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Abstract—For solar cells dominated by radiative recombina-
tion, the performance can be significantly enhanced by improving
the internal optics. We demonstrate a detailed model for solar
cells that calculates the external luminescent efficiency and discuss
the relationship between the external and internal luminescence.
The model accounts for wavelength-dependent optical properties
in each layer, parasitic optical and electrical losses, multiple re-
flections within the cell, and assumes isotropic internal emission.
For single-junction cells, the calculation leads to V., and for mul-
tijunction cells, the calculation leads to the V. of each junction
as well as the luminescent coupling constant. In both cases, the
effects of the optics are most prominent in cells with high inter-
nal radiative efficiency. Exploiting good material quality and high
luminescent coupling, we demonstrate a two-junction nonconcen-
trator cell with a conversion efficiency of (31.1 & 0.9)% under the
global spectrum.

Index Terms—Luminescence, luminescent coupling, photon re-
cycling, radiative recombination, III-V solar cell.

1. INTRODUCTION

OR solar cells dominated by radiative recombination, the
F open-circuit voltage V,,, short-circuit current Jy, and ulti-
mately the efficiency can be significantly enhanced by improv-
ing the internal optics and by harnessing the energy of the in-
ternal luminescence. Internally radiated photons can be directly
emitted from the cell, but if confined by good internal reflectors
at the front and back of the cell, they can also be reabsorbed with
a significant probability. This so-called photon recycling leads
to an increase in the equilibrium minority carrier concentration
and, therefore, V;.. In multijunction cells, the internal lumi-
nescence from a particular junction can also be coupled into

a lower bandgap junction where it generates photocurrent in
addition to the externally generated photocurrent, which shifts
the equilibrium J,, and affects the overall performance of the
tandem. Both of these phenomena—photon recycling and lu-
minescent coupling—are enhanced by high radiative efficiency
and by the tailored geometrical design of the solar cell. In this
paper, we extend the ray-optic model of luminescence that we
have developed [1] to multijunction cells and use this model
to develop and analyze high-efficiency solar cells that exploit a
high internal luminescence and good optical properties.

II. INTERNAL OPTICS

On thermodynamic grounds, it has been shown [2], [3] that
V.. of a solar cell can be expressed as
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where V3, is the value of V. in the ideal, detailed-balance limit
where there are no nonthermodynamic losses, and 7ext, iS the
external luminescent efficiency, or the fraction of electron-hole
pairs that recombine radiatively to yield a photon that ultimately
escapes the cell. In real devices, however, there are electrical
losses due to nonradiative recombination, and we quantify the
fraction of electron—hole pairs that recombine radiatively as the
internal luminescent efficiency, nin¢ . There are also parasitic op-
tical losses due to imperfect reflectances and transmittances. All
of these losses are aggregated into 7., which represents a loss
in voltage and, therefore, conversion efficiency. Consequently,
an increase in 1.y indicates an improvement in the internal pro-
cesses of the cell or, equivalently, a decrease in one or more 10ss
mechanisms.

The effect of the internal optics can be clearly demon-
strated in a set of double heterostructures (DHs) by measur-
ing the minority carrier lifetime with time-resolved photolu-
minescence (TRPL). This simple experiment has the advan-
tage that there is no junction or significant doping profile to
complicate the carrier dynamics. We grew a set of 16 DHs
of Gag.5Ing.5P/GaAs/Gag.5Ing .5 P on 2°B-miscut (0 0 1) GaAs
substrates, with a range of carrier concentrations. We first mea-
sured the TRPL decays on the as-grown samples, then removed
the GaAs substrates and bonded the epilayers to glass with a
transparent low viscosity epoxy and remeasured the TRPL de-
cays. On substrate, the DH is “clad” by air (index of refraction
n = 1) on one side and GaAs (n ~ 3.6) on the other. Bonded to
¢lass, the DH is clad by air on one side and epoxy/glass (n ~
1.5) on the other. Thus, the optical environment has changed.
Schematics of the DH samples are shown in Fig. 1(a).
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Fig. 1. Minority carrier lifetime of 16 DH samples, as measured by TRPL.
(a) Schematics of the samples on-substrate and bonded to glass. (b) Measured
lifetime as-grown (solid) and bonded to glass (open). (¢) Reciprocal lifetime.
The lines show a fit to (2).

