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ABSTRACT

Solar energy is the first useful, abundant, envitentally friendly and efficient source of
renewable energy in the world. The conversion tdrsenergy into electricity using photovoltaic
(PV) technology is clearly an important way, witgrsficant potential to mitigate global warming
by lowering the emission of greenhouse gases. dbts of the PV system are determined by the
overall cost of the technology, such as structacats, field wiring and the costs of chemical
encapsulation materials. In order to remarkablycedhe total costs of solar PV technology, the
conversion efficiency needs to be increased frantthrent ~15-20% to above 30%, because most
of the systems costs reduce proportionately wighrdduction in material consumption and the
increase in conversion efficiency. The best wawdhieve such higher efficiencies is to use a
tandem junction solar cell, comprising two mateyjalne with a high bandgap as top cell and
another with a lower bandgap as bottom cell. Is gibject, we will investigate the fundamental
optical and electronic properties of an inorganiatenial, CdSe, then make proof-of-concept
heterojunction solar cells in this material.

Among the properties to be studied will be dopingaentration, mobility of electrons and
holes, deep defect densities and recombinationqvhena, minority carrier diffusion lengths,
electron affinities and energies of band edgesic8tiral, electronic and optical measurement
technigues will be used to measure the relevamgrties. CdSe films will be deposited using
multi-source evaporation techniques.

CdSe is an 1I-VI group semiconductor chalcogenidigctv can be considered as one of the
most successful materials for photovoltaic and eletdronic applications. CdSe is more
appropriate for photovoltaic application compareotber inorganic compound semiconductor.

Especially easy to deposit using mass-productioporvaleposition techniques. It is binary
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compound-by definition, stoichiometry easier toiagh than in ternary of quaternary. CdSe is not
water soluble and does not thermally decompos®, ialfas reliable optical and electrical
properties, like direct bandgap and high absorptaefficient in the visible range which makes it
a good candidate as an absorber layer for solb: cel

In the first part of this work, we have shown tlepdsition of CdSe thin films using thermal
evaporation method at high growth temperature 6F@0 The transmittance and reflection were
analyzed with Cary 5000 UV-Vis-NIR spectrophotometée optical measurement shows CdSe
is a direct band gap material with a perfect optiand gap of 1.72eV and high absorption
coefficient abouty = 9x10'cnv? for higher energy photons range which is in thegeaneeded to
make tandem cells with crystalline silicon (c-Si).

In the next part, we study the critical procesgesCadmium Chloride (Cdg)ltreatment and
Post-deposition selenization to improve the eleatriproperties of CdSe thin films. CdCl
activation process is a vital step which reducesdénsity of mid-gap states inside the bandgap
and helps to obtain recrystallization, grain-growtid passivation of grain boundaries and also
prevents from recombination. CdSe thin films wegpabited on fluorine doped thin oxide (FTO)
glass substrate at different thicknesses and grain size and mobility were systematically
analyzed before and after CdGictivation using scan electron microscopy (SEMJ apace
charge limited current (SCLC) techniques respelstiv@dCh activated CdSe films showed larger
grain size (from 0.9 to 1.9um) and higher electroability (from 0.09 to 3.52cAiV.s) by
increasing film thicknesses (from 0.5 to 3um) resipely. Post-deposition selenization of CdSe
thin films shows much larger grain size (from @3%t7um), higher photoconductivity value (from

2.94x10% to 1.21x16 Q1.cntl) and higher mobility lifetime product for electr@s majority
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carrier (from 1.37x18to 5.62x 16 cn¥/V) by increasing the selenization time (from A&Dmin)
respectively.

In the last part of this thesis, we have studiedsighed and fabricated the efficient
heterojunction CdSe solar cell. We developed newsiiferstrate and substrate device structure
with different n-layer and p-layer such as n-Cd8 prfPTAA, and p-PEDOT:PSS. In addition,
cadmium chloride and post-deposition selenizatieravdeveloped to passivate the recombination
centers. 2um grains were achieved under gt€atment (at 500C for 10h). The highest Voc
(world record) ever achieved in CdSe solar cell8\(D and current density 8mA/cnMoreover,
we found dopant density, optical bandgap, urbaengn shallow and deep traps equal to 2.3%10
cm?, 1.7eV, 15.6meV, 0.24eV and 0.53eV respectivetteipt-to-escape frequency and relative

dilectric constante;) were measured 2x38z and 10.4 respectively.
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CHAPTER 1.INTRODUCTION TO RENEWABLE ENERGY, SOLAR ENERGY
AND SOLAR CELLS

1-1Thesis Structure

In chapter one, introduction to energy, renewablkergy, solar energy, photovoltaic and
solar cell have been discussed. Also, it explameflip on the planetary energy reserves, the
world total energy consumption and photovoltaiasha global electricity production.

Second chapter, describes the general device ghasetbasic working principal of solar
cells. Chapter three, dedicated to different chtaraation techniques of solar cells. Chapter
four, CdSe thin film deposition and optical andcélenic characterization. Chapter five,
making proof of concept appropriate hetero-striectalar cell

1-2Energy

Energy is the life power of the entire human caation which is an essential factor for
industrial revolution and technological developmeértte demand for energy is increasing
along with high levels of world-wide population grin.

Total energy consumption is correlated with groasomal product (GNP) and climate.
The most highly developed countries, such as thgetrStates, Germany and Japan have
energy consumption rate of 7kW, 3.8kW and 3.6kW pemson respectively. Consumption
rate in developing countries, especially thoserapital area like India is about 0.7kW per
capita. The US consumes 25% of world’s energy ®ithof world population. On the other
hand, China has the most significant growth of gm@&onsumption at 5.5% per year which

has 20% of world population (see Figure 1-1) [1].
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Figure 1-1 Energy use per capita, world populagimspects [1].

1-3Nonrenewable and Renewable Energy

There are two main areas of energy resources sunbnaenewable and renewable energy.
Fossil fuels are the most nonrenewable energy esuatich carbon is the main element in
that. Fossil fuels like coal, oil, petroleum, naugas and nuclear are available in limited
supplies and take long time (hundreds millionsezng) for them to be replenished. Formation
process of fossil fuels is belong to long time ayen before the dinosaurs. Planets and
plankton grew in ancient wetland (shallow seas swampy forests). They created energy by
absorbing sunlight. There was a huge source ofggnierthe bottom of the sea after those
animals and plants died. Over the long period oktidead plants and animals under high
enough heat and pressure underground turned iogsil ffuels. Inexpensive extractions
process, easy to store and ship anywhere in thkel waake fossil fuels a valuable source of
energy. However, fossil fuels are not environmefitahdly. Burning the fossil fuels pollute
the land, water and air by releasing particles. Bastion of fossil fuels releases and increases

carbon dioxide level inside atmosphere which is aingrimary reason for greenhouse effect

[2].
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Renewable energy is energy from inexhaustible messuhat replenished naturally over
relatively short periods of time. The amount ofeable energy is limited per unit time. The
five major renewable energy resources are biomashides: wood, municipal solid waste,

landfill gas and biogas, ethanol and biodiesellrbgower (water), geothermal, wind and solar

3].

Renewable
m Traditional biomass 9%
® Bio-heat 2.6%
Ethanol 0.34%
= Biodiesel 0.15%
. o B Biopower generation 0.25%
Fossil Fuel 78.4% Hydropower 3.8%
¥ Wind 0.39%
Solar heating/cooling 0.16%
® Solar PV 0.077%
Petroleum Solar CSP 0.0039%
B Geothermal heat 0.061%
¥ Geothermal electricity 0.049%
- — m Ocean power 0.00078%

N Nuclear 2.6%

Total World Energy
Consumption by
Source (2013)

Natural Gas

Figure 1-2 Total world energy consumption by sounc2013 [4].

According to renewables 2014 global status reptrg world renewable energy
consumption share was only 19% of the world totedrgy consumption. About 78.4% was
coming from other three non-renewable resourcdsdinty petroleum, coal, and natural gas.
The rest of 2.6% was belong to nuclear source [4].

1-4Solar Energy

Solar energy is an electromagnetic form of enerbicwis produced or radiated by the
sun. Solar energy can be obtained by capturing bgheat from the sun. Solar energy is
harnessed using a different range of advanced oémies like photovoltaics, solar heating,

solar thermal energy and molten salt power. Salargy is an outstanding source of renewable
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energy. It is considered as a green technologyusecaainly it doesn’t generate greenhouse
gases.

Solar technology is broadly classified in two categs such as active or passive solar.
Both systems perform the same function but undésrdnt performance and setups. Active
solar techniques depend on external devices toebkarthe energy, including photovoltaic
systems, concentrated solar power and solar watginy. Active solar systems have some
drawbacks like, required expensive equipment, hgdintenance cost and potential of
releasing the toxins fluids (for storing heat)he £nvironment. Passive solar techniques don't
rely on external devices. They are based on theymadics laws which transfer heat from
warmer to cooler areas. Passive systems deperiteasverall orienting of a building to the
sun, thermal mass of materials, light-dispersirapprties, and designing spaces that naturally
circulate air. As a positive point, the entire getf passive solar system is cheap but the
efficiency directly depends on the weather condit[g]. Solar energy has many unique
advantages:

» Solar energy is clean and environmental friendit tauses no greenhouse gasses.

» Solar energy is renewable that is abundant andadaievery day of the year.

» Solar energy is cheap, low solar panels mainteneosteover 30 years.

» Job creation, solar industry creates many jobsluaebin site specific fabrication and

installation.

* Local and national energy independence which aliogiwidual to produce their own

energy.

» Solar power is reliable because it works with adftable energy source.

» Solar energy is low noise, sustainable and proveesgy security.
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Figure 1-3 compares the reserves of the finite@nersources with the yearly potential
of the renewable alternatives. According to sidesiolg view, each sphere and its volume are
correspond to the total amount of energy recoverdtdm finite reserves and renewable

sources.

215

total

SOLAR" Natural Gas '@
23,000 per year r

240
total
Petroleum "8
World energy use
16 TW-yr
per year

&
‘ e 90-300
o) | Total

TIDES !

G peryEars e Uranium 1810

900

Eotal reserve

Figure 1-3 The finite and renewable planetary epeggerves comparison [6].

The potential of solar power that can be extradteth solar energy is about 23000
TWl/year. This is, over three orders of magnitudghér than total world energy consumption
that is about 16 TW/year. Hence, it clearly shadwesgtrong potential of solar energy to fulfill
all world energy demands. Wind is the only enexmyse among all other renewable resources
could probably provide the total energy requireraeariitplanet if a significant portion of it can
be extractable. Despite the coal reserves are kastthey wouldn’t last more than a few
decades if they have been considered as predondoariustion source. Nuclear power isn’'t

a silver bullet which means it can’'t solve globaming problem by itself. Because it mainly
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is used for electricity production which contribsiteess than 25% of universal greenhouse
effects [6, 7].

Figure 1-4 shows, non-renewable energy that hadtat#5% share in global electricity
generation by end 2017 and only 26.5% was comimgp frenewable resources. The largest
renewable energy source was belong to hydropowtér 16.4% share and solar photovoltaic

generated only 1.9% of global electricity product[8].

73.5%

Non-renewable
electricity

5. 6% Wind power

16.4%

Hydropower

2 . 2 % Bio-power

o
|

o, Ocean, CSPand
04 % geothermal power

Solar PV

Figure 1-4 Estimated renewable energy share ofadjlelectricity production, End-2017 [8].

As we know so far, PV has huge potential to fulfitbrid energy requirements but still
there is no significant tendency to consider iaggredominant source of energy. The main
reason could be due to the cost of PV conversiompeoe to other energy sources that is still
high. High cost of solar PV is due to low extraotend power conversion efficiency.

The PV system cost benchmark for different appbeest has been shown in Figure 1-5
from 2010 to 2017. There is considerable drop ircB&t including module, inventor, hardware

components and soft costs in the last few years.
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Figure 1-5 NREL PV system cost benchmark summatp22017 [9].

According to US department of energy SunShot wistjtthe main targets are to reduce
the solar technology installed system prices leas $1/watt, $1.25/W, $1.50/W, and $3.60/W
for utility-scale, commercial rooftop, residentiabftop, and CSP systems with up to 14 hours

of thermal energy storage capacity respectivelginy of 2020 [10].

$1.60 -
$1.40 -
$ $120 1 ELEE
N
S $106 - $0.44
s ®m BOS: non-hardware
% BOS: hardware
8 $0.80 1 $0.19 $0.18 Power electronics
_: $0.18 ® Module
g $0.60 - $0.12 $0.11 $0.10
[
£ $0.40 -
$0.54 0.50
$0.20 - $
$0.00 T T
Residential Commercial Utility

Figure 1-6 Estimated subsystem prices needed ie\acRB020 SunShot targets [10].
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1-5Photovoltaic and Solar Cells

The direct conversion of solar radiation to elecwower is called photovoltaic (PV)
energy conversion due to PV effect. Photovoltaliectfis refer to generation of voltage across
a junction of two different semiconductor materiatgler illumination of incident light [11].

Solar cell is a semiconductor device which conveolar energy into electricity. A solar
cell device is characterized by its conversioncedficy which directly depends on output
voltage and current. Solar panel or PV module eamhde by connecting a number of solar
cells together. Solar panel generates particulage or current for specific devices for their
operation. Solar array is made by connecting eelargnber of solar panels to produce large

scale electricity (see Figure 1-7) [11].

)
I
J

[
[
L )(
(o [T
[
|
[

Lﬁ“"“*ﬁ@}(f‘"""*’ﬂ
)

SN LN/annERNENE
COOC0O00 OO0

Cell Module Array

Figure 1-7 Photovoltaic cell, panel (module) andyaf12].

Grid connected photovoltaic power system is a $8laelectricity generation system that
is connected to power grid. This system require memof charge controllers, batteries,
inventors. Inventors, convert direct current (D@gctricity (generated by PV array) into
alternative current (AC) electricity because défertype of loads such as television, radio and

etc. require AC electricity for operation (see Fg-8) [12].
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Figure 1-8 Components of a grid connected photaiofiower system [12].
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CHAPTER 2.DEVICE PHYSICS OF SOLAR CELLS

2-1Basic structure and working principle of solar cels

Solar cell is a photoelectric device that convedisir radiation into electrical power under
photovoltaic effect. Figure 2-1 shows a basic stmecof a solar cell from its cross section.

Solar cell produces both current and voltage ungaent light to generated electrical power.

antireflection coating

F r ! front contact
‘ emitter
sunlight

external

load aQ Q
electron-hole
pair

I .2 contact

" base

Figure 2-1 Cross section of a solar cell [1].

This process has four main requirements and sk@ss$, a material with high absorption
coefficient which absorbed photons can excite edectrom low energy level to high energy
level to create electron-hole pairs or excitonsoBd, separation of charge carriers to opposite
direction. Third, the high energy electron-hole mdvom solar cell to an external circuit.
Finally, returning of electrons and holes to thiasoell after dissipating of their energy in the
external load. Although, theoretically many matesrishould be available to satisfy
photovoltaic energy conversion obligations, howewerreality the n-type and p-type
semiconductor materials mostly are used to make aipction for photovoltaic purposes [1].
The several basic steps in operation of a solhhegk been shown here [1].

» Absorption of incident photons and generation giitigenerated electron and hole pairs
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* The collection of the light-generated electron Aotk pairs to generate a photo current

» The generation of a large electrical voltage actlbssolar cell p-n junction

* The dissipation of electrical power in the exteroald and in parasitic resistance
Schematic of a typical single junction silicon sadell is shown in Figure 2-2. This is a

standard n-i-p substrate device which light confiog top (n-side). As we can see, generated

electrons and holes are collected using front @ifigus) and back electrode respectively.

Short, medium, and long wavelength photons arerBbdoand generated free electron-hole

pairs in area close to the surface, in the middié elose to back of the cell respectively.

Generated carrier outside and inside depletiororsgare transport under diffusion and drift

mechanism respectively [2-7].

_\cutr_al - Neutral
n-region P p-region
> Bus electrod
- R Finger electrodes / f s electroc e” .
. = N or current collection

Long A ik é \

-\__/_)®
Medium A o g

O Back
®— electrode
short %
7
Finger ———> >
electrode
p
‘{ Depletion
| region
. /
W p
7
Voc
— +

Figure 2-2 Schematic of a typical single junctialc8n solar cell [2-8].

The energy band diagram of a basic PN junctiorr selihis shown in Figure 2-3. Photons
are absorbed in PN junction depletion region, ed&st are collected in N-side and fermi level
goes up. Similarly holes are collected in P-sidd &rmi level moves down. Travel of

electrons and holes toward the appropriate contactde explained under drift and diffusion
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phenomenon which produce photo-current. Open tireoltage (M) is defined by the

difference of fermi levels energy in both sidewidied by electron charge).

Diffusion - Diffusion

:Internal Electric Field:

:EC Photon:
q(Vbi-Voc) - Collected
. . N . Electrons
: - : (XXX} Ec Jegrors
. . T T e —
Anode Ef S~ O:-quOC | Ef: Cathode
cooo —_ ¥V — \__L\:' : In. :
Collected:EV 0000 <=2 X 7o :
Hol : N S s =
oles : : *// : :
Y
o)

Cathode

Figure 2-3 Energy band diagram of a silicon PN fiamcsolar cell.
Four basic solar cell device structures have beews in Figure 2-4 and Figure 2-5. As
we can see, a solar cell device consists of a pteto absorbing layer (active layer or i-layer)
which has been sandwich between one electron wanisyyer (ETL) on one side and a hole

transport layer (HTL) on another side. Incidenttoing enter into the solar cell device through

a transparent window contact. Photons are absanbs&te the active layer and create electron-

hole pairs (EHPs). Electrons and holes are coliebteETL and HTL respectively. Finally,

collected carriers generate electrical power il load.
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N-i-P Substrate Device P-i-N Substrate Device
AN AN
7Y 7Y
4@» 4@4»
Front contact Front contact

Electron Transport Layer (ETL)

Figure 2-4 Structure of a single junction N-i-Pfjlend P-i-N (right) substrate device (Light fraop).
For a given device which light coming from the top bottom, it calls substrate or
superstrate device respectively. Also, if light cogiffrom N side or P side, that device has N-

i-P and P-i-N structure respectively.

Electron Transport Layer (ETL) Hole Transport Layer (HTL)

Front contact Front contact
AN A
|7\ 7\
4@» q@b
N-i-P Superstrate Device P-i-N Superstrate Device

Figure 2-5 Structure of a single junction N-i-Pfjlend P-i-N (right) superstrate device (Lightrfrdottom).

Solar cell power conversion efficiency (PCE), is thtio of device output power over the
input power of light source (Sun). PCE is a mospontiant parameter of solar cell which
reflects the performance of device and stronglyedep on incident light spectrum and
temperature. Solar cell for terrestrial applicasismmeasured at 25 and under AM1.5 (AM:

Air Mass). PCE of a solar cell is depend on sevia@tbrs such as generation, recombination

process and carrier transport.

Ol LAC U Zyl_ﬂbl
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Generation means, creation of free electron and hole ingidedevice under absorption
of incident light. These free carriers produce phairrent. In order to increase the device
efficiency, the generation rate need to be incikase

Recombination means, annihilation of free electrons and hole®rafeneration.
Recombination decreases the concentration of igéecs and reduces the device efficiency.

Carrier transport refers to travel of free carriers which have beemvived from
recombination, toward the device contacts. Catraarsport can be based on electric field or

carrier concentration which called drift or diffasi(see Figure 2-6).

) Diffusion
nght ——
® o o 0 0 o o
E¢
e - Eg
Generation) :::Recombination
— ] EV
0o o000 0O
p+ n

Figure 2-6 Generation, recombination process amikcaransport [3].

2-2 Absorption

The absorption coefficient defines how far lighincpenetrate into a semiconductor
material before it get absorbed. In a material Witih absorption, more photons can absorb in
distance close to surface which they can exciteenetectrons into conduction band. On the
other hand, light transmits in a material with loabsorption if it is thin enough.
Characterization of absorption spectrum is a sistpteethod to analyze the band structure of
semiconductors. Through an absorption processicagtent photon with known energy excites

an electron to transit from a low energy stateigh lenergy state. Semiconductor materials

www.manaraa.com
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have a sharp edge in their absorption coefficiginge only photons with energy higher that
band gap are able to be absorbed. Absorption ceffifor various materials is shown here

[1].

GaAs

10'k

absorption coefficient (cm")

=
o

N
T

10

0

200 400 600 800 1000 1200 1400
wavelength (nm)

Figure 2-7 the absorption coefficient of differematerials as a function of wavelength (nm) [1].

Due to the absorption coefficient of any materidle light intensity exponentially

decreases by traveling inside the material. I(X)ghg intensity at distance of x from material

surface is given by

I(x) = 1(0)e™** (2.1)
Where 1(0) andx are light intensity at x=0 and absorption coeéfitirespectively.

