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Chapter 1 Introduction

Currently, chalcopyrite CulnGag€CIGS) thin film solar cells have reached up to
20.3% power conversion efficiency using a thregestn-evaporation procéssvhich

is comparable with the energy conversion efficieotynulticrystalline Si solar cells.
Decent conversion efficiency and high chemicalistglof CIGS make itself a
promising p-type material for thin film solar celldowever, the high cost of vacuum-
based fabrication process becomes a barrier todafbte commercial modules for the
substitution of conventional fossil fuels as a @ignenergy source. An efficient non-
vacuum printing process has the potential to ovaecthis barrier. Nanosolar IAc.
utilizing formulated inks containing binary coppedium/gallium selenide
nanoparticles successfully fabricated 15% CIGS filnmsolar cells via high
throughput roll-to-roll printing. Guet al.® synthesized CulnSand CulnGag
nanoparticles by hot injecting method and convent@abparticle-stacked sulfide films
to densified selenide thin films. The resultingselemonstrate a maximum energy
conversion efficiency of 12.5%. Kapetral.* reduced oxide nanoparticles using pure
hydrogen to metal films which were then convettedhalcolpyrite CulnGaSdilms

by selenization. A maximum cell efficiency of 13.&%as achieved from these films.
All these methods using precursor flms made obparticles require extra
preparation steps such as mechanical milling omated synthesis. The final absorber
films were deprived of their initial nano-structdrieatures. These additional steps for
the preparation of nanoparticles and hydrogen ttemtuare likely to increase the

manufacture cost and decrease the production yetdalable and high throughput



synthesis process is needed to lower down theoédlsese nanocrystal inks.
Bhattacharyat al.” used electroplating method to fabricate CIGS fitim solar cells
with an efficiency of 15.4%. However, a post conmos adjustment by physical
vapour deposition is required to ensure a Cu-pd&SJilms. Guillemolest al.®
fabricated CIGSSe solar cells using precursor fitmelectrodeposition following by
sulfurization. Hydrazine is a powerful solvent whican dissolve various binary metal
selenides and sulfides with additional chalcogemehts. Todoroet al.’

demonstrated CIGS cells with a 15.2% energy comwersficiency using this method.
However, due to the toxic and explosive natureyafrézine and slow dissolution rate
of chalcogenides, the wide application of this rodtlwvill require careful engineering
work to ensure the safety of working environmeneiMt al.® demonstrated an air-
stable vulcanized ink for the production of largaiged Culngabsorber layers by
rolling printing process with a post KCN etchingp&wer conversion efficiency of

2.15% was achieved.

Leeet al.? have developed a process that uses metal saltrpoes dissolved in an
aprotic solvent (i.e. acetonitrile) and is capaiflérming uniform and continuous

thin films through both digital fabrication (e.gkiet printing) and blanket coating (e.g.
spin coating) techniques. This feature makes timipg process follows a simple
dissolution and drying mechanism. In addition, hiigh volatility of solvent helps
convert the printed liquid thin films into solid taésalt thin films in a short time. The
printed metal salt thin films were converted intade semiconductors through a

substitution reaction between the metal halide@nden (i.e. HO). This synthetic



pathway opens a general route to fabricate a yaoigbatterned metal oxide
semiconductors through a simple and low-cost paean atmospheric
environment. Herein, we are able to extend this approach ablerprinting of

chalcopyrite semiconductors (e.g. CulnGaSe?2) ftarsmll application.

Deposition at atmospheric environment offers anoofomity for the deposition of
absorber materials at large scale with high thrpughrlhis provides a potential cost
advantage over conventional fabrication procedsitivalves expensive vacuum
equipment. In addition, solution processes (sudhlgst printing, spray and roll-to-
roll printing) are able to increase the raw materidization ratio compared to more

wasteful vacuum-based deposition techniques.

The solution-based solar cell fabrication proceg®rted in this work has several
advantages over the conventional vacuum baseditpemand other solution
approaches. The solution based approaches in geoeaid potentially lower down
the capital cost associated with the more expensigaum equipment. The newly
developed route that was investigated in this wsds low-cost and benign metal
salts directly as starting materials. This routersdns the reaction pathway for the
fabrication of CIGS thin films which will reduceelprocessing cost and lower its
environmental impact. In contrast, a number of satuprocesses require additional
chemical treatment for the removal of secondarysphthe use of toxic chemicals or
tedious process to prepare the precursors. Frdmemistry standpoint, metal salts

such as metal chloride and acetate are more reabtn metal oxides which have



been successfully used to fabricate CIGS solas'cEi® These benefits make metal
salts good candidates to serve as CIGS precuiBoesnost efficient CIGS solar cell
is fabricated by co-evaporation with elemental @niation gradients which are
beneficial for the cell performanteérhe printing technique could potentially be used
to create a similar gradient by adjusting the iokaentration. Herein, | present a low-
cost and air-stable approach for the fabricatioohaflcopyrite CulgGa «Se thin film

solar cells using metal salts as starting materials



Chapter 2 Literature review
2.1CulnGaSe

CulnGaSe (CIGS), the most efficient thin-film solar celkctenology, has reached up
to 20.3% efficiency which is comparable with thergy conversion efficiency of
multicrystalline Si solar celtsContiguous effort was spent on this materiahim last
several decades. Since 1953 when Cuin®es synthesized for the first tinfgit took
20 years to create the first CIS PV devices in 19278 the middle of 1980s, Boeiffy
introduced two-stage coevaporation method to fakeipolycrystalline CIS films
with >10% efficiency in integrated solar cells. fao, CIGS solar cells fabricated by
three stage co-evaporation process hold 20% emergyersion efficiency which is

the highest record for thin film polycrystallinelaiocells 8

CulnSe belonging to I-1lI-VI materials family with tetragal chalcopyrite structure
(see figure 2.1) which is similar to cubic zincrode structure of II-V materials like
ZnSe“. Due to the very different nature of copper araiim atoms, the bonds
between them and neighboring selenium atoms hayediiéerent ionic properties

and lengths, which make CIS structure anisotrapimost cases

By adding other elements into chalcopyrite struesyuthe bandgap energies of this
materials range from 1.04eV in CulnSe 1.65eV in CuGaSeand even to 2.4eV in
CuGa$ and 2.7eV in CUuAIS™. It is interesting to note that the most efficient
chalcopyrite solar cells is not made from puredeyrcompounds but rather alloys like

CulnGaSe The quaternary CIGS phase has several advantagesernary



Figure 2.1 CulnSeunit cell.

Al/N1
300nm ZnO:Al —s |
50nm 1-ZnO
50nm CdS
2um CIGS —>»
500-1000nm Mo =
Glass

Figure 2.2 CulnGaSesolar cell structure.



compounds. First, the bandgap of CIGS is tunalterding to the ratio of In/Ga,
which cover most of the visible spectrum. Secohd,dynthesis of single phase CIGS

is easier than the synthesis of single phasé®CIS

Depending on the dominant defects, CIGS can berethype or n type. Usually, p-
type CIGS is grown under In-rich and Se-rich canditwhereas n-type CIGS is
grown under Cu-rich and Se-deficient conditfbThus, Cu vacancy and Se vacancy

are believed to be the dominant defects in p atype& CIGS, respectivel

The CIGS materials have very high absorption coieffit which is larger than lem™
over most of the visible spectrimTherefore only a-few-micrometer-thick CIGS

films are needed to absorb most of the lights, Wwini@kes the cost of materials much
lower than conventional thick Si solar cells. BesidCIGS is more stable than some
other p-type semiconductors like £Suand less toxic than CdTe which is already a big

player in the thin film solar cell market.

CIGS solar cells usually employ a substrate strectthich is illustrated in figure 2.2.
Molybdenum and transparent conductive oxides (T@&ppsited by sputtering serve
as back and front contacts, respectively. ZnO a@BGorm p-n junction with thin
CdS layers as buffer layers in the middle. Chenbe#ih deposition is utilized to

deposit CdS layers for most of highly efficient GGolar cells.

In order to maximize the collection of photocurrgenerated in the absorber layers
and efficiency of the devices, bandgap enginedsngually employed for high-

efficiency solar celf§. The common bandgap structure of CIGS solar ells



exhibited in figure 2.3. At the front side of Cl&gers, the bandgap is enlarged by
higher Ga or sulphur concentration. The increasedigap of front surface of CIGS
films can reduce the energy loss during thermabmand recombination at
CdS/CIGS interfacé *°and consequently increase open circuit voltageaNd
energy conversion efficiency. At the back side 688 films, the bandgap is increased
solely by increasing Ga/ln ratio. The gradual iase2of the conduction-band energy
sweeps the photogenerated electrons into the iinect p-n junction®. This helps the
collection of photocurrent current and increasatstiocuit current g

Increasing Gaor S Increasing Ga

«—— _—

Cu(In,Ga)(Se.S),

CdS

/n0O

Figure 2.3 CulnGaSesolar cell bandgap energy structure.



2.2Vacuum-based techniques
2.2.1 Co-evaporation

CIGS absorbers prepared by co-evaporation fromesésources yield the highest
efficiencies for thin film photovoltaic devices. 1980, Mickelsen and Ch¥made
5.7% polycrystalline CIS PV devices by using a alved Boeing bilayer co-
evaporation process which simultaneously evaporsrdental copper and indium
metals under selenium vapor. In order to avoidrteraction between selenide and
gold back contact at high temperature, the deposgiarted with the deposition of
low-resistivity small-grain Cu-rich CIS at 38D and ended with excess indium

deposition rate at 450. The reaction pathway for this method is illuttcaas below
Cu(v)+In(v)+Sg(v)>CulnSe(s)+CuxSe(s)
Cu(v)+In(v)+Se(v)+CwxSe(s)+CulnSgs)> CulnSe(s)

Based on this bilayer co-evaporation process, Gettabr’* refined this approach to
form a so-called three-stage co-evaporation prostssh started deposition with ~90%
indium and gallium with excess Se at 250°C-300°@tviwere followed by copper
selenide deposition and finally capped with the +d9% indium and gallium

at >540°C. The finished CIGS film after three sigeslightly indium-rich. the

reaction pathway for three stage co-evaporatidiuitrated as beloWw:
In(v)+Ga(v)+Sa(v)> (Inx,Ga.»)2Se(s)

Cu(v)+(In, Gaux)2Ses(s)+Sa(v) > Cu(InGarx) Sex(s) +CuSe(s)
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Cu(InGa,x) Se(s)+CuxSe(s)+In(v)+Ga(v)+Skv) > Cu(InGar.) Sexs)

a E Substrate 3

% I m\
b

Se
3 In
% Cu In
3 Ga
A

G
Time

Figure 2.4 Schematic of a CIGS three-stage co-eadipa system (a) and elemental
deposition rates (b).
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Figure 2.4 shows the schematic of three-stage aparation setup and the elemental
deposition rates. Based on Cu-Se binary phaseati@grCu.,Se might exist in a
liquid phase with excess Se present at high teryrer&>523C). In the three-stage
evaporation approach, €x5e was formed at the second stage and used asgeumt
helping the recrystallization of CIGS grains. Tveetors were found to contribute to
the cell efficiency by using this procéssThe surface of finished CIGS films was
extremely smooth with roughness less than 50nm.siiel roughness of CIGS films
resulted in smaller surface area contributing &jtimction area and consequently
reduced both the recombination happened at theéiguminterface and the saturation
currentJy. However, a drawback of smoother films is to iasethe light reflection

on CIGS films. Another factor beneficial to celfiefency was the gallium gradient as
a function of depth in the CIGS films. The galliwoncentration increased toward the
back of the film. Such notch structure providedsjelectric fields sweeping free
electrons from CIGS neutral region to the junctionthe aspect of process control,
the deposition in three-stage coevaporation waswamy monitored by mass
spectroscopy which provided precise control ondegosition rate of each eleméht
So far, CIGS solar cells fabricated by three stagevaporation process hold 20%
energy conversion efficiency which is the highestord for thin film polycrystalline

solar cell$” 18

2.2.2 Sputtering and chalcogenization
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Although co-evaporation method has yielded the éfigiencies in laboratory
devices” *and is one of the common methods used in the raaturé of commercial
CIGS module€, There are several drawbacks existing in thisgsscThe uniformity
of deposited films by co-evaporation over largeaargoes not satisfy the requirement
for highly efficient modules due to the limitatiohthe geometry of evaporation
sourcé®. Low production throughput and poor simultaneocwrstiol of all evaporation
sources are barriers impeding the commercial dpwetmt of co-evaporation

techniqué”.

