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Passivated, Highly Reflecting, Laser Contacted Ge
Rear Side for III-V Multi-Junction Solar Cells

Charlotte Weiss , Jonas Schön , Oliver Höhn , Bianca Fuhrmann, Frank Dimroth , and Stefan Janz

Abstract—This article describes the successful integration of a
passivated, highly reflecting Ge rear side into a III-V multijunction
solar cell. The use of lowly doped Ge and the new rear side leads to
the aimed increase in Ge cell current up to 1.6 mA.cm−2, demon-
strated by external quantum efficiency and I–V measurements. For
the contact formation, two different types of laser processes were
conducted and evaluated—the laser fired contact route and the
PassDop route. In both cases, the formation of a local back surface
field preserves the passivation of the contact points. A laser pitch
and laser power variation leads to a good performing back contact.
The passivation effect is proven experimentally and is qualitatively
accessed with cell simulations.

Index Terms—III-V multijunction solar cells, germanium, laser
contacts, surface passivation.

I. INTRODUCTION

TO ACCOMPLISH the continuous improvement of III-V
solar cells, the focus is mainly on the development of the

III-V layer stack, for example by adding more junctions [1]–[3].
However, the focus of this article is the improvement of the
rear side of Ge-based III-V solar cells. The aimed improvement
is the increase of Ge cell current. The rear side processes to
achieve this aim include thin film deposition, metallization, and
laser contact formation. These processes are well known in Si
terrestrial photovoltaics and promise therefore a reliable and
cost-efficient integration into the Ge-based III-V cell process
chain. The rear side treatment starts with the deposition of a Si-
based passivation layer to reduce the recombination of minority
carriers at the Ge rear side, followed by the deposition of a mirror
layer stack, consisting of another Si-based layer and an Al layer
which acts as both, mirror layer and electrical contact.

A successful decrease in recombination due to the passivation
layer will lead to an increase in current of the Ge cell. This
additional current from the Ge cell will not increase the cell
efficiency of state-of-the-art three junction space solar cells [4],
as they are not current limited by the Ge cell. However, going to
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metamorphic three junction cells [5] or to four or more junctions,
the increased Ge current will directly influence the overall cell
performance [6].

An inevitable precondition for increasing the Ge cell current
is the use of lowly doped Ge wafers. In normal Ge-based solar
cells, the Ge wafer has a typical doping level of 2 × 1017at.cm−3

and a thickness of 140 μm. In these wafers, a significant part
of the incoming photons is absorbed by free carrier absorption
(FCA) and cannot contribute to the formation of charge carriers.
Therefore, for our rear side concept, the Ge doping level was
reduced to 2 × 1016 at.cm−3. The lower doping concentration
results in smaller FCA [7] (and references therein).

The Al mirror at the Ge rear side ensures a high reflectivity
of photons. The reflected photons will pass through the Ge
cell a second time and those with energies higher than the
bandgap of Ge (EG = 0.67 eV) will have a second chance to be
absorbed. Reflected photons with energies lower than EG will
be out-reflected instead of being absorbed in the Ge bulk or at
the metal contact. As a consequence, the cell temperature under
operation is reduced and the voltage increased. It was shown
recently that a rear side mirror similar to the one in this article
leads to a temperature decrease in a space solar cell in operation
of about 9 K [8].

The development and the performance of the passivation layer
and the simulated cell potential were described earlier [9]–[11].
Furthermore, the improved rear side was recently integrated
successfully into a four junction solar cell device [6]. In this
article, we focus on the general integration of the additional rear
side processes in the III-V cell process chain, on the optimization
of these processes and on a detailed discussion of the improved
Ge cell performance. To keep the cell results as universal as
possible, we conduct the whole study using Ge-isotypes. This
allows for an easy and reliable access to the Ge bottom junction
performance with current/voltage (I–V), external quantum effi-
ciency (EQE) and reflection measurements. For contacting the
passivated isotypes, we use two routes, the laser fired contacts
(LFCs) and the PassDop contacts. The main difference between
LFC and PassDop contacts is the moment of the laser process.
For LFC, both the dielectric passivation layer and the Al contact
are deposited and then the laser process takes place. For PassDop
contacts, already the dielectric passivation is opened with the
laser process and the Al layer is deposited afterwards. For further
information about LFC [12] and PassDop contacts [13], [14], the
reader is referred to Si literature. In both cases, the laser process
leads to a highly p-type (p+) doped region under each contact
point, realized by Al atoms for LFC contacts and by Boron atoms
for PassDop contacts. These p+-doped regions compensate for
the locally destroyed passivation layer under the metal contact
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Fig. 1. Structure of the Ge-isotypes used in this work. (a) AlOnly cells, (b)
cells with LFC contact. (c) Cells with PassDop contact. (d) Standard cells.

