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DEVELOPMENT OF HIGH EFFICIENCY SOLAR ABSORBERS

1. MOTIVATION - A PATHWAY TOWARDS SUSTAINABLE SOLAR
ENERGY

Photovoltaics (PV) has come a long way since April 25th, 1954, when Bell laboratories

demonstrated the first operational silicon solar cell capable of generating 1 watt of power

[1]. Over the next sixty years, the cumulative globally installed PV capacity has grown

dramatically, reaching 102 GW in 2012 [2]. More recently, the US installed a total of 4751

MW of new PV capacity accounting for 29% of new electricity generation capability in 2013,

making solar energy the second largest source of new electricity generation behind natural gas

[3]. While these statistics indicate an impressive growth over the past years, PV contributes

a mere 0.3% of the overall energy generated by the US in 2013 [4]. The reason for this low

contribution is that photovoltaics is currently too expensive to implement on a large scale.

The most mature PV technology, based on crystalline silicon has the highest module

efficiencies (14 - 18%) and currently dominates the PV market with over 80% of the mar-

ket share. However, manufacturing of silicon-based solar modules is inherently expensive

and energy intensive. Thin-film solar cells (TFSCs) utilizing Cu(In,Ga)Se2 and CdTe as the

absorber layer require significantly less material (2 - 4 µm compared to >100 µm for sili-

con) and can be manufactured over large areas, reducing manufacturing costs. Of these two,

only CdTe has proven large-scale manfacturability, with module efficiencies recently reach-

ing 17% by FirstSolar. However, the drawback of CdTe is that it relies on toxic (Cd) and

non Earth-abundant (Te) elements, limiting the large-scale implementation of CdTe-based

TFSCs.
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The fundamental material property that defines performance of a solar cell is how

well the absorber layer in the solar cell absorbs sunlight. Developing materials that exhibit

high absorption across the solar spectrum compared to CIGS or CdTe potentially not only

improves the overall TFSC efficiency, but also reduces the absorber layer thickness. Thus, the

motivation of this thesis is to develop new Earth-abundant materials exhibiting significantly

higher optical absorption than those of current solar absorbers.

To achieve this objective, the structure of this thesis is laid out as follows. Chapter 2

contains a literature review beginning with a discussion of optical absorption in semiconduc-

tors, followed by TFSC device physics, and a survey of current TFSC technologies. Chapter 3

provides details regarding fabrication techniques, characterization methodologies, and TFSC

simulations utilized in this study. Chapter 4 presents a simulation study on the necessary

absorber layer properties required to provide a TFSC with an efficiency η > 20%. Chapter

5 begins material exploration with iron pyrite (FeS2) and Fe2GeS4 as entry points into iron-

based absorbers. Material development, thin-film fabrication, characterization, and device

simulation results are presented. Chapter 6 investigates copper-based absorbers. Beginning

with design paradigms for high optical absorption, thin-film fabrication, characterization,

and device simulation results for two families of copper-based absorbers (Cu-Sb-S and tetra-

hedrites) are presented. Lastly, Chapter 7 summarizes conclusions from this research and

presents proposed directions for further investigations.
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2. SUNLIGHT, SOLAR ABSORBERS, AND SOLAR CELLS

A solar cell has two functionalities. First is generation, or efficient absorption of the

solar spectrum to generate a large number of photogenerated electron-hole pairs. Second is

effective transport of photogenerated carriers towards their respective contacts with minimal

recombination to generate electrical power. This chapter presents a review of fundamental

concepts and existing literature pertaining to thin-film solar cells (TFSCs) by addressing the

above two device functionalities. Since the absorber is the heart of a solar cell, emphasis

is placed on the necessary properties and behavior of this layer. Beginning with a brief

description of sunlight, the interaction of light with the absorber is emphasized. Device

configurations of TFSCs and properties are described next. Finally, common solar absorber

materials such as CdTe, Cu(In,Ga)Se2, amorphous Si and alternate absorbers such as FeS2

are reviewed.

2.1 Sunlight and Semiconductors
2.1.1 Solar Spectrum

The incident radiation spectrum from the sun can be described using Planck’s black

body radiation expression at a temperature of 5800 K [5]. The intensity, spectral distribution

and radiant power per unit area of sunlight arriving on the Earth’s surface is significantly

altered by atmospheric scattering and absorption via gases. In the infrared region, absorption

is caused by water vapor, carbon monoxide, methane and fluorinated hydrocarbons, while in

the ultraviolet region, absorption is primarily caused by oxygen and ozone gases [6]. The

modification of the solar spectrum due to this absorption is termed air mass (AM) intensity
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and is used to denote the ratio of the optical path of light to a normal path at sea level on a

cloudless day. It is defined as,

AMx =
1

cosθ
(2.1)

where θ = 0◦ corresponds to the perpendicular incidence of the beam. AM0 refers to the

solar spectrum outside the atmosphere for space-based applications, and AM1.5 global cor-

responds to an incident solar spectrum at 48.2◦ and is used for terrestrial flat plane modules

[7]. Figure 2.1 shows the AM0, AM1.5 solar spectrum along with the black body radiation

curve at T = 5800 K. The integrated area under the curve for AM1.5 spectrum equals 1000

W/m2 and is the standardized intensity value used to test solar cells and modules.
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Figure 2.1: The spectral power density of sunlight outside the atmosphere (AM0), at the
Earth’s surface (AM1.5), and a blackbody radiation at 5800 K.
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2.1.2 Absorption in Semiconductors

The fundamental operation of a solar cell relies on the interaction between light and

a semiconductor, experimentally described using the absorption coefficient (α) [cm−1]. Fig-

ure 2.2(a) shows a simplified energy band diagram for a p-type semiconductor illuminated

with above-band gap light. Absorption of photons results in interband transitions, where an

electron is promoted from the valence band across the band gap to the conduction band. This

results in a free electron in the conduction band along with a hole in the valence band, or

a photogenerated electron-hole pair. An excited electron thermalizes to a position near the

conduction band minimum, EC and subsequently relaxes to the top of the valence band, EV ,

by recombining with a hole. Recombination occurs within a characteristic lifetime, and in the

process a photon is emitted (for a direct band-gap semiconductor) with energy equal to the

band gap, EG. Although counterintuitive, a strong optical absorber should correspondingly

also be a strong light-emitting material [8].

hν > EG

EC

EV

Absorption Relaxation/
Emission

EF

hν = EG

(a) (b)

Figure 2.2: (a) Absorption of above-band gap light in a semiconductor results in a photogen-
erated electron-hole pair due to interband transitions. (b) Relaxation of the excited electron
results in the emission of light with energy equal to the band gap.
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Optically-induced interband transitions occur due to the perturbation of a material

from equilibrium, described using the quantum mechanical transition rate (Wi→ f ) [9], for an

electron from an initially filled state (i) in the valence band to a final empty state (j) in the

conduction band. This transition rate is calculated using Fermi’s Golden Rule [10],

Wi→ f =
2π

~
|H|2 δ(Ei − E j± ~ω), (2.2)

where H refers to the transition matrix element and δ(Ei−E j± ~ω) is an energy-conserving

delta function. This energy-conserving delta function is valid only for discrete energy levels

[10]. Since solids contain a distribution of energy states [9], the delta function is replaced by

the joint density of states, g(~ω) [cm−3] [11]. The joint density of states (JDOS) refers to a

convolution of occupied states at the valence band and unoccupied states in the conduction

band participating in the interband transition. As a consequence of Fermi’s Golden Rule, the

JDOS and transition matrix element can be assessed independently to determine how each

parameter affects absorption.

Joint Density of States (JDOS)

The density of states (DOS) represents the distribution of electronic states in a solid

within a given energy range of a band [11]. For a semiconductor with parabolic bands, the

DOS can be expressed mathematically as [12],

D(E) =
1

2π2

(
2m∗

~2

)3/2

E1/2. (2.3)

where D(E) refers to the density of states [cm−3] at a particular energy level (E) [eV] , m∗

refers to the effective mass [kg] for electrons in the conduction band, or holes in the valence

band, and ~ is the reduced Planck constant. Near the valence band maxima (VBM) or con-

duction band minima (CBM), the DOS is strongly dependent on the carrier effective mass
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(m∗), which, in turn, is related to the curvature (second derivative [12]) of an energy band

in reciprocal-(k) space. This physics-based k-space perspective requires that the dispersion

relation, i.e., E(~k), be specified near the VBM and CBM to assess the relevant DOS. Alterna-

tively, if atomic orbitals giving rise to the near-VBM and near-CBM portions of the energy

bands are specified, insight into the magnitude of the DOS can be obtained from chemical

considerations. This is accomplished by recognizing that a narrow energy band has a large

DOS and a large effective mass, while a wide band has a dispersed DOS, and a smaller effec-

tive mass. As shown in Fig. 2.3, s-orbital derived bands have 2 electrons occupying a wide

band dispersed in energy, p-orbital derived bands have 6 electrons occupying a band less

dispersed in energy, while d-orbital derived bands have 10 electrons within a narrow band,

highly localized in energy. Thus, m∗d > m∗p > m∗s .

The effective mass m∗, plays an important role in determining transport properties.

Carrier mobility (µ) [cm2 V−1 s−1] is given as [12],

µ =
q〈τ〉
m∗

, (2.4)

where q is the charge of an electron [C], 〈τ〉 [s] is the average time between scattering events,

or more precisely, the average momentum relaxation time [13]. Equation 2.4 indicates that

m∗ is inversely proportional to carrier mobility. As a result, an s-orbital derived band near the

VBM (CBM) will result in a material with a large hole (electron) mobility, while a d-orbital

derived band near the VBM (CBM) will result in a small hole (electron) mobility. While s-

orbital derived bands at the VBM/ CBM are attractive for high mobility materials, interband

transitions require narrow bands near the VBM/ CBM to provide a large JDOS near the band

gap for strong optical absorption. As a result, transition metals such as manganese (d5), iron

(d6). and copper (d10) are attractive in solar absorber materials from a JDOS perspective.
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Figure 2.3: Density of states trends for s-, p-, and d-orbital derived bands, specifying the
maximum electronic occupancy and expected effective mass trends for each band.

Thus, in a compound semiconductor, appropriately selecting elements which contribute to

conduction and valence band edges to give rise to a large JDOS is a key aspect of designing

a strong absorber for TFSC applications.

Transition matrix element

The interaction between light modeled as an electromagnetic field and an electronic

material is expressed through the magnetic vector potential, expressed mathematically as

[14],

H =− q
m0

A ·p, (2.5)

where H is the perturbation associated by the interaction between the incident light wave (A)

and a material described by the electronic dipole moment (p). The incident light, expressed

as a plane wave (A) is given as [15],

~A = A0 ε

(
e±i(k·r− ωt)

)
k̂, (2.6a)
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with

A0 = 2c
(

2π~N
ωV

)1/2

. (2.6b)

The perturbation, H, can be described by substituting Eqn. 2.6a into Eqn. 2.5 to give,

H =
−q
m0

2εc
(

2π~N
ωV

)1/2 (
e±i(k·r− ωt)

)
k̂ ·p, (2.7)

where m0 is the rest mass of an electron [kg], c is the speed of light [cm s−1], k is the wave-

vector [cm−1], r is a radial distance [cm], ω is the angular frequency [rad], t is time [s], ε

is the dielectric constant [F cm−1], and A0 is a constant related to the number of photons

per unit volume (NV−1) [# cm−3]. For interband absorption, the interaction between this

external perturbation field along with the initial (i) and final state (j) in a solid is described

via the transition matrix element (Hi j) as [16],

Hi j(k) = 〈i|H| j〉 , (2.8a)

=
−qA0

2m0 c

〈
i|e± ik ·r

ε ·p| j
〉
. (2.8b)

Equation 2.8b can be simplified using the long wavelength approximation, which

states that for visible light and atomic dimentions, eik·r ∼ 1 [15]. For example, with r =

50 Å, λ = 500 nm, k · r = 0.06 and e0.06i = 0.998 + 0.06i ∼ 1. As a result, for an isotropic

material, Eqn. 2.8b can be re-written as,

Hi j(k) =
−qA0ε

2m0c
〈i|p| j〉 . (2.9)

Equation 2.9 is a Hamiltonian describing the transition matrix for an electron from an

initial state in the VBM to the final state in the CBM. The square of the braket in Eqn. 2.9

represents the transition probability, and is zero if the transition between i→ j is forbidden,
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or has non-zero values if the transition between i→ j is allowed. Parity selection rules govern

allowed and forbidden transitions between orbital-derived bands in solids [17], based on the

shape of an orbital, which is related to the distribution of charges [18]. s and d orbitals have

a centro-symmetric charge distribution, and are referred to as even orbitals [19]. p and f

orbitals, on the other hand, have a non-centro-symmetric charge distribution and are called

odd orbitals [19]. Transitions between even-even or odd-odd orbitals are parity forbidden,

while even-odd transitions are parity allowed [19]. In other words, the parity selection rule

specifies that a transition is allowed if,

∆l =±1 (2.10)

where ∆l is the change in orbital angular momentum quantum number for an electron going

from an initial state to a final state. Equation 2.10 implies that allowed transitions occur

between s↔ p↔ d-orbital derived bands [20] since ∆l = ±1, but transitions between s↔s;

p↔p ; d↔d are forbidden since ∆l = 0. s↔d transitions are also forbidden since ∆l = 2.

In solids however, the forbidden d-d transitions can be parity allowed due to mixing of d

and p orbitals, resulting in allowed transitions [19]. Thus, based on Fermi’s Golden Rule,

maximizing absorption in a material not only requires the suitable elemental combination to

provide a large JDOS near the VBM and CBM, but appropriate selection rules have to be

considered to ensure allowed transitions between orbital-derived bands.

In addition to Fermi’s Golden Rule, the nature of the band gap (direct or indirect)

has to be taken into account. Figure 2.4(a) shows a k-space representation of an interband

transition in a direct band gap material with parabolic energy bands. An interband transition

in a direct band gap material is a two-particle interaction (photon - electron) and a key feature

for such a material is that the top of the VBM coincides with the bottom of the CBM at the
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Figure 2.4: (a) k-space representation of an energy band diagram for a direct band gap ma-
terial, and (b) absorption coefficient of CdTe. A direct band gap is characterized by a strong
onset of absorption just above the band gap.

same value in k-space. As a result, an interband transition from the VBM to CBM in a direct

band gap material translates into an abrupt onset of absorption at the band gap, as indicated

by the absorption coefficient of CdTe shown in Fig. 2.4(b).

The absorption coefficient for a direct band gap material is modeled as [21],

α
dir(E) = A × (E−EG)

1/2 , (2.11)

where A is a constant dependent on material parameters such as the dielectric constant and

effective mass (refer to the prefactor in Eqn. 2.9), E is energy [eV] and EG is the direct band

gap [eV].

In contrast to a direct band gap material, an interband transition in an indirect band gap

semiconductor is a three-particle interaction (photon - electron - phonon) and a representative

k-space energy band diagram is shown in Fig. 2.5(a). Here, the VBM and CBM are located

at different values of k. As a result, a photoexcited electron requires an additional interaction

with a phonon to make a transition from a filled band in the VBM to an empty band in the

CBM. The corresponding absorption coefficient plot, using Si as a representative indirect
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Figure 2.5: (a) Reciprocal space representation of an energy band diagram for an indirect
band gap material, and (b) absorption coefficient of silicon. An indirect band gap material is
characterized by a non-abrupt, gradual onset of absorption above the band gap.

band gap material is shown in Fig. 2.5(b). The absorption coefficient for an indirect band gap

material is characterized by a non-abrupt, sluggish onset of absorption instead of an abrupt

onset just above the band-gap for a direct band gap semiconductor. Absorption for an indirect

band gap semiconductor can be expressed as [22],

α
indir(E) = B × (E−EG±Eph)

2 , (2.12)

where B is a constant that is dependent on material parameters such as the dielectric constant

and effective mass (refer to the prefactor in Eqn. 2.9), E is energy [eV], EG is the indirect

band gap [eV], and Eph is the phonon energy [eV].

An estimate of the optical band gap can be extracted from a measured absorption

coefficient using Eqns. 2.11 and 2.12. Using silicon as an example, the absorption coefficient

plot in Fig. 2.5(b) is used to assess the indirect and direct band gap, as shown in Fig. 2.6.

To estimate an indirect band gap for silicon, Eqn. 2.12 is linearized. Plotting the measured

absorption coefficient as (α × E)1/2 versus energy, the x-axis intercept provides an estimate

of the indirect band, as shown in Fig. 2.6(a). The extrapolated indirect band gap is Eindr
G ∼ 1.1
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Figure 2.6: Estimation of the (a) indirect band gap, and (b) direct band gap of silicon. An
indirect band gap of Eindr

G ∼ 1.1 eV can be extracted, while a direct band gap Edr
G ∼ 3.3 eV is

also observed.

eV, consistent with the known band gap of crystalline silicon [12]. By linearizing Eqn. 2.11,

the direct band gap for silicon can be extracted. Plotting the measured absorption coefficient

as (α × E)2 versus energy, the x-axis intercept constitutes an estimate of the direct band, as

shown in Fig. 2.6(b). Silicon has a direct band gap at Edir
G ∼ 3.3 eV.

The nature of the band gap has an important consequence with respect to the thickness

requirement for an absorber layer in a solar cell. The indirect band gap nature of crystalline

silicon implies that the minimum thickness required to fully absorb the solar spectrum is

∼ 200 µm [23]. This thickness corresponds to an absorption coefficient, α ∼ 50 cm−1.

TFSCs commonly utilize CIGS and CdTe as absorber layers which are both direct band gap

materials. As a result of the abrupt onset of absorption in a direct band gap material, the

minimum thickness required to completely absorb the solar spectrum is reduced to <5 µm

[24]. This thickness corresponds to an absorption coefficient > 2 × 103 cm−1.

While the absorption coefficient shown in Figs. 2.4 and 2.5 do not show the presence

of any sub-band gap absorption, absorption coefficient plots of non-optimized materials can

show a rather large amount of sub-band gap absorption. This is predominately due to the
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presence of additional lower band gap phases present in the material, and/or a large carrier

concentration.

Figure 2.7 shows the absorption coefficients for Cu10Mn2Sb4S13 and Cu12Sb4S13 thin

films, both of which have a band gap, EG ∼ 1.8 eV. However, the absorption coefficient for

the Cu10Mn2Sb4S13 thin-film also indicates the presence of another absorption event at Esb =

1.6 eV, suggesting the presence of an sub-band gap phase in the thin film. Sb2S3 has a band

gap, EG = 1.6 eV [25] which gives rise to the absorption feature seen at Esb = 1.6 eV. The

absorption coefficient plot for the Cu12Sb4S13 thin film, on the other hand, does not show

evidence of any additional sub-band gap phases, but exhibits a steep, upward curvature for

energies below the band-gap. This is a characteristic feature of free-carrier absorption in a

degenerate semiconductor [11], where the presence of a large concentration of carriers gives
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rise to a plasma resonance frequency, and the observed upward curvature in an absorption

coefficient plot. The presence of a large carrier concentration results in a strong sub-band gap

absorption value. This can be due to an inherent property of the material under consideration

(i.e., it always has a large carrier concentration which cannot be controlled), or due to a

non-optimized deposition process.

2.1.3 Recombination

When a semiconductor is perturbed from thermal equilibrium by above-band gap light,

it seeks to restore itself back to equilibrium once the perturbation is removed. A photogener-

ated electron in the conduction band recombines with a corresponding hole in a characteristic

lifetime, τ [s]. In a TFSC, this is an important parameter which can limit the overall device

efficiency. While a long minority carrier lifetime (τ >100 µs) is typical for a crystalline sili-

con solar cell [12], a TFSC typically short has lifetimes <100 ns [26] [24] due to the direct

nature of the band gap (usually) and presence of an increased number of defects and grain

boundaries compared to crystalline silicon [27].

The three possible recombination mechanisms are shown in Fig. 2.8. The first mech-

anism (Fig. 2.8a) is radiative recombination, where a photogenerated electron near the con-

duction band minimum recombines with a hole near the valence band maximum, emitting

a photon in the process. The second recombination type (Fig. 2.8b) is Shockley-Reed-Hall

(SRH), or trap-assisted recombination. The third process (Fig. 2.8c) is Auger recombination.

Auger recombination is only significant for high doping concentrations (n, p ≥ 1018 cm−3),

or high-level injection [12]. Since the carrier concentration for a solar absorber is less than

1018 cm−3, only radiative and SRH are relevant recombination mechanisms. Each recombi-

nation mechanism may be expressed as a lifetime, and the overall effective lifetime is the
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Figure 2.8: Recombination mechanisms in a semiconductor. (a) Radiative recombination,
accompanied with the emission of a photon with energy equal to the band-gap. (b) SRH, or
trap-mediated recombination, and (c) Auger recombination.

reciprocal sum of the two relevant lifetimes as [12],

1
τe f f

=
1

τrad
+

1
τSRH

, (2.13)

where τrad and τSRH are the minority carrier lifetimes [s] for radiative and SRH recombina-

tion. Equation. 2.13 indicates that the shorter recombination lifetime plays the dominant role

in establishing the effective minority carrier lifetime.

Radiative Recombination

Radiative recombination is the inverse process of interband absorption, and is of im-

portance in a direct band gap semiconductor [16]. The net radiative recombination rate, Urad

[cm3 s−1] can be written as [12],

Urad =
∆n
τrad

, (2.14a)
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with

τrad =
1

Rec(p0 +n0 +∆p)
, (2.14b)

and

Rec =
Gth

n2
i
. (2.14c)

where Gth is the generation rate [cm3 s−1], Rec is the radiative recombination coefficient

[cm3 s−1], ni is the intrinsic carrier concentration [cm−3], ∆n (∆p) refers to the concentration

of photogenerated (excess) electrons (holes) [cm−3], and n0 (p0) refers to the equilibrium

concentration of electrons (holes) [cm−3]. For a p-type material (p0� n0), under low-level

injection (p0 � ∆n = ∆p) and assuming full ionization (p0 → NA), Eqn. 2.14b can be re-

written as,

τrad =
1

RecNA
. (2.15)

The recombination coefficient, Rec is larger (∼ 10−10 cm3 s−1) for a direct band gap

semiconductor than an indirect band gap semiconductor (Rec ∼ 10−15 cm3 s−1) [28]. As-

suming an absorber with a direct band gap and NA = 1016 cm−3, τrad = 1µs. With NA =

1014 cm−3, the radiative lifetime τrad = 100µs, indicating a long minority carrier lifetime

value if the hole concentration can be precisely controlled (which may not be the case in

polycrystalline semiconductors).

SRH Recombination

For an indirect band gap semiconductor, recombination via trap states is usually the

dominant recombination mechanism [12]. Recombination via a single trap state consists

of two processes: electron capture and hole capture, described using Shockley-Read-Hall
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(SRH) statistics as [29],

USRH =
σn σp vth Nth

(
np−n2

i
)

σn

[
n+ni exp

(
Et−Ei
kBT

)]
+σp

[
p+ pi exp

(
Ei−Et
kBT

)] , (2.16)

where USRH is the net SRH recombination rate [cm3 s−1], σn (σp) refer to the capture cross-

section for electrons (holes) [cm2], vth is the thermal velocity [cms−1], n (p) are the excess

photogenerated electrons (holes) [cm−3], ni is the intrinsic carrier concentration [cm−3], with

the intrinsic level corresponding to Ei [eV] and Et [eV] is the energy position of the trap

within the band gap. Equation 2.16 indicates that USRH is maximum when Et = Ei, or that

near mid-gap states are the most effective recombination centers. As a result, Eqn. 2.16 can

be solved for a p-type semiconductor with mid-gap trap states to give [12],

USRH =
σnσp vth Nt [∆n (n0 + p0)+∆n)]

σp [p0 +∆p+ni]
. (2.17)

Equation 2.17 can be further simplified by introducing the SRH lifetime, τSRH [s], as

[30],

USRH =
∆n

τSRH
, (2.18a)

where

τSRH =
τn (p0 +∆p+ni)

(n0 + p0 +∆n)
, (2.18b)

and

τn =
1

σn vth Nt
, (2.18c)

where τn is referred to as the minority carrier lifetime, σn is the capture cross-section for

electrons [cm−2], vth is the electron thermal velocity [cm2 s−1] and Nt is the concentration



19

EC

EV

EA

b)

σp = 10-12 cm2

EF

EF

a)

ED

σn = 10-12 cm2

Figure 2.9: (a) Electron capture by an ionized donor trap in a p-type semiconductor, and (b)
hole capture by an ionized acceptor trap in an n-type semiconductor.

of mid-gap traps [cm−3]. For low level injection (p0� ∆n) in a p-type material, Eqn. 2.18b

can be written as,

τSRH ≈ τn =
1

σn vth Nt
. (2.19)

Trap states can be classified as donor- or acceptor-like [29]. A donor-like (acceptor-

like) trap state is likely to give away (accept) an electron. To serve as an effective recombina-

tion center, the traps have to be ionized, i.e., an ionized donor trap is positively charged, while

an ionized acceptor defect is negatively charged. Recombination at a trap is characterized by

a capture cross-section for electrons (σn) and holes (σp) with typical values for an attractive,

neutral and, repulsive trap of: 10−12, 10−15 and, 10−18 cm−2 [30], respectively. Figure 2.9(a)

shows a p-type semiconductor with a positively charged ionized donor trap. Since the de-

fect is positively charged, a photogenerated (minority carrier) free electron in the conduction

band will be coulomb-attracted to the trap [31]. The capture cross-section for this case is σn

= 10−12 cm−2. An ionized acceptor defect in a p-type material is negatively charged, and a
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Mid-gap defect concentration [cm−3] Minority carrier lifetime [ns]

1012 100

1013 10

1014 1

1015 0.1

1016 0.01

Table 2.1: Calculated minority carrier lifetimes based on mid-gap defect densities. These
values are used for subsequent device simulations in this study.

photogenerated minority carrier electron is repelled from this trap [31]. Conversely, a neg-

atively charged acceptor trap in an n-type semiconductor, as shown in Fig. 2.9(b), primarily

captures minority carrier holes. The capture cross-section for a minority carrier hole is σp =

10−12 cm−2.

Equation 2.19 can be assessed for a p-type absorber with donor-like traps (σn = 10−12

cm−2) and vth = 107 cm2 s−1 to relate the minority carrier lifetime to the concentration of

mid-gap defects in a material listed in Table 2.1. Comparing values in Table 2.1 along with

calculated values for radiative recombination lifetime (NA = 1016 cm−3, τ = 1 µs; NA =

1014 cm−3, τ = 100 µs) and Eqn. 2.13 indicates that SRH recombination is the dominant

recombination mechanism in a TFSC.

2.2 Solar Cell Device Primer

A TFSC is typically a p-n heterojunction diode, where the mechanism for charge sep-

aration involves a gradient in excess carriers diffusing to the edge of a depletion region, or a
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p-i-n heterojunction diode, where carriers are influenced by a built-in electric field, resulting

in a drift field transport. This section focuses on a device description of a TFSC. Beginning

with a discussion of device configuration types, current-voltage characteristics for both a dif-

fusion and drift-based TFSC are described. Finally, solar cell efficiency limits are discussed.

2.2.1 Solar Cell Device Configurations

Designing a high efficiency TFSC not only requires optimal photogeneration, but also

requires a mechanism for efficient extraction of carriers. To produce power, photogenerated

electron-hole pairs have to be efficiently extracted from the absorber at the appropriate con-

tact. This requires a built-in asymmetry in the solar cell structure [32], such that electrons

preferentially leave the TFSC at the n-type contact and holes at the p-type contact. Fig-

ure 2.10 shows two device geometries under three different conditions: equilibrium (dark),

illumination, and illumination with a forward bias.

p-n Heterojunction TFSCs: Diffusion cells

Figure 2.10a shows a simulated energy-band diagram for a p-n heterojunction TFSC

with an n+ window layer (ND = 1018 cm−3, t = 50 nm) and a p-type absorber layer (NA =

1016 cm−3, t = 600 nm). Since ND � NA, a TFSC p-n heterojunction is a one-sided step

junction, and as a result, this doping asymmetry causes most of the electric field drop across

the p-type absorber, giving rise to a space charge region. However, the band bending due to

the electric field in Fig. 2.10a is restricted to a portion of the absorber thickness, while the

absorber bulk has negligible band bending or electric field drop to enhance carrier extraction.

In this configuration, carrier transport is governed by diffusion of carriers towards the space

charge region, and the structure is a diffusion cell.
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Figure 2.10: Device configurations for a TFSC. P-n junction (diffusion cell) at (a) equilib-
rium, (b) under illumination, (c) and illumination with a forward bias. P-i-n junction (drift
cell) at (d) equilibrium, (e) under illumination, and (f) illumination with a forward bias.
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Illumination results in the generation of excess carriers (Fig. 2.10b), so that the equi-

librium Fermi level (EF ) splits into quasi-Fermi levels (EF p and EFn), whose separation in

energy from EF is related to excess carrier generation. The separation (EFn - EF p), is known

as quasi-Fermi level (QFL) splitting and the maximum QFL under illumination is equivalent

to the open-circuit voltage (VOC) in a TFSC. Thus, illumination of a solar cell generates a

potential which forward biases the device. The resulting energy band diagram is shown in

Fig. 2.10c. As a consequence of this forward bias, the electric field near the n+-p interface is

reduced. Solar cells based on crystalline silicon and Cu(In,Ga)Se2 are examples of this type.

In this diffusion cell configuration shown in Fig. 2.10a-c, a large valence band discon-

tinuity at the n+-p heterojunction interface provides a valence band energy barrier reflecting

holes and preventing them from recombining with electrons at the front contact. However,

at the back contact in Figs. 2.10a-c, this device configuration does not have a corresponding

conduction band energy barrier to prevent undesirable electron recombination.

p-i-n Heterojunction TFSCs: Drift cells

A p-i-n heterojunction configuration energy band diagram is shown in Fig. 2.10d. The

energy band diagram for this configuration is simulated by sandwiching a low-doped p-type

absorber (NA = 1014 cm−3, t = 600 nm) between two highly doped asymmetric layers (n+:

ND = 1018 cm−3, t = 10 nm and p+: NA = 1018 cm−3, t = 10 nm). These thin, highly

doped layers cause an internal electric field to drop across the entire absorber, resulting in

photogenerated carriers experiencing drift-aided transport. CdTe and amorphous silicon solar

cells are examples of this configuration.

In a p-i-n heterojunction, or a drift cell, in addition to the valence band discontinuity

providing a hole reflector at the n+-p interface, a small conduction band offset at the p-
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p+ interface provides a built-in electron reflector. This barrier makes it more difficult for

electrons to recombine at the back surface. Sites and Pan [33] show that a barrier height of

0.1 - 0.3 eV is sufficient to appreciably reduce back-surface recombination.

The quasi-Fermi level splitting under illumination is indicated in Fig. 2.10e and the

effect of forward bias due to illumination is shown in Fig. 2.10f. A key feature of a drift cell

compared to a diffusion cell is the existence of an internal electric field to enhance carrier

transport even in a low mobility and low minority carrier lifetime semiconductor, such as

amorphous silicon [5]. Under bias (Fig. 2.10f), the electric field decreases in magnitude.

As a result, the photocurrent can be bias dependent [34]. The variation of TFSC material

parameters such as the thickness, carrier concentration, minority carrier lifetime, and carrier

mobilities for a diffusion and a drift-based TFSC is explored further in Chapter 4.

2.2.2 Current-Voltage Characteristics of TFSCs

In the dark, the current density-voltage (J-V) characteristics of a p-n junction-based

(diffusion configuration) TFSC can be modeled using the Shockley diode equation [29],

J(V ) = J0

[
exp
(

qV
nkBT

)
−1
]
, (2.20)

where kB is Boltzmann’s constant [eV K−1], T is temperature [K], n is the ideality factor, q

is electron charge [C], V is the potential developed across the terminals of the cell [V] and

J0 is the reverse saturation current density [mA cm−2]. Illumination results in the generation

of a photocurrent, Jph [mA cm−2], related to the number of photons absorbed as determined

by the absorption coefficient. As a result, the J-V characteristics for an illuminated solar cell

can be written as,

J(V ) = Jph− J0

[
exp
(

qV
nkBT

)
−1
]
, (2.21a)
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with

Jph = q
∫

∞

EG

(1−R)Φb exp(−αxa)dE. (2.21b)

where Φb is the incident solar flux [W m−2 µm−1], R represents the reflection losses from the

front surface [unitless], α is the absorption coefficient [cm−1], and xa is the thickness of the

absorber layer [nm or µm] [7].

The J-V characteristics corresponding to Eqn. 2.21a in the dark and under illumination

are shown in Fig. 2.11a and are described using the following parameters:

• Short-circuit current density (Jsc): The short-circuit current density is obtained under

zero load resistance when no voltage is applied. According to Eqn. 2.21a, Jsc = J(V =

0) = Jph− J0.

