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ABSTRACT

Cadmium Telluride (CdTe) possesses preferable optical properties for photovoltaic
(PV) applications: a near optimum bandgap of 1.5 eV, and a high absorption coefficient of
over 15,000 cm™! at the band edge. The detailed-balance limiting efficiency is 32.1% with
an open-circuit voltage (Vo) of 1.23 V under the AM1.5G spectrum. The record
polycrystalline CdTe thin-film cell efficiency has reached 22.1%, with excellent short-
circuit current densities (Jic) and fill-factors (FF). However, the Ve (~900 mV) is still far
below the theoretical value, due to the large non-radiative recombination in the
polycrystalline CdTe absorber, and the low-level p-type doping.

Monocrystalline CdTe/MgCdTe double-heterostructures (DHs) grown on lattice-
matched InSb substrates have demonstrated impressively long carrier lifetimes in both
unintentionally doped and Indium-doped n-type CdTe samples. The non-radiative
recombination inside of, and at the interfaces of the CdTe absorbers in CdTe/MgCdTe DH
samples has been significantly reduced due to the use of lattice-matched InSb substrates,
and the excellent passivation provided by the MgCdTe barrier layers. The external
luminescent quantum efficiency (7.,;) of n-type CdTe/MgCdTe DHs is up to 3.1%,
observed from a 1-um-thick CdTe/MgCdTe DH doped at 107 cm?. The 3.1% 7gxe
corresponds to an internal luminescent quantum efficiency (1;y,) 0of 91%. Such a high 1.,
gives an implied V., or quasi-Fermi-level splitting, of 1.13 V.

To obtain actual V,., the quasi-Fermi-level splitting should be extracted to outside
the circuit using a hole-selective contact layer. However, CdTe is difficult to be doped p-
type, making it challenging to make efficient PN junction CdTe solar cells. With the use

of MgCdTe barrier layers, the hole-contact layer can be defective without affecting the

i



voltage. P-type hydrogenated amorphous silicon is an effective hole-selective contact for
CdTe solar cells, enabling monocrystalline CdTe/MgCdTe DH solar cells to achieve V.
over 1.1 V, and a maximum active area efficiency of 18.8% (Jic = 23.3 mA/cm?, Ve =
1.114 V, and FF = 72.3%). The knowledge gained through making the record-efficiency
monocrystalline CdTe cell, particularly the n-type doping and the double-heterostructure
design, may be transferable to polycrystalline CdTe thin-film cells and improve their

competitiveness in the PV industry.
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CHAPTER 1
INTRODUCTION

1.1  Why Solar?

Almost all kinds of energy people use ultimately come from the sun, including wind,
hydro, biomass, and fossil fuel. Fossil fuel is the solar energy captured through
photosynthesis by ancient plants. The use of fossil fuel (particularly coal) triggered the
Industrial Revolution in Britain in 1700s, and significantly pushed forward the
advancement of human civilization. However, this came with a price. The burning of fossil
fuel releases carbon dioxide, a greenhouse gas, and many other pollutants into the
atmosphere.

Solar energy is renewable, abundant, and ubiquitous. The solar cell is an
optoelectronic device that directly converts sunlight to electricity through the photovoltaic
(PV) effect. The cost of electricity generated by PV systems is low enough to compete with
electricity generated by burns fossil fuel in many sunny areas around the world [1][2].
There are lots of interesting physics, material science, and thermodynamics in solar cells.
This dissertation aims to summarize or answer some basic questions about solar cells,
including

(1) What is the limiting efficiency of solar cells?

(2) What is an ideal photovoltaic absorber?

(3) What is an ideal solar cell structure?

(4) An experimental demonstration of an efficient CdTe solar cell.



1.2 The Detailed-Balance Limit of Solar Cells

The Shockley- Queisser’s detailed-balance model studies the limiting efficiency of
single-junction solar cells [3]. In the model, the absorptance and emittance spectra of a
solar cell are zero below, and unity above the bandgap. At open-circuit, the luminescence

from the cell balances the incident photons from the sunlight as illustrated in Fig. 1-1.

qV
(Dsun EXp (k_TC) cDbb (Tc)

1]

Solar cell

Fig. 1-1 A Solar Cell Working at the Detailed-Balance Limit.

Without any reflection losses, the short-circuit current density /. of a solar cell is

determined by the number of photons above the absorber bandgap:

Jse = qf D (E) dE (1.1)
E

g

where E is the photon energy; ®g,,,, is the photon flux density of solar radiation, which is

approximated as a diluted black-body radiation source at a temperature of T;=6000 K:



2nE* 1

Psun(E) = fo 15 7% (1.2)
ekTe — 1
where f,, is the dilution factor:
D 2
fo=(5) (13)

where D = 1.392 X 10° km is the diameter of the sun, and L = 1.496 X 108 km is the
distance from the sun to the earth.
The radiative recombination current density in a solar cell is related to the forward-

bias voltage V through:

Jraa) =Jo [exp () = 1] (14

where ], is the dark current density determined by the thermal radiation at equilibrium, and
is expressed as:

Jo= Qf @, (T, E)AE (1.5)
E

g

where T, is the temperature of the solar cell, assumed to be 300 K, unless stated otherwise;
®,, (T, E) is the photon flux density of a black-body (# of photons per unit area, per unit

energy interval, per time).



2nE? 1
Dy, (T, E) = s (1.6)
ekTe — 1

In summary, the detailed-balance model gives the maximum J., and the minimum
Jo of an ideal single-junction solar cell. As a result, the I-V curve under the detailed-balance

limit is obtained. The limiting efficiency is the maximum power point on the I-V curve.

1.3 Organization of the Dissertation

The Shockley and Queisser’s model assumes that the solar cell is thick enough to
absorb all photons above the bandgap of absorber, without considering the thickness of
solar cells. Some questions remain to be answered.

First, what is the efficiency of a solar cell with finite thickness? Chapter 2 developes
a detailed-balance model for solar cells with finite thickness. Only a small fraction of
luminescence escapes out of the front surface of a solar cell. The remainder of luminescent
photons may be reabsorbed and reemitted, a phenomenon known as photon recycling.
Chapter 2 develops a method to calculate the photon-recycling factor.

Second, what is the limiting efficiency of a solar cell with a non-step like
absorptance spectrum? Is it possible to exceed the Shockley and Queisser limit? Chapter 3
answers this question.

Third, what is an ideal photovoltaic material? An ideal photovoltaic material should
have unity electron-to-photon conversion efficiency, i.e. unity internal luminescence
quantum efficiency. Chapter 4 studied the internal and external luminescence quantum

efficiency of monocrystalline CdTe/MgCdTe double-heterostructures.



Fourth, what is an ideal solar cell structure? An ideal solar cell structure is a high
quality photovoltaic absorber sandwiched between carrier-selective electron and hole
contacts. Chapter 5 describes an experimental demonstration of monocrystalline CdTe with
p-type amorphous silicon as the hole-selective contact. A record high open-circuit voltage

of over 1.1 V has been achieved in the solar cell.



CHAPTER 2
SOLAR CELL THEORIES: FROM DETAILED-BALANCE MODEL TO

EXTERNAL LUMINESCENCE QUANTUM EFFICIENCY

2.1 Introduction

In the Shockley-Queisser model [3], the absorptance spectrum of a solar cell is a
Heaviside step-function centered at the bandgap energy, i.e. zero below and unity above
the bandgap. To achieve this condition, the solar cell should be optically thick. Thicker
absorber comes with more non-radiative recombination centers, increased material-
consumption, and lower carrier-collection efficiency. Solar cell efficiencies can be
improved by reducing the physical thicknesses while employing light trapping techniques
to boost the absorptance [4][5].

In this chapter, detailed-balance model of solar cells with arbitrary absorber
thickness is developed. The absorptance of solar cells is calculated using ray-optics
approach and the detailed-balance limit of these cells (whether optically thin or optically
thick) can be obtained. As pointed out in [6], the detailed-balance model takes into account
the photon recycling (PR) effect. In addition, in this paper, the PR factor (the average
probability for a photon-generated in a solar cell to get reabsorbed [7]) can be calculated

from the detailed-balance model.

2.2 Detailed-Balance Model of Solar Cells

Consider a flat solar cell facing toward the sun, as shown in Fig. 2-1 and Fig. 2-2.
Assuming the carrier collection efficiency is unity, the short circuit current density /. for

a solar cell is [4]:



Jse = qf dE fAﬂ,Ed)sun(Er 2)dQ (2.1)
0
Q

where E is photon energy; () is solid angle; Agg is spectral directional spectral
absorptance, defined as the percentage of light absorbed at a specific energy and direction;
Gsun (E, Q) is the spectral directional photon flux density of solar radiation, the photon flux

per unit time, area, energy interval, and solid angle. The unit is #/s/cm?/eV/sr.

Vv
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Fig. 2-1 Spectral Directional Absorptance and Emittance of a Solar Cell.
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Fig. 2-2 The Parameterization of Spectral Directional Emittance

Assuming that only the unavoidable radiative recombination exists in the solar cell,
the recombination current density is related to the forward-bias voltage V through the

function:

Jraa = Jo |exp (%) -1 (2.2)

where ], is the dark current density determined by the thermal radiation at equilibrium:
Jo = QJ dE j €q,ePpp (T, E,2)dQ (2.3)
0
Q

where T is the temperature of the solar cell, usually assumed to be 300 K. eqg is the
spectral directional emittance, the ratio of emitted photon flux density to that of a black-
body. ¢, (T, E, Q) is the spectral directional photon flux density of black-body radiation
at temperature T per unit time, area, energy interval, and solid angle (#/s/cm?/eV/sr). It is
expressed in Planck’s law:

2E* 1

ez E (2.4)
ekT —

¢bb (T, E, Q) =



According to Kirchhoff's law of thermal radiation, the spectral directional
emittance equals absorptance:
Ak = €qE (2.5)
To simplify the expression of /. in Eq. (2.1), the direction of solar radiation is

assumed to be normal to the solar cell. So, J,. is simplified as:

Jee = q f Ap® o (E) dE 2.6)
0

where Ag is the absorptance of solar cell at normal direction; and @y, is the spectral
photon flux density, the photon flux per unit time, energy interval, and area. The unit is

#/s/cm?/eV.

