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List of Symbols

q elementary charge
ε0 vacuum dielectric permittivity
εr relative dielectric permittivity
h planck’s constant

~ = h
2π reduced planck’s constant

c speed of light in vacuum
E energy
E electric field
Popt optical power
Pel electrical power
λ wavelength
θ incident angle
T temperature
KB boltzmann constant

VT = KBT
q thermal tension

n(λ) complex refractive index
nA(λ) complex refractive index of the active region
α absorption coefficient
EG energy band-gap
qχ workfunction
ni intrinsic carrier concentration
N eff
C conduction band density of states

N eff
V valence band density of states
dE n-doped active region thickness
dB p-doped active region thickness
d1 emitter thickness
d2 base thickness
L active region thickness
ND n-doping of emitter active region
NA p-doping of base active region
n free electrons’ concentration
p free holes’ concentration
µn electrons’ mobility
µp holes’ mobility
Dn electrons’ diffusivity
Dp holes’ diffusivity
ni intrinsic carrier concentration
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τn electrons’ lifetime
τp holes’ lifetime
Ln electrons’ diffusion length
Lp holes’ diffusion length
V applied bias

Sn or Sb electrons’ bottom surface recombination speed
Sp or Sf holes’ top surface recombination speed
GaAs Gallium Arsenide
AlInP Alluminum Indium Phosphide
InGaP Indium Gallium Phosphide
Au Gold
Ag Silver

MgF2 Magnesium Fluoride
ZnS Zinc Sulfide



1 | Introduction

The current climate crisis urges us more than ever to further explore other forms of energy sources
different from fossil fuels.
One form of energy that is practically unlimited is the one provided by the sun under the form of
electromagnetic radiation. This energy can be partially harvested through solar panels, which relies
on thermal energy, and through solar cells, which converts the electromagnetic power into electrical
power.
Solar cells are devices which exploits the energy provided by the photons to excite electrons to a
higher energy levels and use them to produce an electrical current. There are many different types of
solar cells both in terms of material used and in terms of structural complexity. The most basic solar
cells consist of a simple n-p junction; this is the region where the conversion from optical to electrical
power takes place. The n-doped region is called "Emitter" while the p-doped region is called "Base".
The main mechanism can be seen in Fig.1.1.

Figure 1.1: Schematic of the main mechanism of energy conversion in semiconductor n-p junctions
solar cells. From [14]
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Solar cells are characterized by three fundamental parameters: the short-circuit current (Isc), the
open-circuit voltage (Voc) and the fill factor (FF). The product of these three parameters is the overall
maximum power produced by the cell. Dividing the maximum power by the optical power impinging
on the cell, the overall efficiency of the cell is determined. An example of the I-V characteristic of a
solar cell under illumination can be observed in Fig.1.2.

Figure 1.2: Example of the I-V characteristic of a solar cell under illumination. From [13]

Also important in defining the performances of solar cells are the internal quantum efficiency and
the external quantum efficiency: the first is defined as the percentage of incident photons converted into
generated electron-hole pairs for a certain wavelength; the external quantum efficiency is the product
of the internal quantum efficiency and the collection efficiency, which is defined as the percentage
of generated electron-hole pairs that gets actually collected by the metal contacts, becoming usable
electrical current.
In order to improve the collection efficiency, a top layer called "window" and a bottom layer called
"back surface field" are used. Usually, they are made of different materials with respect to the active
region and their purpose is to prevent recombination of the generated holes and electrons at the metal
contacts. In fact, to produce electrical current, the majority carriers need to be collected by the circuit
without recombining with the minority carriers and a considerable part of the recombination happens
at the metal contacts. The window and the back surface field act as reflectors of minority carriers so
that only the majority carriers reach the contacts and they are not lost in recombination.
Many other techniques are used, starting from this base structure, to improve the cells efficiency:
for example, multi-junction devices exploits different materials (with different bandgaps) in order to
absorb photons at a wider range of wavelengths.
Nowadays, solar cells are often made of semiconductor materials, however, for instance, research and
production of organic solar cells are on the rise. An overview of the type of cells and their efficiencies
can be seen in Fig.1.3.
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Figure 1.3: Best efficiencies achieved for different types of solar cells. From the "National Renewable
Energy Laboratory" website: [15]

Solar cells for commercial applications are mainly silicon-based. In fact, Silicon, due to its abun-
dance in nature, is characterized by relatively low cost with respect to other materials.
III-V materials, highlighted in Fig.1.4, are used to fabricate high efficiency solar cells. In fact, while
Silicon is a good material for micro- and nano-electronics, most opto-electronic devices work better
with direct bandgap semiconductors (such as Gallium Arsenide). Usually, these III-V based cells are
employed for space applications where the importance of their efficiency and reliability overcomes
their high cost.
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Figure 1.4: III-V materials used from the period table of elements. From [16]

In this work, GaAs based solar cells have been investigated. All the cells have been grown, pro-
cessed and measured at the Applied Material Science at Radboud University. The processing and the
measurements have been directly performed by the author of this thesis.

Analytical analysis of micro and nano-electronic devices is a very powerful tool to understand their
behaviour.
The Hovel (or Shockley) model is largely employed for simulating solar cells. It is based on solving
analytically the drift-diffusion and continuity equations of a p-n junction to predict the photovoltaic
characteristics of a solar cell. This model relies on a number of strong approximations which make it
not completely precise; however its efficacy has been proven in multiple works ([7]).
In this thesis, the Hovel model has been adapted to generic n-p heterojunction analysis; the model
has been integrated with an analytical derivation of the photon recycling and with an exact method
to treat the optics inside the cell.
The Hovel model relies on a series of optical and electrical input parameters describing the materials
used. Some of these parameters are intrinsic, directly measurable material parameters which are
already listed and easily accessible. Others are derived electrical parameters. Among the latter
category, some can be derived analytically with very good approximation (for example, the radiative
lifetime τRadn/p ), while others are derived using empirical models. Empirical doping-and-temperature
dependent models for the electron and hole Shockley-Read-Hall (SRH) recombination lifetimes and
mobilities (τSRHn/p and µn/p) have already been derived ([1] and [2]) and used in this work. However,
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to our knowledge, no efficient model to determine the so-called "surface recombination speed" ("S")
exists.
This electrical parameter describes the recombination velocity of minority carriers at an interface
and it is fundamental to simulate the electrical behaviour of solar cells, diodes and transistors. In
particular, for solar cells with very high efficiencies and with very good diffusion lengths with respect to
the junction physical dimensions, the surface recombination speed has a high relevance in determining
the overall performance.
In the Hovel model, the recombination rate of minority carriers at a given interface between two
different materials (typically between emitter and window and between base and BSF) is computed as
the product of the surface recombination speed and the excess minority carriers at the said interface.
The surface recombination speed depends on a number of variables among which the superficial
density of states and other physical characteristics of the interface. However, normally, the surface
recombination speeds are considered to be independent from the excess minority carriers at the said
interface, both in simulations and in measurements set-ups. In this work, this assumption is challenged.

Nowadays, there are two main methods, that we are aware of, to measure the surface recombination
speed of an interface:

• the "two emitter fabrication quantum yield" ("TEFQY") technique ([11])

• the "time resolved photo-luminescence" ("TRPL") method ([9])

The first relies on measuring the quantum yield of two similar samples with different emitter thick-
nesses and fit the front surface recombination speed (Sf ) and the emitter diffusion length using the
Hovel model. The TRPL method consists in measuring the carriers lifetimes and, using multiple
samples, the surface recombination speed value can be fitted.
Both these methods are affected by strong limitations and assumptions. In the TEFQY technique, the
derived Sf values are subjected to high uncertainty. The TRPL technique relies on multiple samples,
a very precise measurement set-up and assumes that the top and bottom surface recombination speeds
are equal. Furthermore, both these methods assume that the emitter thickness does not affect the Sf
and the diffusion length values: in this work, both these assumptions are challenged.

For these reasons, an innovative method to determine the top surface recombination speed of solar
cells by means of processing GaAs-InGaP heterojunctions has been developed. These kind of cells are
characterized by the fact that the dark current contribution of the InGaP base is negligible, meaning
that the overall dark current with ideality factor equal to 1 is given approximately only by the emitter
diffusion current. Using the analytical and empirical models to determine all the other parameters of
the cell, it is possible to fit the top surface recombination speed of the GaAs-window interface.

In this work, the empirical relation between Sf and the emitter thickness (dE) and doping (ND)
has been investigated. In fact, as mentioned earlier, we start exploring the possibility that the surface
recombination speed depends on the excess minority carriers at the interface (p′int), other than on
the type and quality of the said interface; p′int depends on the bias voltage applied, on dE and ND.
A series of similar cells with different dE and ND values and identical interface quality have been
grown, processed and measured, deriving for each the Sf value. Using the collected data, a first,
approximated, empirical model has been derived and used to run an optimization program using
the Hovel model. The resulting structure has been grown, processed and measured to validate the
simulation results.



