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Abstract: Space radiation has a catastrophic impact on solar cells performance, appears as a
degradation in their electrical and physical properties, this may cause a satellite failure; to overcome
this issue, ground testing is required. In this paper, the pulsed laser was used as an alternative
irradiation tool to induce degradation in solar cell performance in order to simulate the space radiation
effect on solar cells. Firstly, the solar cells were irradiated with a wavelength of 532 nm at different
locations, with the same power to optimize the most effective area to irradiation. Secondly, the solar
cells were irradiated to the optimized location with different laser fluences; the results showed a
degradation in electrical and physical performance. The amount of degradation is proportional to the
laser fluence. Dark current voltage (DIV) curves have been measured before and after laser irradiation.
Solar cell degradation rates have been calculated based on the Degradation coefficients (KL, RC) and
electrical damage models.

Key Words: monocrystalline solar cell, space environment, Dark current, voltage (DIV) Curve, Pulsed
laser

1. INTRODUCTION

Highly energetic particles (protons, electrons, neutrons and heavy ions) can damage
semiconductor materials by displacing atoms from their lattice [1]; for silicon, when the
energetic particle collide with nuclei, Frenkel defects will be formed creating a vacancy (V)
and an atom interstitial (I) making disorder in the lattice [2]. Those defects degrades the
generation of the electron-hole pairs thus affecting on the recombination lifetime, and reduces
the minority carrier lifetime[3], which in turn increase the series resistance and decreasing the
shunt resistance of the Dark I-V Curve [4]. In this work the pulsed laser will be presented to
simulate the same effect of energetic particles on solar cells.

The process of photon that induced degradation in a silicon cell was first reported by
Staebler and Wronski in 1977 and is known as the Staebler-Wronski Effect (SWE). They
reported a strong initial degradation of short circuit current. This is due to a reduced bulk
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carrier lifetime increasing internal recombination [5]. It was later observed that the same
process occurs to a limited extent in crystalline solar cells fabricated on Czochralski (CZ)
wafers [6].

Two diode models were used to characterize the solar cell performance [7] shown in Fig. 1.
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Fig. 1- Solar cell two diode model

Two-diode model is more accurate representation of solar cell behavior than the single-diode
model [8]. The output parameters of the equivalent circuit for two models [9] are expressed
by equations from (1-6).

Is = I(PV) —1(D1) — I(D2) — I(Rsh) (1)
Is = 1(PV) —I(Dl)[ [M ” _ ,(DZ)[ [q(V + IRs) 1”

)
B Rsh
ID1 = Io(exp -1 3)
ID2 = lo(exp qu -1 4)
Rs = — >
S=iar ©
Is = I(PV) —1(D1) — I(D2) — I(Rsh) (6)

where: Is: - the terminal current, /(PV): - the cell generated photocurrent, /(D1) & (D2): - First
and second diode currents, /(Rsh): -shunt Rs: Series Resistance, Rsh: Shunt resistance:
Boltzmann constant 7% -Absolute Temperature.

The basic equations of the solar cell can be used to describe the changes which occur
during irradiation, the required data refer to the series resistance, shunt resistance, and the
basic diode parameters of saturation current and diode quality factor defined as (Rs, Rsh, Id1,
1d2, nl and n2, respectively).

Analyzing the changes of the DIV parameters before and after irradiations helps in
identifying the defects in the monocrystalline solar cell [10].

As shown in fig 2, the electrical performance of the solar cell could be defined according
to degradation modes of the DIV curve; based on DIV curve measurements before and after
pulsed irradiation, the reason of degradation will be illustrated. An increase in the series
resistance and a decrease in the shunt resistance indicate a degradation in the solar cell
electrical performance.
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Fig. 2 - Dark-Current voltage (DIV )curve of the solar cell with different degradation mode

It will be possible to identify why a device is underperforming by indicating External
Quantum efficiency (EQE) [11] that defines the state of the solar cell. Studying the physical
parameters as diffusion length, carrier concentration and recombination we are able also to
know the functionality of the semiconductor devices. The value of minority carrier’s life time
is used to estimate the solar cell performance; it could be measured with the formula in
equation (7) [12].

r=5 )
where: - T is the minority carrier lifetime, An is the excess minority carrier’s concentration and
R is the recombination rate.

