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Abstract

The experimental verification of Planck's constant is relevant because it connects abstract concepts of Quantum Physics to
experimental evidence. Although its value is well-established, its determination requires the integration of areas such as optics,
electronics, and data analysis. This challenge has great didactic importance, showing that physical constants derive from rigorous
experimentation. In this context, this work aims to perform an experimentally automated verification of Planck's constant using
the Arduino UNO R3 prototyping platform, integrating concepts from Quantum Physics, Geometric Optics, Programming, and
Electronics. Initially, the wavelengths of red, green, and blue LEDs are cataloged by assembling a spectrometer. Then, a system
is developed to control and acquire and current signal values using a specific electrical circuit. Finally, with the acquired and
current values, it was possible to plot graphs of the electric current as a function of to determine the characteristic curve of the
LED and, thus, find the threshold necessary for the determination of Planck's constant. It is observed that the results show
experimental values close to the theoretical value, with small differences attributed to the limitations of the instruments and the
approximations of the linear model.
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Resumen

La verificacion experimental de la constante de Planck es relevante porque conecta conceptos abstractos de la fisica cudntica
con evidencia experimental. Aunque su valor estd bien establecido, su determinacioén requiere la integracion de areas como la
optica, la electronica y el andlisis de datos. Este desafio tiene una gran importancia didactica, demostrando que las constantes
fisicas derivan de la experimentacién rigurosa. En este contexto, este trabajo tiene como objetivo realizar una verificacion
experimental automatizada de la constante de Planck utilizando la plataforma de prototipado Arduino UNO R3, integrando
conceptos de Fisica Cuantica, Optica Geométrica, Programacion y Electrénica. Inicialmente, las longitudes de onda de los led
rojo, verde y azul se catalogan mediante el montaje de un espectrometro. Luego, se desarrolla un sistema para controlar y adquirir
valores de sefial y corriente utilizando un circuito eléctrico especifico. Finalmente, con los valores adquiridos y actuales, fue
posible trazar graficos de la corriente eléctrica como una funcién para determinar la curva caracteristica del led y, asi, encontrar
el umbral necesario para la determinaciéon de la constante de Planck. Se observa que los resultados muestran valores
experimentales cercanos al valor tedrico, con pequefias diferencias atribuidas a las limitaciones de los instrumentos y las
aproximaciones del modelo lineal.

Palabras clave: Fisica cuantica, dptica geométrica, programacion, PACS: 01.50.-1, 01.50.ht, 07.05.Kf, 79.60.-i

I. INTRODUCTION

At the beginning of the 20th century, Physics had a solid
theoretical framework capable of explaining the
characteristics known up to that point. However, there were
still questions that challenged the limits of the knowledge of
the time. One of the main problems was blackbody radiation:
the previous classical theory that the emitted energy tended to
infinity as the wavelength tended to zero, which contradicted
experimental observations, in which the energy tended to zero
at that limit. This discrepancy became known as the
"ultraviolet catastrophe" [1].
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Various financial resources sought to solve the problem, but
none succeeded. It was then that the physicist Max Planck
proposed an idea to solve the problem. The idea consists of
considering that energy could only assume discrete values,
and that its value would depend directly on the frequency f. In
this process, Planck's constant # was introduced, a
proportionality constant with its accepted theoretical value
being close to h = 6.62607 X 10734]. s [2].

The determination of the constant # was fundamental to
solving the blackbody problem, but it also paved the way for
the birth of quantum physics and its interpretations of energy
quantization and the study of the development of new
technologies. In [3], the authors argue that Planck's constant
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is a component present in studies of quantum phenomena,
being present in the main equations and acting with extreme
importance in modern technology and in understanding the
mysteries of the universe and its origin.

In addition to Planck's proposal for the quantization of
energy, we also have Einstein's contribution to the explanation
of the photoelectric effect, which earned him the Nobel Prize
in Physics. With this, came the discovery of the Light
Emitting Diode (LED), which was due to the contributions of
two scientists. The first was Henry Joseph Round, who
observed the phenomenon of electroluminescence in silicon
carbide crystals [4]. The second was Oleg Vladimirovich
Losev, who discovered the LED [5].

In turn, the inclusion of experimental activities in physics
teaching, as well as it is applied in the Integrated Technical
Education and bachelor’s degree in physics at Federal
Institutes (IFs), constitutes a fundamental pedagogical
strategy for promoting meaningful and contextualized
learning. In this sense, the experimental verification of
Planck's constant presents itself as a relevant didactic
proposal, since it allows for the articulation between
theoretical foundations of Modern Physics and experimental
practices accessible to the school environment.

