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Abstract

External luminescence quantum yields of subcells within several multijunction solar cells were
measured using a calibrated hyperspectral imaging system in absolute electroluminescence mode.
The measurements allowed direct comparison of subcell device parameters using the electro-
optical reciprocity relationship. In particular, differences in the open circuit voltages or even the
shape of the current vs voltage curves under air mass 0 illumination among similar subcells can be
correlated with the variations in luminescence yields. One important finding of this work is that
electroluminescence measurements can help inform solar cell electrical models such as the two-
diode model in terms of better parameter selection. We compare energy losses among the different
subcells and discuss how the differences in various loss terms affect the overall device
performance. Some strategies to improve the overall solar cell device performance are further
discussed as a result of this comparative study.
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1. Introduction

Complex internal device structures of multijunction solar cells (MJSCs), resulting from stacking
various lattice-matched active and inactive layers and photonics engineering, create challenges in
measuring and understanding the charge carrier transport phenomena in these devices [1-3].
Optoelectronic techniques that are routinely used to characterize the performance of MJSCs
include current vs voltage (/-V) measurements [2,4], light and voltage bias dependent external
quantum efficiency (EQE) measurements [5-7] and electroluminescence (EL) measurements
[8,9]. Even though these characterization methods appear independent of each other, a small but
expanding body of work in recent years has shown that they are indeed inter-related through the
electro-optical reciprocity relationship [10-12].

In particular, it has been demonstrated that EL. measurements of solar cells, and their connection
to the EQE of the cells through the reciprocity relationship, provide important insight into
recombination losses in solar cells [11-15]. Most EL measurements are presented in relative form,
instead of in absolute units of photon flux, since calibration of equipment can be challenging.
However, when EL is performed as an absolute measurement, it becomes a very powerful tool for
determining the external radiative emission rates in solar cells, leading to the computation of the

external luminescence quantum yield, Y,,, , which is the ratio of output photons to input electrons.

This important device parameter is related to the internal luminescence yield but also incorporates
the probability of photon re-absorption and re-emission events inside the device. It has been shown

that in order to approach the Shockley-Queisser (SQ) limit of power conversion efficiency, Yext
needs to approach unity [16,17].

Recently, absolute EL. measurements, combined with other data such as subcell EQEs, have been
used to compute device-related energy losses for each of the subcells in a multijunction solar cell



J inj and compare the emission data of similar subcells to understand

how the luminescence physics can explain differences in device performance. Hyperspectral
imaging is a technique that combines spectroscopy and imaging to obtain a spectrum for each pixel
in the image of a sample. The result of hyperspectral imaging is a 3D data cube. To the best of our
knowledge, this is the first work of its kind where every pixel of an emission image is calibrated
to show the absolute photon flux per energy with a 2 nm spectral scanning. In particular, we show
that EL emission rates can be used to guide a two-diode /- curve model to predict all the subcell’s
individual /-V curves. Finally, we present the computed energy losses for all the subcells of each
device and describe potential factors such as the role of nonradiative recombination in influencing
each cell’s performance parameters.

2. Experimental Details

The measurement results presented in this work are obtained from three different multijunction
solar cells labeled here as D1, D2 and D3 obtained from three different manufacturers. Device D1
is a triple junction solar cell [19] consisting of active layers GalnP/GaAs/GalnNAs and devices
D2 and D3 are both of the type GalnP/GaAs/Ge but were fabricated by two different
manufacturers. Throughout this paper, we will sometimes refer to any GalnP subcell as the top
subcell, any GaAs subcell as the middle subcell and either the GaInNAs or Ge as the bottom subcell
in their respective devices. Therefore, across all three devices, the top two subcells are nominally
similar. The subcell GaInNAs is a dilute nitride alloy with a band gap energy of 0.93 eV and is
better current-matched to the top and middle subcells in D1 under AMO. The Ge subcell, however,
is not current-matched to the top two subcells within the device. D1, D2 and D3 have device active
areas of 0.988 cm?, 0.818 cm? and 2.27 cm?, respectively.