Study the all possible transitions of an electsoa powerful technique to learn more about
the distribution of states in a semiconductor. Spssible transitions could be band-to-band
and transition between sub-bands or through detatés. The absorption coefficiexthv)
represents the reduction of light intensityn)(vs. its propagation path [5].

1 d[L(hv)]

alhv) = - CORT: (2.2)
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Band-to-band or exciton transition is known as ameéntal absorption. This refers to the

excitation of an electron form the valance to tbeduction band. Fundamental absorption

reveals itself by a sharp rise in absorption wiailso shows the band gap of the semiconductor.

A band-to-band allowed direct transition with eneptoton higher than bandgap is shown in

Figure 2-8. The excess energy of this transitipnHg is dissipated as thermodynamic loss [3,

4].
o
H‘LHRelaxation
( ) Ec
Photon energy E,
E,n > E,
E.,
O 'V
Band to band

transition

Figure 2-8 Allowed direct band-to-band transitih [

For the photon energy less than bandgap, the ti@msan be occurred through mid-gap

or tail states. All trap state transitions are aead within forbidden band is shown in Figure

2-9.
® ®
oy e— Ec
- f =Tail =F -
states
Photon energy Mid-gap
E,<E "1 stat Ky
oh g Tail states
_states | _ 1
= —r= Ey
o) o
Transition through Transition through
tail states mid-gap states

Figure 2-9 Trap state transition within forbiddeantd [3].
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Allowed direct absorption transition occurs betweaeo direct valleys from top of
valence bad to bottom of conduction band, see EigutO (for k=0). Momentum is conserved

during this direct transition.

Figure 2-10 Allowed direct transition (k=0) andifatden direct transition ¢#0) [3, 5].

The absorption coefficient for direct transitioreigpressed as following equation, where

Ao is given by the effective mass of electron ane5].

1

a(hv) = Ag(hv — Eg)? (2.3)
£ % \3/2
2 (2 myMme )
my+mg
Bo ~ nch?m;, (24)

Direct transition isn’t allowed in some materiatska= 0 due to quantum selection rules
but it allowed at k% 0 and transition probability increases withf&ctor. This process is called
forbidden direct transitions that is shown in Feg@r10 (for kz 0). The absorption coefficient

for forbidden direct transition is given by:

a(hv) = A;(hv — Eg)% (2.5)
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3/2

2 mpmg
44 (2 m1*1+mz>
Al =

~ - 2.6
3  nch?mim;hv (2.6)

Indirect transition between two indirect valleyders to a transition which requires a
change in both energy and momentum and it invaiwesstep process. Photon has zero rest
mass and it can’'t make any change in momentumpbabon (quantum lattice vibration)
interaction, conserves the momentum. Two phonongases under emission and absorption
with phonon’s characteristic energy espectively are given by

{hve =E—E +E,

hv, = Er— E; — E, (27)

Conservation of momentum via phonon interactioshiswn in Figure 2-11.

Figure 2-11 Indirect transitions between two indirealleys [3, 5].
The absorption coefficient through a transition@mghonon absorption is given by (2.8)
for hv > Eg-Ep.
2
A(hv —Eg +E,)

alhv) = exp (ﬁ) -1

(2.8)
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Also, the absorption coefficient through a tramsitunder phonon emission is given by

(2.9) forhv> Eg+ B

A(hv —Eg — E,)°
Ep
1 —exp (— ﬁ)

In this case, the both phonon emission and absorgtie possible and the final equation

o (hv) = (2.9)

for absorption coefficient could be

a(hv) = a,(hv) + a.(hv) (2.10)

Figure 2-12 shows hows(hv) andoe(hv) are related to temperature. According to equation

(2.8),04(hv) is low at very low temperature.

| |
EO-EI € (Ec*'Ep h
Figure 2-12 Square root ef hv) vs. hv, gives the values d; — E, andE, + E, ata = 0 [3].
The density of state for tail and mid-gap state@&@nly low. This gives a low absorption

coefficient transition and it can be shown by egueaf{2.11). Where Urbach energy 5 a

function of tail and mid-gap defect states [3, 6].

hv
a = AeFu (2.11)
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2-3Recombination

As we mentioned before, recombination is a proeeseh both electrons and holes
annihilate each other. Both carriers disappearllyinander recombination and energy
difference between two initial and final energyasaelease inform of radiative recombination
(photons or light) or non-radiative recombinatiphg@nons or heat). This chapter includes five
main categories of recombination. Supplementalaation on band-to-band, center, shallow
levels, excitons and auger recombination will bevpted in following parts [6].
2-3-1 Band-to-band recombination

Band-to-band recombination refers to radiative nelgimation which involves a direct
annihilation of an electron from conduction banthvé hole in valance band (see Figure 2-13).

During radiative recombination process, excessgneieases inform of photon or light.

o>,

E.
AN/ Photon

X ~—O EV

Figure 2-13 Band-to-band recombination [7].
Band-to-band recombination rate (R) could be shbyn

R = Cg(np — n?) (2.12)
Where G is the recombination coefficient, n, p, andare electron, hole, and intrinsic

carrier concentration respectively.
Under small signal (SS) case:
Low level charge injectiomn, Ap << n

n-type material: n >>p and n>»n
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We can re-write equation into

R = CgnAp = f _A4p 2.13
Wheretg = 1/Ggn is the minority lifetime.
Under large signal (LS) case:
High level charge injectionn, Ap >> rny, o
Simplified equation for this case would be
R = CgAnAp = Cgnp = Cgn? = Cgp? (2.14)

2-3-2 Trap-assisted or schottky read hall (SRH) recombinaon

Crystalline solid materials, express a periodic] weangement of molecules and atoms
next together. However this crystalline structuaia be interrupted by defects, missing atoms
or impurities. Defects in semiconductor can occuseveral different forms like point, line,
planar and bulk defects which introduce midgap gnésvels(Er). Crystal defects increase
deep-level states. Trap-assisted or SRH recombmagifers to non-radiative process which
an electron from conduction band and a hole frolange recombine, annihilate inside the
midgap state. During non-radiative process, exeassgy releases inform of phonons or heat

(see Figure 2-14) [7].

L o\ E,
V)’ or Heat
t’“ Et ! (phonons)
% Ey

Figure 2-14 R-G center recombination [7].

For trap-assisted recombination rate we can write:
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np — n?
R=
Tp(n +ny) + t(p + p1)
Wheretn andtp are electrons and holes minority carrier lifetiwtg@ich depends on defect

(2.15)

density N.

1
Cp NT

Ty = (2.16)

= and t, =
CnNT P

Here n and p are computable constants which can be expresstadltning equation [7].

Er —E; Ei —Er
n; = n; exp (T) and P =1 exp( T ) (2.17)
np; = nf (2.18)
Under small signal (SS) case:
Low level charge injectiomn, Ap << n
n-type material:
An
R =C,AnNp = — (2.19)
Tn
p-type material:
Ap
R = Cp,ApNt = - (2.20)

p
Hence, SRH recombination rate is proportional thiect density ()

Under large signal (LS) case:
High level charge injectiomin, Ap >> np, and p

An Ap
R = = (2.21)
ThtT ThtT

Where,t is effective lifetime in SRH recombination.

T=T,+Tp (2.22)
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2-3-3 Auger recombination

Auger (pronounced Oh-jay) recombination refers tonoa-radiative process involving
three carriers. In an Auger process, a band-to-lmantlap-assisted recombination occurs
simultaneously, one electron from conduction basxbmbine with one hole from valance
band. The energy released from this process, extitethird carrier (mainly electron) to high
energy level. Finally, this high energetic carriizses its energy gradually under lattice

collisions (see Figure 2-15). Auger recombinatisrdominant in degenerate semiconductor

and under high carrier concentration.

E E.
PR ...,.........,I___ — m— 4 ET
I
|
Y Y
3 EV ¥ Ev
(Intrinsic) (Extrinsic)
Figure 2-15 Auger recombination [7].
Auger recombination rate is defined by
Under small signal (SS) case:
Low level charge injectiomn, Ap << n
n-type material:
R = Can(np — n?) (2.23)
Ap Ap
R = CaniAp = =— 2.24
AnO p 1/CAng Tp ( )
! (2.25)
Ty — .
P CAn%
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p-type material:

R = Cap(np — n?) (2.26)

R = Can2An = An = An 2.27

— Al n_1/CAn(2)_Tn (2.27)
1

T, = — (2.28)

Auger recombination rate is directly proportionalthe square of carrier concentration. The
overall recombination life time in a semiconductisr the superposition of all three

recombination life time which have been discusd®na, therefore it would be:

1 1 1 1
= + + (2.29)

Toveral TBand-to—band  TTrap-assisted  TAuger

2-3-4 Recombination through Shallow Levels

Shallow level sites which are close to conductidanfr site) and also valance bands
(acceptor site) play a critical role to induce tteeriers to recombine. The recombination
probability for those electrons and holes which eaptured at donor and acceptor sites
respectively are so low. Because the probabilitthose carriers to re-emit into their original
energy states at room temperature before compleétiagrecombination process is high.
Shallow level recombination is mostly radiative gges and system temperature reduction

improves the recombination probability [7].

A E
AV S VN PV N
E,

Figure 2-16 Recombination through shallow levels [7
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2-3-5 Recombination involving excitons

The coupled electron-hole pair under Coulombicdastich are not free carriers is called
Exciton. Electron and hole in form of Exciton areubhded together into hydrogen atom
arrangement and moves as a single unit under extaepplied force. A certain amount of
energy is needed to formation of Exciton at a shalevel site is called binding energy.E
Exciton’s binding energy as the energy differeneémeen electron and hole is less than
bandgap due to Coulombic attraction. Figure 2-1oshthe Exciton formation takes place
inside the bandgap, slightly below of conductiorskghtly above the valence band. Exciton
sites are shown by parentheses. Exciton recombmativery dominant at low temperature

and it plays a major role in light-generation methm in Light Emitting Diodes (LEDs) [6].

a5 doTEs K
M | A P>

L,

Figure 2-17 Recombination involving excitons [7].
The Exciton binding energy can be expressed b9][4,

E, = — 4 (2.30)

mg&rn2

w: reduced mass

mo: free electron mass

Ru: Rydberg constant of hydrogen atom (=13.6 eV)
€r: Dielectric constant of the material

n: level of binding energy
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2-4Carrier collection

Collection of light-generated carriers is of theimsteps in operation of a solar cell which

is controlled under drift and diffusion mechanisi@farge carriers transport under drift and

diffusion phenomena within a semiconductor. Drdsbd transport takes place under internal

electric field while diffusion based-transport slied on gradient of carrier concentration

inside semiconductor materials [3, 4, 7, 9-11].

The charge transport equation by considering bathahd diffusion transports could follow

by:

9%(An) . 9(An) d(An)
oz THEG TETR=—5

D

Where
An: The excess electron concentration.
¢: The electric field.

G and R, are generation and recombination ratectisply.

D': The ambipolar diffusion coefficient which is eegsed by:

D — npnDp + ppp Dy
Ny + Pl
u': The ambipolar mobility which can be shown by:

, _ Hntp(p—n)
Ny, + pHp
pnand p are electron and hole mobility respectively.

Dn and B are diffusion coefficient for electron and holspectively.

(2.31)

(2.32)

(2.33)

The ambipolar equation, for n-type semiconductdowatlevel injection is expressed by

substituting R Ap/tp:

0*(Ap) _ 9(p) . Ap _d(ap)

PToxz NPT ok Ty ot

(2.34)
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In the same way, the ambipolar equation, for p-sgmiconductor at low level injection is
shown by substituting R &n/tn:

0%(An) d(An) An  9(An)
e it (2.35)

Two above equations show that, minority carriengehaajor role in the transport process in

Dy

photovoltaic devices.

2-4-1 Diffusion based collection

Diffusion is refer to particles transport from gi@n with higher carrier concentration into
a region with lower concentration due to their ramdhermal energy. A simple visualization
of particles diffusion in microscopic scale is shmoim Figure 2-18 (a). It clearly shows the
equal number of particles are moving in both sides®nd +x directions). On the other hand,
the microscopic visualization purely shows the cion of particles diffusion from high

concentration area to low concentration region Bgare 2-18(b)).

~— Jpdiff INdiff —>
¥ ]
1 Diffuse ® K Diffuse © ;
S ool © 500 |
L0 0 60 6 | © 0 0 O |

Figure 2-18 Particle diffusion on a microscopicls¢@op), Hole and electron diffusion in macroscogtale
(Bottom) [7].

The ambipolar equation for p-type semiconduct@teady stateé(An)/ot = 0 by assuming no

charge generation G = 0 and no electric fietdO is reduced to:
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. 0?(An) _ An
"oaxz T,

As a result, the carrier concentration pursuesxgoreential distribution, wherenl= V(Dntn)

(2.36)

is the electron diffusion length.

An(x) = An(0)exp (— Li) (2.37)
Minority carrier diffusion length is one of the mgarameter to design solar cell and it should
be large enough (comparable with device thickness)carriers could diffuse through the
whole sample thickness and reach the contacts.

2-4-2 Dirift assisted collection

The motion of charged-particles under an appliegttat field is called drift. The
visualization of carriers drift in a semiconduawshown in Figure 2-19. Applied electric field
(E) across the materials, forces and acceleragegadsitive charges (+q, as hole) and negative

charges (-q, as electron) in the same and oppdisgetion of electric field respectively.

_ ~O |
| O <0 | O— ®
L:E*;, O—> o,

O—

(a) (b) ()
Figure 2-19 The visualization of carrier drift [7]

Carrier motion is repeatedly interrupted due to yrenattering events or collisions with ionizes
impurity atoms. The net microscopic carrier dritbvement is kind of complex as shown in
Figure 2-19 (b). But the average transport of theriers drift in macroscopic scale is
observable (see Figure 2-19, (b)).

Drift assisted collection is so important in satatl with low diffusion length like amorphous

silicon cell. Because the charge collection is thve to poor diffusion length, in this case we
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need electric field to boost carrier’s collectibigure 2-20 shows a p-i-n amorphous solar cell,
which an intrinsic amorphous silicon (i-a-Si) isxdwiched between a payer and h layer.
Due to the internal electric field, generated etats (filled black circles) and holes (empty

circles) move toward the'hayer and p layer respectively.

p -a-Si i-a-Si n -a-Si
Figure 2-20 p-i-n amorphous silicon solar cell stmue, Internal electric field form hayer toward player.

Now, let’s consider p-type semiconductor and séecebf electric filed. So we can ignore
diffusion part (B = 0), of course no charge generation G = 0.

d(An) d(An) An
ot Mok T,

The solution gives an exponential distributiondarrier concentration, where, R pntn is

(2.38)

the drift range of minority electrons.

An(x) = An(0) exp (— i) (2.39)
Rp
A critical electric field E is defined at the present of both drift and diffnsbased collection
= kT 2.40
¢ = 4 (2:40)

Where for E > Ethen drift-based transport is dominated and fer B diffusion-based

transport is dominated [12].
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2-5The Shockley-Queisser limit

The Shockley-Queisser (SQ) limit or detailed bataricnit is refers to theoretical
calculation to derive maximum power efficiency osingle pn junction solar cell by William
Shockley and Hans Queisser [13]. The maximum efficy as a function of bandgap for a
single pn junction is shown in Figure 2-21, thecaidtion shows the maximum theoretical
efficiency is equal to 33.7% under one sun (AM lbkolar spectrum (6000K blackbody

radiation).

W
o

N
o

-
o

Max Efficiency (%)

o

1 2 3
Bandgap (eV)

o

Figure 2-21 Shockley-Queisser (SQ) Limit showsrtteximum efficiency is about 33.7% around 1.34eV, [13
14].

Three main assumptions in SQ limit concept areKblady radiation, recombination and
spectrum losses.

Blackbody radiation: When a solar cell is illuminated under the surtligimy inefficiency in

the device turns into heat and increases thearajpérature. As the cell temperature increases,
the blackbody radiation also increases. Energydasgo blackbody radiation term means, the
black body radiation from a solar cell at room tengpure (RT: 300K) or at higher temperature
cannot be captured by cell. This loss is about T#amming energy at RT and even more at

higher temperature.
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Recombination: Theoretical performance of silicon solar cell eluced by 10% due to
electron-hole pair recombination by effecting theeio circuit (\4¢) voltage. As it shown in

Figure 2-22(A), the red dotted line isd* Egand black line is an upper limit foroyaccording

to SQ limit.
3 O
A) B) " 60
o 2
2,
2 £ 40
8 e
By :
¢ ™ 20
© X
s @®
) A 2 . .
0 1 2 3 0 1 2 3
Bandgap (eV) Bandgap (eV)
) & B Other losses
- > N
g g75 Relaxation
= to band ,
= Below-bandgap
S LW 50{edge photons
E =
L D25
S 4
© Usable electric power
o

1 2
Bandgap (eV)

Figure 2-22 Main considerations for the Shockleye@ser limit. Open circuit voltage (A), short ciitccurrent

desity (B), usable and lost energy (C) as a funatomaterial bandgap. [13, 14].

Spectrum loss:Spectrum loss means, for high bandgap materiate tire a few photons with

energy above the bandgap. This fact put a limitsfoort-circuit current density (see Figure

2-22 (B))
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Figure 2-22 (C) shows the usable electric powadlrea) for the Shockley-Queisser limit
and energy corresponding to bellow-bandgap phdjunk height). Also some energy lost due
to hot photo-generated carrier’s relaxation in@lthnd edges (green height).
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CHAPTER 3.DEVICE CHARACTERIZATION TECHNIQUES OF SOLAR CELLS

3-1Introduction

In this chapter we will discuss different measuretmechniques to characterize the
physical, optical, and electronic properties of mamductor materials and devices. This helps
to understand the operational mechanism, also leebbot the problems of the photovoltaic
devices.
3-2Solar cell equivalent circuit

The equivalent circuit of a solar cell with singli@de is shown in Figure 3-1. is light

generate current in parallel with the single diadéh. Rsh and R are the parasitic shunt and

series resistances respectively.

I /
ANNN—— I Light |

- Dark u/

Voltage

D\
—’
_/
P
g
<
Current

Figure 3-1 Equivalent circuit of a single diode rabsblar cell (Left), Light and dark (IV) charad#tion for
ideal device (Right) [1, 2].

The total extracted current (1) from the solar tetbugh the external load is given by:

I - IL - ID - ISh (31)
Where, 1, Ip, and kn are photo-generated current, diode current andtstwrent. Diode

current is given by:
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Ip =1 [exp (%) - 1] (3.2)

Where b is reverse saturation current, n is ideality fadieormally between 1 and 2),
and V is applied voltage across the device.{KT as thermal voltage is equal to 25.9 mV at
30°K).

Finally, by substituting (3.2) in (3.1), the finsblar cell current can be given by following

equation:

qVv V + IR
I=1, -1, [exp (—) - 1] - (3.3)
S

nkT
The dark and light current curves versus voltagesaown in Figure 3-1 (Right) for an ideal
solar cell where Rand Ry are equal to zero and infinity respectively.
In practice, two ideality factors are needed tcoawmodate I-V curve under applied voltage,

also it helps to explain different recombinatiorepbmenon in a solar cell. The double-diode

model equivalent circuit of a solar cell is showrFigure 3-2.

NN\ ——

Rs
TOL & A

Figure 3-2 Double-diode model equivalent circuibcfolar cell under light [3].
The current equation of the double-diode model uildenination is given by:

[ =1, — Ipark (34)
Where, bark is the current equation of the double-diode m{8lel

~ q(V + IRy [ (q(V + IRS)) ] V + IR,
IDark = 101 [exp( nlkT 1|+ 102 exp nsz 1|+ Rshunt (35)
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Where, n =1 and a= 2 are ideality factors, aneiland b2 are reverse saturation currents for
first and second diode respectively.

3-3Current-Voltage (IV) measurement of solar cell

One of the most basic and fundamental solar caltagdterization techniques is the IV
measurement. This is a standard testing that peevitany technical device parameters such
as open circuit voltage @, short circuit current £), fill factor (FF), efficiency {), series
resistance (B, and shunt resistancedfR A basic IV measurement setup for solar cell dewi
iIs shown in Figure 3-3 [4]. As it is shown in thehematic, in order to overcome contact
resistance problems, current and voltage are me@dsseparately using four point probe

technique. 1V testing can be performed either utigat (Light IV) or in dark (Dark 1V).

cooling fan

R adjustable lamp height

one or more lamps
A L

computer controlled
current voltage source

temperature @ @
probe
! b

r . B

| 25°C |

by top current and voltage probes —¥ ]
_i h block is the rear current contact

rear voltage probe

water cooling

Figure 3-3 A basis IV measurement setup for sair4].

The basic standards required to design a solatestihg system are listed below [4]:

e Air mass 1.5 (AM1.5) and Air mass 0 (AMO) spectreespectively for terrestrial and
space cells.