J<c can be expressed in terms of the effective absorptance A as:
©o

Jse = qA_Ef P gun(E) dE 2.7)

Eg
The effective absorptance Ag characterizes the average absorptance of solar cell

over the absorption spectrum and is defined as:

fooo AEchun(E) dE

Ag = 25
Jg, ®sun(E) dE

(2.8)

In spherical coordinate, the spectral directional emittance is parameterized by the

zenith and azimuth angles, or €g g, as shown in Fig. 2-2. The dark current density is:



Jo

00 2 z

2
=q j dE j d(p j sin EG(p,Eqbbb,air(T: E, 6, (P)de
0 0 0 (29)

%) 2T A

+ qf dE.[ d(pjn —sin 6 €g gPpp,sun (T, E, 0, 9)dO
0 0 z
2

where ¢pp qir (T, E, 0, @) and ¢pp, 54 (T, E, 6, @) are the spectral directional photon flux
density of black-body radiation in the air and in the substrate, respectively. According to
Planck’s law and Lambert’s cosine law, the expressions are:

2E? 1

®bb,qir(T, E,8,@) = cos GW 3 (2.10)
exT — 1
2E2n2 1
Pob,sun (T, E, 8,9) = cos 6 —=——F (2.11)
exT — 1

It is worth noting that the black-body radiation in the substrate (with refractive
index of n,) is n2 times that of black-body radiation in the air, due to the increased photon
density of states in the substrate. Spectral directional emittance is usually independent of
the azimuth angle ¢, and thus can be simply written as €g g. Therefore, the dark current

density of a solar cell structure is:

Jo

“omE? 1 7
=q WE_dE_]- 2sin 6 cos 6 €g pdf
0 0

ekT — 1 (2.12)

®2mE*n? 1 ™ _
+ qf P dEJ;T —2sin 6 cos 0 €g gdo
0 ekT — 1 5

We define emittance of front surface eg and emittance of back surface € as

10



A

2
eg = f 2sinf cos 0 egdb (2.13)
0

s
el = jﬂ —2sin 6 cos 6 g gdf (2.14)

2

Using the surface emittance, dark current density is:

Jo = qj (e + n2el)®,, (T, E)dE (2.15)
0

2
where &, (T, E) = % El

ekT—1

is spectral photon flux density of black-body radiation of a

flat surface facing free space, in the unit of #/s/cm?/eV.
Similar to the expression of J,., dark current density can be expressed in terms of

effective emittances:

[ee)

h=qG£+@%)f¢mﬁ£ME (2.16)

Eg
where ng is the average refractive index around the bandgap (refractive index can be

moved out of the integral because spontaneous emission is concentrated near the bandgap

and refractive index is a slowly varying parameter at that small range); €£ and % are
effective emittances of front (toward the sun) and back (opposite to the sun) surfaces,
defined as

[ F2mE? 1

o o €k 132 —;f—r 1dE
F_ ekT — 2.17
€E wanEz 1. (2.17)
732 E
Fg hic ekT — 1

11



J*OO 2 bZT[Ez 1

e nrfEW?ldE
b _ ex” — 2.1
€ n2 w2mE? 1 dE (2.18)
3,2 E
7% hic exT — 1

In summary, given a solar cell, the emittance/absorptance to every direction as a
function of photon energy should be known first. Then, integrate the spectral directional
absorptance Aq g times the photon flux density of solar radiation ¢y, (E, ) to calculate
the short-circuit current density, /.. Next, integrate the spectral directional emittance times
the photon flux density € g of the black-body radiation at room temperature to calculate
the dark current density J,. As a result, the -V curve under the detailed-balance limit is
obtained. The limiting efficiency can be calculated using the maximum power point on the

I-V curve.

2.3 Photon Recycling and Photon Extraction Factors

Photon generated through radiative recombination in solar cell has four possible
destinies [7]:

1. Emit from the top surface, with probability yef ;

2. Emit to substrate, with probability y2;

3. Get absorbed in the absorber region incurring band-to-band transition, with
probability y;;

4. Get absorbed parasitically without incurring band-to-band transition, with
probability y;.

The four possibilities sum up to one:

12



vl+vb+v+yi=1 (2.19)
The third process is photon recycling (PR), and y, is referred as PR factor. If
radiative recombination is uniform within the solar cell, PR effect results in a reduced net
radiative recombination rate according to:

Ryqa = Bo(1 —yr)np (2.20)
where n and p are the electron and hole concentration, respectively; By is the material’s
intrinsic radiative recombination coefficient, a parameter independent of the sample
geometry.

PR effect is equivalent to lowering the effective radiative recombination coefficient
Bery:
Besr = Bo(1— 1) (221)
Since the PR effect is dependent on solar cell structure properties such as thickness
and surface roughness, B, is specific to a solar cell structure as well.
At equilibrium, the rate of photon flux density emitting from the front surface is:
RS T ®2nE? 1

rad ~ “E h3c2 E
c L
Eg exT — 1

dE (2.22)

The rate of photon flux density emitting from the back surface is

. (P2mE? 1
Rrad = Ng€g Wi— dE (223)
Eg exT — 1
The unit of R/, and RZ,, are both #/s/cm?.

The total photon-generation rate inside a solar cell with absorber thickness d in unit

area 1is

13



Rtotal = Bon?d (2.24)

rad
where Byn? is the radiative recombination per unit volume at equilibrium, and is related to
the absorption coefficient a according to the van Roosbroeck-Shockley relation [8] in Eq.

(2.25)

®2nfE? «a

3,2 E
h*c exkT — 1

Bon? = 4 dE (2.25)

The photon extraction (PE) factor from the front surface is:

w2mE? 1 7
f e —F—dE fE

f F3.2
f_ Rrad _ hC ekT—l _ ekT—]. (226)
Ve Rtotal — © E an? B E an? )
rad f " dE 4d f ' dE
h3c2
T -1 ekT -1
The PE factor from the back surface is:
w2nE? 1
efnz [, ez £ 4 €Engf
b _ Rrad _ ekT — 1 _ ekT — 1 (2.27)
Ye = ptotal = o E an? N o E an? '
rad f T dE 4d f ' dE
h3c2 £
ekT -1 ekT -1
Neglecting the parasitic absorption in solar cell (y; = 0), the PR factor is
ve=1-v{-v} (2.28)

The numerators of PE factors are bounded, but the denominators goes to infinity as
the thickness increases, implying that PE factors approach to zero. Similarly, PR factor
becomes unity as the thickness increases to infinity, and therefore B, ;s will diminish to
zero according to Eq. (2.21). Photon emission is proportional to the surface area, while
photon generation is proportional to the volume of solar cell. As thickness of solar cell
increases, photon generation will eventually significantly outweighs photon emission,

making PR factor closes to unity.
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2.4 Incorporation of Photon Recycling into the Drift-Diffusion Model

The detailed-balance model gives the maximum possible power conversion
efficiency of a solar cell under ideal conditions. Numerical simulations based on solving
the drift-diffusion equations can predict the performance of practical solar cells. The
existence of the photon recycling (PR) effect is a hidden assumption in the detailed-balance
model [6]. However, the drift-diffusion model does not consider it, and neither do most
solar cell simulation software packages, including PC1D [9]. One method of incorporating
PR effect into drift-diffusion model is to scale the radiative recombination coefficient B of
the absorber layer material based on the sample geometry [10]. This method assumes that
the quasi-Fermi level separation is constant throughout the absorber layer, which is a valid
assumption for monocrystalline solar cells with a thickness close to, or shorter than, the
diffusion length. In this section, the method of scaling B is applied to the simulation of
CdTe/MgCdTe double-heterostructure solar cells. The detailed-balance model of a planar
CdTe solar cell is developed. The cell structure is shown in Fig. 2-3. Reflectances of the

front and back surfaces are referred to as Ry and R),, respectively. The solar cell is either

on a substrate or on a back-reflector. R;, = 0 in the case of absorbing substrate, and R;, can
be close to unity if the back surface of the solar cell is coated with high quality metallic

reflector.
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Fig. 2-3 Schematic Structure of a Planar Solar Cell, with Front and Back Surfaces

Reflectances Rg and Rg.

Using ray-optics and taking into account of the incoherent multiple reflections
between front and back surfaces, absorptance is:
Ap = (1—Rp)[(1 —e7%%) + e~ R, (1 — e™%%)

—2ad _ p—ad
+ e 2MR,R (1 — e™ ) 4 -+ (2.29)

- —ad —ad
=(1-R)A—-e ™)1 +e™® Rb)l_Rbee—Zad

The terms in the square bracket correspond to the absorption of the 1%, 2, 3™, light path
in the solar cell.
Using Kirchhoff’s law of thermal radiation or Eq. (2.5), the emittance of the front

and back surfaces are:
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(2.30

€E
6¢ _ _ p—ad/cos@ —ad/ cos0 )
1—Rf)(1—¢€ 1+e R
= n? ( ) _Z)(d 5 b)ZCOSGSianG
0 1—RpRre™2¢ / cos
and
€p

_ 0 (1 —Rb)(l — e—ad/cos@)(l +e—ad/coseRf)2 -
- 1 — R+R, e—2ad/cosf cos 0 sin
i Fre (2.31)

g(l — Rb)(l — e_“d/cose)(l + e—a’d/COSG)

1R, ¢ 2wd/cos0 2 cos O sinf do

6c
The derivation used the Helmholtz reciprocity principle, i.e. the absorbed light and
the emitted light can be considered as the reversals of each other [4]. To simplify the

analysis, Ry and Rj, are assumed to be independent of photon energy, polarization, and

angle.
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Absorption coefficient (cm'1)

15 2 25 3 35 4
Photon energy (eV)
Fig. 2-4 Absorption Coefficient of Monocrystalline CdTe [11].

Plugging the absorption coefficient as shown in Fig. 2-4 into Eq. (2.29)-(2.31), and

the parameters of d =1 pum, Ry = 2%, and R, = 0, the absorptance and front and back
17



surface emittance of a CdTe solar cell are calculated and the results are shown in Fig. 2-5.
The parameters are chosen as so to reflect the sample structure of the recently reported
CdTe/MgCdTe DHs [12]. Rf is set to 2% because this value is readily achievable with

state-of-the-art double layer anti-reflection coating (ARC) [13].
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Fig. 2-5 Absorptance and Front and Back Surface Emittance of a CdTe Solar Cell, with

Thickness of 1 pm, R¢ = 2%, and Ry, = 0.

The effective absorptance and effective emittances of front and back surfaces are
calculated using Eq. (2.8), (2.17) and (2.18). The results are shown in Fig. 2-6. We can see

that the effective absorptance increases with thickness and saturates around one, and the
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effective emittances of both surface keep increasing as the thickness increases. Effective
absorptance is larger than the effective emittance of front surface when the thickness is
small (below 0.4 pm). The reason is that the effective absorptance characterizes the average
absorptance on the solar spectrum; effective emittance characterizes the average emittance
on the spontaneous emission spectrum. Spontaneous emission spectrum is around the
bandgap energy where absorption coefficient is small; solar spectrum covers a large range
above the bandgap where the absorption coefficient is large. Therefore, the effective
absorptance is larger than the effective emittance of front surface. When the solar cell is
thick (beyond 1 um), the below bandgap emission takes over (the absorption coefficient of
CdTe does not abruptly decreases to zero below the bandgap of 1.5 eV as seen from Fig.

2-4), making the emittances larger than one.

Effective Absorptance or Emittance

10 10" 10" 10’
Thickness (pm)

Fig. 2-6 Effective Absorptance and Effective Emittances of Front and Back Surfaces of

CdTe Solar Cell as a Function of Thickness, with R¢ = 2%, and Ry, = 0.
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Using Eq. (2.26)-(2.35), PR and PE factors are calculated and shown in Fig. 2-7.

