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Abstract—Metamorphic solar cells can have optimal bandgap 
combinations through the use of compositionally graded buffers, 
where the lattice constant is slowly varied over several microns of 
growth. Bragg refectors consist of several microns of alternating 
layers with refractive index contrast and provide a useful internal 
refection to multijunction solar cells with optically thin subcells. 
In this work, we implement distributed Bragg refectors within the 
compositionally graded buffers of inverted metamorphic solar cells 
to add functionality to the buffer. The refectance of this AlGaInAs 
“graded buffer Bragg refector” is very similar to the refectance 
of a similar AlGaAs Bragg refector external to a buffer as well as 
the refectance predicted by the transfer matrix model, indicating 
that the roughness of the buffer does not drastically reduce the re-
fection. Refectance of 72%, 91%, and 98% is achieved in 2, 4, and 
8 µm buffers using AlGaInAs layers that alternate between 30% 
and 70% aluminum content. Using a 2 µm graded buffer Bragg 
refector, the 1.0-eV mismatched subcell of a GaAs/GaInAs tandem 
has a minor increase in threading dislocation density compared to 
a standard graded buffer and a small, 20 mV, loss in voltage. As 
the buffer is thickened, the voltage loss is recuperated and excel-
lent subcell voltages are achieved, indicating that the Bragg re-
fector is not severely hindering dislocation glide. We demonstrate 
that the benefts of the graded buffer Bragg refector for optically 
thin subcells and subcells containing quantum wells, and conclude 
that Bragg refectors can effectively be implemented within graded 
buffers, adding functionality without adding cost. 

Index Terms—Bragg refector, metamorphic, multijunction so-
lar cells, quantum wells. 

I. INTRODUCTION 

M ETAMORPHIC multijunction solar cells have achieved 
extremely high efficiencies [1], [2] and are now 
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commercially available. Lattice-mismatched subcells with low 
threading dislocation density (TDD) enable high efficiencies 
by allowing an optimal multijunction bandgap combination 
with minimal performance loss from the lattice mismatch 
[3]. These mismatched subcells are accessed through the 
use of compositionally graded buffers (CGBs), where the 
lattice constant of the epitaxial material slowly varies over 
several microns of growth in order to maintain a suitably low 
dislocation density for solar cells. 

Dislocations nucleate and glide to relieve strain in the buffer, 
and the achievable TDD depends on the buffer structure and 
growth conditions. The thickness of the CGB is a critical pa-
rameter and is inversely related to the final TDD [4]. Dislo-
cations introduce nonradiative recombination centers into the 
device, so limiting the number of required dislocations by using 
thick buffers benefits device performance. However, additional 
epitaxy is expensive, and so performance-cost tradeoffs exist in 
the design of metamorphic multijunction devices [5], [6]. In the 
previous work, it was shown that CGBs can be used optically as 
well as structurally by implementing the buffer within the opti-
cal cavity of a laser [7]. Adding functionality to the buffer adds 
value without necessarily increasing cost, which alters device 
cost structure and performance tradeoffs. 

In this study, we investigate the implementation of distributed 
Bragg reflectors (DBRs) within graded buffers, which can po-
tentially take advantage of the thickness of the buffer to add 
functionality. The reflection from this “graded buffer Bragg re-
flector” can aid incomplete absorption in the above junction, 
which is helpful for subcells that are optically thin due to low 
diffusion length, high bulk recombination, radiation hardness 
demands, partially absorbing quantum structures, or simply re-
quire cost savings. However, some concerns arise: the buffer 
naturally has crosshatch roughness due to strain fields from the 
underlying dislocations [8], [9], which could lead to low re-
flectance from a DBR. The DBR introduces many interfaces 
into the buffer that might add to device series resistance due 
to the many bandgap changes or introduce parasitic absorption 
through the deposition of unintentional alloys at interfaces. In 
addition, the residual TDD of the buffer is very sensitive to the 
structure, growth conditions, and material quality of the buffer 
and is affected by internal defects and composition nonuniformi-
ties. The Bragg reflector must not reduce dislocation glide in the 
buffer, or the performance of the mismatched subcell will suffer. 
Therefore, experimentation is clearly needed in order to gauge 
the combined functionality of the graded buffer Bragg reflector 
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(GBBR). Here, we study the use of GBBRs in inverted meta-
morphic multijunction (IMM) solar cell devices by analyzing 
the reflectance of the buffer as well as the device performance. 

