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ABSTRACT

This repert summarizes research dene during the past twelve months
under NASA Grant NSG-111i6, entitled A Theoretical Study of Heterejunctien
and Graded Band Gap Type Solar Cells. The purpese of this work is te
design a computer proegram for the analysis of variable cempositien solar
cells and apply that program te several preposad solar cell structuves
using appropriate semiconducter materials. As -discussed in this repert,
the program has been cempleted and has been used to study devices made
of Aleal—xAS’ GaXIn

xAs and GaAs xPx with the intentien of determining

1- 1-

the material cempesitiens, and device dimensiens that produce high
conversion efficiency.
The computer program has been designed to simulate selar cells made

of a,ternary alloy (such as Al Ga xAs) of two binary semicenducters

1-
with an arbitrary cempesitien profile, and an abrupt or Gaussian deping
profile ef pelarity n-on-p er p-en-n with arbitrary doping levels. An
antireflectien layer of Si0 of any reasenable thickness can be-specified
and either AMO er AM2 selar irradiance cenditlens can be selected., Once
the device structure is specified, the program numerically solves a com-
plete set of differential equations’'and calculates electrestatic
potential, quasi-Fermi levels, carrier cencentratieons and current
densities, total current density and efficiency as functions of terminal
veltage and positien within the eell. These-results are then recerded
by ceomputer in tabulated or pletted form fer interpretatien by the user.

The repert includes background discussions concerning variable com-

pesitien solar cell phenemena and the theeretical techniques used te

fi’?eceding page blank

t
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model device behavior. The results of the computer analysls of various
proposed cell structures are then presented. It was found that inter-
face recombination due to lattice mismatch at abrupt AlAs-GaAs hetero-
junctions produced an insignificant reduction in peak efficiency while
recombination at GaP-GaAs heterojunctions produced far more severe
losses, However, it was subsequently found that these losses could be
largely eliminated by placing the p-n junction slightly below the GaP-
GaAs heterojunction (by about 0,04 uM) and by grading the composition
change over a small distance (also about 0,04 uM).

According to computer simulation, even a very thin window layer
(0.1 uM) of AlAs or GaP should virtually eliminate the surface recombina-
tion losses known to limit GaAs homojunction solar cells. In fact, to
minimize generation-recombination loss in the window and maximize
overall efficiency, the wide bandgap layer should be as thin as tech-
nologically feasible (at least down to 0.1 pM). Finally, the problem

As,

of optimizing the composition of the substrate in AlAs—on—Aleal_x

AlAS—on—InxGa xAS and GaP-on-—GaAsl_xPx structures is explored by

l_
simulating cells with various substrate compositions.

These computer studies are intended to provide a more accurate
estimate of the potential performance of variable composition solar cells
than is possible with simpler, non-computer models. The results of these

simulations should serve as a guide for the design of high efficiency

experimental solar cells.
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1. INTRODUCTION

1.1 Incentive for Computer Simulation

Recent developments in the world's energy market have underscored
the need for development of alternative energy sources to reduce our
national dependence on fossil fuels and provide for the inevitable
depletion of such limited resources. Although solar energy cannot be
expected to satisfy a significant fraction of the world's energy demands
for several decades, its unlimited nature will make it progressively
more competitive as scarcity forces the cost of existing sources higher.

Given the abundant supply of solar energy and the growing demand
for electric power, the ultimate answer to the energy problem would
appear to be the solar cell, which directly converts sunlight to elec-
tricity. However, the high cost per watt (currently about.$15.00)
associated with solar cells has limited their use to a few specialized
applications (1,607, -Reductien ofithis price depends-6n the reduction of
cell fabrication costs, and an increase in conversion efficiency, which
typically ranges from 12% to 16% depending on cell structure and
illumination conditions.

While most solar cells are presently made of a single semiconduc-
tor (usually silicon), some of the most efficient cells have been built
by allowing the material composition to vary with depth through the
device so that various layers can have independently controlled optical
and electrical characteristics. Such a céil is diagramed in Figure 1.1,
where the cell substraté consists of GaAs, and the surface layer is a
linearly graded alloy of Alkgal_xAs. Preliminary calculations predict

a conversion efficiency of approximately 17% under air mass zero (AMO)

-~
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variable composition AlXGal_xAs Solar cell.
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conditions for such a device compared with 9% for a good homojunction
GaAs cell [#8]. Although it is to be expected that veriable composition
cells will carry higheg fabrication costs per unit area, the improvement
in efficiency could make them attractive in applications where other
costs dominate the complete system price, such as those having concen-
trator lenses and solar tracking mechanisms. Variable composition
AlXGal_xAs cells potentially have a high conversion efficiency because
they can prevent the severe surface recombination losses associated
with GaAs homojunction cells while retaining the superior match to the
solar spectrum which constitutes the main advantage of GaAs cells over
8i cells,

Since the dasign of variable composition solar cells permits the
use of a wide variety of semiconductor alloys and composition profiles,
it would be useful to have a computer model that could accurately pre-
dict the performance of proposed cell structures before they are
actually built. For example, it is not obvious whether material
composition should be varied gradually with depth to create a graded
layer (as in Figure 1,1) or abruptly to create a heterojunction. Like-
wise, the determination of the optimum placement of the p-n junction in
relation to the other layers is not an easy problem. In an effort to
answer these; and other questions, an existing homojunction solar cell
computer analysis program has been modified to permit the modeling of
variable composition solar cell structures. The computer model serves
as an intermediate step between first order approﬁiﬁétiégs of device
behavior and the physical construction of a WD;king model. The computer

program can include the many detailed second-order phenomena that must
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be excluded from first order calculations. In addition, the sitructure
and specifications of a computer model can be manipulated with a flexi-
bility that is impractical during the testing of a physical.model. Thus,
computer analysis can peint out the critical design factors and help
determine the most efficient and least expensive structure before it is
actually built.

The present work describes the ideas invelved in a computer program
development and the performance It predicts for various proposed cell
structures. Also iIncluded is a discussion of the relative importance of
various design factors in obtaining maximum efficiency based en computer
predictions and the limitations of solid state technology.

1.2 Literature Review

<

The development of analysis techniques for variable.compositien

solar cells can be traced back to atiempts by several workers to explain
early.silicon homojunction solar cell behavior. In 1855, Prince £20]
approximated the J-V characteristic of such cells by shifting the well
known Shockley diode curve by the amount of shert cireuit - current that
could be collected from optically generated carriers. An estimate of
internal resistance losses was also included in the model. In 1956,
work by Loferski [21] gave the first indication that silicon did not
provide the optimum optical ‘match to the .solar spectrum under AMO con-
ditions. Imn fact, in the same year, Jenny et al. [57] reported an
experimental GaAs solar cell efficiency of 6.5% which was comparable
to the values obtained frrom Si and CdS solar cells at that time.,

However, due to the dominance of silicon technology in fabricating other



solid state devices, most'solar cell experimentation continued tc con-
sist of variations on basic silicon structures, i

The first theoretical examinations of graded bandgap materials in
solar cells came in 1957 when Tauc [3] estimated the photovoltage due
to bandgap variation. In 1960, Wolf [4] analyzed the behavior of a
graded gap region in combination with a p-n Jjunction, and later, in
1962, Emtage [5] predicted that such a configuration could preduce
conversion efficiencies -as high as 35%. At about the same time,
Anderson [55] developed a basic model for heterejunctions which
considered current flow by the ‘injectien ef carriers over band edge
barriers; and later, in -1964, the abrupt heterojunction solar cell was
theoretically analyzed by Perlman.and Feucht [561].

The suggestien by.Kreemer in -1963 [9] that the use of heterojunc-
tions (interfaces between dissimilar materials) could improve the
performance of injection lasers was followed by escalated laser research
using positionwdependent ternary IIT-V alloys for light and carrier
confinement. The resulting need for experimental data concerning the
material properties and band structures of III-V alloys was satisfied
by many workers, notably Cohen and Bergstresser [7] in 1966 and by
Thompson and Woolley [8] in 1967, Such data would prove vital to later
research on variable cogposition golar cells,

By the late 1960's, various band diagram models for semiconductor
heterojunctions had been proposed and in 1971 Marfaing and Chevallier
{10] published a theoretical analysis of photovoltaic effeqts in
variable compogition devices that allowed ‘for position dependent band~

gap, carrier mobilities, effective masses, lifetimes and doping.
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Their theory was accompanied by theéir experimé%tal studies -of Cdngl*xTe
graded composition crystals. In 1973, Wemac and Rediker [11] explained
hetereojunction laser behavier by -using a model’ that spread the ceompesi-
tion variatiens over-a few hundred angsirvems, resulting in impreved
understanding of carrier behavier in all variable -compositien devices.
At about the same time, Hovel and Woodall [12] achieved a solar cell

conversion efficiency of 14.7% under AMO conditions by placing an

AlXGa —xAS window layer over a GaAs substrate. This represented a sub-

1
gtantial improvement over the 9.3% efficiency reported in 1972 by
Tsaur et al. [22] for GaAs cells without'a wide gap windew dayer and.
operating under similar conditions.

The computer techniques used in the present research stem frem
work by several predecessors, In 1970, Graham and Hauser [13]
developed a computer analysis program for p-n junctien diodes by
building on techniques used by earlier workers, notably Bellman and
Kalalba [1%4,15,16], DeMari [17] and Lee [18]. Four .years later, Dunbar
and Hauser [19] modified the program so that'it could simulate siliecon
hemojunetion solar cells, The essential purpose of these cemputer
studies was the analysis of selar cell behavior without resorting teo
first order dppreximations such as those necessary for the selutiom
of nen=computer models. The present work represents.an extension of

this idea into the more.complex field of variable compositien solar

cell &nalysis,
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1.3 Computer Analysis Techniques

The computer program used to model solar cell behavier is based on
the familiar set of nonlinear differential equatiens neormally applied To
p-n junction diodes. These consist of the transport and continuity
equations for elecirons and holes, along with Peissen's equation. The
influence of light.on the diocde equations appears as an independently
calculated optical generation rate, Ge’ inserted in the continuity
equations. The material parameters, such as mobility, lifetime and
bandgap, are provided as functions of composition and/or doping (or
position if the composition and doping profiles are given). An attempt
has been made to model all parameters as accurately as possible by a
combination of theoretical expressiens and numerical data. Beundary
conditions concerning surface recombination velocity and terminal
voltage are then applied to the complete set of equations.

In order to solve this system of nonlinear differential equations,
the program uses a technique known as quasi-linearization used
previously for diode analysis and later used in homojunction solar cell
similatien [13,19]. Briefly, this technique veplaces the non-linear
equations with linear approximations derived frem truncation of the
expansion of nonlinear terms. The linear equations are then solved
iteratively to converge on the solution to the original nonlinear
equations. The results comsist of -the printout and plotting of electro-
static potential, and current and carrier densities for electrons and
holes as Ffunctions of position within the solar cell. The most signi-
ficant results of these analyses are discussed in later chapters of

this report.
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1.4 Organization of the Report

The following chapters deal with general background discussion,
specific computer techniques, and significant analysis results obtained
from computer simulations. “Chapter 2 begins with an explanation of
homojuncetion seclar cell operation and leads into ideas which e%plain
variable composition solar.cell behavior. Chapter 3 presents the
basic homojunction device equations and develops the modified set of
equations used to study variable composition cells. The detailed
methods used to incorporate material parameter date into the program
are illustrated in Chapter U4 because the assumptions inherent in
those methods can be crucial to proper interpretation of the analysis
results. Chapter 5 describes the semiconductor ﬁaterials that were
modeled along with the reasons for their selection. In Chapter 6, the
most significant of the results obtained from the computer simulation
of these structures are presented and interpreted in light of +the
analysis techniques and the limitations of semiconductor technology.
Finally, Chapter 7 summarizes the important ideas associated with this

work and recommends areas of future research.

(ﬁ;iﬁ
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2. FPRINCIPLES OF SOLAR CELL OPERATION

2.1 Homocjunction Solar Cell Behavior

.

Figure 2.1 shows a typical n-on-p silicon solar cell having an SiO
antireflection layer at the front. Solar photons pass into the n+
layer with a transmission efficiency enhanced by the Si0 layer. As
they pass through the silicon crystal, those photons having energy
greater than the bandgap of silicon excite electrons across the gap
generating excess electron-hole pairs. The built-in field set up by the
doping gradient around the p-n junction separates these excess holes and
electrons creating a potential across the device terminals that can be
used to force a current through an external load. However, since none
of these processes is 100% efficient, most of the solar energy striking
the cell surface (typically more than 80%) fails to be converted to
electrical energy delivered to the external lecad [19].

First of all, since the solar spectrum contains a range of photon

energies {see Figure 2.2), no antireflection layer can insure trans-

mission of all photons into +the cell. Tor the same reason, some photon
energies will be smalier than-the bandgap, and pass through the cell
without generating a significant number of electron-hole pairs. Other
photons, having energies greater than the bandgap, will generate
carriers but the energy in excess of that necessary to bridge the gap
will eventually serve 1o heat up the crystal. Since these optical
losses depend maialy on the semiconductor bandgap, their manipulation
is severely limited if the cell consists entirely of a single semi-
conductor and therefore a constant bandgap. As will be discussed in

later sections, the introduction of position-dependent ccmposition
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provides an additional degree of freedom.in minimizing these optical,
losses which often amount to over 50% of the .incident solar endfgy..

The second set of loss mechanisms is due to a failure.to collect
all the excess carviers that are generated within The device. The,
enlergy captired by generated carylers -can be lost as electrons and
holes recombine in the junctien depletion region, in the bulk,. er at
imperfections at the front surface. In a homojunctien cell, the
collection of excess minerity carriers is due ‘to the bullt-in electric
field created by the .doping gradient around the p-n junction. The
efficiency with which the field sweeps thede.carriers.acress the
junetion depends on the distance between the junetion and their peint
of generation and upon their diffusion length, which is in general a
function of positien.

From the well known transpert equations for carrien éehavier in
dicdes, the built-in field in the quasi-neutral .regiens (away from the

p~1i junction depletion region) at equilibrium is approximately:

d(fn N_)
)T &, + .
E = T TE (n' material, N >> n,)
d(fn N,)
t o= '.-}S-Ta..—....;...__-i;—-é—d '+— LS
E = 3 e (p material, NA >> ni)

This,; doping gradients-in.the bulk can be used to help sweep minority
carriers to the p-n junciion depleétien TFegion whebPe the built-in field
is evén greater., Although it wéuld be desirable to have the region of
maximtim optical geneératien rate in-or near the veglon 6F maximim field
(avourid the p-n junction), the achievement.of such a situation in a

homojunceion cell vequires a very thin surface layer. But, a thin
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surface layer not only presents a high series sheet resistance, but also
places the front surface (with its short carrier lifetime) near the
junction region as well. In fact, as -long as a single material is used
throughout the cell, it is impossible to separate the region of maximum
generation rate from the region of maximum recombination simply because
the generation rate of a homojunction cell (see Figure 2.3) decreasges
monotonically with depth beneath the front surface. As will be shown
later, the Introduction of position-dependent composition allows the
placement of peak generation well below the front surface.

