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ABSTRACT

Marco Nardone, Committee Chair

Cd(Se,Te) has emerged as a leading choice for commercial thin-film PV devices, owing
to their lower cost of production, high energy yields, and low degradation rates compared to
silicon technology. Despite significant advancements, Cd(Se,Te) cells suffer from recombination
losses, reducing the open-circuit voltage (Voc). This thesis aims to identify, distinguish, and
quantify recombination losses and their locations within Cd(Se,Te) solar cells via temperature
and light intensity-dependent current-voltage (JVTi) analysis. Cd(Se,Te) solar cells were
modeled using COMSOL Multiphysics, simulating parameters such as temperature (T), light
intensity (i), front surface recombination velocity (Sf), back surface recombination velocity (Sb),
bulk lifetime (1), conduction and valence band offset (CBO and VBO at heterojunctions), and
back contact Schottky barrier height (®bp). Additionally, graded and uniform selenium devices
were studied, and ZnTe:Cu was investigated as a back contact interface.

In this work, recombination activation energies, Ea, from JVTi studies were shown to
quantify the front interface conduction band offset losses when the interface band gap is smaller
than the bulk band gap and when front interface recombination dominates. If the Ea equals the
bulk band gap, then Voc losses may occur at the front interface or within the bulk. When the
front surface recombination and bulk lifetime are moderately low, a transition from front surface
(low Ea) to bulk (higher Ea) mechanisms can be observed with increasing light intensity, i. Back
surface recombination has negligible effects on Voc for the device parameters specified herein.
Comparison of Cd(Se,Te) JVTi data provided by NREL to simulations in this work indicates that
front surface recombination dominates Voc losses for Sf= 103 cm/s and CBO =-0.2 eV for that
particular device. Adjusting the band alignment to CBO = 0 eV and reducing St would

significantly increase Voc.
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CHAPTER 1 INTRODUCTION
1.1 History of Photoelectric Devices

With the rapid increase in global power consumption, shifting towards renewable energy,
such as solar energy, to offset the repercussions of incessantly burning fossil fuels is imperative.
The discovery of the photovoltaic effect (1839), the photoconductivity of selenium (1873), and
the photoelectric effect (1905), along with other major scientific milestones, paved the way for the
birth of photovoltaic (PV) technology in the United States at Bell Labs (1954) [1]. In 2022, the
world consumed almost 179 thousand TWh of power, with a contribution of approximately 2%
from solar energy [2]]. Provided that energy systems are completely decarbonized, the National
Renewable Energy Labs (NREL) expects 45% of the electricity consumption in the US to be
solar-powered by 2050, accompanied by declining costs [3]]. The United States installed 11.8 GW
(direct current) of PVs in the first half (H1) of 2023—the largest H1 ever [4].

There are broadly three categories of solar cells — monocrystalline, polycrystalline, and
thin-film solar cells. There are two types of thin-film solar cells dominating the market, namely
cadmium telluride (CdTe) and copper indium gallium diselenide (CIGS). After crystalline
silicon-based cells, CdTe thin films are the most popular with a market share of about 10%, and
have the lowest manufacturing cost. The theoretical limit of efficiency in solar cells, also known
as the detailed balance limit, represents the maximum theoretical efficiency that a solar cell could
achieve under ideal conditions, assuming perfect energy balance and no non-radiative losses [3].
Fig. shows that CdTe research cells have reached efficiencies of 22.6%, while the theoretical

limit is approximately 30% [6].
1.2 Thin-Film PV Devices

Cadmium Telluride cells have emerged as the leading technology for commercial thin-film
PV devices, owing to their better cost of production, energy yields, low degradation rates, and
temperature coefficients compared to silicon technology [8]. The addition of an 800 nm Cd(Se,Te)

layer to the CdTe absorber lowered a portion of the device bandgap to 1.41eV, enabling the
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Figure 1.1 Best research PV device efficiency evolution chart showing CdTe devices achieving
efficiencies of ~ 22.6% with ~ 6% increase in CdTe efficiencies in the last 15 years [7].

current density to increase from 26 to over 28 mA/cm? [9]. For a bandgap of 1.4 eV, eliminating
the CdS window layer and replacing it with alternate emitter layers such as Metal Conducting
Oxides (Mg, Zn, _10) and Cd(Se,Te) absorber layers contributed to increasing efficiencies [10]].
However, low V. remains a bottleneck in increasing device efficiencies. Studying the
open-circuit voltage (V,.) specifically has key advantages: firstly, calculating recombination
currents becomes more straightforward because they balance with the forward photocurrent
(Kirchhoff’s Current Law), and secondly, the impact of series resistance is minimized since no net
current flows in the open-circuit condition. When modeling V. as a function of temperature and
illumination, understanding the mathematical forms of the various recombination mechanisms is
important [11]]. These equations are described in Sections 2.3, 2.4, and 2.5. Within the detailed
balance limit, a band gap £, ~1.4 eV for alloyed Cd(Se,Te) should give a V. of 1.140, yet the
V,. remains at or below 850-900 mV for all but a few state of the art devices [[12].