II. GRADED BUFFER BRAGG REFLECTOR DESIGN 

A DBR consists of alternating λ/4n layers (λ is the target 
wavelength and n is the refractive index) of contrasting refractive 
index, and commonly consists of AlGaAs and GaAs for GaAs-
based lasers [10]. AlGaInAs has already been used for graded 
buffers in IMMs [11], and so is a natural choice to study GB-
BRs. For the buffer design, AlGaInAs lattice constants and op-
tical constants are needed to determine reflection, transparency, 
and compositional grading. In this paper, we calculate the lattice 
constants of AlGaInAs using standard published binary lattice 
constants and Vegard’s law [12]. Most of the lattice constant 
change throughout the buffer is provided by step grading the 
indium fraction of the alloy. Large changes in aluminum con-
tent only result in small changes to the lattice constant since the 
binaries AlAs and GaAs have less than 0.2% lattice mismatch. 

AlGaInAs optical constants over the wide range of potential 
alloys have not all been experimentally measured, but data exist 
for various compounds lattice matched to GaAs and InP, as well 
as data for GaInAs throughout the ternary range [12]. In this 
paper, we use extrapolations of the refractive index at 800 nm 
of these materials to estimate the AlGaInAs composition de-
pendence in Fig. 2, but use the well-known AlGaAs and GaAs 
optical constants as a function of wavelength for detailed mod-
eling in Fig. 4. Bandgap energies have also been determined 
and are used to qualitatively determine transmission limits. Al-
though the alloy indium content alters the absorption edge, the 
refractive index for transparent wavelengths (below bandgap 
energies) is not a strong function of the indium content. On the 
other hand, the aluminum content has a large impact on the re-
fractive index. Thus, there is a convenient separation between 
the functions of the indium content and the aluminum content 
in the AlGaInAs alloy that eases GBBR design: the indium is 
largely responsible for strain grading and the aluminum content 
is largely responsible for refractive index changes. 

The refractive index contrast between the layers of the DBR 
determines the peak reflectance and bandwidth of the reflection. 
AlAs and GaAs have the most index contrast but cannot be used 
throughout an AlGaInAs graded buffer because the increasing 
indium content in the buffer limits the fraction of group-III sites 
available for aluminum. In addition, the CGB in a multijunction 
device needs to be transparent to the filtered light it receives. 

One final design consideration of the GBBR is the thickness. 
In a periodic DBR, the number of index-contrasting pairs in-
creases with the thickness and leads to increased reflectance. In 
a CGB, increasing the thickness typically reduces the TDD and 
thus improves the performance of a metamorphic subcell. How-
ever, performance gains with thickness are diminishing for both 
a CGB and a DBR and balanced by the extra cost associated 
with additional epitaxy. 

Fig. 1 illustrates the major design considerations for Al-
GaInAs GBBRs. The expected reflectance at 800 nm from an 
AlxGa1−xAs/A1−xGaxAs DBR is calculated for various values 
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Fig. 1. 800 nm reflectance of Alx Ga1−x As/Al1−x Gax As pairs for various 
values of x. The total thickness of the DBR is included on the top axis to 
compare with the thickness of standard graded buffers, and the bandwidth of 
the stopband Δλ is included in the legend. 

of “x” as a function of the number of index-contrasting pairs, 
and thus buffer thickness, using a simple model [13]. At 800 nm, 
the refractive index changes fairly linearly with aluminum con-
tent, so the total thickness of AlxGa1−xAs/A1−xGaxAs pairs 
with different compositions is equivalent. The reflectance in-
creases with thickness and aluminum content contrast, and the 
bandwidth of the stopband increases with aluminum contrast. 

In this study, we investigate the AlGaInAs graded buffers 
that access 1.0 eV Ga0.7 In0.3 As, which are used in both 3- and 
4-junction IMM devices directly below a GaAs subcell. The 
final layers of an AlGaInAs graded buffer must have 30% In-
content, which limits the maximum Al-content in these layers to 
70% due to composition restraints and the minimum Al-content 
to 30% in order to maintain transparency to light transmitted 
by the above-mentioned GaAs subcell. To ease modeling and 
understanding, the GBBR design consistently alters Al-fraction 
between 30% and 70% throughout the entire buffer due to these 
transparency and composition constraints, even though alternate 
designs may lead to greater reflection or bandwidth. 

