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cm−1 within 0.5 eV of the bandgap. To date, reproducible synthesis of CuTaS3 thin films

has been problematic. Moreover, these films are insulating and thus not yet appropriate
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1. INTRODUCTION

Motivation for solar cell research is straightforward–our sun constantly radiates

immense energy which we can harness through photovoltaic energy conversion. The in-

creasing demand for energy and the cost of fossil fuels has brought solar energy to center

stage in the last half-century, although the capability of generating electric current using

sunlight has been known since the photovoltaic effect was first discovered in 1839. [1]

Applications for solar cells at present include both space applications–communications

satellites and space exploration–as well as more commonplace functions such as supple-

menting the electrical grid, powering hand-held calculators, and charging cellular phone

batteries. The multitude of possible uses for this technology continues to fuel the devel-

opment of contending material chemistries used for solar cells.

The purpose of the research presented in this thesis is to prepare semiconducting

thin films of novel materials which have been predicted to be effective solar absorbers.

Thin-film solar cells exhibit low cost and ease of fabrication compared to those made with

bulk single crystals. The highest reported efficiencies for thin-film solar cells are those

of CdTe and copper indium gallium selenide (CIGS), at 16.5% and 18.9%, respectively.

[2] A material demonstrating competitive efficiency as well as natural abundance and

low cost of manufacturing would clearly be of value in the ever-expanding solar energy

industry.

In this thesis two potential materials are synthesized and evaluated as thin-film solar

absorbers: Cu3PSe4 and CuTaS3. In addition to the natural abundance of its constituent

elements, Cu3PSe4 looks promising as a solar absorber since it has a calculated band

gap of 1.38 eV, a reasonable mobility (13-20 cm2V−1s−1), and a calculated absorption

coefficient (α > 1×105 cm−1 at 1.2 eV above its band gap) comparable to that of CIGS.

The technique used for growing such films is pulsed laser deposition (PLD), selected for
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its simplicity, rapid throughput, and reputation for preserving the target stoichiometry in

resulting films. Electron-beam (e-beam) evaporation was used in addition to PLD for

synthesizing CuTaS3 thin-films.

This thesis is arranged as follows: Chapter 2 provides an introduction to solar cells

and their operation, including a discussion on desired absorber material properties. Chap-

ter 3 explains the theory of experimental techniques used for film deposition, modifica-

tion, and characterization. Chapter 4 contains experimental results for Cu3PSe4, as does

Chapter 5 for CuTaS3. Lastly, conclusions and recommendations for future work are

presented in Chapter 6.
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2. LITERATURE REVIEW

This chapter forms the background for research presented in this thesis. An in-

troduction to solar cells is provided for familiarity with device behavior and geometry.

A discussion of the current leading thin-film solar cell technologies follows, including

cadmium telluride (CdTe), copper indium gallium diselenide (CIGS), and hydrogenated

amorphous silicon cells (a-Si:H). The chapter concludes with a summary of the desired

traits of an absorber material.

2.1 Introduction to solar cells

Since the materials discussed in this thesis apply specifically to solar cells, it is

appropriate to begin with an introduction to solar cells and the photovoltaic effect. This

section begins with an overview of crystalline and thin-film solar cell structures, and

the purposes of their various layers. The operation of an ideal solar cell is presented,

followed by a discussion of deviations from ideal behavior. Device characterization and

parameters of interest are then considered. The spectrum of radiation emitted from the

sun is introduced, as this energy is absorbed by solar cells and therefore is fundamental

to this thesis. This section concludes with a discussion of desired qualities for solar cell

absorber layers and the problem of creating ohmic contacts.

2.1.1 Device structure

A simple monocrystalline silicon solar cell structure is shown in Fig. 2.1. The cell is

essentially a p-n junction diode with a large surface area onto which photons impinge. [13]

The front contact is patterned in a ’finger’ structure to allow light to reach the emitter.

[4, 13, 14] This contact must be highly conductive and provide satisfactory electrical

contact to the emitter. [15] Its work function must be less than that of the n-type emitter
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Figure 2.1: Structure of a monocrystalline silicon solar cell.

for ohmic contact. [1, 16] The antireflective (AR) coating and textured surface are used

to promote light trapping, in which reflection of light away from the solar cell is reduced.

[2, 4, 15]

The reflectance R at an interface between two materials with refractive indices n1

and n2 is given by [2, 15, 17]

R =

(
n1−n2

n1 +n2

)2

. (2.1)

It is evident that a small difference in refractive indices is required to achieve low re-

flectance. Thus, the large difference between the indices of silicon (n = 3.4) and air

(n = 1) is problematic. An effective AR coating reduces reflectance at both the air-AR

and AR-emitter interfaces, and may consist of several layers of gradually increasing re-

fractive indices. [15] The surface texture effectively increases the cell’s surface area and

improves the total internal reflection of poorly absorbed light reflected back towards the

surface. [4, 15]
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Figure 2.2: Thin-film solar cell stack. [1]

The p-type bulk silicon forms the solar cell’s base, or absorber. This bulk is doped

by diffusion of phosphorus or another n-type dopant to form the emitter. The emitter-base

junction is shallow to allow for high optical transmission to the base, where absorption

occurs.

Similar to the front contact, the rear or backside contact must have high conductivity

and good electrical contact to the base. Its work function must be higher than that of the

p-type base to form an ohmic contact. [1, 16]

Thin-film solar cells provide elaboration on the monocrystalline cell structure. The

various device layers are deposited onto a substrate, which is no longer an active layer

but simply provides structural stability to the cell. In some cases a superstrate is used

in lieu of a substrate and is located on top of the stack rather than the bottom. [4, 15]

A superstrate serves as a window layer and must additionally be highly transparent. An

example thin-film solar cell stack is shown in Fig. 2.2.



6

Transparent conducting oxides (TCOs) are often used as top contacts in thin-film

solar cells for their high conductivity and transparency. [1] Such contacts may also serve

as AR coatings, promoting light trapping with a textured surface and lower index of re-

fraction than the absorber. [15] Light trapping is more important for thin-film solar cells,

since the thinner absorber requires light to be reflected several times between the front and

back surfaces. A highly reflective backside contact is thus desired to reflect any poorly

absorbed light back towards the base. [15]

2.1.2 Ideal solar cell operation

The ideal solar cell is used as a starting point in understanding solar cell device

operation. In this model it is assumed that all incident photons with energy hν ≥ Eg

are absorbed, where Eg is the band gap of the cell’s absorber layer. The inverse is also

assumed: if hν < Eg then the photon is not absorbed by the cell. Optical absorption

of a photon generates one electron-hole pair by exciting an electron from the absorber’s

valence band to the conduction band. Energy in excess of Eg is lost in the form of heat as

the carrier thermalizes to the conduction band edge. [4, 15, 18]

Figure 2.3 shows the energy band diagram for an unbiased p-n junction like that

of a solar cell. Under dark conditions as shown in (a), thermal generation is the only

mechanism for minority carrier generation. These carriers are swept across the depletion

region by the built-in voltage, Vbi, resulting in a small conventional current flowing from

emitter to base. This is balanced by an equally small diffusion of majority carriers in the

opposite direction, and the net current is zero. Introducing illumination as in (b) provides

photogeneration of carriers and a photocurrent Iph from emitter to base. [13] Operation

is simplest under short-circuit conditions. Here the total cell current is the short-circuit

current Isc and is equal to Iph.
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Figure 2.3: Energy band diagrams for a solar cell (a) in the dark, and (b) under illumina-
tion.

Under non-short-circuit conditions, a portion of the photogenerated carriers ac-

cumulate as minority carriers on either side of the p-n junction depletion layer. This

photocarrier-induced effect gives rise to the photovoltage, V , which forward biases the

junction. This is indicated in Fig. 2.3 (b). A resulting diffusion current from base to

emitter flows when an unluminated solar cell is biased by a voltage, V . In the context of

a solar cell, this gives rise to a dark current Idark, given by [4, 13, 18]

Idark(V ) = Is(e
qV

kBT −1), (2.2)

where Is is the reverse saturation current of the diode. When a resistive load, RL, is

connected to an illuminated solar cell, the net current through the load is given by, [2]

I = Iph− Idark = Iph− Is

(
e

qV
kBT −1

)
. (2.3)

Under open-circuit conditions (I = 0), Idark and Iph are equal in magnitude and the voltage

across the terminals is the open-circuit voltage Voc. It is evident from Eq. 2.3 that an ideal

solar cell can be modeled as a current source in parallel with a p-n junction diode, as

shown in Fig. 2.4.

The current-voltage characteristics of an ideal cell are shown in Figs. 2.5 and 2.6.

The dark cell corresponds to Iph = 0 and thus the I-V curve is identical to that of a p-
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Figure 2.4: Equivalent circuit for an ideal solar cell (within dashed lines) connecting to
an external load RL.

n junction diode. The illuminated I-V curve can be found by shifting the ideal diode

curve by Iph on the current axis, in accordance with the superposition principle for solar

cells. [2, 4] The load resistance is selected in order to maximize Pmax and the area of

the maximum power rectangle, as shown in Fig. 2.6. Pmax is less than the IscVoc product,

which is not realizable.

2.1.3 Non-ideal solar cell operation

Understanding the behavior of real solar cells builds on the foundation of the ideal

cell. Non-idealities presented in this section include non-radiative recombination, series

and shunt resistances, imperfect absorption, and charge extraction difficulties.

Many of the non-idealities presented result from defects in polycrystalline mate-

rials. Grain boundaries constitute the most notable defect type. Point defects include

self-interstitials, vacancies, antisite defects, and impurities. Self-interstials and vacan-

cies may be created or annihilated at grain boundaries. Impurities may accumulate at

grain boundaries. Some defects introduce electronic energy states which are called ’trap
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Figure 2.5: Ideal solar cell I-V curves under dark and illuminated conditions.

states’ should they fall within the band gap. Trap states tend to facilitate recombination

between majority and minority carriers. Charge due to interface states at the grain bound-

ary serves to bend the energy bands, often forming potential barriers to carriers, thereby

impeding current flow. Despite these significant effects, a material’s band gap and optical

absorption are largely unaffected in polycrystals since grain size is relatively large on the

quantum-mechanical scale. [4]

Recombination in a non-ideal solar cell differs from that of an ideal device, which

is purely radiative (or band-to band) recombination for a direct-bandgap material. In this

process, as shown in Fig. 2.7 (a), an electron in the conduction band recombines with a

hole in the valence band. The energy hν is equal to the band gap of the material and is

emitted in the form of a photon of frequency ν. [1, 14]

In actual cells, the non-radiative mechanisms of Auger and Shockley-Read-Hall

(SRH) recombination may contribute to establishing the minority carrier lifetime. Figure
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Figure 2.6: Current-voltage (I-V) and power-voltage (P-V) curve for an ideal solar cell.
[2]
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Figure 2.7: Energy band diagrams of (a) radiative, (b) Auger, and (c) Shockley-Read-Hall
recombination processes.