points, creating a local back surface field (LBSF) and therefore
a field effect passivation. This mechanism is expected to occur
in case of Ge analogously to Si, as Al and B atoms are p-type
dopants in Ge [15], [16]. Optoelectrical simulations are used to
analyze the passivation and mirror quality of the samples.

The Ge-isotypes with the improved rear side can later be
integrated into any cell concept which profits from the new rear
side without any further process adaption.

II. METHODS

A. Sample Description

On test samples we showed good passivated Ge surfaces
leading to effective minority carrier lifetimes of τ eff > 300 μs
on Ge with a doping level of 2 × 1016 at.cm−3 [9]–[11] as well
as ohmic, low resistance contacts. For this article, the developed
rear side structure was implemented into a III-V multijunction
(MJ) solar cell process. For easy access to the performance of
the Ge subcell, so-called Ge-isotypes were produced. These are
Ge subcells with III-V epitaxy on top which filters the spectrum
to show a comparable Ge response as in a 3G30 MJ cell from
AZUR [4].

For this article, three batches of isotypes were prepared:
nonpassivated isotypes with a full-area Al rear side of ≈1 µm
thickness, called “AlOnly” in the following [see Fig. 1(a)]; LFC
isotypes [see Fig. 1(b)] and PassDop isotypes [see Fig. 1(c)].
For all three isotypes, the resistivity of the Ge substrates is
≈0.2 Ωcm (2 × 1016 at.cm−3) and the wafers are delivered
by the manufacturer Umicore. For comparison, the isotype of
an AZUR standard 3G30 cell with a Ge resistivity of ≈0.03
Ωcm (2 × 1017 at.cm−3) and an evaporated Au/Ag back contact
[see Fig. 1(d)] is used. All cells investigated in this article
have a size of 2 × 2 cm². For all isotypes, the epitaxial layer
stack [GaAs/GaInP (both n-doped)] is grown by a metalorganic
vapour-phase epitaxy (MOVPE) process on the front side of the
Ge wafer. At the Ge/GaAs interface, a pn-junction comparable
to the one described by Friedman and Olson [17] is formed.
The rear side treatment is different for the different batches of

Fig. 2. Microscopy images of (a) a well performing LFC contact and (b) a
well performing PassDop contact.

isotypes: On the rear side of the LFC and PassDop wafers, an a-
Si0.97C0.03:H (30 nm) passivation layer and an a-Si0.50C0.50:H
(125 nm) mirror layer stack is provided by plasma enhanced
chemical vapour deposition with a subsequent furnace annealing
step at 400 °C. The AlOnly and standard isotypes do not have a
dielectric layer on the rear side. Then, the front side processing
is conducted for all isotypes, which consists of cap etching,
metallization and the deposition of antireflection coating of
TiOx/Al2O3. With mesa etching, the wafer is divided into 12×
(2 × 2) cm² cells. For rear side processing of LFC cells [see
Fig. 1b)], an Al layer with a thickness ≈1 μm is deposited by
thermal evaporation. The following laser process drives the Al
through the passivation and the mirror layer into the Ge substrate.
A contact point with a LBSF is formed, because the dissolved Al
forms a p+-doped Ge region beneath the metal contact points.
For rear side processing of PassDop cells [see Fig. 1(c)], the
laser induced contact formation is conducted directly after the
deposition of passivation and mirror layers. As the layer stack is
boron doped, the formation of a LBSF with the help of the dopant
boron is expected. A full area Al back contact with a thickness
≈1μm is deposited as a last process step of the PassDop concept.