The Ga0.7 In0.3 As subcell is 2% mismatched to the GaAs 
substrate, resulting in a 2-µm-thick buffer when using a strain-
grading rate (% misfit per micron of growth) of 1%/µm. We 
design a GBBR that utilizes a standard buffer thickness, 2 µm, 
which results in 17 index-contrasting pairs (see Fig. 1), and 
compare the GBBR performance with control samples. Each 
Al0.3 Ga0.7−x InxAs/Al0.7 Ga0.3−x InxAs pair has a constant In-
fraction, with the In-fraction increased every pair. Fig. 2 shows 
the relevant parameters of the buffer, including the composition, 
nominal bandgap (which alternates between direct and indirect), 
lattice constant, and refractive index of each layer. In addition to 
control comparisons, the thickness of the buffer and thus number 
of alternating pairs are varied in order to investigate TDD and 
reflectance tradeoffs with thickness. 

III. EXPERIMENTAL METHODS 

Two-junction (2J) and three-junction (3J) IMM solar cell de-
vices were grown by atmospheric pressure metalorganic vapor 
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Fig. 2. Parameters of the graded buffer Bragg reflector, including composi-
tion, refractive index, bandgap, and lattice constant. The buffer increases in In-
fraction, while alternating layers of Al0 .3 Ga0.7−x Inx As/Al0 .7 Ga0.3−x Inx As 
provide the refractive index contrast. 

phase epitaxy on (001) GaAs substrates miscut 6° toward (111)A 
as described previously [14]. The AlGaInAs GBBR described in 
Fig. 2 is implemented into GaAs/Ga0.7 In0.3 As 2J IMM devices 
and compared with two control samples in order to test the per-
formance of the buffer, as illustrated in Fig. 3. The GaAs subcell 
was optically thinned to 800 nm in all devices in order to monitor 
the added absorption from the reflectors and uses GaInP passi-
vating layers. The 1.0-eV Ga0.7 In0.3 As subcell was 2 µm thick, 
with GaInP passivating layers. The graded buffer began with 
the GBBR, but has final layers of Al0.5 Ga0.5−x InxAs that used 
the same strain grading rate as the GBBR and a 0.5-µm-thick 
overshoot layer to allow strain-free Ga0.7 In0.3 As cell growth. 
The control samples had identical structures in the subcells, 
but different materials between the cells: one had a standard 
Al0.3 Ga0.7−x InxAs graded buffer without a DBR, and one had 
an Al0.3 Ga0.7−x InxAs graded buffer plus an AlxGa1−xAs DBR 
grown independently of the buffer, where the DBR used the same 
thicknesses and Al-content as the GBBR. In addition to control 
sample comparisons, we varied the thickness of the GBBR in 
order to test performance-thickness tradeoffs. The samples had 
the GBBR thickness of 2, 4, and 8 µm, which have 17, 34, and 68 
pairs, respectively. The number of aluminum-contrasting pairs 
per indium step was 1, 2, and 4 in these samples, and the total 
number of indium steps was equivalent between the samples. 
The 3J IMM used a 2.2 µm GaInP top cell with AlInP window 
and AlGaInP back-surface field. The GaAs subcell contains 
80 GaInAs/GaAsP multiple quantum wells (MQWs) in the i-
region, with the structure from [15], and an additional 2 µm of  
the base. The GBBR was identical to Fig. 2 but targets 925 nm 
peak reflectance with slightly thicker layers. The GaInAs subcell 
was slightly lower bandgap, 0.93 eV, accessed with additional 
Al0.5 Ga0.5−x InxAs buffer after the GBBR. 

Fig. 3. Illustration of the two-junction inverted metamorphic GaAs/ 
Ga0 .7 In0 .3 As devices investigated. A device with a standard Al0 .3 Ga0 .7 −x 
Inx As compositionally graded buffer (CGB) is compared with a device with 
a DBR and Al0 .3 Ga0.7−x Inx As buffer grown independently (DBR) and then 
with a device with an AlGaInAs graded buffer Bragg reflector (GBBR), where 
the graded buffer and Bragg reflector are grown together. The green arrows 
indicate light reflected back from DBR and GBBR. 

After growth, the samples were diced into three pieces. One 
portion of the sample was unprocessed, leaving the lattice-
mismatched Ga0.7 In0.3 As subcell near the top surface, and used 
for cathodoluminescence characterization of the TDD. Two por-
tions of the sample were electroplated with a gold back contact, 
inverted and bonded to Si handles using epoxy, and the substrate 
was removed via etching. Then, one of these inverted pieces was 
further etched down through the lattice-matched subcell, expos-
ing the CGB, DBR, or GBBR, depending on the sample. A 
MgF2 /ZnS/MgF2 /ZnS antireflection coating (ARC) was ther-
mally deposited on this piece for testing the reflection from the 
CGB, DBR, or GBBR. The other inverted piece was processed 
with solar cell devices. Photolithography was used to define 
contact areas and Ni/Au contacts were electroplated on the Se-
doped GaInNAs contact layer, which was subsequently etched 
away in unmetallized areas, exposing the window layer. The 
devices were fully isolated down to the back Au contact, and a 
MgF2 /ZnS/MgF2 /ZnS ARC [16] was thermally deposited. 

