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ABSTRACT

INVESTIGATING GROUP-V DOPING LIMITS IN CdSeTe AND POTENTIAL
APPLICATION OF CdSe AS TANDEM TOP-CELLS

Cadmium selenium tellurium alloys (CdSex Te(;— x) known as CST) are a photovoltaic special-
ist’s dream: with ideal single-junction and tandem top-cell bandgaps (based on Se stoichiometry)
and large absorption coefficient for all stoichiometries (enabling thin-film applications), CST con-
tinues to be a promising material for photovoltaic applications. However, CST is not without its
problems. Record efficiency CST devices have demonstrated short-circuit current density (Js¢)
and fill factor (FF) near their theoretical maximum based on measured bandgaps, but continued
improvements to device performance has been limited by the open-circuit voltage (Voc), which
has been less than 900mV (< 80% of theoretical maximum) for nearly a decade. Advances in ab-
sorber doping for p-type conversion have enabled increased carrier densities, moving from roughly

10** cm~3 with group-I doping (copper) to 106 cm~3

using group-V doping (arsenic or phospho-
rus), but increases in Voo have not been reflected by this fact. This is typically attributed to the
so-called "dopant activation" problem, which accounts for the density of acceptor states provided
per density of dopant incorporated and tends to be less than 10% in polycrystalline CST. This
indicates that roughly 9 out of 10 dopant atoms form defects which may compensate p-type con-
version and additionally hinder device performance. Meanwhile, the use of Se alloying to reducing
the effective absorber bandgap has afforded increased Jg¢, but the roles in which Se and group-V
dopants play in conjunction with typical device processing is not widely appreciated.

In this work, the modern advancements which have allowed for record efficiency CdTe based
devices, namely the incorporation of group-V dopants and Se alloying, are examined to address

misunderstandings and provide a framework for improving device processing. An investigation

into the impact of group-V dopant concentration in CST using optimized device processing con-
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ditions reveals that the density of acceptors formed by group-V doping tends to plateau at a point
(roughly 1-5 X 10'® ¢cm™3) and further incorporation of dopants tends to reduce device performance
through increased radiative recombination. Evaluation of a novel process to increase group-V
dopant activation, thereby reducing the concentration of nonactive dopant defects, is presented by
use of ion implanted oxygen getters. The presence of oxygen in CST devices is inevitable and
an oxidated dopant is effectively an inactive dopant. By implanting elements which have a higher
affinity for oxidation relative to dopant atoms, the formation of dopant oxides is reduced, and an
increased dopant activation is demonstrated. However, this did not improve device performance
in practice, indicating that while the methodology of reducing group-V oxides can increase acti-
vation, the process of ion implantation itself may introduce additional lattice defects which negate
the increased dopant activation. This leads to an examination of the role Se plays in intrinsic CST
absorbers independent of group-V doping, revealing an unexpected n-type intrinsic conductivity,
which may be a source of defects which compensate the use of group-V dopants. This indicates
that work must be done to carefully balance the distribution of Se throughout the absorber bulk,
where a concentration gradient, rather than a uniform ternary stoichiometry, is shown to enable the
best performance.

Finally, pure CdSe absorbers with a large bandgap of roughly 1.7 eV are examined for poten-
tial application in tandem PV devices. CdSe absorbers grown at CSU demonstrate the requisite
large bandgap and provide insight into limitations based on absorber thickness. This leads to a
discussion on CdSe devices with record V. To date, published record efficiency CdSe devices
have shown >80% of theoretical short circuit current (Jgo/J gg) and >60% of theoretical fill factor
(FF/FFsq). However, such record devices have achieved <50% of the theoretical open circuit volt-
age (Voc/V g%). The development of CdSe devices using novel transport and contact layer struc-
tures involving organic semiconductors and transition metal oxides to achieve >60% of Vg% (Voc
>900 mV) is presented. The limitations of CdSe absorbers are addressed through temperature and
intensity dependent photoluminescence measurements, indicating that low charge mobility due to

intrinsic trap states in CdSe bulk are the primary limiting factor to further increasing Voc.
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Chapter 1

Introduction

This thesis is concerned with fabricating and understanding photovoltaic devices based around
II-VI chalcogenide technology with a general theme of selenium and its role in CdTe based pho-
tovoltaics(PV). This will be broken into three distinct parts; first focusing on p-type cadmium
selenium telluride (CdSexTe;_x or CST) solar cells with group-V doping, second on intrinsic

CST, and third on n-type cadmium selenide (CdSe).

1.1 Photovoltaics for Energy Generation

The past century and a half has witnessed an exponential rise in fossil fuel consumption, which
has been strongly correlated with elevated atmospheric CO, concentrations and a corresponding
increase in global mean temperatures [1]. In contrast, renewable energy sources—such as wind,
geothermal, and solar—derive from naturally replenished reservoirs and offer a sustainable alter-
native. While these sources are continuously available, they are inherently flow-limited, meaning
their availability is constrained by natural variability. Unlike fossil fuels, which are finite and
require energy-intensive extraction processes, renewable resources present a cleaner and more en-
during foundation for future energy systems.

In the United States, the transition from fossil fuels to renewable energy has accelerated notably
over the past two decades, driven by both environmental imperatives and economic incentives. Ac-
cording to the U.S Energy Information Administration (EIA), energy generated in the U.S. from
photovoltaic (PV) sources reached approximately 58,000 million kilowatthours in 2024, represent-
ing a 500-fold increase compared to levels in 2005. Solar energy generation now accounts for
nearly 4.8% of total electricity generation in the country. Utility-scale solar, in particular, has
benefited from falling levelized costs of electricity, government incentives, and advances in grid

integration. Coupled with increased research incentives, the demand for solar energy in the U.S. is
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Figure 1.1: These two graphs demonstrate the correlation between global CO3 emission [1] and average
global temperature [2] increases. Temperature scale is normalized such that the mean temperature from
1981 = 0.



projected to continue growing robustly, with the EIA forecasting that solar will become the largest

single source of electricity generation in the U.S. by 2050, surpassing both natural gas and coal [3].
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Figure 1.2: U.S. energy generation forecasts indicate that the share of renewable sources will grow from
21% (2021) to 44% in 2050. This would make renewables the primary source of energy generation in the US,
with solar projected to account for at least 50% of this, representing more than 1,100 TWh of generation. [3]

As the demand for renewable energy increases, there is a growing focus on developing pho-
tovoltaic (PV) materials that are both cost-effective and efficient. Silicon (Si) remains the domi-
nant material in PV technology due to its abundance and mature processing infrastructure. How-
ever, Si’s indirect bandgap necessitates thick absorber layers (hundreds of microns) and high-
temperature, energy-intensive processing to achieve high efficiencies. These limitations have mo-
tivated the exploration of alternative PV materials that can be processed more rapidly and with less
material.

Thin-film PV technologies have emerged as a promising solution, utilizing direct bandgap
semiconductors that efficiently absorb sunlight within just a few microns of material—significantly
reducing material usage and enabling lower-cost manufacturing. The best-performing cells from a

range of PV technologies are summarized in Figure 1.3 [4].
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Figure 1.3: Record cell efficiencies tracked by NREL over the past 50 years. Note CdTe in green circles
filled with gold recently achieving over 23% efficiency.

1.2 Physics of Semiconductors

The classification of materials into conductors, semiconductors, and insulators is fundamen-
tally determined by their electronic band structure and the energy gap between the valence and
conduction bands. In conductors (metals), the valence and conduction bands overlap or are par-
tially filled, allowing electrons to move freely and conduct electricity readily. Insulators possess a
large energy gap (typically > 3 eV) between the valence and conduction bands, preventing electron
excitation under normal conditions and resulting in negligible electrical conductivity. Semicon-
ductors occupy the intermediate regime, with moderate bandgaps typically ranging from 0.5 to
3.5 eV, allowing for controlled electrical conductivity that can be modulated through temperature,
doping, or external fields.

Semiconductors can be classified by their chemical composition and crystal structure. Elemen-
tal semiconductors, such as silicon (Si) and germanium (Ge), are composed of a single element
arranged in diamond cubic crystal structures. Binary compound semiconductors include II-VI ma-
terials like cadmium telluride (CdTe) and zinc sulfide (ZnS), III-V compounds such as gallium

arsenide (GaAs) and indium phosphide (InP), and IV-IV compounds like silicon carbide (SiC).



Ternary and quaternary compounds, such as copper indium gallium diselenide (CIGS) and hy-
brid organic-inorganic perovskites (e.g., methylammonium lead iodide, MAPbI;), offer additional
tunability of electronic properties through compositional control.

The crystalline structure further differentiates semiconductors. Single-crystal materials exhibit
perfect periodic atomic arrangement, providing optimal electronic properties. While the electrical
properties of single crystal compounds are more ideal than that of their polycrystalline counter-
parts [5], a trade-off between the ease / cost of fabrication, reproducibility, and performance lead
to most PV devices being polycrystalline. The major difference between single crystal and poly-
crystalline semiconductors is the formation of grain boundaries (GB) which occurs crystal growth
as crystalites with differing orientation begin to nucleate at various locations on the growth surface
and form a discontinuous lattice as they meet, which act as defect sites but allow for lower-cost
fabrication.

The electronic band structure of semiconductors arises from the quantum mechanical descrip-
tion of electrons in periodic crystal lattices, governed by Bloch’s theorem. When atoms are brought
together to form a solid, their discrete atomic energy levels broaden into continuous bands due to
orbital hybridization. The highest occupied band (valence band) and the lowest unoccupied band
(conduction band) are separated by the fundamental energy gap, which determines the material’s
optical and electrical properties.

Within the atomic semiconductor, discrete energy states are formed based on electron orbital
states, typically referred to as the "nth quantized state". This is what is solved for in the "particle
in a box" problem using Schrodinger’s equation, which itself is simply a quantization of the law
of conservation of energy. Within the bulk solid however, the spacing between atoms is reduced
to the point that orbital states between neighboring atoms begin to overlap and a near continuous
"band" of allowed energy states begins to form. These allowed band states are separated by an
energy known as the "bandgap" (E,) which separates states which are almost completely occupied
by electrons (valence band, E,) from those which are almost completely unoccupied (conduction

band, E.), where the difference between these two bands defines the bandgap energy (E, = E. -



E,). The absence of the electron can be rather considered to be occupied instead by a "hole" which
is a pseudo-particle, in that it does not physically exist, but has a charge state equal and opposite to
that of the electron. The distribution of electrons and holes across energy states (E) is defined by

the Fermi-Dirac distribution as

1
f(B) = cE—Br)/ksT | | (1.1)

where k5 is Boltzmann’s constant and T is the temperature in kelvin and E is the Fermi energy
which is the energy where the probability of electron/hole occupation is 50%. The concentration

of electrons (n) and holes (p) within a semiconductor is defined by

n = NpelEr—Ee)/kT (1.2)

p = NyelBv—Er)/iT (1.3)

where N and Ny, are the effective density of states for conduction and valence bands respec-

tively and are given by

orm* KT\ >/?

Ng =2 (h—g) (1.4)
27Tm;kT 3/2

Ny =2{ —— (1.5)

where my, , are effective electron and hole masses.

1.2.1 Doping Semiconductors
The position of the Fermi energy level relative to the allowed bands determines the conductiv-
ity state of the material. The Fermi energy level can be influenced by impurities within the lattice,

which is typically accomplished through the introduction of dopant atoms (extrinsically doped)



the function of which can be simply considered by the change in the number of valance electrons
within each atom in the atomic lattice. For example, phosphorus (P) is a group-V element com-
monly used to n-type dope Si (group-1V) due to the extra valance electron in P relative to Si which
results in a net increase in the concentration of electrons within the bulk lattice. Conversely, boron
(B) 1s a group-III element used to p-type dope Si due to the lack of a valance electron relative to
Si, resulting in a net increase in the concentration of holes within the bulk lattice.

A more detailed explanation is that dopant atoms introduce defect bands into the lattice due to
a perturbation of the wavefunction given by Bloch’s function. These are known as either donor or
acceptor defects for n- and p-type doping respectively, where N, and N, are the density of donor
or acceptor states. These defect bands are most useful when they are "shallow", that is to say
they are <3kT ( 100meV at room temp) from either the conduction band (CB) or valance band
(VB). Such shallow defect levels are easily ionized into / out of at room temperature, and thus for
a shallow acceptor near the VB, electrons can easily be ionized out of the VB, leaving behind a
hole and increasing the net concentration of holes while a shallow donor level near the CB allows
for electrons to ionize into the CB, recombining with holes, and reducing the net concentration of
holes.

Within an intrinsic semiconductor, where n = p, the Fermi energy is essentially in the middle

of the bandgap and can be expressed by:

E
F Ne

+ —1n

Eo—Ey kT, [Ny
_ 1.
o (5 1)

When the semiconductor doped n-type, and therefore has n ~ N, > p, the Fermi energy

changes to

N,
Ep = Eo + kTin (—d) (1.7)
N¢

and similarly for p-type doping with p ~ N, > n where



N,
EF:ap4ﬂm(;ﬂ (1.8)
Ny

which shows that n-type doping leads to a Fermi energy level close to the conduction band

while p-type doping leads to a Fermi energy level close to the valence band.

1.2.2 Photon Absorption and Charge Generation

When a semiconductor is excited through an external force, such as an applied bias or under
illumination, electrons can be excited from their ground state to a higher state. In the case of
photovoltaics, the absorption of photons with energy greater than the bandgap energy (E,;, > E,)
will excite electrons from the valence band to the conduction band leaving behind a hole in what
is referred to as an electron-hole pair (EHP). This process is known as photo-excitation and is the
basis for photovoltaic operation. So long as the coulombic potential binding the EHP is overcome,
the excited electron and hole are then free to move within the semiconductor, generating an electric
current.

The absorptance of a semiconducting film is characterized by its absorption coefficient («),
which quantifies the fraction of incident light absorbed per unit distance within the material and is

determined through Beer’s law as

Mmzém(%%) (1.9)

where d is the thickness of the material, /; is the incident light intensity, and /(d) is the trans-
mitted light intensity at depth d within the material. Example of the absorption coefficient for a
few materials is shown in Figure 1.4.

The absorption coefficient of a material is inherently tied to it’s bandgap, as a material becomes
more transparent to photons as their energy approaches and reduces below the bandgap energy. A
careful distinction must be made when discussion the transparency of a material though, as the

thickness of a material plays an important role in determining the transparency. The depth of
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Figure 1.4: Absorption coefficient of various materials as a function of wavelength.

photon absorption is given by the inverse of the absorption coefficient, thus as the absorption
coefficient decays exponentially for E<E,, the depth at which these photons must travel before
being absorbed increases exponentially. From this, it can be understood that photons with higher
energy are absorbed and generate EHPs close to the incident surface, whereas lower energy photons
penetrate deeper into the material before being absorbed and generating EHPs.

Due to the large absorption coefficient (>10* cm~?) of CdTe, only a few microns of material
are needed to absorb the majority of incident light, as shown in Figure 1.5 as opposed to materials
like silicon which required tens to hundreds of microns to absorb the same fraction of incident
photons. It is due to this property that CdTe absorbers may be fabricated as "thin-films" and has
allowed CdTe to become a prominent material in PV technology.

The generation rate of EHPs (G(x)) at a depth = within the semiconductor can be expressed

as:

G(z) = a(N) Ipe @V (1.10)
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Figure 1.5: Absorption coefficient and generation depth as a function of wavelength for CdTe.

where [ is the incident photon flux at the surface, () is the absorption coefficient, and x
is the depth of absorption in the semiconductor. This generation profile represent the number of
EHPs generated per unit volume per unit time at a given depth within the material.

So how can we generate useful electricity from the sun anyway? The terrestrial spectrum,
accounting for absorption from the atmosphere, is known as an air mass spectrum, and variations

in solar intensity as a function of latitude are modeled as

1

AM =
cos

(1.11)

where 6 is the zenith angle from the equator. The spectrum outside the atmosphere is considered
AMO, while AM1 (for 6 = 0) is for the equator. In research, the AM1.5 spectrum is most commonly
used as it corresponds to a zenith of ~ 48°. These spectra are shown below in figure Figure 1.6.

The AM1.5G direct spectrum produces an integrated power density of roughly 100 % which

is available for power conversion and what is most typically considered as the incident photon flux

10
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Figure 1.6: Solar spectrum outside of the atmosphere (AMO) and at AM1.5G.

used in photovoltaic modeling. Considering the sun as a blackbody emitter, the solar spectrum can

be approximated by Planks law as given by

2whe? 1

h
AP 6Ak§T -1

I\T) = (1.12)

where h is planks constants, c is the speed of light, kz is Boltzmann’s constant, and T is the
temperature of the emitter, which is considered to be 5800 K for the sun. This approximation is
shown in Figure 1.7 as the orange line, which is compared to the AM1.5G spectrum (green) and
a 300 K blackbody (blue). The AM1.5G spectrum and its blackbody are given by the right-hand

axis, while the 300K blackbody is given by the left-hand axis.

1.2.3 Quasi-Fermi Level Splitting

While the previously described Fermi energies describe the equilibrium state of a semiconduc-

tor, this is modulated by the production of EHPs under illumination. As EHPs are generated, the

11



AM1.5G spectrum, blackbody approximation, and 300K blackbody spectrum

1026 4 """ 300 K blackbody === 5800 K blackbody
R — AM 1.5 G
L1028
1012 + 0
- 123 =
IU: 10 Iln
~ £ 10%7 ~
g 10°1 g £
i h
E 10724 % =
g / e
g 1074 5
s ; &
10_15 N L 1025
10723 4 l{
|
10730 = T T T T T T 1024
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Energy (eV)

Figure 1.7: AM1.5G spectrum, shown in green, and it’s approximated blackbody spectrum at 5800K, shown
in orange, with a 300K blackbody spectrum shown in blue. Note the AM1.5G, and its blackbody are the
right-hand axis over 5 orders of magnitude, while the 300K blackbody on the left axis extends over 60
orders of magnitude.

concentration of the electrons or hole concentrations (n / p) can no longer be approximated by the
density of donor or acceptor states (N, / N;). To account for this, the equilibrium Fermi level is
considered to "split" into two quasi-Fermi levels for electrons in the conduction band (Ef ) and

holes in the valance band (Er ) which can be expressed as:

Epc = Ep+kT'ln <l) (1.13)
N¢
p
El NV

where N and Ny, are the effective density of states for the conduction and valance bands as
previously described with equations (1.2) and (1.2), but modulated by each quasi-Fermi level. This
is what is known as quasi-Fermi level splitting (QFLS) and can be approximated by the difference

between the two quasi-Fermi levels by:

12
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FLS = Erc— Ery = FE kT1 1.15
q F.C PV g+ n (NC'NV) (1.15)

This qFLS represents the potential difference between electrons in the valance band and holes
in the conduction band, and thus is a limiting factor in the maximum work that can be done by
charges generated within a semiconductor. This shows the importance of doping in semiconduc-
tors, which increases the concentration of either electrons or holes, and thus increases the qFLS.
Additionally, the rate at which EHPs are generated influences qFLS, which is an important con-
sideration within photovoltaic devices as the generation rate is a function of the incident light

intensity.

1.2.4 PN Junctions

While the generation of EHPs and the qFLS within a semiconductor establishes the potential
to perform work, this must be realized through extraction of these charges into an external load to
performance such work. Within most semiconductor devices, this is achieved through the forma-
tion of a pn-junction. Joining together a p-type and n-type semiconductor creates a pn-junction,
which is considered a homojunction if both n- and p-type are the same materials or a heterojunc-
tion if the n- and p-type are different materials. As the two materials are joined, the difference in
concentration of electrons (holes) between the n- and p-type material creates a diffusion gradient
for electrons (holes) which allows an initial mobility. As electrons (holes) diffuse toward the p- (n-
)type material, the atomic ions will be left with a positive (negative) charge state which establishes
an electric field directed towards the p-type material.