It is important to characterize the solar cell damage in the term of change in diffusion
length since the diffusion length can measure the amount of degradation in the base layer,
which caused by the laser fluence, i.e the fluence as a function of the damage coefficient must
be determined. The output parameters of the solar cell as a function of the fluence could be
described statically as the change in the minority carrier diffusion length, L, as a function of
fluence (@) [13]. In accordance with equation (8).

1 1 1 _Zlnaivﬂ
12 12(@) (L»e ~ D

where L*(Q) is the diffusion length after Irradiation, (L2) @ is the diffusion length before
Irradiation, In represents the introduction rate of recombination centers by radiation, oi is the
capture cross section of minority carrier by recombination center, v is the thermal velocity of
the minority carrier, D represents the Minority carrier diffusion coefficient, K(L) is the Damage
coefficient for the minority carrier diffusion length and @ represents the fluence of the
radiation. The change of the carrier concentration base as a function of fluence[14] can be
expressed by using equation (9), where Pe is the carrier concentration before irradiation, P (@)
is the carrier concentration after irradiation and Rc, is the carrier removal rate [14].

A

=K(L)@ ®)

—Rc@
AP@ = Pe e Pe. )
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It is possible to evaluate the solar cell radiation effects in terms of common engineering output
parameters. The variation of common solar cell output parameters during irradiation can be
described in terms of Isc, Vop, Pmax with the fluences according to equations from (10 - 12).

Isc = Isc0 — Clog (1 + @) (10)
Voc =Voc0 - C'log (1 + @) (11)
Pmax = Pmax0 - C" log (1 + @) (12)

where C constant represents the decrease in Isc per decade in radiation fluence' constant
represents the increase in Voc per decade in radiation fluence, C" constant represents the
decrease in the output power per decade in radiation fluence (Isc, Vop and Pmax) respectively,
@ represents the radiation fluence at which the electrical parameter start to degrade.

The fitting parameters as a function of displacement damage dose is given in the Solar
Cell Radiation Handbook[15].

Upon a numerical data fit, the following values for the constants were determined: A=4.76
(%), C=1.353 (%], and D,= 1 .433(MeV/g).within const in ranges. Physical characterization
of irradiated solar cell and the electric degradation performance after pulsed laser irradiation
are investigated by using PC1D software.

The PC1D computer program [16] which solves the fully coupled nonlinear equations for
quasi one-dimensional transport of electrons and holes in crystalline Si device, was applied to
calculate the physical characteristics based on simulation of the solar cell structures and
measured Dark [-V of solar cell.

2. EXPRIMENTAL WORK

Pulsed Laser System (PLS) Facility, is located at the National Authority for Remote Sensing
and Space Science (NARSS) Cairo, Egypt, the system shown in Fig. 3. The pulsed laser
system has been supplied with Nd-YAG Solid State Laser Crystal that work as amplifier of
the laser. The full system is automated to scan the laser spot over a predefined region by the
lab-VIEW software. Also, the pulsed laser beam diameter is focused to get the same effect of
energetic particle by using a microscope and a CCD camera. The beam before microscope
was 3 mm and after microscope become 1 um and that is very useful for increase the laser
beam damage effect on the solar cell. In this system, There are two wavelengths 1064 nm and
532nm. In this research PLS initializes the same effect induced by energetic particles on the
solar cells; Solar cell irradiated with laser beam parameters are (532 nm,1000 Hz, 1um) for
(Wavelength, repetition rate, beam diameter), respectively.

The second harmonic generation (532 nm) is a shorter wave length than the infra-red
(1064)nm. Based on that ,the second harmonic generation has been chosen because short wave
length is able to penetrate the silicon material of the solar cell and cause bulk defects in the
solar cell [16].