• Open-circuit voltage (Voc): The open-circuit voltage is the voltage produced by the so-

lar cell, under an infinite load resistance, when no current flows. Rewriting Eqn. 2.21a,

for J = 0, the open circuit voltage is equal to,

Voc =
nkBT

q
ln
(

1+
Jph

J0

)
. (2.22)

• Fill factor (FF): The maximum power Pmax generated by a solar cell occurs at a voltage

(Vmax) and current density (Jmax) maximum represented via the fill factor as,

FF =
JmaxVmax

JscVoc
=

Pmax

JscVoc
. (2.23)

The FF is equal to the largest rectangular area that fits the fourth quadrant of an illumi-

nated J-V curve, indicated by the shaded region in Fig. 2.11a. Typical solar cells have

FF between 0.6 - 0.8.
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Figure 2.11: (a) J-V characteristics, and (b) equivalent circuit of a solar cell. The dashed box
in (b) represents non-ideal components of the model.

• Efficiency (η): The efficiency of a solar cell is defined as the ratio of the output power

density and the incident power density, Ps as,

η =
JmaxVmax

Ps
=

JscVocFF
Ps

. (2.24)

The four quantities: Jsc, Voc, FF , and η represent key performance characteristics of

a solar cell, defined for a particular illumination condition, typically the AM1.5 spectrum.

These characteristic parameters for solar cells with different absorbers are listed in Table

2.2.

Recombination in the depletion region along with parasitic resistances have to be in-

cluded in Eqn. 2.21a to fully describe solar cell behavior. During operation, the efficiency

of a solar cell can be reduced due to power dissipated through contact resistance and leak-

age currents around the side of the device [40]. These effects are represented electrically as

parasitic series (Rs) and parallel (Rsh) resistances [Ω]. The series resistance arises from the

bulk absorber material and metallic contacts to the solar cell along with interconnects. The

parallel resistance is a shunt resistance associated with pinholes or other types of shunting

defects in the absorber or other layers [41]. The variation in J-V characteristics for a hypo-
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Absorber Band Gap Voc Jsc FF η Ref.

[eV] [V] [mA cm−2] [unitless] [%]

Crystalline Si 1.1 0.71 42.2 82.8 24.7 [35]

GaAs 1.4 1.02 28.2 87.1 25.1 [36]

Amorphous Si 1.6 0.89 16.7 67.8 10.1 [37]

Cu(In,Ga)Se2 1.1 0.67 35.7 77.0 19.4 [26]

Cu2(Zn,Sn)SSe4 1.15 0.46 34.5 69.8 11.1 [38]

CdTe 1.4 0.85 25.9 74.5 18.3 [39]

Table 2.2: Electrical performance parameters of solar cells with different absorber materials.

thetical TFSC with different values for Rs and Rsh is shown in Figure. 2.12. Increasing Rs

from 0 Ω cm2 to 20 Ω cm2 in Fig. 2.12a shows a decrease in the FF. Decreasing Rsh from 1

kΩ cm2 to 25 Ω cm2 in Fig.2.12b shows a significant change in the J-V characteristics. Not

only does the FF reduce, but the Voc also decreases with decreasing Rsh. Thus, to reduce

parasitic losses, an optimal solar cell requires a high parallel (Rsh) resistance and a low series

(Rs) resistance. This result can be understood using the equivalent circuit shown in Fig. 2.11.

A low value of Rs is preferred since there would be no voltage drop before the output and a

large value for Rsh is necessary to prevent an additional current path.

If the diode equation given in Eqn. 2.20 is assumed to involve only diffusion current,

the ideality factor, n, is equal to 1. Generation-recombination can also occur in the space

charge region, resulting in an ideality factor of 2 [5]. A more complete description of a solar

cell includes the parasitic resistances and involves a two diode model - J01 accounting for

diffusion current, and J02 accounting for generation-recombination current in the depletion
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region. J-V characteristics for this solar cell model is represented as [5],

J(V ) = Jph− J01

[
exp
(

V + IRs

kBT

)
−1
]
− J02

[
exp
(

V + IRs

2kBT

)
−1
]
−
(

V + IRs

Rp

)
. (2.25)

The reverse saturation current density, J0, for a diffusion cell is often formulated using

the following empirical expression by Green [42],

J0 = J00 exp
(
−EG

kBT

)
, (2.26a)

where

JGreen
00 = 1.5×108 [mA cm−2] . (2.26b)

Equation. 2.26a can be derived from the reverse saturation current density for a p-n

junction assuming only diffusion current is relevant [12],

J0 =

[
qDnn2

i

LnNA
+

qDpn2
i

LpND

]
, (2.27)

where Dn (Dp) is the diffusion constant for minority carrier electrons (holes) [cm2 s−1], Ln

(Lp) is the diffusion length for electron (holes) [cm or µm], and NA (ND) refers to the acceptor
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(donor) density [cm−3]. A TFSC is typically a one-sided step junction, with the n-type region

higher doped than the p-type region. As a result, Eqn. 2.27 can be simplified to only account

for minority carrier electrons in the p-type region. In addition, an expression for the intrinsic

carrier concentration can be substituted into Eqn. 2.27 to give,

J0 =

[
qDnn2

i

LnNA

]
=

[
qDnNCNV

LnNA

]
× exp

(
−EG

kBT

)
(2.28)

where NC and NV refer to the effective density of states in the conduction band and valence

band [cm−3], respectively. Comparing Eqns. 2.26a and 2.28, J00 is equivalent to a constant

related to material properties of the absorber. For silicon, using material properties from [12]

as listed in Table 2.3, J00 = 2.11× 108 mA cm−2 for NA = 1017 cm−3, providing a close

match to Eqn. 2.26b. An estimation of J00 for a CIGS-based TFSC using material parameters

from [31] as listed in Table. 2.3 provides J00 = 1.02×1010 mA cm−2 for NA = 1016 cm−3.

The calculated reverse saturation current density prefactor for a CIGS-based TFSC is nearly

two orders of magnitude higher than that of a silicon solar cell. Comparing values shown

in Table 2.3, while the electron mobility is lower in CIGS compared to silicon, the biggest

differentiator is that the minority carrier lifetime in CIGS is five orders of magnitude lower

than that of silicon, and as a result, the diffusion length is significantly reduced. This sug-

gests that a diffusion-based TFSC would have an increased reverse saturation current density

compared to that estimated using Green’s empirical equation. In turn, this would lead to a re-

duced output current and a lower efficiency than expected from the extrapolated performance

of a crystalline silicon-based solar cell.

In the dark, the electrical characteristics of a p-i-n diode (drift configuration) is mod-

eled as [41],

J(V ) = J0

[
exp
(

qV
2kBT

)
−1
]
. (2.29)
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Parameter Silicon CIGS

µn [cm2 V−1s−1] 1450 100

τn [s] 10−3 10−8

NC [cm−3] 2.8 × 1019 2.2 × 1018

NV [cm−3] 2.65 × 1019 1.8 × 1019

NA [cm−3] 1017 1016

J00 [mA cm−2] 1.5 × 108 1.02 × 1010

Table 2.3: Material properties for silicon [12] and CIGS [31] used to calculate the reverse
saturation current density prefactor, J00.

Under illumination, photogenerated carriers are generated throughout the low-doped ab-

sorber, resulting in an additional recombination term since the space charge region extends

across the entire absorber layer. For simplicity, it is assumed that the p+ and n+ regions

on either side of the absorber are thin compared to the absorber thickness so that diffusion

of carriers from these layers towards the absorber is not taken into account. Assuming that

transport is purely governed by drift, the total current density for an illuminated p-i-n diode

is [41],

Jillum = Jph− J0− Jrecomb, (2.30)

where Jrecomb [mA cm−2] refers to the recombination current density across the entire ab-

sorber layer. For a simple case where the electric field is uniform across the entire absorber,

Jrecomb can be given as [41],

Jrecomb = Jph×
di

ldri f t
, (2.31a)
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and

ldri f t = µτE0 = µτ

(
Vbi−V

di

)
, (2.31b)

where ldri f t is the drift length [cm] of minority carrier electrons and di is the thickness of the

absorber. In Eqn. 2.31b, the maximum Vbi is EG/q. Under no applied bias, Eqn. 2.31b can

be simplified to,

ldri f t = µτ
EG

qdi
. (2.32)

Representative TFSC absorber material parameters can be substituted into Eqn. 2.32

to estimate the drift length for a 1 µm thick absorber layer,

ldri f t = 100 cm2V−1s−1×1ns× 1.5eV
q×1µm

, (2.33a)

or

di

ldri f t
=

1×10−4 cm
1.5×10−3 cm

= 0.067. (2.33b)

Thus, for an absorber with a moderate lifetime and a high mobility, substituting Eqn. 2.33b

into Eqn. 2.31a, it is evident that Jrecomb is of negligible importance in Eqn. 2.30. However, if

the mobility or lifetime is significantly decreased, as is the case in amorphous silicon-based

TFSCs, Jrecomb can be as high as 0.8Jph [43]. To first order, it can be assumed that an illumi-

nated drift cell has similar J-V characteristics as a diffusion cell, and the reverse saturation

current density has the same form as Eqn. 2.26a. Since the transport mechanism is no longer

governed by diffusion, the current density prefactor in Eqn. 2.26a can be modeled using the

generation-recombination current density in the depletion region [12],

JDri f t
00 =

1
τ
×q di Nt , (2.34)
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where Nt refers to the concentration of traps [cm−3] and τ is the minority carrier lifetime [ns].

Using this simple model, it is evident that the reverse saturation density prefactor in a drift cell

is dependent on the thickness of the absorber layer and the density of traps. For a hypothetical

absorber with di = 1µm and a lifetime of 1 ns (Nt = 1014 cm−3), JDri f t
00 can be estimated as

1.6×105 mA cm−2. While this estimate for JDri f t
00 is three orders of magnitude smaller than

JGreen
00 (Eqn. 2.26b), the ideality factor for a drift cell is n = 2, effectively increasing the

reverse saturation current density compared to that of a diffusion-based TFSC.

2.2.3 Efficiency Limits for a Single-Junction Solar Cell

The Shockley-Queisser (S-Q) limit has long been recognized as the theoretical upper

limit estimate of the efficiency for a p-n junction solar cell. The S-Q model relates the

efficiency of a solar cell to the optical band gap using a detailed balance assessment between

generation of carriers and radiative recombination [44]. Using expressions for Jsc, Voc, FF ,

and η from the previous section, an empirical estimate for the ideal efficiency of a single

junction solar cell can be plotted.

The upper maximum limit for Jsc can be calculated using Eqn. 2.21b with the AM1.5

spectrum. To simplify the analysis, all photons above the band gap are assumed to be ab-

sorbed contributing to the photocurrent without any recombination and no reflection losses.

Including the absorption coefficient, reflection losses, and recombination effects would cor-

respondingly reduce these ideal estimates. A plot of Jsc as a function of band gap is shown

in Fig. 2.13a. Jsc decreases with increasing band gap since a smaller portion of the incident

spectrum is absorbed, resulting in a reduced density of photogenerated carriers.
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An absorber layer thickness of di = 1µm and a lifetime of 1 ns (Nt = 1014 cm−3) is used to
estimate JDri f t

00 .

Equation 2.22 can be rewritten to describe the Voc as a function of band gap as [42],

Voc =
nkBT

q
ln
(

1+
Jph

J0

)
, (2.35a)

=
nkBT

q
ln

1+
Jph

J00 exp
(
−EG
nkBT

)
 , (2.35b)

=
nkBT

q

[(
Jph

J00

)
+

EG

nkBT

]
, (2.35c)

or

qVoc = nkBT
(

Jph

J00

)
+EG. (2.35d)

The variation in Voc as a function of the band gap is is shown in Fig. 2.13b, calcu-

lated for the two different TFSC configurations using Eqn. 2.35d. The expression for JGreen
00

(Eqn. 2.26b) is used for a diffusion cell, and JDri f t
00 (Eqn. 2.34) for a drift cell.

To plot the variation in efficiency as a function of band gap, the fill factor (FF) has to

be evaluated. While Eqn. 2.23 implies that the maximum current density and voltage need to
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be measured, Green provides an empirical relation for the FF as [42],

FF =
voc− ln(voc +0.72)

voc +1
, (2.36)

where voc =
qVoc
nkBT is the normalized open-circuit voltage. Finally, the efficiency, calculated as

the product of (Voc× Jsc×FF) for both cell configurations is plotted in Fig. 2.14. It is seen

that the maximum efficiency occurs for a range of band gaps from 1 - 1.5 eV for a single

junction solar absorber with a maximum of ∼ 30% at EG = 1.37 eV. To boost the efficiency

above this S-Q limit, multi-junction tandem cells based on III-V semiconductors have been

explored for concentrator and space-based solar cell applications, achieving a maximum effi-

ciency of 44% [39]. In addition, it is seen that a drift-based TFSC leads to a lower efficiency

compared to that of a diffusion cell, due to increased recombination in the absorber layer.

However, at EG = 1.37 eV, the two configurations only have a 2% difference in efficiency.
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Figure 2.14: Solar cell efficiency for a single-junction cell as a function of energy band gap.
The optimum band gap is between 1.1-1.5 eV, providing a theoretical efficiency as high as
30%. It is seen that a drift-type TFSC has a slightly lower predicted efficiency compared to
a diffusion-based TFSC.
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Figure 2.15: SLME efficiency as a function of band gap for various I-III-VI materials. [45]

The S-Q limit implies that any semiconductor material with a band gap between 1 - 1.5

eV should result in a high efficiency TFSC. The model does not take into account absorption

characteristics or non-radiative recombination. To account for these, the spectroscopic lim-

ited maximum efficiency (SLME) was developed by Lu and Zunger, as shown in Fig. 2.15,

and incorporates calculated theoretical absorption and band gap types, helping to resolve a

spread of different efficiencies for materials having the same band gap value [45]. SLME can

be used to screen a large subset of potential new solar absorbers and identify best-of-class

materials prior to experimental synthesis.

2.3 Thin-Film Absorber Materials
2.3.1 Cadmium Telluride - CdTe

CdTe is a high-performance TFSC absorber material since its optical energy band gap,

EG = 1.45 eV [46] at 300 K is in an optimal range for maximum photovoltaic energy conver-
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sion, as shown in Fig. 2.14. The absorption coefficient for CdTe, plotted in Fig. 2.16, shows a

direct band gap with a strong onset of absorption, reaching 1.5× 104 cm−1 abruptly near the

band gap energy. Absorption in CdTe is accomplished by exciting electrons from filled Te

p-orbital derived valence band states to empty Cd s-orbital derived states in the conduction

band. The strong onset of absorption arises as a consequence of the direct band gap nature

of CdTe and allows the absorber layer to be 2 µm thick [5] (in contrast to 200 µm, which is

the required thickness for a crystalline silicon solar cell [24]) and still provide high efficiency

cells. Since the conduction band minimum is derived from Cd-s orbital derived bands which

have low dispersion, CdTe has electron mobilities as high as 320 cm2/V-s and hole mobilities

of 40 cm2/V-s [31]. First principle calculations have shown that CdTe has a strong tendency

to self compensate with increasing p-type doping [47] [48]. With increasing acceptor-type

doping, as the Fermi level shifts towards the valence band maxima, the formation energy

to create compensating donor-type defects decreases [5]. This neutralizes (or compensates)

further acceptor doping, limiting the maximum hole concentration in CdTe to ∼ 1015 cm−3.

Closed-space sublimation (CSS) is the most common deposition technique employed

for CdTe thin-films. Solid CdTe is heated in medium vacuum (Pbase ∼ 5 mTorr) at T >

500◦C where the source material evaporates congruently and condenses onto a heated sub-

strate maintained at a temperature between 400 - 600◦ C [50]. A small separation distance

is maintained between the source and substrate, resulting in a high deposition rate (> 10

µm/min) even in a continuous inline manufacturing process [51].

In the construction of a CdTe-based TFSC, (see inset of Fig. 2.16) an n-type buffer

layer, CdS, is deposited using a solution-based chemical bath deposition (CBD) technique.

In this process, the substrate is inserted into a solution heated to 80◦C containing Cd2+ and
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Figure 2.16: Absorption coefficient plot for CdTe [49]. (Inset) CdTe TFSC device structure.
The TFSC is illuminated through the glass substrate, known as superstrate configuration.

S− ions, leading to the spontaneous formation of CdS thin films on the substrate [40]. The

CdS buffer layer is subsequently covered by SnO2, a transparent conductive oxide (TCO).

This layer is typically deposited using a spray-on process by dissolving SnCl4 in water and

spraying onto a heated substrate exposed to air. Alternatively reactive oxide sputtering using

a metallic Sn target is sometimes used. The complete cell structure is shown in the inset

of Fig. 2.16. The difference in lattice constants between CdS (a = 4.135 Å [25]) and CdTe

(a = 6.46 Å [25]) leads to a significant density of interface states which act as recombina-

tion centers. As-deposited devices show low charge collection and result in low efficiencies

[52]. However, dramatic improvement in device efficiency is achieved using a CdCl2 post-

deposition activation step [24]. While there is no consensus on the role of this step, several

improvements have been attributed to it. This step not only promotes recrystallization and

grain growth [52], but also facilitates intermixing between CdS and CdTe [40], reducing the

effects of the lattice mismatch and recombination centers. This activation treatment also pas-
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sivates grain boundaries, leading to an increase in the minority carrier lifetime of electrons

[24] in the CdTe absorber.

Device simulations [33] [53] indicate that CdTe is indeed a high-performance TFSC

absorber. Efficiencies as high as 22% have been predicted based on numerical simulation by

Sites and Pan [33] provided that the CdTe layer has a carrier concentation of NA = 1013 cm−3

with a minority carrier lifetime of 2 ns and an electron reflector providing an energy barrier

of 0.2 eV at the back contact. However, laboratory scale devices have not reached these

high efficiencies for several reasons. The work function of CdTe is estimated to be ∼ 5.51

eV [54]. As a result, forming an ohmic contact is difficult even when a high work function

material such as Au (Φ = 5.1 eV [55]) is used. Spies et al. use non-ideal Schottky barrier

theory to show that the metal work function value required to form an ohmic contact with

CdTe is significantly larger than commonly used contact materials [54]. Besides a simple

metal-semiconductor ohmic contact, tunneling contacts are also difficult to realize due to self-

compensation of CdTe, as discussed previously in this subsection. As a result, developing an

effective back contact strategy for a CdTe solar cell is an art form and various solutions have

been proposed. Cu/Te double layer thin films have been explored, which form Cu2Te upon

annealing. This has the dual advantage of (i) forming a Te-rich p+ back contact (Cu2Te: Eind
G

∼ 0.5 eV, p ∼ 1020 cm−3 [25]) at the backside and (ii) Cu migrating into the CdTe layer

[5], potentially increasing the hole concentration of the doped or alloyed interfacial layer. In

addition, during device processing, it is common to chemically etch the CdTe layer after the

CdCl2 treatment and prior to back (bottom) contact processing, resulting in the formation of

a Te-rich layer back surface [56]. Thus, the lower carrier concentration of the CdTe film, in
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addition to the p+ back contact results in a device configuration resembling that of a p+-i-n

junction [57], as shown in Fig. 2.17, where carrier transport is governed by drift.

Wu [58] at NREL, developed a variety of strategies to fabricate a 16.5% efficient CdTe-

based TFSC including use of an alternative window material, Cd2SnO4 (CTO), to replace

SnO2, use of a high resistivity ZTO buffer layer between CTO and CdS, increasing the thick-

ness of CdTe to 10 µm and forming a back contact comprised of a HgTe:CuTe-doped graphite

paste and a layer of Ag paste. Module efficiencies from First Solar are currently as high as

11.5%. Recently, GE Research reported an 18.3% efficient laboratory scale [39] device, indi-

cating that CdTe is becoming a leading TFSC player. However, the toxicity of Cd along with

the questionable elemental abundance of Te may possibly limit large scale implementation

of CdTe-based thin-film photovoltaics.
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2.3.2 Cu(In,Ga)Se2 - CIGS

Cu(In, Ga)Se2 (CIGS)-based TFSCs currently have the highest efficiency among TF-

SCs, with laboratory scale devices reaching 20% in 2009 fabricated by NREL [26] and mod-

ule efficiency greater than 13% developed by MiaSolè [39]. This sucess is built on early

work developing CuInSe2 (CISe)-based solar cells by Wagner et al. at Bell labs, who re-

ported a 5% efficient solar cell by evaporating n-type CdS onto a p-type CISe single crystal

in 1975 [59]. Kazmerski et al. fabricated the first CISe-based TFSC in 1976 [60], following

which, Boeing and ARCO pioneered development of CIGS-based TFSCs leading to a 14.1%

efficient TFSC as early as 1988 [61].

The copper chalcopyrite system, Cu(In, Ga, Al)(S, Se)2 includes a wide range of band

gap energies ranging from 1.04 eV for CISe to 2.7 eV for CuAlSe2 [25], spanning the entire

solar spectrum. In addition, all compounds within this family exhibit a direct band gap [46].

The VBM in CISe is comprised of Cu-d orbital and Se-p orbital derived bands, while the

CBM is composed of In-s orbital and Se-p orbital derived bands [62]. The direct band gap

nature, coupled with narrow Cu-d orbital derived bands in the VBM and allowed transitions

between Cu-d→ Se-p as well as Se-p→ In-s orbital derived bands result in the strong onset

of absorption for CIGS, shown in Fig. 2.18. CISe typically has a band gap between 0.9 - 1.05

eV [25], slightly lower than the optimal value for a solar absorber based on the S-Q limit

[44]. As a result, CISe is commonly alloyed with CuGaSe2 (EG = 1.66 eV [25]) to increase

the optical band gap value and match the S-Q limit peak. The ratio of Ga:In = 30:70 provides

an optimal band gap of 1.1 eV [27]. Since the CBM is comprised of In-s orbital derived

bands, CISe has mobility values as high as 100 and 25 cm2 V−1s−1 for electrons and holes,

respectively [31]. Typical minority carrier lifetimes are between 1 - 10 ns for laboratory-scale
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Figure 2.18: Absorption coefficient plot for CISe and CIGS. (Inset) CIGS TFSC device
configuration.

devices, however the highest efficiency CIGS-based TFSC had a minority lifetime of 100 ns

[26], indicating a high quality absorber layer.

CIGS is typically deposited under Cu-deficient conditions [5] resulting in a carrier

concentration of NA ∼ 1016 cm−3 [31]. The main acceptor-type defect in CIGS is typically

Cu vacancies (VCu) which have a low defect formation energy (∆H f = - 2 eV) [63]. However,

the neutral defect pair (2VCu + InCu), i.e., 2 copper vacancies and an indium antisite, has a

lower formation energy (∆H f = - 1.4 eV) but is electrically inactive [48]. This low defect

formation energy results in ordered defect compounds (ODCs) in CIGS [64] [65]. Under

Cu-deficient growth conditions, the surface layer can form ODCs with a stoichiometry of

CuIn5Se8, CuIn3Se5, Cu2In4Se7, and/or Cu3In5Se9 [63] which are all n-type [66] [67]. The

presence of this ODC layer on the surface of a CIGS thin-film facilitates formation of a p-n

homojunction and reduces interfacial recombination at the CdS-CIGS interface [68], thereby

increasing the efficiency of a CIGS-based TFSC.
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The two most common CIGS deposition techniques are co-evaporation and seleniza-

tion. In the co-evaporation process, the four elements (Cu, In, Ga and Se) are thermally

co-evaporated onto a heated substrate maintained at ∼ 500 ◦C [5] where Cu(In,Ga)Se2 spon-

taneously forms due to intermixing. Each of the sources can be individually controlled,

allowing for tunable composition during film growth. Since selenium has the highest va-

por pressure among the elements [69], it is typically evaporated in excess [5]. In the 1980s,

Boeing pioneered the bilayer process, where deposition begins in a Cu-rich condition which

provides a large grain size [32], following which, the Cu/(In+Ga) ratio is reduced such that

a Cu-deficient composition is achieved [70]. A three-stage co-evaporation process was also

developed, where In, Ga and Se elemental sources are initially evaporated onto a substrate

maintained at 300 ◦C [32]. In the second stage, Cu and Se are evaporated at temperatures

higher than 500 ◦C to form a Cu-rich composition. Finally, in the third step, In, Ga and Se

are evaporated to ensure that the overall In-rich, Cu-deficient composition is achieved. Films

grown using this approach have an increased Ga/(In+Ga) ratio (larger band gap) towards the

back of the film, giving rise to a band gap gradient between the bottom of the film and the

top. In the selenization process, the deposition and compound formation occur in two dif-

ferent steps. A common approach is to deposit the metal precursors (Cu, In and Ga) using

DC sputtering and then anneal the film in a H2Se environment at elevated temperatures [71].

Alternatively, all four elements can be deposited sequentially and subjected to a rapid ther-

mal anneal in a Se environment [72]. While devices based on the selenization process have

a lower efficiency than films deposited using the co-evaporation process (16% [73] in com-

parison to 20% [74]), the selenization process is favored by industrial manufacturers, since

sputtering can be used to deposit the precursors over large areas. The device configuration for
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Figure 2.19: Representative energy band diagram for a CIGS-based TFSC. A wider band
gap corresponding to CGS (EG = 1.6 eV) is included to show the effects of band-gap grading
towards the back contact. The band-gap grading provides a back-surface field and reduces
recombination at the back contact.

a CIGS-based TFSC, known as a substrate configuration, is shown in the inset of Fig. 2.18,

and a corresponding energy band diagram is shown in Fig. 2.19. Here, molybdenum (Mo) is

used as the bottom contact above which the CIGS layer is deposited using techniques outlined

above. A thin (50 nm) CdS layer is deposited above the absorber as an n-type buffer layer,

above which indium tin oxide (ITO) or Al-doped ZnO forms the top transparent contact.

Several salient aspects provide for a high efficiency CIGS-based TFSC. The addition

of Ga during CIGS deposition results in a band gap gradient across the absorber layer, such

that the bottom of the film has a higher band gap than the top [75]. Figure. 2.19 shows a

representative energy band diagram with band gap grading towards the back contact. While

not as pronounced as the back contact barrier in a CdTe-based TFSC (refer to Fig. 2.17),

band gap grading provides a back-surface field to reflect stray electrons towards the n-type

contact, thereby reducing recombination at the back surface. Similar to CdTe, the work

function of CISe and CGS ranges between 5.3 [76] - 5.4 eV [77], and as a result, common
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metals would not provide an ohmic contact [54]. During the absorber deposition process, a

thin MoSe2 layer (∼ 10 nm) typically forms between the CIGS absorber and the Mo back

contact [78]. MoSe2 is a p-type semiconductor with a band gap of 1.3 eV [79]. The larger

band gap of MoSe2 compared to CIGS provides an electron mirror at the absorber back

surface (in addition to band-gap grading) to mitigate minority carrier recombination at the

back contact. In addition, Kohara et al. show that the presence of a MoSe2 at the CIGS/Mo

contact facilitates the formation of an ohmic contact [80]. The choice of glass substrate

(fused silica, borosilicate glass or soda-lime glass) can also affect the device efficiency in a

CIGS-based TFSC. During growth of the absorber layer, sodium (Na) can be unintentionally

introduced into the CIGS layer by diffusion from a soda-lime glass substrate through the Mo

back contact. Several models have been proposed to understand the role of Na on device

performance. Na incorporation is believed to passivate CIGS grain boundaries and promote

grain growth [81] [82]. Contreras et al. incorporated 20 nm of NaF between the absorber

and Mo back contact and observed a higher device efficiency when compared to a control

sample with no Na incorporation. These authors observed an enhancement of the grain-size

along with an increase in the Voc and FF, and measured an increased carrier concentration

for CIGS with Na incorporation. Thus, the presence of MoSe2 and Na incorporation at the

back surface aids in the formation of an effective back contact.

CIGS-based TFSCs currently have the highest laboratory scale efficiencies, reaching

20% in 2003 [26]. However, maintaning the appropriate CIGS composition reproducibly

over large areas has made scaling-up challenging, along with the high production costs to

manufacture a CIGS-based TFSC [83]. In addition, the rising costs and questionable ele-
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mental abundance of In can possibly limit the large scale implementation of CIGS-based

TFSCs.

2.3.3 Amorphous Silicon

The first amorphous silicon (a-Si)-based TFSC was fabricated by Carlson and Wronski

in 1976 [84] with a photo-conversion efficiency of 2.4%. Subsequently, solar cells fabricated

in the 1980s were widely used in low power consumer applications such as hand-held cal-

culators [41]. Unlike CdTe or CIGS which are polycrystalline and exhibit long-range order,

a-Si is amorphous, characterized by short-range structural order but long-range disorder re-

sulting in opto-electronic properties that are significantly different than those of crystalline

silicon (c-Si). The lack of long-range order in a-Si implies that there is no well defined E-

k relationship. As a result, conservation of crystal momentum is not relevant in a-Si [7].

The amorphous microstructure in a-Si results in lower carrier mobilities and shorter minority

carrier lifetimes [85], resulting in poor transport properties compared to c-Si.

a-Si is typically prepared by plasma-enhanced chemical vapor deposition (PECVD)

[5], which relies on the decomposition of silane gas (SiH4). This technique proved beneficial

in the development of a-Si, since it allowed the incorporation of hydrogen into the thin film.

Prior to 1969, a-Si films were primarily deposited using PVD techniques which resulted in

films with a defect density > 1019 cm−3 [79]. In c-Si, each silicon atom is tetrahedrally

bonded to four other silicon atoms. Due to the amorphous, random microstructure in a-Si,

each silicon atom may not be bonded with four silicon atoms, resulting in the presence of

a large density of dangling bonds [5]. Hydrogen present in silane during thin-film fabri-

cation passivates these unterminated silicon bonds and reduces the defect density to 1015 -

1016 cm−3 [62]. Thus, a-Si thin films used for TFSCs are primarily called hydrogenated
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amorphous silicon (a-Si:H). Similar to c-Si, a-Si:H can be doped both n- and p-type by the

addition of phosphorus or boron [86]. An inherent advantage of using PECVD to deposit

a-Si:H thin-films is that the constituent dopant can be introduced via the process gas during

film deposition [32]. However, incorporation of these dopants into a-Si:H introduces addi-

tional mid-gap trap states, further reducing the minority carrier lifetime [79]. As a result,

unlike c-Si, the doped layers are not utilized as the active absorber layers. Alloying a-Si:H

with Ge or C provides the ability to tune the band gap of a-Si:H. Band gap values as low as

1.3 eV can be obtained for a-Si:Ge:H and 2.0 eV for a-Si:C:H [41], allowing the development

of tandem, or multi-junction TFSCs.

The optical absorption characteristics comparing c-Si and a-Si:H is shown in Fig. 2.20.

Unlike c-Si which is an indirect band gap semiconductor exhibiting a non-abrupt, sluggish

onset of absorption at EG = 1.1 eV, the absorption coefficient for a-Si:H exhibits a steep

onset of absorption near the band gap, and exhibits strong absorption across the entire solar

spectrum. Hydrogen incorporation in a-Si:H not only serves to passivate unterminated silicon

bonds, but also serves to increase the band gap compared to c-Si. Typically 5 - 10% hydrogen

is incorporated into the a-Si:H film, increasing the band gap to EG ∼ 1.7 eV [41]. The

band-gap of an a-Si:H thin-film can be estimated from a Tauc plot [87], which is a plot of

(α × E)1/2 versus energy, as shown in Fig. 2.20(b). The x-intercept provides a band-gap for

a-Si:H as 1.7 eV.

Besides the absorption coefficient, the amorphous microstructure affects transport

properties of a-Si:H. Due to the lack of long-range order, carrier mobilities in a-Si:H are

much lower than c-Si, typically on the order of 1 and 0.1 cm2 V−1s−1 [88], for electrons and
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Figure 2.20: (a) Absorption coefficient plot comparing c-Si and a-Si, and (b) band gap esti-
mation for a-Si as EG ∼ 1.75 eV.

holes respectively. Undoped a-Si:H typically has a carrier concentration between 1014 - 1015

cm−3 [79].

Since a-Si:H has poor transport properties compared to c-Si, utilizing a-Si:H in a

diffusion-cell configuration would yield a low photo-conversion efficiency. As a result, a-

Si:H-based TFSCs are commonly employed in a drift-cell configuration [41] as shown in

Fig. 2.21 The inset of Fig. 2.21 shows a superstrate device structure consisting of the fol-

lowing layers: substrate/ n-TCO/ a-Si:H (p)/ a-Si:H (i)/ a-Si:H (n)/ aluminum contact. To

reduce light absorption and recombination in the doped layers, their thickness is constrained

to 10 - 20 nm [5], while the intrinsic a-Si:H is typically ∼ 500 nm thick [89]. The p-i-n

(drift-cell) configuration is beneficial for an a-Si:H TFSC, since the doped layers provide a

large built-in electric field across the intrinsic absorber layer, effectively sweeping the slow

moving photogenerated carriers towards their respective contact. Since the band gap of a-

Si:H is higher than the optical range required for solar absorption, a multi-junction TFSC is

commonly fabricated using a-Si:Ge:H and/or a-Si:C:H [41] to boost the efficiency.
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Figure 2.21: Energy band diagram for an a-Si:H TFSC corresponding to a p-i-n (or drift-cell)
configuration and, (inset) device configuration.

