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ABSTRACT

This dissertation addresses challenges pertaining to multi-junction (MJ)
solar cells from material development to device design and characterization.

Firstly, among the various methods to improve the energy conversion
efficiency of MJ solar cells using, a novel approach proposed recently is to use Il-
VI (MgZnCd)(SeTe) and I11-V (AlGaln)(AsSb) semiconductors lattice-matched
on GaSb or InAs substrates for current-matched subcells with minimal defect
densities. CdSe/CdTe superlattices are proposed as a potential candidate for a
subcell in the MJ solar cell designs using this material system, and therefore the
material properties of the superlattices are studied. The high structural qualities of
the superlattices are obtained from high resolution X-ray diffraction
measurements and cross-sectional transmission electron microscopy images. The
effective bandgap energies of the superlattices obtained from the
photoluminescence (PL) measurements vary with the layer thicknesses, and are
smaller than the bandgap energies of either the constituent material. Furthermore,
The PL peak position measured at the steady state exhibits a blue shift that
increases with the excess carrier concentration. These results confirm a strong
type-11 band edge alignment between CdSe and CdTe. The valence band offset
between unstrained CdSe and CdTe is determined as 0.63 eV#).06 eV by fitting
the measured PL peak positions using the Kronig-Penney model. The blue shift in
PL peak position is found to be primarily caused by the band bending effect based

on self-consistent solutions of the Schr&linger and Poisson equations.



Secondly, the design of the contact grid layout is studied to maximize the
power output and energy conversion efficiency for concentrator solar cells.
Because the conventional minimum power loss method used for the contact
design is not accurate in determining the series resistance loss, a method of using
a distributed series resistance model to maximize the power output is proposed for
the contact design. It is found that the junction recombination loss in addition to
the series resistance loss and shadowing loss can significantly affect the contact
layout. The optimal finger spacing and maximum efficiency calculated by the two
methods are close, and the differences are dependent on the series resistance and
saturation currents of solar cells.

Lastly, the accurate measurements of external quantum efficiency (EQE)
are important for the design and development of MJ solar cells. However, the
electrical and optical couplings between the subcells have caused EQE
measurement artifacts. In order to interpret the measurement artifacts, DC and
small signal models are built for the bias condition and the scan of chopped
monochromatic light in the EQE measurements. Characterization methods are
developed for the device parameters used in the models. The EQE measurement
artifacts are found to be caused by the shunt and luminescence coupling effects,
and can be minimized using proper voltage and light biases.

Novel measurement methods using a pulse voltage bias or a pulse light
bias are invented to eliminate the EQE measurement artifacts. These measurement

methods are nondestructive and easy to implement. The pulse voltage bias or



pulse light bias is superimposed on the conventional DC voltage and light biases,
in order to control the operating points of the subcells and counterbalance the
effects of shunt and luminescence coupling. The methods are demonstrated for the

first time to effectively eliminate the measurement artifacts.
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| INTRODUCTION

Multi-junction (MJ) solar cells have reached remarkably high energy
conversion efficiencies over the past two decades, accompanied with the
increased research interests and commercial applications of these devices [1]-[13].
By employing several subcells to partition the solar spectrum, MJ solar cells have
much higher efficiencies than their single junction counterparts, as both predicted
in theory and achieved in practice. The subcells more efficiently utilize the photon
energies in their respective wavelength ranges of the solar spectrum, producing a
higher voltage and lower current as the subcell number increases. MJ solar cells
have been extensively used in space because of their high efficiencies, small sizes,
low weights, and superior radiation resistance. They also started to be applied in
terrestrial concentrator systems for large scale utility projects, as their high
efficiencies may potentially make the cost of electricity generation lower than

conventional energy sources.

1.1 Theoretical Efficiency Limits

The theoretical efficiency limits for solar cells are usually estimated based
on the second law of thermodynamics [14]-[19] or more realistic models
considering the properties of specific devices [20]-[21]. The Shockley-Queisser
limit or detailed-balance limit [14] gives the maximum theoretical efficiency of
power conversion as 30% for p-n junction solar cells, considering the fundamental
recombination mechanism, i.e. the radiative recombination, and assuming

complete absorption of the black-body spectrum above the semiconductor



bandgap. Later, Henry has extended the Shockley-Queisser model using an air
mass 1.5 terrestrial solar spectrum, and the maximum efficiency is calculated as
31% under 1 sun [15] for single junction solar cells. The detailed-balance model
was also used for MJ solar cells with various numbers of junctions and
concentration levels [16]-[18]. In particular, the maximum efficiency for three
junction and four junction solar cells were found to be 51.58% and 55.31% under
1 sun AM 1.5 G solar spectrum, respectively [18]. While the detailed-balance
limit gives the theoretical efficiency limit of solar cells, realistic models
considering the band structure, the actual absorbance, the nonradiative
recombination, and the collection efficiency, etc., are more relevant to practical
applications [19]-[21]. The achievable maximum efficiency is lower than the
theoretical limit when these extrinsic mechanisms are considered, and the
configuration of the bandgap energies of the solar cells shift as well. Realistic
solar cells may reach up to 75% of the detailed-balance efficiency according to

some empirical evidences [24].

1.2 Realistic Efficiency

I11-V multijunction solar cells have realized very high efficiencies owing
to the large flexibility in the selection of bandgap energies with high quality
materials. The state-of-the-art 111-V triple junction solar cells have reached
efficiencies over 40% via several different device architectures. Among these, the
most mature one is the InGaP/Ga(In)As/Ge lattice-matched triple junction solar

cells. The lattice-matched nature of the triple junction solar cells provides the



advantages of high material quality and fast growth rate that enables large scale
production. The reported record efficiency of lattice-matched triple junction solar
cells is 41.6% under 364 suns concentration [8]. However, because the subcell
bandgaps are not optimized, the Ge subcell produces almost twice the
photocurrents of the top two subcells. This has been a critical limiting factor of
the efficiencies of lattice-matched designs. To address this problem, the bandgap
energies of the top two subcells need to be decreased or the bandgap energy of the
bottom subcell needs to be increased.

The use of metamorphic I11-V semiconductor materials offers more
flexibility to tune the subcell bandgap energies. By adding a little more Indium
into the InGaP and InGaAs subcells, their bandgap energies are decreased while
the lattice mismatches to the Ge bottom cell is increased [22]-[24]. A step-graded
InGaAs buffer layer was added between the top two subcells and the Ge subcell
as a transition between the different lattice constants. Because most misfit
dislocations are confined in the grading layer, the material qualities of the top two
subcells are not substantially affected. The reported record efficiency of this
device architecture is 41.1% under 454 suns concentration [24]. The efficiency
can be further improved by increasing the bandgap energy of the bottom subcell
to further optimize the bandgap configurations. The InGaP/InGaAs/InGaAs
inverted metamorphic (IMM) structure has been developed for this purpose [25]-
[26]. The IMM structure consists of an InGaP top cell lattice-matched to the GaAs

substrate, a lattice-matched or metamorphic InGaAs middle cell and a



metamorphic InGaAs bottom cell. A grading buffer layer is inserted between the
middle cell and the bottom cell to accommodate the misfit dislocations. The
disadvantage of this device design is the complex processing steps including
wafer bonding and substrate removal. A record efficiency of 40.8% has been
reported for this device architecture under 326 suns concentration [26]. Another
approach to increase the bandgap energy of the bottom subcell is the bifacial
epigrowth process [27], [28], where the InGaP top cell and GaAs middle cell are
grown lattice-matched on one side of the GaAs substrates and the metamorphic
InGaAs bottom cell is grown on the other side of the substrates. For this device
design, the substrate doping concentration has to be optimized considering the
tradeoff between series resistance and free carrier absorption. Moreover, the
interruption of the growth may add onto the cost of the process. The reported
record efficiency of this device architecture is 42.3% under 406 suns
concentration [28].

Other more drastic departures from conventional triple junction solar cells
are to employ dilute nitrides [29]-[31] and quantum dots [32]-[33] in the solar
cells. The incorporation of nitride materials enables better current matching and
higher output voltage than using the Ge subcells. In spite of the low minority
carrier lifetime and mobility of the nitride materials, an efficiency of 43.5%,
which is the current world record of triple junction solar cells, has been achieved
under 400 suns by optimizing the device structures and material qualities [34]. MJ

solar cells using quantum dots may have increased light absorption below the



bandgap, and have the potential to reach the efficiency of over 40% [35].
However, the strain effects introduced by the self assembly of quantum dots cause
defects that may reduce the minority carrier lifetime and open circuit voltage.
Strain compensation techniques have to be applied in order to obtain high

photocurrent as well as open circuit voltage.

1.3 Challenges

In spite of the high efficiencies achieved with the current technologies,
there is still a large gap between the practically achieved efficiencies and the
theoretical efficiency limits of MJ solar cells. Many challenges remain to be
addressed, presenting the opportunities for a variety of research topics.

Firstly, the employment of more junctions and new material systems has
been under active investigation to make current-matched subcells with high
material qualities. Recently, the monolithic integration of 11-VI (MgZnCd)(SeTe)
and I11-V (AlGaln)(AsSb) semiconductors on commercially available GaSb or
InAs substrates has been proposed as a platform for ultra-high efficiency MJ solar
cells [36], [37]. These two families of semiconductor materials have identical
crystalline structures and very similar thermal expansion coefficients, and they
can be grown lattice-matched on GaSb or InAs substrates with low defect
densities. Furthermore, the direct bandgaps of these materials allow the use of thin
absorbing layers that can be current-matched to efficiently capture the entire solar

spectrum.



Several multi-junction solar cell structures have been designed with the
potential to reach ultra-high conversion efficiencies [37]. In the proposed solar
cell designs, a zinc blende CdSeTe alloy lattice matched to the GaSb substrates is
used as one of the subcells. The growth and characterization of the type-II
CdSe/CdTe superlattices are studied in Chapter Il of this dissertation. A series of
CdTe/CdSe superlattice structures were grown using molecular beam epitaxy. The
structural properties were characterized using high-resolution X-ray diffraction
and cross-sectional transmission electron microscopy. The optical properties were
characterized using steady-state and time-resolved photoluminescence. The
Kronig-Penney model was used to fit the valence band offset with the measured
photoluminescence peak positions. Self-consistent solutions of Schr&dinger and
Poisson equations were performed to model the bend bending effect that caused
the blue shift in the photoluminescence peak position in the steady state
measurements. Another issue for high efficiency solar cells used in terrestrial
concentrating photovoltaic systems is the design of the front contact layout. The
front contact layout has to be optimized to minimize the power losses and
maximize the output power. Traditionally, the series resistance has been
considered as a lumped parameter in the design of front contact layout [38], and
the grid finger spacing has been optimized considering the tradeoff between the
series resistance loss and the shadowing loss. However, the power losses
associated with the series resistance are distributed in nature [39], and the

variation of local voltage and current densities in the current flow path may make



it necessary to consider the carrier recombination loss at the junction. Therefore,
the design of the front contact layout needs to be reevaluated considering the
distributed series resistances.

The front contact layout of solar cells is designed using the distributed
series resistance model in Chapter I11. Using this model, the variations of local
junction voltage and current caused by the lateral current flow in the emitter layer
were simulated. The power loss due to the junction recombination current was
introduced into the loss mechanisms associated with the front contact, in addition
to the series resistance loss and shadowing loss considered in the conventional
method. The optimal contact grid spacing was calculated and compared with the
conventional method.

The monolithic integration of MJ solar cells has posed unique problems in
the characterization of the devices. Because the subcells are in series connection
and close proximity, they are coupled both electrically and optically. It is
therefore difficult to access the information of the individual subcells. In
particular, the external quantum efficiency (EQE) of the individual subcells is
determined not only by their own properties, but also by the interactions between
them. In order to probe a subcell in a multi-junction stack, DC light biases have to
be applied on the subcells not under test to make the subcell under test the
current-limiting one. A DC voltage bias is also used to control the subcell
operating points in the measurements. However, measurement artifacts are often

observed, characterized by the erroneous responses outside the wavelength range



of the subcell under test and the correspondingly lower responses in the
wavelength range of the subcell under test [40].

The origins of the EQE measurement artifacts of MJ solar cells are
systematically studied in Chapter IV. Models were built for the DC bias
conditions in the EQE measurements as well as the AC measurement scans.
Characterization methods were developed to obtain the subcell parameters used in
the models. The EQE measurement artifacts were characterized for triple junction
solar cells with only the shunt effect, only the luminescence coupling effect and
the combined effects of shunt and luminescence coupling. It is shown that the
EQE measurement artifacts can be minimized by controlling the DC bias
conditions.

In order to eliminate the EQE measurement artifacts, novel measurement
methods are developed in Chapter V. A pulse voltage bias or a pulse light bias is
superimposed on the DC bias conditions to control the subcell operating points
and counterbalance the shunt and luminescence coupling effects. The necessary
pulse voltage bias and pulse light bias were derived, and the measurement
procedures were developed. It is demonstrated that the pulse voltage bias method
and pulse light bias method are effective in eliminating the measurement artifacts
of triple junction solar cells with only the shunt effect, only the luminescence

coupling effect and the combined effects of shunt and luminescence coupling.
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Il COSE/CDTE TYPE-II SUPERLATTICES

2.1 Introduction

Monolithically integrated 11-VI (MgZnCd)(SeTe) and I11-V
(AlGaln)(AsSh) semiconductors on commercially available GaSb or InAs
substrates are good candidates for high efficiency multi-junction (MJ) solar cells
[1]-[3]. Several multi-junction solar cell structures have been designed with the
potential to reach ultra-high conversion efficiency [4]. In the proposed solar cell
designs, a zinc blende CdSeTe alloy lattice matched to the GaSb substrates is used
as one of the subcells. However, there have been only a few successful attempts
reported at growing zinc-blende CdSeTe random alloys on Si substrates, and it is
difficult to achieve large Se compositions because of the high vapor pressure of
group VI elements and the low sticking probability of Se atoms [5]-[8]. In the
current work, CdSe/CdTe superlattices are proposed as an alternative to the
random CdSeTe alloys, and a series of the superlattice structures are grown on
GaSb (001) substrates using molecular beam epitaxy (MBE). While the
ZnSe/ZnTe system has been intensively investigated [9], [10], little work has so
far been done for the CdSe/CdTe system [11]-[13]. This chapter reports the
growth and the structural and optical characterization of the CdSe/CdTe

superlattices [14], [15].