2.7 (b) shows Auger recombination, in which the recombination energy due to electron-

hole pair annihilation is transferred to another conduction band electron, after which the

excited electron thermalizes back to the bottom of the conduction band. The stair-step

line in Fig. 2.7 indicates this thermalization process, where the electron emits heat to the

lattice via the excitation of phonons. [1, 14, 19, 20, 21]

SRH recombination is illustrated in 2.7 (c). The mid-gap energy state ET results

from defects or impurities in the absorber material. [14] There are two ways to think about

SRH recombination: ET can act as an intermediate state for a conduction band electron

as it loses energy and transitions to the valence band in two steps, or recombination may

take place at ET as a valence band hole loses energy and meets a trapped electron. Similar

to Auger recombination, the energy emitted from this process is given off as heat. [1, 14]
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Figure 2.8: Equivalent circuit model for a non-ideal solar cell. Non-ideal elements are
contained by the dashed lines.

The effect of these non-radiative mechanisms is an increase in Idark. [2] This is

represented in the non-ideal equivalent circuit model as a second diode, as seen in Fig.

2.8. The total dark current is the sum of Idark1 from the ideal model and the non-ideal

current Idark2, which is introduced to fit observed data. The expression for Idark2 employs

an ideality factor of 2, and accounts for recombination in the depletion region. [2, 4] The

series and shunt resistances in the model, Rs and Rsh, serve to distort the current-voltage

curves for the solar cell. Contributions to Rs are the resistances from each component of

the structure, including the base and emitter regions, front and rear contact interfaces, and

the metal contacts themselves. [2, 4] Leakage current in the solar cell results from Rsh,

which is ideally infinite. [4] The load resistor RL is external and not part of the solar cell

device. Figure 2.9 shows the effects of Rs and Rsh on the current-voltage characteristics

of the solar cell.

In practice, absorption in the solar cell is not a step function which transitions per-

fectly from 0 to 100% at Eg. Rather, it continuously increases for materials of finite
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Figure 2.9: Effect of (a) series and (b) shunt resistance on solar cell I-V curves.
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thickness. [15] Since not all photons above Eg are absorbed, quantum efficiency in the

cell is reduced from its ideal value.

Extraction of photo-generated carriers is critical to solar cell performance. This

is affected by carrier lifetime, mobility, and contact selectivity. Insufficient mobility or

minority carrier lifetimes will provide for recombination before the carriers may be col-

lected at the device terminals. Mobility is particularly important for thin-film solar cells,

in which it is reduced by grain boundaries. [15] An applied voltage cannot be used to

improve extraction, since transport of minority carriers to the depletion region is entirely

diffusive. Additionally, the diffusion of some minority carriers in the wrong direction

(away from the depletion region) results in contact recombination and a decrease in pho-

tocurrent. For this reason it is desirable for each contact to present a potential energy

barrier to minority carriers, allowing them to diffuse only towards the depletion region.

2.1.4 P-i-n solar cells

Extraction of photocarriers in a material with low carrier mobility is improved by

the use of a p-i-n solar cell structure shown in Fig. 2.10. In this configuration, a wide

intrinsic (undoped) layer is inserted between the n- and p-regions in the device. [14,

18] The constant electric field spanning the intrinsic region serves as the driving force

for the drift of carriers which are either photogenerated in this region or have diffused

into it. Electrons and holes are swept towards the n- and p-regions, respectively. This

increases the likelihood of successful carrier extraction before recombination may occur.

It is evident that the primary transport mechanism in the p-i-n geometry is drift, rather

than diffusion as in the p-n structure.



15

Figure 2.10: Energy band diagram for a p-i-n solar cell.

2.1.5 Multi-junction solar cells

The motivation for multi-junction solar cells lies in the tradeoff between open-

circuit voltage and photocurrent. Increasing Eg produces higher Voc, and is therefore

desirable. But since only photon energies above the band gap are absorbed, increasing

Eg also reduces the useable amount of the solar spectrum and in turn produces lower Iph.

From this tradeoff it is evident that high Iph and Voc are not simultaneously realizable with

only one band gap in the device.

One solution to increase efficiency is the multi-junction solar cell. Both tandem

(two-junction) and triple-junction devices are popular. [3, 18] As shown in Fig. 2.11,

each junction targets photons of different energies for absorption by employing a different

band gap. [3] The bottom absorber ensures absorption of low energy photons which

are not typically absorbed in single-junction devices. Middle and top absorbers improve

the efficiency of absorption by minimizing the energy emitted as heat as higher-energy

photocarriers thermalize to the band edges. In this fashion, multi-junction solar cells

make better use of the solar spectrum. [3, 15]



16

Figure 2.11: Triple-junction solar cell structure. [3]
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2.1.6 Device characterization

Solar cell performance is evaluated by inspecting the current-voltage characteristics

of the illuminated cell. The four quantities of primary importance are the short-circuit

current (Isc), open-circuit voltage (Voc), fill factor (FF), and cell efficiency (η). [4, 22] In

this section, these parameters are introduced and discussed in the context of both an ideal

and non-ideal solar cell.

Isc is the current which flows through the terminals of the solar cell under short-

circuit conditions. [1, 4] A large short-circuit current corresponds to efficient photocarrier

generation and extraction, and is desired in order to transport as many photocarriers to

the load as possible. Isc is a function of the incident radiation intensity and the solar cell

quantum efficiency.

Voc is the voltage across the solar cell terminals under open-circuit conditions. A

large Voc value indicates a small dark current in the cell, which is desired to maximize

the number of photocarriers reaching the load. Since Voc increases with band gap, an

excessively large Voc may be undesirable since less of the solar spectrum is utilized for

photogeneration with increasing Eg.

Expressions for Isc and Voc are straightforwardly obtained in the ideal solar cell

model. Figure 2.12 shows the ideal solar cell equivalent circuit under (a) short-circuit,

and (b) open-circuit conditions. Current through the device terminals, I, is given by the

Shockley solar cell equation [2],

I = Iph− Is(e
qV

KBT −1), (2.4)

where V is the voltage across the device terminals, and Is is the diode’s reverse saturation

current. Under short-circuit conditions, V = 0 and I is the short-circuit current. Here Eq.

2.4 simplifies to [2]

I = Isc = Iph. (2.5)
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Figure 2.12: Ideal solar cell equivalent circuit under (a) short-circuit, and (b) open-circuit
conditions.

Under open-circuit conditions, I = 0 and V is the open-circuit voltage. Equation 2.4 then

becomes [2, 4, 18]

I = Iph− Is(e
qVoc
KBT −1) = 0. (2.6)

Solving for Voc yields [2]

Voc =
kBT

q
ln(

Iph

Is
+1). (2.7)

From Eq. 2.7 it is evident that a large photocurrent and low reverse saturation current are

desired to achieve a large Voc.

The short-circuit current and open-circuit voltage decrease from their ideal values

in the non-ideal solar cell model. Figure 2.13 shows the non-ideal solar cell equivalent

circuit under (a) short-circuit, and (b) open-circuit conditions. The dark current now

includes Idark2 to account for recombination in the depletion region, with ideality factor

2. Applying Kirchhoff’s current law to the circuit in Fig. 2.13 (a) provides the equation,

Iph = Idark1 + Idark2 + Ish + Isc. (2.8)
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Figure 2.13: Non-deal solar cell equivalent circuit under (a) short-circuit, and (b) open-
circuit conditions.
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Solving for the short-circuit current yields [2]

Isc = Iph− Idark1 + Idark2 + Ish

= Iph−
[

Is1(e
q(V+IscRs)

KBT −1)+ Is2(e
q(V+IscRs)

2KBT −1)+
V + IscRs

Rsh

]
.

(2.9)

Here the expression V + IscRs is the voltage across the diodes and Rsh. Comparing Eqs.

2.5 and 2.9 shows that the quantity within the brackets is the difference in short-circuit

current between the ideal and non-ideal models. Thus, a solar cell’s short-circuit cur-

rent is reduced by the non-ideal effects of dark current, shunt conductance, and parallel

resistance.

Open-circuit voltage also decreases from non-ideal effects. Applying Kirchhoff’s

current law to the circuit in Fig. 2.13 (b) gives the equation

Iph = Idark1 + Idark2 + Ish. (2.10)

Since I = 0, the Voc is the voltage across both diodes and Rsh. Equation 2.10 then becomes

Iph = Is1(e
qV oc
KBT −1)+ Is2(e

qV oc
2KBT −1)+VocGsh, (2.11)

where Gsh is the shunt conductance (ideally Gsh = 0). This can be rearranged as

Voc =
1

Gsh

[
Iph− Is1(e

qV oc
KBT −1)− Is2(e

qV oc
2KBT −1)

]
. (2.12)

From this expression it is evident that a solar cell’s open-circuit voltage decreases from

the non-ideal effects of shunt conductance and dark currents.

Since Isc and Voc are clearly not simultaneously realizable, the power delivered

to the external circuit (Pout) is less than their product. Pout is dependent on the load

impedance, which is selected to maximize the I×V product. Figure 2.6 shows a plot of

photocurrent density vs. bias voltage, with Vm and Im corresponding to the voltage and

current achieved when the load is selected to provide maximum power.
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The fill factor is the ratio of this maximum power density to the Isc×Voc product,

given by [1, 2, 3, 4, 13, 15, 18, 22]

FF =
VmJm

JscVoc
. (2.13)

By definition, FF ≤ 1 with FF = 1 corresponding to a perfectly rectangular I-V

curve where Im = Isc and Vm =Voc. The fill factor is a measure of how well the actual I-V

curve resembles this rectangular shape. [1] In actual solar cells, fill factors of around 0.8

are achievable. [13, 18] Non-ideal resistances Rsh and Rs serve to lower Vm and Im from

Voc and Isc, respectively, and in turn decrease FF. The fill factor of a non-ideal solar cell

is given by [2]

FF ≈ FF0(1−
RsIsc

Voc
), (2.14)

where FF0 is the fill factor of an ideal solar cell.

Solar cell efficiency, η, is then a ratio of the maximum power to the illumination

power incident on the cell, Ps [1, 4, 18, 21, 22]:

η =
VmIm

Ps
=

IscVocFF
Ps

(2.15)

The task of maximizing η involves tuning Eg to the solar spectrum, as discussed in Section

2.1.7. From Eq. 2.15 it is apparent that reductions in short-circuit current, open-circuit

voltage, and fill factor will have detrimental effects on η.

2.1.7 Solar spectrum radiation

The electromagnetic energy provided by the sun, called the solar spectrum, spans

a range of wavelength from 0.2 to 3.0 µm. [13] Since optical absorption occurs as light

passes through air, the solar intensity is greatest (140 mW/cm2) outside the atmosphere.

Figure 2.14 shows the corresponding spectrum, called air-mass-zero or AM0. Light

which travels through the atmosphere along the shortest possible path to the earth’s sur-

face, when the sun is directly overhead, is called AM1. Light traveling along twice that
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Figure 2.14: AM0 and AM1.5 solar spectra. [4]

path length is AM2. The AM1.5 spectrum, equivalent of the sun at a 42◦ angle of elevation

and an intensity of 1000 W/m2, is the standard used for photovoltaic characterization. [4]

The solar spectrum is of paramount importance in the design of solar cells, since the

energies of photons used for photovoltaic energy conversion are within this spectrum. The

band gap of an absorber material must be less than the energy of an incident photon (hν≥

Eg) in order for photon absorption to occur. Thus, a large Eg yields a small photocurrent.

