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Characterization of multiterminal tandem
photovoltaic devices and their subcell coupling

John F. Geisz,"** William E. McMahon," Jeronimo Buencuerpo,’ Michelle S. Young,’
Michael Rienécker,” Adele C. Tamboli," and Emily L. Warren'

SUMMARY

Three-terminal (3T) and four-terminal (4T) tandem photovoltaic (PV)
devices using various materials have been increasingly reported in
the literature, but measurement standards are lacking. Here, multi-
terminal devices measured as functions of two load variables are
characterized unambiguously as functions of three device voltages
or currents on hexagonal plots. We demonstrate these measure-
ment techniques using two GalnP/GaAs tandem solar cells, with a
middle contact between the two subcells, as example 3T devices
with both series-connected and reverse-connected subcells.
Coupling mechanisms between the subcells are quantified within
the context of a simple equivalent optoelectronic circuit. Electrical
and optical coupling mechanisms are most clearly revealed using
coupled dark measurements. These measurements are sensitive
enough to observe very small luminescent coupling from the bottom
subcell to the top subcell in the prototype 3T device. Quick simpli-
fied measurement techniques are also discussed within the context
of the complete characterization.

INTRODUCTION

Inexpensive silicon solar cells are an amazing success story that has revolutionized
energy production on Earth in recent years, but efficiencies are nearing practical
limits and energy demand eventually will be limited by area constraints. Therefore,
demand for higher-efficiency solar cells will continue to increase and multijunction
solar cells will be required. Building upon groundwork laid by Ill-V multijunction solar
cells that have been studied, perfected, and used in area-constrained applications
such as space and concentrating photovoltaics, a host of new multijunction solar
cell material systems have been proposed for one-sun applications.

Most single- and multijunction solar cells currently use two electrical terminals (2T),
but three-terminal (3T) and four-terminal (4T) devices have been actively investi-
gated. All-Ill-V 3T tandem devices grown by a single epitaxial process have been
demonstrated with lateral conductive layers for middle contacts.'™ Mechanically
stacked III-V on silicon tandems have been demonstrated in 4T°” and 3T'%"® con-

figurations. Perovskite on silicon 3T tandems are particularly interesting for their low-
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simplified the fabrication of 3T tandems on silicon,

Interdigitated back contact (IBC) cells have considerably
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Figure 1. Schematics of GalnP/GaAs 3T device structures

(A) Layer structure of an r-type GalnP/r/GaAs 3T tandem.

(B) Layer structure of an s-type GalnP/s/GaAs 3T tandem with a tunnel junction interconnection.
(C) Three-dimensional schematic showing external top (T), middle (Z), and rear (R) contacts.

series-connected 2T multijunction solar cells such as requirements for polarity-
changing interconnections (e.g., tunnel junctions) and current-matched designs
(e.g., band gaps and absorber thicknesses defined by the spectrum). 3T and
4T devices can also improve energy yields over 2T multijunction devices in cases
of changing terrestrial spectra.”” However, these advantages result in complications
in stringing individual cells into modules. Voltage-matched (VM) approaches
have been proposed”?* to address these complications and have recently
been demonstrated.”>** Warren et al.?” proposed a taxonomy for naming contacts
in 3T photovoltaic (PV) devices to help standardize nomenclature, but standards for
multiterminal characterization have not yet been reported. Meaningful 3T and 4T
measurements are required to determine the peak cell efficiency, characterize the
expected performance within various string configurations, and quantify the impor-
tant coupling mechanisms by fitting to simple models.

In this paper, we propose fundamental techniques and principles for measurement
and characterization of 3T photovoltaic devices that can also be applied to 4T tan-
dem devices. We demonstrate them using measurements of prototype GalnP/
GaAs 3T devices. Many types and polarities of 3T devices are possible,?” but we
demonstrate these techniques here using an all-Ill-V device with back-to-back di-
odes that has been named r-type (for reverse connected) and an all-1ll-V device
with diodes pointing in the same direction called s-type (for series connected).
The data for the s-type device is presented in the supplemental information. llI-V
3T tandems are ideal for this initial demonstration of these techniques, because
I11-V multijunction solar cells have been studied, perfected,28 and used for area-con-
strained applications such as space and concentrating photovoltaics and are there-
fore highly stable, configurable, and well understood. 1lI-V tandem solar cells also
show strong luminescent coupling and are thus ideal for studying this coupling
mechanism in 3T devices.

RESULTS AND DISCUSSION

Fabrication

Inverted two-junction GalnP/GaAs solar cells (Figure 1) are grown lattice matched
onto single-crystal GaAs substrates by atmospheric-pressure organometallic va-
por-phase epitaxy (OMVPE). The thin tandem device is processed from the back
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Figure 2. Three possible measurement configurations for the same 3T device
(A) CZ mode.
(B) CR mode.
(C) CT mode.
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The 3T devices are shown in red. The measurement equipment shown in black is the same in all cases, with the low terminals of two source meter units

(SMUs) held in common. The “o" denotes current flowing out of a contact.