The final group of loss mechanisms results from the electrical
behavior of carriers after they are collected. First of all, as
minority carriers cross the p-n junction they become majority carriers
and unless short circuit conditions exist, they reduce the built-in
junction potential and forward bias the diode. The resulting forward
current constitutes a loss that is determined by the dark J-V chavac-
teristics of the cell., Such an effect can be modeled to first order by
the circuit shown in Figure 2.4a where the diode element characterizes
solar cell behavior in the dark, and the current density scurce equals
the short circuit current delivered by the cell under specified
illumination conditions, This rFlationship can be written as

gy =d = 0 [exp(qVT/ka)-l] (2.1)

The open circuit veltage, Voc, occurs where the current generated by

solar illumination exactly offsets the "eurrent lost as forward bias
1 -

current in the dicde,

J
. mkT _'."sc
VOc = ~af-£n(3——j (2.2)

S
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Because of the nonlinear diode characteristics, the maximum power obtain-
able from any solar cell is determined not only by the short civeuit
current and open circuit voltage, but alsc by the sharpness of the

"knee'" of the J-V curve as measured by the curve factor:

o = Rk _ (2.3)

sc voc
The curve factor is a complex function of the dark characteristies of
the solar cell diode.

This simple model leads to an expression for maximum power density

(excluding series resistance losses)

J
mkT sc
(g c) (-—q— -En-J——) (2.4)

P =
peak s¢ f s

If the reverse saturation current density, Js’ is due predominantly
to diffusion in the p-type base (an n+—onap structure will be assumed
for discussion purposes) then the factor, m, in the diocde equation

approaches 1, and Js can be approximated as

qfﬁg'ni2
J = —— (2.5)

S /?NP

where Dn is the electron diffusion coefficient, n, is intrinsic cavpvier
density, T is excess carrier lifetime in the base, and NP is the doping
density in the base. If JS is controlled mainly by depletion region
recombination, then.m approaches 2 and JS can .be expressed approzximately.
by

. —-———-——-—-'. (2.6

where Wd is the width of the depletion region.
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A particular solar cell ‘may-have char;cteristics that.lie semewhere
between these jtwo situations but.in any case it is appavent that the .
task of maximizing peak power output id full of tradecffs. Fer  example,
from Equation (2.4), it appears that in order to.maximize peak power
density, J, should be minimized, possibly by minimizing n, and Dn'(if
Equation (2.5) applies). But, this would reduce Joo since ‘a smaller D
means & lower carrier collectlon efficiency, and a émaller ni_weuld
generally be achieved.by choosing a material with a larger bandgap, in
turn making the crystal transparent to & larger share of,the seolar
spectrm. Similarly, although Equation (2.4) apparently indicates that
Ppeak,f""s direcily propertienal to m, Ce decreases_with increasing m, so
that the overall influence:of m on peak pewer is-not obvieus,from.
Equation (2.4). In short, the influence of .several design facters.en
selar cell performance cannet be easily predicted. By cemputer simula-
tion using accurate modeling techniques and reliable data, the deminant
factors controlling solar cell behavior can be clarified.

A final loss facter is associated with the layout-of centacts on
the front surface. As can be seen from Figure 2.5, their 'design invelves:
a compromise between minimizing series shégt resistance less due to
lateral current flew, and maximizing the surface expesure to.light.

The computer. program.does not account for these resistive and optical
losses because “they can be reasenably estimated for any cell once-a
centact geometry issspecified, and because the aim of this research is
to determine the relative influence of various material parameters -that
contrel the .internal operation of the cell: It should be noted, however,

that internal bulk resistance loss is accounted for inherently in the
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Table 2.1 Summary of Solar c¢ell loss mechanisms.,

Optical Losses

1. Surface reflesction

a) Trom metal coverage
b) From exposed semiconductor

2. Photon energf in excess of bandgap (i.e. in excess of
that necessary to generate electrop-hole pairs)

3. Failure to absorb all photons Dherause:
a) Photon energy less than the bandgap
b) Cell too thin to absorb essentially all photons

of some wavelengths

Collection Losses

1. Surface recombination (front and back)
2, Bulk recombination

Electrical losses:

1. Internal diode bias current

2. Leakage current at imperfect cell edges

3. Series resistance voltage dreps due to:
a) Bulk resistance

b) @ontact resistance seen by lateral current flow
to contact fingers

i9
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program by the device equations discussed in Chapter 3. Table 2.1
summarizes the important less mechanisms that dominate solar cell

behavior.

2.2 Variable Composition Solar Cell Concepts

2.2.1 Introduction

The phenomena that are responsible for variable composition solar
cell behavior are essentially the same'as those found in homejunction
solar cells, The major distinctions between the two stem mainly from
the wide variety of variable composition structures which are available
and fromthe increased complexity of the relationships between energy
conversion and loss processes that control performance. However, this
complexity brings with it an additional degree_ of freedom in.controlling
losses and maximizing conversion efficiency.

For discussion purposes, cells made of AlAs alloyed with Gafs in
varying proportions will be examined in this section. As shown in
Figure 2.6 the aldoy proportions can vary gradually to form a-.graded
layer, can be changed abruptly to form a heterojunction or any number
of other variations. The composition at the front surface, and in the
bulk can be arbitrarily specified, and the p-n junction may or may not
be placed within a graded region.

The relative merits of’fhese, and other options will be discussed
conceptually in the following sections and the computer simulation
results to be presented in later chapters provide a basis for evalua-.

tion of these concepts.
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2.2.2 Generation Rate

The most’outstanding impact of position dependent compositien is on
the optical generation rate profile. The profiles of a hemejunction

GaAs e¢ell, a linearly graded AlXGa _XAS cell (see Figure 2.6a), and an

1
AlAs~-GaAs heterojunction cell (see Figure 2.6b) are shown in Figures

2,7, 2.8 and 2.9 pesgpectively, . The calculations used to determine

these curves -are explained in Chapter 4.

The profile of a'homojunction cell consists of ‘the sum of, the
individual generation rates.due to absorption at each wavelength in the
solar spectrum. Since the absorption -coefficient for a given wavelength
iz constant if material composition is constant, the generation rate for
each wavelength decays exponentially, and the total generation rate is a
monotonically decreasing function of depth. In other words, ‘the peak
carrier generation for a homojunction cell occurs.at the frent surface.

However, the carrier generation distribution for a'variable composi-
t%on cell has a more controllable shape determined by the composition
profile and the wavelength content of the selar spectrum, As can be
seen from Figure 2.8, grading from a semiconductor with a large bandgap
to one with a smaller gap can lead to a generation rate peak well below
the surface of the cell. As the composition is varied so as to reduce
the bandgap, a larger share of the incident photons have sufficient
energy to generate carriers, Figure 2.9 sho?s the extreme case of an
gbrupt change from a wide bandgap material (AlAs) to a much smaller one
(Gaks). The AlAs is pelatively transparent to most of the solar photons,

while a large percentage of these photons are absorbed by the GaAs layer

beneath. This “window effect" is a major advantage of variable
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composition solar cells because it separates ‘the region of maximum
carrier generation from the top layer of high surface recombinatien
velocity associated with surface imperfections. In additicn, the
transparency of the window means that the surface layer can be
relatively thick and thereby reduce series vesistance losses that
plague GaAs solar cells [58]. OFf course, such a configuration also
introduces interface states that reduce lifetime at the heterojunction
so that a poor lattice match between materials can nullify the gain in-
collection efficiency that would otherwise be brought about by the
window effect. The problem of iInterface states is discussed further

in the next section.

2.2.3 Interface Recombination

Although it is to be expected that carrier loss by surface
recombination can be effectively controlled by use of a wide bandgap
window layer, it is by ne means ceriain that interface states due to
dangling bonds at the heterojunction will not prevent an overall
improvement in collection efficiency. Energy conversion efficiency is
especially sensitive te interface state density when the heterojunction
is placed within the p-n junction depletion region because recombination
there can significantly increase the diode dark current. If depletion
region recombination is large enough so that electron and hole currents
cannot be assumed constant across the depletion layer, then the current
density may be more nearly proportional to exp(qV/2kT) than to
exp(qV/kT) given by the ideal diode law. In other werds, interface -

states within the depletion region can soften the "knee" of the J-V
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characteristics and thus 'reduce peak output power by reducing the curve
facter as well as the open circuit voltage.

Howeyer, there are several design eptions available +to.contrel
losses due to interface recombinatien. The most ebvieus is the ,selec-
tion of a pair. of semiconductor materials with a clese lattice match., .
For example, an AlAs-GaAs heterojunctien, with a lattice mismatch of
about 0.14%, would appear to be a likely candidate for minimizing
interface states. An interface between GaP and GaAs, on the other hand,
gives a lattice mismatch of abeut 4%, and ceuld be expected to suffer
far more from interface recombinatien losses.

A second method of minimizing the effects of interface recembina-
tion is to place the heterojunction away frem the center of the p-n.
junction depletion region. This prevents the drastic increase in dark -
current previeusly meniioned, and alsp removes the recembination sites:
from the area of maximum minority carrier collection due te the built-
in field within the depletion regien. OFf course, some loss will still
occur- as carriers recombine at the .dangling bonds even when they are
placed in the quasi-neutral vegion of the device. In order fo further
reduce the effect of recombination at lattice mismatch sites, the change-
from the wide bandgap material to the smaller bandgap material can,be
spread over a finite distance until the effective lifetime in the bulk
is' net significantly less than the bulk lifetime without interface
states.

The detailed reasoning Behind these ideas concerning interface
recombination 1s discussed further in Chapter 4 which deals with the.

computer. modeling of several device phenemena. In additien, Chapter 6
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discusses the resulis of several computer simulation runs made expressly

to evaluate the effect of interface states on various material arrange-

ments.

2.2.4 Optimization of the Bandgap in the Substrate

It was mentioned in Section 2.1 that no single material can have
a bandgap such that all solar photons have sufficient energy to excite
carriers without wasting any excess energy as heat. Aside from the
secondary generation of pairs by some highly excited carriers, any
energy relinquished by absorbed photons exceediné that necessary to
bridge the bandgap, eventually serves only to heat up the lattice.
On the other hand, virtually all those photons with energy less than
the gap are lost as they pass through the crystal without being absorbed
in significant numbers.

Research by others indicates that the optimum compromise between
these two loss mechanisms calls for a material with a bandgap of about
+l.4eV [4,21,28,54]. Although GaAs has a bandgap of approximately this
value, it cannot be expected that a single semiconductor will happen
to have the optimum gap as well as the most desirable electrical
characteristics. It would be more reasonable to examine an alloy
between two semi¢onductors with the proportions selected so as to give
optimum overall conversion efficiency. The results of computer simula-
tion runs to determine the optimum composition beneath the window are
presented in Chapter 6.

Another option to improve absorption efficiency is also available
to Fhe device designer. If composition is graded so that light passes

through layers of progressively smaller bandgap, photons of
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progressively lewer energy can be picked off with less snergy waste
than would be possible with any fixed bandgap. However, given the com-
plex profile of the solar spectrum, and the fact that the bandgap
cannot ‘be controlled independently of other material parameters, it is
clear that the determination of .the compesition profile for maximum
conversion efficiency is not a simple problem. In such a situatien,
the computer simulation data, to be discussed in Chapters 5 and 6, can

be very useful,

2.2,5 Built-in Fields due to Compositien Grading

As mentioned in Sectien 2.1, homogenous solar -cells depend on
doping gradients for the creation of built-in elecwic fields that
collect the carriers generated by optical absorptien. Heowever, when
material composition varies with position, new built-in electric fields
are established that can be used to improve carrier collectien
efficiency.

The effective built-in field that operates en electrons is
preportional to the slope of the conduction band edge as

A(E_-E )
1 F e
Bro = a dx (2.7)
Similarly for holes, the effective field depends en the slope of the
valence band edge as

d(E_-E )

S S
Epe T q dw (2.8)
since

E =E +E (2.9)
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It is clear that different effective fields can be made to operate on
electrons and holes only if the bandgap Eg is a funetion of position.

The difference in the two fields is

dE
E -E =x_8& (2.10)
no pe q dx

Therefore, by varying the bandgap with position, a built-in field can
be established to help sweep excess minority carriers to the p-n
junction and thus improve collection efficiency. This option is another

advantage gained by allowing material composition to vary with position.
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3. DEVICE EQUATIONS FOR COMPUTER ANALYSIS

3.1 Introduciion

In order to adequately analyze variable composition sqlar cells,

several device phencmena must be incorporated into the mathematical

equations used to model the cells. Among the effects important in

ordinary hcomojunction solar cells are:

6.

Drift and diffusion currents
Position dependent doping

Doping dependent mobility

Optical carrier generation

Bulk generation-recombination effects

Surface recombination effects

The introduction of spatially varying composition demands that

additional factors be accounted for:

1.

Position dependent bandgap

Position dependent electron affinity

Built-in fields due to a varying bandgap

Composition dependent refractive index at the surface
Heterojunction interface recombination

Other position dependent material parameters such as:
a. mobility

b. dielectric constant

c. optical absorption coefficient

The computer program used to simulate solar cell behavigr is the

result of werk by several individuals over a number of years. In its

original form it was used to analyze p-n junetion diodes with no
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prevision fer .eptical carrier generatien-[13]. In 1874 it was.medified
by intreductien of -a separately computed eptical ‘generatien rate so that
hemogeneeus- selar cells could be studied.[19], In 1875, as part of the,
present work, the program was again medified to allew feor positien
dependent cemposition. In the follewing sectiens, the equations used
in the hemegeneous solar cell program.will be presénted, follewed.by a
development of the cerrespending equations used to medel variable-

composition selar cell behavier.,

3.2 Equations for Homogeneous Selar Cells

The one-dimensienal device equations used to describe hemojuncticn

selar cell operatien are

Transport:
- on
Jn = qpnnE + g Dn o (3.1)
3
J_ = E-qD_ <& (3.2
N L a Py, 3k )
Continuity:
aJ
on _ L n
= - U+ T G, (3.3)
£
ad
%p__y-L_=p :
at - U qa ax t Ge’ (3.4)
Poissen's equation:
3B _ g . __
a}g - € (P n'i'N)g (3-5)
Auxilliary equatiens:
np-n,
U= = (3.8)

- £ = 3
Tne(p+pl)+Tpe(n+nl)
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(Shockley-Read-Hall model with single trapping level)

EF Ec i
n = N expl—t— n —~s=—1] (non-degenerate), (3.7) -
p = N exp[-—*——JBJ (non-~degenerate)- . (3.8)
'N = N; - N; (net .deping) (3.9) -

This system of equatiens is valid enly for a‘device made of a
single semiconductor materidl doped with eneugh impurities te. create
the desired deping prefile.. The electron energy-band structure and its
assoclated characteristics must -be the same throughout the device.