Planck's constant plays a central role in the development
of Quantum Physics, being a milestone in overcoming the
explanatory limits of Classical Physics. Therefore, by
experimentally working with this concept, the student has the
opportunity to understand the construction of scientific
knowledge from empirical evidence, favoring a more critical
and less dogmatic view of science. This approach contributes
to the understanding of phenomena associated with the
quantization of energy, as well as to the interpretation of
technological devices widely used in contemporary times,
such as light-emitting diodes (LEDs).

Initially, observing the references [6-14], it is seen that this
experimental approach to the teaching and learning process is
not new. However, with the emergence of new automation
technologies, it is possible to incorporate them into
pedagogical practices to promote new experimental
techniques to address this topic and promote learning more
efficiently.

Thus, this work proposes the development of an automated
experimental approach. Commonly, analog potentiometers
are used to control the circuit to determine Planck's constant,
as seen in [6]. This can generate noise in the measurements.
Therefore, we propose the implementation of a digital
potentiometer integrated into the circuit to minimize this noise
and integrate the teaching of physics with programming and
electronics.

I1. Methodology

An LED is a special type of diode, containing a semiconductor
PN junction, which conducts current in only one direction.
The diode becomes conductive above a threshold, Vo,
sufficient to force electrons in the N-type region to recombine
with holes in the P-type region. Whenever this occurs, energy
is released, generating a photon, or quantum of light, as can
be seen in figure 1.
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(b)

FIGURE 1. Forward bias of the P-N junction in an LED
diode. In (a), we have the production of photons due to
recombination between electrons and holes. In (b), the
recombination phenomenon is shown in an energy band
diagram.

According to Losev [15, 16], the behavior of the LED was
described as an emission process like an “inverse
photoelectric effect.” In addition, he proposed a relationship
between the electrical energy across the diode terminals and
the energy of the emitted photon, given by:

e-V=h-f, (1)

where e is the electron charge, V' is the voltage, % is the
Planck’s constant, and f is the frequency of the emitted
photon. Thus, from the relation c = A - f, it is possible to
determine Planck’s constant in terms of the wavelength of the
emitted photon by the equation:

e-'V-c )
h = FEE

where A is the wavelength of the emitted photon.

In this way, we start the determination of the wavelength for
each LED. To do so, it was used a diffraction experiment to
determine the wavelengths of each LED, as shown in Figure
2, the following materials were used:

* 1 source;

* 1 Converging lens;

* 1 Diffraction grating with 1000 slits/mm;
* 1 Red monochromatic LED of x mm;

* 1 Green monochromatic LED of x mm;
* 1 Blue monochromatic LED of x mm;
* 1 150 Q resistor;

* 1 120 Q resistor;

* 1 100 Q resistor;

¢ 1 Protoboard;

* 1 Optical bench;

* 1 Graduated ruler.
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FIGURE 2. The diffraction experiment setup for the blue
LED is show.

The converging lens is placed in front of the LED to focus a
light beam onto the diffraction grating. Thus, by measuring
the distance from the grating to the graduated ruler and the
distance between the central maximum and the first
diffraction maximum, it is possible to determine the
wavelength of each LED, knowing that for the first diffraction
maximum, n=/, the relationship for the wavelength is given

by [9]

X
G 3

Where 4 is the wavelength of the LED, d is the diffraction
grating constant, D is the distance from the diffraction grating
to the screen (ruler), and x is the distance between the central
maximum and the first displaced maximum.

The electrical circuit built to control the supply applied in
the experiment was designed to improve the accuracy of data
collection and to increase the reliability of the experimental
measurements, following the basic principles of scientific
research regarding the organization, observation, and analysis
of data. Thus, for the execution of the experiment, the
following electronic components were used:

¢ Arduino UNO R3 board;

* Digital potentiometer model X9C104 (100 £Q2);

* Two push buttons;

* One 150 Q resistor for the red LED, one 120 & resistor for
the green LED, and one 100 Q resistor for the blue LED;

* Monochromatic LEDs of different colors (red, green, and
blue);

* Male-male jumper wires;

* Two Multimeters.