Currently, a-Si:H-based TFSCs exhibit efficiencies ∼ 10% [39]. One reason for the

low efficiency is the Stabler-Wronski effect (SWE) [90], or light-induced degradation of a-

Si:H. Under illumination, the conductivity of an a-Si:H thin-film degrades and can be reduced

by as much as an order of magnitude [79]. While this effect is reversible, via annealing of

the thin film at T ∼ 150◦C [24], it results in up to a 30% reduction of cell efficiency within

six months (∼ 1000 hours) [5]. SWE is ascribed to the light-induced creation of additional

defects in a-Si:H [32], which serve as recombination centers. To mitigate the SWE, a-Si:H

thin films are commonly deposited using a mixture of silane and hydrogen to increase the

concentration of hydrogen incorporated into the growing a-Si film [79] which alters a-Si to

a nano- or microcrystalline structure [41], which is more stable than a-Si:H. While a-Si:H

provides a route for low-temperature deposition along with fabrication over a large area and

on a variety of substrates, the inherent instability and lower efficiencies compared to other

TFSC technologies can limit the large-scale commercialization of a-Si:H-based TFSCs.
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2.3.4 Iron Pyrite - FeS2

Iron pyrite, FeS2 has attracted a lot of attention as an Earth-abundant solar absorber

material since iron and sulfur are among the most abundant elements in the Earth’s crust

[91]. Pyrite has an optical energy gap, EG between 0.85 eV to 0.95 eV depending on the

method of preparation. Ennaoui et al. measured the absorption properties of FeS2 thin-films

fabricated via MOCVD and reported an exceptionally strong absorption coefficient reaching

α = 5 × 105 cm−1 at EG + 0.6 eV [92], as a result of an abrupt onset of absorption, shown

in Fig. 2.22. The VBM in pyrite is composed of sulfur p-orbital and partially-filled iron d-

orbital-derived bands, while the CBM is composed of partially-empty iron d-orbital bands

[92]. The presence of narrow d-orbital-derived bands at both the VBM and CBM along

with allowed p → d transitions results in the strong absorption observed in pyrite. This

high absorption coefficient is larger than that of current TFSC absorbers and implies that

the active thickness required for pyrite to absorb the entire solar spectrum is only 100 nm

[93]. The low thickness requirement along with cheap and abundant elements in the FeS2

composition makes pyrite attractive as a solar absorber material.

Pyrite thin-films have been fabricated via numerous techniques including sulfurization

of iron films [94], sulfurization of iron oxide films [95], RF magnetron sputtering using an

FeS2 sputter target, MOCVD [96], and CVT [97] techniques. Tributsch et al. used reactive

RF magnetron sputtering of an Fe target using a mixture of Ar/H2S (20/80) as the process gas

with a 200◦C substrate temperature [98]. The 200◦C substrate temperature was necessary to

avoid formation of the marcasite phase, while sulfur-deficient phases began to form at tem-

peratures above 200◦C. Marcasite has the same chemical formula as pyrite (FeS2), however

it has a band gap of 0.34 eV and a different crystal structure [99]. Compositional analysis of
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Figure 2.22: Absorption coefficient plot for FeS2 thin-films fabricated via MOCVD [92].
The thin-film has a band gap of 0.95 eV and an absorption coefficient reaching a maximum
value of α = 5×105 cm−1

the sputtered thin-film indicated a S: Fe ratio of ∼ 1.8, indicating a slightly sulfur-deficient

thin-film. FeS2 thin films were p-type based on Hall measurements with a hole mobility of

25 cm2 V−1s−1, and a carrier concentration between 1019 - 1020 cm−3, indicating degenerate

p-type semiconductor behavior. Willeke et al. investigated properties of sputtered pyrite thin

films using an FeS2 sputter target [100]. The authors demonstrated that using pure argon as

the process gas resulted in films with a significant lack of sulfur. In addition, using other inert

gases or inert gas mixtures did not lead to any further improvement, while incorporating a

thermally-evaporated sulfur source led to an unstable plasma [100]. Hall measurements in-

dicated p-type thin-films with a hole carrier concentration of 5 × 1018 cm−3 and a measured

mobility value of 5 cm2 V−1s−1, a value much lower than that reported by Tributsch et. al.

Wagner demonstrated a pyrite-based solar cell by evaporating a CdS thin-film onto a

polished pyrite single crystal, and measured a maximum photovoltage of 70 mV [93]. Schot-

tky barrier solar cells were explored by depositing thin (5 - 10 nm) metal layers of Pt, Nb or
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Au onto chemically-etched n-FeS2 single crystals by Tributsch et al. [101]. Electrical char-

acterization indicated poor rectification behavior with virtually no photovoltage. However,

photocurrents close to 30 mA cm−2 were obtained from an n-pyrite / Pt device [92].

Photoelectrochemical (PEC) measurements have been relatively successful in demon-

strating the photovoltaic potential of pyrite. A PEC cell based on an n-type FeS2 crystal

using an iodide/tri-iodide electrolyte solution was fabricated as early as 1986 [102]. Under

illumination, a JSC of 40 mA cm−2 was measured with a VOC of 200 mV. Pre-treating the

single crystals to passivate the surface resulted in an increased JSC. However the VOC was

limited to 200 mV regardless of optimization. This value for VOC is less than the ideal maxi-

mum for FeS2 (∼ 500 mV) and has been commonly interpreted to be due to sulfur vacancies

[92]. These sulfur vacancies can induce charged defect states within the band gap, pinning

the Fermi level [103] at a fixed energy level, screening any additional applied voltage.

Recently, sulfurization of a 400 nm iron oxide thin film deposited by successive ionic

layer adsorption and reaction (SILAR) was explored as a non-vacuum and low-cost depo-

sition route towards pyrite thin-films [104]. The authors measured an indirect band gap of

0.75 eV, which is lower than values obtained via physical vapor deposition techniques. Hall

measurements indicated a hole carrier concentration of 2.5 × 1018 cm−3 and a carrier mobil-

ity of 12 cm2 V−1 s−1. PEC measurements indicated the presence of a small photocurrent,

but no VOC values were reported. Thus, despite early identification of pyrite as a promising

absorber material, extensive development is still required to realize a pyrite-based TFSC.
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2.4 Summary

In this section, the interaction between light and a semiconductor material is described

to understand the necessary parameters required to maximize light absorption in a material.

A brief solar cell device physics primer is presented, following which efficiency limits for

a single-junction solar cell are discussed. Finally, current solar cell absorber materials are

outlined.
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3. EXPERIMENTAL TECHNIQUES

This chapter describes the fabrication and characterization techniques utilized in this

study. Two physical vapor deposition techniques utilized to deposit the absorber materials,

RF magnetron sputtering and electron beam evaporation, are discussed initially. To adjust

the composition, the as-deposited films are subjected to an anneal step described next. Struc-

tural, optical, and electronic characterization of the absorber layer follows. Lastly, device

performance of the absorber layer is explored by utilizing a thin-film solar cell simulation

software - SCAPS, Solar Cell Capacitance Simulator, developed by the University of Gent.

3.1 Thin Film Fabrication

RF magnetron sputtering and electron beam evaporation used to deposit thin films of

the absorber materials are discussed in this section. All films used in this research are de-

posited using the Chalcogenide Deposition System (CDS) designed and developed at Oregon

State University by Chris Tasker. The CDS is equipped with two rf magnetron sputter guns,

an electron beam evaporator, and a thermal evaporator. In addition, the system has the ability

to provide substrate heat and rotation to maintain uniformity.

3.1.1 RF Magnetron Sputtering

In a sputter process, a target of the intended material is bombarded by energetic ions,

causing ejection of atoms from the surface of the target. The most common sputter technique

is DC sputtering which is composed of two parallel plate electrodes. One electrode is con-

nected to the target and is referred to as the cathode, since it is negatively biased. The other

electrode is referred to as the anode and is attached to the substrate.
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To begin the sputter process, the deposition system, which is initially evacuated to a

low base pressure (10−7 - 10−8 Torr) is filled with the sputter gas (or process gas), typically

argon which increases the pressure in the chamber to 20− 40 mTorr . A stray electron knocks

into an argon atom with sufficient energy to ionize it and eject an additional electron. This

results in a cascade reaction giving rise to a large number of ionized Ar+ ions and electrons.

When a DC bias is applied across the electrodes, the Ar+ ions are attracted towards the

cathode and bombard the surface of the target. This results in the ejection of atoms from

the target surface which diffuse towards the substrate resulting in film growth. Most of the

voltage drop occurs across a sheath next to the cathode, a region known as the cathode sheath

[105]. This results in bombardment by high energy ions causing sputtering of the target. This

voltage drop also sustains the plasma by accelerating secondary electrons from the target

towards the plasma causing further ionization. The collective mixture of Ar+ ions, target

atoms and electrons is referred to as a glow discharge plasma. The plasma has a characteristic

color associated with the sputter gas. This is due to recombination of the ionized ions and

free electrons, emitting a photon as the ionized ion relaxes back to ground state.

DC sputtering is efficient only for metallic targets (or conducting materials). When a

surface is inserted into the plasma, it becomes negatively charged. For an insulating material,

the impinging ions neutralize the surface and charged ions are no longer attracted to the

surface ejecting target atoms. By applying an AC potential instead of a DC bias on the target,

the oscillating nature of the potential ensures that the plasma can be sustained. A frequency

of 13.56 MHz is chosen as the oscillation frequency, since at such high frequencies ions are

too large to respond to the frequency change. However, the electrons respond faster and

result in a net negative self bias on the target. The frequency value of 13.56 MHz is chosen
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intentionally since it lies in the industrial, scientific and medical (ISM) radio bands allotted

internationally for applications besides communication [106]. The basic configuration for an

RF sputter system is shown in Fig. 3.1.
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Figure 3.1: Schematic representation of the basic components in an RF sputter system.

Following secondary electrons ejected from the target in Fig. 3.1, they first cross the

cathode dark space, or cathode sheath. This region is named so since the cathode is nega-

tively biased attracting ions and repelling electrons. As a result, there is little recombination

between the two species in this region to cause the emission of photons. They then pass

through the plasma region, where they ionize gas molecules and recombine with ionized

atoms. Close to the anode is another dark space called the anode sheath, since the positive

bias repels ionized gas molecules resulting in low recombination. The substrate is placed next

to the anode sheath since here the ionized atoms do not have sufficient energy to cause re-
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sputtering of the growing film. Near the cathode is a dark space shield. This shield shrouds

the target and limits the location of the plasma thereby preventing the sputtering of regions

behind the target such as the cooling water lines and insulation between the cathode and the

chamber.

The AC bias is usually maintained by an RF matching network as shown in Fig. 3.1.

The function of the matching network is to transform the complex impedance characteristics

of the plasma to 50 Ω which is the industry standard for AC function generators. Replacing

the DC bias with an AC potential is an added advantage since the oscillatory nature of the

potential increases the probability of collisions between the secondary electrons and the pro-

cess gas [105]. This results in a higher plasma density and reduces the operating pressures to

lower values. To improve the efficiency of the sputter yield, magnets are employed to control

the behavior of electrons close to the surface of the target. The effect of the magnetron con-

figuration is shown in Fig. 3.2. Electrons in a magnetic field are subject to a Lorentz force

which causes them to spiral along magnetic field lines in a helical path [107]. This increases

the effective path length of the electrons and increases the probability of ionizing the process

gas. In addition, the electrons are strongly constrained near the target surface increasing the

ion bombardment of the target, and thus, the sputter yield.

The CDS is equipped with two RF magnetron sputter guns from AJA Inc., incorpo-

rating 2” sputter targets and has a vacuum range of 10−8 torr to 10−2 torr. A mixture of

Argon/Helium (60/40) is used as the process gas and is maintained at 20 standard cubic cen-

timeters per minute (sccm) via an MKS mass flow controller. Commercial sputter target

vendors provide targets for common materials; however, new chalcogenide materials inves-

tigated in this work were developed by the chemistry department at Oregon State University.
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Figure 3.2: Planar magnetron configuration underneath a sputter target The magnetic field
around which electrons are confined is indicated. This confinement results in preferential
sputtering in certain regions of the target causing the formation of a racetrack on the surface.

When utilizing targets developed in house, it is important to ensure their high density. Sput-

tering from a low density target can release trapped gases (air pockets) causing a sudden

spike in pressure, which can turn off the plasma. In addition, a low density target can cause

the sputtering of large atomic species which can give rise to non-stoichiometric films and

bouldering of the growing film. Typically, sputter targets with density > 90% are required

for films with optimal properties. To mitigate development of sputter targets, electron beam

evaporation is also explored as a viable PVD technique to grow thin films.

3.1.2 Electron Beam Evaporation

Electron beam (e-beam) evaporation is another PVD technique; however, the operating

mechanism is different from that of sputtering. While sputtering relies on ion bombardment

of a target to facilitate film growth, e-beam evaporation relies on thermal evaporation of a
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source material to generate a flux of evaporant species. E-beam evaporation utilizes high

energy electrons accelerated through a magnetic field causing localized heating of the source

material resulting in evaporation or sublimation [106]. Thermal evaporation on the other

hand relies on the passage of current across a boat containing the source material resulting

in evaporation due to resistive heating. While thermal evaporation is sufficient for materials

with low melting temperatures such as aluminum (Tm = 660◦C) or tin (Tm = 232◦C) [69],

very large currents are required to evaporate materials with high melting temperatures such

as molybdenum (Tm = 2623◦C) or tantalum (Tm = 3017◦C) [69]. To circumvent this, high

energy electrons can be used to facilitate evaporation of the source material. Since the energy

of the electrons can be controlled, e-beam evaporation can ideally be used to evaporate any

material; metallic, or insulating.

Electron beam

Evaporant

Source material

SUBSTRATE

Figure 3.3: Schematic representation of an elecron beam evaporator.
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The basic mechanism for e-beam evaporation is shown in Fig. 3.3. A tungsten fila-

ment is heated to sufficiently high temperatures causing thermionic emission of electrons.

These electrons, guided into a beam, are deflected and accelerated towards the source ma-

terial which is placed in a graphite crucible. The source material is maintained at a large

positive bias to accelerate and attract the electron beam [106]. The deflection of electrons is

achieved using a permanent magnet (commonly referred to as the deflection magnet) which

causes a 270◦ rotation of the e-beam [107]. When the high energy electrons strike the surface

of the source material, the kinetic energy of the electrons is translated into thermal energy

which causes localized heating and subsequently evaporation or sublimation. The heating of

the source material causes a vapor flux which arrives on the substrate forming a thin film. To

understand the power delivered by the e-beam, we can make a simple calculation. For a sys-

tem designed for 1 A of emission current accelerated through a potential of 10 kV, the power

delivered to the source material is 10 kW. Due to the large amount of heat generated by the

e-beam, the crucible is water cooled. Another reason for the deflection magnet is to protect

the filament from contamination by the source evaporant [106]. As a result, the filament is

not located in the line of sight of the evaporant as shown in Fig. 3.3. Typically, the potential

is kept constant while the emission current is varied as a percentage of the full scale to cause

evaporation.

To improve deposition uniformity, the e-beam can be rastered across the source sur-

face. This is accomplished by a second electromagnet called a steering magnet. Controlling

the amplitude (raster magnitude) and frequency (raster speed) of the steering magnetic field

prevents formation of pits or craters in the source material. In addition, rastering the e-beam

improves source material utilization reducing the need to refill the source often. An advantage
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of this technique is that high evaporation rates can be achieved reducing the incorporation of

background gases into the growing film.

Although e-beam evaporation is a thermal evaporation process, the evaporant atoms

leave the surface with low energy (∼ 0.2 eV) [105]. However, the e-beam is sufficiently en-

ergetic to cause generation of x-rays when it strikes the source surface. The generated x-rays

are not energetic enough to penetrate the vacuum chamber walls but can result in detrimental

effects to the substrate [106]. For example, dielectric materials for electronic applications

can develop unwanted charge trapping defects and damage due to x-ray impingement.

The thickness of the growing film is monitored using a vibrating quartz crystal mass-

deposition monitor, or quartz crystal microbalance (QCM). Quartz, a piezoelectric material

generates an oscillating voltage when vibrating at its resonant frequency (typically 5 MHz)

[106]. This effect is exploited to monitor the vapor flux using a QCM which consists of a

thin quartz plate sandwiched between two gold electrodes. One electrode is exposed to the

vapor flux and proceeds to accumulate a mass of deposited material. This increased mass

reduces the resonant frequency of the crystal and by comparing this frequency value with

the reference quartz frequency, the amount of mass deposited can be calculated [107]. The

change in resonant frequency of different materials is incorporated using two parameters -

density and acoustic impedance of the evaporant. In addition, since the QCM may not be

placed adjacent to the substrates, another parameter known as tooling factor accounts for

the geometric difference. For common metals and compounds, values of the density and

acoustic impedance are tabulated as shown in [108]. The tooling factor however, needs to

be empirically determined by depositing a set thickness (100 - 200 nm) and comparing the

measured thickness with that of the QCM reading. For new materials the density can be
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measured, however the acoustic impedance has to be empirically determined. It was observed

during the course of this study, that the variation of acoustic impedance is not as important as

that of the tooling factor. Thus, it is recommended that for new materials, a value of acoustic

impedance of a known material be used, while simultaneously accounting for any variation

in the acoustic impedance by correctly adjusting the tooling factor.

The CDS is equipped with a 6-pocket Temescal 2CK SuperSource E-gun which pro-

vides a maximum power rating of 10 kW. This is delivered by a Temescal CV8 electron beam

power supply. A Maxtek TM-350 thickness monitor is used as the QCM along with 5 MHz

quartz crystals purchased from Inficon.

3.1.3 Post-Deposition Anneal

The vapor flux caused during evaporating or sputtering from a compound target gen-

erally does not have the same composition as the source material. This is due to the relative

difference in vapor pressures of the constituent atoms. High vapor pressure elements exit the

target or source material quicker, resulting in a source material with a variable composition

with continuous deposition. This result also occurs on the growing film on the substrate.

A post-deposition anneal step is almost always required when working with chalcogenide

materials, since the resulting films are generally sulfur deficient.

The post-deposition anneal process not only provides sufficient thermal energy for

atoms in the film to rearrange or diffuse to the most energetically favorable positions, chem-

ical reactions intended to fix or alter the stoichiometry of the film can also be facilitated in

this step. In addition, annealing enhances grain growth. The post-deposition anneal process

is performed by Robert Kokenyesi and Jaeseok Heo in the Chemistry Department at Oregon



62

State University. Two different methodologies are utilized - a sealed tube anneal or a flowing

gas anneal.

• Sealed Tube Anneal: The as-deposited thin film is placed in an evacuated sealed tube

(∼ 10 mT) along with the source chalcogenide material. The source material typically

has a high vapor pressure and reacts with the film during the anneal. A film is annealed

for 1 - 5 hrs at temperatures between 400 - 700 ◦C.

• Flowing Gas Anneal: In a typical flowing gas anneal, a thin film is placed in a quartz

or alumina tube and purged for 5 - 10 mins using an inert gas, typically argon. Follow-

ing the purge step, the film is subjected to a heating, anneal and cooling cycle in the

presence of a chalcogenide-containing gas such as CS2 or H2S. The film is typically

maintained at the anneal temperature for 10 - 60 mins. In this technique, the gas reacts

with the film, eliminating the need for extra source material.

3.2 Material Characterization

In this section, experimental techniques used to characterize the absorber layer thin

films are described. Variable-angle spectroscopic ellipsometry and optical spectroscopy are

utilized to characterize optical properties such as index of refraction, dielectric constant, band

gap, and absorption coefficient. Electrically, films are characterized using Seebeck and Hall

measurement systems. A Seebeck measurement provides an estimation of the carrier type and

concentration, while a Hall measurement allows for estimation of resistivity and mobility of

the majority carriers. Measured parameters for each absorber material, specifically - optical

band gap, absorption coefficient, dielectric constant, mobility, and carrier concentration are
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used as inputs into SCAPS - a thin-film solar cell simulation software package in order to

simulate expected device behavior and to optimize the TFSC for maximum efficiency.

3.2.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a commonly used characterization technique to

measure optical properties of thin-films. SE can be used to determine optical constants such

as index of refraction, dielectric constant, optical band gap, and absorption coefficient in

addition to film thickness and surface roughness. Film properties such as density, porosity

and uniformity can also be determined and correlated with process conditions.

Light propagation through a material is typically described by the complex index of

refraction using the following set of equations

Ñ = n− ik, (3.1a)

k =
αλ

4π
, (3.1b)

and

I = I0 exp(−α d). (3.1c)

where Ñ is the complex refractive index [unitless], n is the real portion of the refractive index

[unitless] and k is the extinction coefficient [unitless], α is the absorption coefficient [cm−1]

and λ refers to the wavelength of light [nm] in Eqn. 3.1a and Eqn. 3.1b. Equation. 3.1c is

referred to as Beer’s law [109] which describes the exponential decay of light intensity as it

propagates through an absorbing material. Here I0 is the incident light intensity and I is the

light intensity transmitted through films of thickness d.

When light, an electromagnetic wave, is incident on a material, the oscillating field

perturbs positive and negative charges within the material. Under the classical model, this
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perturbation of negatively charged electrons bound to the positive nuclear charge is modeled

as a spring-like restoring force. Specifically, when an external oscillating electromagnetic

field perturbs the solid, electrons oscillate back and forth based on a spring constant and

restoring force, an effect known as electronic polarization [9]. The magnitude of the polar-

ization generated in a material determines the dielectric constant (ε) and can be related to the

index of refraction as,

ε̃ = Ñ2 = ε1 + iε2 (3.2)

where ε̃ is the complex dielectric constant with ε1 and ε2 representing the real (spring con-

stant) and imaginary (restoring force) components of the dielectric constant. From Eqn. 3.1a,

it follows that

ε1 = n2− k2, (3.3a)

and

ε2 = 2nk. (3.3b)

For a material with no absorption, k = 0 and Eqn. 3.3a simplifies to

ε1 = n2. (3.4)

When linearly polarized light is reflected from a sample surface, the reflected light becomes

elliptically polarized due to interaction with the sample [110]. In Fig. 3.4, linearly polarized

light is incident on the sample surface and can be resolved into two components, parallel (p)

and perpendicular (s) to the plane of incidence. For a material that is transparent to incident

light, only the amplitude of the reflected wave is affected without any change in polarization

[28]. However, for an absorbing material, the reflected light experiences an amplitude and

phase change, resulting in the introduction of an additional component to the phase change.
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Figure 3.4: Plane of ellipsometery measurements. Linearly polarized light (left) is converted
to elliptical polarization (left) after reflection from the sample surface.

Reflection of linearly polarized light from a surface can be expressed using Fresnel’s

equations [109] as

rp =
Ere f

p

E inc
p

=
nt cosθi−ni cosθt

nt cosθi +ni cosθt
(3.5a)

rs =
Ere f

s

E inc
s

=
ni cosθi−nt cosθt

ni cosθi +nt cosθt
(3.5b)

where r is the reflection coefficient, E inc and Ere f l are the incident and reflected electric

fields, ni and nt refer to the index of refraction of the incident and transmitted medium, θi

and θt refer to the angle of incident and reflected light. The subscripts s and p refer to s- and

p-polarized light, respectively. Since SE analyzes elliptically-polarized light, the reflection

coefficients have to be expressed in polar coordinates [110] as

rp = |rp|eiδp , (3.6a)

and

rs = |rs|eiδs . (3.6b)
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Figure 3.5: Components of an ellipsometer, including a lamp source (L), linear polarizer (P),
compensator (C), sample (S), analyzer (A), and detector (D).

The reflection coefficients expressed in Eqns. 3.6a and 3.6b have the advantage of interpreting

reflection in terms of amplitude and phase variations. Ellipsometry parameters, ∆ and Ψ can

now be defined [111] as

ρ = tanΨ ei∆ =
rp

rs
=
|rp| eiδp

|rs| eiδp
, (3.7a)

⇒ tanΨ ei∆ =
|rp|
|rs|

ei(δp−δs). (3.7b)

From Eqn. 3.7b it can be seen that Ψ accounts for the change in amplitude between the re-

flection coefficients while ∆ represents the phase change upon reflection. Thus, by measuring

the variation in amplitude and phase of reflected light, material properties can be extracted.

A typical ellipsometer configuration consisting of the six most common parts is de-

picted in Fig. 3.5. A light source (L), generally a xenon-halogen lamp, emits unpolarized

light which can be passed through a monochromator for spectroscopic measurements to scan

across a wavelength range. A linear polarizer (P) converts the unpolarized light into linearly-

polarized light. Calcite (CaCO3) and MgF2 are two commonly used linear polarizers [111] .
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A compensator (C) converts linearly-polarized light into circularly-polarized light. This gen-

erates a phase difference between the two components of the electric field, typically achieved

using a quartz quarter-wave plate [112]. This circularly-polarized light is incident on the

sample surface (S) and upon reflection, passes through the analyzer (A). This component is

similar to the polarizer. However the role of the analyzer is to determine the difference in

polarization and intensity of the reflected light. Finally, light passes into the detector (D)

which measures the light intensity. Common detectors are silicon photodetectors in the vis-

ible regime (450 - 1000 nm) and a cooled InGaAs for the near infra-red (1000 - 2500 nm)

[113].

Since ellipsometry measures changes in the state of polarization, it is a high-precision

technique which can be used to measure film thicknesses on the order of 1 Å [113]. How-

ever, an inherent drawback of ellipsometry is the indirect nature of the characterization. The

measured parameters, ∆ and Ψ, do not provide a direct evaluation of the optical constants.

Instead one has to first develop a model defined by an initial ’guess’ of the optical parameters

including film thickness and compare generated ∆ and Ψ results along with experimentally

measured values. A low mean-square-error (MSE) indicates convergence between modeled

and experimental parameters and optical constants can be extracted with reasonable accuracy.

The choice of models can be guided by the band gap of the measured material. Typ-

ically, metals, or degenerately-doped semiconductors are modeled using a Drude, free elec-

tron model [111]. The Drude model can be expressed in terms of the optical conductivity

and the mean scattering time between collisions. It has been shown during the course of this

research that amorphous mixed-metal thin films (AMMFs) can be modeled using the Drude

model and extracted values of the optical conductivity match quite closely to the experimen-
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tally measured values. Semiconductors with an optical band gap in the range of 0.8 - 4 eV

are typically described by the Lorentz model, or Tauc-Lorentz [111] for amorphous oxide

semiconductors. These models incorporate interband transitions and are typically used to

describe optical properties of semiconductors. For wide band gap insulating materials with

optical band gaps greater than 4 eV, the material is transparent to the incident light and a sim-

ple Cauchy [111] model can be used. The Cauchy model is a mathematical fit describing the

dispersion relation using experimentally determined constant rather than the physics-based

approach which describes Drude and Lorentz models.

The system used in this study is a variable angle spectroscopic ellipsometer (VASE)

from J.A. Woollam Inc. VASE incorporates a 75 W xenon lamp equipped with a monochro-

mator as the light source. The wavelength range provided by the lamp extends from 260 nm

to 2500 nm providing a measurement range from deep UV to near IR. To measure this wide

spectrum, VASE is equipped with two detectors - a silicon CCD photodetector from 260 nm

- 1100 nm, and an InGaAs photodetector for 1100 nm - 2500 nm.

3.2.2 Optical Spectroscopy

While SE provides an indirect assessment of the optical properties, optical spectroscopy

using transmission and reflectance measurements provides rapid assessment of the absorp-

tion properties of a material. The incident light intensity on a material has to equal the sum

total of the reflected and transmitted intensities along with the amount absorbed. Thus by

measuring the intensities of the incident, transmitted and reflected light on a medium, the ab-

sorption coefficient (α) can be extracted. This analysis is derived from Beer’s law (Eqn. 3.1c)

which states that light intensity in a material decays exponentially based on the absorption

coefficient and thickness. Since optical spectroscopy is an intensity-dependent measurement,
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it is important to ensure no stray light alters the intensity level during the measurement. Very

rough samples can also scatter the reflected light such that the detector does not measure the

true reflectance leading to spurious results.

Recasting Eqn. 3.1c with the transmitted and reflected intensities, the absorption coef-

ficient can be written as follows,

α =−1
t

ln
T

(1−R)
, (3.8)

where t is the film thickness, T is the transmission spectrum and R is the reflection spectrum

measured as a function of wavelength. Plotting the absorption coefficient as a function of

energy provides the absorption spectrum of a material. Since the absorption coefficient is in-

versely proportional to the thickness, it is necessary to have an accurate thickness estimation

to avoid misrepresentation of the absorption properties. In addition, the onset of absorption

occurs at the optical band gap (EG) which can be extracted from the absorption profile. Since

the position of the onset on absorption can be subjected to debate, all absorption coefficient

plots in this study are plotted on a semi-log scale. Using this approach, the onset can be

determined with higher accuracy. To resolve the low energy portion (close to the band gap)

with higher accuracy, thick (> 500 nm) films are required, while resolution of the high en-

ergy portion (plateau in the absorption coefficient) can be achieved using thin (∼ 100 - 200

nm) films.

The system used in this study is a custom-built, fiber-optics-based Ocean Optics spec-

trometer. It is equipped with a halogen lamp as the light source and uses optical fibers to

guide the reflection and transmission signals towards the detector. As a result, measure-

ments over the entire spectral range is performed simultaneously, eliminating the need for
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a monochromator at the source. Similar to the ellipsometer, this system uses both Si and

InGaAs detectors allowing for a spectral measurement range from 250 - 2060 nm.

3.2.3 Hall Effect Measurements

Resistivity is a fundamental electrical property of a material since it is related to carrier

concentration and mobility. For a p-type material, the resistivity can be expressed as,

ρ =
1

qµp p
, (3.9)

where ρ is the resistivity [Ω-cm], µp is the hole mobility [cm2 V−1s−1] and p is the carrier

concentration [cm−3]. Hall measurements provide a route to assess the carrier concentration

and the mobility simultaneously.

In a Hall effect measurement, a magnetic field applied perpendicular to the direction of

current flow produces an electric field perpendicular to the magnetic field and current [28].

The generated electric field is a consequence of the Lorentz force which deflects carriers

towards one side of the material relative to the other, resulting in a Hall voltage given as [28],

VH =
BI
qpt

, (3.10)

where B is the applied magnetic field [kG], I is the current density [mA cm−2], q is charge

[C], p is the hole carrier concentration [cm−3] and t is the thickness of the sample. The Hall

coefficient (RH) for a p-type material is given as,

RH =
r

qp
, (3.11)

where r is the scattering factor, and can be assumed as 1 [28]. Equation 3.11 shows that RH

is inversely proportional to the carrier concentration and the sign of of RH indicates the type
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of majority carriers (positive for holes). The Hall mobility (µH) is then given as,

µH =
|RH |

ρ
. (3.12)

The resistivity (ρ) of a material can be measured without complete knowledge of sam-

ple geometry using the van der Pauw method . For a homogeneous sample, resistivity can

be determined using four symmetric contacts having negligible thickness compared to the

spacing between contacts and placed at the edge of the sample. For such a configuration, the

resistivity is given as [28],

ρ =
πt

ln(2)
V43

I12

V14

I23
(3.13)

where t is the thickness of the material, V43 and V14 refer to the measured voltage (V) across

contacts 4-3 and 1-4 by applying a dc current (I12 and I23) (A) along contacts 1-2 and 2-3.

A Lakeshore 7504 Hall system is used to measure electrical properties of the absorber

thin films. Ohmic contacts are made by attaching Pt wires to the sample using In solder.

Typically, a DC magnetic field of 5-20 kG is used. However at these fields, accurate estima-

tion of mobility and carrier concentration is possible only if µp ≥ 1 cm2/V s and p > 1015

cm−3 [114], which may not be the case in new materials development without optimization.

To circumvent this, an AC field can be used to measure low mobility, insulating materials

in the Hall setup. Alternatively, Seebeck measurements can be used to measure the carrier

concentration and together with the measured resistivity, mobility can be estimated.

3.2.4 Seebeck Measurements

The Seebeck measurement is a thermoelectric characterization technique, in which ap-

plication of temperature gradient (∆T ) results in an induced electrical potential (∆V ). The

magnitude of generated potential in a material, or the thermopower, is described by the See-
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Figure 3.6: (a) Basic components of a Seebeck measurement. (b) Energy band diagrams for
n- and p-type materials showing majority carriers diffusing under the influence of a thermal
gradient. (c) Plots of ∆V versus ∆T. Direction of the slope indicates carrier type and the
magnitude is related to the carrier concentration.

beck coefficient,

S =−∆V
∆T

. (3.14)

In a typical Seebeck measurement as shown in Fig. 3.6, a temperature gradient of 3-4

K is applied across a material, metallic or semiconducting. This temperature gradient results

in a built-in electric field (refer to Fig. 3.6) across the material, inducing majority carriers

to diffuse away from the hot side. A potential difference is thus generated across the hot

and cold side as a consequence of carrier diffusion. The sign of the Seebeck coefficient
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Seebeck coefficient [µV/K] Carrier concentration [cm−3]

0.5 - 100 < 1021

120 - 150 < 1019

500 and above < 1017

Table 3.1: Seebeck coefficients and corresponding approximate carrier concentrations.

is indicative of the majority carrier type in the material. As shown in Fig. 3.6, S has a

negative value for an n-type material and conversely, a positive value for a p-type material.

