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ABSTRACT

METAL OXIDES AS BUFFER LAYERS IN POLYCRYSTALLINE CdTe THIN-FILM
SOLAR CELLS

The optical band-gap of 1.5 eV and absorption coefficient the order of 10° cm™ makes CdTe
a very attractive absorber for thin-film solar cells. This dissertation explores methods to
improve both the front, or emitter, part of the cell and the back contact to the CdTe-based
thin-film solar cells.

The choice of an n-type emitter partner for CdTe based solar cells is crucial to the
overall power conversion efficiency. In comparison to the traditional CdS emitter, metal
oxides such as ZnO, MgO, and the ternary alloy Mg,Zn; O have large optical band-gaps
making them transparent to most of the solar spectrum and an ideal emitter layer adjacent
to light-facing side of the absorber in a superstrate configuration. The optical and electrical
properties of Mg,7Zn; O emitters can be modulated by varying the elemental ratio of x =
Mg:(Mg + Zn) in the ternary alloy. Tracing the variation of the conversion efficiency as
a function of Mg fraction in Mg,Zn; O emitter, an optimal Mg fraction of x = 0.15 was
found to produce highest efficiency for the CdTe-based thin-film solar cells. Photoelectron
spectroscopy demonstrated the conduction band offset at the emitter/absorber interface
transitions from a cliff like -0.1 eV for x = 0.00 to a spike like 0.2 eV at the optimal x =
0.15. Photoluminescence and low-temperature current-voltage measurements showed that
the interface between MgZnO and the CdSeTe is well passivated for x =0.15. Further increase
in the Mg fraction however increases the band offset between the emitter /absorber leading to
distortions of J-V curves under various illumination conditions. Light soaking experiments
and numerical simulations show that an insufficient density of carriers in the MgZnO due
to the compensating defects causes these distortions: a failure of superposition of light and
dark curves referred to as cross over, and distortion from normal current voltage behavior

under spectra filtered illumination. An extrinsic doping of the emitter is critical to rectify
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these distortions and Ga-doped MgZnO was employed to experimentally demonstrate a cure
to these J-V distortions characteristic of an undoped MgZnO emitter. It paves pathway to
increase the n-type carrier density in the MgZnO emitter. The group-V doping of CdTe has
shown potential to improve open circuit voltage, with level of doping in absorber the order
of 10 cm™ and lifetimes of hundreds of ns. Numerical device simulations demonstrate that
doping the emitter layer is essential and a particular challenge if the doping in the absorber is
high. The results find the carrier concentration in emitter should be higher than the doping in
the absorber to attain high open-circuit voltage in the highly doped CdTe-absorbers possible
with arsenic doping.

Various back contact metals like Ag, Co, Pt and metalloids like Te, and Se with different
work functions were used to make an ohmic contact with the CdTe back surface. The use of
a buffer layer behind the bare CdTe surface is found to be critical to the device performance.
A thin 30-nm layer of Te have become the preferred choice of back buffer layer. Metal
oxides like TeO, has been introduced as back buffer between the CdTe absorber and Te back
contact to study their effect in device performance. The study finds that a double CdCl,
passivation procedure before and after the deposition of oxides is critical to the performance
of these solar cells. Devices with the TeO, and the Te layer as back buffer demonstrated
a power conversion efficiency in excess of 17 % without the incorporation of dopant in the
absorber. Such a result is significant, as extrinsic dopants in CdTe-based absorbers often
introduce defects in the absorber leading to increased recombination and degradation of
cell performance particularly if the absorber is doped with Cu. Spectral and time resolved
photoluminescence measurements carried out with illumination from front glass side show
such cells have improved minority carrier lifetimes. The rear TRPL illumination to probe a
CdTe/TeO, surface measured lifetimes of few ns indicative of the TeOy as a back buffer layer
to mitigate the effects of large defects on a free CdTe surface. These results demonstrate
metal oxides as a promising candidates for back buffer layers, and passivating back contact

for hole selectivity in the CdTe-based solar cells.
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Chapter 1

INTRODUCTION

1.1 Need for a clean source of energy

The human population over the last century has exploded. The current world population
clocks over 7.5 billion [1] and is projected to reach 8.6 billion in 2030, 9.8 billion in 2050
and 11.2 billion at the turn of the century in 2100 [2]. Global energy consumption to meet
the demands of ever growing population has grown exponentially as shown in Fig. 1.1 [3].
Majority of the global energy comes from the non-renewable source of energy, mostly from
the fossil fuels. Combustion of fossil fuel emits CO5 which is a major green house gases.

Global energy consumption since 1800 Other renewables

T 7 T T T T
184 Pie chart for total energy consumption in 2019
Gas ~ 23%
16 °
i Oil ~31
Nuclear ~ 4%
14 °
Hydro ~ 6%
12
| ind ~ 2%
107 ) Traditional
J*percentage rounded to nearest integer

Coal ~ 25% biomass ~ 6%

Il Traditional Biomass ~6%
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I Ol ~31%
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I Nuclear ~4% In 2019
~R0,
= cvyii:ff;'nzr e Renewables <15%
] Solar ~1%
7] Modern biofuels <1% Coal
I Other renewables<1%
*data obtained from: ourworldindata.org

Total global energy consumption (TWh) x 10*
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biomass

1800 1850 1900 1950 2000
Year (A.D)

Figure 1.1: Global energy demand since 1800 and contribution from renewable in 2019 [3].
Green house gases like CO,, methane, nitrous oxide and fluorinated gases act as heat

traps to elevate the temperature of earth’s atmosphere. A comparative study of CO, content

in earths atmosphere measured from ice cores show that the CO, content in our earth’s



atmosphere has increased since the industrial revolution [4, 5] as seen from Fig. 1.2(a). A
direct co-relation between the earth’s CO, content and average global temperature is seen

in Fig. 1.2(b).
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Figure 1.2: Atmospheric CO2 content over past several milennia measured from ice cores and
a direct correlation with elevated earth’s atmospheric temperature [7].

The unprecedented amount of COs in earth’s atmosphere results in large shifts in weather
patterns leading to global warming and climate change, that poses an existential threat to
the beings of earth [6]. Nineteen of the warmest years have occurred since 2000, Arctic ice
has receded at a rate of 13.1 % per decade, highest atmospheric CO, was measured above 400
ppm in 650,000 years, and sea level is rising at 3.3 millimeters/year [7]. On December 12"
of 2015, some 196 countries around the globe acknowledged the threat and committed to a
legally binding international treaty on climate change to limit global warming of earth below

2 °C by curbing the green house gas emission, commonly known as the Paris Agreement.



1.2 Solar energy

Energy from the sun is nearly limitless. Photovoltaic (PV) methods generate electricity
from the solar illumination which is safe, pollution free, and a clean source of energy. An
unceasing solar power in excess of 120,000 Terawatts illuminates earth’s surface, this energy
accumulated for little over an hour will meet our present day annual energy demand projected
in Fig. 1.1. Solar energy has the potential to be an answer to the global demand for energy.
Over the years, various solar PV technologies have established themselves as one of the
cheapest sources of energy. The levelized cost of electricity that gauges the cost of electricity
generation of a power plant over it’s lifespan is calculated to be the lowest for solar PV
electricity. [8]. The global cumulative PV installation at the end of 2019 was above 600 GW
and projected to add above 150 GW in 2020/21.

Cadmium telluride (CdTe) PV is a thin-film technology that has a near ideal optical
band-gap of 1.5 eV, relatively fast deposition rate of few microns/min, low material usage ,
low cost of manufacturing and relatively short energy payback time [9]. This makes CdTe
an ideal absorber material for thin-film PV. Device efficiency of 22.1 % for cells and 18.6 %
for modules has been achieved for CdTe PV [10] that falls short of the theoretical Shockley-
Queisser limit for a single junction CdTe solar cell is over 30 % [11]. This presents an ample
room for improvement in efficiency to further reduce the cost making it attractive both
commercially and economically, the key attributes to the advancement of any technology.

The thesis will focus on the strategy, methods and device physics that are of great
importance in improving the device performance of thin-film solar cells, CdTe in particu-
lar. Experimental and numerical simulation methods are employed hand in hand to guide
and demonstrate improvement in device performance. The work identifies optical band-gap
engineering, energy band offset, doping of the absorber and emitter, reduced interface re-
combination, improved back contact, favourable band bending etc as critical parameters for

the improvement of CdTe-based thin-film solar cells (TFSC).



Chapter 2

BACKGROUND

The chapter provides a brief insight to important principles, physics of photovoltaic de-
vices, properties of semiconductors and solar cells, device architecture, various optical /electrical
device characterization methods, and key parameters for device simulations. All of these are

key to understanding of the fundamentals of how a solar cell works.
2.1 Fundamentals of semiconductors
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Figure 2.1: The energy band structure and various potential energies.

In most semiconductors, there is a well structured periodic placement of atoms. The
smallest unique assembly is called a primitve cell, which corresponds to a crystal structure
such as simple cubic, body centered cubic, zinc-blende, rock salt, wurtzite etc. The energy-
momentum (E-k) relationship for carriers, the electrons and holes, and the interactions with
photons and phonons in the lattice has to be conserved. The mathematical formulation
of this criteria leads to a forbidden energy range in which allowed states donot exist for

semiconductors as shown in Fig. 2.1 with the exception of defects and dopants [12]. The



upper band is called conduction band (E¢) and lower bands are the valence bands (Ev).
The separation between the energy of the lowest E¢ called conduction band minima (CBM)
and highest Ey called valence band maxima (VBM) is the optical energy band-gap (E,).
Photons with energy greater than E, will get absorbed, dislodging an electron from the Ey
to E¢ leaving behind a pseudo particle termed as a hole in Ey, the sub band-gap photons

will not get absorbed but will be transmitted.

2.2 Fermi level and carrier density

Taking account of Pauli’s exclusion principle which implies that each allowed energy state
can be occupied at most by two electrons of opposite spin, the probability of occupation of

an allowed state of energy E is given by Fermi-Dirac distribution function f(E) given by

1
f<E) = (E—Ep)

= (2.1)
1+e *7

where £ is Boltzmann’s constant, T is absolute temperature and Er is Fermi level. The Fermi
level is defined as the highest energy level occupied by electrons at a given temperature. At
T = 0 K all states below Ep are filled and above Er are empty. At T > 0 K, the number
of allowed states per unit volume N(E) in a semiconductor in the allowed energy bands is
given by

8\/§7rmz3/ 2

n(B) = (B — Eo)”? (2.2)

where h is Planck constant, m*, is effective mass of electrons. Now, the electron density (n)

in the conduction energy band is given by

n = NgeBr=Eo)/kT (2.3)

where N is effective density of states in conduction band. Similarly, the hole density (p) in

the valence band is given by

p = NyelBv—Er)/iT (2.4)



For intrinsic semiconductors in thermal equilibrium, an electron in Eg leaves behind a hole
in Ev, so the intrinsic carrier concentration (n;) is equal to n ( = p). This gives rise to an

equilibrium condition

np = n? = NeNyeBv=E)/T — N Ny, ePo/kT (2.5)
Ec+E N
B = ZCTEV i (Y (2.6)
2 N¢

Equation 2.6 gives the relative position of the Fermi level. For intrinsic semiconductors, Ep
is located near midgap of E,. Doping of the semiconductors perturbs this intrinsic case.
Semiconductors can be doped with a donor or with an acceptor atom. A donor atom will
lose an electron and become a positively charged ion while acceptor will accept an electron
and become negatively charged ion. When a semiconductor is doped with a donor type
dopant with density Np, it introduces dopant energy levels (Ep) closer to the E¢, making
the transition of electrons from Ep to E¢ much easier. The charge neutrality demands total

number of electrons in E¢ and holes in Ey to satisfy

p—n+Nj=0 (2.7)

where, the Np™ is the density of ionized donors. For large Np in a semiconductor, the

semiconductor material is called n-type, This leads to the approximation

n2

n~Nj~Np=n>—rp (2.8)
Np
(Ep—Eo) /KT Np
n = Np = Nge'"F— ¢ = Lr — Ec = len(N—) (29)
C

Similarly, materials doped with acceptor dopants will make p-type semiconductor with Ep

given by,
N
p=Ny=NyePVEI — B B, = k;Tln(N—A) (2.10)
Vv



From equations 2.9 and 2.10, it is clear that the Er gets pushed closer to E¢ for large Np in

n-type semiconductors while the Er gets closer to Ey for p-type semiconductors.

2.3 Generation and recombination

When there is deviation from the thermal equilibrium condition of pn = n;?, different
mechanisms come into play to restore the equilibrium. These processes are recombination

(R) when pn > n® and generation (G) when pn < n;.

In thermal equilibrium, the net
transition rate U (= R-G) is zero. Let us assume a p-type semiconductor, with acceptor
dopant concentration of Ny with equilibrium electron and hole concentration of n,, and py,
~ N~ respectively at thermal equilibrium. The electrons are called minority carriers and
holes are called majority carriers in a p-type semiconductor where n,, < p,,. When light

with hv > E, is used for illumination, a low-level injection case occurs where the excess

carriers An = Ap are fewer than majority carriers p, which satisfies following conditions

Ny ="Npo+An & DR Pro & Dpo>> npo (2.11)

The purpose of a solar cell is to extract these excess photo-generated minority carrier An
by applying appropriate voltage. This low-level injection violates the equilibrium condition,
so the excess minority carriers decays via various recombination mechanisms to revert to

equilibrium condition:

e Radiative recombination is opposite of absorption. An electron occupying higher
energy state will transition to lower energy state by emitting photon of energy equal

to the transition energy difference.

e Auger recombination is a non radiative recombination when an electron in E¢
recombines with hole in Ey by giving excess energy to another electron in Eq. The

second electron then relaxes back to it’s initial state by releasing phonons.



e Bulk recombination via the trap states. The impurities in the semiconductor leads
to presence of energy levels in the forbidden gap called the trap states. These trap
states assist in an efficient recombination via a two step process where, an electron in

Ec recombines with the hole at Ey via these trap states as a transit.

e Surface recombination A surface is a severe defect in a crystal due to lattice inter-
ruption, presence of dangling bonds, charge accumulations etc permitting trap states
to exist in the forbidden energy gap making it the most efficient recombination mech-
anism in a semiconductor. This is of particular importance to the thesis as extraction
of the photogenerated electron and hole pairs across such defective CdTe surface is

critical to the performance of a CdTe-based solar cell.
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Figure 2.2: Various recombination mechanisms 1. Radiative recombination, 2. Non-radiative
Auger recombination 3. Trap assisted recombination 4. Surface recombination

The net rate of recombination of electrons in Es and holes in E¢ via a trap at energy
level E; is given by Shockley-Read-Hall statistics [13, 14, 15].

00U N (pr — n?)

7
BBi] 4 o,[p 4 ne ]

Rsry = (2.12)

onln + nie

where, where o, and o, are the electron and hole capture cross sections respectively, n and
p are electron and hole density, n; is intrinsic carrier density, vy, is thermal velocity and E;
is intrinsic Fermi level. The recombination rate in equation 2.12 is maximum when £; =

E;. This suggests that the mid-gap trap states near midgap are efficient bulk recombination



centers reducing equation 2.12 to

R OnopvnNi(pn —nf) (2.13)
on(n 4+ n;) + op(p + 1)

For p-type semiconductor under low-level injection condition for equation 2.11, the total
recombination rate is
0100t Ni[Ppo(Npo + An) — n?] An

~ o, Nt AN ~ — (2.14)
OpPpo Tn

R:

where 7, is electron lifetime or often referred to as minority carrier lifetime given by

1

- 2.15
On Ut Ny ( )

Tn =

The expressions derived here help quantize the bulk quality of a semiconductor. A reduc-
tion in N; or o, will increase the 7,, and reduce bulk recombination. Various methods are
implemented during the solar cell device fabrication to achieve this and is key to improving
photovoltaic characteristics of absorber materials used for solar cell fabrication.