« Simulated light source intensity of 100 mWFcthat is known as one-sun of illumination
* Cooling system (using a fan) to keep cell tempeeasbout 25°C during measurement
* Four-point probe to measure IV
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Four-point probe supplies a current through thesiotwo probes using a high impedance

current source and measures the voltage acrosertbetwo probes using a voltmeter. FPP

helps to remove the effect of probe-cell contasistance.

V-Source
i

|
1

Solar Cell

Force LO

Figure 3-4 Four-point probe connection to a sotdlrfor IV measurement [5].
Another technique to measure 1V, where currenteasared while voltage is applied across

the device for a desirable ranges (0V to 15% &f {6ee Figure 3-5).

o, |
>

% W Solar Cell
weep
&)

7—

Figure 3-5 Two probes connection to a solar cellf8 measurement [6].

3-3-1 Light I-V measurement

As it mentioned before, current-voltage (I-V) maasnent can provide many parameters

of the solar cell which the idealized equivalemtwgit model is shown in Figure 3-6.

PV Cell fs

NMN—0—

Photon hv
ANNA L Wl r, Load | R,

Figure 3-6 Idealized equivalent circuit of a phafbaic cell [6].
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Where, 1 is the light-induced current source,i$ a diode that generates a saturation current.
Rs and R are series and shunt resistance respectivelis fRe load resistor connected to an

illuminated solar cell. A typical forward I-V charteristics of photovoltaic cell is represented

in Figure 3-7.
/ISC Pmax
200

Imax ‘/ //
= 150 1 B
E A
T
g 100 Maximum Power Area
(3 Pman = |ma: max
T 50 -
(5]

0 1 ]

0.0 0.2 0.4 n’.s\ \u.a
Cell Voltage (V)
vV

Figure 3-7 Typical forward |-V characteristics dfqiovoltaic cell [3-5].

Several parameters are used to characterize tae @l which are illustrated in Figure
3-7. The open-circuit voltagesygives the voltage at zero current. The short-ditegprovides

the current at zero voltage.

The open-circuit voltage can be express by thevieillg equation:

nkT IL
Voo = =1 (— + 1) (3.6)
q Iy

The short-circuit current is given by the followieguation:

Isc = gAG(L, + L) (3.7)
Where, q is electron charge, A is device area, ergeration rate,dand L, are electron and

hole diffusion length respectively.

The maximum power (Rx= Vmax X Imax) IS the product of the current and voltage whiaee t

output power is greatest. As we mentioned previofesi terrestrial application, solar cell is
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measured under one-sun (AM1.5) of illumination vilhiccorrespond to input power B 100
mW/cn? of light intensity.

The fill factor (FF) is critical parameter to dedimow far the I-V characteristics of an actual
photovoltaic cell differ from the ideal cell. Th#l factor for an ideal solar cell will be equal
to one (1) but losses due to series and shuntaeses for a practical solar cell always make
it lower than one. The fill factor can be defineslthe ratio between maximum power to the
product of open-circuit voltage and short-circuitrent.

Fo Area_A  Vpax Imax
~ Area B VI

Where, haxand \imax are the current and voltage at the maximum oytputer. Solar

(3.8)

cell conversion efficiencynj refers to ratio of solar energy that can be caedento

electrical power.

P Voe X Isex FF
Efficiency = n = = = 9¢~_5¢X (3.9
P P

The impact of both series and shunt resistanceshasvn in Figure 3-8. The series

resistance is mainly due to the resistance or $ogkthe metal and ohmic contact in the front
and back surfaces of the device, junction deptld, iampurity concentrations. The series
resistance is an important parameter because Ioesgesistance increases the device short-
circuit current that can maximize the output powerthe ideal case, the series resistance is
equal to zero (Rries= 0). On the other hand, the shunt resistanceeda surface leakage loss
along the edge of the device or crystal defectshénideal case, the shunt resistance is equal

to infinite (Rshunt= ) [5, 7].

av

Rehunt = 7] (3.10)
ov

Rseries = E vy (3'11)
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35
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o . av
—— ideal solar cell ‘ RS,.N,J.; =
|— cell with series and shunt al V=Vye
0 —— > r N v
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voltage (V)
Figure 3-8 Light |-V characteristics of a photowatt cell, Ideal cell (Blue), Practical Cell (Red]}.[

3-3-2 Dark I-V measurement 22 Feb 2019

Dark |-V measurement is a powerful technique tolymeathe electrical parameters,
diagnostic or manufacturing tool of photovoltaiozides without illumination. The dark |-V
does not reveal information on short-circuit cutrdiut is more accurate and sensitive than
light I-V to give extra parameters such as sergssstance, shunt resistance, diode ideality
factor, and diode saturation currents [8, 9].

Double-diode model equivalent circuit of a soldt aader dark is shown in Figure 3-9.

SRH recombination

¥ n.= series resistance Current
v n,=2
NANN—
RS
shunt
! ! resistance Voltage
RSH

4 B-B recombination
! n, =1

Figure 3-9 Double-diode model equivalent circuiacfolar cell under dark [3].

The dark current equation of the double-diode madeler zero illumination is given by,

(3.5)

V+ IR V + IR V+ IR
Ipark = o1 [exp <u> — 1] + Iy [ex (u) — 1] +—

n, kT n kT Rshunt
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The semi-log dark I-V characteristics of a standdlidon photovoltaic cell is shown in Figure

3-10.

Dark IV Curve (Log Scale)

10
s\
Series resistance -~ 7» >
¢f L
1 Ko
< o1
+—
C | e e | oy
Q
P I I
=had s O
et s ig SRH recombination
L i nx=2
0001 [+ 2
|
I | ]
! _ 1 Shunt resistance
0.0001

0 0.1 0.2 0.5 06 0.7

0.3 0.4
Voltage(V)
Figure 3-10 Semi-log curve of dark |-V charactécsbf a standard silicon photovoltaic cell [8].

Dark current is dominated by shunt resistance gt \@v voltage range between (0-0.1V).
This is normally due to surface leakage loss alttregedge of the device, crystal defects,
unwanted shunt paths or pinholes in the device.

By increasing the applied voltage further, the dawkrent equation follows an exponential
behavior under two ideality factors. These idedi#gtors can be derived from the slope of
exponential parts of dark IV curve.

Ideality factor for first exponential region und®fi-0.45V applied voltage is 2. This region is
dominated by the recombination in depletion regibphotovoltaic device [10]. The factan |
as reverse saturation current is a function of niypcarrier lifetime in the depletion region.

_ qAmW
01 — 2T

(3.12)
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Where, q is electron charge, A is device’s are#s the intrinsic carrier concentration, W is
depletion widthg is carrier lifetime.

Ideality factor for second exponential region un@di5-0.6V applied voltage is 1. This region
is dominated by the recombination in neutral regibphotovoltaic device [10, 11]. The factor
lo2 as reverse saturation current is a function ofteda and hole diffusion constants and

diffusion lengths.

D,yn D
Py pp“l (3.13)

Iy, = gA
02 Cl[Ln Lp

Where, [ and [} are electron and hole diffusion constants respelgtiL, and L, are electron
and hole diffusion lengths respectively.amd p are the minority carrier concentration.
3-4Quantum efficiency (QE)
Quantum efficiency is one of the most powerful diastic tools in photovoltaic field. QE helps
to optimize device thickness, check front and backface recombination, check bulk
recombination, calculate diffusion length, and foud band gap.

External QE (EQE) or QE can be defined the ratimwhber collected carriers to the
number of incident photons by the solar cell facteavavelength.

EQEQY) = # of collected carriers (1) 314
Q ~ # of incident photons () (3.14)

Internal QE (IQE) can be defined the ratio of nunmtmdlected carriers to the number of
absorbed photons by the solar cell for each wagghen

# of collected carriers (1)
# of absorbed photons (1)

EQE includes optical loss such as transmissiorreftection. On the other hand, IQE

IQEQ) = (3.15)

includes photons inside the cell which are notdnaitted or reflected. Where, R is reflection.

EQE(A)

IQE O\) = 1——R(7\)

(3.16)
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The schematic quantum efficiency measurement setsipown in Figure 3-11.

Signal
display

M Pre-Amplifier

Probes

e D.U.T
Reference Signal
Chopper

Controller e \

Diffraction Grating

- | I ~~-\L. = o )
Monochromator / Mirror

DC monochromatic light

Figure 3-11 Schematic quantum efficiency measuresenp [2].

White light source is generated by a halogen buallh getting into an optical device called
Monochromator that can transmit a selectable wagthefrom a wider range of wavelengths
available at input by setting appropriate incidengle under diffraction grating mechanism.
Later on an optical chopper periodically interrugite DC light beam and converts it to AC

light beam having frequency of 13Hz (See Figur&}-1

Figure 3-12 Stanford research SR540 optical chqgedt Electronics [12].

The output beam from the Monochromator is diverging light spreads out as it travels. So,
a convex lens which is thicker at the middle corapatrthe edges is used to make the beam
parallel. Optical filters to remove harmonics ottiean the desired wavelength. Order sorting
filters are used for order sorting which means thlegk higher harmonic orders generated by

monochromator. The monochromatic light is focusedttte device under test (DUT) and

www.manaraa.com



43

electrical signal amplified by a pre-amplifier aamdbck-in amplifier to reduce the noise while
is synchronized with the optical chopper. This @&tem is also equipped with a voltage and
a DC light sources to measure the DUT under apjbliasl voltage and light.

Quantum efficiency and current density from areé laser can be measured using following

equations.

SignalDUT—Area\ AreaRef
EAbs—puT- = X QEaps— 3.17
Q Abs—DUT—-Area SignalRef—Area AreaDUT Q Abs—Ref ( )

A
Jsc-DuT-Area = J5,q X Solar Flux X QEaps_pur-area dA (3.18)
SignalDUT—Laser SignalRef—Laser—632nm AreaDUT

Eabs—puT— = QEaps—puT— X 3.19
Q Abs=DUT-Laser Q Abs—DUT-Area SignalRef—Laser SignalDUT—Laser—632nm AreaRef ( )

A

Jsc-puT-Laser = f q X Solar Flux X QEaps—_pur-Laser dA (3.20)
A0

Where, Qbs-put-area@Nd QEps-puT-Laserare the absolute quantum efficiency of device unde
test using area and laser respectivedy.odr-area@nd dc-out-Laserare the current density of
device under test using area and laser respectively

QE curve for an ideal (brown) and actual (black)stalline silicon solar cell are shown in
Figure 3-13. The quantum efficiency can be preskatea function of both wavelength and
energy. QE for a certain wavelength would be unftyll photons in that wavelength are

absorbed and consequently all the generated myraaitiers are collected.

A
10 Ideal QE
>
9
=
2
&
@ Blue:
g Front surface recombination
g
g Below Eg
& / No absorption
E Red g QE: Zero
£ Rear surface recombination
= Low absorption at long A
= Low diffusion length
S
[ ] Wavelength

Figure 3-13 External quantum efficiency of a sificmlar cell [13].
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QE for blue response (high energy photons) is redludue to front surface
recombination. QE for green response is reduceddie overall reflection and low diffusion
length. QE for red response (low energy photons)reduced due to back surface
recombination, low absorption at long wavelengthd bw diffusion lengths, finally QE is
zero for incident photons bellow the bandgap.

The internal quantum efficiency under theoreti@tulation for a finite solar cell is given by

following equation [14].

IQE = o212 1 %’ (cosh ({) — e_“t) + sinh G) + aLe™™ (21)
ol? -1 al. %‘sinh (%) + cosh (%)

Where, a is absorption coefficient, L is minority carrieiffdsion length, S is the surface
recombination velocity, D is diffusion constantgans active layer thickness.

For the crystalline silicon under high enough egergen absorption coefficient is high,

Forot>>1
e—ottzo
Ift>>L

ht 1/t _t 1t
— | = - L L) =—elL
cos (L) Z(e +e ) 2e
t 1/t _t 1t
sinh(i) =§(eL—e L) =§eL

After some simplification

1OF = a?l? [ 1

E=r_1 al,

IQE equation reduces to
IQE = oL 3.22
QE = 1+ aL (3.22)

And diffusion length can be derived from the sldpQE" vs. Alphal.
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1—1+11 3.23
IQE o L (323)

3-5Sub-gap quantum efficiency

Defects distribution is an essential parametemiyae and evaluate the recombination
phenomena in the photovoltaic devices. Sub-gap tquaefficiency (QE) is an interesting
technique to measure the mid-gap density of statddails density of states distribution in a
semiconductor (See Figure 3-14 and Figure 3-15-déip density of states and tails density
of states distribution inside the material bandigéipws Gaussian and exponential distribution

respectively.

8 e
- Mobility gap ————a!
Z I il !
-
g | Valence band Conduction band |
(»,3 ) ] tail states tail states I Conduction
< | Valence Localized states I band
21 band | | Extended
£ Lxlgndcd \ | States
2 states \ |
o
(a] 1 |
Dyp-vvv-- !

1

|

|

|

|

> E
Ey El)./u E}_ ED lo Ec

Electron Energy

Figure 3-14 Mid-gap density of states (Gaussiad)taits density of states (Exponential) distribatio a

semiconductor [15].

Tail ‘ D/a

states

[l

Mid-gap
states

N(E)
Figure 3-15 Transitions through mid-gap statestaildiefect states measured by Sub-gap QE [16].

Absorption coefficient distribution due to tail t&#a exponential decay is given by:
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M] (3.24)

a = agap X exp [ EUrbach

Where,agap is the absorption coefficient in the band-edgeisEUrbach energy that explains
the distribution of tail states inside the forbiddgap of semiconductor material. Higher
Urbach energy indicates how defective the mateaalbe. Lower Urbach energy shows better
crystalline quality and less tail state in the mate

The absorption coefficient of an a-Si:H film vergiton energy is shown in Figure 3-16.
Region (a) is due to transients from valance bamdhduction band (band-to-band transients).
In region (b) by decreasing the photon energy hetlte bandgap (1.7eV, drops due to talil

states transient. Finally, region (c), deep defgatssitions are dominate at very low energy.

1.0E+05

Exponential band tails
N o ° * et
1.0E+04 + e I I A e
Deep defects | =
s ‘ @ o) [ 20T N
S 1.0E+03 + I N r ()
E e e e, e /
S 0 0 0
S 1.0E+02 ke
= AN
<
1.0E+01 | (C)\ /K )
1.0E+00 o : . ; ,
1.0 1.2 14 1.6 1.8 20
Energy (eV)

Figure 3-16 Absorption in a-Si:H, (a) band-to-barahsition, (b) tail-to-band transition, and (cegdealefects

transitions [17].

The Urbach energy and bandgap can be derived &Ef)igmeasurement on Solar cell device
(Sub-gap). First of all, we need to measure EQ&aakelength close and bellow the bandgap
precisely with 5nm step. Then, we should plot LQE vs. photon energy. Sub-gap quantum
efficiency of a perovskite cell is shown in Figi€7.

We know that QE drops below the bandgap. So erargshich QE decreases exponentially

gives the bandgap. Urbach energy also is equiktslop of Ln (EQE) vs. energy in the Band-
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Tail state region (Figure 3-17). Urbach energyrmabgohous silicon is around 50meV which

is much higher than Urbach energy for perovskig i1 about 16meV [16].

100 3 T T T T .‘.m
107} o
-2 -

105'

Ta]'l

B

_Band
...;

107k

10*F

10*;‘,¢"'
Mid-gap

-6 " " i / i 1
10 1.2 1.4 1.6 1.8 2.0

Energy (ev)

»-

\

Normalized QE

Egap

Figure 3-17 Sub-gap QE of perovskite solar cel].[16

3-6Capacitance vs. voltage (C-V) spectroscopy

Capacitance as a function of voltage (C-V) is ssaddechnique to measure dopant
density and depletion width in a PN junction suslsalar cell and light emitting diode (LED).
Capacitors store electric charges in form of eledtled on two conducting parallel plates
which is separated by a dielectric or insulatingefa PN junction in reverse biased also store

charges inside the depletion region (See Figur8)3-1

Wide depletion region

Holes «——— @ —— Free electrons

Ptype ——— Niype
. [000|0sd o |
charged ErTICEL)

® 0 T
@ Electrons Qo 9 11 JE-TL-H 9 P
909 ge0leva; @ e

Negative ion Positive ion

— |+
I | Battery

Figure 3-18 Parallel plate and diode junction cépace [18].
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A PN junction without bias, under reversed-biased eorresponding energy band diagrams

are shown in Figure 3-19.

Vv

r

|
I

|
|

N P
. E.
qdy,;
4 E
E, V=0

+ V
I{}

Deplation Layer .
wd

B

N

+Xp

Reverse biased

Figure 3-19 PN junction energy band diagram withwas (Left), PN junction energy band diagram with
reverse bias (Right) [19].

Under reverse bias, depletion region width and mi@k barrier increase (fromdg,i to

g(@ni+Vy). In the same way, holes have to go from N side gde and electrons have to go

from P side to N side. Since there are few holesedectrons (minority carriers) in N side and

P side respectively, then current is very smalk itAshown in Figure 3-20, the PN junction

can be considered as a parallel-plate capacitoe $ihand P layers act as two conductors and

depletion layer acts as an insulator.

T T
I |
I |
N layer | Depletion Layer | P layer
E |
I I
N | N N, l P
i i
I [ | I
[ Conductor ! Insulator e Conductor !
I [ Weep | I

Figure 3-20 PN junction as a parallel-plate capagit9].
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Depletion width (Wep and depletion capacitor {&) for a PN junction are given by:

/Ze(v — Vi)
Waep = Tl (3.25)
€A geNg
C =—=A|———— 3.26
o0 = = A 20—V (3:26)

Here,e is dielectric constant, V is applied voltage asrtge junction, ¥ is built-in voltage,
Nq is dopant density of lightly doped layer, and Adevice area. If we plot 1fGrs. applied
voltage, the dopant density can be find from the sBuilt-in voltage is the intercept of straight
line with horizontal axes.

A
1/C,, [F72]

Slop = Z/qN}E/fﬂ.

e

L
”
-

Intercept: _ -~
Vbi -7
= > Vr
-Vbi Increasing reverse bias —
Voltage (V)

Figure 3-21 the standard capacitance vs. voltageobpla PN junction [19].

3-7Capacitance-Frequency vs Temperature (CFT)
The distribution of electronic defects inside a m@mductor bandgap can be investigated using
CFT technique. In this technique, the device cdpace is measured under a zero bias by

varying the frequency of the AC signal for differelemperature. This is a well-known
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technigue to study the density of states which @ayimportant role in recombination

phenomena of photo-generated minority carriers.

The emission rate of an electron form a trap statte energy level kEbellow the conduction
band can be expressed by [16, 20]:

E
ey = NV, opexXp (—ﬁ) where Ep, = E; — Ep

Where, gis emission rate, Ns the effective density of states, i thermal velocitygnis the
capture cross section of trap. k is the Boltzmamstant, and T is temperature in Kelvig, E

Ec, Er are activation, conduction band, and trap energiggectively.

The schematic diagram of traps with different epéegels is shown in Figure 3-22.

Ec ()' / /
I <
— de ) Ep c-dc
01 dwl ) Em C
Fast Medium Slow
Emission Emission Emission
Ev

Figure 3-22 Schematic diagram of shallow, mediumd, deep traps inside a semiconductor material [2].

The shallow traps have fast emission rate, so¢hayesponse to both low and high frequency.
The deeper traps have slower emission rate, sodhey response to high frequency, they
response only to lower frequency. Under lower fexgry both shallow and deeper traps
contribute to capacitance spectroscopy, but undghneh frequency only shallow traps
contribute to capacitance measurement. So by isicrgathe frequency the value of

capacitance decreases.
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The temperature-dependence of the effective denksyates and thermal velocity are given

by:

3 1
Ne x T2 and vy, « T2
So, attempt to scape frequency (ATSF) can be exgaldby
ATSF = vy = Novi, 0, = & X T2
By re-writing the emission rate of an electron farrap state

E
e, = &£ X T2exp (— ﬁ)

en ( EA)
Tz =SSP\ Ti7

Attempt to scape frequency and activation energylbEaderived from the intercept and slop

of the Arrhenius plot of Lngtay vs (1/KT) respectively.

e f k 1
In (T—‘;) = 1r1< = ) =In(®) — =Ea

The feakcan be derived by plotting —f dC/df vs frequency, e peaks are correspond to

ATSF at different temperatures. Finally, the dgnsitstate (DOS) can be find by derivation
of capacitance vs frequency [21, 22].

DOS = Np(E,,) = Vo dC ©
TVl T Wy dw KT

Where, V4 is the built-in voltage, C is capacitanaeis angular frequencywE2nf), Wy is the
depletion width. DOS has to be plotted vsés a “probing depth” that can be calculated from

the demarcation energy.
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W
E, = KTIn (—) where Wy = 21V,
Wo

Wherewo is angular ATSF andy is ATSF.

The typical capacitance vs frequency at room teatpsg and DOS vs energy for a perovskite

cell are shown Figure 3-23.
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Figure 3-23 Capacitance vs frequency and DOS wggirier a perovskite solar cell [15].