Group V dopants have been found to be more stable and can achieve V,,. greater than 1 V
only in single crystalline devices, which is the collective goal for Cd(Se,Te) thin-film devices

[13]. Additionally, it was demonstrated that devices with As doping degrade significantly slower



as compared to Cu doping in accelerated lifetime testing [14]. Metzger et al. in 2022 [15]]
reported that the efficiency of As-doped solar cells is on par with Cu-doped cells, with efficiencies
of 22% based on NREL'’s certification results, and between 22.2% and 22.4% by their internal
testing. Moreover, the normalized efficiency temperature coefficient [(An/n)/AT] was reduced to
—0.23%/°C whereas the typical values for Si-based cells is between —0.30%/°C and —0.45%/°C.
Colegrove et al. [16] showed that co-doping As and Cu can boost the V,. and device performance.
They found that Cu may be able to reduce bulk recombination while having no impact on the
carrier concentration in the bulk. Arsenic doping is a promising direction in thin-film
technologies.

CdTe Back contact

¢ o— Front contact CB
v o—n-Type buffer 1
CB A=
o— p-Type CdTe

—
o— Back contact VB /h‘" VB

Figure 1.2 CdTe solar cell and band alignment showing the conduction and valence band offset at
the CdTe/back contact interface. Left: Device stack in superstrate configuration with solar irradi-
ation falling on the front contact. Right: Desired band alignment between p-type CdTe absorber
layer and the back contact facilitating barrierless hole transport and electron reflection [17].

In the context of back contacts of the device, a suitable material for a superstrate CdTe
solar cell must meet specific design criteria [[17]]:
(1) chemically stable interaction with CdTe,
(ii) high hole mobility (1,) and a favorable hole-to-electron mobility ratio for efficient hole
transport away from the interface,
(111) 1deal valence band (VB) alignment (See Fig. with CdTe, typically within O to 0.3 eV to
minimize barriers for hole transport and enhance fill factor,
(iv) appropriate conduction band (CB) alignment (See Fig. [1.2)), higher CB minimum than that of

CdTe to enable electron reflection at the interface,



(v) capability for p-type doping to introduce hole carriers and align the Fermi energy at the
interface, and
(vi) absence of detrimental deep interface states that lead to non-radiative carrier recombination.

Cu-doped ZnTe (ZnTe:Cu) is popularly used as the hole-selective p-doped back contact in
commercial thin-film CdTe solar cells. Calculations propose that ZnTe’s band alignment is almost
ideal, with a VBO = 0.03 eV and a much higher conduction band due to its bandgap of 2.2 eV. It
was concluded that band bending at the back interface is beneficial for barrierless hole transport
from CdTe into ZnTe, as well as for electron reflection. However, there is a large enough lattice
mismatch between the ZnTe and CdTe planes to cause multiple consequences, such as strained
ZnTe near the interface, formation of deep-level defect states, and other interface defects [18]].

While major strides have been made, thin-film Cd(Se,Te) devices are still riddled with
recombination losses, resulting in lower V. values. Minimizing recombination losses necessitates
diverse approaches in device engineering, material enhancement, and computational analysis. For
instance, refining the buffer layer to mitigate surface recombination, exploring alternative back
contact structures, and employing various doping strategies, among others. It is essential to
identify and quantify recombination losses, pinpointing the primary locations of each
recombination type. This identification enables the application of targeted tactics to specific
regions of the solar cell, thus enhancing overall performance.

