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1 | INTRODUCTION

| Henning Helmers?

| Andreas W. Bett? | Marko Topi¢?!

Abstract

A method for distributed electrical modeling of complete photovoltaic monolithic
interconnected modules (MIMs) with complex geometrical and electrical features is
developed and applied to study electrical power losses of a six-segment GaAs-based
MIM laser power converter (LPC). The model considers spatial dependence of resis-
tive and recombination losses of all epitaxial layers and explicitly takes into account
perimeter recombination and the photo-induced leakage current through the semi-
insulating GaAs substrate. The investigated specimen was fully parametrized to obtain
the model's input parameters which were verified by a comparison of a variety of
simulated and measured specimen's electrical characteristics. Based on simulations,
we show that distributed series resistance effects, mainly caused by Joule heating
in the lateral conduction layer (LCL), limit the efficiency of MIM LPCs under a high
irradiance illumination, whereas for a low irradiance illumination perimeter recombina-
tion is identified as the limiting factor. Additionally, photo-induced conductivity leads
to a reciprocal relationship between irradiance and substrate resistivity, which results
in a parasitic shunting between segments and reduces the device efficiency. We
present mitigation strategies for the outlined major loss mechanisms and propose a
thin-film cell employing a metal back mirror that exploits photon recycling and
mitigates LCL losses. With such MIM LPC design, conversion efficiencies above

60% can be reached for a broad irradiance range.
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micro-machined movable mirrors.*

In thermophotovoltaics, the

A monolithic interconnected module (MIM) technology enables to
manufacture miniaturized photovoltaic (PV) modules on chip level.*?
In such devices, an elevated output voltage on a device level is
achieved by a series connection of many electrically separated PV cell
segments using standard microelectronic fabrication processing
methods.® The possibility to increase the output voltage facilitated
the use of MIMs in a variety of applications. High voltages and low
currents are often required to power micro electro-mechanical sys-
tems. Here, an open circuit voltage up to 150 V has been reported

for MIMs used to directly power micro electro-mechanical system

challenge of low output voltages due to low bandgap single-junction
PV cells can be solved by a series connection of individual
thermophotovoltaic cell segments in a MIM device.® In concentrating
PV systems, MIMs can be efficiently employed in dense array
receivers used for a high concentrating single dish system.® Further-
more, the flexibility to raise the output voltage of MIMs has been
successfully exploited to directly power electronic devices in power-
over-fiber systems”"? in which the light-to-electrical power conversion
efficiency in practice exceeds 45%.21* In such galvanically isolated
power supplies, monochromatic light of a laser diode is guided through

an optical fiber or other non-conductive media to a remote location,
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where is converted to electricity with a MIM PV device commonly
called a laser power converter (LPC).7 18

The broad range of applications leads to a variety of geometries
(pie-shaped circular,'® parallel stripes,® ...materials [GaAs,'® InGaAs,**
Si,*> ...]) and monolithic interconnection schemes for MIMs. This
diversity presents a challenge to establish simulation methods to accu-
rately model and simulate such devices. To some extent and with a
given design symmetry, modeling of MIMs can be accomplished with

an analytically solvable lumped model.*

However, to enable modeling
of complete MIM devices of arbitrary geometries, a more general
approach is required. In this work, we present a method based on a
distributed 2.5-dimensional electrical PV two-diode network model;
a stack of distributed two-dimensional resistive simulation electrodes
vertically interconnected with each other, to form an accurate three-
dimensional representation of the device under investigation.
Important modeling parameters of the MIMs are outlined, and one
possible solution how to include them in the distributed model is pro-
vided in next section. All relevant input parameters for the model of
the MIM under investigation—a circular pie-shaped six-segment GaAs
LPC—were extracted from a variety of independent measurements on
the studied device and test structures manufactured on the same
wafer as the investigated specimen, as shown in Section 3. Section 4
details the verification of the model and its input parameters, and
based on the simulation results, major loss mechanisms are discussed
in light of individual features of the simulated device at various irradi-
ances. Finally, with the obtained findings, we suggest possibilities to
reduce major losses and suggest improvements for future devices
aiming towards the theoretical conversion efficiency limits of PV

devices under monochromatic illumination.%”