In terms of the band states of the two materials, joining together the n- and p-type materials
will force the two Fermi levels to shift towards an equilibrium state, which results in band bending
at the interface with the conduction band (valance band) of the p-type (n-type) material bending
downwards towards the p- (n-) type material. The band bending within the SCR creates a built-in

potential defined as

13



E
Vii = f — (¢n + 9p) (1.16)

where ¢,, =E¢ - Er and ¢, = Ep - Ey.. This can be expressed in terms of the concentration of

charges instead as

Vii=—In— (1.17)

where n and p are the majority charge carrier densities in the n-type (electrons) and p-type
(holes) materials respectively, and n; is the intrinsic carrier density of each undoped material.
Thus, the band bending at the pn-junction is equivalent to the strength of the electric field
generated from carrier diffusion, as the difference in electric field strength over a distance is related
to the difference in charge density through Poisson’s equation by
dE p

—_— == 1.18
dx € ( )

where p is the charge density and e is the permittivity of the material. The charge density can
then be expressed in terms of the concentration of free electrons (n), free holes (p), acceptor states

(N,), and donor states (N ) such that

p=q(p(X) = n(x) = Na+ Ny) (1.19)

Under illumination, as EHPs are generated and qFLS occurs, electrons will flow from the high
potential side of the conduction band (p-type region) to the low potential side of the conduction
band (n-type region) as predicated by the conservation of energy. Meanwhile, holes will flow from
the low potential side of the valance band (n-type region) to the high potential side of the valance
band (p-type region). This can be colloquially be expressed as "electrons sink, holes float". This is

shown in Figure 1.8 where the arrows indicate the direction of charge flow.
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Figure 1.8: Example of PN-junction under illumination.

As generated charges are swept out by the electric field, a region devoid of free carriers is
formed known as the "depleted region" or space-charge region (SCR) which has a width (W)

defined by

2€€q

W= T(Vm—V) (NL+Nid) (1.20)
where ¢ is the relative permittivity of the material, ¢, is the permittivity of free space, V is
an externally applied bias, and N, and N, are the acceptor and donor densities respectively. The
region outside the depleted region is known as the quasi-neutral region (QNR).
In the absence of external illumination, an external bias applied across the PN junction causes
charge carriers to be injected into the material, which will produce qFLS for each carrier type that
can be modulated by the applied bias strength. At forward bias, when a positive voltage is applied

to the p-type region, the width of the depleted region shrinks and the qFLS grows, leading to an

exponential increase in current as the applied voltage exceeds the built-in voltage. Applying a
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reverse bias causes the depleted region width to grow and qFLS to decrease, thus increasing the
probability of EHPs to recombine and decreasing the current to the point of a "saturation current"

represented as Jy. This can all expressed by a diode equation as given by

J=J [e(XTVT> _ 1} 1.21)

where k is the Boltzmann constant, T is absolute temperature, V is the applied voltage, and A is
the ideality factor, which is related to the kinetics of charge recombination. Under illumination, a
photocurrent (J,,;,) will be produced and acts as a current which flows against the current generated

by a positive voltage injection. The total current under illumination is given by

qV.

J=J [e(AkT) - 1} — Iy (1.22)

1.2.5 Charge Transport in Photovoltaic Devices

The efficiency of a photovoltaic device is predicated on the extraction of generated charges
from the absorbers material. To prevent the charges from stagnating and relaxing back to a lower
energy state, resulting in charge recombination, some mobility must be imparted upon the charges.
This may be accomplished through simple diffusion due to a carrier concentration gradient, or
drift due to an established electric field as previously described. While described separately, these
three processes (diffusion, drift, and recombination) occur simultaneously throughout the absorber.
Within this section, a more detailed treatment of charge transport will be discussed before review-
ing various recombination mechanisms.

In electric field in the depleted region, due to the built-in potential of the pn-junction band

bending, imparts a mobility to charge carriers described by a drift velocity (vVgifin/p) given by

Vdriftin = _,unE (123)
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Vdrift,p = MpE (124)

where 1, and 1, are the mobilities of electrons and holes, respectively, and F is the electric
field strength. The negative sign for electrons indicates that they move opposite to the direction of
the electric field. While the mobility is a material-dependent parameter that quantifies how quickly
a charge carrier can move through the semiconductor material in response to an electric field, the
velocity can ultimately be reduced due to various scattering events related to impurities within the
crystal lattice.

The current density due to drift for electrons and holes Jg,f¢ »/, can be expressed as

Jdrift,n = —qNUgrift,n (125)

Jdrift,p = qPVdrift,p (126)

for the given concentration of electrons (n) and holes (p) within the semiconductor. The total

current density Jg,; 1 in the depleted region can then be expressed as:

Jarige = q (Npin + ppip) E (1.27)

In the quasi-neutral region (QNR) of a photovoltaic device, the concentration of charge carriers
(electrons and holes) is relatively uniform, and the primary mechanism for charge transport is
diffusion, driven by the concentration gradient of the carriers.

The diffusion current density Jy;s.,,/, for electrons and holes can be described by Fick’s first

law:

Jdiff,n = anVn (128)
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Jdiff,p = quVp (129)

where ¢ is the elementary charge, D,, , is the diffusion coefficient for electrons or holes, and
Vn, p is the concentration gradient of electrons or holes within the QNR. The diffusion coefficient
is a material-dependent parameter that quantifies how quickly charge carriers can diffuse through

the semiconductor material and is related to the mobility of the carriers by the Einstein relation:

kT

D, =y, (1.30)
q
kT

Given that the net current through the semiconductor device is a combination of both drift and
diffusion currents, the regions in which these individual current processes dominates is relevant.
As diffusion occurs outside the junction field, the diffusion length L is a critical parameter, defined

as the average distance a carrier can travel before recombining. It is given by:

L,=+/D,T, (1.32)

L, = \/D,7, (1.33)

where 7, , is the lifetimes of electrons or holes and is also a material-dependent property.
It is ideal for the diffusion length to be at least on the order of the thickness of the QNR, or put
otherwise greater than the distance between the generation point and the junction. This is important
as it allows for the generated EHPs to diffuse to the junction before recombining, thus increasing

the efficiency of the device.
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1.2.6 Charge Carrier Recombination Mechanisms

Once EHPs are generated, they are either be separated and (ideally) collected at an electrode to
produce useful energy, or they will ultimately recombine. Recombination of generated EHPs fun-
damentally limits the performance of a PV devices as it reduces the net concentration of charges
used for conversion of light to electricity. There are three primary recombination mechanisms
which should be discussed in this work: radiative, non-radiative, and surface/interface recombina-

tion. These evens are shown in Figure 1.9.
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at the surface
(A) Band-to-Band  (B) Band-to-lmpurity (S} Nonradiative (D) Surface

Figure 1.9: Different types of recombination events are shown here.

Unwanted recombination within absorbers is predicated by the presence of so-called trap states
within the bandgap, formed due to various impurities / defects within the atomic lattice. These de-
fects form trap states due to a perturbation of the Bloch wave which describes the periodic potential
arising from a repeating crystal lattice. This understanding makes clear why grain boundaries are
recombination prone sites, as they are abrupt boundaries of the grain periodicity.

Radiative recombination can simply be considered as the reciprocal of absorption. That is, an
electron in the conduction band relaxes to a lower energy states and emits a photon with energy
equal to the difference in energy states. The rate (R,.q) at which this occurs is characteristic

concentration of charge carriers in the valance and conduction bands, and can be expressed as:

R,..q = Bnp (1.34)
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where B is the radiative recombination coefficient which tends to be on the order of 10~1° ¢cm?

s~ in CdTe [6].

Nonradiative recombination involves the dissipation of energy through mechanisms other than
photon emission. The primary nonradiative recombination mechanisms are Auger recombination
and Shockley-Read-Hall (SRH) recombination. Auger recombination occurs when a photon with
energy greater than the bandgap is absorbed, resulting in excitation above the conduction band,
or otherwise if any absorbed photon excites an electron already residing within the conduction
band. As the electron relaxes back to the conduction band, excess energy will be dissipated as
heat (thermalization) through phonon propagation (lattice vibrations) resulting in wasted energy.
This process is more pronounced in materials with high carrier concentrations, as the probability of
Auger recombination increases with the density of charge carriers and is not so significant within
CdTe.

SRH recombination occurs via defect states or traps within the bandgap of the semiconductor.
Electrons excited into the conduction band may relax back into unoccupied trap states within the
bandgap, becoming "trapped" before being released back into the valance band. This processes
results in the initial energy from photon absorption being split between two lower energy processes

that and thus results in a net loss of energy.

1.3 Single Junction Terrestrial PV
Now that the generation and seperation of charges for PV operation has been established, the
simple case of producing energy on earth’s surface using a single junction PV device is considered.

The definition of power conversion efficiency is simply

(1.35)

where P, is the power input from the sun, given by the integrated AM1.5G spectrum (= 100

mW
cm?

). For an electrical device, P,,; 1s determined by the product of current (I) and voltage (V). The

current density (J) is typically used in place of I to account for a devices active area.
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The maximum current density available from any given PV device can be determined through
a few assumptions known as the detailed balance limit as originally detailed by Shockley and
Quessier [7]. First, every photon with energy greater than the bandgap of the material will be
absorbed and generate a charge pair (a(E > E,;) = 1). Second, every charge pair will be collected
and converted into useful electrical energy. This ideal case is known as the detailed balance limit,
and provides the maximum current density which can be photogenerated in the absence of an
applied bias, know as the Shockley-Quessier (SQ) short circuit current density (J gg) This is given

by

Jod = q/a(E)(I)(/\)d)\ (1.36)

where q is the elementary charge, «(\) is the absorptance spectrum, and ) is the incident
photon flux.

The maximum voltage available from a PV devices is then determined by the open circuit
condition where the current is zero, and thus all generated charges are either recombined within
the absorber or at interfaces/surfaces without extraction. This will result in the limiting saturation
current discussed previously where these recombination events emit energy blackbody emitter at

the devices temperature and can be described as:

JO,RAD = q/a()‘)q)BB,Tdemce(/\)d)‘ (137)

The maximum open circuit voltage (Vg%) is then determined as:

kT 59
vge = L (‘]S—C> (1.38)
q JO,RAD
E)YB(\)dA
:"“_Tln< J A E)P() ) (1.39)
q J a(N)®sB 15 (A)dA
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Considering the AM1.5G spectrum, the solution for these equations considering a step function
absorptance at the bandgap of a given material is show in Figure 1.10. This shows that the ideal
bandgap for single junction PV conversion is ~ 1.4 eV where semiconductor with this bandgap

could in theory convert roughly 34% of incident solar energy into useful electrical energy, ie. 34
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Figure 1.10: This graph shows the maximum theoretical short circuit current, open circuit voltage, fill
factor, and resultant efficiency over a range of bandgap energies. Lines for CdTe and ideal solar cell are
referenced in black.

1.4 Tandem Photovoltaics

One way to exceed the single junction SQ limit is to stack multiple single junction devices
on top of each other, known as a tandem devices. Through a careful balance of the bandgaps of
each device in the tandem stack, the top most cell can absorber high energy photons while being
transparent to lower energy photons which can then be absorbed by the lower bandgap cell. As

illustrated in Figure 1.11, the theoretical maximum efficiency for an ideal two-junction tandem
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cell is approximately 46%, significantly higher than the 33% limit for single-junction devices.
This optimal efficiency occurs when the bandgaps of the top and bottom cells are tuned to around
1.7 eV and 1.1 eV, respectively. Such pairing allows for near-complete harvesting of the solar
spectrum, making tandem photovoltaics a leading candidate for next-generation high-efficiency
solar technologies.

Among candidate materials for tandem top cells, cadmium selenide (CdSe) is a promising
wide-bandgap absorber due to its direct bandgap of approximately 1.7 eV, making it well-matched
for pairing with bottom cells such as silicon or CdTe in a two-terminal tandem configuration. CdSe
can be deposited using established low-cost techniques such as close-space sublimation (CSS)

and benefits from compatibility with existing CdTe processing infrastructure, reducing fabrication

complexity.
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Figure 1.11: Efficiency contours for a two-terminal tandem device.
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1.5 Analysis of Photovoltaic Devices

1.5.1 Current-Voltage Measurements

Current-voltage (JV) measurements are the primary method for evaluating photovoltaic device
performance. By measuring current density as a function of applied voltage, key parameters are
extracted: short-circuit current density (Js¢), open-circuit voltage (V¢ ), and fill factor (FF). These

parameters determine the power conversion efficiency () of the device.
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The short-circuit current (Js¢) is the current measured under illumination at zero applied volt-
age, reflecting the maximum photocurrent. The open-circuit voltage (Vo) is the voltage at which

the current drops to zero, limited by recombination losses. It can be expressed as:

AKT
Voo = ART ) Tot (1.40)
q Jo

The fill factor (FF) quantifies the "squareness" of the JV curve and is defined by:

VivpJdup
FR = 2MPZMP (1.41)
VocJsc

The overall efficiency is given by:
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VocJsc F'F
— —OCPL?C (1.42)
A photovoltaic device can be modeled by an equivalent circuit including a diode with series
resistance (Rg) and shunt resistance (Rg;,). Rg represents resistive losses in the device and appears
in both the exponential term (modifying the voltage across the diode) and the shunt resistance term
of the full diode equation, while R, accounts for leakage paths parallel to the junction. Ideally,

Rg is minimized to reduce voltage drops and Ry, is maximized to minimize leakage currents.

Including these resistances, the diode equation becomes:

a(V-JRg)
S)—1}+V+JRS—JM (1.43)

_ Jy |
J J() |:€ Ak Rsh

JV is done under two conditions, when the cell in the dark and when the cell is exposed to light.
The light curve is measured while the cell is under Air Mass 1.5 (AM1.5) intensity, which is the
standard spectrum used for profiling PV performance for terrestrial applications and corresponds
to a spectral intensity of 100 mW/cm?. JV measurements presented in this work were performed
at First Solar’s California Technical Center (CTC) in Santa Clara, California using two differ-
ent custom-built systems for superstrate and substrate excitation, where superstrate measurements
were performed using standard methods.

The substrate system was developed by the author at CTC for the purposes of this thesis work.
The system is composed of a xenon arc lamp solar simulator which provides the AM1.5G spectrum
and a source-measure unit to supply a working bias and measured output current. Measurement
consistency and speed was increased by integrating three single-axis linear motors where the x-
and y-axis motors position the cell of interest under illumination and the z-axis motors houses
the contact probes. Stage movement, data collection, and analysis are all handled by a LabView
program written by the author. The sample stage and solar simulator are housed within a light-tight
enclosure to prevent ambient light from interfering with the measurements. The system is shown

in Figure 1.13.
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Figure 1.13: Set up of the substrate JV measurements system outside the light tight enclosure.
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Basic operation was simplified down to loading the sample on the x-y stage and running the
LabView program. When the program is started, the x-y stage moves into it’s "home" position,
which was defined such that the first cell within the 12 cell device is under illumination (this
considers that the sample has the standard layout defined through the laser scribe process) and the
probe stage drops to hover the contacts roughly 10mm above the sample surface. A prompt asks
the user the ensure alignment is correct, where the stage can be controlled by the user to ensure the
probes are aligned with the cell. Once the user is satisfied, the program will begin measurements,
first by lowering the probe stage to make contact to the cell, measuring JV, then lifting the probe
stage and moving the x-y stage a distance defined by the spacing of each cell before lowering the
probe stage again and repeating this. Dark and light measurements were done in the same manner,

with the only difference being that a shutter was used within the light path for dark measurements.

1.5.2 Capacitance-Voltage Measurements

CV profiling is a useful technique of modeling the active region on our solar cell as a parallel
plate capacitor. This model allows the extraction of carrier density across the depletion width of
the absorber and assumes we have a one-sided junction, that our depletion width is less that of our
film’s thickness, that our material only has shallow defect states, and that our back contact barrier
is negligible. CV profiling gives an accurate order of magnitude for our carrier concentration and
a good overall estimate of depletion width. Our model begins by assuming charges residing on the

depletion edges, with a capacitance given by

ecpA

C=7r

(1.44)

where ¢ is the dielectric constant of the material, ¢, is the permittivity of free space, A is the

area of the device, and W is the depletion width, itself given by

2ee0(Vii — V)} 2 (1.45)

W:
[ qNap
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where q is the elementary charge, V is the bias voltage, and Ny, is the carrier density within

the depletion width.

1.5.3 Quantum Efficiency

The quantum efficiency (QE) of a solar cell is defined as the ratio between the number of
collected electrons to the number of incident photons as a function of wavelength. Spectral QE
provides insight into losses in short circuit current as well as quantitatively providing the short-

circuit current by the formula

inf
J(QE) = g /0 (QE) Ny (A)dA (1.46)

AP(X)
he

where QE is the measured ratio, usually between zero and one, and N, = is the spectral
photon flux density is dependent on the solar spectral irradiance density P(\). This measurement
can provide critical information on current losses due to absorption issues for specified wave-
lengths. Losses can occur due to reflections off of the front glass interface, absorption within the
front glass plane, TCO, or emitter layers before reaching the active layer, incomplete absorption
within the active layer, and finally due to recombination of photo-generated charge pairs within
the active layer, all of which would result in decreased QE intensity at specific wavelengths. The
bandgap can also be estimated based on the tail end of the QE curve, where higher wavelengths,

and thus lower energy photons, are not able to excite electrons across the bandgap. This is formal-

ized by observing at which wavelength dQE/d ) is maximized as shown in Figure 1.14

28



1.0
0.8 -
0.6
ui ]
o 1
0.4 -
0.2
. Band gap
= shift
u"n IIFIIIIF||III1IIIII|IIIlIIIII|lIIIIIIIIlFIIIIF!IIlIIII
400 500 600 700 800 900

Wavelength (nm)

Figure 1.14: Example QE demonstrating the differences in bandgaps.

1.5.4 Steady-state Photoluminescence

PL is focused on the spectral analysis of the emitted light from the device resulting from photo
induced radiative recombination. This spectral profile will consist of mainly band-to-band radia-
tive recombination, in addition to conduction-band-to-acceptor-state, donor-state-to-valance-band,
and donor-state-to-acceptor-state transitions. The resulting spectral image with be a broad Gaus-
sian peaking at the band gap with a peak intensity proportional to the number of charge carries
radiatively recombining across the bandgap. Other peaks within the PL spectrum are representa-
tive of other transition energies, with their peak intensities also correlating to the number of charge
carries recombining across that transition state. The choice of probe is determined by the material

you wish to probe, with larger wavelengths penetrating deeper into the material.

29



6.00E+013

——CdTe
| ——csT20-cdte
S 4.00E+013 -
S5,
=y
[72]
3
£ 200E+013+
-
o
0.00E+000 - T —

= ;
725 750 775 800 825 850 875 900 925
Wavelength [nm]

Figure 1.15: Example of a typical PL graph from CSU. Note the difference in bandgap, as given by peak
location, for the CdTe absorber versus that with the graded CST20-CdTe absorber.

1.6 CdSeTe Solar Cells

Throughout this section, the terms CdTe and CdSeTe may be used interchanably, with an un-
derstanding that processes historically developed for use in binary CdTe absorbers and devices
translates adequately to the ternary CdSeTe system. This section will review the typical fabrica-
tion processes and devices structures used in modern CdTe PV devices.

The primary reasons for CdTe’s success is due to its near ideal bandgap (E,) and high absorp-
tion coefficient (>1 X 10* cm™!) which allows for the absorption of >99% of photons with energy
E>E, within a few microns of material. This allows fabrication of "thin-film" photovoltaics which
are much cheaper and faster to manufacture than their crystalline counterparts.

Additionally, the bandgap of CST can be modified as a function of the concentration of Se in

the lattice, conventionally determined using a bandgap bowing formula as

E)(z) =(1—2x)E,(CdSe) + zE,(CdTe) — bx(l — x) (1.47)
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Figure 1.16: Bandgap for various compositions of CdSe,Te(; ;) based on the bowing equation.

where b is the bowing coefficient (determined through a fit of the equation to empirical data,
typically 0.75 - 1.25) x is the compositional fraction, E,(x) is the band gap of the alloy with
stoichiometry x, and E,(CdTe/CdSe) is the bandgap of pure CdTe (=~ 1.50 V) and CdSe (~ 1.72
eV). This results in a bandgap of ~ 1.40 eV for a composition of x = 0.3, which is ideal for single
junction devices, as shown in Figure 1.16.

