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ABSTRACT OF DISSERTATION
Impact of Lifetime Variations and Secondary Barriers on CdTe Solar-cell

Performance

The thin-film CdTe solar cell (generally n-CdS/p-CdTe) is one of the leading
candidates for terrestrial photovoltaic applications due to its low cost and high
efficiency. However, compared with single-crystal cells of comparable band gap,
there remains a significant voltage difference, where the best CdTe cells are about
250 mV below the best GaAs cells when an appropriate adjustment is made for
bandgap. Therefore, the fabrication of high-voltage CdTe solar cells is one of the
major and critical challenges in recent years. From a device-physics point of view,
variations in carrier lifetime, carrier (hole) density, and other aspects such as a back
electron reflector, should be able to improve the voltage and efficiency.

This dissertation systematically studies the impact of lifetime variations and
secondary barriers on CdTe solar-cell performance. Numerical simulation is used to
evaluate how combinations of lifetime, carrier density, interfacial recombination, and
back barriers affect cell behaviors. Strategies to improve voltage and cell performance
are explored. The experimentally observed characteristics with significant back-
contact barrier (back-hole barrier) are explained. Current-voltage distortion which

would result from a front barrier is also discussed.
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In the absence of secondary barriers, higher voltage and fill factor should be
obtained, but only by a moderate amount, when the carrier lifetimes are increased
from today’s typical value (0.5 ns). Similarly, increased hole density (above the
typical 2 x 10" c¢m™) should lead to higher voltage, but with today’s lifetimes, low
collection outside the depletion region will lead to a drop in the current. Hence, both
higher lifetime and higher carrier density are needed to obtain significantly higher
voltage.

The effect of lifetimes with secondary back barriers is also explored. The
combination of a significant back-hole barrier and a typical CdTe carrier density leads
to two competing mechanisms that can alter the J-V characteristics in two different
ways depending on the lifetime. One is a hole limitation on current in forward bias,
which reduces fill-factor and efficiency. The second is a high electron contribution to
the forward diode current, which results in a reduced voltage. CdTe solar cells are
particularly prone to the latter, since the combination of a wide depletion region and
impedance of light-generated holes at the back contact increases electron injection at
the front diode. Simulated J-V curves illustrating the two major effects are in good
agreement with experimental curves that have been observed in recent years.

When an effective electron reflector is present at the back contact, the voltage
should be increased because of the reduced voltage-limiting back recombination, and
the lifetimes for high efficiency need not to be particularly high. A fully depleted
CdTe layer (hole density of 2 x 10" cm™) with such a back-electron reflector and
moderate lifetime should significantly increase voltage. The electron reflector could

of course be applied to CdTe that is not fully depleted. In this case, the benefit is
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relatively small when the lifetime is moderate, because the carrier densities at the
back would not be large enough for back recombination to significantly lower the
voltage.

A secondary front barrier in CdS/CdTe solar cell may block the electron
current at both directions in the front. There are several possible causes for such a
front barrier: high conduction-band offset (CBO) between TCO and CdS, highly
photoconductive CdS layer, or a dipole CdS on the p-type CdTe layer. Numerical
simulations show that high front barrier caused by dipole CdS may result in fill-factor
and efficiency losses, thus J-V distortion. The maximum energy difference between
the conduction band and the quasi-Fermi level for electrons in the front is the key

parameter.
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Chapter 1

Motivation

Why Solar Cells?

Traditional sources of energy, such as coal, liquid fossil fuels, and natural gas
will become scarce or run out as the present rates of use in the near future. Alternative
sources of energy may be developed to provide the energy requirements today and in
the future. Of all of these energy sources, solar energy is considered the most
consistent and abundant renewable source. The life of the sun is effectively infinite in
terms of human history, and its energy is being radiated to the earth whether it is used
or lost. Meanwhile, direct conversion of the solar energy produces no direct
contamination to the environment. In recognition of these advantages, photovoltaic
conversion of solar energy appears to be one of the most promising ways of meeting
the increasing energy demands of the future. Photovoltaic cells, commonly known as
solar cells, are devices made of semiconductor materials which convert solar energy
to electricity. To boost the power output of solar cells, individual cells are combined
to form a large scale photovoltaic system for terrestrial application. Today, the goal of

research and development in photovoltaic conversion is to produce commercially
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viable solar cells that have the following mutually related features: (1) low cost, (2)

high conversion efficiency, and (3) long operating lifetime.

Photovoltaics (PV)

I. PV system

For a large scale PV system, the simple combination of cost per square meter
divided by output power per square meter yields the key parameter, $/W,, which is
commonly used as the key PV metric. A peak watt, W, is the maximum power
generated by a cell in the course of an ideal day. There are two ways to lower the cost
of $/W,: one is reducing the manufacturing cost $/m’ [1, 2], and the other is
increasing the output power Wp/mz. Reduction of manufacturing cost can be achieved
by using small amounts of material and inexpensive processing. Low fixed costs of
support equipment and maintenance are required as well. Increases in the output
power can be achieved by increasing the cell efficiency, which is the efficiency that a
PV cell can convert the incident solar power into electrical power. Even if an
extremely inexpensive cell with a comparable high efficiency is available, factories
capable of large-area modules and large-volume production are required. Besides, to
be effective, a PV cell must have a sufficiently long operation lifetime to repay both

the financial cost and the energy required for its initial production.

II. PV history

The first practical solar cell was developed by Chapin, Fuller, and Pearson in

1954 using a silicon single-crystal cell [3]. They reported a solar conversion
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efficiency of 6%. Subsequently, the cadmium-sulfide solar cell with the same
conversion efficiency of 6% was developed by Raynolds et al [4]. The silicon single-
crystal cell became the first PV cell to have wide application for utilization in the
space program, and has been the primary focus of research and development for many
years. The cadmium-sulfide solar cell was the first thin-film PV system to receive
significant attention. To date, solar cells have been made in many other
semiconductors, using various device configurations, and employing single-crystal,

poly-crystal, and amorphous thin-film structures.

III. PV development

The development of terrestrial PV accelerated in response to the oil crises of the
1970s. Over the past 30 years, solar cell and module conversion efficiencies and
reliabilities have been increasing, manufacturing costs and prices of PV modules have
been decreasing, and markets have been growing at increasing rates. The
developments in the past 30 years can be divided by three decades [5]: (1) rapidly
increased funding for cost reductions in silicon single-crystal solar cell technology
and application development; (2) large development in solar-cell research progress; (3)
recognition of PV’s value as a major energy source. In the most recent decade, 24.7%
efficiency was achieved in crystalline silicon solar cells [6], 16.5% efficiency was
achieved in thin-film cadmium telluride (CdTe) solar cells [7], and 19.5% efficiency
was achieved in thin-film copper-indium-gallium-diselenide (CIGS) solar cells [8].
Although silicon single-crystal cells have enormous advantages in terms of high

efficiency and durability, it is doubtful that the single-crystal silicon technology can
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reach module cost below $1/W,,. The transition to a less material-intensive thin-film
technology is essential to allow low costs required for PV to reach its full potential in
the long term, since thin films are cheaper for a given production volume.

Figure 1.1 compares the learning curves and estimated learning curves for both
all PV modules and thin-film PV modules in terms of year 2000 dollars. Data are
reproduced from references [9] and [10]. The solid lines in Fig. 1.1 represent the
learning curves for all PV modules with a learning rate of 22% and for thin-film PV
modules with a learning rate of 21%. Here, learning rate is defined as the percentage
by which the price is reduced for each doubling of cumulative production. Therefore,
the extrapolated learning curves, shown as the dashed lines, have the same learning
rates as present. For all PV modules, a further increase of cumulative production by a
factor of 100, which would reach 1% of the world’s electricity, should make the cost
the same as the current cost for fossil fuels. Thin-film PV modules should have a
greater price advantage since the learning curve starts at a lower price base, and
should achieve the target price with lower production volumes. Learning curves,
however, are somewhat unpredictable and may experience a change in slope once the

PV technology reaches maturity, and the price may stabilize.

IV. PV future

Thin-film PV modules currently have a worldwide production of about 12% of
the total PV module production, which is dominated by crystalline silicon technology.
Since the thin films offer the greatest potential for significant cost reductions in the

foreseeable future, a transition to thin-film technology is essential in the future. This
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transition is well underway in the US, where thin-film production was approximately

equal to that of silicon in 2006.

100

1976
Learning Rate 22%
10 4 ' 'Aboutf1%bf‘ '
—_ World's Electricity
5 Thin-film PV
S ' ' 2002 -
8 Leaming Rate 21% ~. ~ 2010
a : LN N
~ \
/ ‘ \
Fossit Fuel \
. Break-even
Points
01 T 1 T T L] ]
0.1 1 10 100 1000 10000 100000 1000000

Cumulative Production [MW,]

Fig. 1.1: Learning curves and estimated learning curves for all PV modules and thin-
film PV modules in terms of year 2000 dollars.

Besides the reduced cost potential in the future, thin films also have advantage

in the energy payback for PV. Energy payback means how long a PV system needs to

operate to recover the energy that went into making the system [11]. In reference [11],

a payback of about 4 years is calculated for current multicrystalline-silicon

technology, and projecting the next 10 years in the future, a payback of 2 years is

estimated. For thin-film technology, payback of about 3 years is calculated using

current technology, and 1 year is estimated by 2009 using anticipated technology and

production growth.
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Producing PV modules requires commodity materials and specialty materials.
Hence, an additional question is: will we have enough materials for PV production in
the future? The answer is: reaching 20 GW of annual PV production in US would not
create any serious problems with material availability, but greater production levels
could be limited [12]. Improvements in PV technology will likely be the main driver:
technologies could use thinner layers, materials lost during layer fabrication could be

reclaimed and used, and elements could be substituted.
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Chapter 2

Background

2.1 Solar-cell basics

2.1.1 Solar energy and solar cells

The sun has produced energy for billions of years, and very significant amounts
of the solar radiation reach the earth. The rate at which the solar energy is received on
a unit surface, perpendicular to the sun’s direction, in free space depends on the
average distance from the sun is defined as the solar constant with a value of 1353
W/m?®. This source of energy is much greater than any projected energy needs.
Besides, it is renewable and non-polluting. Therefore, it has huge potential to meet
the energy demand in the world. Sunlight is composed of photons, or particles of
solar energy. These photons contain various amounts of energy corresponding to the
different wavelengths of the solar spectrum. When photons strike a solar cell, they
may be reflected, pass through, or be absorbed, depending on the property of the
semiconductor used in solar cell. Only the absorbed photons provide energy to

generate electrical energy.
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A solar cell is generally a p-n junction device with no external voltage applied
across the junction. This p-n junction consists of a single energy-bandgap E,. When
the solar cell is exposed to the solar spectrum, a photon with energy less than E,
makes no contribution to the cell output. A photon with energy higher than E, is
absorbed in the semiconductor and contributes an energy E, to the cell output, but the
excess energy above E, is wasted. Photons that are absorbed in the semiconductor
generate the electrons and holes, which are separated by the junction field. Therefore,
a solar cell converts the solar energy directly to electrical energy and delivers this

energy to a load.

2.1.2 p-n junction solar cells

2.1.2.1 Fundamental semiconductor concepts

For any semiconductor, there is a forbidden energy region in which electron
states cannot exist. Energy regions or energy bands only exist above and below this
energy gap. The upper bands are called conduction bands, and the lower bands are
called valence bands. The separation between the lowest conduction band and the
highest valence band is the bandgap E,, which is the key parameter in semiconductor
physics.
Intrinsic semiconductor

Intrinsic semiconductors are essentially pure semiconductor materials. The
semiconductor material structure should not contain impurity atoms. At thermal
equilibrium, which implies that no external electric field is acting on the

semiconductor, the number of occupied electrons in the conduction band is given by
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Elop

n= [N(E)F(E)dE 2.1)
Ec

where Ec is the energy at the bottom of the conduction band and the E,,, is the energy

at the top. N(E) is the density of allowed quantum states in the conduction band, and

the Fermi-Dirac distribution function F(E) represents probability that a state is

occupied, which is given by

1

1+ exp( E ;fF j

where k is Boltzmann’s constant, T is the absolute temperature, and Er is the Fermi

F(E)= (2.2)

energy. As a consequence, the thermal-equilibrium electron concentration in the

conduction band can be written as

2.3)

kT

where N is the effective density of states in the conduction band. Similarly, we can
obtain the thermal-equilibrium concentration of holes near the top of the valence band

EVZ

p=N, exp(— F—k‘T—EJ 2.4)

where Ny is the effective density of states in the valence band. For intrinsic
semiconductors, when electrons are excited from the valence band to the conduction
band, an equal number of holes are left in the valence band, that is n = p = n;, where

n; is the intrinsic carrier density, which is given by

n,=+N.N, exp(— L } (2.5)

2kT
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Extrinsic semiconductor

An extrinsic semiconductor can be formed from an intrinsic semiconductor by
adding impurity atoms to crystal in a process known as doping. Once the specific
dopants have been added, the thermal-equilibrium electron and hole concentrations
are different from the intrinsic carrier concentration given by Eq. (2.5). One type of
carrier will generally predominate in an extrinsic semiconductor. Dopants that add
electrons to the crystal are known as donors Np, which are positive if ionized, and the
semiconductor material is said to be n-type, since electron carriers predominate.
Dopants that accept electrons and create holes are known as acceptors N4, which are
negative if ionized. This type of extrinsic semiconductor is known as p-type, since
positive hole carriers predominate. The expressions previously derived for the
thermal-equilibrium concentrations of electrons and holes, given by Egs. (2.3) and
(2.4) are general equations for # and p in terms of Fermi energy.