Photon-recycling or photon-extraction factor

Thickness (um)

Fig. 2-7 PR Factor and PE Factors of Front and Back Surfaces as a Function of Thickness

of CdTe Solar Cell, with R¢ = 2%, and Ry, = 0.

Numerical simulations using PC1D and the results of detailed-balance model are
compared in Fig. 2-8. In the numerical simulation, carrier mobility is set to a very high
value of 10° cm?/(V's), and non-absorbing passivation layers are used to make selective
contacts to ensure that the carrier-collection efficiency is unity. Carrier lifetime is set to an
extremely long value of 10° seconds to simulate the situation of zero non-radiative
recombination. For the PC1D simulation with PR, the radiative recombination coefficient
B of CdTe is set to B,ss using Eq. (2.21) and modified for each thickness; B is set to By
and left unchanged for the case of without PR. Results from the detail-balance model and
the PC1D simulation are compared in Fig. 2-8. The three cases have the same /., because

the carrier-collection efficiencies are all unity. Detailed-balance model and the PC1D
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simulation with PR have the same V. and efficiency, but the PC1D simulation results
without PR deviate from the detailed-balance limit, implying that incorporating PR is
necessary to simulate solar cell with efficiency approaching the detailed-balance limit.
Without PR, PC1D simulations overestimate the radiative recombination in the solar cell,

leading to lower V. and efficiencies than the detailed-balance limit.

—o— detailed-balance model 1.05

. } —o&— detailed-balance model
—+— PC1D simulation w/ PR

—+—PC1D simulation w/ PR

—9— PC1D simulation w/o PR 1t ——PC1D simulation w/o PR
10° 10° 10? 10° 10°
Thickness (um) Thickness (um)
(a) (b)
35
30

= N N
a O O

Efficiency (%)

N
o
T

—o— detailed-balance model

5 —+—PC1D simulation w/ PR ||
——PC1D simulation w/o PR
0 N
10° 10° 10°
Thickness (um)
()

Fig. 2-8 Comparison of Detailed-Balance Limit and PC1D Simulation Results with and
without Considering the Photon-Recycling (PR) Effect: (a)/sc, (b)Vy, and (c) Efficiency

of CdTe Solar Cell vs. Absorber Thickness.
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2.5 External Luminescence Quantum Efficiency

Efficient electron-to-photon conversion is a desirable material property for
photovoltaic applications. The electron-to-photon conversion efficiency needs to be unity
(purely radiative recombination) for solar cells to achieve the Shockley-Queisser limit [3].
A less-than-unity external luminescence quantum efficiency (7,) reduces the implied
open-circuit voltage (iV,.), or the quasi-fermi-level splitting in the absorber region, of solar

cells, through the formula [13][14][15][16][17]:
kT
Voc = Vap + ?hl(next) (2.32)

where V,, is the open-circuit voltage at the detailed-balance limit.

In fact, state-of-the-art solar cells are engineered to optimize light extraction to
reach the highest possible efficiencies [16][17]. For example, by replacing the absorbing
substrate with a reflective mirror, the n,,,; of GaAs solar cell is improved from ~1% to over
20%, accompanied with a V,. improvement of near 0.1 volt [13][16].

Next 18 the ratio of photons emitted out of the front surface to the electron and hole

pairs radiative and non-radiative recombination at open-circuit, which is expressed as

R/,
Next = —Rnet’i R (2.33)

rad
where R is the net radiative recombination taking into account the PR effect and is
related to material’s spontaneous emission rate Ry, as
RIS = (1- 7Ry, (2.34)
The spontaneous emission quantum efficiency 7, is [7]:
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Ry,

P — 2.35
Ry + Ry ( )

Nsp =

where R,,,- is the non-radiative recombination rate including the contributions from SRH,
Auger, and surface recombination processes.

Rearranging the equations, the expression of the 7,,; is obtained:

NspVd

_lsvle (2.36)
1- NspVr

Next =

Define ]g; as the radiative recombination current density emitting from the front surface at

equilibrium:
f 7 (“2mE* 1
]0 = (qé€g _h3C2 5 dE (237)
Eg ekt — 1
]({ is related to the dark current density J, by
I = Nextlo (2.38)
Open circuit voltage is:
kT ]SC Sc
V. = ( = 4+ 1) —In (—) = < ln( ) 2.39
o Jo a \Jo) " q T\JT) g e (239

Denote 71n (]] “) by V4p, we arrive at the equation first proposed by R. T. Ross [14]:
0

kT
Voc = Vap + —In(Mext) (2.40)
q
Textured surface Textured surface
! |
Structure A Structure B Structure C Structure D
mirror mirror Scattering mirror Scattering mirror

Fig. 2-9 Four Kinds of Solar Cell Structures.
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Table 2-1 Summary of the Four Kinds of Solar Cell Structures.

Structures label A B C D
Randomly Randomly
Morphology Smooth Smooth
textured textured
Front
Transmittance 1 1 1 1
surface
Transmittance
Specular | Lambertian Specular Lambertian
distribution

Randomly Randomly
Morphology Smooth Smooth

textured textured
Back
Reflectance Ry Ry R, Ry
surface
Reflectance
Specular Specular Lambertian | Lambertian
distribution

Consider four kinds of solar cell structures, as shown in Fig. 2-9. The properties of
these structures are summarized in Table 2-1. All the cell structures have a mirror on the
back surface with reflectance R;,. If R, = 0, the solar cell is equivalent to having an
absorbing substrate. On the other hand, the state-of-the-art thin-film solar cell has R}, close
to unity. The back mirrors of A and B are smooth, providing specular reflection. The back
mirrors of structure C and D are rough mirrors, scattering the reflected light to Lambertian
distribution. Top surface of structure A and C are smooth, allowing normal incident light
to go straight into the absorber. Top surface of structure B and D are textured, scattering
incident light to Lambertian distribution. A perfect anti-reflection coating covers all the
structures. Structure A represents the typical structure of thin-film GaAs solar cells [13].
Ultra-thin GaAs cell with textured back-reflector has structure C [18]. Structure B is a
standard monocrystalline Si cell structure [19]. Structure D is a typical Silicon

heterojunction cell structure [20].
24



Using ray-optics and taking into account of the incoherent multiple reflections

between front and back surfaces, the surface absorptance and emittance of these structures

are:
Structure A:
Ag g = (1 — e ¥B))(1 4 Rye~aE)) (2.41)
f 0c _a(E)d _2a(E)d
€, =1—n? j 2 sin @ cos 6 [(1 — Ry)e cos8 + Rye” cosd ]de (2.42)
0
Oc _a(B)d
€l = f 2sin@cosfB (1 —R,) (1 —e cos@)de
0
T _2a(B)d (2.43)
2 ] 1—e cos@
+ j 2sinfcos6 (1 —Ry) 2aE)d de
Oc 1-— Rbe_ cos 0
Structure B:
2 X
EB = 1 (2.44)
t-y(1-3)
where
s s
2 _a(E)d > _a(E)d _a(E)d
X = f 2sinf cos @ [1 —e cos@]d@ +f 2sinfcosfe cosd R, [1 —e cos@]d@
0 0
and
s
2 _2a(E)d
y = j 2sinf cos O Rye cosé dO
0
L =4 2.45
GE,B E,B ( : )
b 1
egp = (1 —Rp) [1 —t+t (1 — F) AE,B] (2.46)
T
where
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Nl

_a(E)d
t = j 2sinf cosf e cosd df
0

Structure C:

1

Apc=1—e B 4 p-aB)dp

P Oc a(E)d a(E)d 1
eE’Cznﬁf 2sinfcosf|1—e cost t+e cosBbel_R
0 bY

dé

GE,C = (1—-Rpx

1-— Rby
where
bc _a(B)d
X =f 2sin 6 cos 0 [1 —e cos@]de
0
Vs
2 _2a(E)d
+f 25in9cos€[1 — e cos@ ]d@
Oc
and
s
> _2a(E)d
y = j 2sinfcosfe cosd dO
0c
Structure D:
1
App = (1 —x)(1 + xRp) 1
42 _ =
1 X Rb (1 n%)
etp = Agp
b 1 1
€2, = (1—Ry)(1—x) [1+x(1—ﬁ>] -
Py e, (1 ——2)
n‘f'
where
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(2.50)
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Nl

_a(E)d
X =j 2sin @ cosBe cosd db (2.55)
0

Consider GaAs solar cells in the four structures. The thicknesses required to obtain
an absorptance of 99% as a function of reflectance of the back-reflector are shown in Fig.
2-10. The thickness indicates the performance of light trapping of the four structures. With
great light trapping, the required thickness is reduced. The thicknesses decrease
monotonically with mirror reflectance. Performance of structure B and D are almost
identical and are both better than A and C. When the reflectance is small, structure A and

C have similar performance. The performance of C catches up with B and D when the

reflectance is close to unity.

Thickness (Hm)
TN

—_

— Structure A i i i
O.Sf—StructureB o L LN
— Structure C| | |
~ Structure D i i i
O0 0.2 0.4 0.6 0.8 1
R

Fig. 2-10 Thickness Required to Obtain 99% Effective Absorptance.

Due to the one-to-one relationship between V. and 1., in Eq. (2.40), the bigger

the 1., the higher the V.. Since all the four structures have 99% absorptance, /. are the
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same. The IV curves have the same functional relationship, i.e. the bigger the 1., the
higher the power conversion efficiency of the solar cell. n,,; as a function of spontaneous
emission quantum efficiency 7, is shown in Fig. 2-11. When 7, is small, the asymptotic
expression of 7yt 1S Nexr = VelNsp according to Eq. (2.36), which explains the linear
behavior of the curves when 7, is small. As 7, increases and approaches unity, PR effect
comes into play, and reduces the denominator in Eq. (2.36), and causes the upward bending
0f Nexe ON the right as shown in Fig. 2-11 (a) and (b). When 7, is the same, i.e. the same
material quality, structure B and D have similar 1., and both of which outperform C, and
then A. Therefore, 1., correlates well with performance of light-trapping (see Fig. 2-10),
as a results of the reciprocity of light absorption and emissions. Comparing Fig. 2-11 (a)
and (b), solar cells with a perfect back-reflector outperform the cells with a poor back-

reflector.

10’ ‘
— Structure A |
AT Structure B |
10 H — Structure CF-—-—--------~-
— Structure D

2 - 0
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Fig. 2-11 External Luminescence Quantum Efficiency (1).,;) as a Function of

Spontaneous Emission Quantum Efficiency when (a) R, = 1 and (b) R, = 0.9.

Next @s a function of R, is shown in Fig. 2-12. The solid and dashed lines show the
results when 715,= 0.9 and n5,= 0.99, respectively. As expected, 7,5, increases with 7y,.
There is an upward bending of the 1., as Rj, approaches unity, indicating the importance

of a good back-reflector.
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Fig. 2-12 External Luminescence Quantum Efficiency (1ex¢) as a Function of

Reflectance.