Samples were grown by atmospheric pressure metal—-organic
vapor phase epitaxy. The p-type majority carriers were derived
from a triethylzinc source, and the majority carrier concentra-
tion was varied from ~1 x 10'7 t0 40 x 10*" ¢cm™* by chang-
ing the temperature, growth rate, phosphine overpressure, and
dopant flow rate. The carrier concentration in the GaAs layer
was measured by standard capacitance—voltage (C-V) methods
with a dilute hydrochloric acid electrolyte. Time-correlated sin-
gle photon counting was used (0 measure room lemperature
TRPL decays at 870 nm, with excitation at 630 nm. The aver-
age laser power was 0.2 mW, the repetition rate was 1 MHe,
and the pulse length was 0.3 ps. The optical-fiber-based TRPL
spectrometer is described elsewhere [4]. For all samples, the
TRPI. was well described by a single exponential decay which
enabled a straightforward determination of the lifetime.

Fig. 1(b) shows the measured lifetime as a function of the
carrier concentration N 4. For both measurement sets, the mea-
sured lifetime varies with N4 as 7 ~ NJ[D"O as shown by the
solid and dashed lines. Since we expect the radiative lifelime
Tg to vary with the concentration as 7 — 1/BNy4, where I3
is the radiative recombination coefficient, the data indicale that
the total recombination is close to the radiative limit. Removing
the substrate has the effect of increasing the lifetime by a factor
of ~4. In Fig. 1(c), the reciprocal of the lifetime is plotied as a
function of the carrier concentration and the data are fit to
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where 7grp is the nonradiative Shockley-Read-Hall lifetime
(Auger recombination can be neglected at these doping levels).

The coefficient B is found to be 1.87 x 10719 c¢mB/s for the
on-substrate samples and 0.445 x 107'° ¢m?/s when the sub-
strate was removed. In both cases, rgry ~ 2.7 £ 0.1us, and for
all data points, 7 < 7ggy . Thus, the samples are indeed domi-
nated by radiative recombination, and by removing the substrate,
the effective radiative lifetime has increased solely because of
the change in the optical environment surrounding the semicon-
ductor. In Section III, we show that these data can be used to
quantify 7, and confirm that in this case 7yt = 1.
As shown in [5], the functional dependence of the radiative
lifetime 7p can be expressed as
Tlg, 71«2
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where 7,p, 7101, and 1. are the indices of refraction of the top
and bottom cladding layers and the semiconductor, respectively.
Since the coefficient B ~ 1 /75, we calculate the expected ratio
of measured coefficients in the radiative limit to be
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0.233 4)
whichisinexcellent agreement with the measured ratio of 0.238.

IIT. PHOTON RECYCLING IN SINGLE-JUNCTION SOILAR CELLS

The DII experiment illustrates that for optoelectronic devices
that are dominated by radiative recombination, the minorily
carrier lifetime can be significantly enhanced by improving the
internal optics of the device. Since the dark current of a solar cell
is inversely related o the minority carrier lifetime, we expectl
the performance of the cell to increase as the lifetime increases.

To understand and predict how the malerial quality and ge-
ometry of the cell affect the performance, we developed a ray-
optical model of the external and internal luminescence. The
model was described in detail in [1]; here, we summarize the
main aspects.

It is useful to think of the solar cell as an optical cavily
where photons generated in the absorber layer can reflect multi-
ple times off the two cladding interfaces and possibly interfere
with each other, For thick solar cells, it is generally sufficient
to treat the cavity with ray optics in which only the intensity
of the light varies with location, The oplical cavity must have a
high absorbance so that most of the incoming light is converted
into electron-hole pairs. However, the optical cavity must also
manage the internal luminescence: While some of the inter-
nally emitted photons will escape out the front of the cell or
be reabsorbed parasitically in the cladding layers or in the sub-
strate (if still present), a significant fraction of the photons will
be reabsorbed in the absorber layer and reincarnated as new
clectron-hole pairs.

To escape the cell, an internally emitted photon can escape
directly, possibly after bouncing around the cell cavily several
times due to the highly reflective cladding surfaces, or it can be
reabsorbed, reemitted and then escape; or be reabsorbed again,
and so on.