EL measurements were performed using the Grand-EOS hyperspectral wide-field imaging system
by Photon ETC [20-22] in the LED mode of the device operation. In the LED mode, current is
injected into the device from the contacts in the direction of the forward bias voltage. Hyperspectral
imaging provides both spatial and spectral information, in high resolution, all within a convenient
image cube. An image cube contains an image of the sample for each acquired wavelength. The
spectral emission profiles from an entire 20 mm X 20 mm wide field of view were obtained at
several injection currents supplied by a source-measure unit. In the spectral region of 400 nm to
1000 nm, image cubes were collected at 2 nm intervals with a visible-near infrared (VIS-NIR)
camera for both the top and middle subcells. For the bottom D1 subcell (GalnNAs), a short-wave
infrared (SWIR) camera is used for signal detection in the spectral range of 1000 nm to 1400 nm
at 10 nm intervals. The Ge bottom subcell EL emission in D2 and D3 (= 1800 nm peak) falls
outside the sensitivity of the SWIR camera, therefore, no EL data could be measured for the Ge
bottom subcells. However, we were still able to learn substantial information regarding the Ge
subcells through both the EQE measurements and /-V curve modeling as explained in detail later.
Spectral resolution of the system is better than 2 nm in the VIS-NIR region and under 4 nm in the



SWIR region. Acquisition of an image cube typically takes about three to five minutes at moderate
to high current densities and longer for low current densities since a longer integration time
(> 1 s) will be needed. Device temperature was fixed at 25 °C by placing the cells on a temperature
controlled stage. Uncertainty of reported emission rates obtained from direct EL. measurements is
estimated to be around 10 % or less.

EQE measurements were performed with a monochromator-based differential spectral
responsivity system in the spectral range of 280 nm to 1800 nm with appropriate light and voltage
bias application to isolate each subcell’s EQE response [5,23]. Finally, /-V curve measurements
were performed with a custom-designed, multizone solar simulator under AMO illumination
conditions at 25 °C. Appropriate iso-type reference solar cells, which have similar structures to the
multijunction cells but with only one electrically active subcell, were used for spectral mismatch
calculations to determine and adjust the illumination intensity for each subcell prior to performing
the cell’s I-V sweep. I-V and EQE results are generally accurate to within 3 %.

3. Results and Discussion

The most important aspect of hyperspectral imaging over conventional electroluminescence
imaging is that the full spectral information of localized defects or heterogeneities can be obtained
from the image cubes. Local spectral emission information could pinpoint the location of defects
with radiative transitions that are different than the main free exciton peak or could elucidate where
large nonradiative centers or shunts are located and how they affect local voltage or current flow
inside the device. However, this work is focused on the mean response of each subcell because our
goal is to correlate macro device performance with the mean EL emission of each subcell. Local
variations can be elaborately imaged at a single wavelength or a spectral region and are briefly
discussed in section 3.2 but a detailed analysis of the spectral effects of the observed features is
beyond the scope of this work.

3.1 Calibration of hyperspectral image cube data

The raw hyperspectral image cube obtained from EL measurements of the MJSCs gives EL
intensity in counts as a function of wavelength in nm. For our analysis, however, these uncalibrated
measurements must be converted to the absolute external radiative emission rate R, (£)in units

of photons/m’s eV as a function of the photon energy in eV . This task was accomplished through

the use of a spectral calibration factor that was determined separately through the process described
here. Light from a quartz-tungsten-halogen lamp (QTH) was input into one of the ports of a small
integrating sphere and a 4 mm diameter pinhole aperture was placed on another port of the sphere.
A NIST-calibrated spectroradiometer was then used to measure the absolute spectral irradiance of
the light exiting the pinhole aperture. The spectral irradiance of the QTH pinhole light,

dEirr (A)/dA is shown in Fig.1 and represents an average irradiance value over the entire area of

the pinhole. Furthermore, it can be converted from the units W o ZV using the
m nm m-eV
relationship
dE,| |dE,| 2 0
\dE, | |dA|E,’



where E, is the photon energy in el and Ais the wavelength in nm. dE,, /dE , can be
converted to a photon emission rate for calibration purposes, R, by

— dEirr i
“ dE, hc’

(2)

with A in m, Planck’s constant / in J s and speed of light ¢ in m/s, rendering the units of R, as
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Fig. 1: The spectral irradiance profile of the QTH pinhole aperture used for absolute calibration of the
hyperspectral imager.

photons/m’s eV .