However, the band gap should not be too small since the Voc of the cell may not exceed

Eg. Therefore, an optimal band gap exists for any radiation spectrum. Figure 2.15 shows

the efficiency of a cell as a function of Eg for the AM1.5 spectrum.

2.1.8 Ohmic contact theory and formation

A significant difficulty in solar cell fabrication lies in achieving an ohmic back con-

tact to the absorber layer. Ohmic contacts are desired for extraction of majority carriers

from the device with near-linear current-voltage characteristics and low series resistance.
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Figure 2.15: Solar cell efficiency vs. band gap for the AM1.5 spectrum. [4]

[23] This section summarizes relevant details of metal-semiconductor contacts and solu-

tions to achieving ohmic behavior.

Figure 2.16 shows the energy band diagrams of a metal and p-type semiconductor

before being joined together. The relative band positions are specific to the particular

materials used. EVAC is the vacuum level energy, corresponding to the energy of a car-

rier just outside the material. [18] It follows that the electron affinity, qχ, is the energy

required to remove a conduction band electron at EC from the semiconductor. Similarly,

the work-function of a material (qφM for a metal and qφS for a semiconductor) is the

energy required to move an electron from the Fermi level to the vacuum level. [8, 24]

Note that the situation shown in Fig. 2.16 involves a metal with a greater work-

function than that of the semiconductor. Ideally, this condition allows for the formation of

an ohmic contact as the metal is joined with a p-type semiconductor as shown in Fig. 2.17.

Electrons flow from the semiconductor into the metal when the two materials are joined,

creating a positively charged depletion region near the semiconductor surface. [8] Band

bending occurs in the depletion region such that EFS aligns with EFM and equilibrium

is achieved. The energy bands in the semiconductor bulk region (far from the interface)
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Figure 2.16: Energy band diagrams for (a) metal, and (b) p-type semiconductor materials
before being joined together.

are unaffected and remain flat. Bending also occurs in the vacuum level to preserve a

constant electron affinity throughout the semiconductor. This results in formation of the

local vacuum level, ELVAC. The magnitude of the band bending is the difference in work

functions, given by

qφbi = q(φM−φS), (2.16)

where φbi is the junction’s built-in voltage. [18] Conduction band electrons migrating

from semiconductor to metal must surmount the potential barrier of height qφbi, and those

crossing the interface in the opposite direction observe a greater barrier height of magni-

tude

qφbn = q(φM−χ). (2.17)

The carriers of particular interest—majority carrier holes—observe no energy barrier

crossing from semiconductor to metal. This situation is desired in solar cells to achieve

contact selectivity—extraction of photo-generated holes at the backside contact while

preventing electron extraction.

A metal with a work-function lower than that of the semiconductor will ideally

form a rectifying contact with a p-type material as shown in Fig. 2.18. [18] This structure
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Figure 2.17: Energy band diagram for an ideal ohmic contact formed with a p-type semi-
conductor.

is known as a Schottky barrier, with the semiconductor bands bending to form a barrier to

majority carrier conduction. The magnitude of this barrier is again given by the difference

in work-functions,

qφbi = q(φS−φM). (2.18)

The primary transport mechanism for current across the junction is thermionic-emission,

in which electrons must have kinetic energy of at least qφbp to traverse the barrier.[18]

It is apparent that this rectifying contact is detrimental to solar cell operation, since the

potential energy barrier hinders hole transport from the semiconductor to the metal. [25]

It follows that high work-function metals are desired for backside contact materials to

prevent Schottky barrier formation.

The preceding discussion of metal-semiconductor interfaces provides a general un-

derstanding of device behavior based on the work-functions of the two materials. Table

2.1 shows the resulting contact behavior from each combination of majority carrier type

and relative work-functions. This relationship may be used as a rule-of-thumb to select

appropriate materials for the desired behavior. In practice, deviations from this general-

ization exist in the forms of Fermi level pinning and quantum-mechanical tunneling.
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Figure 2.18: Energy band diagram for an ideal rectifying contact formed with a p-type
semiconductor.

p-type n-type

φM > φS Ohmic Rectifying

φM < φS Rectifying Ohmic
Table 2.1: Ideal metal-semiconductor contact behavior based on relative work-functions.
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For covalent semiconductors such as Si, Ge, and GaAs, Fermi level pinning results

in the formation of Schottky barriers regardless of metal work-function. Values of qφb

are typically about 2EG/3 and EG/3 for n- and p-type semiconductors, respectively. [8,

23] This phenomenon is a result of dangling bonds on the surface of the semiconductor,

which provide surface states within the band gap of the material. An important parameter

relating to these surface states is the charge neutral level, located at EV +qφ0. States below

this level are donor-like (neutral when filled and positively charged when empty), and

states above are acceptor-like (negatively charged when filled and neutral when empty).

Equilibrium is achieved when electrons flow from the region of the semiconductor near

the surface to fill surface states, causing the energy bands to bend upwards until the Fermi

level is flat throughout the entire material as shown in Fig. 2.19. These electrons leave

behind a depletion region of positive space charge with magnitude Qsc. The total surface

state charge, Qss, is comprised of all filled surface states above the neutral level. The

thin interfacial oxide on the semiconductor surface is of thickness δ (v5–20 Å) with a

potential ∆ across it. [8, 18] This layer is thin enough to be transparent to carrier transport.

When the semiconductor is joined with a metal, a negative charge QM accumulates on the

surface of the metal to balance the surface and space charge.

Fermi level pinning is detrimental to solar cell technologies as ohmic contact for-

mation is prevented. One strategy to mitigate this problem is doping the semiconductor

to promote tunneling through the barrier.

Ohmic conduction may be achieved in Schottky barriers if the potential barrier is

narrow enough, via quantum-mechanical tunneling as shown in Fig. 2.20. [1, 2, 18] If

the barrier is very thin at the valence band, holes tunnel directly as field emission (FE)

current (Fig. 2.20 (a)). For thicker barriers, carriers may require some kinetic energy

to reach a part of the barrier which is narrow enough to tunnel through. This is called

thermionic-field emission (TFE), or phonon-assisted tunneling (Fig. 2.20 (b)). As previ-
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Figure 2.19: Energy band diagram showing Schottky barrier formation from the presence
of surface states on an n-type semiconductor.
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Figure 2.20: Energy band diagram showing (a) field emission, (b) thermionic-field emis-
sion, and (c) thermionic emission across a Schottky barrier formed with a p-type semi-
conductor.

ously described, when no tunneling occurs transport is entirely comprised of thermionic

emission current (Fig. 2.20 (c)). The width of the depletion region decreases with doping

concentration and is given by [18]

W =

√
2εs

qN

(
Vbi−VA−

kBT
q

)
, (2.19)

where εs is the permittivity of the semiconductor, N is the doping concentration, and VA

is the applied voltage. Accordingly, tunneling current increases with doping level and

is the transport mechanism responsible for most ohmic contacts on degenerately doped

semiconductors. [18] In some cases the semiconductor is degenerately doped only near

the surface in order to achieve high field emission current while maintaining lower bulk

doping levels. [8, 18, 23] This strategy is useful for solar cell technologies where Schottky

barrier formation is unavoidable.
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Figure 2.21: Solar cell stacks for (a) CdTe, (b) CIGS, and (c) a-Si:H.

2.2 Thin-film solar cell materials

Crystalline silicon (c-Si) currently accounts for 90% of the world’s photovoltaic

market, boasting high performance, stability, abundance, and nontoxicity. [22, 26] Al-

though efficiencies of c-Si solar cells (about 25%) are approaching the theoretical max-

imum efficiency (known as the Shockley-Quiesser limit or detailed balance limit) of

∼33.7% and are currently the highest of all photovoltaic technologies, thin-film solu-

tions are thought capable of achieving higher performance. [3, 21, 27, 28] This section is

a survey of the three main thin-film photovoltaic materials: amorphous silicon (a-Si), cad-

mium telluride (CdTe), and copper indium gallium diselenide (Cu(In,Ga)Se2, or CIGS).

[1, 15, 22, 26] Figure 2.21 shows examples of thin-film solar cell configurations employ-

ing each of these absorber materials.
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2.2.1 Cadmium telluride (CdTe)

The highest efficiencies achieved in CdTe-based solar cells are about 16.5%, as first

synthesized in 2001. [29] The band gap is near optimum for PV application, with reported

values ranging from 1.44–1.56 eV. [3, 25, 26, 29] CdTe is also extremely absorbing; a

mere 1 µm-thick absorber layer is comparable to 200 µm of crystalline Si. Additionally,

Cd is highly abundant as a byproduct of zinc production. [26] These qualities plus its ease

of production by thermal evaporation has led CdTe to be the most successful thin-film PV

technology. [3, 15] Figure 2.21 (a) shows an example CdTe solar cell structure.

Various materials have been used as front contacts in CdTe solar cells, including

ITO, SnO2:F, In2O3:F, SnO2, and ZnO. [15, 26] The cadmium stannate (Cd2SnO4 or

CTO) and zinc stannate (Zn2SnO4 or ZTO) pairing shown in Fig. 2.21 (a) was developed

to replace SnO window layers, contributing to the first 16.5% efficiency cell. [29] CTO

films achieved lower sheet resistance, absorption, and roughness than SnO2. These cells

showed improvements in short-circuit current, fill factor, and efficiency from previous

cells. Cadmium sulfide (CdS) is a common buffer layer in solar cells, used as a diffusion

barrier between the absorber and front contact. [3, 26]

Downsides of CdTe technology include the toxic nature of Cd and the difficulty in

achieving an ohmic backside contact. [3, 15, 25, 26] Conduction is often achieved by

carriers tunneling through the potential barrier at the back contact interface. Common

contact materials are copper-based metals such as Cu2Te, ZnTe:Cu, and HgTe:Cu. The

diffusion of Cu from these metals into the absorber is problematic, presenting additional

stability issues. [26]

2.2.2 Copper indium gallium diselenide (CIGS)

CIGS is currently the most efficient thin-film PV technology, with efficiencies of

up to 20%. [3, 15, 26] Development of CIGS began with the first chalcopyrite solar cells,
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which used a CuInSe2 absorber layer with a band gap of about 1.0 eV. By alloying this

material with CuGaSe2 (Eg = 1.7 eV) and varying the ratio of gallium to indium, the

band gap can be tuned between 1.0 and 1.7 eV. CIGS solar cell absorbers employ a Ga:In

ratio of 1:4 and have a band gap of 1.15 eV. [3, 15, 26] An example CIGS solar cell

configuration is shown in Fig. 2.21 (b).

Depositing ZnO:Al directly on the CdS layer results in local defects and modifica-

tion to the band gap. Intrinsic zinc oxide (i-ZnO) is used as an intermediate layer and is

important to device performance. [15, 26] As in CdTe devices, cadmium sulfide is used

as a buffer layer in CIGS solar cells.

Sputtered molybdenum (Mo) metal is the most common back contact in CIGS solar

cells, used for its high work function to form an ohmic contact to the absorber. [15, 26]

Other metals such as tungsten, tantalum, and niobium have been explored as alternatives

to Mo, which exhibits problematic corrosion and poor optical reflection. [26]

Current problems for CIGS technology are raw materials cost and large area scale-

up. [3] Deposition of the CIGS layer uses four-target evaporation methods, which is

difficult to employ on large substrates while maintaining device efficiency.

