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Abstract: Improvement of triple-junction (3J) III-V/Ge solar cells efficiency is hindered by the
low current produced by the top and middle cells relative to the bottom cell (Ge). This can be
explained by the difficulty of characterizing, on an individual basis, the subcells. We investigate
the fabrication process of multi-terminal multi-junction solar cells (MTMJSC) and its potential as
a promising architecture to independently characterize subcells of multi-junction solar cells. Here,
we study monolithic triple-junction solar cells, with an InGaP top cell, an InGaAs middle cell and
a Ge bottom cell interconnected by tunnel junctions. We demonstrate a fabrication process for
MTMJSC on commercial wafers for characterization applications purposes. I-V measurements,
under illumination, of two-terminals and MTMJSC were compared to validate that the MTMJSC
fabrication process does not degrade the cells’ performance. The dark current of each subcell was
also measured and an ideal-diode model used to determine the subcells electrical parameters. The
results suggest a method to measure the relative absorption and the opto-electrical couplings between
the subcells unambiguously, through EQE and electroluminescence measurements, based on basic
micro-fabrication processes.

Keywords: multijunction solar cell; multiterminals solar cell; characterization; external quantum
efficiency (EQE)

1. Introduction

Multijunction semiconductor photovoltaic cells are used for various commercial appli-
cations, such as solar triple-junction (3J) III-V/Ge cells, spatial or concentrated photovoltaics
(CPV) applications [1–3], and optical power converters [4]. Triple-junction (3J) III-V/Ge
solar cells reach efficiencies as high as 31.7% (at AM1.5G) [5,6]; however, 3J solar cells are
far below their theoretical efficiencies of 50.7% (AM1.5G) [7]. One can mainly explain this
room for improvement by the low short-circuit current densities (Jsc) produced by the top
and the middle junction compared to the Ge bottom cell, these subcells being connected
in series by tunnel junctions. This is why continuous improvement of these stacks relies
on the optimization of the external quantum efficiency (EQE) and the bandgap of each
subcell. The monolithic integration of multi-junction solar cells may imply subcells to be
both optically and electrically coupled [8]. However, due to the complex stacking involved
in this type of technology, characterization of two-terminals (2T) solar cells is rendered
difficult. The main method employed to measure EQE, based on variation of light and
voltage bias [9–11], requires a complex procedure to minimize a measurement artifact [8].
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MTMJSC devices enable contacting of electrical subcells on an individual basis. These
devices could allow for unambiguous measurements of each multi-junction subcell Jsc and
J-V characteristics under working conditions [12].

In this article, we introduce a comprehensive process for the fabrication of InGaP/
InGaAs/ Ge MTMJSC for characterization purposes. The electric contacts are taken on
the front side, on the top of each tunnel junction, and on the back side. We first describe
the selective etching steps on which the process is based. We then show that the electrical
properties obtained for these cells are comparable to those of two-terminal cells from the
same commercial wafer, using a standard process [13]. We extracted the short-circuit current
(Jsc), series resistance (Rs), shunt resistance (Rp), and the ideality factor (n) considering
a 1-diode model from current density–voltage (J-V) characterization. Finally, EQE and
electroluminescence (EL) were carried out on our samples to determine the impact of both
electrical [9,10,14] and optical couplings [15].

2. Materials and Methods
2.1. Device Fabrication
2.1.1. Process Flow

Figure 1 presents the simplified micro-fabrication process of triple-junction (3J) MT-
MJSC where the InGaP (top cell), InGaAs (middle cell) and the Ge (bottom cell) are shown
in blue, green and red, respectively. The GaAs buffer layer between the Ge and the III-V
are displayed in grey in Figure 1. First, wet etching processes are used to define mesas.
We used a combination of HCl:H3PO4, H2SO4:H2O2:H2O and H2O2 chemical solutions.
Then, metallic stacks were deposited to contact the top contact layer, the tunnel junctions
(TJ1 and TJ2) and the Ge substrate. The final cells were 2.2 × 2.2 mm2, 2.6 × 2.6 mm2 and
3 × 3 mm2 for the top (TC), middle (MC) and bottom cell (BC), respectively. The fact that
the TC, for which we expected a lower Jsc, had a smaller dimension is not an issue for our
applications, as we are not looking for an optimal current match with this design. We plan
to use EQE to study the current densities that should not be affected by cell size.