Next, we placed the same QTH-illuminated pinhole aperture in the field of view of the
hyperspectral imager at the same measurement focal plane as the cells are normally imaged and
took a hyperspectral image cube of it over the wavelength range 550 nm to 1600 nm. The spectral
calibration factor can be defined as SCF(A) =R, (1)/NCR (1), where the net counts rate

(NCR) is defined as the (total counts —dark counts)/exposure time for the QTH pinhole. The dark
counts constitute an image cube where no voltage is applied to the cell (or QTH light is not turned
on if performing calibrations) and the total counts is the image cube with applied voltage (or with
QTH light on if performing calibrations). The dark subtraction eliminates background noise and
other artifacts from the images, leaving behind a clean signal associated with the cell’s EL
response. Having determined the SCF, subsequent image cube data on solar cells can be converted
to absolute emission rates using

R..(1)=NCR

cell

(DSCF(4), 3)

where NCRcer1 is the net count rate of the cell under test. This calibration process is only performed
once, and the resulting calibration factor is applied to all subsequent EL. measurements on solar
cells. For this work, we were not concerned with pixel to pixel spectral calibrations since our



analysis was focused on aggregate signals from the entire cell area. However, this calibration
process can be applied to all image pixels if the light source standard, i.e., the pinole aperture, has
a uniform emission profile across the camera’s field of view.

3.2 EL images
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Fig. 2: Absolute hyperspectral EL images of measured subcells at similar current densities for wavelengths labeled for each
image. Bottom subcell measurements for devices D2 and D3 are beyond the sensitivity of our instrument. Current densities are:
20.2 mA/cm? for D1 top and D1 middle, 177 mA/cm? for D1 bottom, 18.3 mA/cm? for D2 top and middle, and 19.8 mA/cm? for
D3 top and middle. The scale bar in each image is 1 mm.

EL image cubes were obtained on all three multijunction solar cells as a function of injection
current, J, inj OVer the emission spectral region of each subcell, except for the bottom subcell (Ge)

in D2 and D3 cells as mentioned earlier. Fig. 2 shows an example of such a series of images, after
calibration, at fixed wavelengths corresponding to the peak of the EL emission curve for each
subcell. D1 is rectangular in shape, with a thin contact pad on one edge for wire bonding to the
cell (not visible in this image) and contains no gridline electrodes on top. D2 has a large contact
pad on the top left (dark blue) for wire bonding and has gridlines all across the top surface. D3 is
significantly larger than the other two and has an irregular shape with a contact pad on the top right
and gridlines all across its top surface. The color scalebar for each image is independent of another
image. Significant EL emission heterogeneity can be observed for each subcell, particularly in
devices D2 and D3 where localized variations are notable. Darker spots correspond to locations of



defects where either significant nonradiative recombination reduces the radiative signal or physical
defects block or scatter the emitted light, preventing it from reaching the camera.

Comparing D1 top and middle images, higher emission from the edges of the top subcell
corresponds to lower emission from the edges of the middle subcell. Similar trends can be seen in
D2 and D3 top and middle images for some of the localized defects where dark spots in the top
subcell correspond to brighter spots in the middle, though the bright spots appear somewhat blurry.
It has been suggested that inhomogeneous emission from the top subcell, which results in local
voltage variations in that material, will have to be balanced out by opposite (but similar) voltage
variations in the middle subcell over the same spatial locations [24]. Therefore, lower emission (or
voltage) regions in the top cell would then result in higher emission/voltage region from the middle
subcell as observed here. Some of the other defects that appear dark in both D2 and D3 are likely
surface damage or material defects in one or both subcells. Surface damage, such as small scratch
lines, can affect either the top or all layers depending on the depth of the damage.
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Fig. 3: Absolute EL emission rate spectra of the middle subcell in D1 for various Jinj.

Notice that given the same current density, emission rates are higher for the middle GaAs subcells
than the top GalnP subcells in all three devices. In the next section, we compare the differences
between the EL emission spectra and their magnitudes, focusing on mean device spectra obtained
from averaging signals over large areas of the devices through a selection tool available within the
software used for the image analysis.