side, attached to glass with clear epoxy, removed from the GaAs substrate, and pro-
cessed from the front side.”” This fabrication provides externally accessible top,
middle, and bottom metal contacts, as shown in Figure 1C. The processing is similar
to the inverted metamorphic multijunction (IMM) device,*° but the structure is lattice
matched. In this article, we characterize a GalnP(np)/r/GaAs(pn) tandem without a
tunnel junction, as shown schematically in Figure TA. The middle contact is an
open metal frame around the perimeter of a 5 X 5 mm device contacting a 50-
nm-thick Alg 3Gag 7As:C p-type layer between the subcells. The lateral electrical
transport to the surrounding middle contact takes place primarily within the p-
type absorber layers of the two subcells (and the connecting p+-AlGaAs layer).
The top subcell contains a 1-um-thick p-type GalnP absorber layer, and the bottom
subcell contains a 2-pm-thick p-type GaAs absorber layer. Both of these layers
contribute to the lateral conductance of the middle (Z) contact. A transmission line
measurement (TLM) indicates that the sheet resistance of the p-type GalnP layer
alone is about 272 ohms/square, providing an upper bound, but the sheet resistance
of the p-GaAs layer could not be measured within the TLM structure because it is
etched away during processing. An antireflective coating of 100 nm of MgF, and
50 nm of ZnS was deposited by thermal evaporation as a final step. In the supple-
mental information, data for a similarly processed GalnP(np)/s/GaAs(np) 3T tandem
with a tunnel junction, shown in Figure 1B, are also presented. This s-type structure
also works well as a 2T device when the Z contact is not used and is similar in structure
to very-high-efficiency GalnP/GaAs tandems that have reached 32.8% efficiency.®’

Measurement setup

Schematics of 3T measurements are shown in Figure 2. A generic 3T device is rep-
resented by the red portions in Figure 2 using the taxonomy of Warren et al.”” Every
3T PV device has a well-defined top (T), rear (R), and extra (2) electrical contact, as
labeled in Figure 1 for the specific GalnP/GaAs devices used in this work. The 3T de-
vices were measured here with two Keithley 238 source-meter units (SMUs), as
shown in black in Figure 2, but a dual-channel SMU'? could also be used. The 3T de-
vice was connected to the two SMUs in common Z (CZ), common R (CR), or common
T (CT) modes, as shown in Figures 2A-2C, respectively. Either both voltages (V4, Vp)
or both currents (I, Ig) were systematically scanned as independent variables from
the software. Each measurement pair (e.g., la, Ig) corresponding to the scanned
source pair (e.g., Va, Vg) was collected by the computer before moving to the next
measurement. For each measurement, the current (l) or voltage (V) of each SMU
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was set, a single software trigger was sent to one SMU, and the other SMU was simul-
taneously initiated with an external electrical trigger connection. In addition, appro-
priate compliance values were set to prevent the 3T device from being damaged by
driving beyond breakdown. Whenever compliance was detected on either SMU, the
measurementvalues of both SMUs were discarded and replaced with not-a-numbers
(NaNs) to eliminate non-sensical results. Full 2D maps could take from 10 minutes to
1 hour depending on data range, resolution, and communication speeds. Typically,
about 2 data points per second were collected. Theoretically, the measurement
speed could be increased by scanning through several measurements (at least in
one dimension) controlled entirely by the SMU, but care must be taken to prevent
transient effects as the measurement is sped up. This may become an important
consideration for materials such as perovskites that experience significant measure-
ment hysteresis.>’ We included a minimum 10 ms delay before each measurement
point for these Ill-V devices. Most measurements were scanned from forward to
reverse bias, but no differences were observed when measured from reverse to for-
ward, as is typical for standard Ill-V solar cells as used here.

The optical illumination, which may be a standard reference spectrum (e.g.,
AM1.5G), can be challenging to produce for multijunction devices and is usually
simulated in the laboratory to collect the appropriate number of photons in each
junction,®® rather than creating the true spectral shape. Before the current-voltage
(I-V) measurements described earlier were taken, the simulator illumination intensity
was set and characterized with matched reference isotype cells. Spectral mismatch
correction was performed based on measured spectral irradiance of the simulator
and external quantum efficiency (EQE) of the actual 3T device shown in Figure S9,
as is typical for multijunction measurements.*® White Xe light from a Spectrolab
XT-10 solar simulator was supplemented with a blue 470 nm collimated high-power
light emitting diode to achieve one-sun AM1.5G illumination on each subcell. More
details on setting the illumination can be found in the supplemental experimental
procedures. The EQE of each junction of a 3T tandem (i.e., RZ or TZ) was measured
in the CZ mode separately while holding the other junction (i.e., TZ or RZ) shorted.
Shorting the other junction prevents the possibility of significant luminescent
coupling artifacts®® by draining the recombination current that could drive light
emission. In this measurement configuration, no light or voltage bias was required.
For s-type 3T tandems, the EQE could also be measured and corrected for lumines-
cent coupling by light biasing and measuring the junctions in series (i.e., TR), as for
2T devices.®

Three-terminal device variables

Two-terminal PV devices under a well-defined illumination spectrum (or in the dark)
can be fully characterized by measuring | as a function of V or by measuring V as a
function of I. In other words, an |-V curve with one independent variable and one
dependent variable defines its electrical performance characteristics for any given
optical illumination. This characterization has been well established and can be
further used to fit to simplified physical models of the device.

Three-terminal devices are considerably more complicated to characterize than 2T
devices. For every well-defined illumination spectrum ®(1), 6 variables define a
unique electrical state of the device [Iro, Iz0, ITo, Vz7. VRz, V18], Where o indicates
the current is flowing out of the cell. These electrical parameters are not indepen-
dent. Kirchoff's laws require the following:

and lro + Izo+ 1o =0 (Equation 1)
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Figure 3. Equivalent optoelectronic circuit of two-junction tandem devices

(A) 3T tandem device.