We define Fe..(7) and FP,ps( 7) to be, respectively, the proba-
hilities that a photon emitted at position 7 either escapes directly
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Fig. 2.  Schematic of cell geometry and luminescent paths for (a) single-
junction and (b) tandem solar cells. The solid lines represent the probabilities
FPose (dark blue), P,y (red) and Pp o (light blue). The green-dashed line
represents electron—hole pair diffusion.

or is reabsorbed. Both quantities are already averaged over the
spontaneous energy distribution and the uniformly distributed
solid angle of internal emission. If #;,, varies with position,
then it can be expressed as 7, (7), and following the deriva-
lion in [1], the external luminescent efficiency is
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If we assume, however, that for very high quality cells, ni,, 1S

uniformly distributed over the cell volume, then (5) simplifies
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as derived explicitly in [1], where P, and F,ps now represent
energy-, solid-angle-, and volume-averaged probabilities. These
quantitics arc shown schemaltically in Fig. 2(a). Equation (6)
shows that the internal efficiency and the optical-geometrical
properties have been effectively separated for high-quality cells.
The probabilities can be expressed in (7) and (8), shown at the
bottom of the page.

In these expressions, Ry — Ry (F,0), Ty =T¢(E, &), Ry —
Ry (E,0), and T = 1;(E,0) are the effective energy- and
angle-dependent Fresnel coefficients for specular reflection and
transmission at the front and back interfaces and can be calcu-
lated with the transfer matrix method [6] by accounting for the
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Fig. 3. V.. and Jg, for a set of 2-pm GaAs cells, and modeled V. curves
following (1) and (6)—(8). The top curve shows the detailed balance voltage Vyy,.
Red points/lines are for AR-coated cells, purple points/lines are for uncoated
cells.

thicknesses and optical coefficients of every layer in the cell;
o — ([0} is the energy-dependent absorption coefficient of
the absorber layer; S (£) is the normalized spontaneous emis-
sion distribution of the absorber layer; and @ is the polar angle
shown in Fig 2(a). Notice that the probabilities, and therefore
Next» d0 notdepend explicitly on the average reflectance at ¢ither
cladding interface.

To demonstrate the utility of the model, a series of single-
junction GaAs cells was grown. The cell geometry is sketched
in Fig. 2(a) and consists of an absorber layer of thickness L
that is passivated on the front by an AlInP window layer and on
the back by a so-called GalnP back-surface field layer (BSIY).
Behind the BSF layer is an AlGaAs/GaAs contact layer for
making Ohmic contact, and behind that is a reflective layer
of gold. The front of the cell is covered with an antireflection
coating. Details of the fabrication are shown elsewhere [1]. Cells
with different absorber layers have the same overall architecture.

Fig. 3 shows the measured V,. for a 2-pm-thick GaAs cell,
with and without an antireflection coating, as a function of the
thickness of the absorbing GaAs back-contact layer. Although
the primary function of the contact layer is (o enable ohmic
contact between the electroplated gold and the semiconductor,
the layer can also serve a secondary purpose of lowering the
overall reflectance by absorbing some of the luminescence, (0
allow a systematic exploration of the optical effects. In Fig. 3,
the average back reflectance decreases from left to right. The
data show that V,. decreases by ~20 mV as the contact layer
is thickened from 10 nm to 3 pm, and that V,. increases by
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~5 mV when the cell is AR-coated. The cells with the best
optics demonstrated conversion efficiencies of (27.8 £ 0.8)%
under the global spectrum [1].

The solid lines show the modeled V,. as calculated from
(1) and (6)—(8) for different values of ninc. We modeled the
external quantum efficiency (EQE) of the cell at each value of the
back-contact thickness and then calculated the probabilities Peg
and P, from the modeled structure. The data are reasonably
modeled by mint ~ 0.965 for both coated and uncoated cells,
which is not surprising: the antireflection coating affects the
optical cavity properties by changing the front reflectance, but
it should not have any effect on the relative recombination rates
for an electron-hole pair.

The top curves show the value of Vy, as calculated from
the modeled EQE. Vg, is an important characteristic of a solar
cell and must be calculated for the particular geometry. As the
optical cavity changes, by changing the absorber thickness or the
back reflectance, for example, the value of Vy, will also change.
The data indicate the general trend that Vyy, increases as the cell
absorbance decreases. For these 2-pm cells, the GaAs absorber
becomes less than optically thick, relative to the incident light,
as the back reflectance decreases, and therefore, the absorbance
also decreases from left to right as can be seen in the J;. data in
the lower panel.

Several important conclusions can be drawn from Fig. 3.
Vi is clearly more sensitive to the back reflectance in cells of
high material quality (i.e., large 7, ), as can be seen from the
different slopes of the lines with n,¢ = 1 and 0.7. Conversely,
improved material quality has a more pronounced effect on
the performance in cells with good optical properties than with
poor optical properties. Finally, in this model of a solar cell, the
optical and nonradiative recombination losses are separable, as
indicated by the vertical arrows. Even for a cell with perfect ma-
terial quality, Vo, < Vg, because of the parasitic optical losses
during the reflection of light at the front and back surfaces.