The laser power of 2.1/0.9 W, pulse frequency of 10/8 kHz
and pulse duration of 120/600 ns was chosen for LFC/PassDop,
because it is the minimum power that leads to a successful
opening of the passivation layer and radial shaped laser contacts
with a radius of around 22 μm [see Fig. 2(a) and (b)]. Contacts
formed under these conditions are known for good performance
from Si technology. In order to find the best laser parameters for
the new rear side, the laser contact distance (pitch) is varied for
LFC and PassDop isotypes between 500 and 1000μm. This leads
to an area covered with contacts between 0.6 and 0.2% of the
passivated back side. For the laser power variation experiment
on LFC isotypes, the laser frequency and pulse duration are
the same as for the pitch variation and two pitches (900 and
1000 μm) were used. The laser power was increased from 2.1 to
7.0 W, leading to an increase of the contact radius up to 35 μm.
This corresponds to an area covered with contacts of 0.5/0.4%
for a pitch of 900/1000 μm.

In the case of AlOnly cells [see Fig. 1(a)] and standard cells
[see Fig. 1(d)], a full area Al contact and an Ag/Au contact
is deposited directly on the Ge rear side, respectively. For the
measurements, all cells are separated by chip sawing. As the
standard cells were not produced for this article, only the AlOnly,
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TABLE I
PARAMETERS USED FOR THE SOLAR CELL SIMULATIONS

LFC and PassDop isotypes have exactly the same epitaxial layers
and the same front side process steps. It is important to keep
that in mind when the three groups of lowly doped isotypes
are compared to the standard cells in the following results and
discussion section.

B. Solar Cell Simulations

For the in-depth analysis of the implemented mirror and
surface passivation at the Ge rear side, a 2-D optoelectrical model
for a Ge solar cell was implemented in Sentaurus Device [9],
[18]. The two cells above the Ge cell are optically modeled,
whereas the Ge cell itself is modeled optically and electrically
using measured Ge bulk lifetimes [9], [10]. The input parameters
for the cell simulation are given in Table I. The contact resistance
at the front and rear side as well as the finger resistance is not
explicitly simulated. Instead these effects are combined in an
external series resistance RS which has typical value of 0.6
Ωcm2, if not stated otherwise.

The optical transfer-matrix method is extended assuming
rough Ge interfaces that cause incoherent light scattering [18]. In
case of the aluminum rear side the Al layer is explicitly modeled
in the optical simulations. In our 2-D simulations we neglect
the worse reflectivity at the rear point contacts and the lateral
transport losses in the base by assuming a full contact. Thus, our
simulation corresponds to an infinitely small contact distance
(pitch). In the electrical simulations we use the measured e−

lifetime for Ge from [9] and [10]. For the standard Ge cell, we
assume no surface passivation at the rear side, i.e., a recombi-
nation velocity of 107 cm/s. The surface recombination velocity
(SRV) in case of a SiC passivation layer is determined to match
the improvements in VOC. Hence, the simulation gives access
to the passivation quality of the Ge rear side in the cell, which
is not accessible experimentally.

C. Measurement Parameters of Ge-Isotype Cells

The I–V characteristics in this article were measured with
a four sources sun simulator under AM0 spectral conditions
at 28 °C. From the I–V curves, the following cell parameters
were extracted: Short-circuit current (ISC); open circuit voltage
(VOC); fill factor (FF); and efficiency (η).

The EQE was measured under colored bias light and under
bias voltage. The EQE results are calibrated with the ISC from
the I–V measurements. The reflectance was measured with a
Lambda900 spectrometer of the manufacturer PerkinElmer.

III. RESULTS

A. I–V Measurements of LFC Isotypes

In Fig. 3, I-V characteristic results for an LFC pitch variation
from 500 to 1000 μm at a laser power of 2.1 W are shown. Two
pitches were used on one wafer, which leads to six identical cells
per pitch.

The results originate from three wafers (violet diamonds,
circles and squares) with two pitches, respectively, and one wafer
with AlOnly cells (blue pentagons). For comparison, values for
a standard 3G30 isotype are plotted (black stars). The results
show that short circuit current [see ISC, Fig. 3(a)], open-circuit
voltage see[VOC, Fig. 3(b)], fill factor [see FF, Fig. 3(c)] and
efficiency [see η, Fig. 3(d)] are higher for all pitches used in this
experiment, compared to the AlOnly cells with full area contact.
ISC increases from about 28 to 29 mA.cm−2 (corresponds to
ΔISC ≈ 1 mA.cm−2) and VOC from 0.19 to 0.25 V (corresponds
to ΔVOC ≈ 60mV). The measured FF [see Fig. 2(c)] increases
from 58% in the AlOnly cell to 60% in the LFC cell.

