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Abstract

We propose silicon solar cell–integrated stress and temperature sensors as a new

approach for the stress and temperature measurement in photovoltaic (PV) modules.

The solar cell–integrated sensors enable a direct and continuous in situ measurement

of mechanical stress and temperature of solar cells within PV modules. In this work,

we present a proof of concept for stress and temperature sensors on a silicon solar

cell wafer. Both sensors were tested in a conventional PV module setup. For the

stress sensor, a sensitivity of (−47.41 ± 0.14)%/GPa has been reached, and for the

temperature sensor, a sensitivity of (3.557 ± 0.008) × 10−3 K−1 has been reached.

These sensors can already be used in research for increased measurement accuracy

of the temperature and the mechanical stress in PV modules because of the imple-

mentation at the precise location of the solar cells within a laminate stack, for process

evaluation, in-situ measurements in reliability tests, and the correlation with real

exposure to climates.
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1 | INTRODUCTION

Degradation of photovoltaic (PV) modules in the field still leads to a

significant power loss of PV systems.1-4 Moreover, the detection of

degradation is often related to elaborate and time-consuming charac-

terization methods. Among them are visual inspection, current-voltage

(IV) curve analysis, electroluminescence imaging, thermography, and

ultraviolet (UV) fluorescence.2 However, they all detect the degrada-

tion effect, not the stress origin. There are also a few methods known

for a predictive failure analysis, eg, using thermography in combina-

tion with smart algorithms5 or maximum power point tracking

(MPPT).6 However, the thermography is not capable for a continuous

analysis, and the MPPT only detects failures when they occur.

We propose a different and novel approach for predictive mainte-

nance analysis: sensors that are integrated into the solar cell itself.

The advantage of solar cell–integrated sensors is the possibility of

continuous in situ measurements on cell level. In this work, we pre-

sent first results of stress and temperature sensors, which are inte-

grated into silicon solar cell wafers and hence measure the stress and

temperature of the solar cell wafer itself. The presented sensors have

the purpose to be used in research and development, for example, in

mechanical load or thermal cycling tests according to the test norm
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IEC 61215.7 They can help in obtaining a deeper understanding of the

module technology and investigate the influence of new solar cell or

module concepts on it. Possible applications are the development of

lightweight PV modules or the heating of solar cells by

reverse operation. Further research will focus on transferring the sen-

sors to functional solar cells and a use in conventional PV modules.

Each sensor covers only a small part of the solar cell; hence, the

interaction with the solar cell and the PV module is minimized, which

is the requirement for a reasonable in situ measurement. Both sensors

can be manufactured by using processes typically applied in the solar

cell production. Hence, they can be applied to all silicon-based solar

cells, either on the front or back side. Also, existing solar cell produc-

tion lines could be modified for the sensor implementation.

In this work, the basic principles, manufacturing methods, and

sensitivity measurements of different sensor designs are described.

The sensors have been manufactured on silicon solar cell wafers with

lab-scale silicon solar cell production processes and are integrated into

a module setup. Section 2 describes the stress sensor, and Section 3

the temperature sensor. Section 4 gives an overall conclusion.

2 | STRESS SENSOR

Cell cracks induced by tensile stress8,9 can account for PV module

degradation rates of up to 8% relative power loss per year.1 Recently

(synchrotron) X-ray10,11 and Raman microdiffraction12,13 were pres-

ented as methods to measure the stress in solar cells encapsulated in

a PV module. Both methods are capable of measuring the residual

stress in solar cells. However, since they are based on the interaction

of light with solar cells, the measurement has to be performed with a

special setup and usually in a laboratory. Consequently, in situ mea-

surements are very challenging for these methods. Another optical

method used previously is the measurement of the cell gap displace-

ment by digital image correlation.14 Since this is also an optical

method, the same restrictions apply. A nonoptical method would be

the use of foil strain gauges, which have several disadvantages. For

example, the foil strain gauge is adhered to the encapsulant and the

solar cell; therefore, the strain in the gauge cannot be assigned to one

layer. In addition, inserting the foil strain gauge into the laminate mod-

ifies its thermomechanical properties.

To overcome these issues, we have developed a piezoresistive

stress sensor, which is integrated into the silicon solar cell wafer.