2.2.3 Hydrogenated amorphous silicon (a-Si:H)

Amorphous silicon boasts an absorption coefficient in the visible spectrum almost

100 times higher than that of crystalline silicon (c-Si), and actual a-Si cells are 1000 times

thinner than c-Si cells. [26] A large defect density is present in a-Si due to dangling bonds

which create energy states deep in the band gap. Hydrogen is introduced to passivate

these dangling bonds, forming hydrogenated a-Si (a-Si:H). Despite this passivation, the

relatively high defect density results in a low diffusion length of 100–300 nm. For this

reason, the p-i-n configuration as shown in Fig. 2.21 (c) is used in a-Si:H solar cells.
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[15, 26] The intrinsic a-Si:H layer is much thicker than the doped p- and n-regions for its

higher diffusion length.

a-Si shares the benefit of silicon abundance with c-Si. Film growth by plasma-

enhanced chemical vapor deposition allows for ease of large area scale-up. [26] Addition-

ally, low process temperatures (100–400 ◦C) allow the use of many different substrates.

Efficiencies of a-Si:H solar cells currently exceed 15%.

One drawback of a-Si is its slightly larger-than-optimal band gap (1.7 eV). A so-

lution to this problem is the layer of hydrogenated microcystalline silicon (µC-Si:H) as

shown in Fig. 2.21 (c). The band gap of µC-Si:H is close to the 1.12 eV of c-Si, and is

used to absorb lower energy photons. [15]

a-Si suffers from the well-documented Staebler-Wronski effect. [2, 3, 15, 26] This

is the illumination-induced degradation of conductivity and absorption, resulting in a 15–

30% decrease in performance. The accepted mechanism is an increase in the number of

dangling bonds resulting from illumination. Interestingly, these defects are metastable

and are repaired by annealing the material at temperatures of 150 ◦C. This degradation is

a major unsolved issue in a-Si:H solar cells. As a result, device structure and properties

must be optimized for operation in the degraded state. Thinner absorber layers may be

used to reduce the effect, but also detrimentally affect absorption. Thus, light trapping

and multi-junction geometries are especially important for a-Si:H solar cells.

2.3 Conclusion

By introducing the structure and operation of thin-film solar cells, this chapter pro-

vides a bridge between absorber layer characteristics and overall operation of the com-

plete cell. It is appropriate to conclude with a summary of the most important absorber

parameters, which are discussed within the context of the two primary goals of a photo-

voltaic device [27]:
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1. the effective absorption of sunlight for photocarrier generation, and

2. extraction of these photocarriers before they recombine.

For a material to be considered as a potential solar absorber it is preferred to be

natively p-type or p-type dopable. This is because solar cells are bipolar devices. That

is, their operation is determined primarily by minority carrier behavior. Since electrons

have higher mobilities than holes, they are the preferred minority carrier. [30] It is also

desirable for the material to accept both p- and n-type dopants for homojunction forma-

tion. Additionally, p-i-n devices may then be formed by leaving an intrinsic (undoped)

region between either doped regions. As discussed above, this is advantageous for charge

extraction by introducing drift as a driving force for photocarrier transport.

To effectively absorb sunlight, an absorber should have a direct bandgap which is

well suited for the solar radiation spectrum. The optimal bandgap is 1.34 eV, although

values within the rage of ∼1–1.6 eV are typically acceptable. [26, 27, 28, 30] An ex-

cessively high bandgap detrimentally reduces the usable portion of the solar spectrum

(resulting in a low short-circuit current). Too low of a bandgap limits the open-circuit

voltage. [3]

The absorption coefficient (α) for absorbers must be above 104 cm−1, and above

105 cm−1 is preferred. [26, 30] Materials presented in this thesis with be evaluated ac-

cording to how sharply the measured absorption coefficient rises to 105 cm−1. It is con-

sidered good absorption if α reaches 105 cm−1 within 1 eV of the bandgap. Increasing α

allows thinner absorber layers to be used. This decreases the material cost, device weight,

and the distance a photocarrier must travel to be extracted at the cell terminal.

One of the most important quantities affecting charge extraction is diffusion length,

Ld . [27, 31] This is the average distance a minority carrier diffuses before being anni-

hilated by recombination with a majority carrier. Thus, photocarriers generated within

a diffusion length of the appropriate contact will, on average, be successfully extracted.
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From this consideration it is apparent that, in the absence of a drift field, a solar absorber

requires a long diffusion length for effective charge extraction. The minority carrier dif-

fusion length for a p-type material is given by, [18]

Ld =

(
kBT

q
µnτn

) 1
2

, (2.20)

where µn and τn are the minority carrier electron mobility and lifetime, respectively.

Therefore, to maximize diffusion length an absorber must exhibit high mobility and long

minority carrier lifetime. [30]

In addition to the optical and electronic parameters previously mentioned, restric-

tions are placed on the specific elements which comprise the absorber material. Specif-

ically, these elements must be affordable, naturally abundant, and non-toxic in order for

the material to be marketable. [26] There exists room for improvement over the current

leading thin-film solar cell materials (CIGS and CdTe), which contain the costly and/or

rare In, Ga, and Te. [27, 32, 33] Use of the toxic heavy metal Cd has also been resisted

by some countries because of health safety concerns. Research presented in the ensuing

chapters involves alternative materials which do not contain these problematic elements.
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3. EXPERIMENTAL TOOLS AND TECHNIQUES

This chapter discusses the theory of all experimental tools and techniques used for

this research. It begins with a review of the methods used for growth and modification of

films fabricated. A section on thin-film characterization follows, with an overview of all

analytical techniques used to determine the film composition and material properties.

3.1 Thin film deposition and processing

This section describes the tools and techniques used for the synthesis of thin films,

including pulsed laser deposition (PLD), electron-beam (e-beam)evaporation, and post-

deposition annealing. Films examined in this thesis were deposited using PLD or e-beam

evaporation and later underwent post-deposition annealing to modify the film stoichiom-

etry and/or crystallinity.

3.1.1 Pulsed laser deposition of thin films

Pulsed laser deposition (PLD) is perhaps the simplest method of growing thin films.

[34] Figure 3.1 shows a typical PLD system schematic, consisting of a vacuum chamber

containing substrate- and target-holders, and an exterior high-powered pulsed laser used

to irradiate the target surface. Laser pulses generate plumes of the source material which

deposit onto the surface of a nearby substrate. Particles in this plume have a relatively

high kinetic energy compared to evaporative methods of physical vapor deposition (on the

order of 10–100 eV compared to 1 eV in molecular beam epitaxy, for example). [35, 36]

By rotating the target during deposition, the beam may be effectively rastered across the

target surface for uniform eroding of the target. [6] Similarly, substrate rotation may be

employed to improve uniformity of film thickness. One benefit of PLD is the decoupling
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Figure 3.1: Pulsed laser deposition system schematic. [5] Substrate rotation is also
present in some systems.

of the energy source, the laser, from the vacuum chamber. This allows one source to be

used for multiple deposition chambers.

PLD process parameters are chosen with significant attention given to the reduction

of liquid or solid phase particulate in the plume. Vapor phase species are typically in the

nanometer range and are desired for smooth films, whereas solid and liquid particulates

are in the micron range or larger. [34] Additional goals of PLD processes include achiev-

ing high film growth rate, high film uniformity across the substrate, and appropriate film

stoichiometry. This is accomplished by adjusting properties of the laser (fluence, wave-

length, pulse repetition rate, and number of pulses) and of the deposition environment

(substrate temperature, background gas species and partial pressures, and target-substrate

distance).

Laser fluence (J/cm2) on the target can be controlled by modifying the laser power

or the spot size. In general, a higher fluence removes more material from the target

per pulse, thereby increasing the film growth rate. But care must be taken to avoid the

problem of ”splashing”, in which micron-sized particulate is deposited on the substrate.
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[34, 37] Splashing occurs at excessive fluence–both particulate density and average size

increase with fluence—and is more prevalent in materials with low thermal conductivity.

If splashing can be avoided, high fluence improves film quality at low substrate tempera-

tures by providing kinetic energy to the deposited particles and thereby increasing surface

diffusion. Sufficient fluence is also necessary to prevent incongruent evaporation, where

the plume is dominated by target elements with lower heats of vaporization (this does not

apply to targets comprised of one pure element). In cases where a decrease in fluence is

desired it may be advantageous to increase the laser spot size, rather than decrease the

laser power, in order to maintain an adequate film deposition rate. Typical fluences of

PLD lasers are in the >1 J/cm2 range with pulses of 15-45 ns duration. [38]

Laser frequencies used for PLD are typically within the 200–400 nm range, in

which most target materials exhibit strong absorption. Longer wavelengths usually pen-

etrate deeper into the target and may contribute to increased splashing. Alternatively,

very short wavelengths (and therefore shallow penetration depths) provide incongruent

evaporation of the target and low deposition rates. [34]

The repetition frequency of laser pulses (1–100 Hz) is optimized for film smooth-

ness by controlling the rate at which target material arrives at the substrate surface. [34]

Studies of superconducting YBa2Cu3O7−δ (YBCO) thin films grown by PLD demon-

strated that low repetition rates produced pinholes in films while high rates produced

island-like surface outgrowths. Since the total number of laser pulses fired in a deposition

is selected to achieve the desired film thickness, it can be seen how increasing the number

of pulses per second proportionately increases the deposition rate.

It is clear from the preceding discussion of laser parameters that the ultraviolet

wavelengths, high power output, and high pulse rates of excimer lasers render them well-

suited for PLD. The electronic transition in excimer lasers is between molecular energy

states rather than atomic states as in conventional lasers. Hence, shorter wavelengths and
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high efficiencies are achieved. [39] The KrF excimer laser (248 nm) is the most widely

used choice for PLD including the research presented in this thesis.

Of the deposition parameters, substrate temperature is one of the most important.

[40] Substrate temperature is used in PLD to improve film stoichiometry, crystallinity,

and electrical performance. Heating directly increases the surface diffusion coefficient,

which allows atoms to find an appropriate lattice site at which to nucleate. [34] This

helps preserve the target stoichiometry in the resulting film, since volatile atoms are crys-

tallized immediately and do not re-evaporate when heated by subsequent pulses (as is

the case for unbounded atoms). The temperature required to produce monocrystalline

films and preserve target stoichiometry is called the critical substrate temperature, Tc.

Additionally, studies of lead chalcogenide depositions showed that increasing substrate

temperature produced lower carrier concentrations and higher mobilities. Amorphous

films are achieved by lowering substrate temperature, which also typically improves film

smoothness.

Another method used to affect film stoichiometry is the introduction of a reactive

atmosphere during the deposition. Oxygen and nitrogen precursors are employed in cases

where films grown under vacuum are deficient of one of those elements. Partial pressures

may be as high as 1 torr–the highest of all physical vapor deposition methods. [34] High

background pressures can also have detrimental effects on the plasma plume, which is

slowed and confined by the reduction in mean free path. This increase in collisions en

route to the substrate results in bonding between vapor phase species to form larger par-

ticulates. This phenomenon is related to the target-substrate distance, since a longer path

traveled by the plume yields more collisions and therefore increased particulate size.