By virtue of high deposition uniformity and rat@ustering is a common physical
vapor deposition method widely used in the manufacdf thin films. Usually, two
separated steps including material deposition afehization are needed to synthesize
CIGS absorber films. Selenization can be condudteohg or after sputtering.
Marudachalanet al.?® utilized DC magnetron sputtering to deposit mptaktursor
films in a sequence of Cu-Ga-In on Mo-coated sade blass substrates which were
selenized under the environment gfSd/Ar/G; gas mixture for 90min. A post-
reaction heat treatment in Ar for 60-90min was sgapto selenized CIGS films which
were converted to single CIGS phase after 600°&@rent. 13% efficiency was
achieved by using this three-layer structure. theoto solve the problems of low-
melting temperature property of gallium and deletes interaction between indium

and gallium, Dheret al.?°

used Cu-Ga alloy and indium targets instead atiddal
metal targets in a sequence of CuGa/In/CuGa/SeleniZIn/CuGa/Selenization. The

two-selenization strategy and Ga addition neaMbecontact have significantly
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improved the adhesion of CIGS films to the Mo bagktact. 9.02% efficiency was
achieved by using this approach. In order to fursimplify the deposition process
and better control the uniformity of metallic presor films, Cu-In-Ga ternary alloy
targets were successfully developed to fabrica@Shin film solar cells with 8%
efficiency?’. The efficiency increased up to 13% by using Heglwer Impulse
Magnetron Sputtering instead of regular DC sputitein the present of evaporated
seleniun®. One issue of this two-step sputtering approathdsyallium accumulation
near Mo back contact regions regardless of the défridrgets used 2’ This led to the
phase separation which needs special treatmergsnystallize the films to single

phase.

In addition to metallic targets, quaternary chatrude targets were also able to be
used for CIGS solar cells. RF sputtered films freingle phase CIGS targets showed
binary selenides which were converted to singleEpBase by post-selenization with
7.95% efficiency for finished devic&s Frantzet al.>* have fabricated highly oriented
single phase CIGS absorber films without seleronadiuring or after sputtering

achieving 8.9% efficiency for working devices.

Comparing the cells fabricated by co-evaporatiath sputtering, the efficiencies from
co-evaporated cells are ~6% (absolute) larger tiheusputtered cells on the laboratory
scale. However, commercial modules made by thetmigues have no significant

difference in terms of device performar@e3he low elemental uniformity across
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solar panels by co-evaporation technique countanicak the advantage of better

crystallinity and cell performances.
2.2.3 Other vacuum techniques

In addition to the aforementioned co-evaporatioth gputtering, molecular beam
epitaxy and close-space chemical vapor transperadditional vacuum-based
methods that have been used for the synthesis@®8@Im*. Single crystalline CIGS
films grown by using molecular beam epitaxy perforot as good as the
polycrystalline films. Although high quality p-tyg@GS films were obtained by
close-space chemical vapor transport, this teclenicpes corrosive HI as a transport
agent which is too corrosive for many materialse Dmthese reasons, these two

methods are rarely used in practice.

Field-Assisted Simultaneous Synthesis and Trar{B#EST) process developed by
Heliovolt is a two-stage reactive transfer printingthod™. In the first step, copper
selenide and indium selenide are deposited by PVDBlalybdenum-coated glass
substrates and calcium fluoride-coated substregepectively. In the second step,
these two films are brought to contact closely gadhrough rapid reaction under
pressure and electrostatic field. The final films txansferred to Molybdenum
substrates and calcium fluoride-coated substratede reused for many times with
proper cleaning. Due to the imposed pressure aufrestatic field, the reaction
between these two precursors is fast. That mayceethe thermal budget. The

resulted CIGS films show a (220)/(204) preferre@mation which is different from
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the preferred (112) orientation by other metho@8s Efficiency was achieved by this

technique.
2.3Non-vacuumed-based techniques
2.3.1 Nanopatrticles

Nanoparticles or quantum dots are one of the nttsicive materials in the scientific
world due to their unique properties from bulk mnigls. In this section, several CIGS

deposition approaches based on nanoparticles eeiened.
2.3.1.1Metal nanoparticles

Copper and indium metal nanoparticles have beeth toseroduce metal precursor
layers which were then subjected to post selewizati either Se or }$e gas to form
CIS absorber filni&. Ideally, this method should be very promisingsidering the
low melting temperatures of indium and energetitireaof both elements which
might be beneficial for forming dense films in adHime. However, considerable
indium oxide formed during spray deposition in aembiatmosphere contaminates

CIS films*,
2.3.1.2Binary chalcogenides nanoparticles

Nanosolar iné.has used binary copper selenide and indium/galtietenides as
starting materials to fabricate 14% thin film CIG&8ar cells. Single metallic
nanoparticles are the simplest form one could dedige structure of nanoparticles

used by Nanosolar inc. has a core-shell struc€opper nanoparticles serve as the
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cores which are coated with 111A-VIA shells suchiadium selenide, gallium selenide
andetc.®®. These selenide nanoparticles are dispersed aniargolution which may
contain various ingredients including solventsfattants, binders, emulsifiers,
thickening agents, film conditioners, anti-oxidaritsw and leveling agents,
plasticizers and preservativésThe real recipe is not disclosed in the literatout
must assure the appropriate properties allowinddiraulated ink to be printed. With
proper adjustment of ink’s rheological and therpraperties, the ink was printed by
typical wet coating techniques onto rigid and fldgisubstrates. GuSe, having
relatively low melting temperature 5Z3 is used to assist the growth of large and
dense CIGS films. Rapid thermal processing (RTH tlva most critical step to
convert porous nanoparticle films into dense PVligulms. The main advantage of
RTP over conventional slow-rate heating processés high ramping rate (typically
10-20°C/sec) which could suppress the seleniumdogag annealing and melt down
the flux agent CuSe before it totally reacts with indium/galliumessides to form
CIGS which has high melting temperature over 10001 liquid or quasi-liquid
phase of Ca,Se having very high flowability compared to solisbge may fill the
voids between particles and densify the films. Theice of substrates influences the
selenized CIGS grain size and composition in tkaltimg CIGS films. Sodium is the
magic element controlling the migration of galliaeross CIGS films. By
manipulating the sodium concentration in CIGS filte gallium profiles can be flat
at high Na content or notch-shape at low Na coftdiie finished PV device has

decent characteristics with 14% efficiency for apex area. By using the similar core-
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shell strategy, Yooet al.** synthesized CuSe/InSe nanoparticles which yield eh%

efficiency which is much smaller than the resudinfirNanosolar inc.
2.3.1.3Metal oxides nanopatrticles

Metal oxides are abundant forms of metal compoexdsing on the earth. Using
metal oxides to synthesize chalcopyrite CIGS mawce the cost of raw material and
potentially the final PV modules. International &dElectric Technology Inc.

(ISET)"" *2and Unisuf? are the two pioneers exploring the area of cdimgmetal
oxides to CIGS films. In ISET’s method, elementpep indium and gallium with
fixed Cu/(In+Ga) ration were dissolved by acid bitaon homogeneously mixed
aqueous solution of Cu, In and Ga compounds. Timetal ions were co-precipitated
by adding sodium hydroxide solution resulting imixture of metal hydroxides which
were dried at 450°C to obtain fine oxides powdée $ize of the oxide particles were
controlled by the pH value of reaction mixture aedivery rate of NaOH during
hydrolysis. Usually the average diameter of nanoges is 250nm with tight
distribution. The ink was formulated by dispersithg powder in water and surfactants
with assistance of ball milling. The obtained oXxigste can be deposited on
Molybdenum-coated substrates by various typesiofipg techniques. A H

reduction reaction was conducted on oxide filmsclviviere reduced and converted to
metal layers, followed by a selenization or sulfation process to convert the metal
films to CIGS. Unisuft used oxide nanoparticles as starting materiargedls but the

synthesizing method is not clear. However, the céda reaction by Kwas not
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included in Unisun’s process. Cells reached 13.6814.7% efficiency have been
achieved in the laboratory by ISET and Unisun, eespely. Two major issues of this
oxide nanopatrticle approach may counterbalanaeitantage in low cost,
compositional uniformity and easy handling. Copmdde, indium oxide and gallium
oxide are very stable at room temperature and bigintemperature. The good
stability makes the ink easily preserved, but ingsetthe reduction of metal oxides to
pure metals. Thermodynamically, the reduction ieaatf copper oxide at 500 is
favorable, whereas the reduction of indium andgalloxides is not favorable even at
500°C'%. This disadvantage makes the reduction reactiondiéficult to complete

and residual oxides are likely to remain in the§l In the ISET approach, elemental
metals go through dissolution, precipitation ardlictzion back to metal forms. From
the perspective of mass and energy consumptianptbcess is not mass and energy
efficient at all, that is saying extra energy aratenals are consumed and inevitably

increase the manufacture cost.
2.3.1.4Ternary/quaternary nanoparticles

It is a straightforward thought to use ternary/guadry chalcopyrite particles as
‘bricks’ to directly build bulk chalcopyrite matets. Guoet al.*® and Pantharst al.*’
have used hot injection method to successfullyt®gize CulnSeand Culng
nanoparticles in chalcopyrite phase. The nanopestcan be dispersed in various
non-polar solvents such as hexane, toluene antbefrm stable ink for printing.

After deposited on substrates, the organic solweete evaporated by annealing in an
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inert atmosphere (e.g. Ar) at 5@ Afterwards, selenization at 5@was applied to
the nanoparticles films in order to densify andystllize the film&®. KCN was used
to etch CySe phases and adjust the composition to Indiumpiiase. The obtained
PV devices with conventional structures show 3%eciefficy with relatively small
Voc®. Small grain size and large grain boundary arerthin issues for these devices.
CIS has high melting temperature above IG0@hich impedes the recrystallization
of CIS nanopatrticles even though 50Gelenization was applied. Gaoal.
synthesized CulnGa®anopatrticles by using similar chemistry and cotece
CulnGa$ nanoparticle films to Cu(inGa)(S:4Seg) films by selenization. There are
two benefits related with this new strategy. Fitlsgé bandgap of Culnges about 1eV
which is lower than the optimal bandgap 1.14eViaximum efficiency based on
calculatior®. Gallium and sulfur are used as doping elemenemtarge the bandgap
of CIS to enhance the cell performance. SecondtallaFger atomic size of selenium,
the replacement of sulfur by selenium during sel&tion can help the recrystallization
of nanopatrticles and expand the lattice to elinenatid space between nanoparticles
to achieve dense films with larger grain size. &ffeeiency of CIGSS PV devices
increased to 6% by using this new selenizatioriesggé’ *° By adding another Na
soaking step prior to selenization, the efficiem@s able to increase to 12%n

Guo’s approach, the nanopatrticle films have lostrthno-structured feature during
selenization. Instead of ‘melting’ nanocrystalsethgr, Pantharet al.>’ used the
nanoparticle films to make devices directly witheatenization, which preserves the

nanoparticle feature. However, due to the highmdmoation through defects and
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impurities, the device performance is much lowantthe selenized samptés
Another issue related with ternary/quaternary nantoges is the low production yield
and composition uniformity of nanoparticles syntheg by batch hot injection

methodg’.
2.3.1.5Nanoparticles synthesis

Mechanical ball milling is a widely-used method gnding materials to extremely
fine powdef? Typical ball mills contain a cylinder rotatingoand a horizontal axis
which is partially filled with the material to beaynd and the ground medium (hard
materials such as ceramic ball, stainless steld aatletc.). The materials are ground
to fine powder by an internal cascading effect. fidtating speed should be smaller
than the critical speed after which the abilitygohding decreases, because the
ground medium starts to move along with cylindérha same pace. High-quality
ball mills are able to reduce particle size to maater scale, resulting in extremely
large surface area which may become very readtiverder to prevent particles from
agglomeration, surfactants or organic solventsadoed during grinding. For CIGS
application, ball mills have been used to grindedént precursor materials, such
chalcogenidé$ *“*and metal oxidés *2 Chemical reaction can also be introduced

during grinding to synthesize CIGS nanoparticlesnfipure element powdérs

Hot injection method developed by Murretyal .*®

in 1993 for the synthesis of
monodispersed cadmium chalcogenides quantum doteisf the most popular

methods to make nanopatrticles. A multi-necked flaskinted on a heating mantle is
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filled by solvents which has been de-gassed by ges and connected to
vacuum/inert gas by Schlenk line. After the solgeare heated to a certain
temperature, the reagents are injected into tis& #iad the reaction start quickly. In
order to control the size and agglomeration of panticles, surfactants have to be
added to cap the surface of nanoparticles andfgtdper reaction and the interaction
between particles. The selection of surfactantgty depends on the type of
precursors and the desired properties of nanofestiSurfactants are usually long
carbon-chain hydrocarbons with nucleophilic grospsh as oleic acid, oleylamine,
Trioctylphosphine(TOPgc. The nucleophilic groups attach to the surface of
nanoparticles via coordinate bonds. By adjustirgstinength of coordinate bonds and
the temperature of solvents, the size and shaparaiparticles are able to be
controlled precisely. For CIS synthe$ig® metal salts, such as CuCl and l@hd

Se which are dissolved in oleylamine separatelyrgeeted into a preheated (e.g.
~130C) three-neck flask under the protection of in@t ¢e.g. Ar). The temperature is
then increased up to 285 and held for 1 hour to let the particles growxétee and
ethanol are added to the mixture to flocculatendueoparticles after the temperature
decreases to 60. CIS nanoparticles are separated from the reaotigture by
centrifuge and can be redispersed in non-polaestév Gallium can be added to this

reaction to form quaternary CIGS crystals.