2 | MIM STRUCTURE AND MODEL
DESCRIPTION

2.1 | Description of a typical MIM device

The general structure of MIM devices, as shown in Figure 1, does not
depend on the end application and exact device geometry.! The
photoactive and supporting layers of MIM devices, including a thick
and highly doped lateral conduction layer (LCL) that provides a low
ohmic path for a lateral current flow below the segments, are usually
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FIGURE 1 A conceptual drawing of a MIM PV device. Straight red
arrows illustrate the current flow through the device. Plus and minus
signs on the edges indicate external terminals, both provided on the
front side of the device. Note that the lateral current flow towards the
grid fingers in emitter and window in MIMs is similar to conventional
PV cells [Colour figure can be viewed at wileyonlinelibrary.com]

grown with an epitaxial process on an inactive semi-insulating (S.l.)
substrate that provides electrical separation of the individual PV cell
segments in the finished device.! After the epitaxial growth, a first
etching step down to the LCL opens the regions where internal
electrodes of the individual segments will be contacted and a second
etching step into the substrate forms isolation trenches that provide
electrical separation of adjacent PV segments. The open etch flanks,
namely the perimeter of the pn-junction, are coated with a dielectric
material to prevent short circuits, and finally, a structured front
side metallization provides front and back contact of each segment,
the front grid, front and back busbars, as well as serial interconnec-
tions between adjacent segments and external contacts in a single

processing step.

2.2 | Distributed electrical model of MIM devices

The inherently complex geometry and consequently complex current
flow in MIMs requires a distributed model to accurately simulate
electrical losses. In this work, we developed a distributed electrical
model, similar to ones used for conventional solar cells and mod-
ules, 82! but with explicit features to account for the specifics of
the MIMs. The procedure is applied to model a circular small area
pie-shaped six-segment MIM GaAs-based PV LPC, which is described
in more detail in the following chapter. The model of the complete
device was implemented in the open source 2.5-dimensional PV simu-
lation tool PVYMOS.%2

A distributed electrical model consists of a network of numerous
elementary units interconnected with resistive grid electrodes through
nodes and is able to provide an exact geometrical and functional
representation of the modelled device. The role of the individual
elementary unit depends on its position in the device. In our case, bulk
photoactive areas are modelled with a standard two-diode electrical
PV model, whereas non-photoactive elementary units are modelled
with resistance. A selection of representative elementary units within
simplified representations of the distributed network model is shown
in Figure 2.

To preserve the geometrical and electrical complexity of the
device, the established distributed numerical model mimics the fabri-
cation of the device. First, a stack of resistive electrodes representing
sheet resistances of epitaxial layers (LCL + base, window + emitter)
and metallization (front grid and busbars) is defined. Uniquely to this
work, a bottom electrode with irradiance-dependent sheet resistance
was implemented below the LCL to model a photo induced leakage
current through the S.I. substrate, as also observed and discussed in

Ohsawa et al and Kimovec et al.2>?*

I'si-Gaas iS Used as a symbol for
this shunting mechanism between adjacent segments, whereas
shunting of individual pn-junctions (rsy) is modeled with a parallel
resistance in the two-diode model.

The geometry of the device and roles of elementary units were
implemented by using digital images of the photolithographic masks
utilized for the manufacturing of the device, shown in Figure 3. In the
defined black areas, passive or active connections were established in
the model, based on the specific function of that region. Importantly,
in mesa regions, all elementary units were replaced with sufficiently

high resistors, to avoid computational problems due to undefined
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FIGURE 2 A simplified representation of the used distributed
network model. Four representative elementary units of the model
are marked with dashed rectangles: The dashed orange box marks
unshaded photo-active regions modeled with very high ohmic
connections above the window—practically suppressing the current
flow, yet still maintaining the simulation nodes for computational
reasons. The dark green resistor illustrates the contact resistance
between the metal and window simulation electrodes. The window
layer is connected to the LCL with a standard two-diode electrical PV
model including a series and shunt resistance (dashed red and blue
rectangle). The current source representing the photo induced current
is omitted where grid fingers and busbars (metallization) shade the
pn-junction (dashed blue rectangle). Resistive electrodes (planar)
connect all elementary units (vertical) to each other through nodes. A
bottom electrode with finite sheet resistance is implemented in the
model to simulate possible leakage current through the S.I. substrate
[Colour figure can be viewed at wileyonlinelibrary.com]

boundary conditions but maintain the accuracy of the device geome-
try. Additional layers in the epitaxial stack (such as barrier layers and
tunnel diodes) were considered in the series resistance of the two-
diode model elementary units.