The circuit is built on a breadboard, allowing for easy
connection and modification of the components. The
microcontroller is responsible for controlling the digital
potentiometer, which automatically adjusts the applied to the
LEDs. The push buttons serve as command inputs, enabling
the user to incrementally increase or decrease the applied to
the circuit. The digital potentiometer module used is the
X9C104S 100 £Q, with 100 steps. In this way, it is possible to
observe variations in the brightness of the LEDs according to
Lat. Am. J. Phys. Educ. Vol. 20, No. 2, June, 2026

the applied. The multimeters are used to show, analogically,
the values of the current and Tension through the LED to
compare with the Arduino data. In this way we may estimate
the error propagation. The circuit assembly diagram is shown
in figure 3.

FIGURE 3. Diagram of the circuit connected to the Arduino.

In the Arduino, to control the in the LED we use the following
routine:

sensorlPin
sensor2Pin

VREF = 5;
ADC_SCALE = VREF / 1023.0;
R_FIXED = (valor da resisténcia do

pinoBotaoUp 8;
pinoBotaoDown = 9;

pinoINC
pinoUD
pinoCS

estadoAnteriorUp = HIGH;
estadoAnteriorDown = HIGH;

setup() {
Serial.begin(9600);
pinMode (pinoBotaoUp, INPUT_PULLUP);
pinMode (pinoBotaoDown, INPUT_PULLUP);
pinMode (pinoINC, OUTPUT);
pinMode(pinoUD, OUTPUT);
pinMode(pinoCS, OUTPUT);
digitalWrite(pinoCS, HIGH);
digitalWrite(pinoINC, HIGH);
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Serial.println("UP = medir | DOWN = reset para
minimo");

}

readAverage( pin, samples =
delayMs = 2) {
sum = 9;
for ( i =0; i < samples; i++) {
sum += analogRead(pin);
delay(delayMs);
}

return sum / ( )samples;

ajustarPot( aumentar) {
digitalWrite(pinoCS, LOW);
digitalWrite(pinoUD, aumentar ? HIGH :
digitalWrite(pinoINC, HIGH);
delayMicroseconds(5);
digitalWrite(pinoINC, LOW);
delayMicroseconds(5);
digitalWrite(pinoCS, HIGH);

irParaMinimo() {
digitalWrite(pinoCS, LOW);
digitalWrite(pinoUD, LOW);

for ( i=0; i< 105; i++) {
digitalWrite(pinoINC, HIGH);
delayMicroseconds(5);
digitalWrite(pinoINC, LOW);
delayMicroseconds(5);

}
digitalWrite(pinoCS, HIGH);

medirEImprimir() {
adcVw = readAverage(sensorlPin);
adcVr = readAverage(sensor2Pin);
Vw = adcVw * ADC_SCALE;
Vr = adcVr * ADC_SCALE;
I = Vr / R_FIXED;
Vled = Vw - Vr;
R_x9c = -1;
if (I > le-6) {
R_x9c = (VREF - Vw) / I;
}
Serial.print("V_LED: ");
Serial.print(Vled, 4);
Serial.print(" V | ");
Serial.print("I: ");
Serial.print(I * 1000.0, 4);
Serial.print(" mA | ");
Serial.print("V_res: ");
Serial.print(Vr, 4);
Serial.print(" V");
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if (R_.x9c > 0) {
Serial.print(" | R_x9c
Serial.print(R_x9c, 1);
Serial.print(" ohm");

}

Serial.println();

loop() {
botaoUp = digitalRead(pinoBotaoUp);
botaoDown = digitalRead(pinoBotaoDown);

if (botaoUp == LOW && estadoAnteriorUp == HIGH) {
ajustarPot(true);
delay(10);
medirEImprimir();

if (botaoDown == LOW && estadoAnteriorDown == HIGH) {
irParaMinimo();

}

estadoAnteriorUp = botaoUp;

estadoAnteriorDown = botaoDown;

delay(50);

To control a digital potentiometer using push buttons we
define two pins as inputs with internal pull-up resistors to
detect button presses, which allow the in the circuit to be
increased or decreased. Three other pins are configured as
outputs to control the digital potentiometer, being responsible
for the increment signal, the direction of adjustment, and the
device enable signal (Chip Select). In the setup() function,
serial communication is also initialized, and a safe initial state
is defined, keeping the potentiometer disabled. In this way, the
code prepares the system to vary the in a controlled manner
throughout the experiment.

III1. RESULTS

The uncertainty in the wavelength was estimated from the
width of the diffraction spots observed experimentally, a
circle with approximately 0.4 cm of diameter. Considering
half of this width as the uncertainty in the determination of the
maxima position, it means Ax = 0,2 cm.