2 | Model

The simulations have been implemented using Matlab. A 1D model which integrates an optical and
an electrical analysis has been employed.
The first analysis consists in an analytical description of the electromagnetic behaviour inside the p-n
junction together with a routine which computes relevant reflectances and transmittances through the
scattering matrix method.
The electrical simulation is based on an analytical solution of the drift-diffusion and continuity equa-
tions of a p-n junction not at equilibrium. The main assumption made to solve these two equations
in closed form is to have a perfectly abrupt separation between the quasi-neutral regions (QNR) and
the depletion region or space charge region (SCR). Furthermore, only the p-n junction with the active
material(s) is considered, and the model takes into account the layers at the top and the bottom
only under the form of the so-called surface recombination speeds and by considering their overall
reflectances and transmittances. This approach obviously implies that the current contribution of the
layers at both the top and bottom is assumed to be negligible.

The relevant active material parameters taken into account in our analysis are:

• Complex refractive index: n(λ) = β′(λ) − jα′(λ) (also needed for the layers at the top and at
the bottom)

• Band gap: EG[J ]

• Workfunction: qχ[J ]

• Intrinsic carrrier concentrations: ni[ 1
m3 ]

• Conduction and valence band density of states: N eff
C , N eff

V [ 1
m3 ]

• Electrical parameters (which will be discussed more in detail in sub-section 2.2.1)

2.1 Optical Analysis

2.1.1 Scattering Matrix Method

This method can be used to compute the reflectances and transmittances of any layer stack. The only
input parameters are:

• wavelength (λ)

• incident angle (θ)

• layers’ thicknesses (tm)

• layers’ complex refractive indexes (nm = β′m(λ)− jα′m(λ))

8
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The method assumes that the impinging electromagnetic wave comes from a source infinitely
distant and that it will propagate infinitely (without being reflected) once transmitted through the
layer stack. For these reasons, to avoid physically absurd results, both the incident and the final
media’s complex refractive indexes are set to be real.

Through the scattering matrix method (discussed more in depth in Appendix A), it is possible to
derive the reflectances and transmittances of a whole layer stack:

rTE/TM(λ, θ) =
ETE/TMreflected

ETE/TMincident

(2.1)

tTE/TM(λ, θ) =
ETE/TMtransmitted

ETE/TMincident

(2.2)

RTE/TM(λ, θ) =
P
TE/TM
opt,reflected

P
TE/TM
opt,incident

(2.3)

TTE/TM(λ, θ) =
P
TE/TM
opt,transmitted

P
TE/TM
opt,incident

(2.4)

In our situation, it is assumed that the impinging wave is on average half "TE" and half "TM" so
that the overall reflectances and transmittances can be defined as:

R =
1

2
RTE +

1

2
RTM (2.5)

T =
1

2
TTE +

1

2
TTM (2.6)

Hence, thanks to this method, from an optical point of view it is possible to consider all the layers
between the front and the active region of the cell and between the active region and the back of the
cell just as single values of reflectances and transmittances (of course, for each value of the incident
angle and wavelength). A schematic of the logical process can be seen in Fig.2.1.

Figure 2.1: Schematic of the logical process of the optical analysis approach
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2.1.2 Analytical Solution inside the n-p Junction

To compute the actual electromagnetic intensity inside the active region (n-p junction) of the cell, a
zero incident angle is considered.
Let’s define:

• Front layer stack reflectivity (considering the electromagnetic wave coming from the active region
towards the front of the cell):

rf (λ) = rTEFront,In==>Out(λ, θ = 0) (2.7)

• Front layer stack reflectance (considering the electromagnetic wave coming from the active region
and going towards the front of the cell):

Rf (λ) = RFront,In==>Out(λ, θ = 0) (2.8)

• Front layer stack transmittance (considering the electromagnetic wave coming from the front
part of the cell and going towards the active region):

Tf (λ) = TFront,Out==>In(λ, θ = 0) (2.9)

• Back layer stack reflectivity (considering the electromagnetic wave coming from the active region
and going towards the back of the cell):

rb(λ) = rTEBack,In==>Out(λ, θ = 0) (2.10)

• Back layer stack reflectance (considering the electromagnetic wave coming from the active region
and going towards the back of the cell):

Rb(λ) = RBack,In==>Out(λ, θ = 0) (2.11)

Figure 2.2: Schematic of the p-n junction optical analysis approach

Let’s define:
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• Wave number of the active region:

kA =
2π

λ
nA (2.12)

• Absorption coefficient of the active region:

αA =
4π

λ
Im (−nA) (2.13)

• Double of the real part of the wave number of the active region:

βA =
4π

λ
Re (nA) (2.14)

Referring to Fig.2.2 and considering the light to be coherent, it can be written:

E = E0tf
[
e−jkAx + rbe

−jkALe−jkA(L−x) + rbrfe
−j2kALe−jkAx + r2brfe

−j3kALe−jkA(L−x) + r2br
2
fe
−j4kALe−jkAx + ....

]
(2.15)

Using the properties of infinite geometric series, Eq.2.15 can be developed in:

E = E0tf
[
e−jkAx + rbe

−jkA(2L−x)
]
×
(

1

rbrfe−j2kAL

)
(2.16)

From this, the actual optical power inside the active region for each point on the x-axis is computed:

Popt =
n2A
2Z0

| E |2=

(
1

2Z0
| E0 |2

)(
n2A | tf |2

) ∣∣∣∣[e−jkAx + rbe
−jkA(2L−x)

]
×
(

1

rbrfe−j2kAL

)∣∣∣∣2 (2.17)

Popt = Popt,0Tf

∣∣∣∣[e−jkAx + rbe
−jkA(2L−x)

]
×
(

1

rbrfe−j2kAL

)∣∣∣∣2 (2.18)

Popt = Popt,0Tfe
−jαAx

[
1 +Rbe

−2αA(L−x) − 2e−αA(L−x)Re
(
rbe
−jβA(L−x))

1 +RbRfe−2αAL − 2e−αALRe (rbrfe−jβAL)

]
(2.19)

In terms of illumination, what matters are the number of incoming photons per wavelength and per
unit area: "photon flux" (Φ0).

Φ0 =
Popt,0(λ)

Area ∗ Ephoton(λ)
=

Popt,0(λ)(
Area ∗ hcλ

) (2.20)

Hence, instead of the optical power inside the active region, the optical intensity is taken into account
using eq.2.19 with Φ0 instead of Popt,0 as input:

Φ = Φ0Tfe
−jαAx

[
1 +Rbe

−2αA(L−x) − 2e−αA(L−x)Re
(
rbe
−jβA(L−x))

1 +RbRfe−2αAL − 2e−αALRe (rbrfe−jβAL)

]
(2.21)

2.2 Electrical Analysis

As mentioned in the introduction, the electrical analysis is based on solving both the drift-diffusion
and continuity equations in closed form in the n-p junction domain. To do so, it is necessary to
assume an abrupt separation between the n-doped quasi neutral region and the space charge region
and between the space charge region and the p-doped quasi neutral region. This can be seen from
Fig.2.3.
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Figure 2.3: Schematic of the n-p junction model

It can be seen that dE and dB are the emitter and base thicknesses respectively, whereas xn and
xp are the thicknesses of the depleted n-doped and p-doped part respectively; W = xn + xp is the
total SCR thickness and finally d1 = dE − xn and d2 = dB − xp are the thicknesses of the n-doped
and p-doped QNRs respectively.

While dE and dB are given by the cell’s growth process, the other quantities are derived assuming
an abrupt separation between the QNRs and the SCR:

W =

√(
2ε0εr
q

)(
NA +ND
NAND

)
(Vbuilt−in − V ) (2.22)

xn =
NA

NA +ND
W (2.23)

xp =
NA

NA +ND
W (2.24)

where V is the voltage applied, NA and ND are the dopant concentrations and:

Vbuilt-in = VT ln

(
NAND
n2i

)
(2.25)

Vbuilt−in has been derived assuming the Boltzmann statistics and complete ionization (of the dopant
atoms).

The Hovel model implies the superposition assumption according to which the cell’s total cur-
rent density is given by the current in the dark (without illumination), which is given by a diode
characteristic, summed with the photo-current (current generated only due to the illumination):

JTot = JPhoto + JDark (2.26)

It is worth mentioning that, for the photo-current, it is assumed that the collection efficiency of
the electrons and holes generated in the depleted region is equal to 1.
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In general, the dark current density of a junction is given by:

JDark = J01

(
e
V
VT − 1

)
+ J02

(
e

V
2VT − 1

)
+

(
Perimeter

Area

)
JPerimeter (2.27)

The first term is related to the minority carriers diffusion currents in the quasi neutral regions,
the second one is due to the non-radiative recombination in the depleted region while, the third, to
the perimeter non-radiative recombination due to the dangling bonds at the surface of the active
material of the junction. Each term is associated to a, so-called, "ideality factor" (η). The first term
is characterized by η = 1, the second by η = 2, while JPerimeter changes its slope with the voltage
(starting from η = 2 for lower voltages and arriving at η = 1 at higher voltages ([6])). An example
can be seen in Fig.2.4.

Figure 2.4: Example of a junction I-V characteristic’s components for a GaAs homojunction cell

2.2.1 Electrical Parameters

The electrical parameters employed in the simulations are:

• Electron and hole mobilities: µn and µp derived through an empirical doping and temperature
dependent model in [1].

• Electron and hole diffusivities: Dn and Dp defined through the "Einstein relation": Dn/p =

VTµn/p.

• Electron and hole SRH lifetimes: τSRHn and τSRHp derived through an empirical doping and
temperature dependent model in [2].

• Electron and hole radiative lifetimes: τRadn and τRadp computed thanks to: τRadn =
1−fpr
BNA

and
τRadp =

1−fpr
BND

. A more detailed explanation of these parameters is given in 2.2.2 and 2.2.3.