As shown.by Graham and Dunbar [13,19], the preceding group of
equationsg can, be reduced to three equations in the three unknewns y, ¢n’
and ¢p, where § is the electrostatic potential and ¢n and ¢P are the

Fermi-potenrials defined by

(3.10)

o =-1E_ (3.11)

-

It can be shown that the same basic approach using the same "three
variables, can.be used to.analyze variable compesition solar cells. The .
modifications required to account for material variations are discussed
in the mext section.

3.3 Modification of Equations 1o Allow
for Varlable.Comp951tlon

In order to rewrite the device equations so that they apply.to

variable,composition devices, it is useful %o recall the basic principles
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from which they were derived. In particular, Equations (3.1) and (3.2)

can be written in the more general form

dEFn
Jn R (3.12)
dEF
J =, —=E 3,13
. upp T ( }

Transport. equavtions iInveolving the field .and carrier concentration
gradients proceed from the above eguations as follews...Referring to

Figure 3.1 the conduction band edge energy can be written in general as
E, = aly_-¥) - x,» (3,14)
where Xa is the electron affinity, Y is the electrostatric potential and

¢@ is seme reference potential. In a similar manner

E, =l -0)xE, (3.18)

From Equations (3.7) and (3.8),

S = o_
EF = E + kT &n (N ), (3116)
E = - b
£ E kT &n (]I Y. (3.17)

Then using Equatiens (3.14) and (3.16), Eguation (3.12) can.be rewritten

as
dy dnN
_ c ., kT dn - kT c

Jn R [gE - dx © "m dx N, dx 1. (3.18)

In a similar manner -the. hole density equatien becomes

dx dE aN
= e _ g _krdp kT "
oeup L - 52 - et V& (3.19)
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For -a homogeneous ‘material, Xg? Eg, Né,;and Nv are constant through-
out the deviee, and Equatrions (3.18) and (3.18) =implify vo Equatiens
(8,1) and (8.2), But.for a,variable cempositien structure, Equations
(8,1) and (8.2) must be replaced by Equatiens.(3.18) and (3.19), or by.
the simpler forms of Equatiens (3,12) and (3.13). As discussed in
Chapter 2, effective fields acting on electrens and holes arise in
Equations (3.18) and (8.1.9) from bandgap, electron affinity, and density
of .states variatiens with pesitien.

The ;centinuity Equations (3.3) and (3.4),.apply-equally well te
heterogeneous eor homogeneeous materizls: Peissen's.equatien, however,
fails to.reduce 'te the simple expression of Equation {3.5) when compesi-
tien (and'therefore dielectric censtant, £) is allowed te vary with

. ae . & .
position. The more general ferm whigh results from V- D = p, is

2
) . 8 (o A0 de
2. & (p-n+l) ™ € dx dx° (3.20)

&

Thus; when the dielectric .constant becomes a.function ef pesitien,
Equation (3.20) must replace Equation (3.5).

The:carrier ceoncentratien equations demand ne medificatien, but
they can be written in a more convenient form for the purposes of coem-
puter analysis. Using Equatiens (3.10), (3.1l), (éelh} and (38.15),

Equations‘(3.7) and (8.8) become:

X N
= = (i = . KT o S .
n = .qg, exple (-9 + 2 Yt qg%n niQ)] (3.21)
X E N
= . e — e XL —
P =1n,, exp [= (¢P ¥ e~ ot bt Pl nﬂ)] (3.22)


http:demand.no

37

where Nen = intrinsic carrier cencentratien of seme reference material
(taken as alley compenent #2 in this werk).
The composition dependent (and therefore position dependent) para-

meters can be conveniently grouped: inte two terms

¥ ‘N
8. = —S-p + SLppi=Sa); (3.23)
n qQ o s,
1 kT Nv
8 = . o +E 4 F — R ------—-), (302'”')
5 7 (XgtEg) * 4y + okn (ni2

Fs

Then, the carrier density equations can be wrivtiten concisély as

n = q,., exXp E-l-c% (4-¢_ + 8 )1, (3.25)
P = ny, exp [ (o -v+0 )1, (3.26)

These expressiens are analegeus te the ferms used, in the computer

analysis of homegeneous solar cells [19], i.e.

n = n; exp [ﬁ%-(¢i¢n)]e
p=my exp [ (4,01

The parameters, en and Bp depend cnly on cempesition, and must be
externally supplied as functiens eof positien for the specific cempositien
prefile being censidered.

The other auxilliary equatiens remain the same whether or net com-
positien is spatially vavying. However, it is Important te note that
several vaniables ne lenger can.be assumed te be censtant. In fact, the,

material parameters un, up, E’~nit n, and Py must be given as knewn  func-

1

tiens of composition (eor positien, when the .compesition profile is knewn),
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Thus, the complete ene-dimensienal mathematical 'medel for variable

compesitien selar cells censists of the following system of equatiens:

d¢n
Jn =‘—qunn = (3.27)-
$p
Jp = P S (8.28)
dJ
sn - 1.7 n
at-e U+q——dx, (3.29)
dag
3p L
5 Ge"U‘"qu’ (3.30)
&y _ g 1dy de
..d....;_z..z - . (P—n+N) - E--a-}-(— ~d-£- (3-31‘)
2
np-n,
U= ey, (3.32)
Tne(P+Pl) * ”pe(¥+n11
= L (y-p_+8
n =g, exp [kT,Fw $ ¥ n)], (3.33)
= 9 -
P = D, eXp [kT (¢P w+BP)], (3.34)
with the fellowing parameters given as functions ef pesitien:
N = N(x) = Ng - ;, net deping profile (3.35)
C = C(x), cempositlion prefile (3.38)
(for example, C.= mole fraction, x, eof
AlAs dn an Al Ga, _As selar cell)
R =%
w, = un(x), electren mebility (3.37)
up = up(x), hole mobility (3.38)
g = g(x), dielectric censtant (3.39)
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n, = ni(x)g intrinsic carrier concentration (3.40)
n, = nl(x), trapping center parameter fer electrons (3.41)
P, = pl(x), trapping cenver parameter for holes (3.42)
T o ™ rne(x), excess carrier lifetvime in pt+ material (3.43)
Tpe = TPOCX), excess carrier lifetime in n' material (3.44)
E_ = E (x), bandgap (3.45)
g g
6 = Bn(x), cenductien band parameter, (3.u8) -
GP = Bp(x), valence band parameter (3.47)
G, = Ge(x)g eprical generatien rate (3.u48)

The positien dependence of these parameters can arise from compesitional.
changes and/er deping changes with pesitien. The parameters e, en, ep,‘
ng, mys P, are fundamentally functions of compositien C(x). The param-
eters L and up are functions of both doping density and alley composi-
tien. The generatien rate, Ge’ has an intrinsic positien dependence as
well as a compesitien dependence. Eina%Iy Too and Tpe are assumed to
depend on the density of intrinsic recembination sites as well as the
density of dislocatiens intreduced by lattice mismatch in graded, compe-
sirional materials. Magnetic fields and thermal gradients are assumed
to be negligible. Additional discussion of the medeling of these varieus
material parameters is given in Chapter k.

This apparently unwieldy mathematical system can actually be reduced

to three, equatiens in three unknewns in exactly the .same manner used for

homogenecus solar cells in previeus computer models. The fact that
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composition (and the asseciated material parameters) is allowed te vary
through the, cell simply adds some complexity to the detailed cemputatiens
witheut altering the methed of solutien. The next section discusses the

technigues used te selve the device equations by computer.

3.4 Cemputer Selutien by Quasilinearizatien

Alvhough previeus reperts by CGraham and Dunbar [13,19] will prove
useful as references fer the detailed cemputer techniques, this sectien
discusses these ideas concerning the numepical selutien eof the .device
equatiens that are mest impertant in understanding the analysis results
that follew. In order to maximize the accuracy and minimigme routine
calculations, all basic variables are normalized by the constants given
in Table 3.1 befere the selitien process begins. The nermalized steady
state device equatiens for variable cempositien solar cells are, froem

Section 3.2 and Table 3.1,

. 3¢,
Jn = nuné—-}—c-—- (3-49)
¢
JP = P“péifa (3.50)
3d
0 = G — U - .B_.).{_IE. (3-51)
1S ad
1, 256 ~G -U+B
2
d-2 fnop- gi. %] (3.58)
dx
n= exp‘[¢-¢n+en] (3.54)
P = expliép—wi-epl (3.55)



Table 3.1

Normalization constants (Subseript '"2" indicates semicondue-

tor #2 in alloy, GaAs in this work).

Nermalized Descrintion Normalizing
Variable P Constant
X position LD = fesz/qniQ
" 2 2 2
no’Tpo lifetimes LD/DO
¥ electrostatic potential VT = kT/q
¢n, ¢P quasi-Fermi potentials VT
VA Terminal voltage VT
E electric field VT/LD
N3P sT, 5Py 5T, carrier densities By = /NC2NV2exp(-Eg2/kT)
N, N_,N net impurity, donor, .
D*7A . i2
acceptor ceoncentrations
J’Jn’Jp current densities _qDoniQ/LD
Dn’Dp carrier diffusion constants Do = lcm2/sec
un,up carrier mobilities Do/VT
U generation-recombination rate DoniQ/Lg
. . 2
Ge optical generation rate DoniQ/LD
8 recombinaticn velocity DO/LD
o _,0 band structure parameters v
n’p T
N _,N effective densities of states n,
e’y 12
ppd%:
Eg bandgap kT O-B,XGYS 2 Qﬁm
of ¥
Xea electron affinixty kT
€ relative dielectric constant €




ORIGINAL Pagh
OF POOR QUALITIY‘?{ 42

np—oni2
U= . (3.56)
rno(p+pl) * rPo(n+nl)

Tsking ¥, ¢n’ and @P as the set of independent variables, the above

eight equations can be reduced to three differential equatiens ef the

form:

d"w

= = 1 3.5%
d2¢n ' ' (
e £ .58
2 "% (05 0.5 05 V' 91) 3.58)
ffEE

— 1 T
3 = F3 (¥, ¢n= mp, Pl ¢P) (3.59)

where the primes indicate differentiatien with respect to x. For refer-

ence, the three functions Fl’ F2, and F3 are given below.

= - - - _n.de &
F (¥, 65 ¢P’ ¥') = = Lexp(y-¢ +6 ) exp(¢p tb+ep) N - 5] (8.60)
G -8 d¢_ d d a
F2(¢a b5 b5 W) §1) = exp(én ! n) g} P - b d -fgl
n® 'p n M v dr dx dx ‘dx dx
. den) . exp(ep) - exP(¢p*¢n+6p?
dx unexp(w—¢n)[1no exp(¢P—¢+BP) + PlTno+Tpo exP(¢—¢n+8n) + anPo]
(3.61)
-G -¢ -8 d d d¢ d
Falls, b5 0,91 ¢1) = = kil Y-S Y e s S
. D P u podx dx dx “dx
b P
o 0, dep) i exp(6_) - exp(¢p‘¢n+en)
dxw  dwn up exp(¢P~¢)[Tnoexp(¢P—w+ep)+plfno+wpoexp(¢-$n+6n)+nlfpo]

(3.62)
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As discussed in Chapter U4, the parameters e, Ge, N, Dys Pys T Tooe

o’ ‘pe

en, ep, un,‘up must be evaluated as functions of pesitien.

The methed of solutien used in the present research is identical te
that used by Graham and Dupbar for less cemplicated structures [18,18],
Briefly, the cemputer program accepts input data specifying device
structure and terminal veltage, and uses first erder appreximatiens
and/or available data on previeous ‘selutiens fer a similar device to
preduce an initial estimate for each of the wariables in the arguments
eof Fl’ F2 and FS?
then obtaiﬁed by expanding F

Linear appreximations to Equatiens (38.57 - 3.59) are

F2 and ¥, in functien space about the

i 2

initial estimate and truncating the resulting series te eliminate higher
erder (nonlinear) terms, These approximations are used Te generate a
new estimate for the variables Y, ¢n and ¢P and the precess is repeated._
If the initial estimate was close enough te the exact selutien, this
iterative procedure will converge to a solutien of the original set of
equations, i.e. a position dependence for ¢, ¢n’ and ¢P throughout the
selar cell, Further calculations en these three variables provide pro-
files eof physically meaningful quantities such ag electron and hole.
concentrations and currvent densities everywhere within the device. These
results can then be examined te insure that the program's iterative
process has converged to a physically reasenable selution.

The operation of -the main selar cell analysis program is summarized
in Figure 8.2. TFirst; the material parameters for the ‘ternary alloy
system are initialized and the specificatiens (doping levels, layer
thicknesses, polarity, ete) for the desired structure are read in.

The terminal voltage is then read in, and the program calculates an
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Initialize Material Parameters
and Read Structure Specifications

-

]
Read Terminal Voltage

Y

Calculate Initial
Estimate of ¥, Gn, 1)

P
Set Read Generation
Generation Rate Calculated by
Rate to Separate Program
Zero

Calculate Material Parameters | _
- as Functions of Position

::%

Quasilinearization

Small Enough
?

Yes

Calculate Qarrier and Current Densities,
Total Current and Efficiency

Y

Print Results and Store on Disk for Plotting

Yes

Figure 3.2 Flow chart for main variable composition solar cell analysis
program.
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initial estimate for the,threé independent variables P, ¢n’ and ¢P, If
the same device strucfure has been previeusly analyzed (perhaps at
slightly different lighting and voltage levels) data may be recalled Frem
disk storage to provide an initial estimate. However, if no previous
analysis has been dene, ,the pregram must build up an initial estimate
in stages, begimming with an analysis of a homogeneous.cell in darkness
with zero velts acress the .terminals. The cemposition prefile is then
built up in -steps by using the previous solution as an initial estimate
for determining a more exact solutien by-quasilinearizatien. Once the
compesition profile is estabiished, the terminal voltage is stepped up
in a similar fashion until the 'expected epen-circuit voltage has been
exceeded. Next, the illumination intensity (i.e., generation rate) is,
built up in steps. As seen as this stepping process is complete, the
terminal veltage can be.swept down again-te obtain a complete J-V
characteristic for the cell under full lighted ,conditiens.

