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A B S T R A C T

Micro-Concentrator photovoltaics modules promise to overcome the limitations of CPV such as thermal losses
or resistive losses. Miniaturization involves new challenges in the field of cells fabrication, particularly the
management of perimeter recombinations. In this paper, sub-millimetric InGaP/InGaAs/Ge solar cells with high
performances are fabricated. We report record open circuit voltage of 2.39 V and 2.28 V for cells with mesa
area of 0.25 mm2 and 0.04 mm2 respectively, indicating excellent sidewall passivation. Individual assessment
of sub-cells non-radiative losses indicates that the top cell is the most impacted by perimeter recombinations.
. Introduction

The use of III–V materials enables to obtain semi-conductors with
unable bandgaps. This property can be used in the photovoltaic field to
arget different spectral ranges. III–V materials can absorb wavelengths
anging from mid-infrared to ultraviolet region. Superposition of III–
’s layers (multijunction) therefore allows to increase the spectral
ange absorbed by solar cells compared to silicon cells. Therefore,
ultijunction solar cells holds the highest efficiency conversion among
hotovoltaic cells (39.5%) [1].

The major drawback of these materials is their cost, typically more
han 2 orders of magnitude more expensive than technology deployed
n a large scale [2]. To manage this problem, concentrated photovoltaic
CPV) technology promises to reduce costs by adding concentration
ptics to solar cells, thereby limiting the uses of III–V materials. An-
ther advantage of light concentration is the increase in cell perfor-
ance, since open circuit voltage (V𝑜𝑐) increases logarithmically with

oncentration.
CPV holds records efficiency conversion among photovoltaic tech-

ologies [3–5]. For triple junction, commercial solar cells
InGaP/GaAs/InGaAs) reach an efficiency above 44.4% under 302
uns (AM1.5D) concentration [3,6]. However, due to decrease of flat
anel Silicon-based photovoltaics costs, CPV has difficulties to be
ompetitive. The most promising way towards CPV competitivity is

∗ Correspondence to: 3000, boulevard de l’Université, Sherbrooke, Québec, J1K0A5, Canada.
E-mail address: corentin.jouanneau@usherbrooke.ca (C. Jouanneau).

miniaturization [7–9]. Several advantages are expected: better ther-
mal management [7,10], less resistive losses [7,8,10–13] and better
compactness [10,14–16].

Even though 𝜇-CPV appears to be a good alternative to conventional
CPV, numerous manufacturing challenges remain to be overcome, es-
pecially for the fabrication of high efficiency sub-millimeter solar cells.
The reduction in cell size, down to sub-millimeter dimensions, leads
to an increase in perimeter recombinations [12,13,17,18]. These re-
combinations have an impact on V𝑜𝑐 and thus on cell performances.
The way in which the cells are isolated must therefore be adapted to
generated as few defect as possible. Plasma dicing is known to generate
fewer defect than saw dicing [13], its positive effect on V𝑜𝑐 has also
been demonstrated [19,20]. Moreover, the addition of hydrogen to
the plasma results in passivation of the sidewalls, which increases the
V𝑜𝑐 [21].

In this article, solar cells of different shapes and sizes (from 12.25
mm2 down to 0.01 mm2 mesa area) are fabricated using a process
based on plasma etching for cell isolation and singulation. These cells
are then electrically characterized under AM1.5D spectrum. The depen-
dency of V𝑜𝑐 on perimeter-to-area ratio (P/A) is then presented and
compared with the state of the art [12,13]. Sub-cells of different sizes
are then manufactured to assess V𝑜𝑐 losses sub-cell by sub-cell. Theo-
retical radiative V𝑜𝑐 of each sub-cell in triple junction configuration has
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Fig. 1. SEM images of a 0.25 mm2, 0.01 mm2 and 0.081 mm2 maple leaf cells after full singulation as well as their I–V measurements below each images respectively. The surface
area used to normalize the current is the active surface area of the cell, i.e. the mesa surface area minus the metallization surface area.
been calculated and compared to experimental V𝑜𝑐 . The study of non-
radiative recombinations sub-cell by sub-cell allows to find the sub-cell
most affected by perimeter recombinations.