2.2 Material Growth
The epitaxial growth of the superlattice samples was carried out using a

dual-chamber Riber 32P MBE system consisting of I11-V and I1-VI chambers
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connected by an ultra high-vacuum transfer module. The structures were grown
on undoped epi-ready GaSb (001) substrates. First, the substrate oxide was
thermally removed by heating up to 510 €€ under an antimony flux in the 111-V
chamber, while the process was monitored using reflection high-energy electron
diffraction (RHEED). Next, a 100 nm GaSb buffer layer was grown at 470 <€.
The substrate was then transferred to the 11-VVI chamber, where a ZnTe buffer
layer was grown at 320 € under a Zn flux initiated prior to the growth.” The
CdSe/CdTe superlattice was then grown at 320 <€ using the modulation of Te and
Se shutters while keeping the Cd shutter open. During the growth, the beam
equivalent pressure (BEP) ratio of Te/Cd and Se/Cd were kept at 2:1 and 4:1,
respectively.

Three CdSe/CdTe superlattice structures (labeled A, B and C) were grown
with the various layer thicknesses shown in Table 2.1 and are expected to have
different effective bandgap energies. During the growth of sample B, the Cd
shutter remained open for 5 sec while all the other shutters were closed after the
growth of the CdSe layer, in order to reduce the intermixing of Se and Te at the
CdSe/CdTe interface. The RHEED patterns of Samples A and C changed from
streaky to spotty during the growth, suggesting a 3D growth mode at the end of
the growth. In contrast, the RHEED pattern of Sample B remained streaky
through to the end, which suggests that this sample has better crystalline quality
and layer uniformity than the other two samples. Note that all the CdSe/CdTe

superlattices have the same zinc blende structure as the substrate, as shown by the
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RHEED patterns and confirmed by the X-ray diffraction (XRD) and transmission
electron microscopy (TEM) observations.

Table 2.1. Structures and optical transition energies of the studied samples

Thickness
ay PL peak positionat  Calculated Eg
Sample a. (A (nm)
A 10 K (eV) at 0 K (eV)
CdSe CdTe

A 6.103 6.101 1052 1.51 1.04 1.05
B 6.097 6.120 5.47 0.88 1.18 1.22
C 6.096 6.096 5.99 0.75 1.30 1.26

2.3 Structures

High-resolution XRD measurements of the samples were performed for
the symmetric (004) and asymmetric (113) reflections using the Cu Ka; radiation
on a PANalytical X’Pert PRO Materials Research Diffractometer. Fig. 2.1 (a), (b),
and (c) show the (004) w-26 diffraction patterns of samples A, B, and C, which
respectively consists of 40, 40, and 50 periods of CdTe and CdSe layers. The
lattice constants of GaSh and ZnTe are 6.096 A and 6.105 A, respectively, and the
lattice constants of CdSe and CdTe are 6.052 A and 6.482 A, respectively.
Therefore, the CdTe layer is compressively strained to the GaSb substrate or the
ZnTe buffer layer, while the CdSe layer is tensilely strained. The high structural
qualities of the samples are evidenced by the sharp satellite peaks and the absence
of appreciable peak broadening. The lateral and average vertical lattice constants
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ay and a, of the superlattices shown in Table 2.1 are determined from the zeroth
superlattice peaks in the (004) and (113) XRD patterns, and the layer thicknesses
are determined from the separation of the first-order superlattice peaks in the (004)
XRD patterns. Sample A has a ZnTe buffer layer of approximately 200 nm, and
the superlattice is strained as shown by its lateral and vertical lattice constants.

The ZnTe buffer layers of samples B and C are about 10 nm thick, and the
superlattice of sample B is strained while that of sample C is almost perfectly
lattice matched to the substrate. It can also be seen in Fig. 2.1 that the superlattice
peaks of sample B have the narrowest FWHM, indicating that this sample has

minimal interface roughness as well as the fewest defects.
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Fig. 2.1. X-ray (004) /26 diffraction patterns of samples A, B, and C.

Specimens of sample B suitable for cross-sectional TEM observation were
prepared by standard mechanical polishing, dimpling, and a final argon-ion-

milling at reduced energy (2-2.5 keV), with the sample being held at liquid-
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nitrogen temperature to minimize artifacts due to thermal or ion-beam damage
during milling. The low magnification image shown in Fig. 2.2 (a) demonstrates
the overall high structural-quality and regularity of the CdSe/CdTe superlattice. In
addition, the satellite diffraction spot adjacent to the major diffraction spot visible
in selected area electron diffraction pattern, as shown in the inset of Fig. 2 (a),
confirms the uniformity of the layer thicknesses. The high-resolution lattice image
of this same specimen shown in Fig. 2.2 (b) demonstrates very-high crystalline-

quality at the atomic length scale.

:
Fig. 2.2. Structural characterization of sample B using TEM. (a) Cross-sectional
image showing regular superlattice periodicity and the absence of major structural
defects, as confirmed by the selected area electron diffraction pattern shown in the

inset. (b) High-resolution lattice image showing excellent crystallinity.
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2.4 Photoluminescence
2.4.1 Steady-State Photoluminescence

It has been reported that the unstrained CdTe and CdSe forms a type-II
band edge alignment [11], [12] with the respective bandgap energies 1.76 eV [12],
[22] and 1.61 [12], [18], [26] eV at 10 K. The band edges of the superlattices are
modified by the strain effects, and the superlattice minibands are formed as the
hybridization of the bound states in the quantum wells coupled through the
barriers. To study the impact of band alignment on the proposed superlattice
materials, photoluminescence (PL) measurements of samples A, B, and C were
performed using a 660-nm diode laser with an excitation power density of 180
W/cm?. The PL signals were collected using a grating monochromator and
measured using a Ge detector cooled to liquid nitrogen temperature. The PL of the
three samples is observed at both room temperature and low temperature. The 10
K measurement results plotted in Fig. 2.3 show that the PL spectra of the three
samples peak at different wavelengths due to the different superlattice period of
each sample. The ground state transition energy of sample B shows the strongest
PL intensity and the narrowest FWHM. Furthermore, due to the type-I1 band
edge alignment between CdTe and CdSe (see Fig. 2.3 inset), the PL peak energies

are considerably lower than the bandgap energy of either CdTe or CdSe.
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Fig. 2.3. Photoluminescence (PL) spectra of samples A, B, and C measured at 10
K. The difference in the PL peak positions is a result of the different layer

thicknesses in each superlattice.

The conduction and valence band ground state energy levels of the three
samples were calculated using the Kronig-Penney model [16], with the layer
thicknesses given in Table 2.1, the material parameters shown in Table 2.2, and
the valence band offset AEy as a fitting parameter. The valence band offset AEy
determined by fitting the calculated ground state transition energies to the
measured PL peak positions is 0.63 £0.06 eV, which agrees with the theoretical
prediction of 0.57 eV [12] within the experimental error. The calculated ground
state transition energies of the samples are in reasonable agreement with the

measured PL peak positions as shown in Table 2.1.
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Table 2.2. Material parameters for zinc-blende CdTe and CdSe [a: lattice constant,
Eg: bandgap energy, VBO: valence band offset, me: electron effective mass, mj,,
(m#,) and m},, (m%,): heavy-hole (light-hole) effective mass in the growth
direction and in plane, a., ay and b: deformation potentials, ¢: dielectric constant,

Ci1and Cy2 : elastic stiffness constants].

VBO t z t z
a (A Ey (eV) (‘[*l}é) Me M, My, my, my,
CdSe  6.052 [12] 1'7[62%2]' 0.12[17] 017[21] 083[21] 036[21] 0.13[21]
care  6482[12],  L6L[12], 063 088 0.14 0.53 028 0.11[19],
[24], [26] [18], [26] [19] [19], [20] [19], [20] [19], [20] [20]
aC[Z(%/) av[z(%/) b [(285}/) C11 (10" dyne/cm?) C12 (10" dyne/cm?)
CdSe  -3.77 181 08 9625 8.8 24] 5.3 [24]
CdTe  -5.09 2.14 1 [25)1]?'[“26] 5.35 23], [24], [26]  3.68 [23], [24], [26]

In order to further corroborate the type-11 band alignment, the PL of
sample C was measured at 10 K using a 488 nm Ar-ion laser, with the excess
carrier concentration ranging from approximately 9.0x10"° cm™ to 6.3x10* cm.
As shown in Fig. 2.4 (a), the PL peak shifts to higher energy as the excess carrier
concentration increases. This blue shift is caused by the spatial separation of
electrons and holes generated by the optical excitation in the type-11 superlattice.
Figure 2.4 (b) shows the band edge alignments and the minibands of the
conduction band and heavy-hole band as well as the ground state probability
densities, at an excess carrier concentration of 6.3x10"® cm™. The electrons and
holes are spatially separated as shown by their probability densities, and their
Coulomb attraction pulls them toward the interfaces of the two materials.

Consequently, the bands are bent towards the interfaces, pushing the minibands to
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higher energies as the excess carrier concentration increases with increasing
excitation power density. The blue shift in the PL peak is therefore the result of

the enhanced band bending caused by the increased excess carrier concentration.
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Fig. 2.4. (a) Steady-state photoluminescence spectra measured at 10 K with
estimated excess carrier concentrations ranging from 8.3x10* cm™ to 6.3x10*
cm. (b) Calculated band edge alignments (black), minibands (green), and the

corresponding ground state probability densities of the conduction band and

heavy-hole band (red) at a carrier concentration of 5.8x10*® cm?.
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2.4.2 Time-Resolved Photoluminescence

The time-dependent PL decay of Sample C was measured at 10 K using
time-correlated single photon counting and is shown in Fig. 2.5 for two optical
excitation intensities. The excitation source was a 405 nm pulsed laser with a 50
ps pulse width and a 2.5 MHz repetition rate, and the detector was a Hamamatsu
H10330-75 near infrared photomultiplier tube. The initial excess carrier
concentrations are estimated to be 5.0x10" cm™ (red curve) and 4.0x<10"" cm®
(blue curve) using the measured laser powers of 554.0 mW and 44.3 mW, laser
spot diameter of 15 um, and the absorption coefficient of 1.5x10° cm™ measured

using UV-visible variable-angle spectroscopic ellipsometry.

T M T T T M T T T M T

Initial carrier concentration
17 -3
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Fig. 2.5. Time-resolved photoluminescence decays of Sample C measured at 10 K
with initial carrier concentrations on the order of 4x10*" cm™ and 5x10*® cm®,

respectively.

23



The PL decay evolves from a steep initial descent with a rapidly
increasing instantaneous lifetime in the first 75 ns to a gradual decay with a single
exponential tail. The strong dependence of carrier lifetime on the excess carrier
concentration in the initial decay can be partly attributed to concentration-
dependent recombination mechanisms such as radiative and Auger recombination.
[28]. However, the similarity in the initial slopes of the PL decay curves, in spite
of the very different initial excess carrier concentrations, suggests that other
mechanisms are also involved in the initial steep PL decay, e.g. carrier diffusion
and the direct band-to-band transition in CdSe as observed in steady-state PL on
Sample B.

The excess carrier concentrations at the onset of the exponential decay
tails are on the order of 10*® cm™ (red curve) and 10*" cm™ (blue curve)
respectively. The net background doping concentration at room temperature is
estimated to be below 10*" cm™ from the free carrier absorption measured using
an infrared variable angle spectroscopic ellipsometer. Therefore, the excess
carrier concentrations at the onset of the exponential decay tails are assumed to be
much larger than the background doping concentration considering carrier freeze-
out at 10 K. In this case, the constant lifetimes in the exponential decay tails can
be attributed to Shockley-Read-Hall (SRH) recombination, and the PL intensity
has a quadratic dependence on the excess carrier concentration. The PL decay
lifetimes are fit as 171 ns and 200 ns for the initial excess carrier concentrations

0f 5.0<10"® cm™ and mid 4.0>10*" cm, respectively. The slight difference
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between the observed lifetimes may be due to the limited time range taken in the
measurements, and the SRH lifetime is taken as 186 ns from the average of those

fit values.

2.5 Modeling

The pronounced band bending effect shown in Fig. 2.4 (a) has been
observed primarily in type-11 quantum wells and quantum dots [11], [29]. In
superlattices, however, the coupling between the quantum wells tends to reduce
the charge localization and separation as shown by the probability densities in Fig.
2(b). To confirm the band bending effect in the type-I1 superlattice, self-consistent
solutions of the Schra&dinger and Poisson equations [16] are performed to model
the increase of ground state transition energy with the accumulation of excess
carriers,

The modeling starts with the calculation of strain effects on the band edges.
The strain effects on the band edges are caused by a superposition of the

hydrostatic strain 0Eny and shear strain oEs,

SE, =-a(2¢,+¢,)
2.1
L b (2.1)
E5E5h :—5(26‘” —2822)
where
asub_a'epi
g =
== (22)
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with Cy, and Cy; being the elastic stiffness constants, and a=ac-ay is the
hydrostatic deformation potential. The hydrostatic strain shifts the conduction
band and valence band edges, while the shear strain splits the heavy-hole and
light-hole bands,

SE, ,,, =—SE, + % SE,

(2.3)

5EC—LH = _5Ehy _%5Esh

The superlattice minibands are formed as the hybridization of bound states
of the quantum wells coupled through the barriers, which can be obtained by

solving the Schr&dinger equation

1 d

_?E[ﬁE}U(Z)J{V“(Z)_VE(Z)JT(Z)zET(Z) (2.4)

where m(z) is the effective mass in the growth direction z, ¥ (z) is the wave
function of the energy state E, and Vsi (z) and Ve (z) are respectively the band
edge alignment of the superlattice and the electrostatic potential induced by the
charges. For a superlattice of N periods of a period L, the wave vector g has N
values in the first Brillouin zone with the spacing of 2x/NL according to the
envelope function approximation and the cyclic boundary condition. The energy
states corresponding to +q and —q are degenerate. Eq. (2.4) is solved respectively

for the conduction band, the heavy-hole band and the light-hole band using the
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propagation matrix method, in order to obtain the energy states and wave
functions corresponding to the wave vectors.
The charges accumulated under the optical excitation generate an

electrostatic potential Vg (z) as described by the Poisson equation

oS 1)) e

where &(2) is the dielectric function and n(z) and p(z) are the electron and hole
densities. The boundary conditions for a period of the superlattice is V(L/2)=V(-

L/2)=Vqw. The electron concentration n(z) is

n(2)=2 2|7 (2N, (2.6)
where |¥,,(z)|? and Ny are the electron probability density in the growth
direction and the electron concentration perpendicular to the growth direction in
the n" energy state Eqm of the mg miniband in the conduction band. The electron

concentration perpendicular to the growth direction on the energy state Eny is

m o kBT—Te In (1+ e[FNfE"m]/kBT ) (27)

7h

N

The electron quasi-Fermi level Fy can thus be solved using Egs. (2.6) and (2.7)
assuming the incident light is evenly absorbed in every period of the superlattice.
The hole quasi-Fermi level Fp is obtained similarly considering both the heavy-
hole and light-hole bands. Consequently, the electron concentration, the heavy-
hole and light-hole concentrations are obtained, and Eqg. (2.5) is solved for the

electrostatic potential Ve (z). This procedure of solving the coupled Schr&dinger
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and Poisson equations is iterated until it converges. The flow chart of the

calculation program is shown in Fig. 2.6.