As a consequence, η [see Fig. 3(d)] increases significantly
from 2.3 to 3.2%. The dependency of the I–V parameter on the
pitch is the following: There is a slight decrease of ISC and FF
with increasing pitch and a slight increase in VOC with increasing
pitch. The VOC, ISC, and FF effect cancel almost out in the
efficiency and lead to a nearly constant η for the full pitch range
under investigation (500–1000 μm). The comparison between
LFC cell parameter and the standard isotype (black stars) as
well as the cell simulations (green line) will be addressed in the
discussion section together with the PassDop results.

For LFC samples, also a power variation between 2.1 and
7.0 W is performed with a pitch of 900 and 1000 μm (results in
the appendix). This experiment shows that the smallest power of
2.1 W with smaller pitches lead to better cell performance than
higher powers with larger pitches. The results will be included
into the discussion about the optimum laser pitch.

B. I–V Measurements of PassDop Isotypes

In Fig. 4, I-V characteristic results for a pitch variation from
500 to 1000μm at a laser power of 0.9 W are shown. Two pitches
were used on one wafer, which leads to six identical cells per
pitch.

The results originate from two wafers (red diamonds and
circles) with two pitches, respectively, and one wafer with
AlOnly cells, which are the same as in Fig. 3 (blue pentagons).
Again, typical values for a standard 3G30 isotype are plotted
(black stars). The results show that short circuit current [see
ISC, Fig. 4(a)], open-circuit voltage [see VOC, Fig. 4(b)], fill
factor [see FF, Fig. 4(c)], and efficiency [see η, Fig. 4(d)] are
in the same range as for the LFC isotypes and higher than the
AlOnly cells for all pitches. ISC increases from about 28 to 29
mA.cm−2 (corresponds to ΔISC ≈ 1 mA.cm−2) and VOC from
0.19 to 0.24 V (corresponds to ΔVOC ≈ 50 mV). The measured
FF [see Fig. 4(c)] increases from 58 in the AlOnly cell to 61%
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Fig. 3. I–V characteristics for Ge-isotypes with LFC rear side and with
pitch variation. Violet data points with three different shapes belong to three
different wafers. On every wafer, there are 12 cells with two different pitches.
Additionally, 12 AlOnly cells (blue pentagons) are measured and typical values
for a standard cell (black stars) are depicted. (a) Parameter ISC. (b) VOC. (c)
Fill factor. (d) Efficiency η. The green line represents the simulation values for
a full area contact, which corresponds to a pitch of 0 μm. Note that a higher
external series resistance is used compared to the PassDop solar cell model (see
Table I).

Fig. 4. I–V characteristics for Ge-isotypes with PassDop rear side and with
pitch variation (red data points). On every wafer, there are 12 cells with two
different pitches. Additionally, 12 AlOnly cells (blue pentagons) are measured
and typical values for a standard cell (black stars) are depicted. (a) Parameter
ISC. (b) VOC. (c) Fill factor (d) Efficiency η. The green line represents the
simulation values for a full area contact, which corresponds to a pitch of 0 μm.
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Fig. 5. EQE and %R of a Ge-isotype with passivation and mirror on rear
side and a 600 μm pitch LFC contact (violet), a PassDop contact (red) and
a Ge-isotype AlOnly cell without passivation and mirror on the Ge rear side
(blue). For comparison, a standard highly doped Ge-isotype cell from AZUR
without passivation and with standard rear side metal is depicted (black). The
direct (EΓ1) and indirect (EG) Ge bandgaps are represented by vertical lines.

in the PassDop cell and η [see Fig. 4(d)] increases significantly
from 2.3 to 3.1%. ISC, FF and η are significantly lower for 800
and 1000 μm than for 500 and 600 μm, whereas VOC shows the
opposite trend. For the PassDop samples, the 600 μm turns out
to be the optimum pitch. The comparison between PassDop cell
parameter and the standard isotype (black stars) as well as the
cell simulations (green line) will be addressed in the discussion
section together with the LFC results.

For PassDop samples, no laser power variation was made,
due to the results of the LFC laser power variation. This will
be explained shortly in the discussion about the optimum laser
pitch.