This reduced bandgap allows for the absorption of lower energy photons near the front inter-
face, which would otherwise be transmitted through the device, thus increasing the short circuit
current (J,.). This increase in J;. more than compensates for the small losses in open circuit voltage
(Vo) and fill factor (FF) associated with decreasing the bandgap, as shown in Figure 1.10. Ad-
ditionally, the use of Se alloying has shown to increase the carrier lifetime and thus the diffusion
length of carriers with CdSeTe, which is critical for improving the overall efficiency of the device.

Doping of CdTe and CdSeTe has historically been accomplished with group-I elements such as
copper (Cu) where p-type conversion was achieved through substitution with Cd (Cuc,,) acting as
an acceptor defect. However, Cu is known to be highly mobile within the CdTe lattice, resulting in

diffusion from the back contact region where a large density of holes is desired, and leading to the
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formation of Cu; interstitial defects which act as donor states in the bulk, thus reducing the overall
p-type conductivity and potentially forming unwanted junctions within the bulk. Additionally, use
of copper doping appeared to result in a limited acceptor density on the order of 104

More recently, group-V doping with elements such as arsenic (Ar), phosphorus (P), and anti-
mony (Sb), has been shown to have better stability and produce higher acceptor concentrations on
the order of 10'® in CdTe and CdSeTe. In this case the acceptor defect is a result of a group-V
substitution for the group-VI Te site (group-Vr.). Despite the increased acceptor density however,
increases in the open-circuit voltage (Vo) has not been commiserate with this fact. The reasons
for this remain debated and is an active area of research which will be discussed in more detail in

Chapter 2 and Chapter 3.

1.6.1 Fabrication of CdSeTe Devices

Modern CdSeTe absorbers make use of a selenium gradient, rather than a uniform ternary
(unitern) stoichiometry throughout the bulk. A majority of the Se is desired to be near the front
contact (glass side), where initial absorption and photogeneration occurs, with a decreasing con-
centration, and thus an increasing bandgap, towards the back contact. One function of this gradient
is to reduce nonradiative recombination at the front contact by creating a built-in potential which
can help to separate holes towards the back contact. Additionally, it has been recently appreciated
that CST tends to be n-type conductive with a greater Se stoichiometry, which will be discussed
more thoroughly in Chapter 3, thereby strengthening the np-junction near the TCO/window inter-
face with CST.

The formation of a graded Se profile is typically achieved through a two-step process. First, a
thin layer of CST (x = 0.3-1) is deposited, followed then by a thicker CdTe layer. The Se near the
front interface is then allowed to diffuse into the bulk of the absorber, creating a graded bandgap
profile.

CdSeTe thin-films can be fabricated in a variety of methods, with a few example fabrication

techniques shown below in Figure 1.17. Within this work, most CdTe samples were fabricated
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by First Solar using vapor transport deposition (VTD). VTD, a form of physical vapor deposition,
operates by heating of the constituent materials (CdTe and any in-situ dopants desired) to a vapor
phase which is then transported to the substrate of choice by an inert carrier gas. VTD techniques
allow rapid fabrication of thin-films along a linear path, even in open air. At Colorado State
University, close-space sublimation (CSS) is the primary method of fabricating CdTe thin-films.
In CSS deposition, the CdTe material is housed within a container, typically graphite, which is
heated above the vapor pressure point for a given operating pressure and referred to as the source.
The substrate for deposition is positioned above the source and held at a temperature below the

source, allowing the sublimed CdTe material to recondense and form a thin-film.

Close Space Sublimation Vapor Transport Deposition Electrodeposition Metal-Organic
Carrier gas (10-100 Torr) Chemical Vapor Deposition
(~10Torr) Q = +  (1atm) Source gases
CdTe 700°C \ (1 atm)
LSESNNNERSY 600°C
% /\ 80°c //\\
caré 0000 650-750°C RIS 600°C 200-400°C
[ezezezen R
d=1-15um @ 1-5 um/min d=1-10 um @ 0.1-1 pm/min d=1-2um @ 0.01-0.1 um/min| | ¢ = 1-4 ym @ 0.01-0.1 um/min
Physical Vapor Deposition Sputter Deposition Spray Deposition Screen Print Deposition
logoo) (10 Tom) (107 Torr) CdCla + TT (1 atm) (1 atm)
400°C looga) CdTe slurry
Cd + Te, \\// SRR 200°C \
Vapor tttttt //\\ screen 4 'A;Z
caTe Proerneg
. PN o
700-900°C target 600°C -25°C
Solid CdTe (550
d=1-5um @ 0.01-0.5 um/min d=1-4um @ -0.1 pm/min d=1-20um @ —1 pm/min d=5-30 um

Figure 1.17: This graphic demonstrates 8 different fabrication techniques for depositing thin-film cdTe.
The typical deposition thickness and deposition rates are listed at the bottom of each technique. CSS is one
of the quickest methods for deposition.

CdTe is typically deposited onto glass which contains a thin film of optically transparent fluo-
rine doped tin oxide (FTO) as a polycrystalline material. FTO operates as a front contact as it is a
high bandgap oxide and thus optically transparent, as well as being highly conductive, making it
a transparent conductive oxide (TCO). Most photogenerated carriers are created close to the front

contact, where light is initial absorbed, thus it is critical for the front contact region to have a low
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Figure 1.18: Representation of a completed CdSeTe device used within this work. The device is composed
of a glass substrate, TCO/buffer layer, a graded Se CdSeTe absorber, a p-type ZnTe transport layer, and
metallic back contact.

recombination rate, yet be ohmic to electrons. This is typically done by deposition of an n-type
semiconductor to create a built-in potential, which is the emitter layer in the case of CdTe.

An ideal emitter layer in thin-film CdTe would be highly n-doped, optically transparent, and
easily fabricated. Mg,Zn;_,O (MZO) has a large bandgap (E, > 3.3 ¢V) which allows a large por-
tion of the solar spectrum to be transmitted while being energetically compatible with CdTe. MZO
has a tunable bandgap which can be modified by shifting the alloy’s elemental content, similar to
CST [8-10]. MZO is typically deposited using radio frequency (RF) sputtering, which allows for
the deposition of high quality thin-films with a high degree of control over the stoichiometry and
thickness. The use of MZO as an emitter layer has been shown to improve the overall efficiency
of CdTe solar cells by reducing recombination losses at the front contact and enhancing charge
collection.

Post-deposition passivation is essential for achieving high-performance CdSeTe devices [11].

The polycrystalline nature of vapor-deposited CdSeTe films results in grain boundaries that act
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as recombination centers, limiting device efficiency. Chlorine passivation, achieved through heat
treatment with CdCl,, serves multiple critical functions: it reduces stacking faults, promotes grain
growth and reorientation [12], and provides thermal budget for selenium diffusion from the front
interface into the bulk CdTe region. This thermal process creates the desired graded bandgap pro-
file while simultaneously improving the electronic quality of the absorber through grain boundary
passivation.

Chlorine passivation, referred to as a chlorine heat treatment (CHT), can be achieved in a
variety of manners. At CSU, CHT is achieved through CSS of CdCl; onto the CdTe free surface
immediately following CdTe deposition without breaking vacuum. After allowing the plate to
rest and cool to room temperature, the residual CdCl, film is removed with a deionized water
rinse. Within this work, a majority of the CHT was done using a wet method, whereby CdCl,
is dissolved in water and the solution is spin-coated onto the surface of the CdTe. This is then
followed by annealing to diffuse ClI into the CdTe and finished by rinsing of residual CdCl; on the
surface.

While CdTe has many ideal properties for use as an absorber, it is not without its drawbacks.
The most notable of these is the fact that CdTe is a p-type semiconductor, meaning that the major-
ity carriers are holes. Extraction of these holes from the can be problematic, as it is understood that
CdTe has a relatively large work function (® = 5.7 eV), and the formation of an ohmic metallic
contact with p-type semiconductors typically requires a metal with a larger workfunction (elec-
trons(holes) will flow from(into) the metal into(from) the semiconductor). As such, a metal with
a very large work function is required to avoid creation of a Schottky barrier [13]. A number of

metals of interest are listed with their tabulated work functions in Figure 1.19.
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Material Work function (eV)

Au (gold) 5.1

Cu (copper) 4.7

Cr (chromium) 4.5

Al (aluminum) 4.0-4.28
Ni (nickel) 4.1-5.0
Ti (titanium) 3.84

Pt (platinum) 5.65

Figure 1.19: Tabulated work functions for various metals. Note that Au and Pt, the two metals which are
closest to forming ohmic contacts, are also the most scarce and expensive metals.

As is seen, metals with sufficient work function are nonexistent, and those with work functions
which approach the required energy (>5 eV) are scarce and expensive rare earth metals (Au and
Pt). We thus expect a Schottky barrier to form at the back contact with a barrier potential energy

defined by

E
<I>B:7g+x—<1>m (1.48)

where @ is the barrier height, E, is the bandgap of the semiconductor, Y is the electron affinity
of the semiconductor, and ®,, is the work function of the metal. For example, when contacted with
Au (9, =5.1 eV), we find a barrier height of 0.6 eV, which is large enough to prevent the flow of
holes into the metal contact.

In order to reduce this barrier height and facilitate efficient hole transport, a hole transporting
layer (HTL) can be employed. HTLs used in CST have typically consisted of a p-type zinc telluride
(p-ZnTe) which is well latticed matched to CdTe with a work function of roughly 5.3eV and a
bandgap of 2.26 eV. Using p-ZnTe at the back interface of CdTe promotes upward band bending,
facilitating transport of holes out of CdTe, and creates a large conduction band offset (CBO) which
functions to prevent the flow of electrons and thus reduce back surface recombination. In this

work, p-ZnTe is deposited at First Solar by sputter coating onto the CdTe surface.
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Following the formation of the HTL, a metallic back contact is deposited. Within this work,
two varieties of back contacts are explored. A metallic back contact (MBC), which is fully opaque
but highly conductive, is composed of a nickel alloy and deposited by thermal evaporation. A novel
transparent back contact (TBC), which is less conductive but optically transparent, is composed of

a multilayered TCO stack (engineered by First Solar) and evaporated by sputter coating.
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Chapter 2
Group-V Doping in CdSeTe

2.1 Introduction

Group-V doping in CdSeTe is a critical area of research aimed at improving the p-type con-
ductivity of this material. Group-V elements, such as nitrogen (N), arsenic (As), phosphorus (P),
antimony (Sb), and bismuth (B1), are known to act as p-type dopants by substituting group-VI ele-
ments (Se and Te) in the lattice. This substitution creates acceptor states that can increase the hole
concentration in the material (referred to as "active" dopants), thereby improving p-type conduc-
tivity.

The motivation for investigating group-V doping in CdSeTe stems from the need to overcome
the limitations of current p-type doping methods. Other p-type dopants, such as group-I elements
(e.g., copper), often result in low hole concentrations on the order of 10'* cm~2 due to poor solid
solubility and demonstrate poor stability due to the high mobility of Cu in CdTe [14]. Group-V
elements, on the other hand, have been shown to form shallow acceptor levels and achieve hole
density on the order of 10'® cm™3, which is sufficient for high efficiency devices [15, 16]. Group-
V doped devices have also demonstrated greater long term stability, which is critical for field
deployment [17].

However, substitution of group-V dopants for Se or Te (gige /Te) is not guaranteed simply
through the incorporation of the dopant into the lattice. The formation of various point and complex
defects may act to compensate active dopants, thereby reducing the overall hole density [18-20].
The formation of these "inactive" defects all contribute to the low activation of group-V dopants,
resulting in only a small fraction of the incorporated dopants contributing to the desired p-type

conductivity. This is typically defined by a dopant activation ratio as

[Acceptor defects] — [Donor defects]

activation ratio = 2.1

[Dopants in lattice]
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where the difference between acceptor and donor defects should be greater than one for p-
type conversion. This ratio is typically less than 10% for group-V dopants in polycrystalline (px-)
CST [15,21], which is significantly lower than the >50% activation ratios observed in single crystal
CdTe [20]. While the exact mechanism for this low activation is still debated, it is clear that the
formation of defect complexes and the presence of other impurities in the lattice play a significant
role.

This chapter will focus on the use of group-V doping in CST absorbers for p-type conversion.
First, processing conditions required to fabricate high efficicny (>15%) devices will be reviewed,
providing information on potential limiting factors in group-V doping. Following this, the impact
of overdoping will be examined through comparative studies of identical devices with various lev-
els of group-V dopant incorporation. Finally, a novel method intended to increase dopant activation

through physiochemical modification of the lattice reorganization will be reviewed.

2.2 Processing Group-V Doped CST for High-Efficiency De-

vices

Before examining novel processes intended to increase group-V activation, a review of the
"baseline" processing conditions required to achieve high efficiency (>20%) devices is presented.
The purpose of baselining is to establish conditions under which high efficincy group-V doped
devices can be achieved, which will be used to compare the impact of novel processes intended to
increase group-V activation.

This chapter will focus on arsenic (As) and phosphorus (P) as the group-V dopants. Arsenic is
first used to establish the baseline processing conditions as it has been more well studied within the
community and remains an important dopant. Following the establishment of baseline conditions
for >20% devices, the focus will shift to phosphorus. The reason for switching to phosphorus is
due to the fact that the most recent record efficincy device from First Solar used phosphorus as the

group-V dopant [4] and the factors which limit phosphorus activation are less well understood.
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2.2.1 Overview of processing steps

Absorbers used in this study, supplied by Fist Solar, are composed of a bialyer of thin CdSe
(0.3 pum) and CdTe ( 3 pm) deposited by vapor transport deposition (VTD) onto a TCO/bufter
coated glass. Absorbers are ex-situ doped with group-V dopants on the CdTe surface prior to a
post-deposition anneal in chlorine similarly as has been reported before [22], shown schematically

in Figure 2.1.
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Figure 2.1: Diagram of the as-received bilayer absorbers with ex-situ group-V doping.

In order to diffuse Se and group-V dopants to form a graded bandgap with uniform distribution
of dopants during recrystallization, absorbers are given a post-deposition chlorine treatment, re-
ferred to as the chlorine heat treatment (CHT). The absorber is coated with an aqueous solution of
CdCl; and heated to 400-500°C for 5-60 minutes. This creates a eutectic point in the Cd-Te-Se-Cl
system which lowers the melting point, resulting in a recrystallization. During this recrystalliza-
tion, defects can be reduced, and Se and Cl are driven into the absorber and grain boundaries (GB)
respectively. The Se diffusion results in a graded stoichiometry of CdSexTe(;_ x), which creates a
bandgap gradient increasing from the CdSe to the CdTe side. This process is depicted in Figure 2.2.

Ex-situ group-V dopant diffusion and activation occurs during the CHT step as well. The As
or P is incorporated into the surface of the as-deposited CST layer prior to CHT and then diffused

throughout the absorber during CHT, as depicted in Figure 2.2. Dopant activation is promoted
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Figure 2.2: CdCl; is spin-coated onto the CdTe surface with an aqueous solution and then annealed in open
air on a hot plate to remove residual solvents. The absorber is then placed in a crucible and annealed in a
linear tube furnace. This results in the recrystallization of the absorber, the diffusion of Se, Cl, and group-V
dopants, and the formation of a graded bandgap. The preferential diffusion of CI along grain boundaries
is represented by the colored grain boundries, and group-V dopants are thought to diffuse throughout the
absorber.

during this diffusion, where dopant atoms may fill Se or Te vacancies (V s,7.) or outright substitute
such sites, resulting in active arsenic or phosphrous in Se/Te sites (As/Pg./r.). This methodology,
as opposed to an in-situ doping during absorber deposition, allows flexibility to explore significant
factors contributing to higher dopant activation ratios, such as changing the annealing temperature
and/or time to increase species diffusivity, creating an overpressure of Cd to further promote Se or
Te vacancies, or changing the annealing environment to alter the surface chemistry during reflux.

Following the CHT/dopant activation step, absorbers are integrated into PV devices by the for-
mation of a hole transporting layer (HTL) of p-type ZnTe and completed by contact metallization,
typically using an opaque back contact, referred to as the metallic back contact (MBC), or a semi-
transparent back contact stack, known as the transparent back contact (TBC). A representation of
a completed device using MBC and its operation under excitation is shown Figure 2.3.

The CHT and group-V dopant activation steps discussed in this work are performed within a
linear tube furnace, which will be referred to as the "furnace" and is shown in figure Figure 2.4.
Optimization is explored through variations in the processing gasses, pressure, the annealing tem-
perature and time, and the annealing crucible itself. The critical processing changes which resulted

in >20% efficient devices are now reviewed.
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Figure 2.3: Example of completed CST devices discussed here. Operation occurs in superstrate configure-
ation (glass side illumination) where a majority of charge pairs are generated near the glass side where the
built-in field exists. Electrons (solid circles) are conducted along the TCO while holes (open circles) are
conducted through the ZnTe and MBC to be delivered to a load (represented by lightbulb) for useful work.

Figure 2.4: Furnace used in CHT and group-V activation steps showing the magnetic transfer arm, load
lock, and processing chamber. Interior of load lock showing graphite crucible sitting on end effector of the
MTA.
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2.3 Significant Factors Enabling >20% As-doped Devices

This section will be focused on the factors which significantly alter arsenic doped device per-
formance. This begins by using conditions informed from prior experience, initally holding the
CdCl; coating and arsenic doping constant (both arbitrarily referred to as "high" dose in this case)
and varying the annealing parameters. Initial tests made use of the best known method (BKM)
for CHT of CdSe devices, which consists of a 20-minute anneal at 475°C with a mixture of 80%
oxygen (O3) and 20% nitrogen (N5) at 500 Torr within a quartz crucible which was used for CdSe
work. Following the post-deposition chlorine anneal, absorbers were integrated into identical de-
vices as described in Section 2.2.1. These samples were compared to a control device using an
absorber which was in-situ As-doped during VTD growth by First Solar and recieved a CHT in a
separate system than the furnace used here.

This initial condition was quickly found to be problematic for these absorbers, and subsequent
work to reduce oxygen exposure during CHT enabled devices with upward of 16% efficiency. The
variables which resulted in the most significant changes in device performance were the annealing
environment and the crucible used, both of which are potential sources of oxygen during CHT.
As the oxygen content was removed from the annealing environment and the quartz crucible was
switched for a graphite crucible with less historic oxygen exposure (and further cleaned and sea-
soned) devices steadily improved. The trends in device performance along with examples JV and
CV results for these devices are shown below in Figure 2.5. Device performance improved for
each step intended to reduce the oxygen exposure during CHT. V¢ and Jgo both steadily im-
prove, with Jg- for the device from the cleaned graphite crucible nearly reaching its theoretical
limit. CV trends provide insight into the consequence of oxygen exposure, where N, is less than

1x10¢ cm~3 before work was done to scrub the oxygen.
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Figure 2.5: JV parameters alongside example JV and CV curves for devices with absorbers annealed under
various conditions. A control device, using an in-situ As-doped absorber from First Solar in dark orange, is
shown for comparison.

Additional insight is gained from the photoluminescence (PL) spectrum for these devices,
shown in Figure 2.6. For the initial condition, the PL peak emission of 1.42 eV is slightly higher
than the desired 1.4 eV, likely due to poor Se diffusion during CHT, in addition to a distinct defect
emission near 1.25 eV, likely due to poor arsenic incorporation into the CST lattice or possibly an
oxygen related defect. By switching to a graphite crucible which had minimal exposure to oxygen
and using the same processing conditions as the previous 0% oxygen anneal, the PL peak emission

was reduced to 1.4 eV and a broad shoulder defect on the low energy side, characteristic of Asg.
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defects, is observed. The graphite crucible was then cleaned of debris and annealed in an inert
environment with 0% oxygen at 500°C for 3 hours with CdCl, coated CST dummy samples, a
process refered to as "seasoning" the crucible. Absorbers from the cleaned and seasoned graphite
show a further reduction in the peak bandgap to below that of the control. This may be due to an
excessive incorporation of As into the lattice, which would increase the magnitude of the subgap

defect emission. This indicates that the initial "high" dose of As may be excessive.
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Figure 2.6: Glass side photoluminescence (PL) spectra of absorbers from each of the anneal conditions
discussed.

