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ABSTRACT

Power loss mechanisms in small area monolithic-interconnected photovoltaic modules (MIM) are
described and evaluated. Optical and electrical losses are quantified and individual loss components are
derived for loss mechanisms of small area radial (radius = 1 mm) pie-shaped six-segment GaAs MIM laser
power converter. At low monochromatic homogeneous illumination (G = 1.8 W/cm?, Ao = 809 nm) con-
version efficiency of the cell, designed for a low irradiance, is reduced by 3.7%.;,s. due to isolation trench
optical losses and by 7.0%,y,s. due to electrical losses (mainly perimeter recombination). Electrical losses
in a device designed for a high irradiance, result in 18%,,s. decrease of output power under homogeneous
monochromatic illumination (Gpign =83.1 W/cm?, Ao =809 nm), while 11.6%,ps, losses are attributed to
optical reasons. Regardless the irradiance level, optical losses further increase if the device is illuminated
with a Gaussian instead of an ideal flattop beam profile. In this case, beam spillage losses occur and losses
due to isolation trenches and reflections from metallization are elevated. On top of that, additional cur-
rent mismatch losses occur, if individual MIM’s segments are not equally illuminated. For the studied
device, a 29 wm off center misalignment of a Gaussian shaped beam (with 1% spillage) reduces the short

circuit current I by 10%,s. due to the current mismatch between segments.
© 2018 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

The analysis of power loss mechanisms in photovoltaic (PV)
devices provides us with an understanding of the energy flow
from the incident light energy to the extracted electrical energy.
Moreover, a quantitative assessment of individual power loss
mechanisms enables a systematic understanding and paves the
way towards improvements of the device.

In this work we present and structure power loss mechanisms
in small area monolithic interconnected PV modules (MIM) [1].
Typical representatives of such devices are laser power convert-
ers (LPC) [2-5]; i.e., PV devices optimized for the conversion of
monochromatic light in so called power-over-fiber (or power-by-
light) systems [6]. Here, a monochromatic laser light is guided,
typically through an optical fiber, to the remote location, where a
LPC converts it into electricity to power electronic devices in harsh
and extreme environments [7].

In this work, the assessment of general loss mechanisms (i.e.,
optical and electrical losses) is divided into a variety of sub-loss
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mechanisms of small area MIMs. Furthermore, based on measure-
ments, as well as simulations and theory, loss mechanisms in the
real world six-segment MIM LPC are quantitatively assessed.

2. Overview of loss mechanisms in small area mim PV
devices

Conversion efficiency (1) of photovoltaic devices is the most
important figure of merit; quantitatively defining the ratio between
the incident light power on the PV cell (P;;,) and the extracted elec-
trical power (Pout):

Pout
Pin

n[%] = -100% (1)
Py, is the impaired by optical (Lopgicar) and electrical (Lejectrical)
losses, so we can formulate:

Poyt = Pin(]OO% - Loptical - Lelectrical) (2)

In the following both general loss mechanisms are analyzed and
categorized for small area MIMs. A conceptual cross section of such
devices is depicted in Fig. 1(a).

MIMs are commonly manufactured on a semi-insulating sub-
strate, which serves as electrical isolation between adjacent PV
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Fig. 1. (a) A conceptual cross section of a MIM PV device, showing series interconnection between photo active segments. Various loss mechanisms, as described in this
paper, are shown in places of their origin. (b) A micrograph of the six-segment GaAs MIM LPC designed for high irradiance illumination. Series interconnections between

adjacent segments are established outside the circular active area.

segments. The first layer grown on top of the substrate is a lat-
eral conduction layer (LCL) that results in a low-ohmic structure
for a lateral flow of photo generated current in the bottom of the
individual MIM’s segment. Low ohmic path for a lateral current
flow in the top of the individual segment is achieved with a suit-
able design for the busbar and finger grid metallization. Isolation
trenches etched all the way into the substrate electrically separate
adjacent segments. The exposed open edges of the pn-junctions are
coated with a dielectric material to prevent shunting of the individ-
ual segment from metal bridges used for the series interconnection
of adjacent segments.