Solar cell device testing consisted of illuminated I–V, dark 
I–V, quantum efficiency, reflection, and electroluminescence. Il-
luminated I–V of 2J cells was performed in a custom continuous 
1-sun simulator with a combination of light from a Xe bulb and 
LEDs for spectral tuning, and the I–V of the 3J cells was taken in 
a one sun multisource solar simulator by the NREL cell measure-
ments team. Dark I–V and electroluminescence were performed 
in a custom tool using a calibrated fiber optic and a spectrora-
diometer, using methods described previously to determine the 
subcell voltages [17]. Specular reflectance and external quantum 
efficiency (EQE) of each junction were measured by scanning 
chopped monochromatic light over the entire wavelength range 
while light biasing individual junctions, and the effects of lumi-
nescent coupling were removed after measurement [18]. 

The cathodoluminescence (CL) measurements were per-
formed on a JEOL JSM-7600F SEM equipped with a parabolic 
mirror collection system and a liquid nitrogen cooled Ge detec-
tor. The accelerating voltage and beam current of the incident 
electrons were 15 kV and ∼1 nA, respectively. Four randomly 
selected regions were tested on each sample, equal to a total 
area of ∼0.02 mm2. Dark spots were counted and averaged 
from these regions to determine the TDD. 
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IV. GRADED BUFFER BRAGG REFLECTOR PERFORMANCE 

A. Refectance of Bragg Refectors 

The specular reflectance from the DBR or GBBRs in 2J IMM 
devices was measured by removing the GaAs subcell and coat-
ing the DBR or GBBR with an ARC. The top graph in Fig. 4 
compares the reflectance of the Bragg reflector internal to a 
graded buffer (GBBR) to the reflectance from the control sam-
ple with a similar Bragg reflector grown independently of the 
graded buffer (DBR), both structures using 17 alternating pairs. 
The reflectance of both samples is compared with the reflectance 
predicted by the transfer matrix model [19], using n and k data 
for AlGaAs compounds from the SOPRA database. The peak re-
flectance of the GBBR is 72% with a bandwidth of 55 nm. Good 
agreement between the measured and modeled reflectance is 
observed. The model predicts slightly higher reflectance, 75%, 
for this structure. However, the DBR external to the graded 
buffer yields lower reflection, 68%. The external DBR is sim-
ply an AlGaAs/GaAs DBR, which should be more similar to 
the model and also have better interfaces than the GBBR. The 
lower reflectance in the external DBR structure is not expected 
and indicates that some of the error between model and ex-
periment in the GBBR is not related to the graded buffer, and 
likely due to reactor variability. Thus, the imperfect interfaces 
and dislocations of the graded buffer do not significantly reduce 
the reflectance of the Bragg reflector, and still result in a useful 
reflectance for metamorphic optoelectronic devices. 

The middle and bottom graphs in Fig. 4 show the specular 
reflectance of GBBRs with increasing thickness and an increas-
ing number of index-contrasting pairs, which is expected to 
increase reflection. As the buffer thickness increases from 2 to 
4 µm and 8 µm, the number of pairs increases from 17 to 34 
and 68, respectively, and the measured reflection increases from 
72% to 91% and 98%, respectively. The peak reflection appears 
to shift toward longer wavelengths for thicker buffers, but this 
is due to growth reactor calibration drift that was determined 
separately, and the modeled reflection has been adjusted for this 
change. Compared to the model, the measured strength of the 
side lobes is reduced with additional buffer thickness, which 
indicates a slight incoherence in the DBR. The underlying rea-
son for side-lobe reflection reduction is not known but could be 
related to imperfect interfaces or layer thicknesses within the 
buffer related to crosshatch roughness. It could also be related 
to the change in indium-content throughout the buffer, which 
overlays a small refractive index change on the top of change 
due to the alternating aluminum and an error when compared to 
the simple Al0.7 Ga0.3 As/Al0.3 Ga0.7 As model. 

The modeled reflection is slightly higher than the measured 
reflection in each case. In part, a higher modeled reflectance is 
expected because the model is only using AlGaAs rather than 
AlGaInAs but is likely also slightly influenced by the buffer as 
well as growth imperfections. However, the reflectance increases 
with GBBR thickness close to modeled predictions, and very 
high 98% reflection is demonstrated in a thick GBBR despite the 
limited index-contrast due to the IMM application, crosshatch 
roughness and dislocations of the buffer. 