Therefore, it measures the stress in the solar cell itself without inter-

fering with it. The sensor is based on the piezoresistive effect of sili-

con, which is well-known and used for sensor applications in the field

of microelectronics.15-18 We transfer the method to p-type monocrys-

talline silicon solar cell wafers and use lab-scale silicon solar cell pro-

duction technologies. The stress sensor is realized as a rectangular

piezoresistive resistor using high local n-doping by ion implantation,

as depicted in Figure 1, and subsequent silver metallization. To shield

the sensor from the electrons generated in the adjacent silicon, a

highly p-doped shielding guard ring (set to ground in the characteriza-

tion measurements) is implemented around the sensor.

2.1 | Theory

The sensor resistance Rσ,0 depends on the sheet resistance R□ of the

n-doped layer, its length l, and width w:

Rσ,0 =R□

l
w
: ð1Þ

If an external stress is applied to the sensor, the change of resis-

tance ΔRσ can be expressed in first-order approximation by the piezo-

resistive tensor π, which also reflects the anisotropy of silicon.17 Note

that tensors are printed in bold.

Δ
*
Rσ =Rσ,0 π*σ, ð2Þ

with*σ being the stress vector in the so-called Voigt notation, which

transfers the symmetric 3 × 3 stress tensor to a six-dimensional

vector.

For a uniaxial stress, which is the case for a 4-point bending test,

the stress vector *σ has just one component σxx, and Equation (2)

reduces to

ΔRσ =Rσ,0 π11σxx: ð3Þ

The piezoresistive coefficient π11 depends on the temperature T

and the charge carrier concentration N, which can be described using

the dimensionless factor P.19

π11 T,Nð Þ= π11,ref P T,Nð Þ, ð4Þ

F IGURE 1 Schematic drawing of the piezoresistive stress sensor.
(A) Cross-sectional view: the sensor consists of a highly n-doped area
within the p-doped substrate and a highly p-doped shielding ring.
Both are contacted by Ag metallization. (B) Top view: the p-doped
area of the shielding is hidden by the metallization. The dotted line

indicates the shape of the piezoresistive sensor part, which is hidden
by the SiO2 layer, not to scale [Colour figure can be viewed at
wileyonlinelibrary.com]
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where π11,ref is the piezoresistive coefficient at room temperature and

a given charge carrier concentration Nref. With Equations (1) and (4),

the change in resistance ΔRσ because of a uniaxial stress becomes

ΔRσ =R□

l
w
π11,ref P T,Nð Þσxx: ð5Þ

Hence, in addition to stress, the resistance change ΔRσ is

influenced by the sheet resistance R□, the aspect ratio a = l/w, the

charge carrier concentration N, and the temperature T. The latter

dependence vanishes for sufficiently high charge carrier concentra-

tions (�1020 cm−3).19

2.2 | Method

In this work, we use a target sheet resistance R□ of 100 Ω/sq and vary

the aspect ratio a and the charge carrier concentration N. Table 1

shows the chosen design variations.

The sensors were produced at the Fraunhofer Institute for Solar

Energy Systems ISE on p-type float zone silicon solar wafers with a

specific resistance of 1 Ωcm and a thickness of 250 μm. On each

wafer, 40 sensors were placed in a way that the wafer can be cut into

stripes containing four sensors (see Section 2.2.1).

Figure 2 shows the process flow with the relevant process param-

eters. The first process step is the boron implantation for the shield

guard ring. A boron dose of 5×1015 cm−2 is used with an annealing at

1050 �C (80 minutes, O2 atmosphere). In the second step, the phos-

phorous implantation takes place. We use two different doses:

(a) 5.25×1014 cm−2 with an annealing at 1050 �C (80 minutes, O2

atmosphere), labeled N+, and (b) 9×1014 cm−2 with an annealing time

of 30 minutes at 950 �C (Ar atmosphere), labeled N++. In the last step,

metal is evaporated (e-gun). The metallization consists of a stack of

titanium, palladium, and silver with layer thicknesses of 50, 50, and

1000 nm, respectively. For all structures, a positive photoresist was

used in photolithography. All implantations as well as the evaporation

were done on a beamline implanter (VIISta HC, Applied Materials). For

annealing, a centrotherm tube furnace E1550 HT 300-4 was used.