As shown in the flew chart, the .results can‘be obtained in both
plotted and tabulated form. Figures 3.3 through 3.12 present a sample
of the pletted output that the analysis pregram produced for an AlAs—
GaAs heterejunction solar cell with a window thickness of 0.1 yM and
an abrupt-p-n junction placed 0.4 u¥ below the surface. The abrupt
change in bandgap and. electren affinity, at the 0.1 uM heterejunctien
is clearly evident in the ‘equilibrium band diagram.ef Figure 3.3. The
built-in fields ground the hetercjunctien and p-n-junction can be seen
in Figure 3.4, which shews the.electrestatic potential near the surface
under AMO .cenditiomns at various terminal voltages.. Figures 3.5 and 3.7
shew the pesition dependence. of electron and hole‘curgeﬁt densities for

the entire selar cell depth while Figures.3.6 and 3.8 are expanded views
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Figure 3,3 Equilibrium band diagram for an abrupt heterojunction

AlAsg-GzAz solar cell caleulated and plotted by computer.
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terminal voltages. The heterojunction is at 0.1 uM and
the p-n junction is at 0.4 uM.
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of the same data near the front surface. Although the carrier densities
plotted in Figure 3.9 z2ppear relatively smooth, an expanded view
(Figure 3.10) near the surface shows the large changes in carrier
concentration that occcur around an abrupt AlAs-GaAs heterojunciion and
an abrupt p-n juncticn.

The J-V characteristic calculated by the computer analysis program
for this device is shown in -Figure 3.11, and finally the dependence of
peak efficiency on terminal veltage is pletted in Pigure 3.12. The
availability of data such as that shown in the preceding ten figures
makes computer simulation a useful tool in determining the device

characteristics that centrel selar cell behavior.
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4, MATERTIAL PARAMETER MODELING

4.1 InTreductien

As mentiened in earlier chapters, various material parameters must
be given as functiens of poesition befere the .device equatiens can be
selved, The material parameter modeling discussed in the fellewing
sectiens makes pessible the cemputer analysis of solar cells made of
a spatially varying alley eof twe cempatible semicenducters. Given the
matarial prepertiss of the two binary materials, the cemputer pregram
generates appreximate parameters feor the specified ternary compesition

prefile, TFor example, solar cells made ef the alley, AlXGa XAS, are

-
analyzed, by previding the material properties of AlAs and GaAs, along
with the desired cempesition prefile, i:e. the mole fractien of AlAs, =,
vs, pesitioen. The pregram then uses this infermatién to determine the
values of the parameters needed for the device equations at each peint
within the solar cell. Equations of beth a.theoretical and empirical
nature have been used te obtain the alloy material parameters frem the
cerresponding binary material parameters.. Whenever pessible, these
approximations have been checked against experimental results and .

adjusted to impreve the agreement with available data. The mest impor-

tant appreximatiens are described.in.the follewing sections.,

4.2 Dielectric Constant vs. Cempositien

Given the dielectric censtants, €. and £,, for semicenductors 1 and

1 2°

2, the fellowing interpelation scheme is used te estimate the dielectric
constant, e, for an alley that has mele fraction, C, of material 1,

f2u7:

ORIGINAL PAGE IS
OF POOR QU
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sl_l eznl
1+21:c(€ +é) + (1~c)(€ +2)]
1e 2
£ = " Y (L}al)
A I €p-L
.L-C('E‘:‘:_l“_'z") - (1mc)(€2+2)

This form was used to approximate the values of the high frequency

dielactric constant, &, , and the low frequency dielectric constant

h
o beth of which are needed in the mobiliry calculatiens to be

discussed in.lster sections,

4.3 Band Structure Parameters ve. Composition

£.3,1 Introduction

Alxga hs and GaAs xPx have both a direect and an indirsct bandgap

1-x 1-

which are important over various alley compositions, and the selar cell
program permits the specification of two valleys, as shown in Figure 4.1,
each with i1ts own composition dependent parameters such as bandgap,
eifective mass and mobility. Since the mean time between intervalley
sexttering is about 10712 sec {(or less), these two electron populatiens
are sgsentially at equilibrium with each other and a single electron
“quasi-Fermi potential, ¢ﬁf can be used in the device equatiens. Then an
"effective“ electron mobility and "effective" electren mass can be
defined such that a single current density equation (Equation 3.27) and
a single carrier density eguation (Equation 3.33) is sufficient for this
+wo conductien band valley model. The following sections desaribe the
techniques used to determine the resultant band-structure parameters

{such as electron and hole mobilities) of an alley, frem.the band

structure parameters for each of the two components.

ORIGINAL PAGE 15
oF POOR QU



0
-

53

S
el

b}

=Y

N

4

oG
[a¥)

_—
—

Figure 4,1 Electron energy, B, vs. wave vector, k, for a) indivect
semiconductor, material 1, b) direct semiconductor,
mzterial 2, c¢) alloy of marerials 1 and 2,



0 Al‘?ﬁdggkgéi
0%‘% QU 60

4,3.2 Bandgap, vs. Composition

Experimental studies have shown that the direcr energy gap for
TII-V alloys has an approximately quadratic dependance on cempositien
such as

a2
Egd = aC” + bC + Egd2 (4.2)

where 2 and b are experimental values. The same form was used to model
the indirect variation in GaAs, P, while for Al _Ga, _As, the Indirect
l-3"x% x  1-x

gap was estimated by a linear variation with composition. The bandgap

is the minimum of the direct or indirect bandgaps.

4,3.,3 Effective Masses

The next task is to determine the effective masses for holes and
electrons, Since the valence band in each of the two semiconductors is
assumed to have a single deminant valley with a characteristic effective
mass, it is simply necessary te interpolate between the twe effective
masses to approximate the resultant hele effective mass for the alley.

The following interpolatien form was used [24]:

e b= (4.8)
P pl p2
where m"‘Pl = hole effective mass in material 1
m*P2 = hole effective mass In material 2
m*P = hole effactive mass in alloy

[}
H]

mole fraction of material 1
The same form was used to find the electron effective mass for the

indirect valley:

- = + (u.4)




Bl

where m*cdl'= conduction band effective mass in direct valley for

material 1,

m*cd2 = conduction band effective mass in direct wvalley for

material 2,

m*_; = conduction band effective mass in direct valley fer alloy.

Likewise for the indirect valley:

2 = ala + s (1}05)

Now, it will prove useful to define, if possible, a single effec-
tive mass for all electrons, This cen be done by considering the total
electron .density ewxpressed as

Fn_Ecd EFn'Eci
n = ch exP{“_]E'-I'——] + Nci exp[——T&—J, (4.6)

where ch = direct valley effective density ef states.

1t

ol indirect valley effective density of states

1t

Ecd direct valley minimum

E .
ci,

1t

indirect valley minimum

It is desired to obtain the following form::

EenFe
n= Nc expE——j?F~] (4.7)
where Nc = effective density of states for entire conduction band
Ec = gbsolute minimum of conduction band (the lesser of Ecd and
Eci)'
. . & 3/2
Since ch = Km ed
N, =K m .3/2
ci ai
N =Km 3/2
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where K is a proportiocnality constant and mﬁn = effective mass for all

electreons, then

3/2

E
exp[vE%T~EJ = mt " expl 32

E ~-E
., 3/2 Fn Fed o PenFei
mh_ 1+ wt . exp[-———-*—ﬂ

c Ecd

ey ) B 3/2
oi

-E
exp(-2—Sk c c1)32/3

or, in terms of bandgaps:
'm";‘ = [m?': 3/ ax (_g_—g—) + m" 3/ 2 asr (EE:—E—&) 32/3 ( n.8 )
n cd P ci PATT :

o'z k3 3 *
where Egd‘ Egi’ Eg’ m* 4 and m* , are given by Equations (4.2), (&.4),

and (4.5).

B.3.4 Hole Mobllity

Mobility depends not only on alloy composition, but on the doping
lﬁ%gl as well. In order to calculate hole mebility for an arbitrary
deping and composition, an empirical formula, pr, was constructed to

apprpximate the doping dependence of holg mobility for one of the alloy

components, to be referred to as material 2:

up2 = fPQ(N)
where N = total impurity concentration. The form of fP2 was taken to
be
A
(N) = ———E—, (4.9)

p2 o
(1+N/NP)
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Now, becanse
!

q_<T > o 2 LT >
po=—gE— =y Pe. L, (4.10)
P me P2 <T 2) ma-P

P2> are the mean times between scattering for holes in

the alloy apd in material 2, vespectively, it is apparent that if

yhepe <7 > and <t

FTP: gﬁg mﬁp gan be specified as functions of composition, then a
rgaspnable apprgx;mation to hole mobility for any doping level and
compogition can ?e made. In the III-V semiconductors, it was assumed
that pobijity is contrelled primarily by a pelar optical phonon

spattaring pvoqqssl of the form [25]

<> = (4,11)

L

- E;J

/o (

& [l =

Wh$?3 K 1s-a proportionality constant for all materials and N and €,
gre the high and low frequency relative dielectric constants.
Combining Equations (%#.10) and (4.11) then gives as an approximation

to the mobllity

~ 3/2, 1 1
£ (N) m¥® (= - =)
u (N,0) = B2 Tp2  Eng " Ho (4.12)
P L B3/2, 1. 1
R =
D E €

h 2
whq?g mﬁgz, %‘2,:and €h2 are known parameters of material 2, and

g!? Eh. and m*p are given as functions of composition by.Eguations (4.1)

. ang (#,3).

T T L T Ll I o, =
;Thg yvalidity of this assumption has been questioned for hole mobility
in n-type indirect gap and p-type ITI-V semiconductors [48].
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He3.5 Electron Mobility

The modeling- of electron mobility is more complex than hole mebility
hecause of the indirect -and direct bands. Treating the direct and
ipdireqt valleys independently, and using the same technique as described
for hole mgbility, a direct valley electron mebility, Bgs and an indirect

valley electron mobility, ui, can be determined approximately as:

! 3/2, 1 1l
£ (N) .m% (o - =—
_ n2 cd?2 E1m g o
nd(N,C) = —377. T T (4.13)
LA
h A
3/2, 1 1
F . (N)m* _, (==— ~ =)
) - _nl el €114 51
ui(N,C) — 3/2(_£_ _i) (4.18)
ek sh Eh

where mﬁch, m*cil’ § 93 S 12 Sho and g, e known parameters of
materials 1 and 2, an(N) is an empirical function relating electron
mobility to doping for material 2, fnl(N) is an ewpirical function
yelgting electron mobility to deping for material 1 and ¢, , € m*Cd and
mﬁci are given by Equations (4.1), (#.4) and (4.5). The functions.f . and
fn2 used the same functional form as Equation (4.9). An "effective"
mgbility for use in the current density equation can be found by

welghing the direct and indirect mebilities by their respective electron
populations,. as

unﬁch}pzwuaRé + uiéléRd?' (4.15)

where Rd is the fraction of electrons in the direct valley given by the

gxpréssipn
"d 1 5
Ra Ty T T o BB (4.16)
T (Y % (,géﬁfggo
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H13.6 Electren_Affinity

It is apparent from experimental data reported by eothers [26] that
the electron affinity for a direct gap ternary alloy of two binary
semicgnducters is often approximately linearly related to the bandgap as

Xo ¥ Xgp = Ka (Egd - Egz) (4.17)
where Xan is the electren affinity for one binary semiconductor (mater-

tal #2, having a direct bandgap), E ., is the bandgap of material #2,

g2
Egd is the direct bandgap of the alloy, and Ka is a preportienality
cpnstant asseciated with the alloy being considered.

The determination of electron affinity is slightly moxre complicated
if one binary semicenducter (material #1) is indireet so that the alley
itself will be indirect over some range of compositien. Since electren
affinity is defined as the energy difference between the cenductien band
edge and the vacuum level, the relationship between absolute bandgap

and electren affinity in the present werk was appreximated by

Xo = Xgg = Ka(Egd—EgQ) + Egd - Eg (4.18)

where Eg is the abselute gap of the alloy. This equation preserves the
lingar relatienship between the wacuum level and the direct valley

conduction band minimum ever both direct and indirect alloy cempesitions.

4:3.7 Band Parameters, en and ep

In erder te medel‘the compositien depenabnce of the band parameters,
8 and Bp, defined in Section 3.3, some knewledge of the variatien of
glectron affinity, Xg2 and bandgap,-@g, must be available. It has been

found to be advantageous te select the potential reference, wo’ so that
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Bp = BP = 0 when the mole fractien of material 1 is-zere. In other
words, Bn and BP are zere in regiens oft the selar cell consisting

eptirely of maverial 2. Then, frem Equations (3.28) and (3.24)

X N
_ "e2 KT c2
v, = =t q!!.n- (niz)-’ (4,19)

pr equivalently,

¥ _tE N
= ..-_..9.?—.—.—.%3 _-Iﬂnzn (HY-?- °

= (4.20)
© q q 19

Y
Now, inserting Equatien (4.19) inte Equation (3.23), and Equatien (4.20)

into Equatien (3.24) gives

Xo=X N
6_ = e 82 Koy s (4,21)
d q 00
X A= E -E N
o =-C2.c, g2 g, K, (- (4.22)
P q q 9 v2
Fipglly, in terms of effective mass
Ay mé
o = —=+3 Eyn () (4.23)
d. q )
~(&y +AE ) me
- e g 3 kT
6 = F 20 (B (i, 21)
P q 2 q e
where AE = E - E ., and A% = X_ - %, are given as functiens of
4 g g2 c ¢ a2

composition by Equations (%4.2) and (4.18). -
Equations (4.23) and (4.24) are the forms used to compute the band

parameters for .an arbitrary ternary alloy of two binary materials.
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E.u Interface Recombination

At an abrupt interface between twe semiconductors, lattice mismatch
introduces trapping levels due to dangling bends. The demnsity of
dapgling bonds at such an abrupt heterejunctien is given by [271]:

2 2
) K|a2-—al

Nh = —55 (4.25)

%%
where ay and a, are the lattice censtants of the iwo materials and K = L
for a [100] interface, K = 22 for a [110] interface, and K = u/¥3 for
a [1112] interface. IFf the compesition change is gradual, rather than

gbrupt, the trapping centers have been assumed te have a volume density

that is proportienal te the slepe of the compesition profile as

N dc

g = Nh VY (1.26)

Thege interface states have been incorperated inte the Sheckley-Read-Hall

mpdel by medification of the excess carrier lifetimes:

11
?:1';- = Tnel + NgCR (11-.27)
Bulk
11
=T + NgCR (%.28)

pe ol
wherea CR is the capture ceoefficient., Etrtenberg and Kressel [28] obrained
a value of Bxlescm/s for the interface recembinatien velocity at an

Abpupt Alo R SAS - GaAs heteroijuncticn, frem which CR can be calcula-

ted as
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ll-|a2 - a2|
(0.5)[——--3--———-2 i,
0,5N a a2
1 h . 2 71
)
R 5 8x10° cm/s

c_=-5,2 x 10-9 cma/s,

where the lattice constants al and 32 for AlAs and GaAs were taken as

5.661 x 10"8 em and 5.654 x 21.0“8 cm, respectively [29].

L.5 Optical Carrier Beneration

It is apparent from the equations discussed in Chapter 3 that an
optical generation ra?e Ge for electron and hole pairs must be known as
a function of position prior to the solution of the equations. This
generation rate profile is calculated by means of a separate computer
program in a manner similar to that used for homogeneous solar cells
[19].