These intial results indicate that oxygen exposure during CHT is a significant factor in limiting
performance, particularly in the ionic incorporation of As into the CST lattice. The impact of

oxygen exposure on group-V dopant activation will be further explored in the following section.

2.3.1 Impact of Oxygen Exposure on Dopant Activation

Secondary ion mass spectroscopy (SIMS) was used to quantify the concentration of arsenic,
oxygen, selenium, and chlorine present in the devices with >5% efficiency from above, with results
shown in Figure 2.7. From this we see that device performance tends to increase along with the
concentration of As incorporated in each device. The concentration of oxygen appears larger in
the initial graphite annealed sample, but this may be a result of the exact region being sampled,

and additional measurements need to be made to confirm this. Se distribution is seen to increase
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Figure 2.7: DSIMS of arsenic, oxygen, selenium, and chlorine profiles for absorbers with various annealing
conditions compared to in-situ doped control device in dark orange. Depths indicated here increase from
the back to the front (towards TCO) of devices.

towards the front of the device for all annealing conditions as expected for a diffused Se bilayer
device. However, the two lower performance devices show a much higher fraction of Se near
the back surface, whereas the higher performance device shows a similar drop in Se as the in-
situ doped control device. Additionally, Cl distribution appears uniform throughout the bulk and
has the lowest concentration for the lowest performance device. These results indicate that the
incorporation of both As and Cl, in addition to the diffusion of Se near the exposed back surface
during CHT annealing is sensitive to the crucible used and potentially to its history of oxygen
exposure.

Using the As data from SIMS and the acceptor concentration from CV measurements, an es-
timate of the activation energy for each device shown above can be determined. This is shown in

a bar chart in Figure 2.8, where the ratio of As to oxygen from SIMS is also included for each
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crucible condition. The trends in activation may seem misleading at first, where the highest acti-
vation is seen for the 10% rather than the 16% device, but the As/O ratio may reveal why this is.
By reducing the residual oxygen levels in the annealing crucible, the incorporation of ionic arsenic
becomes more effective, as seen by the roughly 2 orders of magnitude increase in acceptor density
from the first device to the second and third. Given that each of these three devices received the
same dose of arsenic doping, the low ratio of arsenic to oxygen in graphite vs the cleaned and sea-
son graphite device suggests that a significant fraction may be coordinating with oxygen, resulting

in a reduced concentration measured in SIMS and thus an inflated activation ratio calculation.
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Figure 2.8: Activation ratio for each device as determined by the acceptor concentration at OV bias from
CV and the bulk concentration of arsenic from DSIMS.

While devices with 16% efficiency have been demonstrated through optimizing the annealing
process, the doping activation remains quite low. This suggests that the arbitrarily chosen "high"
dose of arsenic doping may be excessive, whereby there is a greater concentration of arsenic be-
ing incorporated than can effectively substitute Se or Te, leading to an overdoping effect. This is
further supported by the quantum efficiency (QE) spectrum for these devices, shown in Figure 2.9.
The 16% device shows a larger negative QE gradient towards the bandgap than the control device,

symptomatic of overdoping. Examining the Urbach energy from sub-bandgap emission also indi-
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cates overdoping, where the Urbach energy is seen to increase for devices as the As concentration
from SIMS increases. This is likely the source of the approximately 100 meV V¢ loss in the 16%

device relative to the control.

Crucible
—Quartz crucible Cleaned & seasoned graphite
— Graphite crucible —Control

In(-In(1-QE))

Quantum Efficiency

400 500 600 700 800 900
Wavelength (nm)

840 860 880 900 920 940
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Figure 2.9: QE spectrum for each device with an inset figure focusing on the differences between the 16%
device and the control. Figure to the right focuses on the sub gap emission with the Urbach energy for each
listed.

2.3.2 Impact of Changing Ex-situ Dopant Concentration

Considering the apparent increase in nonactive dopants and their impact on increased lattice
disorder seen for the best devices previously, an evaluation of reducing the concentration of ex-situ
doping was performed. The same dopant concentration used previously, referred to as the "high"
dose, is compared to absorbers with a "low", "medium", or "none" (intrinsic CST) dose of As.
Dopant diffusion is achieved with the same CHT process as devices with >15% efficiency from
above, that is by spin-coating aqueous CdCls; onto the absorber surface and annealing inside a

graphite crucible at 475°C in an inert atmosphere at 500 torr for 20 minutes, followed by rinsing

with water to remove residual CdCls.
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Photoluminescence of each absorber, measured with either film-side or glass-side injection,
provides insight into the impact of changing the dose of As incorporated into each device. The
bandgap from peak PL emission is expected to be near 1.5 eV on the film side where CdTe dom-
inates and 1.4 eV on the glass side where a majority of CdSexTe;_x is thought to reside with X
around 0.15. However, samples with As doping all show a decrease in peak emission from the film

side and an even greater deviation on the glass side as shown in Figure 2.10.
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Figure 2.10: PL measured from film-side and glass-side of CST absorbers with various concentrations of
As dopant. Peak energy location is shown for each curve, with the film side peak energy shown in blue
and the glass side peak energy shown in red. The extent of subgap emission is focused on for the film side
emission.

This shift may be a consequence of the increased concentration of non-active As defects, which

act to increase the Urbach energy and thus reduce the effective bandgap. By normalizing each
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curve to intensity and peak energy location from the film side, it is seen that the emission for

subgap states increases with the concentration of As.

TRPL for each absorber is shown in Figure 2.11. The lifetime of carriers is seen to increase

linearly from none to medium As incorporation, but dynamics change when we go to the high As

dose. Initial decay is seen to be slower, but the long time decay is much faster, indicating that

the majority of the carriers are recombining non-radiatively. Ultimately, the medium dose of As

absorber shows the longest average lifetime close to 2.5 ns.
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Figure 2.11: Measured TRPL for each absorber with three exponential decay fits. The average lifetime is
calculated from the fit parameters and is shown in Table 2.1.

Table 2.1: TRPL parameters fit using [p;, =% Aie_t/ i, Average lifetime calculated as T4y = 2

Dose \ Ay \ 71 [ns] \ \ To [ns] \ \ T3 [ns] H Tave ‘
None |0.79 | 041 |0.12 | 246 |0.02| 20.6 | 1.17
Low [0.72 ] 046 |0.18| 3.01 |0.04 | 21.8 | 1.81
Medium | 0.74 | 055 [0.22| 3.66 | 0.05| 28.6 | 2.51
High [0.76 | 0.63 | 0.26 | 2.79 |0.04 | 13.1 | 1.63
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All absorbers were then integrated into devices using identical device structure and processing
conditions as described in Section 2.2.1. The devices were then tested for JV, QE, and CV perfor-
mance with example JV results shown in Figure 2.12. The intrinsic CST device (none dose) shows
the worst performance with extermely low Jso and Voo <500 mV, but this is expected based on
the understanding of the intrinsic n-type conductivty of CST absorbers, which is explored further
in Chapter 3.

High As dose device shows similar performance to what was previously seen, with high Jso
near 30 mA/cm?, but low Voc <700 mV and fill factors <70%, both symptomatic of overdoping.
The low dose device shows a similar Jg- with an increased Voo near 750 mV and fill factor of
79%. The medium dose device shows the best performance with a Vo near 840 mV, Js¢ near 30

mA/cm? and fill factor of 78%.
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Figure 2.12: JV curves for each concentration of As dopant, with the parameters shown to the right.

To understand what factors may be limiting the performance based on each dopant dose, CV
and QE analysis was performed on each device. QE and CV measurements for these devices
are shown in Figure 2.13. This shows that the carrier concentration increases with increasing

As doping, from roughly 1 x 10 cm™3 for the low dose to 3 x 106 cm™=3 for the high dose
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Figure 2.13: Example QE and CV curves for each device with various concentrations of As dopant. Dif-
ferences in the measured acceptor density for each doping level is neglgibly different, indicating a reduced
dopant activation in these devices.

device. However, it should be noted that the high dose is not simply 3x the dose of the low dose.
Rather, the high dose is at least 10x the concentration of the low dose, indicating that the increased
concentration of As in this device is leading to an increased concentration of non-active dopant
related defects.

From QE, it is apparent that the high energy shoulder decreases with increasing As dosage
while the extent of band tailing increases, where the calculated Urbach energy is significantly
higher (36.5 meV) than that of the low (23.6 meV) and medium (28.5 meV) doses. Both of these
observations reinforce the notion of overdoping in the high As dose devices. Of all extrinsically
doped devices, the low As dose is the only one to demonstrate E,, < kT (= 26 meV), indicating
minimal disorder introduced through nonactive defects [23,24]. The intrinsic device also shows
a very low Urbach energy (= 18.0 meV), which is close to the expected values for single crystal
absorbers and indicates that the increased band tailing seen in group-V doped devices is a conse-
quence of dopant related defects.

Additionally, the bandgap seen in QE is roughly the same for each extrinsically doped device
(E4(Absorption) ~ 1.4 €V), which is at odds with the band gap calculated from PL emission. This

is likely due to the fact that the PL emission is dominated by the subgap emission, where charges
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may be relaxing into defect states before transitioning to the conduction band radiatively. This
results in a stokes shift [25] between the emission and absorption spectrum of ~ 17 meV, 47 meV,
and 62 meV for the low, medium, and high As doses respectively, consistent with the increased
Urbach energy measured in QE.

All of this put together indicates that the low As dose should be optimal, despite initially
showing lower performance that the medium dose. However, it was later seen in repeat tests that
the low and medium As doses can achieve similar Vo greater than 80 mV, Jgo greater than
29 mA/cm?, and FF above 75% (>80% in case of low As) as shown in Figure 2.14. The lower
Voc initially seen may be due various factors including the exact absorber used in such device
or any unnoticed deviations in the device integration and scribing processes. QE, CV, and PL
for these repeat tests are in line with those seen prior, where low dose As device shows lower
Urbach energies, high dopant activation ratios, and reduced radiative recombination compared to

the medium dose device.
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Figure 2.14: Repeat tests of the low vs medium dose of As in devices shows that the low dose can achieve
a slightly efficiency approaching 20%.

This demonstrates the influence of device performance with respect to the concentration of
group-V dopants used. All devices tend to show the same range of acceptor concentration—around
106 ¢m~3-with minimal gains seen for increasing the dopant concentration. Indeed, further in-

creases to dopant concentration tends to reduce device performance by increasing radiative recom-
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bination. So, while the acceptor concentration is high, there are still potential drawbacks related
to incorporation of As even at the "low" level (As ~ 107 cm™ indicates <5% activation). In
the next section, a novel process intended to increase group-V dopant activation will be explored.
The intent of this is to allow further reduction in the concentration of group-V dopants required
to achieve high acceptor density by reducing the concentration of nonactive defects which may be

related to oxidation of the dopant.

2.4 Novel Processing to Increase Dopant Activation

The presence of oxygen in CST devices is ubiquitous due to the use of transparent conductive
oxides (TCOs) and buffer layers such as magnesium zinc oxide (MZO). However, the role of oxy-
gen and the extent to which it diffuses in CdTe and CST has a complicated history. First generation
CdTe devices, using a CdS buffer layer without Se alloying, appeared to benefit from oxygen ex-
posure in-situ during growth [26,27]. Recent advances in techniques to study the front interface,
where oxygen is more likely to be present, have shown that the formation of oxidized nanolayers
at the front interface may indeed be beneficial to device performance through the formation of a
passivated interface, but this remains an active area of research [28]. In the same study, it was seen
that group-V dopants also experience oxidation at the front interface, but again the consequence of
this is debated. However, this observation raises the question whether group-V dopants are being
oxidized within the bulk under certain processing conditions, and to what extent this oxidation may
play a role in the low activations observed.

This thesis proposes a method to prevent or reduce group-V oxidation by introducing "oxygen
getters" to the CST system. In this context, oxygen getters are elements which have a higher affinity
for oxidation relative to the dopant atom (arsenic in this case), and thus "get" the oxygen rather than
the dopant. Oxygen getters may also act as reducing agents if in proximity to As-O complexes,
stripping the oxygen from As. The effectiveness of any given oxygen getter is dependent on the

relative concentrations of oxygen and dopant atoms, their proximity to each other and oxygen

54



within the system, and various processing conditions such as the annealing temperature and time

and ambient composition and pressure.

2.4.1 Selection of Oxygen Getters for Increased Dopant Activation

To determine appropriate elements to act as oxygen getters, an Ellingham diagram is consulted.
The Ellingham diagram, shown below in Figure 2.15, displays the required partial pressure for
oxidation of a given element to occur. Under a given environment, elements with a lower required
partial pressure will oxidize first, thereby preventing the oxidation of other elements such as the
group-V dopant. This informs the selection of various getter elements including zinc (Zn), silicon

(Si), aluminum (Al), and magnesium (Mg) used here for reduction of As or P oxides.
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Figure 2.15: Ellingham diagram of required partial pressure of oxygen for oxidation to occur for a given
temperature. The lower an element is on the chart, and thus a lower required partial pressure is for oxidation,
the more likely they are to oxidize relative to elements above.
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2.4.2 Introduction of Oxygen Getters to CST

Given that the role of oxygen getters is to oxidize preferentially to group-V dopants, their
incorporation into the CST lattice as unbound elements is important. This is achieved through ion
implantation, through which clusters of the target elements bombard the CST surface. This forces
Cd-Se-Te bonds to break and allows implanted ions to penetrate into the bulk. The depth which
ions implant into the bulk is a function of the ion’s mass and the energy and angle respective to the
surface normal at which bombardment occurs.

Following implantation, the same CHT process described above is performed. In addition to
the typical benefits from CHT (grain growth, species diffusion, passivation, etc.) it is expected that
the surface lattice damage induced by implantation can be repaired and that the implanted oxygen

getters can diffuse through the bulk and react with oxygen.

2.4.3 Results of Oxygen Getter Study

In this section, the group-V dopant used is phosphorus (P) instead of arsenic. This selection
is based on the higher propensity for phosphorus to oxidate relative to arsenic, and therefore it
is reasonable that the principles of interactions between phosphorus and oxygen may be applied
to arsenic. The reproducibility of P-doped devices with >20% efficiency using the same CHT
conditions in the furnace as described above was confirmed prior to the study of oxygen getter use.

Following implantation and CHT, all absorber were made into identical devices as described
previously. A summarization of results from various getter implantation experiments is presented
here. Example JV, QE, and CV curves with the distribution of primary parameters are shown in

Figure 2.16.
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Figure 2.16: Representative JV, QE, and CV for each getter implant compared to a standared control sample.
The distribution of main parameters for each device is shown below.

Of all getter implants, Al stands out as a detriment to device performance, particularly due to a
reduction of V. One possible explanation for this is the formation of Al, defects, which may act
as donor defects in CdTe, albeit this sample also shows the largest carrier concentration from CV.
Beyond this, there is an increased resistance for all getter implanted devices, seen in both the series
resistance (Rp¢ here) and the shunt conductance (Gg¢ here). This suggests that additional disorder
introduced through the implantation process may not be fully repaired during the CHT process.
However, all devices show quite low Urbach energies (E, ~ 21.4+0.48 meV), indicating that the
majority of the defects are benign and do not significantly impact the optoelectronic properties of
the absorber.

Taking the best and worst performing oxygen getter samples (Si and Al implantations respec-
tively) can help to understand the impact of these processes. SIMS data of relative Al and Si counts
for each device following implantation, alongside a control example, is shown in Figure 2.17. This

shows that the ion implantation process was successful in incorporating getter elements near the
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surface, at a depth roughly 200£100nm from the back surface of CdTe, as expected based on sim-
ulations [29]. Given that Al is a lighter element than Si, it is expected to implant slightly deeper

than Si, as i1s found to be true.
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Figure 2.17: Simulation of Si ion implantation, calculated using SRIM (Stopping Range of Ion Motion)
software, indicates an expected implantation depth of 200+100 nm from the CdTe surface. SIMS analysis
for Si and Al implanted devices, compared to an unimplanted control (green), indicate that each getter
implant was successfully incorporated at the expected depth.

Following CHT and device integration, completed devices were again analyzed with SIMS to
determine how the oxygen getters impacted the distribution of oxygen and phosphorus used as
the group-V dopant. Additionally, a relative count of phosphorous oxide was determined using
POj signal, for which a unique charge to mass ratio was identified. Example SIMS of P and O
concentration for each Si and Al getter implanted device (best and worst performers) and their
respective control devices is shown in Figure 2.18.

Si and Al getter devices show a distinct increase in [P] near the back interface, which is where
implantation occurred, with a subsequent reduction in [P] near the front interface, where the de-
pletion region is expected to exist. This is likely due to an interaction between the implanted getter
and the P dopant, which may have reduced the diffusivity of P during the CHT. Oxygen getter im-
planted devices show a semi-Gaussian distribution of [O] at the back interface which is not seen in

the control devices. This seems to indicate that Si and Al do in fact act as getters during CHT. This
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Figure 2.18: DSIMS profiles of [P] and [O] for Si or Al implantated devices compared to their control

devices. The raw and normalized counts of PO3 are shown above.
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is further supported by an increased [O] profile throughout the bulk for the Al getter compared to
the Si getter, where Al is expected to be a stronger getter than Si according to Figure 2.15.

The increase in [P] and [O] at the front interface of getter devices is reflected in the PO5 profile,
as would be expected. However, when normalized to the counts of P and O, both Si and Al appear
to be more effective at reducing the formation of POs relative to the control devices throughout
the bulk. The increased concentration of constituent atoms at the front interface did not result
in a proportional increase in PO3 formation. The increased [O] at the front for both Si and Al,
and throughout the bulk in Al case, may be due to a result of oxidation of the getters themselves.
However, measurements of AlO; or SiO; were inconclusive, and further analysis is needed to

confirm this.

2.5 Conclusions

Optimization of the CHT process for group-V doped devices demonstrated that oxygen expo-
sure during device processing may present an unexpected hindrance to group-V doping activation.
Additionally, the use of excessive doping was shown to reduce device performance due to an in-
creased presence of nonactive defects which are prone to radiative recombination. By optimizing
the processing conditions for CST devices, a baseline performance of ~20% efficiency with dopant
activation ratios 3+1% was established. The use of oxygen getters was shown to reduce the con-
centration of free oxygen measured in SIMS and appeared to reduce the formation of group-V
oxides relative to the availability of constituent components. A summary of the activations for
each getter implanted device is shown in Table 2.2. The activation ratio is calculated from the
SIMS data of [P] and the CV data of N, averaged for each device.

The activation ratio for Si and Al getter devices is significantly higher than their respective
control devices, indicating that the use of getters has indeed increased the activation of group-V
dopants. However, Zn and Mg getter devices appear to have a lower activation than their respective
control, which itself had a larger activation ratio than the other two control devices. More work

using Mg or Zn as oxygen getters is required to understand this. Furthermore, while devices
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Table 2.2: Mean phosphorus concentration, acceptor density, and activation ratio for various devices

’ Device \ [P] in depleted region (atoms cm™?) \ Mean N, (cm™?) \ Mean Activation (%) ‘
Control 1 2.2 x 1018 9.1 x 10*° 0.4

Si implant 5.9 x 107 9.1 x 10% 2.1

Control 2 1.6 x 108 1.5 x 106 0.6

Al implant 6.0 x 10%7 2.1 x 1016 3.5

Control 3 4.9 x 1017 9.1 x 10%° 1.8

Mg implant 5.1 x 10%7 5.8 x 10%° 1.1

Zn implant 8.4 x 10%7 5.1 x 10%° 0.6

using Al as an oxygen getter appeared to show the largest activation ratio, they also show the
lowest device performance, indicating that the way in which the activation ratio is determined needs
greater scrutiny. Moreover, increasing activation ratios did not always translate to an increase in
device efficiency. This may be due to formation of additional defects such as non-radiative trap
states, which offset the benefits of increased dopant activation. Additional questions remain with
regard to implanted oxygen getters’ role in hindering the diffusion of group-V dopants into the
absorber bulk, which may have contributed to the calculation of an increased activation ratio.