To account for perimeter recombination, which is of special
importance in small area devices with large perimeter to area ratio,?*

I,ZS

especially when GaAs is used as PV material,”> dark saturation current

density Jo» was decoupled into two components:

p
Jo2 = Joap + A - Jozp (1)

with Jo, being the bulk and Joy, the perimeter contribution to Jo,.
Consistently, all around the edges of the segments, saturation current,

Joo, was defined as Joyp, Whereas in the bulk Joz, was used.

3 | STUDIED SPECIMEN

3.1 | Sample description

A colored micrograph of the studied six-segment small area MIM LPC
is shown in Figure 4. The circular active area of the device has a diam-
eter of 2.08 mm, measured between the busbars, resulting in a desig-
nated area of 3.39 mmZ The area of an individual segment is
0.63 mm? of which 11.1% is covered by a cathode busbar and 7.2%

Mesa etc Front contact
("
LCL etch Back contact
\ 7/
Q i .
/ \

Perimeter Series interconnection

Device geometry as seen by PVMOS

FIGURE 3 Top: A subset of six modified digital images of
photolithographic masks used to define the specimen geometry.
Black areas define the specific features in the model. The left
column defines the segment geometry (realized through etching in
the manufacturing), the right column defines front and back
metallization and interconnections between segments (which are all
realized in one evaporation step in the manufacturing). Bottom:
Top view of the device geometry as seen by PVMOS after
implementation. Colors represent the different functional regions of
the device (orange: external cathode terminal, yellow: external anode
terminal, violet: front grid and cathode busbars, red: back side anode
busbars, black: photo-active area) [Colour figure can be viewed at
wileyonlinelibrary.com]

is covered by a metal grid, resulting in an approximately 0.52 mm?
active area per segment exposed to the impinging light. The anode
busbars and terminal as wells as the external cathode terminal directly
contact the LCL and thus have no pn-junction underneath.

Figure 5 shows a conceptual cross-section schematic of the inves-
tigated device. The epitaxial layer structure is grown by metalorganic
vapor phase epitaxy on a 4” S.I. GaAs substrate. The structure is based
on a GaAs np-junction (3650 nm absorber), topped with a 400-nm
thick n-type GalnP window layer (FSF) which improves the lateral con-
duction to the metal fingers,2® and bottomed with a p-type GalnP back
surface field. To obtain high lateral conductivity below the PV cell
layers, a highly doped n-type GaAs LCL (5 um) is used. Consequently,
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FIGURE 4 A colored micrograph of the six-segment MIM LPC
investigated in this work. Black arrows illustrate the series
connections of the segments, and red dashed lines mark the isolation
trenches. Dark blue color marks segment cathodes, whereas dark
green color marks segment anodes. The remaining inactive area
outside the device (mesa area) is greyed out. Plus (light green) and
minus (light blue) signs mark the external terminals [Colour figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 5 A conceptual cross-section schematic (not to scale) of the
investigated MIM LPC, showing the epitaxial layer structure grown on
the semi-insulating substrate, and the microstructure that enables
monolithic series connection of adjacent segments. A simplified
electric circuit is shown, with red arrows illustrating the current path.
The resistor symbol illustrates the shunting between segments
through the semi-insulating substrate [Colour figure can be viewed
at wileyonlinelibrary.com]

a tunnel diode must be incorporated between the p-type back surface
field and the n-type LCL for an ohmic connection between different
types of semiconductors. Further, a single scheme low-ohmic semi-
conductor-metal contact is possible and used by incorporating a n-
type GaAs cap layer (equally doped as the LCL) above the window.
After the epitaxial growth devices are fabricated using micro-structur-
ing photolithographic processes, wet etching, polyimide insulation and

evaporation of a metal and a double layer anti-reflection coating.!

Further details about the device structure and processing techniques

can be found elsewhere.®

3.2 | Parametrization and numerical representation
of the sample

In order to obtain numerical values as input parameters for the model,
the specimen was investigated by a variety of independent measure-
ments. The values together with the respective applied extraction
method are listed in Table Al in the appendix. In the following, the
most important methodological steps are outlined.

|-V measurements under transient illumination were performed
using monochromatic diode laser light A = 809 nm at various
irradiances, utilizing a four-probe measurement technique and a
temperature-controlled measuring chuck at 25°C.2” From the [-V
measurements and designated segment area, we calculated illumi-
nated current density-voltage curves (J-V) plotted in Figure 6.