A similar argument can be made for the recombination at the surfaces. Let us assume
that the surface of area ‘A’ with thickness ‘0’ on the surface has defect density of Ny. On
the surface of the semiconductor the areal surface defect density N; is the key parameter
that governs the recombination. The surface defect density N, is related to volume defect

density Ny by N, = N; x 6. Feeding this to equation 2.15 will give

0 ) ,
= =5, =2 N 2.1
T p— S - VN, (2.16)

where S, is electron surface recombination velocity which gauges the quality of the surface. In
a solar cell, the semiconductor absorber material will have a contact (either a metal or another
semiconductor) instead of a free surface to assist in extraction of the charges. The surface

recombination velocity term S, in such case becomes the interface recombination velocity



(Sip). Sir as we will discuss later is a key parameter to gauge the quality of an interface
of solar cells that measures the selectivity of charge extraction from a semiconductor. The
recombination in the grain boundaries of the poly-crystalline materials is also described by

equation 2.16. Similar mathematical equations 2.15 and 2.16 hold true for holes.

2.4 P-N junction

A p-n junction is a two-terminal device formed by bringing a n-type and a p-type semi-
conductor together. The doping profile, device geometry, semiconductor deposition process
and parameters can be altered to engineer and exploit the various optoelectronic properties

by forming a junction between the semiconductors of different types.
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Figure 2.3: A homojunction in thermal equilibrium (a) space-charge distribution (b) carrier
density distribution (c) Electric field distribution (e) Energy band-diagram
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A homojunction is an intimate interface that appears between a n-type and a p-type
semiconductor of similar material. This enables the diffusion of holes from p-type and
electrons from n-type into the adjacent layer until an equilibrium is achieved. This exchange
leaves behind ionized atom cores, a positive charge is built up in the n-type region and a
negative charge in the p-type region referred to as depletion charge as shown in Fig. 2.3(a).
Due to this, an electric field is created from the n-type to the p-type region that counters
the diffusion by the drift current. At equilibrium, the drift and diffusion currents are equal
and deplete the region adjacent to the p-n interface of any free charges. This region is called
depletion region. In thermal equilibrium, the Fermi position is constant which governs the
band-bending in the adjacent regions resulting in the energy band-diagrams as shown in Fig.
2.3(d). A built-in potential(¢y;) is created in the depletion region given by

kT NpNga

¢bi ~ —ln D)
q ny

(2.17)

The total negative charge per unit area in p-type must be equal to the total positive charge

in n-type which leads to the condition

2¢ [N N
NuyD, = NpD,, Wp=Wp,+Wp, = \/E6 (%) (% (2.18)

where € is relative permittivity of the semiconductor. Wp, Wp, and Wp, are total depletion
width and extended depletion width in p-type/n-type respectively. When an external voltage
(V) is applied to the two terminals of the heterojunction, the electrostatic potential change

is given by (1, - V), The junction capacitance per unit area (Cp) is given by

NAN
Cp=-—" :\/ ¢A e (2.19)

Wh 2(Ns+ Np)(tw — V)
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Solving the drift and diffusion equation for the charges the total diode current density (J)

across the terminals of the junction is given by
J=J,+J, = J, [e% - 1} (2.20)

where J, is dark saturation current which is a function of recombination lifetime (7), diffusion

lengths (D,;,) that are determined the quality of semiconductor material and is given by

D D,
JO = qnzz (L ]S*D _l_ L NA) ’ Ln,p = \% Dn,an,p (221)
D n

2.5 CdTe thin-film solar cell

CdTe thin-film solar cells (TFSCs) are an one-sided, abrupt heterojunction. Typical
CdTe TFSCs are fabricated on a glass substrate which provides both mechanical support
and an optical transparency. Depending on whether the light enters the cell from a glass side
or the film side, the device architecture is termed as superstrate configuration or a substrate
configuration. The compatibility of semiconductor deposition sequence, and post deposi-
tion processes coupled with the industrial success has made the superstrate configuration a
preferred choice and the one that we will discuss for reminder of the dissertaion.

A bilayer of CdSeTe/CdTe of combined thickness of around 4 pm followed by CdCl,
treatment is performed in a single vacuum chamber with multiple deposition stations for
colse space sublimation [16]. The CdCl, is critical to passivate the grain boundaries, pas-
sivate the interfaces, and grade the Se towards the front of the absorber [17, 18, 19, 20].
CuCl treatment is followed by deposition of 30 nm of Te [21, 22]. A bilayer of C/Ni paint
in polymer binder is applied to finish the devices. The deposition of these different semi-
conductors is performed by various physical vapor deposition methods like sputtering, close
space sublimation, evaporation etc.

A typical superstrate CdTe TFSC fabricated at Colorado State University (CSU) is as

shown in Fig. 2.4. The substrate is usually a soda lime glass from Pilkington that has
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Figure 2.4: (a) Schematic of the different layers deposited with typical thicknesses (b) High
resolution crossectional TEM image of a poly-crystalline CdTe thin-film solar cell [20].

a precoated 400 nm of SnOy:F. A thin buffer layer like CdS, ZnO, MgO, MgZnO etc is
deposited which will be the n-type partner, also referred to as an emitter is followed by

deposition of the p-type absorber. Ideal emitter layer should have wide band-gap for optical

transparency and highly resistive to avoid shunting between the front and the back electrode.
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Figure 2.5: (a) Energy band diagram for CdTe thin-film solar cell at 0 V and AM 1.5G
illumination typical to the device structure shown in figure 2.4.
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The energy band-diagram for a typical MgZnO/CdSeTe/CdTe solar cell is as shown in
Fig.2.5. The optical band-gap of SnOs:F and MgZnO is near 3.7 eV, so photons with energy
less than 3.7 eV will pass through the emitter layer and be absorbed in the CdTe absorber.
These absorbed photons will then create electron-hole pairs in the region close to SCR. The
internal electric field will assist in the collection of these photogenerated electron and hole
pairs. The electrons get collected at the front SnOs:F electrode and the holes at back C/Ni
electrode. Various aspects of the CdTe TFSCs will be discussed with help of the energy band
diagrams later in Chapter 4. After the device fabrication, various characterization methods
such as current-voltage (J-V), quantum efficiency (QE), photoluminescence, capacitance-

voltage (C-V) etc. are carried out.
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Figure 2.6: (a) Current-voltage curve with the critical parameters (b) Quantum efficiency
and photoluminescence (¢) Mott-Schottky plot (d) Carrier concentration and voltage bias a
function of depletion width.
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An example of a J-V curve is in Fig. 2.6(a). An ideal solar cell will have the J-V curve
of the p-n junction diode shifted by the light generated current J;,. The key parameters
are short-circuit current (Jsc), the current measured at 0 V, open-circuit voltage (Voc)
measured when the current across the terminals is zero, and fill factor (FF) which measures
the squareness of the diode curve at maximum power point (MPP). The conversion efficiency
of a solar cell is the product of these three terms divided by the incident power of a standard
solar spectrum equal to 100 mW /ecm?. A typical diode equation for a solar cell with various

parasitic losses is given by equation 2.22 [23], a slight modification to equation 2.20

J(V) = J, | et

WW_Rsr) 1] n V—RgJ I, (2.22)

Tsh

where Rg is series resistance, ry, is shunt resistance, and A is an ideality factor, J;, is illumi-
nation current density.

Quantum efficiency measures the spectral response of a solar cell at zero voltage, a
measure of probability of number of carriers collected by a solar cell to the number of
photons incident on the solar cell. The typical QE curve is shown in Fig. 2.6(b) and is given
by

number of electron hole pairs collected

QE\ =

3 JSC = q/F)\QE)\d)\ (223)

number of photons incident

where F is photon flux density per unit wavelength. The integrated area under the QE curve
gives a value that should be equal to the Jg¢. Photoluminescence (PL) measures the quality
of the absorber material used for solar cell. It measures the flux of light emission from
absorber after the absorption of monochromatic photons from a laser. The PL emission
photons correspond to the E, for a good absorber material as shown in Fig. 2.6(b). An
extension of a normal PL is a time-resolved PL (TRPL) where a short laser pulse is used for
excitation and the decay of the PL emission as a function of time is measured to derive the

carrier lifetimes [24].
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The device architecture described in Fig. 2.4 is such that the p-type absorber is de-
posited on a degenerate highly doped n-type SnOs:F with a thin 100 nm of MgZnO emitter
sandwiched in between. The doping in the absorber is much smaller than that of SnOs:F.
Applying the condition Ny < Np to equation 2.18, we get Wp, > Wp,, meaning the deple-
tion width is nearly entirely in the p-type absorber side. A voltage-dependent capacitance
measurement can be performed and the depletion width and junction capacitance per unit

area for a solar cell can be derived from equation 2.19 as

€ _ B qeN4 _CPAV
o = - oV)= 2(¢bi—v):> A7 e AC

(2.24)

A Mott-Schottky plot is obtained for a typical CdTe TFSC as shown in figure 2.6(c) using
equations of 2.24. The y-intercept will give a measure of the depletion width at 0 V and
x-intercept extrapolated near 0 V will give a measure of the built-in potential of the solar
cell and the slope will give the net acceptor density in the absorber. The carrier density Vs.
depletion width for varied voltages is as shown in Fig. 2.6(d) that has a shape, often referred
to as a belly. The net carrier concentration in the CdTe absorber is measured at the bottom

of the “belly”.

2.6 Numerical Simulations

The device physics for a solar cell is obtained for the solution of Poisson’s equations or

Gauss’s law and continuity equations for electrons and holes expressed by the equations [12]

V.eV¢p = —q(p —n+ Nj) — Ny) (2.25)
> on
V.= a(R-G)+a5 (2.26)
- dp
VT, =q(R—G)+q (2.27)

at
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where € is dielectric constant, ¢ is electrostatic potential, n and p are carrier concentration,
Nptand N4~ are ionized donor and acceptor cores, J, and J, are hole and electron current
densities, R and G is recombination and generation. The drift component caused by the
electric field and the diffusion component caused by the carrier concentration gradient lead

to the current density equations as [12]

— —

Jn = quonE + qD,Vn (2.28)

—

Jp = quppE — ¢D,Vp (2.29)

where the p,, and p, are electron and hole mobility, E is electric field. D’s are carrier diffusion

constants given by D = (%T,u). At steady state condition, % = 0 and % = 0, the above
equations can be simplified to [12]
- - kT dn dEp,
Jp = quanE +qDy— = qup | nE + —— | = 4 (2.30)
q dx dx
> = dp ~ KT dp dEr
J, = E—qD,— = E——— )= i 2.31
b = UpPE — qDy— - = aptp (p . d:c) HoP = (2.31)

where Ep, and Ep, are quasi Fermi energy levels for electrons and holes, respectively. Most
numerical simulation packages are equipped to solve these equations with the various pa-
rameters that define the solar cell. In this work we will be using Solar Cell Capacitance
Simulator in 1 Dimension (SCAPS-1D) as our numerical simulation tool [25]. The table 2.1
here gives the basic parameters used for numerical simulations used for the remainder of this
dissertation [26].

For a straight forward conclusion, the front and back electrodes can be assumed to be
ohmic or a non-ohmic Schottky barrier. The baseline for the simulation is considered to
have a ohmic contact for electrons at front electrode and a back barrier of 0.3 eV for holes.
The rg,= 1 MQ.cm? and a Rg = 1 Q.cm? typical to the CdTe TFSCs is used as a baseline

during numerical simulations. Illumination conditions of AM 1.5G at 300 K is considered.
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Table 2.1: Critical parameters used for the numerical simulation using SCAPS-1D

Parameters SnOy : F MgZnO CdSeTe/CdTe  Te
Thickness (nm) 500 100 1500/3000 50
E, (eV) 3.2-3.9 3.5 1.4/1.5 0.33
electron affinity (eV) 4.0 4.0 4.2/4.1 5.17
Relative permittivity (e/e,) 9.0 10.0 9.4 28
Effective density of states in E. (cm™) 2.2x10'%  1.1x10" 8x 107 10'8
Effective density of states in E, (cm™®) 1.8x10'Y  1.8x10" 1.8x10" 1018
electron/hole density n/p (cm™) n:10"%  n:10%-10®  p:10M-10'7  p:10'8
electron/hole mobility (cm?V-1s) 100/25 100/25 320/40 50/175
electron/hole lifetime (ns) (To=mn)1  (1,=mn)1 (T,=74)1-50 -

Default value of effective mass for electrons and holes was used. The defect densities and

characteristics of both bulk and interfaces were varied according to the need.
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Chapter 3

SEMICONDUCTOR HETEROJUNCTIONS AND METAL OXIDES AS BUFFER FOR
POLYCRYSTALLINE CdTe THIN-FILM SOLAR CELLS

The device architecture of CdTe TFSCs shown in Fig 2.4 consists of multiple layers of
semiconductors. These semiconductors have different properties such as optical band-gap,
doping type, lattice parameters, potential energies, conductivity etc. These properties play a
vital role in determining the qualities of a heterojunction formed between the semiconductors.
Lattice matching, energy band-diagram alignment, energy band bending and band-offsets are
some of the key parameters that govern the quality of a heterojunction. If the conductivity
type differs then the junction is called an anisotype heterojunction. More details can be

found in text books of semiconductors such as Ref. [12].

3.1 Simple band alignment

Electron affinity () measures the potential energy required to remove an electron from
the conduction band to vacuum level. Taking account of the electron affinity and the optical
energy band gaps of semiconductors will lead to different types of combination for E¢ and

Ey alignment at the interface.

Type - | Type - Il Type - Il

E————— I

Figure 3.1: Different types of simplified heterojunctions

Simplified combinations of such alignment without any band-bending are Type-I , Type-

IT, and Type-1II shown in the Fig. 3.1. In a Type-I or straddling heterojunction, the E¢ and
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Ev of one semiconductor is smaller and hence a lower E,. In Type-II or staggering hetero-
junction, the relative position of the E¢ and Ey in one of the semiconductors is such that
the electrons are collected in the E¢ of one semiconductor and the holes are collected at Ev
of the other semiconductor. This type of band alignment is central to the emitter/absorber
interface of CdTe TFSCs. The third Type-III or broken-gap is an extension of Type-II where

the E¢ at one semiconductor overlaps with Ey on the other semiconductor.

3.2 Band bending at heterojunctions

In previous section we discussed a simple band alignment based on the relative position
of the E¢ and Ey. However, taking account of the optical band-gap E,, permittivities (e),
work functions (¢), and different electron affinity (), a simple energy band model for an
idealized heterojunction without any interface traps is shown in Fig. 3.2 commonly known
as the Anderson model [27]. The work function is defined as the amount of energy needed

to remove an electron from the Fermi level Er.

(@)  vacuum lelvel (b) Wo ‘ vacuum lelvel
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Figure 3.2: (a) Schematic of two semiconductors of different E; and conductivity in isolation
(b) Ideal anisotypic heterojunction formation at thermal equilibrium with respective band-
bending in the semiconductors.

In Fig. 3.2(a) the relative position of E¢, Ey, and Ep in reference to the vacuum level
is depicted for two isolated semiconductors of different conductivity (n-type and p-type).

The heterojunction between semiconductors of different conductivity is called an anisotypic
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heterojunction. Here, the optical band-gap , electron affinity and workfunction of n-type
semiconductor is Eg1, ¢xi, and g¢; respectively. Similarly for p-type semiconductors, Egs,
qx 2, and q¢» represent the respective quantities. The relative position of E¢, Ey, and Eg
for the two semiconductors is governed by the electron affinity of the semiconductors. The
conduction band offset (CBO) and valence band offset (VBO) are represented by AEq and
AEy respectively. The electron affinity rule (AE¢ = qAx) may not be valid in all cases
but choosing AEq as an emperical quantity will give satisfactory approximation of the band
offset and band-bending at the heterojunction [28]. At thermal equilibrium, the Fermi level
at both sides must coincide, and the vacuum level must be parallel and continuous with the
energy bands. The equivalent band bending and energy band diagram looks as shown in Fig.
3.2(b). The total built-in potential and depletion width are partial sum of the respective
built-in voltages and depletion widths. Similar arguments can be made for generating energy
band diagram for the case when smaller band-gap is a n-type or if both the semiconductors
are p-type or n-type to form a heterojunction. More information can be found elsewhere
[12].

Fig. 3.2 depicts the heterojunction case when the smaller band-gap is p-type semicon-
ductor. The structure is similar to a MgZnO/CdTe-based TFSCs, where the n-type wide
band-gap MgZnO partners with a smaller band-gap p-type CdTe-based absorber. A detailed

study of this front heterojunction is presented in chapter 4.