At this point, it is appropriate to mention the specific case of pure metal deposition

since it was performed in this research. The multitude of other techniques successfully

used to grow metal thin-films (such as sputtering, thermal and e-beam evaporation) leaves
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PLD as a less-frequently implemented method. [34] The process differs from the ablation

of nonmetals as the laser pulse serves merely to heat the metal to the point of thermal

evaporation. This ablation threshold can be particulary large as in the case of refractory

metals such as Mo, Re, or W (10 J/cm2 is reported for W). PLD of metals in general

exhibits much lower deposition rates than that of nonmetals.

This discussion of PLD shall conclude with a review of the state of the art. The

usefulness of PLD is presently hampered by two major setbacks: large area scale-up, and

particulate size. [34, 40] The narrow angular distribution of the plasma plume necessitates

the use of very small substrates (∼10 mm × 10 mm). Current approaches to large area

scale-up have been explored. One method implements a rotating substrate and target,

as well as a programmable mirror which rasters the laser beam across the surface of the

target. This effectively moves the plume radially across the substrate to achieve larger

coverage, and 125 mm substrates have reportedly been used successfully. The issue of

particulate reduction has been addressed by some mechanical systems installed in the

vacuum chamber. The general idea is to catch larger plasma species before they reach

the substrate. This is made possible by the reduced velocity of such particles, which fall

behind their smaller and more desired counterparts. It is apparent that solutions to both

problems mentioned here contribute significant complexity to the PLD system. Despite

the absence of PLD in commercial production, it has proven to be practical and useful for

applications such as the research presented in this thesis.

3.1.2 Electron-beam evaporation

Electron-beam (e-beam) evaporation was used as an alternative to PLD for deposit-

ing the thin films discussed in this thesis. The experimental setup, shown in Fig. 3.2,

consists of an electron emitting filament, target material, and substrate in a high-vacuum

(∼ 10−6 Torr) chamber. Electrons are thermionically emitted from the hot filament and
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Figure 3.2: Diagram of an electron-beam evaporator. [6]

accelerated through a voltage drop (5–30 kV). [6, 41] The beam is then deflected towards

the target by a magnetic field controlled by a solenoid electromagnet. An electron’s ki-

netic energy is transformed to thermal energy upon striking the target, raising the tempera-

ture of the material. Evaporation is achieved by sufficiently high electron-beam currents.

Vapor phase species are emitted from the target towards a nearby substrate where film

growth occurs.

Rather than aiming the beam directly at the target, typical electron-beams are bent

through 270◦ of curvature. [41] This prevents evaporant from depositing on the filament.

Electrons are accelerated by the Lorentz force, given by [6]

~F = ~FE + ~FB = qe~E +qe~v×~B. (3.1)
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The force ~FB is perpendicular to the electron velocity~v and the magnetic field ~B, as shown

in Fig. 3.2. The direction is determined by the right hand rule for vector cross products.

Since electronic charge, qe, is a negative quantity, the resulting ~FB is in the direction

shown. The cyclotron radius of an electron in the beam is inversely proportional to the

magnitude of the magnetic field and is given by,

rc =
mev⊥

qe | ~B |
, (3.2)

where me is the mass of the electron, and v⊥ is the component of ~v perpendicular to ~B.

The cyclotron radius may then be modulated to scan the electron-beam across the surface

of the target by varying the magnetic field strength. A second solenoid perpendicular

to the primary coil is typically used to deflect the electron-beam along a second axis.

The beam spot may then be rastered in two dimensions to evaporate a larger area of the

target. [38, 42] This utilizes more of the target material and prevents the formation of pits

on the target surface, which detrimentally narrow the plume of evaporated material. [6]

Maintaining a wide plume is desired for thickness uniformity of resulting thin-films.

The target is contained in a Cu hearth, which is water-cooled to prevent melting.

Some systems feed solid rods of target material through the bottom of the hearth as shown

in Fig. 3.2. This increases the volume of material available for use before refilling. [6] As

an alternative to rod-feeding, target materials may be housed in crucible liners constructed

of graphite or other materials. [6, 42] Such liners provide additional thermal insulation

between the target and the hearth to increase evaporation efficiency. Targets may then

be removed from the deposition chamber. Unlike resistance-heated thermal evaporation,

e-beam evaporation only vaporizes a small localized area of the target. This prevents

alloying between the target and container materials, thereby reducing contamination. [38]

Substrates may be heated and negatively biased to affect resulting films. Similar

to PLD, substrate heating may be used to improve film stoichiometry and crystallinity.

Substrate heating increases grain size and prevents the formation of columnar morphology
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which is sometimes observed on the surfaces of films thicker than 1 µm. [43] Studies have

also shown that negatively biasing the substrate (-1–4 kV) during deposition may reduce

the formation of columns as well. Substrate rotation is also commonly used to improve

film thickness uniformity.

One valuable benefit of e-beam evaporation is its ability to deposit a wide range

of target materials. [6, 41, 42] The high energy densities achievable with electron-beams

may evaporate any solid material. Incongruent evaporation may occur in multi-compound

materials, producing non-stoichiometric films. [42] But this is avoided with sufficiently

high beam current (and thus target temperatures) to evaporate all target species. E-beam

evaporation also benefits from a relatively large plume of evaporant compared to that of

PLD, providing coverage over a larger area. Research presented in this thesis benefited

from each e-beam deposition producing four 1 in2 substrates, whereas PLD produced one

1 cm2 per deposition and showed poor thickness uniformity across that area compared to

e-beam.

For targets fabricated by sintering polycrystalline powder into pellets, densification

is important for congruent evaporation of the target. [44] Additionally, voids formed

by gas pockets in source pellets may explode upon heating, resulting in macroparticle

spitting. [6, 44] Macroparticles are solid or liquid species 0.1–1 µm in diameter which

increase surface roughness of deposited films.

3.1.3 Post-deposition annealing

Post-deposition annealing of thin films may be used for two purposes: to enhance

the crystallinity of the film or to modify the material stoichiometry. [45] Stoichiometry

modification was desired from the annealing performed in this thesis research, as PLD

repeatedly failed to provide the desired stoichiometry. As-deposited films were annealed

in sealed glass tubes containing a particular ambient atmosphere.
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In post-deposition annealing, the as-deposited film is inserted into a glass tube con-

taining some powder of one or more elements. The tube is then sealed under a vacuum

of approximately 100 mT and heated to a desired temperature which exceeds the heat

of vaporization of the powder at the appropriate pressure. Once vaporization is achieved

the atmosphere may react with the film, provided that the temperature also exceeds that

necessary to promote such a reaction.

3.2 Thin-film characterization

The synthesis of thin-films using the processes discussed above is followed by ma-

terial analysis using several techniques. Methods of characterization include crystallo-

graphic, electrical, and optical procedures, all of which are described in this section. Sam-

ples first underwent x-ray diffraction to verify that the desired stoichiometry is achieved.

This is followed by Hall effect measurements to determine several electrical parameters,

and lastly optical characterization to address the material’s potential as a solar absorber.

3.2.1 X-ray diffraction

X-ray diffraction (XRD) is a physical technique used to determine the physical

structure and composition of powders and single crystals. [7, 35] Bond lengths, bond

angles, and the relative position of atoms and ions in the unit cell are determined by

this method. X-rays are used since their wavelength is comparable to the interatomic

distances in crystals (∼100 pm). Figure 3.3 shows the diffraction of x-rays from parallel

crystal planes separated by distance d. X-rays are elastically scattered by electrons in the

structure, and a difference in path length results. Bragg’s equation provides the condition

for constructive interference,

2d sin(θ) = nλ, (3.3)
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Figure 3.3: Diffraction of x-rays by a crystalline structure. [7]

where θ is the angle of incidence with respect to the crystal plane, λ is the wavelength of

incident x-rays, and n is an integer. By sweeping the angle θ over a range (∼5–30◦) and

measuring the reflected intensity, a diffraction pattern is obtained which is specific to the

compound being analyzed. Figure 3.4 depicts the nature of diffraction patterns obtained

by this method. It is evident that the crystallinity of a sample can be evaluated, since the

sharp peaks in intensity shown for crystals are absent in the pattern for the amorphous

material. By using a database of patterns obtained from known materials for comparison,

stoichiometry can quickly be identified using XRD.

3.2.2 Hall effect measurement

Hall effect measurements are used to determine the majority carrier type, concen-

tration, and mobility in a material. [24, 38, 46, 47] The premise of the Hall effect is the

Lorentz force, which is exerted on any charged particle moving through a magnetic field.

Figure 3.5 shows the experimental configuration for an n-type sample of physical

dimensions d× l×w. The current Ix is achieved by the applied potential Vx and hence
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Figure 3.4: Example XRD diffraction patterns for crystalline and amorphous solids. In-
tensity is plotted vs. 2θ by convention. [7]

Figure 3.5: Experimental configuration for the Hall effect measurement. [8]
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an electric field Ex. The magnetic field ~B is directed along the z-axis. A force ~F is thus

exerted on the electrons in the material according to the Lorentz force [8, 45, 47],

~F = q(~E +~vn×~B), (3.4)

where q is the charge of the particle (in this case an electron of charge -q), ~E is the applied

electric field in the x-direction, and ~vn is the electron drift velocity. Note that the direction

of electron flow is opposite that of conventional current. The Lorentz force deflects the

path of electrons towards the negative y-direction as they traverse the semiconductor. This

deflection induces a Hall voltage VH along the y-axis, which is assessed in the Hall effect

measurement. In a p-type material, majority carrier holes with charge +q would deflect

in the same direction as the electrons of the n-type sample. The resulting VH would

accordingly have opposite polarity. The Hall coefficient is given by

RH =−VHd
IxB

, (3.5)

with the sign of RH indicating the type of majority carrier (RH > 0 for p-type and RH

< 0 for n-type). Its magnitude is used to calculate carrier concentration by the relation

RH =
1

qno
for electrons, and

=
1

qpo
for holes,

(3.6)

where no and po are the equilibrium electron and hole concentrations, respectively. Hall

mobility is then given by

µH =
l
w

(
VH

VxBz

)
. (3.7)

In practice, the Hall mobility is higher than the conduction mobility due to errors arising

from contacts of a finite size and location within the periphery of the sample. [8] These

effects may be reduced by employing shadow masks with a cross pattern to deposit thin

films, or by increasing Bz or Vx. [5, 45, 47]
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Figure 3.6: Experimental setup for measuring transmitted and reflected intensities.

3.2.3 Optical transmission and reflection

Optical tests were performed on thin-films to determine the material’s optical band

gap, EG, and absorption coefficient, α. Substrates used for this technique must be trans-

parent to the wavelengths of interest, such as fused silica.

Figure 3.6 shows the experimental setup for the measurement. The source provides

incident light of intensity Ii and wavelength λ, which propagates through a fiber optic

cable and is emitted normal to the sample of thickness d. The light reflected back towards

the left is coupled into another optical fiber and propagates to the reflection detector where

its intensity, IR, is measured. For samples with high surface roughness, diffuse reflection

will serve to lower the detectable reflection intensity. In order to achieve high accuracy,

reflection should be as specular as possible. [48] Intensity of the transmitted light, IT

is measured by the transmission detector in a similar fashion. Transmittance (T) and

reflectance (R) are percentages of these measured intensities compared to the incident
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beam, and are functions of wavelength:

T =
IT

Ii

R =
IR

Ii
.