[ Start ]

y
Calculate strain effects

Generate calculation grids

Solve Schrd&dinger equation for the conduction band,

A

heavy hole band and light hole band

Y
Calculate electron and hole quasi-Fermi levels

Calculate electron and hole distributions

Solve the Poisson equation to get the electrostatic potential

Converge?

Y

End

Fig. 2.6. Program flow chart of self-consistently solving the Schr&dinger and

Poisson equations.
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The material parameters used in the calculations are shown in Table 2.3.
The absorption coefficient and the surface reflectivity at the 488 nm laser
wavelength are 10° cm™ and 28% respectively, as determined from the
ellipsometry measurements. The electron and hole concentrations are assumed to
be uniform due to carrier diffusion. The surface recombination is not expected to
be significant because of the strong hole confinement in the structure. The carrier
lifetime used in the calculations is 186 ns as obtained from the TRPL
measurements, because most of the carrier concentrations that caused the blue
shift in the PL peak position are in the range of carrier concentrations that exist

during the PL decay tails.

50 -
=  Measured PL peak position
40 Calculated ground state - .
transition energy
~ 30+ -
[} L
=
w 20 -
< X
10 -
0F -

“;616 L “.‘.1“(')1? " -....,]..CI)‘IE " ....1019

Excess carrier concentration (cm)
Fig. 2.7. The blue shift AE in the measured PL peak position and the calculated

ground state transition energy as a function of the excess carrier concentration.
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The calculated ground state transition energy is compared with the blue
shift in PL peak position as a function of the excess carrier concentration in Fig.
2.7. The calculated ground state transition energy increases by 52 meV, which is
in reasonable agreement with the 40 meV blue shift observed in the PL peak
position. The larger blue shift of measured PL peak position at low carrier
concentrations could be caused by the filling of the tail states below the band
edges, which is not considered in the calculations. The smaller blue shift of the
measured PL peak position at large carrier concentrations could be attributed to
the decrease of carrier lifetime due to the increase of wave function overlap at the

high excitation levels.
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[11 CONTACT GRID DESIGN

3.1 Introduction

The optimization of front contact layout is critical for improving the
efficiency of concentrator solar cells. The minimum power loss (MPL) method
[1]-[5], or similarly the maximum power output (MPO) method [6]—[9], has been
used to optimize the finger spacing and bus bar width in order to maximize the
efficiency. However, there are some assumptions in these methods that should be
put under scrutiny. In this Chapter, these assumptions are carefully examined and
a rigorous MPO method based on the distributed series resistance model
(MPODSR) is proposed. Unlike the conventional methods, this method does not

need any prerequisite knowledge of the operating voltage and current density.

3.2 Minimum Power Loss Method

The MPL method is taken as an example to examine the assumptions in
the conventional methods. In the MPL method, the total power loss associated
with the front contact is divided into the shadowing loss caused by the reflection
of light from the metal contact and the Joule heating loss generated on the series
resistance by the current flow. The shadowing loss ps, is defined as

p — F)in Arnetal — Amelal (3 1)
s Pin Acell Acell

where Pj, is the power density of the incident light and Ametar and Acey are the

areas of the metal contact and the solar cell respectively. To make its definition
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consistent with the series resistance loss, ps, is defined alternatively with respect
to the electric power

p — Jme Ametal — Ametal (3 2)
; J me Aell Acell , .

where Ji, and Vi, are the current density and voltage measured at the operating

point. The series resistance loss py is defined as

23: [12dR,

p _ =1 (33)
y JmeAeII

where Ry is the semiconductor series resistance, the metal series resistance or the
contact resistance, and I is the current flowing through the path I; of the

respective series resistance.

External connections

Busbar

W,

Fig. 3.1. Contact layout and current flow directions of a square solar cell.

To facilitate the discussions, we will consider a square solar cell with a
busbar at one edge and fingers perpendicular to the busbar as shown in Fig. 3.1.

The solar cell is divided into unit cells of identical areas shown by the dashed
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lines. Since the finger length is usually much longer than the finger spacing, it is
assumed that the current generated at the junction flows laterally in the emitter
and is collected by the fingers. For simplicity, the current loss due to surface
recombination is not considered here.

For the contact pattern in Fig. 3.1, the shadowing loss is

W, (B-W,) W,
_ A PTT) 3.4
P BS B G

The semiconductor series resistance loss, metal series resistance loss and contact
resistance loss are given by

) _[7(3.8y) p./Bdy 35)
«= T JVBS/?

B
0

], (3,5%) o, W, dlx

psrm - (3.6)
J V BS
and
_(2.B5) p°/(BWf). (3.7)
J V BS

respectively, where pqs, psrm and pgc are the emitter sheet resistance, the metal
sheet resistance and the contact resistance.

There are several assumptions in Jy, and Vi, in Egs. (3.5)-(3.7). Firstly, in
practice, Jn and Vp,, are usually measured from one or more prototype devices
[3]-[5] as input parameters for the series resistance losses. However, since J, and

Vi vary with the contact pattern, the series resistance losses in Egs. (3.5)-(3.7) are
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only valid for the devices with finger spacing close to that of the prototype
devices. Secondly, because there is only dark recombination current underneath
the metal contact, J, obtained by averaging the operating current over the entire
solar cell area underestimates the current density in the open areas between the
fingers. Furthermore, for a certain contact pattern, the local J,, and Vy, vary at
each point along the path of lateral current flow. Under illumination, the lateral
current flow in the emitter causes an increase in the junction voltage from the
center to the edges of a unit cell. Therefore, V., measured from the contact
terminals is less than the local junction voltage in the open areas. Due to the
increased junction voltage, the recombination current density is increased near the
edges of the unit cell. Nevertheless, the recombination current density is much
less than the photocurrent density at the operating point for most solar cells with
optimal contact patterns. It is therefore reasonable to assume that the junction
current density is uniform in the open areas. If the finger spacing is too large,
however, the junction voltage may build up so much that it causes a significant
increase in the recombination current density near the edges of the unit cell.
Consequently, the junction current density may not be uniform in the open areas.
This effect of large recombination current will be referred to as the diode loss
hereafter. The diode loss in conjunction with the series resistance loss causes the
fingers to be placed close together, at the expense of the increased shadowing

effect. The optimal finger spacing is therefore a tradeoff between these conflicting
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criteria. In the conventional design methods, the neglect of diode loss may cause

the finger spacing to be larger than the optimal finger spacing.

3.3 Maximum Power Output Method Based on the Distributed Series
Resistance Model

Considering the effects discussed above, the contact grid optimization can
be achieved by maximizing the output power using the distributed series
resistance model [10]. For a solar cell of a particular size, the finger spacing and
thus the number of unit cells are varied in order to find the maximum output
power at the external connection. The equivalent circuit of a unit cell is shown in
Fig. 3.2. Each of the open areas in the unit cell is divided into many slices in the
direction of lateral current flow. Every slice has the photocurrent dly,, the
recombination currents dl,; in the quasineutral region and dl, in the depletion
region, the lateral emitter resistance dR, and the vertical base plus back contact
resistance dRy. The substrate resistance is negligible for highly doped GaAs
substrates. Underneath the finger, the vertical emitter resistance is Res, the base
plus back contact resistance is Ryf, and the recombination currents are I35 and Iy
For simplicity, the series resistance and contact resistance of the finger are
lumped into a resistance Ry. In Fig. 3.1, the busbar is bonded to the external
connection at the end of every finger, so there is no lateral current flow in the
busbar and it does not generate any series resistance loss. The busbar width is
therefore set to the minimum width necessary for bonding to reduce its shadowing

loss. A program using Matlab and SPICE is developed to simulate the equivalent

38



circuit and find out the optimum finger spacing where the output power is
maximized. The parameters of a p/n GaAs solar cell used in this study are shown

in Table 3.1.

drR dR)

Ref

¥ §
gerf #dlm d"rz )d"ph #
Rbf

dR,

<t
=

* ¥ @ d/ﬂ#dfrgzd/ph)

dR,

Fig. 3.2. Equivalent circuit of a unit cell based on the distributed series resistance

model.

Table 3.1 Parameters of the GaAs solar cell [7], [9], [11]

Area (cm?) 1x1 Emitter thickness (um) 0.7
Base thickness (pm) 3.8 Emitter doping (cm™) 2.5x10"®
Base doping (Cm_g) 55107 Emitter sheet resistance 300
(Q/)

Base resistivity (Qcm) 4%107 Joz (MA/cm?) 101
Joz (MA/Ccm?) 10° Ny 1

Ny 2 Jon (MA/CM®) 27

Contact resistance 10° Finger line resistance 0.1
(Qcm?) (Q/cm) '

Finger width (um) 5 Busbar width (um) 100

Fig. 3.3 shows the power losses for the MPL method for the GaAs solar
cell at 1000 suns concentration. It can be seen in Fig. 3.3 that the series resistance

loss in Eq. (3.3) increases to about 100% at the finger spacing of 400 um,
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showing that the absolute power loss on the series resistance is about the same as

the output power.
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Fig. 3.3. Calculated power losses of the GaAs solar cell under 1000 suns

concentration using the MPL method.

1.5

—=— Output power

| —— Light generated power (a)
—s— Absolute series resistance loss
—— Diode loss

—
o

Unit cell power (W)

00k M
0 100 200 300 400
Finger spacing (um)

40



—=— QOutput power
40 . Light generated power (b) 7
| —— Absolute series resistance loss
—+— Diode loss
2l M 7]
g 20 -
@]
o
10 -
0f J
0 100 200 300 400

Finger spacing (um)
Fig. 3.4. Calculated light generated power and its allocation between the output
power and power losses of (a) a unit cell and (b) the entire GaAs solar cell under

1000 suns concentration using the MPODSR method.

Fig. 3.4 shows the light generated power and its allocation between the
output power and power losses of a unit cell (a) and the entire GaAs solar cell (b)
calculated using the MPODSR method at 1000 suns concentration. In Fig. 3.4(a),
it can be seen as the light generated power increases almost linearly with the
finger spacing, the absolute series resistance loss increases and saturates, while
the diode loss starts to increase linearly at the finger spacing around 200 um. The
output power also starts to saturate at about 200 um, because the light generated
power is all consumed by the diode loss. The finger spacing 200 um can therefore
be considered as the critical finger spacing, above which the increase of the open

area does not produce any extra power. In Fig. 3.4(b), the output power and
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absolute series resistance loss of the entire solar cell are reduced above the critical
finger spacing, because the unit cell number decreases with the increased finger
spacing.

The monotonic increase in the series resistance loss for the MPL method is
due to the assumption of uniform junction current density in the open areas. This
assumption is valid only when the local junction voltages in the open areas are
sufficiently small such as at the operating points of most solar cells with
optimized contact patterns. Fig. 3.5(a) shows the lateral distribution of junction
voltage of a unit cell with the optimal finger spacing of 68 um at 1000 suns
concentration calculated using the distributed series resistance model. It can be
seen that the local junction voltage increases by about 40 mV from the center to
the edges of the unit cell, which is larger than kT/q reported previously [12], [13]
for the optimum finger spacing. The voltage on the finger in the center of the unit
cell is uniform. Due to the increased junction voltage, the recombination current
density increases from the center to the edges of the unit cell as shown in Fig.
3.5(b). However, the recombination current density is still negligible compared to
the photocurrent density. Therefore, the lateral current density increases linearly

from the edges to the center of the unit cell.
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Fig. 3.5 (a) Lateral voltage distribution and (b) the distributions of lateral current

density, photocurrent density and recombination current density in a unit cell with

the optimal finger spacing at 1000 suns concentration.

If the finger spacing is larger than the critical finger spacing, however, the

nonuniform recombination current density in a unit cell may significantly affect
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the current collected by the finger at the operating point. For instance, at the
finger spacing of 400 um and 1000 suns concentration as shown in Fig. 3.6(a), the
local junction voltage increases by about 370 meV from the center to the edges of
the unit cell due to the lateral current flow. The junction voltage becomes
saturated near the edges of the unit cell, because the recombination current
consumes nearly all the photocurrent in those areas as shown in Fig. 3.6(b).

Consequently, there is little lateral current flow in those areas.
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large finger spacing at 1000 suns concentration.
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depletion effect.

This effect of photocurrent depletion shown in Fig. 3.6(b) can be
visualized with the schematic cross section of the solar cell in Fig. 3.7. The areas
near the edges of the unit cell produce little power because almost all the
photogenerated carriers are recombined at the junction. This effect is equivalent to

the shadowing effect although there is no metal coverage in this area. Fig. 3.8
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Fig. 3.7. Schematic cross section of a solar cell showing the photocurrent




compares the optimal finger spacing and critical finger spacing of the GaAs solar
cell calculated by MPODRS method under various concentrations. It can be seen
that the difference between the critical finger spacing and optimal finger spacing
decreases rapidly with the increase of concentration. The photocurrent depletion
effect can be used to explain the concentration dependent series resistance [15].
Under concentrations, the semiconductor series resistance depending on the
lateral current path is one of the major contributors to the total series resistance. It
can be seen from Fig. 3.8 if a solar cell with the finger spacing optimized at 100
suns is to work at above 1000 suns concentrations, the finger spacing becomes
larger than the critical finger spacing. Therefore, the lateral current path may be
reduced due to the photocurrent depletion, causing the decrease in the series
resistance. It indicates that the superposition principle does not hold when the

concentration level is varied in a large range.