3-8Photoconductivity

Photoconductivity is an optical and electrical ptraenon in which a material becomes
more electrically conductive due to the absorptdrincident photons or electromagnetic
radiation. The mobility-lifetime product ¢ as one of the important transport parameters in
photo-conductor or solar cell applications can beasared using photoconductivity. This
product is related to the transport property ofiregerial and indicates how well a material
will be suitable as a solar cell. Large carrier mghindicates how fast the optically generated
carriers travel towards the terminals and largetiliie shows low recombination probability

of the carriers. So, larger of the product, represents that larger percentage dof ¢igherated
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carriers will be collected before recombination., &rger & product is required for an
effective photovoltaic device. Device structure fitnotoconductivity experiment is shown in
Figure 3-24. Current vs. voltage characteristimeasured through two aluminum, silver, or

gold bars under dark and light illumination (AM1iB¥ide a dark box.

Top View Side View

Aluminum Bars
/ \
/ \
"

Glass Substrate

Figure 3-24 Device structure to measure mobilitgtime product using photoconductivity.

Conductivity and resistivity of thin film is calcatled by

L.t
p= R X W (327)
! (3.28)
0o =- .
p

Where,p, R, L, t, W, ands are resistivity, resistant, length of metal bdilsy’s thickness,
distance between two parallel bars and conductrepectively.

A reference silicon solar cell can be used to measumber of incident photons ()N

No = Jsc/(q.QE) (3.29)
Where, &, g, and QE are current density, electron chamydgaantum efficiency of reference

silicon cell respectively.
Number of absorbed photos4y and generation rate (G) are given by
Naps = No (1 = R)(1 — exp(—at)) (3.30)
G = Ngpe/t (3.31)

Where, Rg, and t are reflection, absorption coefficient, #mdkness respectively.
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Finally, photoconductivity and mobility-lifetime pduct can be expressed by
Ao = OLight — Opark (3.32)
ut = Ao/qG (3.33)
Where,cLight, opark, andAc are light conductivity, dark conductivity, and pboonductivity
respectively.

3-9Space charge limited current (SCLC)

Space Charge Limited Current (SCLC) [23] is anrediéng method to measure mobility
and carrier concentration in semiconductor material this technique, there are two Ohmic
contacts on the both sides of thin film to measwreent vs. voltage characteristic (see Figure

3-25).

Thin n" layer Thin p* layer

Thin n" layer Thin p’ layer
| FTO | ITO

Figure 3-25 Device structure to measure mobilita @emiconductor thin film using SCLC.

Charge carriers are injected into the sample thHralng Ohmic contacts. At low voltage region,
under low electric field the current vs voltageldals an Ohmic law. In Ohmic region, the
current is mainly driven by the mobile charge @agiwhich are presented intrinsically in the

material.

\'%
J = Noeu (3.34)
On the other hand, at high voltage region undeh leigctric field, the current is no longer

Ohmic but follows quadratic relation J 2.V
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_9. 1
J=g€r3
Where, J is current density, i thermal carrier concentratiod,is permittivity of material, p

V2 (3.35)

is mobility, L is film thickness, and V is appliedltage.

In SCLC region, the current is not related to cbeargrrier density, but it only depends on the
mobility of carrier. So, the mobility can be calatdd from the slop of J vs2V

Current - voltage characteristic of a 50nm CuP&@umm spacing Au electrode for both Ohmic

and SCLC regions is presented in Figure 3-26.

50 nm CuPc on 10
micron spacing Au 1
electrode

1000 |

100

10

Current (pA)

0.1.

Voltage (V)
Figure 3-26 Macroscopic view of charge transpartdbmic and SCLC conduction [24].

Carrier concentration also can be measured in S@tlkhique using

n =€ évSCLC = (3.36)
Where, n is carrier concentration, q is electroswrgh, \scLcis voltage at space charge limited
region.
3-10 Scanning electron microscope (SEM)

Scanning electron microscope is an electron miopsdthat utilizes high energy focused
electron beam (~0.1nm) to generate high magnifiedges and variety of signals. These
signals provide several useful information regagdisurface morphology, material

composition, crystalline structure and orientati®EM uses electrons to create very high
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magnification (100Kx) images compare to optical noscope that uses photons to create
limited magnification (1.5Kx) images. Because thaevelength of electrons (0.01nm) is much
lower than the wavelength of photons (400-700nnth wiuch higher depth of filed (DOF) for
electrons compare to photons. The schematic diagfamstandard SEM including the electron
optical column and the image formation procesfissv in Figure 3-27. The electron optical
column includes electron gun, condenser apertuldears, scanning coils, objective lens and
aperture, detectors to collect secondary electitmskscattered electrons, and X-ray photons,

scanning circuit, and cathode ray tube (CRT) displa

~—— L N
TR
APERTURE ™ )

CONDENSER
LENS P SCANNING
CIRCUITS

SCANNING
oS Na

DEFLECTION

OBJECTIVE

LENS

OBJECTIVE
APERTURE

X-RAY ——
BACKSCATTERED PHOTONS
ELECTRONS SEM CRT

ECONDARY DETECTOR
2~ FLECTRONS

s

ABSORBED,
ELECTRONS

To
TURBOMOLECULAR
PUMP

Figure 3-27 Schematic diagram of a Scan Electracrddicope [25, 26].

The electron gun produces intense and high endegirens beam. Three basic electron gun
types are tungsten thermionic filament, LaB6 themd filament, and tungsten filed emission
filament. Electromagnetic lenses de-magnify thectebde beam to make beam sharp.

Condenser lens controls the number of electromgsponds to the size of objective aperture,
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and the objective lens centralizes electrons onsgiecimen corresponds to the working
distance. The diameter of aperture controls thebauraf electrons passing through. Scan coil
scans (raster) the beam across the sample. Firddhgctors (Like secondary electrons,
backscattered electrons, x-rays) collect the sggtmkreate SEM images on CRT display or
determine related information regarding the samgdker appropriate amplification and

processing. In this project, we measured SEM imagesudy the grain growth on the top

surface and cross-section of CdSe thin film.

3-11 Energy dispersive x-ray spectroscopy (EDS)

EDS is a qualitative and quantitative X-ray teclueido analyze the chemical composition and
characterization of materials. A graphical viewE®S principal is shown in Figure 3-28. To
produce X-ray characteristic signal, a primary hegiergy electron (& e) hits the inner line
(K-line) atom of a specimen to ionize it and geteem electron-hole pair. Secondary electron
kicks out and a higher line (L-line) electron drapt vacant K-line to fill the hole. The
characteristic X-ray signal is emitted due to epeahfference between L-line and K-line. The
X-ray lines are called based on inner and higheesliwhich the initial vacancy occurs

and electron drops into that vacancy respectively.

Y Ejected electron
(E= AE - Eg)

................ Vacuum

Valence band

o _fu

(Ex= Eg- Ep3)

Energy loss electron
(E = Eg - AE)

Figure 3-28 Energy dispersive X-ray spectroscoEprincipal [27, 28].
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A schematic diagram of X-ray detector is showniguFe 3-29. Collimator assembly acts as
limiting aperture which allows X-ray pass into tthetector. Electron trap includes a pair of
permanent magnet to prevent passing through anyr@hs would cause background artifacts.
Window is a transparent barrier to maintain vacwumile passing X-ray signal into detector.
Incident X-ray signal inside detector’'s semiconductystal creates electron-hole pairs based
on ionization effect. Generated electron-hole parescollected under high applied voltage to
produce a charge signal. Filed effect transist&T()Famplifies the charges that are created
previously by the crystal. These charges buildngrastore on a feedback capacitor. Detector
signal to noise ratio has to be improved by redytie electronic noise. Electronic noise can

be reduced by cooling down the crystal and FETgubquid nitrogen.

— Cryostat

FET  Crystal Window Electron trap

Collimator assembly

-
o= = o

Figure 3-29 X-ray detector [27].

When acceleration voltage goes up, electron ggtehienergy to penetrate more in depth. So
interaction volume increases. Resolution as thktyabo resolve between two closely space

points increases when acceleration voltage goes up.
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AccVol = 10keV AccVol = 20keV AccVol = 30keV

“oEmm

Figure 3-30 Monte Carlo calculations of the intéiatvolume in iron for various acceleration vokg@9]

In this work, CdSe thin film composition (Atomic &6 Se/Cd) was studied using energy

dispersive X-ray spectroscopy technique.
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CHAPTER 4.CADMIUM SELENIDE THIN FILMS GROWTH, IMPROVEMENT
AND CHARACTERIZATION FOR SOLAR CELL APPLICATION

4-1Introduction

As it mentioned before, photovoltaic technologyarsimportant technology to convert
sunlight to useable electrical power with signifit@otential for reducing global warming.
Silicon in both forms of crystalline and amorphagsthe most well-known material in

photovoltaic industry. The best research cell &fficy chart is shown in Figure 4-1.
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Figure 4-1 PV research cell record efficiency chidREL, 2018 [1].

The costs of the PV solar energy system currentiylaminated by several factors like system,
structural, field wiring, chemical encapsulationten&ls, and glass costs. Although the cost of
silicon cells has reduced remarkably during the pasade, we still need to discover new

materials and invent novel device designs to mala £nergy more economical. In order to
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make PV technology cost-competitive with other ational sources of energy and
significantly reduce the total costs of PV techigglothe conversion efficiency needs to be
increased, due to proportional relationship betwbersystem cost reductions with an increase
in efficiency. One of the interesting way to acl@evigh efficiency cell is to use a tandem
junction solar cell, comprising two materials, avigh higher bandgap material as top cell and
another with lower bandgap material as bottom cell.

The contour plot for two junction series connedtetiem solar cell design is shown in Figure
4-2. The top cell (higher bandgap) absorbs highhggnphotons and the bottom cell absorbs
low energy photons. Theoretically the maximum efficy for a two junction tandem (series
connected) could be around 47% under a top céill mahdgap of 1.63eV and bottom cell with

bandgap of 0.96eV [2].

Efficiency %

Incoming Full Spectrum

High energy phonon
absorbs here

Top Cell BandgaP (eV)

Low energy phonon
absorbs here

5 08 07 08 08 1 11 12
Bottom Cell Bandgap (eV)
Si

Figure 4-2 The maximum efficiency for a two junctitandem under the AM1.5G spectrum [2].

Theoretical calculations indicate that it is pokstio attain a thermodynamic efficiency more
than 40% for a tandem cell of cadmium selenide Wwa&hdgap of 1.72eV [3-5] as top cell and

crystalline silicon with bandgap of 1.125eV as buwttcell [6].
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Two types of tandem cell configuration as uncomsée stack and constrained are shown in
Figure 4-3. Unconstrained stack is designed toaipeait its maximum power point under
separate circuit connection for each cell. But,st@ined stack is designed to have only two
electrodes for the whole stack under series cignnnection. Mismatch in the output current

for each cell is one of the main concern in comséié stack design.

Decreasing |
Band Gap - l_l‘-—lb—g N 5 N
I - . f—o N-1 :I : N-1
¢ o — . ]
- | ’ + |3 ._|
o—1 ] 2 — ] 2
| . |
- | —o 1 =y -
o—{ ] | —o

Figure 4-3 Tandem solar cell stack, Unconstraihedt), Constrained (Right) [7].

Figure 4-4 shows the power conversion efficiencyhef stack can be significantly increased
by increasing the number of bandgaps. But in rediere aren’'t semiconductor materials

available with any arbitrary bandgap.
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Figure 4-4 Efficiency of a an ideal stack of salalls as a function of the number of bandgaps]i2, 7
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4-2Cadmium selenide (CdSe)

CdSe is an inorganic binary-compound highly phategve semiconductor.
Stoichiometry is easier to achieve in CdSe comfmaternary or quaternary compound. CdSe
is a n-type direct band gap material that is cleegkias a 1lI-VI semiconductor with high
absorption coefficient in the visible region of@ospectrum [8, 9]. CdSe is not water soluble
and does not thermally decompose, unlike Pb-hakdevskites [10]. CdSe is mainly available

for research purposes in from of chunk or powdeguife 4-5).

Figure 4-5 CdSe chunk (left), power (middle), andtzite crystalline strucutre (right) [11].

Three different crystalline structures are exis@dSe such as wurtzite (hexagonal), sphalerite
(cubic), and rock-salt (cubic). The wurtzite is thest stable structure for CdSe compare to
two others. The sphalerite structure for CdSe istable and convert to the wurtzite structure
under moderate temperature. Finally, the rock-GdiBe structure is just found under high
pressure condition [11, 12].

Two main different methods for production of butlgstalline cadmium selenide have been
reported like the High-Pressure Vertical BridgmarHogh-Pressure Vertical Zone Melting
[11, 13]. D .Bonnet et al, also were reported tloein method of high purity CdSe (6N)
production in laboratory [4]. Cadmium and Selenial®ments in stoichiometric proportion

were mixed and sealed in a quartz ampoule undenvacHigh purity CdSe performs under
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high temperature reaction inside a furnace (T>20000ne side of the ampoule was placed
at lower temperature around P@in order to avoid extreme pressure [4].
4-3Deposition techniques of CdSe

Cadmium selenide thin films can be deposited usiageveral technigues such as thermal
evaporation (TE) [4], close space sublimation (CR8) 15], sputtering [16] and electron e-
beam deposition, and. These techniques are widsdy tor mass-production of cadmium
telluride (CdTe) and copper indium gallium diseten{CIGS) solar cells in industry.

4-3-1 Close space vapor transport (CSVT)

One of the common physical vapor deposition (PVI@jhuad for deposition of CdSe thin
films is close space vapor transport (CSVT) [13tlose space sublimation (CSS) [14, 15]. In
CSS, the source is located in very short distarm® Substrate (1-2mm or less) and source
materials evaporate under 8@0to 800C heat and condense on substrate in both vacuum and
atmospheric pressure. Deposition rate under CS8rishigh, so 1-10um cadmium telluride
thin film can be deposited within 10 minutes [IIhe schematic diagram for CSVT design is
shown in Figure 4-6. The reactor consists of twmlyic graphite heaters were placed in a

guartz tube.

- .: -2 > -
Quartz tube Source and substrate wafers
Wires for heaters 2 4
ﬂ -

D T [] ) Quart spacer ring
i ———— [~ Graphite blocks
f

Thermocouples for /7; _\ /
source & substrate -

Copper terminals Ceramic bolts

Figure 4-6 Schematic diagram of CSVT system [14].
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The close view schematic diagram for CSS desiggh@svn in Figure 4-7. The source and
substrate are separated by 1mm distance insidged &ilica tube. Two lamp heaters provide
appropriate temperatures under infrared radiatidrgre two mounted thermocouples monitor
the temperatures. CSS process mostly performseasire between 1 to 30Torr, substrate

temperature between 500 to 8G0and source temperature in the range of 700 t8GQ0/].

| Lamp Heater |
Iz

— [

! Lamp Heater

Substrate

(

Figure 4-7 Schematic diagram of a CSS system [17].

4-3-2 Thermal evaporation (TE)

Thermal evaporation (TE) is a common PVD technigliereating CdSe thin films [4].
Cadmium selenide research project at lowa Statedusity (ISU), Microelectronic Research
Center (MRC) has been done mainly using thermgl@edion. So, | am going to take a short
look at the implementation of this system.

The schematic diagram for a standard TE systenhasvis in Figure 4-8. With TE,
materials will evaporate form a source under endwagt (300-80%C) in high vacuum~10%
Torr) and finally the evaporated materials condesrsa substrate in order to create thin film.
The source can be heated either by an Ohmic resestaoat or LUXEL furnace depends of
the materials (see Figure 4-9). All boats and tresi are made from refractory metals like
tungsten, molybdenum, tantalum, and alumina siheg tlon’t contaminate thin films due to

their high melting points. The deposition paramgesarch as rate and thickness are controlled
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using several factors like applied current throtigd boat and crystal thickness monitor. A
crystal thickness monitor measures deposition sae thickness using a quartz crystal
microbalance (QCM). The amount of material thatléposited on the crystal, changes the
resonant frequency of crystal. So, the thickness ma calculated by converting resonant

frequency to electrical signal and density of mater

Substrate

Deposition .
material in
vapor phase

To high vacuum
h pump
AL A ( Source -
N

Power feedthroughs

Figure 4-8 Schematic diagram of a thermal evapamatystem [18].

Figure 4-9 LUXEL furnaces (left) and an ohmic remice boat (right) [19].

As itis shown in Figure 4-10, under thermal evagion, evaporated source travels in a straight
direction. In this circumstance, the depositiore ridr any particular distance from a point

source is given by following equation
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E
p== (4.1)

Where,p is the deposition rate at distance r from the G®UE is the evaporation rate at the

source, and r is the distance from source to déposurface (substrate).

Substrate

Source

Figure 4-10 geometry of an evaporation (right) [18]

Gk Since the deposition rate across a substratendspon distance (r) from the source,
uniformity as a critical parameter can be achielgdonsidering distance (r) large enough
compare to size of substrate (d).

For example, the deposition uniformity for TE aUMMRC for r1= 30cm, d= 2.5cm is about

99.98%.

Pz _ (r_z)z (30cm)?

= = = 0.9998 4.2
P1 7 (30cm)? + (0.5 x 2.5¢m)? (42)

4-3-3 E6 Thermal Evaporation system at lowa State Univeiiy (ISU), Microelectronic
Research Center (MRC)

A new thermal evaporation system (E6-TE) was madé¢his project to make uniform, high
quality, and reproducible CdSe films. E6-TE corssidta stainless steel evaporation chamber,
rotary and turbo vacuum pumps, substrate heates, ltwxel RADAK furnaces with
thermocouples, crystal thickness monitor, and twopdwer supplies. System pumps down to

107 Torr and substrate heater can be heated up tiratgbsp to 500C. Deposition rate and

www.manaraa.com



70

film thickness can be controlled by adjusting caotréhrough the furnaces and thickness
monitor. System is equipped with two shutters fothbsource and substrate to start and stop

deposition process.

Figure 4-11 Photograph of the E6 Thermal Evaponadistem at ISU-MRC taken at March of 2019.
4-4Experiments to improve CdSe
In this section, we will explain how to improve CGdfhin films quality using several
techniques such as Cadmium Chloride (Gp€@éatment, Post-deposition selenization, and
CdSe deposition with selenium (Se) flux.

4-4-1 Cadmium Chloride (CdCI2) treatment

Cadmium chloride (Cd@) treatment is a vital process to obtain recryiation, grain
growth and passivation of grain boundaries. Thehaeism may involve the growth of grains
at the present of chlorine or halogens which affuiaing agent. Thereby the atomic diffusion

barriers decompose at grain boundaries and protmeteystalline quality [20]. The treatment
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process reduces the density of mid-gap stateseinlselbandgap, also decreases the density of
defects in the junction region which helps to pass the grain boundaries and prevents from
recombination [21].

The CdCt treatment can perform using solution (drop, digpiand spin coating) or
evaporation methods, followed by a thermal anngadih high temperature under nitrogen
atmosphere inside a quartz tube. Annealing in @rgeaulted in the film oxidizing into CdO.

In this project, we developed CdQirocess by spin coating of CdGllution onto the CdSe
films surface, then thermal annealing under nitrogemosphere for various temperature and
time. Finally, samples were rinsed in deionizeden& remove extra Cdgtesidual from the

surface. The schematic diagram of the Gd@lat treatment quartz tube furnace is shown in

Figure 4-12.
CdCl, Heat Treatment Furnace
Quartz Tube Nz Gas Inlet
— Uniform Hotzone | |/ o —
Dé_(:' Glass Boat [ m——sample -] No.Flow: |:>§<]
N\
Thermocouple
Vacuum Flange Vacuum Flange

Figure 4-12 Schematic diagram of Cd@éat treatment quartz tube furnace.
4-4-2 Post-deposition selenization
As we explained before, CdSe is a binary-compo@nticonductor. But there is a chance
to get non-stoichiometric CdSe film, especiallyigth substrate temperature deposition due to
difference vapor pressure of Selenium compare thmdan. Also selenium mostly evaporates
during CdCt treatment especially at high temperature annealg, post-deposition
selenization plays an important role to increadensem to cadmium ratio and makes it

stoichiometric.
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The schematic diagram of the two-zone selenizaji@rt tube furnace is shown in Figure
4-13. This system includes two uniform zones. Setarpellets evaporate from uniform hot
zone #1 at 320-33Q and evaporated selenium travels under nitrogerflgar and finally is

deposited on sample surface which is located &umihot zone #2.

Selenization Furnace
Quartz Tube N2 Gas Inlet
—— Uniform Hot Zone #2 Uniform Hot Zone #1 e
Pie=] | OClassBoa ) Sample @m ScPelet . NBFiow |
N\ N\
Thermocouple #2 Thermocouple #1
Vacuum Flange Vacuum Flange

Figure 4-13 Schematic diagram of two-zone seleimirdtirnace, Zone #1: Se evaporation at ©G3&nd Zone
#2: Sample at 33C [22].