The program calculates the position dependence of the generation
rate for a device made of an alloy of two compatible semiconductors
covered by an antireflection layer of gyrbitrary thickness and made of
Si0 (see Figure 4,2),

The composition profile is arbitrary, and the program is designed
to determine the most efficient thickness for the antireflection layer.
The input data required consists of the optical properties (absorption
coefficients and refractive indices) of the two semiconductors and Si0,
and the intensity vs. wavelength profile of the solar spectrum.
Although only AMO conditions have been selected for calculations
reported in this work, data for AM2 conditions is also available as a

user option. The intensity profile of the solar spectrum is provided
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in terms of power density per wavelength interval P(A), at a finite
number of wavelength values, This information then gives the incident

photon density per second as

P{X)AX

-—E-(-?t—)-7 (’4-.29)

Ni(h) =

where E(X) is the average photon energy over the wavelength interval AXA.

The program uses the absorption coefficient and refractive index
data for Si0 and the semiconductor alloy to determine a transmission
coefficient T(A) for the antireflection layer. Thus the photon demnsity
per second entering the semiconductor (at x = 0) is -

N(AL0) = Ni(A) T(A) . (4,30)

At this point however, the calculations for variable compositicn
solar cells begin to differ from those for homogenecus cells because
the absorption coefficient o is a function of position as well as
wavelength., If N(A,x) is the photon density per second passing any
point at depth x beneath the semiconductor crystal surface, then the

rate of change of photon density can be written

Eﬂ%ﬁ-")— = = alr,0(x)] N(A,x) (4.31)

where C{x) is the mole fraction of binany semiconductor #1 (such as
AlAs) present in the ternary alloy (Aleal—xAs for example).

Since experimental absorptien data is available for only a limited
number of alloy cempesitions, an interpolatieon procedure was created
to determine o for arbitrary wavelength and composition. Because the
program allows for a two-conduction-band-valley model for an alloy

between an indirvect gap material (#1) and a direct gap material (#2) the
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total absorption coefficient for a given wavelength was taken to be the
sum of an absorption coefficient due to direct transitions and an
gbsorption coefficient due to indirect transitions. The indirect
coefficient was approximated by shifting the indirect portion of the
¢ vs, E profile of material #1 by the difference between the indirect
bandgaps of marerial #1 and the alloy, Similarly, the direct
coefficient was approximated by shifting the o vs. E profile of
material #2 by the difference betrween the direct bandgaps of material #2
and the alloy. This procedure only vequires that the absorption
coefficient vs, photon energy curves for both binary components be
available, along with the bandgap vs. composition relationship (see
Section 4,3.2) for the alloy, The results of this interpolation
which is similar to that used by Hutchby [30], appear in Figures (5.5)
and (5,9) in Chapter 5 for Aleal_xAs and GaAs, P .

Now, if the composition profile, C(X) is known, then, by the above

procedure, o(iA,x) is knewn, so that Equation (4.31) can be selved as
NOA,x) = N(A,0) expl-/Ta(A,y)dy]. (4.32)

Thus, if each zbsorbed photon generates ene electren-hole pair, the
generation rate for a given wavelength can be written as

G, (A,x) = - E,Ii%{zg)_ = a(a,%) N(1,0) expl-rFa(h,y)dyl. (4.33)

Finally, the total generation rate for all values of A is

6, (x) = & TOUN, (Ma(h,x) expl-S a(i,y)dyl. (4.34)
A A o)

Of course, if the semiconductor compesition does not vary with

depth, then Equation (4,34) reduces to the simpler form used in
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calculating the gemeration rate prefile for hemegenecus selar cells
[19].

Figure 4.3 shews the flow chart fer the pregram.used.te calculate
the ‘generatien rate prefile for analysis of variable cemp;sitien cells.
Among the secendary eutputs availlable as user eptiens are: the
dependence of antireflectien layer efficiency en layer thickness; the
pesition dependence of the abserptien coefficient; crystal surface
and 8i® refractive indices; and-the tetal eptical current available as
a function of -sample .thickness. The details eof the numerical techniques

used in the program can be feund in Reference [19].

3

pAGE 3k
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¥
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Profile
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/
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/
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Current vs. Thickness

e é Stop

i

Figure 4.3 Flow chart for optical generation rate program.
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5, PROPERTIES OF MATTRIALS STUDIED

5.1 Introduction

At the present time, the compuier program discussed in the preced-
ing chapters has been used o analyze the performance of solar cells
made of Al Ga

X

XAS, InXGa XAs and GaAs, P . Since the resulis of

1- 1- I-x x

these analyses must be Iinterpreted in light of the experimental data
fed into the program, this chapter presents the values used for the
material parameters for these ailoys. Every effort has been made To
collect the latzest, most relisble dava in order to maximize the accuracy

of the cemputer predictions.

5.2 Material Properties of Alxeal_xﬁs

One of the mest promising alloys for solar cells is AlXGaquAs,
Since it has been used extensively in semiconductor laser research, its
fabrication technology is well sstablished and experimental data’on its
electrical and eptical properties is relatively abundant. The lattice
match between AlAs and GaAs is one of the best (less than .14% lattice .
mismatch) to be found among the material pairs suggested for sclar
cells so that recombination lesses at any AlAs-GaAs heterojunciion
should be of minimum consequence [29]. In addition, AlAs is an indirect
semiconductor with a much larger bandgap {2.16eV) than GaAs (1.439 eV)
Which is a direct material. Such a combination permits the selecticn
of a wide range of optical properties that should lead to interesting

computer analysis results.
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The following material parameters were used in the computer

analysis of Alea _XAs selar cells. The subseript 1 refers to AlAs

1

while the subscript 2 refers to GaAs.

The two sets 'of relative dielectric constants used were [35]:

low frequency: €4 = 16.9
= 18,2

€ o = 13.2

high frequency: €p = 8.5
Spp = 109

The effective masses in terms of electron rest mass m_ were [36]:

heles: mi = 0.85m
pl. o
m§2 = Oaseme
electrons: O(;?IQZZV
direct valley: m¥,. = 0.128 “POOR PAG@
irect valley: m¥,, = 0. m, U I3
ol =
m a0 0.06386 n,
indirect valley: m¥.. = (0 37)(3)2/3m
cil : " o

IH

2/3
whe, = (0.39)(3)7 T

All calculations were done for a temperature of 300°K. The single
trapping center -assumed by the Shockley-Read-Hall recembinatien msadel
in Equatien (3,32) was set near the center of the bandgap regardless
of alley compesition se thaw

= 1, (5.,1)
Of course the twe parameters ny and p, can easily be changed te fit
the characteristics of any trapping level within the bandgap.

The precedure discussed in Sections (4.3.) and (4.3.5) fer

determining mebility as a functicn of cempesition and doping regquires



the fellowing set of equations which represent curves fitted to
available data (see Figures 5.1, 5.2 and 5:3).

Holes, data feor GaAs used [37]:

380cm2/V«sec

[14(3.17x10 L en®)n10- 266

uP2.= fp2(N) =

where N'= total impurity density

Electrons, indirect valley, data for AlAs used [38]:

165em°/V-sec

[1+(8.1x10 " cmoiw]0 13

v = £ (N) =

nl nl

Electrons, direet valley, data for Galds used [37]:

720@cm2/V°sec

= £ (N) =
n2 [1+(5.51x10 T em® )N

L) 0.233

By curve Fitting experimental data [31,33,34], the.fellowiné
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(5.2)

(5.3)

(5.4)

equations were used to.estimate the diffusion lengths of electrons and

heles:
Ly ® 8u¥19 3
1+H(8x10 Jom )
I = 3uM

P lfN(l,2x10"18/cm3)

{5.5)

(5.8)

where N = total doping density. Then, by using Equatiens (5.2) and

(5.4) te calculate the mobilities, the lifetimes required-by the

Sheckley-Read-Hall model were estimated to be:

12
Tno = T = 5,3 nsec
==
5
TPG = T = 8.5 nsec
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when the total doping concentration was 4x1017/cm3 in the top n-type
layer and 2x1017/cm3 in the p-type base.

The values used for the direct and indirect bandgaps of the two

binary semiconductors were!

AlAs: dirvect gap = Egdl = 2,95eV [39]
indirvect gap = gil = 2,16eV [40]
= =B .. = . 3
abselute gap Egl gil 2.16 e
GaAs: direct gap = Egd2 = 1.439%V [41]
indirect gap = Egi2 = 1.87eV [41]
absolute gap = Eg2 = Egd2 = 1.43%eV

The direct gap for the ternary alloy was calculated as a function of
composition by [ul]:
E,q(C) = 0.468C% + 1.042C + 1,439 (5.7)
where C = mole fraction of AlAs.
The indirect gap for the alloy was approximated linearly as
Egi(C) = 1,87 + 0,29C (5.8)
It is apparent from the bandgap vs. composition curves of Figure
5.4 that the direct-indirect transition occurs at about H4% AlAs, in
approximate agreement with the transition point determined experimentally
by others [42]. As discussed in Section #4.3.6 the electron affinity is
assumed to depend on bandgap through a proportionality constant Ka. The
values used for Ka and for the electron affinity in the two binary semi-

A

conductors were [26,35]:
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K = 0.85
a
AlAs: Xop = 3.57 av ORIGINAL PAG ’
GaAs: Xop = 4,07 eV ITTﬂ

Specifically, these values ‘give electren affinity as a functien ef

bandgap and thus compesition by:Equatiens (5.7) and (5.8), as

)+ B . ~-E (5.9)

Xg 7 4,07 - e.es(Egd - Eg2 2d g

The values feor the lattice constants required for determining interface

state density as discussed in Section (4,4) arve [29]

o
5.661A

AlAs: a

[e]
GaAs: a 5.654A

2

Surface recombination velocities at the twe ends of the semicenductor

It

crystal were chesen to be
back surface: S = =om/sec
— frent surface: S = loscm/sec
(except for ene cemputer run discussed in Chapter 6).

The eptical carrier generation rate Ge was calculated in the manner
described in Section .4.5 . Figure 5.5 shows the results ef the inter-
pelation procedure described in that sectien fer determining the abserp-
tion coefficient as a functien of beth compositien and pheten energy-
(er wavelength), A similar precedure was used te estimate the refrac-
tive index vs. wavelength profile for an arbitrary alley compositien at
the semiconducter .- Si0 Interface. Briefly, the refractive index curve
for GaAs was written .as a funetien of pheton energy, and then shifted
by the difference between the ternary alley bandgap and the bandgap of

GaAs. The resulting curve fer AlAs can be cempared with the eriginal
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curve for GaAs in FPigure 5.6. This estimation procedure can be improved
wheri data concerning the refractive index of AlAs or AlkGal-xAS becomes
available.

All computer runs made as of the time of this writing have used the
AMO sclar irradiance data shown in Figure 2.2. By running the indepen~
dent generation rate program with a range of $i0 antireflection layer
‘thicknesses, it was determined that maximum excess carrier generation
oceurs at a layer thickness of 0.07uM (#0.01uM) regardless of composition
profile.

The results of the computer analysis of Alea XAS solar cells will

1
be presented in Chapter 6.

5.3 Material Properties of GaAs., _P
-3

A second interesting semiconductor alloy for solar cell applications
is GaAsl__xPX which, in many respects, resembles Aleal—xAS' GaP, like
AlAs is an indirect material having a bandgap conslderably larger
(2.262eV) than that of GaAs. Since the band structures of GaP and AlAs
are similar, it is not surprising that their optical properties also
resembille each other. Since GaP has a slightly larger absolute bandgap
than AlAs, it might be expected that GaP would make a better window layer
by absorbing a smaller fraction of the solar spectrum. However, it will
be seen that the direct bandgap of GaP is considerably smaller than that
of AlAs so that higher energy photons are absorbed at a greater rate
than in AlAs. Given the speetral distribution of sunlight under AMO

conditions the ultimate effect is greater attenuation in a GaP window

than in an AlAs window of the same thickness. This fact will be shown
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clearly by the, profile for the generation rate near the front of the
cells discussed in Chapter 6.

Prcbably the most serious problems inherent in GaAsl_xPx solar
cells are associated with the fact that the lattice mismatc@ between GaP
and GaAs (about A4%) is conslderably greater than that of AlAs and GaAs
[2¢]. This can be expected to lead to much more severe recombination
losses at any GaP-GaAs heterojunction present in such a device. How-
ever since one purpose of this research is to clarify the importance of
interface recombination to solar cell performance, this relatively poor
lattice match makes GaASl-xPx an interesting material for computer
analysise,

Although experimental data for the properties of GaAs xPx are not

1
as readily available as data for AlealﬁxAs, enough information has been
found to satisfy the requirements of the cemputer simulation program.
In the following data, the subscript 1 refers to GaP, while the subscript
2 refers to GaAs. Unless otherwise stated, the material properties per-
taining to GaAs are the same as those used in the analysis of AlXGal_XAs
listed in the previous section.

The two relative dielectric constants Ffor GaP were assigned values

of [43]:

low frequency: €9 ° 11.1

high frequency: ¢ 1 = 9.11

h
The carrier effective masses for GaP in terms of electron rest mass

m_are:
o]
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holes: mﬁl = 0.772mO IH%]
electrons, direct valley: mZdl = 0.llll-mO ruy]

indirect valley: m¥,
indirect ey o1l

(0.34)(3)2/31110 Cu5]
Once -again, all computer runs were made for a temperature of 300°K and
the Shockley-Read-Hall recombination parameters were given by Equation

(5.1) for all composition values. The lifetimes used in the S-R-H model

were once again:

It

T 5.3nsec
1o ?

8.5nsec.

il

T
po

The doping dependence of mobility for electrons in the indirect
valley used an empirical equation fitted to data for electrons in GaP

[38]:

200cmg/f-sec

- -}
Il+(l.5x10—lecm3)N]0'2uu

= £ (N):

.10
nl nl (5.10)

U

where, as before, N = total impurity density. The above equation is
plotted for reference in Figure 5.7.
The values for the direct and indirect bandgaps of GaP and GaAs

were taken to be

GaP: direct gap = Egdl = 2,783eV fus]
indirect gap = Egil = 2.262eV 471
absolyte gap = Egl = Egil = 2,262eV

GaAs: direct gap = Egd2 = 1.425eV fu6]
indirect gap = Egi2 = 1,907eV La47]
absolute.gap =E , =E = 1.425eV.

g2 - “gdz
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The corresponding direct and indirect gaps for GaAsl xPx were calculated

by

1.425°% 1.148C + 0.21C2 L4863 (5.11)

[}

Egd(C).

2

E .(C) = 1.907 + 0.144C + 0.211C [u7]. (5.12)

gl

1]

These curves are pletrted in Figure 5.8 which shows that the direct-
indirect transitien eccurs at abeut 48% GaP.