C. EQE and %R Measurement of Isotypes

EQE and reflectivity measurements were conducted for se-
lected cells from Figs. 3 and 4 and presented in Fig. 5.

For the sake of clarity, we compare only the three cells with
the best efficiency from the group of LFC (violet) PassDop (red)
and AlOnly cells (blue) with a standard 3G30 cell from AZUR
(black). All Ge EQEs show a strong modulation, which is due
to thin film interferences in the GaAs/GaInP layers. The fact
that the EQEs of the LFC, the PassDop and the AlOnly cell
overlay up to wavelengths of 1.55μm, indicates that the epi layer
stacks are very similar in thickness and therefore a comparison
between these cells is reasonable. As expected, the EQE from
the AZUR standard cell shows slightly different height and
modulations, as this cell was grown in another epitaxy run. For
photon energies lower than the direct bandgap (EΓ1 = 0.80 eV
� 1.55 μm, vertical line in Fig. 5) of Ge, the intrinsic absorption
coefficient of Ge [7], and therefore, the EQE drops significantly.
In this wavelength range, the EQEs of the passivated Ge-isotypes
(violet and red) overlap and lie significantly above the EQE of the
not passivated Ge-isotype (blue). The EQE of the standard cell
(black) drops under the EQEs of all three lowly doped isotypes
for wavelengths >1.55 μm.

In addition to EQE measurements (straight lines), the reflec-
tion of the four Ge-isotypes was measured and depicted in Fig. 5
(dotted lines) in the same colors as the EQE spectra. For this

article, the reflection for wavelengths longer than 1.55μm (direct
bandgap EΓ1) is interesting, because photons in this wavelength
range can reach the rear side of the lowly doped Ge cell, whereas
photons with shorter wavelengths are absorbed earlier in the
layer stack. For the reflection, we distinguish between two
regions. Region I between EΓ1 (1.55 μm) and EG (1.88 μm)
where photons can be absorbed and contribute to ISC and region
II with wavelengths >1.88 μm corresponding to photons with
energies which are too low to generate electron-hole-pairs in Ge.
An enhanced reflection is beneficial for the cell performance in
both regions: In region I, due to the increase in ISC through
carriers generated from photons absorbed during their second
passage through the Ge cell after reflection and in region II
due to enhanced out reflection and therefore a decrease in cell
temperature under operation.

Indeed, the measured reflectivity of the three lowly doped
isotypes with a mirror layer on the rear side (violet, red and blue
in Fig. 5) is significantly higher than the measured reflectivity
of the highly doped wafer with standard rear side (black) for
all wavelengths longer than the wavelength of the direct Ge
bandgap EΓ1 (1.55 μm). This difference in measured reflectivity
increases for increasing wavelengths and reaches 40% for the
standard cell, 81% for the AlOnly cell, 84% for the PassDop
cell and the highest reflectivity of 85% for the LFC cell at
2.00 μm. The enhanced reflectivity in region I allows for a
second passage of the photons through the Ge cell and enhance
the absorption, attributing to the observed increase in ISC in
Figs. 3 and 4 together with the contribution of the passivation
effect. The contribution of the mirror and the passivation effect
on the increase in ISC will be discussed further in the discussion
section. The enhanced out-reflection up to 85% of photons in
region II will decrease the cell temperature in operation. This
decrease was published recently to be 9 °C in a similar cell type
as investigated in this article [8].

IV. DISCUSSION

A. Optimum Laser Pitch

As expected, a larger pitch (less contact points) leads to a
larger unharmed passivation layer area on the Ge rear side.
Therefore, VOC increases slightly with the pitch for both LFC
and PassDop isotypes. On the other hand, the series resistance
RS suffers from the larger distance between LFC points and
therefore, FF decrease with increasing pitch. An idea to decrease
Rs without increasing the number of contact points is a laser
power variation: An increase of the laser power causes an
increase in diameter of the contact points. This could lead to a
decrease in RS without destroying significantly more passivation
layer. Therefore, the power variation between 2.1 and 7.0 W is
performed for LFC samples with a pitch of 900 and 1000 μm
(see appendix). The observed decrease in VOC with increasing
power shows a decrease of the passivation quality for larger
contact points. This suggests that the introduction of additional
defects and therefore additional recombination at the rear side
and inside the Ge for increasing laser powers plays a more
important role than a possible decrease in RS due to larger
contacts. We conclude therefore that the optimized LFC process
results from a laser power of 2.1 W and a pitch of 600 μm.
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However, nearly the same cell results were obtained for pitches
between 500 and 800 μm, which allows the statement that the
LFC process is very robust toward laser parameter variation. For
PassDop cells, no laser power variation was conducted due to the
minor influence on cell performance observed for LFC samples.
Analogously to the LFC cells, the PassDop cells processed with
a laser power of 0.9 W and a pitch of 600 μm show the best cell
results.