Solvothermal synthesis is another important solubased approach to synthesize
nanoparticles. The reaction temperature can berltvaa the hot injection method

since autoclaves are commonly employed to prowtigively high pressure over the
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reactants. For CIS synthe¥i€® metal salts such as copper/indium chlorides and
selenium powder are added to autoclaves with stdveamd surfactants. The sealed
autoclaves are heated at temperature Q@@ several hours to a day then cooled to
room temperature naturally. The obtained nanopestiare collected by centrifuge
and redispersed in non-polar solvents. The bigdjeativantage of solvothermal

method is its long reaction time compared to thieifjection method.

In order to synthesize metal chalcogenides, thelsshway is the precipitation
reaction of metal cations and chalcogenide anidosvever, the reaction rate of
precipitation is too fast to yield nanoparticles@m temperature. In order to slow
down the reaction rate and control the particle gizmed in solution, low
temperature condition has to be used. Scedk*® mixed Cul, Ini, and Ga
dissolved in pyridine with N&e in methanol at reduced temperature under inert
atmosphere to produce selenides colloids which waer@phous by XRD and TEM.

The CIGS PV devices made from the Cu-In-Ga-Se idsllbave ~4% efficiency.
2.3.2 Electrodeposition

Electrodeposition is a fully developed technologyrhass production of metallic film
coatings in industry. However, the application leicerodeposition in semiconductor
films was limited since it was much harder to cohthe semiconductor properties
compared to metallic properti@sSeveral deposition strategies were employed to
synthesize ternary or quaternary chalcopyrite filfritee simplest strategy is to deposit

elemental layers (i.e. Cu, In, Ga, Se) from sirgj¢gnental solutions one by one. The
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resulted elemental stack layers are then subjécteelenization for the conversion of
precursor films to CIS/CIGS film& The electrodeposition potentials over normal
hydrogen electrode (NHE) for Cu, In, Ga, Se ar&¥,30.34V, -0.53V and 0.75V,
respectiveliP. It is fairly easy to electro-deposit Cu and Sednuction but very
difficult for In and Ga depositions due to theiigaéve potential values and the side
reaction of reduction of proton. Special efforts aeeded to obtain good quality films.

52
l.

Instead of multiple depositions, Herregtaal.”>* deposited Cu-In alloy in a single bath

with a negative potential smaller than that of In.

CuSe, InSe and GaSe have positive electrodeposition potential vs. Ndie can
be deposited easier than the metallic fimBy mixing metal and Se precursors in
solutions, binary selenides can be deposited ineseze on substrates and transformed

to ternary or quaternary compounds with an extrealing step.

Bhattachary? is the first one to electro-deposit Cula$itms from single bath
containing all three elements. The deposition @ede controlled by the ratio
between selenium and copper ionic species in alicaand In-rich environment. The
as-deposited films showed a mixture of several @hasa nanocrytalline or
amorphous states. In addition to CIS, binary phasge present in the films and
transformed to ternary phases easily due to tkaitive properties. Due to the poor
electronic properties of as-deposited films, esteps are necessary to recrystallize
the films. Selenization is a common method to imprthe crystallinity of CIS/CIGS

films. Guillemoleset al.® fabricated CIGSSe solar cells with 11% efficiensjng
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precursor films by electrodeposition followed byfstization. Bhattacharyat al.
utilized physical vapor deposition to adjust thenpasition of electrodeposited films
to indium-rich phase and recrytallize the CIGSSay resulting in cells with a 15.4%

efficiency.
2.3.3 Hydrazine

An ideal solution-based method for the synthesiGIAS thin films is dissolving

CIGS compound into solvents that can be easily@apd by mild thermal annealing
leaving pure CIGS films. Regular solvents such atew alcohols and acetone do not
have the ability to break down the crystal netwofrknetal or ceramics though.
Hydrazine, an extremely polar liquid with simildrysical properties as water,
possesses the unique reducing nature to dissafia@rceetal selenides and sulfides at

high concentrations with extra chalcog&ns

Commonly, CuS, GaSe;, In,Se;, S and/or Se are dissolved separately in hydrazine
with continuous stirring and afterwards mixed tonigprecursor ink§°. N, and B
gases are released during dissolution. The besfdfiis approach is the flexibility to
conveniently and precisely modify the CIGS film qmusition simply by varying the
amount of each component solution used. The foimexdcan be deposited on
substrates by various deposition techniques suspiasasting and dip coating,
followed by annealing on a hotplate to get rid ofatile NbH4. Due to the weak bond
between hydrazine and metal chalcogenides, thenelot&£IGS films do not suffer

from contamination of solvent and surfactant resgwhich is a common issue for
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many solution-based methods. 15% CIGS solar cadle able to be fabricated with

conventional solar cell structure using this method

Since hydrazine is a highly toxic and flammablecsg® it is rather hard to transfer
this technique to a large-scale industrial productEffort has been made to find
alternative benign solvents with appropriate palad reducing properties to replace

hydrazine. However, no good results have been teghor
2.3.4 Sol-gel and pyrolysis

The sol-gel method is another common technique st fields of material science
for bulk and thin film preparation. Typical precars are metal salts and metal
alkoxides. Oliveiraet al.>® deposited CIGS films using copper (lI) acetate
monohydrate, indium (lll) acetate and gallium (Bhetylacetonate which were
dissolved in ethanol along with complex agent diatifamine. Kaeliret al > used
copper nitrate hemipentahydrate, indium chloride gallium nitrate hydrate
dissolved in methanol with ethylcellucose as birtddabricate solar cells with 6.7%
efficiency. The drawback of this method is the khsarbon layers formed between
CIGS films and back contact layers. This impurdoarlayers behave as potential
recombination centers and barriers for collectihgtpcurrent. The binder
ethylcellucose for modifying the rheology of thé&sns the major source of carbon
residue. Without binders, some of the coating teghes such as spin coating, doctor
blading could result in rough films with seriouscking problems. Spray pyrolysis is

one way to deposit CIGS precursor films withoutdaeirs. The fabrication procedure is
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similar to the sol-gel method. During spraying, sistrates were subject to
continuous heating which simultaneously transfotimesmetal precursors to oxides
under air or sulfides/selenides with sulfur/selemjprecursors in precursor inks.
Sulfurization or selenization were utilized to ngstallize the obtained films. However,

no working devices were reported by this method.

2.3.5 Film deposition techniques

Solution-based thin film deposition usually reqsispecial tools to process inks to
desired thin films. The common thin film depositimols include spin coating, doctor

blading, spray, inkjet printingtc.

Spin coating is a very useful thin film depositi@echnique for semiconductor
fabrication. An excess amount of inks is place@dlat substrates which is then
rotated at high speed to spread the fluid by deigiad force. The film thickness is
controlled by rotation speed. The advantages sfrttéthod are its easy operation and
low equipment cost, while the disadvantages ardewsmnaterial utilization and non-

uniform coating on large substrates.

Doctor blading is a simple technique to deposit fhims on moving substrates at a
high production rate. The thickness of films istrolbed by the gap size between
doctor blades and substrates. Its high productitmand high material utilization

could reduce the manufacturing cost.
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Spray coating employs a compressed gas to atomdze@ay the inks. This technique
can be applied to the large area deposition daévely high production rate.
Ultrasonics can be used in spray systems to entthaaomization of inks and

improve the film quality.

Inkjet printing uses piezoelectric actuators on thim heaters to eject inks onto a
substrate. The main advantage of inkjet printinhpesmask-less patterning that lowers
the cost of fabrication and simplifies the procelpatterning compared with other

patterning techniques.
2.3.6 Comparisons between non-vacuum techniques

In this work, the precursor inks for CIGS filmsmedormed by directly dissolving
copper, indium and gallium salts in alcohol solggsee chapter 3 for more details).
Figure 2.5 shows a comparison between the metah&adpproach and the
nanoparticle approaches. Compared to the metah&adpproach used in this work,
nanopatrticle routes usually require more stepsidiol nanoparticle synthesis,
washing and grinding to prepare nanopatrticle irkgsastes for film deposition. Most
of precursor nanopatrticles for CIGS in literature synthesized using metal

86394935 starting materials which are the

chloride$” *! acetate®¥ or acetylacetonat?
same chemicals used in our metal salt inks. Langguat of metal precursors were
wasted during synthesis and washing steps. Théasistand grinding of nanopatrticle

are much more time-consuming and power-wasting eoetpto the simple

dissolution of metal salts. These limited factanslaubtedly make the cost of
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nanoparticle approaches much higher than our rddaesover, long carbon binders
are also used to formulate nanopatrticle inks ireotd achieve proper rheological
properties, which left large amount of amorphoudaea in final CIGS films and

potentially downgraded solar cell performance.

As was mentioned in section 2.3.3, dissolving meftalcogenides in hydrazine is the
most efficient solution-based method to synthekigh-quality CIGS films in terms

of purity of material, simplicity of processing aadlar cell performance. However, it
suffers from serious safety issues which impedwide application in large-volume
production. Hydrazine is highly toxic and flammabtgiid which has to be handled in
an inert gas environment. No doubt the instabditiydrazine increases the cost of
the fabrication of CIGS solar cells. In comparisthrg, metal salts route employed in
this work uses benign alcohols as solvents whiatiddewer fingerprints in
environment. In addition, the high stability of auetal salt inks with oxygen and
moisture do not require protection environment draanatically reduce the

manufacture cost.
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Metal salt inks NPs inks
Ink preparation Forming NPs
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1 Wash NPs
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Film deposition Film deposition
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1 KCN Etch
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Selenization Selenization

Figure 2.5 Comparison between the metal salt rantkenanoparticle route.

2.4Solar cells

From semiconductor device point of view, solarsalle photodiodes which generate
electrical power under illumination. The generatadent from solar cells is the
superimposed mixture of diode current and photertiinjected from sunlight. In
order to fully understand the working mechanismsaér cells, it is necessary to be

familiar with the electrical properties of diodadiest.
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2.4.1 Current-voltage characteristics of diodes

Two kinds of carrier flows exist in p-n junctionodies: diffusion and drift. Figure
2.6(a) shows a p-n junction energy band diagramiecalistributions and carrier
activity in the near vicinity of the depletion regiunder equilibrium (external bias
V=0)°%. The black dots and hollow circles in the figuepresent free electrons and
holes respectively while the pyramid-like arrangatr@ dots and circles represents
roughly the exponential increase in carrier popoitet as one is closer to the band
edges. On the quasineutral n-side of the junctienetare high concentration of
electrons and a small number of holes. Due to itjfeelh electron population in the
conduction band on the n-side than that on p-sioiee of the high-energy electrons
will diffuse from n-side to p-side which constitatthe electron diffusion current. The
electrons on the p-side have very small populaimeh higher electric potential than
electrons on the n-side. Therefore some of thareles on the p-side will be swept
over to the other side of the junction by eledfietd, which constitute the electron

drift current. Naturally, the electron drift curtgurecisely balances the
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Va<0

Figure 2.6 P-N junction energy band diagram foMg0V, (b) V>0, (c) Va<O.
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electron diffusion current at equilibrium condit®mhe holes in the p-n junction have
analogous movements. the electric potential ordp-sf junction decreases under
forward bias (see figure 2.6 (b)oX0). As a result more electrons on the n-side and
holes on the p-sides will diffuse to the oppositie ©f the junction. The drift currents
of minority carriers remain unchanged. The totahfard current flowing in the
junction increases exponentially with applied bRgure 2.6(c) shows the energy
band diagram under a reverse bias situation. Reveas raises up the potential
barrier in the junction thus reduces the majoréyrier diffusion currents to a
negligible level. The minority carrier drift currsrremain the same. Therefore the

total current in the p-n junction becomes saturateger a reserve bids

In quasineutral regions of the p-n junctions, tog/fof minority carriers is
predominated by diffusidfA The equations below describe the hole currensigeim

the n-side quasineutral region and the electroreatiin the p-side quasineutral region.