(B) 4T tandem device measured as a 3T tandem.

Coupling between the subcells occurs through luminescent coupling (J5§ and Js%) and shared resistance Rz. The external illumination J* and the
emitted light J°™ of the top and rear subcells is also indicated on the figure. The direction of the top and bottom diodes can be reversed for devices with
different polarities. The numerical solution of the 3T model is described in the supplemental experimental procedures.

VZT + VRZ+ VTR: 0 (Equation 2)

The specific diode operating characteristics of the two coupled subcells within the
3T device will determine two more of these parameters. Thus, a unique electrical
operating state can be obtained by simultaneously setting two of the 6 variables
(one from each subcell), measuring two more, and calculating the rest from Equa-
tions 1 and 2.

Coupling mechanisms

Tandem solar cells can be highly coupled both optically and electrically, as shown in
the equivalent optoelectronic circuit diagrams in Figure 3. Optical coupling through
luminescence has been studied for 2T tandems,> =’ 3T tandems,*® and 4T tan-
3949 and occurs significantly whenever one subcell is driven toward forward

bias to emit light and another subcell can absorb some emitted light. The lumines-

dems

cent coupling current density J,%C generated in one subcell j is proportional*’ to the
density of electroluminescent photons J¢™ that are emitted from the front of the de-
vice by the other subcell i as a result of reciprocity:**

JC=8. Jom =g, J%® {eq%: - 1} (Equation 3)

ij ij i ij i

where J9(E? T) is the reverse saturation current in the detailed balance limit*'**
given in Equations S3 and S4 and V/; is the voltage across subcell i without series
resistance. The proportionality constant @; is related to the emission wavelength,
absorption spectra, and optical geometry’®** and can be as high as 4n? for JL5,
where n is the index of refraction. J& is typically negligibly small. In 4T tandems,
the subcells and their optical coupling can be characterized by connecting the two
subcells externally, as shown in Figure 3B, and measuring them as a 3T tandem.*”
However, measuring a 4T tandem in this way does not characterize shunting in the
electrical insulation between the subcells. (This shunting is indicated by G§7 in Fig-
ure 3B and should be characterized separately, because this may become important
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in strings of 4T cells, where the top and bottom cell may be operating at significantly
different voltages.)

Electrical coupling in 3T tandems occurs as a result of shared internal resistances' ¢
for direct current (DC) measurements. (Capacitive coupling may also be importantin
alternating current [AC] measurements, but we do not consider this here.) For
example, driving large currents from the bottom subcell Iz, through a common resis-
tive Z contact (shown as Rz in Figure 3A) will affect the voltage Vrz = (V1- V) because
of the resistive drop through the Z contact. Thus, the current through one subcell af-
fects the voltage across the other subcell. Because 4T tandems (Figure 3B) do not
have a common internal resistance (i.e., Rz = 0), electrical coupling is not expected.
The behavior of Rz in 3T tandems as a function of operating conditions becomes
complicated as a result of distributed resistance”’ or bipolar IBC bottom cells,*?
but the model is still useful for understanding measurement considerations.

As a result of these coupling mechanisms, every 3T and 4T device measurement
must control and specify the state of two independent variables, as described
earlier. A simple |-V curve for a 3T or 4T device is ill defined unless another variable
is constrained and reported with the measurement. As will be shown next, a two-
dimensional image is required to capture the full behavior of the multiterminal
device.

Relationship between device variables and load measurements

Because they are over-specified, not all 6 device variables described can be inde-
pendently controlled. Instead, two load variables are sourced and two load variables
are measured within the externally connected SMUs, and device variables must be
determined from the load variables. Because of the convenient relationships 1
and 2, any 3T PV device can be characterized with only two loads, such as SMU A
and B shown in Figures 2A-2C when measuring in CZ, CR, or CT modes, respec-
tively. In this paper, we restrict the discussion to SMUs connected together at the
low side, as shown in Figure 2, but other equipment configurations are possible.
(Further complications in experimental setup can result by swapping which SMU is
connected to which non-common terminal and which SMU terminal is common to
the other SMU.) We use separate current and voltage probes to reduce the effects
of resistances in the circuit external to the 3T device as much as possible. We also
electrically ground the source side of these common-low terminals to prevent the
possibility of developing large voltages relative to ground. Thus, we can measure
and characterize a 3T device by simultaneously measuring two load variables as
functions of the other two sourced load variables:

mode mode \/mode
{ fece (Ve v

Igﬁode <V£node7 ngde> (Equat|on 4)

and/or

VAmode (I)rqnode7 ’anode> '
(Equation 5)

mode ( jmode jmode
vipese ((pede, fpoce)

Here, “mode” indicates the equipment measurement mode, CZ, CR, or CT (i.e., how
the loads were connected to the device, as shown in Figure 2), and the measurement
mode must be specified to unambiguously indicate the load variables of SMU A and
B. Because we have two dependent variables as functions of two independent vari-
ables, this results in two 2D images of either currents (Equation 4) or voltages
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Figure 4. Load-plane plots of six separate 2D measurements of a 3T GalnP/r/GaAs device (MS874) at one-sun AM1.5G illumination

(A and D) Measured in the CZ measurement mode.

(B and E) Measured in the CR measurement mode.

(C and F) Measured in the CT measurement mode.