• Electron and hole total lifetimes: τn and τp computed as: 1
τn/p

= 1
τRad
n/p

+ 1
τSRH
n/p

. (Auger recombi-

nation has been neglected.)

• Electron and hole diffusion lengths: Ln and Lp computed as: Ln/p =
√
Dn/pτn/p.
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2.2.2 Radiative Lifetimes

Let’s define the spontaneous emission rate (hence spontaneous recombination rate) of a semiconductor
material at thermal equilibrium:

Uemission0 = Bn2
i (2.28)

and Not at thermal equilibrium (assuming (E − qV ) >> KBT :

Uemission = Bnp (2.29)

An analytical formula has been derived in [3]:

B =
2

π2~4c3n2i

∫ +∞

0

β′2E3α′

e
E

KBT − 1
dE (2.30)

At thermal equilibrium, the spontaneous recombination and generation rates are equal: Uemission0 =

G0. Given that the radiative recombination rate of a semiconductor material can be written as:

URad = Uemission −G0 = Uemission − Uemission0 (2.31)

and, assuming that in a n-doped semiconductor n ≈ ND and in a p-doped one p ≈ NA, it can be
easily obtained:

URad,n = BNA (n− n0) (2.32)

URad,p = BND (p− p0) (2.33)

where n0 and p0 are the minority carriers concentrations at thermal equilibrium for a p-doped and
a n-doped semiconductor material respectively.

Defining now the excess minority carriers as n′ = n − n0 and p′ = p − p0, and the radiative
recombination rates as:

URad,n =
n′

τRadn
(2.34)

URad,p =
p′

τRadp

(2.35)

Combining Eq.2.32 and Eq.2.34 and combining Eq.2.33 and Eq.2.35, it is straightforward to obtain:

τRadn =
1

BNA
(2.36)

τRadp =
1

BND
(2.37)

2.2.3 Photon-Recycling Factor

The photon-recycling (pr) concept consists in taking into account that part of the emitted photons in
the semiconductor will be re-absorbed by the semiconductor itself. This phenomenon can be modelled
considering that in Eq.2.31 another generation term has to be added:

URad = Uemission −G0 −Gpr = Uemission − Uemission0 − fpr (Uemission − Uemission0) (2.38)
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obtaining:
URad = (1− fpr)B

(
np− n2i

)
(2.39)

where fpr is the so-called photon recycling factor.

Taking this added term into account in the treatise in 2.2.2, it is derived:

τRadn =
(1− fpr)
BNA

(2.40)

τRadp =
(1− fpr)
BND

(2.41)

The fpr value has been computed according to the theory displayed in [4]. Fig.2.5 shows a schematic
of the cell according to the model. The main assumption is the uniform and isotropic emission
of photons which implies that interference effects can be neglected and the treatise is in terms of
intensity. Furthermore, the top and bottom layers are taken into account only under the form of
the overall reflectance and transmittance and the probability of a photon to escape from the back is
considered to be zero (with very good approximation). Finally the lateral dimensions of the cell are
considered to be infinite with respect to the thickness (x axis).

Figure 2.5: Geometry for modeling photon recycling (from [4])

The probabilities of a photon generated inside the cell to escape and to be absorbed, given a certain
wavelength (hence energy), point and direction of emission, are given by:
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Pesc(λ, x, θ, φ) = Tf
e−

αx
cos(θ) +Rbe

−α(2L−x)
cos(θ)

1−RfRbe−
2αL
cos(θ)

(2.42)

Pabs(λ, x, θ, φ) = 2−

(
e−

αx
cos(θ) + e−

α(L−x)
cos(θ)

)(
1−RfRbe−

αL
cos(θ)

)
−
(

1− e−
αL

cos(θ)

)(
Rfe

− αx
cos(θ) +Rbe

−α(L−x)
cos(θ)

)
1−RfRbe−

2αL
cos(θ)

(2.43)

The average probability of generated photons to be re-absorbed correspond to the "photon-
recycling factor" and it is given by:

fpr = Pabs =
1

4πV olume

∫ +∞

0

Ŝ(E)

∫ V olume

0

∫ +π/2

0

∫ +2π

0

Pabs(λ, x, θ, φ)sin(θ)dφdθdV dE (2.44)

Simplifying the area and the 2π, it is obtained:

fpr = Pabs =
1

2L

∫ +∞

0

Ŝ(E)

∫ L

0

∫ +π/2

0

Pabs(λ, x, θ)sin(θ)dθdxdE (2.45)

Where Ŝ(E) is the normalized "spontaneous emission rate density":

Ŝ(E) =

2
π2~4c3

β′2E3α′

e
E−qV
KBT −1

2
π2~4c3

∫ +∞
0

β′2E3α′

e
E−qV
KBT −1

dE
(2.46)

Assuming (E − qV ) >> KBT ,

Ŝ(E) =
β′2E3α′e

−E
KBT∫ +∞

0
β′2E3α′e

−E
KBT dE

(2.47)

2.2.4 JDark
01 and JPhoto

As mentioned in the chapter introduction, considering only the minority carriers diffusion currents
originated in the emitter and in the base, it is possible to solve in a closed-form the second order
differential equations in the quasi-neutral regions. Solving these equations the currents with an ideality
factor of 1 and the emitter and base photo-currents are derived. More in depth explanation is provided
in Appendix B. Furthermore, to these currents, it is added the photo-current originated in the depleted
region assuming that the electrons and holes optically generated have an ideal collection efficiency
(equal to 1). In general, the overall dark current with ideality factor of 1 and the overall photo-
current are given by:

JPhoto = JPhotop + JPhoton + JPhotoW (2.48)

JDark
01 = JDark

p + JDark
n (2.49)

where:
JDark
p = J01,p

(
e
V
VT − 1

)
(2.50)

JDark
n = J01,n

(
e
V
VT − 1

)
(2.51)
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JDark
01 = (J01,n + J01,p)

(
e
V
VT − 1

)
= J01

(
e
V
VT − 1

)
(2.52)

It is obtained:

• n-doped QNR:
JTotp = JPhotop + JDark

p (2.53)

where:

JDark
p = −

qDpn
2
i

LpND

sinh
(
d1
Lp

)
+

SpLp
Dp

cosh
(
d1
Lp

)
cosh

(
d1
Lp

)
+

SpLp
Dp

sinh
(
d1
Lp

)
(e V

VT − 1
)

(2.54)

JPhotop =

∫ +∞

0

Fp

 ∂zp
∂x |x=0 − Sp

Dp
zp(λ, 0)

cosh
(
d1
Lp

)
+

SpLp
Dp

sinh
(
d1
Lp

) +
rp
Lp
zp(λ, d1)− ∂zp

∂x
|x=d1

 dλ (2.55)

with:

Fp =
qΦ0TfL

2
pαA

1 +RbRfe−2αAL − 2e−αALRe (rbrfe−jβAL)
(2.56)

zp =
e−αAx

1− (αLp)2
+
Rbe

−2αALeαAx

1− (αALp)2
+

2e−αAL

1 + (βALp)2
Re
(
rbe
−jβALejβAx

)
(2.57)

rp =
sinh

(
d1
Lp

)
+

SpLp
Dp

cosh
(
d1
Lp

)
cosh

(
d1
Lp

)
+

SpLp
Dp

sinh
(
d1
Lp

) (2.58)

• p-doped QNR:
JTotn = JPhoton + JDark

n (2.59)

where:

JDark
n = −

qDnn
2
i

LnND

sinh
(
d2
Ln

)
+ SnLn

Dn
cosh

(
d2
Ln

)
cosh

(
d2
Ln

)
+ SnLn

Dn
sinh

(
d2
Ln

)
(e V

VT − 1
)

(2.60)

JPhoton =

∫ +∞

0

Fn

− ∂zn
∂x |x=L + Sn

Dn
zn(λ, L)

cosh
(
d2
Ln

)
+ SnLn

Dn
sinh

(
d2
Ln

) +
rn
Ln

zn(λ, xp) +
∂zn
∂x
|x=xp

 dλ (2.61)

with:

Fn =
qΦ0TfL

2
nαA

1 +RbRfe−2αAL − 2e−αALRe (rbrfe−jβAL)
(2.62)

zn =
e−αA(x+dE)

1− (αALn)2
+
Rbe

−2αALeαA(x+dE)

1− (αALn)2
+

2e−αAL

1 + (βALn)2
Re
(
rbe
−jβALejβA(x+dE)

)
(2.63)

rn =
sinh

(
d2
Ln

)
+ SnLn

Dn
cosh

(
d2
Ln

)
cosh

(
d2
Ln

)
+ SnLn

Dn
sinh

(
d2
Ln

) (2.64)

• SCR (Depleted Region):
JTotW = JPhotoW (2.65)

where:

JPhotoW =

∫ +∞

0

FW (zW,1 + zW,2 + zW,3) dλ (2.66)
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with:
FW =

qΦ0Tf
1 +RbRfe−2αAL − 2e−αALRe (rbrfe−jβAL)

(2.67)

zW,1 = e−αAd1
(
1− e−αAW

)
(2.68)

zW,2 = Rbe
−αA(2L−d1)

(
eαAW − 1

)
(2.69)

zW,3 = 2
αA
βA

e−αALIm
(
rbe
−jβA(L−d1)

(
ejβAW − 1

))
(2.70)

2.3 HeteroJunction

Up to this point, the problem has been analyzed considering that the junction is made by one material
only. In this work, model has been extended to simulate a n-p heterojunction. The theory behind the
analysis of a junction with the n-doped side made by one material and the p-doped one by another is
very similar to the theory behind a classic homojunction with few further considerations.