The dark I-V curve plotted in Figure 7 was measured with an
Agilent B2901A precision source measurement unit, employing a
four-probe measurement technique on a temperature-controlled mea-
suring chuck at 25°C. The dark characteristic was used to extract the
diode saturation current density Jo, with an ideality factor 2, which
was decoupled into the bulk component Jo,, and the perimeter com-
ponent Joy, according to Equation (1).

Additionally, sheet resistances of individual epitaxial layers were
measured and extracted from transmission line method?® measure-
ments on dedicated test structures manufactured on the same wafer
as the studied MIM LPC.

4 | RESULTS AND DISCUSSION

4.1 | Validation and verification of the model

Once the device was fully characterized and the model was built, we
performed initial simulations to validate and verify the established
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FIGURE 6 Simulated (symbols) and measured (lines) J-V curves at
various irradiances G of monochromatic light (A\g = 809 nm) for the
investigated six-segment MIM LPC [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7 Simulated (squares) and measured (line) dark J-V plot of
the investigated six-segment MIM LPC. Triangles mark I,.-V,. (free
of influences from series-resistance) pairs extracted from measured
illuminated I-V curves at various irradiances [Colour figure can be
viewed at wileyonlinelibrary.com]

model and input parameters. This was done by comparing measured
illuminated J-V curves with simulated illuminated J-V curves at various
irradiances G [W/cm?] (Figure 6) and by comparing the measured dark
|-V curve with the simulated dark I-V curve (Figure 7). For the simula-
tions, the photo-induced current density and the substrate resistivity
I'si-cans are varied with respect to the actual irradiance; all other
parameters were kept constant. Good agreement between all simu-
lated and measured curves is observed: The simulated open circuit
voltage (V,.) deviates <0.4%. Regarding the power at the maximum
power point (Pp,,), a small overestimation between 0.2% (for the low-
est irradiance) and 2.8% (for the highest presented irradiance) remains.

In addition to the J-V curves, which were partly also used to
extract the models input parameters, another independent character-
istic was used to conclusively verify the model and its input parame-
ters. This was done by comparing measured and simulated spatial
electroluminescence (EL) images. The EL measurement of the forward
electrically biased specimen (lpias = 10 MA, Vpias = 6.8 V) held at an
actively controlled temperature of T = 25°C*2 was performed with a
scientific CCD camera. The simulated EL image was obtained from
the spatial map of the junction voltage V; at the same Iyias = 10 mA,
Viias = 6.8V, T = 25°C in combination with the reciprocity theorem??:

Measured EL

s

N

/1

FIGURE 8

EL= const.-e(%_o (2)

where kT/q is the thermal voltage and ng. = 2 was calculated from the
slope of measured EL (Vy,;,s) characteristic.

The resulting spatial maps and a characteristic line scan from the
edge of a segment towards the center of the device are shown in
Figure 8. A very good agreement between measured and simulated
EL is observed and verifies the developed model and used input
parameters. A more detailed analysis of individual features seen in

the EL spatial maps can be found in Kimovec et al*°

4.2 | Simulation results

After the validation of the model, we performed a detailed analysis of
the individual electrical power loss channels, namely the series resis-
tance, shunt losses, and carrier recombination.

Figure 9 shows the modeled efficiency of the device as a function
of monochromatic irradiance considering different scenarios: Yellow
circles correspond to the modeled device, i.e., the model with all loss
mechanisms included. The investigated six-segment MIM LPC exceeds
52% conversion efficiency at an optimal irradiance of 13.2 W/cm? and
achieves well above 40% conversion efficiency at high irradiances. In
addition, the simulated efficiencies are plotted where one dedicated
loss channel was switched off, namely series resistance (blue trian-
gles), rsi_caas (green squares), and perimeter recombination (purple
diamonds). From this plot, the dominance of the respective loss mech-

anism at different irradiances can be clearly observed:

i. At a low irradiance, perimeter recombination significantly limits
efficiency. With increasing irradiance, the related losses saturate
and become less important since neutral region recombination

dominates the recombination losses.

ii. On the contrary, series resistance losses are negligible at low irra-
diance but increase drastically with increasing irradiance due to
their quadratic relationship with the current density: APg, = RJ2.

iii. Interestingly, shunt losses between the segments deteriorate the
efficiency independently of irradiance by approximately 1.2%
absolute, since the reduced rs .gaas and irradiance follow a recip-
rocal relationship.2*

1.0 @ Measured EL (a)

— Simulated EL (b)

0.2

Normalized EL (A.U.)