Power density (in milliwatts per square centimeter) indicated by the color as quantified in the inset of (B) is plotted as a function of load voltages (A-C,
every 0.05V) and load current densities (D-F, every 0.5 mA/cm?). Black iso-power contours are also shown every 5 mW/cm? from 0 to 25. Special points
are shown as colored markers on all plots, as tabulated in Figure 7. The red triangles indicate the MPP of each dataset, and the colored circle markers

show the easily measured zero-power points for each dataset, which correspond to the colors in Figure 7.

(Equation 5). Typically, these equipment-dependent, multidimensional results are
reported parametrically as power density,

Ptot - _ <Ixode_v)&node + Igwodelvénode) /A3T

= — Jyede.vpode — jpode. ypede, (Equation 6)

for every measurement mode shown in Figure 2. The negative sign is applied so that
positive Py indicates that the solar cell is producing power and the loads are
consuming power. The plots of Py (V9 VD0%) or Py, (JFo9, J79%), often de-
noted as P-V-V or P-J-J, are plotted as functions of the load coordinates sourced
by the SMUs. These plots are shown in Figure 4 for the prototype GalnP/r/GaAs
3T device for each of the measurement modes described in Figure 2. Similar mea-
surements of the GalnP/s/GaAs device are shown in Figure S5. Here, Azt is the full
(or largest) area of the 3T device, and we define the individual current densities rela-
tive to that full area:

J;node = Ixode/ A3T

(Equation 7)
Jgnode = ’EOde/A:ﬂ'

Using this convention, P (in milliwatts per square centimeter) is equal to the effi-
ciency (as a percentage) when illuminated with a one-sun irradiance of 100 mW/
cm?. Both subcells may not have the same area, as shown schematically in Figure 1A
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for the IlI-V prototype cell used here. In this case, the area of the bottom subcell is
only 89% that of the top subcell because of the area required for the intermediate
middle contact. Therefore, when interpreting the results, the photocurrent density
(as defined earlier) generated in the bottom subcell must be understood to be
scaled by Apo/Asr relative to the actual photocurrent density that may be calcu-
lated, for example, by the integrated EQE.

Although 3T data have been reported most often only as functions of independently
varied voltages,'#'? important information can be observed in the P-J-J load-plane
plots®’ that is hidden in the P-V-V load-plane plots. For example, luminescent
coupling can be directly observed in the P-J-J data as a slope of the zero-power con-
tour (i.e., the right side of Figures 4D and 4F, but see also the differences in fitting in
Figure 6). This is not apparent in the P-V-V data. It is therefore quite useful to mea-
sure both P-V-V and P-J-J data, because equally spaced data in one parameter space
can become quite sparse when plotted as functions of the other variables.

Previously in the literature,> %134

measurements of 3T devices have been reported
as functions of load two variables, but depending on how a 3T device is connected to
the loads (see Figure 2), seemingly different results are obtained, as shown in Fig-
ure 4. This can sometimes become a source of confusion around 3T measurements,
because the measurement configuration is not always well specified. In our paper,**
a 4T GalnP//Si device was connected as an s-type 3T tandem (see Figure 3B),
measured in the CR mode (this was called the 3T configuration in Figure 2d of Schna-

|.45)

bel etal.””) and compared with the same 4T device measured in the CZ mode (called

the 4T configuration in Figure 2a of Schnabel et al.*%). Tayagaki et al."® were careful
to measure and specify their 3T tandem device as a function of load voltages in CZ,
CR, and CT modes. These papers concluded that the peak efficiency is the same, no
matter which measurement mode was used. We can further say that every operating
point in a particular mode corresponds to an equivalent device state within each of
the other measurement modes. To report unambiguous results that are not equip-

ment dependent, itis best to report simultaneous |-V curves in the form of the device

parameters
IRo(Vzr, VRz, V1R)
’Zo(VZT7 VR27 VTR) (Equation 8)
ITo(VZT7 VR27 VTR)

and/or

VZT(IRO7 IZm ITo)
Vrz(Iros I704 I0) + (Equation 9)

VTR(IRm IZm ITo)

where, for example, Vzr = Vz- Vrand Ig, indicate the current out of the device, as
shown in Figure 2. Again, because these results cannot be represented in a single
graph, we plot them parametrically as functions of the power density from
Equation 6:

and/or Peot(Vzr, Vez, Vir) (Equation 10)

Piot(Iros Izo, IT0) (Equation 11)

All of these device parameters [Igo, Izo, ITo, V1, VRz, V7Rl can be calculated from the
load parameters [I4, I, Va, Vg] based on a rather simple analysis of the electrical cir-
cuits shown in Figure 2, but the analysis is different for every possible equipment
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Figure 5. 3T GalnP/r/GaAs device measurements from Figure 4 replotted as functions of 3D
device coordinates

(A) Prot(Vzr, VRz, VTR), Where voltages have units of volts.

(B) Ptot(Jro,JzosJT0), Where current densities have units of milliamperes per square centimeter.
The power density is indicated by the color bar, with black iso-power contours every 5 mW/cm?.
Each raw dataset from Figure 4 is plotted on its plane of origin (CZ, CR, or CT). The CZ
measurements are projected onto the 3D device plane using Equations 1 and 2. Rotation of these
3D plots in video format can be observed in Videos S1 and S2.

configuration. We find it convenient to calculate the equipment-independent device
parameters from the measured load parameters using equipment-dependent
matrices. Such conversion matrices can be written for every different equipment
configuration, such as CZ, CR, and CT shown in Figures S1-53, respectively, as given
in Equations S13-S24, or any other equipment configuration that one can imagine.