When dopants are introduced, the Fermi level must adjust itself to preserve
charge neutrality. The charge neutrality condition is expressed by equating the density
of negative charges to the density of positive charge. If assuming complete ionization,
the charge neutrality condition can be written by:

n+N,=p+N, (2.6)
If we consider an n-type semiconductor in which n = Np, the Fermi level can be

determined by Eq. (2.3) as:

E.-E, =kT h{%] Q.7

D

10
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As the donor concentration is increased, the Fermi level moves closer to the
conduction band. If we consider a p-type semiconductor in which p = N4, the Fermi

level can be determined by Eq. (2.4) as:

A

E,—E, =kT 1{%} 2.8)

As the acceptor concentration increases, the Fermi level moves closer to the valence
band.
Non-equilibrium

When a semiconductor is not in thermal equilibrium, such as under illumination
or when a voltage is applied, the pn product is no longer given by n’, and the Fermi
level is no longer the same for electrons and holes. The concept of separate quasi-
Fermi levels for electrons and holes are introduced. To calculate these levels, one

usually writes » and p in terms of quasi-Fermi levels:

n=N_, exp(— %) (2.9)
E, -FE
p=N, exp(— —Fka 4 ) (2.10)

Other basic information concerning semiconductors can be found in many
semiconductor textbooks [13, 14].
p-n junction

The basic structure formed by the intimate contact of p-type and n-type
semiconductors is the p-n junction. When these two layers of semiconductor are
intimately joined, an exchange of charges takes place so that the Fermi level (or

quasi-Fermi level) becomes the same in both layers. Majority-carrier electrons in the

11
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n-region will diffuse into the p-region, and majority-carrier holes in the p-region will
diffuse into the n-region. The result is that positive donors are left in n-region, and
negative acceptors are left in p-region. An electric field is induced by the net positive
and negative charges in the region near the junction, with the direction from n to p
region. The two regions with positive and negative charges are referred to as the
space charge region (SCR). Since the SCR is depleted of any mobile charges, it is
also called depletion region.

A p-n junction can be a homojunction or a heterojunction, depending on
materials used to form the junction. A junction between n- and p-type layers of the
same material is called homojunction. Fig. 2.1 shows a homojunction under thermal-
equilibrium condition. The bandgaps are equal E,; = Eg,. The structure in Fig. 2.1
may not be optimal for a solar cell, since the light generation decreases exponentially
with penetration depth. If one assumes the light is incident from the n-side, most of
the generation occurs in the n-type quasi-neutral region (QNR) instead of SCR region,
where good collection would be ensured, because the generated carriers will be swept
out. If one thins the n-type material, the situation will be improved. This method is
often used in Si-based solar cells. Another method to improve the collection is to
utilize a different, larger-bandgap n-type material, which can shift the generation
directly to the SCR. A p-n junction formed between two different materials is called
heterojunction. Fig. 2.2 shows the heterojunction between n-CdS layer and p-CdTe
layer with E,(CdS) > E4(CdTe). Here, n-CdS layer is thin and highly doped, so that

the SCR is almost in CdTe layer. V}; in both Fig. 2.1 and Fig. 2.2 is referred to as the

12
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built-in potential, which is the height of the barrier for electrons in the conduction

band of the n region.

2 Homojunction
QNR E
ED C
11 ﬂ
— Vbi E
o, QNR 92
o
5 Egs Y
-1 -
ntype f——=i p-typ
2 l SCR .

0 1 2 3 4 5 6 7
position [jum]
Fig. 2.1: Energy band diagram of a homojunction under thermal-equilibrium
condition.

2
Heterojunction
EC
— p-CdTe
2 &
)
o
'3 1 ) 1 I
0 1 2 3 4

position [lum]
Fig. 2.2: Energy band diagram of a heterojunction between n-CdS and p-CdTe under
thermal-equilibrium condition.
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2.1.2.2 Current-voltage characteristics
Ideal-diode equation

When a forward bias voltage is applied across a p-n junction (p-type layer
positive and n-type layer negative), the built-in potential barrier V3; is lowered, and
electrons in the n region can flow to the p region and holes in the p region can flow to
the n region. The injected electrons in the p region and the injected holes in the n
region now become excess minority carriers. The gradients of these minority carriers
can produce the minority-carrier diffusion currents in the p-n junction. The total
current throughout the p-n junction is the sum of the individual electron and hole

currents which are constant throughout the depletion region, and can be written as

J=J, {exp(%j - 1} @.11)

where Jj is referred to as the reverse saturation current. This equation is known as the
ideal-diode equation, which often gives a reasonable description of the current-
voltage characteristics of the p-n junction.
Photovoltaic parameters of a solar cell

A solar cell is a p-n junction device with no external voltage applied. The solar
cell converts the solar power to electrical power and delivers this power to a load. Fig.
2.3 shows a p-n junction solar cell with a resistive load. Even with zero bias, there is
an electric field in the SCR. When the light is incident from the n side, the electron-
hole pairs are generated in the SCR, and will be swept out of the SCR and produce
the photocurrent J; in the direction of the electric field. As a consequence, J;
produces a voltage drop across the resistive load which forward biases the p-n

junction. The forward-bias voltage produces a forward-bias current Jr with direction

14
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opposite to J; as indicated in the figure. The net current of this pn-junction solar cell,

in the forward bias, is

J=J,.-J, =J, [exp(q—-J - 1} —J, 2.12)

when the ideal-diode equation is used.

Fig. 2.3: A p-n junction solar cell with a resistive load.

The current-voltage (J-¥) behavior for an ideal solar cell is shown in Fig. 2.4(a).
When the applied voltage is zero, the current is called short-circuit current J;.. For an
ideal solar cell, J is equal to the photocurrent J;. When the total current is zero, the
voltage produced is the open-circuit voltage V,.. One can find the current and voltage

which deliver the maximum power to the load by setting the derivative of power

15
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equal to zero, dP/dV = 0. Such current and voltage are referred to as the maximum-

power current Jn, and maximum-power voltage V. Therefore, we can define a fill

factor FF by

ooV mp

8¢’ oc

The conversion efficiency is given by

5 (2.14)

where P;, is the incident solar power on the solar cell.

40 g F
(a) :Ideal Solar Cell (b) Non-ideal Solar Cel
30 - A=1 A >1
& éRs =0 Rs > 1 Qcm?2 Rs
§ D1 == Fen < 1 kQcm?
Ew0{ ;
'g
S 0 : QP
S | Nv
-20 - Jrnp Vv |
N J i r,
-30 T —SC T T T T |—Sh| T T T T
02 00 02 04 06 08 10 -02 00 02 04 06 08 10 12
voltage [V] voltage [V]

Fig. 2.4: J-V characteristics of a p-n junction solar cell: (a) ideal dark and light J-V
curves and (b) non-ideal J-V behavior with series resistance, shunt resistance, and a
diode quality factor greater than 1.

However, for a non-ideal solar cell, the ideal J-V Eq. (2.12) must be modified

by including the series resistance R; from ohmic loss, shunt resistance ry from

16
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leakage current, the diode quality factor 4 from the current transport process (Sec.

2.1.2.3), and perhaps other non-ideal factors:

q(V-R.J) V-RJ
J=J,|exp| —————=|-1|-J, + g 2.1
oli p( kT J j| L r (2.15)

The effects of R, s, and 4 on J-V behavior are included in Fig. 2.4(b). The

equivalent circuit model for a non-ideal solar cell is shown in Fig. 2.5.

Fig. 2.5: Equivalent circuit model for a non-ideal solar cell.

Current-voltage analysis
The J-V analysis used in this work to determine the diode parameters follows

the four steps of procedure listed by Hegedus and Shafarman [15]. Eq. (2.15) is the

17
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fundamental diode equation for this analysis procedure. The analysis process is

illustrated in Fig. 2.6(a) - (d).

V=0 s -
Ve =088V , G=1r,,
30 4 ¢ d. =24.54 mAlem G = 0.38 mS/em?
_ - FF=79.62% 4 - Iy, = 2.6x10° ohms-cm?
T 20 1 n=17.28%
8 V=078V _
L ¢ : )
E 10 - Jpp = 2274 mAJem” . 531
2 5 @
g E
3 32
E 3
E
3
o
1 4
r 0
-02 00 02 04 06 08 10 1.2 04 -02 00 02 0.4 0.6 0.8
voltage [V} voltage [V]
20 108 o
R, = 0.05 ohms-cm? Jo=7.6x10® mA/em? .
A=178 A=1T77 °
102 o
15 1 b4
g NE
§ 3 10 A
£ £
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3 5100 1
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(1-dV/dJ*G)(J+J_ -VG) [em?mA] V-RJ[V]

Fig. 2.6: Four-step J-V analysis.

(a) The standard J-V curve. Jy, V,., FF and # can be derived from the J-V curve.
The next three plots are derived from this J-¥ curve.
(b) A plot of dJ/dV against V. If J; is constant, dJ/dV near J;. and in reverse bias,

where the derivative of the diode term in Eq. (2.15) becomes negligible, will be flat

18
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and the value in reverse bias equal to G = 1/ry. There might be some noise
particularly under illumination.

(c) A plot of dV/dJ against (1 - dV/dJ * G) / (J + J,.- GV). A linear fit to the
data gives an intercept of R, and a slope of 4k7/q, from which diode quality factor can
be calculated.

(d) A plot of J + J,.- GV in a logarithmic scale against V' - R.J using the value of
R from plot (c). Then the intercept gives the value of Jj, and the slope is q/A4kT.
Therefore, A can be calculated and compared with the value from plot (¢). For a well-
behaved polycrystalline solar cell, 4 is typically in the range 1.3 < 4 < 2, and the

values derived from plot (c) and (d) should agree well with each other.

2.1.2.3 Current transport mechanisms

In this section, the origin of the diode quality factor 4 will be discussed,
including why A4 is typically between 1 and 2. When one calculates the ideal-diode
equation (2.11), it is assumed that the electron and hole currents are constant
throughout the whole p-n junction. Then the total current is the sum of the minority-
electron diffusion current at the edge of the junction on the p-side and the minority-

hole diffusion current at the edge of the junction on the n-side. They can be written as

D
J = %’ﬂ[exp(%j - 1} 2.16)

n

D
J, = %[exp{%) - 1} 2.17)

p
where D, and D, are the electron and hole diffusion coefficients, n,9 and p.p are the

equilibrium electron concentration on the p-side and the equilibrium hole
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concentration on the n-side respectively, and L, and L, are the electron and hole

diffusion lengths with L =+/ D7, where 7 is the lifetime. Then the reverse saturate

current J in the ideal-diode equation (2.11) is given by

_ qgD,n,, . 9D, P,
L L

n P

Jo

(2.18)

Therefore the ideal-diode equation (2.11) calculates the diffusion current in a p-n
junction diode with a diode quality factor 4 equal to 1.

Under forward bias, the electrons and holes are injected across the space charge
region, and hence there are extra carriers in the space charge region. The possibility
exists that some of these electrons and holes will recombine within the space charge
region before they diffuse in the quasi-neutral region. The basic recombination
process can be the band-to-band recombination where an electron-hole pair
recombines, or more likely, it will be assisted by impurities. For the former process,
the transition of an electron from the conduction band to the valence band is possible
by emission of a photon (radiative process), or by transfer the energy to another free
electron or hole (Auger process). For the latter process, one or more trapping energy
levels are present in the bandgap, and the recombination can be described by electron
capture, electron emission, hole capture, and hole emission. The latter trap-assisted
recombination is generally referred to as Shockley-Read-Hall (SRH) recombination
[16, 17].

Under low injection conditions, that is, when the injected carriers are much less
than the majority carrier, the net SRH recombination rate for an n-type semiconductor

can be written as
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U=—= (2.19)
and for a p-type semiconductor
U=— (2.20)

where the minority-carrier lifetimes (hole lifetime 7, in the n-type semiconductor and

electron lifetime 7, in the p-type semiconductor) are

1
= 2.21
‘r Gpv,hN, ( )
and
1
T, =—— (2.22)
O-nvthNt

where g, and g, are the minority-hole and minority-electron capture cross sections, vy,
is the carrier thermal velocity, and N, is the trap density, which acts as the
recombination center for electrons and holes. The recombination rate approaches a
maximum as the energy level of the recombination center approaches midgap. Under
the assumption that the trap levels are located in the midgap and o, = 0, = o, the

recombination current in the space charge region under forward bias can be written as

J,, ~ %zzov,,,N,ni exp(%) (2.23)

where W is the width of the space charge region.
Then the total current in a p-n junction is the sum of the ideal diffusion current

and the recombination current:

_ v, ¥ qV
J=Ju e =J exp(—ﬁ) + Tav,h N,n, exp(ﬁ) (2.24)
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The (-1) term in Eq. (2.11) is assumed to be negligible. In general, the diode current-

voltage relationship may be represented by
qv '
J < exp(—— 2.25
p( y kT) (2.25)

The diode quality factor 4 is equal to 1 when the diffusion current dominates, and is
equal to 2 when the recombination is spatially uniform and the recombination current

dominates. When the currents are comparable, 4 has a value between 1 and 2.