3.3 Metal-Semiconductor contact

In a solar cell, extraction of the photegenerated carriers generated in the absorber is
critical to the power conversion efficiency of light energy to electrical energy. The device
architecture of a superstrate CdTe TFSC demands a hole contact at the back of CdTe
surface. Metals are excellent choice to make hole contact with the CdTe semiconductor to
form a metal-semiconductor contact. However, the relatively large ionization energy to eject
an electron from the Ey for CdTe means that the work function of a metal should be similar

to the ionization energy to make an efficient hole contact.
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Figure 3.3: (a) Relative position of CdTe Valence band maxima with respect to the work
function of various metals (b) Energy band-diagram at AM 1.5G illumination for typical CdTe
solar cell at 0 V. Inset shows a back to back double diode model.

Fig. 3.3(a) shows a relative position of CdTe VBM with respect to the work function
of most metals used as hole contact [12]. The work function of most metals is not large

enough to make an efficient hole contact without formation of a back barrier. In Fig. 3.3(b)
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the energy band diagram at 0 V for full AM 1.5G illumination for a typical CdTe solar cell
with a metal-semiconductor back contact is presented. A Schottky barrier diode with barrier
height (¢) is created at the back due to the discrepancy in metal work function and the
CdTe VBM [29]. A back to back diode model [30] as shown in the inset of Fig. 3.3(b) which
has been successfully implemented to explain the various J-V features for CdTe TFSCs. The
model assumes two diodes, a primary diode formed between the emitter and absorber, and a
secondary diode formed between the CdTe absorber and metal back contact which is in series
with the primary diode but in reversed polarity. A working solar cell is always operated at
maximum power point at a forward voltage bias of Vypp. This puts the secondary diode
at the back in a reverse voltage bias due to it’s reversed polarity. A schematic of different

voltage bias condition to a typical metal-semiconductor is shown in figure below.

(a) (b) (c) Q\
S — -_
E l Vel 77 ¢
o)
V=V
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p-type metal

in separate case V=0 V=V, o

Figure 3.4: (a) Energy band diagram of p-type semiconductor and metal when in separated
case, (b) formation of a back barrier, (¢) when a forward voltage bias is applied, and (d) when
a reverse voltage bias is applied.

When a metal with work function (¢,,) is brought in contact with a p-type semiconductor
with band-gap E, and electron affinity (x) such that (E, + gx) > ¢, then a barrier for
holes is formed given by g¢, = E,; - ¢(¢m - x). While this is an over simplified assumption
that does not assume the interface defects and surface contamination, it lays foundation for a
semiconductor-metal contact and charge transport across the metal-semiconductor interface.
The primary mechanisms for charge transport are aided by thermionic emission, tunneling,
recombination and diffusion of electrons/holes [31, 32]. A barrier formed at back can lead to
charge carrier selectivity issues, and distortions in J-V curves [30, 33, 34, 35]. The unfavorable
band-bending for the collection of holes due to the back diode being subjected to a reverse

voltage bias condition during the normal cell operation can lead to recombination losses
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of minority charge carriers and reduced open-circuit voltage. Multiple strategies has been
employed to improve the CdTe back contact like choosing a metal of high work function
[34, 36], using a buffer layer to improve lateral conductivity [22, 36, 37, 38|, doping of the
CdTe back surface with Cu [39, 40, 41] etc. In chapter 5, a comparative study of various
back contact is discussed. Different metals with varied metal work function and other back

contact schemes has been studied and discussed.

3.4 Metal-Insulator-Semiconductor structures

Introduction of a thin insulating, high dielectric constant material between the semicon-
ductor and the metal will create a metal-insulator-semiconductor (MIS). Such a system can
alter the surface condition due to the accumulation, depletion and inversion of charges at the
semiconductor/insulator interface. Metal oxides have been the choice for such insulators and
has been extensively used to form metal-oxide-silicon (MOS) systems which revolutionized

the silicon based transistors.

(@) ptwe  insulator metal (b) accumulation (c) depletion

(d) inversion

V>0

AtV =0 AtV <0 AtV >0 AtV>0

Figure 3.5: FEnergy-band diagrams for ideal MIS capacitors for p-type semiconductor at
different voltage bias conditions (a) equilibrium at V = 0, (b) accumulation at V < 0, (c)
depletion at V > 0, (d) inversion at (b) accumulation at V > 0 than that for depletion case.

Fig. 3.5 shows an energy-band diagrams of an ideal MIS capacitor formed with a p-
type semiconductor under various voltage bias conditions. For an ideal MIS capacitor,
it is assumed that there are no interface traps or oxide charges and there is no carrier
transport across the insulator. Further to make things simple, the work function of metal
and the semiconductor is assumed to be equal. Again, these assumptions are for ideal
case and needs modifications to represent the true scenarios that involve differences in work

functions, interface trap densities and oxide charges. This nevertheless provides some useful
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insights to the energy band alignment, relative Fermi level position, and band-bending of the
semiconductors. In fig. 3.5(b) when a negative voltage is applied to the metal, the valence
band edge bends upwards near the surface leading to the accumulation of holes at the surface.

Such accumulation of holes at the surface is of particular interest for back contacts for CdTe

TEFSCs.
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Figure 3.6: Relative energy band position of semiconductors in reference to CdTe.

An appropriate choice of insulator, preferably a thin metal oxide of tunneling thickness,
would help in accumulation and extraction of holes at the CdTe surface at the back contact, as
the back contact metal is subject to a small negative voltage as discussed earlier. Most metal
oxides are wide band-gap and transparent to the visible spectrum. Using them at the back
of CdTe opens up the possibility of a bifaciality in CdTe device architecture. The strategy
has been implemented in silicon absorber based solar technology to improve the surface

passivation, carrier selectivity, minority carrier lifetimes and overall open-circuit voltage.
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Commonly found device architecture employed in Si based solar cells are passivated emitter
and rear cells (PERC) [42, 43] and tunnel oxide passivated contacts (TOPCon) [44, 45]. In
Fig. 3.6 the relative position of E¢ and Ey of various metal oxides, and other commonly
used wide bandgap semiconductors with CdTe as buffer layers is presented in reference to
the energy bands of the monocrystalline CdTe [12]. In the following chapters, we study the
use of metal oxides and identify some of the key parameters that govern the choice of such

metal oxides as buffer layer for both front electron contact and a back hole contact.
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Chapter 4

MgZnO AS EMITTER FOR POLYCRYSTALLINE CdTe THIN-FILM SOLAR CELLS

The emitter is a n-type partner for the p-type absorber in polycrystalline CdTe thin-
film solar cells (TFSCs) and plays a critical role in the device performance. An ideal emitter
should be wide band-gap for optical tranparency, sufficiently conductive, and carrier selective
with a favorable band-offset with the absorber. We will identify and discuss some of the key
parameters to employ metal oxides as an emitter for CdTe-based TFSC in a superstrate

configuration shown in Fig. 2.4, fabricated at Colorado State University. *

4.1 Choice of metal oxide as emitter

In a superstrate configuration, the emitter is the first layer to be deposited on the trans-
parent contact. The emitter material should be robust to the subsequent semiconductor
deposition processes and temperatures. Metal oxides have high dielectric constant, thermal
tolerance, tunable optical bandgap, easily doped, and high optical transmission to visible

solar spectrum. These properties make them attractive candidates for the emitter.

Te (30 nm)
and CuCl treatment

CdTe (3 um)

Figure 4.1: Superstrate structure with variation in the emitter for CdTe-based solar cells.

'Results discussed in this chapter have been published [20, 26, 46] and some figures are used here.
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These emitters are also referred to as “window” layer, as the light enters the absorber
through the emitter or a front “buffer” layer because they are adjacent to the absorber at
front which improves the junction quality. To further illustrate the point, study of various
oxides as an emitter in the device structure shown in Fig. 4.1 was conducted at the Thin-
Film Photovoltaic Laboratory at CSU. A comparative J-V plot is presented in Fig. 4.2 along
with a traditional CdS/CdTe TFSC for reference.
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Figure 4.2: J-V plot of CdTe-based TFSCs with various emitters of optimized thicknesses.

Table 4.1: J-V parameters for various emitters for CdTe-based TFSCs in Fig 4.2

Emitter Absorber Jsc (mA/em?*) Voo (mV) FF (%) Eff. (%)

No emitter CdSeTe/CdTe 27.9 405 51.9 5.9
CdS (100 nm) CdTe only 22.2 801 68.3 12.1
SiOs (2 nm) CdSeTe/CdTe 27.6 486 63.4 8.5
ALO, (2 nm)  CdSeTe/CdTe 27.2 635 51.8 9.0
7Zn0 (100 nm)  CdSeTe/CdTe 27.2 670 60.5 11.0
MgO (10 nm)  CdSeTe/CdTe 28.5 776 46.8 104
MgZnO (100 nm) CdSeTe/CdTe 27.9 869 75.2 18.2

All the emitters were deposited on a typical Tec glass that has roughly 400 nm of pre-

coated SnO,y:F which will also serve as the front electrode. The effect of an emitter is evident
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from the J-V parameters of the plots in Fig. 4.2 tabulated in table 4.1. If an absorber is
deposited on a commercially available Tec glass with no emitter, the V¢ is significantly
low. Traditionally, CdS has been the choice of emitter for CdTe TFSCs but these devices
suffer from parasitic absorption in the CdS emitter because of it’s relatively low band-gap
(Eg=2.4 eV) resulting in the lowest Jsc in table 4.1. The improved Jgc in case of oxide emit-
ters is due to a combination of both, employment of wide band-gap emitter (E; > 3.0 eV)
allowing more photons to enter the absorber, and alloying Se in the CdTe-based absorber to
form a ternary alloy of CdSeTe with lower E, ~ 1.4 eV for maximizing photon absorption.
While a detailed discussion on band-gap engineering for improved Js¢ will follow in the next
section, the effect of oxides as emitter is obvious from the J-V parameters. The intriguing
aspect of Fig 4.2 is the performance of device that has the ternary alloy of MgZnO as an
emitter. It has superior J-V parameters in comparison to it’s constituent oxides of ZnO or
MgO only devices. This makes it a worthy candidate for an involved study. The remainder
of the Chapter 4 will focus on a detailed study of various aspects of MgZnO emitter layer
to serve our understanding of emitter/absorber region. The experimental results coupled
with numerical device simulations identify the optical band-gap, energy band-offset, energy
band-bending, level of doping etc at the emitter/absorber to be key parameters that govern

the performance of a CdTe-based TFSCs.

4.2 Optical band-gap engineering

The progressive improvement in the device performance of CdTe-based TFSCs manufac-
tured at CSU over the last seven years is shown in Fig. 4.3. It is evident that the majority
of the improvement comes from the increase in the Jgo. The inclusion of the transparent
conductive oxide MgZnO as an emitter to replace the traditional CdS emitter allows more
photons near short wavelength region to enter the absorber. Alloying of CdTe to form the
ternary alloy of CdSeTe to lower the optical band-gap ensures absorption of longer wave-

length photons in the absorber. This improvement is consistent with the improvement of

CdTe devices fabricated in labs around the world [47].
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Figure 4.3: Improvement in CdTe TFSCs manufactured at CSU over the last 6 years [46].

Table 4.2: J-V parameters of progressively improved devices from Fig 4.3

Device stack Jsc (mAJem?) Voc (mV) FF (%) Eff. (%)
CdS/CdTe 21.7 808 4.7 13.7
MgZnO/CdTe 254 857 75.2 16.3
MgZnO/CdSeTe/CdTe 27.9 869 75.2 18.2

4.2.1 Alloying of CdTe with Se

The optimal band-gap for maximum photon absorption for the AM 1.5G spectrum with
minimal loss due to thermalization is closer to 1.4 eV which is slightly less than that of

polycrystalline CdTe [11]. The alloying of CdSe and CdTe to form a ternary alloy of
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CdSeTe;., has been exploited to tune the optical band-gap [48, 49, 50, 51, 52]. As seen
in the quantum efficiency curve in the inset of Fig. 4.3, using a lower E, absorber of
CdSeTe between the typical emitter and CdTe aborber increases the photon absorption,
primarily in the longer wavelength region that results in the improvement of Jgsc. The
added benefit of presence of the Se in the CdTe-based films is the improvement of the front
emitter/absorber interface and the quality of the absorber with elongated minority carrier
lifetimes [52, 53, 54, 55, 56, 57, 58, 59, 60]. While the method of deposition of the absorbers
varies from closed space sublimation to simple evaporation and the absorbers are either a
bilyaer of CdSe/CdTe or CdSeTe/CdTe, the critical CdCl, treatment done afterwards shows
that there is a grading of the Se concentration within the absorber that grades the optical

band-gap of the CdTe-based absorber [17, 52].

4.2.2 Alloying of MgO and ZnO to form Mg,Zn; O emitter

The purpose of the emitter adjacent to the polycrystalline CdTe absorber is to form a
heterojunction. Typical properties of an emitter are wide optical band-gap and high lateral
resistance. The wide optical band-gap allows more photons to enter the absorber and larger
resistance will remedy potential shunting across the electrodes via pin holes. The typical
n-type partner for CdTe has been CdS which has band-gap of about 2.4 eV. This makes it
semi-transparent with parasitic losses only at shorter wavelengths as seen by the quantum
efficiency curve in Fig. 4.3(c) . Other thin-film solar technologies including Cu(In,Ga)Se,
(CIGS) and CulnSey (CIS) have implemented wide band-gap emitters such as oxygenated
CdS, ZnS(O,0H), InS(O,0H), ZnO-based emitters to mitigate the parasitic losses from the
traditional low band-gap CdS emitter [61, 62, 63]. Similar strategy has been employed in
CdTe technology where the ternary alloy of MgZnO has been used [46, 64, 65, 66, 67| as
wide band-gap emitter that has led to increase in Jg¢ due to improvement in absorption
of photons in short wavelength region of solar spectrum. The J-V parameters for MgZnO

emitter from table 4.1 are superior in comparison to the ZnO only or MgO only emitter.
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A detailed study to understand the physics that governs the photovoltaic performance of a

CdTe-based TFSCs that employs MgZnO as emitter is the motivation for this chapter.
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Figure 4.4: Improved optical transmission measurements with increasing Mg fraction in
MgyZn; <O. The inset presents the optical band-gap measured using the Tauc method [46].

Variation in the atomic Mg fraction (x) in the Mg,Zn; O emitter controls the optical
band-gap of the MgZnO film, where the Mg atomic fraction is given by x = Mg:(Mg + Zn).
To study the optical band-gap as a function of variation in ‘x’, 100 nm thin films were sputter
deposited on a soda lime glass with x = 0, 0.10, 0.15, 0.20, 0.25, 0.35. The presence of stated
Mg fraction in the films was verified using the elemental X-ray photoelectron spectroscopy
analysis. Optical transmission and reflection measurements were conducted using an UV-
VIS photo spectrometer. The optical bandgap was then measured using the Tauc method
[68] which is then plotted as function of Mg fraction in the Fig. 4.4. It is evident that the
increasing Mg fraction in the MgZnO film widens the optical band-gap. ZnO has an optical
band-gap measured to be 3.28 eV and the Mg, 7Zn;_,O band-gap varies between 3.58 eV to 3.9
eV as x is varied from 0.1 to 0.35, values that are consistent with previous studies [67, 69].
The transmission curves clearly show that higher Mg fraction in Mg,Zn; O will allow more

photons in the short wavelength regions to enter the absorber.
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Figure 4.5: Glancing-angle XRD measured for Mgy,Zn; O for varied x [46].