B. Improved Cell Performance

The increase of all I–V parameters in the passivated isotypes
in Figs. 3 and 4 compared to the AlOnly isotypes shows clearly
that for lowly doped Ge, a rear side passivation and mirror layer
improves the solar cell performance. The increase in VOC is
resulting from the passivation of the Ge rear side. The increase
in ISC is attributed to the lower doped Ge in combination with
passivation and mirror layer on the rear side. The latter was
proven experimentally by the EQE measurement in Fig. 5,
were the EQE curves of the LFC and the PassDop samples
are significantly higher than the EQE of the AlOnly cell in the
wavelength range >1.55 μm (<0.80 eV), which correspond to
the rear side of the cell.

We will now compare the experimental I–V parameters with
the simulation results, which are indicated by a green horizontal
line in Figs. 3 and 4. The values used for the simulations are given
in Table I. For the standard cell, we observe a good agreement for
ISC and FF. However, VOC and therefore the efficiency η mea-
sured in the standard cell are lower (≈12 mV and 0.2%abs) than
in the simulation. However, larger standard cells show 10 mV
higher VOC which is very close to the simulated VOC. Thus, we
attribute this to process fluctuations in the manufacturing of the
standard cells.

The measured improvements between the AlOnly cell and
LFC/PassDop cells in VOC due to rear side passivation and
mirror for lowly doped Ge correspond very well to the simulated
values (ΔVOC,sim ≈ 52 mV). The simulation of VOC,sim allows
for access to the passivation quality of the Ge rear side via the
SRV. From our simulations, an SRV of 900 ± 180 cm/s was
derived, which corresponds to a moderate passivation quality
compared to lifetime samples, which reach SRV in the low
tens cm/s range [10], [11]. This suggests that the solar cell
process affects the Ge rear side passivation quality and that
there is room for improvement, for example by protecting the
unpassivated Ge rear side during the MOVPE process.

The measured trends in FF and ISC are reproduced by the sim-
ulations. However, we expected a ISC gain due to the passivation
of ΔISC,sim ≈ 2 mA.cm−2 from the simulation which is higher
compared to the measured gain (ΔISC,meas ≈ 1 mA.cm−2). This
leads to an overestimation of the efficiency η of ≈0.2% for the
passivated cells.

Note that the ISC gain due to rear side passivation is less
sensitive on the SRV compared to VOC and the simulations
provide the maximum performance for a given recombination
velocity. The most probable reason for this deviation is the
absorption dataset on which the simulation is based. It is dif-
ficult to distinguish between intrinsic and extrinsic (free carrier)
absorption in doped Ge. We used a data set for doped Ge which
leads to an overestimation of the intrinsic absorption, leading to

an overestimation of ISC. It was beyond the scope of this article
to solve this issue, but it will be subject of future work.

The FF gain for PassDop cells expected from the simulations
overestimates slightly the experimentally found FF gain (ΔFF=
5%abs instead of ≈4%abs in the measurements). The deviation
in FF for LFC solar cells is significantly higher and is explainable
with higher contact resistance for point contacts fabricated by
the LFC concept. The increased contact resistance corresponds
to an increase of the external series resistance in the simulation
from 0.6 to 0.9 Ωcm2.