2.2 Thin-film CdTe solar cells

Thin-film CdTe based solar cells are one of the most promising candidates for
photovoltaic energy conversion because of the great potential of low cost and high
efficiency. First, the cell is produced from polycrystalline materials and glass, which
are potentially much cheaper than bulk silicon. Second, the polycrystalline layers of a
CdTe solar cell can be deposited using a variety of different techniques [18], such as
close-space sublimation (CSS), which has been used to produce the highest efficiency
cells so far, chemical vapor deposition (CVD), and chemical bath deposition (CBD),
which is sometimes used for depositing CdS layer but not for high-efficiency CdTe
layer. Third, CdTe has a high absorption coefficient, so that approximately 99% of
the incident light is absorbed by a layer thickness of about 1pm. And finally, CdTe
has a band gap which is very close to the optimum bandgap for solar cells. Fig. 2.7
shows the ideal solar-cell efficiency at 300K under one-sun illumination as a function
of energy band gap. Note that the maximum value of ideal efficiency occurs near a
band gap of 1.5 eV, which is approximately the bandgap of CdTe. The corresponding

ideal efficiency for a CdTe solar cell is about 29%. Many factors will degrade the
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ideal efficiency, so that efficiencies actually achieved should be lower. The record
laboratory efficiency for CdTe thin-film solar cell has reached 16.5% [7], and the

CdTe module performance is over 10% [19].

GaAs||CdTe 1 Sun
30 - - 300 K
3
"= 20 -
Q
| -
@
o
=
0 10 -
0 || ] 1 |

00 05 10 15 20 25 30 35
bandgap [eV]

Fig. 2.7: Ideal solar-cell efficiency at 300 K for 1 sun. (Data reproduced from Sze
[14])

Fig. 2.7 also shows that GaAs crystalline solar cell with the comparable bandgap
(Eg = 1.42 eV) has the similar ideal efficiency about 29%. However, compared to the
16.5% record efficiency of CdTe thin-film solar cell, the laboratory efficiency for the
GaAs single-crystal solar cell is much higher around 26% to 27% [20]. This
difference is illustrated in Fig. 2.8. A modest mathematical modification was done to
adjust the GaAs bandgap to that of CdTe in Ref. [7], and hence the curve is labeled

“GaAs”. This adjustment increases the GaAs-cell voltage by 40 mV and decreases its
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current density by 1 mA/cm?. There is a small current loss in CdTe cell, which has
been discussed in Ref. [21]. The largest contribution to the efficiency difference is the
voltage, where the value of the record CdTe cell is about 230 mV below the GaAs
cell. The analogous voltage difference for the other major thin-film polycrystalline
solar cell, Cu(In,Ga)Se; (CIGS), is only about 30 mV when compared to crystalline
silicon. If the CdTe voltage deficit were reduced to the same 30 mV, with the same
current and fill-factor, CdTe cells would achieve the efficiency about 22%. The
reason for the relatively low voltage of CdTe solar cells is a combination of low
carrier density (~10"* cm™) and low absorber lifetime (generally below 1 ns). In
practice, the voltage may be further compromised by the presence of a significant
back-contact barrier. The strategies for improving voltage and performance will be

explored and discussed in Chap. 4 and 5.
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Fig. 2.8: Comparison of record CdTe cell with high-efficiency GaAs adjusted slightly

for bandgap.
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Fig. 2.9 shows the basic structure of the cross-section of a CdS/CdTe thin-film
solar cell, where the CdS layer and CdTe are deposited sequentially on a
glass/transparent-conducting-oxide (TCO) superstrate. It is called a superstrate
configuration.

Glass: transparent to the incident light. The outer face of the glass often has an
anti-reflective coat to enhance its optical properties.

TCO: an n" transparent conductive oxide as a front contact with very high band
gap. It should have high optical transmittance and low resistivity. Usually the TCO
layer is made up of tin oxide (SnO;) or indium tin oxide (ITO). For low-temperature
CdS and CdTe deposition processes, ITO is the material of choice, and for CdS or
CdTe deposition requiring high temperature, SnO is the best material, since it is very
stable.

CdS: n-type layer as a part of the p-n heterojunction. The bandgap of CdS at
300K is 2.4 eV, which will absorb light in the short-wavelength region. CdS layer is
transparent for wavelengths above 520 nm, so it is often referred to as the window
layer. If the CdS is very thin (< 100 nm), much of the light with wavelengths below
520 nm will still pass through to the CdTe layer.

CdTe: p-type absorber layer with a high absorption coefficient. CdTe layer is
less highly doped than CdS layer, so the depletion region occurs mostly within the
CdTe. Therefore, CdTe is the active region of solar cell where most of carrier
generation and collection occur. The thickness of this layer is typically between 2 and

10 pm.
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Back contact: Usually of gold Au [22, 23] or aluminum Al [24, 25]. The back
contact proves a low-resistance connection to the CdTe. p-type CdTe is difficult to
produce an ohmic contact, and so the back junction will display some Schottky diode

(rectifying, Sec. 2.3) characteristics.

1%

Glass superstrate

0.5 um

20 ~ 100 nmihip

"
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Fig. 2.9: Basic structure of a CdS/CdTe thin-film solar cell.
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2.3 Back contact of CdTe solar cells

When a metal contacts a semiconductor, the Fermi-level in the two materials
must line up so that the charge will flow from the semiconductor to the metal and
thermal equilibrium will be established. In general, the contact between metal and
semiconductor can be ohmic or rectifying (Schottky contact). An ohmic contact
should have a relative negligible contact resistance compared to the bulk
semiconductor, and it should not significantly perturb the device performance. A
Schottky contact, however, will be an obstacle for the charge carriers in the
semiconductor, and thus influence the device performance.

Both a p-type semiconductor/metal ohmic contact and a Schottky contact are
shown in Fig. 2.10. The electron affinity y in semiconductor is measured from the
bottom of the conduction band to the vacuum level, and the work function @, is
defined as the energy difference between the vacuum level and the Fermi level of the
metal. An ohmic p-type semiconductor/metal contact is formed when

¢, ZE, +x (2.26)
and a Schottky contact is formed when

P, <E,+x (2.27)

The ohmic contact provides conduction between the semiconductor and the metal,
since there is no barrier for electrons and holes at the semiconductor/metal interface.
However, for the Schottky contact case, the majority-carrier holes meet a barrier
when they travel from the semiconductor to the metal. The contact-barrier height for
holes at the semiconductor/metal interface is given by the difference between the

edge of the valence band and the Fermi level in the metal:
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@y =

E,+x-4, (2.28)
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Fig. 2.10: p-semiconductor/metal ohmic contact and rectifying (Schottky) contact.

p-type CdTe has a high electron affinity y = 4.5 eV, and a band gap £, = 1.5 eV.

Therefore, a metal with a high work function @, > 6.0 eV is required to make an

ohmic contact, which corresponds to a negative or zero back-contact barrier. In

practice, a back-contact barrier of 0.3 eV or lower is sufficient to effectively be an

ohmic contact. Most metals do not have sufficiently high work functions, and

therefore Schottky back contacts are generally present in CdTe solar cells. Table 2.1

lists the work functions of Ag, Al, Au and Cu, and the resulting back-contact barriers

for holes when these metals are deposited to CdTe layer.
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Table 2.1: Metal work functions ¢, and resulting back-contact barriers ¢, in CdTe.

Metal | Work function ¢, [eV] | Back barrier ¢ [eV]
Ag 4.26 1.74
Al 4.28 1.72
Au 5.1 0.9
Cu 4.65 1.35

The presence of a Schottky back contact in CdTe solar cell can significantly
affect the cell performance by limit the hole current flow, especially at operating
voltages and above. The results is that the J-V curve of a CdTe solar cell exhibits a
reduced FF blow V., and a limited forward current above V. (referred to as rollover)
[26 — 28]. This mechanism can be approximated using circuit model (shown in Fig.
2.11) that places the main diode in series with a reverse back-contact diode. Fig. 2.12
shows the experimental J-V data and the simulated J-V curve of a typical CdTe cell
with rollover. (This work was done by S. Demtsu [29].) The parameters extracted
from the experimental data are Jy= 7x10* mA/cm?, J, = 24 mA/cm?, 4 =2.9, R,= 1.4
Q-cmz, rai= 1500 Q-cm?. For this cell, the height of the back-contact barrier is 0.55
eV, which is much lower than the values shown in Table 2.1. Using these parameters
and a back diode shunt resistance of rbs;, =175 Q-cmz, the J-V characteristic can be
simulated analytically. In practice, better performance of J-V curves can be achieved
with the inclusion of Cu in the back contact [30].

The accuracy of two-diode approach, however, is limited, because the
assumption that the two diodes do not interact does not hold in many cases. The flow
of minority-carrier electrons from the front diode to the back diode can cause a
substantial change in the device behavior and can help explain the experimentally

observed characteristics. We will discuss this in detail in Chap. 5.
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Fig. 2.11: Equivalent circuit model of a main diode in series with a reversed back
diode.

10

¢, = 0.55 eV

® Experimental
~—— Simulated

current density [mAlcmz]

N = =
O OO O O O O
L 1 A 1 N 1

"25 T 1 T T T T T

-02 00 02 04 06 08 10 12
voltage [V]

Fig. 2.12: Experiment J-V data and the simulated J-V curve of a typical CdTe solar
cell with rollover. (Data reproduced from Demstu [29].)
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Chapter 3

Numerical Simulations

3.1 Modeling

In general, any numerical program which can solve the basic semiconductor
equations can be used to simulate the thin-film solar cells. These basic semiconductor
equations are Poisson’s equation, the continuity equation for free electrons, and the
continuity equation for free holes. The physics of device transport can be achieved by
solving these three governing equations along with the appropriate boundary

conditions.

3.1.1 Poisson’s equation
Poisson’s equation relates the electric field E to the charge density. In one-

dimension space, Poisson’s equation is given by

dE p
o~ F 3.1
o 3.1

where ¢ is the permittivity [14]. Since the electric field £ can be defined as —d%¥/dx,

where ¥ is the electrostatic potential, and the charge density p can be expressed by
31
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the sum of free electron », free hole p, ionized donor doping N}, ionized acceptor

doping N, , trapped electron n,, and trapped hole p,, Poisson’s equation can be written

as

%(— £(x) %) = g(p() —n() + N} () = N7 () + p,(0) -1, ) (3.2)

Free-electron density n(x) and free-hole density p(x) can be expressed by Fermi
level Er through Eq. (2.3) and (2.4) in thermal equilibrium. If a device is not in
thermal equilibrium, such as when it has an applied voltage bias, a light bias, or both,
the quantities n(x) and p(x) can be expressed by electron quasi-Fermi level Ef, and
hole quasi-Fermi level Eg, respectively through Eq. (2.9) and (2.10).

N}, and N are the charge densities arising from the localized shallow doping
levels. These shallow doping levels are often purposefully present through intentional
introduction of impurities. The quantities of N and N} can also be expressed by
Fermi level Er in thermal equilibrium, or quasi-Fermi levels Er, and Er, under bias.

Trapped-electron density 7, and trapped-hole density p, are determined from the
defect states which are inadvertently present. These defect states can be donor-like or
acceptor-like. The density of charged acceptor-like defect states is referred to as
trapped-electron density n,, and that of charged donor-like defect states as trapped-
hole density p,. Similar as the shallow doping levels, charged defect levels, n, and p;,,

can still be calculated by Fermi level or quasi-Fermi levels.

3.1.2 Continuity equations
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More information about free electrons and free holes is needed to determine
how they change across a device and under different biases. The equations that keep

track of changes in the conduction-band electrons and valence-band holes are the

continuity equations, which are given by [14]

P _G -u +lve], (3.3)
ot q

op 1 >

EzGP—UP_;V‘JP (34)

where G, and G, are the electron and hole generation rates, which are result from a
external influence such as optical excitation. We assume that the device is in steady
state, which means the time rate of the change of free carriers is equal to zero. Then

in one-dimension space, the continuity equation for free electrons is given by

1

(%)
q

e )=-G,(x)+U,(x) (3.3)

and the continuity equation for free holes is given by

14,0
g dx

)=G,(x)-U,(x) (3.6)

The electron current density J, and hole current density J, consist of the drift
component caused by the electric field and the diffusion component caused by the

gradient of the carrier concentration. For a one-dimension case, they are given by

J,(x) = qunE +qD, (3.7)
dx
dp
J,(x)=qu,pE-gD,—- (3.8)
dx
33
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where u, and g, are the electron and hole mobility respectively, and D, and D, are the
electron and hole diffusion coefficient respectively, which are approximated by the

Einstein relationship in the low-density limits

D, =—u, (3.9)
q
kT

Dp =71up (3.10)

Therefore, Eq. (3.7) and (3.8) can be written as

kT d dE ..
J,(x) = qﬂ,.(nE+7£) =un—t (3.11)
J,,(x)=q/1p(pE—7;)=ﬂ,,p7” (3.12)

We assume that the electron and hole generation rates Gn(x) and G,(x) are due
to the external illumination, and hence G,(x) and Gp(x) are optical generation rates.
When a device is illuminated by a light source with a photon flux of @ (hv > Ej), the
photon flux enters the device, and the generation rate of electron-hole pairs in the
device is proportional to the spatial rate at which the photon flux decreases. Therefore,

the optical generation rate is given by

dd(x
G(x)=—7()— (3.13)
and the photon flux @(x) by
D(x) = D, exp(— ax) (3.14)
Thus, Eq. (3.13) can be written as
G(x) = a®, exp(—ax) (3.15)
34
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where o is the absorption coefficient of the semiconductor material for the
wavelength used.

