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Study of the optoelectronic properties of
Light-emitting diodes as solar cell

Abstract

Light-emitting diodes (LED) are effective electroluminescence devices. By reversed
operation, they can also be used as photovoltaic devices. The optoelectronic properties of
specific LEDs as light emitting as well as photovoltaic devices are studied in this paper.
The function of self-powered LEDs is to convert sunlight photon energy into electric

energy, and then use the electric energy to produce its light emission.

The absorption and emission spectra, and voltage current characteristics of LEDs are
measured. From the spectra, we can optimize the best devices with high efficiency. From
the voltage current characteristics, its high fill factor shows that LEDs have good potential
to be used as solar cells. The estimation of series and shunt resistances in the equivalent

circuit model suggest that impedance matching is needed when put into application.

Circuits of self-powered LED lamps are designed accordingly. By creating
series-parallel connection of LEDs, increasing sunlight intensity with Fresnel lens, and
storing electric energy in the power bank, the efficiency of LEDs as solar cells has been
significantly improved. It is expected that LED can perform multi-functions as

self-supplied lighting equipment, and serve as a valuable green-energy product.
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I. Introduction

Nowadays, the development of renewable energy and related devices has become
increasingly important. Under this trend, solar-powered street lighting system, which
includes solar panel, i.e., a photovoltaic device, and light-emitting diode (LED), i.e., an
effective light source, can be frequently seen on streets. However, is it possible that the two
devices can be replaced by using a single device that can perform multifunction as a light

source and a photovoltaic device?

The p-n junction structure of LEDs reveals the answer to this question. When LEDs
operate as a light source, the electron-hole pairs recombine in the depletion region and emit
light. On the other hand, when the diode receives light, free electrons are excited from the
valence band to the conduction band and holes are generated in the valance band. Then,
the electron-hole pairs can be pulled out of the p-n junction to create an electric current.
Therefore, LEDs can be reversely used as a photovoltaic device, such as a solar cell or a

light detector.

In this project, we investigate the photoelectric effect of LEDs, identify the critical
parameters, and process a customized design for an LED array to be used as a photovoltaic

device.

The feasibility of collecting solar energy by using LEDs has been illustrated by
evaluating the critical parameters of a solar cell. Based on our experimental results, LEDs
have reasonable output power of 155 pW, fill factor of 90%, and self-supplied energy ratio

of 1%. It is estimated that one LED can generate 0.6 J under sunlight per day.
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Optical and electric measurements have been conducted to enhance the efficiency of
LED solar cells: Sets of compound lens are designed to concentrate the light beam onto the
LED chips; parallel and series connection of LEDs are designed for increasing the
photovoltaic conversion efficiency; circuit between LED solar cells and external energy
storage system is designed to optimize the capability; and then the stored energy can be

shown to supply the LEDs for lighting.

The concept of “self-powered” is innovative in the field of green energy. By following
our customized design process, one can use the LEDs as a multifunctional device, which

serves as a solar energy collector in the daytime and a light source at night.
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I1. Purpose

. Test the feasibility of using LEDs as solar cells

A. 1-V curve of LEDs under both the forward bias and light absorption

Discuss the electric characteristics of LEDs as solar cells

A. Absorption spectrum of LEDs

B. I-V curve of LEDs as solar cells, and related parameters

Discuss the optical characteristics of LEDs as solar cells

A. 1-V curve of LEDs under different luminous intensity

B. Derive the series and shunt resistance from the I-V curve under light absorption
Customize a model design for LEDs as solar cells and a light source

A. Efficiency enhancement

B. Parallel-serial connections of LED solar cells and voltage-time relation when LEDs

charge the capacitor

C. Design a self-powered LED lamp which includes multiple functions of storing

electricity and using energy

D. Optimize the application of self-powered LED lamp

61



I11.Equipment

1. Equipment

5mm red, yellow, green & 10mm yellow LED
(5mm & 10mm are the diameters of the epoxy lens)

Variable resistor & capacitor

o

Polarizer & Convex lens Color filter

o®C

Optical bench

Xenon short arc lamp

Digital multimeter

IHluminometer
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2. Experiment setup

Experiment setup

Description

LEDs are fixed on a breadboard and tested under

sunlight.