Future work in this area should focus on the spatial distribution of the implanted oxygen getters
and the group-V dopants in conjunction with oxygen to determine the probability of interacting
with dopants. However, this type of analysis will require high sensitivity ToF-SIMS or the use
of atom probe tomography to determine the spatial concentration of impurities within the bulk.
XANES (x-ray absorption near edge structure) and EXAFS (extended x-ray absorption fine struc-
ture) can be used to determine the chemical state of the implanted oxygen getters and the group-V
dopants, which may provide insights into the formation of defect complexes. Additionally, ad-
vanced characterization techniques, such as positron annihilation spectroscopy (PAS) and electron
paramagnetic resonance (EPR), can be used to identify and quantify the presence of specific defects
and defect complexes in the absorber.

Theoretical modeling of the interactions between oxygen and dopants in different proportions

and at different locations within the absorber may also provide valuable insights into the factors
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that limit group-V activation. This information can then be used to guide the optimization of the

doping process and improve the overall performance of p-type devices.
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Chapter 3

Intrinsic CdSeTe devices and their properties

This chapter will begin by providing context and motivation behind n-type doping of CdTe and
CdSeTe, including a brief review of extrinsically n-type CdTe (mainly single crystal work) where
high Ve greater than 1 V has been demonstrated with indium (In) doped single crystal CdTe
grown through molecular beam epitaxy [30] and recent observations on intrinsic n-type conduc-
tivity in polycrystalline CdSeTe absorbers [31]. Motivation is established by the observation that
CdCl, processing conditions have a significant impact on group-V dopant activation and that the
distribution of Se throughout the bulk of CdSeTe can have a large influence on the optoelectronic
properties of absorbers and the resulting devices [32-34]. Understanding the interactions between
dopants and intrinsic defects in CdSeTe can provide a framework for optimizing group-V dopant
activation by tailoring the absorber to reduce compensating donor defect formation.

The core of this chapter will review processing variations used to determine significant factors
impacting donor defect formation. This section will be broken into two parts: 1) use of extrinsic
n-type dopants and 2) significant processing conditions impacting donor defect formation. This
section will start by establishing the intrinsic n-type nature of CST absorbers through comparison
with extrinsic n- and p-type doped CST films. The second part of this section will focus on the
impact of ubiquitous processing steps in high efficiency CST absorbers (namely the Se alloying
and CdCl, annealing steps) in the formation of donor defects. The impact of having a graded Se
composition (from bilayer CdSe/CdTe films) vs a uniform ternary composition (uniterns) is also
examined. The core result established is that Se, or the lack thereof, is the most significant factor

in donor defect formation.

3.1 Intrinsic Defects in CST

CdSexTe(1—x) (CST) is a ternary compound semiconductor formed through alloying CdTe

with Se. This results in an absorber whose bandgap can be tailored through the stoichiometry of
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Se within the bulk. While this has led to increases in the short circuit current (Js) and fill factor
(FF) while retaining similar voltage, continued improvements in the open circuit voltage (Voc)
have been slow.

Successful activation of a group-V dopant is predicated on its substitution for a group-VI site
within CST, creating an acceptor defect which decreases the net concentration of free electrons
within the unit lattice. However, if the group-V atom is not incorporated into the proper lattice site,
instead sitting on an interstitial or anti-site, it may act as a donor defect, increasing net electron
density and thereby compensating any acceptor defects formed from the group-V dopant. These

types of lattice defects are represented in Figure 3.1.
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Figure 3.1: Diagram showing proper group-V substitution and the formation of compensating defects
through dopant migration [16].

While much effort has been paid to engineering dopant incorporation within CdTe and CST,
less effort has been put into understanding intrinsic defects which may exist in CST, how they may
interact with dopant related defects, and how this may ultimately impact device performance.

The formation of defects in polycrystalline CST absorbers may occur during various steps in
the absorber and device fabrication process. The use of CdCl, heat treatments (CHT), Se alloying,
and group-V doping is ubiquitous in state-of-the-art CdTe devices. However, the roles that Se
and Cl play in conjunction with group-V doping (N, As, P, & Sb) for p-type conversion are not

well understood. Record level CdTe devices are primarily limited by a voltage deficit of roughly
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200 mV (AVpe = VEAD - vmeasured ~ 1100 — 900 = 200 mV) which typically is attributed to
a combination of radiative and nonradiative recombination. These recombination processes are
in part due to the low activation of group-V dopants, bandgap tailing, and potential fluctuations
induced by group-V doping and/or Se alloying [35,36].

Meanwhile, single crystal CdTe devices—without the use of Se alloying or need for a CdCl,
anneal-have shown high activation ratios and demonstrated large V o greater than one volt through
n-type doping with the group-III donor indium (In) [30]. This indicates that the low dopant activa-
tions and large voltage deficits seen in polycrystalline CdTe based devices are not intrinsic to CdTe
material itself, but rather a consequence of the group-V doping and Se alloying processes.

This following section seeks to understand the intrinsic defect nature of CdSexTe(;_ x) (CST)
absorbers by decoupling the impact of group-V dopant activation in CST absorbers. Devices with
p-type group-V doping (As or P) or n-type group-III doping (Al) are compared against intrinsic
CST devices to gain insight into the intrinsic behavior of CST absorbers and how it may impact

devices.

3.2 Determining Impact of Intrinsic Defects in CST Devices

To understand the impact that intrinsic defects in CST absorbers have on device performance,
CST absorbers without any doping are compared to identical absorbers that are extrinsically doped.
CST absorbers used in this study, provided by First Solar, are composed of a graded Se stoichiome-
try which is formed by the standard two-step process: first, a thin CdSe ( 0.3 ym) layer is deposited
followed by a thicker CdTe ( 3.0 um) layer. This bilayer structure is then annealed in a chlorine
environment, known as a chlorine heat treatment (CHT), to form the polycrystalline CST absorber
with a graded Se stoichiometry and thus bandgap.

Extrinsic dopants are introduced to absorbers ex-situ, prior to the CHT step. The p-type ac-
ceptors (As or P) are incorporated in a similar method to what has been published previously [22]
through introduction to the CdTe surface and diffused into the bulk during a post-deposition an-

neal. The n-type donor (Al) however, is implanted into the exposed surface of the CdTe layer prior
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to CHT. Provided the simple purpose of forming an extrinsic n-type CST absorber is to compare
it to intrinsic CST, the method of ion implantation was selected to ensure incorporation of Al into
the absorber without concern for potential damage induced through ion bombardment. Al implan-
tation was performed commercially by Coherent Corporation with an implant dose of ~ 2x10%°
cm~2 at an energy of 200 keV. This results in a projected range of 0.3 pum, with a straggle of 0.1
pm, as calculated through the SRIM software [29]. The Al dopant is expected to act as a donor
defect if incorporated into Cd substitutional sites within the CdTe lattice.

Following dopant introduction, a CHT step is performed by coating absorbers with an aqueous
solution of CdCl;, and annealing at 400-500°C under an inert environment. This process induces
grain growth through recrystallization while providing thermal energy to promote dopant diffusion
into substitutional sites, CI diffusion along grain boundaries for passivation, and Se diffusion to
form the graded Se profile. Absorbers were integrated into identical devices using a p-type zinc
telluride (ZnTe) and transparent back contact (TBC) structure. Devices were measured for JV
and QE performance in both superstrate (glass-side (GS) excitation) and substrate (film-side (FS)
excitation) configurations using standard instrumentation under 1 sun illumination with a standard
AM1.5G spectrum. This structure and the measurements configurations are shown schematically

in Figure 3.2.
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Figure 3.2: Illustration of device architecture and measurement configurations. Devices in this study are
composed of a CST absorbers, deposited onto TCO coated glass, completed by deposition of a p-type ZnTe
and transparent back contact. The device is measured in both superstrate (glass side) and substrate (film
side) configurations.

3.2.1 Results of CST Devices with Various Dopants

These devices were analyzed with current-voltage (JV), quantum efficiency (QE), capacitance-
voltage (CV), and steady state / time-resolved photoluminescence (PL/TRPL). JV results are shown
for an example cell from each doping type in figure Figure 3.3. The intrinsic CST device (black
curve) has behavior similar to the Al-doped device (red curve),with low currents when measured
using standard glass-side illumination and a large increase in Jg¢ when illuminated from the film-
side. Box plots of the main parameters for N=48 solar cells per doping type—shown below each
example JV curve—demonstrate the trend in behavior between undoped and Al doped devices,
which is contrasted by the p-type As- or P-doped devices. This provides a clear indication that the
undoped CST devices exhibit n-type conductivity.

However, it is also clear that the undoped devices are outperforming the devices which are
extrinsically n-type doped with Al, particularly in terms of Jgo. This is primarily due to the Al-
doped devices having an overall lower external quantum efficiency (QE), as shown in Figure 3.4, in

addition to having a negative QE gradient as photon energies decrease, indicating lower diffusion
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Figure 3.3: JV response of CST devices with different dopants. Glass side excitation is shown on left and
film side excitation on right.
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lengths for the extrinsic n-type device compared to the intrinsic n-type device. The Vo and FF
losses may also be attributed to this, as the dark saturation current in Al-doped devices is much

larger than that of the undoped devices.
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Figure 3.4: External quantum efficiency of devices with illumination from glass side on the left and film
side on the right.

Devices with typical p-type doping (As in blue and P in green) show the expected behavior of
>75% QE for photons with energy above the bandgap when excited from the glass side. This is
opposed to the extrinsically n-type (Al in red) and the intrinsic control (black) which have better
collection probability when excited from the film side. The small rise in EQE near the bandgap,
seen for undoped or Al devices from glass-side and As or P devices from film-side, is associated
with the "buried junction" effect, indicating the formation of a np-junction at the back of Al-
doped or intrinsic devices, a result of the p-type ZnTe deposited onto n-type CST. The reduction
in QE for Al-doped devices in comparison to undoped devices is likely due to diffusion limited
recombination, indicated by the negative slope of EQE from high to low energy. Charges generated
farther from the interface have a lower collection probability in Al-doped than in intrinsic devices
which results in the reduction of Jg- and the increase in dark current observed through JV.

All devices, including the undoped absorbers, demonstrate carrier concentrations (CC) ~ 1x10'6

cm~? with the Al and intrinsic devices exhibiting similar behavior, as shown by the CV plots in
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Figure 3.5. This indicates that the Al dopant is not significantly increasing the carrier concentration
and that the majority of donors formed in both the Al and undoped devices may simply be due to

intrinsic defects within the CST lattice.
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Figure 3.5: Calculated carrier concentration (CC) as a function of depletion width (W) determined from
capacitance-voltage measurements for each doping type. A chart of the CC vs W at zero bias for 24 solar
cells per doping type is shown to the right.

This analysis helps to understand the QE and Jg¢ relationships between the various dopants.
Considering the large absorption coefficient of CST (« (E > E,) >10* cm™!) we expect a large
majority of incident photons to be absorbed and generate charge pairs within the first half micron
of the absorber. CV analysis of the Al doped and undoped devices implies the existence of a field
over about 400 nm for the CST/ZnTe interface. As such, these devices, which have a field within
this range, can rely on drift currents to collect a majority of charges under film side illumination.

Conversely, p-type absorbers should have field generation near the np-junction of the TCO/CST
interface, which is buried at a depth of the measured depletion width (W) subtracted from the
absorber thickness (d). Given that W is at most 600 nm from the junction, the minimum generation
depth for drift current separation is defined as Gy, (Jgrife) =d - W = 3.5 ym — 0.6 ym = 2.9 pym.
Considering that the generation depth can be taken as the inverse of absorption coefficient, which

is 1 pm for o = 10* cm™!, only a small fraction of photons close to the band gap will generate
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charges within the buried junction. This is exemplified by the spike in QE near the bandgap for
p-type devices with film-side excitation, and similarly for n-type devices with glass-side excitation.

The photoluminescence (PL) for each device is measured with film-side or glass-side injection
using a 645 nm laser. The PL spectra for each device is shown in Figure 3.6. The reduction in
bandgap energy (E,) from film-side to glass-side injection is expected due to the graded Se profile,
where the most Se resides near the glass side and E, is expected to be near 1.4 eV. The reduction
in E,; seen for As- or P-doped devices relative to the Al-doped or intrinsic devices is likely due to
the formation of donor-acceptor pairs (DAP) or bandgap tailing in these p-type devices, both of
which would produce sub-bandgap states and result in a lower effective bandgap. Additionally,
the intensity of the P- or As-doped devices are roughly the same for all cells, but P-doped devices
have a reduced full width at half maximum (FWHM) compared to As-doped devices as a result of
a sharper low energy side decay, indicative of reduced radiative recombination and a reason why
P-doped devices have been able to achieve V¢ greater than 900 mV, historically in single crystal
samples [37] some of which have even broken the 1 V barrier [38] and even more recently in
record level polycrystalline samples [4], which As-doped samples have struggled to achieve even

in single crystal samples [39].
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Figure 3.6: Steady state and of CST devices with various dopants with film-side or glass-side excitation.
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The lifetime of charges in these devices is measured through time-resolved photoluminescence
(TRPL) and is shown in Figure 3.7. The lifetime of the undoped devices is similar to that of Al-
doped devices, indicating that the recombination mechanisms are similar. The difference between
lifetime from the glass-side and film-side for the As- and P-doped devices is understood to be due
to the difference between Se composition on each side. The film side of the device is expected to

be dominated by CdTe, rather than by CdSeTe on the glass side, and it is appreciated that CdTe

tends to have a lower lifetime than CdSeTe in general [40].
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Figure 3.7: Time-resolved photoluminescence of CST devices with various dopants with film-side or glass-
side excitation.

3.2.2 Spatial Distribution of Elements and Electric Fields in CST

To gain further insight into the results of JV and QE measurements, the spatial distribution and
concentration of elements is measured with dynamic secondary ion mass spectroscopy (dSIMS)
and the distribution of electric fields is examined through Kelvin probe force microscopy (KPFM)

Undoped and Al-doped samples show field generation near the back contact interface, while
As- or P-doped samples have field generation near the front TCO interface. Thus, KPFM measure-
ments of each film confirm the n-type nature of CST films when doped with Al or when intrinsic
These samples show that the diode field is nearly exclusively at the back of the device stack near

the CST/ZnTe interface as indicated by the dashed red line. This is opposed to the p-type As- or
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Figure 3.8: Kelvin probe force microscopy scans for each doping type. Confirms np-junction location and
doping type.
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P-doped devices which demonstrate a field generated near the TCO/CST interface. The intrinsic
sample exhibits a weaker and smeared out field, possibly due to the donor defect nature of Se
vacancies which may cause bandgap fluctuations with Se grading.

While both the Al-doped and intrinsic devices demonstrate n-type behavior, the Al-doped de-
vice has reduced performance primarily due to a drop in Js¢. This reduction in current may be due
to diffusion limited recombination as characterized by the loss in QE at larger wavelengths, i.e. for
photons which are absorbed and generate charge pairs deeper and thus farther from the junction
field. Additionally, extrinsic doping has relatively little impact on the carrier concentration mea-
sured in CV (both Al-doped and intrinsic samples have N ~ 1x10'® cm~3), bringing to question
the role which extrinsic donors play in this n-type behavior. It is also noted that these absorbers
were annealed in a chamber previously used for group-V doping work, indicating that intrinsic
samples may have some background As and P concentrations.

To evaluate this, SIMS data shown in Figure 3.9, demonstrates that the intrinsic device had
minimal background levels of p-type dopants. Se and Cl profiles for all samples are essentially the
same. The Al-implanted sample shows similarly low background As and P levels but is not shown

as it was measured at a separate time.
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Figure 3.9: SIMS data for As, P, Cl, and Se concentrations in CST absorbers with various extrinsic dopants
compared to intrinsic (none in black).

The Se profiles shown above are correlated to a bandgap gradient seen through cathodolumi-
nescence imaging of sample cross-sections in Figure 3.10. The absorber bandgap decreases from
roughly 1.5 to 1.4 eV from the back to front interfaces. The hyperspectral CL image contains the
emission spectrum for each pixel, which is shown for values of x=100 and a sample of y-values
along the cross-section, shown in Figure 3.11. Subgap emission, roughly 150+50 meV from the
primary peak, is seen for the intrinsic, Al-doped, and As-doped devices and appears to grow more

pronounced as the Se content within the graded absorbers increases.
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Figure 3.10: Cross-sectional SEM images colored by peak intensity or bandgap. Intensity of n-type ab-
sorbers (intrinsic or Al-doped) is uniformly high through the cross-section while p-type absorbers (As- or
P-doped) show an increasing peak intensity from back (CdTe dominated) to front (CdSeTe dominated).
Lighter colors at grains indicates reduced recombination from Cl passivation. Bandgap gradient seen is
consistent with the Se profile from SIMS, decreasing from the 1.5 eV at the back to 1.4 eV at the front.
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Figure 3.11: PL spectrum over the depth of the each device from the hyperspectral CL image. The PL peak
energy is shown to shift with the calculated Se composition as expected from the bandgap bowing curve for
CST. P-doped devices show much less subgap emission than As-doped devices, indicating that the P-doped
devices have reduced band tailing.

3.3 Significant Defects Impacting Type Conversion in CST
Undoped CST absorbers with a graded stoichiometry of Se were shown to exhibit intrinsic
n-type characteristics with behavior similar to absorbers extrinsically doped to form donor with
aluminum (Al). However, the Al-doped devices had a lower Js¢ and EQE than the intrinsic devices
despite having roughly the same carrier concentrations. This leads to the question of what factors
are most significant to the formation of donor defects in CST absorbers?
This section will evaluate the significant factors impacting donor defect formation in CST by

examining CdSexTe(;_x) absorbers with a uniform concentration of Se (X(depth) = constant)
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compared to an absorber with the typical graded Se stoichiometry (X(depth) = variable) as dis-
cussed in the previous section. The primary difference between the absorbers presented in this
section is therefore the Se profile as a function of the absorber depth (X(depth)). Devices with
a constant Se concentration throughout the CST bulk are considered to have a "uniform ternary"
stoichiometry and are referred to as "uniterns" — a portmanteau of uniform ternary.

These absorbers were grown at First Solar’s California Technical Center using close space
sublimation (CSS) to a target thickness of 3um. In this study, CST absorbers were left undoped
(intrinsic) or extrinsically doped with indium (In) in attempt to replicate high Voo demonstrated
for In doped sx-CdTe [30]. Ex-situ doping with indium was performed in the same manner as
Al above, that is through post-deposition ion implantation. Following dopant introduction, all
absorbers were given the same CHT and then integrated into devices identical to those described
above.

Following CHT and prior to device integration, the Se composition and thickness of absorbers
is evaluated with x-ray fluorescence (XRF) from the film side of absorbers, as shown in Figure 3.12.
This confirms that Se composition of uniterns is as expected and the thickness of each absorber
is within 10% of the target thickness. The reported composition of the graded Se absorber is also
consistent with expected Se profiles where a majority of Se will reside near the glass side and only

a small fraction diffuses to the film side, such as is seen from the CL scans in Figure 3.10.
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Figure 3.12: X-ray fluorescence (XRF) measurements of Se composition and thickness of CST absorbers.
Unitern absorbers show slightly less Se than expected, indicating some loss of Se during growth. Extrinsic
In doping appears to have minimal impact to Se content.
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Steady-state and time-resolved photoluminescence are used to determine the bandgap of each
absorber and potential impacts of changing Se compositions, as shown in Figure 3.13 and Fig-
ure 3.14. The PL peak energy when excited from the film-side is shown to shift with the calculated
Se composition as expected from the bandgap bowing curve for CST. The PL peak height is also
shown to increase with Se composition, which may be an indication of increased radiative recom-
bination. TRPL of absorbers, measured with excitation from the film-side, demonstrates a similar
correlation in lifetime to Se composition as was seen in the PL intensity. That is, as the concen-
tration of Se increases, so does the lifetime of the charge carriers. The similar lifetimes measured
for 15% and 30% Se intrinsic devices may be due to various processing conditions. Additionally,
the generally low lifetimes seen here is typical for film-side excitation in graded Se devices, where
CdTe is expected to dominate on the film side. As for the unitern devices which should have a uni-
form concentration of Se through the device, further evaluations are needed to understand what the
reasons for such low lifetimes are, but appear consistent with what has been reported for intrinsic
uniterns in the past [41].