It is also important to focus on the structural changes in the Mg,Zn; ,O. The primary
constituent in the ternary alloy is ZnO, which has a wurtzite hexagonal structure with E, =
3.2 eV, while MgO has a cubic zinc-blende structure with E, = 7.7 eV [69]. Glancing-angle
X-ray diffraction (GXRD) measurements using an X-ray wavelength of 1.54 A from a Cu
K,1 source on the 100 nm films was conducted to study the structural changes in the film
with variation in the Mg fraction. The inter planar spacing (dyx) between two planes with
Miller index (hkl) is given by

dprsint = n (4.1)

where A = 1.54 A is the X-ray wavelength, 6 is diffraction angle. The planar spacing (dy)
obtained from this can be then used to find the lattice parameters ‘a’, ‘b’, and ‘¢’ using the

following equation,

1\ » kP
) =4 4 4.2
(dhkl> a2 + b2 + C2 ( )
For a cubic structure, a = b = ¢ and for a hexagonal structure, a = b # ¢. A comparative

GXRD for the different composition of Mg fraction in the Mg,Zn; O is presented in Fig.
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Table 4.3: Critical parameters for linear fitting for Tauc plot in Fig. 4.4, calculated inter
planar spacing and the lattice paramerers for XRD measurements from Fig. 4.5

Mg,7Zn, ,O Optical XRD-measurement
X E% (GV) 28002 doog (A) C (A) 20103 d103<A) a:b (A) c/a
0.10 3.58  34.77° 2578 5.5 63.02° 1.473 3.30  1.56
0.15 3.71 34.82° 2.574 5.14 63.1° 1.472 3.30 1.55
0.20 3.80 34.9° 2.568 5.13 63.18° 1.47 3.31 1.55
0.25 3.83 35.04°  2.558 5.11 63.39° 1.466 3.31 1.54
0.35 3.9 34.87°  2.570 5.14 - - - -

4.5. There are two distinct peaks with Miller indices (002) and (103). The (002) peak
is seen shifting to a larger diffraction angle with increasing Mg fraction while the (103)
peak is decreasing in the intensity. The lattice parameters are calculated in the table 4.3
clearly indicates that there is a structural transition from a wurtzite to a zinc-blende at

Mg fraction of x = 0.35. Similar structural changes has been reported in previous studies

[70, 71, 72, 73, 74, 75].

4.3 CdTe-based solar cells with Mg,Zn;_,O emitter

CdTe-based TFSCs with MgZnO emitter as shown in Figs. 2.4 and 4.2 were fabricated,
the only variation being the Mg fraction in the Mg,7Zn;_,O emitter in the set of devices. J-V
curves for the best performing devices for each case of ‘x’ is shown in Fig. 4.6 with the J-V

parameters in table 4.4. It is evident that the Mg fraction in the MgZnO emitter has a

Table 4.4: J-V parameters of best devices with varying Mg fraction shown in Fig 4.6

Mg fraction (x) Jsc (mA/cm?) Voo (mV) FF (%) Eff. (%)
27.2 738

0.00 . 62.8 12.6
0.10 27.9 849 74.0 17.5
0.15 28.1 856 76.8 18.5
0.20 27.6 861 77.4 18.4
0.25 27.9 841 73.9 17.3
0.35 26.8 777 60.8 12.7

significant effect on the over all device performance of CdTe-based TFSCs. The Jg¢ for the
devices with different Mg fraction is comparable. The Voc and FF improves significantly

even with a slight introduction of Mg in the ZnO-based emitter as revealed by a comparison
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Figure 4.6: J-V plot of best performing cell with varying Mg fraction in MgyZn;_,O.

between x = 0.00 and x = 0.10. The focus will be on identifying the key parameters that

govern the fundamental mechanism behind such behavior.

4.3.1 J-V and QE measurement for Mg,Zn;.,O emitters

The box plot of J-V parameters of 25 small area solar cells with varying Mg fraction
in MgZnO emitter fabricated under identical process parameters/conditions is presented
below. A statistically significant systematic trend as a function of Mg fraction in Mg,Zn;_,O
is observed. With variation in Mg from x= 0.00 to x = 0.10, there is boost in both Vo¢ and
FF that leads to an improved efficiency. The V¢ continues to increase with Mg fraction,
but drops significantly at x = 0.35. The range of the J-V parameters with inclusion of Mg
in MgZnO is quite narrow with good uniformity across the 25 small-area solar cells. The
FF is maximum at x = 0.15. The Js¢ and Vo¢ between the various Mg fraction does not

change significantly. The efficiency follows the trend of the FF, the efficiency is highest for
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the optimal Mg fraction of x = 0.15 as tabulated for the average values of the J-V parameters

in table 4.5
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Figure 4.7: Box plot of J-V parameters of 25 solar cells with varying ‘x” in MgyZn; O [46].

Table 4.5: Average J-V parameters and standard deviation of 25 devices with varying ‘x’.

Mg fraction (x) Jgo (mA/em?) Voo (mV) FF (% Eff. %
0.10 27.4

+ 1.0 840 + 8.9 704+ 3.2 16.3 + 1.0
0.15 27.8 £0.2 846 £ 7.8 745 £ 2.5 17.5 4+ 0.6
0.20 27.6 £ 0.7 851 £ 4.7 71.9+5.1 169 £ 1.0
0.25 27.5 £ 0.7 851 £ 6.1 70.0+ 2.5 164 £+ 0.9
0.35 264 £ 1.1 717 £24.0 51.7+44 98 £1.2

Fig. 4.8 shows a comparison of quantum efficiency responses from the devices with
varying Mg fraction in the MgZnO emitter. The increase in the E, of the Mg,Zn; O films
with increasing Mg fraction discussed in previous section is consistent and verified by the the
improved QE response in the lower wavelength region. The fraction of solar photons at low
wavelengths is small, so there is no significant increase in the Jg¢ as seen in box plot in Fig.
4.7. However the introduction of a small fraction of Mg improves the other J-V parameters

significantly.
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Figure 4.8: Quantum efficiency of CdTe-based solar cells with variation in the Mg fraction
in the MgyZn; O emitter with the normalized AM 1.5G solar spectrum [46].

4.3.2 Energy band-offset between emitter and absorber

The optical band-gap widening in Mg,Zn; O can occur either due to the Ey moving
further away or the E¢ getting closer to the vacuum energy level. The implication of such
bandgap widening in the MgZnO emitter will be on the energy band offset between the
emitter and its adjacent semiconductor layers, primarily the emitter/absorber interface, one
of the key parameters for the interface engineering. The energy band-offset between the
emitter and the absorber plays significant role in the performance of CdTe-based TFSCs.
The band-alignment between emitters like CdS and MgZnO with CdTe-based absorbers have
characteristics of a Type II heterojunction discussed in earlier chapter. Such an alignment
assures the extraction of the electrons in the Eq of the emitters and holes in the Ey of
CdTe aborber side. The energy band-offsets, specially the conduction band offset (AEc)
between the emitter and absorber has been identified to play critical role in the performance
of TFSCs liked CIS [62, 76] and CIGS [61, 77, 78, 79]. It can be varied from a flat band to a
small positive spike the order of few tenth of an eV between the emitter and absorber, and it

has been found to be effective to improve device performance according to various numerical

37



simulations [26, 66, 80, 81] and experiments [46, 64, 65, 66, 67] on CdTe-based thin film solar
cells. A small positive AEq will allow transport of photogenerated electrons in E¢ through
the thermionic emission transport, but it is effective to reduce the interface recombination
velocity (Sirp) or to mitigate the effects of large Sip by surface modifications, charging of
defects, Fermi-level pinning, and favorable band-bending. This leads to an improved Vo
and FF in the devices [80, 81, 82, 83].

Fig. 4.4 from the previous section shows the optical band-gap widening in Mg,Zn;_,O
as a function of Mg fraction. The optical band-gap widening occurs mostly from the E¢
moving closer to the vacuum energy level in comparison to the Ey moving away from the
vacuum energy level [84, 85, 86, 87]. The modulation of the relative position of E¢ in MgZnO
provides a knob to tune the AEq at the interface between MgZnO emitter and CdTe-based
absorber. To find the relationship between the optical band-gap widening and AEq at
the emitter/absorber interface experimentally, Kraut’s method was used [88]. The method
relies upon the measurement of photo-electron spectra to locate the valence-band edge and
measuring the difference between the binding energy of the core levels and the valence band
maxima to give a valence band offset (AEy). In a MgZnO bulk, the major contribution
to the valence band maxima comes from the Zny,3/; and for CdTe-based absorber, the
contribution to the valence band maxima comes from the Cdsqgs/2. Using a X-ray source,
the photoelectron spectroscopy measurements was conducted to measure the AEy at the

MgZnO/CdSeTe interface as

ABy = (Znaysjs — Evewm) 4,0 — (Cdsasjs — Bveanr) pyeepe — (Znopsy2 — Cd3d5/2)ZnO/CdSeTe

(4.3)
where, (Znaps/s - Evem)zno and (Cdsas 2 - Evem)casere are the differences in Zngps /o in bulk
Zn0O and Cdzgs/2 in bulk CdSeTe core levels and their respective valence band maxima.
The (Zngps/s - Cdgas/2)zno measures the shift in the energy between the core levels at the
Zn0O/CdSeTe interface. X-ray photo electron spectroscopy measurement was conducted

using Alk, that produces X-ray photons of 1.486 keV energy. Three sets of sample specimen
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that consist of 100 nm of oxide on a glass substrate, a 500 nm of CdSeTe on Tec glass and

a bilayer of 500 nm of CdSeTe with a 2-nm oxide layer on top were prepared.
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Figure 4.9: XPS spectra for various samples (a) VBM of ZnO bulk and binding energy of
Zny,3/5 (b) VBM of CdSeTe bulk and binding energy of Cdsqs/ (c) Binding energy difference
between the Znyy,s/o and Cdags /o at the ZnO/CdSeTe interface (d) VBM for MgyxZn; <O for x
= 0.00, 0.10, 0.15

The Kraut’s method was first introduced to measure the valence band offset between
Ge and GaAs, a heterojunction formed between an elemental semiconductor and a binary
semiconductor. To apply the Kraut’s method to the ternary alloys of MgZnO and CdSeTe,
two assumptions were made to measure the conduction band offset at the heterojunction

formed between the Mg,Zn;_,O and the CdSeTe as follows:
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e First assumption: In the ternary alloy of MgZnO and CdSeTe, the major contribution
to the valence band comes from the core electrons of the dominant element in the alloy,

which are Zn in the MgZnO and Cd in the CdSeTe.

e Second assumption: The optical energy bandgap can be used to calculate the con-
duction band offset from the electronic valence band offset measured by the Kraut’s

method as AEc = AEy + Eg mMezno -Eg, caseTe-

Table 4.6: AEc between MgyZn;.O/CdSeTe for varied ‘x’ , and ratio of AE¢ to AEy in
Mgy Zny_O.

x E, (eV) AE,(eV)] AEq:AEy for Mg,Zn; O

- - - 321 53 | 2.1 [ 73] 31

- - - AE¢ at Mg, Zn; ,O/CdSeTe
0.00 3.28 0 -0I7-017-0.17-0.17-0.1
0.10 3.58 0.30 0.0910.09{0.11|0.12 | 0.13
0.15 3.71 0.43 0.16 | 0.17 1 0.19] 0.21 | 0.23
0.20 3.80 0.52 0.2210.23]0.25|0.27 | 0.30
0.25 3.83 0.55 0.2410.25]0.27|0.29|0.32
0.35 3.90 0.62 0.2810.29]0.32]0.34|0.37

The difference between the binding energy of various core electrons has been measured in
Fig 4.9 and a AEy of 1.97 eV was measured using equation 4.3 which is in close agreement
with reported values [89]. Based on the AEy between the ZnO/CdSeTe interface and the
E, = 3.28 eV, a cliff-like AE¢ = - 0.1 eV was calculated at the ZnO/CdSeTe interface.

This can be extrapolated to measure the AEq at Mg,Zn; ,O/CdSeTe interface for other
values of ‘x’. The optical band-gap widening of Mg,Zn;_,O with varying ‘x’ can be accounted
with the relative change in the Ec and Ey in the MgZnO as a ratio of AEq:AEy in reference
to the ZnO energy bands [86, 87]. Various ratios for AEq:AEy in Mg,Zn;_,O were used to
account for uncertainty between the two band offsets. These ratios along with the second
assumption were used to calculate AE¢ at the Mg,Zn; O/CdSeTe interface that are pre-
sented in table 4.6. A simple energy band position for the Mg,Zn;_,O with x = 0.00, 0.10,
and 0.15 with reference to the CdSeTe is as shown in Fig. 4.10 for the AEc:AEy = 2:1 as
highlighted in Table 4.6. It is evident that the introduction of Mg changes the AE¢ from a

cliff like to a spike like. This is consistent for all the ratios of AEq:AEy taken. The AEq for
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Figure 4.10: Relative energy band position of MgyZn; O with reference to CdSeTe

x = (.15 is near 0.2 eV in any case, and this composition of MgZnO has the best photovoltaic
performance as shown in the box-plots in Fig. 4.7. The conduction band offset starts to get
larger with increasing ‘x’ and this is reflected in the reduced FF and the reduced efficiency

in devices with Mg fraction greater than 0.15 [80, 81, 83].

4.3.3 Energy band bending and Interface passivation

As seen in Fig. 4.10, the conduction-band offset becomes more positive as the Mg frac-
tion is increased. The band bending at the MgZnO/CdSeTe heterojunction is progressively
increasing with Mg fraction in the MgZnO emitter as illustrated by energy band diagram at
the MgZnO/CdSeTe interface generated by a SCAPS simulation based on the parameters
from table 2.1 in Fig 4.11. The band offsets at the MgZnO/CdSeTe interfaceis based on
the calculations in table 4.6 for AEc:AEy = 2:1. The band diagram clearly shows that for
the optimal Mg fraction of x = 0.15, a favorable band bending occurs for the collection of
electrons. A similar band bending occurs in the valence band region where the holes are

effectively pushed away from the interface causing a large disparity in the electron and hole
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concentration at the emitter/absorber interface leading to a low interface recombination [26].
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Figure 4.11: Simulated Ec at the MgZnO/CdSeTe interface for varied ‘x’ at 0 V [46].

Photoluminescence measurement was performed in the devices with different Mg fraction
in MgZnO using a 520-nm photon source. A relative PL intensity for varied Mg fraction in
the MgZnO emitter is presented in Fig. 4.12. The PL spectra corresponds near 880 nm (1.4
eV) which is the optical band-gap of CdSeTe absorber. The PL signal intensity is strong for
the intermediate Mg fractions, but the PL signals for x = 0.00 and x = 0.35 are very low in
comparison to the other Mg fractions. Such a trend is congruent to the trend observed in
the Voc in the Fig. 4.7 box plots.

A time resolved photoluminescence was conducted with 300-fs pulses using a Yb:KGW
laser and an optical parametric amplifier for a 640-nm excitation wavelength and 1.1-MHz
repetition rate. The emission spectra was collected with a 44-nm bandpass filter centered
at 819 nm with time-correlated single-photon counting. The spectral photoluminenscence
decay for the different samples is plotted in Fig. 4.13. It clearly shows that the fastest decay
rates occur for x = 0.00 and x = 0.35. These Mg fraction samples had the smallest PL

intensity and lowest Voc. This is consistent with the other measurements that clearly show
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Figure 4.12: PL measured for devices with various Mg fraction in MgZnO [46].
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Figure 4.13: TRPL decay for devices with various Mg fraction in Mg,Zn;_,O. Fastest decays
observed for x = 0 and 0.35. [46].

that the incorporation of Mg helps improve the front interface, but there is an upper limit
to the Mg fraction in the MgZnO as suggested by low J-V parameters, small PL intensity
and fast PL decay for Mg fraction at x = 0.35.
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the variation in depletion width at 0 V.

Capacitance-Voltage measurement was carried out on the same samples. The depletion
width derived from the C2 vs. V in the Mott-Schottky plots at 0 V for the devices clearly
shows that there is an increase in the depletion width with increasing Mg fraction. An
increase in depletion width can be associated with the increase in band-bending in the
emitter/absorber heterojunction. Such band-bending will extend the depletion width deeper
into the absorber and creates a larger built-in potential, which should yield a larger Voc.
This is consistent with the decay rate and intensity of the PL emission and the monotonic
increase in the Voo box-plots with increasing Mg fraction except for the case of x = 0.35,
most likely due to the upper limit coming to an effect, coupled with the transition from a
wurtzite to a zincblende structure in the MgZnO.

Current-voltage measurements were extended to lower temperatures on two devices, one
without Mg in the emitter and the other with optimal Mg fraction of x = 0.15. The devices
in Fig. 4.15(a) with no Mg in the emitter (x = 0.0) shows large distortions in the J-V curves
at lower temperatures whereas such distortions are smaller and only observed at the lowest
temperatures for the optimal Mg fraction in Fig. 4.15(b). The V¢ plotted against the

temperature in Fig. 4.15(c) shows that the Voc for both cases progresses at typical rate
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Figure 4.15: Low Temperature J-V curves for (a) x = 0.00 and (b) x = 0.15. (c¢) Voc versus
temperature with fitted parameters [46].

of 2.09 mV/K. The extrapolated activation energy for the optimal Mg fraction is 1.46 eV
which is close to E,; of CdTe-based absorber in comparison to the 1.28 eV for the emitter
without Mg. Thus, AE¢ near 0.2 eV for the optimal Mg fraction is not large enough to have
negative effect on the device performance within any reasonable operating temperatures of

solar cells.