The measured improvements of the LFC and PassDop cells
compared to the AlOnly cells proof successfully the passivation
and mirror effect. However, for a real assessment of the rear
side concept, the LFC and PassDop cells must be compared to
standard cells from AZUR, which is also done in Figs. 3 and 4.
The lowly doped Ge in our Ge-isotypes leads to an increase in
current compared to the standard cell, even in the unpassivated
AlOnly cell (ISC,AlOnly ≈ 28.0 mA.cm−2), but to a decrease in
voltage, fill factor and efficiency (VOC,AlOnly≈0.19 V, FFAlOnly

≈ 0.57 and ηAlOnly ≈ 2.26%). A lower VOC for lower doping
concentration NA is expected from theory, as the Fermi level
splitting decreases with doping as shown

VOC =
kBT

q
ln

(
(NA +Δn)Δn

n2
i

)
(1)

with the Boltzmann constant kB, the temperature T, the elemen-
tal charge q, and the intrinsic/excess carrier concentration ni/Δn.
For a good passivation, VOC increases and becomes a function
of the passivation quality, represented by the saturation current
I0 in

VOC =
nkBT

q
ln

(
ISC

Io
− 1

)
(2)

where n is the ideality factor. We observe this increase in VOC in
our passivated isotypes, which reach the same VOC (≈0.25 V)
as the standard isotypes—despite the lower doping. For ISC, a
maximum gain of 1.6 mA.cm−2 between the standard isotypes
and the passivated isotypes is reached.

We state that the presented cell concept leads to an exper-
imentally shown increase in ISC and to a VOC comparable to
standard cells. The gain in ISC makes the concept interesting for
new cell concepts with four or more junctions, which can benefit
from higher Ge cell currents.

C. Influence of Mirror and Passivation on ISC

So far, we observed an increase in ISC for all lowly doped
isotypes (AlOnly, PassDop, and LFC) compared to the AZUR
standard cell. Furthermore, the EQE and %R data confirms this
gain in ISC to arise from photons with energies lower than the
direct bandgap EΓ1. However, to distinguish between the con-
tribution of the lowly doped Ge in combination with the mirror
and of the passivation effect on the increased ISC, a closer look
at the experimental EQE and %R data is necessary. Therefore,
the relative gain in relation to the AZUR standard isotype for
EQE (straight lines) and %R (dotted lines) for all three lowly
doped isotypes is presented in Fig. 6 in the wavelength range
between the direct and the indirect band gap EΓ1 and EG.

The strong modulation of %R and EQE especially in Fig. 6
results from the comparison with the AZUR standard sample,
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Fig. 6 Relative gain in %R and EQE against the standard Ge-isotype cell from
AZUR for Ge-isotypes with passivation and mirror on rear side and a 600 μm
pitch LFC contact (violet), a PassDop contact (red) and a Ge-isotype AlOnly
cell without passivation but full-area Al contact on the Ge rear side (blue). The
direct (EΓ1) and indirect (EG) Ge bandgap correspond to the start and the end
of the x-axes.

which shows strong thin film modulations (cf. Fig. 5, black line).
These modulations require no further interpretation and will be
ignored in the following considerations. A gain in reflection is
observed in Fig. 6 compared to the standard cell for all three
isotypes, showing clearly that the lowly doped Ge (less FCA) in
combination with the Al rear side is the main reason for enhanced
reflection. The fact that %R of the PassDop and the LFC sample
at EG is enhanced compared to the AlOnly sample proves that
the additional SiC passivation layer between Ge and Al increases
the rear side reflection slightly for long wavelength.

Ignoring the modulation effect, the gain in EQE follows the
increasing gain in %R from 1.6 μm until EG. This proofs that
the lower FCA due to lowly doped Ge in combination with the
mirror effect contributes to the increase in ISC. However, in
the whole wavelength range, the relative gain in EQE of the
passivated samples (violet/red) exceeds the relative gain of the
AlOnly sample (blue) significantly, raising continuously from
20% difference at 1.6 μm to 50% difference near EG. As there
is no significant difference in reflection, we attribute this gain in
EQE to the influence of the passivation effect. Both, the lowly
doped Ge in combination with the Al reflector and the improved
rear side passivation by SixC1-x contribute to the observed
increase in ISC for lowly doped Ge-isotypes with improved rear
side.

D. Comparison Passdop and LFC Process

An improved back side technology was developed for Ge solar
cells including a PassDop and LFC process route which both
lead to an improved ISC and VOC. This is due to the use of
lowly doped Ge (lower FCA) in combination with an improved
rear side passivation quality and a high reflection of photons if
compared to a standard Ge cell with diffused contact. For both
concepts, the cell parameters only vary slightly for a wide range
of laser parameters.