The P-V-V-V and P-J-J-J plots are displayed as functions of 3 dimensions, as shown in
Figures 5A and 5B, respectively (as calculated from the CZ mode data). Although these
3D plots can be difficult to fully visualize on a printed page, we can rotate them to un-
derstand them (see Videos S1and S2). We immediately see from Figure 5 that these 3D
data fall onto 2D plane surfaces. This is a consequence of Kirchhoff's laws in Equations 1
and 2, and we denote itas the device coordinate plane. The projections of the 3D device
data onto the load planes (e.g., Vr~Vrg plane for CR) result in the original 2D load data
for each measurement mode. By viewing the device coordinate plane in 3D from the
isometric viewpoint, we see that this 3D data can be flattened to a 2D hexagonal de-
vice-plane plot, as shown in Figure 6. The isometric transformation of the 3D data
into Cartesian coordinates for hexagonal plots is given in Equations S11 and S12. To
be able to understand and quantify the hexagonal plot, regular lines of constant Jg,,
Jzo, J10r V21, VRz, OF Vg are plotted to form a hexagonal grid. The hexagonal plots
for data measured in CR and CT modes are nearly identical to the transformed CZ
data within the measurement uncertainty, as shown in Figure S4, demonstrating that
the operating characteristics of the 3T device do not depend on the measurement
configuration. These hexagonal plots are convenient 2D representations of the device
characteristics that can be printed onto a page yet show the multidimensional nature of
the device operation. The hexagonal plots of the GalnP/s/GaAs device shown in Fig-
ure S7 and fit in red using the parameters in Table S2 correspond to the load measure-
ments in Figure S5.

Measurement simplifications
Although the complete unambiguous characterization of 3T devices with hexagonal
P-V-V-V and/or P-J-J-J device-plane plots is comprehensive and ideal, these
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Figure 6. Hexagonal device-plane plots for the 3T GalnP/r/GaAs device

(A) Prot(Vzr, Vez, V1r) , with units of volts.

(B) Ptot(Jro,JzosJT0), With units of milliamperes per square centimeter.

Measurements were taken at one-sun AM1.5G illumination in the CZ measurement mode,
converted to device coordinates using Equations S13 and S14, and flattened to 2D using Equations
S11 and S$12. Data measured in CR and CT modes and transformed in this way appear nearly
identical, as shown in Figure S4. The power density of the data is indicated by the color bar, with
black iso-power contours every 5 mW/cm?. Red iso-power contours show the results of fitting the
model shown in Figure 3A with parameters listed in Table S1. The dashed purple zero-power
contour shows the fit if the luminescent coupling parameter 81z is changed to zero. Special zero-
power points are shown as colored circle markers, as tabulated in Figure 7. The triangle markers
indicate the MPP.

measurements may take considerable time. In some cases, it may be enough to char-
acterize a subset of these values for substantial time savings, which can be particu-
larly useful for metastable devices. These simple parameters are analogous
to characterizing the short-circuit current density (Jsc), open-circuit voltage (Voc),
and maximum power point (MPP) in a 2T measurement. The following special points
can be extracted from the measured 2D data of 3T devices with numerical tech-
niques but can also be directly measured quickly with greater resolution than the
2D data, because the independent variables are constrained to only one or zero
dimensions.

Zero-power contour

Just as Jsc and Vo are important, interesting, and characteristic zero-power-pro-
ducing points on a typical 1D current density versus voltage (J-V) curve, so is the
entire zero-power contour of a 2D power plot of 3T devices. Although it is not gener-
ally easy to trace the entire zero-power (P = 0) contour of a 3T device without also
measuring many other points on the 2D plot, we can identify five special points on
the zero-power contour, by examining Equation 6, that are easy to measure because
they can be defined by either load or device variables. The conditions for these
points, listed in Table 1, result in zero-power points for every measurement mode,
but when measured in different modes, the 3rd, 4th, and 5th conditions, as defined
in load coordinates, correspond to differently numbered conditions in device coor-
dinates. The first four special points in load variables can be quickly and easily
measured by directly setting two of the load variables to zero. Although the fifth con-
dition in load variables is not as easy to measure, it could be experimentally deter-
mined by a single 1D constrained line measurement. This is shown as a gray line in
Figure 8B by setting J$? = — J$? and finding where it simultaneously crosses V§Z =
V{Z in Figure 8C. It identifies the 3rd point listed under the device coordinates (gray
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Table 1. Special zero-power points of 3T measurements

Device coordinates Load coordinates
1 Vig=Vzr=Vrz=0 Vit = @ VEeEE = @
2 Ito = Iro = Iz =0 fpode = 0 [gode = 0
3 Iz60=0 Vir=0 e = @ Viese = @
4 l76=0 Vez=0 VL"Ode =0 Ig"de =0
5 lro=0 Vzr=0 Izwode - _ Ig‘:ode Vzﬂode — Vénode

The conditions are defined as functions of device or load coordinates. Conditions 3-5 in device coordi-
nates do not necessarily correspond the same conditions in load coordinates.

circular marker Iz, = 0 and Vg = 0). These special points can help bound the area of
parameter space that is interesting for subsequent 2D measurements and may be
useful for intuitive parameterization of a device. They are shown for the GalnP/r/
GaAs device as colored circle markers in Figures 4, 6, and 7 and summarized in Fig-
ure 7. The corresponding special points of the GalnP/s/GaAs device are shown in
Figure S10. We discuss later how the differences between some of these points
are directly related to optical and resistive coupling.