In MIM devices we can divide optical losses Lopicar into the fol-
lowing components:

® Spi“age (Lspillage)y

¢ Shading from front metal finger grid (Lshading),

e Area loss due to isolation trenches (Lisojation) and
e Reflection from the active area (Lefiection)

whereas electrical losses Lejectrical CONSist of:

* Series resistance losses due to Joule heating (Ljpyle),

¢ Shunting losses (Lsyune) divided into shunting between segments
(Lshunt seg-) and shunting of the pn junctions (Lshynt pn. )

e Minority carrier recombination (Liecompination) and

¢ Current mismatch due to misalignment (Ly;satignment )-

Some of the listed losses are common for all PV devices, while
others are specific for MIMs. Furthermore, some of the loss mech-
anisms are common among all MIMs while others are device
dependent. In the following paragraphs, we discuss and evaluate
the loss mechanisms one-by-one. Beside general assessment of loss
mechanisms in MIMs, we assess quantitatively the losses in real
world small area six-segment GaAs MIM LPC pictured in Fig. 1(b)
and thoroughly described in Refs. [3] and [18].

2.1. Optical losses (Lopticar)

Consideration of the optical loss contributions listed above leads
to the following equation:

Loptical = Lspillage + (1 - Lspillage) (Lshading + Lisolation + Lreﬂection) (3)

(1-Lspiniage) Tepresents the fraction of the incident power that
hits the designated area of the MIM (Agesignated )- Here, designated
area is defined as the inner aperture area of the LPC (for the studied
device this is circular area inside the busbars; compare Fig. 1(b))
and, therefore, follows the areal definition of small area PV devices
[8].

2.1.1. Spillage losses (Lgpjjiage)

Spillage losses are frequently present in power-over-fiber sys-
tems since the power density profile at the output of an optical fiber
is usually Gaussian (for single-mode fibers), or a superposition of
Gaussian beams (for multi-mode fibers). Thus, due to the nature of
a Gaussian distribution, a fraction of the light that exits the optical
fiber does not impinge on the LPC’s designated area, but hits the
cell’s surroundings:

P. .
Lspitlage [%] = (1 - dj)slglm> -100% (4)
total

where Pgesignated 1S the power impinged on the designated area and
Pyora1 1S the total power exiting the optical fiber.

Positioning of the fiber end in close proximity to the LPC can
minimize spillage losses. Yet, that causes a strong non-uniformity
of the irradiance distribution across the surface of the device, which
leads to additional Joule heating losses compared to homogeneous
illumination [9,10]. Therefore, in practical application a compro-
mise must be found between spillage losses on the one hand and
losses due to inhomogeneous illumination on the other. As a loose
design rule, in practice, spillage losses in the order of 1%,;,s provide
a good compromise. To reduce spillage losses, beam shaping tech-
niques can be employed to transform a Gaussian beam to a flattop
profile [11,12]. Such approaches can mitigate spillage losses and
provide homogeneous illumination across the LPC, but are often too
complex and not economic for most of the practical applications.

2.1.2. Shading losses (Lspading)

Shading losses are common among all PV devices and MIMs are
no exception. A front grid metallization, that provides low ohmic
path for a lateral current flow in the top of PV devices, covers a
part of the designated area (Agesignated)- Since the front metalliza-
tion reflects or absorbs the impinging light, losses connected to the
shading, for uniformly illuminated device, are directly proportional
to the area covered by the front finger grid metallization (Agyid metal )»
as formulated in Eq. (5).

Ao
grid metal .100% (5)

Lshading [%] =
designated

For other illumination profiles (including Gaussian), a weighted
Lshading €an be derived from the convolution of the spatial irradiance
profile pjum.(X,y) and the spatial distribution of a considered met-
allization area [Apetai(X,y)], divided by the total power impinged on
the designated area (Pyesignated )» as seen in Eq. (6):

ffpillum. (%, ¥) -Ametar (X, ¥) dx dy

-100% (6)
P designated

Lshading [%] =
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For our calculations, we used a binary function for Apea(X,y),
where 1 represents a complete reflection for areas covered by
metal finger grid and O the active cell area. In practice, e.g., a
non-rectangular shape of fingers can also result in apparent par-
tial transparency of the metallization (and, thus, 0 < Apeta(X,y) < 1)
by redirecting some of the impinged light towards the active area
[13].