The recombination process in the device has been discussed in Sec. 2.1.2.3. The
net recombination rate in the device includes both the band-to-band recombination
(direct recombination), and the SRH recombination through the defect states (indirect

recombination).

3.1.3 Boundary conditions

The three governing equations should be solved in each position of a device.
The solutions to these three equations are the electrostatic potential ¥(x), the electron
quasi-Fermi level Er,(x), and the hole quasi-Fermi level Eg,(x), or equivalently ¥(x),
n(x) and p(x). They should be defined at every position x, and hence the total system
can be defined and the transport characteristics can be determined. However, since
these three equations are non-linear differential and coupled, they cannot in general
be solved analytically. Therefore, numerical methods are often utilized to numerically
solve the three equations, and the boundary conditions have to be imposed in the
equations.

Assuming the device length is L, there are three sets of boundary conditions.
The first set is the electrostatic potential ¥ evaluated at x = 0 and x = L. The other
two sets of boundary conditions are the electron current density J, and hole current
density J, evaluated at x = 0 and x = L. Both J, and J, boundary conditions depend on
the surface recombination speed and the change of the carrier population at x = 0 and

x = L. Also, they must be matched by the continuity equations. All of the three sets of
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boundary conditions should be valid for all structures for all situations whether in

thermal equilibrium or under light or voltage bias.

3.1.4 Solution technique

To numerically solve the three non-linear, coupled governing equations, the
one-dimension device with length L is divided into N intervals and N + 1 major grid
points, shown as in Fig. 3.1. The grid spacing need not be uniform. The Poisson’s
equation and the continuity equations will be solved for each interval along with the
appropriate boundary conditions, and the set of three variables ¥, Er,, and Ef, are
then solved at each particular grid point 1 to N + 1, represented by solid lines. Once
the variables ¥, Er,, and Ef, are determined under the light, voltage, and temperature
conditions, and other variables such as electric field, carrier concentration, or trapped
charges are defined, the recombination profiles, electron and hole current densities,
and other transport information may be obtained. Then the total J-V characteristic can

be obtained from J(x) = Ju(x) + Jp(x).

Intervals 1 2 3 N-2N-1 N
1 1 1 1 1 | §
] ] | | I ]
] ] | | ] ]
x:o 1 I I IEXIEITTITEITER T ] t i x:L
1 I | | ] (]
1 I | ] ] 1
Grids 1 2 3 4 N-2N-1 NN+1

Fig. 3.1: Intervals and grids used in numerical method. There are N intervals (dashed
lines) and N + I major grid points (solid lines).

3.2 Software
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Numerical simulation of a solar cell is an important way to predict the effect of
physical changes on cell performance and to test the viability of the proposed
physical explanation. Several numerical programs have been developed and widely
used recently. In this dissertation, two software packages are utilized to simulate the
thin-film CdS/CdTe solar cells. One is AMPS software and another is SCAPS

software. Both are one-dimension device simulation programs.

3.2.1 AMPS-1D

AMPS-1D is a one-dimension device simulation program for the Analysis of
Microelectronic and Photonic Structures. It was developed by Prof. S. J. Fonash et al.
in the Electronic Materials and Processing Research Laboratory at Pennsylvania State
University. BETA version 1.0, which was revised in 1997, is used here. It can analyze
the transport in a variety of crystalline, polycrystalline, or amorphous solar-cell
materials, and device structures including homojunction, heterojunction, or multi-
junction solar cells and detectors [31 — 34].

The AMPS-1D program asks the user to input the specific parameters to build
the structure to be tested. When running the AMPS simulation, the program expects a
set of default parameters. The user can save the default case as the case name he/she
prefers and reset the parameters to be varied for a particular configuration. The
advantages of AMPS include its user friendliness and the stability in general. It also
has a very flexible plotting program, in which the user can generate output plots such
as J-V curves, spectral response, band diagrams, carrier concentrations and currents,

and recombination profiles under various bias conditions. This package allows the
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user to explore the physical transport of the device directly. However, AMPS has
some disadvantages, such as the need to input all information including spectrum
parameters by hand and the lack of interface treatment so that an interface must be

approximated by thin layers.

3.2.2 SCAPS-1D

SCAPS-1D is a Solar cell Capacitance Simulator in one dimension. It is
developed by Prof. M. Burgelman et al. in the Department of Electronics and
Information Systems at University of Gent, Belgium. Version 2.4 used here was
developed in 2003. This program has been developed to realistically simulate the
electrical characteristics (dc or ac) of thin-film heterojunction solar cells. It has been
tested for thin-film CdTe and CIGS solar cells [35 — 39].

SCAPS is able to simulate standard characteristics such as current-voltage
curves and spectral response, as well as advanced measurements like capacitance-
voltage and capacitance-frequency relationships. It is also possible to specify the
external series resistance R;. The other advantages include: all input files are text file
including the spectrum parameters and device definition files; the ability to have
abrupt interfaces; high speed; and when convergence fails, the points already
calculated are not lost. The disadvantages of SCAPS are that it can be unstable; all
model calculations need to be performed by hand in the action panel; and the plotting

interface is not friendly.

3.3 Baseline parameters
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A three-layer device model of a SnO,/CdS/CdTe solar cell is the starting point

for the calculations in this dissertation. A baseline case [40] was discussed and

designed to approximate the highest-efficiency CdTe solar cells at that time [7], and it

is slightly modified in this dissertation. The material parameters of baseline case are

listed in Table 3.1, where S is the surface recombination velocity, d is the layer

thickness, AEc¢ is the conduction band offset, Npg(ac) is the donor-like (acceptor-like)

defect density, Ep.y is the peak energy of defect state, and W; is the energy

distribution width of defect state. The other symbols in Table 3.1 have their usual

definitions.

Table 3.1: SnO,/CdS/CdTe solar cell baseline parameters.

General Device Properties

Front Back
Barrier Height [eV] | 0.1 (Ec-Er) | 0.3 (E~Ey)
S, [e/s] 10’ 10’
S, [cm/s] 10’ 10’
Reflectivity [1] 0.1 0.8
Layer Properties
SnO; CdS CdTe
d [nm] 500 25 4000
e/eo [1] 9 10 9.4
iy [em®/Vs] 100 100 320
U, [em®/Vs] 25 25 40
Ny Np[em®] [ Np: 107 | Np: 11108 | N 2x10™
E, [eV] 3.6 2.4 1.5
Nc[em™] [22x10° | 2.2x10" 7.8x10"
Ny[em™] [ 1.8x10° 1.8x10" 1.8x10"
AEc[eV] 0 | -0.1
Gaussian (midgap) Defect States
SnO, Cds CdTe
Npc, Nag [em™] | D:10” | A: 10" | D:2x10"
Ep E4[eV] midgap | midgap midgap
W [eV] 0.1 0.1 0.1
o, [cm’] 1077 107" 107"
o, [cm’] 10" 107° 107
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The optical absorption spectra are based on experimental results for
polycrystalline CdS and CdTe films [41], and a standard terrestrial illumination
spectrum is assumed [42]. SnO, is used for the transparent conducting oxide. The
conduction bands at the SnO,/CdS interface are assumed to be aligned with AEc =0,
since there appears to be no experimental evidence of a detrimental offset there. The
CdS layer is assumed to be compensated, but sufficiently photoconductive that its
detailed properties have little effect on the illuminated-cell-transport. Most
experimental and theoretical results show that the AEc at CdS/CdTe interface is
between zero to -0.3 eV. AEc = -0.1 eV, consistent with theoretical results [43], is
used. The baseline CdTe hole density is taken to be 2 x 10" cm‘3, and the baseline
deep-donor-level defect density is chosen to be 2 x 10" cm™ (Ref. [40] used 2 x 10'
cm™ for both hole density and defect density). Although the defect density and
capture cross sections are independently specified, the resulting lifetimes for electrons
and holes, which are calculated from Eq. (2.21) and (2.22), are the key parameters.
The model parameters are chosen such that the SRH electron lifetime in the quasi-
neutral bulk region of the p-type CdTe absorber is 0.5 ns, and the resulting carrier
diffusion length of 0.6 um is substantially shorter than the CdTe thickness (4 pm).
The baseline hole lifetime is taken to be three order of magnitude larger than that of
the electrons, because unlike for electrons, there is no electrostatic attraction between
the assumed donor-like defects and holes. In Chap. 4 and Chap. 5, we will discuss the
effects of the lifetime variation, when lifetimes are varied, but the 7,/7, ratio is held
constant. The back-contact-barrier height ¢, = 0.3 eV is used as baseline, because this

value yields flat conduction and valence bands at the back contact. The band diagram
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of the baseline case at zero bias under illumination is shown in Fig. 3.2. Low CdTe
hole density around 2 x 10" cm™ is typical of today’s cells and makes the CdTe

absorber intermediate between i-type (intrinsic) and p-type. As a consequence, the

depletion region extends over a large fraction, but not all, of the CdTe thickness.

2 .
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11 By
0 | g Er, |
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Fig. 3.2: Conduction and valence bands and quasi-Fermi levels for the baseline case
under illumination at zero bias.

Fig. 3.3 shows the dark/light J-V curves for the baseline case. With the 0.3-eV
back-contact barrier, the baseline V. is slightly higher than that in Ref. [40]. The
solar-cell performance parameters for the baseline case are open-circuit voltage V,. =
0.89 V, short-circuit current density J;. = 24.5 mA/cm?, fill factor FF = 79.5%, and
efficiency n# = 17.3%. The diode quality factor A, determined from J-V analysis, is

approximately 1.7.
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Fig. 3.3: Dark and light J-V curves for the baseline case.
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Chapter 4
Impact of CdTe Carrier Lifetime Without

a Secondary Barrier

4.1 Effect of carrier lifetime with typical carrier density

The minority-carrier lifetime of the CdTe solar cells from time-resolved
photoluminescence has been reported [44 — 46], and the resulting lifetimes for typical
CdTe solar cells have ranged from 0.1 ns to 2 ns. To examine the impact of the CdTe
carrier lifetime on current-voltage curves, the numerical modeling methods, AMPS-
1D and SCAPS-1D, were used to simulate the effects. The baseline configuration
assigned a typical carrier density of 2 x 10" cm?, a lifetime of 0.5 ns, and a small
back-contact barrier ¢ = 0.3 eV. A 4-um CdTe thickness was used in all the
simulations. Different thicknesses will alter the details, but in general not the form or
the magnitude of the results. The J-V curve was calculated as a function of the CdTe

recombination lifetime 7 with the ratio of 7, to 7, held constant.
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4.1.1 Space-charge-region recombination

First, the electron and hole lifetimes in CdTe layer were decreased by a factor
of 10 from the baseline case. The resulting CdTe minority-electron lifetime is 0.05 ns.
The calculated dark and light J-V curves with the lower lifetime and the baseline
reference (BL) are shown in Fig. 4.1. Without a significant back barrier, shorter
lifetime results in more recombination in the space-charge region and, therefore, a
higher forward current that leads to a lower V,. and fill factor. Space-charge-region
recombination with a diode quality factor of approximately 2 is assumed, which

corresponds to recombination centers deep in the band gap.

N
o

N N -
o o o o
L ) 1

current density [mA/cm 2]

o
o

o
o

0.2 0.4 0.6 0.8 1.0 1.2
voltage [V]

Fig. 4.1: Dark and light J-V curves with lifetimes decreased by a factor of 10 from the
baseline (BL) case. Dashed line represents the light BL case.

4.1.2 Dominant electron current
44
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Fig. 4.2 shows the calculated J-V curves when the electron and hole lifetimes
in CdTe layer are increased by a factor of 10 from the BL case, resulting in a CdTe
minority-electron lifetime of 5 ns. Longer CdTe lifetime will both reduce the forward
current due to lower SCR recombination and increase the forward flow of electrons to
the back contact. The net result, shown in Fig. 4.2, is a significant increase in fill

factor, with 4 approaching 1, but little effect on voltage.

20
p =2x10"™
- =10t
E 10 - BL
‘é
S 0
‘D
0]
-0'10 <
c
o
377 L
'30 | 1 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0 12

voltage [V]

Fig. 4.2: Dark and light J-V curves with lifetimes increased by a factor of 10 from the
baseline (BL) case. Dashed line represents the light BL case.