700 T R
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Fig. 3.8 Comparison of the optimal finger spacing and critical finger spacing of

the GaAs solar cell calculated by MPODRS method under various concentrations.
46



3.4 Comparisons of the Methods

Fig. 3.9 compares the optimal finger spacing and maximum efficiency of
the GaAs solar cell at various concentrations calculated using the MPL method
and MPODRS method. It can be seen that the optimal finger spacing and
maximum efficiency calculated by the former method are larger than those of the
latter one due to the neglect of diode loss in the latter. Nevertheless, the optimal
finger spacing and maximum efficiency determined by the two methods are close.
It should be noted that the operating current density and voltage used in the
calculation of MPL method is obtained from the contact pattern optimized using
the MPODRS method. In practice, the prototype devices used for the MPL
method may not have optimal contact patterns, and it may take several iterations

for the optimization.
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Fig. 3.9. (a) Comparisons of optimal finger spacing and (b) maximum efficiency
of the GaAs solar cell calculated by the MPL method and MPODRS method

under various concentrations.

The difference between the two methods is dependent on the series
resistance and saturation currents of solar cells. Because the fingers can be put
further apart for smaller series resistance and saturation currents, the series
resistance loss and diode loss become more significant than the shadowing loss,
and the difference between the two methods is larger due to the simplified
assumptions in the MPL method. For instance, if a ZnO window layer with the
parameters in Table 3.2 is put on the GaAs solar cell, the sheet resistance of the
current collecting layer is reduced owing to the low resistivity of the ZnO layer.
The differences in the optimal finger spacing and maximum efficiency calculated
with the two methods are increased as shown in Fig. 3.10(a) and (b), assuming

there is no optical loss caused by the ZnO window layer.
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Table 3.2 Parameters of the ZnO window layer.

Thickness (pm) 0.1 Doping (cm™) 5x10%°
Sheet resistance (Q/L) 50  Contact resistance (Qcm?) 10°
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g 250 | \ -
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Fig. 3.10. (a) Comparisons of optimal finger spacing and (b) maximum efficiency
of the GaAs solar cell with a ZnO window layer calculated by the MPL method

and MPODRS method under various concentrations.
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IV EXTERNAL QUANTUM EFFICIENCY MEASUREMENTS OF MULTI-

JUNCTION SOLAR CELLS

4.1 Introduction

The spectral external quantum efficiency (EQE) is an indispensible tool
for the design and development of multi-junction solar cells [1]-[10]. By
partitioning the solar spectrum into narrow absorption bands, multijunction solar
cells utilize the photon energies more effectively. The EQE of multijunction solar
cells is a measure of the photocurrent generated by each subcell under a certain
solar spectrum. It is useful in making current-matched subcells, and can also be
used in diagnosing problems such as poor material absorption and carrier
diffusion, high surface and interface recombination rates and light absorption in
undesired parts such as the tunnel junctions.

However, the EQE measurement of multi-junction solar cells is not an
easy task, especially for solar cells with more junctions and more spectral
interference between the junctions. EQE measurement artifacts are often observed,
characterized by the erroneous responses outside the wavelength range of the
subcell under test and the correspondingly lower responses in the wavelength
range of the subcell under test [12]-[18]. Fig. 4.1 shows the EQE spectra of the
Ge subcells of a commercial InGaP/InGaAs/Ge triple junction solar cell (S1)
under varied DC bias voltage (a) and another commercial InGaP/InGaAs/Ge triple
junction solar cell (S2) under varied DC bias light intensity on the InGaAs subcell

when the solar cell is biased at the optimal bias voltage 0 V (b) and at -0.5 V (c).

52



The EQE measurement artifacts observed primarily in the InGaAs and Ge
wavelength ranges can be attributed to the shunt effect, the luminescence coupling

effect, and the combined effects of shunt and luminescence coupling, respectively.
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Fig. 4.1. EQE spectra with measurement artifacts caused by the shunt effect (a),
the luminescence coupling effect (b), and the combined effects of shunt and

luminescence coupling (c).

4.2 Measurement Setup
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Fig. 4.2. EQE measurement setup for multi-junction solar cells.



Fig. 4.2 shows the schematic diagram of the EQE measurement setup
(Newport QE/IPCE). It consists of a Xe arc lamp as a sun simulator, a chopper, a
grating monochromator, a lock-in amplifier, and a calibrated Si detector to
measure the spectrum of the sun simulator. The white light from the sun simulator
is modulated by the chopper at 33 Hz and collected by the monochromator to
generate the probing monochromatic light used in the EQE measurements. A 405
nm, 780 nm and 980 nm laser diode are used to light bias the InGaP, InGaAs and
Ge subcells, respectively. Laser diodes are used instead of LEDs because their
smaller line widths minimize the spectral interferences between the adjacent
subcells. A source meter (Keithley 2420) is used in conjunction with a load
resistor to provide the DC voltage bias and measure the DC output current of the
solar cells. The AC component of the output current generated by the chopped
monochromatic light is converted to a voltage signal by a load resistor, amplified
by a voltage amplifier (ITHACO 1201), and then measured by the lock-in

amplifier.
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4.3 DC Measurement Condition
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Fig. 4.3. Circuit models of triple junction solar cells under the DC bias condition
in the EQE measurement of the top subcell (a), middle subcell (b) and bottom
subcell (c). Superscripts T, M, B: top, middle and bottom subcells. Subscript BS:
bias light; L: load; SH: shunt; A: applied; LK: light leakage through the upper

subcell; D: Diode; LC: luminescence coupling.

Fig. 2 (a), (b) and (c) show the circuit models of triple junction solar cells
under the DC light and voltage bias condition in the EQE measurement of the top,
middle, and bottom subcell, respectively [15], [17], [18]. The current sources I5s,
I3 and I5 are the photocurrents generated by the intentional light biases on the
three subcells. Because the bias light on an upper subcell may not be completely
absorbed, additional photocurrent can be generated in the lower subcell by the

unabsorbed bias light. This leakage current is modeled as the current controlled

current source I, 2" = a; o I3 from the top to the middle subcell and 13" =
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- 1N from the middle to the bottom subcell, respectively. The leakage

strengths a, and &

depending on the absorbance of a subcell and the
refractive indices of the subcell and the adjacent subcells are constants at a certain
wavelength. Moreover, the radiative recombination in an upper subcell with a

larger bandgap generates photons that can be reabsorbed in the lower subcell.

This luminescence coupling effect, as will be discussed in more detail in section
4.6.1, is modeled by the current controlled current source I|2" = £ M (1(DT))

from the top to the middle subcell and I;¢° = £1® (1(DM)) from the middle to
the bottom subcell, respectively. Note that the light leakage and luminescence
coupling effect have more prominent effect on the DC and AC performance of the
solar cells respectively, and are only considered for adjacent subcells in the
models. The voltage source Vpc is used with the load resistor Ri=51  to provide
the DC voltage bias to the solar cells. V¢ is distributed to the series connected
subcells and the load resistor Ry as follows
VI+VY Ve =V +V, . (4.1)

The operating points of the subcells in EQE measurements are determined

by the DC bias conditions and the coupling effects between the subcells. The I-V

relations of the three subcells under the DC bias condition are

qvT VT
| =17 —| 17em + , 4.2
o sc [ 0 RSTH] ( )
QM VM
|o=1"—| Me™ + — |, 4.3
o sc ( 0 R;\:j ( )
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qvB B

Lozt ) )
RSH

where I3, I)" and IE are the saturation currentsand nT, n™ and nBare the ideality

factors of the three subcells respectively. In the EQE measurements of the top

subcell, the middle and bottom subcells are intentionally light biased, as shown in

Fig. 4.3 (a), and therefore the short-circuit currents of the three subcells are

T —

I, =0,

M _ M

Isc - IBS’ (45)
B _ B M,B M,B
ISC_IBS+ILK +ILC '

In the EQE measurements of the middle subcell, the top and bottom subcells are
intentionally light biased, while the middle subcell is unintentionally light biased
by the light leakage and luminescence coupling from the top subcell, as shown in

Fig. 4.3 (b). The short-circuit currents of the three subcells are therefore

T _ g7
Isc_IBs’
M _ | TM ™
ISC_ILK +ILC ! (46)
B _ |8 MB
ISC_IBS+ILC '

In the EQE measurements of the bottom subcell, the top two subcells are
intentionally light biased, while the bottom subcell is unintentionally light biased
by the light leakage and luminescence coupling from the middle subcell, as shown

in Fig. 4.3 (b). The short-circuit currents of the three subcells are therefore

Igc = I;s' (47)
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Mo ™
Isc - IBS

Lc !

+ 1M +1

B _ | MB M,B
ISC_ILK +I|_c'

4.4 Small Signal Analysis

Under the DC bias condition, the EQE spectrum of a subcell is measured
by scanning the wavelength of the chopped monochromatic light. Because the
photocurrent iy, generated under the chopped monochromatic light can be
considered as a small signal perturbation around the DC operating points, the
small signal analysis can be used for the AC responses of solar cells in the EQE
measurements. In this chapter and the following chapter, the DC signals are
denoted as uppercase letters with uppercase subscripts and superscripts, AC
signals are denoted as lowercase letters with lowercase subscripts and superscripts,
and the signals consisting of both DC and AC components are in uppercase letters
with lowercase subscripts and superscripts.

Under the small signal perturbation, the 1-V relation of a subcell diode

becomes

a(Vo+v)

I(D)|Vo +i(D)=1le ™

(4.8)

If v « V,, the right hand side of Eq. (4.8) can be expanded using its Taylor series,

and the first two terms are taken as an approximation as
I(D)|VO +i(D) ~ I(D)|VU + r|VO v (4.9)

where
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dv |

nkT |
e _
di(D)

~ 1(D)

(4.10)

Vo Vo

is the small signal resistance of the diode at the operating point (I(D)lVO, Vo).

Similarly, the I-V relation of a shunt resistance that varies with the subcell voltage

can be linearized as

(R, +i(R) =T, (V, +V)= I(R,)], +ri (4.11)

sh

where

L__av
TdI(R,)),

(4.12)

is the small signal shunt resistance at the operating point (I(D)|V0, VO). In addition,

the luminescence coupling current in a subcell as a function of the recombination

current in the upper subcell can be linearized as
ILC|VO +i, = ch(| (D), —l—i(D))z ILC|VO +a,i(D), (4.13)
where

dl

LC

&, = di(D) (4.14)

is the small signal luminescence coupling strength at the operating point
(1Dl Vo).
For EQE measurements in the wavelength range of the top subcell, the I-V

relations of the three subcells under the chopped monochromatic light are
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q(VT+v’)
HE B H T nTkT T T t
I, +i, =12 +it, —|1]e + £ (VT+v) |,

q(VM+vm)
I, +i =1+ i —[IOMe o (v +vm)], (4.15)

q(VB+vb)
- B =mb BA nB B B b
I +i, =15 +i7" = 17e ™ +f2 (VE+Vv")|.

With the small signal approximation and the DC operating condition, the small

signal 1-V relations of the three subcells can be obtained from Eq. set (4.15) as

. V'

i, =i, ——
r'/lr,

i =i i — , (4.16)

__imb

1 = — .
N S NI

For EQE measurements in the wavelength range of the middle subcell, the

I-V relations of the three subcells under the chopped monochromatic light are,

q(VT+vt)
- T T nTkT T T
lo+i, =1 - lje ™ + £l (VT+v')|,

q(VM+vm)
Io+i0_ls“§+ipr;+i,‘c'"{lo“”e +fR“S”H(VM+vm) : (4.17)

q(VB+vb)
I +i, =15 i +ir = 17e ™ +f2 (VE+v°) |,
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With the small signal approximation and the DC operating condition, the small

signal 1-V relations of the three subcells can be obtained from Eq. set (4.17) as

t

i = \"
ST
I, =iy +i." — ) 4.18
ph I rm//rsrr‘n ( )
b
i :im,b im,b_ .
[¢] Ik lc rb//rs:

For EQE measurements in the wavelength range of the bottom subcell, the

I-V relations of the three subcells under the chopped monochromatic light are

q(VT+vt)
- T T nTkT T T t
Io+lo:ISC_ IOe kT +fRSH (V +V) ]

q(VM+vm)
I, +i =12 +i" —[IOMe e (VY +vm)], (4.19)

q(VB+vb)
T _ |8 H) Tmb B Byt B B b
lo+i, =15+ +i™—| 17e " +fRSH(V +v) .

With the small signal approximation and the DC operating condition, the small

signal I-V relations of the three subcells can be obtained from Eq. set (4.19) as

t

P - \Y
Cortin
(4.20)

cim \Y
Io = I(; - !
r//r;

63



i, =1+ _rb/rsﬁ -
In addition, the voltage drops of the three subcells generated by the
chopped monochromatic light obey
Vi+V"+V =i R . (4.21)
EqQ. set (4.16) and Eq. (4.21), Eq. set (4.18) and Eqg. (4.21) and Eq. set
(4.20) and Eq. (4.21) represent the small signal equivalent circuits of the EQE
measurements in the wavelength range of the top subcell, the middle subcell and

the bottom subcell, as shown in Fig. 4.4 (a), (b) and (c) respectively [15], [17],

[18].
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Fig. 4.4. Small signal models of triple junction solar cells in EQE measurements
in the wavelength range of the top subcell (a), middle subcell (b) and bottom
subcell (c). Small letters stand for the small signal counterparts of the DC

elements shown in Fig. 4.3. Subscript ph: AC photocurrent; d: diode.

The output current i, and the voltage drops of the subcells generated by the

chopped monochromatic light are calculated as
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L (r‘ //rS;)+(;/"m Jroz,‘k’"‘)(rm //rS;”)+(7/"m +o:|‘k’"‘);/"""(rb //rsfj)

S o) BN W) Yy WU Y Wy P [ ) PR )
ve=(i5, =i, )(r' /1), (4.22b)
V= (g + )il =y (e ), (4.22¢)
v = {7 ) i [ L+ (L) T (1), (4.22d)
in the wavelength range of the top subcell, and
rm e )+ (™ + e ) ("

) ;(/""‘)(r:”h /)/g§§+ [1?;13-(7/""“ ) ys:"")}(r” )R 4%
V=i (r /7)), (4.23b)
vr=[in =y (e, (4.23c)
v ={(ym e )in [ 1+ (@) i (0 1), (4.23d)

in the wavelength range of the middle subcell, and
i =i (/) (4.24a)

T+ (L) (e I ) [ (L )y (0 1)+ R

vi=—i (r /7)), (4.24b)
V" =i (L4 ") (e 1T, (4.24c)
v=lin —[1+ @) i (i), (4.24d)

in the wavelength range of the bottom subcell. In Eq. sets (4.22)-(4.24), yt™ =

tm h mb _ ,mb sh t m b
a. rtjrt % a,.’ rmi ™ and rt//rs, r™//r and P/ /78 are the parallel
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resistances of the small signal diode resistance and shunt resistance of the top,
middle and bottom subcell respectively.