4.4 J-V distortion in CdTe solar cells with Mg,Zn; O emitter

Distortions that are sometimes observed in J-V curves even with optimum Mg fraction
can be a simple failure to superimpose between the light and dark curve [83, 90] referred to
as a ‘crossover’ or distortion of the light curve in the power quadrant, often called ‘kinks’,
or in the first quadrant referred to as the ‘roll over’ [30, 66]. These distortions can be more
pronounced when the solar cell is measured with filters that eliminate photons of certain
wavelengths [62, 63]. In this section, we will discuss such distortions, their origin in MgZnO
employed CdTe-based solar cells, their characteristics and methods that can be employed to

eliminate such distortions.

4.4.1 Effect of Mg fraction on J-V distortion

A direct effect of replacing the traditional CdS emitter with MgZnO can be observed

in the J-V characteristics. This improved the J-V parameters overall, but distortions from
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Figure 4.16: (a) Transmission of two filters in reference to normalized AM 1.5G spectrum.
(b)-(d) J-V measurements for various illumination conditions for CdS-CdTe, Mgg 25Zng.750-
CdTe and Mg 25Zng 750-CdSeTe/CdTe respectively [20].

normal J-V characteristics are sometimes observed for MgZnO employed CdTe-based solar
cells as shown in Fig. 4.16. To test the influence of photon spectrum, and the J-V shape,
two filters were used to block short-wavelength photons as shown in Fig. 4.16(a). A 400-nm
long-pass filter eliminates most of the u-v and low wavelength blue photons , and the 600-nm
filter cuts off all photons of wavelength below 600 nm. The traditional CdS-CdTe devices
are well behaved; they do not exhibit any crossover between the light and dark curves,
and, they do not exhibit distortions in J-V measurements under filtered illumination shown
in Fig. 4.16(b). However, with the wide band-gap emitter of Mggo5Zng750, the devices
with CdTe only and with the bilayer of CdSeTe/CdTe do show distortions in the filtered
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curves and crossover between light and dark curves in Figs. 4.16(c) and (d). The 600-
nm filter produced larger distortion than 400-nm filter and the J-V parameters for various
illumination conditions are presented in table 4.7.

The filtered measurements show a change in the Jggproportional to the reduction in pho-
tons. The fill factor for CdS was unchanged, but with MgZnO, it was reduced significantly.
The huge reduction in cell efficiency primarily due to reduced fill factor under the 400-nm
filter for the MgZnO emitter suggests that the MgZnO film is sufficiently resistive that ab-
sorption of high-energy blue photons is central in improving the conductivity in the MgZnO
and for the normal operation of devices with the MgZnO emitter. Such characteristics is
referred to as ‘photodoping’ which will be discussed in more detail in next section with light

soaking experiments.

Table 4.7: J-V parameters for CdTe-based solar cells in Fig. 4.16 measured under various
illumination conditions.

JSC (mA/cm2) VOC (mV) FF (%) Eff (%)
Under AM 1.5G
CdS/CdTe 22.2 801 68.3 12.1
MgZnO/CdTe 25.0 854 677 14.4
MgZnO/CdSeTe/CdTe 27.9 869 75.2 18.2
Under 400 nm filter
CdS/CdTe 20.0 792 68.1 10.8
MgZnO/CdTe 21.8 880 35.6 6.8
MgZnO/CdSeTe/CdTe 24.2 852 59.9 12.3
Under 600 nm filter
CdS/CdTe 12.5 769 65.4 6.3
MgZnO/CdTe 9.2 814 13.2 1.0
MgZnO/CdSeTe/CdTe 14.0 829 32.6 3.8

A simple crossover between light and dark curves for three different Mg fractions of x =
0.00, 0.20 and 0.25 is presented in Fig. 4.17. A progressively larger crossover is observed.
Such a crossover is signature of a spike behavior of considerable height caused by a large
conduction band offset AEq, often referred to as secondary barriers [83, 90]. A simple

thermionic emission for electron current at a heterojunction [12] is given by

Iy = / qupdn = A*T? exp_% (4.4)
EFn+¢
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with different Mg fractions in MgZnO.

where J, is electron current density, q is electronic charge, v, is carrier velocity in direction of
transport, dn is change in electron density, A” is effective Richardson constant, T is absolute
temperature, k£ is Boltzmann constant and ¢ = E¢ - Ep,, is effective barrier height for
electrons measured between the conduction band in emitter and electron fermi position at
absorber side at the emitter/absorber interface. A progressive increase in this barrier height

with increasing Mg fraction according to the measurements in Fig. 4.10 is the cause for the

discrepancy in superposition of dark and light curve [90].

Figure 4.18: Distortion in the filtered light curves with different Mg fractions in MgZnO.
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A larger Mg fraction means a larger ¢ that impedes the transport of the electrons. Under

illumination, some of the external voltage will be dropped at the emitter/absorber interface

to lower the barrier for the efficient electron transport, this causes the turn on voltage to be

lower than that for a dark curve which leads to the failure of superposition of dark and light
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curves, giving rise to a typical cross over. Increasing ¢ leads to larger cross overs as seen with
increasing Mg fraction in Fig. 4.17. The effect of increased ¢ is evident in the filtered light
curves shown in Fig. 4.18. There is no distortion in filtered curves for lower-voltage cells
with ZnO (x = 0.00) similar to the CdS emitter but the filtered curves develop distortion

for x = 0.20 and even more for x = 0.25.

4.4.2 Cause of J-V distortion

J-V distortions identical to the ones for MgZnO devices shown in Fig. 4.16 have been
reported previously for other TFSCs like CIS and CIGS [62, 63, 91, 92] when a wide band-
gap emitter is employed. J-V distortion in MgZnO/CdTe devices referred as S-kink behavior
has also been reported [66]. The general consensus here is that the presence of acceptor
type defects in the wide band-gap emitters which compensate the n-type property of the
emitter. In dark or absence of blue photons, these acceptor type defects are occupied with
electrons that reduces the n-type behavior of an emitter. Under full illumination with the
solar spectrum, these acceptor type defects become unoccupied and release electrons after
the absorption of short-wavelength (blue) photons as depicted in Fig. 4.19(a) that improves
the n-type conductivity in the MgZnO emitter.

In simple words, the population of the occupied acceptor-type defects is larger in the
dark than under illumination of full AM 1.5G spectrum. The presence of such acceptor-type
defects has been reported in ZnO films which is the primary oxide in the ternary MgZnO
alloy [93, 94, 95]. A SCAPS numerical simulation was carried out with variation in density
of such occupied neutral acceptor type defects (Ny) in the MgZnO emitter. An Ny of 2.0 x
10'6 cm™ was chosen to simulate the dark and 600-nm filter J-V curves, reduced to 1.6 x
10'6 ¢cm™ for 400-nm filter J-V curve, and to 1.2 x 10'¢ cm™ for the full solar spectrum.
The choice of energetic position of such defects was 0.2 eV and 1.2 eV above the Ey to

complement their double acceptor type nature [93, 94]. Other critical parameters are listed
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Figure 4.19: (a) Schematic of the occupation and release of the electrons from the acceptor
type defect states in dark and with blue photons in a wide band-gap emitter (b) Simulated J-V
distortions under various illumination conditions [20].
in table 2.1. The simulated J-V curves plotted in Fig. 4.19(b) have similar features to the J-
V curves of CdTe-based devices with MgZnO emitter, measured under different illumination

conditions in Fig. 4.16.

Table 4.8: J-V parameters for experimentally measured and simulated CdTe-based solar cells
under various illumination conditions.

JSC’ (mA/cm2) VOC (mV) FF (%) Eff (%)
Time (min) Experimental light curves
0 284 843 62.0 14.8
1 28.4 842 65.2 15.6
5 28.4 840 67.6 16.1
15 28.5 839 69.6 16.6
30 28.4 835 70.8 16.8
60 28.4 832 72.2 17.1
N; (x 10 cm™) Simulated light curves
1.5 27.8 845 60.3 14.2
1.3 27.8 844 65.1 15.3
1.2 27.8 843 67.3 15.8
1.1 27.8 842 69.4 16.2
1.0 27.8 841 71.4 16.7
0.9 27.8 841 73.2 17.1

J-V measurements were conducted on the same devices at regular interval during a pro-
longed illumination of AM 1.5G to study the time-scale of the photogeneration in MgZnO
commonly known as light-soaking and the recovery of the devices in dark. A numerical sim-

ulation was carried out to generate light and dark J-V curves with variation in the density
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Figure 4.20: (a)-(b) Light and dark J-V curves measured at various interval during light
soaking (c)-(d) Simulated light and dark J-V curves generated by varying the occupied acceptor
defects (N¢) in MgZnO (x = 0.20).

of occupied Ny in the MgZnO. The J-V parameters for the experimental and simulated light
curves are tabulated in table 4.8 and the experimental and simulated curves are plotted in
Fig.4.20. Both simulated and experimental dark curves show similar features, the turn-on
voltage in the dark shifts to a lower value with increased illumination time as additional
acceptor-type defects become unoccupied, releasing electrons and increasing the conductiv-
ity in the MgZnO. The J-V parameters for experimental and simulated light curves show
improvement in the conversion efficiency due to improvement in the fill factor. This shows
that the photogeneration in MgZnO is a relatively slow process that can contribute to the

irregularities in the cell measurements.
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4.4.3 Remedy for J-V distortions by Ga-doping of MgZnO

A good take from last section is the need to employ a more reliable method such as
extrinsic doping of the MgZnO to increase the n-type carrier concentration rather than
relying on the photogeneration of electrons in the emitter by absorption of high energy
photons. The undoped MgZnO is a relatively high resistance transparent oxide [64] with
n-type carrier density the order of 10 ¢cm™ [67]. Extrinsic Ga-doping of MgZnO has been
investigated to improve the n-type carrier concentration in the MgZnO [96, 97, 98, 99].

In previous section, we discussed that J-V distortions in MgZnO emitters and how it
becomes progressively severe for more than the optimal Mg fraction of x = 0.15. In this
section, we demonstrate that the Ga-doping of MgZnO even with high Mg fraction (x =
0.25) can remedy the J-V distortions. Two separate sputter targets with composition of
Mgg.25Zng 750 and Mgg.o5Zng 730:Gag 9o were used to sputter-deposit 100 nm of emitter for
the CdTe-based solar cells. Two sets of CdTe-based TFSCs were then fabricated using these
100-nm of undoped MgZnO and MgZnO:Ga as emitter under identical conditions and process

parameters as discussed in section 2.5. More information can be found in Ref. [20].
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Figure 4.21: Comparison of J-V curves measured under different illumination conditions for
CdTe-based solar cells with (a) undoped MgZnO emitter (b) Ga-doped MgZnO [20]. (Both
sets of cells had Mg fraction x = 0.25)
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The Ga-doping of MgZnO emitter eliminated the kink from the J-V curves measured
under filtered light and did not show any crossover between the light and dark curves in
comparison to the undoped MgZnO emitter. This suggests that the carrier density in the
Ga-doped MgZnO emitter is sufficiently high and the dependence on photogeneration of
electrons is eliminated. This effectively demonstrates that extrinsic doping of MgZnO can
be achieved to improve the n-type carrier concentration. The Mg fraction of x = 0.25 is
closer to the upper limit for effective dopant activation. Appropriate fractions of Mg, Zn
and Ga to maintain an optimal AEq and high carrier concentration [99] are the keys to

elimination of the J-V distortion.
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Figure 4.22: (a)High angle annular dark field STEM image of a MgZnO:Ga/CdSeTe interface.
(b) Intensity profile of elemental distribution measured by energy-dispersive X-ray spectroscopy
(XEDS) in direction of arrow in (a). (c) Expanded scale to highlight the Cl and Ga signals (d)
XEDS signals for various elements [20]. (*measured at University of Illinois Chicago)

High resolution Transmission Electron Microscopy (TEM) measurements were carried

out at University of Illinois Chicago (UIC) on the Ga-doped MgZnO device. An elemental
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analysis at the MgZnO/CdSeTe interface shows the expected ratios of the elements for Cd,
Se and Te in the absorber. The Ga signal tracks with the Zn and Mg signals, and no
significant diffusion of elements at the interfaces was observed. The presence of Cl at the
MgZnO/CdSeTe and MgZnO/SnO,:F interfaces, however, was detected. The Cl is presumed
to have diffused via the grain boundaries during the CdCl; treatment done on a CdTe surface
about 3.5 pym from the emitter. The elemental ratios of Mg, Zn, O and Ga measured in
the MgZnO:Ga region with the energy dispersive X-ray spectroscopy (XEDS) verify the
elemental ratios to be close to the expected value within the limit of error.
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Figure 4.23: Comparison of undoped and Ga-doped MgZnO (a) QE and PL measurement
(b) TRPL measurement (c) Mott-Schottky plots (d) Carrier-density vs. depletion-width plot.

A comparison of QE and PL spectra shows only minor differences between the doped
and undoped MgZnO emitters. The band edge from QFE and the PL emission spectra align

at 1.43 eV in both cases. TRPL comparison shows that the 7; lifetime, which measures the
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effective interface recombination lifetimes, is 1.7 ns for Ga-doped MgZnO, slightly lower than
the 3.0 ns measured for undoped MgZnQO. The bulk recombination lifetimes measured by 7
are not significantly different for doped and undoped MgZnO emitter. The built in potential
derived from the Mott-Schottky plot is around 1.1 V|, the Ga-doped has slightly lower than
the undoped case. The carrier density Vs. depletion width shows that the carrier density of

absorber is the order of 104 cm™ at the belly and comparable depletion width at 0 V.
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Figure 4.24: Box plot of J-V parameters for 25 small area solar cells with 100-nm undoped
MgZnO, bilayer of 100-nm undoped and 20-nm Ga-doped MgZnO, and 100-nm Ga-doped
MgZnO emitter layer [20].

A comparative box plot of J-V parameters is shown in Fig. 4.24 which shows that
the Ga-doped MgZnO emitter produces a better efficiency than the undoped MgZnQO. The
majority of the improvement in efficiency comes from an improved fill factor but there is a

slight loss of Voc. The small built in potential and small interface recombination lifetimes
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measured for Ga-doped emitter devices earlier are in agreement with the low Voc. The
improvement in the J-V parameters strongly suggest that the advantage outweighs any
negative impact. Interestingly, if a thin 20 nm of undoped MgZnO is introduced between
the Ga-doped emitter and CdSeTe absorber, majority of the V¢ loss can be recovered
suggesting the MgZnO/CdSeTe provides a better interface than the MgZnO:Ga/CdSeTe
interface. The results here demonstrate that the extrinsic Ga-doping of MgZnO emitter will
rectify the J-V distortions and yield better efficiency conversion in the CdTe-based solar

cells.

4.5 Emitter doping

The Ga-doping of MgZnO has paved a path for implementing the highly doped emitter
for CdTe-based solar cells. The devices with Ga-doped MgZnO emitter had better conversion
efficiency along with rectification of the J-V distortions under various illumination conditions.
In this section, we exploit the SCAPS numerical simulation to explore the benefits of doping
emitter in addition to variation in other parameters like doping in the absorber, interface
recombination velocity at emitter/asborber interface, and bulk recombination lifetimes in
the absorber.

The V¢ for polycrystalline CdTe-based solar cells have stagnated below 900 mV. A
voltage deficit of around 200 mV is observed for CdTe solar cells in comparison to the GaAs
for similar E,. This has been attributed due to low bulk recombination, and low carrier
density in the absorber [100]. The polycrystalline nature of the CdTe thin film makes the
grain boundaries an effective recombination centers that reduce the recombination lifetimes
in the absorber. The CdCl, treatment and alloying of CdTe with Se helps grade the Se and
passivate these grain boundaries [17, 18, 19, 52, 53, 54, 56, 101], enhances carrier collection
[50], and enables high minority carrier recombination lifetimes the order of hundreds of ns
[55, 57, 59, 60]. The group-V dopants employed to improve the hole carrier concentration in
the CdTe has yielded the carrier concentration the order of 10'® cm™ [26, 102, 103, 104, 105]
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but the Voe in the polycrystalline CdTe has still not crossed the 900 mV mark without

significant reduction in fill-factor.