Longer lifetime allows higher injection of minority carriers into the quasi-
neutral region where they recombine or, more likely, diffuse to the back-contact and
then recombine. This current is associated with a diode quality factor of 1, since the

recombination rate only depends on the electron density n. The diode quality factor
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determined from the simulated long-lifetime J-V curve is about 1.2. Slightly higher
Vo is achieved, but the major improvement compared to the BL case is in the FF.
This is an indicator that the BL case with its diffusion length of 0.6 um is already
relatively strongly influenced by the back-contact current. A substantial electron
current toward the back-contact must be expected, because the wide depletion width
(W) substantially narrows the quasi-neutral region and the relatively low doping
allows for higher minority-carrier injection levels at the edge of the main junction
depletion region.

Following the conventional presentation [14], the contrast between Fig. 4.1
and 4.2 can be illustrated by logarithmic plots of current vs. voltage as shown in Fig.
4.3. With moderate or short lifetime (solid lines), V,. is limited by SRH
recombination with a solid crossover above Ji., and hence the diode quality factor is
about 2. This is generally assumed to be the case for CdTe solar cells. If the lifetime
is substantially increased (dashed lines), SCR recombination is reduced and the
bulk/back-contact recombination current is increased. In this situation, the crossover
of dashed lines occurs below Ji., and the back-contact recombination with a diode
quality factor of approximately 1, will determine the open-circuit voltage. In this case,

V, will change very little with the CdTe lifetime.
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Fig. 4.3: Forward currents in p-n junctions due to Shockley-Read-Hall recombination
through midgap states (4 = 2) and recombination in the bulk region or at the back-
contact (4 = 1). Depending on the carrier lifetime, V. is limited by one or the other.

4.1.3 Carrier-lifetime variations

A series of calculated light J-V curves for absorber lifetimes that span a range
somewhat larger than the 0.1 to 2 ns typical of current cells are shown in Fig. 4.4, The
CdTe electron lifetime is varied from 0.005 ns to 50 ns. The hole lifetime is in each
case taken to be 1000 times greater than the electron lifetime. The center J-V curve
corresponds to the BL case with electron lifetime of 0.5 ns, and the light J-V curves
for Fig. 4.1 and 4.2 correspond to two of the other curves. The “GaAs” curve, which

was shown in Fig. 2.8, is repeated here for reference. Increasing lifetime leads to
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increasing fill-factor and increasing voltage up to a point. Physically, this

corresponds to a smaller number of recombination defect states.

50
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Fig. 4.4: Simulated J-V curves for typical-carrier-density CdTe with varying lifetime.

Fig. 4.5 shows the calculated V,. and fill-factor as a function of CdTe electron
lifetime. For large lifetimes, the fill-factor approaches that of GaAs and corresponds
to a diode quality factor close to unity. The voltage, however, increases when the
lifetime is small, but then saturates at a value well below that of “GaAs”, in fact only
slightly above values of V,. that have been achieved experimentally. Hence,

increasing lifetime alone will not significantly raise the CdTe solar-cell voltage above

current values.
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Fig. 4.5: Calculated V,. and fill-factor for typical-carrier-density CdTe as a function
of lifetime.

The calculated diode quality factor A as a function of CdTe electron lifetime is
shown in Fig. 4.6. In the dark, A approaches 2 at low lifetime due to SRH
recombination, and approaches 1 at high lifetime due to high diffusion. Under
illumination, however, the values of A4 are artificially higher than that in the dark,
especially in the low lifetime region where the apparent value of 4 can be greater than
2. This is because the J-V analysis process Fig. 2.6(c) and (d) assumes a constant light
current J; wifh the magnitude equal to J;., however, when the lifetime is low, J; is no
longer constant but voltage dependent, and under such conditions, standard analysis

procedures do not yield the appropriate value of 4.
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Fig. 4.6: Calculated diode quality factor 4 for typical-carrier-density CdTe as a
function lifetime.

The difference between the high and low lifetime regimes is well illustrated by
plotting dJ/dV vs. V as a function of lifetime, as shown in Fig. 4.7. If J; is constant,
dJ/dV near zero bias and in reverse bias will be constant with a value equal to G =
1/rg. Fig. 4.7, however, shows that J; is not constant but voltage dependent when the
lifetime is low. As the lifetime is increased, J; becomes less voltage dependent, and in
the high lifetime region, it will be constant. Therefore, with moderate or high lifetime,
the calculation of diode quality factor 4 will be more reliable.

The reductions in fill factor shown in Fig. 4.5 can be attributed to a voltage-
dependent J;, and therefore a voltage-dependent collection efficiency. Ideally, a light
J-V curve is the dark curve shifted by the collected photocurrent, and the collection

efficiency CE can be defined as
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_ J Light ¥)-J Dark )
J 1o

CE

(4.1)

where Jyp is the light-generated current [47, 48]. A similar expression, which
evaluates J-V curves at different intensities addresses possible changes to the band
structure induced by illumination [47], but assumes that the structure in the light is
independent of intensity. We have advocated caution in attributing dark/light non-
superposition to collection efficiency [48], especially when there is an obvious

crossover of light and dark curves and a likely influence of secondary front or back

barriers.
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Fig. 4.7: dJ/dV vs. V for typical-carrier-density CdTe and different lifetime.

With a typical CdTe carrier density and the absence of a significant back barrier,

the dark J-V curves in the electron-lifetime range of 0.005 ns to 50 ns are well
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behaved, and the light and dark J-V curves (Fig. 4.1 and Fig. 4.2) do not show
obvious crossover. Therefore the conventional evaluation of collection efficiency
works, at least for voltages not significantly above V,.. Collection-efficiency curves
deduced from Eq. (4.1) for various lifetimes are shown in Fig. 4.8. As the electron
lifetime is reduced, one clearly sees a significant decrease in collection efficiency as
the voltage approaches V,.. This accounts for the lower fill factors observed when

carrier lifetimes is small.
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Fig. 4.8: Collection efficiency for typical-carrier-density CdTe with varying lifetime.
Also shown for reference is V. for each lifetime.

4.2 Effect of carrier lifetime with high carrier density

Fig. 4.9, where the CdTe hole density is increased by three orders of magnitude

to 2 x 10'7 ecm™, is the classic n-p hetero-junction. With significantly high carrier
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density, the depletion width will be much shorter than that in the BL case (Fig 3.2). It
is in fact very similar to what one would find with n-on-p GaAs, and we will explore

what might be altered with polycrystalline CdTe to achieve performance comparable

to GaAs.
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Fig. 4.9: Conduction and valence bands and quasi-Fermi levels for high-carrier-
density CdTe under illumination at zero bias.

Fig. 4.10 shows the simulated J-V results for various carrier lifetimes when the

CdTe hole density is increased to 2 x 10'7 ¢cm™

. The “GaAs” curve is still repeated
here for reference. The calculated V,. and fill-factor as a function of CdTe electron
lifetime are shown in Fig. 4.11. In this case, the voltage, as well as the fill factor,

approaches the “GaAs” values at the higher lifetimes. Another effect that becomes

more important at higher-carrier densities is the dependence of current density on

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lifetime. This dependence results from the narrow depletion thickness at higher
carrier density relative to optical absorption depth. A narrow depletion and a low
lifetime lead to a small photocurrent collection and therefore, compared with typical
carrier density of 2 x 10" em? (Fig. 4.5), a photocurrent is significantly reduced with
narrow depletion. A large diffusion length, and hence a high lifetime, becomes

essential for reasonable collection of photo-generated electrons.
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3
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5
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voltage [V]

Fig. 4.10: Simulated J-V curves for high-carrier-density CdTe with varying lifetime.
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Fig. 4.11: Calculated ¥, and fill-factor for high-carrier-density CdTe as a function of
lifetime.

4.3 Combination of carrier-lifetime and carrier-density

variations

Fig. 4.12 summarizes the combined effects of lifetime and carrier density on the
voltage. The carrier density is varied from 2 x 10" cm? to 2 x 10" em™. Fig. 4.12
shows graphically that both high lifetime and high carrier density are required for
high voltage in the n-p configuration. Physically, a reduction in the density of defects
is the likely key to both: increased lifetime though a smaller number of recombination
centers and increased carrier density through a smaller number of compensating states.

One risk, however, is that CdS/CdTe is a heterojunction with the potential for
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interfacial recombination, which can become the voltage-limiting factor when the

bulk CdTe properties are significantly improved.

!

BL
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0.01 0.1 1 10 100
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Fig. 4.12: Calculated ¥, as a function of lifetime and carrier density.

4.4 Effect of CdS/CdTe interfacial recombination and

conduction-band offset

Interfacial recombination can be reasonably parameterized by an interfacial
recombination velocity vi.ys but the J-V impact of such recombination is also strongly
affected by the magnitude of the CdS/CdTe conduction-band offset AE, [49]. For
CdTe, AE, has been shown experimentally [50] and theoretically [43] to be close to
zero and is probably slightly negative, the direction often referred to as a “cliff”.

Earlier work, which was focused on CIGS, showed that such a cliff, or a small
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“spike” (AE; < +0.1 eV), can limit the ability of voltage to increase with band gap
even when v, is several orders on magnitude less than the thermal velocity v, [49].
The conclusion was that it is important to engineer AE, to produce a spike in the 0.1-
to 0.4-eV range.

Figure 4.13(a), for typical hole density (2 x 10" cm™) and large lifetime (7, = 10
ns), shows the calculated CdTe voltage as a function of AE,, physically implying that
one might use an alternative window layer or alloy CdTe to reduce its band gap. The
four curves correspond to different values of v,y and it is clear that even a very small
amount of interfacial recombination will severely limit V,, for a large cliff. At the
presumed value of AE, equal to -0.1 eV, however, the effect on typical-density CdTe
cells is quite modest.

For higher hole density (2 x 10'7 cm™), as shown in figure 4.13(b), the voltage
with v,y = 0 is larger, but the voltage loss when v,y # 0 can be very much larger and
at least partially negates the voltage gain from the carrier-density increase. Hence, an
alternative window or CdTe alloy is likely to be much more critical, even with small
viny. The details, however, will depend on how the CdS and CdTe doping densities
affect the Fermi level at the interface. Fig 4.13(a) and (b) show that although the
CdS/CdTe conduction-band offset is not a significant voltage limitation at present, it

will very likely become more of an issue if carrier density and voltage are increased.
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Fig. 4.13: Dependence of V,. on CdS/CdTe band offset and interfacial recombination
for (a) typical-carrier-density CdTe, (b) high-carrier-density CdTe.
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Chapter 5
Impact of CdTe Carrier Lifetime and

Secondary Back Barrier

5.1 Possible secondary back barrier for CdTe solar cells

Typical CdTe solar cells include an #n'-type transparent conducting oxide, an »-
type buffer layer (typically CdS), 2-10 pm of p-CdTe, and a metal back-contact. As
mentioned in Chapter 2, since most metals do not have sufficiently high work
functions, it is difficult to produce an ohmic contact to p-type CdTe which would
require a back-contact barrier of 0.3 eV or lower. The CdTe/metal contact often forms
a blocking Schottky barrier that can limit the flow of holes and cause a substantial
change in the device performance.

It is also possible in principle to have a conduction-band barrier at the back of
the CdTe absorber which keeps the minority carriers away from the CdTe/metal
interface. This possible back barrier is referred to as a back electron reflector and

could reduce or eliminate recombination at the back contact. One possibility for
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creating such a barrier is to add a layer of ZnTe [51] or other material with an
expanded gap in the conduction-band direction.

Since the back hole barrier is a critical issue for CdTe solar cells, the
following sections will evaluate CdTe solar cells with such a blocking barrier and a
large range of electron lifetimes. The details will be evaluated by numerical
simulations in one dimension, and the effect of a back electron reflector for voltage

performance will be evaluated briefly.

5.2 Effect of carrier lifetime with back hole barrier

In p-type CdTe material, the absorber thickness (d) is typically substantially
greater than the minority carrier diffusion length (L,), and it is therefore commonly
assumed that minority electron currents at the back-contact are negligible. Despite the
apparent contradiction with L,/d << 1, Niemegeers and Burgelman [27] showed that
in some cases non-negligible electron current can explain crossover of light and dark
J-V curves. Beier et al. [52] and Burgelman et al. [53] continued the development of
this approach and discussed several mechanisms that can lead to a voltage
dependence of the back-contact saturation current. Our results explicitly demonstrate
that minority-electron currents are significant even with L,/d ~ 0.1. In fact, they can
substantially limit the device performance.

The combined effects of a significant back-contact barrier and a typical absorber
carrier density frequently alter the current-voltage (J-V) characteristics of CdTe solar
cells. This combination leads to two competing mechanisms that can alter the J-V

characteristics in two different ways. One is a majority-carrier (hole) limitation on
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current in forward bias that reduces the fill factor and efficiency of the solar cell. The
second is a high minority-carrier (electron) contribution to the forward diode current
that results in a reduced open-circuit voltage. CdTe solar cells are particularly prone
to the latter, since the combination of a wide depletion region and impedance of light-
generated holes at the back contact increases electron injection at the front diode.
Overlap of front and back space-charge regions will generally enhance electron
current, but is not a requirement for substantially increased forward current.
Simulated J-V curves illustrating the two major effects are in good agreement with
experimental curves that have been observed in recent years. The flow of minority-
carrier electrons from the front to the back can cause a substantial change in the

device behavior and can help explain experimentally observed characteristics.