All absorbers were then integrated into the standard device structure and measured for JV and
QE performance in substrate (film-side) configuration, as this showed the best performance for
intrinsic devices previously, and CV measured in the dark. Example JV curves for each device type
is shown below in Figure 3.15. The impact of changing dopant dose, for either Al or In dopant,
had little significance to changing device parameters. This is also generally true for changing the
concentration of CdCl; used during CHT. While In-doping afforded a greater J5- than comparable
Al-doped samples, it had little impact on V¢ or fill factor, and all significant device differences
can be attributed to the changing Se composition.

The intrinsic devices show an unexpected rollover in forward bias, even for the graded Se de-
vice which was previously seen to behave well under film-side excitation. The reasons behind this
are not clear, and follow-up studies of similar devices are required to rule this out as a measurement
artifact. Nonetheless, a trend in decreasing Vo and Jg¢ are seen to increase with Se composition,

while the fill factor (FF) is seen to decrease with Se composition. This is likely due to the increased
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Film side PL by dopant and Se%
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Figure 3.13: PL measured with film side or glass side excitation for CST absorbers with various Se com-
positions. The PL peak energy is shown to shift with the calculated Se composition as expected from the
bandgap bowing curve for CST. Graded Se devices show a larger bandgap from the film side where CdTe is

expected to dominate.
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TRPL lifetime by dopant and Se%
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Figure 3.14: Lifetime calculated from TRPL measured with film side excitation is seen to increase with Se
concentration. The inclusion of extrinsic In dopant appears to reduce the effective lifetime.
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Figure 3.15: JV curves for extrinsically doped or intrinsic CST unitern devices with X = 0, 0.15, and 0.3

compared to a graded Se control device. The intrinsic devices all appear to show a rollover in forward bias,
reasons for which are not clear.
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bandgap of the graded Se device, which would increase V¢, while the increased Se content in

unitern devices would increase the density of donor defects and thus reduce FF.

QE by dopant and Se%
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Figure 3.16: Example QE curves for extrinsically doped or intrinsic CST unitern devices compared to a
graded Se control device.

Example QE curves with film-side excitation for each device is shown in Figure 3.16. Although
the JV for intrinsic devices displayed problems at forward bias, the zero bias point appears well-
behaved and thus the unbiased QE curves taken as representative of device behavior. The graded
Se device, along with the CdTe device (X = 0) show a healthy QE curves which is flat around 70%.
This is unlike the Se unitern devices (X = 0.15 and 0.3) which show a negative gradient for higher
wavelengths. As this is a film-side measurements, higher wavelengths are absorbed deeper in the
absorber, and thus further away from the depleted region expected to reside near the back contact
in these devices. As the concentration of Se throughout the bulk of these absorbers is increased,
the collection probability is reduced, which may stem from either a reduction in diffusion length
at large due to additional defects from Se, or a consequence of the reduction in depletion width
with high Se concentration as seen from CV analysis shown in Figure 3.17. This reason this is not
seen for the graded Se device may be due to either the graded Se profile, which allows for a more

uniform field across the bulk, or the fact that its depletion width is significantly larger than that of
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the unitern absorbers (or a combination of these two properties), which is also true for the pure

CdTe sample.

CV analysis by dopant and Se%
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Figure 3.17: Example CV curves for extrinsically doped or intrinsic CST unitern devices compared to a
graded Se control device.

CV of completed devices, shown in Figure 3.17 shows a strong correlation between the density
of donor defects and the fraction of Se in the absorber, from less than 10'® cm™ for 0% Se (CdTe)
to > 107 cm-3 for 30% Se for either the intrinsic CST or extrinsically doped CST devices. The
fact that donor density is approximately the same for devices with similar Se content, independent
of the use of an extrinsic dopant, indicates that intrinsic defects in CST are the primary source of

donor defects.
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Figure 3.18: Absolute photoluminescence of unitern CST absorbers with various Se stoichiometries.

Absolute PL of devices with various Se stoichiometries is shown in Figure 3.18. The primary
PL peak energy is shown to shift with the calculated Se composition as expected from the bandgap
bowing curve for CST, while the intensity of the subgap peak is seen to increase with Se com-
position. However, the peak intensity is seen to decrease for higher Se concentrations, which is

unexpected, and these absorbers were not further integrated into devices.

3.4 Conclusions

This study provides compelling evidence that CdSeTe (CST) absorbers exhibit n-type prop-
erties in the absence of intentional doping. This conclusion is supported by Kelvin probe force
microscopy (KPFM) mapping, which revealed a built-in electric field peak and junction formation
at the CST/ZnTe interface in CST devices without any intentional doping. This was reinforced
through observations of similar junction formation in CST devices when extrinsically doped n-type

with aluminum (group-III element) and contrasted by junction formation observed at the FTO/CST
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interface in devices when CST was extrinsically doped p-type with arsenic or phosphorus (group-V
elements). Given that the ZnTe layer is p-type doped, these results are characteristic of np-junction
formation through contact with an n-type CST layer when CST is undoped or doped with some
group-III element such as aluminum. These results are consistent with the hypothesis that the large
vapor pressure of Se in the CdSeTe system would result in a relative abundance of Se vacancies,
which themselves are intrinsic donor defects and may be further substituted by a group-III element
to act as an extrinsic donor defect, both converting CST n-type.

Comparing performance between devices consisting of an undoped CST or extrinsically doped
CST absorber provided insight into the consequences and potential leverages of an undoped CST
platform. The device performance difference can be generally understood by considering the elec-
tric field as a function of depth across the device (E(x)) measured from KPFM compared to an
expected charge generation profile (G(x)) based on the illumination direction. When these two
profiles overlap, as is the case here for p-type CST devices illuminated from the glass side or n-
type CST devices illuminated from the film side, the performance peaks. While this alone may be
a trivial result, it highlights the problems underlying group-V dopant activation in CST. Se alloying
in CdSeTe alters the defect chemistry to favor donor formation, altering the junction quality and
compensating group-V doping efforts.

A key finding of this chapter was the dominant role of selenium (Se) composition and dis-
tribution in determining the donor defect density within CST. Devices with higher uniform Se
concentrations—so-called unitern absorbers—exhibited significantly increased donor densities (>
10'" cm™3 at 30% Se) compared to absorbers with a graded Se profile (< 10! cm~3). Inter-
estingly, while the use of group-III dopants (aluminum or indium) were intended act as extrinsic
donor defects, their influence was minimal compared to the intrinsic effects induced by Se alloy-
ing. Capacitance-voltage profiles showed negligible changes in carrier concentration upon doping,
with the only significant changes resulting from the change in Se profiles, further reinforcing the
idea that intrinsic defect formation is the primary determinant of conductivity in CST. The charge

concentration and shallowness of the depletion width (and thus strength of the electric field) in
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devices is correlated to the concentration of Se in the CST absorbers. These results point toward
Se-related intrinsic defects, potentially selenium vacancies (Vs.), as a major source of donor de-
fects in CST films. This was further supported by the observation of an increasing sub-bandgap
peak emission with increasing Se content, suggesting an increasing density of defect states.

Another critical insight from this work was the importance of Se distribution (graded vs. uni-
form) in mitigating donor defect impacts. Graded Se profiles, typically achieved through bilayer
CdSe/CdTe deposition and post-deposition annealing, were shown to suppress donor defect for-
mation and promote better charge collection. The graded Se profile has two native benefits vs the
uniform ternary profile, especially in the context of p-type doping. The bandgap gradient creates a
built-in electric field across the absorber depth to enhance charge pair separation while the reduc-
tion in Se concentration towards the back of the device promotes a more favorable defect chemistry
for acceptor defect formation. While the charge collection probability was roughly uniform as a
function of wavelength (and thus charge generation depth) for devices with no Se (CdTe only) or
a graded Se profile, devices with a uniform Se concentration demonstrated a diffusion limited col-
lection probability (decreasing probability with charge generation further from junction) despite
having nominally longer carrier lifetimes. This indicates that the intrinsic donor defects associated
with Se are prone to act as recombination centers and greatly limit the effective diffusion length of
charges in CdSeTe. It is also plausible that Se alloying introduces localized potential fluctuations
that limit quasi-Fermi level separation, and thus open-circuit voltage.

Future work should focus on quantifying the formation energies of Se-related point defects
under varying processing conditions, modeling the impact of Se gradients on band structure and
junction dynamics, and exploring passivation strategies to suppress unwanted donor defect forma-

tion while enhancing group-V dopant activation.
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Chapter 4

Large Bandgap CdSe

4.1 Introduction

While photovoltaic devices based on CdTe continue to improve, single junction solar cells are
approaching maximum efficiencies. Meanwhile, the demand for clean renewable energy across the
globe continues to grow. One way to address this demand is through the implementation of tandem
solar cells. This can allow PV modules to theoretically improve output efficiency (1) upwards of
15% (nprq2(Single junction) ~ 32% — 1asq.(Two junction) ~ 47%) provided an ideal pairing of
high and low bandgap materials.

The structure for high efficiency two-junction devices consists of a bottom-cell with E;, ~
1.1eV and peaks when paired to a top-cell of E, ~ 1.7¢V. While the bottom cell may be composed
of mature technologies such as silicon (Si) or copper indium gallium selenide (CIGS), there is a
lack of mature PV technologies with a large bandgap.

As discussed previsouly, CdSexTe, _ x has a bandgap dependent on the concentration of Se, up
to pure CdSe with E;, ~ 1.7¢V for X = 1 (CdSe). Thin-film CdSe is routinely grown during the
processes of alloying CdTe to CdSe x Te; _ x in modern record CdTe-based cells using methods such
as close-space sublimation (CSS) or vapor transport deposition (VTD). This provides a low-cost
introduction of tandem top-cells based on CdSe to industrialization without need for development
of fabrication processes from the ground up. These properties make CdSe an attractive material for
application in tandem PV devices, but in order to be paired with mature bottom-cell technologies
it is important to first understand the limitations of single junction CdSe devices.

This chapter will review the development of CdSe absorbers into single junction devices to
understand current limiting factors that can be expected to translate to tandem structures. First,
the general properties of CdSe absorbers will be reviewed, establishing requirements for materi-

als used within the device stack. Following this, the process of engineering CdSe devices will
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be reviewed to determine the best-known method for making solar cells from CdSe. Finally, an
evaluation of the factors limiting device performance will be undertaken, leading to a conclusion

with recommendations for future work in this subject.

4.2 C(CdSe Absorbers

CdSe as an optoelectronic material has been researched for more than half a century, including
rudimentary CdSe tandem devices [42—44]. Due in part to the emergence of CdSe as a critical layer
within record CdSe;_ xTex [45], interest in CdSe as a tandem candidate has grown in recent years
[46—48]. In this section, the properties of CdSe absorbers grown via close space sublimation (CSS)
at Colorado State University will be reviewed alongside generally relevant materials properties
used to inform the engineering of devices. This will establish the properties of CdSe absorbers
which are relevant to the integration of devices, and will be used to inform the discussion of device

performance in Section 4.3.

4.2.1 Deposition of CdSe at Colorado State University

CdSe absorbers, deposited at CSU with close-space sublimation (CSS) using the Advanced
Research Deposition System (ARDS), were grown from a single source of stoichiometric CdSe
powder as the source material. The deposition conditions for CdSe thin films were determined
by examining the vapor pressure curve for CdSe [49], as shown in Figure 4.1, noting that at the
operating point of ~40mTorr we require temperatures in excess of 500°C to sublime CdSe.

When CdSe is heated above a suitable vapor-pressure temperature, the source powder decom-
poses into gaseous cadmium and selenium, shown by the reversible reaction in Figure 4.1. In CSS,
the substrate (TCO-coated glass) is held at a temperature below the vapor-pressure temperature
of CdSe, which allows the sublimed vapor to recondence onto the substrate without excessive re-
evaporation. In this work, the substrate temperature was held at 475°C, while the source was held

at 575°C (AT = 100°C), schematically shown for the ARDS system in Figure 4.2.
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Figure 4.1: Vapor saturation pressure of CdSe as a function of temperature. The green arrows indicate the
operating point of the ARDS (~40mTorr) and the source and substrate temperatures, where the source is
held at 575°C and the substrate is held at 475°C.
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Figure 4.2: Diagram of the ARDS configuration with source and substrate temperatures for CdSe and CdCl,

indicated.
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The thickness and stoichiometry of as-deposited CdSe absorbers were determined by x-ray
fluorescence (XRF), shown in Figure 4.3. This reveals that the deposition of CdSe is linear with
time (rate ~ 1 pum/s) and that thinner absorbers tend to have a reduced Se content. This may be a
result of Se off-gassing from the substrate during cooldown, where the thicker absorber is able to

retain a greater concentration of Se in bulk.
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Figure 4.3: Transmission, XRF, and PL. measurments were measured across the surface of CdSe absorbers
as indicated in the photo of a CdSe absorber. XRF data shows a linear growth rate (1pm/s) with increased
Se content for thicker absorbers. Transmission data indicates a large bandgap of 1.7eV and absorption
coefficient >10% cm~! for E>E,,.

The bandgap of as-deposited absorbers was determined via transmission measurements across
the surface of the absorber using a UV-Vis spectrometer, also shown in Figure 4.3. This shows
that the peak absorption onset for any thickness occurs near 720nm (~1.7eV), which is consistent

with the expected bandgap of CdSe. The transparency of photons above the bandgap is also seen
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to decrease with increasing absorber thickness. The absorption coefficient for these films was
calculated from the transmission spectra, and was found to be >10* cm™! for E > E,, indicating
that >90% of photons may be absorbed within the first micron of the absorber.

Following the initial deposition, various post-processing conditions to promote recrystalliza-
tion and passivation of grain boundaries were evaluated using CdCl, heat treatment (CHT), similar
to CST devices [50, 51]. First, CHT was explored using CSS in the ARDS, where CdCl, was
sublimed onto the CdSe surface and allowed to diffuse into the CdSe film. This process reduces
the melting point of CdSe, allowing recrystallization during the cooling period and resulting in

increased grain size and PL peak emission, as shown in Figure 4.4.
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Figure 4.4: Optical microscopy of CdSe surface demonstrates the growth in grain size resulting from the
CHT process. PL measurements of as-deposited absorbers demonstrates peak emission close to the expected
bandgap of 1.7eV. PL emission is increased following the CHT process, as indicated by the red curve in the
right-hand figure.

91



However, plane-view and cross-sectional SEM imaging of absorbers which received a CHT
from the ARDS, shown in Figure 4.5, reveal a rough surface with voids and stacking faults which
may be prone to shunting / recombination of charges. To combat this, a wet CHT process, similar
to that used for CST absorbers, was explored. The same absorber was given this wet CHT, with
results shown to the right in Figure 4.5. This process resulted in a smoother surface, with larger

grains and no voids or stacking faults.

ARDS CHT =) Wet CHT

Figure 4.5: Cross-section and plane view SEM imaging of CdSe absorbers with CHT from the ARDS (left)
and wet CHT (right). The ARDS CHT process results in a rough surface with voids and stacking faults,
while the wet CHT process results in a smoother surface with larger grains and no voids or stacking faults.

The wet CHT process was then evaluated without any ARDS CHT processing on a number
of the absorbers grown at CSU. Cross-sectional SEM of absorbers with a wet CHT step, imaged
following integration into completed devices and shown in Figure 4.6, reveals that the wet CHT
process alone is sufficient to grow large grains with a low density of defects. Additionally, the

thickness measured from XRF in Figure 4.3 is found to be consistent with the cross-sectional
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thickness given some degree of surface roughness. Devices made from CdSe absorbers with either

the ARDS CHT, wet CHT, or a combination of the two processes showed that the ARDS CHT

alone did indeed result in shunted devices, as indicated by the dark JV curves.
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Figure 4.6: Cross-sectional SEM of CdSe absorbers with a wet CHT step. The thickness of the absorber
is found to be consistent with the XRF measurements, and the surface is smooth with large grains and low
density of defects. JV curves for devices with either ARDS CHT, wet CHT, or a combination of the two
processes are shown below. The ARDS CHT alone (solid orange curve, refered to as CSU CHT) resulted in
shunted devices, while any use of the wet CHT process resulted in devices without shunting, eximplified by
the exponential difference in short-circuit conductance (Gg¢) in the dark.

Time of flight secondary ion mass spectroscopy (ToF-SIMS) was used to map the distribution
of elements (arbitrary counts) along a 20 by 20 pm square area on a representative CdSe absorber
from First Solar following a wet CHT process, shown in Figure 4.7. Low background levels of
sulfer and tellurium are seen (total counts three orders of magnitude less than Se) likely due to the

historic use of these elements within First Solar’s VTD process. Cl is seen to primarily accumulate
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along grain boundaries, as expected from a chlorine passivation process, but some CI is noted

within grains and concentrated around areas where oxygen is most abundent.
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Figure 4.7: 2D mapping of Cl, O, S, Te, and Se from ToF-SIMS for a CdSe sample grown by VTD at First
Solar.

The PL emission and TRPL lifetime of the absorbers grown at CSU following a wet CHT pro-
cess is shown in Figure 4.8. The PL emission is found to be about two orders of magnitude greater
than that of the as-deposited absorbers, with peak emission at 1.72 eV following CHT. The slightly
reduced peak emission for as-deposited absorbers may be due to an increased density of defects
which results in non-ideal absorption/emission. This is also seen through an increase in TRPL
lifetime, indicating that the CHT process has reduced the density of defects and recombination

centers within the lattice.
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Figure 4.8: PL and TRPL measured on CdSe absorbers with various thickness. Subgap emission is noted
to increase following the CHT process and appears to be greater in thinner absorbers. Lifetimes before CHT
were in the picosecond regime and not shown in the figure.

These optoelectronic properties demonstrate that the CdSe absorbers grown at CSU have an
ideal bandgap of ~1.72 eV for tandem top-cell applications. As-deposited absorbers have low
PL emission and lifetime in the picosecond range before a CHT step, indicating lattice disorder
which may result in a high rate of recombination. Following CHT, an increase in grain size from
submicron to > 5 microns on average results in PL emission increasing by ~2 orders of magnitude

and lifetimes increasing from the picosecond range to upwards of 3 ns.

4.3 CdSe Device Fabrication

This section will review the process of engineering devices using CdSe absorbers fabricated
at First Solar with similar optoelectronic properties as the CdSe absorbers discussed above. The
general requirements for materials used as charge transport and contact layers will be discussed in
regard to the understood properties of CdSe absorbers and how that influences the development of
high efficiency devices. This will lead to a review of the results of devices fabricated from First

Solar CdSe absorbers before examining identical devices developed from the absorbers grown at

CSU.
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4.3.1 General Requirements for CdSe Device Fabrication

Given that CdSe absorbers are intrinsically n-type, and transparent conductive oxides (TCOs)
used are all n-type, the formation of a pn-junction requires the deposition of some p-type layer
onto the CdSe surface. This approach leads to the formation of a depleted region near the back
of CdSe device, further from the glass side. Therefore, it is desirable to evaluate semi-transparent
p-type transport layers and contact layers to facilitate excitation through the film side, allowing
charge generation to occur within this depleted region.

To do so, wet solution coating of organic hole transporting layers (0HTLs) was explored, sim-
ilar to work which has been done with CdSe by other institutions [48,52,53]. oHTLs are known
to have high transparency in the visible region and can be simply deposited from solution [54],
avoiding additional heating steps which may induce defect formation in the CdSe absorber. In this
work, oHTLs were applied via spin-coating from liquid solution without additional additives to
the solution following the CHT step. Evaporation of excess solvent and film solidification were

achieved via an open-air hot plate anneal, schematically shown in Figure 4.9.
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Figure 4.9: Schematic of the oHTL deposition process. The CdSe absorber is coated with a solution of
oHTL and then placed on a hot plate to evaporate excess solvent and solidify the film.