4-4-3 CdSe deposition with selenium (Se) flux

Another technique to increase the ratio of selerimicadmium is CdSe deposition under
Selenium flux. This process is very similar to a@jgoration technique which different
elements can be evaporated simultaneously to creat@conductor compound. As we
explained before, E6-TE is equipped with two LURAIDAK furnaces with thermocouples so
we are able to exactly adjust and control deposttades for both CdSe and Se separately. A

photo of E6-TE including two furnaces is shown igufe 4-14

Vot ) 34
[Furnace #2f™ [Furnace #1585

Figure 4-14 E6-TE with two LUXEL furnaces to evapier CdSe with Se flux.
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4-5CdSe thin films preparation and characterization

In this section, we present the optical, electriaatl morphological properties of CdSe thin
films were prepared using thermal evaporation neethovarious substrates, including glass,
fluorinated tin oxide (FTO), indium thin oxide (IT@®3, 24].

4-5-1 Optical properties

The optical properties of CdSe thin films were nueaed using Cary 5000 UV-Vis-NIR
spectrophotometer for 400-2500nm range of wavdterigim CdSe film was deposited on
micro glass at 3%3C substrate temperature. Transmission, reflectiod,absorption spectrums
show the CdSe is about 80% transparent from 720r26@0nm while significant absorbance
from 400nm to 720nm (Figure 4-15) . The absorptioefficient ¢) vs. energy (E) graph
shows CdSe has high= 9x10¢ cn1! for higher energy photons range. Also, the diogtical
energy bandgap can be derived by

(aE)? = A(E — Egap) (4.3)
Wherea, E, A, Ejaprepresent absorption coefficient, photon energyp@rtionality constant,
and energy bandgap respectively.E)’ vs. E plot shows a linear dependence which can
normally confirmed that CdSe is a direct bandgapisenductor. Also, we calculated a direct
optical bandgap of ~1.72eV by extrapolating thaigtit line on the energy axis. The optical

data of lum CdSe film that was deposited aP@58 shown by Figure 4-15.
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Figure 4-15 Optical data of lum CdSe film at 850A) Transmission, Reflection, and Absorption, B)
Absorption coefficient, C) Energy bandgap (1.72f25).

The optical data of 1um CdSe film that was depdsite300C is shown by Figure 4-16.
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Optical Energy Bandgap of CdSe (1.68eV)
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Figure 4-16 (continued) Optical data of lum Cd8wr &it 300C, A) Transmission, Reflection, and Absorption,
B) Absorption coefficient, C) Energy bandgap (188e

4-5-2 Grain enhancement on CdSe thin films

Grain enhancement experiment was performed on @tfe for different substrates,
annealing temperature, annealing time, and filckimésses. In following parts, we will report
the results in depth. A 2%wt of CdGlolution in water was used for Cd@keat treatment. All
CdCh experiment was performed using spin-coating tegkai
4-5-2-1 CdSe with Se flux (CdSe:Se)

We studied the effect of CdCtreatment of CdSe film with Se flux which was
deposited on micro glass substrate. Two identaraldes were prepared, then Cgittéatment
was performed on one of them under following cands.

Device structure: Glass/CdSe:Se/CdCl

CdSe with Se flux: 40C (annealing temperaturg)LUM (Film's thickness) 2:108/Sec(Deposition rate for CdSe
and Se).

CdCh: 2%Wt (Solution concentratior,l)30min(AnneaIing time) N2 (Nitrogen ambient)
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Table 4-1 CdGltreatment on CdSe with Selenium flux.

Sample S1 S2
Annealing Temp No 40C
Grain size ~0.3um ~7-8um

The SEM image of CdSe:Se film is shown in Figurks4-

MARL Qua 10.00kV|5000x | 3.5 |10.7 mm|ETD| SE |881e-4 Pa

Figure 4-17 SEM for S1: as-deposited (0.3um) anca@r CdC} annealing (7-8um).

The grain size of as-deposited CdSe is around Q.8unereased significantly after annealing
up to 8um. The largest grain enhancement (~27>etargas achieved on glass for CdSe with
Se flux. Grain enhancement is strongly depend bétsate. CdSe films deposited on NiO
PTAA, and ZnTe flaked off under CdGfeatment.
4-5-2-2 Effect of annealing temperature

In this section, | have done a systematic studgram enhancement of CdSe thin films
under different annealing temperature on FTO/CdfStsate. Where FTO and CdS are fluorine
doped thin oxide and cadmium sulfide respectiv@lig. have used CdS as electron transport
layer (ETL) because its conduction band matche$ wigh conduction band of CdSe. We

fabricated four identical samples, then Cd@katment was performed under following

conditions.
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Device structure: FTO/CdS/CdSe/CdClI2
CdsS: 200C, 1pum
CdSe: 40€C, 0.5um

CdClI2: 2%Wt, 2h, N

Table 4-2 CdCltreatment on CdSe thin films under different atingaemperature.

Sample number S3 S4 S5 S6
Annealing Temp No 40C 450C 500C
Grain size ~0.3um ~1.2 ym ~1.4 pm ~1.7 pm

The SEM image of CdSe film is shown in Figure 4-18.

~ ; . :
Mag = 50.00 K X Mag = 50.00 K X WD = 9.4 mm
InLens 11 — InLens EHT = 10.00 kV

e

H 100 nm Mag = 50.00 K X WD = 8.3 mm
Ralth ] InLens EHT = 10.00 kV

EHT = 10.00 kV
= =

Figure 4-18 Effect of annealing temperature on CiilBegrain sizes.
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The grain size of as-deposited CdSe is around Q.3pmins increase significantly after
annealing. The grain size for 0.5um CdSe on FTO/GdfStrate under 2h CdCit 500C is
about 1.7um.

4-5-2-3 Cross section SEM image of CdSe film

One of the purpose of CdClireatment is improving the grain size not onlytba top
surface, but also all over the place in the deftfilm. The SEM cross section images for
sample S6 is shown in Figure 4-19. This image cordfithat CdGl penetrates perfectly into

the depth of 0.5um.

w
=1
=l
w
3
3

HV mag B |spot| WD |det |mode| pressure | —— 500 nm
10.00 kV[50 000 x| 3.0 [10.6 mm |ETD| SE |2.27e-3 Pa MARL Quanta

Figure 4-19 SEM cross section for 0.5um CdSe &ftiCh treatment [25].
4-5-2-4 Effect of CdSe film’s thickness on grain drancement
This study reveals the effect of CdSe film’s thieka and CdGltreatment on CdSe grain
sizes and surface morphology. We prepared CdSelesmujth four different thicknesses (two
from each), then Cdeltreatment was performed on one sample from eatgg@aes. The
experiment design is shown here.
Device structure: FTO/CdS/CdSe/CdCl

CdS: 200C, 100nm
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CdSe: 40eC, 0.5um, 1pym, 2um, 3um

CdCh: 2%Wt, 500C, 30min, N

Table 4-3 CdCltreatment on CdSe films with different thicknesses

As-deposited After grain enhancement
Sample number | S7 S8 S9 S10 S11 S12 S13 S14
Thickness [um] 0.5 1 2 3 0.5 1 2 3
Grain sizes [um] 0.3 0.5 0.7 0.9 1 1.3 1b 119

The SEM images for as-deposited CdSe films withr fdifferent thicknesses are shown in
Figure 4-20. As-deposited CdSe film with 0.5umkhiess has smaller grain size about 0.3um.
While film’s surface becomes rough for thicker fi{@um) while grain size also increases up

to 0.9um.

i i T dit L &
Mag = 50.00 K X WD = 9.4 mm m ag = 50.00 KX WD = 9.4 mm
InLens EHT = 10.00 kV InLens EHT = 10.00 kV

Mag = 50.00 K X WD = 9.4mm

100 nm Mag = 50.00 KX WD = 9.4 mm
InLens EHT = 10.00 kV —

InLens EHT = 10.00 kV

Figure 4-20 Effect of CdSe film’s thickness on Cdf8ain sizes and surface morphology [25].
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The SEM images of CdSe films after annealing withr fdifferent thicknesses are shown in

Figure 4-21.

Mag = 50.00 K X WD = 3.4 mm [E = & Mag = 50.00 K X WD = 3.4mm
InLens EHT = 10.00 KV - — InLens EHT = 10.00 kv

aith - Mag= 50.00KX  WD= 9.3mm

LE Mag = 50.00 K X WD = 9.4 mm
Al [ InLens EHT = 10.00 kV

InLens EHT =10.00 kV I

Figure 4-21 Effect of CdSe film's thickness and Cd&atment on CdSe grain sizes and surface morgyolo
[25].

Grain size for 0.5um CdSe film after annealing .8un. While grain size for 3um
CdSe film after annealing is in the range of 1.988BM images clearly show that films surface
become flat and smooth after grain enhancement.

4-5-2-5 Electrical properties of CdSe thin films bfore and after grain enhancement

The electron mobility and carrier concentratiorCafSe films were measured using SCLC

[26] as described in Chapter 3. We used CdS andB@s/two electron transport layer to

Ol LAC U Zyl_ﬂbl
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make good ohmic contacts on both sides. The expatidesign and device structure for SCLC
are provided (Figure 4-22).

Device structure: FTO/CdS/CdSe/CaRICBM/AI

CdS: 200C, 100nm

CdSe: 40@C, 0.5um, 1pm, 2um, 3pum

CdCh: 2%Wst, 500C, 30min, N

PCMB: 20mg/ml, 2000rpm, 60Sec, 150C, 15min

Al: 100nm

—

PCB M(n-Type)

CdS (n-Type)
| FTO

Figure 4-22 Device structure for SCLC experimenCaie film.

The current density vs. voltage and voltage sqolaeacteristic for as-deposited and after
grain enhancement CdSe films with four differemtkhesses are shown in Figure 4-23. As

we described before, mobility can be calculatechftbe slop of J vs ¥/
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Figure 4-23. I-V curves from SCLC experiment to siga mobility and carrier concentration of as-dépds

and after grain enhancement CdSe films under fiffarent thicknesses [25].

The highest mobility was 3.5 &W.S for 3um film after grain enhancement sindesi$ larger

grain compare to others. And the lowest mobilit9.i82 cnd/V.S for 0.5um as-deposited film

due to smaller grain compare to other cases (T4dle

Table 4-4 Mobility and carrier concentration fordeposited and after grain enhancement of CdSe film

25

As-deposited After grain enhancement

Sample number S7 S8 S9 S10 | S11 | S12 | S13 | S14

Thickness [u m] 0.5 1 2 3 0.5 1 2 3
Grain sizes [um] 0.3 0.5 0.7 0.9 1 1.3 1.5 1.9
Mobility [cm?/V.S] 0.018 | 0.084| 0.366] 0624 0.098 0.535 1.446 3.5

Carrier 2.21 1.55 6.36 3.99 3.32 2.49 1.24 8.60

concentration [crf] x10% | x10% | x108 x10t3 x10% | x10% | x10% | x10%
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Figure 4-24 shows, mobility increases and carrgrcentration decreases by increasing the

film thickness. Also it reveals that mobility andrder concentration are higher for after grain

enhancement CdSe film compare to as-deposited.

2/V.S)

£

>

(c

Mobilit

3.5E+14

T T T

3.54 - &~ | As-deposited

—&— | After grain enhancement
3.0 = *= n: As-deposited

—*— n: After grain enhancement
2.5
2.0
1.5+
1.0
0.5
0.0+

)

?
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r2.5E+14
F2.0E+14
r1.5E+14

r1.0E+14
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r5.0E+13
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2000 2500

Thickness (nm)

3000

Figure 4-24 Mobility and carrier concentration sfdeposited and after grain enhancement of CdSdilttmis.

4-5-2-6 Effect of post-deposition selenization orrgin enhancement

This study reveals the effect of post-depositiderseation on CdSe grain sizes and surface

morphology. We prepared four CdSe samples with thickness. Then post selenization was

performed under different time (Table 4-5).

Device structure: Glass/CdSe/Selenization/Alumirnars

CdSe: 400C, 1um

Selenization: Tsub: 480, Tboat: 327C, N,

Selenization Time: No, 30 min, 60 min, 120min

Table 4-5 Post-deposition selenization on CdSesfiion different time.

As-deposited After post-deposition selenization
Sample number S15 S16 S17 S18
Selenization time 30min 60min 120min
Grain sizes 0.3um 3um 3.8 um 5.7 um
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SEM measurements were conductednvestigate the grains. SEM image of as-depdsit

sample shows small grain about 0.3um. The surfacestructure is found to be affected due
to higher surface thermal energy and the graingete larger by increasing selenization time.
For example sample has 19X larger grain after 18Galenization compare to as-deposited

sample (Figure 4-25).

] - . WD = 9.7 mm P Mag = 2 WD = 9.7 mm
P InLens EHT =10.00 KV " ait  — InLens EHT =10.00 KV

Figure 4-25 SEM images for as deposited and afist gelenization of CdSe thin films.

4-5-2-7 Electrical properties of CdSe thin films b#re and after post-deposition
selenization

The photoconductivity and mobility-lifetime produot as-deposited and post-selenized CdSe
samples were measured as explained in Chapter 8. alwminum bars were made on
glass/CdSe structure to measure current vs. volthgeacteristic under dark and light

illumination (AM1.5) inside a dark box. Current wagasured for a range of voltage between
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-50V to +50V. Table 4-6 summarizes electrical praps including light to dark conductivity

ratio (oLight / opark), photoconductivity ¢ = oLight - opark), and mobility-lifetime product (p).

Selenization improved the photo-conductivity froragx10* (Q.cm)! to 1.2x16 (Q.cm)? for

as-deposited and 120 minutes post-selenized samgspsctively (~36 times larger). Also it

increased the light-to-dark conductivity ratio froff to 1.2x18for as-deposited and 120

minutes post-selenized samples respectively (~D%Bktes larger). This study reveals that

ut increases from 1.37xP@&n?/V to 5.62x16 cn?/V as selenization time increases.

Table 4-6 Electrical properties of as-deposited Rost-selenized CdSe samples.

As-deposited After post-deposition selenization
Sample number S15 S16 S15 S16
Selenization time 30min 60min 120min
Grain sizes 0.3um 3um 3.8 um 5.7um
OLight/ODark 79 2.03x10 8.28x16 12.05x16
AG = GLight-GDark 2.94x10*Q.cnt! | 7.92x10* Q.cnt! | 1.00x1C Q.cnr? 1.21x16 Q.cn?
t 1.37x1F cnm?/V | 3.68x10° cn¥/V | 4.65x10° cné/V 5.62x10° cné/V

Dark and light resistivity, and mobility-lifelimerpduct (i) of CdSe films as a function of

selenization time are shown in Figure 4-26 and f@gli27 respectively.
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Dark resistivity ( Q.
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Figure 4-26 Dark and light resistivity of CdSe firander post-selenization experiment.
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Figure 4-27 Mobility-lifelime product (f) of CdSe films under post-selenization experinj2si.

4-5-2-8 Sub-gap QE on CdSe film

Polycrystalline materials have tail state near tiemduction and valence bands due to
crystalline disorder. Sub-gap QE is a useful tegpito measure these tail states which
provides essential electronic properties of theisemductors [27]. Figure 4-28 shows the
absorption coefficient of CdSe as a function oftphceenergy. Region (A) is due to transients
from valance band to conduction band (band-to-learkients). In region (B) by decreasing
the photon energy bellow the bandgap (1.72eMJrops due to tail states transient. Finally,
region (C), deep defects transitions are dominatery low energy [28]. They as a function

of energy using sub-gap QE can be derived by foligvequations.

No(A) = Voutger(A)/QEger(2) (4.3)
QESampleO\) = Voutger(A)/No(D) (4-4)
a(d) = a(@720nm) X QESampleO\) (4.5)

A silicon reference solar cell was used to measuraber of incident photons ¢N Where,
Voutre, and Qer are output signal and quantum efficiency of thierence Silicon cell

respectively. The Q&mpleis the quantum efficiency of the CdSe sample.
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Figure 4-28 Absorption coefficient vs. energy foree samples including As-Deposited, CdGleated, and

CdCL Treated + Selenized samples. Region (A) band-tatbe@nsients, Region (B) tail states transient and
Region (C) deep defects transitions [25].

The Urbach energy of tail states, &hich is deduced from the equation:

a= oy exp(—

E — E,

)

u

(4.6)

Where E is energy of conduction band. The Urbach energysis reduced with selenization,

and has a value of 21meV for the best film. Thisi@as in the same range for other efficient

photovoltaic materials such as perovksites [29].fitnere also shows that at lower energies,

there is flattening of the curve, indicating thegence of midgap states, and that selenization

has also reduced the density of such states. dhegurse is the reason why the electrot) (1

product increased after selenization.

4-5-2-9 EDS results on CdSe thin films

As we discussed in chapter 3, EDS is a useful timgdrovide technical information about

chemical composition of material. In this sectisre have shown EDS results on different
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experiments. We discovered that, one of the keysste perform accurate EDS analysis, is
applying high enough acceleration voltage.

First experiment was carried out on CdSe films wher@siégd on silicon substrate. The EDS
was measured under four different voltages as 5i8&eéV, 10KeV, and 15KeV.

Device structure: Si/CdSe

CdSe: 300C, 500nm

Table 4-7 EDS on CdSe films under different acetieg voltages.

Sample number | Voltage | Se/Cd [Atomic %]
CdSe-08 5KeV 0.930
CdSe-08 8KeV 0.943
CdSe-08 10KeV 0.993

As we can see, Se/Cd under 10KeV is almost clos& tbat shows our CdSe film is
stoichiometric. Also there is a limit for accelégoa voltage depends on film thickness,
because beyond that limit, electron penetrates mboethe depth and x-ray comes off from
the substrate which can affect our measurementré&id-29 shows EDS spectrums of CdSe
films on Si substrate under several acceleratidtages. Si peak which is corresponding to Si

substrate is visible at higher voltage (15kev)18KeV is well enough for 500nm CdSe film.

Figure 4-29 EDS spectrum of CdSe film on Si sulbstra
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Second experiment was carried out on thicker CdSe fivhere deposited at higher substrate
temperature. The EDS was measured under thregdalitffeoltages as 8KeV, 10KeV, and
15KeV.

Device structure: Si/CdSe

CdSe: 400C, 750nm

Table 4-8 EDS on CdSe films under different acedieg voltages.

Sample number | Voltage | Se/Cd [Atomic %]
CdSe-10 8KeV 0.950
CdSe-10 10KeV 0.975
CdSe-10 15KeV 1.000

Table 4-8 shows Se/Cd for 750nm CdSe film underedbl§ perfect equal to 1.

Third experiment was performed on CdSe films with antheout CdC} treatment. 500nm
CdSe film was deposited on glass substrate at 300Cb treatment was carried out on one
sample at 38% for 30min. The EDS was measured under 10KeV.

Device structure: Glass/CdSe/CdClI2

CdSe: 308C, 500nm

CdClI2: 388C, 30min

Table 4-9 EDS on CdSe films for with and withoutGI2itreatment.

Sample number CdcCl2 Se / Cd [Atomic %)]
CdSe-30-P4 No 0.980
CdSe-30-P2 Yes 0.979

Se to Cd ratio of CdSe films for as-deposited dtet £dCh treatment is almost identical.
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Figure 4-30 EDS spectrum of CdSe film on Glass sates

Next, we performed EDS analysis on a standard stoichtioenCdSe wafer. Results also
confirmed that to perform an accurate EDS measuneime CdSe film and wafer, 20KeV

acceleration voltage under Se K line is required.

Table 4-10 EDS on CdSe wafer under different valtagd Se line type.

Voltage Line Type | Se / Cd [Atomic %]
10KeV Se L line 0.941
20KeV Se L line 0.953
20KeV Se Kline 0.995

Se to Cd ratio of CdSe wafer under 20KeV using 3@«is almost close to one (0.995).

In addition, EDS analysis was conducted to investigate thecedf CdCl treatment on CdSe
films deposited under selenium flux. 1Jum CdSe fas deposited on FTO/CdS substrate at
450°C. CdSe films were deposited with and without sel@rflux (1A/S). CdCh treatment was
carried out on one sample at 30Gor 10h. The EDS was measured under 20KeV usini§ S
line.

Device structure: FTO/CdS/CdSe/CdCl

CdS:In: 300C, 30nm, Annealed: 400, 30min, Air

CdSe : Se flux: 43C, 1um, 5:8/S and 5:4/S
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CdCI2: 500C, 10h
The device parameters and EDS results for thisrerpat are shown in Table 4-11 and Figure

4-31. As we can see samples are almost stoichimmetr

Table 4-11 EDS on CdSe films deposited under sgtetfiux and CdGl treatment.