The parameters pertaining to electren affinity as discussed in
Section 4.3.6 were:

K = 0.384
a

GaP:

Xo1 4,07eVv  [35]

GaAs: 4,07eV. [35]

il

a2
Although the electron.affinities fer the itwe binary semiconducters are
virtually the same, the cemposition dependence of bandgap for the
ternary alley means that-electron affinity cannet be taken .as -censtant.
From the discussien in Section #.3.6 +the dependence of electron
affinity 6n. bandgap can be written explicitly as

X (5.13)

e 4.07 - @.384(Egd—Egz) + E

-E .
gd g
The lattice constant for GaP was taken as [29]

o
a; = 5,4514,
i 1
OGnee again the surface recembination velocities were: specified as:
back surface: 8 = =gm/sec,

front surface: S = l@scm/sec {except fer one run discussed

in Chapter 6).
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Finally, the optical generatien rate for GaAs xPx was determined

1
using the same absorprtion ceefficient and refractive index interpelatien
precedures used for Aleal—xAS' The wavelength and cempesitien
dependence of abserptien coefficient and refractive index preduced by
these technigues can be seen in Figuras (5.9) and (5.10). Once again,
AMO solar irradiance cenditiens were specified for all runs and an
optimum Si0 antireflectien layer thickness of 0.07 pM was used. The
computer pré%ictions cencerning the perfermance of GaAsl_xPx solar

cells will be discussed in the next chapter.

5.4 Material Properties of In _Ga, _As
- 1-X

Ameng the problems censidered in this vesearch is the determinatien
of the velationship between substrate bandgap and selar cell efficiency.
Although initial cemputer simulations for this purpese examined the

performance of c¢ells having substrates made of either Gahs, AlXGal_xAs

or GaAslﬁxPX, these materials have bandgaps greater than or equal to
that of GaAs which is about 1l.4l4 eV. In order vo study the effects of
smaller bandgaps, cells having substrates made of InXGal_xAs Were

subsequently analyzed. Unlike Al Ga. As and GaAs; P, In Ga_. As is
X 1-% 1w x ®x  1-x

i

a direct material fer all values of x. The high absoerptien rate
resulting from these propertles is well suited te a substrate, but net
te a windew layer. For this reason, the cells amalyzed in this werk

having InXGa xAs substrates have used AlAs windows.,

=

One of the most.crucial parameters teo be remembered during the

interpretation of the cemputer simulation of AlAs—on-InxGa XAs selar

1
cells is the lattice mismatch (about 7%) between InAs and beth GaAs
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and AlAs, which can be expected to produce significant recombination
losses due to lattice mismatch in variable composition layers. The
effects of bandgap changes and interface states introduced by alloying
InAs with GaAs beneath an AlAs window will be discussed in the next
chapter,

Consistent with the notation established earlier, the subscript 1
in the following data refers to InAs while the subscript 2 refers to
GaAs. If not otherwise specified the parameters for GaAs are the same
as those given in Section 5.2.

The two relative dielectric constants for InAs were [35]1:

low frequency: ¢

g1 = L4.55,

high frequency: ¢ , F 11.8.

h

The carrier effective masses for InAs were assigned values of:

. k3 =
holes: mPl 0.4 m [351,
electrons, direct valley: mE = 0.024 ?0[35]’
indirect valley: m#, = (0.39)(3)2/3m .
- - cil o

The effective mass for indirect valley electrons in InAs was set equal
to that in GaAs for lack of further data and because InxGal_xAs is
entirely a direct material so that indivect valley electrons do not
significnatly contribute te carrier activity. For the same reason,
the doping dependence of mobility for indirect valley electrons was
ééicylated from the empirical relationship used for such electrons in
AlAs as given by Equation (5.3), As for other materials analyzed in

thig work, the Shockley-Read-Hall recombination parameters were given

by Equation (5.1) and the lifetimes were specified as:
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T 5.3 nsec,
no

8.5 nsec.

1l

T
pe

The values for the bandgaps of InAs are:

direct gap = Egdl = 0.359 eV [35],
indirect gap = Egil = 1.60 eV (71,
absolute gap = Egl = Egdl = 0,359 eV,

and the corresponding equations for the direct and indirect bandgaps of

InxGa xAs are (see Figure 5.11):

1-

Egd(C) 1.439-1.41C + 0,33C2 [7,35,41] (5.14)

"

Egi(C)

1.87-0.,27C (5.15)

The parameters used to determine electren affinity as discussed in
Section 4.3.6 are:
XK =6,77
a
InAs:xcl = 4,90 eV [35],
so that electron affinity was calculated from the bandgap as:

Xg © 4.07-0.384(Egd—2 ), (5.16)

g2

The lattice ceonstant for InAs is

o]
a, = 6.058 A [29].

Once again the eptical generation rate for Inxgal_xAs was calculated

by the same interpolation procedure discussed at the end of Section 5.2.
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6. COMPUTER ANALYSIS RESULTS

6.1 Introduction

The computer analysis program has been designed te allew for the
specification of a.wide variety of variable compositien solar cell
structures. Device polarity can be either n-en-p or p-on-n with either
an abrupt or a Gaussian doping profile. Deping levels can be
arbitvarily specified, and, if desired, a heavily doped layer can be
placed at the back centact to create z high-low junction for improved
carrier collection and reduced dark current (see Reference [19]). The
compositien profile can be arbitrarily defined by providing the pesitien
dependence of the relative concentrations of two binary semiconductors
in a ternary alley. Dark characteristics are cbtained by selecting an.
optical generatien rate of zere, and characteristics in light can be
found for either AMO or AM2 illumination conditiens. Finally, an
antireflection layer made of Si0 can be assigned any-reasonable thickness.

The simulation results discussed iq this chapter include'AlXGal_XAs,

Inxga XAS and GaAs, _P_ cells where the compesition is either linearly

1~ I-x'x

graded or abruptly changed at a heterojunction and fs constant in the bulk
beneath the window layer. All cells analyzed up to the present éime

have used an 0,07 pM (near optimum) 8i0 antireflection layer and have
been illuminated under AMO conditiens. The structure and key performance
parameters for twenty-nine of the mere interesting devices can be found
in Figure 6.1 and Tables 6.1 and 6.2.

The first device shown in Table 6.1 is an n-en-p GaAs solar cell

with no cemposition variation. The data cbtained fer this "control"
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Table 6.1  Structure parameters and computer analysis results for seveval (Al, In) Ga As solar cells
(see Fig. 6.1), under AMO irradiation.

avice Alloy Comp. Het. | Mole p-n  jPolarity S |Inter- Vé JSc Fill | Peak
# Change | Depth | Frac. | Depth cm/sec|face (V? o Pactor | EfE.

(uM) | GaAs, | (uM) States (mA/em”) (%)

Bulk
GaAs none -~ 1.00 1.0 n-on-p 10° -  .964 17.8 . .822 10.42
2 Al Ga., As linear 1.0 1.00 1.0 n-on-p 105 No .999 32.1 864 20,48
X l-x 9
(to 35%
AlAs)

3 Al Gal xAS linear 1.0 1.00 1.0 n~0n-p 105 No .999 32,6 . 863 20,75
b Aleal As linear 1.0 1.09 1.5 n-on-p lO5 No ,998 32,4 863 20.60
5 AlXGal_XAs abrupt 1.0 1.00 1.0 n-on-p l®5 No .998 31.4 861 19,95
6 Aleal_xAs abrupt 1.0 1.00 1.0 n-on-p 105 Yes 991 38l.4 .862 19,85
7 Aleal_xAs abrupt 1.0 1.00 1.3 n~on-p lO5 Yeg  .998 31.8 .862  20.21
8 AlealmxAs abrupt 0.5 1.00 0.8 n-on-p 105 Yes .999 32.3 .863 20,55
"9 ALGa, As abrupt 0.1 1,00 0.4  n-en—p 10°  Yes .999 82.8  .867 20,95
10 Aleal_xAs abrupt 0.1 1.00 0.4 n-on-p 106 Yes .999 32.8 . 863 20.86
11 Al Ga XAS abrupt 0.1 0.95 0.4 n-on-p 105 Yes 1,050 31.0 .868 20.83
12 Al Gal_ As abrupt 0.1 0.90 - 0.4 n-on-p 105 Yes 1.103 29.1 .873 20,62
13 AlAs/InXGal_xAs abrupt 0.1 0.99 0.4 n-On-p lO5 Yes .986 33.3 . 864 20.94
iy AlAs/InxGal_xAs abrupt 0.1 0.98 0.4 n-on-~p 105 Yes .973 33.7 . 867 20,92
15 AlAs/InXGal_xAs abrupt 0.1 0.95 0.4 n-on-p 105 Yes .934 34.8 .865 20,83
186 Aleal_xAs abrupt 0.1 1.00 0.1 p-on-n lO5 Yes 1.032 29.8 -850 19.27
17 Aleal_XAs abrupt 0.1 1.00 l.4 p-on-n lO5 Yes 1.028 32,7 887 21,23

66



Table 6.2 Structwe .parameters and computer analysis vesults for several GaAs XPx solar cells
(see Fig, 6.1), under AMO irradiationm.

Device Alley Comp. | Graded.] Het. | Mole p-n, s Inter-] V J Fill | Peak
# Change | Width | Depth | Frac. | Depth | em/sec | face oc 5Co 1 Factor| Eff,

‘ (g) (uM) | GaAs, | (pM) States v (mA/cm™) (%)

. Bulk
18 G Sl—xPx abrupt - 1.0 1.00 1.0 10: No . 985 30.64 .862 19.24
19 Gals [ P abrupt - 1.0 1.00 1.0 lO5 Yes 881 30,64 .799 15.04
20 GaAs l-xP abrupt - 1.0 1.00 1.04 lO5 Yes L97h 30.59 .858 18.92
21 GaAsl—xPx abrupt - .5 1.00 .54 lO5 Yes .975 3L.48 . 859 18.49
22 GaASl—xPx abrupt o .1 1.00 14 106 Yes .976 32,43 .859 20.10
23 GaAsl_xPx abrupt - 1 1.00 e 105 Yes 961 32,19 . 857 19.56
24 GaAsl_xPx abrupt - .1 0.95 LU 105 Yes 1.0067 30,28 . 870 19,39
25 GaAsl_-xPx abrupt - Al 0,90 ) 105 Yes 1,052 28,28 870 18,91
26 GaAsl_xPX linear 50,0 A1 1,00 14 105 Yes L9711 32,34 .866  20.21
27 GaAs PX linear 200.0 A0 1.00 L4 10 Yes .981 32,49 .865 20,40
28 GaAs:L XPx linear 600.0 1 1.00 L lOi Yes .983 32,51 864 20,48
29 GaAsl—xPx linear 1000.0 o, 1.00 - 14 10 Yes .983 32,41 . 864 20,37

00T
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cell can be used as a reference for cemparisen with the results ef the
simulation eof variahle compositien devices. Devices 2-10 are
nAlXGal_xAs—nGaAs—pGaAs with variocus p-n junctien depths, windew
thicknesses and windew compesitien profiles., The next five cells
(11-15) have the same structure as device 9 except that the substrates
are either.AlXGa

_XAs (devices 11 and 12) er InXGa _xAs (devices 13-15)

1 1
rather than GaAs alone, The last twe cells in Table 6.1 represent a
sample of the structures analyzed te determine the pessible advantages
of the p-on-n polarity. Altheugh most of the present research.has dealt

with abrupt heterojunctien devices, three graded AlXGa XAs cells

1~
(devices 2-4) and feur graded GaAs, P cells (devices 26-29) were
simulated in order to estimate possible advantages of the built-in
fields and breadened interface state distributien that accempany
cempositien grading., As shown in the third column of Tables 6.1 and
6.2, the grading was linear and graded layers ranged in thickness frem
SOK te 1L uM,

Windew thicknesses between 0.1 uM and 1.0 pM were examined and
numerous runs were made to, determine the optimum-placement of the p-n
junction for several values of window thickness. Altheugh the p-n
junctien depth-below the heterojunctien was allewed to vary between
0.0 u¥ and 2.0 uM, only the mest.significant cenfiguratiens appear in
the tables. In an effort to determine the relationship between peak
efficiency and substrate cempesitioen,  several runs were made with a
fixed, non-zere mole fractien of either AlAs, InAs, or GaP in the bulk
for cemparisen with similar structures-having substrates made entirely
of GaAs. The results of the four mest significant of these runs appear

1

in the tables for .devices 11-15, 24, and 25.
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Since the major reason for using a wide bandgap window layer is to
eliminate large surface recembination losses, it was not expected that
the value of surface recombination veloecity S would significantly affect
performance in devices having such a window and so S was generally
assigned a value of loscm/sec° However, in order to verify these
expectations, two runs were made with a value of S = loscm/sec° The
resulting performance data, shown in the tables for devices 10 and 23,
should be compared with devices 9 and 22, respectively, which differ
from 10 and 23 only in surface recombination veloecity. Fimally, in
order to measure the influence of interface states on performance,
several cells were simulated (Devices 2-5 and 18) without allewance
for interface recomb%pat;on. The relationships indicated by the data
in Tables 6.1 and 6.2 are discussed and illustrated in more detail in

the following sections.

6.2 Interface States

One of the foremost criteria used in selecting a ternary alloy
system for variable composition selar cell use is the difference in the
lattice constants of the two binary constituents. As discussed in
previous chapters, the closer tThe latitice match, the fewer the inrterface
states at any heterojunction and the lower the density of dangling bonds
in any graded layer created by sp;tially varying the alloy composit'ien°
The basic reason for using a wide bandgap window layer is to reduce
carrier recombination losses at surface imperfections. If the interface

between the wide gap windew and the smaller gap substrate is

characterized by a high interface recombination velocity due te severe
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lattice mismatch, surface recembinatien losses may simply be replaced by .
comparable interface recombinatien losses.
The small lattice mismatch (abeut 0.14%) between AlAs and GaAs makes

The Alea XAS systTem a -prime candida?afbr heterojunctien selar cell use.

