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ABSTRACT

This work theoretically investigates the effect of an electromagnetic wave — modelled through the simultaneous action
of an electric field E (drift) and a magnetic field B (reduction of the diffusion coefficient) — on the electrical and
recombination parameters of a horizontal-junction silicon solar cell, in the frequency dynamic regime. Solving the
coupled continuity equation yields, from a single set of curves, the short-circuit photocurrent density (Jsc), the open-
circuit voltage (Voc), the maximum electrical power and the critical recombination velocities Sfco and Sfcc as functions
of E and B. The results, presented as three-dimensional surfaces, show that the electromagnetic wave markedly
degrades performance: between the field-free case and (E =5 V/cm, B = 0.1 T), Jsc drops from 31.3 to 22.1 mA/cm? (»
-29%) and the maximum power from 16.8 to 12.8 mW/cm? (~ -24%), while the open-circuit voltage rises slightly
(0.643 = 0.686 V) and the critical velocities Sfco and Sfcc decrease by a factor of about six to eight. The effect of the two
fields is cumulative, highlighting the combined impact of the E and B components of an electromagnetic wave on
photovoltaic conversion.

Keywords: Silicon solar cell; Electromagnetic wave; Electric field; Magnetic field; Frequency dynamic regime; Critical
recombination velocities.

1 INTRODUCTION

The growing cohabitation between solar panels and sources of electromagnetic waves — telecommunication antennas,
radio transmitters, 5G networks — raises the question of the effect of these waves on solar-cell performance. An
electromagnetic wave inherently combines an electric field and a magnetic field oscillating in phase at a given frequency.
In a silicon solar cell, each of these fields modifies minority-carrier transport: the magnetic field reduces the diffusion
coefficient [3, 4], while the electric field introduces a drift component [5].
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Recent literature has treated separately the effect of the magnetic field 3, 4, 7] and that of the electric field [5], as well
as the overall effect of an electromagnetic field in the static regime [6]. Frequency-domain impedance and
recombination-velocity studies of silicon solar cells have also been reported [8, 9]. However, the simultaneous action of
both fields, coupled with a frequency-modulation study, has not been addressed in this form. This work proposes a
unified analysis: from a continuity equation jointly incorporating drift (E field), reduced diffusion (B field) and the
dynamic term (frequency w), we determine the coupled evolution of the electrical and recombination parameters and
map their dependence on the (E, B) plane. This approach provides a direct reading of the effect of an electromagnetic
wave on photovoltaic conversion.

Telecom antennas
(EM-wave source: E and B fields)

Electromagnetic W

Solar panels
(cells powering the station)

Figure 1: Telecommunication relay station powered by solar panels: the solar cells are directly exposed to the
electromagnetic waves (E and B fields) emitted by the station’s antennas.

Figure 1 illustrates the problem motivating this work. A growing number of telecommunication relay stations, often
located in remote or off-grid areas, are powered by photovoltaic solar panels. Yet these same installations host the
transmitting antennas, which continuously radiate electromagnetic waves. The solar cells are thus placed in the near
field of intense EM sources, simultaneously experiencing the electric and the magnetic components of the wave at the
emission frequency. The originality of this work is to quantify, within a unified theoretical framework, the effect of this
exposure on the cell parameters — an E-B-frequency coupling that remains little studied but whose practical
importance grows with network densification (radio, television, mobile telephony, 5G).

The nature of the fields considered should be specified. Actual exposure levels in the vicinity of a relay station are
modest — an electric field of the order of 0.1 to a few tens of V/m and a magnetic field of the order of uT in the far field
(B=E/c) — and the corresponding effect, taken alone, would be very small. The values of E and B used here are therefore
model parameters, swept over an extended range consistent with the applied fields used in laboratory studies (cf. refs
[3, 4]), in order to clearly reveal the mechanism and the sign of the combined action of the two fields. The results should
be read as trends — the evolution and sign of the variations — rather than as absolute values corresponding to a given
emission site.

2 THEORY

We consider a horizontal-junction n*-p-p* silicon solar cell of base width H, illuminated on the front face under
frequency-modulated monochromatic light. The cell is subjected simultaneously to an electric field E and a magnetic
field B — the two components of an incident electromagnetic wave. The magnetic field reduces the minority-carrier
diffusion coefficient (magnetoresistance), while the electric field introduces a drift term in the transport.