Device CdSe : Se CdCkhk Se / Cd [Atomic %)]
823L 5:04/S No 1.023
822R 5:04/S Yes 1.007
834R 5:1A/S No 1.003
834L 5:1A/S Yes 1.013
EDS on CdSe Films (450C, 1um) Se K Line ,,

S

() P ° 1.15 .=

- 50 | =

5 2

S —0—Sc =0=Cd =e= Se /Cd 118

3] S~

a

S 45 . 1.05 g

C

5 1.023 ¢ ° : @

b 1.007 1.003 1.013 2

40 0.95
) S 2 . S c\2
S'OAls-_OAIS_Cd SlAlslAIS_Cd

Figure 4-31 EDS on CdSe films deposited under sateflux and CdCl treatment.

Se to Cd ratio of CdSe all different films includiwith and without CdGland selenium flux
under 20KeV using Se K line is almost close to one.

Finally, EDS analysis was carried out to study the eftégbost-annealing on CdSe films
deposited under selenium flux. 1lum CdSe film wgsodiged on FTO/CdS substrate at ZD0
without 23/S selenium flux. Post-annealing was done on ompkeaat 456C for 2h. The EDS

was measured under 20KeV using Se K line.
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Device structure: FTO/CdS/CdSe/Anneal

CdS:In: 300C, 30nm, Annealed: 400, 30min, Air

CdSe: Se flux: 30C, 1um, 5:8/S and 5:3/S

CdCk: 450C, 2h

The device parameters and EDS results for thisrerpat are shown in Table 4-12 and Figure

4-32. As we can see samples are almost stoichimmetr

Table 4-12 EDS on CdSe films deposited under sateffiux and post-annealing.

Device CdSe: Se| Anneal | Se/Cd [Atomic %]
851L 5:0A/S No 1.011
851R 5:0A/S Yes 1.021
853R 5:2A/S No 1.005
853L 5:2A/S Yes 1.009
EDS on CdSe Films (300C, 1um) Se K Line
S
50| @ ° ° e 1.15-5
)
[ ©
S —o—Se —o—Cd —e=— Se /Cd 118
(O] ~
a5 1.05%
= o . —
5 ° 1.021 ° ® ko
< 1.011 ' 1.005 1.009 g
40 0.95
SZOP\IS 5'.0.-- 5:2AIS 5-.2..-

Figure 4-32 EDS on CdSe films deposited under gagteflux and post-annealing.
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CHAPTER 5.CADMIUM SELENIDE HETEROJUNCTION SOLAR CELLS
DESIGN, FABRICATION AND OPTIMIZATION

5-1Introduction

In this chapter, | will discuss how to design Cdi®gice using appropriate heterojunction
(modified type two) solar cells. Fabrication stegisyice optimization and characterization of
CdSe cells are provided.
5-2Correct solar cell device structure

As we explained in chapter two, solar cell devicas be made in N-i-P or P-i-N
structure in both superstrate or substrate cordigum. In this project, | have worked on two

main heterojunction configuration as NP superstateN substrate cells Figure 5-1.

P-i-N Substrate Device
3
BVA
Front contact
Hole Transport Layer (HTL)

Electron Transport Layer (ETL)

Front contact
AN
N
4@»

N-i-P Superstrate Device

Figure 5-1 Type two heterojunction CdSe solar c&lB superstrate (left), PN substrate (right).

As we know, CdSe is an n-type and direct bandgaycemductor. So, electron transport layer
(ETL) prevents hole recombination at n+/n(CdSegrifiaice and hole transport layer (HTL)
prevents electron recombination at n(CdSejiferface. Basically, ETL is an n-type layer like
Cadmium Sulfide (CdS), Phenyl C61 butyric acid mpetster (PCBM), Titanium-di-oxide

(TiO2), and Zinc Oxide (ZnO) etc. Similarly, HTL is atype layer such as Poly(3-

hexylthiophene-2,5-diyl) (P3HT), Poly[bis(4-phen{®)4,6-trimethylphenyl) amine] (PTAA),

oL fyl_llsl
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polystyrene sulfonate (PEDOT), zinc telluride (ZiT@nc selenide (ZnSe), Nickel (II) Oxide
(NiO), heavily doped p-plus amorphous silicon cdehp-a-SiC) etc.

5-3Electron and hole transport layers fabrication

Some of above mentioned ETL and HTL are organieragnd they need to be spin-coated on
substrate or device like PCMB, Ti(P3HT, PTAA, and PEDOT. The procedure for making
organic layers are explained in details. Some df Bfid HTL are inorganic materials such as
CdsS, Zn0O, ZnTe, ZnSe, NiOx, which are depositedgiphysical evaporation techniques like
thermal evaporation, e-beam and sputtering. Afsa-8iC as heavily-doped HTL is deposited
using plasma enhanced chemical vapor depositio@ . In some cases, to achieve better
Ohmic contact, we can dope CdS with Indium and Zis@g Aluminum in order to increase
the conductivity.

PCBM layer: 20mg/ml PCBM in chlorobenzene was spin-coated0@08m for 60Sec in
nitrogen-filled glovebox, then it was annealed 3@ for 15min.

TiO2 layer: TiO2 was fabricated on FTO substrate under follmsteps:

Solution-A was spin-coated at 6000rpm for 30sec in air, ihevas annealed at 125 for
5min. Solution-B was spin-coated at 6000rpm for 30sec in air, theras annealed at 125

for 10min. In the next step, sample was annealegb@®C for 15min in air. Finally it was
dipped inSolution-C while kept at 73C for 30min.

Three solutions (A, B, and C) for fabrication ofObilayer are listed here:

Solution-A (0.15 Molar): 141uL TDB + 1359uL 1-Butanol

Solution-B (0.3 Molar): 282uL TDB + 1218uL 1-Butanol

Solution-C: 50mL DI water + 1140uL Titanium tetrachloride CT4)

TDB: titanium diisopropoxide bis (acetylacetonate)
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P3HT layer: 15mg/ml P3HT in chlorobenzene was spin-coated0@0dpm for 60Sec in
nitrogen-filled glovebox, then it was annealed 3G°C for 15min.

PEDOT/PSS layer:PEDOT/PSS was spin-coated at 1000rpm for 40Se@.iThen it was
annealed at 20C for 15min.

PTAA: 10mg/ml PTAA in Toluene was spin-coated at 3000fpn60Sec in nitrogen-filled
glovebox, then it was annealed at 4GGor 15min.

PTAA Doped: 10mg/ml PTAA in Toluene was doped in 7.5ul Lithi®alt plus 4ul t-BP.
Next, it was spin-coated at 3000rpm for 60Sec inogen-filled glovebox. Finally, it was
annealed at 13C for 15min.

5-4NP superstrate devices

In this section, we proceeded to work on supeestiatiices. As we explained in chapter 5-2,
for superstrate devices light has to come from lib#om. We developed indium doped
cadmium sulfide (CdS:In) and titanium dioxide (R)@s bottom transparent contact.

5-4-1 NP superstrate device with FTO/TiQ on bottom

In this section, | will discuss the design, fabtica and optimization process of NP superstrate
devices with FTO/TiO2 on the bottom. The deviceidure and energy band diagram are

shown in Figure 5-2.

[Au]
P3 HT(p-Type)

-4eV

FTO
-4.4eV TGP

n-type

TiO2 (n-Type) Eg

| 3.2eV

FTO (n-Type)
NIP f 7.2ev

Figure 5-2 Device structure (Left) and energy bdizdiram (Right) of NP superstrate device.
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Electron transport layer is TiQayer on FTO substrate. CdSe film deposited usiegmal

evaporation at 40C for three different thickness 0.3um, 0.5um, anch115mg/ml BHT as

HTL was deposited using spin-coating. Finally am5yold dots was deposited as top contact.

Device structure:

FTO/TigICdSe/BHT/Au

TiO2: 550C, 50nm

CdSe: 406C, 0.3-3#/Sec, 0.3um, 0.5um, and 1um

P3HT: 15mg/ml, 1000rpm, 60sec, 150C, 15min

Glod: 45nm

Results and discussion

The IV, QE and CV of devices are plotted in Figb+®8. Open circuit voltage and short circuit

current density for all three devices are listedable 5-1.

. As deposited 0.06 As-deposited
§ " ——1000nm ' 4 ®1000nm
— [ A
E 0. 500nm S 004 AA ..‘ E 500nm
é" 0.6 ——300nm 8 AAAAA | A 300nm
2 =
g 0.4 S 0.02
2 0.2 a
: 0 — <
jum
Voltage (V) Wavelength (nm)
As-deposited
o**

S L6E+17 | gooo ...o

E 14E+17 o®

(] ( J

&) (]

S 1.1E+17 o®

S ... .

‘S 8.5E+16 .... Vbi: -1.45V

5 o Nd: 6.8x10*15cm™

< 6.0E+16

© 1 <05 0 05 1 15

Voltage (V)

Figure 5-3 IV, QE, and CV for as-deposited NP ssfpate with TiQ as ETL under different thicknesses.

In NP superstrate device, current increases byedsutrg of film thickness and thinner device

(0.3um) gives higher current 0.8mA/&rompare to other and open circuit voltage is about
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0.6V. The C-V curve shows dopant density about B08% cnt® and built-in voltage of -

1.45V.

Table 5-1 Open-circuit voltage and current denfsityas-deposited NP superstrate with 7&3 ETL under
different thicknesses.

Device | Thickness(um Voc and Jsc

E6-225 1 0.48V, 0.14mA/ctn
E6-148 0.5 0.6V, 0.46mA/ctn
E6-170 0.3 0.61V, 0.8mA/ctn

In NP superstrate device, light is coming from desiFor example, a high energy photon is
absorbed in the area close to surface and elebutawill be generated. Hole has to travel
longer distance to be collected in p-side in thindevice compare to thinner device. So
probability of collection is much higher in thinnéevice and this gives higher short circuit

current (Figure 5-4).

Diffusion | Drift . . oiffusion | Diffusion = Diffusion
-. - ! | !
|
b,
1

Interface Interface

Figure 5-4 The collection of Hole as minority lighenerated carrier on the p-side in NP superstiatize,
Thin device (Left) and Thick device (Right).

We have made the identical devices with Cd@dst-treatment. Grain enhancement was
performed just after CdSe deposition.

Device structure: FTO/Tig@CdSe/BHT/Au

TiO2: 550C, 50nm

oL fyl_llsl
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CdSe: 406C, 0.3-3/Sec, 0.3um, 0.5um, and 1um

CdChk: 2%Wt, 450C, 2h, N

P3HT: 15mg/ml, 1000rpm, 60sec, 150C, 15min

Glod: 45nm

Results and discussion

The IV, QE and CV of devices are plotted in Figh#&. Open circuit voltage and short circuit

current density for all three devices are listedable 5-2.

After grain enhancement After grain enhancement
T i ——1000nm JPVVVVVIVETN ©1000nm
3 5 ——500nm o2 44 ®500nm
E 4 300nm ® 4 300nm
> 5 m
[ 3 =01 "
= [ ]
: SR it M-
305 -03 -01_ 01 03 05 07 400 500 600 700 800 900
Voltage (V) Wavelength (nm)
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~ 3.5E+17 300 )
—~ [ ] nm 0000
000

‘& 3.0E+17 o’

Y °

S 25E+17 o

3 . ,

5 2.0E+17 e  Vbi:-1.45V

g e000® Nd: 6.8x10*15cm3

ISY] 1.5E+17

< 1 05 0 05 1 15

Voltage (V)

Figure 5-5 1V, QE, and CV for after grain enhanb#® superstrate with TiCas ETL under different

thicknesses.

Current density after grain enhancement increagesisantly. Thinner device (0.3pm) shows

5.32mA/cnt after grain enhancement. So, the CdEéatment has a significant effect to

increase the current density as it is observed f@ddata.
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Table 5-2 Open-circuit voltage and current denfsityafter grain enhanced NP superstrate with, B®ETL
under different thicknesses.

Device | Thickness(um Voc and Jsc
E6-223A 1 0.66V, 0.65mA/cn
E6-149 0.5 0.64V, 1.37mA/cin
E6-171 0.3 0.61V, 5.32mA/cin

5-4-2 NP superstrate device with FTO/CdS on bottom

Cadmium sulfide (CdS) is a great ETL and makes gend ohmic contact with CdSe. In this
section, we have made NP superstrate device with &JIETL. The device structure and

energy band diagram of with FTO/CdS on the bottoenshown in Figure 5-6.

Aul -3.2eV
P3 HT(p-Type)
-3.9eV
FTO - :

~4.4eV [

CdS (n-Type) -
FTO (n-Type) 2.5eV
ne 1 _—

Figure 5-6 Device structure (Left) and energy bdiadiram (Right) of NP superstrate device.
5-4-2-1 Effect of annealing time
I have investigated the effect of Cd@leatment annealing time on the device performance
The 100nm CdS was deposited using thermal evapaorati 200C on FTO substrate. Then
0.5um CdSe film was deposited at ZD®n CdS layer. Cdelkreatment was performed for
times ranging from 2h to 10h. The top p-layer wadTPfollowed by a thick layer of gold
contact.
Device structure: FTO/ CdS/CdSe/CdeHT/Au

CdS: 200C, 100nm, 0.A/Sec
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CdCb: 2%Wt, 450C, 2h and 10h, N

P3HT: 15mg/ml, 1000rpm, 60sec, 150C, 15min

Glod: 45nm

Results and discussion

The 1V, QE of devices are plotted in Figure 5-7e®gircuit voltage and short circuit current

density for all three devices are listed in Tablg 5
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Figure 5-7 IV and QE for NP superstrate devicef WitlS as ETL under different annealing time.

The current density increases by increasing theamyg time and current from QE is about

2.32mA.cnd for device that annealed for 10h. IV curves shayoad voltage about 0.7V. As

we explained before, Cdfhas a significant effect on grain growth and pasgin of grain

boundaries and prevent from recombination.

Table 5-3 Open-circuit voltage and current denfsityNP superstrate devices with CdS as ETL undésreint

annealing time.

Device Time_CdC} Voc and Jsc

E6-367 No 0.64V, 0.31mA/cth
E6-365 2h 0.71V, 1.51mA/ci
E6-363 10h 0.72V, 2.32mA/cm
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5-4-2-2 Effect of thickness

In order to optimize the device thickness, NP ssipate CdSe devices were made under two
different thicknesses as 0.5um and 1pum.

The 30nm thick CdS was deposited using thermal aadipn at 200C on FTO substrate.
Then CdSe films were deposited at 45®n CdS layer. Cdeltreatment was performed at
450C on both devices for 10h. The top p-layer weldTPfollowed by a thick layer of gold
contact.

Device structure: FTO/CdS/CdSe/Cal€sHT/Au

CdS: 200C, 30nm, 0.8/Sec

CdSe: 456C, 0.3-3/Sec, 0.5um and 1um

CdCk: 2%Wt, 450C, 10h, N

P3HT: 15mg/ml, 1000rpm, 60sec, 150C, 15min

Glod: 45nm

Results and discussion

The IV, QE of devices are plotted in Figure 5-8e@gircuit voltage and short circuit current

density for all three devices are listed in Tabie. 5

‘ IV E
—~ 6 0.4 Q
§ 5 —500nm 4u" ® 1000nm
u
E 4 1000nm Il L L = 500nm
‘E 3 202 3" .'
[ 2 )
S 201 ®® o
[ J
E 1 \ << ....‘.. -
3 0 0 ee® opeo00000
04 -02 0.2 0.4 0.6 0.8 400 500 600 700 800 900
Voltage (V) Wavelength (nm)

Figure 5-8 IV and QE for NP superstrate devices wito different CdSe thicknesses.
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As we explained before in section 5-4, the shaxtudi current in NP superstrate device is
much higher for thinner device compare to thickevide. The current density from QE for
0.5um device at 48C is about 5.65mA/ct IV curve for 0.5um device shows an excellent

voltage about 0.8V that is the highest voltage aohieved in a solid state CdSe device.

Table 5-4 Open-circuit voltage and current denfsityNP superstrate with CdS as ETL under different

thicknesses. Highest voltage (0.8V) ever achiemgddSe solar cell.

Device Thickness (um) Voc and Jsc
E6-653 1 0.64V, 1.71mA/cth
E6-639 0.5 0.8V, 5.65mA/ctn

5-4-2-3 Effect of heavily doped ETL

Next we tried to investigate the effect of indiuropeéd CdS as ETL. So here | have two
identical samples, one with CdS and another witls:Gd Both two ETL (30nm) were
deposited on FTO substrate at D0dollowed by a thermal annealing at 400for 30min.
CdSe films were deposited at 460on the CdS layer. Cd&lireatment was done at 280for
10h inside the furnace. The top p-layer wgtdTPand followed by a thick layer of gold contact.
Device structure: FTO/CdS/CdSe/CaRsHT/Au

CdS: 200C, 100nm, 0.8/Sec

CdSe: 456C, 0.3-3/Sec, 0.5um and 1um

CdCh: 2%Wt, 450C, 10h, N

PsHT: 15mg/ml, 1000rpm, 60sec, 150C, 15min

Glod: 45nm

Results and discussion
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The IV, QE, and CV of devices are shown in Figu& Both devices have almost same open

circuit voltage (0.8V), but device with CdS:In Hagher QE current (7.6mA/cthcompare to

another. Because CdS:In makes very good ohmic ciontth CdSe (see Table 5-5)

-1.5

W% E
< 0.6 Q
§ 7 ¢ CdS
E g’ 0.4 e u CdS:In
2 4 E azaseseeees®?
15 3 20.2 *n
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Figure 5-9 IV, QE, and CV for NP superstrate wittfSCand CdS:In as ETL.

The standard C-V measurement, shows device hantideasity in the range of 1.7x£0

cm® and built-in voltage of -1V.

Table 5-5 Open-circuit voltage and current derfeityNP superstrate with CdS and CdS:In as ETL.

Device ETL Voc and Jsc
E6-639A Cds 0.8V, 5.65mA/ch
E6-761L CdS:In 0.8V, 7.6mA/ctn

5-4-2-4 Effect of CdC} on IV and QE

In this section, we can see the significant eidé€dCb heat treatment on device performance.

Two identical standard superstrate devices wereemdte bulk 0.5um CdSe layer were

deposited at 43C. CdC} heat treatment was performed at¥5€r 10h on one device.
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Device structure: FTO/CdS/CdSe/Ca@HT/Au

CdS: 300C, 30nm, 0.8/Sec, 400C, 30min

CdSe: 456C, 0.3-3/Sec, 0.5um

CdCk: 2%Wt, 450C, 10h, N

PsHT: 15mg/ml, 1000rpm, 60sec, 150C, 15min

Glod: 45nm

Results and discussion

As it shown in Figure 5-10, the IV and QE increasgificantly upon CdClheat treatment.

Open circuit voltage increases from 0.67V to 0.B&ttis the highest ever voltage is achieved

in this material. Current density also improves wbéive times from 1.46mA.cinto

7.27mA/cni. The exceptional improvement in QE is mainly duthe effect of CdGlon grain

enhancement and increase in diffusion length aédiak minority light generated carrier.

8 0.5
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Figure 5-10 IV and QE for NP superstrate deviceak and without CdGlheat treatment.

Table 5-6 Open-circuit voltage and current denfsityNP superstrate devices with and without Gd@&at

treatment.
Device CdCk treatment Voc and Jsc
E6-734L NO 0.67V, 1.46mA/ctn
E6-747L Yes 0.8V, 7.27mA/ctn
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5-5PN substrate devices

In next step, we proceeded to work on substratedsvAs we explained in chapter 5-2, for
substrate devices light has to come from the t@veldping the wide band gap p-type window
organic materials was one the major challengesisproject. We developed PTAA as an
organic layer followed by a thin layer of gold (IOnas top transparent contact. Also we
developed a process to deposit indium thin oxid©]Jltop contact on PEDOT:PSS p-layer
without damaging PEDOT:PSS. Extra PEDOT:PSS indfea outside of ITO dots was

removed using dry air plasma. This technique hedgsassivate the remaining PEDOT:PSS
and prevents from shorts.

5-5-1 PN substrate device with PTAA/Au on top

We tried to use PTAA as a transparent window oigpsayer. Large bandgap (3eV) of PTAA
along with small thickness (~30nm) as a p hetewjan material will assure that most of the
incident photons are transmitted and absorbed eC&N substrate device structure and

energy band diagram with PTAA/Au on top, are shawhigure 5-11.

PN I_LI
Au

PTAA(p—Type)

-3.9eV

FTO
-4.4eV

Ccds
n-type

Eg
2.5eV

CdS (n-Type)
FTO (n-Type) 6.dey

-2.1leV

Figure 5-11 Device structure (Left) and energy bdiagiram (Right) of PN substrate device with PTAA a
HTL.

In this experiment 100nm CdS was deposited on RiiStsate at 20C substrate temperature

as ETL. Then CdSe films (0.5um and 1pm) were dégubsit 400C. CdACh treatment was
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performed at 43@ on both devices for 10h. The top p-layer was PTalowed by a thin
layer of gold (10nm) contact.