3.3 Absolute EL emission spectra
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Fig. 4: EL emission rates normalized by the injection current density for all measured subcells in D1 (a), D2 (b) and D3 (c).

Fig. 3 shows the absolute EL emission rate spectra of the middle (GaAs) subcell of the D1 device
as a function of Eph or (simply E from here forward) at various J, inj levels as labeled inside the

plot. Similarly, EL data was obtained for all the other junctions of the three cells except for the Ge
junction in D2 and D3. To better understand and compare these results across various devices,

these EL photon emission rates can be scaled by J/;; and plotted as the ratio R, /J;; as a function

of E. Figs. 4 (a-c) show EL intensity of all three multijunction cells plotted in this fashion (in
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Fig. 5: The external luminescence quantum yields as a function of injection current for all the measured subcells in each

device.

units of photons/(electrons-eV)). Notice that the bottom subcell of the D1 cell, the GaInNAs
junction, shows a very weak EL emission even at current densities about an order of magnitude
higher than those used for the top and the middle subcells. The important observation here is that
the scaled EL emission rate curves do not collapse into one curve for each subcell (except for the
bottom junction of D1) after this scaling, an indication that the radiative emission rates for these
materials are current density dependent. The external luminescence quantum yield for each subcell

10

din; [MA/EM?]

in LED mode of operation (i.e., under injection current only),

integrating each curve over all photon energies as defined by

(=1, 2, 3) is calculated by



Eﬂ]ax
YCI):ED =q _[ R, (E)dE/Jinj = cht)(:tt,- [ i o (4)

Emmin

where ¢ is the electron charge in Coulombs. Y, - is a unitless quantity representing the fraction

ext

of emitted photons per electron injected into the subcell as described earlier.

Table 1: Calculated light generated current for all the subcells based on EQE measurements.

JL =q RAMO,- D1 D2 D3
(mA/cm?)
J, 18.51 17.45 17.10
Ji, 15.00 17.57 17.27
Ji, 17.51 27.89 30.30
Figs. 5 (a-c) show the log-log plots of Yetf Pys J inj for each subcell. The top and middle junctions

for all devices show a power dependence for Y, oP though the power exponent is generally higher

ext

for GaAs (0.85 for D1, 1.1 for D2, 1.5 for D3) than for GalnP (0.37 for D1, 0.78 for D2, 0.98 for
D3). Also, D3’s Y.°

ext
for that device as will be discussed later. In general, the higher quantum yields at higher current
densities point to increased radiative recombination fraction in these materials because defect-
mediated non-radiative recombination tends to saturate at higher injection levels [25,26]. A

values are lower than D1 and D2, indicating poorer electrical performance

mathematical treatment of the functional dependence of Y, - on current density would likely

ext
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Fig. 6: Calculated external luminescence quantum yields as a function of the subcell current density for all measured subcells.



reveal important information regarding the carrier concentration dependence of radiative and
nonradiative (i.e., Shockley-Read-Hall) recombination mechanisms in these devices although this
topic is beyond the scope of the current work.

3.4 Calculation of the external luminescence quantum yield in solar cell mode
In the solar cell mode of device operation, there is a combination of photogenerated current and
terminal-injected current flowing through the device depending on the applied bias. We are

interested in determining the external luminescence yield, Y., of each subcell as a function of the

subcell current density J. A computational approach to translate Y, “Pys J,, measured data to

ext inj

Y vs J derived data has been extensively described in Chen et. al. [9] by carefully considering
YLED

ext

the carrier balance equations for each subcell and associating the values for a given J, inj tO

an equivalent subcell current density J that results in the same number of carriers within each
subcell.

For cells exposed to the AMO illumination, the photogenerated current density for each junction
can be calculated from J, =gR,y, =¢ '[ EQE,(E)S \dE , where R, 1s the AMO generation rate

into the junction, EQE. is the external quantum efficiency of the ith junction, and S AMo 1s the AMO

photon flux incident on the cell surface, which were calculated from the ASTM E490 air mass 0
tables [27].