The required energy to displace one atom from the silicon material is at least 21 eV
energy; this effect is called Primarily knock on atom (PKA) [18] and the required energy for
the solar cell irradiation must be greater than the band gab energy of the silicon. Based on that,
the first energy level of the pulsed laser is approximately 9 Mev; this energy is determined by
considering the laser pulse as a group of photons per sec [19] [20]; to transfer the incident
radiation energy to the lattice the laser pulse must be greater than 10 picosecond [21], the time
duration of the laser is (12 Ps).
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Fig. 3 - Picosecond pulsed laser system (PPLS).

The experimental work was performed with a commercial Mono-crystalline solar cell; its
efficiency ranges between 21% -25%. The Area is 32 cm?, the electrical parameters of the
mono-crystalline solar cell as shown in its Data sheet is presented in Table 1.

Table 1 - solar cell electrical parameters

Parameter | Vo Isc Inmp Vmp Pinax
Value 0.618 | 1.127 A| 0.9763 | 0.4525 V| 0.4313W

Mono-Crystalline solar cells samples used in the current study have the same electrical
and physical parameters. Firstly, the solar cells Exposure to different locations (Rear side to
Edge parts), (Front Side to Edge parts), (Front side to centre parts) and (Rear side to centre
parts). All solar cells will be exposed with the same laser parameters (532 nm ,1.378 mw) for
(Wavelength, power). The cell area is divided into six rectangles as shown in Fig. 4 where
Edge position means pulsed laser beam scans rectangles (1, 2, 3, 6) with yellow colour in Fig.
4 with an area of 22 ¢cm? and Centre position means the pulsed laser beam scans rectangles
(4,5) with an area of 10 cm?. Secondly, solar cells were irradiated at room temperature with
four different laser fluences (2.1 x 10'), (2.29x 10%), (2.6x 10'°) and (3 x 10'?), photons/ cm?.
Laser fluence is defined as the number of photons per irritated area which corresponds to the
effective focal length.

4 (1 cm)

Fig. 4 - Solar cell area divided to 6 rectangles

For the DIV measurement, the Electronic Circuit had been designed at space environment
lab. The circuit diagram is shown in Fig. 5 and the circuit design is shown in Fig. 6; output
data of current and voltage are saved on the Computer for plotting DIV. The electrical
properties of solar cells are observed with the Dark I-V, Illumination I-V and quantum
efficiency (QE). The solar cell structure was simulated with PC1D5 software. The theoretical
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device was defined matching the experimental electrical parameters.PC1D was previously
used to investigate the effect of the radiation damage on silicon solar cells [22], [23].

The Dark I-V parameters were calculated and then used as input in the one-dimensional
simulator (PC1D).

The outputs of the PC1D software are Quantum Efficiency (QE), surface recombination,
the P-type and N-type doping concentration and diffusion length. Theses parameters are used
to show the changes that happened in the physical characterization of the solar cell after the
laser irradiation process.

Solar cell

L

DC Power supply

= 1 | \

o

Fig. 5 - Electronic circuit for measure DIV curve

Fig. 6 - Circuit design at space Environment lab for DIV measurements

3. RESULT AND DISCUSSION
Exposure to Rear side Edge parts

Fig. 7 shows no change in the solar cell electrical performance after the exposure to the Rear
side Edges parts with the second harmonic wave length (532 nm).

This due to there is a very low current at edges of solar cell, because of solar cell edge
recombination [24].

Additionally, the rear side of solar cell hasn’t any grid contact so the ultrashort pulsed
laser beam has no significant effect on the performance of the solar cell within to exposure to
edge parts rear side.
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Fig. 7 - DIV before and after irradiation to Rear side Edge parts with wave length (532) nm and power 1.378 mW
Exposure to Front side edge parts

Fig. 8 and Table 2 show the degradation performance of the dark I-V curve after the irradiation
to Front side Edges area. That can be illustrated by the decreasing in shunt resistance,
increasing in series resistance and increasing in leakage current value. Those effects are
annihilated after several hours.