1-
Interface recombination veleocities on ‘the erder of lOucm/s-have been
reported [28] for abrupt AlAs-GaAs heterojunctiens while reasenable
values for the surface recembination wveloeity ef GalAs selar cells
generally range frem l@scm/sec te l®7cm/sec {31,32]. By using Bquation
(4,25) and taking the lattice censtants of AlAs and.GaAs as 5.66lx10_8cm
and 53654x10"80m, respectively [29], the density of dangling bends at an
AlAs-GaAs heterojunction with a [100] orientatien can be estimated to be
about BulxlﬁlZ/ch°

The mere severe lattice mismatch (abeut 4%) between GaP and Gahs,
on the other hand, means that the GaAsl_xPx system can be expected to

e

suffer more ' 'serieus interface recembinatien lesses than the,Aleal_XAs
system, especially in abrupt heterojunction structures. By calculatiens

similar te these used for ALl Ga,  As, and taking the latrtice constant eof

1-

GaP as S,QSlxlOdscm, the surface density of interface staves at a GaP-

GaAs heterojunctien sheuld be abeut 9.5x1013/cm2, er about 30 times,the

density at.an AlAs-GaAs heterojunctien. If the capture coefficients

(see Sectien 4.4) in Al Ga, _As and GaAs, P _ are similar, then an inter-
® 1-x l-wxr

face recombination velocity of about 5xloscm/sec can be expected at-a

GaP-GaAs heterejunction. Since such a value 1s cemparable to surface

recembination velecities feund in GaAs cells, the prespects for building

efficient GaASl—xPx selar cells weuld appear to be wrelatively poor.
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However, computer analysis of such cells can be useful in several
ways. First, it can aid in assessing the velative importance of inter-
face states in controlling peak efficiency by permitting a comparison
with similar analyses of cells made of alloy systems with better inter-
face properties. Second, it can add to the bedy of evidence needed to
determine whether the GaAsldeX system is as poorly adapted to selar
cell use as first order considerations seem to indicate. Finally, com-
puter simulation can test the ability of such techniques as cempesi-
tien grading and separatien of the p-n.junctien frem the heterejunctien
in reducing interface recombinatien lesses.

The effect of interface states on AlAs-GaAs heterojunctien cells
can be seen by comparing devices 5 and 6 which are identical except
that the analysis of device 5 omitted the interface statves. Clearly,
the .degradation of peak efficiency (19,.95% vs. 19.85%) caused by inter
face recembination cannot be censidered a major factor in centrelling

the perfermance of Alea —xAs cells, The effect should be even less

1
significant in graded composition cells, and in cells having the p-n
junctien placed slightly beneath the heterojunction. These considera-
tions will be discussed in later sections of this chapter.

The effect of interface states on abrupt GaP-GaAs cells was, as
expected, found to be much mere proneunced. Device 18 vepresents a
structure with both the heterejunction and the p-n junctien placed 1 uM
beneath the fremt surface of the ecrystal, but with ne interface states.
Device 19, on the ether hand, shows the results of amnalyzing the .same

structure by including the modeling of interface recembination as

discussed in Section 4.4. The reduction in peak efficiency from
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19.25% to 15,.04% results from the large increase in dark current - caused
by recembination of carriers within the depletien region.’ As Figure 6.2
shows, the inireduction of interface states (device 19) increases dark
current by more than two erders of magnitude when the heterejunctien
coincides with the p-n junctien. As will be discussed in the next
section, this Increase in dark current can be significantly reduced

by placement of the p-n junctien slightly belew the hererejunctien.

The effect of an increase in dark current is a greater less'in
maximum pewer delivered te any extermnal lecad as more internal ferward
bias current flews for any given terminal veltage. The seftening eof
the knee of the J-V characrteristics veduces the cuvrve facter (from
0.862 te 0,799 in devices 18 and 19, respectively). In additien, the
increased dark current reduces the epen circuit veltage, which can be,
defined as the voltage at which internal blas current eguals the current
collected from sptically generated .carriers.

Tt is clear that interface recembinatien can seriously degfade the
performance of heterejunction cells made of semicenductor materials that
would otherwise be well sulted te golar cell use. The next twe sectiens

discuss structure medificarions that can help minimize the .lesses

asseclated with interface states.

6.3 Optimizatien of p-m Junctien Placement

The determinatien eof the best locatien fer the p-n junction in a
selar cell is not-a simple problem, especially fer variable cempoesition
structures. Of course the p-n junctien sheuld be placed where the .built-

in field areund it can most.effectively cellect optically generated
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carriers befere they recoubine at the surface, at the heterejunction,

er in the bulk. As mentiened earlier, a .high concentratien of interface
states within the junctien depletion regien can increase dark current
and significantly reduce peak efficiency.

As a firgt eorder appreximation it is eften assumed that all carviers
generated within ene diffusion length of the p-n junction are collected
by the built-in field. By applying Equations (5.5) -and (5.8) to the
devices ‘having an n-type -layer of deping density 4xl®l7/cm3 en top of a
p-type substrate of doping density 2x10%7/cm3 (see Figure 6.1), the
minerity carrier diffusien lengths can be estimated at about 7 uM for
electrens and about 2 uM fer heles. In eother words, the effective
collection width around the p-n junctien in n-en-p cells is approximately
2 uM toward the frent surface (in n-type material) and abeut 7 uM inte
the substrate (p-type material). Fer cells with the oppesite pelarity,
but the same deping cencentratiens (see Figure 6.1 and devices 16 and 17
in Table 6.1}, the minerity carrier diffusien lengths are abeout 2.5 uM
for heles and 6 ul for electrens, se that the .effective cellectien regien
extends approximately 6 uM abeve the p-n junction (in p-type material)
and abeout 2.5 ulM into the substrate (n-type material). Since the
effective collectisn regien abeve the p-n junctien is about three times
greater in p-on-n cells than in n-en-p cells (for the same doping levels
in each layer), it can be expected that the eptimum junctien placement
will be deeper for the former than for the latter polarity.

However, since the deping chenge at the junctien for either pelarity
is abrupt, the depletien regien is .highly lecalized and is typically
about 0.1 uM wide, The regien of peak generation fer an abrupt

ORIGINAL PAGE ®

oF POOR QUALE
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hetercjunction cell is also lecalized to the region just beneath the
heterojunctien. In fact, ceomputer calculatiens for abrupt AlAs-on-GaAs
and GaP-on-GaAs cells indicave that ever 80% of:the tetal optical
carrier generation eccurs in the top 1 uﬁ of the GaAs substrate (see
Figures 2.9 and 6.3)., Thus it can be expected that the optimum locatien
of the p~n junctien may be much cleser to the hetersjunction than
indicated by the diffusion lengths of minerity carriers alene.

The results of cemputer runs made expressly to.determine the best
locatien of the p-n junetien are shown in Figures 6.4, 6.5 and 6.6.
The performance parameters fer the seven structures.that cerrespond
to the peaks ef the curves in these figures are listed in.Tables 6.1
and 6.2 as devices 7,8,9,17,20,21 and 22. Figure 6.4 shows the
dependence of efficiency en p-n junctien depth inte the GaAs substrates
below an n-type AlAs windew of varisus thicknesses. Fer all three
values of window thickness shewn, the optimum placement of the p-n
junction occurred at appreoximately 0.3 uM beneath the abrupt herero-
Jjunction. For mere shalleow placements the increase in dark current due
te interface states with the depletien region caused a slight drep ef
about 0.3 percentage peints in peak efficiency. At greater depths the
collection efficiency of the junction suffered from the separation of
the highly loecalized regiens of carrier generatien and built-in field.

Figure 6.5 indicates, as expected from diffusien length .estimates,
that the best locatien fer the p-n junction in pAlAs-pGaAs-nGads cells
is deeper than in similar n-en-p structures. For a 0.1 yM AlAs windew
and the doping levels of Figure 6.1, a peak efficiency of 21.23% was

ebtrained by placing the junctien 1.3 pM below The window (device 17)
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compared with an efficiency of 20.95% in the cerrvesponding n-on-p cell
(device 9) with the junction optimized at a depth of 0.3 uM beneath the
windew. Since the epen circuit veltage of @evice 17 is slightly greater
than that of device 9 while the short circuit currents are almost equal,
the higher efficiency of the p-en-n cell is due to a lewer dark current
rather than a higher collectien efficiency. Altheugh it,appears that
p-on-n solar cells may have slightly higher efficiencies than cells of
the eopposite polarity, the difference is so small that the cheice will
more likely depend on other facters such as process technelogy, and
radiatien tolerance,

The relaticnship found fer abrupt GaP-on-GaAs n-en-p cells, shown
in Figure 6.6, shows more variatien than that fer AlAs-on-GaAs cells.
The best lecatien fer the p-n junctien was feund to be 0.04 uM beneath
the wide bandgap window. Frem computer simulatien data, the distance
between the p-n junctien and the edge of the depletien regien en the
n-type side was found te be clese to 0.04 uM, so that maximum efficiency
can be obtained by placing the heterejunctien (with its high concentra-
tien of recombinatien centers) near the edge of the depletien region.

If the p-n junctien is placed cleser te the windew layer, peak effi-
ciency dreps rapidly until a value of enly abeut 15% was calculated
when the heterojunctien and p-n junctien ceincide., Once again, this
drep is due to an increase in dark current as shown by the dark J-V .
characteristics for devices 19 and 20 in Figure 6.2.

From this.analysis it appears that by careful positioning of the
p-n junctien, GaP-on-GaAs heterejunctien solar cells can be made to

perform almest as efficiently as similar AlAs-on-GaAs cells in spite

ORIGINAL PAGE IS
OF POOR QUALITY



ORIGINAL PAGH
OF PoOR QUAmlg

114
of the inferior lattice match of the GaP-GaAs system. However, such
ageuragy naturally calls for expensive fabrication techniques. In fact,
present technology would be severely strained te repreducibly make
devices corresponding to the peak regien of Figure 6.6, It seems more
reasonable instead to investigate the pessibility of centrolling inter-
face state losses by spreading the composition change over a finite

distance as suggested in the next section.

6.4 Composition Grading Effects

Theoretical calculations by other workers [30,493 have indicated
that built-in fields due fo bandgap grading in variable composition
gsolar cells can improve minority carrier collection efficiency by
reducing the surface recombination losses. For example, Figure 6.7
shows the equilibnium band diagram for device 3 which is an n-on-p
cell with a wide bandgap window, linearly graded from AlAs at the front
to GaAs at the pwm-junction 1 ulM below the surface. According to
Equation (2.8) such a compesition profile should create an effective
field for heles in the n-type graded layer that will sweep them away .
from the frent surface and teoward the p-n junction where they can be
collected, Of course, the importance of such a process depends on the
density of excess carrier generation in the Window,awhich in tuwrn is
essentially controlled by the bandgap. Fer this reasen, it is not
immediately clear whether a constant wide bandgap window of AlAs is
preferable teo a graded window of Aleal_xAso In other words, it is
not obvious that the built-in field is effective enocugh te cempensate
for the fact that more minority carriers are generated farther from the

junction in a graded layer than in a constant wide bandgap window of AlAs.
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By comparing devices 3 and 5, which are identical, except for the
composition profile within the window, it is apparent that the gain in
peak efficiency obtained by using a graded window is slightly less than
1 percentage peint (20,75% vs, 19.95%). Although such an increase is
not extraordinary, it is possible that significantly greater improve-
ments can be made by examination of other, possibly nonlinear, grading
profiles.

In GaAsl_XPX devices, the relationship between composition grading
and peak efficiency is complicated by the poor lattice match of the
GaAs~GaP system. In order to‘determine this relatvionship, numerous
simulations were made for n-on-p cells with the p-n junction placed
at 0.14 uM beneath the surface and the window layer linearly graded
over a variable width with grading terminat;d in GaAs at g depth of
0,1 uM (see Figure 6.1). The results of fgur such simulations appear

in Table 6.2 for devices 26-29 and the dependence of peak efficiency

on graded layer width.is plotted in FPigure 6.8. The initial gain in
efficiency, as ;the graded width is increased from zero, is probably due
to the widened distribution of interface states which had previously
been concentrated at an .abrupt heterojunction. Such a distribution
ingreases carrier lifetime in the region of changing composition result-
ing in greater collection efficiency. Of course, the buyilt-in field due
to bandgap grading also improves the collection efficiency, just as it
did for Aleal_xAs cells discussed earlier.

Howeven, as the graded width is increased beyond 0,04 uM,_ peak
efficiency falls as more carriers are generated further from the p-n

junction and pregressively fewer holes survive the short lifetimes
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that characterize the graded GaAs XPx region. Thus, it appears that:

1=
grading linearly from GaP to GaAs over about 0,04 pM can.yield an
improvement of abeut 0.% percentage peints (20.5% vs. 20.1%) in
efficiency when compared with an abrupt GaP-GaAs compositien profile
when the p-n junction is placed at the .optimum depth fer an abrupt
compogition prefile.

As discussed in the previous section, the placement of the p-n

junctien is very critical te the performance of GaAs xPX solar cells.

1~
Therefore it weuld not be surprising te find that further gains could

be obtained by optimizing the lecatien of the p-n junction in a .
GaASl—xPx cell in which composition is lineirly graded over abeut

0.04 uM. Since the graded prefiles of devices.26~29 shift carrier
generatien slightly teward the surface, it weuld seem reasonable to
expect the optimum p-n junctien depth te be slightly closer to the
surface as well. Some.idea.of the pessible increase in efficiency
asseciatedggg;h optimization of the p-n junctien placement can be
ebtained frem examinatien of Figure 6.6, which shows that a change of
only 0.1 uM can result in a change of 1 percentage peint in peak
efficiency, even when the depletien regien dees net overlap the variable

composition region. Once -again, however, such accuracy would be diffi-

ocult te achieve under the limitatiens of present technology.

6.5. Effect of Windew Thickness on Efficiency

The use of a wide bandgap windew layer affects selar cell
performance in two impertant ways.. First, it separates surface

imperfections from the regions of high carrier generation rate just
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beneath the window. The improved carrier collection efficiency that
results frowm this separation is.the main advantage of the windew layew.
Second, since no practical.wide bandgap material is completely trans-
parent to the entire solar spectrum, the absorption of some photons,
essentially those toward the .shorter wavelength end of the spectrum,
is unavoidable. The thicker the windew, the greater the abserption
and the smaller the efficiency of collectien ef electron-hele pairs
generated within the windew. In other werds, a trade-off exists
between reductien of sugface recombination lossas and an increase in
ordinary carrier recembinatien within the window layer itself,

In an effort to determine the optimum window layer thickness,
several computer analysis runs were made for abrupt heterejunction
AlAs-on-GaAs and GaP-on-GaAs selar cell structures, As discussed -
in Section 6.3, the depth of the p-n junction was varied in order to
establish the best lecatlen at each of three window thicknesses:
0,1uM, O.é;ﬁ:_and 1.0uM, Figure 6.9 shows the relationship between
peak efficlency and window thickness fer abrupt heterojunction AlAs-
on-GaAs solar cells in which the placement of the p-n junction has
been optimized. This relatiensghip is similar to that reperted by Hevel
and Woodall in 1973 [58] from their computer analysis of similar
AlXGal_XAs structures. Calculations by Hevel [64] alse led to the same
general .cenclusiens., Although the computer analysis indicates that
maximum efficiency occurs for window thicknesses less than 0.1luM,
practical fabricatien problems associated with thimmer windows may

eutweigh any gains in efficiency that could be achieved.
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Because of the presence of surface states, as modeled by the surface

recombination velocity S, peak efficiency can be expected te fall as the
window thickness appreaches zero. 8ince the surface recembinatien
velecity of loscm/sec specified for these cemputer simulations corre-
spends te relatively high quality surface chargcteristics, the-results
might appear te be somewhat optimistic. In order to test the effect of
a higher surface recembination velecity, a computer analysis was made-
fer beth alloy systems specifying a value of loecm/sec.for S while using
the same thin window structure used in devices 9 and 22. The results
shown in Tables 6.1 and 6.2 .as devices 10 and 23, indicate that such a
ten-fold increase in S sheuld rveduce the peak efficiency of .an AlAs-Gals
cell from 2@191% te 20.86%, and reduce the peak-efficiency of a GaP-GaAs
cell from 26,10% te 19.56%. These small reductions-are due to a reduced
carpier collectioen efficienéy leading to slightly lower va}ueé of shert

circuit current. Hewever, it is apparent that even a.very-thin window

L

T

layer (0,1uM) effectively eliminates surface recombinatien as a dominant

loss mechanism for reasenable values of S.