Table 1 shows the J ;, values calculated for each subcell of the three MJSCs using the measured

EQE curves as shown in Fig. 7. In the carrier balance equations, nonradiative emission rates,
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Fig. 7: The external quantum efficiency measurements of the top, middle and
bottom subcells within each device.



Rnri , and luminescent coupling emission rates R, . from junction i to i+1 are also included and

must be properly accounted for. The mathematical treatment, which closely follows that of
reference [9] has been extensively described in chapter 3 of reference [28]. Here, we present the
results of these extensive computations is Fig. 6 for all measured subcells. Notice that Y_, is now

ext

plotted as a function of the subcell operating current/ which is negative in this convention.
Significant differences in Y, can be observed among nominally similar subcells, indicating that

ext
defect densities and radiative to nonradiative recombination ratios are not the same among the
subcells. In particular, the middle junction within the D3 device shows luminescence efficiencies
that are lower by a factor of 3 at J =0 which corresponds to the operation of the subcell near its
open circuit voltage, V. In general, we have observed that in devices with larger density of

localized defects, the overall Y, is lower. These findings help reveal the origin of energy losses

within each MJSC, as will be discussed below.
3.5 Subcell J-V curve calculations and modeling

Since electroluminescence is the reciprocal process to the conventional operation of a solar cell,
the electro-optical reciprocity relationship can be used to relate the EL emission rates to the EQE
and voltage loss across a given subcell of the solar cell. Therefore, absolute EL measurements
from the individual subcells within a multijunction cell can serve as a unique way to obtain the
individual subcell J-V curves, providing useful information regarding the electrical properties of
each junction within the cell stack. The reciprocity relationship states that [9,11]:

q(V —JARS)j

T )

R _(E,V)=EQE(E)B(E) exp(
where B(E) =27 E*h~c” exp(—E / kT) is the spectral photon density of a blackbody, k is
Boltzmann’s constant, / is Planck’s constant, A4 is the device area, T is the temperature of the

junction, c is the speed of light in a vacuum and R; is the series resistance external to the cell.
Solving Eq. 5 for V' (J) gives:

Rtol J
="l )
q

+JAR, (6)
< EQE, >,, | B(E)dE
E

g

The term< EQE, >EL=IEQEi(E)R (E)dE /IR (E)dE 1s an average EQE term over the EL

CX[I- CX[I-

spectral emission region. Here, the bandgap energies, £ ¢, Were estimated from the inflection point

in the long wavelength tail region of the EQE curve for each junction [29,30].

Fig. 8 shows the EL-derived subcell J-V curves of device D1 using Eq. 6. For each subcell, the
R} (J)term is computed over a range of current densities based on the Y, (J)derived curves

ext;
shown in Fig. 6. We note that using this approach, one cannot obtain points along a subcell’s entire
J-V curve because as we move from the V. towards V_ and ultimately /' =0 along the curve, the

difference between the solar cell current J and the light generated current J, decreases



substantially, meaning that Ye];fD must be measured at a very small J, inj - Electroluminescence

measurements under very low current densities (generally less than ~ 0.5 mA/cm?) are very
challenging and ultimately run into the detection limit and signal-to-noise ratios of the instruments.
The partial J-V curve points for the GalnP and the GaAs junctions plotted in Fig. 8 reflect this fact,
but it is even more relevant for the GaInNAs bottom subcell. For this junction, we were only able
to calculate a small segment of the J-V curve located far into the forward bias regime (positive
currents) past its V. because the EL measurements were performed with a significantly less

sensitive SWIR detection system even under high J. inj values.
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Fig. 8: Reciprocity-derived partial J-V curves (filled symbols) and the measured composite J-V curve (open symbols) under
AMO for D1 and its 3 subcells. The inset magnifies the boxed region shown in the plot for a closer look.