IEEE JOURNAL OF PHOTOVOLTAICS 

Fig. 4. Measured and modeled reflectance from various AlGaInAs Bragg 
reflectors. (Top) 17 pairs of Al0 .3 Ga0 .7 As/Al0 .7 Ga0 .3 As external to a graded 
buffer (DBR) and Al0 .3 Ga0.7−x Inx As/Al0 .7 Ga0.3−x Inx As internal to a 
graded buffer (GBBR). (Middle) 34 pairs of Al0 .3 Ga0.7−x Inx As/Al0 .7 
Ga0.3−x Inx As GBBR. (Bottom) 68 pairs of Al0 .3 Ga0.7−x Inx As/ 
Al0 .7 Ga0.3−x Inx As GBBR. Each GBBR is compared with the transfer 
matrix model of the structure using Al0 .3 Ga0 .7 As/Al0 .7 Ga0 .3 As alternating 
pairs. 

B. Device Quantum Effciency and Refectance 

The EQE of the bottom junction of the 2J IMM devices 
gives a good measure of the transmittance through the graded 
buffers. Fig. 5(a) and (b) compares the EQE and reflectance, 
respectively, of the device with a 2-µm-thick GBBR to a device 
with a standard graded buffer (CGB) and a device with a stan-
dard graded buffer with a Bragg reflector grown independently 
(DBR). Fig. 5(c) and (d) compares the EQE and reflectance, 
respectively, of devices with varied GBBR thickness. 

A clear increase in the EQE of the GaAs subcell is observed 
around 800 nm in devices with Bragg reflectors. A correspond-
ing decrease in the EQE of the Ga0.7 In0.3 As subcell is also 
observed at 800 nm. The photocurrent of the GaAs subcell in 
the GBBR device in Fig. 5(a) is 0.5 mA/cm2 higher than that of 
the CGB device, as calculated from the integration of the EQE 
with the global spectrum between 750 and 950 nm. This gain is 
modest but demonstrates the utility of the GBBR for optically 
thin subcells. Increasing the GBBR thickness increases the EQE 
peak as expected, shown in Fig. 5(c). The increases in EQE fit 
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Fig. 5. External quantum efficiency (EQE) and reflection of various inverted metamorphic two-junction GaAs/Ga0 .7 In0 .3 As solar cells. The EQE of both 
subcells is shown: the shorter wavelength response is from the GaAs subcell and the longer wavelength response is from the Ga0 .7 In0 .3 As subcell. (a) EQE. (b) 
Reflection from a device with a graded buffer Bragg reflector (GBBR) compared to a device with a standard graded buffer and no Bragg reflector (CGB), as well 
as a device with a standard graded buffer and an independently-grown Bragg reflector (DBR). (c) EQE. (d) Reflection from two-junction devices with varying 
GBBR thicknesses, 2, 4, and 8 µm. 

well with expectations based on the reflectance shown in Fig. 4. 
For instance, the EQE of the CGB device is 66% at about 800 
nm. Assuming 100% collection efficiency, 34% of the incoming 
light passes through the GaAs subcell and is partially reflected 
back into the subcell in devices with reflectors. The device with 
a 2  µm GBBR has a peak reflectance of 72% (see Fig. 4) and 
so 24% of the incoming light passes back through the GaAs 
subcell and, if absorbed with an EQE similar to the first pass, 
leads to a total peak EQE of about 82%, which fits well with the 
measurement (see Fig. 5). 

An increase in reflection loss around the DBR peak wave-
length is observed due to light that fully passes through the 
GaAs subcell two times, which represents a design tradeoff. 
The DBR can reduce the transmission loss of an optically thin 
subcell, but not to zero: the second pass of light is absorbed 
with similar EQE as the first pass. Thus, the magnitude of pho-
tocurrent loss depends on the EQE and the spectral content. The 
reflection loss increases with GBBR thickness as the reflectance 
of the GBBR increases, as is observed in Fig. 5(d). 

Parasitic absorption from the GBBR is measured using the 
EQE and reflectance of the Ga0.7 In0.3 As subcell in the longer 
wavelength range. The graded buffers were designed to be trans-
parent to 880 nm. The transparency of the devices without 
GBBRs is reduced for 700–880 nm wavelengths because the 
independent CGB was only designed to be transparent to 880 
nm, as is observed as a lower EQE in the Ga0.7 In0.3 As sub-
cells in Fig. 5(a). The final layers of the buffers without GBBR 
have a fixed 30% Al-fraction rather than layers alternating be-
tween 30% and 70% Al-fraction, and so are more absorbing 
by design. Increased absorption between 700 and 880 nm is 
also observed in the GBBR devices with increasing thickness. 