Maximum power point

The MPP of a 3T device is, by definition, the most desirable operating point for po-
wer extraction. It is always located somewhere within the island of the zero-power
contour but is not generally simple to locate without 2D mapping. The MPP of our
example GalnP/r/GaAs device has been determined from the maximum of each of
the P-V-V and P-J-J datasets in each measurement mode and is reported in Figure 7
for points indicated by red triangles. The resulting MPP and its location in device co-
ordinates are in good general agreement regardless of the measurement mode (in
agreement with Tayagaki et al.’®), but uncertainty arises from the wide data resolu-
tion required to minimize measurement times. (In this case, data were only measured
every 0.05V or 0.5 mA/cm?.) This uncertainty because of resolution may be reduced
through intelligent interpolation using an accurate model or polynomial fit, as is
commonly done for simple 2T J-V curves.

When the coupling is relatively small, a simpler method of quickly estimating the
MPP may be used. An iterative approach was used in Tayagaki et al.”? by alter-
nately measuring the top and bottom subcell J-V curves while holding the other
subcell at its MPP from a previous measurement. Either the voltage or the current
of one subcell is held constant while measuring the J-V curve of the other subcell in
the CZ mode. The top subcell should always be measured first, because the
magnitude of any luminescent coupling from bottom to top is always smaller
than the luminescent coupling from top to bottom for different band-gap subcells.
The best first measurement depends on the dominating coupling mechanism. If
electrical coupling due to resistance is significant at MPP, it may be best to first
measure the top subcell J-V while holding the bottom subcell at short circuit
(Vrz = 0), because the voltage drop across Rz due to the current flow through
the bottom subcell is similar to that at MPP. In the case of very large Rz or injec-
tion-dependent Rz (as with bipolar or low-doped unipolar IBC bottom subcells),
it may instead be best to hold the bottom subcell at open circuit (Jg, = 0) during
the first measurement.*® If luminescent coupling from the bottom to top subcell at
MPP were strong, it would also be best to first measure the top subcell J-V while
holding the bottom subcell at open circuit, but as mentioned earlier, this is usually
not the case. After each iteration of J-V scans, a single simultaneous measurement
of the two currents at the estimated MPP voltages is a good idea to confirm the
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Measured Load Coordinates Calculated Device Coordinates Total
Measurement (mA/cm2 orV) (mA/cmz orV) Power
Color Point Mode | Ja Jg Va Vg Jro Jzo Jro Vo Ve Ve |[mwW/cm?)

Ccz | 11.24 15.29 0.000 0.000| 11.24 -26.54 15.29 0.000 0.000 0.000| 0.00
Vir=Vzr=Vg=0 CR [-26.46 1512 0.000 0.000| 11.34 -26.46 15.12 0.000 0.000 0.000| 0.00

O

vnte CT | 11.16 -26.40 0.000 0.000| 11.16 -26.40 15.24 0.000 0.000 0.000| 0.00
[+ 0.00 0.00 -1.025 -1.421| 0.00 0.00 0.00 1.421 -1.025 -0.396| 0.00

@ Jo=Jpo=Jp=0  CR 0.00 0.00 1.025 -0.396| 0.00 0.00 0.00 1.421 -1.025 -0.396| 0.00
green cT 0.00 0.00 0.395 1.421| 0.00 0.00 0.00 1.421 -1.025 -0.395| 0.00
126=0 CR 0.00 15.19 1.049 0.000(-15.19 0.00 15.19 1.049 -1.049 0.000| 0.00

V=0 CT |-1524 0.0 0.000 1.050|-15.24 0.00 15.24 1.050 -1.050 0.000| 0.00

o
s
2

J15=0 cz 13.09 0.00 0.000 -1.397| 13.09 -13.09 0.00 1.397 0.000 -1.397| 0.00

e Vez=0 CR |-13.04 0.0 0.000 -1.397| 13.04 -13.04 0.00 1.397 0.000 -1.397| 0.00
Jro=0 CZ | 000 1532 -0.993 0.000] 000 -1532 1532 0.000 -0.993 0.993] 0.00
. V=0 cr | 000 -15.22 -0.993 0.000| 0.00 -15.22 15.22 0.000 -0.993 0.993| 0.00
Maximum CZ | 11.02 14.82 -0.850 -1.250| 11.02 -25.84 14.82 1.250 -0.850 -0.400| 27.89
V' rowerpoint CR |-25.81 14.80 0.850 -0.400| 11.01 -25.81 14.80 1.250 -0.850 -0.400| 27.86
e of P-V-V cr | 11.02 -25.81 0.400 1.250| 11.02 -25.81 14.78 1.250 -0.850 -0.400| 27.85
Maximum CZ | 1050 15.00 -0.887 -1.236| 10.50 -25.50 15.00 1.236 -0.887 -0.349| 27.85
A couerroint CR |-26.00 15.00 0.850 -0.383| 11.00 -26.00 15.00 1.233 -0.850 -0.383| 27.84
wine of P-J-J cT | 11.00 -26.00 0.383 1.235| 11.00 -26.00 15.00 1.235 -0.852 -0.383| 27.90
3 iteration CZ 1st 14.78 0.000 -1.248 18.44
<> quick Z2nd| 1092 14.78 -0.863 -1.248 27.87
can  MPPscans  CZ3rd| 10.92 14.80 -0.863 -1.248| 10.92 -25.71 14.78 1.247 -0.863 -0.384| 27.89
MPP of 2:1
voltage CZ | 11.23 14.68 -0.627 -1.254| 11.23 -25.90 14.68 1.254 -0.627 -0.627| 25.44
Purle constrained
MPP of 3:2
voltage €z | 1111 1475 -0.836 -1.254| 11.11 -25.86 14.75 1.254 -0.836 -0.418| 27.78