The above equations link the output current i, to the subcell
characteristics at the DC operating points. It can be seen from Eq. (4.22a), (4.23a)
and (4.24a) that the measured output current i, is not always the same as the
photocurrent generated under the chopped monochromatic light, because of the
shunt and luminescence coupling effects. Furthermore, the DC voltage and light
biases can be used to control and minimize the EQE measurement artifacts. When
the bias light intensity on a subcell is varied, it primarily changes the operating
point of the subcell, and therefore controls its radiative recombination rate and the
luminescence coupling to the lower subcell. When the bias voltage is varied, it
primarily changes the operating point of the subcell under test and therefore

controls the shunt effect.

4.5 Special Cases

In reality, not every solar cell has all the characteristics of shunts and
luminescence coupling. For high quality solar cells with strong luminescence
coupling effects and large shunt resistances, Eq. (4.22a), (4.23a) and (4.24a) in the

wavelength range of the three subcells are simplified to

i =0, (4.25)
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for the EQE measurements of the top subcell, which shows the EQE is not
affected by the luminescence coupling effect. For the EQE measurements of the
middle subcells, Eq. (4.22a), (4.23a) and (4.24a) in the wavelength range of the

three subcells are simplified to

.1 (4.26)

which shows that the EQE of the middle subcell is larger than the leakage
response in the wavelength range of the top subcell, and it is smaller than the real
response in the wavelength range of the middle subcell, because of the
luminescence coupling effect between the top and middle subcells. For the EQE
measurements of the bottom subcells, Eq. (4.22a), (4.23a) and (4.24a) in the

wavelength range of the three subcells are simplified to

io _ I;h (alt;m + altm)alrcn'b ,
1+ (l +a ) a™

lc

P _in a)” +a,”
L (1+ a,‘c'm)a,m"’ '

C

(4.27)

i =i’ 1
o "1+ 1+ oo

Ic

which show that the EQE of the bottom subcells is larger than the leakage

response in the wavelength ranges of the top and middle subcells, and it is smaller

68



than the real response in the wavelength range of the bottom subcells, because of
the luminescence coupling effect between each adjacent subcells.

For poor quality solar cells, there is no luminescence coupling between
subcells and the shunt resistances are low. The EQE responses of the three
subcells are simplified to

M

- s
S )+ (e )+ (1) + R

i =i N
(e )+ (e )+ (e I+ R, (4.28)

o e,
(e e )+ (e )+ () + R

For some special structures such as the bi-facial triple junction solar cells
[18], the upper two subcells are grown on the different side of the wafers from the
bottom cell, and therefore there is no luminescence coupling from the middle
subcell to the bottom subcell. The EQE responses are therefore

it

i =i (r 1)+ (" +a)(" 1))
T )+ (L) (I )+ () + R,

- rm /]
o =l (r‘ //rS;)+(l+y‘*m)(r”‘ //rshm)+(rb //r5§)+ R, (4.29)

H

- (r" /1))
oo (r /I )+ @+ ™) (e )+ (e e )+ R,
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4.6 Graphical Illustrations
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Fig. 4.5. Origin of EQE measurement artifacts in the Ge wavelength range (a) and

The origin of EQE measurement artifacts of the Ge subcells in the Ge

wavelength range and in the InGaAs wavelength range is explained in Fig. 4.5 (a)
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and (b), respectively. In Fig. 4.5, the 1-V curves of the Ge subcell and the top two
subcells under the DC biases are shown in the dark solid lines, and the DC output
current of the triple junction solar cell is shown in the dark dashed line. When the
monochromatic light is switched on in the Ge wavelength range or in the InGaAs
wavelength range, as shown in Fig. 4.5 (a) and (b) respectively, the 1-V curve of
the Ge subcell or the top two subcells is shifted up to the blue solid line. In
addition, in the InGaAs wavelength range in Fig. 4.5 (b), the I-V of the Ge subcell
is also shifted up, because of the increased light leakage and luminescence
coupling. As a result, the output current under the monochromatic light is
increased as shown in the blue dashed line. The intersections of the subcell -V
curves and the output current lines are the subcell operating points in the
measurements.

The EQE measurement artifacts arise when iy, i.e. the incremental current
from the DC bias condition at points 1 to the operating points under the

monochromatic light at points 2 as shown in the insets of Figure 4.5 (a) and (b), is

different from the photocurrent if,’h generated in the Ge wavelength range or the

optical leakage current il‘fj’bgenerated in the InGaAs wavelength range. It can be
seen that the Ge I-V curve is tilted at the operating points because of the low shunt
resistance of the Ge subcell. Furthermore, the luminescence coupling effect

causes a negative feedback on i, in the Ge wavelength range and an additional

photocurrent in the InGaAs wavelength range. As a result, i, is smaller than i};h in

the Ge wavelength range, and it is larger than il‘l‘j'b in the InGaAs wavelength
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range. Meanwhile, the voltage drops on the Ge subcell Av,, and on the top two

subcells —Av,, generated under the chopped monochromatic light cancel with

each other.

4.7 Characterization
4.7.1 Shunt Effect

The EQE measurement artifacts shown in Fig. 4.1 (a) are caused by the
low shunt resistance of the Ge subcell, as the luminescence coupling effect is not
observed for the solar cell S1. The shunt effect can be characterized using the
small signal resistances obtained from the subcell I-V curves. In order to probe the
subcell 1-V curves, the subcells not under test have to be strongly light biased to
make the subcell under test current limiting. Furthermore, the voltage of a subcell
is difficult to determine due to the series connection of the subcells. A reciprocity
relation between the photovoltaic quantum efficiency and the electroluminescence
has been used to determine the subcell voltages, although with considerable
complexity in implementation [20]. In the current work to determine the smalls
signal resistances, the accurate subcell voltages are not required, and therefore the
lsc-Voc method [15], [18], [21]-[23] is used to measure the I-V curves of the
forward biased InGaP and InGaAs subcells, and the 1-V curve of the Ge subcell
that is reverse biased or weakly forward biased is deduced from a voltage sweep,
as shown in Fig. 4.6. With the ls.-Voc method, the bias light intensity on the InGaP
or InGaAs subcell increases gradually while the other subcells are strongly light
biased. The pseudo I-V of the subcell formed by the points (ls;, Voc) is equivalent

72



to the dark 1-V without the effect of the series resistance [21]-[23]. In practice, the
bias light intensity on the subcell under test is usually varied near one sun,
because the Is.-Vo. method based on the superposition principle is valid when the
bias light intensity does not vary too much. In addition, I of a subcell with a low
shunt resistance is taken at a weakly forward biased voltage where the current is
close to the short circuit current and the shunt effect is minimized. The I-V curve
of the Ge subcell is measured from a voltage sweep when the Ge subcell is
current limiting, with the photocurrent due to optical leakage subtracted from the
measured current and the voltages of the top two subcells subtracted from the
measured voltage. It can be seen that the Ge I-V curve shows a soft breakdown at
the reverse bias. Note that the subcell voltages are not accurately determined, so

they are left in arbitrary units in Fig. 4.6.

10 -

Current (mA)
Current (mA)

0.1t

Voltage (arb. units)
Fig. 4.6. Measured I-V curves of the InGaP, InGaAs and Ge subcells of the triple

junction solar cell S1.
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Fig. 4.7 compares io/if,’h and i,/ iy, obtained at 980 nm and 780 nm of the
EQE spectra in Fig. 4.1 (a), and those calculated using Eq. set (4.28). iy}, is taken
from the EQE measurement in the InGaAs wavelength range, and iI‘;h is obtained
using the pulse bias methods in Chapter V. At the optimal bias voltage 1.9 V, the
measurement artifacts are minimized and the measured output current i, reaches
the maximum at 980 nm and the minimum at 780 nm. When Vpc decreases or
increases, i, decreases at 980 nm and increases at 780 nm, because of the
decreases of the small signal shunt resistance and the small signal diode resistance,
respectively. Fig. 4.7 shows a good agreement between the measurement and

calculation results.

08 v L o L] v ] v T M ) M Ll
980 nm
0.6 F -
§ 0.4F Dots: EQE measurements ’
7 Lines: calculations
b}
© 02t §
780 nm
00 1 1 1 1 1 1
1.0 1.2 1.4 16 18 20 22 24
Ve (V)

Fig. 4.7. io/iph Of the Ge subcell in the Ge and InGaAs wavelength ranges obtained

from Fig. 4.1 (a) (dots) and from the calculations (lines) using Eq. set (4.28).

4.7.2 Luminescence Coupling Effect
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The measurement artifacts in the EQE spectra of the Ge subcell of the
triple junction solar cell S2 at the optimal bias voltage 0 V, as shown in Fig. 4.1
(b), are caused by the luminescence coupling effect because the shunt effect is
minimized. The optimal bias voltage usually does not change much with the bias
light intensity when the luminescence coupling is dominant. For the solar cell S2,
the luminescence coupling effect is only observed between the InGaAs and Ge
subcells, and the light leakage between the InGaP and InGaAs subcells can be
neglected because there is no EQE response in the InGaP wavelength range in Fig.

4.1 (b). Therefore, Eq. set (4.27) is further simplified to

am,b + am,b

_qm Ic Ik

B AL

(4.30)

. 1
I :I;h mb *
1+a)

The luminescence coupling strength and the leakage strength in Eq. set
(4.30) can be characterized by probing the luminescence of the subcells [17],[18],
[24]. The radiative recombination in a subcell generates photons with the energy
at the bandgap of the subcell. After going through photon recycling inside the
subcell, a few percent of the photons within the narrow escape cone at the
semiconductor/air interface escape from the solar cell surface generating
luminescence (L), while most of them are transimitted to the following subcell
with a smaller bandgap and contribute to its photocurrent. The relationship

between the number of photons emitted into the free space and the number being
75



reabsorbed, as shown in Eq. (4.31), is characteristic of the solar cell at a given set
of voltage and light biases,

(4.31

hc q )
where the parameter y depends on the geometries and refractive indices of the
two subcells and the internal quantum efficiency of the lower subcell. In
luminescence measurements, y is further scaled according to the solid angle and

responsivity of the detector. The small signal luminescence coupling strength is

therefore

L(2)2
di_ d(qj he dl/zj (4.32)

% di (D) di (D)
The luminescence intensity L in Eq. (4.32) is measured using a fiber-coupled
radiometer (EPP2000), while the bias light intensity on the InGaAs subcell is
varied. The recombination current I(D) in Eq. (4.32) is determined as the
photocurrent of the InGaAs subcell subtracted by the output current of the triple
junction.

Fig. 4.8 compares io/il',f,’h and i, /iy, obtained at 980 nm and 780 nm of the
EQE spectra in Fig. 4.1 (b), and those calculated using Eq. set (4.30) with ]{E’b
obtained from EL measurements and y and il‘l‘:'b as fitting parameters. ij; is taken
from the EQE measurement in the InGaAs wavelength range, and i};h is obtained
using the pulse bias methods in Chapter V. The leakage strength iﬁf’b is
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determined as 8.5% at 780 nm from the fitting. The luminescence coupling
strength calculated from the luminescence coupling current &> shown in Fig. 4.9
increases with the recombination current (D) of the InGaAs subcell, because of
the increased radiative recombination efficiency. As shown in Fig. 4.8, the
luminescence coupling effect becomes more severe with the increase of the
photocurrent I}L, because the measured output current i, decreases at 980 nm and
increases at 780 nm. Therefore, the bias light intensity on the InGaAs subcell

should be set as low as possible to minimize the luminescence coupling effect.

§0 P ‘\l.\ll'l\.;._‘\‘l\k—‘l -
08} 980 nm ]
ED 06 Dots: EQE measurements T
© Lines: calculations
2
7 04r -
GJ 3
O 780 nm
02 -/,/"""‘.’_’_-4_. i
00 1 1 1 1 1
2 4 6 8 10
M
/BS (mA)

Fig. 4.8. io/iph Of the Ge subcell in the Ge and InGaAs wavelength ranges obtained
from Fig. 4.1 (b) (dots) and from the calculations (lines) using Eq. set (4.30) at the

optimal bias voltage 0 V.
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Fig. 4.9. The luminescence coupling current i;¢> from the InGaAs middle cell to
the Ge bottom cell versus the recombination current 1(D") of the InGaAs middle

cell.

4.7.3 Combined Effects of Shunt and Luminescence Coupling

The measurement artifacts of the Ge subcell of the triple junction solar cell
S2 shown in Fig. 4.1 (c) are caused by the combined effects of shunt and
luminescence coupling at the bias voltage -0.5 V. According to Eq. (4.22a), (4.23a)
and (4.24a), the combined effects of shunt and luminescence coupling can be
characterized using the optical leakage strength, the luminescence coupling
strength and the small signal resistances. The optical leakage strength and
luminescence coupling strength for solar cell S2 are determined at the optimal
bias voltage 0 V as shown in Section 4.5.1. The small signal resistances are

determined from the subcell I-V in Fig. 4.10 at the operating points in the EQE
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measurements. The 1-V curves of the forward biased InGaP and InGaAs subcells
are measured using the ls.-Vo. method. The solar cell S2 does not have the
luminescence coupling effect between the InGaP and InGaAs subcells. For solar
cells with luminescence coupling between the InGaP and InGaAs subcells, the
luminescence coupling current in the InGaAs subcell is increased from the short
circuit to the open circuit condition with the increase of the recombination current
of the InGaP subcell, and therefore V. is increased and the points (I, Voc) are not
on the pseudo I-V of the InGaAs subcell anymore. However, this effect is usually
insignificant because the luminescence coupling current is much less than the
photocurrent generated by the bias light and the light leakage. The reverse I-V of
the Ge subcell is obtained from a reverse voltage sweep. The photocurrent
measured at the short circuit is caused by the optical leakage and luminescence
coupling effect. The luminescence coupling current varies with the bias voltage,
while the optical leakage current is a constant under a certain light bias. The
luminescence coupling current as a function of bias voltage or recombination
current of the InGaAs subcell is calculated from Fig. 4.7, and is subtracted from
the current measured at the corresponding voltage. The rest of the short circuit
current is attributed to the leakage light. The extracted I-V of the Ge subcell of the
triple junction solar cell S2 also shows a soft breakdown in the reverse bias as

shown in Fig. 4.10.
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Fig. 4.10. Measured forward I-V curves of the InGaP and InGaAs subcells and the

reverse I-V curve of the Ge subcell of the triple junction solar cell S2.