2. Microfabrication process of cells

Cells are fabricated from a commercial InGaP/InGaAs/Ge wafer.
The first step is to deposit the front contact by evaporation of
Pd/Ge/Ti/Pd/Al (50/100/50/50/1000 nm) [22,23]. This contact is
known to have a low contact resistance on GaAs, which reduces
problems of series resistance at high concentrations. Cells are then elec-
trically isolated using SiCl4/Cl2/H2 plasma etching [21]. This plasma
chemistry is known to reduce perimeter effects and therefore improve
V𝑜𝑐 on submillimeter cells [13,20,21]. The base contact is then de-
posited, on the back surface of the cell, by Ni/Au (50/200 nm) [20]
evaporation. The contact layer is then etched with NH4OH/H2O2/H2O,
which at the same time enables a wet cleaning process to increase
the V𝑜𝑐 [19]. Then, an antireflective layer (SiN/SiO) is deposited by
plasma enhanced chemical vapor deposition (PECVD) and opened at
the contacts by CF4 RIE plasma etching [13,24]. Plasma singulation is
performed using a Bosch process consisting of several cycles alternating
between SF6/O2 and C4F8 [25]. To ease the fabrication, a distance of
10 μm is chosen between the edge of the dicing line and the edge of
the mesa. The dicing lines are 40 μm wide to achieve a compromise
between kerf losses and etching time. This width enables kerf losses to
be limited to around 15% [26] but can easily be reduced to less than
10% [27].

This process enables to manufacture solar cells of any size and
shape. Square cells have been manufactured with sizes ranging from
12.25 mm2 to 0.01 mm2 as well as different shapes: round, triangular,
maple leaf, hexagonal. Fig. 1 shows three types of cells fabricated, the
cell in image (A) has a mesa surface of 0.25 mm2. The one in image (B)
has a mesa surface of 0.01 mm2, to our knowledge, this is the smallest
cell of its type ever made. The one in image (C) is a maple leaf-shaped
cell of 0.081 mm2 demonstrating the capability of plasma etching to
fabricate versatile shapes of solar cells. In these images, it can be seen
that the mesa size is close to the cell size, which limits material losses.
Indeed, the mesa represent 93% of the cell size for 0.25 mm2 cell and
70% for 0.01 mm2 cell.
2 
3. Electrical characterizations of cells

The electrical characteristics of the InGaP/InGaAs/Ge cells fabri-
cated with the process described in the last section were measured
with AM1.5D spectrum. The measurements were taken using a Newport
SOL1 A solar simulator equipped with a 150 W Xenon lamp. The solar
cells are connected with needle probes and the electrical measurements
are made with a Keithley 2601 SMU. The assembly is also equipped
with a TEC 2510 temperature controller. A reference cell is used to
calibrate the lamp. One-sun measurements were carried out on cells
ranging from 12.25 mm2 to 0.01 mm2.

Fig. 1 shows three I–V curves as well as performances for square
cells of 0.25 mm2 and 0.01 mm2 and a maple leaf-shaped cell, as shown
in SEM images above. We measured a record efficiency of 30.61%
for the square 0.25 mm2 cell. A 0.01 mm2 cell was also measured,
its efficiency reaches 21.40% but is severely limited by the J𝑠𝑐 . We
measured an efficiency of 26.16% for the maple leaf-shaped cell, its
J𝑠𝑐 is also a bit low. During the manufacture of these two samples, the
anti reflective coating deposited was of poor quality, which reduced
the J𝑠𝑐 . In addition, the corners of the cells were not properly protected
during singulation, which explains the condition of certain corners of
these two cells on the SEM images in Fig. 1 ((B) and (C)). These cells
were not manufactured for their performance but to demonstrate the
capabilities of plasma etching. Cell (A) in Fig. 1 and all the other
measurements presented afterwards come from the same production
with a good quality anti reflective coating.

The V𝑜𝑐 decreases linearly with the logarithm of the P/A ratio [13].
Fig. 2 shows the evolution of the V𝑜𝑐 as a function of P/A for our
fabricated cell in blue and previous work in yellow and green [12,13].
For our results, several cells of each size were measured to produce
an average for the V𝑜𝑐 , a table summarizing these data is available in
Appendix A.2. The red and purple stars represent V𝑜𝑐 values for 3 × 3
mm2 commercial cell and 0.85 mm2 fabricated maple leaf shape cell
respectively.