This temporary degradation can be attributed to the heat effect of pulsed laser beam, as
the saturation current density is function of solar cell temperature [25].
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Fig. 8 - DIV before and after irradiation to front side edge parts with 532 nm and 1.378 mw

Table 2 - DIV parameters before and after irradiation to front side with 1.378 mW power

Parameter | Before Exposure | After exposure
(Ren) 2 256.4 285.7
Ry Q 0.1233 0.39
sy A 2.00E-06 0.00001
() A 1.00E-07 3E-07
n; 1.6 1.6
np 2.177 2.1536
Isc A) 1.127 A 1.088
Vo(V) 0.6180 0.6101
Pinax(W) 04313 W 0.3048

Physical parameters for exposure to front side edge parts are shown in Table 3; the data
showed an increase in the speed of the electron-hole pairs in front surface recombination from
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30000 to 54000 cm/s and a reduction in the recombination life time from 30 to 20 us. The front
side of the solar cell absorbed the short wave length, and the laser beam increases the
generation of electron-hole pairs and increased the surface speed recombination. After several
hours the solar cell parameters returned back to its original values. Within the exposure to
Front Side Edge Parts, the effect pf the pulsed laser was thermal effect not bulk damage.

Table 3 - Physical parameters output of the solar cell before and after exposure to front side edges parts by PC1d

software
Physical Parameters Before Exposure | After Exposure
Base Contact 0.15Q 0.25
Internal Conductor 1x1073 8x1073
P-Type Doping (cm™) 1x10'6 1x10'®
N-Type Doping (cm™) 1x10" 1x10"
Bulk Recombination 30 us 20 us
Front Surface Recombination (cm/s) |  Sn=Sp=30000 Sn=Sp=45000
Rear Surface Recombination (cm/s) Sn=Sp=100 Sn=Sp=100

Exposure front side center parts

In case of exposure the solar cell to front side to center parts, DIV before and after exposure
is shown in Fig. 9. An obvious decrease in the shunt resistance without annihilation. Table 4
showed a low decrease in shunt resistance, without change in series resistance and no increase
in saturations current.

10
1 v
o
= 01 .
= o
e 0,01
2
3 0,001
30,0001 ol
- ¢
0,00001
-0,2 0 0,2 0,4 0,6 0,8
VOLTAGE (V)
—&— Before Exposure After Expsoure

Fig. 9 -DIV before and after irradiation to front side center parts with 532 nm and 1.378 m

Table 4 - DIV parameters before and after irradiation to front side with 532 nm wave length and 1.378 mW power

Parameter | Before Exposure | After Exposure
(Ran) Q 322.58 303.03
Ry Q 0.125 0.125
Iy A 2.00E-06 2.00E-06
(I A 3.00E-07 5.00E-08
n 1.7 1.668
n2 2.0 2.2
Isc (A) 1.127 A 0.946
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Voe(V)
Pmax(W)

0.6184
0.3650

0.6180
04313 W

Table 5 shows the change in physical parameters after pulsed laser irradiation for front
center parts. As the second harmonic, the data show a change in the P-doping concentration
from 1x10' to 2.8x10' that shows the laser beam change in the material itself and that change
was not temporary.

Table 5 - physical parameters output of the solar cell before and after exposure to front side center parts by PC1d

software
Physical Parameter Before Exposure | After Exposure
Base Contact 0.13Q 0.15
Internal Conductor 1x1073 0.02
P-Type Doping (cm™) 1x10'6 2.8x10'6
N-Type Doping (cm™) 1x10"° 1x10"
Bulk Recombination 30 us 10 us
Front Surface Recombination (cm/s) | Sn=Sp=30000 Sn=Sp=40000
Rear Surface Recombination (cm/s) Sn=Sp=100 Sn=Sp=100

Exposure to Rear side to center parts

Fig. 10 and Table 6 show the degradation in the electrical parameters after irradiation to the
Rear side Center parts where the shunt resistance decreased and the series resistance increased
without annihilation.
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Fig. 10 - DIV before and after laser irradiation to rear side center parts with 1.378 mW

Table 6 - DIV parameters before and after irradiation to rear side center parts with 1.378 mW

Parameter | BEFRE EXPOSURE | AFTER EXPSOURE
(Ra) Q 4347 384.615
Ry Q 0.227 0.3519
) A SE7 8E7
(d2) A 1.00E5 1.00E5
nl 2.00 2.1
n2 25 2.56
Isc(A) 1.127 A 1.040
Voe(V) 0.6180 0.5845
Prmax(W) 04313 W 0.3158
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The physical parameters in Table 7 shows a high decrease in the recombination life time
with an observed change in P-type doping concentration.