2.6 Summary of Chapter

This chapter summarized the detailed-balance model of solar cells with finite
thickness. PC1D simulation including photon recycling (PR) by adjusting the radiative
recombination coefficient B was carried out. The validity of the method is verified by
comparing the detailed-balance limit and the drift-diffusion model with no non-radiative
recombination. PC1D simulation including PR effect yields the same results as the
detailed-balance limit. The PC1D simulation without PR effect gives incorrect results. It is
therefore important to include PR when simulating solar cell approaching the radiative
limit. The External Luminescence Quantum Efficiency (7.,:) has been introduced. The

Next 0f GaAs solar cells with various structures have been calculated and compared.
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CHAPTER 3
THE INFLUENCE OF BELOW-BANDGAP ABSORPTION ON SOLAR CELL

EFFICIENCY

3.1 Introduction

The Shockley-Queisser (S-Q) model [3] assumes that the absorptance spectrum of
a solar cell is a Heaviside step-function centered at the bandgap energy, i.e. zero below and
unity above the bandgap. The absorptance of a practical solar cell is always non-zero below
the absorber bandgap. Assuming the sun as a diluted 6000 K black-body radiation source,
the optimum bandgap, and the S-Q limit of a single-junction solar cell are calculated as 1.3
eV and 31%, respectively. However, in reality, solar cell absorbers possess below-bandgap
absorption. For example, the Urbach tail of bulk semiconductors makes the absorptance an
exponential decay function below the bandgap. This chapter studies the impact of the
below-bandgap absorption on the performance of solar cells.

The exponential decay of the absorption coefficient below the bandgap, known as
the Urbach tail [21], has been widely observed in alkali halides, II-VI, III-VI, and group
IV semiconductors, organics, and amorphous materials [22][23][24][25]. The origin of this
phenomenon is mainly attributed to phonon assisted excitation [23][25], or ionizing electric
fields caused by phonons, impurities, and composition fluctuations in alloys [22]. The
absorption coefficient in the Urbach tail as a function of the photon energy E is expressed

as [26]:

g) 3.1)
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where Ej is the bandgap energy, a, is the absorption coefficient at E,, and E,, is the
Urbach tail width, which characterizes the slope of the exponential decay.

On the one hand, the Urbach tail enhances the total absorption and thus increases
the short-circuit current density. On the other hand, it reduces the open-circuit voltage due
to a smaller effective bandgap. It is thus important to include the Urbach tail in the
modeling to draw accurate predictions of solar cell performance.

Because of the existence of the Urbach tail, for a practical solar cell device, the
absorptance spectrum is a continuous function rather than a step-function as the S-Q model
assumes. This chapter attempts to answer the following questions: what is the maximum
efficiency of a solar cell when the Urbach tail is present? Is it possible that this maximum
efficiency exceeds that of a solar cell without the Urbach tail, or even the S-Q limit
achieved at the optimum bandgap? What is the optimum absorptance spectrum to achieve

the maximum efficiency of a single-junction solar cell?

3.2 Detailed-Balance Efficiency Limit of Solar Cells with Urbach Tails

Consider a planar solar cell with an ideal reflector on the back surface. The sunlight
is normally incident on the front surface. Radiative recombination is assumed to be the
only recombination mechanism in the solar cell. Based on the formulism given in reference,
various parameters and device performance can be calculated or derived as follows.

The short-circuit current density J,. for a solar cell is determined by the number of

absorbed photons:
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Joe = 4 f A(E)D o (E) dE (3.2)
0

where E is the photon energy; A(E) is the spectral absorptance of the solar cell, defined as
the percentage of light absorbed as a function of photon energy E; ¢, (E) is the photon
flux density of solar radiation, which is approximated as a diluted 6000 K black-body

radiation with a dilution factor of:

where D = 1.392 X 10° km is the diameter of the sun, and L = 1.496 X 108 km is the
distance from the sun to the earth.
The radiative recombination current density is related to the forward-bias voltage

V through:

|4

Tnaa ) = o |exp () = 1] G4

where ], is the dark current density determined by the thermal radiation at equilibrium, and
is expressed as:

Jo=4q f €(E)Dyy (T,, E)AE (3.5)
0

where T, is the temperature of the solar cell, usually assumed to be 300 K, unless stated
otherwise; €(F) is the emittance of the solar cell, which is the ratio of emitted photon flux
density to that of a black-body. @, (T,, E) is the photon flux density of a black-body (# of

photons per unit area, per unit energy interval, per time).
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2nE* 1
ez E (3.6)
h3c? 7T _ 1

&y, (T, E) =

According to Kirchhoff's law of thermal radiation at equilibrium, the emittance

equals absorptance at any photon energy, or
A(E) = €(E) (3.7)

The output current and power densities of a solar cell in the detailed-balance model are:

](V) = Jsc _]Rad(V) (3.8)

P(V)=]V = Usc _]Rad(V))V (3.9)

The absorptance spectra for solar cells made of common PV materials and with
typical thicknesses, calculated using published absorption coefficients [26][27][28][29],
are shown in Fig. 3-1. All of the cells are assumed to have perfect anti-reflection coatings

and 1deal back-reflectors, and therefore the absorptance is calculated as:
A(E) =1 —exp[—2a(E)d] (3.10)

where d is the absorber thickness.
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Absorptance
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—1 um CdTe
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Jz 1;[131.5 2 25 3

Photon Energy (eV)
Fig. 3-1 Absorptance Spectra of 2 pm Thick GaAs, 1 um Thick CdTe, 200 um Thick

Silicon, and 2 pm Thick InP Solar Cells.

According to Fig. 3-1, the absorptance is almost unity above the bandgap, and
decreases exponentially below it. The decay factor is equal to the Urbach tail width E; of
the material. Therefore, we consider a simplified absorptance spectrum, as shown below,

for the rest of this paper.

1 E=E,
A(E) = E—-E 3.11
(E) exp(E—“q) E<E, ( )
u

Plugging the absorptance spectrum A(E) into the expressions of Jg. and J,, the I-
V curve of the solar cell under the detailed-balance limit can be calculated. The Js., Jo,
open-circuit voltage V, ., and the cell efficiency versus the decay factor E,, for solar cells
with bandgaps of 1.1 eV, 1.3 eV, and 1.9 eV are shown in Fig. 3-2. As shown in Fig. 3-2
(a), /s increases linearly with E,,, because the absorption tail reduces the effective bandgap
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to E; — E,, [4]. However, ], increases exponentially with E;, as shown in Fig. 3-2 (b).

When E), is smaller than the room temperature thermal energy kT,, ], is increased by a

Ey
factor of exTc [4]. ], is the integral of emittance times the room-temperature black-body

radiation. Below the bandgap, emittance decreases exponentially at a rate of E,, while
black-body radiation increases exponentially at a rate of kT.. When E, is larger than kT,
the product of the two exponential terms does not converge to zero, which explains the
faster increase of J, beyond kT.. V,. versus E;, is shown in Fig. 3-2 (c), where V,,
decreases monotonically with E;,. The impact of E;, on the cell efficiency is shown in Fig.
3-2 (d), which reveals the following:
1. The solar cell efficiency decreases monotonically with E, for the cells with
bandgaps lower than 1.3 eV.
2. The efficiency increases slightly as E,, increases at first and then decreases for the
cells with a bandgap larger than 1.3 eV.
3. With a very large E,,, solar cells with a wider bandgap may have a slightly higher

efficiency than that of the same cells without Urbach tail states.
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Fig. 3-2 Js. (a), J, (b), V. (¢), and Efficiency (d) as Functions of E,, for Solar Cells with
Different Bandgaps Under the Diluted 6000 K Black-Body Radiation and a Cell

Temperature of 300 K.

The optimum E,, and the maximum efficiency improvement compared to E;, = 0
(step-function absorptance spectra) as functions of the bandgap are shown in Fig. 3-3.
When the bandgap is less than 1.3 eV, i.e. the optimum bandgap of the S-Q model, the
optimum E;, is zero, meaning that any Urbach tail would decrease the efficiency. The
optimum E, becomes non-zero and increases with bandgap when the bandgap is larger
than 1.3 eV. The calculations show that the maximum enhancement of the efficiency is
only 0.17%, which is achieved by a solar cell with E;=2.57 eV and E;=17.4 meV.
However, the cell efficiency is only 16.2%, much smaller than the S-Q limit. Although the
efficiency can be enhanced due to the Urbach tail for solar cells with bandgaps greater than

1.3 eV, the enhanced efficiency is always smaller than the S-Q limit.
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3.3 The Optimum Absorptance Spectrum

Can the efficiency of the solar cell with an Urbach tail, or any other absorptance
spectral features, beat the S-Q limit? This section answers this question by finding out the
optimum absorptance spectrum of solar cells that gives the maximum efficiency.

The output power of the solar cell is:

P(V) = V ( jo " GAE) By (BYAE — J, [exp (Z—;fc) - 1]) (3.12)

Since €(E) equals absorptance A(E) under equilibrium according to the Kirchhoff's law of

thermal radiation, and thus the expression of the dark current density J is:

Jo=1q j AE) Dy, (T,, E)AE (3.13)
0
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Also, exp (%) > 1 since the operating voltage V of a solar cell is usually much larger

than the thermal voltage %. The expression of the output power is:

[oe)

ACE) [0 (B — exp (i) 00,7, )| (3.14)

P(V) =qV f AT

0

The highest output power under certain operating voltage V' is obtained when the

integral is maximized. In the integral, ®,,,,(E) is the photon flux density of solar radiation,

and exp (Z—;/C) ®,, (T, E) is the photon flux density of black-body radiation at cell

temperature T, under operating voltage V, both of which are plotted in Fig. 3-4.

P
o

-
o

.

il _q)sun

0 7wq;ch,,(Dbb(TC] E)
—f 9*qfch@bb(.l.c1 E)
_ _eﬁ*q:ch,.@bb(Tc‘ E)
—g Stq!ch*(Dbb(Tc’ E)

05 1 15 2 25 3
Photon Energy (eV)

—_
o
[=]

[}
=]

Photon Flux Density (#/(cn{z*ev*s))
)

Fig. 3-4 Comparison between Photon Flux Densities of Solar Radiation and Radiative

Recombination Losses under Different Voltages.

For a cell working at a fixed voltage V, on the one hand if:
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qV
Poun(E) = exp () Pun (T E) > 0 (3.15)
c

increasing A(E) will boost the output power.