5.2.1 Back-barrier hole impedance

Fig. 5.1 shows the simulated J-V curves with a small lifetime (r = 0.175,) and a
large back barrier of 0.5 eV. The light BL case is represented by the dashed line for
reference. J-V curves similar to those shown in Fig. 5.1 have been often observed for
CdTe solar cells, and are attributed to impedance of hole current by the back barrier.
The dark curve is nearly flat, because the hole current is limited by the Schottky back
contact. The light curve appears relatively normal in the power quadrant, but with
some loss in fill factor. Above V,, the light curve is also nearly flat. Commonly,
however, the light curve saturates at a higher current than the dark curve, resulting in
a crossover of light and dark J-V curves [27, 53]. The current limitation of either dark

or light curves in the first quadrant is often referred to as rollover.
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Fig. 5.1: Calculated dark and light J-V curves with lifetimes decreased by a factor of
10 from the baseline (BL) case and a large back-contact barrier of 0.5 eV. Dashed
line represents the light BL case.

Band diagrams that help explain J-V rollover are shown in Fig. 5.2. Under
illumination, electron-hole pairs generated in CdTe separate the quasi-Fermi levels.
At voltages well below V,. (shown at V= 0 V in Fig. 5.2[a]), the voltage drop Vsucx
across the back contact is opposite to that which is induced by forward bias, but does
not significantly impede the photo-generated hole current of J, = J.. This negative
voltage drop adds to the externally applied bias, Vg, so that the voltage of the
primary junction Vi = Vappr + Viack. Under increasing forward bias, Vi, becomes
less negative and is zero when the back-contact hole current is zero at V,.. The
perturbation in the diode junction voltage results in the fill-factor loss observed in Fig.
5.1. Niemegeers and Burgelman [27] gave a similar explanation and derived an

approximate expression for the fill-factor loss that occurs when the back-contact
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saturation current is smaller than J,.. The voltage difference between the J-V curve in
Fig. 4.1 (solid line) and the rollover curve below V,, is the back-contact voltage V4.
At open circuit, the hole back-contact current and V., are zero, and hence, J-V

curves that roll over generally do not show significant loss in V..
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Fig. 5.2: Conduction and valence bands and quasi-Fermi levels corresponding to Fig.
5.1 (low 7 and high ¢#). (a) Light at zero bias, (b) dark in forward bias, and (c) light
in forward bias.
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When applied bias exceeds V., shown in Fig. 5.2(b) for dark and 5.2(c) for light
conditions, the back-contact voltage is increasingly positive and the front-junction
voltage V. increases less than the applied voltage and eventually saturates at a
voltage near V,.. The electron current at the back contact is nearly zero due to the low
front electron injection and the short electron diffusion length. In the dark, the
positive Vi reverse-biases the back contact and severely limits the hole current. In
the light, the injection of minority electron carriers from the main junction is also
severely restricted, and the J-V curve at high voltages is restricted to the saturation
current, or the leakage, of the back diode.

The relationships between the main-junction voltage V.., back-contact voltage
Vack and the applied bias V,,, are shown in Fig. 5.3. In the light, when the applied
bias is below Vi, Viacr s negative and Vie, > Vappr; when the applied bias is above V.,
Viack increases and becomes positive, then Viem < V,,p and saturates. In the dark, the
situation is similar, except that V.. is always positive and higher than that in the
light, and Viem < Vappi.

The rollover effect is further illustrated in Fig. 5.4(a), which shows the voltage
dependence of the total current with the larger barrier, which is very nearly equal to
the saturated hole current, in contrast with the exponentially increasing current seen
in the low-barrier baseline case. Figure 5.4(b) shows the very large suppression of
electron density in the bulk of the absorber when the lifetime is low and the barrier is
significant. The increasingly positive Vpaer shown in Fig. 5.3 limits the junction
voltage and does not allow the diode to reach a sufficiently high electron-injection

level and the normal diode turn-on is suppressed.
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Fig. 5.3: The voltage drop across the primary junction and the back contact as a
function of applied bias corresponding to Fig. 5.1 (low t and high ¢).
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Fig. 5.4: (a) Current flow in bulk CdTe layer, and (b) corresponding electron density
in bulk CdTe layer corresponding to Fig. 5.1 (low 1 and high ¢).

5.2.2 Enhanced electron current

The illuminated J-V curves shown in Fig. 5.5 for cells with large lifetimes (7 =
107p;) and an increased back barrier of 0.5 eV are somewhat counterintuitive, because
they show a lower V. even though the lifetime is very high and the absorber is not
fully depleted (the width of the non-depleted region is more than 1 um and increases
in forward bias). V,. decreases further with still higher back-barriers (also shown for
& = 0.6 eV and 0.7 eV), and the J-V curves show substantial crossover between light

and dark curves. Figure 5.6, which shows the dark and light band-diagrams under
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large forward bias, illustrates why the reduction of the open-circuit voltage and the

light/dark crossover (labeled AVyp in Fig. 5.5) occur.
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Fig. 5.5: Calculated dark and light J-¥ curves with lifetimes increased by a factor of
10 from the baseline (BL) case and a large back-contact barrier of 0.5 eV. Dashed
line represents the light BL case.

For both dark (Fig. 5.6[a]) and light (Fig. 5.6[b]), the quasi-Fermi level for
electrons is much closer to the conduction band than it is in Fig. 5.2 for low CdTe
lifetime. This simply means that the electron density is high throughout the CdTe, and
one can expect enhanced electron current. The relationships between Viem, Veack and
Vappi are shown in Fig. 5.7. Both light and dark primary-junction voltages are

continuously increased with applied bias even above V,. and hence there is no

rollover.
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Fig. 5.6: Conduction and valence bands and quasi-Fermi levels corresponding to Fig.
5.5 (high T and high @). (a) Dark and (b) light, both in forward bias.
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Fig. 5.7: The voltage drop across the primary junction and the back contact as a
function of applied bias corresponding to Fig. 5.5 (high t and high ¢).

Analysis of the current density and electron concentration shows that the hole

current (Fig. 5.8[a]), remains close to J;. up to voltages substantially beyond the turn-

on voltage, because the recombination is low. The total current of the diode is

dominated by the back-contact electron recombination current, which increases with a

larger barrier and reduces V.. For larger barriers, in fact, the incremental reduction in

Vo is equal to the increase in ¢, The increase in electron injection can be calculated

at mid-absorber as shown in Fig. 5.8(b).
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Fig. 5.8: (a) Current flow in bulk CdTe layer, and (b) corresponding electron density
in bulk CdTe layer corresponding to Fig. 5.5 (high t and high ¢).

Recent work by Roussillon et al. [54] argues that a “reach through”
mechanism [14], which implies an overlap of the main junction and back-contact
depletion region, is responsible for the frequently observed low V,.. The numerical
simulations presented here not only confirm the prediction of low V. but also
demonstrate that the depletion overlap is not essential and the lowering of V. is
primarily due to electron current at the back-contact.

A device with a very large back barrier (e.g., ¢ = 0.7 eV in Fig. 5.5) essentially

corresponds to the historical reach-through diode [14]. In the dark, the current turns
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on at a forward bias well above V., where the overlap of main-junction depletion and
back-contact space-charge region occurs. However, overlap of the two depletion
regions is not required for high electron current under illumination. In this case,
impedance of the light-generated hole current by the back contact leads to additional
forward biasing of the main junction and, hence, the significantly enhanced forward
electron current and the lowering of the V..

The conventional evaluation of collection efficiency from J-V curves fails when
the back-contact barrier is high, where there is significant light-dark crossover. Fig.
5.9 shows the apparent change in the collection efficiency caused by variations in the
back-contact barrier from 0.3 €V to 0.6 €V if the conventional evaluation is applied.
All four curves have high electron and hole lifetimes which are increased by a factor
of 10 from the baseline values. The decrease in apparent collection efficiency
becomes extreme below V., and above V. the curves become unphysically negative.
The actual collection can be deduced from Fig. 5.8(a), which shows that the hole
current remains negative up to 1 V. It is masked, however, by the large electron

current, and hence, Fig 5.9 does not depict a true collection efficiency.
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Fig. 5.9: The apparent change in the collection efficiency caused by variations in the
back-contact barrier when the conventional evaluation is applied. CdTe lifetimes are
10 times higher than that in BL case.

5.2.3 Overlap of depletion regions

Either low carrier density or thin CdTe can lead to an overlap of front and back
space-charge regions at operating voltages and, in extreme cases, to a full depletion of
the absorber layer. The built-in potential of the diode is reduced and the electron
current is increased. With a small back barrier of 0.3 eV, when the carrier density is
reduced from 2x10™ cm™ to 2x10" ¢cm™, the open-circuit voltage will be slightly
reduced, and there will be no crossover between dark and light J-V curves. This will
be evaluated in Sec. 5.4. Fig. 5.10(a) compares the band structures for two cases with
hole densities of 2x10™ cm™ (solid lines) and 2x10" cm™ (dashed lines), under

illumination at zero bias. Both cases have a high back barrier of 0.5 eV and a high
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carrier lifetime (r = 107p;). With the typical carrier density, the absorber has a flat
neutral region between the front and back depletion regions. When the carrier density
is reduced to 2x10" cm™, the absorber is fully depleted, which allows higher
minority-electron injection at the back contact, and therefore increased forward
current and smaller open-circuit voltage. The corresponding J-V curves are shown in
Fig. 5.10(b). With the typical carrier density, the J-V curves are the same as shown in
Fig. 5.5. As expected, when the carrier density is smaller, the open-circuit voltage and
the turn-on voltage in the dark are both further reduced. The crossover between dark
and light J-V curves is presented in both cases. A subtle distinction between a fully
depleted absorber and the photo-induced reduction in voltage from Sec. 5.2.2 is that
the crossover voltage decreases with a large barrier in the fully depleted case, but

increases when the voltage reduction is photo-induced.
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Fig. 5.10: (a) Conduction and valence bands for two absorber densities under
illumination at zero bias. (b) Corresponding J-¥ curves.

5.3 Combination of carrier-lifetime and back-contact-
barrier variations

Fig. 5.11 shows the boundaries between the four types of current-voltage
behavior in a back-contact-barrier/electron-lifetime plane. The locations of the

baseline case and the four cases shown in Fig. 4.1, Fig. 4.2, Fig. 5.1 and Fig. 5.5 are
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denoted by x’s. The transitions between the four regions (a), (b), (c), and (d) in Fig.
5.11 are defined as follows:

- Transition between (a) and (b): The current ratio J,/Jipm is the
operative parameter. In the SCR recombination region (a), it is small.
To the right of the nearly vertical line (at 7, ~ 0.2 ns and L, ~ 0.4 um),
more than half of the current at a bias slightly above V,. is electron
current.

- Transition between (a) and (c): J-V curves are defined as “rollover” if
the sign of the second derivative of the J-V curve evaluated at V. is
negative. In region (c), the dominant hole current is limited by the high
back-contact barrier, which leads to reductions in total-current
magnitude both above and below V..

- Transition between (b) and (d): The dashed line indicates the onset of
enhanced back-contact electron current. In region (d), the voltage drop
across the back contact Vi, is more negative than k77/g for voltages
above V..

- Transition between (c) and (d): The transition between rollover and
electron-current enhancement. The transition region with lifetime near
0.2 ns produces J-V curves that show elements of both rollover and
enhanced electron current. In Fig. 5.12, three curves are shown, all
with ¢ = 0.5 eV, but with different lifetimes spanning the (c)-(d)
transition. For the intermediate case, the forward current is limited by

SCR recombination at lower voltages, leading to partial rollover, but at
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higher biases the electron injection surpasses a critical level and the
back-contact recombination current increases steeply. Curves with

such characteristics have been observed in CdTe cells [21, 55].
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Fig. 5.11: Division of back-contact-barrier/electron-lifetime plane into four regions.
Fig. 4.1, Fig. 4.2, Fig. 5.1 and Fig. 5.5 are denoted by x’s and located in region (a) to

(d) correspondingly. (See discussion of complications in p. 78.)
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Fig. 5.12: J-V curves showing the transition between region (c¢) and (d) in Fig.
5.11. ¢ = 0.5 eV throughout.

From Fig. 5.11 we conclude that devices that have very short carrier lifetimes
and low back-barriers operate in a mode that is well described by a single-junction
diode dominated by SCR recombination. If the lifetime is greater than 0.2 ns
(diffusion length greater than 0.4 um), the electron current becomes substantial and
limits additional increases in V,.. In the presence of large back barriers, J-V curves
will roll over and exhibit reduced fill factor if the lifetimes are short, but will suffer
additional voltage losses due to the enhancement of the back-contact recombination if
the lifetimes are long.