The finger grid metallization is usually designed for a particular
end application. For devices intended for high irradiances, dense
finger grid metallization covers significant portion of the active
area, whereas finger grid metallization can be omitted for devices
intended for low irradiance; consequently, Lghading =0% in such
cases. For the studied sixsegment LPC [Fig. 1 (b)], that was designed
for a high irradiances, the front metal finger grid covers approxi-
mately 7.9% of the designated area, therefore Lghading7.9%aps. if the
device is illuminated homogeneously (flat-top illumination pro-
file). Weighted shading losses for the studied device increase to
9.4%,ps. if we assume Gaussian illumination with 1% spillage. These
two values indicate the importance of consideration of the actual
spatial illumination profile and spatial metal distribution when cal-
culating Lshading-

2.1.3. Isolation trench losses (Lisoiation)

Losses due to isolation trenches are unique to MIMs and are
present inherently by the design. As the isolation trench area is
etched away to separate adjacent segments, they are straightfor-
ward areal losses. For a homogeneously illuminated device, Lisgjation
can be calculated as:

Atrench

Lisolation [%] = -100%. (7)

designated
For the studied radial, pie-shaped MIM LPC designated area can
be approximated as:

: 2
Adesignated ~ T - radiuspc (8)

and for the same device we can approximate the total area of iso-
lation trenches (A¢rencn) as:

Atrench =~ 1adiusipc - Wirench - Nseg (9)

where Wi enc is the trench width, Nseg is the number of segments
and radius;pc is the inner radius of the device (circular area inside
the busbars). It follows:

Wtrench 'Nseg .100%

7 - radius pc (10)

Lisolation [%] ~

For non-homogeneous illumination, again a convolution
between the spatial illumination distribution pjjum.(X,y) and spa-

tial distribution of the isolation trenches A¢encn(X,y) can be used to
obtain the weighted Lisojation:

ff Pillum. (X, ¥) * Atrench (X, ¥) dx dy

-100%
Pdesignated

(11)

Lisolation [%] =

where Atrench(X,y)=1 for the area etched away to form isolation
trenches and A¢ench(X,y) = 0 for all other areas.

Since the number of segments is typically defined by the desired
output voltage, we can only reduce Lisoation DY either making
trenches narrower or the whole device larger. A 1.04 mm radius
and a nominal 20 pm trench width of studied six-segment MIM LPC
results in Ligolation¥~3-7%abs. When the device is illuminated homo-
geneously, while for the same device illuminated with Gaussian
beam, assuming 1% spillage, Lisolation = 7-3%abs. -

2.1.4. Reflection losses (Lrefiection)

Reflection losses occur when an incident light is reflected from
the surface of the active area, due to a difference in refractive indices
between the air and used semiconductor. Texturing of surface and
anti-reflection coatings are commonly used to mitigate reflection
losses of PV devices. Contrary to the broadband illumination, where
reflection losses cannot be completely eliminated, for monochro-
matic illumination an optimized antireflective front coating allows
for a complete elimination of reflection losses [14].

2.2. Electrical losses (Lejectrical)

As listed above, we consider electrical losses of four different
origins:
(12)

Lelectrical = L]oule + Lshunt + Lrecombination + Lalignment

The influence of Joule heating, shunting and recombination
losses on the monochromatic (Ag =809 nm) conversion efficiency n
at various irradiances for the studied six-segment MIM LPC is plot-
ted in Fig. 2. The results are obtained with a verified distributed
electrical model implemented in PVMOS [15], described in more
details in Ref. 18. Yellow circles in Fig. 2 show a conversion effi-
ciency of the device with all electrical loss mechanisms included
in the model and serve as the reference case. For all other curves,
the respective loss mechanism was excluded from the model. Con-
sequently, a comparison of the individual curve with the reference
case reveals the influence of the distinctive electrical loss mecha-
nism on the device performance as a function of monochromatic
irradiance.