71N\

o
=}

(@) and (b), Measured and simulated normalized EL spatial maps of the studied specimen at forward electrical bias Ipi,s = 10 mA,

Vhias = 6.8 V and T = 25°C. (c), representative line scans of the simulated and measured EL images from the edge (0) towards center (R)

[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 A plot of the modeled efficiency of the investigated
sample versus monochromatic irradiance (A\q = 809 nm) (yellow
circles) and three different scenarios, where one dedicated resistive
loss mechanism is switched off (blue triangles: series resistance,
green squares: shunt between segments, purple diamonds: perimeter
recombination). Symbols mark simulated data points, whereas lines
serve as a visual guideline. Red circles on the yellow curve mark
three distinct cases for further analysis [Colour figure can be viewed
at wileyonlinelibrary.com]

Finally, it is noteworthy that at the peak efficiency, the perfor-
mance is influenced by all major loss mechanisms: recombination,
resistive, and shunting losses.

In the following three paragraphs, these three power losses are
studied for three different irradiance cases (Giow = 1.8 W/cm?,
Gopt = 13.2 W/cm?, Ghigh = 83.1 W/cm?), marked with red circles in
Figure 9.

4.3 |
losses

Joule and shunting losses—Resistive power

To analyze the relative contribution of an individual loss component to
the total resistive power losses consisting of Joule heating (rgusgar,
IEINGERS, FcONTACT, fwinpow, TverTica, fict) and shunting (rs; caas, rsh),
the validated model was adapted as follows: recombination parame-
ters were set to the values stated in Table Al and rs;_gaas Was set
to the value of rs _Gaas-dark» While rsyy was omitted from the two-diode
model and all series resistances were set to zero. This served as the
best-case scenario (“reference case”) where all electrical losses were
caused solely by recombination losses.

Electrical power losses at the maximum power point (Pmpp) of the
individual resistive loss component were obtained by setting the indi-
vidual resistance parameters to their measured values one-by-one. A
summary of the results for three distinct irradiance cases is listed in
Table A2 in the appendix, and the relative contribution of an individual
resistive loss mechanism to the overall resistive power losses for three
distinct irradiances is illustrated in Figure 10.

From Figure 10, it can be seen that the significance of the differ-

ent resistive components varies with irradiance:

ERived
FwiNpOw
TBUSBAR, FINGERS
FconTACT

® I"VERTICAL

® I'S1-GaAs

rsu

FIGURE 10 A relative contribution of the individual resistive loss
mechanism to the total resistive power losses for three different
irradiances:  Giow 1.8 W/cm? Goptimal 132 W/cm? and
Ghigh = 83.1 W/cm?  [Colour figure can be viewed at
wileyonlinelibrary.com]

i. Basically, all shunting losses originate from the photo-induced
leakage current through the S.I. substrate (s _gaas)- The influence
from shunting of individual junctions (rsy) can be neglected.

ii. Atlow irradiance, the resistive power losses due to the combined
Joule heating are small (12%) and the majority of the resistive
power losses originates from the photo-induced shunting

between the segments.

iii. At optimal irradiance, the relative contribution of rs, .gaas On the
resistive power losses is strongly reduced, and the Joule heating
due to the current flow in the LCL becomes the dominant resis-

tive loss mechanism.

iv. At high irradiance, this is even more pronounced, where more
than 78% of the resistive power losses are caused by the Joule
heating in the LCL. The contributions of the losses due to the lat-
eral current flow in the top layers (nwvinpow + r'BusBAR * FFINGERS +
rcontacT = 10%) also become more pronounced, whereas a rela-

tive loss due to rs,.gaas is significantly reduced.

4.4 | Recombination power losses

Power losses related to recombination were analyzed in comparison
with a practically achievable “best” case, defined by diode saturation
currents Jo; and Jo, of state-of-the-art GaAs PV cells (Jo; = 3E - 20
A/em?, Joop = 2E - 11 A/cm? *8) while omitting perimeter recombina-
tion, which provided us with the “reference case.” In analogy to the
resistive loss analysis, all other parameters were set to their nominal
values according to Table A1 and the resulting distribution of recombi-
nation losses is summarized in Table A3.

In analogy with Figure 8, Figure 11 shows the influence of the
investigated changes in recombination losses on the efficiency as a
function of irradiance.