Advantage :

(1) The luminous intensity of sunlight is high

(2) Connection of LEDs can be easily changed on a
breadboard

Disadvantage :

(1) The condition of sunlight is affected by weather
condition and is thus unstable

Second generation:
sunlight—artificial light source

Third generation:
Incandescent lamp— Xenon
short arc lamp,
breadboard—-circuit board,
fixed on an optical bench

Incandescent lamp replaces sunlight as the light

source.

Advantage :

(1) Results are more accurate and not influenced by
weather conditions

Disadvantage :

(1) The luminous intensity of incandescent lamp is
lower than sunlight, so the current generated by
LEDs is smaller. Therefore, the precision of
ammeter may influence the accuracy of the
results.

Incandescent lamp is replaced by a Xenon short arc

lamp, LEDs are soldered on the board, and all the

equipment is fixed on an optical bench.

Advantage :

(1) By soldering LEDs on the circuit board, the
angle of incident light can be controlled

(2) The light intensity and spectrum of Xenon short
arc lamp are similar to that of sunlight

(3) With an optical bench, the positions of LEDs
and other equipment can be adjusted more
accurately

Disadvantage :

(1) The non-uniform luminous distribution of
Xenon short arc lamp causes each LED to
generate different amounts of current.
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IV.Procedures

Self-powered ‘
Light-emitting Diodes
|
Feasibility Identification of the | Customer
Study critical parameters design
Feasihility of using LEDs Efficiency |
| as solar cells enhancement | L2 ‘
Electric

Characteristics of
LEDs as solar cells

Characteristics of
LEDs as solar cells

Optical ‘
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V. Results and Discussion

1. Feasibility of using LEDs as solar cells

The original design of LEDs is to be a light source. In this experiment, 1-V curves of
LEDs with and without light absorption are measured, and it is found that when a

forward-biased LED is put under another light source (e.g. sun), its current changes.

In Fig.1, the red curve shows the electric current and voltage of an LED under forward
bias, the normal way of operation, while the blue curve is the I-V curve of an LED with an
extra light absorption. Then, subtract dark current from lit current and we can observe the

effect of light absorption by considering the difference of current: (Fig. 2)

Al= (lit current)—(dark current) 1)

Interestingly, Al varies with the forward voltage. Take Fig.2 for example: at the first
stage, where the forward voltage is 0~1.7 V, Al approaches zero; at the second stage
(1.7~2.6V), Al is about 1~2 mA,; and at the third stage, when the forward voltage is above

1.7V, Al becomes negative.
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Fig.2 Al vs. forward bias (with/without light

absorption)

The curves of other LED samples also show similar effects. (Fig.3)
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Fig.3 Al vs. Forward bias (with/without light absorption) of yellow, green, red LEDs
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According to the equivalent circuit model of solar cells, ®

_av_
=1, (e""BT - 1) — Ly @)
Where I, reverse saturation current, 1,,: photocurrent, =»: diode ideality factor,

q: elementary charge, kg: Boltzmann’s constant, and T: absolute temperature.

qV
The forward current I, (e"kBT — 1) flows in to the positive electrode, while the

photoelectric current I,,, flows out from the positive electrode (p-type) due to the built-in
electric field of p-n junction. These two currents flow to different directions, so it is
reasonable that the LED with an extra light absorption will have a lower current, as that in

stage three.

So, what happens in the second stage? It may be explained that light absorption of
optoelectronic semiconductor bulk is enhanced under forward bias. In addition, the
quantum well is skewed by the application of an electric field. The field pushes the
electrons and holes to the opposite walls of the potential well, thereby altering the overlap

of carrier wave functions. ’

As shown in Fig. 2, the range of forward bias at the second stage may be the depth of
quantum wells, which varies with the color of LEDs, and is also corresponding to where
they emit brightest. Analyze stage two with series resistance R and ideality factor n.

From the current equation for non-ideal diode, R, and n can be described as: °
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Fig.4 Series resistance of 5mm red LED vs. Fig.5 Ideality factor of 5mm red LED vs. forward
forward bias bias

Rs-V and n-V are shown in Fig.4 and Fig. 5. Under this range of forward bias, LEDs
with light absorption has lower series resistance, which allows more electric current to pass
through. However, the ideality factor is rather high, which suggests that complicated

radiative recombination dominates the photocurrent of LEDs under forward bias.

From this experiment, the feasibility of using LEDs as solar cells has been proved.