Also shown in Fig. 8 is the composite J-V curve of the D1 multijunction cell (open triangles)
measured using a multizone solar simulator under AMO illumination. With the aid of the composite
and partial J-V curves, we can fully reconstruct the subcell J-V curves using a well-accepted
equivalent circuit model such as the two-diode model [4]. In this model, the implicit J-V curve for
each subcell i can be written in the forward bias direction as:

q(V —R,4J,(1))
kT

-1

JV) =—J, +J, | exp

(7

q(V-R,47,(1)) L r-r )

Jy, | €X -
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In the reverse bias, the right side of Eq. 7 is multiplied by the factor 1/(1-(V'/V,, )™ to account
for avalanche breakdown. Here, J, is the saturation current density for the quasi-neutral regions,
J i, 1s the saturation current density for non-radiative mechanisms in the depletion and perimeter
regions, 7, is the ideality factor associated with those mechanisms, R, is series resistance, R, 1s
the shunt resistance, n,, is the Miller index and 7}, is the breakdown voltage. We used Eq. 7 to

calculate each subcell’s J-V curve such that, 1) the model-calculated J-V curve achieved a
reasonably good visual fit to the partial EL-derived J-V curve, and 2) the series sum of the three
subcell J-V curves reproduced the measured composite J-V curve for the entire cell. These

calculations were performed by varying the parameters.J,,, J,,, and n, while keeping the other

model parameters mostly fixed across all devices. Also, the Jsc of the composite curve always
matched the Jp calculated value for the limiting subcell. The one exception to this modeling
approach was the Ge subcell on devices D2 and D3. Since we had no EL-derived J-V curves for
that subcell, we simply calculated that subcell’s J-V curve such that condition 2 above was
satisfied. This calculation would not be very accurate without the EL-derived J-V’s of the top and
middle subcells as explained below. The model parameters for that junction are consistent with
values reported previously [5]. The Ge junction suffers from a low breakdown voltage/shunt
resistance and high saturation current densities and therefore shows very nonideal J-V curve
behavior.

Table 2: Fit parameters used for the two-diode model calculations with estimated uncertainties. Vid values for Ge subcells are taken
from [5].

Device D1 Ri[Q] R [Q] JL [A/m?] Jo1 [A/m?] Jo2 [A/m?] n nm  Vba [V]
Top 0.5+0.3 500£100 185.1£5.5 5%1022£1 %1022 1x10°+5%107 3.3+0.1 3 <-10
Middle 0.5+0.3 >5k 150.0+4.5 9x107"0£1x1071¢ 3x10°+£5%10°¢ 2.840.1 3 <-10
Bottom 0.5+0.3 45+10 175.1+8.8 <1x107% 8x102+1x10? 240.1 3 <-10

Device D2
Top 0.5+0.3 >5k 174.5+£5.2 9x102%£1x102 6x10°£1x10° 3.3+0.1 3 <-10
Middle 0.5+0.3 >5k 175.7+£5.3 7x10710£2x10716 1x10*2%10° 2.840.1 3 <-10
Bottom 0.5+0.3 45+10 278.9+14.0 <10? 3.5+0.5 240.1 3 -1.8

Device D3
Top 0.5+£0.3 >5k 171.0+5.1 9x102%£1x102 1.8x1075+1x107!° 3.25+0.1 3 <-10
Middle 0.5+0.3 >5k 172.74£5.2 1.x105+£2x1071¢ 2.2x104+3x107° 2.8+0.1 3 <-10
Bottom 0.5+0.3 45+10 303.0+15.1 <1072 25+4 1.5+0.1 3 -1.8

Figs. 9 (a-c) show the reciprocity derived partial J-V curves, the modeled subcell and composite
J-V curves and the measured composite J-V curves for all three devices. It is important to note that
the reciprocity-derived J-7 method significantly aides the model-derived J-V calculations by
predicting the V. values of the two GalnP and GaAs subcells and to a lesser degree the curvature
of the J-V curve near the maximum operating voltage, V_ . Basically, EL results inform the two-

diode model in terms of parameter selection for the J,, J,, , and n values. The deviation seen

between the two-diode model and the reciprocity-derived J-V curves near the maximum power
point (MPP) in D1 could indicate errors in EL measurements of the subcells, particularly in the
top subcell, under very low J, ;. Overall, the model shows good agreement with data based on the

parameters reported in table 2. As long as the EL measurements are accurate, the partial EL-
derived J-V curves of the top and middle subcells heavily constrain the model parameters for those



two subcells. Therefore, we are able to predict the Ge subcell J-V, even without EL measurements
since the overall composite J-V curve is separately measured.