The magnitude of the coefficient is related to the majority carrier concentration for a p-type

material as follows [46],

S =
kB

q

[
A+ ln

2(2πm∗kBT )3/2

h3 p

]
, (3.15)

where h is Planck’s constant and A is a scattering factor [46]. It can be seen from Eqn. 3.15

that a Seebeck measurement does not provide direct assessment of carrier concentration. The

Seebeck coefficient has a non-linear dependence on the carrier concentration and approxi-

mate Seebeck values with corresponding carrier concentrations are listed in Table 3.1. In

this study, Seebeck measurements are used to provide a rapid assessment of the carrier con-

centration.

3.3 Device Simulations

Solar cell capacitance simulator (SCAPS) is a one dimentional thin-film solar cell de-

vice simulator software program developed by the University of Gent. It provides numerical

solutions to the basic equations governing behavior of carriers in semiconductors - Poissons’s
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equation, continuity equations for electrons and holes and the Boltzman transport equation -

subject to initial conditions and appropriate boundary conditions. Recombination types such

as radiative and SRH are taken into account while defects in the bulk and interface can also

be included in the model. In developing new materials for thin-film solar cells, device sim-

ulations provide an assessment of the expected behavior of an absorber in a device, without

having to fabricate and optimize a full solar cell structure, providing a rapid method to iden-

tify best of class materials. In addition, device simulations can be used to provide an optimal

set of target properties for high-efficiency thin-film solar cells.

The Poisson equation is derived from Gauss’ law and can be written for a one-dimentional

semiconductor as [12],

d2ψi

dx2 =−dξ

dx
=− ρ

εs
=

q(n− p+NA−ND)

εs
(3.16)

where ψi is the potential [V] , ξ is the electric field [V cm−1], εs is the dielectric constant [F

cm−1] of the semiconductor and ρ is the space charge [Ccm−3] in the semiconductor which

equals the total concentration of electrons (n) and holes (p) as well as the acceptor (NA) and

donor (ND) concentrations in the depletion region.

Charge transport in a semiconductor material is typically modeled by the inclusion of

a drift term due to an electric field as well as a diffusion term associated with a gradient in

the carrier concentration [12] and is expressed as,

Jn = qµnnξ+qDn∇n, (3.17a)

Jp = qµp pξ+qDp∇p, (3.17b)

and

Jtot = Jn + Jp, (3.17c)
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where Jn and Jp are the current densities of electrons and holes [mA cm−2], µn and µp are

the mobilities of electrons and holes [cm2 V−1s−1], Dn and Dp refer to the diffusivities of

electrons and holes [cm2 s−1], while Jtot is a sum of the electron and hole current densities

[mA cm−2]. For a one-dimentional case, Eqns. 3.17a and 3.17b simplify to,

Jn = qµnnξ+qDn
dn
dx

= qµn

(
nξ+

kBT
q

dn
dx

)
= µnn

dEFn

dx
, (3.18a)

and

Jp = qµp pξ+qDp
d p
dx

= qµp

(
pξ+

kBT
q

d p
dx

)
= µp p

dEF p

dx
, (3.18b)

where EFn and EF p are quasi-Fermi levels for electrons and holes.

The continuity equations are conservation of species equations for electrons and holes.

For an infinitesimal charge control volume in a semiconductor, the time rate of change in the

carrier concentration is the difference between the net flux in and out of the control volume

and the net generation rate (generation minus recombination). The continuity equations for

electrons and holes are given by

∂n
∂t

= Gn−Rn +
1
q

∇Jn, (3.19a)

and

∂p
∂t

= Gp−Rp +
1
q

∇Jp, (3.19b)

where Gn, Gp and Rn, Rp are the generation (cm−3s−1) and recombination rates (cm−3s−1)

for electrons and holes, respectively.

SCAPS uses the above family of equations along with the appropriate boundary con-

ditions at the interfaces and contacts to solve for the current-voltage characteristics. To do
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so, SCAPS discretizes the device configuration by creating a mesh and solves the above one-

dimensional semiconductor equations numerically using a Newton-Gummel iterative scheme

[115]. Since optical properties such as band gap and absorption coefficient are used as inputs

to the model, SCAPS also computes the quantum efficiency of the device. As a starting point

for a device simulation, model parameters obtained from reference [31] are used, thereby

setting up a baseline for CdTe based thin-film solar cells. Examples of results obtained from

the baseline simulation is shown in Fig. 3.7.

Table 3.2 along with Fig. 3.7a are used as typical model parameters and device config-

uration inputs to SCAPS. Figure 3.7b shows the energy band of the cell configuration under

short-circuit conditions and illumination. Resulting J-V and QE plots are shown in Figs. 3.7c

and 3.7d. It can be seen that for this device configuration, Voc = 0.87 V while Jsc = 24.1

mA/cm2 with an efficiency of 16%, while the QE shows a strong onset at the band edge (855

nm) and reaches a maximum value of 90%.

3.4 Conclusions

An understanding of the fabrication and characterization techniques employed in sup-

port of the research described in this dissertation provides a technical foundation that is used

in the presentation of results in later chapters. Techniques utilized to fabricate chalcogenide

thin-films for solar absorbers such as RF magnetron sputtering and electron-beam evapo-

ration are described. Materials characterization techniques including optical and electrical

methods are reviewed next. TFSC device simulations using SCAPS to explore variations of

absorber layer properties are outlined.
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General Device Properties

Parameter Front Contact Back Contact

φb [eV] φbn = 0.1 φbp = 0.3

WF [eV] 4.1 5.1

Sn [cm/s] 107 107

Sp [cm/s] 107 107

Reflectivity 0.1 0.8

Layer Properties

Parameter SnO2 CdS CdTe

W [nm] 500 25 4000

ε/ε0 9 10 9.4

µn [cm2/s] 100 100 320

µp [cm2/s] 25 25 40

n(or p) [cm−3] n: 1017 n: 1017 p: 1014

EG [eV] 3.6 2.4 1.45

NC [cm−3] 2.2×1018 2.2×1018 8×1017

NV [cm−3] 1.8×1019 1.8×1019 1.8×1019

Midgap Defect States

Parameter SnO2 CdS CdTe

ND,NA [cm−3] A: 1015 A: 1018 D: 1014

σn [cm2] 10−12 10−15 10−12

σp [cm2] 10−15 10−12 10−15

Table 3.2: Table 1. List of parameters for a CdTe thin-film solar cell used for a baseline
simulation.
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4. TFSC DEVICE SIMULATION OF HIGH ABSORPTION MATERIALS

This chapter presents simulations of an idealized absorber material in a TFSC in or-

der to establish the necessary absorber layer properties required for high photoconversion

efficiency. Parameters such as absorption coefficient, carrier concentration, minority carrier

lifetime, carrier mobility, and absorber layer thickness are varied in order to determine the

necessary requirements for a TFSC to achieve an efficiency >20%.

4.1 Primary questions addressed by device simulations

The goal of this effort is to develop ultra-high absorbers capable of achieving a TFSC

with an efficiency η >20%. To achieve this objective, two questions are posed.

1. What is the relationship between the absorption strength (absorption coefficient) and

material properties - carrier concentration (NA), minority carrier lifetime (τ), carrier

mobilities (µn, µp), and thickness (t) of the absorber?

2. What advantages (if any) does a drift-based TFSC offer compared to a diffusion-based

TFSC?

In an attempt to answer these questions and establish the necessary material properties for

a high-performance solar absorber material, a hypothetical TFSC with an idealized absorber

layer is simulated using SCAPS, a TFSC simulation software tool, developed by the Uni-

versity of Gent [53]. While other TFSC simulation software tools are available, including

AMPS, PC1D, AFORS-HET, and SILVACO to name a few [24], SCAPS is chosen in this

study because of its intuitive LabView interface, along with the ease of adding a new material

not already in the SCAPS database.
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Two different device operation modes based on the mechanism of carrier transport are

pursued here, drift- and diffusion-based TFSC. In a drift cell (e.g., an amorphous silicon or

CdTe-based TFSC), carrier transport is aided by an internal electric field across the entire

absorber layer. In a diffusion cell (e.g., a CIGS or CZTS-based TFSC), photogenerated mi-

nority carriers diffuse to the edge of the space-charge region, where the electric field in the

depletion region sweeps these carriers towards their contact. Two aspects of photovoltaic

operation are investigated via simulation. First, by varying the absorption coefficient, the

propensity of a material to generate a large number of photocarriers is explored. Second, the

ability of a TFSC to extract photogenerated carriers (transport properties) is assessed by vary-

ing the carrier concentration, minority carrier lifetime, carrier mobilities, and thickness. The

objective here is to establish the necessary properties for a TFSC to operate at an efficiency

≥ 20%.

4.2 The Absorber

A hypothetical p-type absorber is modeled with properties similar to that of CdTe, i.e.,

a direct band gap semiconductor with a band gap EG = 1.45 eV. The band gap of the absorber

layer affects both the photocurrent (Jph) and the open-circuit voltage (refer Ch. 2) as,

Jph = q
∫

∞

EG

(1−R)Φb exp(−αxa)dE, (4.1a)

and

qVoc = nkBT
(

Jph

J00

)
+EG. (4.1b)

A smaller band gap absorber (EG <1.0 eV) absorbs a larger portion of the solar

spectrum, resulting in an increased Jph (refer to Fig. 2.13a), and a reduced VOC (refer to
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band gap.

Fig. 2.13b). Conversely, a larger band gap absorber leads to a smaller Jph but a larger VOC.

The Shockley-Queisser efficiency limit indicates that 1.1 - 1.5 eV is an ideal band gap range

for a solar absorber [44].

The absorption properties of the hypothetical absorber are modeled after CdTe and

three absorption coefficients are simulated: CdTe, CdTe-5x (the absorption coefficient for

CdTe multiplied by a factor of 5), and CdTe-20x (the CdTe absorption coefficient is multi-

plied by a factor of 20). The three absorption coefficients are plotted as a function of photon

energy in Fig. 4.1. The absorption values are scaled such that the absorption coefficients

reach a maximum value of α = 2.5 × 104 cm−1 (CdTe), 1.25 × 105 cm−1 (CdTe-5x), and 5

× 105 cm−1 (CdTe-20x), respectively, near the band gap.
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Substrate

Bottom contact 

Absorber 
(variable thickness)

Bu�er (CdS) 50nm
Window (SnO2) 500nm
Top contact (Ni/Al)

p+ layer (100nm)

Figure 4.2: The TFSC device configuration utilized for simulation. The simulated TFSC
contains the following layers: front contact / n-SnO2/ n-CdS/ p-absorber/ p+-absorber/ back-
contact.

4.3 TFSC Device Configuration

The TFSC device configuration utilized in this simulation study is a n-p-p+ heterojunc-

tion TFSC [54], where the absorber layer is the intermediate p-type layer with a band gap of

1.45 eV, and absorption properties shown in Fig. 4.1. The cell configuration is comprised of

the following layers: front contact/ n-SnO2/ n-CdS/ p-absorber/ p+-absorber/ back-contact,

shown in Fig. 4.2. A complete list of material parameters used in the simulation is listed in

Table 4.1.

To mitigate the effect of back surface recombination, a p+ layer (NA = 2×1018 cm−3)

with the same properties as the absorber layer is included between the absorber and the back

contact. This p+ layer results in a conduction band offset, providing a barrier (∼ 0.2 eV) for

electrons, preventing them from recombining with holes at the back (hole transport) contact.

This barrier serves to reflect any stray electrons, driving them towards the n-type contact. The

p+ layer, defined here as a separate layer, is commonly present in a solar cell, irrespective

of the absorber type or device configuration. For example, in a CdTe-based TFSC, a Te-rich

layer is typically formed between the CdTe absorber layer and the back contact [56] during
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General Device Properties

Parameter Front Contact Back Contact

φb [eV] φbn = 0.1 φbp = 0.3

WF [eV] 4.1 5.1

Sn [cm-s−1] 107 107

Sp [cm-s−1] 107 107

Reflectivity 0.1 0.8

Layer Properties

Parameter SnO2 CdS p-absorber p+-absorber

W [nm] 500 25 variable 100

ε/ε0 9 10 9.4 9.4

µn [cm2V−1s−1] 100 100 320 320

µp [cm2V−1s−1] 25 25 40 40

n (or p) [cm−3] n: 1017 n: 1017 p: 1016 p+: 1018

EG [eV] 3.6 2.4 1.45 1.45

NC [cm−3] 2.2×1018 2.2×1018 8×1017 8×1017

NV [cm−3] 1.8×1019 1.8×1019 1.8×1019 1.8×1019

Mid-gap Trap State Properties

Parameter SnO2 CdS p-absorber p+-absorber

ND, NA [cm−3] A: 1015 A: 1018 D: variable D: 1014

σn [cm2] 10−12 10−15 10−12 10−12

σp [cm2] 10−15 10−12 10−15 10−15

Table 4.1: Material parameters used for idealized TFSC simulations.
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Figure 4.3: Simulated energy band diagrams for an idealized TFSC in (a) diffusion-cell con-
figuration, and (b) drift-cell configuration. The two configurations are used for subsequent
device simulations.

device fabrication which provides a highly-doped p+ back surface. In a CIGS-based TFSC,

the presence of MoSe2 at the back surface facilitates the formation of a p+-layer [80] with

the p-type CIGS absorber. This p+ layer is also present in crystalline silicon solar cells,

where the p-type absorber is commonly alloyed with Al, increasing the carrier concentration

towards the back surface to ∼ 1019 cm−3 [116] resulting in a back surface field [117].
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4.4 Carrier concentration variation

By varying the carrier concentration of the absorber layer, two different device op-

eration modes based on the mechanism of charge transport can be recognized, as shown in

Fig. 4.3. With NA = 2× 1016 cm−3, a diffusion cell is realized (Fig. 4.3a), in which band

bending is restricted to the depletion region at the interface between the p-type absorber and

the n-type buffer layer. In such a configuration, (photogenerated) minority carriers have to

diffuse to the edge of the depletion region before they are swept to their contact. If NA is

reduced to 2 ×1014 cm−3, a drift cell is realized (Fig. 4.3b) where the electric field drops

across the entire (lower doped) absorber. In such a configuration, minority carriers experi-

ence a built-in electric field, which sweeps them towards their contact. Since the electric field

drives carriers towards their contacts, it minimizes stray electrons (or holes) from recombin-

ing at the opposite contact. Comparing the energy band diagram for a diffusion cell to that

of a drift cell (shown in Fig. 4.3) indicates that if the absorber layer thickness in a diffusion-

based TFSC is reduced to <300 nm, the depletion region can cover the entire absorber layer

thickness. This indicates that drift/diffusion operation modes depends on both the carrier

concentration as well as the absorber thickness.

To understand the critical thickness differentiating a drift- and a diffusion-based TFSC,

the depletion width is calculated as a function of the absorber layer thickness for different

carrier concentrations. In a typical TFSC, the n-type buffer layer has a higher carrier con-

centration (∼ 1017 - 1018 cm−3) than the p-type absorber layer (∼ 1014 - 1016 cm−3). As a

result, the depletion width for a one-sided, abrupt p-n junction is defined mathematically as

[12],

Wd =

√
2ε

q×NA
×Vbi, (4.2)
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where Wd is the width of the depletion region [nm], ε is the dielectric constant of the ab-

sorber layer [unitless], and Vbi is the built-in potential [V], approximated as EG/q (EG = 1.45

eV). Figure 4.4 is a plot of the depletion width as a function of absorber layer thickness for

different carrier concentrations using Eqn. 4.2. For NA = 1014 cm−3, the depletion width in-

creases linearly with increasing absorber layer thickness since the internal electric field drops

across the entire absorber. For NA = 1015 cm−3, the depletion width increases linearly with

the absorber thickness until 750 nm, beyond which the depletion width does not increase and

is constant. This suggests that if the absorber layer thickness is greater than 750 nm, carri-

ers have to diffuse to the edge of the depletion width, indicating that a high carrier mobility

may be required to avoid recombination. For NA = 1016 cm−3, the depletion width increases

linearly up to 250 nm, beyond which the depletion width is constant. Thus, a drift-based

TFSC can be defined when the depletion width is equal to the thickness of the absorber layer,
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while a diffusion-based TFSC is one where the depletion width is restricted to a portion of

the absorber layer thickness. In this chapter, a drift-based TFSC is simulated with NA = 2 ×

1014 cm−3, while a diffusion-based TFSC is assumed to have NA = 2 × 1016 cm−3.

4.5 Absorber layer thickness variation

The thickness of a solar absorber is related to its absorption length (1/α). A material

with a low absorption coefficient requires a thick layer to absorb the solar spectrum. Increas-

ing the absorption coefficient allows a thin absorber to effectively absorb the incident solar

spectrum. In addition, if the absorber is thicker than the absorption length, photogenerated

minority carriers can recombine prior to extraction, reducing the phototocurrent and effi-

ciency. In this section, variation of the TFSC efficiency with increasing absorption strength

and the subsequent effect on the absorber layer thickness is explored. Two device operation

modes based on the mechanism of carrier transport, drift and diffusion (see Fig. 4.4), are

simulated. In addition, two carrier mobilities are simulated for the device operation modes.

The high mobility case is defined as µn,µp = 320, 40 cm2V−1s−1, while the low mobility

case is defined as µn,µp = 10, 1 cm2V−1s−1. In this section, the minority carrier lifetime is

assumed to be 10 ns.

4.5.1 Drift-based TFSCs

The drift length, Ldri f t , for minority carrier electrons in a p-type semiconductor is

given as [12],

Ldri f t = µn τn×ξ = µn τn×
EG

q LA , (4.3)
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while the diffusion length (Ldi f f ) is given as [12],

Ldi f f =
√

Dn τn =

√
µn τn×

kBT
q

. (4.4)

Taking the ratio between Eqn. 4.3 and Eqn. 4.4 yields,

Ldri f t

Ldi f f = κ = µn τn×
EG

q LA ×
√

q
µn τn kBT

, (4.5a)

=

√
µn τn

q× kBT
× EG

LA . (4.5b)

If Eqn. 4.5b is evaluated using µn = 320 cm2V−1s−1, τ = 10 ns and EG = 1.4 eV, κ = 156 for

LA = 1 µm, while κ = 623 for LA = 250 nm, indicating that Ldri f t � Ldi f f .

The variation in device efficiency for a high mobility (µn,µp = 320, 40 cm2V−1s−1)

drift-based TFSC as a function of the absorber layer thickness is shown in Fig. 4.5 for the

three absorption strengths. For the CdTe absorption, the efficiency increases dramatically as

the absorber layer thickness increases. The efficiency is small for CdTe when the absorber
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Figure 4.6: Simulated quantum efficiency for a high mobility drift-based TFSC for the three
absorption coefficients a) CdTe, b) CdTe-5x, and c) CdTe-20x.

is thin since it does not effectively absorb the solar spectrum. Increasing the absorber thick-

ness increases the photocurrent, leading to an improvement in efficiency. However, beyond

a critical thickness (∼ 1 µm), the efficiency essentially saturates since the absorber is now

sufficiently thick to absorb the entire spectrum. The critical thickness is defined as the thick-

ness beyond which the efficiency saturates. Increasing the absorption strength beyond that of

CdTe not only improves the efficiency at reduced thicknesses, but it also increases the overall

efficiency and decreases the critical thickness due to increased carrier photogeneration. For

example, at an absorber layer thickness of 250 nm, CdTe absorption provides an efficiency of

16%, while CdTe-5x absorption gives rise to a 21.5% efficient TFSC, and CdTe-20x absorp-

tion yields an efficiency of 22.6%. At 1 µm, CdTe is 20.9% efficient, while the CdTe-5x and

CdTe-20x absorption cases provide a simulated efficiency of 22.2% and 23%, respectively.
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The critical thickness required to fully absorb the solar spectrum can be identified

using quantum efficiency simulations. Figure 4.6 shows the quantum efficiency for the three

absorption strength cases as a function of increasing absorber layer thickness. For CdTe,

a minimum of 1 µm is required for effective absorption of the entire solar spectrum, while

for CdTe-5x absorption, the minimum thickness needed is 500 nm, and for the CdTe-20x

absorption case the thickness requirement reduces to 250 nm. This confirms that improving

the absorption strength beyond that of CdTe reduces the thickness required for full absorption

of the solar spectrum.

The ratio κ can be recalculated for the low mobility case (µn,µp = 10, 1 cm2V−1s−1)

using Eqn. 4.5b and identical absorber material properties. For Labs = 1 µm, κ = 27.5, and

for LA = 250 nm, κ = 110. While κ is not as large as that of the high mobility case, Ldri f t is

still greater than Ldi f f , especially for a thin absorber. The variation in device efficiency as a
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function of absorber layer thickness is shown in Fig. 4.7 for the three absorption strengths.

Similar to Fig. 4.5, the efficiency increases with increasing absorber layer thickness before

saturating at a critical thickness. For CdTe, the efficiency reaches a maximum of 21.7% at 1

µm. For CdTe-5x absorption, the efficiency reaches a maximum of 23% at 500 nm, beyond

which the efficiency reduces slightly to 22.6% at 2 µm. This trend is also observed for the

CdTe-20x absorption curve, where the efficiency maximizes at 24% for LA = 250 nm, and

reduces to 23.5% at LA = 2 µm. The efficiency reduces for a thick absorber since the electric

field which drives minority carrier extraction is now reduced. This reduced driving field,

along with low carrier mobilities can increase recombination, reducing the photocurrent and

the overall efficiency.
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Absorption Strength Low mobility case High mobility case

LA [nm] η [%] LA [nm] η [%]

CdTe 1000 21.7 1000 20.9

CdTe-5x 500 23.1 500 22

CdTe-20x 250 23.8 250 22.6

Table 4.2: Efficiency at the critical thickness for an absorber in a drift-based TFSC for three
absorption strengths. Both low and high mobility cases are tabulated.

The quantum efficiencies of the low mobility drift-based TFSC for the three absorp-

tion strengths are shown in Fig. 4.8 and are similar to Fig. 4.6. The minimum thicknesses for

complete absorption of the solar spectrum are similar to those of the high mobility case, i.e.,

for CdTe, LA = 1 µm, while for CdTe-5x, LA = 500 nm, and for CdTe-20x, LA = 250 nm,.

This suggests that a drift-based solar cell incorporating a thin absorber layer (LA <1 µm), is

relatively insensitive to a reduction in carrier mobility. Table 4.2 summarizes the critical ab-

sorber thicknesses and corresponding efficiencies for both the low- and high-mobility cases.

4.5.2 Diffusion-based TFSCs

The diffusion length, Ldi f f , for the idealized solar absorber can be calculated using

Eqn. 4.4. For a band gap of EG = 1.4 eV, a minority carrier mobility of µn = 320 cm2V−1s−1,

and a minority carrier lifetime of τ = 10 ns, Ldi f f = 2.8 µm. Since Ldi f f >LA for a 1 µm thick

absorber, all minority carriers can be assumed to reach the depletion region. The variation

in device efficiency as a function of absorber layer thickness is shown in Fig. 4.9 for the
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three absorption strengths. The efficiency for CdTe absorption increases significantly with

an increase in absorber thickness until LA = 1 µm, at which a simulated efficiency of 21.6%

is obtained. Beyond 1 µm, the efficiency saturates with increasing absorber layer thickness.

Similar to Fig. 4.5, increasing the absorption strength to CdTe-5x and CdTe-20x improves the

overall efficiency, reaching a maximum of 22.6% at 500 nm for the CdTe-5x absorption, and

23.5% at 250 nm for the CdTe-20x absorption. Compared to the high mobility drift-based

TFSC (Fig. 4.5), the high mobility diffusion-based TFSC has an efficiency improvement of

1 - 2%.

The critical thickness required to fully absorb the solar spectrum is again identified

using quantum efficiency simulations. Figure 4.10 shows the quantum efficiency for the three

absorption strength cases with increasing absorber layer thicknesses. For CdTe, a minimum

of 1 µm is required for effective absorption over the entire solar spectrum, while for CdTe-
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Figure 4.10: Simulated quantum efficiency for a high mobility, diffusion-based TFSC for the
three absorption coefficients a) CdTe, b) CdTe-5x, and c) CdTe-20x.

5x the minimum thickness is 500 nm, and for the CdTe-20x case the thickness requirement

reduces to 250 nm.

When the minority carrier mobility is reduced to 10 cm2V−1s−1, the diffusion length

Ldi f f decreases to 0.5 µm, or 500 nm, significantly lower than Ldi f f (2.8 µm) for the high

mobility diffusion-based TFSC. The variation in device efficiency as a function of absorber

layer thickness is shown in Fig. 4.11 for the three absorption strengths. Compared to the

high mobility diffusion-based TFSC (Fig. 4.9) the CdTe absorption in Fig. 4.11, shows a

reduced efficiency, reaching a maximum of 18.3% at 500 nm, before reducing to 17.4% at

2 µm. Since Ldi f f is 500 nm, a maximum efficiency is reached at this thickness, beyond

which the efficiency decreases due to increased recombination. For the CdTe-5x and CdTe-

20x absorption cases, while the overall efficiency increases compared to that of CdTe, the
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Figure 4.11: Simulated device efficiency as a function of the absorber thickness for a low
mobility diffusion-based TFSC

efficiency reaches a maximum of 22.3% at 250 nm for the CdTe-5x absorption, and 23.5%

at 100 nm for the CdTe-20x absorption. The efficiencies of the low mobility diffusion-based

TFSC for absorption coefficients beyond CdTe are comparable to the high mobility diffusion-

based TFSC. However, it should be noted that at these thicknesses, 250 nm (for CdTe-5x)

and 100 nm (for CdTe-20x), the TFSC is actually a drift cell. This is evident from Fig. 4.4

which indicates that for a carrier concentration NA = 2 × 1016 cm−3, the depletion width is

∼ 250 nm. Since the absorber thickness is equivalent to the depletion width, the transport

mechanism here is closer to drift than diffusion.

The reduction in critical thickness for the low mobility diffusion-based TFSC is con-

firmed from quantum efficiency simulations in Fig. 4.12. CdTe absorption shows a maxi-

mum QE for LA = 500 nm, while the maximum QE for CdTe-5x occurs at LA = 250 nm,

and CdTe-20x has a maximum QE at LA = 100 nm. This indicates that an improvement in

the absorption coefficient compared to CdTe can provide a 20% efficient TFSC operating

in a drift mode even with a carrier concentration of 1016 cm−3 and low carrier mobilities.
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Figure 4.12: Simulated quantum efficiency for a low mobility diffusion-based TFSC for the
three absorption coefficients a) CdTe, b) CdTe-5x, and c) CdTe-20x.

Table 4.3 summarizes the critical absorber thickness and the corresponding efficiency for the

diffusion-based TFSC in both the low and high-mobility cases.

Thus, improving the absorption coefficient compared to CdTe-base has a significant

effect on the absorber layer thickness. First, the increased absorption strength improves

the overall TFSC efficiency due to more effective photogeneration, leading to an increased

photocurrent. Second, increased absorption implies that a thinner absorber can effectively

absorb the solar spectrum. Third, the device operation mode can be drift-based with a thin

absorber, even with a wide range of carrier concentrations (1014 - 1016 cm−3), and carrier

mobility need not be very large to provide an efficient TFSC.
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Absorption Strength Low mobility case High mobility case

Labs [nm] η [%] Labs [nm] η [%]

CdTe-base 500 18.3 1000 21

CdTe-5x 250 22.3 500 22.6

CdTe-20x 100 23.5 250 23.5

Table 4.3: Efficiency at the critical thickness for an absorber in a diffusion-based TFSC for
the three absorption strengths. Both low and high mobility cases are tabulated.

4.6 Minority carrier lifetime

Ultra-thin absorber layers in a TFSC are an attractive option since photogenerated

carriers travel a shorter distance prior to being collected. To minimize recombination, the

lifetime of a photogenerated carrier has to be longer than the time required to travel across

the absorber layer, i.e., the transit time. An approach described by Sze and Ng [12] can be

used to estimate the approximate defect density tolerable in an absorber. In the absence of

charged traps, the electric field (ξ) within the absorber can be assumed to be uniform and is

given as,

ξ =
EG

q×LA , (4.6)

where LA is the thickness of the absorber. The presence of charged defect states alters the

electric field by [12],

∆ξ =
qNT LA

εs
, (4.7)

where NT is the concentration of charged defects [cm−3] and εs is the absorber low frequency

dielectric constant. For an absorber with a band gap of 1.4 eV and a dielectric constant of
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Absorber Thickness [nm] Electric Field [V cm−1] Defect Concentration [cm−3]

1000 1.4 × 104 7.8 × 1014

500 2.8 × 104 2.9 × 1015

250 5.6 × 104 1.6 × 1016

100 1.5 × 105 7.3 × 1016

Table 4.4: Assessment of tolerable defect concentrations for different absorber layer thick-
nesses along with the corresponding electric field across the absorber.

CdTe (εs = 9.4) [46], Eqns. 4.6 and 4.7 can be equated to estimate the maximum concen-

tration of tolerable defects for different absorber layer thicknesses tabulated in Table 4.4.

Table 4.4 indicates that an increase in the electric field across a thin absorber increases

the concentration of defects that can be tolerated without affecting carrier collection. Also,

defect densities as high as 1014 cm−3 (or τ = 1 ns) can be tolerated in a TFSC with an 1

µm thick absorber, while defect densities 1016 cm−3 (τ = 0.01 ns) can be tolerated in a

TFSC with an 100 nm thick absorber. Since a minimum thickness was identified for each

absorption strength in the previous section (Tables 4.2 and 4.3), the minority carrier lifetime

is simulated for the three absorption strengths to confirm whether ultra-thin absorbers in a

TFSC can indeed tolerate such high defect concentrations. The variation in minority carrier

lifetime is simulated by changing the concentration of defects using Table 2.1 to cover the

range from disordered amorphous materials (τ = 0.1 ns), to polycrystalline thin-films with a

low density of defects (τ = 100 ns).
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Figure 4.13: Variation in efficiency for a high-mobility drift-based TFSC as a function of
minority carrier lifetime for three absorption strengths.

4.6.1 Drift-based TFSCs

The efficiency of a high-mobility drift-based TFSC as a function of minority carrier

lifetime for three absorption strengths is shown in Fig. 4.13. The efficiency increases with

increasing minority carrier lifetime (or decreasing concentration of mid-gap defects) for all

absorption strengths. However, beyond a minority carrier lifetime of 100 ns, there is no ap-

preciable increase in efficiency. For the CdTe absorption case, increasing the lifetime from 1

ns to 10 ns increases the efficiency from 18.6% to 20.9%, suggesting that improving the mi-

nority carrier lifetime is one route for a CdTe-based TFSC to have a comparable efficiency to

that of c-Si. Increasing the absorption strength beyond CdTe increases the overall efficiency

for all minority carrier lifetimes. For example, the CdTe-5x has a simulated efficiency of

20.4% at τ = 1 ns, while the CdTe-20x absorption case provides an efficiency of 21.5% at τ =

1 ns. In addition, increasing the minority carrier lifetime beyond 10 ns for the CdTe-5x and

CdTe-20x absorption cases has a small (0.1 - 0.4%) improvement in efficiency. At lifetimes
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Figure 4.14: Variation in (a) VOC and (b) JSC of a high-mobility drift-based TFSC as a func-
tion of minority carrier lifetime for three absorption strengths.

below 1 ns, the high-mobility drift-based TFSC shows efficiencies above 12% for τ = 0.01 ns

(or NT = 1016 cm−3) irrespective of the absorption strength. The efficiency for the CdTe-5x

absorption at τ = 0.01 ns is 15.5%, while for the CdTe-20x absorption case, the efficiency is

17% for the same carrier lifetime.

The mechanism for the efficiency trends can be understood by plotting the open-circuit

voltage (VOC) and short-circuit current density (JSC) as a function of the minority carrier

lifetime for the three absorption strengths shown in Fig. 4.14. The variation of VOC as a

function of the minority carrier lifetime is shown in Fig. 4.14 (a) and indicates that VOC
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converges at ∼ 1 V for τ = 1 ns irrespective of the absorption strength. For a low minority

carrier lifetime of τ = 0.01 ns, the VOC for CdTe reduces to 0.8 V. Increasing the absorption

strength for low minority carrier lifetimes still shows a reduced VOC compared to τ = 1 ns,

and the VOC for CdTe-5x reduces to 0.83 V, while VOC for CdTe-20x reduces to 0.88 V. The

simulated VOC is consistent with the rule of thumb that VOC ∼ EG/q - 0.4 V. In this simulation

study, EG = 1.4 eV, giving rise to VOC of∼ 1 V. Figure. 4.14 (b) plots JSC as a function of the

minority carrier lifetime and indicates that JSC increases with increasing absorption strength.