Also, it is possible that applying forward bias enhances light absorption of p-n junction.
2. Electric characteristics of LEDs as solar cells
A. Absorption spectra of LEDs and luminescent spectra of light source
(1) Method:

Absorption spectra of LEDs are measured by calculating the absorption

efficiency of LEDs under incident lights of different wavelength ranges.
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Relative light intensity

Luminescent spectra of natural light source (e.g. sunlight) and artificial light
source (e.g. Xenon lamp) are measured by using spectrometer and free software

tracker and drawn as in Fig. 6.

(2) Results:
1 @ e e 10mm red
10mm yellow
[
0.8 )
[] \
0.6 ] \
] \ \
] \ \
0.4 1 \
] ' \
(] [ IKY \ |
0.2 4 ] R \ !
4 \ \
Y U [ BN \ '
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350 400 450 500 Wavele?rsé’th (nm) 600 650 700 750

Fig.6 Absorption spectra of LEDs / luminescent spectra of sunlight and xenon lamp

Absorption spectra of LEDs overlap with the luminescent spectra of sunlight
and Xenon lamp, which suggests that they are capable of collecting solar

energy.
B. 1-V curve, fill factor, max. output power, and self-supplied energy ratio

These are critical parameters of solar cells. Maximal output power (Pp,.x) Shows their
photoelectric conversion efficiency; the value of through and leak current is related to
the series resistance R and shunt resistance Rgy; fill factor (FF) is defined as

dividing P,.x by the product of open circuit voltage (V,.) and short circuit current

(o) (i€ FF(%) =22 x100%).

cxXIsc
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(1) Method:

LED Ammeter .
Xenon ’ Incu::ent
M Light
Lamp lﬂ. a g
Variable LED Y 7
10MQ resistor Voltifieter
Variable
Resistor Multimeter
Fig.7 Measuring I-V curves of LEDs Fig.8 Equivalent circuit of I-V curve measurement

a.

As shown in Fig. 7, set LED solar cells under the illumination of Xenon lamp,
control the voltage of the circuit with variable resistor (as shown in Fig. 8),
and measure the corresponding electric current generated by an LED. Plot the

data of voltage and current, and get the 1-V curve of LED solar cells.

The largest rectangle area under the I-V curve is the maximal output power;
the shunt resistance Ry, is calculated by the slope of I-V curve at the
condition of short circuit; the series resistance R; is calculated by the slope

of 1-V curve at the condition of open circuit.

Self-supplied energy ratio is defined as:

The power generated by an LED

n= x100% (4)

" The power consumed by an LED when it emits light

This shows the percentage of electric power supplied by LED itself when it

emits light.
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(2) Results:

a. |-V curves of LED solar cells
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Fig.9 -V curves of different kinds of LEDs
b. Calculation of P,.x, FF, Rg, Rgp, and self-supplied energy ratio
Tablel. Critical parameters of LEDs
5mm 5mm 5mm 10mm
Different kinds of LEDs
red LED yellow LED  green LED yellow LED
 Maxouputpover P (W) 261401 167401  118+01 155.4 + 0.5
Cilfacor BOD | 813304 807306 836409 91804008
wmmsment | 43:03  59t01  7%2 07+01
S e 25103 27:02 sk 080+ 007
S suppledenergyrato | 0302%  0063%  0105% 1.09%

Six samples of LEDs are tested (5mm,10mm/ red, yellow, green). From Fig.
9 and listed in Table 1, their open circuit voltage V,. are around 1.401~1.673
V, short circuit current I, vary from 8.7 to 101.2 pA, and fill factors are as

high as 80.7~91.8%.
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10 mm yellow LED samples have the highest maximal output power P,.x

of 155.4+0.5 uW, and self-supplied energy ratio of 1.09%.
3. Optical characteristics of LEDs as solar cells

A. Method:

As shown in Fig. 10, set two polarizer plates between the LED solar cell and light
source to control the intensity of incident light, and measure the corresponding I-V
curves of LEDs. The intensity of incident light is controlled by the angle 8 between

the two linear polarizer plates. The light intensity is proportional to cos? 6.