=3
2
3

constrained

Figure 7. Values of special points of the GalnP/r/GaAs device in load coordinates and device
coordinates
The shape and color of the markers correspond to those in Figures 4, 6, and 8.

MPP estimate. Regardless of which measurement is performed first, a good esti-
mate of the tandem MPP may be quickly found if the value converges. Using
this method, an estimate of the MPP of the example device was found for the
GalnP/r/GaAs device and confirmed within three iterations, starting with the bot-
tom subcell held at short circuit (shown as a light blue marker). Although plotted
in Figure 8C, the first top-subcell J-V curve (black line) is difficult to differentiate
from the third measurement (dashed blue line). The second (bottom subcell J-V)
measurement, taken while holding the top subcell at Viypp of the first measure-
ment, is shown as a red line in Figures 8A and 8C.

Series-connected tandems

A 3T s-type tandem reduces to a 2T tandem device if the middle Z contact is not
used. This constraint of Jz, = 0 is easy to set with the CT and CR measurement
modes. In the CZ measurement mode, this can be obtained by setting J§? = — J$?
while scanning over a range of current densities and measuring (V$?, V§?). This is
an important comparison for s-type 3T tandems, because it can be used to justify
the complicating efforts to create the third terminal and gives the Jsc of the corre-
sponding 2T series-connected device (see supplemental information). For r-type
3T tandems, this constraint does not make sense for high efficiency (because the
subcell voltages subtract, rather than add), but the measurement still provides value.
This is the same condition as the gray line in Figure 8 that was described earlier to
find the fifth zero-power point described earlier at which V7g = 0 (or V§Z = V{?) .
It also eliminates voltage loss or gain (in the case of the s-type 3T device shown in
Figure S6) due to electrical coupling, because no current flows through the resistor
Rz shown in Figure 3A, and results in higher currents in the bottom subcell due to
strong luminescence in the r-type device. This explains the improved fill factor of
the gray line relative to the other J-V curves at MPP.
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Figure 8. Simplified measurements of the 3T GalnP/r/GaAs device shown on top of full 2D data
(A) Power as a function of load voltages.

(B) Power as a function of load current densities.

(C) Current density as a function of the voltage for each subcell with signs chosen such that the 4th
quadrant is the power-producing region. All measurements were performed in the CZ mode. The
circular markers are the same zero-power points from Figures 4, 6, and 7. The triangle/square/
diamond markers are MPPs under different measurement constraints, and the two markers of the
same color in (C) are measured simultaneously, as tabulated in Figure 7. The red and cyan lines are
the second and third measurements to iteratively find the MPP. They are constrained by the subcell
Vmppe of the previous iteration J-V curve. The purple and olive lines are constrained to simulate
operation within voltage-matched strings. The gray line is constrained to Jz, = 0, which
corresponds to the 2T series-connected operation (that produces little power for r-type tandems).

Voltage-constrained tandems

Various methods of stringing voltage-matched 3T tandems together have been
proposed and demonstrated.”*?* The CZ measurement mode of 3T tandems is
most useful for voltage-matching constraints. In these stringing configurations, m
series-connected bottom subcells are put in parallel with n top subcells, constrain-
ing the subcell voltages such that V§?/ V$? = £m/n, where m and n are inte-
gers,”” and the sign depends on whether the 3T tandem is s type or r type.
When the voltage of one subcell is constrained by the voltage of the other subcell
in an infinite string of 3T tandem devices, the performance of each 3T cell follows a
1D line that is a subset of the unconstrained 3T cell performance. Characterizing a
single 3T tandem cell under voltage-constrained conditions is a good way to
determine appropriate voltage ratios for stringing modules of 3T cells, although
the end losses in finite-length strings are another important consideration.?” In Fig-
ure 8A, we can see that the 3:2 voltage-constrained measurement (purple lines and
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Figure 9. Coupled dark J-V measurements of GalnP/r/GaAs 3T device

Measurements were performed in the CZ mode as functions of (V{?, V§?) = (Vkz, Vrz) with 0.1V
spacing. The absolute value of the measured current densities (in milliamperes per square
centimeter) are shown by color.

(A) log|Jre| for the bottom subcell.

(B) log|Jro| for the top subcell.

(C) Typical dark J-V plots of the bottom and top subcells are shown as functions of the voltage on
the other subcell, with the voltages that lead to significant coupling highlighted by color. The
measured data are shown as markers, and the lines show the fitting of the model shown in

Figure 3A, with the parameters listed in Table S1. The voltages on the bottom axis are reversed so
that forward bias is on the right. Coupling mechanisms in different regions are labeled.

marker) comes closer to the unconstrained MPP than the 2:1 voltage-constrained
measurement (olive lines and marker). For this device, both the 2:1 and the 3:2
voltage-matching constraints exhibit strong luminescent coupling that increases
the photocurrent of the bottom cell as the top cell is forced into large forward
bias that results in significant light emission from the top subcell. This appears
as though the bottom subcell current is heading in the wrong direction in Fig-
ure 8C. This behavior illustrates the extreme importance of recognizing the influ-
ence of coupling factors in 3T devices.