(i) The bottommost yellow circles again show the specimen effi-
ciency obtained with the validated model.

(i) Reduction of Jo1 from 5E - 20 A/cm? (measured value of inves-
tigated device) to 3E - 20 A/cm? (state-of-the-art GaAs value; orange

triangles) leads to a slight improvement only at the highest studied
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FIGURE 11 Simulated efficiencies versus monochromatic irradiance
(Ao = 809 nm) of the specimen obtained with the validated model
(yellow circles) and for three different scenarios, where dedicated
recombination mechanisms are improved individually; orange
triangle: “best” case Jo; with included Joyp; blue squares: “nominal”
Jo1 without perimeter recombination; grey diamond: “best” case Jo,
and Joop and excluded Jop, = “best” case. Symbols mark simulated
data points, whereas lines serve as visual guides. Red circles on the
yellow curve mark three distinct irradiance cases for the results
summarized in Table A3 in the appendix [Colour figure can be
viewed at wileyonlinelibrary.com]

irradiances. Nevertheless, at such high irradiances, efficiency is
severely dominated by resistive losses and the improvement of Jy, is
of minor importance.

(iii) Most importantly, a proper passivation of the perimeter (blue
squares) results in a significant efficiency boost at low and medium
irradiances, while the peak efficiency shifts to lower irradiance. Passiv-
ation of the pn-junction edges would lead to a 3.5% absolute increase
of the efficiency at optimal irradiance.

(iv) The combination of both improvements (Jos, excluded +
Jo1 = 3E-20 A/cm? = “best” case values; grey diamonds) results in ele-
vated efficiency for all studied irradiances.

5 | POSSIBLE IMPROVEMENTS

The performed analysis reveals several options to improve MIM LPCs
performance:

i. At low and medium irradiances, the device could gain up to 5%
(relative) in efficiency by effective perimeter passivation, namely
at the mesa edges as shown with blue squares in Figure 12. As
recently proposed, this could possibly be implemented by a
chemical treatment with trioctylphosphine sulfide as a good
method for passivating mesa edges in small area GaAs PV cells.3!

ii. At high irradiances, reduction of the sheet resistance of the LCL
rcL results in the largest improvement of the device perfor-
mance. A reduction of r.c. by 50% (grey crosses in Figure 12)
would result in a 14% relative performance gain at the irradiance
83.1 W/cm?. However, this requires doubling the LCL thickness.
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FIGURE 12 Efficiency potential of the proposed improvements for
the investigated six-segment pie-shaped MIM LPC. Blue squares,
grey crosses, and green diamonds correspond to improved individual
device features; red dashes present a device with all these changes
included (compare text). Purple triangles correspond to a thin-film
inverted grown device with a back side metallization for a lateral
conduction and with an implemented back mirror. Marks correspond
to simulated data while lines serve only as a visual guide [Colour
figure can be viewed at wileyonlinelibrary.com]

iii. Effective suppression of the photo-induced leakage current in
the S.I. GaAs substrate, either by implementing reverse biased
diodes between the LCL and the substrate or by preventing the
impinged light reaching the substrate altogether, would result in
up to a 1.2% absolute gain in efficiency over all investigated irra-
diances (green diamonds in Figure 12).

iv. All proposed changes together (red dashes in Figure 12) would
result in a device with a peak efficiency of 57% (at irradiance
13.2 W/cm?) which presents a 5% absolute increase of the
peak efficiency compared with the investigated device. Further-
more, the efficiency drop with increasing irradiance would be

reduced.

v. Further improvements can be envisioned by more drastic
changes in the design and manufacturing processes. One such
approach is to realize an inverted grown thin-film design, as pre-
sented in Dentai et al.3? Thin-film processing enables us to
access the back surface of the device, enabling back surface
metallization of each segment to improve lateral conduction
and consequently mitigate LCL-related losses. At the same time,
a back mirror could be implemented to exploit the benefits of

photon recycling.3%34

To simulate such a device and predict its efficiency potential, the
developed model was adapted as follows:

o the r . was set to the rgysgar Vvalue,

e an additional contact resistance between the base and back met-

allization was introduced,
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e since there is no need for a S.I. substrate in such devices, it was

excluded from the model

e diode parameters were taken from state-of-the-art thin-film GaAs
PV cells with a back mirror, exploiting photon recycling effects
(Jor = 6E - 21 A/cm? Jop, = 1E - 12 A/cm? %) and

e perimeter recombination was excluded from the model.