Opposed to optical losses, which are independent on the irra-
diance G, the impinged power density has a significant influence

60% — T T — T
s PRSP " ] All losses included
— L a A A i
= 55% v ]
z : A 1 .
= A 1—# - Joule heating excluded
2 y o—® ]
9 [ A& 4
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s [ i Shunting excluded
£ ase | ]
o L )
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© 40% Lo v 0 vy [ recombinations excluded
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Monochromatic irradiance G [W/cm?]

Fig. 2. Illustration of the influence of different electrical loss mechanisms on the conversion efficiency under homogeneous monochromatic (Ao =809 nm) irradiance for the
studied sixsegment MIM LPC specimen. Red circles mark irradiances for further analysis, namely Giq,, = 1.8 W/cm?, Goptimal = 13.2 W/cm?, Ghigh =83.1 W/cmZ2. Modified from

Ref. [18].
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Fig. 3. Relative contributions of various features to overall Joule losses at three
different irradiances: Gy =1.8W/cm?, Gopgimai = 13.2W/cm?, Gpign =83.1 W/cm?.
Percentage figures in the columns present the relative contribution of the Joule
heating in the LCL to the overall Joule heating losses.

on the magnitude of the different electrical losses. For low irradi-
ance (Gjoy ), Minority carrier recombination processes (especially
recombination at the perimeter of pn-junctions [16]) limit the per-
formance. Majority carriers flow through the structure with a finite
conductance results in a series resistance related Joule heating; the
major loss mechanism at high irradiance (Gy;gp ). Shunting between
the segments [17] reduces the efficiency for all irradiances equally
by 1.2%,ys., while the absolute value of the conversion efficiency
at optimal irradiance (Goptimar =13.2 W/cm?2) is influenced by all
loss mechanisms. In the following, the presented electrical loss
mechanisms are described in more detail. A detailed analysis and
comprehensive description of the simulation model and the indi-
vidual loss mechanisms can be found in Ref. 18.

2.2.1. Joule heating - series resistance losses (Ljoyje)

Joule heating losses in PV devices occur when the photo gener-
ated current flows towards the external terminals through different
device features with a finite conductance (e.g., base, emitter, win-
dow, lateral conduction layer, metallization). The related loss effect
is a transformation of electrical energy into heat. In the PV field
Joule heating losses are commonly labeled as series resistance (Rs)
losses.

For the studied device, relative contributions of various features
to overall Joule losses are shown in Fig. 3 for three different irra-
diances. In this case, the significance of Joule heating regions, is in
the following order:

e Sheet resistance of base plus the lateral conduction layer — ricp.

¢ Sheet resistance of window plus emitter layer - rywinpow

e Specific contact resistance between front metallization and semi-
conductor - rcoNTACT

e Combined resistivity of the epitaxial layers for a vertical current
flow through the active PV layers — rygrricaL

¢ Sheet resistance of metal grid fingers and busbars - ryigraLLizaTION,

except for the low irradiance, where relative contribution of the
Joule heating on the metallization is higher than relative contribu-
tion of the Joule heating due to vertical current flow through the
device.

The distinct geometrical and crosssectional design of MIM
devices results in a significant lateral current flow, especially in the
lateral conduction layer (LCL) beneath the individual segments. For
the investigated specimen this determines the major component of
Joule heating losses. In absolute terms, for the studied device, com-
bined Joule heating reduces efficiency by 0.3%, 1.9%, and 16.8% at
low, optimal and high irradiance, respectively. For all studied cases
more than 80% of combined Joule heating losses are caused by the
lateral current flow in the LCL as seen in Fig. 3.