The transparency requirement of the GBBRs depends on the 
application and is an important consideration for optically thin 
subcells and particularly inverted devices. The reflectivity and 
EQE differences in the 400–600 nm range are due to slight dif-
ferences in the thicknesses of the ARC layers and are not related 
to the GBBR. 

The EQE  of the Ga0.7 In0.3 As subcell in the 900–1200 nm 
range is nearly equivalent for all devices, meaning that there 
is no large unintended absorption in the GBBR. However, the 
EQE of the GBBR device is slightly lower than the control sam-
ples in Fig. 5(a) due to a small increase in reflection, observed 
in Fig. 5(b). The subcell photocurrent predicted by integrating 
the EQE with the global spectrum between 900 and 1200 nm 
is 0.14 mA/cm2 lower for the GBBR device than the CGB de-
vice: a small but measurable loss. As the GBBR thickness is 
increased, the reflection in the 900–1200 nm range decreases. 
The reflection loss of these devices is consistent with the reflec-
tion measured directly from the reflectors in Fig. 4, where the 
reflection of thicker GBBRs in the 900–1200 nm range is lower 
due to a reduction in side-lobe reflection. 

Side-lobe reflection of DBR structures is an important 
consideration for multijunction devices, where the reflective 
wavelength range needs to be carefully controlled. However, the 
thicker GBBRs in this study naturally reduce this loss, an unin-
tended benefit. In thinner buffers, side-lobe loss can likely also 
be accomplished using index-contrast grading, or apodization 
[20]. Increasing the index contrast in the low-indium content 
layers of the GBBR is possible by using greater aluminum 
contrast, such as Al0.9 Ga0.9−x InxAs/Al0.1 Ga0.1−x InxAs pairs, 
without reducing the transparency of the buffer. Future work 
will maximize the aluminum contrast while maintaining 
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transparency in each layer of the buffer, which should both 
reduce side-lobe reflection as well as increase peak reflectance. 

C. Mismatched Subcell Voltage and Dislocation Density 

The increase in photocurrent due to the reflection of the 
GBBR is clearly beneficial for multijunction devices. However, 
if the GBBR increases the TDD of the mismatched subcell, 
voltages losses will counteract the photocurrent gain, creat-
ing efficiency tradeoffs. The subcell voltage of representative 
mismatched Ga0.7 In0.3 As subcells is determined from electro-
luminescence at 15 mA/cm2, and the TDD is measured us-
ing cathodoluminescence, averaged from multiple regions, both 
shown in Fig. 6. The relative voltage of the Ga0.7 In0.3 As subcell 
is plotted as Woc (= Eg/q – Voc), where Voc is the open-circuit 
voltage, Eg is the bandgap, and q is the elemental charge, since 
Eg has small unintentional fluctuations. Lower Woc indicates 
lower nonradiative recombination losses. 

The voltage of all subcells is very good, and the TDD of all 
devices is low. All Woc values are 0.42 V and lower, indicating 
low nonradiative recombination for all samples [1], [21], and 
the TDD of all samples is suitable for solar cells [22]. However, 
some measurable loss occurs when implementing a GBBR. The 
bottom subcell with a GBBR has 20 mV higher Woc than the 
standard CGB device and a measurably higher TDD. The volt-
age loss needs consideration, although it is not large and may be 
lowered with buffer optimization. In this case, the GaAs subcell 
photocurrent is increased by 0.5 mA/cm2 over the modeled pho-
tocurrent of an 800 nm-thick GaAs subcell (see Fig. 5), which 
can easily outweigh 20 mV voltage loss if this photocurrent 
enables a gain in the overall multijunction efficiency. Unexpect-
edly, the bottom subcell with a standard graded buffer on the 
top of a DBR has 10 mV higher Woc than the standard CGB, 
which indicates some run-to-run variation in performance. 

The TDD is reduced in thicker buffers. There is some dif-
ference between the magnitude of the TDD variation and the 
magnitude of the Woc variation, likely due to the error in the 
measurement of TDD by CL as well as differences in the local 
TDD between the region of CL measurement and the device. 
However, the TDD trends match the voltage trends. This is a 
good indication that changes to dislocation glide and the result-
ing TDD are responsible for the voltage changes, rather than 
some other unintended effect in the subcell. 