T Xenon short Ammeter

Incident
i 10MA Light
LED Variable % LED H.—W
resistor Voltjeter | -
Multimeter g 2 - Polarizer

Fig.10 Measurement of 1-V curves under different light intensity

by adjusting the angle between the two polarizer plates
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B. Results:

Short circuit current (pa)
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Fig.11 Intensity of incident light vs. I_scof 5mm Fig.12 Intensity of incident light vs. V_ocof 5mm

yellow LED yellow LED

As light intensity increases, the photocurrent increases proportionally. This is
because the number of free electron-hole pairs excited by light at the p-n

junction is associated with the number of incident photons.
From the fitting of Fig.11:
Iph = [(2.40 £0.07)(J/Jo) — (0.2 + 0.1)]pnA (5)

The intensity of incident light can be estimated from the short circuit current of

an LED, so LEDs can be used as light detectors3.
(2) Open circuit voltage

As light intensity increases, the open circuit voltage comes to saturation as

shown in Fig. 12, and it is related to the band gap of the material. Take the
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logarithm of relative light intensity, and match it with the corresponding voltage,

then the relation between V,. and J/J, is as shown in Fig.13:

V,. = [(0.098 + 0.002) log(J/J) + (1.519 + 0.001)] volts (6)

152 | Voe = (0.098 £ 0.002) log (]L) +(1.52 £ 0.01) volts
0
R? = 0.9969

Open circuit voltage (V)
5

1.46
1.44
1.42
-1.0 -0.8 0.6 -0.4 0.2 0.0
log(J/10)

Fig.13 Logarithm of relative light intensity vs. V,. of 5mm yellow LED

(3) ISC an d VOC

The equivalent circuit of a solar cell is as shown in Fig. 14. 3

Fig.14 Equivalent circuit of LEDs as solar cells

According to Kirchhoff’s loop rule:

“IR,—V+ (L —Ia— DRy = 0= 1(1+ ) =Ly ———— 14 (7)

Rsn

Where

qv -19

av _q 1.6x10719¢ 29 1
Iy=Ipxexm =IpxeP’ andp=—= ==2_1
d— 7D D ’ B nkT — nx(1.38x10-23]/K)x400K ~ n volts
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If Rg =0 Ry, — oo , the equivalent circuit can be simplified as shown in

Fig.15.

L.

CD v ]ﬂ- v % R,

Fig.15 Simplified equivalent circuit of LEDs as solar cells

Then, according to Kirchhoff’s junction rule (or nodal rule), the outgoing

current is
I=1Ip,—Iqg=1I, —Ip(ef - 1) (8)
For short circuit (V=0),
= Iy =Ipy )
For open circuit (1=0),
In — Ip(efVoc —1) =0 = I, — Ip(efYoc —1) = 0 (10)

In(Ip)
B

In(p) _ 1
B B

1 Isc 1
= Voo = In (= +1) = 2In(ly +Ip) - In(Iy,) — (11)

Then, the value of open circuit voltage V,. and photo current I, will be ina

logarithm equation, as shown in Fig.16.
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(4) Max output power
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Fig.17 Voltage vs. photocurrent under different Fig.18 Max output power vs. relative light
light intensity intensity

Max output power P,,., Of LED solar cells increases with relative light
intensity L, and under the equivalent light intensity of sunlight, P,,,, has been

proved to be proportional to L. (Fig.18)
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(5) Shunt and series resistance

7.0
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i
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Log(L)

Fig.19 Log(Rs) / Log(Rsh) vs. Log(L)

Plot (Log L, LogR;) and (Log L, LogRgp), as shown in Fig.19. As the
correlation coefficient R? is close to 1, it is possible that the relation between

Land Ry or Ry, is
R = R,L™
— logR =1logRy + m X logL (12)

Where the slope of Rg(m)= —(0.88 + 0.06) and slope of R,(m)=

—(0.89 + 0.06).

As light intensity of incident light increases, both the series resistance R and
shunt resistance R, decrease. Lower series resistance means that the through

current will be larger. However, lower shunt resistance suggests that there will
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be a larger leakage current. Therefore, finding balance between these

parameters is important.

4.  Customer model design

Electric
enhancement

Optical
enhancement

Design of
the circuit

A. Optical enhancement

(1) Lens

From the discussion on “optical characteristics of LEDs as solar cells”, we
know that as light intensity increases, the photocurrent increases proportionally.
Therefore, lenses are added to the LED solar cells to perform light

concentration on LED arrays.

From Table 2, the results show that when the voltage is above 1.4 V, the effect
of light concentration is not significant, whereas the increase in current supports

that adding lens can be an enhancement of its efficiency.