2.2.2. Shunt losses (Lspynt)

Shunting in PV cells occurs due to an alternative path for the
photo generated current flow in the device. In MIMs this current
path can be established through the (typically semi-insulating)
substrate between adjacent segments (Lshuntseg.)- The effect of
inherently presented leakage current flow through the substrate
(in pA range) is usually significant only at low irradiances and cor-
responding low operating currents (also in wA range). Effect of
such low leakage current on the device performance diminishes
at higher irradiances with corresponding operating currents in mA
range or larger [17,19]. However, this is only true, if the substrate
is not illuminated by the impinged light. We have recently shown
[17],thatin the studied device, significant shunting occurs between
adjacent segments due to photo-induced conductivity in the semi-
insulating GaAs substrate. This effect leads to an increased leakage
current between adjacent segments and is responsible for a power
loss of 1.2%,,. for all studied irradiances, which can be explained
by the reciprocal relation between substrate resistivity and irradi-
ance [17].In comparison, in the studied device the effect of junction
shunting (Lshynt pn.) (commonly nominated with Ry, in the PV field)
on the performance of the device, is negligible [18].

2.2.3. Recombination losses (Lrecompination)

Minority carrier recombination losses occur when photo gener-
ated electron-hole pairs recombine before they are separated at the
pn-junction. This process is the origin of the dark saturation current
density Jon, which also impairs the illuminated performance of the
device. Since several recombination mechanisms are present in the
PV cell, we normally classify them by the region of their origin and
accordingly, eachregion is accompanied by its own Jy,. The absolute
value of the distinct Jyy, in the combination with connected diode
ideality factor n, influences the severity of the distinct recombina-
tion process with varying illumination. Due to the physical nature
of different recombination processes, not all of them result in the
same n and furthermore the values of n are usually limited to 1 or
2 [20].

With the experimentally validated model we found that signif-
icance of recombination region, for the investigated device, up to
very high irradiance is in the following order [16,18,21]:

* Perimeter recombination (Jozp, n=2)
e Neutral region recombination (Jo1, n=1)
e Depletion region recombination (Joyp, n=2)

Where Jop and Joyp, are the perimeter and bulk components of
Jo2 connected with the following equation [16]:

Joz =Joob + g -Jo2p» (13)

where P is the total perimeter of an individual MIM’s segment and
Ais the total area of an individual MIM’s segment pn-junction. Due
to a multi-segment design and small areas, the perimeter to area
ratio is high (PJA=57 cm~! for the sixsegment MIM LPC shown in
Fig. 1). From Eq. (13) and absolute values of the dark saturation
currents withn =2 (Jozp =510712 A/cm, Jop, =2 10~ A/cm?) we can
calculate that perimeter recombination are the major contributing
factor to recombination losses.

For the studied six-segment MIM LPC, the perimeter recombi-
nation reduces the peak conversion efficiency by 3.5%,,s. at optimal
monochromatic (Ag =809 nm) irradiance 13.2 W/cm?; compared to
the case, where Jo, was set to the value of Jyyp, in the model (com-
pare grey squares and yellow circles in Fig. 2). At low irradiance
(Giow = 1.8 W/cm?), the effect of the perimeter is even more pro-
nounced and causes 5.5%,;,s drop in efficiency. Only at very high
irradiance (Gpgp = 83.1 W/cm?) perimeter recombination saturates
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Fig. 4. (a) Normalized power density map of a Gaussian beam with 1% spillage, which is used for simulations of a current mismatch. A dashed white circle represents
designated area of studied radial six-segment pie-shaped MIM (radiusipc =1.04 mm), while arrows mark coordinate system. (b) Graphical representation of the drop of
output current due to misalignment of the studied devices. Dotted white segmented circles represent the ideal centered position without current mismatch (Isceopt ), Whereas
the compass in the bottom left highlights the worst (red dashed arrows) and the best (green arrows) case axes regarding misalignment. (c) Line scans through the center of
the current misalignment spatial map for the worst and the best case axes. Marks presents measured value while lines present simulation. Shaded rectangle in the center
represents a maximum acceptable misalignment tolerance (MAMy ) for the studied device and specified conditions.

and neutral region recombination becomes the dominant recom-
bination mechanism [18].