2.3.1 Optical Analysis

Two sets of front and back reflectances and transmittances have been computed:

• "-Top" is the apex that specifies that we are considering the front and back reflectances and
transmittances considering only the n-doped material as the active region. In this case, the
p-doped active material becomes one of the "back" layers.

• "-Bot" is the apex that specifies that we are considering the front and back reflectances and
transmittances considering only the p-doped material as the active region. In this case, the
n-doped active material becomes one of the "top" layers.

The previous analysis is modified to add the consideration that, optically, we have two different regions
in the n-p junction:

ΦTop(λ, x) = Φ0T
Top
f e−jα1x

1 +RTop
b e−2α1(dE−x) − 2e−α1(dE−x)Re

(
rTopb e−jβA(dE−x)

)
1 +RTop

b RTop
f e−2α1dE − 2e−α1dERe

(
rTopb rTopf e−jβ1dE

)
 (2.71)

ΦBot(λ, x) = Φ0T
Bot
f e−jα2x

1 +RBot
b e−2α2(dB−x) − 2e−α2(dB−x)Re

(
rBotb e−jβ2(dB−x)

)
1 +RBot

b RBot
f e−2α2dB − 2e−α2dBRe

(
rBotb rBotf e−jβ2dB

)
 (2.72)

2.3.2 Built-in Potential and Depleted Region

The built-in potential is computed as:

− qVbuilt-in = qΦ1 − qΦ2 (2.73)

where we can write:
qΦ1 = qχ1 + (EC,1 − EF,1) (2.74)

qΦ2 = qχ2 + (EC,2 − (EF,2 − EV,2)) (2.75)

Since Boltzmann Statistics is considered:

n = NCe
−EC−EFKBT , p = NV e

−EF−EVKBT (2.76)
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it can be easily derived:

− qVbuilt-in = −∆Ec− EG2 +KBT ln

(
NCNV
NDNA

)
(2.77)

Of course, if the material 1 is the same as the material 2, ∆EC = 0 and, considering that EG =

KBT ln
(
NCNV
n2
i

)
, we obtain Eq.2.25 again.

Figure 2.6: Band Diagram of a generic p-n Abrupt HeteroJunction

The depleted region thickness equation, taking into account the electric field discontinuity due to
the relative permittivity discontinuity in the n-p junction domain, becomes:

W =

√√√√√(2ε0
q

) (NA +ND)2

(NAND)
(
NA
εr,1

+ ND
εr,2

)
 (Vbuilt-in − V ) (2.78)

2.3.3 JDark and JPhoto

The homojunction treatise still holds but we take into account the different parameters for the n-doped
and the p-doped materials and the different reflectances and transmittances. The subscripts "-1" and
"-2" are used for the n-doped material and the p-doped material respectively.

It is obtained:

• n-QNR:
JTotp = JPhotop + JDark

p (2.79)

where:

JDark
p = −

qDp,1n
2
i,1

Lp,1ND

sinh
(

d1
Lp,1

)
+

SpLp,1
Dp,1

cosh
(

d1
Lp,1

)
cosh

(
d1
Lp,1

)
+

SpLp,1
Dp,1

sinh
(

d1
Lp,1

)
(e V

VT − 1
)

(2.80)

JPhotop =

∫ +∞

0

Fp

 ∂zp
∂x |x=0 − Sp

Dp,1
zp(λ, 0)

cosh
(

d1
Lp,1

)
+

SpLp,1
Dp,1

sinh
(

d1
Lp,1

) +
rp
Lp,1

zp(λ, d1)− ∂zp
∂x
|x=d1

 dλ (2.81)
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where:

Fp =
qΦ0T

Top
f L2

p,1α1

1 +RTop
b RTop

f e−2α1dE − 2e−α1dERe
(
rTopb rTopf e−jβ1dE

) (2.82)

zp =
e−α1x

1− (α1Lp,1)2
+
RTop
b e−2α1dEeα1x

1− (α1Lp,1)2
+

2e−α1dE

1 + (β1Lp,1)2
Re
(
rTopb e−jβ1dEejβ1x

)
(2.83)

rp =
sinh

(
d1
Lp,1

)
+

SpLp,1
Dp,1

cosh
(

d1
Lp,1

)
cosh

(
d1
Lp,1

)
+

SpLp,1
Dp,1

sinh
(

d1
Lp,1

) (2.84)

• p-QNR:
JTotn = JPhoton + JDark

n (2.85)

where:

JDark
n = −

qDn,2n
2
i,2

Ln,2ND

sinh
(

d2
Ln,2

)
+

SnLn,2
Dn,2

cosh
(

d2
Ln,2

)
cosh

(
d2
Ln,2

)
+

SnLn,2
Dn,2

sinh
(

d2
Ln,2

)
(e V

VT − 1
)

(2.86)

JPhoton =

∫ +∞

0

Fn

− ∂zn
∂x |x=L + Sn

Dn,2
zn(λ, L)

cosh
(

d2
Ln,2

)
+

SnLn,2
Dn,2

sinh
(

d2
Ln,2

) +
rn
Ln,2

zn(λ, xp) +
∂zn
∂x
|x=xp

 dλ
(2.87)

where:

Fn =
qΦ0T

Bot
f L2

n,2α2

1 +RBot
b RBot

f e−2α2dB − 2e−α2dBRe
(
rBotb rBotf e−jβ2dB

) (2.88)

zn =
e−α2x

1− (α2Ln,2)2
+
RBot
b e−2α2dBeα2x

1− (α2Ln,2)2
+

2e−α2dB

1 + (β2Ln,2)2
Re
(
rBotb e−jβ2dBejβ2x

)
(2.89)

rn =
sinh

(
d2
Ln,2

)
+

SnLn,2
Dn,2

cosh
(

d2
Ln,2

)
cosh

(
d2
Ln,2

)
+

SnLn,2
Dn,2

sinh
(

d2
Ln,2

) (2.90)

• SCR:

JTotW = JPhotoW =

∫ +∞

0

qΦ0 [aW + bW ] dλ (2.91)

where:

aW =

TTop
f

e−α1d1 (1− e−α1xn) +Rbe
−α1(dE+xn) (eα1xn − 1) + 2α1

β1
e−α1dEIm

(
rb
(
1− e−jβ1xn

))
1 +RTop

b RTop
f e−2α1dE − 2e−α1dERe

(
rTopb rTopf e−jβ1dE

)


(2.92)

bW =

TBot
f

(1− e−α2xp) +Rbe
−2 (eα2xp − 1) + 2α2

β2
e−α2dBIm

(
rbe
−jβ2d2

(
1− e−jβ2xp

))
1 +RBot

b RBot
f e−2α2dB − 2e−α2dBRe

(
rBotb rBotf e−jβ2dB

)


(2.93)

It is worth noticing that JDark
p and JDark

n are propotional to n2i,1 and n2i,2 respectively: for this
reason the dark current contributions of the two quasi neutral regions can be very different having
materials with different n2i .
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2.3.4 Photon-Recycling Factor

The Photon-Recycling Factor is now computed for the n-doped material and the p-doped material
separately so that it can be written:

τRadn =

(
1− fBotpr

)
BNA

(2.94)

τRadp =

(
1− fToppr

)
BND

(2.95)

2.4 Depleted Region and Perimeter Non-Radiative Recombina-
tion Dark Currents

In our treatise, it has been neglected the dark current’s contribution relative to the perimeter non-
radiative recombination due to the dangling bonds at the surface of the active material of the junction
and, until now, the one relative to the non-radiative recombination in the SCR.
In order to derive an analytical model to describe these two contributions, a number of approxima-
tions are needed and the currently developed models are generally less reliable than the one for J01
(especially for JPerimeter).
However, the perimeter current density contribution is usually negligible with respect to the others
since it is to be multiplied by "

(
Perimeter
Area

)
" and, in commercial cells, this ratio is relatively very

low. Furthermore, the model described in [6] has been used for homojunction simulations and the
perimeter current density contribution has been always been negligible in the simulations. Finally, in
the article’s analysis strong approximations were needed. For these reasons, the perimeter current has
been neglected in the simulations with heterojunctions.
As for the depleted region non-radiative dark current, the model described in [5] has been employed
for the homojunctions while the one described in [8] has been employed for the heterojunctions:

• Homojunction:

J02 = −αasymKBTni

(
1

τSRHp Eav
+

1

τSRHn Eav

)
(2.96)

with:
αasym =

5

8
π (2.97)

Eav =
Vbuilt-in − V

W
(2.98)

• Heterojunction:

J02 =
−qW√ni,1ni,2√
τNon-Radp,eff τNon-Radn,eff

(2.99)

with:

τNon-Radp,eff =

 1

τSRHp,1

+
1

d2E
π2Dp,1

+ dE
Sint

−1 (2.100)

τNon-Radn,eff =

 1

τSRHn,2

+
1

d2B
π2Dn,2

+ dB
Sint

−1 (2.101)

Sint: surface recombination speed of the interface between the n-doped region and the p-doped
region (in our case, between GaAs and InGaP). This interface is in the deep inside the SCR
where there are always almost no minority carriers. Furthermore the measurements of the cells
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to determine J01 have been carried out at a relatively high applied bias when the contribution
of J02 is negligible. For these reasons, a fixed value for Sint taken from the "Ioffe" ([12]) website
has been employed.