One method for analyzing recombination in photovoltaic (PV) devices involves
temperature-dependent current-voltage measurements (JVT). It can potentially recognize the
prevailing recombination mechanism through the activation energy £, extracted from the
intercept of V,. at 7' = 0 K. A more comprehensive approach involves incorporating the light
intensity (i) dependence on V,. (JVTi) [19]. The dominant recombination paths of CdTe solar
cells with different buffer layers were investigated through temperature-dependent current-voltage
(JVT) characterization in both light and dark conditions, using traditional CdS/CdTe devices as a
reference [20]. Fang et al. explain that the I/, extracted from light JVT measurements introduces

fewer errors since it does not require the parameters of the one-diode model. These parameters



are described in Section 2.1. In contrast, extracting £, from dark JVT measurements requires
calculating the parameters such as the ideality factor A, and the saturation current .Jy, which can
negatively affect the £, value. However, this has minimal impact on the results, making both
methods reliable. Furthermore, the back-contact barrier height can be determined from JVT
experiments and was validated using conventional admittance spectroscopy [21]. Mia et al.
(2018) used dark JVT measurements to estimate the back-contact barrier height, a critical factor
in CdTe devices. The defect energies obtained from admittance spectroscopy (CdSe: 321.5 + 8.6

meV) and JVT measurements (CdSe: 329.4 + 8.3 meV) are in close agreement.
1.3 Research Objective

In this thesis, Cd(Se,Te) solar cells were modeled using COMSOL Multiphysics,
simulating a range of parameters such as temperature (7°), light intensity (2), front surface
recombination velocity (S}), back surface recombination velocity (S3), bulk lifetime (7), and
Schottky barrier height (®,). Various back contact structures, valence and conduction back
offsets (VBO and CBO), and doping strategies with selenium and arsenic were also studied. In
order to visualize the transition between the bulk and surface recombination-dominated regions,
activation energies ([,) were extracted from JVTi studies within a broad parameter space and
plotted for a range of carrier lifetimes (7) and front surface interface recombination velocities
(S¢). Simulation results were then compared with data from Cd(Se,Te) devices fabricated at
NREL. The objective of this research is to better understand how JVTi measurements and
modeling can distinguish and quantity recombination losses in thin-film PV devices.

Chapter 2 details the pertinent background physics, workings of a solar cell, efficiency and
the open circuit voltage (V,.), charge transport theory and various recombination mechanisms,
carrier lifetimes, activation energy (F,), and band offset at heterojunctions. Chapter 3 describes
the Cd(Se,Te) device structure in our simulations, NREL devices (V401 and V617), and the
COMSOL set-up including the parameter space for each set of simulations. The results are
discussed in Chapter 4 and are divided into two main studies: (1) Se-graded devices with and

without a SnO, buffer layer and (2) uniform Se devices (Uniterns). The simulation results are
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compared with the empirical data provided. Chapter 5 draws conclusions followed by future work

in Chapter 6.



CHAPTER 2 BACKGROUND PHYSICS
2.1 Open-Circuit Voltage

Solar cells work on the principles of the photovoltaic effect, converting light energy into
electricity. When an electron gains energy equal to its band gap (/) from a light source, the
electrons break free of their bound state and can now participate in conduction. This is known as
generation. The maximum current output of a solar cell is determined by the optical properties of
the materials used. The absorption coefficient («) indicates how far into the material light of a
certain wavelength can travel before it is absorbed. The short circuit current (/,.) flows through
the circuit when the voltage across the circuit is zero. /. depends on the incident light spectrum
and the area of the cell. The short circuit current density (J;. = [,./Area) is often used since it
eliminates the dependence on the surface area and is an important parameter to describe the
efficiency of a device [22]. Another vital parameter to focus on is the open-circuit voltage (V,.),
which is the voltage across the circuit when no current is flowing i.e. when the circuit is open and

it is given by:

k’T Jsc _Ea
‘/oc = 7 In (70 + 1) where JO = J()[) exXp (m) (211)

Here, kT is the product of the Boltzmann constant and temperature while ¢ is a unit charge. The
saturation current .J is the current in the circuit that flows in reverse bias caused by carriers
generated thermally and Jy is the exponential factor for Jy. It is closely related to the diode
ideality factor A, which describes the deviation of a device from the ideal case (A = 1) [23]]. The
activation energy F, refers to the energy barrier carriers need to overcome to move freely in the

material. Substituting .J, into the first equation gives us:

E T
Ve = —“—Ak—ln(‘joo) (2.1.2)
q q Jse




Note that upon plotting V,. vs. T', the activation energy can be calculated from the y-intercept.
The efficiency of a solar cell is the ratio of the maximum power output and the power input and is

given by the equation:

_ ‘/;)C‘]SCFF where FF — VMPJMP

= 2.1.3
-Pi ‘/:JC‘]SC ( )

Ui

The Fill Factor (FF) determines the maximum power of a solar cell, and MP stands for Maximum