On the other hand, if:

qV
Poun(E) = exp () Py (T, F) < 0 (3.16)
c

reducing A(E) will improve the output power.
Since the range of values of the absorptance A(E) is [0, 1], the maximum power is

obtained when:

(L if @uun(®) —exp (1) @ (T B 2 0
c (3.17)

A(E) = qv
0, if Doun(E) — exp (1) @ (T, E) < 0

According to Fig. 3-4, exp (%) @y, (T,, E) is larger than @, (E) atlower photon

energies, and smaller than @, (E) at higher photon energies. The curves ®,,,,(E) and

exp (z—;jc) @y, (T,, E) intersect at energy E;, which is the solution to the following equation:

qV
CDsun(El) — €Xp (ﬁ) (Dbb(Tc'El) =0 (3-18)
c

Then the optimum absorptance spectrum is a step-function:

1, ifE>E

AGE) = {O' i Eop (3.19)

Therefore, at any operating voltage V, the maximum output power is achieved if
the absorptance spectrum is a step-function, and the “cutoff” photon energy E; is the
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solution to (2.5). Also, it is well-known that, according to the S-Q model [3], the S-Q limit
is the maximum efficiency of a single-junction solar cell assuming a step-function
absorptance spectrum. However, the model does not predict efficiency limit when the
absorptance is not a step function. Hence, in light of the discussion given above, we can
conclude that the S-Q limit is the maximum efficiency limit for single-junction solar cells
with any kinds of absorptance spectra. In another word, the efficiency of a solar cell with
below-bandgap absorption, regardless of the absorptance spectral feature, cannot beat the

S-Q limit.

3.4 Summary of Chapter

The impact of the below-bandgap absorption on the solar cell performance has been
studied. The Urbach tail has been found to slightly increase the short-circuit current density
and significantly magnify the dark current density. If the bandgap is smaller than the
optimum value given by the Shockley-Queisser (S-Q) model, the presence of the Urbach
tail has a negative impact on the efficiency. The Urbach tail can increase the efficiency
only when the bandgap is larger than the optimum value of 1.3 eV. However, the efficiency
improvement is insignificant, with a maximum increase of 0.17%. It is found that the
efficiency increases as the absorptance spectrum approaches a step-function. In fact,
regardless of the shape of the below-bandgap absorptance spectrum, the maximum
efficiency is always lower than the S-Q limit, which is achieved by a step-function

absorptance spectrum with the optimum bandgap. It has been proved that any deviations
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from the optimum step-function absorptance spectrum will result in a lower efficiency than

the S-Q limit.
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CHAPTER 4
RADIATIVE RECOMBINATION DOMINATED N-TYPE CdTe/MgCdTe DOUBLE-

HETEROSTRUCTURES

4.1 Introduction

This chapter reviews the technologies of thin-film CdTe solar cells. A major
challenge for CdTe thin-film cell is the problem of low V., due to the short carrier lifetime
and low p-type doping in the polycrystalline CdTe absorber. It is non-radiative
recombination that dominates the recombination processes in the poly-CdTe absorbers.

The MBE optoelectronics group at Arizona State University has significantly
improved the material quality and carrier lifetime in monocrystalline CdTe/MgCdTe
double-heterostructures (DHs). CdTe can be easily doped n-type using Indium-doping. The
photoluminescence quantum efficiency (PLQE) measurement is conducted to quantify the
ratio of radiative recombination to total recombination events. A maximum external
luminescence quantum efficiency (7,4¢) of 3.1% under one-sun condition is observed from
a l-pm-thick CdTe/MgCdTe DH sample with the optimum doping level. Such a high
efficiency gives an implied open-circuit voltage (Voc ), or quasi-Fermi-level splitting, of

1.13V.

4.2 Review of Thin-Film CdTe Solar Cell Technologies

Thin-film solar cells are fabricated by depositing photovoltaic (PV) thin-films on
low-cost substrates such as glass, metal, or plastic. The total thickness of the thin-films is

no more than a few microns, compared to silicon wafers that are up to hundreds of microns
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thick. Some commercialized thin-film solar cell technologies include CdTe, copper indium
gallium selenide (CIGS), or amorphous thin-film silicon (a-Si).

Backed by the company, First Solar, several gigawatts (GW) of polycrystalline
CdTe-based thin-film solar cell modules are manufactured each year. The success of the
thin-film CdTe technology is reliant on the superb optical properties of CdTe for the
photovoltaic (PV) application:

(1) Near optimum bandgap of about 1.5 eV (monocrystalline CdTe has a bandgap of 1.5
eV while p-type CdTe films has a bandgap of 1.45 eV due to defect absorptions [30]).
(2) High absorption coefficient of over 15000 cm™ at the band edge [11].

The detailed-balance limiting efficiency is 32.1% under AM1.5G conditions
assuming the cell has an ideal back-reflector [3]. As shown in Fig. 4-1 and Table 4-1, CdTe
has a similar limiting efficiency compared to Silicon and GaAs. A unique feature of CdTe
is that the absorption coefficient at the bandgap energy is much higher than that of Silicon
and GaAs. This property is key to thin-film PV applications. In fact, a 1-um-thick CdTe

absorber is able to absorb 98% of the above-bandgap-photons.
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Table 4-1 Material Properties of Some Common Photovoltaic Materials

PV Eg (eV) Detailed- Record cell | Absorption | Absorption
material balance efficiency coefficient | depth, 1/a
efficiency at Eg, o (unm)
(cm™)
Si 1.12 33.4% 25.6% 4.0 2500
GaAs 1.424 33.1% 28.8% 8280 1.21
CdTe 1.5 32.1% 22.1% 15200 0.658

The evolution of the record thin-film CdTe cell efficiency is shown in Fig. 4-2.

From the figure, we can see three leaps in the record efficiencies.
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Fig. 4-2 Record Thin-Film CdTe Solar Cell Efficiencies.

the source to the substrate [32].

were used to improve the cell performance.
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The first leap happened in the early 1980s when Kodak pushed the cell efficiencies
over 10%. Polycrystalline thin-film CdS/CdTe solar cells were deposited on glass by the
close space sublimation (CSS) method and the oxygen treatment was discovered to
enhance the performance [31]. In CSS chamber, the CdTe source and the substrate, having
the same size, are brought into close proximity. During the deposition, the CdTe source is

heated to a higher temperature than the substrate so that the CdTe material diffuses from

The second breakthrough occurred in the early 1990s. University of South Florida
pushed the thin-film CdS/CdTe cell efficiency to 15.8% [33]. The cell structure is shown
in Fig. 4-3, CdS film was prepared by chemical bath deposition and the CdTe film was

deposited by CSS. After the thin-film depositions, CdCl, [34] and heat treatments [30]




Mok,
Glass superstrate

n-CdS

p-CdTe absorher

Chmic contact

Fig. 4-3 Layer Structure of Thin-Film CdS/CdTe Solar Cells [33].

Around the year 2000, researchers from NREL (National Renewable Energy
Laboratory) incorporated a high resistance transparent (HRT) layer between the transparent
conducting oxide (TCO) layer and the CdS layer, as shown in Fig. 4-4, improving the
performance and reproducibility of CdTe solar cells [35]. In the study, the TCO and HRT
materials are Cadmium Stannate (Zn2SnOs, or CTO), and Zinc Stannate (Zn2SnQOs, or

ZTO), respectively.

Glass suierstrate

High resistance oxide
n-Cds

p-CdTe absorber

Ohmic contact

Fig. 4-4 CdTe Solar Cell Structure with a High Resistance Layer [32].
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The third major breakthrough was made possible by First Solar and GE (General
Electric) in the recent years, pushing the record cell efficiency to 22.1% by February 2016
[36]. The detailed cell structure is not known to the public. The use of a copper-doped p-
type Zinc Telluride (ZnTe) back-contact layer may be responsible for the rapid
improvement of efficiencies [37][38]. The resulting structure is a lightly doped p-CdTe
absorber sandwiched between heavily doped n-type CdS and p-type ZnTe, which act as the

electron- and hole-contact layers, respectively.

Glass superstrate

Glass superstrate

n-CdS n-CdS

CdTe absorber
CdTe absorber

p-ZnTe
Metal contact Metal contact

(a) (b)

Fig. 4-5 Comparison of the Standard Device (a) and the ZnTe-Based Device (b) from

First Solar [37].

In summary, the last twenty years have seen significant improvement of CdTe cell
efficiencies. Table 4-2 summarizes the [-V parameters of the record-efficiency CdTe solar
cells. The J;c improved from 25.1 mA/cm? to 30.25 mA/cm?, a 20.5% relative increase.
The fill-factor (FF) improved from 74.5% to 80%, a 7.4% relative increase. The V.

improved from 843 mV to 875.9 mV, only a 3.9% relative increase. Note that the maximum
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Jse of polycrystalline CdTe (all the photons above the bandgap of 1.45 eV, ignoring below-
bandgap absorptions) is 30.84 mA/cm? The record-efficient cell collects 98% of the
maximum Jy.. The FF of 79.4% is also a decent value. The highest V,c of 875.9 mV is 574
mYV below the CdTe bandgap of 1.45 eV, and 304 mV below the detailed-balance limit of
1.18 V. The low V. is attributed to the large non-radiative recombination inside of, and at
the boundary of the polycrystalline CdTe absorbers, where the carrier lifetime is only tens

of nanoseconds [39].

Table 4-2 Record-Efficient CdTe Cell I-V Parameters [39].

Year Team Efficiency | Voe Jse FF
(%) (mV) (mA/em?) | (%)
1993 USF 15.8 843 25.1 74.5
1997 Matsushit | 16 840 26.1 73.1
a
2001 NREL 16.4 848 25.9 74.5
2001 NREL 16.7 845 26.1 75.5
2011 FSLR 17.3 845 27 75.8
2012 GE 18.3 857 27 79
2013 FSLR 18.7 852 28.6 76.7
2013 FSLR 19 872 28 78
2013 GE 19.6 857.3 28.59 80
2014 FSLR 21 875.9 30.25 79.4

Research on monocrystalline CdTe solar cells has been conducted to study the
material properties of CdTe, and to close the gap between the best research cell and the
detailed-balance limit. J. M. Burst, et al. [40] deposited n-type CdS window layer on p-

type CdTe wafers to make monocrystalline CdS/CdTe solar cells, achieving V. over 1 V.
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The high voltage is attributed to improved material quality and increased p-type doping
level in CdTe. The maximum efficiency of monocrystalline CdTe solar cell is 15.2%,

which is still lower than the polycrystalline thin-film cells.

4.3 High Quality CdTe/MgCdTe DHs Grown on InSb Substrates

In 1993, A. Waag et al. [41] first reported the epitaxial growth of Magnesium
Telluride (MgTe) and the ternary alloy MgxCdixTe on CdTe substrate. The lattice constant
of MgTe is 6.435 + 0.002 A, only 0.7% smaller than that of CdTe. The CdTe/MgxCd;«Te
quantum wells (QWs) were then grown [42]. The band alignment between CdTe and
MgxCdixTe is type-I with a valence band-offset of 30 %. In 1981, R. F. C. Farrow et al.
reported the MBE (Molecular Beam Epitaxy) growth of CdTe epilayers on InSb (001)
substrates [43]. The lattice-mismatch between CdTe and InSb is only 0.025%. As a
comparison, the lattice-mismatch between the widely-used GaAs/AlAs heterostructure is

0.1%.
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The MBE optoelectronics group at Arizona State University is the first group to
grow CdTe/MgCdTe double-heterostructures (DHs) on InSb substrates [12]. The growth
was carried out by a dual-chamber VG V80H MBE system with two separate I1I-V and II-
VI growth chambers connected under ultra-high vacuum (UHV). Time-resolved
photoluminescence measurements revealed a maximum carrier lifetime of 86 ns in the first
set of monocrystalline MgCdTe/CdTe DH samples [12]. This value is an order of
magnitude longer than the lifetime in polycrystalline CdTe [44]. The growth of
MgCdTe/CdTe DHs on InSb substrates enjoys several advantages [45], including:

1. InSb substrates are cheaper than the CdTe substrates.

2. InSb substrates have lower defect density than CdTe substrates.
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3. InSb (Eg = 0.17 eV) substrate is conductive. The resistance at the CdTe/InSb
interface is negligible.