6.6  Bulk Bandgap Optimizatien
Although it is well known that the optical properties of GaAs are
better suited teo solar energy.conversion than those of silicon [4%,21,
23,54] (see Figure 6,10). it is not clear that GaAs is the best material
available, especially when the full range.of electrical and optical
characteristics are examined in a complete selar cell structure under
AMO conditiens. Specifically, the bandgap (l.44eV) of a GaAs 'substrate

may ‘be tec Small or tee large to produce the highest peak efficiency.,
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In general, the wider the substrate bandgap, the higher the open circuit
voltage and the smaller the dark current. But as the bandgap iz widened,
the substrate is made more transparent to a larger share of the sclar
spectrum so that fewer carriers are generated toward the front of the
cell near the p-n junction, resulting in a lower short circuit current.
In other words, adjustment of the substrate bandgap involves a trade-off
between open circuit voltage and short circult current.

The computer simulation of devices 9 and 11-15 in Table 6.1 and
devices 22, 24 and 25 in Table 6.2 were made to determine the effect on
efficiency of adjusting the composition of the substrate in abrupt
heterojunctioen (Al,In)xGa

xAs and GaAs xPx solar celis. In cells 1l

1- 1-

and 12, a 0.1 pM AlAs window covers an Alea _xAs substrate of uniform

1
composition having a larger bandgap than GaAs. A 0.1 pM AlAs windew
is also used in devices 13-15, but the substra?elconsists of InxGal_xAs
which has a smaller bandgap than GaAs. Tﬁéﬁgeak efficiencies for these
cells are plotted as the solid curve in Figupé‘ﬁ.ll. It is seen that a
GaAs substrate is superior te one made of either Aleal_xAs or

In _Ga, As. However, the inferiority of In Ga, As is due to the severe

1
lattice mismatch (@bout 7%) between InAs and GaAs rather than the
reduction in bandgap. When.the lattice constant of InAs was assigned

a value equal te that of AlAs, the computer analysis predicted the
performance indicated by the dashed curve segment in Figure 6.11, which
peaks at a bandgap of about 1,41 eV. In other words, a substrate of
In,OQGa.QSAS would perferm slightly better than a GaAs substrate if it

were not for the poer lattice match., Hewever, it should be noted that

the p-n junction placement was oprimized only for the structure ef



124

o
— )
o T T T T T T 17T 7 1777171
-
/,/ \;\él Artifiecially improved
_7/' Y lattice match _
f
N
g -
Y ]
Fame
e .
et Substrate
Z; In Ga, As Al Ga. As
& < i T 01—
s e)
Ll-lﬂJ -
o
L
HC\J
be_
br
Led
« (O Dpevice 9, E, = L.b4 eV
wor A
o Davice 11, Eg = 1.49 eV
[:] Devige 312, E = 1,55 eV
™~ g
ol [:j Device 13, E_ = 1,42 eV
od g
v Device 14, Eg = 1,41 eV
<> Device 15, Eg = 1,37 eV
© ]
gllllllllllllll
5] 0 S 19
ZIN-AS 6{-%' ZAL-AS CIN BULK)
Figure 6.11 Peak efficlency vs. substrate composition in &brupt

heterojunction AlAs-on-Al _Ga, _As and AlAs-on-In Ga. _As
x  1-X ®1-x

cells with an 0.1lpM window and a p-n junction depth ef
0.4uM, .



ORIGINAL PAGE IS

OF POOR QUALITY] 105

device 9 by varying the junction depth while holding other structure
specifications constant. At the present time, this procedure has not
been done for any structure having a percentage of AlAs or ImAs in the
substrate., More specifically, because the intreduction of AlAs into
the substrate widens the bandgap and therefore reduces the absorptien
coefficient for photons near the band edge, it should be expacted that
the best p-n junctien placement should be semewhat deeper fer (Al,Ga)As
substrates than for a GaAs substrate. Conversely, an (In,Ga)As sub-
strate probably calls for a shallower p-n junction. Since the
generation rate distribution is very sensitive to material handgap
changes and the optimum p-n junction location in turn depends on the
generation rate distribution, the trend shown In Figure 6.1l does not
prove that further small gains in efficiency cannot be obtained by
alloying a GaAs substrate with a small percentage of AlAs, or more
likely, InAs, In any case, the potential improvement is so small that
these computer simulatiens essentially reinforce earlier estimates that
the bandgap of GaAs is near optimum for AMO conditions [54].

Similar results were obtained from the simulation of cells having
GaP alloyed with GaAs in the substrate beneath a 0.1 pM GaP window.
The data for devices 22, 2% and 25 indicate that when the placem;nt
of the p-n junction is optimized for an.abrupt GaP-on-Gahs cell N
(device 22) the subsequent introduction of 5% GaP (increasing the band-
gap from l.44% eV to 1,48 eV) in the substrate veduces peak efficiency
from 20,10% to 19.39%. When the GaP level is increased to 10%
(Eg = 1,54 eV), the peak efficiency falls to 18.91%. Altheugh this

trend, shewn in Figure 6.12, does not encourage the use of a substrate
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with a bandgap wider than GaAs, it must again be remembered that the
p-n junction in devices 2% and Z5 may not be placed deep enough for
maximum efficiency. The strenger dependence found for Ga(As,P)
substrates compared with (Al,Ba)As substrates may be due to the stronger
relationship between p-n Jjunction depth and efficiency found for the
GaAsP system in Section 6.3 (compare Figures 6.4 and 6.6).

If the performance of (Al,Ga)As, (In,Ga)As or Ga(As,P) substrates
without optimum p-n junction placement had been found clearly superior
to optimized devices with GaAs substrates, the analysis predictions for
alloy substrates would have been favorable. However, in view of the
results that were obtained, there seems little vroom for improvement of
the GaAs substrate by alloying it with other materials te adjust the

bandgap.

6.7 Interpretation of Analysis Results

It is important to view the preceding analysis results with
consideration given to the techniques that produced them and the fabri-
cation technology that is currently available to create the structures
they call for. First of all, scme of the material parameters, in
particular excess carrier lifetimes, vepresent the characteristics of
relatively high quality material. Analyses using such values may lead
to slightly lower davk currents, and thus slightly higher open circuit
voltages, £ill factors and efficiencies than have been reported in
experimental studies. Secondly, in comparing computer predictions with
experimental data, it should be noted that most practical variable

composition cells tested up to the present time have used less than 100%
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AlAs or GaP at the surface. However, because early computer simulation
data indicated that 100% AlAs or GaP at the front produced the highest
efficiencies, most of the structures reporrtad in this work specify such
surfazce compositions. It is believed that the technical problems that
discourage the use of AlAs and GaP as surface materials will soon be
overcome.,

The difficulty of obtaining very thin window layers (less than
0.1puM) may éiscourage the implementation of the optimum structures
indicated in Section 6.5. However, the basic purpose of computer simu-
lation 1s to permit reasonable estimation of the potential benefits of
various solar cell structures so that costs can be weighed against
these benefits,

Finally, sheet resistance effects, which depend on contact
geometry and are not incorporated inte the analysis program, may become
significant when the p-n junction is placed near the surface. The
performance parameters reported in this work are for a one dimensional
cell uncorrected for contact coverage and surface layer sheet resistance
losses because all current has been assumed to be perpendicular to the
front surface., In order te avoid the prohibitive coptical losses
associated with continuocus contact coverage, pracrical cells generally
use finger contact geometry which requires some lateral current flow
near the surface.

Although computer methods to correct simulation resulis for contact
geometry are available [19], they were not considered necessary to the
present research because the basic aim was to assess the relative

influence of structure and material parameters on efficiency. Practical



129
contact areas typically account for a 5-10% reduction in short circuit
current and efficiency while sheet vesistance may-reduce efficiency by
about 0.5 percentage points. In other words, for a complete solar cell,
the efficiency values reported in earlier sections must be reduced by
about 1.5 percentage points so that a 20% cell should be considered an

18.5% cell-after contacts have been included in the estimate.



130

7. SUMMARY AND RECOMMENDATTIONS
FOR FURTHER RESEARCH

7.1 Summarz

The aim of the present vesearch was to develop a computer program
capable of anpalyzing heterejunction and graded composition solar cells
and to apply that program to a number of proposed cell structures using
feasible semiconductor materials. The program, now complete, accepts
a wide variety of device structures and, by numerically solving a set of
differential equations, is capable of simulating the behavier of .solar
cells made of a ternary alloy between two binary semiconductors. Up to
the present time, the program has been used tTo analyze variable

composition solar cells made of Al Ga., _As, In _Ga. _As and GaAs, P
pid ~X ® 1-x

1 1-x =’

The highest efficiencies calcularved for AlXGa _xAs devices were 21.23%

1
for a pAlAs-pGaAs-nGaAs cell(device 17 in Table 6.1) and 20.95% for an
nAlAs-nGaAs-pGaAs cell (device 9 in Table 6.1). When the values for
peak efficiency obtained from these computer simulations are adjusted
for contact geometry losses (typically a reduction of about 1.5
percentage points) they are in good agreement with earlier less exact
calculations [30,49,54,58]. These calculated efficiencies are somewhat
higher than some values reported for experimental variable compositicen
cells such as.the 14.7% devices built by Hovel and Woodall in 1973 [12].
This iIs not unexpected because the material parameters used in the
present computer studies characterize relatively high quality semi-
conductor material rather than the typical properties of most

contemporary experimental cells. Alse, the computer simulations

reported in this work generally specified 100% AlAs or GaP at the surface,
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while most experimental cells presently retain seme percentage of GahAs
throughout, These calculations have been intended to determine the
potential performance ,levels of Aleal_xAs,*InxGal_xAs and GaAsl_xPX
solar cells rather than explain individual experimental test 'results.
However, the latest results available at the time of this writing
include a report of an AlXGal_xAs cell with a measured AMO efficiency
of 18.5% including centact lesses [61], which is less than a percentage
point below the best efficiencies calculated for such devices in the
present work,

Several relationships between device structure and performance
have been. indicated by the analyses made up to the present time. The
effect of heterojunctien interface states was examined by cemparison
of computer simulations with and witheut interface recembination. The

resulting losses at abrupt AlAs-GaAs interfaces were miner. However,

as expected from the severe :lattice mismatch, the peak efficiency of

GaP-GaAs heterojunctien cells suffered far more from interface recem-
binations which reduced efficiency as much as 5 percentage peints when
the p-n junection ceoincided,with the heterejuneatien. Subsequent cemputer
simulations indicated that these losses could be largely offset by
meving the p-n junctien deeper se that the GaP-GaAs interface no lenger
occurred at the center of the depletion regien. A further increase in
efficiency of about 0.5 percentage peints for GaAsl_XPx cells was
ebtained by linearly grading the change from GaP te GaAs over a distance
of abeout 0.0LuM. Grading over greater widths: led to significant
recombination losses within the windew layer. Similar, but,far less

pronounced effects were cbserved in AlXGal_xAs.simulatiens. It was
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found that p-on-n Alea —xAS cells had smaller dark currents than

1
similar n-on-p devices, allowing them Te achieve slightly higher
efficiencies and open circuit voltages.

The success of wide bandgap windew layers in reducing surfade
recombination losses was correborated by computer simulation of devices
that differed enly in surface recombination velecity. An increase in S
from loscm/sec to 1060m/sec reduced the peak efficiency of AlAs-GaAs belis
by less than 0.1 percentage points and that of GaP-GaAs cells by leéss than
0.6 percentage points. Since these results were ebtained for window
layers 0.1uM thick, it is apparent that even very thin windews can
virtually eliminate surface recombination as a dominant performance
facter.

Finally, computer simulation of devices having Alea As,

1-%

InxGa xAs and GaAs Px (0<x<0,1) substrates indicated that significant

I~ l-x

gains in performance could.mnot be expected from use of svbstrates with
wider or smaller bandgaps than GaAs. Hewever, since the placement of
the p-n junction was not eptimized for such structures, it weuld net-be
incensistent with these calculatiens to find that small increases in
peak efficiency could be obtained by careful positiening of the p-n

junction, especially in the ,case ef Alea _XAS and InxGa As substrates.

1 1-x
In additien, the cemplex dependence of efficiency on substrate properties
means that the use ef materials other than GaAs cannet be ruled out
simply on the basis of computer simulation of these alloy systems.

The computer analysis program has giﬁén reasonable results for both

abrupt and graded' compesitien structures, and has been useful in

estimating the potential advantages ef various configurations,
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The detailed data which the program preduces has been helpful in
assessing the relative importance of the numercus interacting phenomena

that centrol solar cell performance.

7.2 Recommendatiens for Further Research

Aithough the computer analysis pregram is now essentially complete,
its full potential has.not yet been utilized. Its capabilities permit
the examination of sevaral design options which have not been considered
in the present work. Among the optiens which would require virtually no
modification of the program are:

1) Use of a Gaussian (ovr other) doping profile

2) Comparison of different doping levels

3) Further .examination of p-on-n solar cells

4) Optimization of p-n junction placement for all devices analyzed

5) Applicatien of irradiance conditiens other than AMO, in
particular AM2 conditions for terrestrial applications

6) Use of antireflection layers other than Si0 (for example TiOx)

7) Consideratien of nenlinear cempesitien grading to optimize the
generation rate profile for improved collection efficiency

8) Analysis of devices made of other alloys such as GaAsl—bex

9) Determine the effects of lifetimes shorter than those, examined
in this work, i.e. consider use of lewer quality, cheaper
material,

The study of several .ether possibilitles weuld require seme minor
program modifications, but could yield useful results. Among these are:

10) Improved lifetime modeling, te relate lifetime dimvectly to
deping levels and mobilities

11) Design of a numerical step distribution within the analysis
program ‘that would relate positiocnal step size solely to the
slope of the three independent variables ¢, ¢ , and ¢ .

(see Section 3.4, and References 13 and 19) n p
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12) Performance under multi-sun and high temperature conditions
such as those found in cencentrater selar cell systems.

Of course, the input data concerning material paramerers should
continually be updated to maintain consistency with the latest available
experimental figuves. Finally, it is hoped that these computer studies
will be follewed by attempts to achieve the predicted perfermance levels
in actual .working devices, After all, computer simulatien is intended

to previde guidance feor experimental research.
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