Also, JSC is relatively constant irrespective of the minority carrier lifetime, while the CdTe

absorption case has a slight decrease at τ = 0.01 ns.

The trends in Fig. 4.14 can be understood as follows. The maximum VOC generated

in the absorber layer due to illumination is related to the quasi-Fermi level (QFL) splitting.

Mid-gap defects act as recombination centers capturing photogenerated minority carriers,

reducing the overall QFL splitting and lowering VOC. JSC remains unaffected since the drift

field circumvents recombination by sweeping carriers towards their respective contacts.

The variation in efficiency as a function of the minority carrier lifetime for three ab-

sorption strengths in a low-mobility drift-based TFSC is shown in Fig. 4.15. Values of the

absorber layer thickness from Table 4.2 are used in this simulation. Similar to the high-

mobility drift-based TFSC (Fig. 4.13), increasing the absorption strength compared to CdTe

increases the overall efficiency. For the CdTe absorption case, the efficiency is 18.1% at τ =

1 ns and increases to 23.1% at τ = 100 ns. The CdTe-20x absorption on the other hand, has

a simulated efficiency of 21.8% at τ = 1 ns, while a minority carrier lifetime of τ = 100 ns

provides an efficiency of 24.3%. Decreasing the minority carrier lifetime below 1 ns results

in a significant decrease in the efficiency for CdTe. In fact, SCAPS was unable to simulate
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Figure 4.15: Variation of a low-mobility drift-based TFSC device efficiency as a function of
minority carrier lifetime for the three absorption strengths.

the τ = 0.01 ns condition, indicating a dramatic decrease in the efficiency of a thick (LA = 1

µm) absorber in the presence of a large concentration of defects (NT >1015 cm−3). Increas-

ing the absorption strength to CdTe-5x results in an efficiency of 10.1% at τ = 0.01 ns, while

the CdTe-20x absorption provides a simulated efficiency of 16.5% at τ = 0.01 ns.

Similar to Fig. 4.14, VOC and JSC of the low-mobility drift-based TFSC can be plotted

as a function of the minority carrier lifetime for the three absorption strengths shown in

Fig. 4.16. While VOC in Fig. 4.14 essentially saturated at∼ 1 V for a minority carrier lifetime

of 1 ns, Fig. 4.16 indicates that VOC increases slightly from 1.04 V to 1.09 V as the absorption

strength is increased from CdTe to CdTe-20x. Increasing the minority carrier lifetime beyond

10 ns results in VOC saturating at 1.12 V for all three absorption strengths. Decreasing the

minority carrier lifetime below 1 ns decreases VOC for all three absorption strengths. At τ =

0.01 ns, VOC for the CdTe-5x absorption is 0.85 V, while VOC for the CdTe-20x absorption
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is 0.9 V, and these VOC values are similar to the high-mobility drift-based TFSC simulations

in Fig. 4.14 (a).

Figure 4.16 (b) plots JSC as a function of minority carrier lifetime for the low-mobility

drift-based TFSC. Unlike Fig. 4.14 (b), JSC is not constant as a function of decreasing minor-

ity carrier lifetimes. JSC for CdTe reduces from 23 mA cm−2 at τ = 1 ns to 20.5 mA cm−2 at

τ = 0.1 ns. JSC decreases significantly from 24.1 mA cm−2 at τ = 1 ns to 20.7 mA cm−2 at τ =

0.01 ns for the CdTe-5x absorption case. JSC for the CdTe-20x absorption, on the other hand,

does not show a significant decrease for low minority carrier lifetimes and drops by 0.4 mA

cm−2 in going from τ = 1 ns to 0.01 ns. This suggests that improving the absorption coeffi-

cient beyond CdTe by at least an order of magnitude allows for an ultra-thin absorber layer

(LA = 100 - 500 nm) in a drift-based operation mode. Additionally, a low mobility material

in such a configuration can still provide a high efficiency (η >15%) TSFC even with a large

density of defects, suggesting that both mobility and minority carrier lifetime constraints may

not limit the performance of a TFSC incorporating an ultra-thin high absorption material.

4.6.2 Diffusion-based TFSCs

The efficiency for a high-mobility diffusion-based TFSC as a function of minority

carrier lifetime for three absorption strengths is shown in Fig. 4.17. As expected, efficiency

increases with increasing minority carrier lifetime for all absorption strengths. The efficiency

for CdTe absorption increases from 18.3% at τ = 1 ns to 22.5% at τ = 100 ns. Increasing the

absorption strength to CdTe-5x increases the efficiency at 1 ns to 20.9% and to 23.8% at τ

= 100 ns. Unlike the high-mobility drift-based TFSC (Fig. 4.13) where efficiency saturated

at 22.3% beyond τ = 10 ns, the efficiency for a high-mobility diffusion-based TFSC with

CdTe-20x absorption increases from 21.7% at τ = 1 ns to 23.8% τ = 100 ns. The efficiency
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Figure 4.17: Variation of a high-mobility diffusion-based TFSC device efficiency as a func-
tion of minority carrier lifetime for three absorption strengths.

increases with increasing minority carrier lifetime since minority carriers can be more effec-

tively extracted after they diffuse to the edge of the space charge region (SCR).

The CdTe absorption case has significant loss in efficiency for a lifetime below 1 ns.

The efficiency at τ = 0.1 ns is 13.6% and reduces to 9.7% for τ = 0.01 ns. The high-mobility

drift-based TFSC (Fig. 4.13) indicated that a 1 µm thick CdTe absorber could provide an

efficiency of 13.5% at τ = 0.1 ns. Fig. 4.17 implies that a diffusion-based TFSC incorporating

an absorber with an absorption coefficient similar to that of CdTe requires a minority carrier

lifetime τ >0.1 ns for an efficiency greater than 10%. Increasing the absorption strength

beyond that of CdTe significantly improves the efficiency at a low carrier lifetime. For CdTe-

5x absorption, the efficiency at τ = 0.01 ns is 15.4%, while for the CdTe-20x absorption case,

the efficiency is 17% at the same lifetime.

The variation in VOC and JSC for a high-mobility diffusion-based TFSC as a function

of the minority carrier lifetime in Fig. 4.18 differs from that of the high-mobility drift-based
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TFSC (Fig. 4.14). Figure. 4.18 (a) displays VOC as a function of the minority carrier lifetime

for the high-mobility diffusion-based TFSC. It indicates that VOC for CdTe and CdTe-5x

absorption cases is∼ 1 V, while VOC for CdTe-20x increases slightly to 1.05 V. At τ = 100 ns,

VOC for all three absorption strengths converge at 1.13 V. For a low minority carrier lifetime

of τ = 0.01 ns, VOC for CdTe is 0.83 V, while CdTe-5x absorption has a simulated VOC of 0.85

V and the CdTe-20x absorption is 0.87 V, indicating that VOC does not change appreciably.

Fig. 4.18 (b) plots JSC as a function of minority carrier lifetime. JSC of the higher absorption

cases compared to CdTe show a higher value. However, JSC does not change appreciably

going from CdTe-5x to the CdTe-20x absorption case. For low minority carrier lifetimes, JSC

for CdTe decreases significantly from 22 mA cm−2 at τ = 1 ns to 17 mA cm−2 at τ = 0.01 ns.

The decrease in JSC is not as significant for the CdTe-5x absorption case where JSC decreases

by 0.4 mA cm−2, while JSC is constant at 24 mA cm−2 for the CdTe-20x absorption case.

The VOC in a diffusion-based TFSC is a consequence of QFL splitting only in the SCR.

VOC increases with increasing minority carrier lifetime since fewer recombination centers in

the SCR can capture photogenerated minority carriers during transport across the depletion

region. However, JSC decreases significantly for the CdTe absorption case since minority car-

riers generated in the ’bulk’ of the absorber have to diffuse to the edge of the SCR. Increased

recombination in the ’bulk’ of the absorber reduces JSC. Increasing the absorption strength

to CdTe-20x significantly increases the rate of carrier generation such that the photocarriers

lost to recombination constitute a small fraction of the total number carriers extracted.

The variation in efficiency for a low-mobility diffusion-based TFSC as a function of

the minority carrier lifetime for three absorption strengths is shown in Fig. 4.19. For the

CdTe absorption case, the efficiency is 12.7% at τ = 1 ns and increases to 21.8% at τ = 100
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Figure 4.19: Variation of a low-mobility diffusion-based TFSC device efficiency as a function
of minority carrier lifetime.

ns. The efficiency at τ = 1 ns for CdTe-5x is 19.7% and increases to 24.3% at τ = 100 ns.

CdTe-20x, on the other hand, has an efficency of 21.7% at τ = 1 ns and increases to 24.3% at

τ = 100 ns. For a minority carrier lifetime less than 1 ns, the efficiency for CdTe decreases to

5.6% at τ = 0.01 ns, while the efficency for CdTe-20x is 16.4% at the same minority carrier

lifetime. The efficiency of the CdTe-20x absorption case in a low-mobility diffusion-based

TFSC is similar to that of the low-mobility drift-based TFSC. This is expected since Labs for

CdTe-20x is 100 nm, so that the TFSC is essentially a drift cell.

Figure 4.20 (a) plots VOC for a low-mobility diffusion-based TFSC as a function of

minority carrier lifetime for three absorption strengths. VOC for all three absorbers converge

at 1.13 V at τ = 100 ns. VOC for the low-mobility drift-based TFSC plotted in Fig. 4.16 (a)

converges to 1.12 V at τ = 10 ns, suggesting that the same value can be obtained with a lower

carrier lifetime in a drift-based TFSC. Increasing the absorption strength to CdTe-20x has a

small increase (0.06 V) in VOC. Decreasing the minority carrier lifetime below 1 ns decreases

VOC for all three absorption strengths. For CdTe, VOC at τ = 0.01 ns is 0.84 V and increases
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to 0.88 V for CdTe-5x and 0.89 V for CdTe-20x. Figure 4.20 (b) plots JSC as a function of

minority carrier lifetime for three absorption strengths. JSC for CdTe reduces from 22.7 mA

cm−2 at τ = 100 ns to 18.3 mA cm−2 at 1 ns and continues to decrease to 13 mA cm−2 for

τ = 0.01 ns. When the absorption strength is increased to CdTe-5x, JSC has a maximum of

24.3 mA cm−2 at τ = 100 ns and decreases by 2 mA cm−2 to 22 mA cm−2 at τ = 0.01 ns. JSC

for CdTe-20x is essentially constant at 24.3 mA cm−2 and reduces by 0.04 mA cm−2 to 23.9

mA cm−2 at τ = 0.01 ns.

4.7 Conclusions

This chapter presents a simulation study focusing exclusively on properties of the ab-

sorber layer. The absorption coefficient of CdTe was scaled (5x and 20x) and photovoltaic

properties of a drift- and a diffusion-based TFSC were compared. In addition, carrier mo-

bilities of CdTe were used (high mobility case) along with reduced values of µn,µp = 10, 1

cm2V−1s−1 (low mobility case) and TFSC properties were compared. Increasing the absorp-

tion coefficient beyond that of CdTe has a significant impact on the design of a TFSC. An

increased absorption coefficient (CdTe-5x or CdTe-20x) results in increased concentration

of photogenerated carriers and implies that light from the solar spectrum is absorbed using

a thinner absorber. The thicknesses shown in this chapter (100 - 500 nm) are significantly

lower than those required for a TFSC utilizing CIGS (1 - 2 µm) or CdTe (2 - 4 µm). Such a

thin absorber can be integrated into a drift-based TFSC, where transport of photogenerated

carriers is governed by a built-in drift field which aids carrier separation and collection.

A drift-based TFSC incorporating an ultra-thin absorber with a strong absorption co-

efficient has several advantages. First, the increased absorption strength improves the overall
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TFSC efficiency due to more effective photogeneration, leading to an increased photocurrent.

Second, the device operation mode can be drift-based with a thin absorber, even with a wide

range of carrier concentrations (1014 - 1016 cm−3). Third, transport properties such as carrier

mobility and minority carrier lifetime, which have historically required large values for an

efficient TFSC can be significantly relaxed. It is important to note that a low-mobility drift-

based TFSC has a comparable efficiency to that of a high-mobility diffusion-based TFSC

for a thin absorber (LA <750 nm). This is significant since improving the absorption co-

efficient beyond CdTe can be expected to lower the requisite mobility of a photogenerated

carrier (refer to Ch. 2). Thus, while the CdTe-20x absorption case is simulated with a high

carrier mobility, the high mobilities (µn,µp = 320, 40 cm2V−1s−1) used in this study might

be unrealistic to achieve.

This chapter also indicates that a material with an improved absorption coefficient

(compared to CdTe) integrated into a drift-based TFSC is tolerant towards the presence of a

large defect density in the absorber layer. This is important from a manufacturing perspec-

tive. A TFSC with a higher defect tolerance would imply that intensive processing to develop

a defect-free material would not be required, leading to a more cost effective manufacturing

process. Thus, the questions posed at the beginning of this chapter can now be answered.

Improving the absorption coefficient beyond CdTe (by an order of magnitude) allows for the

possibility of using an ultra-thin absorber layer (LA = 100 - 500 nm) in a drift-based operation

mode. In such a configuration, absorber layer material properties such as carrier concentra-

tion, carrier mobility, and minority carrier lifetime do not play a critical role in determining

the efficiency of the TFSC. The remainder of this thesis focuses on the development of new

materials that can have absorption coefficients significantly higher than that of CdTe.
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5. IRON BASED SOLAR ABSORBERS

This chapter presents thin-film fabrication, characterization, and TFSC device simula-

tions of two iron- (Fe) sulfide based solar absorbers. The study of high absorption materials

begins with an investigation of FeS2 thin-films fabricated via RF-magnetron sputtering. The

performance limitations of FeS2, as described in Ch. 2, are addressed using a combined ex-

perimental and theoretical approach. Thin films of a new inorganic solar absorber material,

Fe2GeS4 are fabricated using RF-magnetron sputtering using design paradigms identified

from the limitations of FeS2. Finally, measured opto-electronic properties are input into

SCAPS and the photovoltaic performance of Fe2GeS4 is predicted using device simulations.

5.1 FeS2 - Pyrite

Fe-based solar absorbers such as iron pyrite (FeS2) were identified early on as a viable

Earth-abundant solar absorber [92]. As described in Ch. 2, pyrite exhibits a suitable band gap

of EG ∼ 0.9 eV and a remarkably abrupt onset of absorption with an absorption coefficient

reaching 1 ×105 cm−1 at EG + 0.6 eV, shown in Fig. 2.22. This strong absorption implies

that the pyrite absorber layer thickness can be reduced to less than 1 µm without significant

decrease in device performance [93]. Not only is this thickness requirement reduced from

current TFSC absorber materials (CIGS = 1.5 - 2 µm [5]; CdTe = 2 - 4 µm [24]), it also enables

the development of ultra-thin, drift-based TFSCs, as described in the previous chapter. A

photoelectrochemical (PEC) cell using an n-FeS2 single crystal in contact with an iodide/tri-

iodide redox electrolyte exhibited a solar conversion efficiency of 2.8%, with a VOC of only

0.2 V [101]. This value is considerably lower than the theoretical maximum of ∼ 0.5 V and
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Figure 5.1: XRD plot of as-deposited FeS2 thin-films and the same film annealed at 550 ◦C
in a sulfur environment. An increase in crystallinity is observed post anneal.

has been historically attributed to Fermi level pinning due to sulphur vacancies [103]. In spite

of extensive development spanning more than a decade, a pyrite-based TFSC has not yet been

realized. To understand the cause for the VOC limitation, opto-electronic properties of pyrite

thin films are studied and compared with theoretical calculations carried out by collaborators

at NREL [118].

FeS2 thin films were fabricated using RF magnetron sputtering of an FeS target pur-

chased from AJA Incorporated. Sputter deposition parameters such as pressure, power, and

gas flow were varied initially to optimize process parameters. Deposition rates of∼ 8 nm/min

were achieved using an RF power of 85 W with 5 mTorr of Ar/He (60/40) as the process

gas, flowing at 20 sccms. No additional sulfur source was added during the deposition.

The as-deposited films exhibited slight crystallinity which was improved with a 550◦C post-

deposition anneal, as shown in Fig. 5.1.
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Figure 5.2: Hall measurement results from annealed FeS2 thin films. The films exhibit (a)
carrier concentrations greater than 1020 cm−3, and (b) average hole mobilities of 2 - 3
cm2 V−1s−1

Energy dispersive x-ray spectroscopy (EDS) measurements indicated that the annealed

films have a S/Fe ratio of ∼ 1.7. To improve the stoichiometry of the films, optimized an-

nealing conditions were explored in the Oregon State University Chemistry Department. As-

deposited thin films were annealed in a sealed tube containing excess sulfur powder for one

hour between 400 - 600 ◦C to yield single-phase pyrite thin films. During the anneal, excess

sulfur powder vaporizes at the annealing temperature to react with the FeS2 thin film improv-

ing the stoichiometry and crystallinity. An annealing temperature of 550 ◦C was found to be

the optimal anneal temperature and the xray diffractograph is shown in Fig. 5.1.

Electrical characterization indicated that the annealed pyrite thin-films are p-type based

on the sign of the Seebeck coefficient (S ∼ + 65 µV K−1), and the high Seebeck coefficient

indicates carrier concentration greater than 1020 cm−1 (refer to Table. 3.1). In addition, re-

sults from Hall measurements are shown in Fig. 5.2. Figure 5.2a is a plot of the hole carrier

concentration for FeS2 thin films as a function of film thickness, and indicates that the films

have an average value of NA ∼ 3× 1020 cm−3, a large carrier concentration value in accor-

dance with the low observed Seebeck coefficient. This large carrier concentration value was
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Figure 5.3: Absorption coefficient plot for a 120 nm FeS2 thin film. The optical band gap
value is indicated as 0.95 eV. In addition, the presence of a plasma energy can be seen at 0.65
eV.

independent of film thickness, process parameters variations for thin-film deposition or post-

deposition anneal conditions. In addition, the films have an average hole mobility value of

2 - 3 cm2 V−1s−1, as shown in Fig. 5.2b. These measured electrical properties (i.e., p-type

films with a high carrier concentration value) are similar to previously reported values on RF

sputtered FeS2 films [98] [100].

A plot of the measured absorption coefficient for a 120 nm FeS2 thin-film is shown

in Fig. 5.3 and indicates that FeS2 is indeed a strong optical absorber, reaching a maximum

value of α = 5× 105 cm−1 at EG + 1.8 eV. The slow onset of absorption indicates that FeS2

has an indirect band gap value of ∼ 0.95 eV, as shown in Fig. 5.4a. However, a direct band

gap is positioned at 1.1 eV (refer Fig. 5.4b, or 0.15 eV from the indirect band gap at the

VBM. As a result, in spite of an indirect fundamental optical band gap, the direct band gap

positioned 0.15 eV away from the VBM provides a strong absorption coefficient. However,

the films exhibit a large sub-band gap absorption of α∼ 7 × 104 cm−1, in spite of variations
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Figure 5.4: FeS2 thin-films have (a) an indirect band gap value of ∼ 0.95 eV, and (b) a direct
band gap of ∼ 1.1 eV.

in process conditions. This high sub-band gap absorption can arise due to a high carrier

concentration from the presence of additional lower band gap phases.

The sub-band gap characteristics in Fig. 5.3 also indicate the presence of a plasma

frequency (ωp) [Hz] at an energy Ep ∼ 0.65 eV. The presence of the plasma frequency is

evidence of a high carrier concentration value present in the thin film, and this energy value

can be used to calculate an approximate carrier concentration (N) [cm−3] value. Assuming

an effective mass (m∗) = 1 and a dielectric constant of ε∞ = 26 [119],

ωp =
Ep

h
=

√
N q2

m∗Me ε0 ε∞

, (5.1a)

1.57×1014 Hz =

√
N q2

Me ε0 × 26
, (5.1b)

⇒ N = 2.01×1020 [cm−3]. (5.1c)

The carrier concentration value extracted from the absorption coefficient plot provides a close

match to that measured using Hall measurement techniques.

Results from transmission electron microscopy (TEM) and high resolution transmis-

sion electron microscopy (HRTEM) are shown in Fig. 5.5. Figure 5.5a is a cross-sectional
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Figure 5.5: (a) Cross-sectional transmission electron micrograph and (b) High resolution
transmission electron micrograph of an FeS2 thin film.

view of a 125 nm FeS2 thin film deposited on a fused-silica (SiO2) substrate with platinum as

a capping layer. Not only do the films exhibit low density and high porosity, as evidenced by

the platinum aggregating at the FeS2 - SiO2 interface, but the films also exhibit small grain

sizes (20 - 40 nm) in spite of a post-deposition anneal in excess sulfur at 550 ◦C. Figure 5.5b

is a HRTEM of the same film and confirms the small grain sizes. It also indicates that the

FeS2 grains are dispersed in a large amorphous component. Since EDS measured thin films

with a sulfur deficiency (S/Fe = 1.7), this suggests that Fe-S phases in addition to stoichio-

metric FeS2 exist in the thin-film. Marcasite has the same chemical composition as pyrite,

but has a different crystal structure and a lower band gap of 0.34 eV [99]. Other phases in

the pyrite phase diagram include greigite (Fe3S4), pyrrhotite (Fe7S8), mackinawite (Fe1+xS)

in addition to a metallic troilite (FeS) phase [92].

Theoretical calculations provide insight into the defect formation in FeS2. The forma-

tion energy for defects (∆HD) as a function of the chemical potential using density functional
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Figure 5.6: Theoretical calculations on FeS2. (a) Enthalpy of formation as a function of
chemical potential, showing different experimental growth conditions, and indicates that the
formation energy of sulfur vacancies (VS) is very high. (b) Enthalpy of formation as a func-
tion of Fermi energy. Since the lines for VS and VFe do not intersect, calculations suggest
that Fermi level pinning due to sulfur vacancies may not be the cause for the poor perfor-
mance in FeS2. (c) Enthalpy of formation for sulfur deficient phases. Intermediate sulfur
deficient phases have lower formation energies that the end members, indicating that these
intermediate phases can form if FeS is formed during film growth.
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theory calculations is shown in Fig. 5.6a. The chemical potential is linked to experimental

growth conditions ranging from Fe-rich/S-poor to Fe-poor/S-rich [118]. The defects shown

include: Fe vacancies (VFe), S vacancies (VS), Fe on S antisite substitution (FeS), Fe-S va-

cancy pair (VFe−S), S-S vacancy pair (VS−S), interstitial Fe (Fei) and interstitial S (Si). FeS2

has been traditionally thought to be dominated by sulfur vacancies (VS) [92]. However, in

Fig. 5.6a, VS has a high formation energy of ∆HD ∼ 2.42 eV. This suggests that VS would

occur in low densities and may not be the reason behind the high carrier concentration values

observed. Figure. 5.6b indicates that VS may not cause EF -pinning in bulk FeS2. In defect di-

agrams, EF will be pinned at an energy value where defect formation enthalpy lines intersect

[32] [120]. In the case of FeS2, Fig. 5.6b indicates that the positively charged donor defect

(VS) and the negatively charged acceptor defect (VFe) do not intersect within the band gap

between any limiting growth (chemical potential) condition. This suggests that bulk defects

are not responsible for EF -pinning [118]. While bulk sulfur vacancies have a high defect for-

mation energy (∆HD∼ 2.42 eV) along the 011 plane [118], additional theoretical calculations

by Krishnamoorthy et al. show that the formation energy for sulfur vacancies at the surface

is reduced to ∆HD ∼ 0.4 eV [121], implying that the sulfur vacancies can easily form at the

surface compared to the bulk. In addition, Fig. 5.6c is a plot of the enthalpy of formation

for sulfur deficient phases with respect to the end points FeS and FeS2. Intermediate sulfur

deficient phases such as Fe11S12, Fe9S10, Fe7S8 and Fe3S4 have lower formation energies

than the FeS or FeS2 end points in Fig. 5.6c, indicating that additional sulfur deficient phases

can spontaneously form if sufficient sulfur is not provided during film growth. This can lead

to an inhomogeneous microstructure with multiple phases observed in the thin film [118].
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A combined theoretical and experimental investigation into the properties of FeS2 sug-

gests that while the optical characteristics of FeS2 indicate a promising solar absorber, the

spontaneous decomposition into sulfur deficient phases, including a metallic-like FeS phase,

results in a thin film with a high carrier concentration and a significant sub-band gap absorp-

tion, unsuitable for a solar absorber material. True to its name, pyrite indeed is ”Fool’s Gold”

even as a solar absorber!

5.2 Fe2GeS4-Based Absorbers

In an attempt to explore a viable alternative to FeS2, three design paradigms were

identified [118]. A stable iron-sulfide system which does not spontaneously phase-separate

into sulfur-deficient, narrow-band gap phases has to be selected first. To have an optical band

gap for solar absorption, the Fe2+ ion has to be octahedrally coordinated, i.e., an iron atom

has to be bonded to six nearest-neighbor sulfur atoms. This results in sufficient crystal-field

splitting [18] to provide an adequately large band gap. To ensure that octahedral coordina-

tion is obtained, addition of a third element to form a strong covalent bond with sulfur is

required [118]. Taking into account these considerations led to the development of Fe2GeS4

(FGS) and Fe2SiS4 (FSS) as new inorganic photovoltaic absorber materials. Bulk synthesis

of FGS pressed powders and single crystals were undertaken in the Oregon State University

Chemistry Department. Both powders and single crystals of FGS exhibited a band gap of

1.56 eV and a Seebeck coefficient of 780 µV K−1 [122] [123]. The large positive Seebeck

value corresponds to a p-type material with a carrier concentration NA ∼ 1016 cm−3, which

is attractive for a solar absorber. This section describes the structural, electrical, and op-
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tical characterization performed, along with simulated TFSC device performance, with an

emphasis on Fe2GeS4 (FGS) thin films.

5.2.1 FGS Thin Film Synthesis and Characterization

Similar to FeS2, FGS thin films were fabricated via RF-magnetron sputtering. 2′′ sput-

ter targets were fabricated by Vorranutch Jieratum from the Oregon State University Chem-

istry Department by grinding synthesized FGS powder and pressing the powder at 11,000

psi for one hour at room temperature. The resulting target was then sintered at 900◦C for 12

hours at 20,000 psi in a hot isostatic press (HIP). This process was repeated until a target den-

sity >90% was achieved. FGS thin films were fabricated by RF-magnetron sputtering using

an Ar/He (60/40) mixture as the process gas, with pressures between 2.5 - 5 mTorr and RF

powers between 65 - 95 W. A deposition rate of 9 nm/min was achieved at a pressure of 2.5

mTorr, with a process gas flow rate of 5 sccms at a power of 95 W. These process parameters

are used throughout this work, unless mentioned otherwise. As-deposited sputtered films are

amorphous as shown in Fig. 5.7. A subsequent anneal in a GeS2 environment between 500 -

600◦C promotes crystallization. Figure 5.7 shows that a 500◦C anneal in a GeS2 environment

results in a crystalline film with the peaks providing a close match to reference peaks.

Attempts to crystallize FGS in-situ during sputter deposition using substrate heating

resulted in Ge- and S-deficient amorphous films. A post-deposition anneal was always nec-

essary to adjust the composition and crystallinity. Fe2SiS4 (FSS) was not explored in detail

during this study due to difficulty in preparing a sputter target. Thin films of FSS were fab-

ricated by sputtering FeS onto an etched silicon wafer and annealed at 700◦C with sulfur in

a sealed tube for 24 hours. XRD analysis of the films indicated a close match to reference

peaks and reflectance measurements indicated a band gap of approximately 1.5 eV (results
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Figure 5.7: X-ray diffractogram of FGS thin films. The as-deposited FGS film is amorphous,
while a 500 ◦C anneal in GeS2 crystallizes the film and provides a close match to reference
peaks for FGS.

not shown here). However, the film did not adhere to the silicon substrate and optimization

of FSS thin films was not pursued.

A 200 nm FGS thin film was deposited on a TiN/SiO2 substrate and the composi-

tion ratio was determined by electron probe micro-analysis (EPMA) to be Fe:Ge = 1.86:1

and Ge:S = 1:3.7, indicating a film with a slight iron and sulfur deficiency. The elemental

composition of annealed FGS thin films was investigated using dynamic secondary ion mass

spectrometry (SIMS) as shown in Fig. 5.8. The composition ratio from dynamic-SIMS pro-

vided a close match to that measured via EMPA. However, the presence of oxygen uniformly

distributed throughout the entire thickness of the thin-film was detected. The oxygen con-

centration present in thin films is similar to that of Ge. Oxygen in the FGS films could be

incorporated from the presence of unintentional oxygen in the process gas during thin film

deposition, exposure of the as-deposited films to air, or during the annealing step. To reduce
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Figure 5.8: Dynamic SIMS for a FGS thin film. A high oxygen concentration is observed
throughout the 200 nm thick film.

the concentration of oxygen in the thin films, the as-deposited films were annealed with a

small amount of zirconium power in addition to GeS2. Zirconium has a high affinity for

oxygen [124] and as a result, getters oxygen to form ZrO2, reducing the amount of oxygen

present in the thin films.

Crystalline FGS thin films have a measured resistivity of 15 kΩ-cm. Hall measure-

ments did not yield conclusive results. This typically occurs when low mobility (µ < 0.1

cm2V−1s−1), low carrier concentration (NA < 1016 cm−3) materials are measured [114].

Assuming a hole mobility, µp = 0.1 cm2 V−1s−1 for FGS, the carrier concentration can be

estimated from the resistivity as,

ρ =
1

qµp p
, (5.2a)

15kΩcm =
1

q×0.1× p
, (5.2b)
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or

p∼ 5×1015cm−3. (5.2c)

Thus, FGS thin films have a carrier concentration between 1015 - 1016 cm−3, similar to that of

bulk FGS as obtained from Seebeck measurements [122]. Further electrical characterization

of FGS thin-films was inhibited by the strong tendency of these films to react with a bottom

metal contact during the annealing step. Since FGS films were annealed at 500 ◦C, GeS2

can react with the bottom metal, resulting in the films delaminating from the metal-coated

substrate. This delamination was observed irrespective of the metal used. TiN was finally

found to be a stable back contact material for FGS.

A photoelectrochemical (PEC) measurement of a FGS thin film prepared on a con-

ductive TiN/SiO2 substrate was measured by the Department of Chemistry at University of

Oregon, as shown in Fig. 5.9. PEC results indicate the presence of a photocurrent. However

no open-circuit voltage was measured. This could be due to the presence of defects in the

thin film limiting VOC, or due to a non-optimized PEC setup, including an appropriate choice

of electrolyte and an optimized pH for the electrolyte solution.

The absorption coefficient for FGS thin films is compared to the theoretical calculated

value, shown in Fig. 5.10. The as-deposited amorphous FGS film does not show a clear onset

of absorption at the band-gap. The same FGS film annealed at 500 ◦C shows a band gap

close to 1.5 eV and reaches an absorption coefficient of α = 1 × 105 cm−1 at EG + 1 eV.

The theoretical absorption coefficient also has a band gap at EG = 1.5 eV at α = 1 cm−1.

However, the absorption coefficient plot in Fig. 5.10 begins at α = 1×103 cm−1 to showcase

the absorption characteristics of the thin films clearly. Near band gap absorption in FGS

arises due to the presence of Fe d-orbital derived bands at both the VBM and CBM, along
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Figure 5.9: Photoelectrochemical measurement result of an FGS thin film on a TiN-coated
substrate.

with S p-orbital derived bands at the VBM [118], similar to FeS2. In addition to a large

JDOS, allowed transitions between S-3p→ Fe-3d give rise to the strong absorption strength

of FGS. The absorption characteristic is not as strong as FeS2, even though the JDOS and

transition matrix are nearly identical, due to the non-uniform coordination environment of Fe

in FGS. Unlike FeS2, FGS thin films display a low sub-EG absorption, and do not indicate

the presence of a plasma frequency, suggesting a low carrier concentration, confirmed by

electrical measurements. The inset of Fig. 5.10 shows that the fundamental band gap of FGS

is indirect (Eind
G ∼ 1.5 eV), while the direct band gap is positioned at Edir

G ∼ 2.6 eV.

Annealing FGS thin films in the presence of excess selenium powder allows one to

tune the band gap of FGS. The band gap value reduces with increased selenium substitution,

shown in Fig. 5.11. While FGS thin films have a band gap of 1.5 eV, Fe2GeS3Se has a band

gap of 1.2 eV, and Fe2GeSSe3 has a band gap of 0.8 eV, suggesting that the FGSSe system

could be useful in tandem cell applications.
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Figure 5.11: Absorption coefficients of FGS thin films with partial selenium substitution.
The band gap decreases with increasing selenium substitution.
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Figure 5.12: Modeled index of refraction from spectroscopic ellipsometry measurements.
(inset) Comparison between modeled and measured absorption coefficients.