2.2.4. Misalignment losses (Lmjsatignment)

Misalignment losses in power-over-fiber systems, produced by
misaligning centre of the laser beam and centre of the LPC, can
lead to a severe reduction of an overall system efficiency. Due to
the series interconnection of individual PV segments in MIM LPCs,
the photo current of the least illuminated segment determines the
output current of the entire device and a current mismatch occurs.
Electric power generated by the MIMs in the maximum power point
(Pmpp) is the product of open circuit voltage (Voc), fill factor (FF) and
short circuit current (Isc), and the influence of a current mismatch
in the MIMs on the Pmpp is most severely expressed through the
reduction of the Is. (for a reasonable alignment precision). Conse-
quently, the reduction of the power-over-fiber system efficiency is
directly linked to the reduction of the short circuit current Isc, due
to the current mismatch. [22]

To study the effect of current mismatch and connected misalign-
ment losses in MIM LPCs, arising in real world power-over-fiber
systems, we performed simulations with an experimentally vali-
dated model. In this model the current of each segment is calculated
as the convolution of spatial irradiance and spatial responsivity of
the individual MIM’s segment, for every position of the LPC in the
Gaussian beam, as suggested in Ref. 22. From that analysis a nor-
malized spatial map of the current mismatch Iy ;5. and related
misalignment losses can be obtained as:

min(’sc@seg]...n)v(x,y) (14)

Iscmis. (X»y)[%] = I
sc@opt
where the numerator presents the Isc of the least illuminated seg-
ment for the respective x, y misalignment position of the MIM LPC
in the beam and the denominator (Isceopt) Presents Isc in the per-
fectly aligned position, i.e. current matched conditions (assuming
the same light source).

This model was experimentally validated according to the fol-
lowing procedure: A six-segment MIM LPC was moved in (X,y)
directions in 15 wm steps under fixed illumination with a Gaus-
sian shaped laser beam. At each step the short circuit current was
recorded with a Keithley 236 precision source/measurement unit
(SMU). The power of the single mode fiber coupled diode laser
(Thorlabs LPS-638-FC Ag=638nm, Pnax=6.7mW) was actively
kept constant with Thorlabs T-Cube Laser Diode Driver set to a con-
stant power mode. A single lens was used to narrow the laser beam
so that 1% of the beam spillage occurred. With this procedure a

spatial map of measured I . s (X,y) was obtained. The measured
spatial map was normalized to the maximum value of the Isc@opt
and two distinct line scans through the center of the spatial map
(Isc@opt) Were extracted. Likewise, the line scans in the same direc-
tions were also extracted from the simulated I . ;s.(X,y) spatial
map. The deviation between normalized simulated and measured
Isc mis, line scans for the range Isc m;s. /Isc@opt > 0.3 was less than 0.2%
[compare Fig. 4(c)], thus the model was experimentally validated.

The graphical normalized spatial representation of the sim-
ulated current mismatch Ig. ;. (X,y) for the studied six-segment
radial (radius;pc =1.04 mm) pie-shaped MIM is shown in Fig. 4(b),
assuming Gaussian beam illumination with 1% spillage. Such spa-
tial map presents fraction of Isc of the limiting MIM's segment in
every position of the MIM in the laser beam, compared to the opti-
mally illuminated device (center position; Isc@opt) and, therefore,
directly corresponds to the misalignment losses Liisatignment-

From Fig. 4 we can see that the short circuit current reaches its
maximum, when the device is positioned in the centre of the beam
(as illustrated with dotted white segmented circle). Misalignment
away from the centre in any direction quickly leads to a drop of the
output current and a corresponding drop of the output power. In
agreement with the predictions in Ref. 22, the drop of Isc depends
on the direction of the misalignment. We observe the best case mis-
alignment in the axis of isolation trenches and the worst case in the
direction in-between two adjacent trenches [noted with full green
arrows for the best axis and with red dashed arrows for the worst
axisinthe bottom left cornerin Fig. 4(b)]. For the worst case axis, the
alignment positions of the MIM in the laser beam are the strictest,
since the displacement of the device from the center leads to the
highest current loss, while for the best case axis the equal displaced
yields the lowest loss. Consequently, for this case the restriction for
the MIM’s precise alignment in the beam is eased.