The voltage is significantly improved in thicker GBBRs, 
which have lower subcell Woc than the standard CGB device. 
The thickest buffer achieves an excellent Woc, 0.38 V, which  
is among the lowest reported for a 1.0 eV subcell [9]. Impor-
tantly, the buffer responds predictably as it is thickened. Thicker 
buffers should enable more efficient dislocation glide, leading 
to lower TDD and lower Woc. The observed reduction of TDD 
and Woc with thickness means that the buffer still performs as 
expected despite the presence of the imbedded DBR. 

D. Discussion 

The dual-purpose GBBR performs quite well in both func-
tions. The reflectance from the GBBR is greater than a similarly 
designed DBR external to a graded buffer and not far below 
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Fig. 6. (Top) Woc and (bottom) threading dislocation density of the mis-
matched Ga0 .7 In0 .3 As subcell of all two-junction devices in this study. The 
coloring scheme matches Figs. 4 and 5. 

the reflectance predicted by the transfer matrix model. There is 
no unintended parasitic absorption in the GBBR. The GBBR 
has a slightly higher reflection in wavelength regions outside 
the intended reflection range, but this effect is common to all 
DBRs and is not specific to the GBBR. Interestingly, the thicker 
GBBRs have reduced side-lobe reflection, suggesting the possi-
bility of controlling the out-of-band reflection. And finally, the 
TDD is not substantially increased in the GBBR compared to 
the CGB. As the GBBR is thickened, the peak reflectance and 
TDD behave predictably, which indicates that the presence of 
one structure is not significantly impacting the performance of 
the other. The small losses that currently exist by integrating the 
two structures may also be reduced as the technique improves. 

The series resistance of these devices is another important 
consideration, since the many layers and interfaces of the GBBR 
may introduce resistance that limits device performance. Al-
though not shown, the series resistance of all the 2J devices 
is compared using illuminated I-V and dark I-V measurements. 
The fill factor of all devices is over 86%, and the effective resis-
tance (using R = dV/dI) at 3000 mA/cm2 forward bias is below 
10–4 Ω�cm2 with no measurable differences between devices. 
Thus, the GBBR does not introduce any additional resistance. 

The thinnest buffers achieve over 70% reflectance, which is 
already useful in multijunction solar cells and allows a partial 
second pass of directly illuminated light. The stopband is only 
50–70 nm in this study and is not optimized. This bandwidth is 
still useful for multijunction cells but could be further optimized 
by using chirped or graded aperiodic structures [23]. 

Different optoelectronic devices have different reflectance de-
mands from a DBR. Here, we show a maximum reflectance 
of 98%, which may also be useful in other devices such as 
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Fig. 7. EQE and reflectance from a three-junction IMM with MQWs in the 
GaAs subcell. A GBBR is used between the GaAs and Ga0 .7 In0 .3 As subcells 
to both aid MQW absorption and provide access to the bottom cells lattice 
constant. 

resonant cavity light emitting diodes [24]. The index contrast 
was limited in this study due to the IMM application. Even 
higher reflection should be achieved for a given buffer thick-
ness using designs that maximize the index contrast through-
out the buffer, such as Ga1−x InxAs/Al1−x InxAs. Reflectance 
>99% may be achievable and would make this technique useful 
in lasers [10]. 

When the GBBR is between two multijunction subcells, light 
not reflected can still be absorbed by subsequent junctions and 
contribute to the power output of the device. However, there is 
some total loss of reflected light that fully passes through the 
absorber twice, which must be considered. There are many other 
design considerations for a DBR, such as temperature and angle 
dependencies. However, because the GBBR performs similarly 
to a DBR, the design considerations related to the reflection of 
a GBBR will be similar to a DBR. 

V. APPLICATION TO MULTIJUNCTIONS WITH MULTIPLE 

QUANTUM WELLS 

DBRs have previously been used to enhance the collection of 
quantum well structures [25], which are typically only partially 
absorbing. A 3J GaInP/GaAs/GaInAs IMM with multiple quan-
tum wells in the GaAs subcell has high-efficiency potential and 
requires both a DBR and a CGB. To demonstrate the capability 
of a GBBR in a high-efficiency device, we implement a GBBR 
into a 3J GaInP/GaAs/Ga0.7 In0.3 As inverted metamorphic solar 
cell with strain-balanced quantum wells in the GaAs subcell. 
The quantum wells consist of 80 repeats of 16 nm GaAs0.9 P0.1 

and 8 nm Ga0.9 In0.1 As inside the undoped region of the subcell, 
which have previously been demonstrated [15]. The GBBR is 
2 µm thick, alternates between 30% and 70% aluminum fraction, 
and has layer thicknesses that target a longer peak reflectance 
wavelength. The reflectance of the GBBR, not shown, is mea-
sured in the same way as the 2J devices and found to have a 
peak height of 60% at 930 nm. 