Spectroscopic ellipsometry results provide additional insight into the optical properties

of FGS thin films. 250 nm FGS thin films were measured at wavelengths between 270 - 2400

nm and angles from 55 - 75 ◦. The modeled dispersion relationship is plotted in Fig. 5.12.

The index of refraction has a value of n = 2.5 at λ = 1 µm, corresponding to a high frequency

dielectric constant, ε∞ = 6.34. The band gap is modeled to be 1.46 eV and the modeled ab-

sorption coefficient provides a close match to the experimental absorption coefficient, shown

in the inset of Fig. 5.12. A Tauc-Lorentz model provided the best fit for the FGS thin-films.

Model parameters are listed in Table. 5.1.

Photoluminescence (PL) is the inverse process of optical absorption and can provide a

direct assessment of the absorber layer quality. PL measurements on FGS thin-films shown

in Fig. 5.13, were performed at NREL using a HeNe laser (λ = 632 nm) as the excitation

source, operating at an output power of 19 mW. The PL spectrum was collected using a Si

CCD detector. Figure. 5.13 shows that PL can be used as a non-destructive process diagnostic
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Parameter Value

Thickness [nm] 242 ± 1.18

E1.Offset 5.13

A 26.6

En 2.29

C 2.45

EG 1.46

MSE 31.6

Table 5.1: Tauc-Lorentz parameters used to model the optical properties of FGS thin-films.

technique. FGS thin films annealed in GeS2 alone show a broad PL spectra (FWHM = 0.28

eV) centered around 1.46 eV. The PL spectra for these films are centered around the band gap

of FGS. However, the broad, low-intensity spectra suggest low-quality films. The presence of

defects can act as recombination centers, trapping photoexcited carriers, giving rise to a low-

intensity spectrum. Dynamic-SIMS indicated the uniform presence of oxygen throughout the

film, which can potentially act as a recombination site. Low-temperature PL measurements

can be used to identify the energetic position of defects [32] and can be used to monitor

process improvement. Films annealed with zirconium and GeS2, on the other hand, exhibit

a much stronger and narrower (FWHM = 0.11 eV) PL spectrum, as shown in Fig. 5.13,

indicating an improvement in film quality.

Unold and Gütay describe a technique [32] to extract the VOC of an absorber layer

using PL. In a PL measurement, the equilibrium Fermi level (EF ), splits into two quasi-
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Figure 5.13: Photoluminescence spectra for various FGS thin films. The peak of the spectra
corresponds to the band gap of ∼ 1.46 eV and films annealed with GeS2 and Zr provide a
strong improvement in PL signal.

Fermi levels (QFLs), whose separation from EF is related to excess carrier generation under

illumination. The maximum QFL splitting (∆µ [eV]) is equivalent to the open-circuit voltage

(VOC) in a TFSC [8]. For a homogeneous material, the photoluminescence yield (YPL) from

a sample can be expressed as [32],

YPL =
1

4π~2c2
a(E)E2

(E−∆µ)/kBT )−1
, (5.3a)

and

a(E) = (1−R f )× (1− exp(−α(E)d)). (5.3b)

where a(E) is the absorbance [unitless] of the thin-film, E is energy [eV], ∆µ is the QFL-

splitting [eV], R f is the reflectivity from the front surface , and d is the film thickness [nm].
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Figure 5.14: VOC extraction from FGS PL spectra.

The prefactor in Eqn. 5.3a can be simplified to,

1
4π~2c2 ∼ 1023cm2eV− s. (5.4)

Assuming R f = 0 in Eqn. 5.3b, and a(E) ∼ 1 for E > EG, Eqn. 5.3a can be linearized

to give,

ln
(

YPL(E)
1023 E2

)
× kBT =−(E−∆µ) (5.5)

Thus, by plotting Eqn. 5.5 and performing a linear regression fit to the high energy

portion of the PL spectrum, the QFL splitting term can be directly assessed. For the PL spec-

trum of the FGS thin film annealed with Zr, the VOC can be extracted as shown in Fig. 5.14.

The extracted VOC value is 0.6 V, which is smaller than the ideal maximum value of ∼ 1

V, indicating that the FGS thin films require further optimization. However, the maximum

voltage (VOC) generated by an absorber material can be directly evaluated using PL as a non-

destructive technique, providing a rapid methodology to assess and improve the quality of an

absorber layer, without having to fabricate a TFSC stack.
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5.2.2 Device Simulations of FGS-based TFSCs

The measured opto-electronic properties of FGS are used as inputs into SCAPS to

assess TFSC device performance with FGS as an absorber layer. The inset in Fig. 5.16

shows the device configuration used in the simulation, consisting of the following layers:

top contact/ n-ZnO/ n-CdS/ p-FGS/ p+-FGS/ bottom contact. A 100 nm p+-FGS layer is

included between the absorber and the bottom contact to create a small (∼ 0.2 eV) conduction

band offset at the p-p+ interface. This conduction band offset provides a barrier, preventing

electrons from recombining at the back surface. The properties of p+-FGS are assumed to be

identical to the absorber layer, except for an increased carrier concentration of NA = 2×1018

cm−3. In addition, SRH recombination via donor-like mid-gap traps is assumed to be the

dominant recombination mechanism. A detailed list of parameters used for the simulation is

given in Table 5.2.

Using the measured carrier concentration for FGS (NA ∼ 1016 cm−3), a diffusion-

cell configuration is initially explored. The corresponding energy band diagram is shown in

Fig. 5.15(a). The variation of device efficiency as a function of FGS absorber layer thickness

is shown in Fig. 5.16, and indicates that efficiencies of ∼ 8% can be achieved with a 1µm

FGS absorber layer. The efficiency is low for thicknesses less than 250 nm, above which, the

efficiency begins to saturate beyond∼ 1 µm. Low carrier mobility values (µn, µp = 1, 0.1 cm2

V−1s−1) along with the non-abrupt onset of absorption in FGS directly translate into the low

efficiencies observed in Fig. 5.16. The effect of the non-abrupt onset of absorption is seen in

a simulated plot of quantum effiency (QE) as a function of absorber layer thickness, shown

in Fig. 5.17. A FGS-based TFSC with an absorber layer thickness less than 250 nm has a

quantum efficiency of only 40 - 55% as shown in Fig. 5.17, while for thicknesses greater than
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General Device Properties

Parameter Front Contact Back Contact

φb [eV] φbn = 0.1 φbp = 0.3

WF [eV] 4.1 5.1

Sn [cm-s−1] 107 107

Sp [cm-s−1] 107 107

Reflectivity 0.1 0.8

Layer Properties

Parameter SnO2 CdS FGS p+-FGS

W [nm] 500 25 variable 100

ε/ε0 9 10 6.4 6.4

µn [cm2-s−1] 100 100 1 1

µp [cm2-s−1] 25 25 0.1 0.1

n (or p) [cm−3] n: 1017 n: 1017 p: 1016 p+: 1018

EG [eV] 3.6 2.4 1.46 1.46

NC [cm−3] 2.2×1018 2.2×1018 8×1017 8×1017

NV [cm−3] 1.8×1019 1.8×1019 1.8×1019 1.8×1019

Mid-gap Trap State Properties

Parameter SnO2 CdS FGS p+-FGS

ND, NA [cm−3] A: 1015 A: 1018 D: variable D: 1014

σn [cm2] 10−12 10−15 10−12 10−12

σp [cm2] 10−15 10−12 10−15 10−15

Table 5.2: Material parameters used for FGS-based TFSC simulations.
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Figure 5.15: Simulated energy band diagrams for a FGS-based TFSC in (a) a diffusion-cell,
and (b) a drift-cell configuration. Both configurations have a p+-layer beneath the absorber
layer to minimize back surface recombination.
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Figure 5.16: Simulated TFSC device efficiency as a function of the FGS absorber thickness
in a diffusion-cell configuration. (inset) Device structure used for the simulation. Carrier
mobilities (µn, µp = 1, 0.1 cm2 V−1s−1) and the minority carrier lifetime (τ = 1 ns) are held
constant.

250 nm, there is an increase in QE, which converges at a maximum of ∼ 65%. The reason

for the efficiency saturating beyond 750 nm can be seen in Fig. 5.17. The QE maximizes

between 750 nm - 1 µm, indicating that a thickness greater than 1 µm of FGS is required to

fully absorb the solar spectrum. In addition, the diffusion length of minority carrier electrons

in FGS can be calculated by first estimating the diffusivity Dn [cm s−1] [12] as,

Dn = µn
kBT

q
= 1 cm2 V−1s−1×0.0259 V, (5.6a)

or

Dn = 0.026 cm2 s−1. (5.6b)

The diffusion length Ln can be calculated using a minority carrier lifetime of τ = 1 ns [12] as,

Ln =
√

Dn × τ =
√

0.026 cm2 s−1×1ns, (5.7a)
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Figure 5.17: Simulated quantum efficiency as a function of FGS absorber thickness for a
diffusion-cell configuration. Carrier mobilities (µn, µp = 1, 0.1 cm2 V−1s−1) and the minority
carrier lifetime (τ = 1 ns) are held constant.

or

Ln = 50 nm. (5.7b)

Thus, the low simulated efficiencies are a direct consequence of a very short minority car-

rier diffusion length (∼ 50 nm) in comparison to the absorber thickness (1 µm) required to

fully absorb the solar spectrum. This implies that a large fraction of photogenerated carriers

recombine as they slowly diffuse towards the space-charge region. Since the efficiency satu-

rates beyond ∼ 1 µm in Fig. 5.16, a thickness of 1 µm is used for subsequent diffusion-cell

simulations.

With the thickness constrained to 1 µm for a FGS-based diffusion cell, the minority

carrier lifetime is then varied, shown in Fig. 5.18. While a minority carrier lifetime of 1

ns, corresponding to a mid-gap trap density of 1 × 1014 cm−3 (refer to Table. 2.1), provides

an efficiency of 8%, higher efficiencies can be obtained with an increasing minority carrier
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lifetime (or a decreasing trap density). Efficiencies approaching 15% are simulated assuming

a lifetime of 10 ns, while a minority carrier lifetime of 100 ns provides an efficiency of ∼

22%, indicating that high-quality, low trap density FGS thin-films are required for efficient

FGS-based TFSCs. For minority carrier lifetimes below 1 ns, FGS-based TFSCs exhibit poor

photo-conversion efficiencies of 5% and lower. This drastic drop in efficiency for high trap

densities is a consequence of the low carrier mobility of FGS in a diffusion-cell configuration,

leading to an increase in recombination and a decrease in JSC.
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Figure 5.18: Simulated TFSC device efficiency as a function of the minority carrier lifetime
for a FGS absorber layer in a diffusion-cell configuration. The FGS absorber layer thickness
(t = 1 µm) and carrier mobilities (µn, µp = 1, 0.1 cm2 V−1s−1) are kept constant.

Using an absorber thickness of 1 µm and a minority carrier lifetime of 1 ns, next

the carrier mobility in FGS is varied, as shown in Fig. 5.19. Besides using µn, µp = 1, 0.1

cm2 V−1s−1, two other sets of values are simulated: µn, µp = 10, 1 and 100, 10 cm2 V−1s−1,
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respectively. Increasing the carrier mobility yields a near-linear increase in efficiency, reach-

ing a value of 15.5% for mobilities of µn, µp = 100, 10 cm2 V−1s−1.
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Figure 5.19: Simulated TFSC device efficiency as a function of carrier mobility in an FGS
absorber layer in a diffusion-cell configuration. The absorber layer thickness (LA = 1 µm)
and minority carrier lifetime (τ = 1 ns) are held constant.

If the carrier concentration in FGS is reduced to NA = 1014 cm−3, a drift-cell config-

uration can be realized, and the variation in thickness, lifetime, and mobility can be assessed

for this configuration. The corresponding energy band diagram is shown in Fig. 5.15(b) and

the variation in device efficiency as a function of thickness is shown in Fig. 5.20. Unlike

the diffusion cell case (Fig. 5.16), where the efficiency saturates with increasing thicknesses,

the efficiency for a drift cell shows a strong decrease with thicknesses beyond 750 nm. The

maximum efficiency for the drift-cell configuration at 750 nm is ∼ 15%. One reason for the

observed decrease in efficiency with increasing thickness is that the electric field across the

absorber layer is reduced and is no longer efficient in extracting the slow-moving photogen-
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Figure 5.20: Simulated TFSC device efficiency as a function of FGS absorber layer thickness
in a drift-cell configuration. Carrier mobilities (µn, µp = 1, 0.1 cm2 V−1s−1) and the minority
carrier lifetime (τ = 1 ns) are held constant.

erated carriers. For thicknesses less than 1 µm, the advantage of a drift-cell configuration

over a diffusion-cell configuration is evident from Fig. 5.20. In a drift cell, a strong built-in

field across a thin absorber layer efficiently extracts slow moving photogenerated carriers,

thereby providing efficiencies higher than 10% even for a 250 nm thick FGS absorber layer.

Assuming an FGS absorber thickness of 750 nm, the minority carrier lifetime is varied

next, shown in Fig. 5.21. As expected, improving the minority carrier lifetime by decreasing

the concentration of mid-gap traps provides a strong efficiency increase, nearing 20% with a

minority carrier lifetime value of 10 ns (corresponding to a mid-gap trap density of 1×1013

cm−3). Efficiency decreases considerably with reducing minority carrier lifetimes for both

the drift- and diffusion-cell configurations, indicating that pristine, trap-free FGS thin-films

are required for efficient TFSC performance.

Increasing the carrier mobility for electrons and holes in an FGS-based drift cell,

shown in Fig. 5.22, does not result in a linear increase in efficiency as compared to a dif-
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Figure 5.21: Plot of the simulated TFSC device efficiency as a function of FGS absorber
layer minority carrier lifetime in a drift-cell configuration. The FGS absorber layer thickness
(t = 750 nm) and carrier mobilities (µn, µp = 1, 0.1 cm2 V−1s−1) are kept constant.

fusion cell as shown in Fig. 5.19. Instead, Fig. 5.22 indicates that the efficiency does not vary

significantly with increasing carrier mobility in a drift-cell configuration. A factor of 100 in-

crease in carrier mobility yields less than a 4% improvement in efficiency for an FGS-based

drift cell, while for a diffusion-based TFSC (Fig. 5.19), this increase in efficiency is close

to 8%. This confirms the assertion that a drift-cell configuration best suits a low mobility

absorber in a TFSC.

Device simulations for an FGS-based TFSC in a drift configuration indicate that ef-

ficiencies approaching 20% can be obtained when the FGS absorber layer has high carrier

mobilities, low carrier concentration, and a low density of traps. However, this prediction

of device performance must be tempered by what is achievable in the laboratory, or more

importantly, in the context of high-volume manufacturing of TFSCs over large areas at low

cost. The measured carrier concentration of FGS is ∼ 1016 cm−3. Attempts to reduce the
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Figure 5.22: Plot of the simulated TFSC device efficiency as a function of carrier mobilities
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carrier concentration by doping FGS were not successful in this study. Reducing the carrier

concentration of FGS to ∼ 1014 cm−3, i.e., that required for the drift-cell configuration sim-

ulated to yield an efficiency above 15% appears to be unlikely. Carrier mobility depends on

effective mass (an intrinsic property of a material depending on its band structure [12]), and

the momentum relaxation time (dependent on intrinsic transport considerations as well as the

extrinsic quality of the thin-film such as crystallinity, defect density and impurities [13]) .

While high carrier mobilities in FGS can be simulated, increasing the carrier mobility by a

factor of 100 to µn, µp = 100/10 cm2 V−1 s−1 is unrealistic. Given these carrier concentra-

tion and mobility constraints in FGS, two scenarios can be considered. First, if the carrier

concentration can be reduced to NA = 1014 - 1015 cm−3, then with a carrier mobility of µn,

µp = 1, 0.1 cm2 V−1s−1 and a lifetime of τ = 1 ns (NT = 1014 cm−3), a ∼ 15% efficient

TFSC is simulated. Second, if NA cannot be lowered from 1016 cm−3, then with a mobility
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Property Diffusion Drift

Thickness [µm] 1 - 1.5 0.75

Carrier concentration [cm−3] 1 ×1016 cm−3 1 ×1014 cm−3

Carrier mobility [cm2 V−1 s−1] µn =1; µp = 0.1 µn =1; µp = 0.1

Minority carrier lifetime [ns] 10 (NT = 1013 cm−3) 1 (NT = 1014 cm−3)

Efficiency [%] 13 15

Table 5.3: Required material parameters for diffusion and drift-cell FGS-based TFSCs sim-
ulated to yield efficiencies of 13% and 15%, respectively.

of µn, µp = 1, 0.1 cm2 V−1s−1 and a lifetime of 10 ns (NT = 1013 cm−3), a 13% efficient

FGS based TFSC can be simulated. The parameters employed in these two simulations are

summarized in Table. 5.3.

5.3 Conclusions

In this chapter, FeS2 was explored as a possible high absorption material for TFSCs. It

is asserted that the opto-electronic properties of FeS2 thin-films are largely plagued by large

carrier concentrations resulting in high sub-band gap absorption. This high carrier concen-

tration (> 1020 cm−3) arises due to spontaneous decomposition of FeS2 into sulfur-deficient

phases, including a metallic FeS phase. In an effort to improve FeS2, a new inorganic ab-

sorber material, Fe2GeS4 (FGS) was identified and thin films were explored in this study.

While FGS exhibits a near optimal band gap of EG ∼ 1.5 eV, the absorption coefficient plot

reaches a maximum of α = 1× 105 cm−1 only at EG + 1 eV, indicating a sluggish, non-

abrupt onset of absorption. RF-magnetron sputtering was used to fabricate FGS thin films
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in this study and it was determined that a large concentration of oxygen was present in all

films investigated, irrespective of how they were processed. While adding Zr powder during

the anneal process reduced the oxygen concentration, an improved thin-film processing tech-

nique is required to realize high-quality FGS thin films. In addition, FGS films delaminated

from a bottom metal contact during the anneal step, inhibiting further electrical characteriza-

tion. Device simulations predict that the best-case efficiency for a fully optimized FGS-based

TFSC is only 13 - 15%. Thus, FGS does not appear to be a suitable absorber for high perfor-

mance TFSC applications.
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6. COPPER-BASED SOLAR ABSORBERS

Copper-based materials such as Cu2S [125] and CuInSe2 [62] were among the earliest

thin-film solar absorber materials investigated. Cu2S is a p-type semiconductor with an in-

direct band gap of 1.2 eV [46] and was used along with n-CdS to form a p-n heterojunction

TFSC exhibiting efficiencies as high as 9% in 1980 [126]. However, Cu2S-based thin-film

solar cells did not show promise as a result of Cu diffusion into the CdS layer, which degraded

the performance of the TFSC [125]. CuInSe2, described in Ch. 2, currently has the highest

reported laboratory efficiency at 20.3% [26]. However, scaling up of the CIGS deposition

process in addition to the rising cost of indium can potentially limit large-scale implemen-

tation of CIGS-based absorbers [5]. This chapter presents the development of novel copper

(Cu) based solar absorbers. Based on a design paradigm for high optical absorption, Cu-

based absorbers from the Cu-V-VI family of materials (V = Sb, Bi; VI = S, Se) are initially

explored. The tetrahedrite family of materials, Cu10M2Sb4Ch13 (M = Mn, Cu, Zn, In; Ch = S,

Se) is then investigated and demonstrated to be a promising solar absorber material candidate

for high-efficiency thin-film solar cells.

6.1 Cu-V-VI (V = Sb, Bi; VI = S, Se) family of materials

Members of the Cu-V-VI family of materials, including CuSbS2 [127], Cu3SbS3 [128],

Cu3SbSe4 [129], CuBiS2 [130], Cu3BiS3 [131], have been recently investigated for solar

absorber [132, 133] and thermoelectric applications [129]. This study focuses on CuSbS2

and Cu3SbS4 as viable absorber materials.
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6.1.1 Design paradigms for Cu-V-VI materials

Two design paradigms to achieve high optical absorption were identified by Yu et. al.

[134]. First, choosing a low valence (group V) element as a cation constituent can give rise

to an increased DOS contribution from the group V, filled s-orbital derived bands near the

VBM and relatively flat, empty p-orbital derived bands near the CBM. Second, selecting a

compound with a Cu/V ratio greater than one can lead to localized group V, s-orbital derived

bands near the CBM, enhancing the JDOS [134]. These DOS contributions to the band

edges, coupled with Cu d-orbital derived bands near the VBM and dipole-allowed Cu d→ V

p and VI s→ V p transitions can result in an increased absorption coefficient in a Cu-V-VI

material. Group V containing compounds were investigated since they typically adopt two

oxidation states, 3+ and 5+, resulting in the choice of CuSbS2 (3+) and Cu3SbS4 (5+) as

candidate materials to test the first design paradigm. In addition, Cu3SbS4 has a Cu/Sb ratio

of 3, which also allows the validation of the second design paradigm within the same material

family.

The calculated total DOS and partial DOS using density functional theory calculations

for CuInSe2, CuSbS2, and Cu3SbS4 are shown in Fig. 6.1. In these DOS plots, the Fermi

level (EF ) is positioned at E = 0 eV, with the valence band corresponding to E <0 eV, and the

conduction band to E >0 eV. The total DOS for CuSbS2, Cu3SbS4, and CuInSe2 are shown

in Fig. 6.1(a) and indicate that the valence band in all three materials is similar, correspond-

ing to Cu d- and S (or Se) p-orbital derived bands. However, the conduction band differs

considerably in all three materials with both CuSbS2 and Cu3SbS4 exhibiting a higher DOS

in the conduction band compared to CuInSe2. In addition, the partial DOS highlighting the

difference in Sb atom contribution to the bands is shown in Fig. 6.1(b). Sb p-orbital derived
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Figure 6.1: (a) Total DOS for CuInSe2, CuSbS2, and Cu3SbS4. Both CuSbS2 and Cu3SbS4
exhibit an increased DOS compared to CuInSe2. (b) Partial DOS for CuSbS2 and Cu3SbS4.
CuSbS2 exhibits a contribution from Sb s- and p-orbital derived bands near the VBM and
CBM, while Cu3SbS4 only has a contribution from Sb s-orbital derived bands near the CBM.

bands in CuSbS2 (Sb 3+) contribute to states near the VBM and CBM, while Sb s-orbital

derived bands only have a minor contribution to the VBM and CBM. In contrast, Cu3SbS4

(Sb 5+) does not have a significant Sb p-orbital derived band contribution near the VBM or

CBM. However, Cu3SbS4 exhibits an increased Sb s-orbital derived band contribution near

the CBM. Sb s-orbital derived bands near the CBM can be attractive for a solar absorber,

since s-orbital derived bands can provide for a higher carrier mobility. While the band gap of

CuInSe2 is 1.1 eV, there is not a significant increase in DOS until 2.4 eV, or EG + 1.3 eV (re-

fer to Fig. 6.1(a)). The variation in the electronic structure of CuSbS2 and Cu3SbS4 is related

to the crystal structure adopted by the two compounds, as shown in Fig. 6.2. CuSbS2 adopts

a layered structure [131], while Cu3SbS4 has isolated Sb atoms amidst a Cu-S network. The
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(a)
CuSbS2

(b)
Cu3SbS4

Figure 6.2: Crystal structure for (a) CuSbS2, and (b) Cu3SbS4. CuSbS2 exhibits a layered
crystal structure, while Cu3SbS4 has an isolated Sb atom surrounded by a Cu-S network.

isolated Sb atom in Cu3SbS4 is a consequence of the lone pair effect [135] which results in

the localized s-orbital derived band near the CBM seen in Fig. 6.1(b).

6.1.2 Thin-film deposition and characterization

Thin-films of Cu-V-VI materials were fabricated by sequential deposition of Cu and

Sb2S3 using electron beam (e-beam) evaporation on a fused silica substrate, with source

materials purchased from Alfa Aesar. For a CuSbS2 thin-film, Sb2S3/ Cu/ Sb2S3 thicknesses

of 50/ 18/ 50 nm were used, and repeated for thicker films. For a Cu3SbS4 thin-film, Sb2S3/

Cu/ Sb2S3 = 30/ 20/ 30 nm was used, and repeated for thicker films. As-deposited stacks were

annealed in a tube furnace using CS2 gas as the sulfur containing source for 30 mins at 300

◦C. Figure 6.3(a) shows the x-ray diffractogram of a CuSbS2 thin film, and indicates a close

match when compared with the computed reference pattern. The broad feature between 15

- 25◦ is due to the amorphous fused-silica substrate. The x-ray diffractogram for a Cu3SbS4

thin film shown in Fig. 6.3(b) also indicates a close match to the reference peak, with the
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Figure 6.3: X-ray diffractograms for a (a) CuSbS2, and (b) Cu3SbS4 thin-film. CuSbS2
exhibits a close match with the reference peaks, while Cu3SbS4 has a Cu1.8S secondary
phase.

exception of an additional peak due to Cu1.8S observed at ∼ 29◦, indicating the presence

of a secondary phase. The amorphous substrate peak is not visible in Fig. 6.3(b) since the

signal from the background and substrate has been subtracted to emphasize the properties of

Cu3SbS4. A cross-sectional SEM image of a∼ 350 nm annealed Cu3SbS4 thin-film is shown

in Fig. 6.4. In spite of the use of sequential deposition of pre-cursor layers, the SEM image

shows uniform mixing of the layers, with grain sizes ∼ 200 nm.

Electrical characterization from Hall measurements indicated that the CuSbS2 thin-

film is p-type with a carrier concentration, NA ∼ 1017 cm−3 and a hole mobility, µp ∼ 0.1

cm2 V−1s−1. Tang et al. used electrodepostion to fabricate thin films of CuSbSe2 and mea-

sured a hole mobility of 1.2 cm2 V−1s−1 [136]. While these material systems are analogous,

a value nearly an order of magnitude higher than e-beam evaporated films can indicate that

the mobility value measured for CuSbS2 may be underestimated or be due to a non-optimized

process. Cu3SbS4 thin films were also p-type, exhibiting a carrier concentration NA ∼ 1018

cm−3 and a hole mobility, µp ∼ 15 cm2V−1s−1. While sequential deposition using e-beam
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evaporation showed a high NA value, a 2 inch Cu3SbS4 sputter target (99.99%) was pur-

chased from Kurt Lesker to investigate an alternative deposition process. Sputtered thin films

exhibited a carrier concentration NA ∼ 1017 cm−3, with a hole mobility, µp ∼ 15 cm2V−1s−1.

Further optimization of the sputter process and reduction of the carrier concentration by dop-

ing Cu3SbS4 with Mn or Zn is suggested for future work.

The optical absorption plots for CuSbS2 and Cu3SbS4 are shown in Fig. 6.5 and indi-

cate that both materials exhibit high absorption in the visible spectrum. The CuSbS2 thin film

(t ∼ 130 nm) exhibits a band gap EG ∼ 1.4 eV but has significant sub-band gap absorption

along with a non-abrupt onset of absorption near the band gap with the absorption coefficient

reaching α = 1 × 105 cm−1 at EG + 0.9 eV. The absorption plot for a Cu3SbS4 thin film (t

∼ 150 nm), on the other hand, has a band gap EG ∼ 0.9 eV and exhibits an abrupt onset of

absorption at the band gap, reaching α = 1 × 105 cm−1 at EG + 0.6 eV. The abrupt onset

of absorption near the band gap along with the ability to reach a maximum of α ∼ 2 × 105

cm−1 at EG + 1.2 eV indicates that the thickness requirement for a Cu3SbS4-based TFSC ab-

sorber can be less than 1 µm, thinner than is possible with current solar absorber materials. In

addition, theoretical calculations indicated that Cu3SbS4 is a direct-band gap semiconductor

[134], which is confirmed by the abrupt onset of absorption near the band gap. The band gap

type for CuSbS2 is shown in Fig. 6.6 and indicates that the fundamental band gap in indirect

at EG ∼ 1.42 eV. However, a direct band gap is positioned at EG ∼ 1.58 eV. This direct gap

is responsible for the additional feature seen at ∼ 1.6 eV in Fig. 6.5(b).

Figure 6.7 is a plot of the absorption coefficients for CuSbS2, Cu3SbS4, and CuInSe2

thin-films plotted as a function of E - EG, i.e., the onset of absorption. While both CuSbS2

and CuInSe2 contain low valent elements (Sb 3+ and In 3+), the absorption coefficients ap-
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Figure 6.4: Scanning electron micrograph of a ∼ 350 nm Cu3SbS4 thin-film. Large grain
sizes (∼ 200 nm) can be observed.
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Figure 6.6: Estimation of the band gap type for a CuSbS2 thin film. An indirect band gap is
at EG ∼ 1.42 eV, while a direct band gap is seen at EG ∼ 1.58 eV.

pear similar, until the energy approaches the direct band gap in CuSbS2, where an increase

in the absorption coefficient compared to CuInSe2 can be seen. Cu3SbS4 has a higher va-

lence (Sb 5+) and correspondingly exhibits stronger absorption with a similar abrupt onset

of absorption as CuInSe2. Thus, based on design paradigms to provide an increased optical

absorption, Cu3SbS4 was identified as a material with attractive opto-electrical properties for

a high efficiency TFSC. In addition, bulk measurements of Cu3PS4−xSex exhibited tunable

band gaps between 1.4 ≤ EG ≤ 2.4 eV, with hole mobility values ∼ 10 cm2 V−1s−1 [123],

indicating that the Cu3-V-VI4 family of materials is potentially useful in single junction and

tandem TSFCs.

The dispersion relations for both CuSbS2 and Cu3SbS4 was obtained using spectro-

scopic ellipsometry, as shown in Fig. 6.8. The high frequency dielectric constant ε∞ at 1000

nm for CuSbS2 is 12.0, while the value for Cu3SbS4 is 18.5. The extrapolated value for the
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band gap for CuSbS2 was 1.29 eV, while that of Cu3SbS4 was 0.86 eV. Additional Tauc-

Lorentz parameters used for the model are listed in Table 6.1.
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Figure 6.8: Dispersion relationship for (a) CuSbS2, and (b) Cu3SbS4 measured using spec-
troscopic ellipsometry.

The modeled dielectric constant for a CuSbS2 and a Cu3SbS4 thin film can be used to

assess electronic properties of the surface using an induced gap states model [12, 137, 138].
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Parameter CuSbS2 Cu3SbS4

Thickness [nm] 117 ± 0.5 348 ± 1.1

E1.Offset 3.31 2.98

A 125 ± 17.7 98.9 ± 10.9

En 3.3 2.98

C 4.99 1.69

EG 1.29 0.86

ε∞ 12 18.5

MSE 17.3 33

Table 6.1: Tauc-Lorentz parameters used to model the optical properties of CuSbS2 and
Cu3SbS4 thin films.

The interface parameter (S), and the density of surface states (DSS) can be estimated as [138],

S =
1

1+0.1× (ε∞−1)2 (6.1a)

and

DSS =
ε0ε∞

q×δi

(
1
S
−1
)
. (6.1b)

where ε∞ is the high-frequency relative dielectric constant [unitless] and δi is the interface

dipole thickness (∼ 0.4 nm). Calculated values for S and DSS are listed in Table 6.2, and

indicate that the interface parameter for both materials is very small. This implies that the

Fermi level will be pinned at the charge neutrality level [137], irrespective of the metal work

function when forming a metal-semiconductor contact. In addition, the calculated DSS is
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Parameter CuSbS2 Cu3SbS4

EG 1.4 eV 0.9 eV

ε∞ 12 18.5

S 0.08 0.03

DSS × 1013 200 720

Table 6.2: Calculated values for the interface parameter (S) and the density of surface states
(DSS) for a CuSbS2 and a Cu3SbS4 thin film.

large, on the order of 1015 cm−3. A large concentration of surface states can lead to problems

in forming an ohmic contact to CuSbS2 or Cu3SbS4.

6.1.3 TFSC device simulations

The measured material parameters of CuSbS2 and Cu3SbS4 are used as inputs into

SCAPS to assess TFSC device performance for both absorbers. Similar to an FGS-based

TFSC, the device configuration used in these simulations consists of the following layers: top

contact/ n-ZnO/ n-CdS/ p-absorber/ p+-layer/ bottom contact. A 100 nm p+-layer is included

between the absorber and the back contact to provide a ∼ 0.2 eV conduction band offset to

prevent electrons from recombining at the back surface of the TFSC. SRH recombination

via donor-like mid-gap traps is assumed to be the dominant recombination mechanism. A

detailed list of parameters used for the simulation is given in Table 6.3. In addition, based

on the mechanism of transport, two different device configurations, as shown in Fig. 6.9

are considered. Figure 6.9 (a) shows a simulated energy band diagram for a TFSC utilizing
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Figure 6.9: Simulated energy band diagrams for a TFSC in (a) a diffusion-cell configuration,
and (b) a drift-cell configuration. These two configurations are used for subsequent device
simulations.

diffusion as the primary transport mechanism, while Fig. 6.9 (b) is a simulated energy band

diagram for a drift-based TSFC.