The basic hole-impedance and electron-enhancement mechanisms that can alter

experimental J-V characteristics of CdTe solar cells have been discussed in the
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preceding sections. There are, however, other parameters that can influence the
current-voltage curves.

The choice of carrier density and thickness will affect the details of the
simulations. Reduced CdTe carrier density will shift the transition boundaries in Fig.
5.11. The boundary between region (a) (SCR recombination) and region (b)
(dominating electron currents) will be shifted to the left, because the lower doping
increases the depletion width and allows higher minority electron current at the back
contact. The boundary between region (a) and rollover region (c) will be shifted
slightly upward, because the increased depletion width may cause increased SCR
recombination. The dashed line in Fig. 5.11, which delineates enhancement of the
back-contact electron current, will be nearly unaffected. A reduced CdTe thickness
has a similar effect on the (a)-(b) boundary. The boundary between (a) and (c),
however, should be shifted downward slightly, because reduced thickness increases
the electron current at the back contact. Conversely, if the CdTe carrier density or the
CdTe thickness is increased, the boundary shifts will be in the opposite directions.

Charged grain boundaries (GBs) can influence J-V curves in ways similar to
those discussed here. In particular, strongly charged GBs can lead to significant
voltage-dependent collection and, in the presence of a blocking back-contact, to
shunting of minority currents through GB channels and hence lower V,. Two-
dimensional simulation, such as has been applied to Cu(In,Ga,)Se, GBs [56] is
required to evaluate this in detail. If GBs are not charged, they should simply add to
the overall recombination, and the one-dimensional treatment is adequate [56].

Photoconductivity of the CdS layer is not discussed in this chapter. In real cells,
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it may influence the depletion region of the CdTe layer and lead to additional sources
of non-superposition of dark and light J-V curves. CdS photoconductivity should not,
however, significantly alter the light curves and should have only a minor effect on

the division of regions in Fig. 5.11.

5.4 Effect of carrier lifetime with back electron reflector

Fig. 5.13 shows the band diagram of a CdS/CdTe solar cell when the CdTe hole
density is reduced to 2 x 10" cm™. The back hole barrier is still kept at 0.3 eV, the
same as the baseline case. In this case, the CdTe becomes fully depleted, and
terminology used here is n(CdS)-i(CdTe)-p(back of CdTe) with “i” referred to as
insulator. This configuration can also lead to high voltage, but of major importance in
this case is the presence of an electron reflector ¢, at the rear on the absorber. In Fig.
5.13 band diagram, the thickness of the electron reflector layer was set to 0.2 um, and
the hole density of this layer was set to 2 x 10'> ecm™. If reflector hole density is
something else, there will be no significant changes in J-V curves. As with the n-p
configuration, the question for the n-i-p approach is what specifically needs to be
done to achieve high voltage and efficiency. Calculated J-V curves for the p = 2 x
10" cm fully-depleted absorber configuration (Fig. 5.13) with minority lifetime 7, =
10 ns are shown in Fig. 5.14. In this case, where the field extends throughout the
CdTe, the conduction-band barrier near the back surface, the back electron reflector,
is critical to reduce voltage-limiting recombination at the back surface. Without this
increase, denoted ¢, the voltage is slightly lower than that of the typical 2 x 10'*

carrier-density CdTe, but with even a modest back reflector (0.2 eV), the voltage
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should increase significantly. Higher values of ¢. lead to only modest additional
improvement, and the thickness and carrier density of the reflector layer lead to only
minor variations in the J-V curves. Compare Fig. 5.14 with 5.10(b), one can find that
with the n-i-p configuration, when the lifetime is high, the presence of a large back
hole barrier ¢ only reduces the voltage, however, the presence of a back electron

reflector ¢, improve the voltage significantly.

energy [eV]

CdS n-i-p
(p = 2x10%)

-4 I | 1 1 I

0 1 2 3 4 5
position [jum]

Fig. 5.13: Band diagram for low carrier density (n-i-p structure) with and without a
back electron reflector.
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Fig. 5.14: Simulated J-V curves for n-i-p structure with and without a back electron
reflector. CdTe minority lifetime is high at 10 ns.

Fig. 5.15 shows that when the electron-reflector barrier is present, the CdTe
lifetime needs to be respectable, but need not be particularly high, to achieve a high
voltage. One possibility for creating such a barrier is to add a layer of ZnTe or other
material with an expanded gap in the conduction-band direction. A potential
difficulty, however, is that even a small amount of recombination at the CdTe/ZnTe
or other reflector interface will compromise the advantage of keeping electrons away
from the metal interface. An electron barrier could of course be applied to CdTe that
is not fully depleted. In this case, however, the benefit of the barrier would be
relatively small, because the carrier densities at the back would not be large enough

for back recombination to significantly lower the voltage.
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Fig. 5.15: Voltage dependence on lifetime and back electron barrier for n-i-p structure.

Fig. 5.16 shows the analogous effects of CdS/CdTe interfacial recombination
and conduction-band offset AE, for the n-i-p structure compared with Fig. 4.13,
assuming the electron reflector discussed above is 0.2 eV. In the n-i-p case, the effect
of V,. with different interfacial recombination velocities v,y is intermediate, and at
the presumed value of AE. (-0.1 eV), a small but finite v;,, should be sufficient to
yield a high V..

Fig. 5.17 summarizes the two approaches to higher CdTe voltage. The
simulated n-p J-V curve corresponds to substantial increases in both CdTe lifetime
and hole density, 7, = 100 ns and p = 2 x10!7 cm™, the potential result of a greatly
reduced defect density as was described in Chap. 4. These parameters predict a
voltage of 1080 mV and an efficiency of 22% even if current losses in today’s record

cell are not reduced. This scenario, however, does assume that one can construct a
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more favorable conduction band offset or hold interfacial recombination to extremely
low values. The n-i-p simulation yields a somewhat similar J-V curve with a voltage
of 1030 mV and an efficiency of 21% at a moderate lifetime of 2 ns. It requires an
electron reflector the order of 0.2 eV in height near the back contact. In this case,
although the n-i-p structure would predict a high voltage, the fill factor will remain
lower than optimal unless the CdTe lifetime is significantly increased. Nevertheless,
this is probably the more practical strategy for improving voltage and performance,
since it should not require a major improvement in the quality of thin-film CdTe to

reach a voltage of one volt and an efficiency above 20%.

21, = AV, =50- 150 mV

n-i-p
Large t

0.2 A Cliff ==—}—== Spike

.06 -04 -02 00 02 04
AE, [eV]

Fig. 5.16: Dependence of V,. on CdS/CdTe band offset and interfacial recombination
for n-i-p structure.
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Chapter 6

Impact of a Secondary Front Barrier

6.1 Possible secondary front barrier for CdTe solar cells

The formation of a low-resistance, low-barrier back contact, discussed in the
previous chapter, is one of the most challenging aspects in the fabrication of a high-
performance CdTe solar cell. In this chapter, we will move to the front part of a CdTe
solar cell, the TCO, CdS, and CdTe interfaces. The questions are whether it is
possible to have a secondary front barrier in CdTe solar cell, how we can distinguish
it from a back barrier, and what happens if such a front barrier exists?

In CIS and CIGS solar cells, secondary front barriers have been observed [33,
57}, and are the result of the positive conduction-band discontinuity (spike) at the
CdS/CI(G)S interface. This front barrier is responsible for current limitation and can
significantly reduce the fill factor [57]. The energy difference between the conduction
band and quasi-Fermi level for electrons at CdS/CI(G)S interface is the key value to

explain the J-V distortion [33].
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For CdTe based solar cells, from the theoretical point of view, there can be
several possible causes for a front barrier: (i) high conduction-band-offset (CBO)
between TCO and CdS layer; (ii) a highly photoconductive CdS layer; and (iii) a
dipole CdS layer with the electric field opposing that of the CdTe layer [58, 59]. We
will discuss the possibility of these three causes and their impact on cell performance

in the following.

6.2 Impact of conduction-band offset at TCO/CdS interface

Several TCO materials have been tested as a front contact for CdTe based solar
cells. The best energy conversion efficiencies to date have been obtained with SnO,
contacts. A negligible conduction-band-discontinuity was inferred from the
experiments by Niles ef al. [60]. Additionally, the Fermi level at the SnO,/CdS
interface is 0.2 eV below the conduction band, and hence no large barrier height for
electron transport across the interface should be present. Therefore, the SnO,/CdS
contact can be a reasonably ideal front contact. Fritsche et al. [61, 62] confirm that
the band alignment at SnO,/CdS can be considered as ideal for front contact
formation, but the Fermi-level can be well below the conduction band edge at the
interface as a result of charged interface states. We will discuss the charged
SnO,/CdS interface states in the region of a possible dipole CdS layer. Here, the
question is that if the TCO layer is not an ideal contact, and the conduction-band-
offset at TCO/CdS interface is no longer negligible, what happens to the cell

performance.

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 6.1 shows the calculated PV parameters as a function of AE, at TCO/CdS
interface. V,. is almost unchanged with various conduction-band-offset. Ji. is also
almost constant except that the value becomes extremely low when AE, is above 0.5
eV. This 1s because with such high, positive conduction-band-offset (big spike), the
depletion region in the bulk CdTe becomes very thin, which leads to a very small
photocurrent collection and therefore, a photocurrent is significantly reduced. Fill
factor and efficiency are almost constant when AE, is in the range of -0.4 eV to 0.4
eV, and beyond this range, they begin to decrease due to critical barrier for both
forward and photogenerated reverse currents. The reduction of FF and # in the spike
region is much more critical than that in the cliff region, especially when AE, is above

0.5 eV, where photocurrent is significantly lower.
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Fig. 6.1: Calculated PV parameters as a function of AE, at the TCO/CdS interface.

Ref. [60] predicts a negligible SnO,/CdS offset, and Fig. 6.1 shows that even if
the conduction-band-offset at TCO/CdS interface is not negligible, the cell

performance would not change much, at least in the range of -0.4 eV to 0.4 eV.
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6.3 Impact of CdS photoconductivity

There appears to be little information on specific electronic properties of CdS
films in CdS/CdTe solar cells. The recipes for CdS in solar cells do not generally
include any intentional doping. Therefore the doping of the CdS is largely determined
during cell fabrication such as the post-deposition CdCl, treatment and the inclusion
of Cu in the back contact. Pure CdS is an n-type material. However, Cl impurities,
which should form shallow donor states, and Cu impurities, which should form deep
acceptor defect states, are found in the typical CdS layer. A photoconductive region
in the CdS layer is produced by the diffusion of Cu into CdS, since it can compensate
the nomally n-type material. In the BL case, we assume that the CdS layer is highly
compensated n-type with the shallow donor density greater than the deep acceptor
defects density. In this section we will discuss the photoconductivity effects of CdS
due to the changes in net charge density.

Fig. 6.2 shows the conduction band calculated at zero bias in the dark and under
illumination with different shallow donor densities Np in CdS layer. The deep
acceptor defect density in CdS was unchanged for all the three cases (Np =1 x 10'®
cm’). With a small shallow donor density, CdS becomes more p-type, hence the
barrier in CdS layer is pushed up and the depletion width in CdTe is reduced. For
both the baseline case (Np = 1.1 x 10'® cm'3) and n*-CdS case (Np = 1 x10"° em™),
there is no difference between the bands in the dark and in the light. However, when
the shallow donor density is reduced to 1x 10" cm™, the bartier in CdS is much lower

in the light than that in the dark since the light generates free electrons and neutralizes
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a great number of deep defect accepters in CdS, which causes a less p-doped CdS and

a wider CdTe depletion width.

1.5
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Fig. 6.2: Conduction band calculated at zero bias in the dark and under illumination
with different shallow donor densities N in CdS layer.

The resulting dark and light J-V" curves are shown in Fig. 6.3. In the light, when
the shallow donor density is reduced, there is only a small amount of reduced fill
factor and reduced forward current. The former is due to the small amount of reduced
depletion width in CdTe, and the latter is due to the small amount of increased barrier
in CdS. In the dark, however, the current is greatly reduced in forward bias, since the
barrier in CdS is much higher when Np = 1x 10" cm™. The dark and light J-V curves
show a large crossover. In summary, the photoconductivity of CdS can lead to major

dark/light crossover, but it only has weak effect on light J-V performance.
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Fig. 6.3: Dark and light J-V" curves with different shallow donor densities Np in CdS
layer.

6.4 Impact of a dipole CdS layer

A pressure effect referred as piezo-effect, which was observed by Shvydka et
al. [58], predicts a strong electric field throughout the CdS layer in the direction
opposite that of the junction field. Such a reverse electric field could cause a front
barrier, shown in Fig. 5(b) in ref. [58]. The physical model of CdS which undergoes
the piezo-effect was then explored by Cooray and Karpov [59]. They proposed a
metal-insulator-semiconductor (MIS) structure, where CdS plays the role of insulator
and the electric field throughout it is reversed. This physical model was solved
analytically and verified numerically. It explains some observed phenomena, such as
the lack of carrier collection from CdS, buffer layer effects, and crossover and

rollover of the J-V curves. In this section, we will use the numerical method to
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simulate a dipole CdS layer with the reversed electric field, and the resulting J-V
performance as a function of the front barrier from a possible CdS dipole will be
evaluated.