TABLE 1. Measurements from the diffraction experiment

LED |Distance between the| Distance among
difration netand |the maximuns (cm)
screen (cm)
Vermelho 9,5 85

Verde 9,5 57

Azul 9,5 5,0

For each LED, the distance between the diffraction grating
and the screen was fixed at 9,5 c¢m. The distance between the
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central maximum and the first displaced maximum for each
LED is given in accordance with table 1.

Using the equation (3) and error propagation theory in the
x, d and D variables, where g, = 0,2cm,0;, =0¢ op =
0,1 cm, we may estimate the wavelength for the three LED’s
used as shown in table 2.

TABLE 3. Optical wavelenght calculation

LED Wavelenght (nm)
Vermelho 667 + 10
Verde 515+ 14
Azul 466 £ 15

By the data about Current and Voltage through the LEDs
obtained with Arduino Uno we can plot the distribution of the
Ix V for the Red (figure 4), Green (figure 5) and Blue (figure
6) LED. Ant then, make the linear fit over the distribution
data.

6
(V) =22,583.V - 38.481

5 R2=09573 s
4
=
5 2
©
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FIGURE 4. Distribution for the red LED.
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FIGURE 5. Distribution for the green LED.
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FIGURE 6. Distribution for the blue LED.

From the linear fit we get the minimum voltage, called V5, for
each LED used. Then, using equation (2) we may estimate the
wavelength for the following datas: h = 6,62607 x 10734] -
s,c = 299792458 m/s, e = 1,60218 x 10719C. As we see
in table 4.

TABLE 4. Electrical wavelenght calculation

LED Vo (V) A (hm)
Vermelho 1,70 729,32
Verde 2,73 454,16
Azul 2,63 471,20

The discrepancy between the wavelengths obtained by the
optical (Table 3) and electrical (Table 4) methods arises
mainly from the limitations of the model adopted in the
electrical analysis. The relation eV = hf is only approximate,
since part of the electrical energy supplied to the LED is
dissipated through non-radiative processes and thermal
effects, resulting in voltage values higher than those
associated with the energy gap. Consequently, the electrical
method tends to underestimate the wavelength.

Additionally, the internal resistance of the device
contributes to an increase in the measured voltage, especially
in regions of higher current, thereby amplifying the observed
discrepancy. This effect is more evident in the green LED due
to the phenomenon known as the green gap, which reduces the
quantum efficiency and intensifies non-radiative losses
(Schubert, 2013; Jones et al., 2016; Davis et al., 2015).

To determinate the Planck’s constant we use in equation
(2) the values of the minimum voltage given by table 4 and
the wavelenghts in table 3 with, c = 299792458 m/sand
e =1,60218 x 1071°C.

Let the nominal voltage be around 4.5 ¥ (observed with a
multimeter) and the supply voltage from the Arduino be 5 V.
The uncertainty in the circuit can be considered approximately
0.5 V. This represents the calibration uncertainty of the
voltage measurement system. In this way the error
propagation theory for the Planck’s constant implies that:
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5 = J (55) @2 +(55) @2 @

So, we get the following results for the Planck’s constant, as
it is shown in table 5.

TABLE 5. Results for the Planck’s constant

LED | h(x1073%].s) 0,(x 1073%].5) Relativity
error (%)

Red 6,060 1,788 29,5
Green 7,514 1,390 18,5
Blue 6,550 1,264 19,3
Avarege 6,708 0,865 12,9

Although each individual LED presents a relatively large
uncertainty in Planck's constant, mainly due to the uncertainty
in the threshold voltage, the average of the three
measurements yields h = (6,708 + 0,865) x 10734] - s .
This result differs from the tabulated value & = 6,626 X
1073%J -s by only 1.24%, which is well within the
experimental uncertainty. This indicates that the method is
consistent: systematic errors and fluctuations among the
different LEDs tend to cancel out when the average is taken
as we can see in [6, 16].

VI. CONCLUSIONS

This work presented the experimental determination of
Planck’s constant using LEDs and a controlled system based
on the Arduino platform, integrating concepts of Quantum
Physics, optics, and electronics. In this way, the results
presented in this paper showed a good agreement with the
theoretical value.

The optical method provided more direct and reliable
measurements of the wavelength, whereas the electrical
method, despite the limitations associated with
approximations and non-ideal effects of the LEDs, allowed
for consistent estimates of Planck’s constant. The use of
multiple LEDs contributed to increasing the reliability of the
results.

The use of technologies for automating the experiment
stood out as a key feature, providing greater control of
variables, a reduction in operational errors, and improved
reproducibility. Furthermore, the proposal has strong didactic
potential, as it promotes the integration between theory and
practice in the teaching of Modern Physics.
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