4.5.1 Emitter and absorber carrier densities

With large lifetimes and carrier concentration possible in the CdTe-based absorber, the
Voc has still has not improved. Design strategies to increase the Vo¢ of CdTe-based solar
cells has focused on efficient charge extraction. The discussions in earlier sections have shown

that the emitter/absorber interface plays key role in the performance of CdTe-based TFSCs.
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Figure 4.25: Efficiency contour plot with varied carrier concentration in the MgZnO emitter
and absorber, for recombination lifetimes of 2, 10, and 50 ns for Syp = 10* and 10 cm/s [26].

Numerical simulations wre carried out where the carrier concentration in the emitter and
absorber was varied along with bulk recombination lifetimes in the absorber (7,), and inter-
face recombination (Sir) at the emitter/absorber interface. The AE¢ was set to 0.2 eV and

other key parameters simulation are listed in table 2.1. Fig. 4.25 presents a comprehensive
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picture of efficiency calculated with variation in the carrier concentration of MgZnO emitter
(nymzo) between 10 - 10'® cm™, absorber carrier concentration (papsorber) between 101 -
10'7 ¢cm™ for three different absorber recombination lifetimes of 2, 10, 50 ns and for two Sip
of 10* and 10° cm/s. A distinct feature is observed in each of the six plots where four points

are highlighted with

e typical absorber density of 2 x 10'* cm™ and low MgZnO carrier density (solid circles),
e same absorber carrier density with large MgZnO carrier density (open circles),

e higher absorber carrier density of 2 x 10 cm™ with large MgZnO carrier density

(open square), and
e large carrier density in absorber with low carrier density in MgZnO (solid square).

The solid square representing the large carrier density in absorber coupled with low carrier
density in emitter always produced low efficiencies for all of the six combinations for 7, and
Sip. All six figures in Fig. 4.25 show that for large absorber doping, the region satisfying
N\zZO > Pabsorber Vields high efficiency but the efficiency is reduced considerably when this

condition is not met.
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Figure 4.26: (a) Carrier concentration comparison for typical Cu-doped and As-doped ab-
sorbers derived from C-V measurement done at 100 kHz (b)Box plot comparison of efficiency
of As-doped and Cu-doped absorbers with undoped MgZnO [26].
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An experiment was conducted where a typical undoped MgZnO was used as an emitter
with Cu-doped and As-doped absorbers. The typical carrier concentration for undoped
MgZnO is the order of 10** em™. The typical Cu doped devices show absorber carrier density

3 as seen by carrier density vs

of ~ 10" c¢m™ and the As doped absorbers have ~ 10'6 cm"
depletion width plot in Fig. 4.26(a). The comparison of device efficiency of Cu-doped and
As-doped absorbers is presented in Fig. 4.26(b). Based on the carrier concentrations of
emitter and absorbers, the Cu-doped absorbers are more representative of the solid circles
and the As-doped absorbers are representative of the solid squares. The decrease in efficiency
of the As-doped devices in comparison to the Cu doped ones is likely due to the condition

of nyzo > Pabsorber NOt being satisfied.
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Figure 4.27: A comparison of As-doped and Cu-doped absorbers between the experiment
(solid lines) and simulations (dotted lines). The inset presents the simulation parameters [26].

A close agreement is observed in the side-by-side comparison of the simulated and ex-
perimental J-V plots in Fig. 4.27. The As-doped absorbers suffered from a low Voc in
comparison to the Cu doped absorbers. To improve the Vo and overall efficiency in the
high carrier concentration absorbers with As doping, the emitter carrier concentration should
be larger than that of the absorber as shown by the simulation with nyzo = 10'7 em™. In-

creased carrier concentration in the emitter will result in a larger built-in potential, and a
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larger built-in potential results in a larger Voc. Other advantage of such favourable band

bending is the passivation of the emitter/absorber interface discussed in earlier sections.

4.5.2 Advantage of doping the emitter for highly doped absorbers

The advantage of Ga-doping in a typical Cu-doped low carrier concentration absorbers

is seen with improvement in efficiency and the effective mitigation of the J-V distortions.

Here we explain the mechanism of improvement of device performance shown by numerical

simulations, primarily in the Vo, that satisfy nyzo > Pabsorber for highly doped absorbers.
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Figure 4.28: Energy band diagram at 700 mV for four points in Fig. 4.25(c) [26].
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The energy band diagram at a forward voltage bias of 700 mV close to the maximum
power point for the four key points from Fig. 4.25 is presented in Fig. 4.28. There is no
significant difference between the energy band diagram for large and small emitter carrier
concentration for a low abrober carrier density. However, for the higher carrier concentration
in absorber of 2 x 10'® ecm™, a higher carrier concentration in MgZnO of 2 x 107 cm™ has
significant downward band bending at the interface in comparison to the low MgZnO carrier

density of 2 x 10 cm™
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Figure 4.29: Electron and hole densities at the MgZnO/CdSeTe interface for the four cases
from Fig. 4.25(c) at 700 mV [26]. Band diagrams are illustrated in Fig. 4.28.

A favorable band bending on the absorber side at the MgZnO/CdSeTe interface acts as
a barrier for the holes and assists the movement of the electrons towards the front. This
creates a large difference of a few orders of magnitude between the electron and hole densities
at the interface as seen in Fig. 4.29(b). Such a disparity will reduce the recombination of the

photogenerated electron-hole pairs at the interface and improve the extraction of electrons
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at front contact. Further, the higher carrier density of emitter with higher absorber carrier
density (open square) shows that the emitter/absorber barrier height is significantly smaller,
and the band bending in the absorber side extends much deeper. The majority of the
externally applied electric potential will drop in the absorber due to lowered emitter /absorber
barrier height, resulting in efficient collection of photo-generated carriers due to larger band
bending in the absorber, both contributing to an improved V¢ as shown by the simulated

J-V curve for nyzo = 1017 em™ in Fig. 4.27.

4.5.3 Mitigation of large Sip

The interface recombination discussed in section 2.3 can be employed to quantify the re-
combination at the interface (Rir). The expression for bulk recombination given by equation
2.12 and the interface recombination velocity given by equation 2.16 can be used to deduce

the total rate of recombination per unit area at the interface given by

R[F = '—.S[F (45)

where nip and prp are electron and hole densities at the emitter/absorber, and Sy is the
interface recombination velocity at this interface. This expression for interface recombination
is a direct function of the carrier density at the interface. It was discussed above how
a favorable band bending creates a large difference in electron and hole densities at the
interface. This difference is orders of magnitude. Assuming nyzo > Pabsorber fOr the highly
doped absorber, from Fig. 4.29(b), nip > pir. Applying this condition to equation 4.5, the

total interface recombination per unit area reduces to

Rip =~ prr.Str (4-6)
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This means that when the nyzo > Pabsorber 18 satisfied, the interface recombination rate
depends on the smaller of the electron or hole densities at that interface. The interface recom-
bination velocity also depends on various properties of the materials used, lattice mismatch,
fixed charges, charge accumulations, and dangling bonds. An effective way to significantly
reduce the detrimental effect of high Sir at the emitter/absorber is by increasing the carrier

concentration of MgZnO emitter so that nyzo > Pabsorber-
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Figure 4.30: The deviations in device efficiency with varied Sir, bulk carrier lifetimes with
increasing carrier density in absorber [26].
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A comprehensive picture of the effect on efficiency for varied interface recombination
velocity with varied bulk carrier lifetimes is presented in Fig. 4.30 Low carrier density of 2
x 10'® em™ and high carrier density of 2 x 10" cm™ in MgZnO was chosen to compare the
effect. The devices with higher doping in MgZnO are seen to have little dispersion in the
efficiency with varied Sir, whereas the devices with low carrier density in MgZnO suffered
with low efficiency and large variations, especially when the condition of nyizo > Pabsorber Was
not met at high absorber carrier density condition. The trend is consistent with every bulk
carrier lifetime and confirms, nyzo > Pabsorber 10 be a key factor in performance of highly

doped absorbers.

4.6 Summary

Replacing the traditional CdS emitter with wide optical band-gap metal oxides improves
the current collection in the CdTe-based TFSCs. The ternary alloy of Mg,Zn; O is of
particular importance because the elemental ratio of the Mg:(Mg + Zn) in the ternary alloy
can be varied. The optical band-gap widens with incorporation of larger Mg fraction in the
MgZnO, and the majority of this optical band-gap widening occurs due to the E¢ moving
closer to the vacuum level. An optimal Mg fraction of 0.15 was found to be effective in
the MgZnO emitter to produce high-efficiency CdTe-based solar cells. A moderate spike-like
conduction band offset near 0.2 eV exists for this optimal Mg fraction. This band offset is
not large enough to impede the thermionic emission of the photo-generated electrons in the
absorber, and it was found to effectively passivate the emitter/absorber interface shown by
the PL, TRPL and low temperature J-V measurements.

Current-voltage distortions of various magnitudes were observed in the CdTe-based solar
cells that employ the wide band-gap MgZnO emitter layer, and were particularly large when
there were insufficient short-wavelength photons to increase the electron density above that of
the absorber hole density. The distortions were observed to be dependent in the Mg fraction
in the MgZnO. Increasing Mg fraction increases the secondary barrier at the emitter /absorber

interface above the optimal AEc = 0.2 eV. An enlarged secondary barrier results in the failure
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of superposition of the light and dark curves. The light soaking experiments coupled with
the numerical device simulations demonstrated that the wide band-gap MgZnO emitters are
populated by acceptor-type compensating defects. These defects have different properties
in dark and under illumination condition. In dark, these acceptor-type defects are filled
with electrons which compensates the n-type carrier concentration in the emitter. Under the
illumination, these acceptor type defects release electrons by absorbing the high energy blue
photons. The released electrons increase the n-type conductivity in the MgZnO emitter,
but not necessarily by a sufficient amount. The Ga-doping of the MgZnO demonstrates the
promise of extrinsic doping of MgZnQO. Such extrinsic doping eliminate the J-V distortions
typical of the undoped MgZnO emitter and remove the need for the undoped MgZnO to rely
on photogeneration of the electrons to improve its conductivity.

Further, the numerical simulations confirm that the doping in the emitter should be higher
than the doping in the absorber to achieve better efficiency. The condition is particularly
crucial in absorbers with high hole carrier concentration. In these highly doped absorbers,
if the emitter carrier density is higher than the absorber carrier density, there is an effective
band-bending that extends much deeper into the absorber side while the barrier height at
the emitter/absorber is realtively low, a condition that will help achieve high Voc. Another
advantage of doping emitter in highly doped absorbers is a large difference in the electron
and hole densities at the emitter absorber interface that occurs due to a favourable band
bending and is key to minimize the negative impacts of large Sir at the emitter/absorber

interface.
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Chapter 5

ALTERNATIVE BACK CONTACT APPROACHES FOR POLYCRYSTALLINE CdTe
THIN-FILM SOLAR CELLS

The double-diode model discussed in chapter 3 pointed out that the the choice of the
metal contact at the back will have significant bearing on efficient hole extraction. An ideal
metal contact would have a work function close to the VBM position of the CdTe absorber.

This chapter focuses on various back contact structures as shown in Fig. 5.1 and listed in

table 5.1.

C/Ni contact

Cdcl, and CucCl treatment

CdTe (3 um)

Figure 5.1: Schematic of the device structure for various back contact study.

Table 5.1: Description of various back contacts for CdTe absorber

Back contact \ Description \ Purpose
CdTe - Ag/Co/Pt/Te/Se Metal back contact Metal-Semiconductor contact
CdTe/Te - Ag/Co/Pt/Se Te as a back buffer Effect of back buffer layer
CdTe/TeOy/Te Oxide as back buffer Copper-free back contact
CdTe/Se/ITO Transparent back contact | Tandem and bifacial cells
CdTe/MgO-NiO/Te Metal oxide contact MIS back contact

Key for this chapter are the different possibilities for the back contact. The effect of

introducing a thin Te buffer layer between the CdTe and various metals has been previously
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shown to improve the contact [21]. The newer work reported here includes TeOy as metal-
oxide buffer, a Se/ITO transparent back contact with promise for a tandem and bifacial
structure, and two metal oxides, MgO and NiO, that were explored as metal-oxide back
contacts. The traditional C/Ni paint was applied when applicable to protect the devices

from the probe damage during the various measurements.

5.1 Background

A common feature of most back contacts for CdTe to date is the use of Cu. Diffusing
Cu at the back of the CdTe solar cells helps attain a good lateral conduction and effectively
reduces the back contact barrier [39, 40, 41, 106, 107]. The Cu diffusion is achieved by
various methods such as performing a CuCl treatment or deposition of metallic Cu followed
by annealing, depositing Cu,Te. The Cu diffusion helps improve the hole density and makes
a quasi-ohmic back contact, but it also leads to device stability issues and degradation
in the CdTe-based solar cells due to the diffusion of the interstitial Cu towards the front
[39, 108, 109, 110]. The recent development of As-doping of the absorbers has led to the
replacement of the Cu doping in the absorber and back contact formation in the commercial
CdTe modules that has improved the stability, reliability and degradation of the modules
(111, 112].

The back contact in a typical superstrate configuration for CdTe-based TFSCs should
be a good hole-selective layer. A large work function for CdTe means that the valence band
maxima position is farther away from the vacuum energy level and a barrier will be formed
at the back that impedes the hole collection [30]. Such a barrier at back can lead to the
current limitation effect and rollover in the first quadrant [34]. The use of a buffer layer at
the back has been employed to facilitate the hole extraction, while the use of wide band-
gap semiconductor like ZnTe doped with Cu [113, 114, 115], and the use of ternary alloys
such as CdZnTe, and CdMgTe have been applied to use as an electron reflector strategies to
reflect the electrons in the conduction bands towards the front CdTe region and assist holes

collection [116, 117]. Chemical etchants to selectively remove the Cd from the CdTe to make
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a Te-rich back surface have also been implemented [118, 119]. At CSU, a thin Te buffer
between the CdTe absorber and the C/Ni electrode has been an effective way to improve
the back contact [21, 22]. The purpose of the buffer layers at the back is to reduce the back
contact barriers, reduce the interface recombination, and attain suitable band bending to

promote an efficient hole extraction [120, 121].

5.2 CdTe-metal back contact with varied metal work function

An experiment with five different elements with increasing work functions was used as
a direct back contact in a typical device structure. Out of the five elements used, Ag (4.2
eV), Co (5.0 V) and Pt (5.6 eV) are metals whereas Se (5.7 eV) and Te (5.2 eV) are
metalloids [12, 122]. A schematic of the device structure for the various contacts is shown in
the Fig. 5.2. The thickness of the metals i.e. Ag, Co and Pt was 100-nm which were sputter
deposited. The thickness of metalloid i.e. Te, and Se was 30-nm which were evaporated.
Current-voltage, quantum efficiency, and capacitance-voltage measurements were done on
these devices.
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Figure 5.2: (a) Schematic of the device structure. (b) Relative position of VBM and work
functions of various back contacts with respect to CdTe.
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Figure 5.3: Box plot of J-V parameters for the 10 small area devices with various elements
as a back electrode in direct contact with CdTe.

Box plots of the J-V parameters for the ten small area devices with various back contact
elements are shown in Fig. 5.3. A clear trend in the Jsc, and V¢ is seen in the metal
contacts with increasing work function that dictates the over all conversion efficiency. The
metalloids Te, and Se have a better Voc and have better power conversion efficiency than
the C/Ni-control sample, and any of the sputtered metal contacts. The J-V, QE, and C-V
for the best devices from each plate is plotted in the Fig. 5.4, and the critical parameters
are tabulated in table 5.2. A possible explanation for the difference in device performance
between the metals and metalloids could be the method of deposition. Sputtering produces

better film quality and uniformity but can potentially cause sputter damage to the CdTe
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surface due to larger kinetic energy of the sputtered species when they arrive to adhere to
the CdTe surface during sputter deposition. A relatively low power density of less than 2
W /cm? on metal targets was used to mitigate such issues, so the difference in performance
between the metal and metalloid as contacts could be more fundamental.
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Figure 5.4: (a) J-V plots, (b) QE plots, (¢) Carrier density vs. depletion width plots, and
(d) Mott Schottky plot for the best devices from Fig. 5.3.