Table 7 - Physical parameters before and after irradiation to rear side center parts with 532 NM wave length and
1.378 mW power

Physical Parameter Before Exposure | After Exposure
Base Contact 0.15 0.2
Internal Conductor 0.001 0.01
P-Type Doping 1*E16 8x10"
Bulk Recombination 30 us 4.5 us
Rear Surface Recombination |  Sn=Sp=30000 Sn=Sp=45000
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Fig. 11 - EQE for different exposure locations

Fig. 11 show the change of EQE of Si solar cell with expose to different locations ( front edge
parts-front center parts and rear center parts). In case front side edge parts, the effect of pulsed
laser was temporary (Thermal damage). There was a magnificent decrease in the EQE and
after several hours the curve inhaled to its original. For the exposure to center parts in the rear
and front side, the degradation was due to change in the carrier concentration and
recombination life time. Then the effect of pulsed laser was permanent (Bulk damage). The
degradation level in the EQE of the rear side center parts was greater than the front side center
parts. Based on that, the optimum location for laser beam exposure with lowest is “Rear Side
Center Parts” of solar cell with area 10 cm?.This location absorbs the wave length (532 )nm
(short wave length) , and this wave length penetrate the solar cell structure making defects in
the solar cell structure with lowest power. From all previous presented results, the optimum
conditions and parameters to induce degradation in solar cell using pulsed laser beam,
exposure the solar cell from rear side center parts, at 532nm wavelength with threshold power
(1.378mW), Beam diameter(1um), reptation rate (1000 Hz) and duration (25 pico-second).
Secondly, solar cell irradiated to the optimum location with different fluence of pulsed laser.
Current—voltage (I-V) and spectral response measurements were taken for each cell and
fluence. The QE and remaining factor for Isc, Voc, and Pmax were obtained experimentally
as functions of laser fluence. Figure (10) shows the effect of pulsed laser fluence on the I-V
curve of the solar cell, with powers (1.29, 1.378, 1.5239, 1.6923) mW the different fluences
are different laser fluences (2.1 x 10%), (2.29x 10'), (2.6x 10') and (3 x 10'), the first power
was lower than the previous study, this power increased the solar cell power from its initial
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value, the power was able to ionize the semiconductor material forming electron hole-pairs

and increased the efficiency and as laser fluence increase the power of the solar cell decreased
as shown in Table 8.

Table 8 - Electrical characterization of monocrystalline solar cell with change of pulsed fluence

Parameter Voe (V) | Tse(A) Pmax(W)
Before Exposure 0.6180| 1.127 0.4313
Fluence (2.1 x 10") | 0.6312| 1.0086 0.4084
Fluence (2.92x 10") | 0.5845| 1.040 0.3158
Fluence (2.6x 10'°) | 0.5695| 1..010 0.2943
Fluence (3x 10 %) 0.2197 0.973 0.2197
1,2
[ — —
1
0,8
—@— Before Exposure
0,6 —@— Expsoure 1
—@— Expsoure 2
0,4
Exposure 3
0,2 —@—Expsoure 4
0
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
-0,2

Fig. 12-1-V curve variation of the solar cell with change of the laser fluence (2.1 x 10'%), (2.29x 10'?), (2.6
10'%) and (3 x 10°)
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Fig. 13 -EQE of monocrystalline solar cell with respect to different laser fluences
(2.1 x 10", (2.29% 10"), (2.6x 10'?) and (3 x 10'?), (photons/cm?)
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In order to calculate the damage parameters of the effect of the laser on the solar cell,
carrier remover rate (Rc) and the Damage coefficient for the minority carrier diffusion length
(K1), we will use equations (8,10).in fitting graph Fig. 14 and Fig. 15. The effect of irradiation
upon the carrier concentration is clearly illustrated in Fig. 14. As laser fluence increases, the
carrier concentration decreases; the carrier concentration damage coefficient (Rc) was
determined using eq. 9. The career concentration remover rate was 0.005¢cm’.