Power.
2.2 Charge Transport Theory

In this section, the generation of electron-hole pairs, drift, and diffusion current, the
continuity equations, and Poisson’s equations will be described [24] [25] [26]. Generation of
Electron Hole Pairs (EHP) requires a minimum amount of energy, which is usually equal to the
band-gap energy L,. The processes that generate EHPs are ionization on impact, thermal
generation, photogeneration, and impurity-mediated generation. Most of the generation in solar
cells takes place via photogeneration. The total generation rate G() at a depth z, after
accounting for reflective loss from the front surface, can be found by integrating over all the
energies giving us:

G(x) = / 00[1 — R(E)|a(E)To(E)e Pl dE (2.2.1)

Eqy
where R(FE) is the reflectance as a function of energy £, « is the absorption coefficient describing
the probability that a photon of energy E is absorbed, and T’y is the incident flux (photons/cm?/s).
The carrier motion inside an electric field creates a drift current. In other words, the free
carriers in the device will accelerate parallel or anti-parallel to the electric field, creating the drift

current. The drift current density Jg; ¢ (A/cm?) can be expressed as:

Jarift = Jnaripe + Jparipe = (nqpen + pqpe,)E = oE (2.2.2)

where n and p are the number densities of electrons and holes respectively, 1 is the carrier



mobility (cm?/V s), ¢ is the elementary charge, and E is the electric field. The proportionality
constant relating J4¢+ and E is called the conductivity o, (Siemens/cm), and its inverse is called
resistivity p, (£2-cm). Additionally, a concentration gradient of free carriers inside a
semiconductor creates a diffusion current, J;; ;. In three dimensions, the diffusion current for

electrons and holes using the gradient can be written as:

Jairr = Ynairs + Ipairr = ¢DVn —qD,Vp (2.2.3)

where D,, and D, are the electron and hole diffusion coefficients, respectively. They are the
proportionality constants for the positive relationship between particle flux and concentration
gradient. The total free carrier current is given by the sum of each type of particle

J7rotar = Jp, + Ji. The total carrier current for each type of particle can be written as the sum of

the drift and diffusion currents:

3, = qunnE + ana—":& (2.2.4)
ox
ap

J, = quypE — qua—ia: (2.2.5)

Carrier movement can be further described by coupling the Poisson equation and continuity
equations for electrons and holes. In Poisson’s equation, V2V = —p/e, substitute the charge

density, p=q(p—n— N, + N + Nt+/_) to get:
q _ _
VIV = —Z(p—n— Ny + Nj = N (2.2.6)

where V' is the electrical potential, € is the permittivity for the semiconductor, V4 is the acceptor
(hole) density, Np is the donor (electron) density, and NV, is the density of charge traps. The

time-dependent electron and hole continuity equations are:

1
o gy —q U, 2.2.7)
ot ¢
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dp 1
5 5v J, =G, - U, (2.2.8)

where U,, and U, are the net rates of electron and hole recombination respectively. Together, the

drift-diffusion, continuity, and Poisson’s equations (Egs. (2.2.4) to (2.2.8))), describe the physical

mechanisms in solar cells and give us insight into the electrical potential, the density of electrons

and holes (n and p), and the electric field.
2.3 Recombination

To bring a system back to equilibrium, recombination of electrons and holes occurs. It is
the opposite of generation and involves the annihilation of an electron-hole pair. Recombination
reduces the number of free charge carriers, limiting the efficiency of the device. In addition to
recombination on the surface of the device, there are three types of recombination in the bulk of

the device, namely: Radiative, trap-assisted (or Shockley-Read-Hall), and Auger recombination.
2.3.1 Radiative Recombination

Radiative recombination occurs when an electron from the conduction band recombines
with a hole in the valence band, releasing a photon that possesses energy equal to that of the
bandgap. Refer to Fig. [2.1(a). In this case, the net rate of radiative recombination can be
expressed as the difference between the radiative recombination rate 1,4, and the thermal
generation rate Gy, as U,.,g = R,qq — Gy, Writing in terms of the radiative recombination
coefficient C', R,q.q = C'np, and Gy, = C(n;)?, where n? is the intrinsic electron density (np

# n?). The equation is thus:

Uraa = Cnp — Cn? = C(np — n3) (2.3.1)

The first term describes the non-equilibrium electron-hole population (from illumination), while
the second term holds the intrinsic thermal carrier population. For a p-type material at low-level

injection N4 = py >> ng, with normal light np >> n?, the excess electron-hole density is
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Figure 2.1 Recombination mechanisms prevalent in solar cells leading to energy losses (a) Radia-
tive band-to-band recombination: electrons in the conduction band recombine with holes in the
valence band, emitting a photon (b) Non-radiative Auger recombination: electron recombines with
a hole, transfers its energy to another electron, exciting that second electron to a higher energy state
(c) Non-radiative trap-assisted (SRH) recombination: electron recombines with a hole through de-
fect states, releasing thermal energy [27].