The J-V plot for best devices for each back contact show that the metal contacts sputtered
directly on CdTe suffer from low Voc and exhibit a roll-over behavior in the first quadrant
even in devices with large work function metal contact like Co and Pt. The QE response of
all devices is comparable throughout the visible spectrum. The depletion width is decreasing

with increasing work function but still larger in comparison to the C/Ni-control, Te, and Se
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Table 5.2: J-V parameters, depletion width (Wp) at 0 V and net carrier concentration (Ny)
at bottom of belly from C-V measurement from Fig. 5.4(c)

Back contact | Js¢ (mA/em?) Voo (mV) FF (%) Eff. (%) [Wp (pm) Ny (em™)
C/Ni-control 20.1 838 69.1 16.8 1.09 1.8 x 10™
Ag 27.0 505 62.3 8.5 1.82 1.2 x 10
Co 28.7 707 57.4 11.6 1.76 1.7 x 10
Pt 29.6 767 61.3 13.9 1.35 1.3 x 10
Te 20.1 836 72.7 17.7 1.01 2.1 x 10™
Se 29.2 833 68.6 16.7 0.91 3.4 x 10

contacts. A roll-over behavior in the first quadrant in J-V plot is signature of a typical
barrier at back and issues with selectivity of hole extraction at back [30, 33].

This rollover suggests that the origin of the back barrier may not be solely dependent on
the difference between the work function of metal and valence band maxima position of the
CdTe. The back electrodes studied in this first experiment were all deposited on bare CdTe.
The bare CdTe surface is marred with significant amount of defects as discussed in section
2.3, Fig. 2.1, due to the dangling bonds, lattice interruption, charge accumulation etc.
An atomistic level approach by density functional theory (DFT) numerical simulations has
shown that these defects on the free CdTe surface are dependent on the atomic termination
and crystal orientation [123]. Interestingly, the metalloids like Se, and Te have well-behaved
J-V curves with efficiency better or comparable to the C/Ni-control. Unlike the metals,
these two metalloids are elemental semiconductors with well defined conduction band and
valence bands with optical band-gap of 0.33 eV and 1.7 eV for Te and Se respectively. This
puts their VBM closer to that of CdTe VBM that could potentially act as an intermediate

buffer layer to make a hole contact as shown in Fig. 5.2(b).

5.3 Te as a buffer layer between CdTe and metal electrode

In last section, the use of elemental semiconductors such as Te, and Se produced better
results than the metal contacts at the back surface of the CdTe film. One logical explanation
is the use of Te, and Se layers at the back act as a buffer layer that helps to mitigate

the negative effects of the intrinsic defects present on the free CdTe surface. The use of
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appropriate buffer layer at back reduces the effective barrier for the holes, and improves
the hole extraction at the back [22, 120]. To test the effects of such buffer layers, a second
experiment was designed where 30-nm of Te was introduced between the various metal

contacts and the CdTe surface in the device structure as shown in Fig. 5.5.

C/Ni contact

Cdcl, and CuCl treatment

Figure 5.5: Schematic of the device structure with 30 nm of Te as back buffer.

The choice of Te was based on the results presented in Fig. 5.3 where the conversion
efficiency was highest for Te incorporated devices. All the sputtered metal contacts were
100-nm thick and the Se was 30-nm thick with identical deposition methods and conditions.
The box plots of the J-V parameters of fifteen small area devices from this set of experiments
are presented in Fig. 5.6. The plot clearly demonstrates that the use of Te as a buffer layer
improves the over all performance of the devices. The Te/Ag combination produced low
J-V parameters, which is probably due to the very low work function of Ag. The other
higher work-function elements, Co, Pt and Se, showed a significant improvement in the J-V
parameters and overall efficiency. A comparison of the results form the two experiments
where metal was directly deposited on bare CdTe surface and another where a buffer layer
of Te was used between the CdTe and metal electrode clearly establishes the usage of the
buffer layer to be beneficial for the improvement of the back contact.

The J-V, QE, and capacitance-voltage measurements for the best devices with the Te
layer are shown in Fig. 5.7. The Te/Ag suffers from a low Voc and has a relatively larger
depletion width. The capacitance-voltage measurement from Fig 5.4(c) and 5.7(c) clearly

shows that the well-performing devices have narrow depletion widths. Inclusion of a Te
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Figure 5.6: Box plot of J-V parameters with Te back buffer and various back electrode.

Table 5.3: J-V parameters, depletion width (Wp) at 0 V and net carrier concentration (Ny)
at bottom of belly from C-V measurement from Fig. 5.7(c)

Back contact | Js¢ (mA/em?) Voo (mV) FF (%) Eff. (%) ][ Wp (pm) Ny (em™)
Te-control 28.9 835 73.7 17.8 1.01 2.2 x 10™
Te/Ag 25.9 508 62.8 8.2 .70 5.7 x 10"
Te/Co 29.2 824 73.3 17.6 098 2.6 x 10™
Te/Pt 29.1 826 73.7 17.7 091 29 x 10™
Te/Se 29.0 823 73.2 17.5 091 3.6 x 10"

buffer layer at the back of CdTe surface helped the Co, and Pt devices achieve a smaller
depletion width and larger Voc. The large gain in V¢ for these cells is attributed to reduced
recombination at the interface. As the devices under study were fabricated under identical

conditions except for the application of a Te buffer layer, the improvement in V¢ of the
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Figure 5.7: (a) J-V plots, (b) QE plots, (¢) Carrier density vs. depletion width plots, and
(d) Mott Schottky plot for the best devices from Fig. 5.6.

devices with Te buffer layer is due to the effective mitigation of the interface recombination

present in the CdTe/Co, and CdTe/Pt contacts due to the presence of the Te buffer layer.

5.4 TeO4 as a back buffer and surface passivation oxide

Improved device performance by using a buffer between the CdTe back surface and the
electrode is found to be key in the improvement of the Voc and the over all device perfor-
mance in the previous section. The choice of the buffer is dictated by various parameters
like, an appropriate work function, good lateral conductivity, high p-type doping, ability to

passivate the defects in the bare CdTe surface etc. A good back buffer reduces the back
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contact barrier, reduces the interface recombination, and help attain a suitable band bend-
ing to effectively extract the photogenerated holes [120, 121]. The results with Te buffer
layer clearly show that it satisfies these conditions [21, 22]. Various oxides like Al;O3, SiO,,
MoOy, and other transition metal oxides has been extensively used to passivate the defective
semiconductor surfaces for silicon solar technology [42, 43, 45, 44, 124]. The purpose of using
such oxides is to passivate the surface/interface defects in the silicon semiconductors to lower
surface recombination by both chemical and field effect passivation. Chemical passivation
refers to the reduction of dangling bonds by saturating them, and field-effect passivation
refers to an alteration of concentration of electrons and holes at an interface to reduce the
recombination, a mechanism extensively discussed with the MgZnO front contact in chapter
4.

An added benefit of using an oxide as a back buffer for surface passivation is the possibility
of bifacial in the solar cells, as most oxides have wide bandgaps [125]. Most metal oxides,
however are insulating, with large dielectric constant which aids to the formation of a metal-
insulator-semiconductor. The results with the Te back buffer have opened possibility of
other back buffer layers. This section is focused on implementing the TeO, as a back buffer,
a choice based on the results from devices with Te buffer. The method of deposition of the
TeO, is RF-sputtering from a single TeO, target at a 5-mTorr pressure with Ar process gas
with relatively low power density of 0.75 W/cm? applied to the target. A detailed study in
the variation of process parameters, thickness of the oxide, the compatibility with existing

device architecture and device characterization is presented in the remainder of this section.

5.4.1 TeO4 thickness, and sequence of CdCl; treatment

To explore the possibility of using a TeO, as a back buffer for CdTe-based solar cells,
experiments with variations in the TeO, thickness, and the sequence of the vital CdCl, treat-
ment were conducted. Fig. 5.8(a) represents the schematic diagram of the semiconductor
stack. A Cu doping prior to the CdCl, treatment is not an ideal device processing sequence,

since it drives the Cu towards the front junction and lowers the device performance due to
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the high processing temperatures during CdCl, treatment. With this in mind, the devices
with TeO, were fabricated without any Cu doping. Owing to the insulating nature of oxides,
only two thicknesses of 5 nm, and 10 nm of TeO, were chosen, and variation in the sequence
of the CdCl, treatment: before the TeO,, after the TeO,, and a double CdCl; treatment

both before and after the deposition of the TeO, were carried out.
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Figure 5.8: (a)Schematic of the device structure with TeOy as back buffer (b) J-V plots for
typical devices with various thickness of TeOy and CdCl,

Table 5.4: J-V parameters for varied TeO thickness and CdCl, sequence from Fig. 5.8

Te()x # of CdClg Cu JSC VOC FF Eft.
thickness CdCl, sequence doping | (mA/cm?) (mV) (%) (%)

0 nm (baseline 1 after CdTe Yes 28.6 839 75.0 18.0
0 nm (baseline 1 after CdTe No 27.9 822 T75.0 17.2
5 nm 1 before TeOy No 3.3 587 12.6 0.2

5 nm 1 after TeOy No 25.2 783 70 13.8

5 nm 2 before and after TeOy No 27.8 829 758 17.5

10 nm 1 after TeOy No 25.9 789  60.2 12.3

10 nm 2 before and after TeO, No 27.9 849 72.8 17.2

The J-V plots for the best devices from each substrate is presented in Fig. 5.8(b), the
J-V parameters are listed in table 5.4, and the box plots of the J-V parameters for 25 small
area solar cells from each substrate are presented in Fig. 5.9. The devices with a 5-nm
TeO, without a second CdCl, treatment after the TeO, exhibit extremely poor photovoltaic

performance. This suggests that 5-nm TeO, as deposited is insulating and hinders the
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nm, 5 nm, 10 nm) and CdCls sequence. Dashed boxes are for a single CdCly step.

extraction of charges. However, 5-nm TeO, devices exhibited the best performance when a
double CdCl, treatment, one before and the other after the deposition of TeO,, was carried
out. This suggests that the second CdCl, treatment is critical to extract charges. The key
point from this set of experiments is the ability to fabricate devices with efficiencies in excess
of 17 % with an absorber that is not intentionally doped. The Cu doping of the absorber
has been considered vital to improve the hole density and form a quasi-ohmic back contact
for the CdTe solar cells, but the results here show that application of TeO, eliminates the
need for intentional Cu doping of the absorber.

Devices with TeO, thickness of 5-nm and 10-nm with double CdCl,, as well as baseline

devices with no TeO,, and with and without copper were chosen for further analysis. Spectral
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Figure 5.10: (a) PL spectra intensity and (b) TRPL decay of select devices from Fig. 5.8

PL and time resolved PL was conducted for a comparison of the relative peak intensities and
decay rates of these four samples. The copper doped absorber with no TeO, has the smallest
spectral PL intensity and the fastest TRPL decay. Others that had no copper had stronger
PL intensities and slower TRPL decay rates. The results demonstrate the passivating effect
of TeOy on the CdTe-based TFSCs. An earlier study shows correlation of the Te*t at the
MgZnO/CdSeTe interface and the carrier recombination lifetimes demonstrated a similar
passivating effect of TeOy [59] at the front MgZnO/CdSeTe interface. The relative energy
band position of CdTe with TeOy is given in Fig. 5.11(a) [126, 127].
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Figure 5.11: (a) Relative position of energy bands for CdTe and TeOy (b) TRPL decay from
back illumination for TeOy with a transparent back contact.
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To further study the passivating nature of TeO,, devices with configuration shown in Fig.
5.8(a) with double CdCly and thin 30-nm transparent I'TO replacing the opaque Te/C/Ni
back contact were fabricated. The thin transparent ITO should allow optical probing of
the CdTe/TeOy interface, which is not possible with the standard opaque contact. TRPL
measurements were then conducted with the laser illuminating through the ITO contact, and
the result presented in Fig. 5.11(b) shows lifetimes of a few ns measured with the TeO,/ITO
back contact. In contrast, the TRPL signal with the laser illuminated on a bare CdTe surface
is below the detection limit. While, further study is needed to identify the actual mechanism
of the passivation, the results presented here clearly demonstrate the passivating nature of
TeO, to a CdTe surface. The J-V results and TRPL results present TeO, as a promising
candidate for the passivation of the CdTe surface which can be integrated in the existing
device architecture for typical CdTe superstrate configuration with no major changes. An
added benefit of using TeOy is the fabrication of devices with an undoped absorber that have
device performance comparable to the doped absorber which is critical for the stability, and

longevity of the solar cells.

5.4.2 Effect of Oxygen during the TeO, deposition

The use of oxygen during the various steps of the semiconductor deposition and treatment
process plays a significant role in the device performance of the CdTe-based solar cells. To
study the effect of presence of oxygen during the deposition of the TeO,, a repeat of the
experiment discussed in the previous section was conducted, except the TeO, was deposited
with Ar/Oy = 95/5 instead of pure Ar. Here also, four substrates, a baseline with Cu, a
baseline without Cu, and two substrates with 5 nm and 10 nm TeO, with a double CdCl,
treatment without Cu were fabricated with the device stack similar to Fig. 5.8(a).

The devices with TeO, deposited in the mixed gas had a similar performance to the ones
where the TeOy is deposited in Ar only. The box plots for J-V parameters in Fig. 5.12 show
the TeO, devices perform better than the Cu doped devices and validates the reproducible

results with TeO. The J-V plots for the best devices, spectral PL and a comparative C-V
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Figure 5.12: Box plot of the J-V parameters of 25 small area devices from each substrates
with TeOy deposited in a Ar/O9 ambiance.

plot are shown in Fig. 5.13. The J-V parameters in table 5.5 are similar to the J-V parameters

form table 5.4 for TeO, with similar thickness irrespective of the ambiance during the TeO,

deposition. The relative spectral PL intensity presented in Fig. 5.13(b) has a trend similar

to the one observed in Fig. 5.10(a) with highest PL for 10 nm TeO, and lowest for Cu doped

absorber.

Table 5.5: J-V parameters for best devices from Fig. 5.12.

TeO, thickness Cu doping [ Jsc (mA/em?*) Voc (mV) FF (%) Eff. (%)
0 nm (baseline) Yes 27.6 851 73.4 17.2
0 nm (baseline) No 27.7 833 75.4 17.4

5 nm No 27.7 816 74.9 17.0

5 nm No 27.7 815 76.4 17.2

The major difference between the devices with TeO, deposited in different ambiance is

evident in the capacitance measurement as shown in Fig. 5.13(c)-(d) and the parameters

tabulated in table 5.6. Among the TeO devices, deposited in Ar/Os = 95/5 ambiance,
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the measured depletion width is relatively wider than in the devices where the TeO, was
deposited in pure Ar. This is analogous to the undoped devices where the depletion width
is large and the Cu doping reduces the depletion width. One possibility is the variation
in the stoichiometry of the as deposited TeOy between the Ar-only and Ar/O, ambiance.
The TeO, deposited in Ar only ambiance is Te rich and pushes the depletion width to be
narrower as we saw in Fig. 5.7(c). Unlike what was observed in Fig. 5.4 with different
metal back contacts, where the increase in depletion width was accompanied by poor device
performance, the effect of the TeO, deposition ambiance and the increase in depletion width
had minimal effect on the device performance. This indifference further suggests that TeO,
is a good choice for a transparent back buffer layer.
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Figure 5.13: (a) J-V plots and (b) spectral PL intensity for best devices, (c¢)-(d) capacitance
measurements of best devices with TeOy deposited in Ar only and in Ar/Oy = 95/5 ambiance.
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Table 5.6: C-V parameters for TeOx deposited in different ambiance from 5.13(c)-(d).

TeO, TeOy Cu  Depletion width Carrier density at
thickness (nm) ambiance | doping  at 0 V (um)  bottom of belly (cm™)
0 nm (baseline) - Yes 0.63 7.5 x 10™
0 nm (baseline) - No 1.86 9.7 x 10"

5 nm Ar only No 0.65 1.0 x 10%°

5 nm Ar/Oy =95/5| No 1.7 1.0 x 101

10 nm Ar only No 0.59 1.4 x 10%°

10 nm Ar/O, =95/5| No 1.52 1.4 x 10

5.5 Se/ITO transparent back contact

The use of Se as back contact discussed in section 5.2 produced devices with respectable
conversion efficiency among the set of back contact studied. An added benefit of Se at back
is it’s wide optical bandgap of 1.7 eV, making it suitable for transparent back contact. The
traditional C/Ni paint was replaced by indium tin oxide (ITO), a transparent conductive
oxide, to make a fully functional solar device. A transparent back contact opens possibility
for a bifacial solar cell or a tandem device structure such a two junction monolithic structure
or a mechanically stacked four contact structure.