Through this work, it was found that the oHTL poly(triaryl amine) (PTAA) provided the most
consistently reproducible devices with diode rectification in the dark and photoconductivity when

contacted with thin, semi-transparent 10nm gold (Au). PTAA is a well known organic semiconduc-
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tor with a bandgap of ~3.3eV and a valence band (or highest occupied molecular orbital (HOMO))
energy of ~5.1eV, which is near the measured work function of CdSe absorbers seen through
Kelvin probe force microscopy (KPFM). This however results in a large conduction band offset
which will help to reduce electron conduction into PTAA, but also results in large valence band
offset between CdSe and PTAA ( > 1 eV) which may hinder hole conduction as well. Two other
well known oHTLS, PEDOT:PSS and Spiro-OMeTAD, have similar optoelectronic properties as
PTAA, but required solution additives, such as surfactants or organic dopants, to achieve simi-
lar performance to PTAA, making their application more convoluted and prone to reproducibility
issues.

Evaluation of the concentration of PTAA solutions used for coating showed shunting for de-
vices with concentrations less than 10 mg/mL, likely due to insufficient surface coverage of lower
concentration solutions. Additionally, it was found that PTAA as an oHTL by itself results in de-
vices with low efficiencies and particularly large voltage deficits, likely due to the large valence
band offset between CdSe and PTAA. To address this, a novel approach using high a work-function
transition metal oxide (TMO) between CdSe and the metallic contact, both with and without the
oHTL layer.

TMOs, molybninum oxide (MoQOs3) in this case, are deposited to the CdSe or CdSe/oHTL
surface using a thermal evaporation process in an inert environment (=~ 10~° Torr nitrogen). MoO3
has been appreciated as a viable hole transport layer in the organic and perovskite PV community
[55,56]. An evaluation of the impact of changing TMO thickness revealed that an optimal thickness
of 5Snm, as measured by a quartz crystal monitor during thermal evaporation, provided the most
consistently reproducible devices, where thinner layers (<5 nm) resulted in shunting and thicker
layers (>5 nm) resulted in a large increase in series resistance [57].

Finally, a metallic contact composed of thermally evaporated gold (Au) was selected due to the
large work function of Au (WF = 5.1 eV). This is done in the same vacuum evaporation system
as TMO deposition, without breaking vacuum, to prevent oxidation of the TMO layer. The Au

layer thickness was optimized to 10nm, which was found to be the best tradeoff between increased
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transparency and reduced conductivity seen with reduced Au thickness. The JV results of devices

with combinations of PTAA, MoOQOs, and Au are shown in Figure 4.10.

JV curves for CdSe devices with oHTLs and/or TMOs
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Figure 4.10: J-V measurments of CdSe devices with various oHTL and TMO layers. Best results are seen
with the bilayer structure of PTAA/MoO3 (orange), while devices with only PTAA (green) or MoOs3 (gold)
show a large current and/or voltage deficit.

Devices using MoOj3 as an HTL without PTAA show increased performance with large gains
in Vo and Jg¢. The surface work function of devices increased when MoOy is incorporated, from
~5.1 eV for Au alone to ~5.3 eV with MoO3/Au, which is correlated to a decreased dark saturation
current (J) and thus increased V. While these devices show an increase in performance, there
is still a large V¢ deficit >1 V, possibly due to poor contact selectivity. MoO3 had been selected
as an HTL candidate due to the alignment of its conduction band with the CdSe valence band—
which may be a reason why Jg¢ is seen to increase—but this does little to prevent recombination at
the interface. Each sample shows equivalent ERE, 0.18+0.01%, but vastly different V¢, likely a
consequence of poor charge selectivity at the PTAA/Au or MoO3/Au interfaces alone.

The combination of PTAA as oHTL and MoQO3/Au as a bilayer contact structure produces
the largest Voo near 750 mV and a slightly increased Jgo. This indicates that the large work
function of the MoOjs layer helps to mitigate the energy offset and potential chemical reactions

between CdSe/PTAA and PTAA/Au respectively [58], while the PTAA layer may act as a passiva-
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tion layer occupying dangling bonds at the CdSe surface and reducing interface trapping between
CdSe/MoOs.

The devices presented above were based on roughly 1 pm thick CdSe absorbers, and a clear
difference in performance was noted for excitation from the glass-side vs film-side, which indicates
poor diffusion lengths and trap mediated recombination in the bulk. The low Jg- seen in these
devices is understood to be due in part to the semi-transparency and parasitic absroption of the Au,

MoOg3 and PTAA layers.

4.3.2 CdSe Devices with Varied Absorber Thickness

The absorbers described in Section 4.2 were used to fabricate devices with various thicknesses
to evaluate the effect of absorber thickness on device performance. Devices were fabricated us-
ing the previously described structure of FTO/CdSe/PTAA/MoOs/Au, with absorber thicknesses
ranging from ~0.4 to 1.2 um. These devices were analyzed with JV under 1 sun excitation using
typical AM1.5G spectrum from either the film-side or glass-side and with QE from the glass-side.
Unfortunately, film-side QE measurements were not collected for these devices. JV results from
each side are shown in Figure 4.11.

These measurements show a clear trend in Jgo with thickness, where current is inversely pro-
portional to absorber thickness under glass-side excitation, but proportional to thickness under film
side excitation. V¢ is seen to exceed 800 mV for the thinnest absorber from film-side excitation
and decrease linearly with increasing absorber thickness. Glass-side Voo does not have a trend
with device thickness and is likely convoluted by non-ideal charge generation and transport in this
configuration. The losses in Jgo from film-side excitation are likely due to the increased trans-
parency for thinner devices, where devices less than 1 pm thick showed a transmission of roughly
5% at E, which exponentially decreased with increasing photon energy. However, the low current
from glass-side excitation may be explained by low charge mobilities in CdSe. While it is difficult

to empirically measure carrier mobility in polycrystalline CdSe, it is expected that the mobility

Cm2

- The large absorption coefficient (>10* cm™1) of CdSe results in a

of charges in CdSe is < 1
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Figure 4.11: JV measurments of CdSe devices with various thickness with either film side or glass side
excitation. The current is shown to be inversely proportional to thickness under glass side excitation, likely
due to low diffusion lengths in CdSe, while proportional to thickness under film side excitation, likely due
to an increased transparency for near bandgap photons as seen from Figure 4.3.
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majority of photons being absorbed and generating charges within the first 100 nm from excitation
incidence, which results in a majority of charges to be generated outside the depleted region. Thus,
the current will be dominated by diffusion mediated charge transport, which is highly limited by

carrier mobility, rather than drift transport.

Glass-side QE with various CdSe thickness
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Figure 4.12: QE measured from glass-side for each device. Jsco(QE) calulated through integration of the
QE is shown as an inset figure and demonstrates a similar trend to those seen in JV measurments.

This is further supported by glass-side QE meaurements of each device, shown in Figure 4.12.
While QE tends to increase with decreasing thickness, all devices show a slope in QE which de-
creases with increasing photon energy. This is indicative of diffusion limited current collection,
where the collection probability for charges decreases the farther they are generated from the junc-
tion that is expected to form at the back of the device. The increase in QE seen near 1.72 eV, which
is the expected bandgap of these absorbers, occurs due to deep absorption which generates charges
within the depleted region at that point, increasing collection probability. The extent of band tail-

ing for each absorber was determined through a fit to the band edge from QE and is found to be
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<20 meV on average of all thickness, indicating minimal lattice disorder within CdSe absorbers

that were grown at CSU and subsequently given a wet CHT.

4.4 Voltage Losses in CdSe Devices

In the previous section, CdSe devices fabricated from absorbers grown at CSU were shown
to be able to achieve moderately large Vo up to 800mV when absorber thickness was reduced
to around 500 nm. However, this is still a large deficit considering the bandgap of CdSe (AVo¢
=E,/q - Voc =~ 900 mV). In this section, the fundamental voltage limits of CdSe absorbers will
be discussed before reviewing calculated voltage losses in various devices based on non-ideal

absorption and bulk / interfacial recombination.

4.4.1 Fundamental Voltage Limits of CdSe

The Shockley-Queisser (SQ) limit defines the maximum theoretical efficiency of a solar cell
based on its bandgap. For CdSe with a bandgap of about 1.7 eV, the SQ limit for the open-circuit
voltage (Vg%) is approximately 1.4 V [59], which represents the maximum V¢ attainable in a
device considering the principle of detailed balance. However, this principle considers the absorber
to be perfectly absorptive, where no photons are absorbed for E,;, < E; and that all photons are

absorbed for E,;, > E,. This can be represented by a step function (Heaviside function) with

1 E,,>F
a(E) = e @.1)

0 Eph < Eg

where «(E) is the absorptivity of the material. Using this assumption, Vg% can be determined

simply through the diode equation as follows:
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Jog = dannse(E)dE
E
- 4.2)
J() =q gbBB(E,T)dE
Eg

", Vosg = Ak_T In QIEgO¢AM1.5G(E)dE
q 5, ¢55(E,T)dE

where A is the ideality factor, k is Boltzmann’s constant, T is temperature, q is the funda-
mental charge, Jg¢ is the short-circuit current density, J, is the dark saturation current density
and ¢ an1.5¢/Bp 18 the terrestrial solar spectrum and black body flux respectively. The limits of
integration are set such that a(E) = 1.

In real devices however, the absorptivity is not a step function, and non-ideal absorption can
occur due to various defects or impurities in the material. This is typically represented by an
Urbach tail [23, 60], otherwise referred to as band tailing [61-64], and may be attributed to the
formation of potential fluctuations within the absorber bulk as a result of lattice disorder [35, 36].
This is typically represented by an exponentially decaying modulation to a(E < E,) as

_E-Ey4

a(E < Ey)) =ap(E)e Fu 4.3)

where o is material absorptance and E;; is defined as the Urbach energy which can be consid-
ered an approximation of the level of disorder within an absorber material. Single crystal absorbers
typically have E,, on the order of 10meV, while polycrystalline absorbers have been shown to have
a large range of E,, anywhere from 15 - 100s of meV [65]. This ultimately leads to a reduction in
VSQ to the so-called radiative voltage (VRAD ), which is the maximum V o achievable in a device

considering non-ideal absorptance or radiative recombination and is defined as

(4.4)

VORéL‘D:A 1 <QfE ¢AM15G(E)dE>

qu 92533 E T)dE
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where o E) is the real absorptance of the material, which is a function of both E; and E;;. This
is shown in Figure 4.13 where various degrees of band tailing are represented by increased E;;
with indicated losses in VEAP. This shows that a critical loss in VE2? occurs when Ey; approaches
and exceeds thermal voltage at room temperature (kT = 26 meV). It should be noted that increased
Ey has little impact on Jsc, as the AM1.5G spectrum is relatively flat near E,, but J, is heavily

impacted as the blackbody spectrum at room temperature increases exponentially with decreasing

energy.

Deviations from ideal absorptance in CdSe
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Figure 4.13: Calculated radiative open-circuit voltage (VgéD ) for CdSe as a function of the Urbach energy
(Ey), which is a measure of the extent of the band tailing in the density of states.

This provides a framework for understanding the losses in Voo seen in CdSe devices. For
comparison, Vg% for CdTe (E;, ~ 1.5 eV) and CdSeTe (E;, ~ 1.4 eV) is 1.21 and 1.12 V re-
spectively [59]. This indicates that CdSe devices have the potential to achieve higher open-circuit

voltages than CdTe devices, where high Vo is understood to be a critically limiting factor in

CdSeTe based photovoltaics.
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4.4.2 Calculated Voltage Losses in CdSe Devices

CdSe absorbers in this section were grown at First Solar using vapor transport deposition,
identical to that discussed in Chapter 2 and Chapter 3 but without any CdTe layer. After various
optimizations in the post-deposition annealing step, absorbers with thickness around 500 nm were
shown to achieve a high Voo over 900 mV, with JV and QE shown in Figure 4.14. These devices

were fabricated using the previously described structure of FTO/CdSe/PTAA/MoOs/Au.
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Figure 4.14: Film-side JV and glass-side QE measurements for CdSe device fabricated from thin absorbers
grown by VTD at First Solar. Inset of QE curves show Ey fit to the bandedge.

A fit to the band edge of the QE presented results in a calculated E;; = 18.5+£0.5 eV for 12
cells across the device. This is similar to the small E;; shown for devices fabricated from CdSe
absorbers grown at CSU, indicating an inherent low disorder in CdSe absorbers possibly due to
the fact that they are intrinsically n-type with no extrinsic doping (Ey less than 20 meV was also
shown for intrinsic CdSeTe absorbers in Chapter 3). Such E; results in a loss of approximately 30
mV and results in VEAP ~ 1.39 V.

Beyond radiative losses due to band tailing, non-radiative losses and contanct selectivity must
be considered. It has been appreciated that non-radiative voltage losses (AV/5) are a primary

factor for reduced V¢ seen in CdTe based solar cells [66], where non-radiative losses can be
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accounted for through a measurment of the external radiaitve efficicny (ERE). ERE accounts for

photons emitted per photons absorbed within the material, and is typically represented by

. 6(“2?0 ) fa(E)quB(E,T)dE
FRE= f a(E) <¢exc(E) + ¢BB(E7 T)) dE

4.5)

where iV ¢ is the implied V¢, which is a measure of the quasi-Fermi level splitting (qFLS),
and ¢, 1s the excitation spectrum used during measurement. This can be rearranged to solve for

iVOC as

kT
Voo = V4P — ?|ln(ERE)| (4.6)

where ERE is represented as a percentage. ERE was measured for devices at First Solar using
a similar apparatus as that which has been previously described [67] composed of a 532nm laser
which is chopped before being split to a power meter and the sample under test, with emission
collected by a Si detector and analyzed by a lock-in amplifier referenced by the chopper. The
resulting ERE was found to be approximately 4 X 1073% for the high Voo sample shown in
Figure 4.14, which is similar to ERE values measured for many other CdSe samples. This leads to
a calculated iV of approximately 1.26 V with non-radiative voltage losses of 144 mV (AVy,, =
KTIn(ERE) ~ -144 mV).

The remaining voltage deficit is typically attributed to contact selectivity [68, 69] which is
defined as the ratio between V¢ and the ideal Voo (S = Voo /1Voe). This would lead to a calcu-
lated S = 0.71 (71%) which indicates that the remaining voltage deficit may be due to poor contact
selectivity at any of the CdSe/PTAA/MoOs/Au interfaces. In the next section, these results will
be further reinforced through absolute photoluminescence (PL) measurements of CdSe absorbers,
which will be used to determine the real absorptance spectrum and to provide insight into what

factors may be contributing to poor contact selectivity.
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4.4.3 Absolute Photoluminescence of CdSe Absorbers

To empirically determine voltage limits in CdSe, absorptance for CdSe thin-films was deter-
mined through the method of absolute photoluminescence [70] making using to a spectrally cal-
ibrated system with coupled Si and indium gallium arsenide (InGaAs) detectors with a spectral
range down to roughly 0.8 eV. The PL spectrum for a CdSe thin-film of roughly 600 nm thick-
ness is shown in Figure 4.15. This spectrum, showing the same 1.7 eV peak emission and 1.4
eV defect emission seen in various other CdSe devices, also reveals the presence of a large defect
peak near 1.1 eV which was previously unseen due to the sensitivity limits of Si detectors. Before
determining the impact that these defect states have on CdSe, the qFLS is estimated via Wurfel’s
generalized Planck law [71] whereby a linear fit to the high energy side of the PL emission gives a
slope proportional to the device temperature and an intercept which is the qFLS. Doing so reveals
that T = 323 K, which gives confidence to the results as they were measured at room temperature,
and iVoc = 1.14 V for this film, which is ~ 150 mV less than the iV calculated from ERE
of the 900 mV device. This is likely due to the presence of the deep defect near 1.1 eV which
was not accounted for in the measurement of ERE, thus we can assume that the iV calculated
from the PL spectrum is a more accurate representation of the qFLS in CdSe. Additionally, the PL.
quantum yield (PLQY) for this sample was determined to be 2 x 10~%%, which is lower than the
ERE measured by an order of magnitude.

From the above calculated iVoc and T, a() is calculated for photons with E < E, through a

reorganization of the generalized Planck law as

h3c? E — 1V,
o(B) = Ipp(E) 5 — {exp (%) - 1} (4.7)

where Ipp(E) is the PL spectrum, h is Planck’s constant, and c is the speed of light. The
resulting absorptance spectrum is also shown in Figure 4.15 in red. With this spectrum, we estimate
the Urbach edge energy through a linear fit to the band edge over 70 mV (1.65-1.72 eV). This
Urbach edge energy is determined to be ~ 16 meV, well below thermal energy and indicates high

quality absorbers. Using the Ey; from the absorptance spectrum above results in Voo 4P = 1.4 V
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Figure 4.15: Absolute photoluminescence spectrum of CdSe thin films. The spectrum shows the presence
of a large defect peak near 1.1 eV, as well as a smaller defect peak near 1.4 eV. The peak emission at 1.7
eV is consistent with the bandgap of CdSe. Quasi-Fermi level splitting (QFLS), also known as the implied
Voc, is determined from the slope of the high energy side of the PL emission.
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for a 600-nm CdSe samples. Using this along with the PLQY (which can be substituted for ERE
when using absolute PL) results in a calculated iVoc = 1.17 V, which is in close agreement with
the value determined from the fit to the high energy side of the PL spectrum. This indicates that
non-radiative recombination is more significant than radiative recombination in these devices, but
that the so-called contact selectivity is the primary limiting factor to V. This analysis was done
on a CdSe absorber rather than a completed device, and the presence of deep defect states indicates
that certain recombination processes are occurring within the CdSe bulk. To determine how these
defect states impact device performance, temperature and intensity dependent P and TRPL were
performed on the same sample in addition to a second sample with a different thickness. The

results of these measurements are shown in the following section.

4.4.4 Temperature and Intensity Dependent Measurements of CdSe

Two CdSe absorbers with different thicknesses were analyzed using temperature and inten-
sity dependent PL. and TRPL to determine the impact of defects on device performance. Sample
S2 was a roughly 600 nm thick absorber, which is the absorber shown in Figure 4.15 and dis-
cussed previously, and sample S1 was a 1.2 pm thick absorber. Both samples were grown with the
same VTD process as described previously on TCO coated glass and received a wet CHT prior to
analysis. The PL spectrum measured under 1 sun excitation with a 633 nm He-Ne laser at room
temperature for both samples and at 4 K (achieved with a closed loop He crystat) for S1 is shown
in Figure 4.16. These samples show a peak at the expected bandgap of ~ 1.7 eV in addition to
the two defect peaks at 1.4 eV (D1) and near 1.1 eV (D2), as was previously seen in Figure 4.15.
PLQY for these samples was determined to be 2 X 1074 and 5 X 10~° for S1 and S2 respectively.
Absorptance spectra for each sample calculated using equation (4.7) is shown as an inset in the
room temperature PL spectrum. A fit along the bandedge of the absorptance results in E;y ~ 11.5
meV for S1 and 15.8 eV for S2, indicating that the thinner absorber does have some degree of ad-
ditional disorder, possibly due to a larger concentration of selenium vacancies as was indicated by

the reduction of Se seen in XRF analysis of absorbers grown from CSU in Figure 4.3. Nonetheless,
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both absorbers show a low E;; which is consistent with the low E;; seen in other CdSe absorbers
and indicates that these absorbers are of high quality. In fact, the 11.5 meV Ey; is among the lowest
values reported for polycrystalline semiconductors [72], only surpassed by certain single crystal

absorbers [73-75], and speaks to the merits of CdSe.
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Figure 4.16: Absolute photoluminescence spectrum of CdSe thin films at (a) room temperature with an
inset of the calculated absorptance spectrum and (b) at 4 K for the thicker sample S1 with inset of the near
bandgap region.

