative to the initial measured point.

Total film thickness is 30d00 nm [30084000 Angstroms].Table 319 shows both a schematic for each

measurement, and the height variation.

Table 319: Surface profile of PDC films.

Surface Profile of T1 new 550
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The consistent spikes seerthe 100W, 60 kHz film are not found in any other film deposition.
Variation of up to 20 nm is common with this method of deposition, and peaks ratheptihadic
roughness variation is expected. Crystal growth on a nm scale would be more uniform with slight

increases in layer levels rather than individual molecule stacking.

The T1 new has the least discrepaatthe film surfaceand may be due to thargetdess worn
geometrylt is postulated that higher temperature also might assist in more uniforygallization and

is seen in the improvements of film properti@serall the films are very smooth.

3.4.6 Optical Properties

Optical measurements were carried out with a Cary 5G spectrophotometer. Transmission was
measured using the standard flat plaiesle holder and reflection was measured using the diffuse
reflectance accessory. Wavelengths from 200 to 200@ere run. Both measurements are normalized to

a bare substrate. Data is presented in terms of photon engrgy, E
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o — (3.12)

where h is Boltzmannébés constant, c is the speed o
with film material as either transmitted, reflected, or absorbed. Absorption can be calculatelfioR 1

and can be used to calculate thedbgap of the material.

Transmission

Optical properties are critical in a TG@not negatively influence the layers below. The band
gap (E) is the most quantifiable value for comparison and is reflective of the amount of energy required
for an electrorto jump from the valance to the conduction bdnadrder to calculate theyBf films, a
spectrophotometer is used with a transmission and diffuse reflectance atta¢hgueat373 through
Figure 382 show plots for transmission and reflectance over wavelengths frofR08lONm [2.94.0
eV]. For TCOs, a good film has low reflectivity, and an optimal absortaotsmission match to take
advantage of the lower film layers CdS and CdTe.
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Figure 373 Transmission through film for power of 75W.

The focus on 0.78 eV is because the band gap for this material falls within this range. It is seen
that at higher deposition temperatures fol power, the transmission is greateloater energies. The

film deposited with the new target gives overall lower transmission than the more used target.
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Figure 374 Transmission through film for power other than 75W.

The oscillations in the transmission arentoonly seen in thin smooth films. They are due to
constructive and destructive interference caused by portions of the light reflecting from ttHénglasd

film-air interfaces. Differences in the oscillations are due to difference in film thicknegeness, and
index of refraction.
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Figure 375: Transmission through film for Ta doped films.
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The oscillations for the 1% Ta doped films have similar transmission to undoped, but all of these
films are fairly consistent. Thedtier temperature deposition drops the trassion at approximately
2.75 eVcompared to the room temperature depositions.
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Figure 376: Transmission throughAm for CdS A films deposited at 75W.

Thanew target (T1) has lowepaSmission than the more worn target, corresponding to the lower

Transmission {0

0.75 1.25 1.75

2.25 2.75 3.25 3.75
e

n [ V]— == CdS A 100W, 100kHz, 42mins, RT

=== CdS A 100W, 100kHz, 30 min

CdS A 125W, 100kHz, 40 mins, RT

CdS A 50W, 80kHz, 70 mins, RT

= e« CdS A 100W, 60kHz, 55mins, RT
= = = CdS A 100W, 70 kHz, 45 mins, RT
CdS A 120W 60kHz 45 mins, RT
CdS A 110W, 80kHz, 50 min, RT
CdS A 50W, 100kHz, 70mins, RT

Figure 377: Transmission through film for Cd not at 75W deposition.
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Figure 378 Reflectance of the film deposited at 75W no anneal.

The jump seen at 1.52 eV is due to a lamp change during the measurements, and should not be

taken as a film property. While the films have differing oscillations, the amplitudé%q] is fairly
corsistent.
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Figure 379 Reflectance of films deposited at powers other than 75W.
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The 40W PDC film has a consistently low reflection, not due to surface roughngss/(Bi ,
R=4121 , si mi | ar). Thisloworafldtierr propeityl gives a large band gap, but poor
electrical properties and deposition rates make low power films ineffective as RF replacements.
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Figure 380 Reflectance of films with CdS anneal.
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Figure 381 Reflectance of films for Ta doped films.
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Figure 382 Reflectance of films with CdS Anneal.

It is seen that the new film has higher reflection before other films. The largest variance in the
new films isin improved mobility and reduced carrier density.

Band gap

The absorption coefficient iU425nanssingthe neeasiredt ed ov
transmission and reflection data and tieasured film thicknessdsigure 383 andFigure 384 show a
pl ot?tasfaUfunction of photon energy (€¥Qforaactkd an ex

of the films. Assuming 24=WME,&)" °hotds forthis matetial @laeph r el at i

is a constant, fzis the photon energy, ang & the band gap energy), théntercepts show the band gap
for each film, seen ifable 320andTable 321
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