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Temperature modes and mechanical stresses in photovoltaic converters

of concentrated sunlight
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In photovoltaic converters of concentrated sunlight, the thermal flow is directed from the photoactive region
(p—n junction) to a heat-spreading basement through the substrate. The heat sink transfers the excess thermal
to the environment by convection or cooled by a liquid carrier. Reducing the thickness of the substrate makes
it possible to reduce the thermal resistance of the crystal and lower the operating temperature of the photoactive
region. However, in this case, the mechanical stresses in it increase. This work discusses the balance between the
mechanical strength of the sample and the decrease in its operating temperature.
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Introduction

Semiconductor photovoltaic converters (PVC) are the
main elements of the systems of solar energy conversion
into electrical energy. In space solar cells PVC work with
non-concentrated radiation, while for ground modules it
is more cost effective to transform the concentrated solar
radiation [1-3]. When working under conditions of intensive
(at solar radiation concentration of 400—1000 units) irradi-
ation the values of efficiency of PVC can reach 47% [4].
However, the limiting efficiency is registered at standard
test conditions (25°C), while in actual systems there is
always a heating of PVC. Since radiation transformation
efficiency decreases with temperature increase, there is a
critical problem of PVC active area temperature lowering
(or stabilization) and heat removal in operating mode at
persistent irradiation. The standard PVC design assumes
radiation entry into the active area from the side of upper
wide-band layer (window). Below active area there is
usually a thin transition layer and a substrate, on which
the structure epitaxy process is performed or on which the
structure was transitioned at PVC production [4,5]. Design
of high-efficiency multi-transition PVC assumes the use of
germanium plates with thickness of up to 200 um as the
substrates.

Up to 50% of incoming solar energy, coming to PVC,
is transformed into electricity and taken out into external
circuit, while the remaining part is a heat, that warms
up the semiconductor crystal. For operating temperature
stabilization the concentrator PVC are mounted on a heat
removal base [6]. Depending on the selected materials the
coefficients of thermal expansion of a heat sink and semi-
conductor crystal can be significantly different. Since the
procedure of installation usually includes PVC chip heating
to high temperatures (~ 200°C) and the following cooling,
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thick substrate should provide the crystal with additional
stiffness, prevent from critical stresses and defects appearing
in the active area and prevent from the crystal destruction.
Reduction of the substrate thickness with the corresponding
simultaneous reduction of total thermal resistance, defined
with its material and thickness, should be considered as an
efficient method of reduction of the operating temperature
of the active area and unit in general. It is obvious,
that maximum effect can be reached at certain substrate
thickness, that is sufficient for providing the mechanical
strength and operability of PVC considering temperature
modes of its lifecycle. In this work we discuss the issue
of balance between reduction of the active area operating
temperature (by means of substrate thickness reduction)
and maintaining the sufficient mechanical strength of the
semiconductor structure, mounted at heat sink.

1. Active area overheating
Thermal modes modelling and temperature determination
were performed for PVC, GaAs active area of which is
formed on germanium substrate. COMSOL Multiphysics
software package was used for that purpose. PVC had
dimensions of 3 x 3mm. The substrate thickness varied
from 200 to 3um. Copper (Cu), kovar, steel, aluminum
nitride (AIN) and aluminum oxide (Al,O3) ceramics were
considered as a material for heat sink, on which PVC was
installed. Heat sink dimensions were 10 x 12 x 1 mm?.
Irradiation distribution, formed by concentrator at PVC,
was assumed as ,,Gaussian“ at radiation concentration
multiplicity of C = 100—1000 X with radiation area size of
2.8 mm in diameter and uniform at C = 1X. Solar irradia-
tion flow density for radiation, coming to the concentrator,
was assumed as 1000 W/m?,
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During modeling it was observed, that the presence of
a solder layer Sng¢2Pbg36Ag0.02 With thickness of up to
10 um does not make significant influence on temperature
and mechanical stresses inside the semiconductor crystal
(difference of the modeling results with solder and without
it did not exceed 2%), therefore in the presented evaluations
the contribution of solder characteristics to the appearing
stresses in the semiconductor crystal was assumed negligible
and was not considered. Besides, soldering the PVC on
heat sink material directly is complicated, therefore heat
removal plates are covered with thin copper layer. It
was observed, that at copper film thickness of less than
10um there is no significant influence on the modeling
results. Thus, hereinafter the following assumption is made:
semiconductor structure is hardwired directly on heat sink,
and there is a perfect thermal contact between them.