4. The oxide on the surface of the InSb substrates can be easily removed in the III-V
growth chamber.

5. The wider-bandgap MgCdTe barrier layers confine the carriers in the CdTe active
layer, reducing the surface recombination.

Further research have been conducted to improve the carrier lifetime in the
CdTe/MgCdTe double-heterostructures (DHs), including increasing the Mg compositions
and the thicknesses of the MgCdTe barrier layers [46][47][48], as well as incorporating Zn
in the CdTe active layer to make it perfectly lattice-matched to InSb substrate [49]. The
longest carrier lifetime observed in CdTe/MgCdTe DHs is 3.6 us. These findings indicate
that the non-radiative recombination inside of, and at the boundary of the CdTe absorber
is significantly suppressed. CdTe can be easily doped n-type using Indium doping. In the
moderately doped (Ng< 10'8 cm™) n-type CdTe samples, the Indium dopants are fully
ionized at room temperature, and the carrier lifetimes are approaching the radiative limit
[50].

In this chapter, we report the Photoluminescence Quantum Efficiency (PLQE)
measurements on the n-type CdTe/MgCdTe DHs grown on InSb substrates. PLQE
accounts for the luminescence emitting from the sample top surface to free space, and so it
is also referred as External Luminescent Quantum Efficiency (7.,:) in the paper. The
Internal Luminescent Quantum Efficiency (1;,,) is calculated from the measured PLQE

taking into account the structure of the sample and the absorption of the substrate. We find
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that the recombination of photogenerated carriers is radiative recombination dominated in

moderately doped n-type CdTe/MgCdTe DHs, with an implied V,c over 1.1 V.

4.4 Photoluminescence Quantum Efficiency Measurement

The layer structure of the CdTe/MgCdTe DH samples is shown in Fig. 4-7. The 1-
um-thick CdTe absorber is sandwiched between two 15-nm-thick Mgo 46Cdo.s4Te barriers.
Note that the 1-um absorber thickness is chosen because it absorbs 98% of the above-
bandgap-photons under the AM1.5G spectrum. The whole DH is doped with Indium, and

a 30-nm-thick CdTe cap layer is used to protect the DH.

CdTe cap 30 nm

Mg, 46Cdy 54 Te 15 nm
CdTe 1000 nm doped
region

Mg, 46Cdy 54 Te 15 nm

CdTe buffer 500 nm

InSb buffer 600 nm

InSb substrate
(001)

e
Fig. 4-7 Layer Structure of Indium-Doped CdTe/Mgo.46Cdo.saTe Double-Heterostructures.

The PLQE measurement setup, as shown in Fig. 4-8, is similar to the setup adopted
by I. Schnitzer, et al [51]. The 7,,; is measured by comparing the PL of a CdTe/MgCdTe
DH sample with the scattered light from a Spectralon Lambertian reflector. The excitation
source is a 532 nm diode pumped solid state (DPSS) laser with a beam radius of 0.54+0.01

mm on the sample.
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Fig. 4-8 Photoluminescence Quantum Efficiency (PLQE), or External Luminescence
Quantum Efficiency (1,.4;), Measurement System Setup. The PLQE of the
CdTe/MgCdTe Double-Heterostructure (DH) Sample is Measured by Comparing (a) the

Signal from the DH Sample, and (b) the Signal from a Lambertian Reflector.

As shown in Fig. 4-8 (a), when the laser shines on the Lambertian reflector, the

reflector scatters the incident light into Lambertian distribution. A portion of the scattered
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light is collected by the lens and measured by a Silicon detector as reference signal. The
reference signal (S,.5) reading on the lock-in amplifier is:

Sref = Rref¢laserclaser (4.1)

where R, is the reflectance of the Lambertian reflector, ¢qqer is the photon-flux of the
excitation laser. Cj,qqr 1 the throughput of the optical setup at the laser wavelength, which
includes the contributions from the lens, and the responsivity of the photodetector.

As shown in Fig. 4-8(b), when the laser illuminates the PL sample, the sample emits
PL with a peak wavelength of 820 nm. The angular distribution is also Lambertian. PL is
collected by the lens and passes through a long-pass filter before entering the Si detector.
The long-pass filter prevents the scattered laser light from entering the Si detector. The

signal reading (Sp; ) on the lock-in amplifier is:
Spr = $pLCpL (4.2)

where ¢p; is total photon-flux of the PL (¢p;) from the sample. Cp; is the throughput of
the optical setup at the PL, which includes the contributions from the lens, the longpass
filter and the responsivity of the photodetector. The exact values of €. and Cp;, do not
need to be known. The ratio of Cj,s.-/Cp;, can be accurately estimated by considering the
transmission curves of the lens and the longpass filter, and the responsivity of the
photodetector at two wavelengths.

The total photon-flux of the PL (¢pp;) from the sample is:

Spr Gy
bp = Rref¢laser_ e (4.3)
Sref CPL
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The External Luminescent Quantum Efficiency (7.,¢) is the ratio of the number of

luminescent photons to the number of absorbed photons:

PpL (4.4)

" A Btaser
where Apy is the absorptance of the double-heterostructure at the laser wavelength. For the
sample structure in Fig. 4-7, Apy is 55% at the laser wavelength according to wave-optics
calculations.

The 1., as a function of excitation power density of five n-type CdTe/MgCdTe
DH samples with different doping levels are shown in Fig. 4-9. The 1,,; is almost constant
as the power density varies from 20 to 200 mW/cm?. Time resolved photoluminescence
(TRPL) measurements have revealed a carrier lifetime of 110 ns in the sample doped at
1x10' cm™ [50]. Under 200 mW/cm? excitation, the excess carrier density is estimated to

be 3x10' cm™, much lower than the doping levels, which explains the relative

independence of 7,,; on the excitation power density.
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Fig. 4-9 External Luminescence Quantum Efficiency (7,,:) as a Function of the
Excitation Power Density for Indium-Doped n-type Samples with Carrier Concentrations

Ranging from 10'® cm™ to 10'8 cm?.

Next 18 related to the Internal Luminescent Quantum Efficiency (1) through [7]:

p = NineVd 4.5)
ext l_nint)/r

where yef is the photon-extraction factor from the front surface, the probability of a
luminescent photon to escape from the front surface to free space. y, is the photon-

recycling factor, the probability of a luminescent photon to be reabsorbed in the absorber
region. Using the method presented in [13], yef and y, are estimated to be 0.95+0.1% and

80+ 2%, respectively. It is worth noting that the yef and y, calculations are very sensitive

to the absorber layer thickness and the absorption coefficient of CdTe near the band edge,

which is difficult to be measured accurately, leading to the large error bar of these two
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parameters. With these parameters, the relation between 7,,; and 7;,,; is shown in Fig.

4-10, along with the measured 7,,; of CdTe/MgCdTe DHs at various doping levels.
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The implied V. is calculated using the formula of [13][14][15][16][17]:
kT
Voc = Vap + ?ln(next) (4.6)
where Vg, is the detailed-balance open-circuit voltage, which is 1.22 V for 1-um-thick
CdTe solar cells.

The measurement results of five n-type CdTe/MgCdTe DH samples with different

doping levels are summarized in Table 4-3. A maximum 7., of 3.1% is observed from the
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sample with a doping concentration of 10!” cm™ at one-sun 100 mW/cm? power density.
Next drops for lightly doped (Np < 6x10'® cm™) and heavily doped (Np = 6x10'7 cm™)
samples. The 7., of 3.1% corresponds to ;= 91£4%, i.e. about 91% of the carriers
recombine radiatively in the absorber. The sample has a maximum implied V,. of 1.13 V,

which is approaching the theoretical limit of 1.17 V for CdTe solar cells with an absorbing

substrate.
Table 4-3 Summary of Measurement Results
Sample Al1712 A1695 A1707 A1694 A1699
Number
Np (cm3) | 1x10' 6x10'° 1x10" 6x10"7 1x10'®
Next at one | 1.6% 2.2% 3.1% 0.55% 0.09%
sun
Nint 71+4% 82 +4% 91+4% 40+3% 8.9+0.9%
Implied V,. | 1.11 1.12 1.13 1.09 1.04
M

4.5 Summary of Chapter

The non-radiative recombination inside of, and the at the boundary of the CdTe
absorber has been significantly reduced due to the MBE growth on lattice-matched InSb
substrates, and the effective carrier confinement provided by the MgCdTe barrier layers.
As a result, moderately doped (Np=10'" cm™) n-type CdTe/MgCdTe DH samples become
radiative recombination dominated. A maximum External Luminescent Quantum
Efficiency of 3.1% is observed from a 1-pum-thick CdTe/MgCdTe DH doped to 10'7 cm™,
corresponding to an Internal Luminescence Quantum Efficiency (7;,¢) of 91+4 %, and an

implied V. 0f 1.13 V, which is 0.37 V below the bandgap of CdTe. Due to its high quantum
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yield, the CdTe/MgCdTe material system may find other applications in optoelectronics,

such as lasers and light-emitting diodes.

60



CHAPTER 5
RECORD-EFFICIENCY MONOCRYSTALLINE CdTe/MgCdTe DOUBLE-

HETEROSTRUCTURE SOLAR CELLS

5.1 Solar Cells without a PN Junction

It is commonly believed that a PN junction is necessary for a solar cell, and the
electric filed at the PN junction is required to separate the photo-generated electrons and
holes. This notion has been refuted by several researchers [52][53][54]. U. Wiirfel, et al.
argued that the charge carrier separation in a solar cell is achieved by the differences in
conductivities of electron and holes to the respective contacts [52]. PN junctions are
carrier-selective by providing more holes in the p-type region, and more electrons in the n-
type region.