In Fig. 2, it can be observed that the V𝑜𝑐 of a 0.85 mm2 maple leaf-
shaped cell follows the same trend as for square cells. For a square
cell with an equivalent surface area, the P/A would be 43 cm−1,
while it is 87 cm−1 in this case. This result confirms experimentally
that the P/A ratio is the parameter of interest for studying perimeter
recombination, regardless of size or shape. In Fig. 2 it appears that our
12.5 mm2 cell has a V equivalent to the state-of-the-art-commercial
𝑜𝑐
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Fig. 2. Open circuit voltage (AM1.5D) as a function of perimeter-to-area ratio of
fabricated cells, commercial cell and previous cells [12,13] The slope of fabricated
cells is −0.094 V cm, the slope of Albert et al. is −0.116 V cm and the slope of
Wiesenfarth et al. is −0.189 V cm.

cells. The V𝑜𝑐 measured for the commercial cell is 2.56 V compared
to 2.55 V for our cell, which is of the same order of magnitude
as the dispersions presented in the Appendix A.1. Fig. 2 shows that
the V𝑜𝑐 of our laboratory-made cells are higher than previous studies
for all cell sizes [9,13]. Moreover, the slope of the linear regression
(on a semi-logarithmic scale) is larger for our cells: −0.094 V cm
compared to −0.116 V cm for Albert et al. [13] and −0.189 V cm for
Wiesenfarth et al. [12]. The larger slope indicates a lower sensitivity to
perimeter effect, and therefore a lower perimeter recombination rate in
comparison with previous work.

We have demonstrated the feasibility of fabricating cells with a
decrease in V𝑜𝑐 relative to P/A of only −0.094 V cm. This result was
obtained for 3J cells, for which it is complex to dissociate the sub-cells
in series. However, to optimize passivation, we need to estimate which
sub-cell suffers most from perimeter recombinations. In the remainder
of this article, an assessment of V𝑜𝑐 losses sub-cell by sub-cell is done
to specify which sub-cell is most sensitive to perimeter recombinations.
To achieve this study, each sub-cell is manufactured independently for
different sizes.

4. Microfabrication of sub-cells

To determine which sub-cell suffers the most from size reduction,
we fabricated mono-junction of varying sizes from wafers identical
to those used to obtain the cells described above. In this section,
processes for the various mono-junctions are presented. These processes
are derived from processes originally developed for multiterminal solar
cells fabrication [28,29] and adapted to include plasma etching steps
for junctions isolation.

For the top cell, the first step is to make the front contact by
evaporation of Ni/Ge/Au/Ni/Au (45/30/90/30/100 nm) [20], shown
in yellow in Fig. 3 (A) . Mesa etching is then carried out in two
stages: a first step of plasma etching using the same process as for cell
manufacture (SiCl4/Cl2/H2) followed by selective H3PO4:HCl (1:4) [30]
wet etching to etch down to the first tunnel junction. The plasma
etching step is used first so that the sides of the sub-cell are isolated in
the same way as the cells presented in previous section. The end of the
etching is done by selective wet etching to stop precisely on the tunnel
junction. A new photolithography step is performed to ensure that
the sidewalls are protected by the photoresist during this wet etching.
H3PO4:HCl (1:4) is known to etch P-containing layer (AlGaInP, InGaP
and AlInP) selectively with GaAs-containing layer (GaAs, InGaAs and
AlGaAs). This solution is therefore suitable for finishing the etching of
the top cell (windows/emitted/BSF AlInP/InGaP/AlGaInP) selectively
with the first tunnel junction in (AlGaAs) [28]. The base contact is
3 
then deposited on the tunnel junction by evaporation of Pt/Ti/Au
(75/50/175 nm) [29], shown in light blue in Fig. 3 (A) .

For the middle cell, the top cell materials are first wet etched with
H2SO4:H2O2:H2O (1:10:20) [30] followed by H3PO4:HCl (1:4). Solution
H2SO4:H2O2:H2O (1:10:20) is known to etch GaAs-containing layers
selectively to P-containing layers [28]. This solution enables to etch
the cap layer and the solution H3PO4:HCl (1:4) etch the top cell until
the first tunnel junction. The front contact of the middle sub-cell is
made with the same metallization as the base contact of the top cell
(Pt/Ti/Au (75/50/175 nm)), shown in light blue in Fig. 3 (B) . As
with the top cell, the isolation stage begins with a plasma etching
phase followed by a wet etch phase. Plasma etching is stopped in the
middle cell base (InGaAs), solution H2SO4:H2O2:H2O (1:10:20) allows
to etch until the back surface field (BSF) (InGaP) which can then be
etch with H3PO4:HCl (1:4) to expose the second tunnel junction. As for
the top cell, the sidewalls are protected during the wet etching. The
base contact of the middle sub-cell is then deposited by evaporation
of Cu/Pt/Ti/Pt/Au (20/40/50/50/150 nm) [29], shown in orange in
Fig. 3.