Fig. 3 also helps address a concern about the broad applica-
bility of the model. The requirement of uniform internal lumi-
nescent efficiency implicitly assumes that the solar cell can be
described by a single-diode equation at voltages near V., for if
this is not true and a sizeable depletion region (where 7y, ~= 0)
causes a second term in the diode equation to be significant at
voltages near V., then 7, can explicitly no longer be uniform.
We write the internal luminescent efficiency as

Urad
Urea + (Ut 4 U250
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where U,,q is the radiative recombination rate, and the total
nonradiative recombination rate is separated into contributions
from the bulk and depletion regions. If recombination in the
depletion region is negligible near V,, then U4eP < UPUk angd
V,e depends on 7;,¢, as shown in Fig. 3; as we have already
noted, the internal optics are irrelevant for low values of 7int

which could occur if there are many defect sites within the bulk
and UP*¥ ig high. If recombination in the depletion region is
not negligible near V, ., however, then UJP > UPUE the de-
nominator of (9) becomes very large and 7exs = Uintm — 0,
in which case the optics are again irrelevant. Thus, for cells
that are dominated by nonradiative recombination, whether in
the bulk or in the depletion region, the influence of the inter-
nal optics is negligible and the model may not be particularly
useful. For cells that are dominated by radiative recombination,
however, the model is very useful and can direct the designer to
further improvements by means of the internal optics.

The model can also be used to determine the value of 7t
for the samples in the DH experiment of Fig. 1. We expect
the radiative recombination coefficient B to be proportional to
the probability that an electron—hole pair is not reincarnated, or
B ~ 1 — nint Paps- Based on the layer structure, we calculate
P,,s = 0.711 for the sample on-substrate, and P,ps — 0.951
when bonded to glass, a ~33% increase in P,ps. Therefore,
using the measured ratio % = 0.238, we find 7y, ~ 0.97
which is consistent with the measurements on the actual GaAs
cells. While DHs are usually used to measure the lifetime of
a particular sample or to determine the surface recombination
velocity at an interface, this experiment shows that they can also
be a valuable test structure to determine 7, and to evaluate
whether the internal optics are good enough to result in a high
degree of photon recycling.

IV. LUMINESCENT COUPLING IN TANDEM SOLAR CELLS

If the back reflector is replaced by a tunnel junction and a
second, lower bandgap junction to form a tandem cell, some
fraction of the luminescence can couple into the lower bandgap
junction, as shown in Fig. 2(b). The probability that photons di-
rectly escape out the back of the top junction can be calculated
simply by interchanging Ry, — R; and Ty — T} in expression
(7) for P..,. Care must be taken to only count those photons
in the Fresnel coefficient 7} that are actually absorbed and col-
lected in the lower junction, and not include any photons that
escape out the back of the top junction but are absorbed else-
where; this consideration is indicated by the prime superscript.
For high-quality cells where the diffusion length is comparable
with the thickness, the collection efficiency is close to unity, and
we assume so in the model.

The new quantity P can be expressed explicitly in (10),
shown at the bottom of the page.

Following the same reasoning as for 7., the luminescent
coupling constant nr, o can then be defined as

Nint Lo
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In a configuration where the tandem cell is current-limited by

the bottom junction, the coupling raises the photocurrent of the
bottom junction and represents a recovery of photocurrent that

(11)
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would otherwise be lost if those photons were simply absorbed
parasitically; in all configurations, the coupling raises the overall
Voo [7]. 1n general, high coupling will be driven by high 7, in
the top junction and by a minimal degree of parasitic absorption
hetween the junctions, for example, in the tunnel junction layers.

We recently showed a technique [8], [9] to measure the cou-
pling constant, defined there as 7;; between adjacent junctions
i and 7, based on the measurement of the tandem .J,. as the
relative intensities on the two (or more) junclions are systemalt-
ically varied. Using the modeling shown here, we can compare
the measured and modeled coupling constants and, more im-
portantly, use the model to design multijunction cells that take
advantage of the coupling [10].

In [11], we demonstrated the ability to arlificially control
the coupling 72 in a two-junction GalnP/GaAs tandem, by
thickening an absorbing Alp.oGag.g Aslayer grown between the
lwo junctions. The data there showed 712 dropping by a factor
of 2, while 7+ for the top junction remained constant. Here, we
demonstrate the value of luminescent coupling by varying the
thickness of the top junction, to change the externally induced
photocurrents on each junction.