The slightly lower VOC for PassDop isotypes compared to
LFC isotypes suggests a more efficient p+ doping for LFC
isotypes by Aluminum compared to PassDop isotypes by the

Boron in the passivation layer. On the other hand, the simulations
showed a slightly higher Rs for LFC isotypes compared to
PassDop isotypes. From a practical point of view, the PassDop
process is more promising for III-V applications, as it gets
along with less energy input into the samples. The melting
and solidification of Al in the LFC process leads to thermal
expansion and subsequent shrinkage and therefore to strain in
the rear side of the cell. Moreover, the LFC process is restricted
to the use of Al as rear side metal; whereas for the PassDop
cells, all highly reflective metals can be considered as rear side
contact. Considering this variety of advantages of the PassDop
process compared to the LFC process, we suggest to focus on
the improvement of the former. The first step to enhance the
passivation quality would be by improving the LBSF under the
PassDop contacts. Therefore, a larger amount of boron or a
change to gallium as dopant during deposition of the SixC1-x

passivation layer seems to be the obvious next step.

V. CONCLUSION

We aimed for a better low energy photon conversion in the Ge
subcell for III-V multi junction solar cell devices. Therefore, the
number of photons lost in the Ge bulk by FCA was reduced by
using lowly doped Ge in combination with two rear side contact
routes from Si photovoltaics. For both contact types, the rear
side of the Ge cell consists of an a-SixC1-x:H passivation layer
stack followed by an Al layer. In both cases, the a-SixC1-x:H
passivation stack is opened with a laser process to generate point
contacts, once before the Al deposition (PassDop concept) and
once after the Al deposition (LFC concept). Both routes lead to
Ge-isotypes with an increased ISC of up to 1.6 mA.cm−2 and
same VOC as standard Ge-isotypes, due to a successful rear side
passivation by the a-SixC1-x:H layer and high reflectivity due
to the mirror effect of the a-SixC1-x:H in combination with the
Al layer. Corresponding solar cell simulations reveal a surface
recombination velocity of 900 cm/s, which corresponds to a
moderate passivation quality at the Ge rear side. This can be
further improved in the future. Good PassDop and LFC cell
results were obtained in a wide range of laser parameters with
maximum efficiency for a laser pitch of 600μm and a laser power
of 2.1 W (LFC) and 0.9 W (PassDop). However, we recommend
focussing on the further development of the PassDop concept,
as the process is more gentle and flexible. These results suggest
that the implementation of a passivated, highly reflecting rear
side into III-V MJ solar cells should be considered for new cell
concepts with enhanced current demand from the Ge subcell
and for all III-V cell concepts which profit from a lower opera-
tion temperature due to enhanced out-reflection of subbandgap
photons.

APPENDIX

A. Laser Power Variation

For LFC isotypes, not only a pitch, but also a laser power
variation between 2.1 and 7.0 W was performed for two pitches
(900 and 1000 μm). This corresponds to contact radii between
22 and 35 μm and areas covered with contacts between 0.2 and
0.5% (900 μm pitch) and 0.2 and 0.4% (1000 μm pitch).The
I–V results are shown in Fig. 7. ISC and FF increase slightly
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Fig. 7. I–V characteristics for Ge-isotypes with LFC rear side and with power
variation for 900 and for 1000 μm. Data points with same colours and shapes
belong to same wafers. On every wafer, there are 12 cells with two different
pitches. Additionally, 12 AlOnly cells (blue pentagons) are measured and typical
values for a standard cell (black stars) are depicted. (a) Parameter ISC. (b) VOC.
(c) Fill factor. (d) Efficiency η.

with increasing power up to 5.8 W and drop at 7 W. This
suggests an improved RS for powers up to 5.8 W. For 7 W,
the high laser power starts to destroy the rear side and the cell
parameters start to decrease. A continuous decrease in VOC with
increasing power suggests a decrease of the passivation quality
for larger contact points. The introduction of additional defects
and therefore additional recombination at the rear side and inside
the Ge is very likely. This leads to the best cell efficiency> 3.1%
for a laser power of 4.8 W. However, the efficiency for cells
treated with the initial laser power of 2.1 W and with pitches
between 500 and 800 μm are still better [see Fig. 3(d)]. Due to
this results, no power variation experiment was done for PassDop
isotypes.
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