The EQE and reflectance of the 3J device are shown in Fig. 7 
along with the global spectrum. Aided by the GBBR, the EQE is 

TABLE I 
INTEGRATED PHOTOCURRENTS (mA/cm2) FROM 3J IMM SUBCELL 

EQES UNDER GLOBAL, DIRECT, AND AM0 SPECTRA 

The bottom row shows the second-junction photocurrent below the 
GaAs bandedge. 

TABLE II 
ONE-SUN ILLUMINATED I–V RESULTS OF A THREE-JUNCTION IMM DEVICE 

WITH MQWS IN THE  GAAS SUBCELL, TAKEN UNDER THE GLOBAL AND 

DIRECT SPECTRA AT 1000 W/m2 AND 25 °C, AND AM0 SPECTRUM AT 

1366 W/m2 AND 25 °C 

over 60% below the GaAs bandedge and the excitonic absorp-
tion peak is 80% at 925 nm. The quantum wells push the absorp-
tion edge down to an absorption gap in the global spectrum, and 
the GaInAs subcell bandgap is also close to an absorption gap. 
This bandgap combination has high-efficiency potential, as has 
been demonstrated in a 3J IMM with two metamorphic buffers 
[26], and discussed previously [27], although operating condi-
tions and temperature sensitivity should be considered [28]. 

The subcell photocurrents calculated by integrating the EQE 
with the global, direct, and AM0 spectra are shown in Table I. 
Although the device is not optimized for any particular spec-
trum, the increased collection below the GaAs bandgap is sig-
nificant. Increases in photocurrent of 2.0, 2.1, and 2.5 mA/cm2 

are calculated under the global, direct, and AM0 spectra, re-
spectively, leading to a summed photocurrent of 31.8, 31.6, and 
37.5 mA/cm2, respectively, in the top two subcells. 

The reflectance shows some side-lobe reflection losses be-
tween 950 and 1350 nm, similar to the reflection in Fig. 2, 
which also uses a 2-µm-thick GBBR. There is also reflectance 
loss due to the main reflection of the DBR between 900 and 
950 nm from light that is not absorbed in the MQW region af-
ter two passes. These reflectance losses are general to a DBR 
and not specific to a GBBR, and the side-lobe reflection loss 
may be reduced by thickening the buffer or by changing buffer 
design. 

Table II lists the I–V results for the device at 1000 W/m2 

and 25 °C for the direct and global spectra, and 1366 W/m2 

and 25 °C for the AM0 spectrum. Though not optimized, the 
efficiencies are high: 36.5%, 36.6%, and 32.4% under the global, 
direct, and AM0 spectra, respectively. Thus, we demonstrate 
that a GBBR can effectively be implemented in a high-efficiency 
multijunction solar cell that utilizes both functions of the buffer. 
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VI. CONCLUSION 

We show that an AlGaInAs GBBR can effectively combine 
both the functions of a DBR and a CGB without significantly 
sacrificing the performance of either structure. The reflectance 
of an AlGaInAs GBBR is within error to that of a similar AlGaAs 
DBR grown independently of an AlGaInAs CGB. Reflectance 
of 72%, 91%, and 98% is shown for 2, 4, and 8 µm GBBRs, 
respectively, that alternate between 30% and 70% aluminum 
content to provide index contrast. Woc and TDD of a GBBR are 
slightly higher than those of a CGB without a DBR, but the loss 
can be easily outweighed by the performance gains and may be 
improved with optimization. Values of Woc of 0.42, 0.39, and 
0.38 V are shown for GBBRs with 2, 4, and 8 µm thickness, 
respectively. The GBBR performs predictably upon thickening, 
indicating that the presence of one structure is not significantly 
impacting the other. 

We demonstrate the utility of a GBBR in a 3J IMM with 
MQWs in the GaAs subcell, which is a structure that benefits 
from both a DBR and a CGB. The device collects an additional 
2 mA/cm2 of sub-bandgap photocurrent while still achieving a 
high efficiency of 36.5% under the global spectrum and 32.4% 
under AM0. Thus, we conclude that GBBRs can effectively be 
implemented into multijunction devices. The reflection can aid 
collection in subcells that are optically thin due to low diffu-
sion length, high bulk recombination, radiation hardness, par-
tially absorbing quantum structures, or simply for cost savings. 
Meanwhile, the graded buffer can access material that enables 
a high-efficiency bandgap combination. 
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