a)
b) c)InGaP

Ge

InGaAs
TJ1
TJ2

Buffer
V

V
V

top
middle bottom

Figure 1. Main steps in the MTMJSC fabrication process flow from (a) a triple-junction: InGaP
(blue)/InGaAs (green)/Ge (red) wafer where tunnel junction 1 and 2 and the GaAs buffer layer (gray)
are also displayed. Process flow steps are separated between, first (b) wet etching and (c) metal
contact deposition.

2.1.2. Selective Etching

Development of selective etching is a prerequisite for the fabrication of MTMJSC. This
process is critical as it would allow to stop the etching at the targeted layer, i.e., at the top
of the p-type of TJ1 and TJ2. To do so, the etching times need to be optimized to reduce
possible under-etch. The fabrication process that we present hereafter (see Figure 1) is
based on three chemical wet etching, selected by their selectivity. We focus in this section
on the development and characterization of two wet etching solutions. The first etching
process uses H2SO4:H2O2:H2O (1:10:20) (process 1) to etch GaAs-containing layers (GaAs,
InGaAs and AlGaAs) selectively to P-containing layers (InGaP and AlInGaP), which are
etched using a second etching process (process 2) based on HCl:H3PO4 (4:1). To avoid
the formation of bubbles during the HCl:H3PO4 (1:4) etching process (process 2), the ratio
between HCl and H3PO4 was optimized and the etching was performed in an ultrasonic
bath [16].

To confirm the selectivity of the wet etching processes [17], we performed etching
on blanket samples with various times. Cross-sectional SEM images were employed
to measure the evolution in thicknesses of the layers being etched. Figure 2a,b show,
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respectively, the evolution of the top cell contact layer (GaAs) and the top subcell absorber
layer (InGaP) thicknesses as a function of the exposure time in the etching solutions.
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Figure 2. Evolution of the etched thickness as a function of the etching time for planar wet etching
of (a) GaAs layer in H2SO4:H2O2:H2O (1:10:20) of a and (b) P-containing layer (AlGaInP, InGaP,
AlInP) in HCl:H3PO4 (4:1). The dotted lines serve as guides to the eye to highlight both the etching
trend and final etched thicknesses and times. Thicknesses were determined through cross-sectional
SEM imaging.

The cap layer (GaAs) etched during process 1 (Figure 2a) was measured to be 400 nm.
After 20 s we observed a change in color. Then, cross-section measurements confirmed that
the targeted 400 nm of the top contact layer was entirely etched. The selectivity was other-
wise confirmed by the fact that the thickness no longer evolved after 20 s. The underneath
P-containing window layer (n-InGaP window layer of the top cell) acted as an etch stop
layer. The evolution of the InGaP layer thickness during exposure to solution 2 is shown in
Figure 2b. The 870 nm of the top cell was etched within 40 s. It was observed that the first
850 nm was etched within the first 20 s, with a change in color. This first step is attributed to
the InGaP etching. Then, the last 20 nm were etched in the next 20 s with a second change in
color, corresponding to the AlGaInP (p-AlGaInP BSF layer of the top cell). We successfully
etched the targeted 870 nm of the top cell; the underneath GaAs-containing tunnel junction
was the etch stop. Using a similar methodology, we estimated the etching times required
for the wet etching of the different III-V layers. Finally, when all the III-V layers had been
etched, the Ge bottom cell was etched for 40 min at 50 °C in H2O2 (process 3). The etching
times and chemical solutions used are summarized in Table 1.

Table 1. Summary table of the thicknesses and etching times applied for the MTMJSC fabrication process.

Layer Thickness Etching Etching
nm Process Time (s)

Cap layer 400 (1) 25(GaAs)

Top cell
870 (2) 40window/absorber/BSF

(AlInP/InGaP/AlGaInP)

Tunnel junction 1 (p++) 50 (1) 3AlGaAs

Tunnel junction 2 (n++) 50 (2) 3
(InGaInP)

Middle cell *
(2)Window

(InGaP)
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Table 1. Cont.