Table2. Voltage and current of LEDs with/without light concentration

Voltage 5mmred LED |5mm yellow LED | 5mm green LED 10mTEyDe"°W
Without light 126V La1v L54v Y
concentration

With light 149V 58\ L0V 7y
concentration

Current 5mmred LED |5mm yellow LED | 5mm green LED 10m|r_nEy|§||ow
Without light
concentration 0.7nA 0.4pA 0.2pA 6.3pA

With light
concentration 43.1pA 25.8uA 12.4pA 330pA
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(2) Compound lens

In addition, ensuring that each LED receives similar amount of solar energy is
important, as the output current of the model will be the value of the lowest
current passing through LEDs. This means that an LED with lower light

absorption will affect the performance of the whole array.

Thus, an afocal system of compound lens is designed as shown in Fig.20 to
increase the intensity of incident light, and to ensure that light intensity is about
the same on every unit area. A collimated beam of light with large cross section
passing through the convex and concave lens becomes a collimated beam with

small cross section. Then, this light beam is focused on the chip of LEDs.

Convexlens ﬁgﬂ‘/_b:—:_ ==k

Focus length of convex lens

Reflector —)*I
Concave lens Vi i-3--d
Epoxy lens H }Y

Fig.20 Design of compound lens

B. Electric enhancement

Parallel and series connection of LEDs are tested for increasing the photovoltaic
conversion efficiency, as shown in Fig.21~24. Then, these sets of LEDs are used to

charge capacitors.
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Fig.21 Number of LEDs in series vs. voltage
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Fig.23 Number of LEDs in parallel vs. voltage
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Fig.22 Number of LEDs in series vs. current

50

200 ¢

150

Current [pa)

Number of LEDs

Fig.24 Number of LEDs in parallel vs. current

C. Charging capacitors with LED solar cells

(1) Method

This experiment aims to test the characteristics of LED solar cells when

charging an electricity storing module before we proceed to the model design.

Capacitors can be charged at low voltage, so they are chosen to be the energy

storage device. In the experiment, the relation between voltage and charge time

is recorded.
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a. LEDs in series

One to four LEDs are put in series to charge a capacitor (C=1000uF, 25V,

-40°~105°C) (Fig. 25(a)). The relation between the number of LEDs in series

and charge time is as shown in Fig. 25(b).

= 1LED
+ 2 LEDsin series
+ 3 LEDs in series
» 4 LEDs in series

T T T T
200 400 600 800
Charge time (s)

1000
Fig.25(a) V(t) of LEDs in series

b. LEDs in parallel

Q00

Charge time (3)

3

2

y=241.5x- 165
R*=0.9883

Mumber of LEDs

(b) Number of LEDs in series vs. charge time

One to six LEDs are put in parallel to charge a capacitor (C=1000uF, 25V,

-40°~105°C), (Fig. 26(a)). The relation between the number of LEDs in series

and charge time is as shown in Fig. 26(b).

« 1LED
= 2 LED=sin parallel
+ 3 LED=in parallel
= &4 LEDsin paralel
¥ 5 LEDsin parallel
+ b LEDsin parallel

50 100 150 200

Charge time (s)
Fig.26(a) V(t) of LEDs in parallel
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(2) Results

a. LEDs in series: voltage

As shown in Fig. 25, LEDs in series extend the charge time, but also increase
the saturation voltage of the capacitor, and thus the energy can be used in
more convenient ways. For example, a single yellow LED solar cell can
charge the capacitor to approximately 1.6 V, which is below the starting
voltage of itself (around 1.7 V). However, if LEDs are put in series to charge
a capacitor, then the saturation voltage of the capacitor will be enough to turn

on LEDs and emit light.

b. LEDs in parallel: current, charge time

LEDs in parallel increase the current and electric energy generated by the
LED solar cell system per time unit, and thus shorten the charge time.
Therefore, parallel and series connection of LEDs can be combined to

increase the charging voltage without lengthening the charge time.

The results of these experiments show that LED solar cells are capable of
charging capacitors, and it is expected that they can also be used to charge

other electricity storing modules.
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D. Design of the circuit

After testing the optical and electric characteristics of LEDs and verifying their
capability to charge an energy storage device, we proceed to the circuit design of the
LED lamp. In our design, a power bank (DC 5V-1A) is used to store the electric

energy generated by LEDs. (Fig.27)

Power bank

Input- Input-+

—— Dutput-Cutput-+

Cy+ R2Z R1
2 6 7
555 time

Switch

Fig.27 Circuit of Self-powered LED lamp

(1) Charging: as shown in Fig.27, four LEDs are put in series (1.6 V x 4) to
reach the minimum voltage of charging a power bank (5 V). Electric current
flows out from the positive electrode of LEDs, passes the diode gate, and

charges the power bank.