Comparing the two nominally similar D2 and D3 devices, it is observed that the bottom junction
in D3 is a substantial cause of the overall lower device performance, accounting for approximately
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Fig. 9: Two-diode model fits to the reciprocity-derived J-V curves and the composite J-V curve for D1 (a), D2 (b) and D3 (c).

120 mV to 130 mV of the = 200 mV difference between the two devices’ composite Voe. Our



measurements and modeling let us determine that an additional ~ 50 mV in AV, comes from the

difference in the two GalnP subcells and another = 25 mV from the GaAs subcells. The lower
external luminescence yields of the GalnP and GaAs subcells in D3 reveal slightly lower V¢ values
for those two subcells compared to the equivalent D2 subcells and these combined differences
cause a poorer D3 device performance. In fact, ¥, (/) measurements help explain the differences

)[16] and it
can be shown that this loss term is directly related to the differences in voltages observed above.

between the voltages. The voltage penalty from the ideal SQ V, is given by k7 In(Y,

Xt

Table 3: Energy loss fractions, normalized by the incident power at device MPP.

D1 AMO TH EM LC NR JN Output
Power

Top 0.324 0.069 1.64x107 2.01x10* 0.063 0.054 0.137
Middle 0.180 0.025 6.38x10°° 8.04x107 0.011 0.053 0.091
Bottom 0.152 0.033 9.86x107 - 0.025 0.080 0.015
TR 0.343 - - - - - -
Total 0.999 0.126 2.37x107 2.81x10* 0.099 0.187 0.243
PCE (measured) 0.237

D2
Top 0.311 0.071 4.96x107 6.07x10°¢ 0.018 0.076 0.143
Middle 0.215 0.035 5.17x10¢ 6.51x107 0.015 0.066 0.099
Bottom 0.216 0.076 2.41x10° - 0.060 0.063 0.018
TR 0.258 - - - - - -
Total 0.998 0.181 8.08x10° 7.12x1073 0.093 0.205 0.261
PCE (measured) 0.267

D3
Top 0.301 0.074 1.59%x1077 1.95x10¢ 0.017 0.080 0.128
Middle 0.211 0.034 8.26x107 1.04x107 0.015 0.072 0.090
Bottom 0.235 0.082 2.97x10¢ - 0.073 0.073 0.006
TR 0.254 - - - - - -
Total 0.998 0.190 3.95x106 1.23x107 0.105 0.225 0.225
PCE (measured) 0.227

Table 3 Notes: D1 (GalnP/GaAs/GalnNAs), D2 (GalnP/GaAs/Ge) and D3 (GalnP/GaAs/Ge) are triple junction solar cells by three
different manufacturers. Energy loss fractions are normalized by the incident AMO extraterrestrial irradiance equaling 1366 W/m?,
TR loss refers to the sum of the below bandgap transmission and surface reflections. TH is the thermalization loss, EM and LC are
radiative emission losses into space (EM) or junction below (LC), NR is the non-radiative recombination loss and JN refers to
losses at the junction. The output power is the max power produced by each subcell normalized by the incident irradiance and is
therefore the power conversion efficiency (PCE).

3.6 Calculating subcell major energy losses

Within the confines of the Detailed Balance model, various energy loss mechanisms can be
identified within each subcell of the multijunction solar cell. The most important losses are
recombination losses, thermalization (TH) loss, transmission (TR) loss and the junction (JN) loss.
Transmission and thermalization losses, which account for incident energy lost to unabsorbed
photons and energy lost to electrons thermalizing to the edge of the conduction band, respectively,
are computed from the EQE and the incident light’s photon flux. Recombination losses, including
contributions from both the radiative and non-radiative (NR) recombination processes, can be
estimated from the Y, measurements. The junction loss describes how much energy is lost when

ext

a photogenerated charge carrier with an initial energy equal to the band gap energy E, traverses

across a junction experiencing a potential difference 7, and is a combination of various losses such
as the angular mismatch, Carnot and resistive losses [31].