The resulting efficiency curve is plotted with purple triangles in
Figure 12. Such a device has the potential to achieve conversion effi-
ciencies above 60% over a broad range of monochromatic irradiances
(5-85 W/cm?), with the peak efficiency of almost 62% at an irradiance
31 W/cm?

6 | SUMMARY AND CONCLUSION

We developed a validated electrical model of a six-segment small area
MIM LPC based on a distributed numerical approach, which takes into
account all relevant electrical loss mechanisms, namely sheet resis-
tances of various semiconductor epitaxial layers, the sheet resistance
of the metallization, and the recombination losses. In contrast to pre-
vious studies, perimeter recombination and photo-induced leakage
current through the S.I. substrate were specifically taken into account
at the places of their origins. The complex geometry of a whole device
was implemented in the model, based on a procedure that allows for
easy adaptation to implement also other arbitrary geometries and
further enables simple inclusion of localized loss mechanisms.

All relevant input parameters for the model were obtained with a
variety of independent measurements, and the validity of the model
was confirmed by comparing simulated and measured illuminated J-V
curves and the dark I-V curve at various irradiances. Furthermore, an
accuracy of the used input parameters and the established model
was verified by comparing simulated and measured EL spatial maps
and their characteristic line scans.

The conversion efficiency of the investigated six-segment MIM
LPC is over 40% for all studied irradiances (1.8 to 83.1 W/cm?) under
homogeneous monochromatic (A\q = 809 nm) illumination and at an
optimal irradiance of 13.2 W/cm? the conversion efficiency of the
specimen exceeds 52%. To further improve the performance of
such devices, a detailed electrical loss analysis was carried out to find
the most significant loss mechanisms. We found that at low mono-
chromatic (Ag = 809 nm) irradiance (1.8 W/cm?), mainly perimeter
recombination and leakage through the S.I. GaAs substrate limit the
performance of the device. The latter reduces the efficiency by
approximately 1.2%..,s. regardless of the irradiance, due to a reciprocal
relationship between the irradiance and the resistivity of the S.I. GaAs
substrate.?® At high irradiance (83.1 W/cm?), efficiency is limited by
series resistance losses, most significantly due to the Joule heating
in the LCL. Furthermore, only at very high irradiance illumination,
perimeter recombination losses saturate, and recombination losses
are dominated by bulk recombination.

In summary, the presented model allows for a quantitative analy-
sis of how different loss mechanisms deteriorate the performance of
the specimen under investigation. Additionally, qualitative assess-

ments of the most deteriorating loss mechanisms presented in this

work offer systematic improvements of similar small area MIM
devices. As an example, for the considered geometry, peak efficiency
of up to 57% at optimal irradiance 13.2 W/cm? can be reached by
implementation of minor changes to the design, manufacturing, and
processing steps. Notably, a significant improvement of the MIMs'
performance is realistically only possible by rather drastic changes in
the manufacturing and processing steps, namely implementing a
thin-film inverted grown device that exploits photon recycling and
mitigates LCL losses by implementing a metal back sheet. It is shown
that such a device exhibits an efficiency potential of above 60%.
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TABLE A1 List of input parameters for the model and respective extraction methods

Parameter

reincers [Q/0]

rgussar [Q/0]

2
rcontact [Q cm?]

rwinpow [Q/0]

2
rverTicaL [Q cm?]

riel[Q/o]

rs.i-Gaas [Q/0]
(max-min)

Is). -GaAs-dark [Q/0]
rep [Q cm?]

Ny

N2p

Nop

Jor [A/cm?]

JoQ [A/Cm2]

J02b [A/cm2]

Jozp [A/cm]

Eg [eV]
SR [A/W]

Value
7.83E -3
3.92E - 3
6.42E - 5

69.1
2.26E - 4
3.28

1.52E6-4.05E4

1E8

3.5E6

5E - 20

4E - 11

2E-11

5E - 12

1.42
0.54

Description

Sheet resistance of grid fingers.

Sheet resistance of busbars.

Specific contact resistance between front
metallization and window.

Sheet resistance of window plus emitter layers.

Combined area-weighted resistance of epitaxial
layers for a vertical current flow through the
semiconductor epitaxial stack.

Sheet resistance of the lateral conduction layer.

Resistivity of a semi-insulating GaAs substrate
under illumination (lowest - highest irradiance).

Resistivity of a semi-insulating GaAs substrate in the
dark.