For the bottom cell, the top and the middle sub-cell materials
are wet etched with solutions H2SO4:H2O2:H2O (1:10:20) for GaAs-
containing layer and H3PO4:HCl (1:4) for P-containing layer until the
second tunnel junction. The front contact of the bottom sub-cell is then
deposited by evaporation of Cu/Pt/Ti/Pt/Au (20/40/50/50/150 nm)
as for the base contact of the middle sub-cell (orange in Fig. 3 (C)).
Ni/Au (50/200 nm) evaporation is then carried out on the rear face
of the germanium substrate to make the rear contact as presented in
purple on Fig. 3 (C) . The isolation step is then entirely made by plasma.

With these process sequences, individual mono-junctions are there-
fore fabricated, with isolation processes as close as possible to the
isolation process of the triple junction solar cell. It must be noticed that
the upper cells are removed for the middle and bottom cell, meaning
that the spectrum collected by the individual mono-junctions is not
filtered out by the upper sub-cells, and is therefore different from the
actual spectrum collected by each sub-cell in a triple junction solar
cell. As a result, the V𝑜𝑐 of the middle cell and the bottom cell may
be slightly overestimated compared with their operation in the triple
junction cell. The contact layer has not been etched for mono-junction
cells, which may lead to a slight underestimation of mono-junctions
V𝑜𝑐 . It can also be noted that there is no optical coupling effect for
the mono-junctions, and mono-junctions do not have an anti reflective
coating, which could slightly lower their V𝑜𝑐 compared with their
operation in the triple junction cell [13,31]. For these reasons, the sum
of V𝑜𝑐 of mono-junction cells from Fig. 4 is underestimated by 3% to
7% compared to the V𝑜𝑐 of the 3J cell (Fig. 2). In comparison Albert
et al. [13] found a difference of 2% to 5% for cells with and without
ARC.

5. Electrical characterizations of sub-cells

Mono-junctions of different sizes were fabricated using the process
described in the previous section. Measurements under one sun were
carried out using the same equipment described in Section 3. V𝑜𝑐 as
a function of P/A ratio is plotted for each mono-junction in Fig. 4.
It can be seen that the sub-cell with the smallest slope is the top
cell: −0.058 V cm compared to −0.022 V cm for the middle cell and
−0.011 V cm for the bottom. This smaller slope means less passivation
of the sides of the top cell and therefore greater perimeter effects for
this sub-cell. By summing the V𝑜𝑐 of each mono-junction, the total V𝑜𝑐
is 5% to 6% lower than the result for a full cell shown in Fig. 1. There
is a difference in V𝑜𝑐 as explained in the previous section. As for the
slope, it is −0.092 mV cm (compared to −0.094 V cm in Fig. 1) in the
case of the sum of the mono-junctions, confirming the same sidewalls
passivation as for the triple junctions cells. Shunt resistance values are
of the order of 105 ohm cm2 for the top cell and 104 ohm cm2 for the
middle and bottom cells, and these values do not vary with size. V
𝑜𝑐
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Fig. 3. Scheme of mono-junctions architecture (A) Top cell (B) Middle cell (C) Bottom cell. The yellow, light blue, orange, purple parts are respectively contacts made with:
Ni/Ge/Au/Ni/Au (45/30/90/30/100 nm), Pt/Ti/Au (75/50/175 nm), Cu/Pt/Ti/Au (20/40/50/50/150 nm), Ni/Au (50/200 nm).
Fig. 4. Open circuit voltage as a function of perimeter-to-area ratio for each sub-cell.
The slope of curves are −0.058 V cm, −0.022 V cm and −0.011 V cm for the top,
middle and bottom cell respectively.

Table 1
Characteristics of our sub-cells, E𝑔 comes from an EQE measurement, V𝑆 𝑄

𝑜𝑐 comes from
Shockley–Queisser model, V𝑏𝑢𝑙 𝑘

𝑜𝑐 comes from Fig. 4 when P/A=1.