(3.8)

The absorption coefficient may then be approximated according to Beer’s Law, [48]

T
1−R

= e−αd. (3.9)

The measurement is executed over a range of wavelengths and the material’s band gap is

determined by plotting absorption coefficient vs. incident photon energy. [23] For indirect

band gap materials, α
1
2 is plotted vs. hν. The band gap is determined by extrapolating the

curve to intercept the x-axis. A similar method is used for direct band gap materials by

plotting α2 vs. hν.

The system used for research presented in this thesis employed an InGaAs detec-

tor for the near-infrared (NIR) range (800–2600 nm) and a Si detector for the ultravi-

olet/visible (UV/V) range (200–1100 nm) for a total combined range of 200–2600 nm.

[48] The UV/V source used both deuterium (250–450 nm) and halogen (450–1000 nm)

lamps. The NIR source was a halogen lamp (1000–2200 nm).

3.2.4 X-ray reflectivity (XRR)

X-ray reflectivity (XRR) measurements were used to determine thickness, density,

and surface roughness of both single layer and multilayer thin-films. [49, 50] In XRR,

incident x-rays are emitted towards the sample and impinge on the surface at angle ω

with respect to the plane, as shown in Fig. 3.7. While some rays are reflected at the film

surface, others propagate through the material and reflect at the film-substrate interface.

[51] Interference occurs between the two rays, and can be observed by plotting reflectivity

vs. ω or 2Θ as shown in Fig. 3.8. A computer-based model is generated to fit the

experimental data and determine the properties of the sample. Film density is extracted
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Figure 3.7: X-ray reflection at the thin-film surface and film-substrate interface.

from the critical angle, at which a sharp drop in reflectivity occurs. The distance between

reflectivity maxima indicates film thickness. Average slope in the decay of reflectivity is

related to surface roughness, and the difference in density between layers and interface

roughness can be determined from the oscillation amplitude. [9]

3.2.5 Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry (SE) is an optical characterization technique which may

be used even for samples on metallic or other non-transparent substrates. Light reflected

from the sample is measured to determine the material thickness, complex index of re-

fraction, dielectric constant, absorption coefficient, and band gap. [52] A multitude of

material types can be characterized with SE, including dielectrics, semiconductors, met-

als, and multilayered structures. [53] SE differs from other types of ellipsometry in its

capacity to use a range of wavelengths and generate spectra from measured data. [23]

Measurements in the ultraviolet, visible, and infrared ranges are all commonly used.

The setup, shown in Fig. 3.9, uses a monochrometer to generate incident light of

wavelength λ. This light propagates through a fiber optic cable to the input unit, where it
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Figure 3.8: Plot of x-ray reflectivity vs. incidence angle. [9]

is emitted towards the sample. Reflected light is received by the detector unit as shown

in Fig. 3.10. The goniometer base controls the rotation of the source and detector units

relative to the sample stage in order to achieve a range of incidence angles.

Incident light impinging on the sample is linearly polarized with equal amplitudes

of both s- and p-polarizations. [52, 54] After reflection by the sample, the detected light

has s- and p- polarizations which may be out of phase and of different amplitudes. Pa-

rameters of interest are the amplitude ratio, Ψ, and the phase difference, ∆. [52, 55] Ψ

and ∆ are related by the equation,

tan(Ψ)exp(i∆) =
(

N1 cosΘ0−N0 cosΘ1

N1 cosΘ0 +N0 cosΘ1

)
/

(
N0 cosΘ0−N1 cosΘ1

N0 cosΘ0 +N1 cosΘ1

)
, (3.10)

where N0 and N1 are the complex refractive indices of air and the sample, respectively,

and Θ0 and Θ1 are the angles of incidence on the film surface and film-substrate interface,

respectively. This relationship is used to determine the complex refractive index of the
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Figure 3.9: Variable angle spectroscopic ellipsometer tool schematic. An external control
box (not shown) controls the detector unit and sample stage rotation.

Figure 3.10: Overhead view of the variable angle spectroscopic ellipsometer, showing the
reflection of light incident on the sample.



53

film. The imaginary part of the refractive index, the extinction coefficient k, is used to

determine the absorption coefficient, α.

α =
4πk
λ

(3.11)

By plotting α vs. incident photon energy, the onset of absorption and thus the band gap

of the material is determined. [53]

3.2.6 Photoelectrochemical (PEC) cell measurements

As an alternative to fabricating an entire solar cell, performance of the absorber may

be evaluated through the synthesis of a photoelectrochemical (PEC) solar cell. A PEC cell

uses a liquid electrolyte to form a rectifying junction with the absorbing semiconductor,

[56, 57] as shown in Fig. 3.11.

A PEC cell is made by connecting the semiconducting photoelectrode to a metal

counter electrode via an external circuit. Both of these electrodes are then submerged in

an electrolyte containing a redox couple, forming the device depicted in Fig. 3.11. [57]

Similar to the Schottky barrier, band-bending occurs to bring the device into a state of

equilibrium with the photoelectrode’s Fermi level aligning with the electrolyte’s redox

potential, Eredox. [56] Light of energy hν incident on the photoelectrode generates pho-

tocarriers, with the minority carrier holes traveling to the electrolyte where an oxidation

reaction occurs (A−→ A). Similarly, the photogenerated majority carrier electrons travel

through the external circuit to the counter electrode, where the opposite reaction occurs

(A→ A−).

Several important parameters regarding solar cell performance may be extracted

from PEC cell current-voltage measurements, including short-circuit current (ISC), open-

circuit voltage (VOC), fill factor (FF), and the cell conversion efficiency. [57]
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Figure 3.11: Energy band diagram of a PEC cell with an n-type photoelectrode and elec-
trolyte containing the redox couple A, A−.

3.3 Conclusion

This chapter provides an overview of experimental methods used for synthesis and

characterization of materials presented in this thesis. Techniques used for deposition of

thin-films are first discussed, including pulsed laser deposition and electron-beam evap-

oration. A description of post-processing techniques for modification of precursor stoi-

chiometry follows.

The various analytical techniques discussed in this chapter consist of optical and

electrical analysis. Many of the important material parameters for solar absorbers (as

discussed in Chapter 2) are determined using these techniques. Material bandgap, ab-

sorption coefficient, carrier type and concentration, and mobility may all be determined

through the combined use of optical transmission and reflection, variable angle spectro-

scopic ellipsometry, and Hall effect measurements. Additional information about material



55

identification and absorber performance may be determined using x-ray diffraction, x-ray

reflectivity, and PEC measurements.
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4. Cu3PSe4 THIN-FILMS

Cu3PSe4 has been a material of interest for potential solar absorber application for

over 20 years, and its crystal structure was first reported almost 20 years before. [30,

58] In addition to a favorable bandgap and high optical absorption, Cu3PSe4 lacks both

indium and tellurium, which are rare and expensive. The cost of large-scale production of

Cu3PSe4 devices could therefore be lower than that of the popular CdTe and Cu(In,Ga)Se2

(CIGS) solar cells.

This chapter begins with a summary of previously known material properties of

Cu3PSe4 supporting its candidacy as a solar absorber. Data acquired from polycrystalline

powder samples at Oregon State University is included. A discussion of thin-film fab-

rication follows, including preliminary failures and eventual successes in synthesizing

Cu3PSe4 thin-films. Finally, electrical and optical characterization of synthesized thin-

films is presented.

4.1 Introduction

Interest in Cu3PSe4 as a potential solar absorber was documented as early as 1991,

when single-crystal measurements demonstrated a direct bandgap of 1.4 eV, p-type con-

duction with carrier concentrations of 1016− 1017 cm−3, mobilities of 20 cm2/Vs, and

an absorption coefficient above 105 cm−1. [30] The Cu3PSe4 crystal structure is the

wurtzite-based enargite (Cu3AsS4) structure, with an orthorhombic unit cell as shown in

Fig. 4.1. [10, 30, 58, 59, 60] Its lattice parameters are a = 7.685 Å, b = 6.656 Å, and

c = 6.377 Å.

Figure 4.2 shows the calculated energy band structure for Cu3PSe4, with a direct

bandgap of 1.38 eV at the Γ point. [10] This value is in close agreement with diffuse

reflectance measurements of polycrystalline powder samples, which indicated an optical
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bandgap of 1.4 eV. Both of these values are well within the range of desired bandgaps for

solar absorbers (1.3–1.6 eV). [30]

Optical absorption of Cu3PSe4 is comparable to that of GaAs and CIGS. [10] The

calculated absorption coefficient, α, for Cu3PSe4 is shown in Fig. 4.3 along with mea-

sured data for GaAs and CIGS for comparison. Absorption for Cu3PSe4 exceeds 105

cm−1 for incident photon energies above 2.6 eV, and is greater than that of GaAs over

the range 520 < λ < 660 nm. Although the absorption coefficient of CIGS is greater than

that of Cu3PSe4, its bandgap is significantly lower (1.15 eV). This detrimentally limits

the attainable open-circuit voltage for CIGS solar cells, as discussed in Chapter 2.

The calculated absorption coefficient is used to determine the spectroscopically

limited maximum efficiency (SLME) of Cu3PSe4, shown in Fig. 4.4. SLME is an ex-

pansion on the Shockley-Quiesser limit for solar cell efficiency, which is dependent only

on the material’s bandgap. By considering the effects of nonradiative recombination pro-

cesses, the AM1.5 solar spectrum, and absorption coefficient, SLME provides a method

of screening potential absorber materials. [28] Solar cell efficiency for Cu3PSe4 is shown

as a function of absorber layer thickness. For absorber layers over 500 nm in thickness

the maximum efficiency exceeds 28% . Since this value is significantly higher than the

currently achieved maximum efficiencies of the leading thin-film solar cell technologies,

Cu3PSe4 is a viable absorber material.

The previously described electrical and optical data from crystalline and polycrys-

talline samples forms the premise for interest in Cu3PSe4 as a solar absorber. The purpose

of the research presented in this chapter is to fabricate Cu3PSe4 thin-films and evaluate

their performance for use in thin-film solar cells.
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Figure 4.1: Enargite crystal structure for Cu3PSe4, showing Cu (orange), P (red), and Se
(yellow) atoms.

Figure 4.2: Calculated energy band structure for Cu3PSe4. [10]
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Figure 4.3: Calculated absorption coefficient for Cu3PSe4 (red) along with experimental
data for GaAs (brown dashed) and CIGS (green dashed). The real (solid) and imaginary
(long-dashed) parts of the dielectric function ε are also shown. [10]

Figure 4.4: Calculated spectroscopically limited maximum efficiency (SLME) versus ab-
sorber layer thickness for Cu3PSe4 solar cells. [11]
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4.2 Experiment

This section delineates the experimental progression towards eventual success in

synthesizing Cu3PSe4 thin-films. The process included four experimental stages. Ini-

tially, pulsed laser deposition (PLD) process parameters were varied in an attempt to

deposit phase-pure Cu3PSe4 without post-processing. Secondly, post-deposition anneal-

ing was used to modify film stoichiometry. A variety of substrates were then employed

to improve film smoothness and adhesion. Finally, the anneal procedure was modified to

further improve film quality.