Since the thermal resistance at PVC—heat sink boundary
is significantly less, than at PVC—air boundary, and the main
heat flow in crystal is directed from photo-receiving surface
(active area) towards the rear contact and heat sink, the
active area overheating can be defined from the heat transfer
equation [7]

q= _XVT’ (1)

where q is heat flow, y is thermal conductivity.

At ,Gaussian“ (as well as uniform) distribution of
irradiation over photo-receiving surface the maximum tem-
perature is observed in PVC center near the active area.
Figure 1 shows overheating in this point as relating to room
temperature (25°C) in idle mode. Thus, at solar radiation
concentration multiplicity of 1000 X the difference of sub-
strate thickness influence on the operating temperature is
most apparent (Fig. 1). It should be noted, that in the
presented option the copper heat sink has the maximum (for
examined materials) thermal conductivity coefficient and at

18 T T T T T T T T
16 B Cu heatsink g
14 [ Ge thickness, pm: ]
L —=—200 l
O
o 12 ‘ —— 100 =1
éo 10 | —*—50 .
3 sl v 20 )
§ | —— 10 il
8 6[+5 T
4 >3 g — i
2 - — .
0 1 1 1 1 1 1 1 1 1 ]
200 400 600 800 1000
Concentration

Figure 1. Overheating of PVC active area in the center as relating
to the environment depending on solar radiation concentration
multiplicity and change of Ge substrate thickness when using the
copper heat sink with thickness of 1 mm. PVC operating mode —
idle. Temperature of the heat sink rear side was maintained at
environment level (25°C).
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Figure 2. Overheating of PVC active area in the center as relating
to the environment depending on Ge substrate thickness when
using the heat sinks of copper (Cu), aluminum nitride (AIN),
steel, aluminum oxide (Al,O3), kovar. PVC operating mode —
idle. Temperature of the heat sink rear side was maintained at
environment level (25°C). Concentration multiplicity C = 1000 X.

the same time the biggest difference of linear expansion
coefficients (see the table). Examples of heat sink use
(including copper ones) in the concentrator photovoltaic
modules are presented in [1,2,8,9].

Efficiency of heat transfer from the active area through the
substrate to the heat sink will depend on its characteristics.
Thus, with decrease of germanium substrate thickness not
all heat sinks can provide the conditions for reduction
of PVC active area temperature (Fig. 2). For materials
with lower thermal conductivity than for germanium (kovar
and Al,Os, see the table) the reduction of semiconductor
substrate thickness results in increase of temperature of
p—n-junction. Thermal conductivity of steel is close to
thermal conductivity of germanium, therefore with substrate
thickness reduction the temperature of p—n-junction will
vary insignificantly.

Application of heat sinks based on materials with thermal
conductivity coefficient, exceeding the similar parameter for
semiconductor germanium substrate, provides the reduction
of PVC operating temperature with its thickness decrease.
Thus, for instance, at solar radiation concentration multi-
plicity of C = 1000 X the temperature on the center of the
active area of PVC, mounted on stabilized at T = 25°C heat
sink of aluminum nitride ceramics, will be 43°C (for idle
mode) at Ge substrate thickness of 200 um. Temperature
of similar unit with substrate thickness of 3 um under the
same conditions will be 32°C. Thus, the temperature of the
active area of PVC with decreased thickness can be reduced
by 11°C, that corresponds to efficiency increase by ~ 1%.