Area-weighted shunt resistance connected in
parallel to the two-diode electrical PV model.

Ideality factor for the first diode in two-diode PV
model (neutral region).

Ideality factor for the second diode in two-diode PV
model (depletion zone).

Ideality factor for the second diode in two-diode PV
model (perimeter).

Saturation current density for the first diode in two-
diode PV model (neutral region).

Saturation current density for the second diode in
two-diode PV model (depletion zone + perimeter
recombination).

Bulk component of the saturation current density
for the second diode in two-diode PV model
(depletion zone).

Perimeter component of the saturation current
density for the second diode in two-diode PV
model (perimeter recombination).

Bandgap of GaAs at 300 K

Spectral response at Ao = 809 nm

Extraction Method and Comment

Calculated from a measured resistance of the test
structure manufactured on the same wafer as
the studied MIM LPC, the test structure width
and length, and cross section of the finger.

Same as finger. Note that the busbar value is 2
times lower, since fingers have trapezoidal
cross section and consequently a smaller cross-
sectional area.

Measured with a transmission line method on
dedicated test structures manufactured on the
same wafer as the studied MIM LPC.

Measured with a transmission line method on
dedicated test structures manufactured on the
same wafer as the studied MIM LPC.

Calculated based on a nominal doping and layers
thicknesses and literature values for the
mobility of majority carriers in the different
materials.%® This is included in the distributed
model as a series resistance in the two-diode
electrical model.

Measured with a transmission line method on
dedicated test structures manufactured on the
same wafer as the studied MIM LPC.

The sheet resistance of a semi-insulating GaAs
substrate in the mesa areas where the substrate
is exposed to impinging light?* Obtained
iteratively, for each irradiance separately, by
fitting the modeled slope of the J-V curve to the
measured J-V curve at Jsc, until an agreement
between simulations results and measurements
was reached (a relative difference in the slope
of the measured and simulated illuminated J-V
curves at Jsc is below 2%).

Literature value.®”

Extracted from the measured dark J-V curve in
reverse voltage region.

Preset.
Preset.
Preset.

Fitted to J,-Voc pairs from illuminated J-V
measurements data point at high irradiances
(48.1 to 83.1 W/cm? at Ao = 809 nm).

Extracted from the measured dark J-V curve at
forward bias at medium voltages (5.3-6.3 V).

Literature value.*®

Calculated from Joy, Joon, area of the pn-junction
and perimeter of the pn-junction using
Equation (1). (perimeter/area ratio of the
studied device (P/A = 57 cm™)).

Literature value.%®

Measured with a double-monochromator®® on a
specific test cell with conventional PV cell
architecture manufactured on the same wafer
and corrected for grid shading of the actual
sample.



TABLE A2 Summary of resistive and shunting power losses related to different components for three considered monochromatic irradiances:
Giow = 1.8 W/cm?, Goptimal = 13.2 W/cm?, and Gpign = 83.1 W/cm?

Case [ /Optimal/High Irradiance] Prpp [MWI Relative power loss AP/Py,p, [%]
All resistive losses excluded (“reference case”) 242.3 1647.1

'BUSBAR: I'FINGERS 242.3 1644.9 0.0 0.1
rconTAcT 241.8 1627.0 0.2 1.2
rwiNDOW 241.8 1624.3 0.2 14
I'VERTICAL 242.0 1640.3 0.1 0.4
IicL 235.2 1267.7 3.0 29.9
I'si-GaAs 236.8 1593.9 2.3 3.3
sy 2423 1647.1 0.0 0.0
All resistive losses included 228.5 1162.6 5.9 36.5

TABLE A3 Summary of recombination losses of the investigated device compared with the assumed “best” case scenario related to different

recombination regions for the three considered irradiances: Gy = 1.8 W/cm?, Goptimal = 13.2 W/cm?, and Ghigh = 83.1 W/cm?. Note that due to
the applied procedure to determine separate components of Jo, in the model, the nominal Jyo, in our model was already set to the state-of-the-art
value; therefore, losses in this case are O

Case [ /Optimal/High Irradiance] Prpp [MW] Relative Power Loss AP/Py,,, [%]
“Best” case (iv) (grey diamonds in Figure 11) 2441 1184.7

o 2415 1166.9 1.1 1.5
Jozb 244.1 1184.7 0.0 0.0
Jozp 228.6 1168.7 6.3 14
All recombination losses included 226 1162.6 74 29