In the 1970s, M. A. Green invented the metal-insulator-semiconductor (MIS) solar
cell [53]. The semiconductor is passivated by a thin oxide layer. Minority carriers in the
semiconductor absorber tunnel through the oxide layer to the metal contact. In 1985, E.
Yablonovitch et al. [54] claimed that an ideal solar cell should be constructed in the form
of a double-heterostructure. More importantly, the wide-bandgap contact layers do not
need to be single-crystal and lattice-matched to the high quality absorber. The contact layer
can be disordered and of poor quality, however the interface states at the heterojunction
need to be passivated. Nowadays, almost all the record efficiency solar cells are constructed
in the form of double-heterostructures, including epitaxial III-V [13], Silicon, and lead-

halide perovskite solar cells.
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The record efficiency silicon solar cell is HIT (heterojunction with intrinsic thin-
layer) cell, which has achieved a record efficiency of 25.6% in 2014 [55]. In a HIT cell,
the absorber is n-type c-Si wafer, passivated with intrinsic hydrogenated amorphous silicon
(a-Si:H). The high-quality absorber generates the highest V,. of 750 mV among all kinds
of Silicon solar cells [56]. N-type and p-type a-Si:H layers act as electron and hole contacts.
The contact layers can be defective without affecting the absorber quality and the voltage
of the solar cells. An alternative passivation technique is an ultra-thin layer of Silicon Oxide
(SiOx). In the TOPCon (Tunnel Oxide Passivated Contact) cell [57], a monocrystalline Si

absorber is passivated with an ultra-thin layer of tunnel oxide.

p-type a-SiH
intrinsic a-Si:H
n-type me-Si
absorber
intrinsic a-Si:H
n-type a-Si:H

‘ Metal contact \

Fig. 5-1 Layer structure of Silicon-Heterojunction Solar Cell [56]. It Consists of a

Double-Heterostructure: Narrow-Bandgap Monocrystalline Si Sandwiched between

Wider-Bandgap Hydrogenated Amorphous Silicon (a-Si:H) Layers.

In 2013, planar heterojunction lead-halide perovskite solar cells [58] achieved an

efficiency of over 15%. The cell is in the form of a p-i-n configuration; the lead-halide
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perovskite (CH3NH3Pbl;xClx) absorber is sandwiched between electron and hole contact
layers, made of TiO> and spiro-OMeTAD, respectively. A unique property of lead-halide
perovskite is this material is very tolerant to defects and impurities, because the energy
levels of the detect states fall near the band edges. Laser cooling is realized in
polycrystalline lead-halide perovskite, which requires a high internal luminescence
quantum efficiency (1;¢) of ~99% [59]. The ;¢ 1s similar to the epitaxial grown GaAs

[51], and thus, lead-halide perovskite is joining the top-league of optoelectronics [60].

Glass superstrate

n-type compact layer

lead-halide perovskite
absorber

p-type hole transporter

Metal contact

Fig. 5-2 Layer Structure of a Planar Heterojunction Lead-Halide Perovskite Solar Cell

[58].

5.2 CdTe/MgCdTe DH Solar Cell with P-type a-Si:H Hole Contact

We applied the concept of carrier-selective contacts to make record-efficiency

monocrystalline CdTe solar cells [61]. CdTe can be easily doped n-type, but is difficult to
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be doped p-type. To solve this problem, we used an n-type CdTe absorber, and p-type a-
Si:H for hole-extraction. The cell structure, shown in Fig. 5-3 (a), consists of an MBE
grown CdTe/MgCdTe DH on an InSb substrate, a PECVD (Plasma-enhanced chemical
vapor deposition) deposited p-type hydrogenated amorphous silicon (a-Si:H) contact layer,
and an Indium Tin Oxide (ITO) top electrode. The CdTe absorber is sandwiched between
lattice-matched MgCdTe barrier layers that confine carriers in the CdTe layer. Since the
band alignment between CdTe and MgCdTe is Type-I, the i-MgCdTe layer introduces
barriers for both electrons and holes. However, after putting the p-type a-Si:H contact layer
on the top, the confinement of electrons and holes will be asymmetric. As shown in Fig.
5-3 (b), the hole contact layer induces band-bending in the CdTe absorber, thus the hole
concentration is much higher than the electron concentration at the i-MgCdTe/n-CdTe
interface. As a result, many more holes than electrons diffuse across the i-MgCdTe layer.
The quasi-Fermi-level splitting is generated in the absorber, and the defective hole contact

layer is outside of the absorber. So, it does not affect the voltage of the solar cell.
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(a) n-InSb substrate
Metal contact
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i-MgCdTe
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qV..! | M quasi-Fermilevel splitting .
y 3 i

Fig. 5-3 (a) Layer Structure of the CdTe/MgCdTe Double-Heterostructure Solar Cell with
a p-type a-Si:H as the Contact Layer and the Schematic Band Edge Diagram at (B)

Equilibrium and (C) Open-Circuit.

The band-bending (or built-in voltage, V) in the CdTe absorber is crucial for the

selective transport of holes to the hole-contact layer. A forward bias voltage decreases the
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band-bending and reduces the selectivity of the carrier transport to the hole contact,
resulting in an increased number of electrons moving across the i-MgCdTe layer and
recombining in the hole-contact layer. As illustrated in Fig. 5-3(c) the band diagram at
open-circuit, due to the non-ideal band alignment between hole-contact material and n-
CdTe, Voc is lower than the quasi-fermi-level separation in the CdTe absorber. To
determine Vy;, capacitance-voltage (CV) measurements are conducted after the deposition
of p-type a-Si:H on the CdTe/MgCdTe DH, using a mercury probe with a contact area of
4.56x10° um?. Fig. 2 shows the measurement results. With a constant doping concentration,

the capacitance is related to the applied reverse-bias voltage V through the formula of:

qKseoNp
C=A4 /— 5.1
2V, + V) (5-1)

where A is the area of the junction, K¢, is the dielectric constant of the semiconductor,
and Nj, is the donor concentration.

The built-in voltage, Vi, is determined to be 1.1 V from the 1/C%-V plot, as shown
in Fig. 5-4(a). Vui is the intersection of 1/C? on the x-axis. The doping concentration as a
function of the depletion region width is shown in Fig. 5-4(b). The measured doping
concentration is the same as the nominal value of 1x10'® cm™ from 0.25 pm to 0.8 um.
The carrier concentration increases at the bottom of the absorber layer, which is beneficial

to the electron transport across the n-MgCdTe back-side barrier layer.
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Fig. 5-4 (a) Capacitance-Voltage Measurement Results, and (b) the Measured Carrier

Concentration in the CdTe/MgCdTe Double-Heterostructure.
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5.3 Anderson’s rule and the its assumptions

The band diagram shown in Fig. 5-3 (b) uses Anderson’s rule [62]. This section
discusses the Anderson’s rule and its assumptions. B. KuhnHeinrich, et al. reported the
MBE growth of CdTe/MgxCdi«Te quantum wells (QWs) on Cdo.96Zno.04Te substrate [42].
Photoluminescence excitation (PLE) measurement was conducted at low temperature to
determine the exciton binding energies in the QW and the band offset. The band alignment
between CdTe and MgxCdixTe is type-I with a valence band-offset of 30%.

The band alignment between p-type amorphous silicon and CdTe can be
theoretically estimated using the Anderson’s rule. The Aderson’s rule is based on the
assumption that the vacuum levels of two materials that form a heterojunction should be
continuous at the interface [62][63]. According to Anderson’s rule, the conduction band
offset at the heterojunction is determined by the difference in electron affinity:

AE. =X1 — X2 (5.2)
where AE is the conduction band offset; and x; and y, are the electron affinity of the two
materials forming the heterojunction.

For the p-type a-Si:H/CdTe heterojunction, the energy levels are shown in Fig. 5-5.
The electron affinity of a-Si:H (x,_s;) is 3.9 eV according to Ref. [64]. The bandgap (Eg)
of a-Si:H 1s ~1.7 eV [65]. According to Ref. [66], the electron affinity and bandgap of
CdTe are 4.3 eV and 1.5 eV, respectively. Therefore, the conduction band offset (AE,)
between p-type a-Si:H and CdTe is 0.4 eV. The band-alignment between a-Si:H and CdTe

is type-I1, with valence band offset (AEy,) equal to 0.2 eV.
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Fig. 5-5 Illustration of Electron Affinity, and Bandgap of P-type a-Si:H and CdTe.

The Fermi-levels of a-Si:H and n-type CdTe are different; a built-in voltage (V;)
will be induced at the heterojunction, as shown in Fig. 5-6. The expression of V; is:
qVbi = Egcare — AEy — 1 — &> (5.3)
where ¢ is the distance of the Fermi-level to the valence band for p-type a-Si:H, and ¢,
is the distance of the Fermi-level to the conduction band for n-type CdTe. V,; is about 1.1

V, if assuming ¢, and ¢, are both around 0.1 eV.
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p-type
a-Si:H

I-MgCdTe

Fig. 5-6 Band-diagram of P-type a-Si:H, Intrinsic MgCdTe, and CdTe Heterojunction at

Equilibrium.

The assumption of continuous vacuum level between the two materials at the
heterojunction becomes invalid when there exist a large amount of interface charge [67].
The charge can originate from dangling bonds at the boundary of the bulk materials. Fig.
5-6 shows an example of heterojunction with interface dipole, and the corresponding band
offset and the vacuum level, which is discontinuous at the heterojunction.

Experimental study, such as capacitance-voltage measurement, or X-ray
photoelectron spectroscopy, can determine if there exists any interface dipole between p-

type a-Si:H and CdTe.
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Fig. 5-7 Band Offset and Vacuum Levels When There Exists Interface Dipole at the

Heterojunction.

5.4 Measurement Setup and Experimental Results

Fig. 5-8 shows the fabricated devices. P-type a-Si:H covers the entire sample.
Round ITO patches with diameters of 1.5 mm, 2mm and 3 mm are deposited on top of the
a-Si:H layer. The conductivity of the a-Si:H layer is low. The cell area is defined by the
conductive ITO, which has a sheet resistance of 80 €/sq. The solar cell sample is placed

on a gold-plated silicon carrier wafer. The IV-curves are measured using a 2-point-probe.
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One probe tip touches the conductive gold-plated silicon carrier wafer. The other probe

measures the I[V-curves from the ITO patch.

Fig. 5-8 Picture of the Monocrystalline Cdte/Mgcdte Double-Heterostructure Solar Cell

and the Measurement Setup.

Fig. 5-9 shows the directly measured IV-curves. All the IV-curves exhibit Vo
greater than 1.1 V, with a maximum value of 1.122 V. However, there is a large variation
in Jy, ranging from 22 mA/cm? to 24 mA/cm?. The reason is the ITO patches are deposited
using a shadow mask. The edge of the ITO is not clearly defined, leading to the uncertainty

in device areas and the J..
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Fig. 5-9 IV Measurement Results: (A) Picture of the Solar Cell Devices, and (B) Directly

Measured IV-Curves from Selected Devices Fabricated on a Same Piece of Sample.

External Quantum Efficiency (EQE) measurements are conducted by shining a
small monochromatic light beam on the ITO patch. We believe EQE measurement results
are more accurate compared to direct [V measurements for small area devices, because the
EQE measurement is independent of the cell area. To accurately determine Jy., EQE
measurements are conducted. By integrating the EQE curve, shown in Fig. 5-10 (a), times
the AM1.5G spectrum, the current in the active area is Ji = 23.3 mA/cm?. Next, the directly
measured IV-curve scaled so that it matches the EQE measurement result of J. = 23.3 mA/

cm?, and the active area efficiency is calculated to be 18.8%.
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Fig. 5-10 (a) External Quantum Efficiency (EQE) Result and (B) the IV Curve of the

Most Efficient Cell.