2. Mechanical stresses in packaged PVC

During packaging the PVC is fixed on heat sink by
means of soldering with composition of Sng 62Pbo 36Ag0.02
(solder hardening temperature is ~ 160°C). Then, the pair
of ,,PVC—heat sink cools to room temperature. As a result
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Values of thermal conductivity and linear thermal expansion coefficient of germanium (Ge), gallium arsenide (GaAs), copper (Cu),
aluminum nitride ceramics (AIN), kovar, steel, aluminum oxide ceramics (Al;O3) at room temperature [10-23]

Material Ge GaAs Cu AIN Kovar Steel ALLO;
Thermal conductivity (x),W/(m-K) 61 33 401 287 14 47 35
Thermal expansion coefficient x107¢ K~! 6.1 6 16.5 53 6.2 13.8 5.6
of such process operation implementation the mechanical Cu: —.— corner, —®- center
stresses can appear in PVC semiconductor structure due 14 AIN: ®— corner, B center__
to difference of linear expansion (compression) coefficients I Kovar: —a— corner, ¥ center |
of substrate and heat sink material. Therefore, to prevent S 12 bl Steel: corner, center
from damage of PVC active area layers due to mechanical > "“"~nA_A12O3: @ corner, - center A
stresses, initiated from the side of contact area of PVC and =10 .
heat sink, the substrate thickness should remain significant, 2 I 1
that, as was discussed above, will prevent from excessive E 8 F 7
heat removal from p—n-junction and result in overall S | =
heating of PVC. \; |
Despite the lateral sizes (along X and Y axes) of the 2 -3
modelled object significantly exceeded the vertical size é |
(along Z axis), according to preliminary evaluation the = 4
deformations in all directions were insignificant. Therefore, : : mﬁ
during calculations it was assumed, that the examined 3 50 100 150 200

object is subject to small deformation. In this case the
model of elastic solid body deformation can be used [24].
Calculation results are presented as mechanical von Mises
stresses [25]. Such representation allows to directly compare
them with the examined materials yield stress. The
modeling was performed using COMSOL Multiphysics
mathematical software package based on calculations, pre-
sented in [26,27].

Calculations of stresses, appearing in PVC structures
(3 x 3mm) with germanium substrate, when using various
heat sinks (copper, kovar, steel, AlO3 and AIN ceramics),
were performed. Environment temperature was assumed as
25°C. Thus, the temperature difference during the process
procedure of PVC soldering on the heat sink and ,,cold“
state was 135°C. In this work we examined the models with
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Figure 3. Typical distribution of stresses inside the unit with
200 um Ge substrate, mounted on copper heat sink. Data are
presented for the vertical section, passing through the unit center
and side face center.
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Figure 4. Dependence of stresses (von Mises) at the boundary of
the active area and substrate on the corner of crystal (solid lines)
and in the center of crystal (dashed lines) on substrate thickness
when using heat sinks of the following materials: copper (Cu),
kovar, steel, aluminum nitride (AIN) and aluminum oxide (Al,O3)
ceramics.

minimum sampling rate of 1um on Z axis and 10um on
X and Y axes, that was sufficient for making the illustrative
picture of the mechanical stresses.

Figure 3 illustrates the typical distribution of stresses in
the examined PVC, fixed on the copper heat sink. Results
are presented for the vertical section, passing through PVC
center and its side face center (points [0,0] and [0, 1.5]).
Stress in the semiconductor structure is observed over the
whole contact with the heat sink, while near PVC edge
the areas with increased stress appear. For all heat sink
materials the design stresses in the substrate did not exceed
the yield stress of germanium [28]. With reduction of
Ge substrate thickness the active area becomes closer to
PVC—heat sink contact. In this case at significant mismatch
of thermal expansion coefficients of semiconductor structure
and heat sink (copper, steel, Al;O3 ceramics (see the table))
the increased mechanical stresses can also spread to the
active area material (GaAs layer).