Solar cells with transparent back contacts of 30-nm of Se and 100-nm of ITO were pre-
pared with device stack as shown in Fig. 5.14(a). The J-V plot with the J-V parameters
of a typical device is presented in Fig. 5.15(b). A respectable device efficiency of 14.1 %
was achieved in comparison 16.7 % with the standard C/Ni back contact. The transmission
measurements in Fig. 5.14(c) show a relative ratio of transmission of sub bandgap photons
for a Se/ITO device to the bare CdTe only film is relatively high. Such a high transmission
validates the transparent back contact. These Se/ITO devices when measured from a back
illumination for both J-V and QE measurement had a poor response. The comparison of a
QE for front and back illumination is presented in Fig. 5.14(d). The QE response for the
back illumination has a characteristics of a deep buried junction. Effective ways to mitigate
such buried junction to activate the bifaciality are thinning of the absorber, improving the
lateral conductivity of the Se back contact, improve crystalline nature of the Se, use metal

finger grids for contact on I'TO, device processing and thermal anneals etc. The presented
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Figure 5.14:
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(a) Schematic of Se/ITO transparent back contact (b) Comparative J-V plot

of Se/ITO and Se/C/Ni back contact (c) Transmission measurement for various structures (d)
QE plot of Se/ITO transparent back contact with front and back illumination

Se/ITO work is preliminary and exploratory in nature, but holds significant promise in term

of bifaical and tandem device architectures.

5.6 Metal-oxide buffer layers

Double heterostructures with a CdTe-based absorber sandwiched between the sputter
deposited metal oxides like Al,O3, MgZnO, SiOs, and TiO, have produced lifetimes the
order of hundred of ns [128]. The Mg,Zn;_,O emitter work in chapter 4 has demonstrated
that the alloying of ZnO with MgO has passivating effects and a statistically monotonic

increase in Vo¢ with increasing Mg fraction. With this in mind, MgO and NiO were chosen
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as metal oxides for the back contact. A schematic of the device structure is as shown in
Fig. 5.15(a) with a combination of MgO and NiO. An electrode of traditional Te/C/Ni or
transparent I'TO of 30-nm was applied to measure the J-V measurements and optical /opto-
electronic measurements from both front and back illumination. A comparative J-V plot
for various combination of MgO and NiO in comparison to the control sample is presented

in Fig. 5.15(b) and J-V parameters in table 5.7.  While the devices with metal oxide as

50
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Figure 5.15: (a) Schematic of the device structure (b) J-V plots for best devices.

Table 5.7: J-V parameters for best devices from Fig. 5.15(b).

back contact Jsc (mAJem?*) Voc (mV) FF (%) Eff. (%)
control Te/C/Ni 27.9 848 72.0 17.0
MgO (2 nm) Te/C/Ni 27.7 73 74.6 16.0
NiO (5 nm) Te/C/Ni 26.4 780 67.1 13.8
MgO (2 nm)/NiO (2 nm) Te/C/Ni 27.0 794 69.1 14.8

a back contact with traditional Te/C/Ni back electrode produced devices with conversion
efficiency less than that of the control samples, a transparent back contact of ITO allowed
to probe the back of CdTe with the PL, TRPL, and QE measured for both front and back
illumination as shown in Fig. 5.16. The PL measured from front for a typical CdTe device
and a 2-nm MgO back buffer layer is comparable, the PL signal for a back illumination
for the MgO back buffer was significant and corresponds to the optical bandgap of CdTe.
Further, a comparative TRPL measurement was conducted on devices with MgO deposited

from a single cermaic target and a metallic Mg target with reactive sputtering in an Ary/Oy
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Figure 5.16: (a) PL measurement, (b) TRPL measurement, and (c¢) QE measurements with
illumination from front and back of the cell for combinations of MgO and NiO back buffers.

ambiance. Lifetimes the order of few ns have been measured for rear illumination, which

shows that MgO has the potential to passivate defects present in the bare CdTe irrespective

of the method of deposition. A bilayer of 2 nm MgO and 2 nm of NiO produced a lifetime

close to 5 ns from back illumination. Quatum efficiency measured in the device with such

bilayer of MgO/NiO showed excellent opto-electronic response for illumination from both

sides even though the J-V response from the back illumination was poor. A high resolution

TEM imaging of the bilayer back contact region in Fig. 5.17 demonstrates the metal oxides

are conformal and unform.

(b)

Figure 5.17: (a) High resolution TEM image of MgO/NiO bilayer metal oxide back contact

for CdTe. (b) Zoomed region at the hole transport interface (*

Mlinois Chicago)
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5.7 Summary

The efficient extraction of the holes form the back of a CdTe-based solar cell in a super-
strate configuration is critical. The device architecture and the polycrystalline nature of the
CdTe makes the bare CdTe surface prone to the recombination. To inhibit the recombina-
tion on the CdTe surface and make a hole selective contact, the use of a buffer layer would
be beneficial. Such a buffer layer should be highly doped p* in nature with relatively large
work function to bend the bands upwards.

The use of a thin Te as a buffer between the high work function metal contacts and
the bare CdTe surface has shown the importance of a back buffer layer for the CdTe-based
TFSCs. An extension of the Te to a thin TeO, back buffer has demonstrated the device
efficiency in excess of 17 % without doping the absorber. A dopant free absorber has an
improved stability, and realiabilty which is immune to the degradation induced due to the
external dopants. Wide bandgap TeO, has exhibited passivating properties to the CdTe
surface measured with the PL. and TRPL measurements. The results have paved path for
the exploration of other metal oxides like MgO, NiO, MoO, and other transition metal oxides
to make a passivated hole selective back contact for the polycrystalline CdTe TFSCs. The
integration of such oxides in the existing device architecture is fairly straight forward which
provides the flexibility in terms of device architecture modifications in future for structures
like bifacial, PERC, tandem etc.

Further the buffer layer should have passivating properties to inhibit the negative effects
of the large interface recombination prevalent on a CdTe surface. Metal oxides can passivate
a surface either with a chemical passivation by saturating the dangling bonds or by field
effect passivation due to the inherent fixed charges in them. Also, the use of a wideband-gap
back buffer layer opens the possibility of a transparent back contact which can boost the
conversion efficiency by enhanced current collection due to absorption of diffused light from
the back. In addition, a transparent back contact opens the possibility for a tandem solar

cells. A proper band-gap engineering and current matching between the top and a bottom
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solar cell with a transparent contact between them would help absorb most of the solar

spectrum and an added voltage.
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Chapter 6

CONCLUSIONS AND DISCUSSION

From being just a niche new-generation absorber few decades ago, the CdTe-based thin-
film technology has established itself as a leading photovoltaic technology. The research and
technological advancements coupled with the low cost and large scale manufacturing has
given it the status of the second most common commercial photovoltaic technology, only
behind the crystalline silicon. Hence, the technology is a forerunner to make a significant
difference in the renewable energy supply and the global clean energy market.

Understanding the fundamental device physics, material selection and characterization
techniques are key to the further advancement of the CdTe-based TFSCs. The primary
findings of the work has been discussed in detail in chapter 4 and 5. Both chapters have a
summary at the end that gives a brief of the key findings and the advantages of employing the
metal oxides as front and back buffer for the CdTe-based solar cell. While the technology has
made tremendous advancements, there is considerable room for improvement. The key to
further the technology lies in the modification of the current device architecture enabled by
the passivating transparent metal oxides. This sets a good premise to elaborate the findings

from the work to a much broader aspects of the CdTe technology.

Alloying, optical bandgap and energy band offset engineering

The majority of improvement in the CdTe solar cells has come by employing optical
band-gap engineering to improve the photon collection that elevated the current collection.
This optical band-gap engineering has been achieved by alloying the semiconductors whether
that be in the emitter of Mg,Zn;_,O or the absorber of CdSe,Te;.,. The results of this work
has demonstrated that the optical band-gap can be modulated by varying the elemental
fraction of the constituents which can have a significant bearing on the energy band offset

at the interface. An optimal AEq of 0.2 eV with Mg fraction of 0.15 in the MgZnO for the
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CdSeTe absorber was found to be ideal. These results were derived from the electron contact
at the emitter/absorber interface in the E¢, but the findings are equally applicable to other
interfaces within the CdTe-based TFSCs.

Origin of J-V distortions, doping of emitter and energy band-bending

A small spike in the conduction energy band that can be easily overcome by the electron
charge carrier with thermionic emission between the absorber and emitter was found to be
beneficial that showed improved passivation based on the low temperature J-V and photo-
luminescence measurements. A larger than optimal AE¢ of 0.2 eV leads to the distortions
in the current voltage characteristics. An appropriate alloying of the materials with correct
choice of dopants can improve the conductivity and bend the bands for efficient collection
of charges as was achieved by Ga-doping of the MgZnO emitter. An extrinsic doping of
wide bandgap emitter will remedy the need for photogeneration and improves the n-type
behaviour, and electron concentration in the emitter. Larger electron concentration in the
emitter leads to a favorable band bending that will mitigate the surface recombination by
creating disparity in electron and hole densities at the interface. Such a phenomenon is par-
ticularly important at interfaces that have inherently large defects, charge accumulations,
large lattice mismatch which are unavoidable either due to the limitations in material choice
or the device processing parameters. In any case, an ideal emitter for CdTe-based solar cells
should have electron carrier density comparable or larger than the hole concentration in the

absorber.

Back contact barrier

The efficient extraction of holes at the back of superstrate CdTe has been a challenge
primarily due to the barrier at the back. It impedes the charge collection and has been
identified as significant cause for the large voltage deficit. Introduction of a 30 nm of Te as
a back buffer layer between the CdTe and different metal back contacts with varying work

function points that the origin of a back barrier in superstrate CdTe configuration is not
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solely due to the large difference in metal work function and the ionization energy of the
CdTe. A contribution to such barrier also comes from the intrinsic defects on a bare CdTe
surface. This work has put forward various metal oxides like MgO, NiO, TeO, that are fit to
meet the demands of a passivating buffer layer, demonstrating their ability to passivate such
defects, assistance in the extraction of holes, band alignment with the CdTe energy bands,
can be easily integrated to the present day device architecture and compatible to the device

processing.

Transparent back contact, tandems and bifacials

The Se/ITO, TeO,, MgO and NiO work present in chapter 5 have shown promise with
a transparent back contact. A transparent back contact of a top cell would allow the sub
bandgap photons to pass through and get absorbed in the low band-gap bottom cell. A
transparent back contact is valuable to a tandem formation for both a two point monolithic
structure and a four point mechanically stacked structure. The oxides are fairly robust to the
typical semiconductor fabrication process and are ideal candidates for transparent contacts.
CdTe-based absorbers of different optical band-gaps can be used as top and bottom absorbers
with a transparent contact between them. Tandem architectures will improve the absorption
range of the AM 1.5G spectrum and yield an added voltage. Another benefit of transparent
contact is the possibility for bifacial solar cells which will improve the current collection due
to the absorption of the diffused and reflected lights entering the device from the transparent

back contact.

Mitigation of defects

The defects in CdTe-based solar cells are either inherently present or introduced during
the device fabrication process primarily during the Cu treatment. Such defects can lead to
issues with stability. The TeOy as a back contact has discounted the need for the traditional

copper treatment of the absorber. The TeO, incorporated devices without the Cu treatment
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have demonstrated efficiency on par with the conventional Cu treated absorbers which is

important to reduce the defect density in the absorber and improves the stability

Passivation of the CdTe surface

The polycrystalline nature of CdTe makes the grain boundaries a potential source of the
recombination. A CdCl, treatment is needed to passivate the surfaces of the grain boundaries
that leads to a dramatic improvement in the photovoltaic performance. Similarly, the surface
of the CdTe is inherently defective and a proper strategy to make these defects benign
is key to improve the conversion efficiency to further the technology. MgZnO has served
as an excellent front electron contact that is robust to the post deposition processes and
treatments demanded due to the device architecture. Embracing various depostition methods
like plasma enhanced chemical vapor deposition, atomic layer deposition, molecular beam
epitaxy, sputtering etc to deposit oxides on these bare CdTe surface to reduce the effects of
defects. Such deposition methods are relatively slow and provide an excellent control of the
deposition parameters, control for the alteration of stoichiometry of the oxides to serve the

needs for a passivated surface.

Proposed total cell

A proposed passivated emitter and rear contact device architecture for a CdTe-based
solar cell is presented in Fig. 6.1 using a front and a back passivating oxide that sandwich
the CdTe-based absorber.

Adjacent to these oxides, an electron selective n* emitter and a hole selective p™ buffer
layer are proposed to facilitate the extraction of the photogenerated electron and hole pairs
form the absorber. A highly doped n™ emitter layer with a proper band alignment, preferably
with a positive fixed charge would make an ideal electron contact. The MgZnO:Ga work
presented in chapter 4 with a proper elemental ratio of Mg:(Mg + Zn) in the MgZnO alloy has
shown significant promise. The recovery of open circuit voltage with use of a thin intrinsic

MgZnO between the MgZnO:Ga and the absorber in Fig. 4.24 is in agreement with the
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Figure 6.1: (a) A passivated emitter and rear contact structure for a polycrystalline CdTe.
(b) A hole selective back contact with a passivating oxide and proper band bending.

proposed device architecture where a spatial separation at MgZnO:Ga/absorber interface
would further reduce the recombination. Similarly, at the back, a passivating oxide layer
with preferably negative fixed charge such as AloO3 can be used [128]. A rear passivation
with TeO,, MgO and NiO have all shown promise to be a good rear passivation oxide for the
CdTe-based solar cells [129, 130]. The work presented here show the TeO, deposited with
RF-sputtering has shown promising sign, and a thermally grown native TeO, on a CdTe
surface would be ideal for the surface passivation [59].

The choice of the p™ buffer layer behind the passivating oxide is equally important to
make a hole selective layer. Currently the use of Te has served the best but an appropriate
band bending and hole selectivity by inducing a band bending by proper work function of
the material is key. An alloy of Se;_,Te, has shown that the optical band-gap and the relative
energy band positions can be tuned [122]. A proper choice of ‘x’ in the Se;_Tey can help find
the right band offset in the Ey for the extraction of holes similar to the Mg,Zn;_,O in the
front electron contact discussed in chapter 4. To overcome the inhibition of hole extraction
across the passivating oxides with high dielectric values, that makes them insulating to the
pt buffer, small local point contacts between the absorber and the back p™ buffer layer can
be made by micro-patterning. An aspect ratio that measures the ratio of the width and

thickness of these point contacts, and the weighted average of the local back contact area
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and the back passivated area play significant role in the efficient extraction of holes from the
absorber side across the insulating rear passivating oxide layer [131].

The present day superstrate device architecture of the CdTe-based thin-film solar cells
has room to mature. A transition to a more matured form is inspired to attain high power
conversion efficiency and in large part will be dictated by the technology’s commercial, and
economical success. The methods presented in this work provide a framework for the CdTe
industry and research community to embrace the changes that are necessary to make such

a transition in future.
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LIST OF ABBREVIATIONS

AM 1.5G Air Mass 1.5 Solar Spectrum

CBM Conduction Band Minima

CBO Conduction Band Offset

CdCl, Cadmium Chloride

CdTe Cadmium Telluride

CdMgTe Cadmium Magnesium Telluride
CdSeTe Cadmium Selenium Telluride
CdZnTe Cadmium Zinc Telluride

CSU Colorado State University

Ccv Capacitance Voltage

DFT Density Functional Theory

FF Fill Factor

GXRD Glancing Angle X-ray Diffraction
ITO Indium Tin Oxide

JV Current Voltage

MIS Metal Insulator Semiconductor

MOS Metal Oxide Silicon

MPP Maximum Power Point

PERC Passivated Emitter Rear Contact

PL Photoluminescence

PV Photovoltaic

QE Quantum Efficiency

RF Radio Frequency

SCAPS Solar Cell Capacitance Simulation in 1-Dimension
SCR Space Charge Region

STEM Scanning Transmission Electron Microscope
TEM Transmission Electron Microscope
TFSC Thin-Film Solar Cell

TOPCon Transparent Oxide Passivated Contact
TRPL Time Resolved Photoluminescence
UIC University of Chicago

VBM Valence Band Maxima

VBO Valence Band Offset

XEDS Energy Dispersive X-ray Spectroscopy
Zn'Te Zinc Telluride
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