Layer Thickness Etching Etching
nm Process Time (s)

Middle Cell
3700 (1) 240Absorber

(InGaAs)

Middle Cell
150 (2) 7BSF

(InGaP)

Tunnel junction 2 (p++) 50 (1)

240

(GaAs)
Tunnel junction 2 (n++) 50 (1)(GaAs)

Buffer 2900 (1)(InGaAs)

Bottom cell * (3) 2400(Ge)

* No precise measurements of the thickness were performed for this layer.

By etching the different layers successively, a 3-stage mesa with pedestals stopping at
each tunnel junction was fabricated (as described in Figure 1b).

2.2. Ohmic Contacts

Thereafter, we deposited metal contacts and the ohmic behavior was assessed. Trans-
mission line method (TLM) measurements were performed to characterize the ohmic
contacts. The following metal stacks were used to obtain ohmic contacts and we evaluated
the specific contact resistivity through TLM measurement on planary etched samples:
Pt/Ti/Au for n-AlGaAs layer (ρc = 3.8 ± 0.9 × 10−4 Ohm·cm2) and Cu/Pt/Ti/Pt/Au
(ρc = 1.9 ± 1 × 10−4 Ohm·cm2) [18]. The front contact grid lines were fabricated by a
standard Ni/Ge/Au/Ni/Au evaporation and lift-off [19]. For the base contact on the Ge
substrate, the standard metallization consisted of an ohmic contact made of Ni/Au [19].
Finally, MTMJSC were bound to a PCB receiver and wire bonded to obtain the final de-
vice. This last step was performed to adapt the devices to all the characterization tools
presented below.

2.3. Reference Cells

In the next section, our MTMJSC are compared to a 2.2 × 2.2 mm2 two terminals refer-
ence cell, fabricated using the same epitaxy, following the fabrication process developed
in [13] with a plasma mesa etching and no anti-reflection coating.

2.4. Characterization
2.4.1. External Quantum Efficiency

EQE measurements were performed using a QEX10 (PV Measurements, Point Roberts,
WA, USA) tool, which was calibrated over the 300–1750 nm range based on Si and Ge refer-
ence cells. A squared aperture of 1 mm2 was used to ensure that the spot size was smaller
than the sample cell size. Measurements of the MTMJSC subcells were first performed with
no applied voltages on the subcells. Then, the reference cell was measured based on the
procedure presented in [9], where light biases, together with a voltage bias, needed to be
refined to ensure that the cell under investigation was in short-circuit conditions [9,10,20].
However, despite fine tuning of the biases, a measurement artifact was observed and
corrected using the method developed in [10]. During the “classic” EQE measurement of
the BC, the unmeasured cells were under a light bias and, therefore, at a certain non-zero
VMC and VTC potential. Due to electrical coupling and the low Rp of the BC cell, a current
was generated by the measurement method.
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2.4.2. Electroluminescence

We performed electroluminescence (EL) measurements on MTMJSC using a home-
made EL system. This system presents a ×5 objective lens (Mitutoyo Plan Apochromat
Objective, 436–656 nm, 0.14 NA, 34 mm WD) to visualize and collect the light from the cell.
An MT-40 tube lens was then used to focus the light of the Si-camera (DCC1545M-Thorlabs)
with all the filters removed. A Keithley 2601A was used to perform I-V measurements
on the Ge subcell, together with a Keithley 2461A for the subcell polarization. Finally,
a short-pass filter (FESH0750) with a cut-off wavelength of 750 nm was used to collect
only the TC EL. Regarding the filtering of the MC EL, a short-pass filter (FESH1000) with a
cut-off wavelength of 1000 nm was coupled to a long-pass filter (FELH0750) with a cut-off
wavelength of 750 nm. The absolute calibration was not performed for this system, and so
the results are shown in cts·s−1. Regarding the optical coupling measurements between
the MC and the BC, the same voltage reference was imposed (as depicted in the simplified
electric diagram in the inset in Figure 5).

3. Results and Discussion

In this section, we first compare MTMJSC with a reference cell and demonstrate the
relevance of MTMJSC for investigation of the subcells’ optical and/or electrical coupling.