To quantitatively define the maximum acceptable misalignment
and compare different designs of MIMs, a suitable figure of merit
is needed. In small area PV devices this is defined by the MAMgq
- maximum acceptable misalignment from the center where 90%
of the Isc compared to Isc@opt is achieved [22]. Fig. 5 shows the
simulated MAMgq for the studied pie-shaped six-segment MIM
(illuminated with a Gaussian beam) as a function of the beam
spillage for displacement along the best and the worst case axes. We
can observe that increased spillage (larger or broader beam spot)
loosens the alignment tolerance on the account of increased optical
losses. Furthermore, increased spillage results in slight increase in
the relative difference between MAMg for the worst and the best
case scenario. For the sixsegment MIM LPC with radius 1.04 mm
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Fig. 5. Plot of the modeled maximum acceptable misalignment along the worst and
the best case axes that results in a 10% current drop (MAMgg, compare Ref. [22]) for a
radial six-segment pie-shaped MIM illuminated with a Gaussian beam as a function
of assumed beam spillage.

and a beam spillage of 10%, a misalignment of only 56 wm already
results in a current drop of 10%, assuming the worst case scenario.
For a beam spillage of 1%, this value even drops further to 29 pm.

We conclude that current mismatch due to misalignment of the
MIM LPCs is a severe problem and precise positioning in packaging
must be achieved to realize good performance of power-over-fiber
systems.

3. Conclusions

In this work we assessed the influence of various loss
mechanisms on the performance of small area monolithically inter-
connected PV modules (MIM). Optical and electrical losses were
divided into individual sub-components. Origins of considered loss
components were discussed and a general assessment of their
influence on the performance of small area MIMs was provided.
Additionally, quantitative assessment of the individual loss com-
ponents was presented for the investigated small area six-segment
MIM laser power converter (LPC) specimen. We showed how elec-
trical losses depend on the irradiance, while optical losses depend
on the spatial profile of the irradiance and the spatial distribution
of geometrical features of the device (e.g., distribution of the finger
grid metallization).

Performance of the investigated device, under low
homogeneous monochromatic (Ag=809nm) illumination
(Giow=1.8W/cm?), is predominantly impaired by perimeter
recombination which causes 5.5%,,s. drop in efficiency. At high
irradiance (Gpgn =83.1 W/cm?) Joule heating (especially in the
lateral conduction layer) limits the performance of the studied
six-segment MIM LPC which results in a 16.8%,},s. drop of efficiency.
For the investigated specimen, photo-induced leakage currents
through the semi-insulating GaAs substrate reduce efficiency by
1.2%.ps., regardless of the irradiance.

For optical losses we considered homogeneous (flat-top)
and Gaussian monochromatic (Ag=809 nm) illumination of the
six-segment laser power converter. Under monochromatic illumi-
nation, an optimized anti-reflective front surface allows for almost
complete elimination of reflection losses for all the irradiances.
We found that optical losses are the smallest for homogeneously
illuminated low power devices, where we can omit finger grid
metallization and in such case only isolation trench losses are
unavoidable. For the studied device, under uniform illumination,
isolation trench losses contribute roughly 3.7%,,s to the overall
lost power. For the same device and Gaussian illumination profile,
Lisolation iNCrease to 7.3%,ys and an additional 1%,,s beam spillage

loss must be taken into account. For high power applications, addi-
tional optical losses occur due to front metal finger grid coverage. In
the studied homogeneously illuminated device, with a finger grid
metallization designed for a high irradiance illumination, 7.9% s
power is lost due to metallization shading. Similarly to the isolation
trench losses, shading losses of such device increase under Gaussian
illumination; for the same device this value increase from 7.9% ;..
t0 9.4%,1,s.. In the worst case scenario presented in this work, optical
losses add up to 17.7%ps..

Finally, strict alignment tolerances must be kept to ensure good
power-over-fiber system efficiency. Only 29 pm off-center position
of the optical fiber (with Gaussian beam profile and spillage of 1%)
to the LPC (radius;pc =1.04 mm) results in a large current mismatch
among segments and produces 10% reduction of the short circuit
current for the studied device.
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