6.1.3.1 CuSbS2

The measured carrier concentration for a CuSbS2 thin film (NA ∼ 1017 cm−3) is greater

than optimal for a solar absorber. As a result, with the assumption that the carrier concen-

tration can be reduced, two hypothetical carrier concentrations are simulated: NA = 2 × 1016
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General Device Properties

Parameter Front Contact Back Contact

φb [eV] φbn = 0.1 φbp = 0.3

WF [eV] 4.1 5.1

Sn [cm-s−1] 107 107

Sp [cm-s−1] 107 107

Reflectivity 0.1 0.8

Layer Properties

Parameter SnO2 CdS CuSbS2 p+-CuSbS2

W [nm] 500 25 variable 100

ε/ε0 9 10 12 12

µn [cm2-s−1] 100 100 1 1

µp [cm2-s−1] 25 25 0.1 0.1

n (or p) [cm−3] n: 1017 n: 1017 p: 2 × 1016 p+: 1018

EG [eV] 3.6 2.4 1.36 1.36

NC [cm−3] 2.2×1018 2.2×1018 8×1017 8×1017

NV [cm−3] 1.8×1019 1.8×1019 1.8×1019 1.8×1019

Mid-gap Trap Properties

Parameter SnO2 CdS CuSbS2 p+-CuSbS2

ND, NA [cm−3] A: 1015 A: 1018 D: variable D: 1014

σn [cm2] 10−12 10−15 10−12 10−12

σp [cm2] 10−15 10−12 10−15 10−15

Table 6.3: Material parameters used for CuSbS2-based TFSC simulations.
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cm−3 (diffusion cell, shown in Fig. 6.9 (a)), and NA = 2 × 1014 cm−3 (drift cell, shown in

Fig. 6.9 (b)). In addition, carrier mobilities of 1 and 0.1 cm2 V−1 s−1, are used for electrons

and holes, respectively. A minority carrier lifetime of τ = 1 ns (corresponding to NT = 1014

cm−3) is used in the simulation, unless otherwise specified.

Device efficiency as a function of the CuSbS2 absorber layer thickness (LA) for a

diffusion-cell configuration is shown in Fig. 6.10(a), and indicates that an efficiency of ∼

7.5% can be achieved with a thickness between 750 nm - 1000 nm. Similar to FGS, low car-

rier mobilities (i.e., µn = 1, µn = 0.1 cm2V−1s−1) along with a non-abrupt onset of absorption

(see Fig. 5.10 for FGS) translate into a low simulated efficiency. The effect of the non-abrupt

onset of absorption is revealed in a quantum efficiency (QE) plot as a function of CuSbS2

thickness, as shown in Fig. 6.10(b), which indicates that a maximum QE (∼ 75% at λ = 530

nm) is achieved for a thickness greater than 500 nm. For an absorber thickness greater than

750 nm, the QE curves in Fig. 6.10(b) converge and are identical.

Tang et al. measured a hole mobility of 1.2 cm2 V−1 s−1 [136] for a CuSbSe2 thin

film. Since µn is typically 5 to 10 × µp for common TFSC absorber materials [27, 41], an

electron mobility of µn = 10 cm2 V−1 s−1 is assumed, and carrier mobilities of 10 and 1

cm2 V−1 s−1, for electrons and holes, respectively, are simulated next. Device efficiency as

a function of the absorber layer thickness is shown in Fig. 6.11 (a). The increase in carrier

mobilities in a diffusion-cell configuration gives rise to an increased diffusion length for

photogenerated carriers, and translates directly into a higher photoconversion efficiency. As

seen in Fig. 6.11 (a), an increase in carrier mobilities (by an order of magnitude) provides

∼ an 11% efficient TFSC with a CuSbS2 absorber layer thickness greater than 750 nm,

compared to the ∼ 7.5% efficiency given in Fig. 6.10 (a). The increase in mobility on the



157

5

6

7

8

9

0 0.25 0.5 0.75 1 1.25 1.5

Ef
fic

ie
nc

y 
(%

)

Thickness (μm)

Substrate

Bottom contact 

Absorber (CuSbS2) 

Buffer (CdS) 25 nm
Window (SnO2) 500 nm
Top contact 

p+ CuSbS2 (100 nm)

(a)

• NA = 2 × 1016 cm-3

• μn = 1 cm2 V-1s-1

• μp = 0.1 cm2 V-1s-1

•  τ  = 1 ns

0

20

40

60

80

200 300 400 500 600 700 800 900

Q
ua

nt
um

 E
ffi

ci
en

cy
 (%

)

Wavelength (nm)

50 nm 100 nm
250 nm 500 nm
750 nm 1 μm
1.5 μm 2 μm

(b)

Increasing LA
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other hand, does not significantly improve the simulated QE (Fig. 6.11 (b)), which maintains

the same profile as that of the low mobility case, as shown in Fig. 6.10 (b). The QE curves

converge for an absorber thickness greater than 750 nm and are identical in Fig. 6.10 (b).

Since the efficiency begins to saturate beyond 750 nm - 1000 nm in Fig. 6.11, a criti-

cal thickness of 1 µm is identified and is held constant for subsequent simulations in which

the minority carrier lifetime (τ) for a CuSbS2 absorber is varied. Carrier mobilities of 10

and 1 cm2 V−1 s−1, for electrons and holes, respectively, are used in this simulation. TFSC

efficiency as a function of minority carrier lifetime is shown in Fig. 6.12 and indicates that

an efficiency of 11% is achieved with a minority carrier lifetime of 1 ns (NT = 1014 cm−3).

Increasing τ to 10 ns (NT = 1013 cm−3) increases the efficiency to∼ 16%, while a 100 ns (NT

= 1012 cm−3) lifetime provides for a 20% TFSC. The efficiency is low (< 5%) for minority

carrier lifetimes less than 0.1 ns (NT = 1015 cm−3). While an efficiency of 15% and higher is

simulated for a CuSbS2-based diffusion cell with a minority carrier lifetime greater than 10

ns, or NT = 1013 cm−3, developing a process to manufacture a high-quality defect free ma-

terial can be time-consuming and expensive. Thus, under achievable laboratory conditions,

a CuSbS2-based diffusion (NA ∼ 1016 cm−3) cell, with an absorber layer thickness of 1 µm

and moderate transport properties (µn, µp = 10, 1 cm2 V−1 s−1 and τ = 1 ns, or NT = 1014

cm−3), only an 11% efficient TFSC can be achieved.

Based on the energy band diagram shown in Fig. 6.9, a drift-cell configuration (NA ∼

1014 cm−3) is pursued next. Device efficiency as a function of the CuSbS2 absorber layer

thickness is shown in Fig. 6.13 (a). Carrier mobilities of µn, µp = 1, 0.1 cm2 V−1 s−1 are

used in this simulation. Figure 6.13 confirms the assertion that a drift-cell is the preferred

TSFC device configuration for a low mobility absorber. A maximum efficiency of ∼ 14% is
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obtained for a thickness between 500 - 750 nm in Fig. 6.13 (a). However, for an absorber

thickness beyond 750 nm, the efficiency decreases considerably due to an increased recombi-

nation of the slow moving carriers. Quantum efficiency (QE) as a function of absorber layer

thickness is shown in Fig. 6.13 (b). Unlike the diffusion-cell case (Fig. 6.10 (b)), where the

QE curves converge and are identical for an absorber thickness greater than 750 nm, the QE

curves for a drift-cell configuration show a systematic increase until LA ∼ 1 µm. While a

CuSbS2 diffusion cell displays a maximum quantum efficiency of ∼ 75%, the corresponding

drift cell exhibits a value of ∼ 80%, indicating an improvement in photocollection due to the

existence of the built-in field.

Increasing the mobility of the CuSbS2 absorber layer to µn, µp = 10, 1 cm2 V−1 s−1 in

a drift-cell configuration has a significant improvement in the photoconversion efficiency, as

seen in Fig. 6.14 (a). Efficiencies greater than 16% can be achieved with an absorber layer

thickness of 750 nm. While the low mobility CuSbS2 drift cell simulation (Fig. 6.13 (a))



161

(b)

4

6

8

10

12

14

16

0 0.25 0.5 0.75 1 1.25 1.5

Ef
fic

ie
nc

y 
(%

)

Thickness (μm)

0

20

40

60

80

300 400 500 600 700 800 900 1000

Q
ua

nt
um

 E
ffi

ci
en

cy
 (%

)

Wavelength (nm)

50 nm 100 nm
250 nm 500 nm
750 nm 1 μm
1.5 μm 2 μm

(a)

Substrate

Bottom contact 

Absorber (CuSbS2) 

Buffer (CdS) 25 nm
Window (SnO2) 500 nm
Top contact 

p+ CuSbS2 (100 nm)

• NA = 2 × 1014 cm-3

• μn = 1 cm2 V-1s-1

• μp = 0.1 cm2 V-1s-1

•  τ  = 1 ns

Increasing LA
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shows a decrease in efficiency beyond LA ∼ 750 nm, Fig. 6.14 (a) does not show a decrease

in efficiency with increasing thickness. Instead, the efficiency increases until LA ∼ 750 nm,

beyond which the efficiency does not exhibit an appreciable increase. The QE curves, shown

in Fig. 6.14 (b), exhibit a maximum value of 85% for a thickness greater than 750 nm. When

comparing QE curves for a CuSbS2 absorber layer with the same carrier mobilities (e.g. µn,

µp = 1, 0.1 cm2V−1s−1), it is evident that the drift-cell configuration not only provides a

higher overall QE value, but also exhibits an increased spectral response for λ >550 nm,

suggesting improved photocollection compared to the diffusion-cell configuration.
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Figure 6.15: Simulated TSFC efficiency as a function of the minority carrier lifetime using a
CuSbS2 absorber layer in a drift-cell configuration.

Since the efficiency begins to saturate for an absorber thickness greater than 750 nm in

Fig. 6.14 (a), a thickness of 1 µm is used to simulate the efficiency as a function of minority

carrier lifetime. Carrier mobilities of 10, 1 cm2 V−1 s−1, for electrons and holes, respec-

tively, are used for this simulation. Figure 6.15 indicates that an efficiency of ∼ 16% can be
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achieved with a 1 ns (NT = 1014 cm−3) minority carrier lifetime. Increasing the lifetime of τ

to 10 ns (NT = 1013 cm−3), provides for a 20% efficienct TFSC, while a 100 ns (NT = 1012

cm−3) lifetime provides an efficiency value of 22%, similar to a diffusion-cell configuration

(Fig. 6.11 (a)). For a minority lifetime less than 0.1 ns however, a significant reduction in ef-

ficiency to less than 5% is observed. Thus, for a drift-cell configuration utilizing a 1 µm thick

CuSbS2 absorber layer, with moderate transport properties (µn, µp = 10, 1 cm2V−1s−1; τ = 1

ns or NT = 1014 cm−3), a 16% efficienct TFSC can be achieved under laboratory conditions.

6.1.3.2 Cu3SbS4

The photovoltaic capabilities of a Cu3SbS4-based TFSC is evaluated using properties

listed in Table 6.3 and additional material parameters specific to Cu3SbS4 listed in Table 6.4.

The measured hole mobility (µp = 14 cm2 V−1 s−1) is used in the simulation, while the elec-

tron mobility is assumed to be µn = 50 cm2 V−1 s−1. This assumption for µn is seems viable,

since the DOS for Cu3SbS4 (refer to Fig. 6.1) indicates a significant contribution from Sb

s-orbital derived bands near the CBM, which is expected to lead to an increased electron mo-

bility. Since a carrier concentration of NA ∼ 1017 cm−3 was measured for sputtered Cu3SbS4

thin films, with the assumption that NA can be reduced by an order of magnitude, a carrier

concentration of NA = 2 × 1016 cm−3 is used in the simulation. The TFSC device config-

uration is identical to that used for CuSbS2 TFSC simulations and is shown in the inset of

Fig. 6.16 (a). TFSC efficiency as a function of Cu3SbS4 absorber layer thickness (LA) is

shown in Fig. 6.16 (a), and indicates an efficiency as high as 19% can be achieved with a

Cu3SbS4 absorber layer thickness between 500 - 750 nm. It must be noted that a minority

carrier lifetime of τ = 1 ns (or NT = 1014 cm−3) was used in this simulation, indicating that

a relatively high efficiency (η >15%) TFSC can be developed using Cu3SbS4 as an absorber
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Parameter Value

EG [eV] 0.89

Dielectric constant [unitless] 18.5

µn [cm2 V−1 s−1] 50

µp [cm2 V−1 s−1] 14

Table 6.4: Additional material parameters used for Cu3SbS4-based TFSC device simulations.

layer, without having to achieve a highly defect-free material. In addition, this thickness re-

quirement is significantly less than that required for current polycrystalline solar absorbers,

i.e., 1 - 2 µm for CIGS [79] and 2 - 4 µm for CdTe [24].

Figure 6.16 (b) shows a plot of the simulated quantum efficiency (QE) as a function of

Cu3SbS4 absorber thickness, and emphasizes the importance of an abrupt onset of absorption

for a solar absorber since it results in a rapid increase in the QE near the band gap. The abrupt

onset of absorption leading to a high absorption coefficient for Cu3SbS4 indicates that a QE

>70% can be achieved even with a 500 nm absorber layer. For LA = 750 nm, the QE is

∼ 85% between λ ∼ 530 - 1350 nm, indicating a very strong spectral response. The QE

saturates for LA >750 nm at ∼ 85% and the curves are identical for increasing thickness

values. An optimum thickess of 750 nm is identified and used for subsequent simulations.

Figure 6.17 is a plot of the photoconversion efficiency as a function of the carrier con-

centration in the absorber layer and indicates that there is negligible variation in the efficiency

between a carrier concentration value of NA = 2 × 1014 cm−3 and 2 × 1016 cm−3. Unlike

the low mobility cases of FGS and CuSbS2, which indicated that a low carrier concentration
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Figure 6.17: Simulated TFSC efficiency as a function of the carrier concentration in a
Cu3SbS4 absorber layer. There is a negligible variation in efficiency with increasing car-
rier concentration values.

and LA ∼ 1 µm is necessary for an efficiency >15%. The moderate carrier mobilities (µn, µp

= 50 and 14 cm2 V−1 s−1, respectively), along with an abrupt onset of absorption leading to

a strong absorption coefficient and LA ∼ 750 nm indicate that the Cu3SbS4 absorber layer is

relatively insensitive to variations in the carrier concentration.

With a critical thickness identified (LA = 750 nm), a carrier concentration of NA = 2 ×

1016 cm−3 is used to simulate the TFSC efficiency as a function of minority carrier lifetime

(τ) in the absorber layer, shown in Fig. 6.18. As indicated in Fig. 6.16 (a), a photoconversion

efficiency of ∼ 19% can be achieved with a minority carrier lifetime of only 1 ns. Increasing

the minority carrier lifetime above 1 ns (or NT <1014 cm−3) provides an efficiency increase

beyond 20%, indicating that a Cu3SbS4-based TFSC can exhibit a high photoconversion

efficiency with improvement in the absorber layer quality by decreasing the concentration of

defects. In addition, for a minority carrier lifetime τ less than 1 ns (or NT >1014 cm−3), a

Cu3SbS4-based TFSC exhibits efficiencies higher than 10%. In particular, with τ = 0.01 ns (or
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Figure 6.18: Simulated TFSC efficiency as a function of the minority carrier lifetime using a
Cu3SbS4 absorber layer. An efficiency greater than 10% is obtained even with a low minority
carrier lifetime , τ = 0.01 ns (or NT ∼ 1016 cm−3).

NT ∼ 1016 cm−3), an efficiency of ∼ 14% is simulated. Thus, even in the presence of a high

density of traps or defects, a Cu3SbS4-based TFSC can provide an efficiency value higher

than 10%. This indicates that unlike FGS or CuSbS2 which both required a highly defect-

free material, the strong absortion with moderate transport properties allows the Cu3SbS4

absorber to be relatively defect tolerant and still provide a high efficiency.

Thus, device simulations indicate that Cu-V-VI materials can be used in a single-

junction TFSC to obtain an efficiency greater than 15%. For CuSbS2, a minimum of 1 µm

thickness is required along with a carrier concentration of 2 × 1014 cm−3, with a minority

carrier lifetime of 1 ns (NT = 1014 cm−3) and carrier mobilities, µn, µp = 10 and 1 cm2 V−1

s−1 to provide a 16% efficienct TFSC. A Cu3SbS4-based TFSC, on the other hand, only re-

quires an absorber layer between 500 - 750 nm, a carrier concentration NA = 2 × 1016 cm−3,

with a minority carrier lifetime of 1 ns (NT = 1014 cm−3), and carrier mobilities of µn, µp =
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Property CuSbS2 Cu3SbS4

Thickness [µm] 1 - 1.5 0.5 - 0.75

Carrier concentration [cm−3] 1 ×1014 cm−3 1 ×1016 cm−3

Carrier mobility [cm2 V−1 s−1] µn =10; µp = 1 µn =50; µp = 14

Minority carrier lifetime [ns] 1 (NT = 1014 cm−3) 1 (NT = 1014 cm−3)

Efficiency [%] 16 19

Table 6.5: Required material parameters for a CuSbS2- and a Cu3SbS4-based TFSC simu-
lated to provide an efficiency of 16% and 19%, respectively.

50 and 14 cm2 V−1 s−1, to provide a 19% efficienct TFSC, suggesting that Cu3SbS4 can be

a competitive solar absorber material in a high efficiency single junction TFSC. In addition,

based on the band gap difference between CuSbS2 (EG = 1.4 eV) and Cu3SbS4 (EG = 0.9

eV), the Cu-V-VI system can also be used in a tandem TFSC. The best-case results based

on simulations of CuSbS2 and Cu3SbS4-based TFSCs are summarized in Table 6.5, for a

minority carrier lifetime of 1 ns (or NT = 1014 cm−3).

6.2 Tetrahedrites - Cu10M2Sb4Ch13 (M = Cu, Mn, Zn, Al, In; Ch = S, Se)

An alternative composition not previously explored as a solar absorber is the tetra-

hedrite family of materials. A naturally-occurring sulfide compound, the basic tetrahedrite

mineral can be expressed by the following generalized chemical formula: A10M2X4Ch13,

where A = Cu, Ag; M = Cu, Fe, Zn, Hg, Cd, Pb; X = Sb, As, Bi; and Ch = S, Se [139].

Tetrahedrite compounds have been widely studied by the geology community since they are

a common source of Cu and Ag [140, 141], however, they have attracted limited attention in
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Figure 6.19: Tetrahedrite crystal structure. The structure can be sub-divided into an outer
framework formed by Cu-S bonds, within which is a cavity polyhedron formed by Cu-Sb-S
atoms.

other fields. Recently tetrahedrites have been identified as a potential p-type thermoelectric

material with zT values approaching 1 at T >700 K [142, 143, 144].

The cubic Cu12Sb4S13 crystal structure (Fig. 6.19) is a combination of an outer frame-

work and an inner cavity polyhedron. The outer framework (Fig. 6.19 b) is formed by corner-

sharing Cu-S tetrahedrally connected bonds, while the inner cavity polyhedron (Fig. 6.19 c)

is formed by Cu, Sb and S. A unique feature of the tetrahedrite crystal structure is that the

inner cavity is completely isolated within the outer framework [145], such that the outer

framework can facilitate transport of minority carrier electrons, while the inner cavity can

provide strong optical absorption. While Fig. 6.19 indicates a complex crystal structure con-

sisting of 58 atoms in a unit cell, the structure itself is cubic. This implies that tetrahedrites

have isotropic properties [146], which is beneficial for a solar absorber, and for other opto-

electronic applications.
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Figure 6.20: (a) Calculated total density of states (DOS) for Cu3SbS4, CuSbS2, and
Cu12Sb4S13.(b) DOS contribution from Cu 3d orbital derived bands for the three compounds.
In addition, the partial DOS (pDOS) from Sb 5s and 5p orbital derived bands is shown for
(c) Cu3SbS4, (d) CuSbS2, and (e) Cu12Sb4S13.

The total calculated electronic density of states (DOS) (between -2 eV to 3 eV) com-

paring Cu3SbS4, CuSbS2, and Cu12Sb4S13 is shown in Fig. 6.20 (a) to highlight the DOS near

the band edges. Figure 6.20 (b) is the DOS contribution from Cu 3d orbital derived bands for

the three compounds, and Figs. 6.20 (c-e) show the partial DOS (pDOS) contribution from

Sb 5s and 5p orbital derived bands for the three compounds. It should be noted that the full

energy range (-10 eV to 10 eV) is not shown in Fig. 6.20 since the DOS near the band edges

are more important for an absorber material. In Fig. 6.20, energies E <0 eV correspond to

the valence band, and the position of the CBM is identified. Figure 6.20 (a) indicates that the
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total DOS of Cu12Sb4S13 in the valence band is greater than that of Cu3SbS4 or CuSbS2. Fig-

ure 6.20 (b) plots the DOS contribution of Cu 3d orbital derived bands for Cu3SbS4, CuSbS2,

and Cu12Sb4S13. In all three compounds, Cu 3d orbital derived bands contribute to the va-

lence band. However, the Cu 3d contribution is much larger in Cu12Sb4S13 compared to that

of Cu3SbS4 or CuSbS2.

The pDOS contribution from Sb 5s and 5p orbital derived bands for Cu3SbS4 is shown

in Fig. 6.20 (c). Cu3SbS4 contains high valence Sb5+ ions isolated within the crystal struc-

ture (refer to Fig. 6.2) such that the empty Sb5+ orbitals (corresponding to an electronic

configuration 5s0 5p0) are isolated from each other. This causes the Sb5+ s-orbital derived

conduction band which would normally be broad and dispersed in energy to be quite nar-

row (∼ 1 eV), as shown in Fig. 6.20 (c). Sb p-orbital derived bands for Cu3SbS4 (Fig. 6.20

(c)) do not contribute to the CBM. CuSbS2, on the other hand, has low-valence Sb3+ ions

with a 5s25p0 electronic configuration, giving rise to a significant density of empty Sb p-

orbital derived conduction bands. Note that these Sb3+ p-orbital derived conduction bands

for CuSbS2, shown in Fig. 6.20 (d), are much wider and more dispersed in energy i.e., the

conduction band width is >4 eV (full width not shown in Fig. 6.20 (d)) compared to that

found for Cu3SbS4 Sb5+ s-orbital derived conduction bands shown in Fig. 6.20 (c), in which

the conduction band width is ∼ 1 eV.

Cu12Sb4S13 contains low-valence Sb3+ ions sitting inside a cavity polyhedron (formed

by Cu-Sb-S atoms) so that they are spatially separated (physically isolated) from the outer

framework (formed by Cu-S atoms). The pDOS from Sb3+ orbital derived bands for Cu12Sb4S13

is shown in Fig. 6.20 (e). While both CuSbS2 and Cu12Sb4S13 contain low-valence Sb3+ ions,

the Sb p-orbital derived conduction band for Cu12Sb4S13 in Fig. 6.20 (e) is not as broad and
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dispersed in energy as that of CuSbS2 (shown in in Fig. 6.20 (d)). The width of the Sb p-

orbital derived conduction band for Cu12Sb4S13 is∼ 2 eV (full width is not shown in Fig.6.20

(e)). This suggests that isolated Sb atoms in the Cu12Sb4S13 lattice results in a slightly nar-

rower Sb p-orbital derived band near the CBM compared to that of CuSbS2. The narrower

Sb p-orbital derived band near the CBM along with the large contribution from Cu d-orbital

derived bands near the VBM increases the total DOS (or JDOS) for Cu12Sb4S13 compared to

that of Cu3SbS4 or CuSbS2. Additionally, allowed electric dipole transitions between Cu 3d

(filled)→ Sb 5p (empty), Cu 3d (filled)→ S 2p (empty), and Sb 5s (filled)→ Sb 5p (empty)

provide multiple opportunities for a transition from the valence band to the conduction band.

Since the absorption coefficient is a combination of the JDOS and the transition matrix el-

ement [11], Cu12Sb4S13 is expected to exhibit stronger optical absorption than Cu3SbS4 or

CuSbS2.

Fig. 6.20(a) shows that a portion of the valence band extends into E >0 eV, imply-

ing that the Fermi level in Cu12Sb4S13 is within the valence band. This indicates that it is

a p-type degenerate semiconductor with a hole concentration greater than 1018 cm−3. The

p+ nature would make it impossible to employ Cu12Sb4S13 as a TFSC absorber, which typi-

cally requires a hole concentration between 1014 - 1017 cm−3. An alternative application for

Cu12Sb4S13 is to use it as a p+ contact in a TFSC, or as a hole injection layer for an OLED,

or an organic TFSC. In addition, Cu12Sb4S13 may be useful for facilitating formation of an

ohmic contact to other types of p-type semiconductors. While the goal of this study is to de-

velop new solar absorbers for a TFSC, the fabrication and characterization of Cu12Sb4S13 thin

films is discussed next in Sec. 6.2.1 to experimentally demonstrate its degenerate semicon-
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ductor properties. Then, in Sec. 6.2.2, a strategy for reducing the degeneracy of Cu12Sb4S13

thin films is explored.

6.2.1 Fabrication and characterization of Cu12Sb4S13 thin films

Similar to the synthesis of CuSbS2 and Cu3SbS4, sequential deposition of precursor

layers using electron-beam evaporation was used to fabricate Cu12Sb4S13 thin films. Pre-

cursor layer thicknesses were chosen to ensure a cation ratio of Cu:Sb = 3:1. A three-layer

deposition process was used such that thin-films of Sb2S3/ Cu/ Sb2S3 (41 nm/ 48 nm/ 41

nm) were deposited using source materials purchased from Alfa Aesar onto fused silica glass

substrates. The constituent stack was annealed in a tube furnace with flowing CS2 gas at 295

◦C for 30 min. X-ray diffraction patterns for a Cu12Sb4S13 thin-film and the expected calcu-

lated pattern are shown in Fig. 6.21 and indicate a close match to reference peaks. The broad

peak between 15 - 25◦ is due to the amorphous fused silica substrate. EPMA measurements

of a Cu12Sb4S13 thin film provided elemental ratios of Cu:Sb = 3.15:1 and S:Sb = 3.25:1,

indicating a slightly Cu-rich film.

Absorption coefficient versus photon energy plots for several Cu12Sb4S13 thin films

(∼ 200 nm) are shown in Fig. 6.22 All of these films have a band gap EG ∼ 1.8 eV, and ex-

hibit strong absorption, consistent with the high calculated DOS for Cu12Sb4S13. Figure 6.22

indicates that a maximum absorption coefficient of α = 3 × 105 cm−1 is achieved within EG

+ 1.0 eV. However, these thin films exhibit significant sub-band gap absorption (α∼ 3× 104

cm−1) regardless of how they were processed. The origin of this strong sub-band gap ab-

sorption is related to the oxidation state of constituent Cu atoms in Cu12Sb4S13. For charge

balance, ten of the twelve Cu atoms in the chemical formula Cu12Sb4S13 are monovalent,

while the remaining two Cu atoms are divalent. The two divalent Cu2+ atoms in Cu12Sb4S13
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Figure 6.21: X-ray diffractogram for a Cu12Sb4S13 thin-film compared with a simulated x-ray
pattern for Cu12Sb4S13, indicating a close match between the two patterns.

give rise to a high density of holes in the valence band, resulting in the p-type degenerate

semiconductor behavior observed in the DOS plot (Fig. 6.20a). The p-type degenerate be-

havior of Cu12Sb4S13 is consistent with the low measured resistivity (ρ ∼ 0.001 - 0.004 Ω

cm) and the low measured Seebeck coefficient (S ∼ 60 µV K−1, or NA ∼ 1020 cm−3).

As with FeS2 in Chapter 5, optical measurements can be used to extract an estimate of

the carrier concentration. A plot of the absorbance (A [unitless]) spectra (A = 1-T-R, where

T and R are transmission and reflection spectra, respectively) for a Cu12Sb4S13 thin film

as a function of photon energy is shown in Fig. 6.23. The high carrier concentration gives

rise to a characteristic peak in the absorbance spectrum seen in Fig. 6.23, indicative of free

carrier absorption. The carrier concentration can be estimated from the value of the plasma
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frequency (assuming m∗ = 1) as [11],

ωp =
Ep

h
=

√
N q2

m∗Me ε0 ε∞

, (6.2a)

ε∞ = 12.7 ×EG
−0.74 = 8.1, (6.2b)

2.1×1014 Hz =

√
N q2

Me ε0 × 8.1
, (6.2c)

⇒ N = 1.2×1020 [cm−3]. (6.2d)

Cu12Sb4S13 thin-films thus exhibit a carrier concentration, NA >1020 cm−3, character-

istic of an intrinsic degenerate semiconductor (no extrinsic doping), with thin films exhibit-

ing high sub-band gap absorption and low resistivity. As mentioned earlier, the high carrier

concentration makes Cu12Sb4S13 unattractive for TFSC absorber applications. However, al-

ternative applications such as a p-type contact layer are possible.
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Figure 6.23: Absorbance spectra for a Cu12Sb4S13 thin film. Two prominent features are
evident, corresponding to the band gap at EG ∼ 1.8 eV and a characteristic peak indicative of
free carrier absorption centered at the plasma frequency, Ep ∼ 0.9 eV.

6.2.2 Reducing the carrier concentration in Cu12Sb4S13

A strategy to engineer Cu12Sb4S13 into a suitable TFSC absorber by reducing the car-

rier concentration is explored. Two of the twelve copper atoms in Cu12Sb4S13 are Cu2+ ions

with a 3d9 electronic configuration. These Cu2+ ions function as acceptors in Cu12Sb4S13,

providing a hole concentration NA ∼ 1020 cm−3. Replacing Cu2+ with a transition metal

having a 2+ oxidation state such as Mn or Zn would decrease the hole concentration, since

Mn2+ and Zn2+ have 3d5 and 3d10 filled shell configurations, respectively. This reduction in

the hole concentration moves the Fermi level from its degenerate position within the valence

band upward in energy, to within the band gap. The chemical formula of a tetrahedrite substi-

tuted with a transition metal having a 2+ oxidation state is Cu10M2Sb4S13, with M = Mn, or

Zn, and have a cation ratio (Cu:M:Sb) of 5:1:2. A similar reduction in hole concentration can

be expected with In substitution, since In3+ has a 4d10 filled shell configuration. The chem-

ical formula for a tetrahedrite substituted with a Group III element is Cu11MSb4S13 with a
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cation ratio (Cu:M:Sb) of 11:1:4, with M = In. Electron-beam evaporation is used to deposit

precursor layers of transition metal sulfide (or metal)/ Cu/ Sb2S3 thin films onto a fused silica

substrate. The cation ratios along with the measured lattice parameters of the precursor layers

were used to determine the layer thickness required to fabricate the tetrahedrite compounds.

The following thicknesses were used:

• Cu10Mn2Sb4S13: MnS/ Cu/ Sb2S3 = 30/ 40/ 80 nm,

• Cu10Zn2Sb4S13: ZnS/ Cu/ Sb2S3 = 25/ 37/ 75 nm, and

• Cu11InSb4S13: In2S3/ Cu/ Sb2S3 = 20/ 38/ 72 nm.

The as-deposited films were annealed in a tube furnace at 295 ◦C for 30 min with flowing CS2

gas. Figure 6.24 compares the XRD patterns of the substituted tetrahedrites to Cu12Sb4S13

and its reference pattern, indicating a close match. This demonstrates that tetrahedrite thin

films can be fabricated by simply depositing precursor layers of the constituent elements

followed by a post-deposition anneal. It is expected that the high diffusivity of copper facili-

tates layer intermixing, resulting in a thin film with a uniform composition. A cross-section

of a Cu10Mn2Sb4S13 thin film (∼ 200 nm) using scanning electron microscopy is shown

in Fig. 6.25 and confirms that inter-mixing occurs as evident from the presence of large

columnar grains extending through the thickness of the film. EPMA measurements of a

Cu10Mn2Sb4S13 thin film yield relative composition ratio estimates of Cu:Mn = 5.13, Sb:Mn

= 2.32, and S:Mn = 6.2, indicating an elemental composition slightly rich in Cu and Sb.

The variation in the Seebeck coefficient as a function of manganese content (x) in

Cu12−xMnxSb4S13 thin-films is shown in Fig. 6.26. The Seebeck coefficient increases from

60 µV/K for Cu12Sb4S13 to 180 µV/K for Cu10Mn2Sb4S13, indicating a decrease in the hole
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Figure 6.24: X-ray diffraction patterns for a Cu12Sb4S13, Cu10Mn2Sb4S13, Cu10Zn2Sb4S13,
Cu11InSb4S13 thin-film. The observed x-ray spectrum is a close match to the reference
Cu12Sb4S13 spectra. The broad peak between 15 - 25 ◦ is due to the amorphous fused silica
substrate.