3.1. I-V Measurements

The reference (ref) and MTMJSC cells and subcells were characterized by current–voltage
(I-V) measurements 1-sun conditions (Figure 3a) and under dark (Figure 3b). I-V measure-
ments of each individual subcell were performed under open circuit conditions of the
other two subcells. A 1-sun illumination condition (AM1.5D) was calibrated with a 2T
InGaP/InGaAs/Ge commercial solar cell with an active cell area of 9.16 mm2. The 1-sun
I-V curves of each subcell were then fitted with a one-diode model and plotted in Figure 3
to determine the electrical parameters on an individual basis. The results of the fits (J0, n,
Rp and Rs) are summarized in Table 2.
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Figure 3. (a) 1-sun I-V curve of reference (purple), complete (black), top (blue), middle (green),
bottom (red) and top + middle + bottom serially interconnected (gray) (b) I-V curve of reference
(purple), complete (dark), top (blue), middle (green), bottom (red) and top+middle+bottom serially
interconnected (gray).

Figure 3a shows that the MTMJSC and the reference cell possess similar I-V character-
istics except for the Voc values. This lower value can be explained by a higher saturation
current, as observed in Figure 3b. The lower Voc relative to the standard cell can be at-
tributed to higher surface recombination on the edges of each subcell introduced by the
mesas etching steps and a higher surface/perimeter ratio [21]. The similar I-V character-
istics confirm that the final MTMJSC device possesses comparable electronic properties
to a reference cell when measured between the emitter of the top subcell and the base
of the bottom subcell (see “complete cell” scheme in Figure 3a). Figure 3b shows that
each final subcell possesses diode-like behavior. The electrical parameters determined



Energies 2024, 17, 2538 6 of 9

from the 1-diode model confirmed a low parallel resistance of tens of ohms for the Ge BC.
To confirm the consistency of the results, the subcells voltage at a given current was added
and compared to the 2-terminals MTMJSC complete cell in dark conditions (grey curve
in Figure 3b). A very good agreement was observed. We then compared the results of
the model to the final MTMJSC complete cell. We considered three diodes, defined by the
electrical parameters summarized in Table 2, serially interconnected, and, as previously, we
added the subcells voltage at a given current (gray continuous line in Figure 3a). The small
discrepancy between the two curves is related to an overestimation of the series resistance
due to the additional contact resistance inherent to the multi-terminal device. This result
confirms that we can neglect the role played by tunnel junctions.

We infer the relevance of the fabrication process of MTMJSC as it reveals comparable
electrical behavior to a reference cell. Furthermore, the electrical measurements suggest a
low shunt resistance for the BC and that the 3J cell is top cell (TC)-limited.

Table 2. Electrical parameters extracted from I-V measurements under 1-sun illumination based on
1-diode model fits (continuous lines in Figure 3).

Subcell J0 n Rs Rp
(mA·cm−2) (ohm·cm−2) (ohm·cm−2)

top 6.7 × 10−11 1.9 1.9 × 10−5 103

middle 1.8 × 10−8 1.8 3.9 × 10−5 104

bottom 1 2.0 1 × 10−1 101

3.2. EQE Measurements

Figure 4 presents a comparison of the EQE measurements of the reference and MT-
MJSC cells performed with the light biases measurement method and the direct method,
respectively. The comparison reveals that similar signals were measured for the TC and MC
when comparing the two methods. Regarding the BC, a measurement artifact was observed
and then corrected following the methods presented in [9], inducing a drop in the signal
of the BC cell at 810 nm. This artifact was caused by an electrical and/or optical coupling
between the bottom cell and the two other subcells. Our experimental results regarding the
optimization of Vbias and light biases agree with simulations reported by Meusel et al. [9]
when considering Rp = 50 ohm·cm2 (which is the same order of magnitude of the shunt
resistance we determined previously (Table 2)). Nevertheless, even with optimal conditions
(light and voltage biases), the artifact current corresponds to 1% of the bottom cell’s current.
From these results, we can conclude that MTMJSC allows for a more straightforward EQE
characterization of a multijunction stack in comparison to the light biases method. Indeed,
direct measurement can be performed and no signal correction is required.