Fig. 4(a) shows the EQE for four GaInP/GaAs tandem cells
in which the top junction thickness was varied from 0.6 o
1.2 gem, The bottom junction EQE has been corrected for lumi-
nescent coupling [9], [12]. For the three thinnest top junctions,
the data show the expected gradual increase in the top junction
red response as the junction is thickened, and a corresponding
decrease in the bottom junction EQL at those wavelengths. The
1.2-pm top junction has a red response similar to the 1.0-pm
junction but a diminished blue response which likely indicates
that the emitter thickness has exceeded the minority carrier dif-
fusion Iength. This last cell, therefore, does not quite satisfy the
model’s assumption of perfect collection efficiency and should
be treated with caution, but is included for completeness.

Iig. 4(b) shows the measured coupling constant 79 which
remains approximately constant, with some fluctuation, as the
Lop junction gets thicker. Fig. 4(c) shows the measured values
of the externally induced top and bottom photocurrents JEx
and J5** [8], as well as the actual J., values measured at 1 sun
under the G173-global spectrum (1000 W/m?). For thick top
junctions, Ji** exceeds J5** by up to 10% and the tandem is
clearly bottom-limited. The thickest cell shows a lower value of
JE than the 1-zem cell, again because of the reduced collection
efficiency. The actual .J.. for the three thickest cells exceeds
the limiting external photocurrent J5** because of the coupling
and is much less sensitive to top junction thickness than is J§**,
As the top junction is thinned to 0.6 pm, however, the cell
crosses over to being slightly top-limited. Under the UV-rich
AMO spectrum (1367 W/m?), the trends are the same but more
pronounced.

Without any luminescent coupling, we would expect the de-
creasing photocurrent to result in a decrease in conversion effi-
ciency, as modeled by the dashed lines in Fig. 4(d). The mod-
eling was adjusted to account for realistic series resistance, but
the rends in the model are the most important fealure rather
than the absolute values. For the global spectrum, the efficiency
should peak at a top junction thickness of ~0.7 pm and for
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Fig. 4. GalnP/GaAs tandem cells with varied top junction thickness. (a) EQE
alter correction for luminescent coupling. The top junction thicknesses are
indicated in the legend. (b) Measured value of 112. (¢) Measured values of
the photocurrents under the G173-global (red) and AMO (blue) solar spectra.
Upward and downward triangles correspond to J{™*' and .IS”, and circles
correspond to Jg.. (d) Conversion efficiency under global, direct and AMO
spectra, as indicated. Points show measured values (for global and AMO), solid
lines show modeled values, dashed lines show modeled values with 75, = 0.

the direct spectrum at ~0.8 pm. The sensitivity to thickness is
more dramatic for the AMO spectrum, The data, however, show
a significantly reduced sensitivity to top junction thickness, as
the Tuminescent coupling has conspired Lo recover some of the
otherwise-lost photocurrent and boost the J,., and thereby in-
crease the efficiency. Indeed, the measured efficiencies under
both the global and AMO spectra are nearly flat despite the large
variation in externally induced photocurrents, which indicates
that, for terrestrial applications, the cells are well positioned o
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mitigate efficiency loss from spectral variation over the course
of operation [7], [13].

Fig. 5 shows an NREL-certified I-V curve for a tandem that
takes advantage of the concepts discussed here. The cell is
bottom-limited with a luminescent coupling constant nrc =
0.56, driven in large part by the high material quality of the
GalnP: Using the model, we calculate 7;,; ~ 80% for the top
junction [14]. The diffusion barrier on the n-side of the tunnel
junction was Alg.3Gap.7As with a bandgap of ~1.66 eV, cho-
sen to minimize the absorption of luminescence. The GaAs
bottom junction was thinned to 2 pm and a reflective gold
back contact was deposited on an Aly.3GagrAs back-contact
layer, also designed to minimize the absorption of lumines-
cence. The front metallization grid was designed for 1-sun in-
tensity, with approximately 2% shadowing. The luminescent
coupling measurement of this cell shows the externally induced
photocurrents to be J&** = 14.95 and J§** = 13.55 mA/cm?,
and the equilibrium photocurrents to be J%"" = 14.95 and
JS — 13,98 mA/cm?: The bottom photocurrent increases by
~3% because of the coupling. V,. of 2.513 V is higher than
baseline examples because of the significant photon recycling
in the two junctions. The cell had a conversion efficiency of (31.1
+0.9)% under the AM1.5-G173 global spectrum at 1000 W/m?,
which is the highest demonstrated efficiency for a two-junction
1-sun cell to date.
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