For simulation of the dipole CdS model, the parameters used in the TCO
buffer layer and the bulk CdTe layer will generally be the same as the baseline case.
For the dipole itself, two narrow layers (5-nm thickness for each) containing high
concentrations of shallow acceptors (Na) or donors (Np) of equal magnitude were
added to the opposite sides of the CdS layer. Recombination centers were not
included in the two narrow interfacial layers. The negative and the positive charge
densities were therefore large and equal in magnitude, and hence forming two-
dimensional sheet charges each with area density o. High concentrations of acceptors
at TCO/CdS interface are plausible, since Cu concentration can increase dramatically
at the TCO/CdS interface [63]. As a consequence, Fig. 6.4, a dipole CdS layer with
negative and positive charges at both sides may be established. The conduction band
is increased near TCO/CdS interface and reduced near CdS/CdTe interface, and the
electric field is reversed throughout the CdS layer. The front barrier ¢ is produced as
a result. Fig. 6.4 also shows that the Fermi-level is well below the conduction band
edge at the TCO/CdS interface as a result of charged interface states. This is also

possible and has been reported by Fritsche et al. [61, 62].
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Fig. 6.4: Dipole CdS with negative and positive space charges at both sides of CdS;
¢r refers to the front barrier.

The calculated magnitude of front barrier as a function of the dipole sheet
charge density o in the light at zero bias is shown in Fig. 6.5. ¢ (light, V = 0)
increases with the dipole charges more quite steeply above 6 = 2 x 10’ cm™. In the
following, the light J-V behavior will be discussed as a function of the front barrier in
the light at zero bias. The dark J-V curve with high front barrier still shows the greatly
reduced forward current and even cross-over between dark and light as expected, and

hence will not be discussed further in this section.
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Fig. 6.5: Front barrier as a function of the dipole sheet charge density ¢ in the light at
zero bias.

J-V characteristics
Fig. 6.6 shows the light J-V curves resulting from a dipole CdS layer with
different front-barrier heights. The baseline case (no dipole) is also shown for
reference. J-V curves with a front barrier lower than 0.4 eV are not shown in Fig. 6.6,
since they are essentially the same as the baseline case. Above 0.4 eV, as the front
barrier increases, Jic and V. are nearly unchanged, but the fill factor is substantially
reduced, and forward current above V. is slightly reduced.
The values of fill factor and efficiency as a function of front barrier which is
measured in the light and at zero bias are shown in Fig. 6.7. Both FF and n are
constant when the front barrier is below 0.4 eV, but then drop sharply as the front

barrier is further increased, corresponding to the J-V distortion seen in Fig. 6.6.
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Fig. 6.6: Light J-V curves resulting from a dipole CdS layer with different front

barrier heights which are measured in the light at zero bias. The baseline case is
shown for reference.
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Fig. 6.7: Calculated fill factor and efficiency as a function of front barrier.
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Explanation

Electron current can be significantly reduced by the front barrier, and is
responsible for the J-V distortion. The hole current has no direct role.

Assuming thermionic emission across the barrier, the electron current density J,
can be calculated by integrating over the product of carrier density and carrier

velocities in the direction of transport. And the integral can be simplified by:
J, =qnv, 6.1)
where vy, is the thermal velocity of electrons about 107 cn/s, q is the electron charge

and » is the free electron density given by:

n=N, exp[— EC—k_TEFlJ (6.2)

Nc¢ is the effective density of states in the conduction band, k is the Boltzmann
constant, and T is the absolute temperature. Thus, at a fixed temperature, the electron
current through the junction is determined by » and therefore by the energy difference
between the conduction band and quasi-Fermi level. An increase of this energy
difference will result in fewer electrons, and hence possible current reduction.

Typical photocurrent density achieved in the power quadrant for CdS/CdTe
cells is about 24 mA/cm?® for 1-sun illumination. According to equation (6.1), the
minimum electron density to provide the current flow is 1.5 x 10 ¢m™, which
corresponds to 0.49-eV difference between conduction band and quasi-Fermi level
for electrons. If Ec — Er, is lower than this value, n is sufficient to provide the
photocurrent, but if Ec — Er, exceeds this value, additional drift fields are required to

help the electron transition. The values are calculated for the particular choice of
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parameters used in simulations, and for lower temperatures, a smaller value of E¢ —
Eg, 1s required.

Fig. 6.8 calculates the value of E¢c — Ep, in the light at zero bias for various front
barriers. It shows that the maximum E¢ — Ep, is located at or near TCO/CdS interface,
and it is therefore the key value for the electron current transport. The calculations of
Ec — EF, at the TCO/CdS interface for different voltage bias in the light are shown in
Fig. 6.9. Below V., with front barrier of 0.4 eV, Ec — Ef, is constant and well below
0.49 eV at low biases, and then decreases as the voltage bias approaches V.. The
decrease in Ec — Ep, results the increase forward electron current, and therefore a
somewhat reduced fill factor. For the 0.5-¢V front barrier, the situation is similar,
except that the drop of E¢- — EF, is large, and the result is a greater reduction in fill
factor. When the front barrier is increased to 0.6 €V and 0.7 eV, E- — Eg, increases
with voltage bias before it drops below V.. This causes the reduced photocurrent and
thus still lower fill factor and more severe J-V distortion. Above V,., Ec — Er,
decreases sharply with voltage bias, corresponding to the steep increase in forward
current in forward bias. For higher front barriers, Ec — EF, is higher, and hence the

forward current above V. is lower.
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Fig. 6.8: Energy difference between conduction band and quasi-Fermi level for
electrons in the light at zero bias for various front barriers.
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Fig. 6.9: Energy difference between conduction band and quasi-Fermi level for
electrons at TCO/CdS interface as a function of voltage bias in the light.
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Fig. 6.9 also shows that with front barrier of 0.5 ¢V and above, at low biases, Ec
— Ep, is above the 0.49-eV thermionic value, which means the electron density should
not be sufficient for photocurrent of 24 mA/cm®. This is an apparent contradiction,
because from Fig. 6.6, we can see that the photocurrent for those cases is still near 24
mA/cm’. The explanation is that the additional drift field at TCO/CdS interface helps
the electron transition and thus increases the photocurrent to 24 mA/cm?. Therefore
vy in Eq. (6.1) can be replaced by the drift velocity v,,, which can be calculated by
v, = UE (6.3)
where E is the drift field at TCO/CdS interface and the mobility u is 100 cm?/Vs. Fig.
6.10 shows the calculated drift velocity at the TCO/CdS interface with various
voltage biases for front barrier of 0.5 eV and above. At low bias, although the free

electron density is not sufficient, the drift velocity is higher than the thermal velocity

and thus increases the photocurrent to 24 mA/cm’.
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Fig. 6.10: Calculated drift velocity at the TCO/CdS interface as a function of voltage
bias.
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Other variations

The above discussion mainly focused on a possible dipole CdS layer. If a
monopole CdS with only one type of interfacial space charge were present, it also
could produce the reversed electric field in CdS layer. Either a negative or a positive
monopole is possible. If only negative space charge is generated between TCO and
CdS, the situation will be similar to the dipole. If the negative charge generates a
reversed electric field in CdS layer and produces a high front barrier, the J-V curve
will show distortion. If only positive charge is generated between CdS and CdTe, the
J-V curve should be the same as the baseline case, since although there is field
reversal in CdS, no front barrier is generated in this situation.

If the total thickness of CdS is increased, the thickness of the two dipole charge
sheets will be increased to produce a strongly depleted CdS with the reversed electric
field. The details of J-V curves will be different, and the general features of the
distortion will be similar.

The TCO layer has been assumed to be conductive with a carrier density the
order of 10'7 cm™. If this layer has higher carrier density, the J-¥ characteristics are a
little bit different. Fig. 6.11 compares the fill factor and efficiency with different
carrier densities in TCO layer. When the carrier density in TCO is increased to 10
cm?, J-V distortion would require higher front barrier around 0.6 eV. V. and Ji.
would still remain constant.

Variations in CdTe layer do not change the general principle discussed above,
and will not be discussed in detail here. In summary, a large secondary front barrier

formed by a possible dipole CdS layer could substantially reduce the fill factor and
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efficiency, which is resulted from the severe J-V distortion below V,., and slightly

reduce the forward current above V..

FF [%]

N [%]

Dipole CdS
0 .

0.0 0.2 0.4 0.6 0.8
o, (light, V = 0 V) [eV]

Fig. 6.11: Comparison of fill factor and efficiency for different carrier densities in
TCO layer.
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Chapter 7

Conclusions

Carrier lifetimes and secondary barriers are key factors governing J-V
behavior in CdTe solar cells. Here, the secondary barriers refer to: (i) the Schottky
back hole barrier, which is due to the low work function of the back metal contact; (ii)
the back electron reflector which could be created by adding a layer of ZnTe or other
material with an expanded gap in the conduction-band direction; and (iii) the front
barrier which could be produced by the high conduction-band offset at TCO/CdS
interface, a highly photoconductive CdS layer, or a dipole CdS layer in which the
electric field is reversed.

The carrier-lifetime/back-hole-barrier space can be divided into four regions
with four different types of J-V characteristics. When the back barrier is sufficiently
low to have little effect, the space can be divided into: (a) high recombination in the
space-charge region and reduced fill factor due to low carrier lifetimes, and (b) high
electron current and enhanced fill factor due to high carrier lifetimes. Increasing

lifetime leads to increasing fill factor and increasing voltage, but only up to a point
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for typical carrier-density CdTe. If the CdTe carrier density is increased above the
typical 2 x 10" cm™, the voltage will increase, although the photocurrent can be
reduced due to narrow depletion region if the lifetime is not high. Hence, both high
lifetime and high carrier density are required for high voltage in the standard n-p
configuration. Compared with the 16.5% record CdTe solar cell, the simulated n-p J-
V curve calculated with substantial increases in CdTe lifetime (100 ns) and hole
density (2 x 10" cm™), has a voltage of 1080 mV and an efficiency of 22% even if
current losses in today’s record cell are not reduced. It does, however, assume that
one can construct a more favorable conduction band offset or hold interfacial
recombination to extremely low values.

When the back-contact barrier is large enough to affect the current transport,
the features of the remaining two regions are significantly altered. Under high SCR-
recombination conditions, region (c), in which the total current is limited by the hole
current at the back contact and saturates at forward bias, exhibits J-V “rollover”.
Under high electron-injection conditions, region (d) is defined as “back-contact
enhanced electron current” where J-V curves show reduced V,. and enhanced electron
current in the light. In this case, photo-generated holes are blocked by the high back
contact, and the electron injection at the front junction is enhanced. A significant
feature of region (d) is a crossover of light and dark J-V curves. Overlap of front and
back space-charge regions is a subset of region (d), but is not a requirement for
reduced V..

If the carrier density is reduced to 2 x 10" cm™, the absorber will be fully

depleted and the model is referred as the n-i-p configuration. This model allows
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higher minority-electron injection at the back contact, and therefore results in
increased forward current and reduced voltage. However, if an effective electron
reflector can be constructed at the back contact, the voltage should be increased,
because the reflector would keep the minority carriers away from the back contact. In
this case, the lifetimes for high efficiency need not to be particularly high. The n-i-p
simulation yields a J-V curve with a voltage of 1030 mV and an efficiency of 21% at
a moderate lifetime of 2 ns. It requires an electron reflector the order of 0.2 €V in
height near the back contact. In this case, although the n-i-p structure would predict a
high voltage, the fill-factor will remain lower than optimal unless the CdTe lifetime is
increased somewhat over current values. Nevertheless, this is probably the more
practical strategy for improving voltage and performance, since it should not require a
major improvement in the quality of thin-film CdTe to reach one volt and 20%.

A secondary front barrier in CdS/CdTe solar cell may be produced by the
following ways: high conduction-band offset at TCO/CdS interface, highly
photoconductive CdS layer, or a dipole CdS layer. The cell performance would not
change much when the conduction band offset at TCO/CdS interface is in the range
of -0.4 eV to 0.4 eV, but beyond this region, J-V distortion would take place. The
reduction of fill factor and efficiency in the spike region is much more critical than
that in the cliff region. The photoconductivity of CdS can lead to dark and light
crossover, but it only has weak effect on light J-V performance. A large front barrier
formed by a dipole CdS layer could result in reduced fill factor and efficiency. When
the front barrier is above 0.4 €V, J-V distortion becomes appreciable. The key value is

the maximum energy difference between the conduction band and the quasi-Fermi
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level for electrons at the TCO/CdS interface where the peak of the front barrier is
located. It determines if there are sufficient free electrons to provide the required
photocurrent. Otherwise, an additional drift field is required to help the electron
transition. The increase of Ec — Ep, with voltage bias causes the reduced photocurrent,
and hence the J-V distortion.

The CdS/CdTe cell is a very complex system. All of these mechanisms
mentioned above interact with each other to some degree, and many of them work
together to determine the cell performance. Therefore, during analysis process, which
mechanism dominates should depend on specific materials and geometric properties

as well as the operation conditions.
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