The doping profiles were analyzed using electrochemical

capacitance-voltage (ECV) measurements, shown in Figure 3. For the

N+-profile, a charge carrier surface concentration of 1×1019 cm−3 was

measured, and for the N++-profile, a surface concentration of

5×1019 cm−3 was measured.

2.2.1 | Characterization

For the characterization on a 4-point bending bridge,20 we split the

wafers into single stripes of 10×100 mm2 using a laser. Each stripe

contains four different sensor variations. The current was measured

for two sensors at a time. The distance of the 4-point bending sup-

ports were set so that both sensors are exposed to the same stress. In

pretests, we found that the sensor stripes fracture at around 90 MPa;

therefore, we limit the test range to 65 MPa and subdivide it into

13 load steps. At each load step, the current at an applied voltage of

1 V is measured by an electrical 4-point probe. From the data, we cal-

culate the change of resistance ΔRσ relative to 0 MPa. We then plot

the relative resistance change ΔRσ/Rσ,0 over the uniaxial stress σxx

(see Figure 4). Finally, we evaluate the sensitivity Sσ of the sensor by

performing a linear fit with

Sσ =
ΔRσ

Rσ,0Δσxx
: ð6Þ

TABLE 1 Design variations of the piezoresistive stress sensor

Variation
Charge Carrier
Concentration N, cm−3

Aspect
ratio a, −

Resistance
Rσ, Ω

S.1 1 × 1019 5 500

S.2 1 × 1019 10 1000

S.3 1 × 1019 50 5000

S.4 5 × 1019 5 500

S.5 5 × 1019 10 1000

S.6 5 × 1019 50 5000

F IGURE 2 Process flow of stress sensor

fabrication. P: phosphorus; B: boron; e-gun:
electron beam physical vapor deposition; TiPdAg:
titanium, palladium, and silver [Colour figure can
be viewed at wileyonlinelibrary.com]
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We have characterized between 10 and 19 sensors of each

design variation.

2.3 | Results and discussion

Figure 4 exemplarily shows the relative resistance change of one sen-

sor type from variation S.5. As expected from Equation (5), the resis-

tance shows a linear dependency on the applied stress.

Figure 5 shows the sensitivities of all six design variations as a

box plot diagram. The sensitivity decreases with increasing aspect

ratio a as well as with increasing charge carrier concentration N. From

the equations above, the sensitivity Sσ should be independent of both

factors. We assume that the dependency originates from neglecting

higher order terms in the equations above, which can be found in Doll

and Pruit.21

Design variation S.5 (a = 10/1, N = 5×1019 cm−3) has the smallest

deviation; therefore, we choose to further investigate this design. It

has a sensitivity of (−47.41 ± 0.14)%/GPa.

2.3.1 | Module integration

We laminate the chosen sensor design S.5 using a conventional PV

module setup (Figure 6), with a 14.7×10.5-cm2 and 1-mm thin glass,

EVA, and a TPT backsheet.

We use a 3-point bending setup to measure the resistance Rσ

during bending to failure. Using the above sensitivity, we convert the

resistance change ΔRσ to stress. We have obtained a linear correlation

between the deflection and the relative change in resistance. The

interconversion into stress reveals that the silicon stripe is in compres-

sive stress, which is shown in Figure 7. The step at around 0.6-mm

deflection originates from a small fracture of the solder joint, the

F IGURE 4 Relative resistance change vs uniaxial stress for one
exemplary sensor from variation S.5. The solid red line is a linear fit to
the data from which the sensitivity Sσ is obtained [Colour figure can
be viewed at wileyonlinelibrary.com]

F IGURE 5 Sensitivity of the six different stress sensor variations.
On the x-axis are the aspect ratio a and the charge carrier
concentration N . The box is the interquartile range (IQR), ie, the
range in which the middle 50% of the data lie, the line within the box
is the median, and the square is the mean; the whiskers show the
range in which 1.5IQR of the data lie [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 Measured doping profiles of the N+ (dark red) and N++

(red) profile of the piezoresistor and the boron profile of the shield
guard ring (green) [Colour figure can be viewed at wileyonlinelibrary.
com]
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metallization, the glass, or the silicon stripe, which does not affect the

sensors performance, but induces a sudden change of the measured

resistance and hence the calculated stress. However, the stress value

change is only 0.5 MPa and therefore is not significant. The successful

measurement of bending stress proves that the proposed sensor is

capable to determine stress within a PV module setup.