Fig. 4.11 compares io/igh and i,/ iy, obtained at 980 nm and 780 nm of the
EQE spectra in Fig. 4.1 (c), and those calculated using Eq. (4.23a) and (4.24a). It
can be seen that i,/ igh increases and then decreases with the photocurrent i3 of
the InGaAs subcell at 980 nm, and the trend of i, /i5}, is opposite at 780 nm.

When i}, decreases, the InGaAs subcell becomes less forward biased and its
small signal resistance becomes comparable to the shunt resistance of the Ge
subcell, making the artifact become worse. When 3L increases, the voltage as
well as the radiative recombination efficiency of InGaAs subcell increases,
making the artifact become worse as well. The EQE measurement artifact is
minimized at the i}y of 1.8 mA which corresponds to the optimal bias light

intensity on the InGaAs subcell, when the measured output current i, reaches the
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maximum at 980 nm and the minimum at 780 nm. It is dominated by the shunt
effect at smaller bias light intensity and by the luminescence coupling effect at

larger bias light intensity.

0.8 M 4
[ 980 nm
0.7+ .
. 06} i
:5 [ Dots: EQE measurements
= 05 ; ] ; _
T | Lines: calculations
Q
S 04} .
m 3
@
O 03F i
o2k 780 nm_ |
X | W | L
0.1 L L 1 1 {
0 2 4 6 8 10
M
/BS (mA)

Fig. 4.11. io/ipn Of the Ge subcell in the Ge and InGaAs wavelength ranges
obtained from Fig. 4.1 (c) (dots) and from the calculations (lines) using Eq. (4.23a)

and (4.24a) at the bias voltage -0.5 V.

In order to understand the interplay of the shunt and luminescence
coupling effects, SPICE simulations are performed for EQE measurement
artifacts of a Ge subcell caused by both the shunt and luminescence coupling
effects and by the shunt effect or the luminescence coupling effect alone, with the
subcell parameters and bias conditions shown in Table 4.1. As shown in Fig. 4.12,

i,/1,, calculated for both the shunt and luminescence coupling effects (squares)

follows those with only the shunt effect (open triangles) at small 3%, indicating
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that the shunt effect dominates. As I}L increases, the shunt effect is reduced (open
triangles), because the small signal resistance of the InGaAs subcell decreases
rapidly and the small signal resistance of the Ge subcell becomes dominant. At
large I)S, i,/ i, due to both effects follows those with only the luminescence
coupling effect (open dots), indicating that the luminescence coupling effect
dominates. Note that the luminescence coupling effect is slightly enhanced when
the shunt effect is absent (open dots) at large I}L. This is because the small signal
resistance of the Ge subcell becomes larger as the shunt resistance increases, and
the InGaAs subcell becomes more forward biased and generates stronger
luminescence coupling to the Ge subcell. The optimal bias light intensity on the
InGaAs subcell that minimizes the EQE measurement artifact of the Ge subcell is
therefore determined by the tradeoff between the shunt and luminescence

coupling effects.
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Fig. 4.12. Calculated io/iph of the Ge subcell in the Ge and InGaAs wavelength

ranges, with both the shunt and luminescence coupling effects (squares), only the

shunt effect (open triangles) and only the luminescence coupling effect (open

dots), when the InGaAs photocurrent I} is increased.

Table 4.1. Subcell parameters and bias conditions in the simulations of Fig. 4.11

loincap (MA) 4.16x101° Y% (mA) 2-14
NinGaP 2 Va(V) 1.2 (reverse biased)
loincaas (MA) 8x10° Ik 0
NinGaAs 2 altém 0 -
loce (MA) 1.6x10° e’ (0 fo%iL(at)alone)
Nce 1 RY; (Q) 10"
RL(Q) 1 RY,(Q) 10"
10%exp[2.1V(DB)] (10%°
I3s (MA) 10 RE,(Q) for only luminescence

coupling)
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V ELIMINATION OF MEASUREMENT ARTIFACTS IN EXTERNAL

QUANTUM EFFICIENCY OF MULTI-JUNCTION SOLAR CELLS

5.1 Introduction

It has been demonstrated in Chapter IV that the EQE measurement
artifacts can be minimized using proper DC light and voltage biases, but they
cannot be completely eliminated by varying the DC biases for subcells with low
shunt resistances and large luminescence coupling effects. This chapter presents

the methods to eliminate the EQE measurement artifacts.

5.2 The Unity Rule

A unity rule derived from Eq. (4.22a), (4.23a) and (4.24a) as follows
ot =1 (5.1)

has been proposed to recover the true EQE of a subcell when the series resistance
and light leakage can be neglected [1], [2]. This can be proved using. For instance,

if the photocurrent il‘;h and iy}, of the top and middle subcells can be measured,
the photocurrent if,’h of the bottom subcell can be obtained using Eq. (5.1) with

the measured output current if, i and i2 of the three subcells under the DC
voltage and light biases.

The applicability of the unity rule has been limited by several constraints.
Firstly, the light leakage may not be negligible for some solar cells. The leakage
light generates the EQE that decreases with decreasing wavelength because of the
increased absorption coefficient. The leakage strength is larger for thinner
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subcells with lower absorption coefficients. Furthermore, the series resistance has
to be considered in some cases. For example, if the voltage of the triple junction
solar cells is measured as the EQE response, the load resistor R, is necessary and
a large resistance is desirable for a large measurement signal. In addition, the
photocurrents of the InGaP and InGaAs subcells may not be ready to be obtained

when they have large measurement artifacts.

5.3 Pulse Voltage Bias (PVB) Method

A more universal approach to eliminate the measurement artifacts is to use
a pulse voltage bias [3], [4] or a pulse light bias [5] superimposed on the DC light
and voltage biases to control the subcell operating points during the
measurements and counterbalance the effects of shunt and luminescence coupling.
This section discusses the pulse voltage bias (PVB) method.
5.3.1 Models and Principles

Fig. 5.1 shows the circuit models of EQE measurements of the Ge subcells
of triple junction solar cells under the bias condition (a), and under the chopped
monochromatic light in the Ge wavelength range (b) and in the InGaAs
wavelength range (c) using the PVB method. The symbol definitions are the same

as in Chapter IV. The output current i, of the solar cells under the chopped

monochromatic light is converted by Rpc=51 Q to the voltage v, 4. (with the DC
biases in the conventional method) or v, 5. (with the AC bias and the DC biases in
the PVB method), and is then amplified by the voltage amplifier and measured by

the lock-in amplifier.
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Fig. 5.1. Equivalent circuit models of EQE measurements of the Ge subcells of
triple-junction solar cells under the bias condition using the PVB method (a), and
under the chopped monochromatic light in the Ge wavelength range (b) and in the
InGaAs wavelength range (c). The symbol D: Diode. Superscripts T (t), M (m), B
(b): top, middle and bottom subcells. Subscript BS: bias light; SH (sh): shunt; LK

(Ik): light leakage; LC (Ic): luminescence coupling and ph: photocurrent.
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Fig. 5.2. Principle to eliminate the measurement artifacts using the pulse voltage

bias in the Ge wavelength range (a) and in the InGaAs wavelength range (b).

As explained in Chapter 1V, the EQE measurement artifacts comes from
the fact that the AC output current i, between the DC operating points 1 in Fig.

5.2 and the operating points 2 under the chopped monochromatic light is smaller

than the photocurrent if,’h in the Ge wavelength range, and it is larger than the

optical leakage current iffj’b in the InGaAs wavelength range. If the subcell
operating points are moved to points 3 in Fig. 5.2 instead of points 2 under the

chopped monochromatic light, i, is equal to igh in the Ge wavelength range and it

is equal to il‘}("b in the InGaAs wavelength range. Therefore, the EQE
measurement artifacts are eliminated [8]. A pulse voltage bias v,. can be used to

achieve this. The voltage v,. is equal to the sum of the voltage drop AvZ. on the

Ge subcell and AvZ. on the top two subcells.
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5.3.2 Necessary Pulse Voltage Bias

A pulse generator (SRS DG535) v,. with a voltage divider consisting of
two resistors Ry and Ry is added into the bias condition shown in Fig. 5.1 (a), in
order to eliminate the measurement artifacts. The pulse generator is synchronized
to the chopped monochromatic light, and provides an effective voltage bias
Vae = VacRy/( Ry + R,) to the solar cells as shown in Fig. 5.1 (b) and (c). In
order to make v,. comparable to the voltage drops generated on the subcells by
the chopped monochromatic light, R; and R, are chosen as 1 kQ and 4.8 Q in the
Ge wavelength range and 10 kQ and 2.4 Q3 in the InGaAs wavelength range. v,
can therefore be controlled to as low as 0.48 mV and 0.02 mV, and the equivalent
load resistor Ry = RyR,/( R, + R,) is approximately 4.8 Q and 2.4 Q,
respectively

The output current i, in the Ge wavelength range can be obtained from Fig.

5.1 (b) as

o Vew _ I 10, /(1 46, ) + V.,
° R r+rm+(1+a)rer, /(r°+1, )+ R, + R,

DC

(5.2)

If there is no measurement artifact, i, is equal to i};h. Substituting this condition

into Eq. (5.2), the magnitude of the necessary v2. to recover the true EQE of the

Ge subcell can be obtained as

" =it [r‘ +r" 4 r0r (41 )+ R+ Ry
Vv 5.3
=== o e (40 )+ R+ Ry 53

[

\")

a

DC
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which shows that v2. is in phase with igh or the voltage v, 4. measured by the
lock-in amplifier under the DC bias condition. In practice, v2. can be obtained by
varying v,. and measuring v, ,. iteratively until Eq. (5.3) is satisfied. v, ¢
measured at v, i.e. Vg, Yields the true EQE of the Ge subcell. Because i;’h may

vary with the spectrum of the sun simulator, v2. should be determined at each
wavelength according to Eq. (5.3).
The output current i, in the InGaAs wavelength range can be obtained

from Fig. 5.1 (c) as

Ve in [ (el o) /() ]+ v,
R rHrm+(l+or)rn (rP+r)+ R +Ry |

DC

(5.4)

which shows that i, consists of the contributions from the InGaAs photocurrent,
the luminescence coupling current, the optical leakage current and v,.. While the
optical leakage current is the true Ge response, the InGaAs photocurrent and
luminescence coupling current are sources of EQE measurement artifacts.
Substituting i, = iff"° = a]‘]‘:’bil‘;}] into Eq. (5.4), the specific AC voltage bias v,
that eliminates the measurement artifacts can be obtained as

vo=in[aprt +(ap =) +(apt =L rn, (41 )+ ot (R + Ry ) | , (5.5)
where iy = v, qc/Rpc is the photocurrent of the InGaAs subcell in the InGaAs

wavelength range. Because the term of the bottom subcell usually dominates in

Eq. (5.5), v is in anti-phase with ij;,.
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For high quality solar cells, the shunt resistance may be very large with
strong luminescence coupling effect in the vicinity of the optimal DC bias voltage.
Eq. (5.3) and (5.5) do not hold anymore because v2. becomes a large signal.
Therefore, the solar cells should be biased at a DC voltage away from the optimal
bias voltage to make v2. as a small signal perturbation about the DC operating
points. For poor quality solar cells with low shunt resistances and weak

luminescence coupling, Eq. (5.3) and (5.5) are simplified as [8]

0

0 V t m
Vo ===r' +r"+ R +R, (5.6)

ac
DC

V:C = i:; [alz‘vb r+ (aIL”vb _1) rm+ al’;‘vb (RAC + RDC )] . (5.7)
In this case, v2. is not affected by the shunt resistances of the Ge subcell or the
luminescence coupling between the InGaAs and Ge subcells.

5.3.3 Simulation
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Fig. 5.4. Simulated waveforms of the output current i, (DC) under the DC bias
condition and i, (AC) with the AC voltage bias in the EQE measurements of the

Ge subcell in the Ge wavelength range (a) and the InGaAs wavelength range (b).

The EQE measurements of a Ge subcell are simulated using SPICE with
the subcell parameters, bias condition and the chopped monochromatic light
shown in Table 5.1. Under the DC bias condition, the small signal resistances of
the InGaP, InGaAs and Ge subcells are rt = 4.7 Q, r™ = 4.67 Qand r° =
40.2 Q, and the luminescence coupling strength between the InGaAs subcell and
Ge subcell is a]‘?'b = 33.2%. Figure 5.4 (a) and (b) show the simulation results of
the output current i, generated by the chopped monochromatic light in the Ge
wavelength range and in the InGaAs wavelength range, respectively. Due to the

shunt and luminescence coupling effects, the output current i, (DC) under the DC

bias condition is 62.8% of the photocurrent igh generated in the Ge subcell in the
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Ge wavelength range, and it is about 28.7% of the photocurrent ij;, generated in

the InGaAs subcell in the InGaAs wavelength range. In order to eliminate the

EQE measurement artifacts, the necessary pulse voltage bias v, is equal to 1.18
mV peak-to-peak and is in phase with i;'?h in the Ge wavelength range according
to Eq. (5.3), and it is equal to 0.89 mV peak-to-peak and is in anti-phase with i},
in the InGaAs wavelength range according to Eq. (5.5). As shown in Fig. 5.4, the
output current i, (AC) with the pulse voltage bias is equal to igh in the Ge
wavelength range and is 1% of i}, due to the leakage current in the InGaAs

wavelength range. Therefore, the EQE measurement artifacts are eliminated using
Vac-

Table 5.1. Subcell parameters and bias conditions in the simulations of Fig. 5.4

loingap (MA) 4.16x10™ 3L (mA) 20
NinGaP 2 Voe (V) 0
IOInGaAs
8x10° aw oy 1%
(mA)
NinGaAs 2 RI; () 10"
loge (MA) 1.6x10™ RM(Q) 10%°
NGe 1 RE,(Q) 10%exp[3VB]
RL(Q) 1 igh Peak-to-peak amplitude 50
uA Period 30 ms
ITs (mA) 20 im
Duty cycle 50%
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5.3.4 Measurements
5.3.4.1 Waveforms

A necessary condition to eliminate the EQE measurement artifacts is that
V,¢ IS In phase with v, 4. measured under the DC bias condition in the Ge
wavelength range and is in anti-phase with v, 4. in the InGaAs wavelength range.
Figure 5.5 (a) and (b) show respectively the waveforms of the voltage v, o =
Vo dc T Vac aNd Vo 5c = v, g0 — Vac Measured at a certain set of v, 4. and the pulse
voltage v,.. It can be seen that v, 4. is a trapezoidal wave due to the beam size of
the sun simulator, and v,. generated by the pulse generator is a square wave. The
waveform of v, ,. therefore depends on the amplitudes and phase difference of
the trapezoidal wave v, 4. and the square wave v,. as shown in Fig. 5.5 (a) and

(b). The rising and falling edges of v, ,. do not generate appreciable errors in the
lock-in readings as confirmed by additional measurements using a gated

integrator and boxcar averager (SR250).
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Fig. 5.5. Waveforms of the voltage v, oc = Vg qc + Vac (8) and v ac = Vo gc — Vac

(b) measured at a certain set of v, 4. measured under the DC condition and the

pulse voltage bias v,..