2.5 External Quantum Efficiency (EQE)

The external quantum efficiency (EQE) is defined as the ratio of the number of electron-hole pairs
generated and collected over the number of photons impinging on the device at zero applied bias. It
can be defined as:

EQE(λ) =

(
IPhoto(V=0)

q

)
(
Popt,0(λ)
Ephoton(λ)

) =
IPhoto(V = 0)

Area ∗ qΦ0(λ)
=
JPhoto(V = 0)

qΦ0(λ)
(2.102)

The EQE measurement is a fundamental tool to understand the performance of the cell at specific
wavelengths.

2.6 Metal Coverage

Actual cells are characterized by the presence of metal contacts on the front side. While for EQE
measurements a spot of the cell without coverage is illuminated, for I-V measurements the coverage
affects the overall performance of the cell.
The developed model takes into account this fact by computing a weighted average of the reflectances
and transmittances on the front side and of the photon-recycling factors given by the layers on top of
cell without coverage and the ones with coverage only for the I-V characteristic simulations. In fact,
among the input variables in the model there is the "coverage" which is defined as the percentage of
the front side surface covered by the metal contacts.
Defining Rf,1 and Tf,1 as the normal front reflectance and transmittance considering the front layers
with no coverage and Rf,2 and Tf,2 as the normal front reflectance and transmittance considering the
front layers where the coverage is, the overall normal reflectances and transmittances are given by:

Rf = Rf,1 ∗ (1− coverage) +Rf,2 ∗ coverage (2.103)

Tf = Tf,1 ∗ (1− coverage) + Tf,2 ∗ coverage (2.104)

Furthermore, defining fpr,1 as the photon-recycling factor computed considering the front layers
with no coverage and fpr,2 as the photon-recycling factor computed considering the front layers where
the coverage is, the overall photon-recycling factor is given by:

fpr = fpr,1 ∗ (1− coverage) + fpr,2 ∗ coverage (2.105)



3 | Experimental Set-Up

A series of substrate-based solar cells have been grown and processed both to test the validity of the
theoretical model and to derive an empirical emitter doping-and-thickness dependent model for the
front surface recombination speed.
This work has been focused on GaAs-InGaP abrupt heterojunctions. In fact, as mentioned at the
end of sub-section 2.3.3, the dark current contributions of the two quasi neutral regions are heavily
affected by ni. For this reason, having ni,GaAs ∼= 2.1 ∗ 106cm−3>>n

3.1 Processing

The processing consists in depositing the metal on the top and the bottom and etching the grown
structure (with the metal) where it is not wanted, leaving it only where the solar cells will be. This
is achieved thanks to photolithography.

First of all, the wafer is cleaned to remove the oxide and other impurities deposited on the top.
Secondly, a negative photoresist is deposited on the front side and baked at 100◦C in order to perform
the photolithography. The wafer is then UV-illuminated for 40s and placed in a developing solution
to remove only the not-illuminated photoresist.
A 200nm and 100nm thick layer of Gold are deposited through metal evaporation respectively at the
top and at the bottom of the wafer. Using the metal lift-off technique, acetone is used to etch the
remaining photoresist lifting off the Gold on top of it, leaving the metal only for the cells’ contacts.
At this point, a positive photoresist is deposited, baked, illuminated and developed so that it is left
only certain regions of the wafer. Through three selective etching processes, the 300nm GaAs n-
contact, the 20nm AlInP window and the GaAs emitter are removed in the areas not protected by
the positive photoresist leaving a set of cells with different areas (mostly 1cm2 and 0.25cm2).
Finally, the photoresist is removed using acetone again and the GaAs n-contact layer on the cells is
etched using the metal contacts as masks.
The final structure can be seen in Fig.3.1 while a picture of an actual sample is in Fig.3.2.

23
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Figure 3.1: 2D schematic of the final structure

Figure 3.2: Processed half wafer with solar cells on it
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3.2 Measurements

3.2.1 I-V characteristic

All the measurements are performed at 298.15K=25◦C. The illumination is provided by a lamp gen-
erating a light which simulates the AM1.5G spectrum. Both the temperature and the illumination
are controlled (and ’corrected’ if needed) using a reference cell and a temperature sensor.
The dark current is normally measured varying the voltage bias applied keeping the cell in the dark.
This is what is done under the condition that the output current is lower than 1mA for our cells (which
usually implies that the voltage applied is below 1V). In fact, the parasitic series resistance of the top
contact makes this method not effective for higher currents, heavily affecting the measurement. For
this reason, in order to measure the I-V characteristic of the cell in the dark at higher voltages, the
short-circuit current and the open-circuit voltage are measured under different illuminations. This is
done since, under illumination at V = Voc, the current is zero because IDark = −IPhoto. In this way,
assuming that IPhoto is approximately constant changing the voltage applied, it is possible to measure
the dark current at higher voltages without being affected by series parasitic resistances.
The different illuminations are obtained using progressively opaque glasses between the lamp and the
cell.
From the dark I-V characteristic experimental data, it is possible to find values for J01 and J02 to
plug into the theoretical model in order to fit the data. Using the obtained values of J01, thanks to
the fact that J01 ∼= J01,p and that all the other parameters are defined, it is straightforward to find
the value Sf that fit the J01 data for a specific voltage (in our case it was set V = 1.055V, because
the data relevant to find J01 were around this voltage). Through the simulations, it has been checked
that changing the voltage applied of ±10mV the absolute values of fitted surface recombination speeds
change less than 0.5ms−1.
The uncertainty over J01 is∼= ±0.1×10−20Acm−2 which leads the uncertainty over Sf to be∼= ±1ms−1.
This has been also tested with the support of simulations.
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Figure 3.3: Dark current measurement set-up

Figure 3.4: Illumination characteristic measurement set-up

3.2.2 External Quantum Efficiency (EQE)

The EQE is measured illuminating the cell with a light source at specific wavelengths, in a region
without coverage. The generated short-circuit current is measured at zero applied bias and, knowing
Φ0 and the illuminated area, through Eq.2.102, the EQE is computed for each wavelength.
The light source is not continuous: its amplitude oscillates at a specific frequency. The output current
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from the cell is put through a lock-in amplifier which filters out the DC component leaving only the
short-circuit current due to the light source and not to light noise. In this way, the Jsc generated is
linked to specific wavelengths.
Moreover, the EQEs have been scaled using the measured short-circuit currents. The EQE for each
wavelength is scaled considering that its product with the lamp photon-flux and the elementary charge,
integrated over all the wavelengths, must give back, as a result, the measured Jsc.

Figure 3.5: External Quantum Efficiency measurement set-up



4 | Experimental Results

A series of similar substrate GaAs-InGaP heterojunction solar cells with different emitter thicknesses
and doping levels were grown, processed and measured.
All the cells are characterized by a 100nm thick and 5×1017cm−3 p-doped InGaP region. Furthermore,
as can be seen from Fig.??, the top layers without metal coverage consist only of a 20nm thick AlInP
layer while, the regions with metal coverage, have, on top of the AlInP layer, a 300nm GaAs layer
and a 200nm Au layer. The percentage of the front surface covered by the metal contacts is 8%.

4.1 Variable Emitter Doping

The first important result was given by two sets of four cells, which differ only by the emitter doping
level. The n-doped GaAs active region thickness is kept constant at 300nm. The cells of the first set
have a uniform doping level while the ones of the second set are characterized by a 10nm GaAs layer
of a 5× 1015cm−3 constant doping density at the interface between the GaAs emitter and the AlInP
window. The results can be observed in Fig.4.1.

Figure 4.1: Derived Sf values for different emitter doping levels. In blue, the set of cells without
intermediate layer and, in red, the set of cells with constant-doping intermediate layer

As expected, the set of cells with intermediate layer is performing better with lower Sf values. This
can be explained by considering that higher doping levels lead to a higher number of impurities and
recombination centers at the GaAs-AlInP interface, hence to a higher surface recombination speed.
The most important result, however, consists in the fact that the surface recombination speed is in-
creasing with the doping levels in both cases. As mentioned before, the assumption was that the
surface recombination speed value would depend on the excess minority carriers at the interface other
than on the interface quality. From Fig.4.1, it is clear that, assuming the same interface quality,
changing only the emitter doping levels and hence the amount of minority carriers at the GaAs-AlInP
interface, we have different Sf values. The assumption of approximately the same interface quality

28
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is definitely reasonable since, for the cells with intermediate layer, both the doping levels and growth
methods of the emitter-window interface have been identical for all the cells.
It is known that, increasing the doping level, the excess minority carriers decreases, hence p′int de-
creases. For this reason, it appears that, decreasing the amount of minority carriers at the interface,
the surface recombination speed increases. One possible explanation could be that, increasing p′int,
the recombination centers at the interface might saturate, leading to lower Sf values.
For lower doping levels, the intermediate, lower doped, GaAs layer between the emitter and the win-
dow provides a decrease of the front surface recombination speed of approximately 10%.