An = n —ny ~ n, and Eq. (2.3.1) can be written as:

U,oa = CANNy for An << Ny (2.3.2)

where N4 is the acceptor density. At high-level injection (An &~ Ap), U,.q is expressed as:

Urag = CAnAn = C(An)? for An >> Ny (2.3.3)

The lifetime of a carrier is defined as the average time it spends in the excited state before it

recombines. The known general lifetime equation is given by:

(2.3.4)

T

An
U,’

where U, is the net recombination rate for a generic mechanism. With this lifetime equation and

Egs. (2.3.2) and (2.3.3)), the radiative lifetime for both low and high injection cases can be

expressed as:
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1

Trad,low = CNA for An << Ny (235)
1
Trad,high = CT for An >> Ny (2.3.6)

n
2.3.2 Trap-assisted or SRH Recombination

Trap-assisted (or Shockley-Read-Hall) recombination occurs at trap sites created within
the bandgap of the devices due to impurities and/or vacancies. Electrons and holes use these gap
defects to cross the bandgap to recombine and release energy in the form of lattice vibrations,
making it a non-radiative recombination mechanism. Fig. [2.1|c) shows this phenomenon and the
recombination centers in the middle of the band gap. SRH recombination and generation involves
four steps: electron capture, hole capture, electron emission, and hole emission. The net rate of

SRH recombination is given by:

np — n?
Tno (P 4 P1) + Tpo (10 4 11)

Usro = (2.3.7)

where 7,,, and 7,,, are the minimum electron and hole SRH-lifetimes respectively. The effective
electron and hole densities, n; and p; respectively, assuming that the Fermi-level lies on the

defect, are given by:

Et—Ei>

ny = nie( kT St

and P = nie( kT

(2.3.8)

where E; is the intrinsic Fermi energy level, and F} is the trap energy level. Trap energy levels
can be either discrete or continuous [28]]. The intrinsic electron concentration can be expressed as
n; = v/NcNyexp(—E,/2kT), showing the dependence on the bandgap F,, and the effective
densities of states (DOS) in the conduction and valence bands, N and Ny respectively. Similar
to radiative recombination, Eq. and Eq. can be used to express the SRH lifetimes

under low and high injection conditions as follows:

TSRH low ~ Tng for An << Ny (2.3.9)
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TSRH,high = Tng + Tpq for An >> Ny (2.3.10)
The capture time constants for electrons and holes, 7,,, and 7,,,, are defined as:

1 1
= ——— d = — 2.3.11
Tro OV IV . Tro UpUthNt ( )

where o,, and o), are the capture cross-section of the electrons and holes respectively, v, is the
thermal velocity of the carriers, and /V; is the density of the trap sites. Note that the thermal
velocity is vy, = /3kT/m, where m is the mass of the electron. Using this definition, Eq.

(2.3.10) can be rewritten for high-injection level (An >> N,):

Op + 0p

On0pUth Nt

(2.3.12)

TSRH & Tpy + Tpy =

2.3.3 Auger Recombination

Auger recombination involves three carriers, as opposed to the typical electron-hole pair
recombination. After an electron and hole combine, the energy is given to a third carrier, an
electron (or hole) in the conduction band (or valence band). Fig. [2.1(b) shows that this electron
(or hole) is further excited in the conduction band (or valence band), after which it loses its
energy to lattice vibrations and thermalizes down to the edge of the conduction (or valence) band.
A possible classification based on the carriers involved can be: electron-electron-hole (eeh) and
electron-hole-hole (ehh) recombination. This three-carrier recombination requires a high carrier
density, which means it mostly occurs at high injection levels. The net rate of Auger

recombination is given by:

UAU!] = (Cn,Augn + Cp,Augp) (np - n?) (2313)
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where (), 4,4 and C) 4,4 are the Auger recombination coefficients for electrons and holes

respectively. At high injection levels, Eq. (2.3.13) can be simplified to:

Usug = CangAn®  for  An~Ap >> Ny (2.3.14)

where C 4,4 is the Auger coefficient. Then, using Eq. (2.3.4) and (2.3.14)), the Auger lifetime

equation is:
1

P 2. .1
7-Aug CAugAnz ( 3 5)