3 | TEMPERATURE SENSOR

The PV modules temperature influences not only the reliability but

also its performance.22 Accordingly, several methods were proposed

to determine the PV module temperature in the past. The most com-

mon method is the use of temperature sensors such as

thermocouples,22-24 which are either laminated into or attached to

the rear side of the PV module. The former has the disadvantage that

the PV module setup is modified by the sensor, and because of its

height, the temperature cannot be assigned to one layer. The latter

does not allow an accurate temperature measurement within the PV

module.24 Another approach is infrared (IR) imaging,23 which is capa-

ble of resolving the temperature of solar cells. However, IR imaging

for permanent measurements during operation and testing is rather

costly and therefore applied occasionally, only. Also, the silicon solar

cell itself is used as a temperature sensing device by utilizing the tem-

perature dependency of the voltage.23 However, since the voltage

depends on various factors, the operation conditions, especially the

irradiation, need to be determined as well.

We present a temperature sensor, which can be integrated into

the silicon solar cell itself. Hence, it can measure the solar cell temper-

ature directly without interfering with the PV module setup. Figure 8

shows a schematic drawing of the proposed design.

3.1 | Theory and method

We utilize the temperature sensitivity of the silver used for metalliza-

tion and develop a sensor equivalent to a Pt100 sensor. Accordingly,

we design a structure with a nominal resistance RT,0 at 0�C of 100 Ω.

The resistance RT,0 depends on the specific resistance ρ, length l,

width w, and height h:

RT,0 = ρ
l

hw
: ð7Þ

The temperature dependence is expressed by the resistance tem-

perature coefficient αT:

F IGURE 6 Setup of the laminated sensor stripe. A standard glass-
foil setup is used with EVA as encapsulant and a 1-mm thin glass, not
to scale [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 7 Stress measured in a laminated sensor stripe in 3-point
bending. The stress change is calculated from the relative resistance
change ΔRσ/Rσ,0 using a sensitivity Sσ of −47.41%/GPa. The insert
shows the 3-point bending setup schematically; please note that the
left axis is reversed [Colour figure can be viewed at wileyonlinelibrary.
com]

F IGURE 8 Schematic drawing of the resistive temperature
sensor. (A) Cross-sectional view with the metallization insulated from
the substrate by silicon oxide. (B) Top view with the meander like
structure of the metallization, not to scale [Colour figure can be
viewed at wileyonlinelibrary.com]
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RT Tð Þ=RT,0 1 + αT Tð Þ, ð8Þ

where RT,0 and αT are defined for 0�C and T denotes temperature

in �C.

Because of the relatively low specific resistance ρ of silver of

about 1.6 × 10−5 Ωmm,25 the sensor is designed as a meander to

allow a small size while achieving a resistance of 100 Ω. The silicon

oxide layer is used as an electrical insulation layer from the

sensor cell.

The sensors are manufactured on the same solar cell wafer as the

stress sensors (see Section 2.2) at Fraunhofer ISE. We use the same

process as for the stress sensor metallization (Figure 9). This tech-

nique is commonly used for contact formation of high-efficiency solar

cells.

3.1.1 | Characterization

We measure the resistance RT using an electrical 4-point probe setup

during three temperature cycles in the range of −40 ��� + 160�C for

eight different sensors. The actual temperature is measured with at

least two type K thermocouples. In each cycle, we increase the tem-

perature in steps of 10 K with a slope of 2 K/min and hold it for

10 minutes before measurement to have a stable temperature during

the measurement. We then plot the measured resistance RT versus

the temperature (see Figure 10) and finally determine the sensitivity

ST, which is the resistance temperature coefficient αT, by a linear fit:

ST = αT =
ΔRT

RT,0ΔT
: ð9Þ

We determine the resistance temperature coefficient αT for each

cycle for the heating and cooling phase separately. For each sensor,

we draw the mean over all cycles and phases and finally over all eight

sensors.

3.2 | Results and discussion

The variance of the eight sensors is not significant. Therefore, exem-

plarily results of Sensor 1 are shown in Figure 10. The mean resis-

tance temperature coefficient αT is (3.557 ± 0.008) 10−3 K−1. The

mean value of RT,0 is (100.6 ± 0.3) Ω.