4.2 Variable Emitter Thickness

Four more sets of cells have been grown, processed and measured. Each set is characterized by a
constant emitter doping level. The emitter thickness has been varied between 0.3um and 2.7um.
Knowing, for each doping level, the n-doped quasi-neutral region thickness (n-QNR) (d1 = dE −
xn), the values of the fitted surface recombination speed, the measured open-circuit voltages and
short-circuit currents relative to the n-QNR thicknesses are plotted in Fig.4.2, Fig.4.3 and Fig.4.4,
respectively.

Figure 4.2: Derived Sf values for different n-QNR thicknesses. In blue, the set of cells with ND =

5 × 1016cm−3; in green, the set of cells with ND = 7.5 × 1016cm−3; in red, the set of cells with
ND = 1× 1017cm−3; in black, the set of cells with ND = 1.5× 1017cm−3
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Figure 4.3: Measured Voc values for different n-QNR thicknesses. In blue, the set of cells with
ND = 5× 1016cm−3; in green, the set of cells with ND = 7.5× 1016cm−3; in red, the set of cells with
ND = 1× 1017cm−3; in black, the set of cells with ND = 1.5× 1017cm−3

Figure 4.4: Measured Jsc values for different n-QNR thicknesses. In blue, the set of cells with ND =

5 × 1016cm−3; in green, the set of cells with ND = 7.5 × 1016cm−3; in red, the set of cells with
ND = 1× 1017cm−3; in black, the set of cells with ND = 1.5× 1017cm−3

Looking at the measured Jsc, the results appear to be consistent with the expectations. In fact,
increasing the emitter thickness, the short-circuit current increases gradually until it reaches its max-
imum value. For higher values of d1 and higher ND, the current slightly decreases. This is due to
the fact that less holes are collected at the n-contact at the top of the cells. The emitter thickness at
which there is the Jsc maximum decreases increasing the doping levels. This is explained considering
that, for higher ND values, the hole mobility and lifetime get worse causing a decrease of the hole
diffusion length in the GaAs n-doped quasi-neutral region.
Fig.4.2 provides another indication that, maintaining the same parameters in the interface growth
(same doping levels and same growth method), different surface recombination speed values are fitted
for different values of excess minority carriers at the interface.
Still looking at Fig.4.2, considering the relation between Sf and d1, it is clear that, for relatively low
emitter thicknesses, the Sf = Sf (d1) function is not monotonic. Both for the ND = 5×1016cm−3 and
the ND = 1 × 1017cm−3 curves, two troughs and two peaks are present for relatively thin emitters.
Since the same behaviour can be observed in a direct measurement such as Voc (Fig.4.3), the derivation
of the Sf values is not subjected to gross mistakes.
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Regarding higher d1 values, the behaviour is monotonic-decreasing for the ND = 5 × 1016cm−3 and
the ND = 7.5 × 1016cm−3 curves (Fig.4.2), while it appears more random for higher doping levels.
However, this could be related to the oscillatory behaviour at shorter emitter thicknesses. In fact, the
peak for the ND = 1 × 1017cm−3 curve is slightly shifted from the ND = 5 × 1016cm−3 curve: what
we see for higher emitter thicknesses and doping levels, is likely given by other peaks and troughs due
to the same oscillatory behaviour seen for thinner emitters.
This oscillatory nature of the Sf = Sf (d1) function led to think of an optical effect (interference),
affecting the excess minority carriers at the interface. However, this theory is challenged by the shift
in the oscillations for different doping levels. Furthermore, this behaviour is unlikely to be the effect
of the photon-recycling since, otherwise, we would have expected a monotonic function.
The fact that, for lower doping levels and at higher emitter thicknesses, the surface recombination
speed decreases with increasing d1, is in contrast with what has been found in section 4.1. In fact,
increasing d1, the excess minority carriers at the emitter-window interface is intuitively expected to
decrease. This is the opposite of what has been found in the first two sets of cells in which the only
changing variable was the emitter doping level. It is, however, important to notice that, this decreas-
ing trend is only local: this behaviour could just be given by oscillations with a larger period.
Furthermore, it might be useful to look at the theory. Solving Eq.9.1, the excess minority carriers in
the emitter is derived and, setting x = 0, the analytical expression for p′int = p′int,Dark + p′int,Photo is
obtained:

p′int,Dark =

 1

cosh
(

d1
Lp,1

)
+
(
SpLp,1
Dp,1

)
sinh

(
d1
Lp,1

)
 n2i
ND

(
e

(
V
VT

)
− 1

)
(4.1)

p′int,Photo =

∫ +∞

0

F ′p [Factor1 + Factor2] dλ (4.2)

where:

F ′p =
Φ0T

Top
f L2

p,1α1

2Dp

(
1 +RTop

b RTop
f e−2α1dE − 2e−α1dERe

(
rTopb rTopf e−jβ1dE

)) (4.3)

Factor1 =

sinh
(

d1
Lp,1

)[
Lp

∂zp
∂x |x=0 +

(
1 +

SpLp,1
Dp,1

)
zp(λ, d1)e

(
d1
Lp,1

)
− SpLp,1

Dp,1
zp(λ, 0)

]
[
cosh

(
d1
Lp,1

)
+

SpLp,1
Dp,1

sinh
(

d1
Lp,1

)] (4.4)

Factor2 = zp(λ, 0)− e
(

d1
Lp,1

)
zp(λ, d1) (4.5)

The emitter doping level appears only in the expression for the excess minority carriers at the
interface in dark: p′int,Dark ∝ 1

ND
. On the other hand, d1 affects both p′int,Dark and p′int,Photo. In

the expression for p′int,Dark, the dependency is only on the ratio
(
d1
Lp

)
, while, in p′int,Photo, is also

on the product (α1). Both these factors appear as exponential arguments. As described before, the
theoretical hole diffusion length in the GaAs emitter depends on multiple factors. However, in all of
the considered cells, it always holds: d1 << Lp. For this reason, measuring higher emitter thickness
cells is likely to be essential in understanding the general behaviour of the Sf = Sf (d1) function and,
ultimately, the relation between the surface recombination speed and the excess minority carriers at
the interface.

4.3 Data-Simulations Comparison

Using the extrapolated Sf and J02 values, through the theoretical model, the measured Voc, Jsc and
EQEs have been compared with the simulated ones.
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All the simulations have been run considering the wavelengths between 300nm and 900nm with a
spacing of 1nm.

Figure 4.5: Measured vs simulated Voc values for different n-QNR thicknesses. The continuous lines
are the experimental ones and the dashed lines are the theoretical ones. In blue, the set of cells with
ND = 5× 1016cm−3; in green, the set of cells with ND = 7.5× 1016cm−3; in red, the set of cells with
ND = 1× 1017cm−3; in black, the set of cells with ND = 1.5× 1017cm−3

Figure 4.6: Measured vs simulated Jsc values for different n-QNR thicknesses. The continuous lines
are the experimental ones and the dashed lines are the theoretical ones. In blue, the set of cells with
ND = 5× 1016cm−3; in green, the set of cells with ND = 7.5× 1016cm−3; in red, the set of cells with
ND = 1× 1017cm−3; in black, the set of cells with ND = 1.5× 1017cm−3

From Fig.4.5, it is clear that the model is constantly slightly underestimating the open-circuit
voltage for each thickness and doping level. Furthermore, looking at Fig.4.6, it is clear that for higher
emitter thicknesses the modelled short-circuit current density is underestimated too.
To better compare the model with the experiments and understand the nature of the differences,
the external quantum efficiencies have been measured for most cells with ND = 5 × 1016cm−3 and
ND = 1× 1017cm−3. Some of the results have been plotted with the simulated EQEs.
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Figure 4.7: Measured vs simulated EQEs for ND = 5× 1016cm−3. The red lines are the experimental
ones and the blue lines are the theoretical ones

Figure 4.8: Measured vs simulated EQEs for ND = 1× 1017cm−3. The red lines are the experimental
ones and the blue lines are the theoretical ones

From Fig.4.7 and Fig.4.8, it is clear that the model is a very good fit for smaller emitter thickness
cells and lower doping levels, while it starts to underestimate the EQE at "central" wavelengths for
higher d1 values. This explains the lower theoretical short-circuit current densities for higher emitter
thicknesses and doping levels. At first, an underestimation of the hole diffusion length in the GaAs
emitter was thought to be the cause of the problem. However, the simulations were run with higher



Master Thesis - Valerio Trinito 34

Lp values with the same results. To this moment, the reason for the underestimation of the EQEs at
higher emitter thicknesses is unknown.
In general, it is very important to notice that the correct definition of the materials complex refractive
indexes is fundamental to obtain precise results. In this study, different indexes found on different
databases have been used to describe optically the active materials and the AlInP-window. The
simulations results have been very different for each combination of the found data.



5 | Optimization

A Matlab routine has been developed in order to determine which are the best solar cell structures in
terms of actual maximum power produced according to the model. The maximum electrical power is
derived computing the total current

(
ITot = IPhoto + IDark

)
for each applied voltage V and extracting

the maximum value of the product Pel = ITot × V .
Substrate-based solar cells are characterized by the presence of a highly doped substrate between the
p-contact layer and the back metal contact. In order to increase the photon-recycling and improve
the overall efficiency, thin-film solar cells are generally used to obtain the highest output features.
Due to the much easier processing, for the surface recombination speed investigation, substrate-based
heterojunctions have been used; however, for the optimization, it was decided to use a thin-film cell
to maximize the performances. The back contact is a planar Au layer (not textured). The simulated
structure can be seen in Fig.5.1.
Furthermore, based on the results of the two sets of cells with different emitter doping levels, a low
doped 10[nm] thick intermediate GaAs layer between the emitter and the window was grown so to
achieve the lowest surface recombination speed possible.