Coupled dark measurements

When superposition holds, dark current measurements can provide a powerful char-
acterization tool. For single-junction and series-connected multijunction®’ 2T solar
cells, we can sensitively fit various device models, such as the two-diode model
with series and shunt resistance, to the dark J-V. Likewise, dark measurements of
3T PV devices are essential for sensitive fitting to models that include electrical
and optical coupling mechanisms. We systematically measure the 3T dark currents
in the CZ mode as functions of the two load voltages, as described in Equation 4.
Because dark measurements of solar cells do not result in power production, power
is not a good parametric function to use for plotting as with the light measurements.
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Instead, we plot the more familiar dark J-V curves for both Jr, versus Vrz and Jg,
versus Vgz. A family of curves with various voltage biases applied to the other subcell
is shown in Figure 9 for our GalnP/r/GaAs 3T device and Figure S8 for the GalnP/s/
GaAs device.

An important reason for characterizing any device is to understand and model the
physics of the device. The optical and electrical coupling mechanisms become
immediately apparent from this coupled dark measurement, primarily when at least
one of the subcells is driven with high forward bias. The coupling can be under-
stood in terms of the optoelectronic circuit shown in Figure 3A. The data in Figures
6 and 8 were fit with the numerical solution of this simple model described in the
supplemental information, with parameters listed in Table S1. In the left panel of
Figure 9C, the horizontal J-V curves show the photocurrent in the bottom subcell
that results from luminescent coupling from the top subcell driven in forward
bias (represented by Ji& in Figure 3A). The model fit shown as lines using f7z =
15.0 agrees well with the data shown as markers. In the right panel of Figure 9C,
the horizontal curves show the photocurrent in the top subcell that results from
luminescent coupling from the bottom subcell to the top subcell (represented
by J5& in Figure 3A). The model shown as lines indicates that this is an extremely
small amount of luminescent coupling from bottom to top that is typically
neglected in 2T tandems unless the junctions have the same band gap®® but is
quantified here by Bgr = 2 x107¢. This is the first time that this phenomenon
has been directly observed for such a large difference in the subcell band
gap. The reverse luminescent coupling is not observed in Figure S8 for the
GalnP/s/GaAs device, possibly because the tunnel junction absorbs more of the
emitted light. Finally, electrical coupling is illustrated on the far right side of
the right panel of Figure 9C. Because the top and bottom subcells share a
common Z terminal in this measurement, large bottom subcell forward-bias cur-
rents result in a voltage difference across Rz that is added to the dark I-V curve
of the top subcell.

These coupling mechanisms can also be understood through the zero-power
points discussed previously and shown in Figure 8. The increased current density
of the bottom subcell at Vzz = 0 of the rose-colored circle marker (with Jt, = 0) rela-
tive to the white circle marker (with Viz = 0) is explained by the luminescent
coupling J5&. The increased bottom subcell voltage at Jg, = O of the green circle
marker (with J1o = Jz, = 0) relative to the sand-colored circle marker (with V> =
0, but Jzo = —J1o = —15.2 mA/cm?) results from the voltage across the common
resistance Rz The increased top subcell voltage at Jr, = 0 of the green circle
marker (with Jg, = Jz, = 0) relative to the rose-colored circle marker (with Vg =
0, but Jzo = —Jgo = —13.0 mA/cm?) also results from the voltage across the com-
mon resistance Rz.

In conclusion, procedures and important considerations for three terminal tandem
measurements are illustrated using robust and high-quality r-type (and s-type in the
supplemental information) inverted GalnP/GaAs solar cells as examples. These pro-
cedures can also be applied to 4T tandem characterization. We show that 3T tan-
dems can be characterized in several measurement modes using two loads. The
measurement modes are equivalent and the measured characteristics can be trans-
formed to unambiguous (mode independent) device characteristics of the 3T de-
vice. A two-dimensional hexagonal representation of light J-V measurements is
proposed to simplify the presentation of the multidimensional device characteriza-
tion. Simplifying measurements are also discussed to speed up characterization. In
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particular, five easily measured zero-power-producing points analogous to the Jsc
and Voc of 2T measurements are identified that could provide intuitive insight into
the subcell and coupling characteristics. Operationally constrained conditions rele-
vant to cell operation within practical string configurations are also presented.
Finally, coupled dark measurements of 3T tandems are discussed and linked
to optical and electrical coupling mechanisms. Besides the typically observed lumi-
nescent coupling from the top cell to the bottom cell, we (for the first time) report
sensitive observations consistent with small luminescent coupling from the low-
band-gap bottom subcell to the high-band-gap top subcell. The measured data
were well fit to a simple optoelectronic circuit model for 3T tandems that quantifies
the effects of both optical and electrical coupling.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, John Geisz (john.geisz@nrel.gov).

Materials availability
This research did not generate unique materials.

Data and code availability

The authors declare that the data supporting the findings in the study are available
within the article and the supplemental information. All other data and code are
available from the lead contact upon reasonable request.

Materials and methods
See the supplemental experimental procedures for full details.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100677.
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