The low temperature (4 K) PL spectrum for S1 (1.2 ym sample) provides insight into the
dynamics of defect states. At low temperature, D1 and D2 become more distinctly separated,
where deconvolution of the full spectrum shows D1 peaks at 1.37 eV and D2 peaks at 1.06 eV.
Defects near this energy have previously been ascribed to selenium vacancies (Vg.) and oxygen
substitution of Se (Og,) respectively [76], both of which are possible here considering the high
vapor pressure of Se and the presence of oxygen during the CHT process. The FWHM of D2 has a
small shift from 258 meV at room temperature to 213 meV at 4 K while D1 narrows significantly
from 366 meV to 119 meV, indicating that D1 is likely a shallow defect as broadening of the defect
peak at low temperature can be attributed to increased defect to band transitions. The temperature

dependence for these defects is shown in Figure 4.17 from 4 K to 300 K where PL excitation used
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here was with a 442 nm He-Cd laser. Defect D1 is shown to roughly double in intensity up to
100 K before quenching, where an Arrhenius fit to this data results in a thermal activation energy
(E,) of 130+20 meV, which is in close agreement to that shown previously for a defect at 1.35
eV [76] and provides further insight into the assignment as a shallow defect. Defect D2 however

was determined to have an activation energy of 800 meV, indicating it is likely a midgap defect

state near the midgap.
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Figure 4.17: Results of defect emission measurements. (a) Temperature dependent subgap emission for
sample S1. (b) Fitting of the thermal quenching of defect D1 at high temperatures to determine E,. (c)
Schematical configuration diagram demonstrating hole capture by defect D1. (d) Defect emission intensity
as a function of temperature assigning D2 as a midgap defect.

To further understand these assignments and the kinetics of trapping by these defect states,

intensity and temperature dependent TRPL, shown in Figure 4.18 was performed for S2 using a
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450 nm ytterbium-doped potassium gadolinium tungstate (KGW:Yb) laser with 300 fs pulses at

1.1 MHz.
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Figure 4.18: Intensity dependent carrier dynamics determined from TRPL. (a) CdSe bandgap TRPL over a
range of fluences. Inverse rate constants shown indicate the fast initial decay (k1 ), the long quenched lifetime
resulting from trapping (ko) and the single exponential lifetime after trap saturation (tsrg) (b) Quenching
of PL intensity for traps D1 and D2 with same rate as quick bandgap TRPL (c) TRPL for defect D1 and D2
at room temperature and 4 K. (d) A schemattic band diagram representing trapping dynamics relative to the
conduction and valence bands.

First, the bandgap TRPL (measured at 700 nm) shows an initial fast decay of 0.2 ns and a slow
tail decay of 1 s (inverse rate constants kl’/lz) with low fluence injection. The fast decay rate is
shown to match the quenching rate in PL emission for both defects D1 and D2, indicating that this
fast decay is due to trapping at these defect sites. Given that CdSe absorbers are n-type (major-
ity carriers are electrons) it is likely that these defects reside closer to the valence band than the
conduction band, as low fluence dynamics are dominated by minority carriers (holes). As the flu-
ence is increased, these defect sites become saturated and the bandgap lifetime approaches a single

exponential decay with a lifetime of 7 ns which is assigned to Shockley-Reed-Hall (SRH) recom-
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bination at an arbitrary midgap state for the bare absorber films. The density of traps is estimated to
be roughly 5-50 X 10'" ¢cm™3 based on the fluence at which the bandgap decay approaches single
exponential and thus the trap states are saturated (fluence = 6 X 10'3 photons per cm per pulse).

TRPL for defects at room temperature is shown for both D1 (measured at 1.35 eV) and D2
(measured at 1.24 eV due to sensitivity of Si detector) and at 4 K for D2. Defect D1 shows a
single exponential decay with a lifetime of 1 s which matches the slow tail lifetime from bandgap
emission, which is attributed to hole emission from D1 to the valence band. D2 however showed
a longer lifetime of about 25 +/- 7 us at room temperature and 4 K, which is typical for deep trap
states and is unlikely to contribute to photocurrent. These results are summarized by use of four
rate constants as such: k; for quick carrier capture from the valence band to trap states D1 and
D2, ko for hole emission from trap D1 to the valence band, ks for slow electron capture from the
conduction band to trap D2, and kgry = Tsry to describe SRH recombination dynamics.

As discussed previously, the majority of voltage deficit in CdSe devices was attributed to low
contact selectivity. The dynamics of charge trapping described here helps to understand why this
may be so. The change in initial TRPL decay at the CdSe bandgap indicates that the surface
recombination velocity is less than 10* cm—3, indicating that recombination at the interfaces be-
tween CdSe and transport layers is likely less dominate than bulking trapping due to 7sry life-
times around 7 ns. This can be shown through analysis of the impact that trapping has on diffusion

lengths in CdSe absorbers. Hole mobilities in CdSe are estimated to be upwards of 25 C‘T/”SQ which

can be used with the measured 75z of 7 ns to determine minority carrier diffusion length with
L, =/ DyTsry where D;, = %T . This results in a diffusion length up to 700 nm but does not
account for trapping from the valence band to states D1 and D2. To account for this, the reduction

in carrier mobility is determined by

N, EN
Mtrap = Hh |:1 + Ftexp (k_T>:| (48)

where N, is the density of traps, N, is the density of states in the valence band, and E, is the

activation energy for trapping [40]. This results in a reduction in p;, by roughly 30X leading to a
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reduction in diffusion length down to L; = 150 nm at most. This greatly limits the collection for
carriers at contacts in CdSe and is exemplified in reduction for collection probability in QE, where
QE measured from the glass-side was seen to decrease exponentially with increasing thickness, and
even 400 nm thick CdSe devices show a reduced collection probability for higher energy photons

which generate charges further from the junction under glass-side excitation.

4.5 Conclusions

CdSe absorbers grown by close-space sublimation at CSU and by vapor transport deposition at
First Solar were shown to have large bandgaps near 1.7 eV and high absorption coefficients greater
than 10* cm™3, making CdSe and ideal candidate for tandem top cell applications. Regardless
of the deposition technique, CdSe absorbers tend to have sharp band edges and high radiative
efficiency, resulting radiative and non-radiative voltage losses less than 200 mV, which would
indicate the potential to achieve high Vo near 1.2 V. However, subgap emission near 1.4 eV, in
addition to around 1.1 eV seen with use of InGaAs detectors, was also seen in CdSe absorbers
regardless of deposition technique. This indicates some inherent defects within CdSe which may
act as a limiting factor to device performance.

Through development of devices making use of organic hole transport layers and high work
function transition metal oxides with thin semi-transparent metallization, V¢ upwards of 900 mV
was achieved with efficiencies approaching 5%. This was seen to occur as absorber thickness was
reduced to near 500 nm, but also resulted in a loss in Js¢ due to partial transparency for photons
with energies close to the bandgap. The roughly 300 mV difference between expected voltage and
measured voltage was attributed to poor contact selectivity, which was shown to be a symptom
of trap related diffusion length limitations with trap states on the order of 10'7 cm™® resulting in
low diffusion lengths less than 200 nm. It is for this reason that thinner CdSe devices were able
to achieve larger voltages, but a careful balance must be struck between the increase in Voo and

the loss in Jg¢. In order to further the development of CdSe based photovoltaics, more work must
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be done to reduce the density of trap states which have been attributed to selenium vacancies and
oxygen substituting selenium sites.

CdSe remains a promising candidate for tandem top cell applications, with V¢ greater than
900 mV reported here and Jgo greater than 85% of the theoretical maximum [77] having been
reported by other institutions making use of proper transparent back contacts such as ITO. Com-
bining these two factors together may be a pathway towards furthering device efficiency. However,
the use of organic hole transport layers has been ubiquitous in modern CdSe devices [47,48, 53],
which has resulted in limited fill factors typically less than 50%. This is a strong indication that
more work needs to be done in switching to inorganic hole transport layers, which should have

lower bulk resistivity and thus greater charge mobilities than organic materials.
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Chapter 5

Conclusions and Future Work

CdTe remains a critical technology in the renewable energy sector, accounting for a majority
of PV manufacturing in the US. As CdTe based PV continues to mature, device architectures are
becoming increasingly complex, which has led to many factors that may be competing with each
other to allow for further advancements. This thesis has generally focused on the role of Se in
CdTe based devices in conjunction with a variety of dopants. The use of Se alloying in CdTe
devices allows a modulation of the energy band levels in CdSe x Te(;_x) (CST), where the optical
bandgap can be reduced from roughly 1.5 eV to 1.4 eV when X ~ 0.3 (CdSeq3Teg7 : 30% Se
and 70% T) and further increased to roughly 1.7 eV when x = 1 (CdSe : 100% Se and 0% Te).
This allows CST manufacturing to provide for both ideal single junction devices and fill the role

of yet-to-be-realized mature tandem top-cell devices.

5.1 Group-V Doped CST Summary

The use of group-V doping in CdTe PV was investigated to understand factors which may be
limiting their success. First, an examination of the annealing parameters used during the chlo-
rine passivation was performed to determine the best conditions to produce high efficiency (20%)
devices. Absorbers consisting of a bilayer of thin CdSe and thick CdTe were ex-situ doped with
arsenic (As) through wet solution deposition onto the CdTe surface prior to a chlorine anneal
step. By holding the concentration of dopant in solution (As in this case) constant and varying the
annealing environment and crucible, secondary ion mass spectroscopy (SIMS) analysis revealed
that dopant concentration in the bulk was reduced during anneals with potential oxygen exposure,
indicating that interactions between oxygen and group-V dopants may be a factor limiting suc-
cessful doping. Devices with similar concentrations of oxygen and group-V dopant in the bulk
were limited to roughly 10% efficiency at best. Through iterative work in removing oxygen con-

tent and cleaning crucibles used during annealing, devices with efficiencies greater than 15% were
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achieved, with Jg- near 30 mA/cm? approaching the theoretical maximum. However, these de-
vices had a low dopant activation ratio less than 0.5%, resulting in a moderately low fill factor
of roughly 70% and V¢ about 750 mV. By reducing the concentration of group-V dopant in the
ex-situ solution based process roughly 12X, the density of acceptors was seen to stabilize around
1-5 X 10'% cm™2 while the activation ratio was found to increase up to 2.5%. Doing so enabled
device efficiencies to approach 20% through increased fill factor of roughly 80% and Vo around
850 mV. This provided insight into the factors which were previously limiting device performance
due to overdoping, where excessive incorporation of dopants into CdTe increases the probability
of compensating defect formation, leading to increased bandtail states that reduce voltage.

A novel method to increase group-V dopant activation intended to prevent oxidation of group-
V dopants through use of oxygen getters was presented. In this work, the same bilayer CdSe/CdTe
absorbers were used with phosphorus ex-situ doping. Phosphorus was selected for this work, rather
than arsenic, as the probability for phosphorus oxidation is greater than that of arsenic and the use
of phosphorus doping has allowed for the most recent record efficiencies with V¢ slightly above
900 mV. As such, there is much interest in understanding factors which limit continued improve-
ment with P-doped CST. Elements with a greater probability of oxidation relative to phosphorus,
in particular silicon (Si) and aluminum (Al), were ion implanted into the back of CST to a depth
of 200+100 nm prior to ex-situ doping and chlorine annealing. Ion implantation allowed the in-
troduction of oxygen getters into the CdTe bulk in their ionic form, where they are free to reduce
oxidation of phosphorus. Indeed, SIMS analysis of as-implanted absorbers indicated successful
getter incorporation, and following absorber annealing and device integration, devices with oxy-
gen getters were shown to have a reduced concentration of phosphorus oxide throughout the bulk.
This translated to a moderate increase in dopant activation from roughly 0.4% to 2.1% with Si as
an oxygen getters and 0.6% to 3.5% with Al as an oxygen getter, where P-doped CST has tended
to have dopant activation less than 1%. However, this did not improve device performance in prac-
tice, indicating that while the methodology of reducing group-V oxides can increase activation, the

process of ion implantation needs to be reevaluated and refined.
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To further understand what factors may be contributing to compensating defect formation,
devices made from intrinsic CST absorbers were evaluated. In this case, intrinsic CST absorbers
were compared to absorbers which were n-type doped (Al) and p-type doped (P or As). These
absorbers were all given the same chlorine anneal and devices were integrated using a p-type ZnTe
buffer and transparent back contact structure. Scanning kelvin-probe force microscopy (KPFM)
was used to determine the location of the peak field strength, and thus the location of pn-junction
within each device. This revealed that the intrinsic CST device has a pn-junction formed between
the CST and p-type ZnTe, just as the Al-doped devices, while the group-V doped devices were
found to have a pn-junction between the n-type TCO and CST, as is expected for a p-type CST.
This showed that CST is intrinsically n-type, unlike CdTe which tends to be intrinsically p-type.

Through complimentary superstrate and substrate JV and QE analysis, intrinsic CST devices
were shown to perform best in substrate mode, where excitation is incident on the film side result-
ing in a majority of charge generation to occur within the depleted region formed by the CST/ZnTe
interface. It was also shown that carrier lifetimes are increased in n-type CST absorbers relative
to p-type absorbers when injection is from the film-side, likely due to quick separation of charge
pairs generated within the depleted region. The collection probability in QE measured from the
film-side was flat over a large range of energies for the intrinsic absorber, but showed a negative
gradient toward high energies for the Al-doped device, indicating ex-situ n-type doping limited
collection probability. Additionally, the Urbach energy for all ex-situ doped devices was larger
than the intrinsic device, which showed E;; < 20 meV. This all results in intrinsic devices with effi-
ciencies approaching 8% from the film-side. Most interestingly however, CV analysis showed that
the charge concentration between the Al-doped and intrinsic CST absorbers was nominally iden-
tically, bringing to question what the source of donor defect formation in these n-type absorbers
was. To understand this, intrinsic CST devices with uniform concentrations of Se at various levels
(X=0, 0.15, and 0.3) were compared to those with a graded Se concentration. This revealed that

the concentration of donor states in intrinsic CST increases from less than 101® for X = 0 to greater
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than 10'” when X = 0.3, indicating that Se itself is a major contributor to n-type conversion and

may be a source of defects which compensate the use of group-V dopants.

5.2 Future Work in Group-V Doped CST

The use of oxygen getters for group-V dopant activation requires greater attention to deter-
mine if it is a viable method for increasing group-V dopant activation. For one, the use of ion
implantation in this work was performed with limited number of elements to act as oxygen getters
and with limited evaluation in changing the processing parameters of the implantation itself and
post-processing conditions. Additionally, the use of SIMS to determine the distribution of oxide
species needs further attention to understand the extent to which various oxide species are forming
under differing process conditions. Beyond this, alternative methods of oxygen gettering should
be explored which are not as prohibitive and potentially destructive as ion implantation.

Greater detail in the way in which dopant activation is determined, and it’s impact on device
performance, should be addressed as well. SIMS analysis for quantification of dopant concentra-
tion provides information on a small region of the absorber bulk, while CV analysis is assumed
to provide information on the charge concentration within the depleted region of a full device.
Yet, the electric fields measured on the cross-section of devices in scanning kelvin-probe force mi-
croscopy has been seen to fluctuate around the depleted region, particular in the case of phosphorus
doping [78]. A more accurate accounting may be made through a 3D mapping of the distribution
of dopants throughout the bulk with methods such as atom probe tomography combined with more
accurate mappings of the distribution of charge carriers within the depleted region.

While it has been somewhat appreciated by the CdTe community recently, the intrinsic n-type
nature of CST absorbers deserves greater attention, both in regard to its impact on group-V doping
activation and for its potential to be used as an n-type absorber layer itself. The p-type conversion
process in CdTe photovoltaics has posed many problems over the years, not the least of which is
the stagnation of progress in increasing Voc. The largest voltages reported (greater than one volt)

have been from the single crystal community using n-type CdTe which was doped with indium and
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made use of CdMgTe buffer layers. In this work, 7% efficient devices with Jg¢ around 17 mA/cm?
were achieved using graded Se absorbers with a concentration gradient reducing towards the back
interface. As such, the lifetimes measured from the film-side for intrinsic devices were quite low
(less than 1 ns) albeit larger than that of the p-type absorbers. Work to reverse the Se gradient,
increasing from the back to the front of the devices instead, may afford n-type CdTe devices further
increased carrier generation and carrier lifetimes within the depleted region, both of which should

translate to an increased Js- and V¢ for such devices.

5.3 CdSe Device Summary

CdSe growth at CSU using close-space sublimation (CSS) was explored through deposition
of CdSe at thicknesses ranging from roughly half a micron to 1.5 microns. Analysis of the ab-
sorption onset and peak emission of these absorbers showed a large bandgap of ~ 1.7 eV for all
thicknesses, which is ideal for use as a tandem top-cell. As with CdTe based absorbers, CdSe was
seen to benefit from a chlorine treatment which increased grain sizes, peak emission, and carrier
lifetime. However, unlike CdTe, CdSe is highly n-type and has a deep ionization potential with
the valance band reside around 6 eV. This required an intensive evaluation of materials for de-
vice integration which allow both the formation of a pn-junction and are semitransparent to allow
film-side excitation. Ultimately, the use of organic hole transporting materials, namely PTAA, and
transition metal oxides, namely MoOs, were shown to result in the best device performance with
efficiency approaching 5% and V¢ greater than 750 mV. The absorbers grown at CSU were inte-
grated into devices with this structure and shown to have Vo up to 800 mV as absorber thickness
decreased. It was seen that both radiative and nonradiative losses in these absorbers was quite low
(less than 200 mV combined) and that the largest loss from ideal Vo (roughly 1.4 V here) was
attributed to poor carrier selectivity. This provided insight into the potential that thicker absorbers
were losing voltage due to diffusion length limitations, which was supported by the observation of

voltage-dependent current collection in these devices.

120



Through iterative work in decreasing the absorber thickness and optimizing the annealing pro-
cesses with VTD deposited CdSe from First Solar, CdSe devices were shown to achieve V¢
greater than 900 mV. However, this represents only 64% of its theoretical maximum. To further
understand factors contributing to poor contact selectivity temperature and intensity dependent
PL/TRPL measurements were explored. This work identified two subgap defects at roughly 1.4
and 1.1 eV, which have historically been associated with selenium vacancies and oxygen substitut-
ing selenium respectively. Evaluation of flueance dependent TRPL at the CdSe bandgap showed
a quick quenching of carrier lifetime with decay time of 0.2 ns and extended tail lifetime of 1
pus. This was attributed to trapping by the 1.4 eV defect, which was shown to be a shallow de-
fect with activation energy of roughly 130 meV, and TRPL analysis of CdSe at the 1.4 eV defect
demonstrated the same 0.2 ns lifetime. By identifying the flueance at which the bandgap lifetime
approached a single exponential decay, and thus trap stats were saturated, the density of traps in a
500 nm thick CdSe absorber was determined to be on the order of 10'” cm~2. This all resulted in
the determination of low diffusion lengths less than 150 nm in CdSe absorbers, where quick trap-
ping in the picosecond scale and slow detrapping in the microsecond scale limits mobility. This
is one reason why thinner devices may be able to perform better and were able to achieve Voo

greater than 900 mV.

5.4 Future Work in CdSe Devices

Continued research into the development of devices based on n-type CdSe is warranted, as
the current use of organic hole transport layers is one factor which may be limiting the ultimate
efficiency. Organic semiconductors are known to be more resistive than inorganic semiconduc-
tors and can have stability and reproducibility issues. One inorganic p-type candidate material is
ZnSex Te;_x, which has a tunable band structure based on the Se fraction similar to that of CST.
Alternatively, the use of dopants in the organic semiconductor may allow for greater conductivity
and reduce recombination at the interface. Additionally, the use of more a more transparent back

contact in place of the thin Au contact may allow for less current loss due to surface reflection.
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The absorber fabrication process also deserves attention in order to reduce the formation of
trap states which currently limit the mobility of charges in CdSe and greatly reduce the efficiency
of devices. Recent work in doping CdSe with Te (CdSeq 95Te o5) demonstrated increased carrier
lifetimes and enabled efficiencies to increase by roughly 1% [77]. By use of a device structure
consisting of PEDOT:PSS/Cul/ITO in place of the PTAA/ MoOs/Au shown here, Jg- of 18.8%
(84% of the theoretical maximum) was shown, but a low V¢ of only 470 mV was achieved. This
indicating that CdSe absorbers have the potential to achieve high currents, which was a problem
presented in this work, but there may be a trade-off between Jg- and Vo which needs to be further
explored. This is particularly important for the development of tandem devices, where the tandem

module Jg¢ is limited by the top cell and the V¢ is the sum of the top and bottom cell.
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