5.3.4.2 Shunt Effect
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For simplicity, the PVB method is firstly applied for triple junction solar
cells with only the shunt effect. Fig. 5.6 compares the EQE measured with the
conventional method and the PVVB method at 980 nm in the Ge wavelength range
for the Ge subcell of the triple junction solar cell S1. Using the conventional
method, the measured EQE reaches the maximum of 58.5% at the optimal Vpc of
1.9 V, and it drops when Vpc increases or decreases due to the decrease of small
signal diode resistance and shunt resistance of the Ge subcell respectively [3,4].
With the PVB method, the EQE is measured as about 86.5% at 1.3 V < Vp <
2.1V, and it decreases as Vpc increases or decreases.

The variation of EQE measured using the PVB method can be explained
by the variations of subcell characteristics with Vpc, as revealed by the small
signal diode resistances r* and »™ of the InGaP and InGaAs subcells determined
using the ls-Voc method. The small signal resistance of the Ge subcell is not
considered because it does not affect v2. according to Eq. (5.6). As shown in Fig.
5.6, for Vpc > 2.1V, the recombination currents 1(DT) and 1(DM) of the InGaP
and InGaAs subcells increase rapidly with the increase of Vpc, causing the fast
decrease of r* and r™. This indicates that the Ge subcell is turned on and its small
signal resistance rbrsh/(rb + rsh) becomes very small. According to Eq. (5.2),
i,does not contain much information about the EQE in this case. For Vpc < 1.3V,
the reverse shunting current of the Ge subcell increases rapidly, causing
rbrsh/(rb + rsh) to be very small again. Furthermore, I1(DT) and I1(DM) decrease

rapidly and rt and ™ increase rapidly at the small current levels, as shown in Fig.
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5.7. Therefore, as the modulation of the chopped monochromatic light makes
I1(DT) and 1(DM) decrease slightly, * and ™ may increase slightly from the DC
bias condition. As a result of these effects, the EQE is underestimated using v,
determined from Eq. (5.3) for Vpc > 2.1 Vand Ve < 1.3 V. The best operating
condition to apply the PVB method is at 1.3 V < Vp < 2.1 V. In this range, the
small signal resistance of the Ge subcell is at a relatively large value, and the top
two subcells are strongly forward biased so that their small signal resistances do
not change during the measurements. In practice, for subcells dominated by the
shunt effect, v2. can be determined at the optimal DC bias voltage with large light
biases on the top two subcells to make them strongly forward biased.

The EQE spectra in Fig. 4.1 (a) shows that the optical leakage can be
neglected in the InGaAs wavelength range, because the EQE does not decrease
with decreasing wavelength in spite of the increased absorption coefficient.

Therefore, Eq. (5.7) is further simplified as

0

v, =-inrm (5.9)
Eq. (5.4) shows that i, is zero at v2. in the InGaAs wavelength range when there

is only the shunt effect and the optical leakage is negligible. This is confirmed by

EQE measurements of the solar cell at 780 nmand 1.3V < Vpc < 2.1V.
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Fig. 5.6. EQE measured using the conventional method (dark dots) and the PVB
method (red dots) at 980 nm in the Ge wavelength range for the Ge subcell of

triple junction solar cell S1.
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Fig. 5.7. Small signal diode resistance r' of the InGaP subcell (a) and r™ of the

InGaAs subcell (b) in the EQE measurements shown in Fig. 5.6.

5.3.4.3 Combined Effects of Shunt and Luminescence Coupling

The PVB method is also applied for triple junction solar cells with the
combined effects of shunt and luminescence coupling. Fig. 5.8 shows the EQE
measured with the conventional method and the PVB method at 980 nm in the Ge
wavelength range and 780 nm in the InGaAs wavelength range for the Ge subcell
of triple junction solar cell S2. The solar cell is biased at -0.5 V, which is smaller
than the optimal bias voltage 0 V, to reduce the Ge shunt resistance and obtain v,
that only generates a small signal excursion from the DC characteristics. . The
EQE measured using the conventional method reaches the maximum of 64% at
980 nm and the minimum of 14% at 780 nm at the photocurrent I3 1.8 mA

corresponding to the optimal bias light intensity on the InGaAs subcell. The EQE
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decreases in the Ge wavelength range at smaller and larger I3§ because of the
shunt effect and the luminescence coupling effect, respectively, and it changes in
the opposite manner in the InGaAs wavelength range. With the PVB method, the
EQE is measured as about 80.8% at 980 nm in the Ge wavelength range and 7.5%
at 780 nm in the InGaAs wavelength range at 1 mA < I}y < 4.5 mA. It decreases
at smaller I35 and increases at larger I35 in the Ge wavelength range, and the

trend is opposite in the InGaAs wavelength range.
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Fig. 5.8. EQE measured using the conventional method (dark dots) and the PVB
method (red dots) for the Ge subcell of triple junction solar cell S2 at the DC bias

voltage of -0.5 V.

The necessary pulse voltage bias v2. that eliminates the measurement
artifacts is obtained with the small signal resistances rt, ™ and rbrsh/(rb + rsh)

in Fig. 5.9, the luminescence coupling strength a{?‘b in Fig. 5.10, and the optical
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leakage strength of 7.5%. The slight differences of these parameters determined
for the solar cell S2 from the other sections are caused by the change of optical
alignment. As I} increases, the InGaAs subcell becomes more forward biased,
causing I(DM) to increase and ™ to decrease as shown in Fig. 5.9 (b). The
strongly light biased InGaP subcell becomes slightly less forward biased, causing
I(DT) to decrease and r* to increase slightly as shown in Fig. 5.9 (a). Meanwhile,
the Ge subcell becomes more reverse biased, and then less reverse biased as a
result of the increased optical leakage current and luminescence coupling current
at large IYS. Therefore, rPry, /(® + ryy,) decreases and then increases as shown
in Fig. 5.9 (c). Fig. 5.10 shows that al‘(ﬁ"b increases as the InGaAs subcell becomes

more forward biased, because of the increased radiative recombination efficiency

in the InGaAs subcell.

r ()
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Fig. 5.9. Small signal resistances rt, r™ and rPrg, /(r® + 1, ) of the three

subcells in the EQE measurements shown in Fig. 5.8.
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Fig. 5.10. Luminescence coupling strength al‘(ﬁ"b between the InGaAs and Ge

subcells in the EQE measurements shown in Fig. 5.8.

The variation of EQE measured using the PVB method can be attributed to
the change of subcell characteristics with I3%. At I}L < 1 mA, a{(‘;"b is very small,
r™ and rPrg, / (rb + rsh) increase rapidly with the decrease of the respective
subcell current I(DM) and I(D®) + I(Rsy). As the modulation of the chopped
monochromatic light makes 1(D™) and I(D®) + I(Rsy) decrease slightly, ™
and rPrg, / (rb + rsh) may increase from the DC bias condition. Therefore, v2. is
underestimated using Eq. (5.7) and (5.9). At I3L > 4.5 mA, the luminescence
coupling effect becomes dominant. Because aI“C“'b may decrease when 1(D™)
decreases slightly under the modulation of the monochromatic light, v2. is
overestimated using Eq. (5.7) and (5.9). Therefore, the best operating condition to

apply the PVB method is at 1 mA < I}L < 4.5 mA, where v, is not affected by
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the variations of small signal resistances and luminescence coupling strength
under the modulation of the monochromatic light. In practice, v2. can be
determined in the vicinity of the optimal bias light intensity, while the solar cell is
biased at a DC voltage where the shunt resistance of the subcell under test is not
very large. In addition, in the InGaAs wavelength range, i, measured using the
PVB method is about 8.5% of iff, at 1 mA < Iz < 4.5 mA, which is in
reasonably good agreement with the optical leakage strength 7.5% determined

under the DC bias condition. This confirms that the measurement artifacts are

eliminated.

5.4 Pulse Light Bias (PLB) Method

5.4.1 Principles and Models

i
bs

InGaP+InGaAs

Ge EQE measurement
Ge wavelength range

Current

Voltage

107



InGaP+InGaAs

Ge EQE measurement
InGaAs wavelength range

Current

Voltage
Fig. 5.11. Principle to eliminate the measurement artifacts using the pulse light

bias in the Ge wavelength range (a) and in the InGaAs wavelength range (b).

Fig. 5.11 (a) and (b) show the schematic subcell I-V curves of a
InGaP/InGaAs/Ge triple junction solar cell in the EQE measurements of the Ge
subcell in the Ge wavelength range and in the InGaAs wavelength range,
respectively. The InGaP and InGaAs subcells are light biased and therefore
generate large short-circuit currents. The Ge subcell is current limiting, and it
typically has a soft breakdown under reverse bias. The output currents from the
MJ stack are shown by the dashed lines in Fig. 5.11. The intersections of the
subcell 1-V curves and the output current are the subcell operating points. The
subcells work at points 1 under the DC bias condition and points 2 when the
probing monochromatic light is on. The incremental current from point 1 to point

2 is the AC output current i, which is measured as the apparent spectral response

of the Ge subcell. The Ge cell I-V curve is tilted at the operating points because of
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the low shunt resistance. Moreover, the luminescence coupling effect causes a
negative feedback on the output current in the Ge wavelength range and an
additional photocurrent in the InGaAs wavelength range [6]. As a result, i, in
the Ge wavelength range as shown in Fig. 5.11 (a) is smaller than the actual

spectral response i; generated by the Ge subcell absorbing the probing

monochromatic light. i, in the InGaAs wavelength range as shown in Fig. 5.11

2

(b) is larger than the actual spectral response i, i.e. the optical leakage current,

generated by the Ge subcell absorbing the unabsorbed probing monochromatic
light from the InGaAs subcell. These are the origins of the EQE measurement

artifacts. In order to eliminate these measurement artifacts, a pulsed light bias is
applied to the InGaAs subcell and generates an AC photocurrent i, to correct the
discrepancy between the measured apparent spectral response i, and the actual
spectral response. More specifically, the pulsed light bias causes the photocurrent
of the InGaAs subcell to increase or decrease by i in the Ge wavelength range in

Fig. 5.11 (a) or the InGaAs wavelength range in Fig. 5.11 (b), respectively. As a
result, the subcell operating points are moved from points 2 to points 3 under the
probing monochromatic light, where the measured apparent spectral response i,
in the respective wavelength range of the Ge subcell and the InGaAs subcell is

equal to the photocurrent i, as shown in Fig. 5.11 (a) and the optical leakage

current i, as shown in Fig. 5.11 (b). Therefore, the measurement artifacts are

eliminated.
109



10

1
|
_ 1
— — ’ —
m m _ ) S E
'— — - m.lrk
J— %)) m _\II. = .m,m _m % I.@I
[ = z¢g '@ 18 o' =
g 51 =1 ° o 3 = f
- | o - m..l..h
N = “ ™ AN =

e - e - e o e e e e = =

1



Fig. 5.12. Models of the triple-junction solar cells under the bias condition (a),
and under the chopped monochromatic light in the Ge wavelength range (b) and
in the InGaAs wavelength range (c) of the EQE measurements of Ge subcells.
The symbol D: Diode. Superscripts T (t), M (m), B (b): top, middle and bottom
subcells. Subscript BS (bs): bias light; LK (Ik): light leakage; LC (Ic):

luminescence coupling and ph: AC photocurrent.

Circuit models are used to quantitatively study the coupling effects
between the subcells. In this paper, DC signals are denoted as uppercase letters
with uppercase subscripts and superscripts, AC signals are denoted as lowercase
letters with lowercase subscripts and superscripts, and the signals consisting of
both DC and AC components are in uppercase letters with lowercase subscripts

and superscripts. Fig. 5.12 shows the models for the EQE measurements of the Ge
subcells under the bias condition with the pulsed light bias i on the InGaAs

subcell (a), and under the probing monochromatic light scanning through the Ge
wavelength range (b) and through the InGaAs wavelength range (c). As shown by

the bias condition in Fig. 5.12 (a), the InGaP subcell D" and InGaAs subcell DM

are light biased and generate the photocurrent | _and I.., respectively. Because

the bias light on an upper subcell may not be completely absorbed, the
unabsorbed bias light may generate additional photocurrent in the lower subcell.

This optical leakage current is modeled as a current controlled current source

I =a/"1 from the top to the middle subcell and 1° =/ °17 from the middle

LK " BS LK " BS
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to the bottom subcell. The leakage strengths ¢, ;" and «/;” are wavelength

dependent constants. Moreover, the radiative recombination in an upper subcell
with a larger bandgap generates photons that can be reabsorbed in the lower
subcell. This luminescence coupling effect is observed between the InGaAs

subcell DM and Ge subcell D for some of the solar cells used in this study, and is
modeled as a current controlled current source 12° = fL“C”'B[I (DM)} . The InGaP

and InGaAs subcells are forward biased under their respective light biases, and
the effect of their shunt resistances can be neglected. The Ge subcell is either
reverse biased or weakly forward biased under the DC bias voltage Vpc and the
unintentional light bias from the leakage light and luminescence coupling.