Device structure: FTO/CdS/CdSe/CaeITAA/Au

CdS: 200C, 100nm, 0.8/Sec

CdSe: 456C, 0.3-3/Sec, 0.5um and 1um

CdCb: 2%Wt, 450C, 10h, N

PTAA: 10mg/ml, 3000rpm, 60sec, 200C, 15min

Glod: 10nm

Results and discussion

The IV and QE of 0.5um and 1um devices are platt&igure 5-12. Both devices have almost

same open circuit voltage (~0.6V), but thicker devihas higher QE current (7.69mAAmM

compare to thinner device (5.77mAR&m
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3 0 0 200000000
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Voltage (V) Wavelength (nm)

Figure 5-12 IV and QE of PN substrate devices WIiTAA as HTL.

Table 5-7 Open-circuit voltage and current derfsityPN substrate devices with PTAA as HTL.

Device Thickness (nm Voc and Jsc
E6-551 0.5um 0.6V, 5.77mA/cm
E6-543 lum 0.6V, 7.69mA/cin
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In PN substrate device, light is coming from p-siBler example, a high energy photon is
absorbed in the area close to PN interface andretebole will be generated. Holes have to
travel into the same distance to be collected sndp-in both thicker and thinner devices. But
in substrate device, extra thickness (in thickeriak® helps to absorb more photons (low

energy) which automatically improves the electratelgeneration probability in bulk CdSe

layer (Figure 5-13).

Thick CdSe

NP |
|
|

Interface Interface

Figure 5-13 The collection of Hole as minority ltigienerated carrier on the p-side in PN substreéd, Thin
device (Left) and Thick device (Right).

5-5-2 PN substrate device with PEDOT/ITO on top
We also used PEDOT:PSS as an organic p-layer.layéen (30nm) of a large bandgap (3.2eV)
HTL will assure that most of the incident photons tiansmitted and absorbed by bulk CdSe

layer. PN substrate device structure and energyg dagram with PEDOT/ITO on top, are

shown in Figure 5-11.

-2eV

PN
PE DOT(p-Type) .
— ’ -4.3eV
-4.4eV niez'e
CdS (n-Type) 2.E5'gav
| FTO (n-Type) —

Figure 5-14 Device structure (Left) and energy bdiagram (Right) of PN substrate device with PEDIOT/
on top.
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5-5-2-1 Effect of CdC} solution concentration

We designed an experiment to optimize the conceotraf CdC} solution. 100nm CdS was
deposited on FTO substrate at ®0@ubstrate temperature and annealed 2CA@f 30min
as HTL. Then CdSe film (1um) was deposited att@5€dCh treatment was done at 3a0
on devices for 10h under three different Cd&ilution concentration (2%Wt, 4%Wt, and
8%Wt). The top p-layer was PEDOT followed by ITOntacts. 70nm of ITO dots was
deposited at 13C using sputtering with a 0.1émask.

Device structure: FTO/CdS/CdSe/Ca€DEOT/ITO

CdS: 300C, 100nm, 0.8/Sec, 40€C, 30min

CdSe: 456C, 0.3-3/Sec, 1um

CdChk: 2%Wt, 4%Wt, 8% Wt, 50, 10h, N

PEDOT: 1000rpm, 40sec, 200C, 15min

ITO: 150C, 70nm, 20W

Results and discussion

The IV, QE, and CV of the devices are shown in Fegot12. All three devices have almost

same open circuit voltage (~0.6V), but device ts#d 4%Wt CdCI2 solution gives higher
QE current (11.9mA/cm2) compare to other devices {Sgure 5-15 and Table 5-8).
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N 0.6 %y n""a
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Figure 5-15 (continued) IV, QE, and CV of PN suatgrdevices with PEDOT:PSS as HTL under different
CdCl solution concentration.

From the standard CV technique, | have measuredrdatensity and built-in voltage equal to 2.6%&0v and
-1.3V respectively for device under 4%Wt Ce&blution concentration (see Figure 5-15).

Table 5-8 Open-circuit voltage and current denfsityPN substrate devices with PEDOT:PSS as HTL unde
different CdC} solution concentration.

Device CdCb Voc and Jsc
E6-779L 2% Wit 0.6V, 10.69mA/cth
E6-780L 4% Wt 0.6V, 11.9mA/ctn
E6-785R 8% Wt 0.6V, 11.48mA/cm

5-5-2-2 Effect of deposition rate

We also optimized the CdSe deposition rate to neffi@ent heterojunction cell. 100nm CdS
was deposited on FTO substrate at°@06ubstrate temperature and annealed atCAG6r
30min as a ETL. Then 1um CdSe film was depositetbutwo different deposition rates

(2.54/Sec and A/Sec) at 45@C. CdC}h treatment was done at 3@0on devices for 10h under

using 4%Wt solution concentration. The top p-layas PEDOT followed by ITO contacts.

Device structure: FTO/CdS/CdSe/CdEBDEOT/ITO

CdS: 30@C, 100nm, 0.8/Sec, 400C, 30min
CdSe: 456C, 1um, 2.8/Sec and A/Sec

CdCk: 4%Wt, 500C, 10h, N
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PEDOT: 1000rpm, 40sec, 200C, 15min

ITO: 150C, 70nm, 20W

Results and discussion

The IV and QE for devices are presented in Figuté.3oth devices have almost same open
circuit voltage (~0.6V), and device that was defgasunder 2.A/Sec shows slightly higher

QE current (12.51mA/cf (see Figure 5-16 and Table 5-9).

I\ 1 QE
T 14
o [ 0.8 .'
E 0 0)06 ="..=..l..' .SA/S
> 8 2" ®eee®”%r_  =25A/S
7 6 —5A/S = 0.4 ®
g 4 80.2
= 2 ——2.5A/S < s
£ 0 0 200000000
30.4 -0.2 0 0.2 0.4 0.6 400 500 600 700 800 900
Voltage (V) Wavelength (nm)

Figure 5-16 IV and QE for PN substrate devices WHDOT:PSS as HTL under different deposition rate.

Table 5-9 Open-circuit voltage and current denfsityPN substrate devices with PEDOT:PSS as HTL unde

different deposition rate.

Device Ratef/S] Voc and Jsc
E6-780L 5 0.6V, 11.9mA/c
E6-1003R 2.5 0.6V, 12.51mA/ém

5-5-3 PN substrate device with p-a-SiC/ITO on top

This experiment was created with a heavily dop&gpe-amorphous silicon carbide {g-SiC)

as HTL on CdSe layer. A thick layer of CdSe wasodépd at 400C on n-CdS layer. Because
this device is substrate, we decided to make CidiSeabout 2um thick to make sure the film
is free of any pinholes which prevents it from shoA post-annealing was performed on the
device at 40€C for 10h. PN substrate device structure and eneagy diagram are given in

Figure 5-17.
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PN -3.9eV
ITO FTO
CdS:In
-4.4eV n-type
Eg
2.5eV
CdS (n-type)
FTO (n-type) -6.4eV

Figure 5-17 Device structure (Left) and energy bdiagram (Right) of PN substrate device withapSiC /ITO

on top.

Device structure: FTO/n-CdS/CdSe/Post-annéalfiC/ITO

n-CdS: 300C, 100nm, 0.4/Sec, 400C, 30min

CdSe: 400C, 2um, 3/Sec

Post-anneal: 50C, 10h, N

p*-a-SiC: I-layer (15min), player

ITO: 150C, 70nm, 20W

Results and discussion

The IV and QE of device are provided in Figure 5iiBas a decent open circuit voltage equal

to ~0.66V, and QE current of 4.2mA/2ifsee Figure 5-18 and Table 5-10)
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Figure 5-18 IV and QE of PN substrate device witafsiC as HTL.
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Table 5-10 Open-circuit voltage and current derBNysubstrate device with4a-SiC as HTL.

Device Post-Annealing Voc and Jsc
E6-966R | Anneal: 500C, 10h 0.66V, 4.2mAfcm

5-6 NP superstrate and PN substrate devices comparison

In this part, | have done a full device charactgion to compare one the best superstrate cell
with a best substrate cell. Several fundamentaktdearameters were measured to compare
two cells including Current-voltage (1V), Quanturffiéency (QE), Bandgap (Q&Energy

vs. Energy plot), Built-in voltage (% and dopant density gNusing Capacitance-Voltgae vs.
temperature (CVT), Urbach energy Hrom sub-gap QE, Attempt-to-escape frequency
(ATEF) using CfT (Capacitance-frequency vs. tempeeg, Density of state (DOS), Trap
energy (E), and Dielectric constant of CdSe)( PN substrate and NP superstrate devices

structure are shown in Figure 5-19.

Q€ P
N
| ITO | Au |
PEDOT (p-Type) P3HT(p-Type)

CdS (n*-Type) CdS (n"-Type)
FTO (n-Type) FTO (n-Type)
N
@
4& s
P-N Substrate Device N-P Superstrate Device

Figure 5-19 PN substrate (Left) and NP supers{Ritght) devices structure.

Superstrate device was prepared by evaporatiorDofm3rt-CdS layer at 30 on FTO

substrate followed by 40Q post-annealing for 30min at air. Then 0.5um thkSe was
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deposited at 43C€ and CdG heat treatment was performed at®D@r 10h. The top p-layer
was BHT with a thick layer of gold as top contact.

Device structure (E6-761L): FTO/CdS/CdSe/CAEHT/Au

CdS: 300C, 30nm, 0.8/Sec, 400C, 30min

CdSe: 456C, 0.3-3/Sec, 0.5um

CdCb: 2%Wt, 450C, 10h, N

PsHT: 15mg/ml, 1000rpm, 60sec, 150C, 15min

Glod: 45nm

Substrate device was prepared by evaporation oirhO§-CdS layer at 30 on FTO
substrate followed by 40CQ post-annealing for 30min at air. Then 1um thickS€ was
deposited at 43C and CdCl heat treatment was performed at ®D@or 10h. The top p-layer
was PEDOT with ITO as top contact.

Device structure (E6-780L): FTO/CdS/CdSe/CARDEOT/ITO

CdS: 300C, 100nm, 0.8/Sec, 400C, 30min

CdSe: 456C, 1um, and A/Sec

CdCb: 4%Wt, 500C, 10h, N

PEDOT: 1000rpm, 40sec, 200C, 15min

ITO: 150C, 70nm, 20W

The illuminated I-V and QE curves for both deviege shown in Figure 5-20. Superstrate
device has high open-circuit voltage and reasonabteent about 0.8V and 7.6mA/ém
respectively. But, substrate device has higheeataensity in the range of 11.9 mAk(aee

Table 5-11).
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Figure 5-20 I-V and QE for NP superstrate (Blaak) &N substrate (Blue) devices.

Table 5-11 Open-circuit voltage and current dersifyerstrate and substrate devices.

Device Structure Voc and Jsc
E6-761L Superstrate 0.8V, 7.6mA/&m
E6-780L Substrate 0.6V, 11.9mA/ém

We also calculated bandgap of CdSe device fromX@E vs E plot. The intercept of straight

line with E axis shows bandgap at 1.7eV. (Where ghioton energy).

Bandgap:1.7eV
1.2 -

0.9 OSuperstrate% A

?:3 B Substrate ,‘

B 0.6 ,ﬁ‘ [ ] Y ®

3 N 4

X 03 22

S W

0 ool
1.5 1.6 1.7 1.8 1.9 2

Energy (eV)

Figure 5-21 (QE x B)vs E for superstrate (Black) and substrate (Bils®jces.

The next experiment was C-V measurement under gkegigferent temperature (Chapter 3-

6). V-C was measured at room temperature (RTPC503C, 100C, and 123C. Capacitance

value increases by increasing the temperature. mogansity and built-in voltage for

superstrate device at RT are 2.45 103 and -1V respectively. Dopant density and built-

in voltage for substrate device at RT are 2.6 * &0 and -3V respectively.
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Figure 5-22 C-V vs temparature for NP superstragdétY and PN substrate (Right) devices.

We measured Urbach energies of tail states andyapddefects using Sub-gap QE for both
superstrate and substrate devices.

Basically, n type semiconductor has tail states tleavalence (Red) and conduction bands.
Also it has mid-gap defects in the middle of thadgap (Green). Photon with energies below
the bandgap excite electrons from the valencegadnduction band and create holes behinds.
We found Urbach energy of 15.6meV for the valenaadbedge. Lower value of Urbach

energy shows the semiconductor material is lessctieé.

Urbach Energyx 15.6meV
~1.E+0 gy 0o EC
£ 1.E-1 Er
& 1E-2
=
S LE-3 ® Superstrate
§ 1E-4 A Substrate
S 1E-5
5 1.2 13 14 15 16 1.7 18 19 2 /
Energy(eV) Ex

Figure 5-23 Sub-gap QE vs energy for NP supers{Bitek) and PN substrate (Blue) devices.

The CfT experiment was performed to measure mid-defects (Chapter 3-7). As we
explained before, capacitance was measured bynggingquency at different temperature (see
Figure 5-24). Shallow trap has fast emission aatddeep trap has slow emission rate. All the

traps (Shallow and deep) response and contributeetaneasurement at low frequency, so
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capacitance value is comparatively high. But urfdgh frequency only shallow traps can
response and contribute to the measurement, seitapze value deceases. So capacitance

decreases by increasing the frequency.

C-f-T for Substrate Cell

C(298K)
C(308K)
C(318K)
C(327K)
C(337K)
C(346K)
C(356K)
C(368K)
C(391K)
C(413K)

ttttttddnd

Capacitance(nF)
S
w

10° 10! 102 10° 104 10°
Frequency(Hz)

Figure 5-24 C-f-T for PN substrate device undefedént temperature.

The peaks in —f dC/df vs. frequency curves at thifie temperatures are correspond to ATEF.

-9 C-f-T for Substrate Cell

df(298K)
df(308K)
df(318K)
df(327K)
df(337K)
df(346K)
df(356K)
df(368K)
df(391K)
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10° 10! 10? 103 10* 10°
Frequency(Hz)

Figure 5-25 —f dC/df for PN substrate device urdifferent temperature.

These peaks are corresponds to the activation gnétge traps. So the slop and intercept of

arrhenius plot, Ln(fpeak) vs. (1/kT) are corespagdio activation energy and ATSF
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respectively (see Figure 5-26). The primary datigcates a deep trap energy of 0.52eV bellow
the conduction band. ATSF and relative dilectrinstant ¢) are measured 2x38z and 10.4

respectively.

Trap Energy: 0.52eV

Ln(fpeak/T?)
oo

27 29 31 33 35 37 39
1/kT (1/eV)

Figure 5-26 Determination of activation energytfoe deep trap in CdSe using Arrhenius curves of pea

frequencies.

Capacitance vs frequency at room temperature fogrstrate and substrate devices are shown
in Figure 5-27 (Left). Defect density vs. energy @Se device Figure 5-27 (Right) indicates
shallow trap energy at 0.24eV and deep trap erar@ys53eV that is in good agreement with

activation energy shown in Figure 5-26.

CFT at RT Traps Energy: 0.24eV and 0.53eV
= é 2 ® Superstrate 20E+16 ¢ Superstrate )
‘% 23 = Substrate :: 1.6E+16 e Substrate
= 2 v 1.2E+16
S o
:E 11 § 8.0E+15 Shallow trap
%1.1 M 2 4.0E+15 0.24eV ecotap |
v 0.8 2 0 0E+00 0.53eV ™y
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 022 030 038 046 054

Frequency [Hz]

Energy (eV)

Figure 5-27 Capacitance vs frequency at room temrdor superstrate (Left-Black) and substratdt(Béue)
devices. Defect density vs. energy for a CdSe @efRight).
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CHAPTER 6. CONCLUSIONS

In this work, | have explored the fundamental etmut and optical properties of CdSe
material for photovoltaic application.

First of all, a new thermal evaporation system TE; single zone quartz tube cadmium
chloride furnace and two zone quartz tube postgedéon furnace were designed and made
for this project to make uniform, high quality, areproducible CdSe films.

We have deposited CdSe thin film using thermal exatpn on different substrate at high
substrate temperature (300-460 and we achieved uniform CdSe thin film.

Optical data including, transmission, reflectiomdaabsorption spectrums showed the
CdSe is about 80% transparent from 720nm to 250@hite significant absorbance from
400nm to 720nm. The absorption coefficientys. energy (E) graph shows CdSe has high
~ 9x10cm! for higher energy photons range. Also, we caledlat direct optical bandgap of
~1.72eV by extrapolating the straight line on thergy axis.

The grain size of as-deposited CdSe is around Q.3¥endeveloped cadmium chloride
treatment process for CdSe thin film. This prodessa significant effect to improve the grain
sizes up to 2um for CdSe film on FTO/CdS substrateaddition, the largest grain
enhancement (~27X larger) was achieved up to 8ugiass for CdSe with Se flux. The SEM
images shown that the grain sizes increase byasurg the film thicknesses. The SEM cross
section images confirms that Cd@Enetrates perfectly into the depth of 0.5um.

We developed post-deposition selenization procassCdSe thin film. This process
significantly improved the grain sizes up to 5.7u8elenization improved the photo-
conductivity from 2.94x10(Q.cm)? to 1.2x1 (Q.cm)? for as-deposited and 2 hours post-

selenized samples respectively (~36 times largal3o it increased the light-to-dark
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conductivity ratio from 79 to 1.2x%@or as-deposited and 2 hours post-selenized samples
respectively (~1.5xHdimes larger).

The electron mobility-lifetime product was anotherportant electronic parameters that
increased significantly under post-selenizationisTproduct from photoconductivity was
measured about 5.6x8@n?/V.

SCLC technigue was used to measure mobility of Cil8es. Systematic study was
performed to increase electron mobility up to 3.3%hs using SCLC technique.

The sub-bandgap photo-conductivity vs. photon gnengasurement was performed to
find tail states near the conduction and valencelbaWe showed the deduced density of tail
states as a function of photon energy (E) for thihees, without grain enhancement, with grain
enhancement, and with post-selenization. The Urbaeingy of valence band tails for the best
film under post-selenization was 21meV.

We performed EDS technique to analysis the chengigalposition of CdSe thin films.
We discovered that, one of the key steps to perf@ocurate EDS analysis, is
applying high enough acceleration voltage aboute20kSe to Cd ratio of CdSe thin films
under 20KeV using Se K line for different samplasluding with and without Cd€hnd
selenium flux is almost close to one.

In the next step, we designed the efficient heterctjon CdSe solar cell. In this design,
the n-layer can be n-CdS or n-gi@nd p-layers can be either organic p-layers sadPiT@A,
PsHT, PEDOT:PSS or inorganic layers such as p-a-§Qir@Cu doped ZnTe.

We developed new NP superstrate device structuth wWiO/CdS on bottom and

PsHT/Gold on the top which leds to significant higbhltage. Cadmium chloride thermal
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activation process was used to passivate the repatidn centers. Device with CdCl
treatment showed much higher current compare tweevithout CdCl.

The highest Voc (world record) ever achieved in €d8lar cells (0.8V) and current density
8mA/cn?

Dopant density and build-in voltage were measurgd I0-° cnt3 and -1V respectively.

We discovered that only 1-2um CdSe film is needeabsorb the all photons. Also 2um grains
were achieved under CdQleatment (at 500C for 10h).

In addition, we developed new substrate devicectira with FTO/CdS on bottom and
PEDOT:PSS /ITO on top which led to significant haghrent. Voltage and current density for
substrate devices were achieved 0.62V and 12mAvespectively. The optimum deposition
rate and CdGlconcentration for best device were achieved uRdlS and 4%\Wt respectively.