Figure 4 shows the dependence of stresses at
substrate—active area boundary on germanium substrate
thickness for heat sink materials: copper, kovar, steel,
Al,O3 and AIN ceramics. Values of stresses on PVC
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corner and in its center are presented (points are showed
in Fig. 3 as ,corner* and ,center). The general trend
in stresses distribution is that the areas with increased
values are located near crystal corners near substrate—heat
sink boundary. With increased distance from the heat
sink the stresses on corners relax faster, than in the
structure center. Thus, at low substrate thickness (less
than 10 um) the area of increased stress on corners of the
semiconductor structure reaches the active area for all heat
sink options. Especially vivid this effect appears for heat
sinks of copper, steel and AIN ceramics, since the thermal
expansion coefficients of these materials significantly differ
from germanium (see the table). At substrate thickness
of more than 50 um the stresses on corners dramatically
reduced. In the center the stress reduced linearly with the
substrate thickness. Thus, at substrate thickness of more
than 50 um, it was bigger than on the corner.

In units with heat sinks of materials with linear expansion
coefficient, close to germanium, the lowest values of the
stress in the active area are observed: 0.3 MPa for kovar and
0.4 MPa for Al,O3;. However, their thermal conductivity is
lower than for germanium, therefore their use for the heat
sink is possible only for units with thick substrate under
special conditions.

For PVC on copper heat sink the most significant struc-
tural stresses, reaching the active area, are observed. In this
case PVC use with substrate thickness of less than 100 um
is not allowed, since the appearing stresses are higher than
yield stress of GaAs active area material (10 MPa [29]). Tt
should also be noted, that during packaging the additional
mechanical impacts can appear at PVC from the active area
side, for instance at contacting with a measuring probe or
installation (flanging) of the upper current drainage bus. For
PVC resistance to such impacts it is necessary to provide
a ,safety buffer, optimizing the thickness of germanium
substrate.

When using the heat sink of AIN ceramics, similar to
copper in terms of thermal conductivity, the maximum
stress in the active area is 3.6 MPa in the crystal corner
and 2.9 MPa in the center. Maximum stress difference in
structures with thin and standard substrate does not exceed
1.5MPa, that allows to provide the favorable temperature
mode for PVC with reduced thickness without degradation
of photovoltaic characteristics due to mechanical stresses.

Conclusion

The options of reduction of the operating temperature
of GaAs p—n-junction into PVC with germanium substrate
with reduced thickness during operation under conditions
of the concentrated solar radiation transformation are ex-
amined in the work. The applied packaging (soldering)
procedure results in appearance of mechanical stresses,
initiated from the side of PVC and heat sink contact
area, therefore the process of thickness reduction along
with operating temperature decrease results in increase of

structural stresses in PVC. Such stresses can propagate over
the semiconductor material, increase and reach PVC active
area, lowering its efficiency. Therefore, the application of
heat sinks based on materials with thermal conductivity
higher than for germanium, always reduces the operating
temperature of PVC with substrate with reduced thickness.

It was shown, that when using the copper heat sink
under radiation conditions of C = 1000X the calculated
temperature of GaAs active area decreases from 41 to 30°C
when Ge substrate thickness is reduced from 200 to 3 um,
but at the same time the mechanical stresses appear in the
active area, exceeding its material yield stress, that can result
in destruction of units with thickness of less than 100 ym.

The most prospective material for heat sink in terms
of the active area operating temperature lowering and
decrease of mechanical stresses in it is AIN ceramics.
With substrate thickness decrease from 200 to 3 um the
maximum stresses in soldered PVC increase from 2 to
3.6 MPa, that is significantly less than yield stress of the
active area material — GaAs (10 MPa). At the same time,
the active area temperature decrease from 43 to 32°C is
expected in idle mode or from 36 to 28°C in the optimum
load mode at concentration multiplicity of C = 1000 X, that
is equivalent to efficiency increase by about 1% [30,31].
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