Top cell Middle cell Bottom cell

E𝑔 (eV) 1.8 1.33 0.67
V𝑆 𝑄
𝑜𝑐 (V) 1.49 1.03 0.42

V𝑏𝑢𝑙 𝑘
𝑜𝑐 (V) 1.448 0.921 0.294

is therefore unaffected by this resistance. Even though other methods
exist for sub cells characteristics extraction [32], their applications
to sub-millimetric cells are not straightforward due to the need for
accurate and absolute EQE and electroluminescence measurements,
that become very challenging at sub-millimeter scale. The following
section looks at the evaluation of non-radiative losses in V𝑜𝑐 .

6. Summary of losses

In order to carry out a V𝑜𝑐 review of non-radiative losses on the
cells. The theoretical V𝑆 𝑄

𝑜𝑐 of the cells is calculated using the Shockley–
Queisser model (presented in Appendix A.1). This model only considers
4 
radiative losses, it will therefore be the point of comparison with
measurements in order to evaluate non-radiative losses and in partic-
ular perimeter recombination losses. Table 1 shows the result of the
Shockley–Queisser model as well as band gap values used, these values
were found from EQE measurements.

With results from Fig. 4, we can define V𝑏𝑢𝑙 𝑘
𝑜𝑐 , the open circuit

voltage of a 4 × 4 cm2 (P/A=1) for which perimeter recombinations
are considered negligible, values are presented in Table 1. Using the
𝑉 𝑆 𝑄
𝑜𝑐 calculated and the 𝑉 𝑏𝑢𝑙 𝑘

𝑜𝑐 , we are able to make a summary of
non-radiative losses in 𝑉𝑜𝑐 . This summary is presented on Fig. 5.

In Fig. 5, it can be observed that the contribution of V𝑜𝑐 losses from
non-radiative recombinations by excluding perimeter recombinations
are increasingly important from the top cell to the bottom cell, with
losses of 0.042 V, 0.109 V and 0.126 V for top cell, middle cell and
bottom cell respectively. These losses are intrinsic to the substrate
quality and the epitaxy used as well as to the contribution of the upper
and lower surfaces.

As can be seen from a larger red surface area in Fig. 5, non-radiative
losses at the perimeter dominate in the top cell for all size of cell
fabricated. The top cell loses 0.251 V compared with 0.095 V for the
middle cell and 0.048 V for the bottom cell for a cell of 0.25 mm2

(P/A = 80 cm−1). With these results, we can see that 64% of the
losses related to perimeter recombination for a 0.25 mm2 cell are in
fact caused by the top cell. Delafontaine et al. [21] demonstrated an
increase in the V𝑜𝑐 of solar cells by adding hydrogen to the plasma,
which passivated the sides of the top cell only. This result confirms
that this junction is the largest contributor for perimeter recombination
losses and explains why the cells reported here and fabricated with
the optimized plasma etching process present the lowest slope V𝑜𝑐 vs
P/A reported in the literature for triple junction solar cells (Fig. 2). It
must be noted that this result contradicts a study by Espinet Gonzalez
et al. [17] that showed that perimeter recombination is dominated by
the middle cell. However, a direct comparison is difficult since they
carried out their own epitaxy and we used a commercial epitaxy for
which we have very little information. In addition, the cell isolation
method is not mentioned, which may strongly affect the losses due to
perimeter recombinations. However, the precise reason why top cell
perimeter recombinations dominated in the case of this commercial
epitaxy remains unresolved. For the commercial epitaxial structure
Fig. 5. Summary of losses in 𝑉𝑜𝑐 due to non-radiative recombination for (A) Top cell (B) Middle cell (C) Bottom cell. The voltage scale is kept constant (0.42 V as the V𝑆 𝑄
𝑜𝑐 of the

bottom cell) so that the impact of losses on the complete cell can be visualized.
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Table 2
Table of values used for Fig. 2.

P/A (cm−1) 11.43 13.33 13.38 20 40 50 80 153 200

Number of cell 2 2 2 4 18 9 75 10 3
Average V𝑜𝑐 (V) 2.555 2.544 2.537 2.53 2.472 2.442 2.398 2.297 2.283
3𝝈𝐕𝐨𝐜 0.0015 0.012 0.0045 0.01662 0.02025 0.04494 0.03102 0.05952 0.00648
f

w

used there, the top cell is therefore the sub-cell to be passivated as
 priority to further increase the performances of triple junction solar

cells.