J, = —th$ (hole current in n-side quasineutrajian)

dn . , . .
J. = —qDed— (electron current in p-side quasineutegion)
X
whereq is elementary charg®;, andDe are diffusion constants for holes and
electrons, ang andn are hole and electron density.

Combining with continuity equations and proper baany conditions, the above

equations can be solV&dFigure 2.7 shows the minority, majority, and tatarrent
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densities in the diode without considering the nelomation in the depletion region.

The total current has a formula as

av
Jtotal = Jo(ekT _1]

3 =[ 9Pefeo , ABuPy | [ ADN" , GO
L L, LN, LN,

e

whereJ is the saturation current densityy is the electron density at the depletion
edge on the p-side of the junctiqrg is the hole density at the depletion edge on the
n-side of the junction,. andLy, are electron and hole diffusion lengtliss bias
voltage k is Boltzmann constant, is temperaturay; is intrinsic carrier concentration,

Na IS acceptor density on the p-side &dis donor density on the n-side.
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Figure 2.7 Current density profiles in a p-n juantdiode.
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2.4.2 I|deal solar cells under illumination

When solar cells are exposed to illumination, phetare absorbed in the p-n junction
where electron-hole pairs are generated by exo#iagtrons in the valence band to
the conduction band. The generated electrons aed hce separated by the n-side
and p-side of the junction forming photo currentsuttaneously. In order to simplify
the mathematical model of solar cells under illuatiion, it is assumed that the
generation rate of electron-hole pairs by illumio@ts uniform throughout the
devicé?. The obtained current out of solar cells undeniination is simply the
superimposed mixture of diode current and a cohglastocurrenty ) (see equation

below).

J =qG (L, +W+L,)

where G is the generation rate of electron-holespmd W is the width of depletion

region.

Note that the photocurredt has a value equal to the generated carriers hyihghe
depletion region of the diode and a minority cardiéfusion length on either siffe
Therefore it is straightforward to conclude thatger minority carrier lifetimes and

wider depletion width can generate more photoctirren

Current-voltage characteristics of solar cellsathithe dark and under illumination

are illustrated in figure 2.8. Several parameteesuged to characterize solar cell
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outputs. The first one is the short-circuit curréansityJs. which is the intersection of
illuminated J-V curve and y-axle and equal to thetpcurrentl.. This describes the
maximum current extracted from solar cells. Theosdmarameter is the open-circuit
voltageV, which is the intersection of illuminated J-V curmed x-axle. From
equation above, settinpto zero gives:

V.. =k—TIn (i +1j
q Jo

o -

[Iluminated

Figure 2.8 J-V characteristics of solar cells.

The maximum power output for the illuminated saelis is equal to the product of
Vimp andJnp. Both of them can be determined by calculatingotwer of each

operating points in the graph.



36

The fill factor,FF, is defined as equation below which a measurewf‘square’ the

output characteristics &fe

wherePj, is the total power of the light incident on thdl.ce

2.4.3 Non-ideal solar cells

O ¥ wf]

Figure 2.9 The equivalent circuit of a non-idedhsaell.

The model described in the previous section isdasethe assumption that the p-n
junction of solar cells is in an ideal oen. Thd szdar cells have several non-ideal

issues such as grain boundary and defects in deviterder to characterize solar
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cells more precisely, an equivalent circuit contagrseries resistand® and shunt

resistancdls, is usually employed to describe the diode perfocedsee figure 2.9).

There are several reasons responsible for theistéareses. The major causes of the
series resistance are the bulk resistance of theeseductor materials, the bulk
resistance of the metallic contacts and intercommes, and the contact resistance
between the metallic contacts and the semicondiicidte shunt resistance is
influenced by the leakage across the p-n junctiarcsystal defects and impuritfés
High series resistance and low shunt resistanceethuteV,. andJs.. Based on the

equivalent circuit, the current-voltage relatiom ¢ee inferred &3

q(v-JRs) _
J=J,|e A~ -1 +V JRS—JL
Ry,

whereA is diode quality factor.

The saturated current densikymay be written in the fort

-E,
Jo = ‘]ooe[Aij

whereE, is the activation energy and the prefadgrs only weakly temperature
dependent. The activation enelfyis equal to the absorber band gap en&gfpr
recombination happening at the back surface, imjti@sineutral region, and in the
space charge region wherdags smaller thaif, for interface recombinatich The

diode quality factoA is equal to 1 for recombination at back surfacehe
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quasineutral region, and at the absorber/bufferfate, whereas for space charge

recombinatiomA = 214
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Chapter 3 Chalcopyrite thin film deposition andidevfabrication

3.1 Chalcopyrite thin film deposition by low-cost atable metal salt inks

3.1.1 Ink preparation

Table 3.1 Chemical list for recipe A

Chemical name Formula Brand purity
Copper acetate monohydrate  CuA&0 Aldrich 99.99%
Indium acetate INAC Alfa Aesar 99.99%
Gallium chloride GaGl Aldrich 99.999%
Ethanol GHsOH \ 200proof
Ethylene glycol GH4(OH), | Mallinckrodf| >99%
Ethanolamine ENC,H,OH | Alfa Aesar 99%
Recipe A

CuAc- H,O (4 mmol), InAg (2.8 mmol), and Gagl1.2 mmol) were dissolved in a
mixture of ethanol (7 ml), ethylene glycol (2 mijdaethanolamine (1.5 ml) at room
temperature with magnetic stirring for several tsoumtil the ink becomes clear. The
viscosity of the ink was adjusted to 5 cP by cdhitrg the ratio of ethylene glycol,

which is highly viscous. Table 3.1 shows the chaiist of recipe A.

Table 3.2 Chemical list for recipe B

Chemical name Formula Brand purity
Copper acetate monohydrate CuA&0 Aldrich 99.99%
Indium acetate INAC Alfa Aesar 99.99%
Gallium acetylacetonate GaAgag  Aldrich 99.999%
Ethanol GHsOH \ 200proof
Propylene glycol gHs(OH), | Sigma-Aldrich| >99.8%
Stabilizer A and B \ \ \

Recipe B
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0.7mmol InAg, and 0.3mmol GaAcaavere added into a glass vial followed by
adding a mixture of 1ml propylene glycol, 2ml etbband 1.2ml stabilizer A. The
mixture was subjected to a continuous stirringta¥6°C for 5min. Immol

CuAc;- H,O was added to the glass vial and stirred contiglycat 60-70°C for 20-
30min until uniform green slurry was formed. Raise temperature to 110°C and
continue stirring for another 10min. 0.6ml StatdhB was added to the glass vial
quickly. A clear deep blue solution was formed indiaéely. Keep stirring the
solution at 110°C for 20min, then reduce its terapee to 50°C and keep it constant
for 30min. Finally the ink was cooled to room temgiare. Table 3.2 shows the

chemical list of recipe B.
3.1.2 Thin film deposition

Inkjet printing

Inkjet m Air annealing

printer ®

. o 300°C
t Repeat I

Figure 3.1 Schematic of CIGS film deposition byjétlprinting.

N,/Ha/Se

Selenization

The inkjet printing process is illustrated in figu3.1. The prepared ink (recipe A) was
printed by Dimatix DMP-2800 (See figure 3.2) on gimenum-coated (200 nm)

Corning 1737 substrates, which were annealed oatepted 300°C hotplate for a
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couple of minutes. The printing parameters are dpgring 25 mm, 6 nozzles, firing
voltage 40 V, firing frequency 1 kHz, and 2 passdmut 10 min/pass for 1%area).
Post-selenization process was utilized to conyerprecursor film into a CIGS film
with Se vapor from the evaporation of Se powderetiwith 4.2sccm Hand 17sccm

N, in a quartz tube furnace for 20 min at 500°C (rmmpate 20°/min).

Figure 3.2 Dimatix DMP-2800 inkjet printer.

Soin casting
¥ nk
& . Air annealing Selenization NyHj/Se
e / E— 4
. 4 150°CG/350°0 ®
Spin
cast

t Repeat I

Figure 3.3 Schematic of CIGS film fabrication pregéy spin casting.
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The spin casting process is illustrated in figu@ Jhe prepared ink (recipe B) was
spread on 0.75in x 0.75in molybdenum -coated (+5@PCorning 1737 substrates
which sat on a stationary spin coater chuck. Afgeds the substrate was rotated at
1500 resolution per minute for 70sec. The as-dégab§ims were softly annealed on
a 150°C preheated hotplate for 1min to evaporaedivents followed by 350°C
annealing in a preheated furnace for about 10 regiat evaporate or decompose all
the organic species in the films. Repeat the spatiog and air-annealing processes
for a few times until the desired thickness wadeaad. Finally a post-selenization
process was utilized to convert the precursor fiita CIGS film using Se vapour
generated from the evaporation of powder Se mix#d 20% H and 80% Nin a
500-530°C quartz tube furnace for 30 min. Usuadlgrecycle can produce 150nm-

thick CIGS films.
3.2 Fabrication of CIGS thin film solar cells
3.2.1 Molybdenum back contact deposition

Molybdenum back contact was deposited on Cornir8y biass by DC magnetic
sputtering in AJA sputter system with base presstiex 10° mtorr. Molybdenum
target (3 in diameter, ¥ in thickness, and 99.9504ty) was purchased from Kurt
Lesker. The power on target was 400 W. The flow cdtargon was 20 sccm for
20min and decreased to 5sccm for another 20 mia.cdlresponding pressures in the

chamber were 6 mtorr and 1 mtorr respectively.

3.2.2 Absorber formation by selenization
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Selenization is the most importance step to transtbe obtained raw films to desired
CIGS films after air annealing as described inisa2.1.2. The selenization system is

illustrated in figure 3.4.

A
20%H,+80%N, ; Crucible  Sample
—> 5 E—
4 Se : ’
4 Sample holder
J ==
| 60cm | Exhaust
A
I
NaOH
solution v
B
T [/Sample
20%H,+80%N, =
3 oy Crucible
Se
¢ /4
| 60cm | Exhaust

|
NaOH
solution |

Figure 3.4 lllustration of furnace setups for selation (a): low selenium vapor
pressure, (b): high selenium vapor pressure.

Pure N was purged into a quartz tube at 1L/min flow fatelhr after samples were

placed in the tubes and before the selenizatiotestad.2sccm Hand 17sccm N
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controlled by mass flow controllers were floweditihe quartz tube for Shr before

selenization. Selenium powder was stored in a bleici

During selenization, the quartz tube was heatetb H0-530°C at a rate of 20°C/min
and held at 500-500°C for 30min. Selenium was erspd and reacted with raw
films. Two sets of configurations (low Se vaporgs@re and high Se vapor pressure)
were used to control the selenium vapor pressutemof sample surface. In the
setup of low selenium pressure, samples were hegddample holder with raw film
surface parallel to the direction of gas flow. e setup of high selenium pressure,

samples sat on top of a crucible with raw film agd facing down.

After selenization finished, the furnace was coale@n overnight with a continuous
flow of H, and N mixture. When the furnace was at room temperapunes N was

purged into the quartz tube to evacuate seleniunts@as in the chamber.

The reaction involved in CIGS formation is preserfigure 3.5. Metal salts dissolved
in volatile alcohol solvents were deposited on salbs with modestly heat. The

resulted films reacted with selenium and hydrodeaugh substitution reactions.

Se+H, ° HX
Printing ™ A Selenization

1 1
Metal salts dissolved in Deposited CIGS films
volatile alcohol solvents raw films

Figure 3.5 Schematic of selenization reactions.



3.2.3 CdS buffer layer deposition

Chemical bath deposition (CBD)

Table 3.3 Chemical list for CBD

Chemical name Formula Brand purity
Cadmium sulfate hydrate Cde®/3H0 | Alfa Aesar 99.996%
Thiourea CHN,S Aldrich 99%
Ammonia NH-H,O Mallinckrodf | 28.0%-30.0%

@ Stir bay
water bay

Figure 3.6 Schematic of CdS deposition by chenfa#th deposition.