4.2.1 Pulsed laser deposition parameters

Pulsed laser deposition (PLD) process parameters were varied to observe their ef-

fects on resulting samples. A study of substrate heating was first performed, with depo-

sitions spanning the temperature range of 25–500 ◦C. The effect of varying laser fluence

from 1 to 2.3 J/cm2 was then observed for constant substrate temperature. All films dis-

cussed were deposited by ablation of a polycrystalline Cu3PSe4 pressed pellet using a

laser repetition rate of 7 Hz. The effects of substrate heating and laser fluence were eval-

uated by comparison of measured XRD spectra for the produced thin-films.

Figure 4.5 shows the measured XRD patterns for films deposited by PLD with

various substrate temperatures. All depositions employed a laser fluence of 1 J/cm2.

Depositions at room temperature produced amorphous films, while heating the substrate

to 300 ◦C produced polycrystalline films composed of the P- and Se-deficient Cu7PSe6

phase. Further increasing the temperature served to promote P- and Se-deficiency by

introducing the Cu1.8Se Berzelianite phase. The intensity of Berzelianite peaks increased

with substrate temperature between 350 and 450 ◦C. No P was retained in films deposited

on 500 ◦C substrates, which were phase-pure Cu1.8Se. At no temperature was the desired

Cu3PSe4 phase successfully transferred from the target to the substrate.
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Figure 4.6: Measured XRD spectra for films deposited by PLD at various laser fluences
on 300 ◦C substrates. Cu7PSe6 (red) and Cu1.8Se (green) reference spectra are shown for
comparison.

A study of the effect of laser fluence similarly failed to produce the Cu3PSe4 ma-

terial. Fluence was varied over the range of 1–2.3 J/cm2, with substrate temperature held

constant at 300 ◦C. Measured XRD patterns of samples produced are shown in Fig. 4.6.

Phase-pure Cu7PSe6 samples were deposited using a fluence of 1 J/cm2. Increasing the

fluence to 1.5 J/cm2 introduced the Cu1.8Se impurity, the concentration of which was

increased by further raising the fluence to 2.3 J/cm2.

Varying substrate temperature and laser fluence failed to produce Cu3PSe4 thin-

films as-deposited, with all samples showing P and Se deficiencies. The effects of in-

creasing substrate temperature and laser fluence were similar, both serving to increase

the concentration of the Cu1.8Se impurity in deposited films. This result is surprising,

since substrate heating and high fluence typically improve preservation of the desired

stoichiometry and promote stoichiometric vaporization of the target. Subsequent experi-

ments used post-processing anneals to reintroduce P and Se into the films.
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4.2.2 Post-deposition anneals in P and Se

Sealed-tube anneals were used to modify the stoichiometry of thin-films deposited

by PLD (see Chapter 3). Anneals presented in this thesis were performed on films con-

taining Cu7PSe6 and/or Cu1.78Se phases, which were faithfully reproduced by PLD using

the process parameters discussed above. Initially, two anneal processes were used; anneal

’A’ was performed in a sealed tube containing phosphorus powder, and anneal ’B’ was

performed in a sealed tube containing both phosphorus and selenium powders. Tempera-

ture in both anneals was ramped up to 450 ◦C at a rate of 2 ◦C/minute. The temperature

was held for 2 hours and ramped down at the same rate. Anneal ’B’ successfully pro-

duced phase-pure Cu3PSe4 films, as determined by XRD. The measured spectrum for

such a film on glass is shown in Fig. 4.7.

Although the desired material was successfully synthesized by this method of post-

deposition annealing, resulting films consistently showed high surface roughness and

poor adhesion to the substrate. Since the as-deposited films grown by PLD were smooth

and showed good adhesion, it was determined that the annealing procedure promoted a

decrease in film quality. Annealing experiments performed with only Se powder indi-

cated that the film quality was dramatically degraded after the vaporization of Se powder

but before the P vaporization.

4.2.3 Effect of different substrate materials

Cu3PSe4 thin films were synthesized on a variety of substrate materials to improve

film smoothness and adhesion. Initial experiments utilized insulating substrates, such as

glass and fused silica, to allow resulting samples to be measured with electrical charac-

terization techniques without electrical conduction occurring in the substrate. Since these

materials are transparent to visible wavelengths, they additionally allowed optical trans-

mission measurements to be performed. All Cu3PSe4 films grown on these substrates
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Figure 4.7: Measured XRD spectrum for a Cu3PSe4 thin-film sample (blue) and the
Cu3PSe4 reference spectrum (red) for comparison. The sample was deposited by PLD
with a 300 ◦C substrate temperature and laser fluence of 1 J/cm2, and annealed at 450 ◦C
in a P and Se background.
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exhibited poor adhesion and smoothness after the annealing procedures discussed above.

This is consistent with the documented difficulty in adhering Cu metallization layers to

many dielectrics. [38, 61]

The transparency and insulating qualities of dielectric substrates were sacrificed

in order to improve adhesion. Several materials are known to be adhesion promoters

between Cu and SiO2, including Cr, Ti, Nb, Al, and Mg. [38, 61] Of these, Ti and

Al are the most readily available for deposition by thermal evaporation at Oregon State

University. Higher work-function metal substrates are preferred for deposition of p-type

semiconductors in order to promote ohmic contact formation, as described in Chapter

2. Therefore, Ti was chosen for its higher work-function than Al (φTi = 4.33 eV, φAl

= 4.1 eV). [24, 62] Post-deposition anneals of films deposited by PLD on Ti substrates

succeeded in synthesizing Cu3PSe4 with improved adhesion and smoothness compared

to films on glass. Similar results were achieved on titanium nitride (TiN), commonly used

as a diffusion barrier material between Cu and SiO2. [63, 64, 65]

Although Mo is not a typical adhesion promoter for Cu thin-films, its relatively

high work-function (4.6 eV) and tendency to form MoSe2 make it a popular back con-

tact material for CIGS solar cells. [15, 26] Experiments performed with Mo substrates

succeeded in synthesizing Cu3PSe4, although the film roughness was greater than that of

films deposited on Ti.

Although the use of an alternative substrate material improved the adhesion and

smoothness of annealed films, they remained too diffuse for optical characterization tech-

niques to be used. Modification of the anneal procedure was necessary for achieving

higher quality Cu3PSe4 films.
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4.2.4 Post-deposition anneals with P4Se3 powder

The anneal procedure was revised in an attempt to improve film smoothness and

adhesion. P4Se3 powder was acquired and used in subsequent anneals as an alternative to

both P and Se powders. Since P4Se3 has a reported melting point of 246 ◦C, the necessary

annealing temperature was reduced to 200 ◦C under vacuum. [66] Dissociation of the

P4Se3 molecule provided gas phase P and Se atoms simultaneously, thereby avoiding an

initial selenization and subsequent phosphorization of the film.

Figure 4.8 shows the measured XRD patterns for thin films resulting from sealed

tube anneals with P4Se3 powder at various temperatures. Temperatures of 200 ◦C or

greater were required to synthesize phase-pure Cu3PSe4 samples. The Cu7PSe6 impurity

phase was observed in samples annealed at 175 ◦C, even for hold times increased to 3

hours. Excessively high temperature anneals (450 ◦C) produced samples with a high de-

gree of crystallinity, observed in the tall, narrow peaks measured by XRD. Such samples

were essentially layers of polycrystalline powder coating the substrate. They demon-

strated poor material quality, with extremely high surface roughness and poor adhesion.

Anneals at 200 ◦C produced the highest quality Cu3PSe4 thin-films. Samples an-

nealed at this temperature maintained strong adhesion to fused silica substrates and low

surface roughness. The use of transparent, insulating substrates allowed optical transmis-

sion and electrical characterization of these thin-films.

4.3 Characterization of thin-films

This section includes the optical and electrical characterization Cu3PSe4 thin-films

synthesized by PLD and post-deposition annealing at 200 ◦C with P4Se3 powder.
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Figure 4.8: Measured XRD spectra for samples annealed at different temperatures.

4.3.1 Optical transmission and reflection

The measured absorption coefficient (α) of Cu3PSe4 thin films is shown in Fig.

4.9. The observed optical bandgap is ∼1.2 eV, indicated by the large increase in α at

this energy. Although this bandgap is less than the calculated value of 1.38 eV, it is still

within the range of acceptable bandgaps for solar cell absorber materials. The absorption

coefficient reaches a satisfactory value of 105 cm−1 for photon energies >∼2.5 eV, but the

turn-on is more gradual than is desired. Absorption reaches 105 cm−1 at photon energies

∼1.3 eV above Eg, where the transition is preferred to occur within 1 eV.

4.3.2 Electrical characterization

Electrical characterization of Cu3PSe4 thin-films included Hall effect and four-

point probe measurements. Hall effect measurements indicated p-type conduction, with

hole concentrations of 3.3–4.9×1016 cm−3. These values are within the range of accept-

able carrier levels for solar absorbers (1014–1016 cm−3). Measured hole Hall mobilities
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Figure 4.9: Measured absorption coefficient for a Cu3PSe4 thin-film sample.
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were in the range of 19.8–30.3 cm2/V·s. Resistivities measured with the Hall effect mea-

surement system (5.5–5.92 Ω·cm) are similar to those obtained by the four-point probe

(5.0 Ω·cm).

4.4 Conclusion

This chapter describes the first thin-film research directed to the Cu3PSe4 mate-

rial. The primary difficulty faced in this work was fabricating Cu3PSe4 thin films of

sufficient quality for characterization. After a study of PLD process parameters failed to

produce Cu3PSe4 thin-films as-deposited, post-deposition anneals were used to modify

film stoichiometry. The best Cu3PSe4 thin-films were synthesized by annealing thin-film

precursors containing Cu7PSe6 and Cu1.8Se phases in the presence of P4Se3 powder at

200 ◦C for 1 hr.

Experimental results from Cu3PSe4 thin-film characterization support its use as a

solar absorber material. Optical transmission and reflection measurements indicate ab-

sorption above the desired level of 105 cm−1, with an optical bandgap of ∼1.2 eV. Elec-

trical measurements indicate satisfactory mobility and carrier concentrations.



70

5. CuTaS3 THIN FILMS

Although the crystal structure of copper tantalum trisulfide (CuTaS3) was first deter-

mined in 1964, little work has been done on the material over its 58 year history. [67] No

potential application existed until researchers at NREL identified CuTaS3 as a potential

solar absorber. Structural calculations indicating a bandgap of 1.37 eV and high optical

absorption for CuTaS3 formed the impetus for the thin-film synthesis and characterization

presented in this chapter. The maximum efficiency of CuTaS3 solar cells is projected to

be greater than those currently achieved by leading thin-film solar cell technologies.

This chapter begins with an overview of previously known material properties of

CuTaS3. The crystal structure is presented, along with calculations supporting its suitabil-

ity for solar absorption. A description of experiments performed in this thesis research

follows. Lastly, experimental results are presented and analyzed.

5.1 Introduction

The crystal structure of CuTaS3, as more accurately redetermined in 1987, is shown

in Fig. 5.1. The structure is orthorhombic with lattice parameters a = 9.488 Å, b =

3.486 Å, and c = 11.754 Å. [12, 68] Chains of CuS4 tetrahedra and TaS6 octahedra link

to form a honeycomb-like pattern with large channels in the [010] direction. [12, 69]

Figure 5.2 shows the calculated absorption coefficient (α) of CuTaS3. A rapid turn-

on in absorption is observed, with α exceeding 105 cm−1 within 0.5 eV of the bandgap.