7. Conclusion

In this paper, we have fabricated InGaP/InGaAs/Ge solar cells with
ifferent size and shape with record V𝑜𝑐 of 2.39 V and 2.28 V for
.25 mm2 and 0.04 mm2 cells respectively, indicating good sidewall

passivation. We also investigated perimeter recombinations losses for
ach of the sub-cells. An assessment of losses through non-radiative
ecombination was carried out and showed that the top cell is the
unction most affected by perimeter recombination. The top cell is
herefore the junction that should be passivated as a priority to limit the
rop in V𝑜𝑐 as cell size decrease. Finally, the balance of losses achieved
ill guide future research into improving multijunction cells in III–V
aterials.
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Appendix

A.1. Table of measurements in Fig. 2

See Table 2.

A.2. Theoretical open circuit voltage for each sub-cell

Since V𝑜𝑐 is the parameter of interest for characterizing micro-cells,
we have calculated the V for each sub-cells using the Shockley–
𝑜𝑐

5 
Queisser model. This model only considers radiative recombinations.
Using the theoretical V𝑜𝑐 and the measurements taken on the sub-cells,
we can calculate the V𝑜𝑐 losses in each of the sub-cells.

The calculations are based on the assumptions of the Shockley–
Queisser model. These assumptions are:

1- Perfect absorption for E>E𝑔 , the absorptivity A(E) is a step
unction A(E)=0 for E<E𝑔 and A(E)=1 for E>E𝑔

2- An absorbed photon generate exactly one electron–hole pair
which is collected at short circuit current (J𝑠𝑐).

3- Thermalization towards E𝑐 and E𝑣 (T𝑐 𝑎𝑟𝑟𝑖𝑒𝑟𝑠=T𝑐 𝑒𝑙 𝑙 and V𝑜𝑐 𝑚𝑎𝑥 =
𝐸𝑔
𝑞 ),

4- Only radiative recombination (Black body emission at T𝑐 𝑒𝑙 𝑙 from
the cell)

5- No ohmic losses, perfectly selective contacts (One contact recov-
ers only electrons and the other the holes).

With these assumptions we can write the following formulas:
-From assumption 1 and 2, the J𝑆 𝑄𝑠𝑐 (current gain) can be calculated

using formula (1):

𝐽𝑆 𝑄
𝑠𝑐 = 𝑞 ∫

+∞

−∞
𝐴(𝐸)𝜙𝑖𝑛𝑐 (𝐸)𝑑 𝐸 (1)

With q the electron charge, 𝜙𝑖𝑛 the incident photon flux.
-From assumption 3 and 4, J𝑆 𝑄0 (current losses due to radiative

recombinations) can be calculated using formula (2):

𝐽𝑆 𝑄
0 = 𝑞 ∫

+∞

−∞
𝐴(𝐸)𝜙𝐵 𝐵(𝑇𝑐 𝑒𝑙 𝑙 , 𝐸)𝑑 𝐸 (2)

With 𝜙𝐵 𝐵(𝑇𝑐 𝑒𝑙 𝑙) the emission flux of a black body at temperature
T𝑐 𝑒𝑙 𝑙

-From J𝑆 𝑄𝑠𝑐 and J𝑆 𝑄0 the J–V characteristic of a solar cell can be
ritten as J𝑆 𝑄𝑠𝑐 decreased by the diode current as in formula (3):

𝐽𝑆 𝑄 = 𝐽𝑆 𝑄
𝑠𝑐 − 𝐽𝑆 𝑄

0 (𝑙 𝑛( 𝑞 𝑉
𝑆 𝑄

𝑛𝑘𝑇𝑐 𝑒𝑙 𝑙
) − 1) (3)

With n the ideality factor (here n=1 because only radiative recom-
binations are taken in account), k the Boltzmann constant.

-From equation (3), the V𝑜𝑐 of a cell in the case of the Shockley–
Queisser assumptions can be calculated with formula (4):

𝑉 𝑆 𝑄
𝑜𝑐 =

𝑘𝑇𝑐 𝑒𝑙 𝑙
𝑞

𝑙 𝑛(𝐽
𝑆 𝑄
𝑠𝑐

𝐽𝑆 𝑄
0

+ 1) (4)

The band-gap values were determined from EQE measurements
of our cells. The results of these measurements and calculations are
summarized in Table 1.

Data availability

Data will be made available on request.
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