(2) Discharging: as the output voltage of power bank (5 V) needs to be larger

than the starting voltage of LEDs, the circuit is changed to units of two
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LEDs in series (= 1.7 V x 2) when the model performs this function. When
discharging, relay switches in Fig. 27 are on, which switch the model to the
discharging circuit. Then, electric current flows in to the positive electrode

of LEDs, and lets LEDs emit light.

In this LED lamp model, LEDs have successfully produced electric energy, charged

an energy storage device, and used the electricity stored to emit light.

E. Application

(1) Using LEDs as power supply under sunlight for a day

a. Method

under sunlight for one day is measured. Since LEDs operate Fig.28 Solar simulator
as light collector only in the daytime, we simulate the condition of incident

light from 7:00 a.m. to 17:00 p.m.

When tested, LEDs are placed under a solar simulator as shown in Fig.28,
and the light intensity of the simulator is adjusted to match the light intensity
caused by different incident angles throughout the day, which is proportional
to the value of cosine of the incident angle. To adjust the light intensity, a Si
photodiode (ceramic package photodiode with low dark current, model

S1133) is used.
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b.

Suppose the sun shifts 15° in the sky during one hour. The sky from 7:00 to
17:00 can be divided into 11 parts, each representing 5~10 degrees of the
central angle of earth. Multiply the output power corresponding to the
incident angle by its time duration and the summation of these values is the

total electric energy generated by LEDs in a day.

E(total energy) = P(power) X t(duration) (13)

Results

Table3. Calculation of the energy generated by a high power yellow LED under sunlight for one day

Incident angle 6(°) | Max output power Time (S) Energy =P X t
(HW)

0 63.5 2400 s 0.152
10 62.0 4800 s 0.298
20 57.1 4800 s 0.274
30 51.6 4800 s 0.248
40 455 3600 s 0.164
45 42.1 2400 s 0.101
50 37.7 2400 s 0.091
55 33.7 2400 s 0.081
60 30.1 2400 s 0.072
65 25.0 2400 s 0.060
70 22.0 2400 s 0.053

Total energy E = 1.59]/day

From Table 3, the energy generated by the 10mm yellow LED sample is 1.59
J per day. If LEDs are put under actual sunlight, which has higher light
intensity than a solar simulator, and if the simple focusing device is added to

them, the energy generated in one day can be around 400 J.
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(2) Application of LED lamps

LEDs are efficient light emitters, which operates under low power. However,
the energy generated by an LED lamp is not yet enough to support itself for
long-time and continuous operation. Still, the lamp can be used for other
purposes such as a signal light. For example, as the operating power of an LED
is 60 mW, if the duration of a flash is 0.5 sec, then the energy needed per flash
will be 30 m] (60 mW X 0.5 s). In this case, the energy generated under
sunlight in a day (400 J) can supply an LED to flash for 13333 times. And if the
LED flashes every one second, then the signal light can be used for around 3.7

hours.

The prototype of self-powered LED lamps is shown in Fig. 29-30.

Fig.30 Self-powered LED lamp generates

electricity under the Xenon short arc lamp

Fig.29 Self-powered LED lamp
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V1. Conclusions

Extra electron-hole pairs of LEDs with light absorption are found from the I-V
curve; thus, LEDs can perform multi-functions as light source and solar cell. Also,
absorption spectra of LEDs overlap with the luminescent spectrum of sunlight,

which suggests that they are capable of collecting solar energy.

The open circuit voltage of LED samples are around 1.401~1.673 V, short circuit
current vary from 8.7 to 101.2uA, and fill factors are 80.7~90.8 %. These 1-V

characteristics and high fill factors show their potential to be used as solar cells.

Photocurrent increases with light intensity, while the open circuit voltage is
mainly associated with the band gap of LEDs. By creating series-parallel
connection of LEDs and increasing sunlight intensity with Fresnel lens, the
efficiency of LED solar cells has been significantly improved, and the energy

generated by LEDs can be stored in an energy storage device.

A flashing LED lamp can operate using the energy from light absorption of itself.

The concept of “self-powered” is expected to be applied to various designs of

LED lamps.
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