Wavelength (nm)
400 600 800 1000 1200 1400 1600
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%
)
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Figure 4. EQE measurements performed on reference cell 2-terminals based on the light bias method
(continuous lines) and an MTMJSC measured with a direct method (dashed lines). A signal correction
was applied to the reference cell BC signal to reduce the artifact.
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3.3. Electroluminescence Measurements

We observed previously the impact of the electrical coupling between the BC and the
MC on EQE measurements. This highlights possible optical coupling between the light
emitted by the TC and the MC and the BC. Based on MTMJSC, we can determine the light
emitted by each subcell under working conditions as well as the current generated in the
subcells underneath.

We performed I-V measurements where both the current density going through the
cell and the EL intensity for each voltage were measured. Figure 5 presents the evolution
of the EL intensity as a function of the current passing through the subcells. As we increase
the applied voltage the current going through the subcells increases. Then, a part of this
current generates an EL signal through radiative recombinations. We observe that for both
the TC (blue) and the MC (green), the proportion of the current recombining radiatively
decreases, as the slopes decrease as we increase the current density. This reduction in
the radiative efficiency in high injection levels may be attributed to non-negligible Auger
recombination. To compare the results between the reference cell and the MTMJSC, in
Figure 5, we superimposed the EL intensities for both the reference cell (squares) and the
MTMJSC (circles) as a function of the current density. We can observe that the data from
both measurements match almost perfectly. Comparable tendencies in the evolution of the
EL signal as a function of the current were observed by Roensch et al. [22] for a 2T cell.
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MTMJSC - middle

ref - top
ref - middle
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Figure 5. Electroluminescence intensity emitted by the top (blue) and the middle (green) cell measured
on 2T reference cell (squares) and MTMJSC cell (circles).

Then, we measured the current generated in the BC from the EL coming from both
the TC and the MC. To do so, we applied a voltage at the TC or MC, and we measured
the I-V characteristics for the BC. From these I-V measurements, we determined the Jsc
(Figure 6a) and Voc (Figure 6b) values as a function of the voltage applied on the TC or MC.
An optical coupling could only be measured from a certain voltage, which is from 1.3 V
for the coupling between the TC and the BC and 0.85 V for the coupling between the MC
and the BC. We can observe in (Figure 6a) that by increasing the voltage applied on the TC
(blue dots) or the MC (green dots), the photogenerated current in the BC increases. We can
see that the BC open circuit voltage (Voc,bot(Vtop)) increases from 5 to 20 mV when the top
cell voltage increases from 1.3 to 2.1V. Finally, Voc,bot(Vmid) starts increasing from 5 mV up
to 100 mV before reaching a plateau and then decreases when Vmid exceeds 1.3V. No clear
explanation for this phenomenon was found, but it seems to be activated above a certain
voltage. The I-V curves measured for the Ge subcell were analyzed and no evolution in
the shunt was observed. This confirms that we observed a different phenomenon than
Li et al. [8]. Heating of the MC when operating in high injection levels, leading to an
increase in the BC temperature, could explain such behavior.
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(b) Evolution of the Voc induced in the BC as a function of the applied voltage on the top Voc,top (blue
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Finally, from the I-V measured under 1-sun (Figure 3b), we can determine the maximal
power point (mpp) for each subcell: Vmpp,top = 1.06 V and Vmpp,middle = 0.89 V. These
voltages are below the lower limit from which we were able to measure an optical coupling.
This suggests, from Figure 6a, that no optical coupling is expected between cells under
working conditions.

4. Conclusions

In conclusion, we presented a fabrication process of an MTMJSC based on selective
wet etching. First, the I-V comparison between a two-terminal reference cell and MTMJSC
attests to the relevance of the fabrication of such devices to determine the electrical pa-
rameters of each subcell of a commercial wafer. We showed how MTMJSC solar cells
allow for unambiguous characterization of triple-junction solar cells through EQE and
EL measurements. Optical coupling between subcells was highlighted based on the use
of EL measurements and suggests the absence of optical coupling under 1-sun working
conditions. Finally, MTMJSC could also be used for calibration of characterization tools
and implemented for continuous improvement of III-V multijunction solar cells.
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