The setup of CdS deposition by CBD is illustratedigure 3.6. 0.0288¢g
CdSQ-8/3H0 and 0.4281g thiourea were separately dissolva&ml DI water with
the assistance of an ultrasonator. Sample substnaes placed in a 100ml baker
which was filled with 37.5ml DI water, 9.8ml 28%%0ammonia solution, and
freshly prepared CdS@nd thiourea solutions. The beaker was modesthedtby a
magnetic bar and put into water bath where temperatas kept around 68°C-70°C.

The solution inside the beaker started to turroygBh after 3-4min and form CdS
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particles after 6-7min. The deposition lasted foiiré Afterwards the samples were
rinsed with DI water and dried at room temperatidféer the samples were dried out,

they were annealed at 200°C in air for 2min.
Continuous flow deposition (CFD)

Table 3.4 Chemical list for CFD

Chemical name Formula Brand purity
Cadmium sulfate hydrate Cde®/3H0| Alfa Aesar 99.996%
Thiourea CHN,S Aldrich 99%
Ammonia NH3-H20 Mallinckrodf| 28.0%-30.0%
Ammonia sulfate (NE)LSO4 Alfa Aesar 99.0%
Solution A pump itiset
4

1 f

) Temperature
Control : y
Solution punp _ /
B / Hot plate

Figure 3.7 Schematic of CdS deposition by contisutaw deposition.

A schematic of continuous flow deposition is illagéed in figure 3.7. Stock solution A
was formed by mixing 2.052g Cd$®@/3H0, 1.057g ammonia sulfate and 22ml

28%-30% ammonia solution in 78ml DI water whilecktsolution B contained
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0.609¢ thiourea in 100ml DI water. Flows of solatid and B were pumped by
peristaltic pumps at 0.5ml/min and mixed via a @ni The mixed solution flowing
out of T-mixer was heated up to 80°C by a condtamperature water circulator and
dropped on substrates which were preheated to @ ‘Chotplate. The deposition
lasted for 7 to 10min. Afterwards the samples warged with DI water and dried at
room temperature. After the samples were driedtbat; were annealed at 200°C in

air for 2min.
3.2.4 Window layer deposition

The window layer contains two parts: a 50nm thigkinsic ZnO and a 300nm thick 2%
aluminum-doped ZnO. Both films were deposited byrREgnetron sputtering using

an AJA sputter system with a base pressure of B%nitorr. Both targets (3 in
diameter, ¥4 in thickness, and 99.99% purity) wenelpased from Semiconductor
Wafer Inc. The power for the deposition of ZnO #&nO targets were 90 W and

120 W respectively. The oxygen and argon gas flates for the deposition of

intrinsic ZnO films were 2sccm and 18sccm respedtivihe corresponding pressure
in the chamber was 6mtorr. 5 sccm argon gas flolratorr was used for the

deposition of Al:ZnO films.
3.2.5 Al top contact deposition

Polaron thermal evaporation system was used tositefdlotop contact. The base

pressure during Al evaporation was 4XP@. A stainless steel shadow mask was used



to pattern the dimension of top contacts (see é@u8 for details of mask). The

dimension of individual solar cells is 3mm x 3mm.
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Figure 3.8 Mask pattern for Al evaporation.
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Chapter 4 Results

Thermal Gravimetric analysis (TGA) was conductedgdA Q600. Elemental
composition was analyzed using a Cameca SX-10QrBteMicroprobe (wavelength
dispersive X-ray spectroscopy). Powder X-ray ddfian (XRD) spectra was
collected using a Bruker D8 Discover Diffractometfitec Confocal Raman
microscope with a tunable Argon ion laser at 514vam used to collect the Raman
spectra. SEM and TEM images were taken using a&ft@ahta 3D Dual Beam
Scanning Electron Microscopy (SEM) and JEOL JEM-ARIAF Transmission
Electron Microscopy (TEM). Oriel 96000 Full spectrisolar simulator calibrated
with a standard Si solar cell and Newport radiawer meter and PVIV-200 test
station were used to analyze the device performdgantum Efficiency was

measured by a Tau Science Flash QE system.

4.1 Characterization of materials

4.1.1 Molybdenum back contact

Two kinds of thickness of molybdenum back contaetse used in the fabrication of
device: 100nm and 100nm+500nm. 100nm thick Modibn Corning 1737 glass
were provided by Sharp Laboratory of America. Idesrto increase the conductivity
of Mo back contacts, extra 500nm Mo films were dgfpan on top of 100nm Mo

films by DC magnetic sputtering process descrilpesection 3.2.1.
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The sheet resistances of different Mo films werasoeed by van der Pauw method
(see figure 4.1). Four small ohmic contacts weaegd at the corners of a rectangular
thin-film sample. To determine the sheet resistdRgef thin films, two characteristic
resistances Rand R associated with the corresponding terminals shioviigure 4.1
were measured. Rand R were related to the sheet resistance throughaheler

Pauw equation expfRa/Rs) + exp(stRs/Rs) = 1, which were solved numerically for
Rs. The sheet resistances for 100nm and 100nm+500arfiliis were 58/sq and

7Q/sq.

RA:V43/|12 RB:V14/I23

Figure 4.1 lllustration of van der Pauw methoddbeet resistance measurement.

4.1.2 Absorber films

In this section, the characterizations of CIGS dilproduced from recipe A and recipe
B are presented. Further discussions related tmfluence of absorber films on

device performance are presented in chapter 5.
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4.1.2.1. Thermal gravimetric analysis (TGA)

Recipe A

Thermal gravimetric analysis was used to analyeeartk weight loss during air
annealing (see figure 4.2). Below 100°C, the weigss was due to the evaporation of
ethanol. The ethylene glycol started to evaporate the film until about 200°C.
Ethanolamine in solution was evaporated along thighevaporation of ethylene
glycol. After 200°C, anions in solution startedstowly decompose or evaporate. The
final weight percentage after 500°C was about 1#%e assume all the organic
species were evaporated or decomposed and alldta salts reacted with oxygen to
form metal oxides, the remaining weight percentage about 7% which is much

lower than the experimental data. Therefore intamdio the transformation of metal

100 4

80 A

60 A

40 4

Weight percentage/%

20 A

0

0 100 200 300 400 500
Temperature/°C

Figure 4.2 TGA result for the ink using recipe A.
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oxides from metal salts, there are considerableuaiaf organic species remaining in

the final CIGS films.
Recipe B

In order to form a dense precursor film, after egqgin casting, the solvents and anions
were removed by thermal evaporation and decompogedt annealing, respectively.
Thermal gravimetric analysis was used to analyeeartk weight loss and the
decomposition of metal acetates/acetylacetonatimer during annealing (see

figure 4.3). Pure copper acetate monohydrate laggmat 120°C and completely
decomposed at 267°C where the remaining weight3§&8% of the initial mass
indicating the formation of GO. After this point, the weight of copper precursor
actually increased to 40.77% of the initial mass ttuthe transformation of @0 to
CuO. This transformation of Et>Cu**>Cu** for copper acetate under air annealing
is consistent with the reported results in literett®> Pure indium acetate completely
decomposed at 300°C with 52% remaining weight, e&eigallium acetylacetonate
sublimed around 200°C. The TGA curve of a format&k composed of these three
metal salts and solvents shows a major weightdassto the evaporation of solvents
before 100°C and anion decomposition before 350 result indicates 350°C air
annealing after each cycle of spin casting is leigbugh to remove almost all the
organic species in the precursor film without anhoys carbon residue, which was
confirmed by the Raman spectrum as well. The residltvavelength dispersive X-ray

spectroscopy revealed that the gallium atomic perdecreased from 30% in
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precursor films to about 24% after selenizationiciwhvas likely resulting from the

sublimation of gallium acetylacetonate.

(i | —Ink
- -CuAc,H,0

§ 58 | = 'IHAC3
2 X 1 Ay e GaAcac;
£
¥ 60 -
E E s s e ———
= i
E‘J 40 A """""""
@
=
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0 T T T T

0 100 200 300 400 500

Temperature/°C

Figure 4.3 TGA results for copper acetate, indiw@tate, gallium acetylacetonate and
the ink using recipe B.

4.1.2.2. X-ray diffraction

Recipe A

Recipe A was used to produce both Cun&@el CulnGaSsfilms. CIGS films
contained 30% Gallium. X-ray diffraction was useddentify chemical compositions
in both films (see figure 4.4). Both films showdd 2) dominant orientation over
other orientations. The CIS film matched well wtRD reference from data base
JCPDS (87-2265). The Ga incorporated CIGS film stbpeak shift to higher 2theta
value for all the orientations, which resulted fridme reduced lattice spaces due to

smaller diameter of gallium atoms compared to indatoms. One can note that the
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XRD peaks of CIGS films become broader than Ci&djlwhich was due to the
reduced crystal size in CIGS films mainly resultirgm gallium incorporation. In

addition to CIS or CIGS phases, Me%ad Mo were also detected.

<

—CIGS sample

mJ -N..,_A“ b 5 —

El
S
g —CIS sample
£ MoSe, MoSe,
E M
(112
(220)/(204) —CIS JCPDS 87-2265
(312)/(1106)
(103) (211) |
20 30 40 50 60
2-Theta

Figure 4.4 X-ray diffraction of CIS and CIGS filmsade from recipe A.

The XRD spectra of CIS films selenized at differmhperatures (see figure 4.5) were
used to understand the evolution of Culnfde formation process. The air-annealed
precursor films show peaks that could be identifigtth the indium oxide and copper

oxide phases. However, only a portion of the mea#is were transformed to metal
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Figure 4.5 X-ray diffraction of CIS films made framacipe A at different selenization
temperatures. JCPDS #: Culn$87-2265), CulSe (06-0680), CiD; (83-1665),
In,O3 (88-2160) and CuCl (06-0344).

oxides after annealing in air since there was &ilisiderable amount of chlorine
existing in films according to the energy dispeesk+ray spectroscopy (EDX) result
and the CuCl peak in figure 4.5. After the seletigraprocess at 250°C, peaks from

the Cuy.Se phase appeared. As the annealing temperatueasecl, peaks from
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chalcopyrite CIS phase appeared along with theedsarg peaks of GuSe and the

disappearing of oxide peaks. The peaks from,Sa phase disappeared after ‘&0

A similar trend was observed for the synthesis i@ &as well.

Recipe B
Mo —CIGS sample

=

:'Ej J MoSe, ) AM(3§62
% —CIS sample

E

(112)
—CIS JCPDS 87-2265
(2201/(204)
(312)/(116)
(103) @211) | I|
20 25 30 35 40 45 50 55 60
2Theta

Figure 4.6 X-Ray diffractioin of CIS and CIGS filmsade from recipe B.

X-ray diffraction patterns of Culngand CulnGaSsesynthesized from recipe B are

presented in figure 4.6. According to the XRD spaeat is clearly shown that

polycrystalline CIS and CIGS films were succesgftdrmed without the co-existence

of other phases, such as;G8e. The shift of the (220)/(204) XRD peaks after th
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addition of gallium indicates the successfully irpmration of gallium into the

chalcopyrite lattice.

Si (200) A N s00C
= A A__400°C
= ) e M. o 350°C
g’ ) N A 300°C
= Ko ,250°C
= . Raw film
e
% 1 1 ( 1 | CulnSe,
=}

— | | | cu,.Se
| | | CuSe
1] I I B
20 30 40 50 60
2Theta

Figure 4.7 X-ray diffraction of CIS films made framacipe B at different selenization
temperatures. JCPDS #: Culn$@7-2265), CuSe (06-0680), CuSe (49-1457), and
Se (51-1389).

X-Ray diffraction was used to determine the phd€el@S films on silicon substrates
after different selenization temperatures (seerégu7). The precursor films after

350°C air annealing were amorphous as indicatetié{flat XRD spectrum. After
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selenization at 250°C, GuSe and CuSe phases were formed with elemental Se
according to XRD. At an annealing temperature highan 300°C, peaks from gu
xSe and CuSe disappear. Instead peaks from Cupidse could be identified from
XRD. Small bumps at the right shoulders of peakb &8 around 26.69°, 44.26° and
52.45° were observed in the XRD spectrum. Thisciai@is the incorporation of

gallium into the ternary CIS phase and forms thateunary CIGS phase.