Figure 5.1: 2D schematic of the simulated thin-film cell

Two optimizations of a thin-film GaAs-InGaP heterojunction solar cell were performed. The first
on the emitter thickness and doping level and, using the results of this one, a second optimization
routine was run on the anti-reflection coating (ARC) thicknesses (dMgF2

and dZnS). The ARC consists
in, starting from the top, a layer of MgF2 and a layer of ZnS and it is used to enhance the transmittance
of the light from the top of the cell to the active region. Of course, in the routine, while different
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combinations of the variables are simulated, the other cells parameters are kept constant.
In order for the optimization program to work, every parameter has to be defined for each of the
combinations of the variables. In Ch.(2) all the parameters have been defined through analytical
expressions except for the minority carrier SRH lifetimes, the mobilities and the surface recombination
speeds. As mentioned in the introduction, empirical doping-and-temperature dependent models for
the GaAs SRH lifetimes and mobilities have been derived in [1] and [2]. As for the GaAs emitter
- AlInP window surface recombination speed, an emitter thickness and doping dependent model
has been derived using the collected experimental data for the regions: 1.4um<dE<2.6um and 5 ×
1016cm−3<ND<1.5 × 1017cm−3. For this purpose, a cubic 2D Matlab interpolation has been used.
Finally, for the InGaP base, constant values for the SRH lifetimes, the mobilities found in the online
semiconductor database "Ioffe" ([12]) have been used, while, for the InGaP base - AlGaAs p-contact
bottom surface recombination speed, a constant value of 20ms−1 has been set. These approximations
are allowed since the current contributions given by the InGaP part of the active region are negligible
with respect to the ones given by the GaAs part of the active region.
As mentioned in section 4.3, it is important to notice again that, according to the complex refractive
indexes used, the results vary quite sensibly. Furthermore, the results are also different according to
the interpolation method used to derive the empirical Sf = Sf (dE , ND) function.
One of the optimization routines results can be observed in Fig.5.2 and 5.3.

Figure 5.2: Simulated maximum power density vs emitter thickness and doping level
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Figure 5.3: Simulated maximum power density vs MgF2 layer and ZnS layer thicknesses

The oscillatory behaviour of the theoretical maximum power over the emitter thickness in Fig.5.2
is due to the light interference. In fact, the considered emitter thicknesses are comparable with the
wavelengths simulated.
The best parameters of the optimization routine have been used to grow and process thin-film het-
erojunctions. The measurements results are reported in the table below.

Thin-Film Measurements
Coverage[%] Voc[V] Jsc[mAcm−2] Fill Factor
1.7 1.095 29.4 56.3

The results are very encouraging. Both the short-circuit current density and the open-circuit voltage
are higher than the best ever achieved at the Applied Material Science department at Radboud
University for this kind of cells. While JSC is slightly higher, the open-circuit voltage is ∼ 20mV
bigger than the second best result ever achieved for this kind of cells.
The very low Fill Factor is due to the fact that during the processing, some practical problems arose
leading to a 100nm Gold layer as top metal contact. Generally, for this coverage percentage, in order
to ensure a not too high series resistance, a 5um Gold layer is used for the top contact. For this
reason, the overall performance of the cell was toppled by this unplanned feature.

The external quantum efficiencies were also measured and compared with the simulated ones. The
results are plotted in Fig.5.4.
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Figure 5.4: Measured and Simulated EQEs for the optimized thin-film cell structure. The red lines
are the experimental ones and the blue lines are the theoretical ones. The GaAs complex refractive
index data used have been taken from online databases

A slight underestimation of the EQE for the "central" wavelengths is present in the simulated
thin film EQE without anti-reflection coating. This is in agreement with what has been found for
the substrate cells since, in this case, the emitter thickness is close to 2[um]. More noticeably, the
oscillations of the two curves are not perfectly alligned. This is due to the definition of the GaAs
complex refractive index: in fact, decreasing slightly the real part of the complex refractive index data
for Gallium Arsenide with respect to the ones found on online databases, a much better fit for the
EQE is obtained (see Fig.5.5).
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Figure 5.5: Measured and Simulated EQEs for the optimized thin-film cell structure. The red lines
are the experimental ones and the blue lines are the theoretical ones. The GaAs complex refractive
index data used have been slightly altered from the database ones

A similar problem affects the simulated EQE of the thin film cell with anti-reflection coating. In
fact, even using the modified data for GaAs, the simulated EQE overestimate the experimental one for
the cell with ARC. Considering that the same cell have been measured before and after the deposition
of the anti-reflection coating, the differences must be due to the incorrect definition of MgF2 and ZnS
complex refractive indexes.



6 | Conclusions and Outlook

In this work, a new, innovative method to characterize the emitter-window interface of a solar cell has
been developed.
A series of cells have been grown, processed and measured in order to investigate the relation between
the emitter-window surface recombination speed and the emitter thickness and doping and, ultimately,
the excess minority carriers at the interface.
The dependency of the Sf values on p′int, other than on the interface quality, has been shown. The
relation between the surface recombination speed and the doping levels appears to be well defined and
led us to think that, increasing the excess minority carriers at the interface, the surface recombination
speed of the said interface would decrease. This behaviour was not confirmed by the sets of cells with
variable emitter thickness, which displayed an oscillatory relation between the n-doped quasi-neutral
region thickness and Sf . However, due to the limited resources and time at disposal, the study was
restricted to certain ranges of the emitter thicknesses, making it more difficult to establish the overall
behaviour of Sf = Sf (d1).
The Hovel model has been adapted to heterojunctions with promising results. Its relative simplicity
with respect to models which solve the drift-diffusion+continuity equations numerically inside the
junction has been exploited to make a relatively fast optimization program. The only relevant param-
eter for which there wasn’t an analytical or empirical model was the top surface recombination speed.
Considering the data derived from the experiments, a first, approximated empirical model relative
to the GaAs-AlInP interfaces (created at the Applied Material Science at Radboud University) has
been developed and used in the optimization routine. The results of the optimization routine vary
considerably adopting different optical parameters to describe the materials. The results allowed us
to grow and process a thin-film GaAs-InGaP heterojunction solar cell with an excellent open-circuit
voltage and a good short-circuit current.

This work suggests multiple potential avenues of study.
It would be very interesting to investigate further the relation between the emitter thickness and the
emitter-window surface recombination speed and, ultimately, the one between the excess minority
carriers and Sf . This can be achieved by growing and processing cells with higher emitter thicknesses
(comparable and higher than the GaAs hole diffusion length).
Furthermore, a more in depth study of the causes of the oscillatory behaviour of the surface recombi-
nation speed vs the emitter thickness curves might be very interesting in order to better understand
the effects of the optical dynamics on the electrical behaviour of the cells.
Finally, in order to best exploit the potential of the Hovel model (and of every other model simulating
solar cells), reliable and simple techniques to derive experimentally the complex refractive indexes of
the materials grown in a clean room must be integrated in every experimental department. Using
simple and readily available equipment in a scientific department dealing with solar cells, reflectances
and transmittances of a layer of whatever material can be measured; exploiting a simple scattering
matrix method, such as the one developed for this work, the complex refractive indexes of the grown
material can be fitted for each wavelength.
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8 | Appendix A - Scattering Matrix Method

We define,

nzm = p
√
n2m − (n0sin(θ))2 (8.1)

where the "p" stands for the fact that between the two square roots of the argument complex number
the one with the negative imaginary part is chosen, and:

kzm =
2π

λ
nzm (8.2)

The scattering matrix method relies on building the so-called "scattering matrices" here defined
relative to Fig.8.1:

• Interfaces: (
E−m−1
E′+m

)
= Smint ∗

(
E+
m−1
E′−m

)
, Smint =

(
Sm11int Sm12int
Sm21int Sm22int

)
(8.3)

with:

– ∗ For TE:
Sm11int =

nzm−1 − nzm
nzm−1 + nzm

(8.4)

∗ For TM:

Sm11int =
n2mn

z
m−1 − n2m−1nzm

n2mn
z
m−1 + n2m−1n

z
m

(8.5)

– ∗ For TE:
Sm12int =

2nzm
nzm−1 + nzm

(8.6)

∗ For TM:
Sm12int =

2nmnm−1n
z
m

n2mn
z
m−1 + n2m−1n

z
m

(8.7)

– ∗ For TE:
Sm21int =

2nzm−1
nzm−1 + nzm

(8.8)

∗ For TM:
Sm21int =

2nmnm−1n
z
m−1

n2mn
z
m−1 + n2m−1n

z
m

(8.9)

– ∗ For TE:
Sm22int = −Sm11int (8.10)

∗ For TM:
Sm22int = −Sm11int (8.11)
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• Layers: (
E′−m
E+
m

)
= Smlay ∗

(
E′+m
E−m

)
, Smlay =

(
Sm11lay Sm12lay
Sm21lay Sm22lay

)
(8.12)

with:

–
Sm11lay = 0 (8.13)

–
Sm12lay = e−jk

z
mtm (8.14)

–
Sm21lay = e−jk

z
mtm (8.15)

–
Sm22lay = 0 (8.16)

Figure 8.1: General layer stack

Overall, we have: (
E−0
E′+N+1

)
= Stot ∗

(
E+

0

E′−N+1

)
, Stot =

(
S11tot S12tot

S21tot S22tot

)
(8.17)

with:
Stot = S0

int ⊗ S1
lay ⊗ S1

int ⊗ S2
lay ⊗ ...⊗ SN−1int ⊗ SNlay ⊗ SNint (8.18)

Where SAB = SA ⊗ SB consists in:

•
SAB11 = SA11 +

SA12 ∗ SB11 ∗ SA21
1− SB11 ∗ SA22

(8.19)

•
SAB12 =

SA12 ∗ SB12
1− SB11 ∗ SA22

(8.20)

•
SAB21 =

SB21 ∗ SA21
1− SB11 ∗ SA22

(8.21)

•
SAB22 = SB22 +

SB21 ∗ SA22 ∗ SB12
1− SB11 ∗ SA22

(8.22)
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The total scattering matrix elements (Stot
ii ) can be easily derived.