2,00E+16
1,00E+16
0,00E+00 ® .
-1,00E+16
~-2,00E+16

5 -3,006+16
-4,00E+16 °
-5,00E+16
2,00E+19 2,20E+19 2,40E+19 2,60E+19 2,80E+19 3,00E+19

fluence of laser (Photons/cm?

Change in carrier concentration

Fig. 14 - Variation of the base carrier concentration of the base carrier as a function laser fluence (2.1 x 10'%),
(2.29x 10"), (2.6x 10") and (3 x 10'°) (photons/cm?)

In Fig. 15 As laser fluence increase the minority carrier diffusion length increase, which
implies the degradation increased with increasing the fluence. Minority carrier damage
coefficient (KL) was determined using eq. 8 to be 6E-24 cm™. Damage constants K1 for 1 MeV
electron irradiated silicon solar cell is determined to be used in the prediction of the solar cell
performance [26].

6,00E-05
5,00E-05 ®

4,00E-05

3,00E-05 e
2,00E-05

1,00E-05 Rt

Change in diffusion length

0,00E+00

2,00E+19 2,20E+19 2,40E+19 2,60E+19 2,80E+19 3,00E+19
laser beam fluence

Fig. 15 - Changes in the inverse square of diffusion length as a function with laser fluence fluence (2.1 x 10'%),
(2.29% 10"), (2.6x 10'") and (3 x 10'?) photons/cm?)

Fig (16) shows the degradation curves of remaining factors to Isc, Pmax, and Voc as a
function of laser fluence. The remaining factor of the vertical axis is defined as the ratio of the
value After laser irradiation. Isc decreased with the fluence, and increased in the Voc which
in turn showed a sharp degradation in Pmax. To describe this radiation damage quantitatively,
the fitting parameters were measured with respect to equation from (10-12) as given in the
Solar Cell Radiation Handbook. (C, C' and C)"‘approaches to (1.2388, 1.3453 and 3.0897)
mA/cm? respectively.
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Fig. 16 - Variation of Remaining fraction of output parameters (Isc, Vop, Pmax) with the laser fluence

4. CONCLUSIONS

In order to simulate the effect of the space radiation on the solar cells, Picosecond Pulsed laser
was used to induce permeant damage in the solar cell structure; to achieve that, firstly, the
optimization of the laser exposure conditions is determined; the results of DIV parameters and
PC1d software showed the optimum location of the exposure that induce a stable degradation
is the rear side to center parts of the solar cell. The laser parameters of the exposure are defined
as wavelength, beam diameter, threshold power, reputation Rate and pulsed duration (532 nm),
(1pm), (1.327mW), (1000Hz) and (25Ps), respectively. Secondly, the solar cells irradiated
with the pulsed laser in the optimum location with different laser fluences (2.1 x 10'?), (2.29x
10"), (2.6x 10") and (3 x 10") (photons /cm?). The experimental results of the electrical
parameters before and after the laser irradiation are presented. An analytical model for
radiation damage by pulsed laser to solar cells based on the damage constant for lifetime and
carrier removal rate of solar cell materials has been proposed. The results showed a correlation
with the previous studies of the effect of the energetic particles on the solar cells, with this
analytical result and its validations with predication models under the effect of electrons and
protons fluences; then we were able to simulate the space radiation induced damage in solar
cell by the picosecond pulsed laser. This paper provides an understanding and estimating the
effects of pulsed laser on the solar cell, obtaining optimal procedure of irradiation and
determination of degradation coefficients of laser irradiation. And that are beneficial and the
most practical way to present the pulsed laser system (PLS) as alternative tool for testing the
space solar cells before lunching.
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