To analyze the loss mechanisms that reduce the photocurrent, the reflectance and
absorptance spectrum of each layer is calculated using wave-optics, as shown in Fig. 5-11.
The absorptance of the CdTe absorber layer resembles the measured EQE closely,
indicating that the carrier collection efficiency in the solar cell is close to unity, which is

expected since the minority carrier diffusion length in n-CdTe is estimated to be 5 pm,
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much longer than the absorber thickness. Integrating the absorptance of the CdTe absorber
with the AM1.5G spectrum gives a Ji. = 23 mA/cm?. The losses of photocurrent due to
reflectance and parasitic absorptions are also shown in Fig. 5-11. Ji can be improved by
employing double-layer antireflection coatings, wider-bandgap hole contact layers, and a

thicker CdTe absorber.

Measured
EQE

Jg. losses (mA/cm?)
Transmission =06
Reflection =2.6
ITO =09
a-Si:H =1.4
«— MgCdTebarrier =0.7

CdTe absorber
Joc = 23.0 mA/cm?

Absorptance and Reflectance (%)
n
o

gDO 400 500 600 700 800 900
Wavelength (nm)

Fig. 5-11 Calculated Reflectance, Transmittance and Absorptance Spectra of a
CdTe/MgCdTe DH Solar Cell with a Typical Device Structure Consisting of 55 nm ITO,

8 nm a-Si:H, 15 nm Mgo4CdosTe Front Barrier, and 1 um CdTe Absorber.

75



5.5 Possible Reasons for the Low Fill-Factor

The 72.3% FF of the CdTe/MgCdTe double-heterostructure solar cell is relatively
low compared to record efficient solar cells. It may be attributable to the potential barrier
for holes. The difference between the hole quasi-Fermi-level and the valence band edge of
the 1-MgCdTe front barrier layer is ¢. The hole-concentration and the conductivity of

holes in the i-MgCdTe layer are:

p = N, exp (— %) (5.4)

On = qUpP (5.5)
Assuming ¢, = 0.6 eV, N, = 1.4X 10" cm™, u,, = 100 cm?/(V-s), and a 20 nm i-
MgCdTe layer thickness, the contact resistance for holes will be ~100 Q-cm?. This is a
large series resistance. The contact resistance increases exponentially with ¢;. Note the
relationship between V},; and ¢;. A hole-contact material that induces a larger V}; can

significantly reduce the contact resistance, and may improve FF.
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i-MgCdTe

Fig. 5-12 Band-diagram at Equilibrium of Monocrystalline CdTe/MgCdTe Double-

heterostructure Solar Cell with p-type a-Si:H Hole Contact Layer.

Transmission line measurements can experimentally measure the contact resistance
and explore the reasons for the low FF. Fig. 5-13 shows a conceived test structure for the
transmission line measurements. P-type a-Si:H induces band-bending in the n-type CdTe
layer, and a p-type channel is formed near the top of the CdTe layer. If assuming the p-type
channel is more conductive than the p-type a-Si:H and the i-MgCdTe layers, the current
flow in the test structure will be shown as the red lines. The contact resistance from the
metal contact to the CdTe layer can be extracted by measuring contact pads with difference

spacing.
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Fig. 5-13 A Test Structure for Transmission Line Measurements with Red Lines Showing

the Direction of Current Flow.

Temperature-dependent  light-IV  measurements can reveal the physical
mechanisms for the low FF. Fig. 5-14 shows the light-IV curves measured at difference
cell temperatures from 20 °C to 120 °C. V, decreases from 1.085 V to 0.836 V, while FF
increases from 52.2% to 59.1%. It is indicative that is a temperature dependent mechanism

limits the FF.
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Fig. 5-14 Light-IV Measurements at Difference Cell Temperatures.

We assume that the FF is limited by R;. Fig. 5-15 shows the equivalent circuit of a

solar cell with series resistance (Rg). The IV relationship of the solar cells is:

(5.6)

V —R,
)= sse oo D)

kT

Since there is a one-to-one relationship between FF and R, R at each temperature
can be estimated. Ry is estimated using the experimentally measured J,., V., and FF. Fig.
5-16 shows R, as a function of cell temperature. R; decreases with temperature rapidly
from 20 °C to 80 °C. At higher temperatures, the R reduction slows down, and seems to
be saturating. There may exist temperature-dependent and temperature-independent
mechanisms in the solar cell. At a higher temperature, holes are more energetic to diffuse

across the i-MgCdTe front barrier. This may be the temperature-dependent Ry mechanisms.
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Possible temperature-independent mechanisms include contact resistance at interfaces

between layers as well as series resistance within each layer.

R, ]
[ 1 ‘

L ]

Fig. 5-15 Equivalent Circuit of a Solar Cell with Series Resistance (Ry).
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Fig. 5-16 Series Resistance as a Function of Cell Temperature.
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5.6 Summary of Chapter

In summary, monocrystalline CdTe solar cells with 1-um-thick absorber layers and
p-type a-Si:H hole contact layers are experimentally demonstrated, achieving a maximum
Voe of 1.122 V and a new record monocrystalline CdTe cell efficiency of 18.8% (active
area). This efficiency is still lower than the record efficiency (22.1%) for thin-film CdTe
solar cells. Further efficiency improvement is expected by optimizing the layer structures,
including using a hole contact material that gives optimum band-bending in contact with
n-CdTe, using more transparent hole contact layers, double layer antireflection coatings,
and optimized contact grids to improve the photo-current.

The record-efficiency thin-film CdTe solar cell has a short-circuit current density
(Jse) of 30.25 mA/cm? (> 95% of the theoretical value), and a decent fill-factor (FF) of
79.4%, however, the V,. (only 876 mV) is far below the theoretical limit [39]. J;. and FF
are difficult to improve because they are approaching the theoretical limits. Future
improvement of efficiency may rely on increasing V,.. A unique feature of the
monocrystalline CdTe/MgCdTe solar cell is the ultra-high Vo over 1.1 V due to the
effective passivation provided by the MgCdTe layer, and the high n-type doping level in
CdTe. This result suggests that V,. of thin-film CdTe solar cells may be improved by
inserting MgCdTe thin layers between the CdS/CdTe and the CdTe/ZnTe interfaces, or
using n-type CdTe absorbers. Fig. 5-17 shows the envisioned cell structure. This design
will reduce the interface recombination and allow CdTe cells to be made much thinner than
conventional thin-film CdTe solar cells, conserving the rare earth element of Tellurium.

For the n-type CdTe absorber design shown in Fig. 5-17 (c), the PN junction is placed at
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the rear. This design has proven to be superior to front-junction design for GaAs [13] and

GalnP solar cells.

Glass suierstrate |

Glass superstrate 1-CdS Glass superstrate
n-CdS MgCdTe n-CdS
CdTe absorber Cells zlozetoey n-CdTe absorber
MgCdTe
p-ZnTe = p-ZnTe
p-ZnTe
Metal contact Metal contact
Metal contact

(a) (b) (c)
Fig. 5-17 Layer Structure of (a) State-of-the-Art Thin-Film CdTe Solar Cell; (b) the

Envisioned Thin-Film CdTe Solar Cell with MgCdTe Passivation Layers, and (c) n-type

CdTe Absorber.
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CHAPTER 6

CONCLUSION AND OUTLOOK

6.1 Conclusion

The dissertation has developed a detailed-balance model for solar cells with finite
absorber thicknesses and practical material parameters in Chapter 2. Given a cell structure,
first, calculate the emittance/absorptance to every direction. Second, evaluate the short
circuit current density (Jsc), and the dark current density (Jy) before obtaining the IV-curves
and the efficiencies. The concepts of photon-recycling, photon-extraction, and external
luminescence quantum efficiency were discussed. It is necessary to include photon-
recycling effect in the simulation of solar cells approaching the radiative limit.

Chapter 3 studied the impact of below-bandgap-absorption (Urbach tail) on the
limiting efficiency of solar cells. In general, the presence of an Urbach tail reduces the
limiting efficiency of solar cells. Solar cells with non-zero below-bandgap absorption
cannot beat the Shockley-Queisser limit, which is obtained when the absorptance spectrum
is a step-function centered at the optimum bandgap.

Chapter 4 reviewed the status and challenges of thin-film CdTe solar cells. The
efficiency of thin-film CdTe solar cells are limited by the low open-circuit voltage due to
the large non-radiative recombination in the polycrystalline CdTe absorber and the low-
level of p-type doping. The material quality of CdTe is significantly improved by epitaxial
growth on lattice-matched InSb substrates and the use of MgCdTe passivation layers. The
recombination processes in Indium-doped n-type CdTe/MgCdTe double-heterostructures

are radiative recombination dominated. The maximum external luminescent quantum
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efficiency (1,y¢) 18 3.1%, corresponding to an internal luminescent quantum efficiency
(Mint) 0£91%, and an implied V,. of 1.13 V. The implied V,. is extracted to actual voltage
using a p-type hydrogenated amorphous silicon hole-contact layer, achieving V. over 1.1
V, and a maximum active area efficiency of 18.8% (Jsc = 23.3 mA/cm?, Vo= 1.114 V, and
FF =72.3%). Chapter 6 described the design of the solar cells and measurement results.
An solar cell structure is a photovoltaic absorber sandwiched between carrier-
selective electron and hole contacts. Ideal, the absorber should have a bandgap close to the
optimum value according to the Shockley-Queisser model, a negligible Urbach tail, and a

high electron-to-photon conversion efficiency.

6.2 Future Work

Crystalline silicon is the most successfully commercialized photovoltaic
technologies taking up 90% of the market share [68]. The record efficiency of 25.6%
achieved in 2014 [55] is approaching its practical efficiency limit [69]; further efficiency
improvement is more and more challenging. Achieving higher efficiencies is critical to
lowering down the cost of electricity generated by photovoltaic (PV) systems, because cell
encapsulation cost and balance of system (BOS) cost are the largest cost contributors [68]
and these costs are proportional to the area of solar cell modules.

Dual-junction 1.1 eV/1.7 eV tandem cell has a theoretical limiting efficiency of 45%
under one-sun AM1.5G spectrum [70]. Combining an efficient 1.7 eV bandgap top solar
cell with silicon cell may further improve the cost-effectiveness of solar panels. However,

only a handful of wide-bandgap PV absorbers have demonstrated a high enough efficiency
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to provide efficiency gain in tandem-configuration, among them are GalnP [71] and lead
halide perovskites [72][73]. Placing a 1.8 eV GalnP cell on top of a Silicon cell gives a
combined efficiency of 29.8% [71], which is lower than the epitaxial grown dual-junction
GalnP/GaAs thin-film solar cells whose efficiencies are over 31% [74]. The industry has
proved that II-VI materials can be deposited on glass to make efficient thin-film cells. If
the material quality of 1.7 eV thin-film absorbers made of (Mg, Zn)CdTe can be improved
approaching radiative limit, they might become a cost-effective candidate for silicon-based

tandem cells.
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