3.3 | Module integration

We laminate one silicon stripe containing three temperature sensors

using the above-mentioned standard PV module setup (see Figure 6)

with a 20×20-cm2 front glass of 3 mm thickness. Next to the sensor

F IGURE 9 Process flow of temperature sensor fabrication. e-gun:
electron beam physical vapor deposition; TiPdAg: titanium, palladium,
and silver [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 10 Temperature-dependent resistance RT of one
exemplary temperature sensor. The data represents three
temperature cycles shown in the insert. The line is a linear fit [Colour
figure can be viewed at wileyonlinelibrary.com]

F IGURE 11 Change of 0�C resistance RT,0 (bottom) and the
resistance temperature coefficient αT (top) for three module-
integrated sensors during 145 thermal cycles. The values are
evaluated each 10 cycles; the change is relative to the first cycle
[Colour figure can be viewed at wileyonlinelibrary.com]
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stripe, we place two type K thermocouples. We then expose the lami-

nated sensor stripe to 145 temperature cycles between −35�C and

+85�C with a slope of 8.3 K/min and a holding time at the minimum

and maximum temperature of 15 minutes. Using a 4-point probe, we

measure the resistance each 1.5 minutes. Figure 11 shows the relative

change of the 0�C resistance RT,0 and of the temperature coefficient

αt each 10th cycle. The results indicate a slight increase of less than

0.5% of the 0�C resistance RT,0, most likely due to a slight degradation

of the solder joint. However, the temperature coefficient αt does not

show this systematic change. We chose a fairly high-temperature gra-

dient during the thermal cycles to minimize the testing time. Conse-

quently, the variability of the temperature coefficient αt is up to

0.75%. Since this is still a relatively low value and the temperature

gradient occurring in the field is lower, we conclude that the sensors

are capable of determining the temperature of silicon solar cells within

a PV module.

4 | CONCLUSION

We propose a new approach for predictive maintenance measure-

ments of PV modules: silicon solar cell–integrated sensors. In this

work, we present a stress and a temperature sensor, which are inte-

grated in silicon solar cell wafers. The sensors are manufactured using

only silicon solar cell production processes and can already be used in

research and development.

The stress sensor utilizes the piezoresistive effect of silicon by

high local doping. The presented sensors are produced on p-doped

float zone solar cell wafers. Accordingly, the sensing part consists of a

highly n-doped area. Six different designs with varying aspect ratio a

and charge carrier concentration N are compared. All designs resolve

the stress in the test specimens and have sensitivities in the range

between −45 and −65%/GPa. The lowest scattering is achieved for

the design with a = 10/1, N = 5×1019 cm−3, which has a sensitivity of

(−47.41 ± 0.14)%/GPa. The module integration of this design shows

that the sensors are capable of measuring the stress in laminated solar

cells.

The temperature sensor utilizes the temperature dependence of

the silver metallization. We propose a meander style design with a

0�C resistance of 100 Ω. The produced sensors have a value of

(100.6 ± 0.3) Ω with a resistance temperature coefficient αT, which is

the sensitivity of the sensors of (3.557 ± 0.008) 10−3 K−1. Laminated

sensors show a good stability in 145 temperature cycles from −35�C

to +85�C. Therefore, we conclude that the proposed sensors are

indeed capable of measuring the temperature in laminated silicon

solar cells.

The presented sensors can already be applied for research and

development purpose, such as monitoring temperature and stress in

laminates precisely at the location of solar cells with the methods

described above. By using an electrical 4-point probe setup, the influ-

ence of the measurement cables leaving the PV module is negligible.

In further works, we implement the sensors on electrically functional

solar cells. With this, further investigations will be carried out on the

following topics: the impact on the solar cells efficiency, long-term

stability of the sensors, and the shielding from the solar cell. Since the

area covered by the sensors is very small and they can be applied on

the back side of the solar cell, we do not expect significant efficiency

losses. We also expect good long-term stability because only solar cell

production processes are used. These solar cell–integrated sensors

will enable an integrated direct and continuous in situ monitoring of

the solar cells stress and temperature within a PV module. For an

implementation into commercial PV modules, further research is

needed, eg, on a wireless data transmission along with a self-powering

approach, which we see as the main challenge for an in situ

monitoring.
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