2.3.4 Surface Recombination

Surface recombination in semiconductors poses a critical challenge to the efficiency of
solar cells. At the interface of a solar cell, the presence of dangling unpassivated bonds, a
disrupted lattice, and structural impurities form a dense array of trap states, as depicted in Fig.
[2.2] These trap states are almost continuously distributed across the bandgap. These states serve
as an unlimited source or sink for carrier recombination and generation and can cause significant
energy losses if left unpassivated. Similarly, the interfaces between different semiconductor
materials also contribute to recombination due to the presence of interface states, although, to a

lesser extent. Surface recombination is similar to SRH recombination due to the presence of traps

Ec

<
Electron capture

Surface states

<, Hole capture

5 .

Figure 2.2 Facilitation of electron and hole capture due to the presence of surface trap states at
the surface of a semiconductor, thus increasing recombination at the surface and decreasing the

efficiency of the device [27].
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in both cases. Analogous to SRH, the net recombination rate can be written by replacing 7,, and 7,
with 1/5,, and 1/S,, where S,, and S, are the surface recombination velocities (cm/s) for

electrons and holes respectively:
Sn = UnvthNt and Sp = UpvthNt (2316)

where o, is the capture cross section, and vy, is the thermal velocity, and /V, is the density of trap
sites at the surface. The net surface recombination rate is given by: Uy = An, /7. If the interface
has excess recombination sites, then the excess carrier concentration will be lower at the surface
than in the bulk. This causes a net current to flow toward the semiconductor’s surface,
subsequently removing carriers from the desired path. When the carrier mobility is high enough,
then the carriers for surface recombination are collected at the depths of the material, making it

dependent on the thickness (d). The net surface recombination is:

Ang
Us = /s

(2.3.17)

To gain a deeper insight into the mobility of carriers the diffusion of carriers can be incorporated,

rewriting Eq. (2.3.17) as:
Ang

US:M&
S Dy,

(2.3.18)
where D,, = p,(kT/q) = Vinpun. The total lifetime then for the surface can be expressed as:

2
L (2.3.19)

n

|

TSurface =

2.4 Lifetime Equations

The minority-carrier lifetime of the material depends on both bulk recombination and
surface recombination. Reducing surfacing recombination can lessen the rate at which minority

carriers are depleted. The total lifetime of the material includes 7,44, TsrH> TAug> AN T5ur face and
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is given by the general equation:

11 1 1 1
_ 1 b 2.4.1)

T Trad TSRH T Aug TSur face

Eq. (2.4.1)) can be written for the low and high injection cases, as demonstrated in the previous

subsections. For the low injection case [refer to Egs. (2.3.3)), (2.3.9), and (2.3.19)] the total

lifetime can be expressed as:

1 1
— =CNp+—+4+0+-——— for An<< Ny 2.4.2)
Tlow Tno (% _|_g_2)

Recall that the Auger recombination requires a high injection, so the 74,, term is zero. Similarly,

for the high injection case [refer to Egs. (2.3.6), (2.3.10), (2.3.13) and (2.3.19))], the total lifetime

1S:

1 1
= CAn+ ———— + CaygAn® + ————  for An>> Ny (2.4.3)

Thigh Tno T T, d | d2
g 0 Po S+Dn

2.5 Temperature Dependent Parameters

The exponential temperature dependence () is inherent in the carrier concentration
solutions (number densities of electrons and holes, n and p respectively) [28]. However,
temperature dependencies for other parameters must be manually incorporated into the model and
they are specific to the material. Approximate temperature-dependent expressions for the effective

density of states in the conduction band (N¢ (7)) and valence band (Ny (7)) are as follows:

T\ 32 LT 32
Ne = Neg (T) where  Ngo =2 (u) 2.5.1)
0

T 3/2 « LT 32
Ny = Nyo (T) where  Nyg =2 (mh 0) (2.5.2)
0
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Tp is the reference temperature set to 300 K, m and m;, are the effective electron and hole

masses, and # is Planck’s constant. The thermal velocity function is given by:

Vin = Vo T/ T, (2.5.3)

where vy, 1s the reference thermal velocity at the reference temperature (7)) and is given by
Viho = \/W/m* ~ 107 cm/s. Nonlinearities in Voe(T') are often observed, especially at low
temperatures. If V,.(7") remains linear over that range, then nonlinearities due to other
temperature dependencies are reduced and, to a first approximation, the measured E, closely
represents the true V. activation energy for V,. [29]. However, if nonlinearity is observed at
operating temperatures, the y-intercept can significantly underestimate the actual activation

energy.
2.6 Band Offset at Heterojunctions

At semiconductor heterojunctions, there is a discontinuity in the band structures, giving
rise to an offset in the band. Band offset refers to the energy difference between the valence band
edge (Ly) and the conduction band edge (L) of two different materials or regions in a
semiconductor device. This offset plays a crucial role in determining the behavior of charge
carriers at interfaces and heterojunctions and can be in the valence band (VBO) and/or in the
conduction band (CBO). As an example, consider a heterojunction between material 1 and
material 2 (refer to Fig. [2.3). The CBO and VBO are determined by intrinsic material properties
such as the electron affinity (), and work function (¢). The electron affinity refers to the energy
level difference between the vacuum level and the bottom of the conduction band, while the work
function refers to the minimum amount of energy required to remove an electron from the Fermi
level (E'r) of a material to a point just outside the material (i.e., to vacuum) [31]]. The CBO is
given by Anderson’s rule [32]:

CBO = x2 — x1 (2.6.1)
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Figure 2.3 Conduction Band Offset (CBO) and Valence Band Offset (VBO) at a Type I hetero-
junction of two different materials in a semiconductor device - determined by intrinsic material
properties [30]].

Similarly, the VBO is given by:

VBO = (x1+ Ep1) — (xa + Ep2) (2.6.2)

If the valence band edge of one material is higher, it creates a valence band spike at the interface,
causing holes to accumulate there (see Fig. [2.3)). Conversely, if the valence band edge of one
material is lower, it results in a valence band drop, causing electrons to accumulate. Similarly, a
negative conduction band offset (conduction band at lower energy) causes electrons to accumulate
at the site, and vice versa.

Understanding and controlling these band offsets are crucial for designing semiconductor
devices with desirable electronic properties, such as efficient charge carrier transport and reduced
recombination losses. Favorable band alignment can facilitate efficient charge transport.
Conversely, unfavorable band alignment may result in carrier trapping and recombination,

reducing efficiency.
2.7 Activation Energy

The activation energy of solar cells relates to the probability of electrons transitioning
from the valence band to the conduction band, which can occur thermally. This thermal

generation is described by an exponential relationship: Gy, o< exp(-E,/kT), I/, being the band
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gap and kKT the thermal energy. Consequently, the activation energy is approximately equal to the
band gap for this process. At the open-circuit voltage (V,.), the reverse current .J;, is observed.
Applying a voltage reduces the barrier, enabling electrons to flow in a forward current. The
activation energy I/, plays a crucial role in determining carrier transport properties and device
performance. Activation energy generally refers to the energy barrier that carriers (electrons or
holes) must overcome to participate in conduction or recombination processes within the
semiconductor material. For optimal current generation, minimal recombination, and higher
efficiency, materials with appropriate £, values are chosen. Higher activation energies can
increase the efficiency of a device by lowering recombination rates, but they may also indicate
deeper defect states that can trap carriers, leading to non-radiative recombination and reduced
device performance. A very delicate balance is required to achieve a higher overall efficiency.
The dominant recombination pathway determines the activation energy, which is why it is
vital to delineate where and why recombination occurs in certain parts of the device. In the bulk
of the device, the recombination mechanisms lead to an activation energy that is typically equal to
the absorber band gap [29]. At an interface, I, may be equal to the interface band gap, i.e., £, =
E, ; if the interface band gap is less than the absorber bandgap. The CBO at a heterojunction can

be calculated: CBO = £, ; - F,, giving a negative CBO.
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CHAPTER 3 METHODOLOGY

3.1 NREL Cd(Se,Te) Devices

As deposited Device

Evaporation — | Au (100nm)
VD A CdTe:As ((:g;:i,:)s
(~3um)
- o e 200°C-25mi
Evaporation -
CdSe (150nm)
Sputtering — [ \FAO N (ET0]35:)
TO (~100nm)
FTO (~400nm)

TEC12D

Glass (3mm) Glass

Figure 3.1 As deposited material stack and processing leading to the completed superstrate config-
uration As-doped Cd(Se,Te) device stack. Left: Stack before CdCl, treatment. Right: Completed
As-doped Cd(Se,Te) device with glass substrate, FTO, MZO layer, Cd(Se,Te) absorber layer, and
a back contact [[16].