Moreover, | performed a systematic study to chara and compare two superstrate
and substrate cells. Among the fundamental devacameters, the superstrate device shown
higher voltage (0.8V) compare to substrate devdc&\(). On the other hand, substrate device
gave higher current density (11.9mAArompare to superstrate device (7.6mAiciopant
density, optical bandgap, urbach energy, shallay &nd deep trap energy, for both device are
almost identical around 2.5x®@m?3, 1.7eV, 15.6meV, 0.24eV and 0.53eV below conductio
band respectively. Attempt-to-escape frequency eeldtive dilectric constante{) were

measured 2xPBiz and 10.4 respectively.
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APPENDIX A.  EFFICIENT HETEROJUNCTION THIN FILM CDSE SOLAR
CELLS DEPOSITED USING THERMAL EVAPORATION

This work is published in proceedings of the 46" IEEE Photovoltaic Specialists Conference (PVSC)

June 16-21, 2019 Chicago, IL.
Behrang Bagheri, Ranjith Kottokkaran, Laila-ParfAaly, Saba Sharikadze, Ben Reichert,
Max Noack and, Vikram Dalal.

lowa State University, Microelectronics Researcint€e Ames, lowa, USA
Abstract — CdSe is potentially an important material forking tandem junction solar cells
with Si and CIGS. Thermodynamic calculations revda potential ShockleyQueisser
efficiency of such a tandem cell to be in the 45¥ge. CdSe has the optimum bandgap
(1.72eV) for a tandem cell with Si. In this pap&e show that this material system is indeed
capable of achieving good electronic properties @adonable devices can be made in the
material. We report on fabricating CdSe materials laeterojunction CdSe solar cells in both
superstrate and substrate configurations on FT&8giad metal substrates. CdSe layer was
deposited using thermal evaporation and then wastpeated with CdCI2 to enhance the
grainsize and passivate grain boundaries. The éevas an ideal heterojunction structure
consisting of glass/FTOf@dS/nCdSe/p-organic layer®ITO. The ACdS layer acted to
prevent hole recombination at th&#minterface, and the p-organic layer (such as PEPSS
or BHT) acted to prevent electron recombination atgtia interface. The ND layer was
deposited on top of the organic layer to prevenbdgosition of the organic layer during ITO
deposition. World-record opencircuit voltages extieg 800mV and currents of ~15 mA/ém
were obtained in devices. Detailed material measentés such as SEM revealed large grain
sizes approaching 8 micrometer in some of the fibfter grain enhancement. Optical

measurements and QE measurements show the bamdbaplt72 eV. XPS measurements
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showed the CdSe film to be n type. Space-chargeelihcurrent was used to measure electron
mobilities which were in the range of 1-2 #¥Ws. Capacitance spectroscopy showed the
doping densities to be in the range of a few ¥/t@¥®. For substrate devices, the quantum
efficiency obtained was in the 90% range.

I. Introduction

Photovoltaic energy conversion is now a major epéeghnology. Si technology dominates
the PV production today, with the conversion eéiaies of commercial products reaching
20+%, and of laboratory cells reaching 26+%. Sibakance of system costs dominate the
overall cost of PV energy, a technology for incnegshe efficiency of Si panels by 50% would
lead to significant reduction in the cost of PV mgye In this paper, we investigate a thin film
material system (CdSe), which in a tandem junctiembination with Si, can achieve such a
large increase in the efficiency of Si based par@Se is a direct gap material with the right
bandgap (~1.72eV) to match with Si in a tandem cefifiguration. In Fig. 1 we show the
projected ShockleyQueisser efficiency of a CdSedgtem, showing that efficiencies
approaching 45% are possible [1]. This means tttathproduction efficiencies of 35-38%
should be possible for PV panels based on suathadéogy. In spite of the enormous potential
of this material system, there is little work on B®Vices in this material [2-5]. In this paper,
we present the first ever systematic study of #tine¢c electronic properties and device
properties of this material, including using a ridwterojunction structure to optimize QE and
chemical annealing techniques to improve the gisEiire and reduce grain boundary

recombination.
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Fig.1 Projected thermodynamic PV efficiencies tar@dem cell as a function of top cell bandgap {varaxis)
and bottom cell bandgap (horizontal axis). CdSethasight bandgap (~1.72eV) for the top cell ant& the

right bandgap (1.12eV) as the bottom cell for aghig ~45% SQ efficiency [1].
II. Properties of CdSe
CdSe is a direct gap material. In Fig. 2 we shoavabsorption data on one of our CdSe films
showing a bandgap of 1.72eV. The film was depositdg thermal evaporation from CdSe
chunks using a Luxel furnace. Typical substratepienattures during growth were in the range
of 400- 500C. We discovered that the grain size can be sigmifly increased by using a post-
deposition CdClheat treatment at 430. See Fig. 3 for SEM data on grain enhancement. XPS
measurements showed that the film was n-type \wghvelence band being 1.2eV below the
Fermi level. Electron mobility was measured usipgce charge limited current techniques

and was found to be in the range of 3.58fs.

oL fyl_llsl
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0 Optical Energy Bandgap of CdSe (1.72eV)

(QE)* ~ A(E - Eg,p)

1
1

1
0.0 | _ ) Egyi 1726V
15 1.6 17 1.8 1.9

Energy (eV)

Fig. 2 @.E)? vs. E curve showing intercept at ~1.72 eV

Fig. 3 SEM of grains before (left) and after (rigdChL treatment for samples deposited on FTO/glass.

Drift motilities were measured using space-chaigetéd current techniques [6] in both

annealed and un-annealed films. The results ansrshroFig.4 and 5 below.
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Fig.4 (Left) Current vs. Voltage relationship fod€e films.

Fig. 5 (Right) Mobility vs. grain size after CdGteatment.
[ll. Device structure
Heterojunction devices were made by usih@dst as the n heterojunction layer and an organic
semiconductor as p-layer. Three different organeenisonductors were used:sHT,
PTAA and PEDOT:PSS. The reason for using thesedjetetion layers was to provide the
optimum heterojunction to prevent recombinatiotinatp-n and fin interfaces. For superstrate
devices, we used FTO coated glass and for subdieaiees, we used either FTO/glass or aetal.

See Fig. 6 for the basic device structure andFigr the band diagram of the heterojunction.

Fig. 6 (Left) Heterojunction Device structurefosabstrate device

Fig. 7 (Right) Band alignments for théGdS-n CdSe and p-organic layers

Ol LaCu Zyl_i.lbl
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IV. Device results and influence of post-depositioannealing

A major discovery we made was that the performaofcthe devices could be improved
significantly upon annealing the CdSe films aftepdsition using a Cdeheat treatment. A
thin film of CdCk solution in water was deposited on the film ag@wth and annealed in a
nitrogen atmosphere at various temperatures. Ifovagl that the optimum anneal temperature
was 450C. The film was annealed for 10hours. Higher terapees anneals led to loss of Se
and poorer device performance. In Fig. 8 we sh@n-¥ curve for a superstrate n+/n/p device
with light from the n+side. This is obviously theomg direction for light- for an optimum
device it should be entering from the p side; 8tisicture was used to optimize the grain

enhancement and Chlorine passivation techniquea Now the current increases significantly

upon annealing.

. 8

ég ?-

EY
5_

"Eli_—hs-depﬂsited

o — After en hancement

- 3

52

Sh
':I T T T T T T T T
00 01 020304050607 08

Voltage (V)

Fig. 8 I-V curve for a superstrate n+/n/p devicéwiight incident from the Tside. Note how the curve
improves significantly upon chemical annealing WwittfCP. The open circuit voltage achieved is the highest

ever in this material.

In Fig.9 we show the influence of the grain enhammet technique on quantum efficiency-

notice the exceptional increase in QE upon gramaaoement, indicating a significant increase

in diffusion length of holes.
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Fig. 9 Influence of CdCltreatment on quantum efficiency of superstratéadmwith light incident from

bottom n-side. Note the significant increase in@&n CdCl treatment, particularly for short wavelength

photons which are absorbed far away from the mntjans. This fact indicates that the diffusiongémof

holes has increased significantly upon Cd@atment.

We next proceeded to make substrate devices @mhing from the top). To do this, we had

to develop a process for depositing ITO on top aof aganic material (PTAA or

PEDOT:PSS). We discovered that one could direatlyodit ITO on top of PEDOT:PSS

without damaging PEDOT:PSS. After the depositiofiT@ dots, one had to do dry air plasma

passivation of the remaining PEDOT to preventatrfrdegrading due to moisture and causing

shorts. In Fig.10, we show I-V curve of one of gubstrate devices showing an excellent

current (~10 mA/cr) and a decent voltage (056V), much higher tharptegiously reported

0.2-0.3V [3]. We need to significantly reduce thneist conductance in substrate devices to

improve the performance.
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Fig. 10 I-V curve of a substrate device in CdSehwitop ITO contact on top of the organic hetarofion p
layer. Light is incident from the top. Note the ektent current (>10 mA/cg) and reasonable open-circuit

voltage, 0.56V.

V. Conclusions

In summary, we have shown how one can significantfyrove the photovoltaic properties of
CdSe solar cells by using post-deposition annealsigg a CdGlover layer at temperatures
of 450°C. Such annealing increases the grain size, thé obility and also significantly
improves quantum efficiency in devices. We also wshthat by using appropriate
heterojunctions, including the use of inorganic d&Gs the n type layer and organic layers
(P3HT, PTAA, PEDOT:PSS etc.) as a p-type heterdiandayers. We made both substrate
and superstrate type of cells, with light comintpei from the top or bottom. A worldrecord
0.8V of open circuit voltage was achieved in supats cell. We have solved the problem of
depositing a transparent contact on top of therocglayer by using an appropriate organic
heterojunction layer (PEDOT:PSS) and following ithMTO deposition, which is followed
by plasma annealing in a dry air plasma to redthca@tsand to passivate PEDOT.
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Abstract

We report on the growth, grain enhancement, doping electron mobility of Cadmium
Selenide (CdSe) thin films deposited using therreghporation method. The optical
measurement shows CdSe is a direct bandgap matéhabptical bandgap (& of 1.72eV.
CdSe thin films were deposited on fluorine doped tixide (FTO) glass substrate at different
thicknesses, and grain size and mobility were nredson the films. CdGlwas deposited on
the films, and the films were subjected to highpenature treatment for several hours. It was
found that both the grain size increased signitigaafter CdC} treatment. Mobility of
electrons was measured using the space chargedieutrent technique and it was found that
the mobility increased significantly after CdQkeatment. It was discovered that post-
deposition selenization further improved the eleatrproperties of CdSe thin films by
increasing the electron mobility-lifetime productdathe photo/dark conductivity ratio. CdSe
films after post-selenization showed also showgdifcantly lower values for midgap states
and Urbach energies of valence band tail states.

I. Introduction

CdSe is an II-VI group semiconductor chalcogenitiectvis potentially an attractive material
for photovoltaic energy conversion since its bampdgan the range (~1.7 eV) needed for use
in a tandem junction solar cell with Silicon actimgjthe bottom célf. Theoretical calculations
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indicate that it is possible to attain a thermodyitaefficiency of ~45% in a tandem cell of
CdSe and c-%i CdSe is a binary compound and as such stoichigrisetasier to achieve than
in a ternary or quaternary material. CdSe is notewaoluble and does not thermally
decompose, unlike Pb-halide pervoskKitek is a direct bandgap semiconduétorand
consequently, only a thin film is needed to abggrbtons. CdSe thin films can be deposited
using different techniques including thermal evaior?, close-spaced sublimatinand
sputtering. In this work, we report on deposition using pbgsivapor deposition at high
growth temperature of ~400°C with different thickses in the range of 0.5um to 3um. We
show that post-deposition treatments using Gdtreases the grain size and mobility of the
CdSe significantly. Further high temperature selaton treatment under a Se flux serves to
increase the mobility still more.

II. Experimental procedure

For optical characterization, a glass/CdSe streottas prepared using thermal evaporation at
a working pressure of 3xP0Torr. Luxel Radak furnaces with excellent tempamtcontrol
were used to deposit the films. Two Radak furnamedd be used to deposit CdSe and Se
simultaneously. Typical film thicknesses were ia thnge of 0.5-3um. For morphological and
electrical characterization, films were deposited various substrates, including glass,
Fluorinated tin oxid¥ (FTO), FTO coated with n-CdS and Si wafers. N&xiCb treatment
was carried out on some of the samples. The £a€tment consisted of spin coating of
2%wt. solution of CdGlin deionized (DI) water (29/100mL), followed byetimal annealing
under nitrogen atmosphere at 450or 30min inside a quartz tube. For photoconatgti
experiment, after CdSe evaporation, post-seleoizagiep was performed at 480on three
samples for 30min, 60min and 120min under nitrag@m inside the quartz tube. The optical
properties were measured using Cary 5000 UV-Vis-Bipgctrophotometer in 400—-2500nm
wavelength range.

I1l. Results and discussion
A. Optical properties

Optical absorption data, absorption coefficiens. E, where E is photon energy, of lum CdSe
film deposited at 40C on glass substrate is shown in Fig. 1(a). The @ida.EY vs. E is
shown in Fig. 1(b). It shows a linear dependencth \&n intercept at 1.72eV, implying a
bandgap of 1.72eV.

www.manaraa.com



134

4°1.0x10° 3.5x10° Optical Bandgap of CdSe (1.72eV)
(a) ' (b)
§ s.0x10* « 3.0x10%
5 . D 25x10°]
s 6.0x10 F,E 5 ox10° (OB ~ AE - Egep)
(]
S 4.0x10* £ 1.5x10°
c N
S W 1.0x10°1
8 2.0x10* S |
2 5.0x10% I
Ko 1 Egap: 1.72eV
< 00 - - ; ; 0.0 : o :
05 10 15 20 25 1.5 16 1.7 1.8 19
Energy (eV) Energy (eV)

Fig. 1 Optical data of CdSe film, (a) Plotwfs. E, (b) PlotdE)? vs. E.

B. Surface morphological analysis under grain enharement

The surface morphology of the various CdSe filmsensssessed using a SEM. See Fig. 2.
CdCk heat treatment was found to have a significantichpn the grain size, achieving grain

enhancement as shown in Fig. 3. The grain sizes gfain enhancement are about 1um,
1.3pum, 1.5um, and 1.9um for the films whose thiskes were 0.5um, 1um, 2um, and 3um

respectively. SEM images clearly show that filmsfaee become flat and smooth after the
CdCbk treatment.

Mag = 50.00 K X WD = 8.4 mm
InLens EHT = 10.00 kv

WD = 9.4 mm
EHT = 10.00 kV.

Fig. 2 SEM images of as-deposited CdSe thin fiffast: 0.5um, GS ~0.3um, (b) t: 1um, GS
~0.5um, (c) t: 2um, GS ~0.7um, (d) t: 3um, GS ~M9u
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Mag = 50.00 K X

Mag = 50.00 K X WD = 9.4 mm
inLens EHT = 10.00 kV |

_/ £
G
B =il T00nm TMag = 60.00 K X WD= 54mm 7 - Mag = 50.00 K X WD= g
l “m H InLens. EHT = 10.00 kv InLens EHT = 10.00 kV

Fig. 3 SEM images after grain enhancement of CHiBefitms, (a) t: 0.5um, GS ~1um, (b) t: 1um,
GS ~1.3um, (c) t: 2um, GS ~1.5um, (d) t: 3um, GSp.

In Fig. 4, we show the cross-sectional SEM for ohthe grain enhanced films, showing that

the grain enhancement is through the entire film.

Fig. 4 Cross-section SEM of the grain enhanced Gi8dilm.
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C. Electrical properties under grain enhancement

The electron mobility of CdSe films in the directiof growth was measured using the space
charge limited current (SCLC) technigtieln this method, one uses a sample with ohmic
contacts on both sides and measures current vegeotharacteristic. When the injected
charge density exceeds the thermal charge detisitgurrent follows a J vs.?\felationship.
The mobility can be calculated from the slope udtiag (1), where J is the current density, V
is the voltage, L is the sample length, €0 €r whereeo is the absolute permittivity arelis the
relative permittivity of the material, andis the mobility of the carrier.
9 Vv?

J=g = (1)
Since CdSe is generally n-type, we used FTQ@dS/CdSe/PCBM/AI structure, where@dS
and PCBM play roles as ohmic contacts on both dolethe rf-n-n* structure as shown in

Fig. 5.
Carrier concentration also can be measured usingtieq Eq. (2).
1 VSCLC
n=c«e a P (2)

Where n, g, and 3€Lc are carrier concentration, electron charge anthgelat space charge

limited current region respectively.
AL

PCBM (n-Type)

* CdS (n-Type)
| FTO

Fig. 5 Schematic diagram of-n-n" structure to measure mobility of CdSe thin filningsSCLC

technique.

Fig. 6 shows current density vs. voltage and veltaguare for as-deposited and grain-
enhanced CdSe films for the films with thicknesse&5um, 1um, 2um, and 3um. The figures
show a distinct | vs. %behavior at higher voltages. The slope of this liiedds a value for
mobility.
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Fig. 6 I-V curves from SCLC experiment to measunbitity of CdSe films under four different

thicknesses: 0.5um, 1um, 2um, and 3um. (a) J yas™eposited), (b) J vs. V (after grain

enhancement), (c) J vs?Yas-deposited), (d) J vs?Yafter grain enhancement).

Fig. 7(a) shows the mobility vs. thickness for apakited and after grain enhancement of
CdSe thin films. Grain enhancement clearly leadkigher mobilities. Fig. 7(b) shows the
mobility vs. grain size of CdSe thin films afteragr enhancement. The highest mobility that
we have achieved is about 3.5%vhS for large grain CdSe films in the range of-2}8m.
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Fig. 7 Electron Mobility vs. film thickness (a) aMbbility vs. grain sizes (b) of CdSe thin films.

D. Influence of post grain growth selenization on poto and dark conductivity

Since the grain growth is done at relatively higimperatures, there is the potential loss of Se
during such a procedure. To see if this is the,@as®can measure dark and photo-conductivity
of the films, and also study the tail state dendityth after grain growth and after growth
followed by selenization.

Photoconductivity was measured on as-depositedafted post-selenization of CdSe thin
films. The results for photo-conductivity and liglotdark conductivity ratio are shown in Fig.
8. It clearly shows that both photo-conductivityddight-to-dark conductivity increase as a
function of selenization time. From the photo-coctdity, one can deduce the electron
mobility-lifetime (pr) product.

. 1.2x10°%9 " ' ' ' ¥ i

= /- 1.2x10

o 2
G ° =
- - i 5 O
3 9.0x10™1 /_ 9.0x10° 2
= ® S
2! 6.0x10°
2 6.0x10™1 3
9 0
< -3.0x10° T
o ® —e— Photo-conductivit =2
S y S
& 3.0x101 / —=— Light-to-dark conductivity -

: . L0.0
0 30 60 90 120

Selenization time (min)

Fig. 8 Photo-conductivity and Light-to-dark conduity of CdSe thin films for as-deposited and after

post-selenization.
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A large mobility-lifetime product indicates thattlelectron recombination center density has
decreased. Mobility-lifetime product can be dedufteth photo-conductivity by knowing the
photon generation rate G/éngiven by:

Z

abs

(3)
t
Where, Nbsis the number of absorbed photon flux and t tiekttess of the film. The number
of absorbed photos is given by:
Nabs = Np (1 = R)(1 — exp(—at)) (4)
Where, No, Rq, and t are incident photon flux, reflection, alpgimn coefficient, and thickness
respectively. Finally, photo-conductivity and Matyitlifetime product can be expressed by

G =

Ao = OLight — ODark %)
Ao

Tt = — (6)
qG

Where,cLight, opark, andAc are light conductivity, dark conductivity, and pbxonductivity

respectively.

The mobility-lifetime product vs. post-selenizatitime curve is shown in Fig. 9. The figure

shows that the @) product increases by about 5 times after 120 tegaf selenization.
6x10°

g‘ @
~ 5)(10_6' /
N ®

5 4x10°°- /

o [

£ 3x10°®
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= 2x10°®

>

= .
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Fig. 9 Mobility-lifetime product vs. post-seleniiat time for CdSe thin film.

E. Measurement of tail state density

All polycrystalline materials have tail states ntba conduction and valence bands because of
the disorder in the crystalline network. For ta#tes near the valence band, which are filled
with electrons since the material is n-type, arueate way of measuring them is to use sub-
bandgap photo-conductivity vs. photon enéfgihe subgap photons excite electrons from the
tail states into the conduction band, and assuthiaighe matrix elements coupling these states
to the conduction band are independent of energlotaof subgap photo-conductivity vs.
photon energy yields the density of tail statesewergy. This method has been widely used to
deduce tail state and mid-gap state densitiesShHhand perovskité13
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In Fig. 10, we show the deduced density of tatlestas a function of energy for three films,
without grain enhancement, with grain enhancenssr,with post-enhancement selenization.
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Fig. 10 Absorption coefficient vs. energy for thegemples including As-Deposited, CdCleated,
and CdC] Treated + Selenized samples.

The Urbach energy of tail states, &hich is deduced from the equation:
E—E,

P )
Where E is energy of conduction band. The Urbach energysis reduced with selenization,
and has a value of 21meV for the best film. Thisi@as in the same range for other efficient
photovoltaic materials such as perovksitdhe figure also shows that at lower energiesgther
is flattening of the curve, indicating the presentenidgap states, and that selenization has
also reduced the density of such states. Thispofse is the reason why the electron)(u
product increased after selenization.

a= oagexp(—

IV. Conclusions

CdSe thin films were prepared on glass and FTO/GdBstrates by thermal
evaporation method at 4@ under different thicknesses. The Cgiidat treatment was carried
out at 450C for different time inside a quartz tube in nitemgatmosphere. It is seen that a high
temperature heat treatment with Cg¢lelds to significant grain enhancement. Seleropat
after grain-enhancement was shown to improve tlméogptonductivity and the photo-to-dark
conductivity ratio. Mobility-lifetime product forlectrons was measured and was found to
increase with selenization time, and be in the eanfgh x 16 cn?/V. Tail state densities and
Urbach energy of tail states near the valence lesi@ measured and it was found that
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selenization reduced the tail state densitiesadswl reduced the midgap densities. The films
had a low Urbach energy of 21meV after selenization
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