This further supports the material’s promise as an effective solar absorber.

The spectroscopically limited maximum efficiency (SLME) of CuTaS3 is shown

as a function of absorber layer thickness in Fig. 5.3. For absorber layers over 500 nm

in thickness the maximum efficiency exceeds 30% . Since this value is significantly

higher than the currently achieved maximum efficiencies of the leading thin-film solar
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Figure 5.1: Crystal structure for CuTaS3 showing Cu (small white circles), S (large white
circles), and Ta (black dots). Large channels in the [010] direction are visible. [12]

Figure 5.2: Calculated absorption coefficient for CuTaS3. [11]
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Table 5.1: Comparison of CuTaS3 efficiency to leading thin-film solar cell technologies.

Absorber Material: CdTe CIGS a-Si CuTaS3

Efficiency: 16.5% 20% 15% 30% †

Absorber Thickness: 6 µm 2 µm 300 nm 500 nm †

† Potential maximum efficiency according to SLME calculations.

Figure 5.3: Calculated SLME for CuTaS3. [11]

cell technologies, CuTaS3 is a viable absorber material. Table 5.1 shows a comparison

between the SLME for CuTaS3 and reported maximum efficiencies achieved by CdTe,

CIGS, and a-Si solar cells.

The above-mentioned background information provided the motivation for synthe-

sis of CuTaS3 thin-films. The remainder of this chapter illustrates the experimental proce-

dures followed for successful thin-film fabrication, as well as the results of their electrical

and optical characterization.
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5.2 Experiment

Synthesis of CuTaS3 thin-films was accomplished through modifying the proce-

dures used previously to fabricate Cu3TaS4 at Oregon State University. [5] Three meth-

ods were attempted: sulfurization of Cu-Ta multilayer precursors, sulfurization of Cu-Ta

quasi-alloy precursors, and electron-beam evaporation of CuTaS3 pellets. All samples

discussed in this chapter were deposited on fused silica substrates.

5.2.1 Sulfurization of Cu-Ta thin-film precursors

The process for sulfurizing Cu-Ta precursors is depicted in Fig. 5.4. Cu and Ta

layers were deposited by either pulsed laser deposition (PLD) or electron-beam (e-beam)

evaporation, with layer thicknesses chosen to provide an equal number of Cu and Ta

atoms. This deposition was performed either (a) at room temperature to form multilayer

structures, or (b) on substrates heated to 350 ◦C to form uniformly mixed Cu-Ta quasi-

alloys in which interdiffusion of Ta and Cu occurs and no layers are present. Sulfur

was then introduced to the films (c) through post-deposition annealing with temperatures

ranging from 400–800 ◦C. Sealed tube anneals with excess S powder were primarily used,

as well as tube furnace anneals under flowing H2S gas with excess S powder.

PLD was used in initial experiments for deposition of Cu-Ta quasi-alloys. Laser flu-

ence varied from 3.375–7.5 J/cm2, and laser repetition rate was 7 Hz. These large fluences

are consistent with the high ablation threshold of metals. [34] Total film thicknesses were

∼133 nm, deposited by alternating between pure Ta and Cu targets using a programmable

looping routine editor built into the system. The most successful such experiment yielded

films composed of 65% CuTaS3 and 35% Cu3TaS4, after a 6 hr sulfurizing anneal at 700

◦C.

E-beam evaporation was used as an alternative method for depositing Cu-Ta precur-

sors over larger areas with improved control of film thickness, after precursors deposited
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Figure 5.4: Process flow of sulfurization of CuTa precursors, showing (a) CuTa multilay-
ers, (b) CuTa quasi-alloy, and (c) tube furnace sulfurization. Sealed tube anneals were
also performed as an alternative to using the tube furnace.

by PLD demonstrated poor thickness uniformity over 1 cm2 substrates. CuTaS3 was suc-

cessfully synthesized from post-deposition anneals of thin-film precursors deposited by

e-beam evaporation, in which a 22 nm-thick layer of Cu was grown on a 40 nm-thick

Ta layer at room temperature. The bilayer precursor was then sulfurized at 650 ◦C for

1 hr. Figure 5.5 shows the measured XRD spectrum. This experiment proved hard to

reproduce as controlling the stoichiometry of the Cu-Ta precursors was difficult. In such

multilayer precursors, Ta was deposited directly onto the substrate due to its use as a Cu

diffusion barrier material. [70, 71]

5.2.2 Electron-beam evaporation of CuTaS3 pellets

Previous work at Oregon State University demonstrated the best results in films

made directly from phase-pure targets, rather than sulfurization of precursors. A pellet

was fabricated which contained both CuTaS3 and Cu3TaS4 phases. This pellet was used

for electron beam evaporation to deposit thin-films at substrate temperatures varying from



75

Figure 5.5: Measured XRD spectrum for CuTaS3 sample (blue) with CuTaS3 reference
spectrum (red) shown for comparison. The sample was deposited by e-beam (40 nm Ta
and 22 nm Cu) and then annealed in a S ambient.

room temperature ( 20 ◦C) to 300 ◦C. Depositions at room temperature yielded CuS and

those performed at 300 ◦C produced Cu1.8S. In both cases, the refractory metal Ta was

not successfully evaporated from the pellet.
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Figure 5.6: Measured absorption coefficient (α) for a CuTaS3 thin-film sample prepared
by sulfurization of a Cu-Ta multilayer precursor.

5.3 Results

Figure 5.6 shows the absorption coefficient for a CuTaS3 thin-film, determined by

optical transmission and reflection measurements. The optical bandgap, indicated by the

onset of absorption, occurs at approximately 1 eV. This value is lower than the calculated

bandgap for CuTaS3 (1.32 eV), and is barely within the range of acceptable bandgaps for

solar absorbers (∼1–1.6 eV). [26, 27, 28, 30] The turn-on of absorption is sufficiently

rapid, with α reaching 105 cm−1 within 0.5 eV of the bandgap. A simple two probe con-

ductivity test of the film demonstrated insulating behavior, so Hall effect measurements

were not performed.
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5.4 Conclusion

The research presented in this chapter constitutes the entirety of all work performed

on CuTaS3 thin-films to date. Successful fabrication of CuTaS3 thin-films was demon-

strated, although they proved excessively difficult to reproduce. It is speculated that this

difficulty results from the variability of the Cu-Ta precursor stoichiometry. Growth rates

for Cu and Ta thin-films deposited by e-beam evaporation were frequently recalibrated,

but with limited success.

Optical characterization of CuTaS3 samples showed strong absorption (α > 105

cm−1). The observed optical bandgap was less than ideal (∼1 eV), but may still be ac-

ceptable for a solar absorber. The insulating behavior of thin films is suspected to be due

to the poor quality of the films produced to date. This may possibly be improved by vary-

ing precursor layering schemes or anneal process parameters. The predicted suitability

of CuTaS3 for solar absorber applications cannot be fully confirmed without validating

electrical characterization results.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

6.1 Conclusions

The aim of this research work was to fabricate and characterize thin-films of po-

tential solar absorber materials. Two ternary chalcogenides, Cu3PSe4 and CuTaS3, were

selected for their calculated absorption properties, elemental abundance, and non-toxicity.

Both materials were successfully fabricated by post-deposition anneals performed on

thin-film precursors deposited by PVD techniques. Characterization of the synthesized

thin-films demonstrated high optical absorption as predicted by structural calculations.

6.1.1 Cu3PSe4

Cu3PSe4 thin-films were synthesized by post-deposition anneals of films deposited

by PLD. The best results were achieved by annealing films containing both Cu7PSe6 and

Cu1.8Se phases, after PLD failed to produce Cu3PSe4 directly. Initial successes resulted

from annealing in the presence of P and Se powders at 450 ◦C, but film quality was

improved by annealing with P4Se3 powder at a lower temperature (200 ◦C).

Characterization of Cu3PSe4 thin-films supports the material’s use as a solar ab-

sorber. Optical transmission and reflection measurements show absorption above the de-

sired level of 105 cm−1, with an optical bandgap of ∼1.2 eV. Hall effect measurements

indicate appropriate Hall mobility and carrier concentrations of 19.8–30.3 cm2/V·s and

3.3–4.9×1016 cm−3, respectively.
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6.1.2 CuTaS3

The research presented in this thesis is the first study of CuTaS3 thin films, and

appears to constitute the majority of all research ever performed on the material itself.

Phase-pure thin-films proved exceedingly difficult to reproduce. This is consistent with

previous work at OSU using similar techniques on related materials. [5] Even with fre-

quent calibration of Cu and Ta growth rates for films deposited by e-beam evaporation,

thin-film precursors are suspected to have variable uncontrolled Cu-Ta ratios. Success

was achieved by annealing Cu-Ta bilayer precursors consisting of 22 nm Cu on 40 nm Ta

in the presence of S powder at 650 ◦C for 1 hr. E-beam evaporation of a polycrystalline

pellet containing CuTaS3 and Cu3TaS4 was also attempted, although films produced in

this manner were extremely Ta-deficient.

CuTaS3 thin-films were too insulating for electrical characterization to be per-

formed. However, optical transmission and reflection measurements indicated promising

absorbing behavior, with the absorption coefficient (α) exceeding 105 cm−1 within 0.5

eV of the bandgap. The measured optical bandgap was less than desired, at ∼1 eV.

6.2 Recommendations for future work

The research presented here forms the background for future work using Cu3PSe4

and CuTaS3 as solar absorbers. This section summarizes the next steps along the path

towards utilizing these materials for working PV devices.

6.2.1 Cu3PSe4

Further electrical characterization should be performed on Cu3PSe4 thin-films, in-

cluding PEC cell measurements. This would provide values for short-circuit current,

open-circuit voltage, fill factor, and cell conversion efficiency. Comparison to the calcu-

lated SLME would then be possible.
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Future use of Cu3PSe4 as an absorber layer in thin-film solar cells will benefit from

larger-area coverage than is presently achieved with PLD. In some cases, Cu3PSe4 thin-

films were achieved by annealing phase-pure Cu1.8Se precursors. This suggests the possi-

bility of depositing Cu-Se multilayer or alloy precursors by sputtering or e-beam evapora-

tion. Cu-Se sputter targets are presently commercially available. It should be determined

whether annealing sputtered Cu-Se precursors can successfully produce Cu3PSe4 thin-

films.

6.2.2 CuTaS3

Future work on CuTaS3 thin films will require a modification of the fabrication

process to improve the yield of sulphurization attempts. Since past work at Oregon State

University employed several different methods for synthesizing Cu3TaS4 thin-films, at-

tention should be given to exploring such alternatives. [5] These methods include the sul-

phurization of both Cu-Ta quasi-alloys and Cu-Ta multilayers consisting of more than two

layers. If an e-beam target with density >90% can be acquired, then depositing CuTaS3

directly by that method would be attractive alternative to the sulphurization anneal.

Electrical characterization is critical to further support the use of CuTaS3 as a solar

absorber. Higher quality thin-films with low resistivity are necessary, and will likely result

from an improved recipe for synthesis. Hall effect measurements should be performed to

determine carrier mobility and concentration. Efforts should be made to increase the

bandgap of CuTaS3 by substituting V on a Ta site, or Ag on a Cu site.
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