The Cd(Se,Te) device that was modeled is almost identical to the device described by E.
Colegrove et al [[16]. Cd(Se,Te) PV device stacks were fabricated at NREL using a superstrate
configuration, as shown in Fig. [3.T on commercial transparent conducting oxide (TCO) coated
glass — NSG TEC™12D. This glass substrate is made of a 3 mm soda-lime glass with
approximately 400 nm fluorine-doped tin oxide (SnO5:F = FTO) and 100 nm of intrinsic tin oxide
(i-SnOy) after which 60 nm of magnesium zinc oxide (Mg,Zn; _,)O = MZO) was sputtered from
4% (by weight) Mg to Zn target. The simulations in this thesis did not incorporate the MZO layer
because newer NREL devices do not include it. Subsequently, 150 nm of cadmium selenide
(CdSe) and 250 nm of cadmium telluride (CdTe) were evaporated onto the substrate at a
temperature of 450°C. These films were then transferred to a custom-built vapor transport
deposition (VTD) system for the deposition of 2—4 pm of arsenic-doped cadmium telluride
(CdTe:As). VID sources consisted of powders prepared from high-pressure Bridgman (HPB)

meltgrown, As-doped CdTe boules from Washington State University [33]], and mixtures of



21

cadmium arsenide (CdsAss) and CdTe powders from Materion and 5 N Plus respectively
(powders are mixed by weight % with a larger fraction of CdTe).

Vapor-type CdCl, treatments were conducted in a close-space sublimation system by
suspending absorber stacks over CdCl,-coated glass source plates. The CdCl, treatment was
performed at 420°C for 60 min. After the CdCl, treatment, As-only devices and As + Cu devices
were processed a little differently. The As-only devices received a short deionized (DI) water
rinse followed by an anneal in the air at 200°C for 25 min in a tube furnace. The As + Cu devices
were immersed in a 0.1 mM CuCl; solution in DI water for 3 min followed by a brief rinse in DI
water before receiving the same air anneal process. A 100 nm layer of gold (Au) was then
deposited via evaporation through a shadow mask to produce 5 x 5 mm (0.25 cm?) device pads.
Finally, to expose the buried TCO, the absorber was mechanically scraped and then the devices
were completed by applying an indium bus bar with an ultrasonic soldering iron.

The experimental data for two devices - V401 and V617, sourced from NREL, were
provided to us for analysis. The two primary differences between the devices are that V401 has an
MZO layer while V617 does not, and V617 has a Cd(Se,Te) layer with 30% Se and 70% Te,
while V401 has a simple CdSe layer before processing. V401 was treated with CdCl, at 420°C
while V617 was treated at 450°C, both for 60 minutes. Table [3.1] depicts the differences between

the two devices. Variations in structure and processing yield differences in Se profiles as seen

Device V401 | MZO(60nm) | CdSe(150nm) CdTe(250nm) | CdTe:As(~2.5um)
Device V617 CdSe3Teg 7(500nm) | CdTe(250nm) | CdTe:As(~2.5um)

Table 3.1 Structural differences in V401 and V617

from Secondary Ion Mass Spectrometry (SIMS) profiles in Fig. The “raw counts Se” on the
y-axis specifically refer to the number of selenium secondary ions detected under the process of
SIMS. Higher counts indicate higher concentrations of selenium in that particular region. Note
that the values for the y-axis for device V401 are on the right in orange and that for device V617
are on the left in blue. Device V401 has most of its Se distributed closer to the oxide interface

(between 0 and 1 pm) and the raw counts Se asymptotically approaches zero when the depth from
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the oxide exceeds ~ 1.5 um. Device V617 has more Se distributed throughout the device and
approaches zero when the depth from the oxide exceeds ~ 3 pm. The proximity of selenium to
the oxide interface can influence the quality of the interface, including the recombination trap site

and hence the overall performance.

Depth from oxsde interface (um

Figure 3.2 Secondary ion mass spectroscopy (SIMS) profiles data of Se profiles for V401 and
V617. (Courtesy: NREL)

To compare and characterize the two devices, various quantities can be plotted, such as
doping concentration vs. depth, JV curves, and External Quantum Efficiency (EQE). These plots
provide a comprehensive understanding of the devices’ electrical, optical, and structural
properties and performance. This allows us to pinpoint performance-capping factors and assess
the impact of fabrication parameters and processes.

Doping concentration vs. depletion width plots give us insight into the spatial
distribution of the doping profile while aiding strategies for better charge transport. The
differences in the curves indicate varying material properties and/or processing conditions
between the devices. In Fig. [3.3] the red curve for device V617 indicates a higher concentration
of p-type doping distributed closer to the surface of the material compared to device V401, which
has a lower doping density deeper in the material. The higher doping in V617 may result in
improved charge tr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>