Because the Ge subcell usually has a soft breakdown under reverse bias, its shunt
resistance R, decreases with increasing reverse bias. In the small signal models
of Fig. 5.12 (b) and (c), the subcells are replaced with their small signal diode

resistances r', r™ and r” and the small signal shunt resistance of the Ge subcell r’ .
The small signal luminescence coupling current is modeled as i = o (rm)with

the luminescence coupling strength o = dILMCB/dI (DM). The probing
monochromatic light generates an AC photocurrent shown as the current source
i, on the Ge subcell in Fig. 5.12 (b) and the current source i}, on the InGaAs
subcell in Fig. 5.12 (c). In order to eliminate the measurement artifacts, the pulsed
light bias i is added to the light bias as highlighted in Fig. 5.12.

5.4.2 Necessary Pulse Light Bias
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The necessary pulsed light bias can be rigorously derived from the small

signal models in Fig. 5.12 (b) and (c).

In the Ge wavelength range, the output current i_ is

_ _|bs[r (ap® +af)rer, /(r* +r, ]+i§h rr, /(r'+1,) 510

" r+rm+ (1 )rer, /(rr+1, )+ R,
When the measurement artifact is eliminated, i, is equal to the photocurrent i, of
the Ge subcell. Substituting this condition into Eq. (5.10), the necessary

photocurrent i (Ge) to eliminate the measurement artifact is obtained as

b [r+rmearen /(rr )+ R

1. (Ge) = "+ (o +ay)rer, /(rP+r,)

(5.11)

which shows that i; (Ge) is in phase with i, . In practice, i; (Ge) can be obtained

by varying i and measuring i, iteratively until Eq. (5.11) is satisfied. The i_ in
this case, i.e. i, (Ge), yields the actual EQE of the Ge subcell.

In the InGaAs wavelength range, the output current i_is

_ =(| +|bs)[r a 'b+0€.?b)rbrsh/(rb+rsh)]. (5.12)

" r+rm+(L+a)rer, /(r'+r,)+R

When the measurement artifact is eliminated, i is equal to the optical leakage

current i, generated by the unabsorbed probing monochromatic light from the
InGaAs subcell, i.e. i,(InGaAs) = ¢}, . Substituting this condition into Eq.

(5.12), the necessary photocurrent i (InGaAs) to eliminate the measurement

artifact is obtained as
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ap’r + (g =D + (e —)ag rtr, /(r° .

lc sh sh

"+ (e + o )rer, (r° +r,)

)+ap R
. (5.13)

I, (INGaAs) =i,

which shows that i;; (INGaAs) can be obtained directly if the photocurrent i} of

the InGaAs subcell can be accurately measured under the DC bias condition. In
addition, iy (InGaAs) is in anti-phase with i} because the term associated with
the bottom subcell usually dominates in the numerator of Eq. (5.13).

For Ge subcells with weak luminescence coupling from the InGaAs
subcell due to low material quality or under weak bias light intensity, Eq. (5.11)

and (5.13) are simplified to

r'+r"+R 5 14
rm+0[|m'b rbrsh/(rb-i_rsh), ( : )

i"(Ge) =i"
k
arr +(af 1) r" +a R,

ot ()

i"(InGaAs) =i (5.15)

where the luminescence coupling strength is neglected. For high quality Ge
subcells with large small signal resistance and strong luminescence coupling from

the InGaAs subcells at the operating points, Eq. (5.11) and (5.13) are simplified to

m,b

o

i (Ge) =i, m , (5.16)
Ic [[3

(alrkmb - 1) alcm'b

ib";(InGaAs)zip”; — —
alcv +alk‘

(5.17)

where the small signal resistances of the three subcells are neglected or canceled

out.
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It is important to note that the small signal resistances, the luminescence
coupling strength and optical leakage strength in the above equations can be
measured under the DC bias condition using the characterization methods
developed in [4], [6] and [7].

5.4.3 Simulation
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Fig. 5.13. Simulated waveforms of the apparent spectral response i, under the DC
bias condition and the actual spectral response i (Ge) in the Ge wavelength range
(a) and i (InGaAs) in the InGaAs wavelength range (b) with the pulsed light bias

in the EQE measurements of the Ge subcell.

The concepts proposed above are proven using SPICE simulations with
the assumed subcell parameters, bias condition and the probing monochromatic
light shown in Table 5.1. Fig. 5.13 (a) and (b) show the simulation results of the
apparent spectral response i, in the Ge wavelength range and in the InGaAs
wavelength range, respectively. Because of the shunt and luminescence coupling

effects, i, under the DC bias condition is 62.8% of the photocurrent i generated

by the probing monochromatic light in the Ge wavelength range, and it is about

28.8% of the photocurrent i} generated by the probing monochromatic light in

the InGaAs wavelength range. According to Eq. (5.11) and (5.13), the necessary

photocurrent i (Ge) to eliminate the EQE measurement artifacts in the Ge

wavelength range is 64.4 pA peak-to-peak and is in phase with i, and the

necessary photocurrent i (INGaAs) in the InGaAs wavelength range is 48.3 uA

peak-to-peak and is in anti-phase with i} . Therefore, with the pulsed light bias,
the actual spectra response I (Ge) in the Ge wavelength range is equal to i; , and

I, (InGaAs) in the InGaAs wavelength range is equal to 1% of i, due to the
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optical leakage. These modeling results have confirmed that the EQE
measurement artifacts are eliminated.
5.4.4 Measurement

The PLB method is applied to the characterization of commercial triple-
junction solar cells. The pulsed light bias generated by a 780 nm laser diode
operates at 156.2 Hz and is synchronized to the probing monochromatic light.
This frequency is low enough for the subcell photocurrent responses to follow,
because the pulse width is much larger than the minority carrier lifetime [6], [7].

A neutral density filter is used to reduce the light intensity from the laser diode

and make the photocurrent i, comparable to the photocurrent generated by the

probing monochromatic light. i is measured when an additional light bias is

applied to the Ge subcell to make the InGaAs subcell current limiting.

5.4.4.1 Shunt Effect
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Fig. 5.14. EQE measured using the conventional method (dark dots) and the PLB

method (red dots) for the Ge subcell of triple junction solar cell S1.

Fig. 5.14 shows the EQE measurement results of the Ge subcell in the
triple-junction solar cell S1 with strong shunt effect and negligible luminescence
coupling effect. Using the conventional method, the measured apparent EQE
reaches a peak of 59% at 980 nm in the Ge wavelength range at the optimal Vpc
of 1.9 V, and drops at larger and smaller Vpc because of the decreased small
signal diode resistance and shunt resistance of the Ge subcell, respectively. Using
the PLB method, the actual EQE is measured as 88% in the Ge wavelength range
according to Eq. (5.14), and it is close to zero at 780 nm in the InGaAs
wavelength range according to Eq. (5.15) as the optical leakage effect is not
observed in this device.

5.4.4.2 Luminescence Coupling Effect
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Fig. 5.15. EQE measured using the conventional method (dark dots) and the PLB
method (red dots) for the Ge subcell of triple junction solar cell S2 at the optimal

bias voltage 0 V.

Fig. 5.15 shows the EQE measurement results of the Ge subcell in the
triple-junction solar cell S2 with characteristics of comparable shunt and
luminescence coupling, which is measured at the optimal Vpc where the shunt
effect of these solar cells is minimized and only the luminescence coupling effect
affects the spectral responses. Using the conventional method, the measured

apparent EQE decreases at 980 nm in the Ge wavelength range and increases at

780 nm in the InGaAs wavelength range with the increase of 1, because of the

increased luminescence coupling effect when the InGaAs subcell becomes more
forward biased. Using the PLB method, the actual EQE is measured as about 77%

in the Ge wavelength range according to Eq. (5.16), and is about 6.1% in the

InGaAs wavelength range according to Eq. (5.17). The i (InGaAs) measured

using the PLB method in the InGaAs wavelength range is 6.7% of i}, which is in

good agreement with the optical leakage strength of 6.5% determined under the
DC bias condition. This finding confirms that the measurement artifact is
eliminated.
5.4.4.3 Combined Effects of Shunt and Luminescence Coupling

Fig. 5.16 shows the EQE of the same device used for Fig. 5.15 measured

at a Vpc different from the optimal bias voltage, where the shunt and
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luminescence coupling effects are comparable. Using the conventional method,
the measured apparent EQE reaches the maximum of 64% at 980 nm in the Ge

wavelength range and the minimum of 14% at 780 nm in the InGaAs wavelength
range, where the photocurrent | is equal to 1.8 mA at the optimal DC bias light
intensity on the InGaAs subcell. The measured apparent EQE decreases in the Ge
wavelength range and increases in the InGaAs wavelength range at smaller |
because of the increased shunt effect, and at larger 1., because of the increased

luminescence coupling effect. Using the PLB method, the EQE is measured as 78%

in the Ge wavelength range and 8.0% in the InGaAs wavelength range.
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Fig. 5.16. EQE measured using the conventional method (dark dots) and the PLB
method (red dots) for the Ge subcell of triple junction solar cell S2 at the bias

voltage -0.5 V.
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The necessary photocurrent i’ generated by the bias light on the InGaAs

subcell is determined with the small signal resistances r*, r™ and

7, /(P + 1) in section 4.6.3, the luminescence coupling strength a;™ the
same in section 4.6.2, and the optical leakage strength 8.5%. The slight
differences of these parameters determined for the solar cell S2 from the other
sections are caused by the change of optical alignment. i, measured with the PLB

method is about 9% of i}, in the InGaAs wavelength range, which is in good

agreement with the leakage strength 8.5%. This shows that the measurement
artifact is eliminated, because the measured output current is equal to the leakage
current in the InGaAs wavelength range.

The actual EQE of the MJ cells does not depend on the DC bias voltage or
the bias light intensity, because the current collection in the subcells in principle is
not a function of the depletion region width. The variation of EQE with the DC
bias condition measured using the conventional method is caused by the coupling
effects between the subcells, while the EQE determined using the PLB method
independent of the DC bias condition is a strong evidence of the removal of the
measurement artifacts.

This paper only uses one pulsed light bias on the InGaAs subcell for
simplicity. In principle, pulsed light biases can be used on any of the subcells to
control the subcell operating points. If there is neither optical leakage nor the load
resistor Ry, pulsed light biases can be applied to both the InGaP and InGaAs

subcells, and the necessary photocurrent to eliminate the measurement artifacts
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becomes i, (Ge) =i; in the Ge wavelength range and i (InGaAs)=—i; in the

InGaAs wavelength range. In this case, the subcell parameters are not needed to
determine the necessary pulsed light bias.

In addition, it is worth mentioning that lasers are used for the light biases
because the subcell responses need to be precisely controlled and measured. If the
bias light on a subcell is also absorbed by the adjacent subcells, the
characterization methods developed for subcell parameters in Eq. (5.10)-(5.17)
may not be applicable anymore, and it becomes more complicated to determine
the necessary pulsed light bias. For MJ solar cells with more subcells and more
spectral interferences, proper characterization methods need to be developed to

address these issues.
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VI CONCLUSIONS

This dissertation addresses three issues hindering the improvement of the
efficiencies of multi-junction (MJ) solar cells, including the development of
lattice-matched materials for high efficiency MJ solar cells, the contact grid
design of concentrator solar cells and the accurate measurement of external
quantum efficiency (EQE) of MJ solar cells.

Firstly, a series of CdSe/CdTe superlattices are grown on GaSbh substrates
by molecular beam epitaxy for a subcell of the MJ solar cells, and their material
properties are studied. The high structural qualities of the superlattices are shown
in high-resolution X-ray diffraction patterns, high-resolution transmission electron
microscopy images and the selected area electron diffraction pattern. The ground
state optical transition energies of the superlattices measured using
photoluminescence (PL) are smaller than the bandgap of either CdSe or CdTe,
and hence establish the existence of a strong type-ll band alignment between
CdSe and CdTe. The type-Il valence band offset between unstrained CdSe and
CdTe is determined as 0.63 +0.06 eV by fitting the PL peak positions to the
ground state optical transition energies calculated using the Kronig-Penney model.
Furthermore, the PL peak position blue shifts with an increase of excess carrier
concentrations. This blue shift is attributed primarily to the band bending effect of
the type-11 superlattices by comparing the measured blue shift with the increase in
the ground state transition energy obtained from self-consistent solutions of the

Schr&dinger and Poisson equations.
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Secondly, the front contact grid layout of concentrator solar cells is
studied using the distributed series resistance model. By considering the
distributed nature of the emitter layer sheet resistance, the contact resistance, and
the metal finger resistance, this model shows that the local voltage and current
densities vary along the path of lateral current flow. This effect is especially
important under high concentrations and at large finger spacing, as the high local
voltage may cause the photocurrent generated at the junction to recombine locally.
In this situation, the junction current recombination loss also plays a significant
role in the design of the contact grid layout, in addition to the shadowing loss and
series resistance loss considered in the conventional lumped resistance model. At
the optimal finger spacing, the lumped series resistance model is a good
approximation in spite of its assumption of uniform voltage and current density
along the path of lateral current flow.

Lastly, EQE measurement artifacts caused by the shunt and luminescence
coupling effects are studied. Models are built for the measurements of triple
junction solar cells, and the subcell parameters in the models are characterized.
Good agreements are found between modeling and EQE measurement results for
only the shunt effect, only the luminescence coupling effect and the combined
effects of shunt and luminescence coupling. The results show that the EQE
measurement artifacts can be minimized using proper DC voltage and light biases.

In order to eliminate the EQE measurement artifacts, a pulse voltage bias

method and a pulse light bias method are developed. The pulse voltage bias or the
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pulse light bias, which is synchronized to the chopped monochromatic light and
superimposed on the DC voltage and light biases, is used to control the subcell
operating points and counterbalance the effects of shunt and luminescence
coupling. The necessary pulse voltage bias and the necessary photocurrent
generated by the pulse light bias are derived and the measurement procedures are
developed. The methods are demonstrated to effectively eliminate the
measurement artifacts caused by only the shunt effect, only the luminescence

coupling effect and the combined effects of shunt and luminescence coupling.

126