The continuity equation governing the minority-carrier density §(x) in the base, in the frequency dynamic regime of
angular frequency w, reads:

D(B)-928/8x% - PE-38/0x — (1/1 + jw)-8 = -G(x) (1)
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where the magnetic field reduces the diffusion coefficient according to:

D(B)=Do/[1+(1B)’] (2)

UE is the drift velocity induced by the electric field, T the carrier lifetime, and G(x) the generation rate (Furlan-Amon
model [2], mobility p following the Arora model [1]):

G(x) = Z;a;rexp(-by'x) (3)

The general solution, combining drift (E field) and field-reduced diffusion (B field) in the dynamic regime, reads:
6(x) = e*{Bx}:[A-cosh(yx) + B-sinh(yx)] + Z; C;-e*{-bix} (4)

with the drift coefficient 8 and the complex wavenumber y(w):

B =HE/[2D(B)], y(w) = V[(HE)* +4-D(B)-(1/t +jw)] / [2D(B)] (5)

The constants A and B are set by the boundary conditions: recombination at the junction (velocity Sf) and at the back
surface (velocity Sb):

D(B)-36/0x%|o = Sf-6(0) ; D(B)-36/0%|_H = -Sb-6(H) (6)

The photocurrent density and the photovoltage then follow from 6(0):

Jph =q-5£:8(0)  (7)

Vph = VT-In[1 + (Nb/ni®)-|5(0)|]] (8)

The complex nature of y(w) gives §(0) — and hence all parameters — a frequency dependence that is central to the

modulation study. The case E = B = 0 recovers the reference cell; the electromagnetic-wave effect is read in the joint
evolution of the parameters with E and B.

3 RESULTS AND DISCUSSION

Figure 2 shows the short-circuit photocurrent density Jsc as a function of the fields E and B. Jsc decreases monotonically
with each field: the magnetic field reduces the effective carrier mobility and hence their flux towards the junction, while
the electric field deflects the carriers by drift. The effect is cumulative, Jsc falling from 31.3 mA/cm? (E = B = 0) to 22.1
mA/cm?at (E=5V/cm,B=0.1T).
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Short-circuit photocurrent Js-(E, B)
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Figure 2: Short-circuit photocurrent density Jsc as a function of the electric field E and the magnetic field B.

Figure 3 shows the open-circuit voltage Voc. Contrary to the photocurrent, Voc increases slightly with both fields (0.643

— 0.686 V): the reduced transport favours carrier accumulation at the junction, which raises the resulting voltage in
agreement with equation (8).

Open-circuit photovoltage V,c(E, B)
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Figure 3: Open-circuit voltage Voc as a function of E and B.

Figure 4 illustrates the maximum electrical power Pmax. Resulting from the product of a decreasing photocurrent and

a slightly increasing voltage, Pmax decreases overall with field intensity, from 16.8 to 12.8 mW/cm? (» -24%): the
electromagnetic wave markedly degrades the delivered power.
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Maximum electrical power Pmax(E, B)
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Figure 4: Maximum electrical power Pmax as a function of E and B.
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Figure 5: Critical recombination velocities Sfco (left) and Sfcc (right) as functions of E and B (log scale).

Table 1 gathers the numerical values for five representative (E, B) combinations.

Table 1: Electrical and recombination parameters as functions of the fields E and B.

E(V/cm) | B(T) | Jsc (mA/cm?) | Voc (V) | Pmax (mW/cm?) | Sfco (cm/s) | Sfcc (cm/s)
0 0 31.30 0.6434 | 16.83 1.57x103 5.85x103
0 0.1 29.50 0.6524 | 16.12 1.04x103 3.86x10°3
2.5 0 28.38 0.6584 | 15.67 7.85x10? 2.93x103
2.5 0.1 24.99 0.6741 | 14.18 3.66x10? 1.37x103
5 0.1 22.15 0.6859 | 12.83 2.03x10? 1.04x103

Figure 5 shows the critical recombination velocities Sfco (open-circuit limit) and Sfcc (short-circuit threshold), obtained
by the inflection-point method. Both velocities decrease strongly with the fields: Sfco falls from » 1.57x103 to ~ 2.0x10?
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cm/s and Sfcc from ~ 5.85x10% to ~ 1.0x10% cm/s between the field-free case and (E = 5 V/cm, B = 0.1 T). The
electromagnetic wave therefore narrows the useful operating range of the cell.

4 CONCLUSION

This work has established, within a unified framework, the effect of an electromagnetic wave — simultaneous electric
and magnetic fields — on the electrical and recombination parameters of a horizontal-junction silicon solar cell in the
frequency dynamic regime. The results show that the wave degrades conversion: the photocurrent, the maximum power
and the critical velocities decrease with field intensity, while the open-circuit voltage increases slightly. The effect of the
two components is cumulative, the strongest degradation occurring when E and B act jointly. These results provide a
quantitative framework for assessing the impact of electromagnetic waves — notably those emitted by
telecommunication antennas — on photovoltaic installations, and pave the way for a complementary study of the
frequency response by impedance spectroscopy.
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