When annealing temperature increased to 350°Gntaesities of XRD peaks of

CIGS phase increased significantly along with titensities of peaks of CIS phase
decreasing. Peaks of CIS phase disappeared inRResgectrum while only peaks of
CIGS phase could be found after 40@Gnnealing. The peaks of CIGS phases become

narrower which indicated the formation of films whetter crystallinity.
4.1.2.3. Raman spectrum
Recipe A

The Raman spectrum was also utilized to identiéygacondary phases and to verify
the purity of chalcopyrite CIS phase (see figu).4A peak at 174 cih associated
with the “A1” mode of lattice vibration for the clecapyrite structures, appeared after
the selenization procé$€®. The absence of other Raman peaks indicates titg pfi
the CIS phase. In contrast, most of CIS films fedtied by solution-based approaches
suffer from contamination of binary chalcogeniddsch require an extra KCN

etching step.
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Figure 4.8 Raman spectrum of CIS films made froaipeA.

Recipe B

To resolve the potential overlapping of XRD sigrfaisCIS and Cgl,Se, Raman
spectroscopy was usually utilized to distinguisésthtwo phases. Figure 4.9 shows
Raman spectra of CIGS films selenized at diffetemtperatures. Raman spectrum of
the film after selenization at 2%D does not have a peak at 173cwhich indicates

the absence of CIS phase. The spectrum show agp@akcni which could come
from a mixture of copper selenide and seleniumaannealing temperature higher
than 300°C, peaks from gi5e and CuSe disappear from the Raman spectrum.

Instead peaks from CulngSghase could be identified from Raman spectra. When
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annealing temperature increased to 350°C, in timeaRaspectrum Apeak of CIS

phase at 173cthshifted to 176ci indicating the domination of CIGS phase.

Moreover, small shoulders at peaks around 150aere contributed to the formation

of ordered defect compounds (ODC) which is bereficir the CIGS solar ceff3

A, Cu(InGa)Se,
OoDC
¥

B,/E Cu(InGa)Se,

Normalized intensity/a.u.

Se/Cu,_Se

500°C

350°C

300°C

250°C
Raw film

100

150 200 250
Wavenumber/cm?

300

Figure 4.9 Raman spectra of CIGS films made frotipeeB at different selenization

4.1.2.4.

temperatures.

UV-Vis-NIR spectrum

For direct bandgap materials, the absorption cdefit is dependent on the incident

light energy and energy bandgap of materials (gaat®n below).
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hl/—Eg
alX—
hv

wherea is absorption coefficienhy is photon energy arig; is bandgap energy. By

rearranging this equation (tor-hv)2 Ohv-E,, one can extrapolatg by plotting

(a-hv)zvs.hv .

In order to obtain the absorption coefficient, tnamttance and reflectance were
measured on CIGS thin films (100-200nm thick) dépedson quartz glass using

recipe B. The absorption coefficient can be catedlaising equation listed below.

T
(1-R)

1
a=-=In
I 2

whereT andR are transmittance and reflectance and | is filickthess.

Figure 4.10 shows the results for three CIGS filithwlifferent Ga concentration. The
bandgaps are estimated to be 0.95eV, 1.03eV aBe\L .for no Ga, 15% Ga and 30%
Ga chalcopyrite films. These values are slighthaken than the results calculated

from the equatiof:
E;"**(x) =1.65x+ 1.0 +x)~ 0.15( 4x)x

wherex is the proportion of gallium. Early measuremeriteandgap energy of single
crystal CIS suggested a value in the range of 1.02e\}°. However, considerable

papers reported the measured bandgap energy dii@sSvere below 1.0eV due to
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various reasofis ° Due to the sublimation of gallium acetylacetongie final
gallium content s in CIGS films were slightly beloke initial precursor compositions,

which reduced the bandgap energies of 15% and 3@%ir@s.

[ CIGS

15%Ga CIGS

30%Ga

(Abs-h)*/a.u.

Figure 4.10 UV-Vis-NIR spectra of CIGS films witlarrous Ga concentrations using
recipe B.

4.1.2.5. Wavelength dispersive X-ray spectroscopy (WDS)

Gallium source in recipe B tended to evaporateltiagun the decreasing of gallium
concentration. Wavelength dispersive X-ray spectpg was used to quantitatively
identify the elemental composition in CIGS thimrfd. The analysis results are present

in table below.
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Table 4.1 Compositional comparison between WDSltesa CIGS films and
calculated results based on precursors’ weights

Ga In Cu Ga/(Ga+tlIn)
Measured after selenization 13.4% 43.1% 43.5% 24%
Calculated precursors 15.0% 35.3% 49.7% 30%

Based on the results in the table, gallium conediotn decreased about 6%. Moreover,
copper also lost about 6% during selenization. Titasle the resulted film more Cu-

poor which might benefit for CIGS electronic projes.
4.1.2.6. Scanning electron microscopy (SEM)

Scanning electron microscopy was used to charaeté&hns’ grain size and
morphology. Figure 4.11 shows SEM images of CIG& fitlms using recipe A
selenized at 500°C and 530°C. From the top-viewgasait is easy to conclude that
both samples were very crystallized, whereas fioerstde-view images, very small
grains exist at the CIGS/Mo interfaces for both Sf3ms. The origin of these small

crystals will be discussed in chapter 5.

Figure 4.12 shows SEM images of CIGS thin filmsiggiecipe B. The small crystals
at the interface (figure 4.12 side view), howeaee, still visible for samples selenized
at low Se vapor pressure. By controlling the sefainon condition, the CIGS film’s
crystallinity can be improved significantly (segure 4.13). The influence of ink

recipes and selenization on crystallinity will beadissed in chapter 5.
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530°C Top view

IZnO/ CdS 530°CSide view

Figure 4.11 Scanning electron microscopy image3IGiS films using recipe A.

Figure 4.12 SEM images of CIGS films using reciperBler low Se pressure.
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Figure 4.13 SEM images of CIGS films using reciperBler high Se pressure.

4.1.2.7. Transmission electron microscopy (TEM)

Transmission electron microscopy was used to giadintly analyze the elemental
distribution of CIGS films. In figure 4.14(a) anbl)( CIS and CIGS films TEM images
are presented. Both films were deposited on/SiGGubstrates at and selenized at
same condition. For the CIS sample, the film ig/@ystallized whereas for the CIGS
films, the film contains two separated layers vaithall crystals at interface. The TEM

results are consistent with SEM results showngarg 4.11 and 4.12.

Figure 4.14(c) and (d) shows elemental mappingHese two samples. It clearly
shows that both samples have very uniform elemelngaibution. Therefore this rules
out the possibility that these small crystals for CIGS sample resulted from

elemental gradients or non-uniformity.
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Figure 4.14 TEM cross-section images (a,b) and eteah mappings (c, d) of CIS and
CIGS films, (a, c) for CIS and (b, d) for CIGS.
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4.1.3 Buffer layer CdS

The thickness of buffer layers was calibrated byT&oss-section images (see figure
4.15). The estimated thickness of CdS is 50nm.demp®sition of CdS films is very

uniform and conformal over CIGS layers.

Figure 4.15 TEM images of ZnO/CdS/CIGS structures.

4.1.4 Winder layer ZnO

The thicknesses of i-ZnO and Al:ZnO were 50nm a@hdn measured by Veeco
profiler, which are consistent with the resultafir&EM and TEM cross-section
images. Both films show dominant (002) orientafienhexagonal ZnO phase (see
figure 4.16). For i-ZnO films, UV-Vis-NIR spectru(figure 4.16(a) inset) shows 80%
transmittance for light wavelength > 400nm and 3@asmittance for light

wavelength > 600nm. For Al:ZnOfilms, UV-Vis-NIR spgeum (figure 4.16(b) inset)
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shows that the transmittance is larger than 80%véorelength > 430nm but decreases
dramatically for wavelength > 1300nm due to stréneg carrier absorptidh For
resistivity measurement, sheet resistance of i-&0o high to measure while the

sheet resistance of 340nm-thick Al:ZnO i3€q.
4.2 Solar cell characterization
4.2.1 Current-voltage analysis

Current-voltage (J-V) measurements under standlardination conditions,
100mW/cnf Am1.5 spectrum at 25°C, were applied to solareedluation and
characterization. Three basic parameters can betljidetermined from illuminated
J-V curvesV,, Ji: andFF. For a single diode model, the J-V relation can be

described as

q(v-JRs) _
J=J,|e A -1 +V JRS—JL (1)
Ry,

In order to determind, Jo, Rs andRs4, several techniques have been developed. Here,

a method adopted from Sifdss introduced.

Differentiate equation 1 to eliminale (assumel_ is constant and ignore 1 in the

parentheses):
dv dav
av-r) ———Rg ———R
1=J.e AT dJ + dJ (2)
’ AKT R,

q
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Substitute equation 1 into equation 2:

dv [\
_ R —R
_ _V-JR | dJ dJ
1—[J+JL R J g R, 3)
q

If R/Rsy<<1, then

v __ adv

(. v ia R @
1‘(“‘” RSJ AT R, @
q

Rearrange equation 4:

_1av
dv AKT dJ
SR = S (5)
q ‘]+JL_7
Ry

Rsy is determined from the slopedt in J-V curves. By plotting(;—\; VS.

_lav
R,, dJ

at forward bias regiorRs andA can be extrapolated from the intercept

and the slope of the plotted curve.
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T=JR¢(V)
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Figure 4.17 J-V characteristics of a solar ce)l.nf@asured and simulated J-V curves,
(b) plotting equation (5) and (6) to extrapolateide parameters.

Rearrange equation 1:

AKT

Iog(HJL—Vg;&} 1093, +.998 (v - JR,) (6)

q

By plotting the left side of equation 6 v¥-JRs) at forward bias regiord, andA can
be extrapolated from the intercept and the slopgb@plotted curve. The value Af

should be consistent with the value extrapolatethfequation 5.
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Figure 4.17(a) shows the measured and simulatedulXés for a solar cell with
Vo=0.524V,J¢=25.66mA/cm andy=7.52%. Table 4.2 shows device parameters
extrapolated from the curves shown in figure 4.1 3 (c) which are based on
equation (5) and (6). The simulated results careigda a very close curve as
measured one shown in figure 4.17(a). The compaon$golar cells fabricated under

different conditions will be discussed in chapter 5

Table 4.2 Device parameters of a solar cell

Jo (Alcm?) Reries (QcNT) | R @t Vo(Qcn) | A (ideality factor)
1.75e-6 3.18 405 2.16

4.2.2 Quantum efficiency (QE)

Quantum efficiency measurements are commonly usaddlyze the current losses
responsible for the reducing &*. QE is equal to the ratio of the number of elawdro
generated by the device to the incident photoraei evavelength. The directly
measured QE is called as external QE which carubgtatively corrected to
generate internal QE defined as EQE/(1-Reflectatéglire 4.18(a) shows QE results
for a 6.92% efficient solar cell. The EQE staysam@iund 70% in the range of 500-
650nm and decreases gradually afterwards. The (@E enoves up about 3-4% in
the range of 400nm-950nm after eliminating theu@afice of surface reflection. The
major energy loss of current is a result of poarieacollection efficiency in the range
of 650nm to 1100nm which could be attributed toesebackside recombination and

the insufficient thickness of the absorber IdyEor CIGS, IQE can be approximated

by:
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e—a\N

alL+1

IQE 01—

whereo, W and L are absorption coefficient, depletiontiwiend minority carrier
diffusion length, respectivef}; By assumingL << 1 which is usually true for low

efficient solar cells, the equation can be simgdifas:
IQE=1-e
By rearranging this equation, the absorption coiffit can be extrapolated as:

= In(1-1QE)
W

The absorption coefficient and energy bandgap ifectibandgap materials has a

relationship aéa-hv)2 Ohv -E,. Since W is only a function of bias voltagg,can

be extrapolated by plottinghv ~In (1~ IQE)]2 vs.hv ", For this 6.92% CIGS solar

cell, the bandgap is estimated to be 1.13eV (gpedi4.18(b)) which is consistent

with other measurements.