The first and last media are considered to be lossless (α′0 = α′N+1 = 0) and the last medium is
considered to have infinite thickness so that E′−N+1 = 0. From here, it is straightforward to define
reflectances and transmittances of the whole layer stack:

rTE/TM(λ, θ) =
ETE/TMreflected

ETE/TMincident

= S
TE/TM
11 tot (8.23)

tTE/TM(λ, θ) =
ETE/TMtransmitted

ETE/TMincident

= S
TE/TM
21 tot (8.24)

RTE/TM(λ, θ) =
P
TE/TM
opt,reflected

P
TE/TM
opt,incident

= |rTE/TM|2 (8.25)

TTE/TM(λ, θ) =
P
TE/TM
opt,transmitted

P
TE/TM
opt,incident

= |tTE/TM|2 ∗
(
nzN+1

nz0

)
(8.26)

In our situation, it is assumed that the impinging wave is on average half "TE" and half "TM" so
that the overall reflectances and transmittances can be defined as:

R =
1

2
RTE +

1

2
RTM (8.27)

T =
1

2
TTE +

1

2
TTM (8.28)



9 | Appendix B - Electrical Model

Starting from the drift-diffusion + continuity equations in steady state
(
∂
∂t = 0

)
, assuming negligible

electric field (hence negligible drift current) in the quasi-neutral regions, it is straightforward to derive
the following second order differential equations:

• n-QNR:
d2p′

dx2
− p′

L2
p

+
1

Dp

∫ +∞

0

αΦ(λ, x)dλ = 0 (9.1)

• p-QNR:
d2n′

dx2
− n′

L2
n

+
1

Dn

∫ +∞

0

αΦ(λ, x)dλ = 0 (9.2)

The last two terms of both equations come from the approximated recombination and generation
rates respectively, of the excess minority carriers:

Up,Tot =
p′

τp
(9.3)

Un,Tot =
n′

τn
(9.4)

and,

Gp,Tot =

∫ +∞

0

αΦ(λ, x)dλ (9.5)

Gn,Tot =

∫ +∞

0

αΦ(λ, x)dλ (9.6)

From the theory of n-p junctions, the boundary conditions are:

• Boundary Conditions n-QNR:

p′(x = d1) =
n2i
ND

(
e
V
VT − 1

)
,
dp′

dx
|x=0 =

Sp
Dp

p′(x = 0) (9.7)

• Boundary Conditions p-QNR:

n′(x = d1 +W ) =
n2i
NA

(
e
V
VT − 1

)
,
dn′

dx
|x=P = − Sn

Dn
n′(x = P ) (9.8)

Finally, assuming a perfect collection efficiency of the electron-hole (e-h) pairs generated in the
space charge region and neglecting any kind of recombination inside it, the e-h pairs generated are
given by the integral of the absorption coefficient times the photon-flux over all the wavelengths:

JW = q

∫ +∞

0

αΦ(λ, x)dλ (9.9)
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Eq.9.1 and Eq.9.2 are non-homogeneous differential equation which can be solved using the "method
of variation of constants". Ones the expressions for p′(x) and n′(x) are obtained, the diffusion current
densities in the quasi-neutral regions are computed:

JTotp = −qDp
dp′

dx
|x=d1 (9.10)

JTotn = qDn
dn′

dx
|x=d1+W (9.11)

Overall, it is obtained:

• n-doped QNR (Emitter):
JTotp = JPhotop + JDark

p (9.12)

where:

JDark
p = −

qDpn
2
i

LpND

sinh
(
d1
Lp

)
+

SpLp
Dp

cosh
(
d1
Lp

)
cosh

(
d1
Lp

)
+

SpLp
Dp

sinh
(
d1
Lp

)
(e V

VT − 1
)

(9.13)

JPhotop =

∫ +∞

0

Fp

 ∂zp
∂x |x=0 − Sp

Dp
zp(λ, 0)

cosh
(
d1
Lp

)
+

SpLp
Dp

sinh
(
d1
Lp

) +
rp
Lp
zp(λ, d1)− ∂zp

∂x
|x=d1

 dλ (9.14)

with:

Fp =
qΦ0TfL

2
pαA

1 +RbRfe−2αAL − 2e−αALRe (rbrfe−jβAL)
(9.15)

zp =
e−αAx

1− (αLp)2
+
Rbe

−2αALeαAx

1− (αALp)2
+

2e−αAL

1 + (βALp)2
Re
(
rbe
−jβALejβAx

)
(9.16)

rp =
sinh

(
d1
Lp

)
+

SpLp
Dp

cosh
(
d1
Lp

)
cosh

(
d1
Lp

)
+

SpLp
Dp

sinh
(
d1
Lp

) (9.17)

• p-doped QNR (Base):
JTotn = JPhoton + JDark

n (9.18)

where:

JDark
n = −

qDnn
2
i

LnND

sinh
(
d2
Ln

)
+ SnLn

Dn
cosh

(
d2
Ln

)
cosh

(
d2
Ln

)
+ SnLn

Dn
sinh

(
d2
Ln

)
(e V

VT − 1
)

(9.19)

JPhoton =

∫ +∞

0

Fn

− ∂zn
∂x |x=L + Sn

Dn
zn(λ, L)

cosh
(
d2
Ln

)
+ SnLn

Dn
sinh

(
d2
Ln

) +
rn
Ln

zn(λ, xp) +
∂zn
∂x
|x=xp

 dλ (9.20)

with:

Fn =
qΦ0TfL

2
nαA

1 +RbRfe−2αAL − 2e−αALRe (rbrfe−jβAL)
(9.21)

zn =
e−αA(x+dE)

1− (αALn)2
+
Rbe

−2αALeαA(x+dE)

1− (αALn)2
+

2e−αAL

1 + (βALn)2
Re
(
rbe
−jβALejβA(x+dE)

)
(9.22)

rn =
sinh

(
d2
Ln

)
+ SnLn

Dn
cosh

(
d2
Ln

)
cosh

(
d2
Ln

)
+ SnLn

Dn
sinh

(
d2
Ln

) (9.23)
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• SCR (Depleted Region):
JTotW = JPhotoW (9.24)

where:

JPhotoW =

∫ +∞

0

FW (zW,1 + zW,2 + zW,3) dλ (9.25)

with:
FW =

qΦ0Tf
1 +RbRfe−2αAL − 2e−αALRe (rbrfe−jβAL)

(9.26)

zW,1 = e−αAd1
(
1− e−αAW

)
(9.27)

zW,2 = Rbe
−αA(2L−d1)

(
eαAW − 1

)
(9.28)

zW,3 = 2
αA
βA

e−αALIm
(
rbe
−jβA(L−d1)

(
ejβAW − 1

))
(9.29)



10 | Appendix C - Input Parameters

Simulations Inputs
Parameter Value
GaAs band gap 1.424eV
GaAs electron affinity 4.07eV
GaAs relative dielectric constant 12.9

GaAs effective conduction band carrier concentration 4.7× 1017cm−3

GaAs effective valence band carrier concentration 9× 1018cm−3

GaAs intrinsic carrier concentration 2.1× 106cm−3

GaAs mobilities From [1]
GaAs radiative lifetimes Analytically derived (2.2.2)
GaAs SRH lifetimes From [2]
InGaP band gap 1.849eV
InGaP electron affinity 4.1eV
InGaP relative dielectric Constant 11.8

InGaP effective conduction band carrier concentration 6.5× 1017cm−3

InGaP effective valence band carrier concentration 1.45× 1019cm−3

InGaP intrinsic carrier concentration 2× 103cm−3

InGaP electron mobility 0.1m2s−1V−1

InGaP hole mobility 0.034m2s−1V−1

InGaP radiative lifetimes Analytically derived (2.2.2)
InGaP SRH lifetimes 3× 10−9

GaAs-InGaP surface recombination speed 1.5cms−1

The used incident photon-flux as a function of the wavelengths is plotted in Fig.10.1.
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Figure 10.1: Used incident photon-flux as a function of wavelengths

The used complex refractive indexes as a function of wavelengths are plotted in Fig.10.2 and
Fig.10.3.

Figure 10.2: Used MgF2, ZnS, GaAs and AlInP complex refractive indexes as a function of wavelengths
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Figure 10.3: Used Al0.3Ga0.7As, Al0.1Ga0.9As, Au and InGaP complex refractive indexes as a function
of wavelengths
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