Figure 6.25: SEM cross-section of a ∼ 200 nm Cu10Zn2Sb4S13 thin film, showing large
columnar grains.



180

0

40

80

120

160

200

0 0.5 1 1.5 2

Se
eb

ec
k 

C
oe

ffi
ci

en
t (
μV

/K
)

Cu12-xMnxSb4S13

Cu12Sb4S13

Cu10Mn2Sb4S13

x = 

Figure 6.26: Seebeck coefficient as a function of Mn content (x) in Cu12−xMnxSb4S13.
Cu12Sb4S13 has a low Seebeck coefficient, and correspondingly, a high hole concentration
(∼ 1020 cm−3), while Cu10Mn2Sb4S13 exhibits a high Seebeck coefficient indicating a lower
hole concentration (∼ 1016 cm−3).

concentration. Seebeck and resistivity measurements of a Cu10Zn2Sb4S13 thin film pro-

vided a Seebeck coefficient S ∼ 180 µV/K and resistivity of ∼ 10 Ω cm, similar to that

of Cu10Mn2Sb4S13, indicating that Mn and Zn substitution lead to thin films with similar

electrical properties. The resistivity of the Mn- and Zn-substituted tetrahedrites demonstrate

an increase by four orders of magnitude compared to that of a Cu12Sb4S13 thin film. This

implies that the hole concentration of a Cu10Zn2Sb4S13 thin film is NA ∼ 1016 cm−3. Hall

measurements did not provide conclusive results due to the high resistivity of the films, indi-

cating a low hole concentration.

Absorption coefficient versus photon energy plots for Mn, Zn, and In-substituted tetra-

hedrite thin films are shown in Fig. 6.27 and are compared to Cu12Sb4S13. The absorp-

tion coefficients of the substituted tetrahedrite thin films have a lower sub-band gap absorp-
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Figure 6.27: Absorption coefficient versus photon energy for Cu12Sb4S13, Cu10Zn2Sb4S13,
Cu10Mn2Sb4S13 thin films, all of which exhibit a band gap of EG ∼ 1.8 eV. The Cu11InSb4S13
thin film, on the other hand exhibits a slightly lower band gap of EG ∼ 1.7 eV.

tion, and do not show evidence of free carrier absorption below the band-gap, confirming

a reduced hole concentration in comparison to Cu12Sb4S13. Figure 6.27 indicates that the

Cu10Zn2Sb4S13, Cu10Mn2Sb4S13, and Cu12Sb4S13 thin films all exhibit a band gap EG = 1.8

eV, while the Cu11InSb4S13 thin film has a slightly reduced band gap EG ∼ 1.7 eV. Table 6.6

summarizes the optical and electrical properties of tetrahedrite thin-films. While the hole

concentration is reduced in substituted tetrahedrites, the band gap is still larger than the op-

timal value (1.1 - 1.5 eV) required for a single junction TFSC. However, these higher band

gap materials can be utilized in multi-junction tandem TFSCs, or other applications.

6.2.3 Band gap tuning in Cu10Zn2Sb4S13

While Cu10Zn2Sb4S13 exhibited strong optical absorption with a low sub-band gap

absorption and a low hole concentration, the band gap was wider than that desired for a single

junction TFSC. Since the band gap decreases going down the anion column of the periodic



182

Composition Band gap [eV] Resistivity [Ω cm] Seebeck Coefficient [µV K−1]

Cu12Sb4S13 1.83 0.001 60

Cu10Mn2Sb4S13 1.83 9.5 180

Cu10Zn2Sb4S13 1.82 10 180

Cu11InSb4S13 1.7 4.0 120

Table 6.6: Measured optical and electrical properties of tetrahedrite thin films.

table, e.g., EZnS
G (3.7 eV [25]) >EZnSe

G (2.8 eV [25]) >EZnTe
G (2.4 eV [25]), replacing S with

Se to form Cu10Zn2Sb4Se13 is expected to provide a suitable band gap for a single junction

TFSC absorber. This is also clarified using the SSE scale [147]. The atomic SSE value for Se

(-5.9 eV) is lower than S (-6.3 eV), so that the substitution of Se for S is expected to reduce the

ionization potential (IP) as well as reduce the band gap. Electron-beam evaporation is used to

deposit the following layers: ZnSe/ Cu/ Se/ Sb2Se3 (25/ 32/ 36/ 75 nm) followed by a post-

deposition anneal in an evacuated sealed fused-silica tube at 295 ◦C for 30 min. The x-ray

diffraction patterns for Cu10Zn2Sb4S13 and Cu10Zn2Sb4Se13 which are shown in Fig. 6.28,

are similar to the other tetrahedrite thin films (e.g., Fig. 6.24) and are closely matched to the

Cu12Sb4S13 reference peak.

Figure 6.29 compares the measured absorption coefficient as a function of photon

energy for Cu10Zn2Sb4S13 and Cu10Zn2Sb4Se13 thin films and shows that the band gap is

shifted to a lower energy value of EG ∼ 1.4 eV, which is within the desired range of a TFSC

absorber. In addition, the Cu10Zn2Sb4Se13 thin film exhibits exceptionally strong absorption,

reaching α = 3× 105 cm−1 within EG+0.6 eV. It should be noted that the absorption strength
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Figure 6.28: X-ray diffraction patterns of a Cu10Zn2Sb4Se13 and Cu10Zn2Sb4S13 thin film in
comparison to Cu12Sb4S13.

for the Cu10Zn2Sb4Se13 thin film is stronger than that of current state-of-the-art solar absorber

materials, e.g., it is an order of magnitude higher than CdTe. To determine the band gap type,

a plot of α v.s. E1/2 (direct) and α v.s. E2 (indirect) for a Cu10Zn2Sb4Se13 thin film is shown

in the inset of Fig. 6.29 and indicates that the fundamental band gap in Cu10Zn2Sb4Se13 is

indirect at E = 1.42 eV, while a direct band occurs at E = 1.43 eV. Thus, the fundamental

band gap in Cu10Zn2Sb4Se13 is indirect, although a direct band gap is positioned very close

in energy (∼ 0.01 eV).

Electrical characterization of a Cu10Zn2Sb4Se13 thin film provided a resistivity of ∼

10 Ω cm, with a Seebeck coefficient S ∼ 280 µV/K. Thin films fabricated via sequential

deposition of precursor layers via electron-beam evaporation demonstrated the viability of

forming tetrahedrite thin films. However, the absorption coefficient for the Cu10Zn2Sb4Se13

thin film shown in Fig. 6.29 exhibits rather high sub-band gap absorption (α ∼ 2 × 104
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Figure 6.29: Absorption coefficient versus photon energy plot for a Cu10Zn2Sb4S13 thin film
which exhibits a band gap EG ∼ 1.8 eV, and for a Cu10Zn2Sb4Se13 thin film which has a band
gap EG ∼ 1.4 eV. (inset) Band gap type for plots a Cu10Zn2Sb4Se13 thin film. An indirect
band gap is observed at EG ∼ 1.42 eV, while the direct band gap is at EG ∼ 1.43 eV.

cm−1). This could be due to a non-optimized deposition process. Alternative deposition

techniques such as RF magnetron sputtering could be pursued in order to to reduce the level

of sub-band gap absorption.

6.2.4 Cu10Zn2Sb4Se13 as a TFSC absorber layer

To demonstrate the photovoltaic capabilities of a Cu10Zn2Sb4Se13-based TFSC, mea-

sured material properties from Table 6.7 and the absorption coefficient plot from Fig. 6.29

are used as inputs to SCAPS. A hole concentration of NA = 2× 1016 cm−3 is used along with

carrier mobilities of µn; µp = 50; 14 cm2V−1s−1, respectively. The TFSC device configura-

tion is identical to that used in previous simulations and is shown in the inset of Fig. 6.30 (a).

In addition, a minority carrier lifetime (τ) of 1 ns (or NT = 1014 cm−3) is used in the simula-

tions, unless mentioned otherwise. A complete list of parameters is listed in Table 6.7. The
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General Device Properties

Parameter Front Contact Back Contact

φb [eV] φbn = 0.1 φbp = 0.3

WF [eV] 4.1 5.1

Sn [cm-s−1] 107 107

Sp [cm-s−1] 107 107

Reflectivity 0.1 0.8

Layer Properties

Parameter SnO2 CdS Cu10Zn2Sb4Se13 p+-Cu10Zn2Sb4Se13

W [nm] 500 25 variable 100

ε/ε0 9 10 8.1 8.1

µn [cm2-s−1] 100 100 50 50

µp [cm2-s−1] 25 25 14 14

n (or p) [cm−3] n: 1017 n: 1017 p: 1016 p+: 1018

EG [eV] 3.6 2.4 1.4 1.4

NC [cm−3] 2.2×1018 2.2×1018 8×1017 8×1017

NV [cm−3] 1.8×1019 1.8×1019 1.8×1019 1.8×1019

Mid-gap Trap State Properties

Parameter SnO2 CdS Cu10Zn2Sb4Se13 p+-Cu10Zn2Sb4Se13

ND, NA [cm−3] A: 1015 A: 1018 D: variable D: 1014

σn [cm2] 10−12 10−15 10−12 10−12

σp [cm2] 10−15 10−12 10−15 10−15

Table 6.7: Material parameters used for tetrahedrite-based TFSC simulations.
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strong onset of absorption in Cu10Zn2Sb4Se13 along with the absorption coefficient reaching

a maximum of 3 × 105 cm−1 at EG + 0.6 eV suggests that the thickness of the absorber layer

can be reduced to less than 1 µm enabling an ultra-thin drift based TFSC.

To understand the minimum thickness required for a Cu10Zn2Sb4Se13 TFSC, the sim-

ulated variation in device efficiency as a function of absorber layer thickness is shown in

Fig. 6.30(a). Efficiencies greater than 20% can be achieved even when the absorber layer

thickness is reduced to 300 nm, confirming that a material exhibiting a strong onset cou-

pled with high absorption can indeed provide for an ultra-thin high efficiency TFSC. For

thicknesses greater than 500 nm, the efficiency reduces slightly before saturating, since the

absorber thickness is greater than the absorption length. As a result, minority carriers elec-

trons have to diffuse towards the edge of the space charge region before getting swept by

the built-in field, thereby increasing recombination and decreasing device efficiency. In addi-

tion, a minority carrier lifetime of τ = 1 ns (or NT = 1014 cm−3) was used in this simulation,

indicating that a TFSC with an efficiency η >20% can be achieved without requiring a low-

defect material. The thickness requirement for a Cu10Zn2Sb4Se13 TFSC absorber (300 - 500

nm) is considerably lower than that for a c-Si (20 - 260 µm [23], [35]), CIGS (∼ 1.5 - 2

µm [27]) or CdTe (2 - 4 µm [5]) based solar cell, and is similar to that of an amorphous

silicon-based TFSC (300 - 500 nm [41]). However, amorphous silicon is inherently unstable

due to the Stabler-Wronski effect [41] as decribed in Ch. 2. As a result, a Cu10Zn2Sb4Se13

TFSC can have a similar thickness requirement as that of an amorphous silicon-based TFSC,

however, with improved performance. Figure. 6.30(b) shows a plot of the simulated quan-

tum efficiency (QE) as a function of Cu10Zn2Sb4Se13 absorber thickness (LA). The strong

absorption coefficient leads to a QE approaching 90% between λ = 530 - 770 nm, indica-
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Figure 6.30: (a) Variation in simulated efficiency as a function of Cu10Zn2Sb4Se13 absorber
layer thickness. Efficiencies greater than 20% can be achieved with an absorber layer thick-
ness between 300 - 500 nm. (b) Simulated QE as a function of absorber layer thickness.
A maximum of ∼ 90% is obtained for LA = 300 nm, between λ = 530 - 770 nm. The QE
saturates for LA greater than 250 nm, and the curves are identical.
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tive of a strong spectral response. In addition, for LA greater than 500 nm, the QE curves

are identical, indicating that a thickness of 300 - 500 nm is sufficient to fully absorb the

solar spectrum. A thickness of 300 nm for the Cu10Zn2Sb4Se13 absorber layer is used in

subsequent simulations.

Figure 6.31 shows the variation in photoconversion efficiency as a function of minority

carrier lifetime for a 300 nm thick Cu10Zn2Sb4Se13 absorber layer. While a lifetime of τ =

1 ns (or NT = 1014 cm−3) provided an efficiency of ∼ 21%, increasing the lifetime to τ =

100 ns (or NT = 1012 cm−3) leads to a 25% efficient TFSC. Utilizing additional techniques

not considered in this simulation such as light trapping and anti-reflective coatings can po-

tentially improve the efficiency beyond 25%, giving TFSCs a competitive edge compared to

silicon solar cells. In addition, Fig. 6.31 indicates that even with a low minority minority

carrier lifetime of τ = 0.01 ns (or NT = 1016 cm−3), i.e., a highly defective absorber layer,

a 13% efficient TFSC is simulated. This suggests that a drift-based Cu10Zn2Sb4Se13 TFSC
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is more defect tolerant than a comparable diffusion-based TFSC. The strong absorption of

Cu10Zn2Sb4Se13 allows the absorber thickness to be reduced so that it operates as a drift cell,

leading to improved defect tolerance.

Since Hall measurements provided inconclusive results for Cu10Zn2Sb4Se13, assumed

carrier mobilities of Cu3SbS4 (µn; µp = 50; 14 cm2 V−1 s−1) were used in the previous simula-

tion. To understand the variation in performance with lower carrier mobilities, an alternative

set of mobilities, µn; µp = 10; 1 cm2 V−1 s−1 is also simulated. The simulated variation in

device efficiency as a function of Cu10Zn2Sb4Se13 layer thickness (LA) for the lower mobility

case, is shown in Fig. 6.32 (a). A maximum of 20% is observed for an absorber layer thick-

ness of 250 nm, beyond which the efficiency reduces slightly before saturating at 19.4% for

LA > 500 nm. This lends support to the idea that a material with low carrier mobilities can

be used to fabricate a high efficiency TFSC, as long as the absorber layer is sufficiently thin

to allow for drift-based operation. Figure 6.32 (b) shows the simulated quantum efficiency

as a function of Cu10Zn2Sb4Se13 absorber layer thickness for the lower mobility case, and

indicates that a thickness of 250 nm is sufficient to fully absorb the solar spectrum. For ab-

sorber layer thicknesses greater than 250 nm, the QE curves are identical and overlap. Thus,

even with lower carrier mobilities, a Cu10Zn2Sb4Se13 TFSC only requires 250 - 300 nm to

provide an efficiency of ∼ 20%.

The variation is photoconversion efficiency as a function of minority carrier lifetime

for a 300 nm thick Cu10Zn2Sb4Se13 absorber layer with low carrier mobilities (µn; µp = 10;

1 cm2 V−1 s−1) is shown in Fig. 6.33. It indicates that with τ = 1 ns (or NT = 1014 cm−3),

an efficiency η = 20% can be obtained, while improving the minority carrier lifetime to τ

= 100 ns (or NT = 1012 cm−3) can provide for a 25% efficient TFSC. With a low minority



190

0

20

40

60

80

100

200 400 600 800 1000 1200

Q
ua

nt
um

 E
ffi

ci
en

cy
 (%

)

Wavelength (nm)

50 nm
100 nm
250 nm
500 nm
750 nm
1 μm
1.5 μm
2 μm

Substrate

Bottom contact 

Cu10Zn2Sb4Se13

Buffer (CdS)
Window (SnO2) 
Top contact 

p+ layer

• NA = 2 × 1016 cm-3

• μn = 10 cm2 V-1s-1

• μp = 1 cm2 V-1s-1

• τn  = 1 ns

Increasing LA

(a)

17

18

19

20

0 0.5 1 1.5 2

Ef
fic

ie
nc

y 
(%

)

Absorber layer thickness (μm)

(b)

Figure 6.32: (a) Variation in simulated efficiency as a function of Cu10Zn2Sb4Se13 absorber
layer thickness for carrier mobilities, µn; µp = 10; 1 cm2 V−1 s−1. An efficiency of 20% can
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191

Substrate

Bottom contact 

Cu10Zn2Sb4Se13

Buffer (CdS)
Window (SnO2) 
Top contact 

p+ layer

• NA = 2 × 1016 cm-3

• μn = 10 cm2 V-1s-1

• μp = 1 cm2 V-1s-1

• LA = 300 nm

6

10

14

18

22

26

0.01 0.1 1 10 100

Ef
fic

ie
nc

y 
(%

)
Minority Carrier Lifetime (ns)

Figure 6.33: Variation in simulated efficiency as a function of minority carrier lifetime in the
Cu10Zn2Sb4Se13 absorber layer.

carrier lifetime of τ = 0.01 ns (or NT = 1016 cm−3), an efficiency of η = 11% is simulated.

These efficiencies are similar to the high mobility simulations (see Fig. 6.31) confirming the

assertion that a strong absorber in a drift-cell configuration is more tolerant in terms of low

mobility and low lifetime materials. Table. 6.8 summarizes device simulation results (τ = 1

ns) for Cu3SbS4, CuSbS2, and Cu10Zn2Sb4Se13 in order to highlight the necessary absorber

layer properties required to achieve a TFSC with an efficiency η >15%.

In conclusion, this section described the design and fabrication of new tetrahedrite

compounds exhibiting exceptionally strong absorption with an abrupt onset of absorption.

Tetrahedrite compounds contain isolated Sb atoms with a s2p0 low valence electronic con-

figuration. This provides narrow bands near the CBM and VBM, enhancing the total JDOS

such that these compounds exhibit strong optical absorption with an abrupt onset near the

band gap. Cu10Zn2Sb4Se13, in particular, has a band gap of EG = 1.36 eV, with a maxi-

mum absorption coefficient value of 3 × 105 cm−1 at EG + 0.6 eV. TFSC device simulations
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Property Cu3SbS4 CuSbS2 Cu10Zn2Sb4Se13

Band Gap [eV] 0.9 1.4 1.36

Thickness [µm] 0.5 - 0.75 1 - 1.5 0.25 - 0.3

Carrier concentration [cm−3] 1 ×1016 cm−3 1 ×1014 cm−3 1 ×1016 cm−3

Carrier mobility [cm2 V−1 s−1] µn =50; µp = 14 µn =10; µp = 1 µn =50; µp = 14

Minority carrier lifetime [ns] 1 (NT = 1014 cm−3) 1 1

Efficiency [%] 19 16 21

Table 6.8: Required material parameters for a CuSbS2, a Cu3SbS4, or a Cu10Zn2Sb4Se13-
based TFSC to achieve a simulated efficiency η >15%.

predict photoconversion efficiencies above 20% can be achieved in a TFSC with a 300 nm

thick Cu10Zn2Sb4Se13 absorber layer. Strong absorption coupled with a tunable band gap

(1.36 - 1.8 eV) and fabrication temperatures less than 300 ◦C make the tetrahedrite family

of materials especially attractive for TFSC absorber applications. Cu10Zn2Sb4Se13 is only

one example of a large class of possible tetrahedrite compounds. Exploring related materials

may provide further opportunities to develop a new generation of high-performance single-

junction and tandem TFSCs with ultra-thin absorber layers.

6.3 Conclusions

In this chapter, two families of Cu-based absorbers, Cu-V-VI compounds and tetra-

hedrites are explored as novel solar absorber materials. Using design paradigms aimed at

engineering a material to have an enhanced JDOS, CuSbS2 and Cu3SbS4 thin films were first

explored. CuSbS2 is an indirect band gap semiconductor with EG = 1.4 eV with a low hole
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mobility (µp ∼ 1 cm2 V−1 s−1). Cu3SbS4 on the other hand is a direct band gap semicon-

ductor with EG = 0.9 eV, an absorption coefficient with an abrupt onset of absorption near

the band gap, reaching α = 2 × 105 cm−1 at EG+1.2 eV. Sputtered thin-films exhibited a

hole concentration NA ∼ 1017 cm−3 and a hole mobility µp ∼ 15 cm2 V−1 s−1. TFSC device

simulations of Cu3SbS4 indicated that an efficiency of 19% can be achieved with an absorber

layer thickness between 500 - 750 nm, assuming a minority carrier lifetime of 1 ns.

Cu12Sb4S13 thin-films exhibited a band gap EG = 1.8 eV, higher than optimal for a

single-junction solar absorber. In spite of the high band gap, the absorption coefficient was

measured to be α = 3 × 105 cm−1 at EG+0.6 eV, which is an order of magnitude higher than

that of CdTe. However, Cu12Sb4S13 is a p-type, degenerate (NA >1020 cm−3) semiconduc-

tor, which makes it unsuitable for use as a solar absorber. The carrier concentration was then

reduced by substituting Zn or Mn, yielding Cu10Zn2Sb4S13 and Cu10Mn2Sb4S13. Thin films

of these compounds retained strong optical absorption with a band gap EG = 1.8 eV. How-

ever, the carrier concentration was reduced to NA ∼ 1016 cm−3. Selenium was substituted

for sulfur to reduce the band gap to EG = 1.36 eV in Cu10Zn2Sb4Se13. TFSC device simula-

tions suggest that efficiencies greater than 20% can be achieved even with the absorber layer

thickness is reduced to 300 nm, giving rise to a potential new solar absorber material for high

efficiency ultra-thin single junction TFSCs utilizing drift-based transport to effectively ex-

tract photogenerated carriers. Only the photovoltaic capability of tetrahedrites as an absorber

layer was explored in this study. Cu12Sb4S13, as a p-type, degenerate semiconductor can be

utilized as a p-type contact layer to facilitate the formation of a drift-based TFSC and as an

ohmic contact layer to other p-type semiconductors. Thin films of tetrahedrite compounds

can also be extended to applications beyond solar cells.
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7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The objective of this research is to develop next-generation TFSCs utilizing ultra-thin

absorbers. The relationship between the absorption strength (absorption coefficient, α) and

absorber layer material properties including device operation mode is explored first. Improv-

ing the absorption strength beyond that of current solar absorbers (α >1×105 cm−1) allows

for a drift-based TFSC incorporating an ultra-thin absorber (<1 µm). TFSC simulations

indicate that the strong built-in drift field aids carrier separation and extraction such that a

low-mobility, low minority carrier lifetime (high concentration of mid-gap defects) can still

provide a TSFC with high efficiency. The limitations of iron-based absorbers such FeS2 and

Fe2GeS4 are discussed. Copper based absorbers such as CuSbS2, Cu3SbS4, and tetrahedrite

compounds are then explored. Cu3SbS4 and Cu10Zn2Sb4Se13 are considered to be promising

candidate materials for an ultra-thin drift-based TFSC.

7.1 Conclusions
7.1.1 TFSC device simulations

Current CdTe and CIGS-based TFSCs utilize thick absorbers (2 - 4 µm). For efficient

carrier extraction in these TFSCs, carrier mobilities and minority carrier lifetime need to be

large. This requires a high purity, defect-free absorber layer leading to expensive manufactur-

ing costs. Increasing the absorption strength compared to that of current absorbers not only

increases the overall efficiency, but also enables use of an ultra-thin (<1 µm) absorber since

less material is required to absorb the full solar spectrum. When the thickness of the absorber

is comparable to the depletion width of the TFSC, the device operation mode is close to that

of drift, over a wide range of carrier concentrations (1014 - 1017 cm−3). The strong built-in



195

drift field across a thin absorber enhances carrier extraction such that an absorber with low

carrier mobilities and a high concentration of mid-gap defects can provide a TFSC with an

efficiency >15%.

7.1.2 Iron-based absorbers

FeS2 thin films are fabricated using RF magnetron sputtering from an FeS target fol-

lowed by a post-deposition anneal in the presence of sulfur powder at 550 ◦C. FeS2 thin films

are p-type, and exhibit a high hole concentration (>1020 cm−3) with a low hole mobility (2 -

3 cm2 V−1 s−1). Optically, FeS2 thin films have a band gap of EG ∼ 0.95 eV (indirect), reach-

ing an absorption of α = 5 × 105 cm−1 at EG+1.8 eV, but exhibit a rather large sub-band gap

absorption. Theoretical calculations indicate that sulfur vacancies easily form at the surface

of an FeS2 thin film and sulfur-deficient phases spontaneously form if insufficient sulfur is

provided during film growth. While FeS2 exhibits strong optical absorption, the spontaneous

decomposition into sulfur-deficient phases is detrimental for solar absorber applications.

To retain the strong optical absorption in FeS2 but prevent decomposition, Fe2GeS4

(FGS) is identified, and thin films are fabricated using RF magnetron sputtering followed by

a post-deposition anneal in GeS2 at 500 ◦C. Electrical characterization of FGS thin films is

inhibited by the strong tendency of the films to react and delaminate from any bottom metal

contact during the anneal step. Dynamic SIMS indicates the presence of oxygen uniformly

distributed throughout the FGS thin-film, which is mitigated by adding a small amount of

zirconium powder in addition to GeS2 during the anneal. FGS thin films exhibit a band gap

EG = 1.45 eV (indirect) with an absorption of α = 1 × 105 cm−1 at EG+1 eV, indicating a

sluggish, non-abrupt onset of absorption. SCAPS simulations indicate that a 13% efficient

TFSC can be achieved using a 1 - 1.5 µm FGS absorber layer with a carrier concentration



196

NA = 2 × 1016 cm−3, carrier mobilities µn =1; µp = 0.1 cm2 V−1 s−1 and a minority carrier

lifetime τ = 10 ns. The sluggish absorption coefficient, difficulties in achieving a robust

bottom contact and a low (13%) simulated efficiency with a rather thick absorber layer (1 - 1.5

µm), makes FGS an unsuitable candidate for a high performance ultra-thin TFSC application.

7.1.3 Copper-based absorbers

Copper-based absorbers within the Cu-V-VI (V = Sb, Bi; VI = S, Se) family such as

CuSbS2 and Cu3SbS4 are explored. These are identified as high absorption materials based

on the computed density of states which indicates that a localized Sb-derived conduction

band increases the JDOS (refer to Ch. 6). Thin films of CuSbS2 and Cu3SbS4 are fabricated

by sequential deposition of Cu and Sb2S3 using electron-beam evaporation followed by an

anneal at 300 ◦C in the presence of CS2 gas. CuSbS2 is p-type with a hole concentration NA

= 1017 cm−3 and a hole mobility, µp = 0.1 cm2 V−1s−1. CuSbS2 exhibits a band gap EG =

1.4 eV (indirect), but has a non-abrupt onset of absorption near the band gap reaching α =

1 × 105 cm−1 at EG+0.9 eV. Cu3SbS4 thin films are also p-type with a hole concentration

NA = 1018 cm−3 and a hole mobility, µp = 15 cm2 V−1s−1. A 2 inch Cu3SbS4 sputter target

purchased from Kurt Lesker provides thin films with a carrier concentration, NA ∼ 1017 cm−3

and a hole mobility of µp ∼ 15 cm2 V−1s−1. Cu3SbS4 has a band gap EG =0.9 eV (direct),

and exhibits an abrupt onset of absorption at the band gap, reaching α = 1 × 105 cm−1 at

EG+0.6 eV.

SCAPS simulations indicate that a 1 µm thick CuSbS2 absorber, with a carrier con-

centration of 2 × 1014 cm−3, a minority carrier lifetime of 1 ns (NT = 1014 cm−3) and carrier

mobilities, µn, µp = 10, 1 cm2 V−1 s−1 provides a 16% efficient TFSC. A Cu3SbS4-based

TFSC, on the other hand, only requires an absorber layer between 500 - 750 nm, carrier con-
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centration NA = 2 × 1016 cm−3, with a minority carrier lifetime of 1 ns (NT = 1014 cm−3),

and carrier mobilities of µn, µp = 50 and 14 cm2 V−1 s−1, to provide a 19% efficienct TFSC.

Cu12Sb4S13 is investigated since its calculated DOS is higher compared to that of

CuSbS2 and Cu3SbS4, indicating the potential for strong optical absorption. Cu12Sb4S13

thin films are fabricated via sequential deposition of Cu and Sb2S3, followed by a post-

deposition anneal at 295 ◦C in the presence of CS2 gas. Cu12Sb4S13 has a band gap EG =1.8

eV, with a maximum absorption of α = 3 × 105 cm−1 achieved within EG+1.0 eV. However,

these thin films exhibit significant sub-band gap absorption and high carrier concentration

(∼ 1020 cm−3). Divalent Cu2+ atoms in Cu12Sb4S13 give rise to a high density of holes

in the valence band, resulting in a p-type degenerate semiconductor, making Cu12Sb4S13

unsuitable for a TFSC absorber application. Replacing Cu2+ with a transition metal such as

Mn or Zn decreases the hole concentration resulting in a non-degenerate semiconductor. The

resistivity of a Cu10Zn2Sb4S13 thin film increases by four orders of magnitude compared to

that of Cu12Sb4S13, but the band gap is retained at EG = 1.8 eV.

Selenium is substituted for sulfur in Cu10Zn2Sb4S13 to reduce the band gap. Electron-

beam evaporation is used to deposit ZnSe/ Cu/ Se/ Sb2Se3 followed by a post-deposition

anneal at 295 ◦C. The absorption coefficient of Cu10Zn2Sb4Se13 reaches α = 3 × 105 cm−1

within EG+0.6 eV, with a band gap EG = 1.4 eV. SCAPS simulation indicates that a 250 nm

Cu10Zn2Sb4Se13-based TFSC can have an efficiency of up to 21% with a carrier concentra-

tion NA = 2 × 1016 cm−3, a minority carrier lifetime of 1 ns (NT = 1014 cm−3), and carrier

mobilities of µn, µp = 50 and 14 cm2 V−1 s−1, indicating that Cu10Zn2Sb4Se13 is a promising

candidate for high efficiency ultra-thin drift-based single junction TFSCs.
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7.2 Recommendations for future work
7.2.1 TFSC Device Simulation

Simulations undertaken in this study explored the effect of increasing the absorption

strength within the context of absorber layer properties and advantages of drift-based op-

eration. It is shown that a drift-based TFSC incorporating a thin-absorber layer can have

a range of carrier concentrations, low mobility, and can tolerate a high density of defects.

Cu3SbS4-based TFSCs can be fabricated to validate the assertion that a drift-based TFSC is

more tolerant towards defects.

The interfaces between p+-p and p-n+ layers are assumed to be ideal and interface

states are not considered here. It would be beneficial to incorporate interface states and sim-

ulate properties of a Cu3SbS4 and a Cu10Zn2Sb4S13-based TFSC to understand the tolerable

density of interface states. Further simulations to suggest routes mitigating the effect of in-

terfaces states can be suggested.

7.2.2 Fe-based absorbers

Both FeS2 and FGS are not recommended for further investigation. FeS2 is plagued

by spontaneous decomposition resulting in thin-films with a high carrier concentration which

cannot be controlled. FGS requires careful oxygen-free process conditions and an appropriate

annealing condition such that the FGS thin film does not react with the bottom metal contact.

Even if such a process was identified, FGS-based TFSCs are predicted to provide a maximum

efficiency of only 13 - 15% when the concentration of defects is minimized.

7.2.3 Cu-V-VI based absorbers

While Cu3SbS4 has a lower optical band gap compared to that of CuSbS2, the strong,

abrupt onset of absorption makes it a promising candidate for TFSC development. Sputtered
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Cu3SbS4 thin films (followed by a post-deposition anneal) retained the strong optical ab-

sorption and hole mobility, suggesting that sputtering Cu3SbS4 is a viable option. Zn-doped

Cu3SbS4 (up to 5%) is expected to lower the carrier concentration to NA ∼ 1016 cm−3 based

on bulk synthesis measurements. Thus, Zn-doped Cu3SbS4 is suggested as a topic for further

investigation as a solar absorber.

7.2.4 Tetrahedrite-based absorbers

Cu12Sb4S13 is shown to be a p-type degenerate semiconductor which can be used to

develop a p-type contact to semiconductors. Within the context of solar absorbers and LEDs,

Cu12Sb4S13 can be used as a p+-layer for TFSCs, or as a hole injection layer for ILEDs or

OLEDs.

The strong absorption coefficient of Cu10Zn2Sb4Se13 makes it an ideal candidate to

develop ultra-thin TFSCs. Sputtered Cu10Zn2Sb4Se13 followed by a post-deposition anneal

can be used to fabricate TFSCs. Recently, tetrahedrites have been identified as thermoelec-

tric materials. Thermal conductivity measurements on Cu10Mn2Sb4S13 thin films can be per-

formed to assess the thermoelectric capability. In addition, tetrahedrites can also be explored

for IR LED applications.

7.2.5 VOC estimation from photoluminescence measurements

In this study, PL measurements were used to estimate the VOC of an FGS thin-film.

The extracted VOC was 0.3 V suggesting that further optimization was required. PL measure-

ments on Cu-V-VI compounds and tetrahedrites was not pursued in this study. PL properties

of these materials can be studied to see if VOC estimation using PL is a viable technique
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to assess absorber layer properties prior to being incorporated into a TFSC. Simultaneously,

luminescence properties can also be studied for LED applications.
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