Current losses measured by QE can result fromalpsisues, such as front surface
reflection and the absorption in window, TCO anfférdayers, or electronic issues,
such as recombination in absorieBy applying a reverse bias during QE
measurement, the electronic loss can be separatedfie optical losses, since only
former is affected by the applied biasFigure 4.19 shows the EQE results at OV and -

1V for a 6.24% efficiency solar cell. At reversabiof 1 V, the collection of carrier at
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Figure 4.18 (a) External QE, internal QE and reflace of a solar cell, (b) bandgap
energies extracted from IQE in forward bias range.
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longer wavelength becomes more efficient compavele values at 0 V bias, which
may imply severe backside recombination and shoromty carrier lifetime in

absorber layefs

120
QE(-1V)/QE(0V)

100

Percentage
e (o) 0
(e} e} e}

1 1 1

(3]
(@]
]

200 400 600 800 1,000 1,200 1,400
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Figure 4.19 EQE curves of CIGS solar cells at O &Y bias. Top inset: EQE ratio at
-1V and OV bias.
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Chapter 5 Discussions
5.1 Thermodynamics of selenization

Thermodynamic properties of reactions are veryulseformation to predict how
easy these reactions can occur. Here, | used cappendium chlorides as an
example to study the Gibbs free energies of sedéiniz. Two possible reactions can

happen during selenization:
+ Reaction 1: CuG(s)+InCk(s)+2.5H(g)+Se(g) = CulnSeg(s)+5HCI(g)
+ Reaction 2: CuG(s)+InCk(s)+2H:Se(g)+0.5H(g) = CulnSe(s)+5HCI(g)

In reaction 2, HSe is formed by the reaction in gas phase betwgeméi Se. The

Gibbs free energies of these two reactions werutzed based on equation below:

DG =2 A Hy —TZ[A, {-—Gﬁ _TH 598}]

Table 5.1 Gibbs free energy of forming ternary siele CIS

T/k 298 500 600 700 800
NGy Reaction 1 -132 -187 -212 -237 -261
kJ- mol* Reaction 2 -72 -142 -176 -209 -242

The thermodynamic data of all the reaction compsuah be found in referenéégs
™ Table 5.1 lists the Gibbs free energies of tlesereactions. Since the Gibbs free

energies are very negative at temperature above¢iteng temperature (494K) of
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selenium, it can be concluded that these two re@@stare thermodynamically

favorable, which means both of them are likely ¢ow during selenization.

Except these two reactions to form ternary chalaoepZIS directly, metal chlorides
may react with selenium to form binary selenidewel (see reactions listed below
and table 5.2 for Gibbs free energies). Based em#ta, it can be concluded that
CwSe, CuSe and #8e; can be easily formed at heated condition wheteas t

formation of InSe is less favorable.

Reaction 3: 2CuG(s)+2H,(g)+1/2Se(g) 2> Cw.Se(s)+4HCI(g)

Reaction 4: CuG(s)+Hx(g)+1/2Se2(g)> CuSe(s)+2HCI(g)

Reaction 5: 2InG[s)+3H(g)+1.5Se2(g)> In,Sey(s)+6HCI(g)

Reaction 6: INnG{s)+1.5H(g)+0.5Se(g) = InSe(s)+3HCI(Q)

Table 5.2 Gibbs free energy of forming binary seles

Tk 298 300 400 500 600
Reaction 3 -150 -151 -179 -207 -235
A,GTO/ Reaction 4 -122 -122 -128 -175 -201
kJ- mol* Reaction 5 -98 -98 -126 -154 -182
Reaction 6 18 18 0.2 17 -34

XRD results presented in section 4.1.2.2 showetdbaper and indium oxides were
initially formed after air annealing. Thereforadtnecessary to examine the
transformation reactions of these oxides to seén(dee reaction 7-12 and table 5.3
for their Gibbs free energies). One can concludeth@n data in table 5.3 that copper

and indium oxides can be easily converted to seéésiwhich is consistent with the



80

XRD results in section 4.1.2.2 where this transfation was able to occur at only

250°C.

Reaction 7: CuO(s)+1/28@)+H,(g) > CuSe(s)+HO(g)

* Reaction 8: CyO(s)+1/2Sg(g)+Hz(g) > CwSe(s)+HO(g)

« Reaction 9: CuO(s)+Be(g)=> CuSe(s)+HO(g)

« Reaction 10: GO(s)+H:Se(g)> CwSe(s)+HO(g)

+ Reaction 11: Is03(s)+1.5S6(g)+3H(g) = n2Sex(s)+3H0(Q)
« Reaction 12: I50s(s)+3H:Se(g)~> In,Sey(s)+3H0(g)

Table 5.3 Gibbs free energy of transformation ofleg to selenides

T/k 298 500 600 700 900
Reaction 7 -189 -183 / -175 -166
Reaction 8 -196 -191 / -190 -188
ArGS/ Reaction 9 -156 -159 / -160 -160
kJ- molt Reaction 10 -163 -167 / -175 -182
Reaction 11 -305 -287 -279 / /
Reaction 12 -216 -205 -229 / /

In both recipes A and B, instead of using CC* was selected to synthesize CIGS
where copper owns 1+ state. This contradicted onmeon sense that it should be
easier to happen for reactions fromCsalts to Cli' selenides. Figure 5.1 compares
the CIS formation reactions using CuCl (reactioraf8 14) and CuCI2 (reaction 1
and 2). It clearly shows that reactions involvingGL have more negative Gibbs free

energies than reactions involving CuCl. This meaaasfrom thermodynamic
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standpoint of view CuGlcan be transformed to CIS easier than CuCl dde=refore

CU?* salts were chosen as copper precursor instead®f C
* Reaction 13: CuClI(s)+Ing)+2H:(g)+Se(g) 2 CulnSe(s)+4HCI(g)

* Reaction 14: CuClI(s)+Ing)+2H:Se(g)> CulnSe(s)+4HCI(g)

0

-100 - CuCl

-150 -

A, G'/KJ -mol!

-200 -
_>CuCl,

-300 ! i
200 300 400 500 600 700 800 900

Temperature/K

Figure 5.1 Gibbs free energies of CIS formatiomg<tuCl and CuGl

5.2 Characterization of solar cells using recipe A

CIGS thin films were able to be successfully systhed using recipe A. In chapter 4,
the XRD and Raman analysis confirmed the formatiopure CIGS phase without

contamination of binary selenides such as copgenisie which is a common by-
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product for most of CIGS deposition techniques iaplires an extra KCN etching
step” *° In order to achieve highly efficient CIGS solalfigit is essential to obtain
micron-sized grains to diminish the recombinatibelectron-hole pairs. GySe
usually serves as a flux agent to form a quasidiginase to enhance the
crystallization at a relatively lower temperatut@wever, this technique has a
possibility to leave Ci,Se as a secondary phase which would short the salardue
to its higher conductivity compared with the chalgate CIGS phase. In our process,
Selenium vapor was utilized to assist the growtbrgstals in a slightly In-rich phase

which eliminates the formation of €i5e and avoids the KCN etching step.

Figure 5.2 SEM images of CIGS films: (A) top viewaoCIGS film and (B) cross-
sectional view of the full device.

Scanning electron microscopy (SEM) images of aitepy CIGS film and a cross-
sectional view from a finished device film-stack g@iven in figure 5.2, respectively.
A dense polycrystalline film with grain sizes ati&ron scale can be seen clearly

from the image shown in figure 5.2A. The cross4iseet image (see figure 5.2B)
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clearly shows a film stack with several layersinithg a ~340nm ZnO top contact
layer, a 1.2m CIGS layer, and a 200nm Mo back contact layee fuhe resolution
limit of the instrument, it is hard to distinguibletween the CdS and i-ZnO layers. It is
interesting to notice that the CIGS film has a claterface which separates the CIGS
film into dual layers. The main reason for thislige to the two-pass printing strategy
which requires printing of two identical passesider to reach certain thickness. The

top layer of the CIGS film has larger grain sizempared to the grains of the bottom

layer.
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Figure 5.3 Optical Image (a) and Raman mapping éxfgyof CIGS films and Raman
spectra corresponding to Raman mapping image (c).
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In addition, Raman results (figure 5.3) reveat tha absorber layer contains certain
amount of amorphous carbon resulting from the irglete evaporation or
decomposition of solvents and acetate anion whiai pnevent CIGS forming large
grains. No voids were observed from the cross-@eatimage. The dense crystalline
CIGS films are essential for good photovoltaic scklls. No chloride residues were
detected by Energy-dispersive X-ray spectroscopS)EEDS indicated a
Cup silno 76Ga 215€ gzycomposition with Cu/(In+Ga)=0.81 and Ga/(In+Ga)-40.2he
Cu vacancy, ¥, is considered to be the dominant acceptor whactirols the p-type
property of the Cu-poor CIGS filth **> Thus a slightly copper-poor composition is
beneficial for the formation of p-type semiconductehile 20% gallium doping is

lower than the typical value used in the high éficy CIGS solar cells.

40
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Figure 5.4 J-V characteristics of a CIGS solar.cell
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Figure 5.4 shows the J-V characteristics of a pested CIGS solar cell using recipe
A. The short circuit currentlf), open circuit voltageM), fill factor (FF), and total
area power conversion efficiency) of the device are 29.78 mA/én886 mV, 0.44,
and 5.04%, respectively. A crossover can be se#heid-V curves shown in Figure
5.4. The common explanation of the crossover iatis®rption of photons in the CdS
layers®. In order to verify the origin of the crossovettie devices, a 610nm long
pass filter was used to eliminate the absorptiophoftons in CdS layers (CdS
bandgap is 2.4eV). From Figure 5.5, one can obdbatehe crossover disappeared

when red light was shined on the device confirntmegabove explanation.

—Dark
—AM 1.5
610nm Cutoff

y (mA/cm2)
B

Current Densit

0.7

Voltage (V)

Figure 5.5 Comparison of J-V measurements of Cld& sell at dark, AM1.5 and
610nm long pass filter.
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Compared to the 19.9%-efficiency solar cell mad&NREL', the deficiency o¥/qc
andFF limits the performance of solar cells. The diodesllity factor, the area-
normalized shunt resistance and the series resestamder AM 1.5 illumination are
estimated to be 2Qcn¥, 95.9Qcn? and 3.3cn, respectively. Low shunt
resistance resulting from pin-holes, cracks or irtf@s in and near the junction leads
to an increasing shunt current and a decreajndJsually, a large diode ideality
factor is caused by interface recombination andepharge recombination which
result from the impurities at metallurgical junctiand depletion region, respectiv&ly
’® Therefore, the elimination of pin-holes, cracksnopurities are essential for the
fabrication of higher efficient solar cells. In aitloh, the series resistance which is 10
times larger than the series resistance of thevaparation solar cells results in the

softness in the knee of J-V curve which degradés B6 andy.
5.3Carbon contamination issue

Raman results presented in figure 5.3 show senesEhous carbon contamination
for CIGS synthesized using recipe A, which is cstesit with TGA result shown in
section 4.1.2.1. Carbon contamination left fromamig species in printed inks is a
very common problem for most of solution-based essing techniques. Kaelan

al.>® used metal salts dissolved in organic solventk hiitders to fabricate CIGS
films. The resulted films preserved a thick carbyer beneath CIGS crystals. Long
carbon chain binder Ethylcellulose is the majorrsedor the carbon contamination.

Guoet al.* converted CulnGaShanoparticles to dense CulnGaSkns by



87

selenization. Several hundred nanometer-thick caldgers were formed at the

Mo/CIGS interface, which was due to surface ligaleylamine.

Two suspicious reagents in recipe A are respongdbléne carbon contamination in
CIGS films. Chlorine in GaGlis very acidic and corrosive, which may etch Malba
contacts and more importantly react with organecggs in solution resulting in the
formation of amorphous carbon residues in filmsorder to eliminate the influence of
chlorine, a stable and neutral compound galliuntyéaeetonate was chosen to
substitute gallium chloride. Anions in gallium adatetonate can improve the

solubility of copper metals and be decomposed easiir’’.

Ethanolamine used in recipe is a common complertageed for the stabilization of
metal precursors in solutions. Free electron painiocogen atom of ethanolamine are
bonded to copper cations in solution. The bond eetwethanolamine and copper is
too strong to break due to the strong nucleophilaperty of ethanolamine, which
inevitably results in carbon residue. Thereforarthamine was replaced by other

agents.

There are several requirements for forming suitatke without carbon residue left in
deposited films. First, metal salts have to bealsle at high concentration (>0.3M)
in alcohols. Copper acetate and indium acetate amelow solubility in alcohol
unless strong complex agents are employed. Theréft desirable to find new
reagents to help dissolve copper acetate. Sedoamdpimplex agents can be easily

evaporated or decomposed. It is very challengirfglfdl both requirements at the
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same time, since strong complex agents are ushealt/to get rid of. Recipe B was
developed to fulfill these requirements and ablprtmluce CIGS films without carbon

contamination.