Tables 3 summarizes the major subcell energy losses under AMO illumination, with each cell
operated under the MPP of the MJSC, using the equations outlined in Table IV of Chen et. al. [9].
All the losses and the output power have been normalized to the incident irradiance (1366 W/m?).
Also shown are the computed but negligible radiative emission (EM) and luminescent coupling
(LC) losses in order to remain consistent with the Chen precedent. For the Ge subcell calculations,
we used the Y, values reported in [9], which affects only the EM and NR losses. The major loss

values reported in Table 3 have the following relative uncertainty values: TH: = 1 %, JN: = 1.5 %,
TR: 1 %, NR: <0.1 %. As a consistency check, we have verified that each row’s sum of fractional
losses and the subcell fractional output power equal to the fraction of AMO irradiance over that
subcell’s absorption region. Furthermore, the sum of all losses including the transmission loss and
the output power approximately equal unity. We also calculated the power conversion efficiencies
of each cell from the J-V measurements and these numbers agree well with the sum of all three
subcell power outputs.

3.7 Device Insights

First, we focus on D1 and D2 results, comparing devices with different bottom subcells. The
bottom subcell in D1 has a 0.93 eV band gap compared to the 0.70 eV band gap energy of the Ge

subcell in D2. This difference in Eg results in a smaller total TH loss in D1 and an extra 0.055 in

fractional AMO power (out of the total 1). However, this gain comes at the cost of an extra 0.085
in TR losses compared to D2. Lower JN losses compared to D2 help reduce D1’s total energy
losses but the overall power output for D1 (0.243) is still lower than that of D2 (0.261). Notice that
even as the overall NR losses between the two cells are nearly equal, there are substantial
differences in individual subcell NR losses. The NR loss partly depends on the difference between
the light generated current in each junction and the overall operational current of the composite
cell. For D1, the middle subcell is significantly current limiting under AMO, whereas for both D2

and D3, the top and middle subcells are relatively well-matched, with the top subcell’s J; being

only slightly lower than those of the middle subcells. The larger mismatch in these currents results
in larger NR losses as can be seen for NR values in the top subcell in D1 and the bottom subcell
in D2.

Next, we compare D2 and D3 results. These two devices are nominally similar, yet D2 is = 0.04
points more efficient. Comparing the energy losses, we observe that D3 suffers from substantially
more NR and JN losses. Both of these losses are largely due to the poor diode behavior of the
bottom subcell, but the top and middle subcells also show slightly more JN losses in D3 than in
D2. As mentioned earlier, the lower Y_, values of both the top and middle subcells in D3 result in

ext

lower ¥, values according to the reciprocity relationship. Lower V, does translate to lower

operational voltage values, which will increase the JN losses, but we also observe a softer bending
of the J-V curves near the V_for both the top and middle subcells in D3. This effect is consistent

with our measurements showing that the external luminescence efficiency begins to decrease in
this region, and does so more rapidly in D3 (see Fig. 6 at J <—15 mA/cm?®). Therefore, absolute
EL measurements, even on two of the three subcells, provide a means to explain subtle differences
between nominally similar multijunction solar cells.

All other energy losses listed in Table 3 (i.e., EM, LC) are too small to impact the balance of
energy within the subcells as tabulated here. Since TH and TR losses are mostly unavoidable unless



Yext values that
show little dependence on current density will also help increase V,_ of the subcells, therefore
reducing JN losses as well.

4. Conclusions

Absolute hyperspectral imaging in electroluminescence mode was used to measure the subcell
external luminescence quantum yields in several different multijunction solar cells. The system
has been uniquely calibrated so that every pixel contains the emission rates at a given photon
energy, a major improvement over previous reports. From these measurements, subcell J-V curves,
even for Ge subcells with no EL measurements, were constructed. The EL-derived partial J-V
curves were instrumental in making informed choices regarding the parameters of the double-
diode model used to fully construct all three subcell J-V curves for each device. Additionally,
radiative and nonradiative recombination losses were computed and compared against each other
to gain more insight into the performance of these devices under AMO illumination. Some device
related differences, such as those in the open circuit voltage among nominally similar subcells can
be explained by luminescence efficiencies of the subcells. We computed other major energy losses
in these devices to understand the overall balance of energy within each stack and have clearly
shown that factors such as higher junction losses and lower radiative efficiency contribute to more
degraded performance in a given device.
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