5.4 Resolving carbon contamination issue using recipe B
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Figure 5.6 Raman spectrum of a CIGS film usingped.

CIGS thin films were synthesized by using recipérBchapter 4, TGA results of
recipe B show that metal salts can be completedpuiposed before 350°C which is
also high enough to evaporate all the solventeka.iXRD and Raman were used to
verify the purity of CIGS phase. Amorphous carbesidual which shows broad
Raman peaks from 1200 and 1600coould not be detected in CIGS films (see figure

5.6). TEM elemental mapping in figure 4.14(c) adiiéxcluded the existing of
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oxygen. The purity of obtained CIGS films proves #éxcellent property of the new
recipe to eliminate carbon and the superior sedgioz process to reduce the oxygen

content.

Raw film

Figure 5.7 SEM images of precursor film and Cl@&fitop-view (a) and side view
(b) of precursor film, top view (c) and side viet) of CIGS film.

From figure 5.7a and 5.7b, it can be seen cleldythe precursor film contains
densely packed nano-sized particles with amorphppsarance from top view, which

corresponds to the XRD results. After selenizatioitron-sized crystals were formed
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across the film, which is confirmed by the top-viend side-view SEM images shown
in figure 5.7c and 5.7d. These results providedsedidences to support the
effectiveness of recrystallization and grain grodtiiing the selenization process.
However, there are still some smaller crystalstegsat the interface between CIGS
and Mo layers. The main reason for these smalngicould be attributed to the

limitation of Se diffusion through the dense CIG&$.
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Figure 5.8 J-V characteristics of CIGS thin filmlagacells using recipe B.

With the standard CIGS/CdS/i-ZnO/Al:ZnO structubes finished cells have a
conversion efficiency as high as 6.10% with opeauii voltageV,. 480mV, short
circuit currently, 26.05mA/cni, and fill factorFF 50% (see figure 5.8). The

calculated series and shunt resistances ar@@17¥ and 26&cnT, respectively. The
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increased shunt resistance from solar cells mauhe fecipe A may result from better
film morphology and less shunt paths. Compare@dond device$, small CIGS

grain size at the CIGS/Mo interface plays an imgartole in limitingJs. andFF.
5.5Improved CIGS crystallinity

By replacing GaGland ethanolamine with GaAcaand other reagents, carbon
contamination was eliminated resulting in a begrain growth and better IV
performance. However, small CIGS crystals near deills still existed and
potentially acted as recombination centers whi@vent the minority carriers from
reaching to the junctions. Two possible reasongdoexplain the formation of small
CIGS crystals near the Mo back contact: Ga conagatr gradient and insufficient Se

vapor pressure during selenization.
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Figure 5.9 TEM elemental profiles of CIS and Cl&G ffilms.
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Figure 5.10 XRD comparison of CIS and CIGS filnmsdt: Raman spectra for the
same films.

In figure 4.14(a) and (b), the CIS film shows atieely uniform degree of
crystallinity with fairly large grain size acrodetfilm whereas the CIGS film exhibits
a dual-layer structure: a large-crystal layer ptand a small-crystal layer below.
Based on the results of chemical mapping analysiws in figure 4.14(c-d) and EDS
line scans across both films shown in the figue B.is evident that the distribution
of all elements are relatively even in both filfibese results indicate that the
separated dual-layer structure in the CIGS filmasresulted from the non-uniform
elemental distribution, such as gallium gradierRD{and Raman spectra shown in

figure 5.10 also confirm the chemical purity fottlvdilms and exclude the existence
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of binary selenides. Seyrlirggal.”® found that by increasing the Ga content in the
CIGS films, the CIGS grain size decreases. Althcaiglifferent deposition technique
(i.e. co-evaporation) was used in their studypalar influence of Ga content on grain
size and structure could also occur in our filmsergfore, the incorporation of
gallium into CIS is one of the possible reasondliersmall CIGS crystals at the

interface.

Figure 5.11 SEM cross-section images of CIGS faelgnized at low Se pressure (a)
and high Se pressure (b).

Kaelin et al.*? have studied the influence of Se vapor pressut@l&s grain growth
from metal nanoparticle precursors during selemraflhey found that low Se vapor
pressure resulted in small CIGS crystals at therfiate of CIGS absorber layer and
Mo back contact layer whereas the high Se vapasspire resulted in much larger
CIGS crystals. In our experiment, we found Se vapoessure has similar impact on
CIGS grain growth. Figure 5.11 show SEM cross-seetiimages of CIGS films

annealed under low Se vapor pressure (figure 5dardhigh Se pressure (figure
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5.11b). Compared with the CIGS film selenized urldeser Se vapour pressure, the
high Se vapour pressure improves the crystallinadiod enlarges the CIGS grain size
dramatically. An interesting observation aboutgbienization is that increasing the
duration of selenization does not improve the atligation of these small crystals
under low selenium pressure condition. This obsemauggests that once the top
dense part of CIGS films is formed, it may potditibehave as a barrier for the
transport of selenium to the interface of CIGS Rtallayers thus the selenium
concentration at the bottom part of film is notthgnough for enhanced grain growth.
Therefore high selenium vapor pressure is neededdore sufficient amount of
selenium for the enhanced grain growth throughloeientire absorber film. We were
able to fabricate highly crystalline CIGS thin fénwith micron-sized grains after

selenization using a high Se vapour pressure.

R - —Low Se pressure
:é: 20 A « — ~High Se pressure
§ 15 4
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Figure 5.12 J-V characteristics of CIGS solar cedlienized at different Se partial
pressures.
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Current-voltage and device characteristics of diffé selenized samples are presented
in figure 5.12 and table 5.4. The energy conversifiniency increased to 8.01% for
cells fabricated using CIGS films annealed at [8ghpartial pressure. In contrast to
the energy conversion efficiency of 6.10% for cédlsricated using lower Se partial
pressure, the improvement of cell performance mpagdults from the increase @§c
and fill factor. The high Se partial pressure b#sehe grain growth of CIGS and
produces larger grains with less grain boundargsavéhich reduce minority carrier
recombination rate and improve the quality of absofilms in terms of diode ideality
factor A and saturation current densikyleading to the increase Wf. according to
equation 1. Considering the similar cell structurethese two devices, the reason for
the decrease of series resistaRgges and the increase of shunt resistaRgg. are
attributed to the improved crystallinity of CIG$1iis. Compared to solar cells with
19.9% efficiency, the large value B ies iS likely a result of interface and contact
barriers. The smalld®s,: could be attributed to pinholes and cracks inathsorber
film.
v, = 2Ty, [J—SC] ®
q Jo

Table 5.4 Device characteristics of CIGS solarscgdllenized at different partial Se
pressures

Cell Voc Jsc ; n FF Reeries Rehunt A Jo _
mV  mA.cm® % %  Qcn?  Qcnf mA- cm”

Low Se 473 26.05 6.10 49 3.7 266 2.9 3.9e-2

High Se 525 25.69 8.01 59 2.3 614 2.24 2.5e-3
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Figure 5.13 Bandgap measurement by UV-Vis absarptio

In figure 4.18, the External Quantum Efficiency E®f a solar cell selenized at high
Se partial pressure shows that the efficiency saaysnd 70% in the range of 500-
650nm and decreases gradually afterwards. The barafghe absorber layer is
estimated to be 1.13eV which is consistent withittiedgap extracted from the
absorption measurement (figure 5.13). The effigidoss below 500nm is by virtue of
CdS and ZnO absorption. Based on the EQE curvecameonclude that the major
energy loss of short circuit current is a resulpobr carrier collection efficiency in the
range of 650nm to 1100nm which could be attribtitesevere backside
recombination and short minority carrier lifetinfénis poor minority-carrier

collection problem is also indicated by the EQEagé bias dependence shown in
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figure 4.19 top inset, where at reverse bias of 1h¥ collection of carrier at longer
wavelength becomes more efficient compared to #heeg at 0 V bias. In figure 5.11b,
the cross-sectional image shows voids at the baeksdithe absorber film. Longer
wavelength photons travel further distance in th&ogber layer and are absorbed
mostly at the back of the absorber layer. Thereforreasing minority carrier lifetime
and reducing voids at interfaces are needed toawepthe collection efficiency of

longer wavelength photons.
5.6 Future works

Carrier lifetime describing the average time faniaority carrier between generation
and recombination is one of the most importantpatars for semiconductor devices,
especially for solar cells. The diffusion lengtlolthe minority carriers is

proportional to the square root of the productasfier lifetimetr and diffusion
coefficient D. Equation 2 shows the photocurrerdafar cells has a value equal to the
generated carriers by light in the depletion regibthe diode and a minority carrier
diffusion length on either side of the p-n junce¥nFor CIGS thin film solar cells,

the carriers collected in p-side predominates b&eawost of light is absorbed in p-
type CIGS layers. Therefore long minority carriégtime (i.e. electron) in CIGS films

is crucial for high-efficiency solar cells.
J =0qG(L.+W+L,)(2)

EQE spectra presented in figure 4.18 shows lingtdlction of photocurrent for long

wavelength photons, which could be attributed teesebackside recombination and
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short minority carrier lifetime. Besides, shortraar lifetime is expected to lowéfy.
as well. So it is desirable to measure the lifetime of Sidms fabricated by our
solution-based process to determine and underg@natigin of current loss, which

will provide very useful information to improve tlefficiency of CIGS solar cells.

The J-V characteristics of our fabricated CIGS so#dls reveal considerably high
series resistance which decreases bétlandy. The blocking back contact or barriers
arising from the buffer/absorber interface or gtainindaries are the common sources
for high series resistantdn order to unveil the real cause for this highies

resistance, it is necessary to conduct temperaependant J-V and capacitance
measurements. Moreover, these measurements caoralsde insightful information
for recombination mechanism, defect density anéatefnergy "2 All of these are

very useful to identify device/material problemslguide the improvement of

deposition processing.

Grazing incidence XRD was used to detect the coripoainiformity of CIGS films
as a function of film depth. In figure 5.14, thd ?) peak of CIGS centred near 27
degrees keeps constant for incident angles froon®B5 degrees. The GIXRD results
indicate a uniform elemental distribution across @GS film that is consistent with
the cross-sectional TEM elemental analysis showigure 5.9. Usually gallium
gradients were intentionally introduced to optimitze electronic properties of CIGS

devices for high performance CIGS thin film solalis’® & Therefore, for our
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process gallium gradients can potentially be cdletidoy simply adjusting the ratios

of dissolved metal compounds in the precursor inks.

—0.5°
=10
3.0

Intensjty/a.u,

26.0 26.5 27.0 27.5 28.0
2Theta

Figure 5.14 Grazing incidence XRD of a CIGS filnd#terent angles.

In addition, the optimization of deposition processf buffer layer CdS and TCO
layers and selenization process is able to rechesdries resistance and interface

defects and achieve better crystallinity in CIA&§, which will further increase the

performance of solar cells.
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Chapter 6 Conclusion

In summary, a simple solution-based depositiongsswsing newly developed air-
stable, low-cost inks is developed for the fabrarabf high quality CIGS solar cells.
The inks used for the fabrication of CIGS thin ®mmonsist of commercially available
low-cost compounds and can be processed usingusapianting and coating
techniques. In addition, printing in an atmosphengironment is able to further
reduce the manufacture cost and produce absoiibdilths at large scale with high
raw material utilization. No binary selenides, da&ntal by-products for CIGS
synthesis, were formed in CIGS thin films. CIGSasalells using recipe A achieved
5.04% efficiency with a short circuit curredtd of 29.78 mA/crf, an open circuit

voltage Vo) of 386 mV and a fill factorHF) of 0.44.

By optimizing the chemicals used in the formulatdds, carbon-free CIGS thin films
were able to be fabricated for the first time. Biained CIGS films were used to
make thin film solar cells with an open circuit tageV,. of 480mV, a short circuit
currentJg of 26.05mA/cm, a fill factor FF of 0.50 and a conversion efficiency as
high as 6.10%. The increasing of solar cell effickeis mainly caused by virtue of the

elimination of carbon contamination.

By increasing Se vapor pressure during selenizatimnsmall CIGS grains can be
densified. Highly crystalline CIGS films with miareter-sized grains could be

fabricated. 8.01% energy conversion efficiency ddag achieved with improved,,
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FF, Reriess Renunt @and diode quality factor. Less grain boundarielsiced the electron-

hole recombination and substantially improved thality of the absorber material.
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