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A simple proposal to measure the Planck’s
constanth with a ESP32 development board
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aInstituto de F́ısica y Mateḿaticas, Universidad Michoacana de San Nicolás de Hidalgo,
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Planck’s constanth plays a fundamental role in the quantum theory. The numerical value of this universal constant can be experimentally
obtained in a wide variety of physical phenomena. Determining the numerical value ofh using LEDs and identifying the threshold voltage in
which these devices emit light has become a favorite example of obtaining a rather precise value ofh with a simple and cheap experimental
setup. In this article, we propose a laboratory exercise with a fully automatized data acquisition framework based on a development ESP32
board. We used four LEDs of different colors, which were separately characterized by their wavelength. Each LED was fed, and the light
intensity was measured. The threshold voltage was determined for each of the colors we considered, and thenh was determined within
a fairly good deviation from the world average value. Moreover, using this world average value ofh we determined the deviation of the
wavelength of an ultraviolet LED from the manufacturer’s quoted value with remarkably good agreement.
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1. Introduction

The observations made in the experiment of the blackbody
have been one of the most critical scientific milestones in
the history of physics, representing a paradigm shift be-
tween classical (Newtonian) physics and the then-emerging
quantum physics. At the dawn of the 20th century, clas-
sical physics could not explain why the predicted spectrum
of black-body radiation, governed by the Rayleigh-Jeans
law, diverged towards infinity as wavelengths decreased-a
problem termed the ultraviolet catastrophe [1]. In 1900,
Planck [2] introduced a revolutionary hypothesis that energy
was quantized, being emitted in discrete packets or quanta.
This led to the formulation ofE = hν, whereν is the fre-
quency of radiation, andh is a new fundamental constant,
later named the Planck constant. Planck’s law for black-body
radiation reconciled theory with experimental data by pre-
dicting that emitted radiation decreases at higher frequencies,
thus solving the ultraviolet catastrophe.

On the other hand, in his groundbreaking article on the
photoelectric effect [3], Einstein extended Planck’s quantum
hypothesis to light itself, positing that it could be thought of
as consisting of discrete packets of energy, which he called
“quanta” or photons. Building on Planck’s idea that energy
exchange could only occur in fixed amounts, Einstein pro-
posed that each photon carried exactly one quantum of en-
ergy. This explanation provided the key to understanding ob-
served phenomena in the photoelectric effect, such as the im-
mediate ejection of electrons from metal surfaces when ex-
posed to light, which was inconsistent with classical wave
theories of light.

Several pivotal experiments have played crucial roles in
the quest to measure the Planck constant with high preci-
sion. X-ray crystallography and electron diffraction have also
been instrumental in analyzing patterns formed by X-rays and
electrons diffracted through crystals to obtain data sensitive
to the Planck constant. The Josephson Effect and the Quan-
tum Hall Effect, relying on quantum phenomena in super-
conducting junctions and two-dimensional electron gases, re-
spectively, offer extremely precise measurements due to their
fundamental quantum mechanical bases. The Watt Balance
(now known as the Kibble Balance), which compares me-
chanical power to electrical power, was pivotal in the redef-
inition of the kilogram in terms of fundamental constants,
including the Planck constant. Finally, atom interferome-
try, a more recent method, uses the interference patterns of
atoms to achieve high precision in measuring the Planck con-
stant. Each of these experiments has significantly advanced
the accuracy with which this fundamental constant is known
today. Nevertheless, a favorite experimental determination
of the Planck constant continues to be the photoelectric ef-
fect, which relies on observing the emission of electrons from
a metal surface when exposed to light of varying frequen-
cies. By illuminating the metal with light and varying its fre-
quency, the minimum light frequency (threshold frequency)
that causes electrons to be ejected can be identified. Accord-
ing to the theory proposed by Einstein, the energy of these
ejected electrons is directly proportional to the frequency of
the incident light and is given byE = hν, whereE is the
energy of the photon,h is the Planck constant, andν is the
frequency. In practical terms, the kinetic energy of the ejected
electrons is measured as a function of the frequency of the in-
cident light. From these measurements, the stopping voltage–
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the voltage needed to prevent the electrons from reaching the
detector–can be precisely determined. By plotting the stop-
ping voltage against the light frequency, the slope of the re-
sulting line, when multiplied by the elementary charge, gives
the value of the Planck constanth = 6.62607015×10−34 Js.

In this article, we use a LED (Light Emitting Diode) in
a similar fashion as the original proposal of P. J. O’Connor
and L. R. O’Connor in 1974 [4] that has been adapted and
modified by many others [5-8]. A LED is a semiconductor
device that converts electrical energy directly into light en-
ergy via electroluminescence. At the heart of a LED there
is a chip made from a material doped with impurities to cre-
ate a p-n junction, which consists of a p-type semiconductor
closely bonded to an n-type semiconductor. When a voltage
is applied across the LED, electrons from the n-type material
are pushed across the p-n junction into the p-type material,
recombining with holes. This recombination releases energy
in the form of photons, whose specific color ranges from in-
frared to ultraviolet, depending upon the energy gap of the
semiconductor material used in the LED, which dictates the
energy, and hence the wavelength, of the photons released
during this recombination process. The novelty of our pro-
posal is the use of the ESP32 development board, which helps
to simplify the experiment with an automatic data acquisition
system to reduce human errors, while also facilitating the re-
peatability of the experiment. For the purpose of present-
ing our proposal, in the following sections, we introduce our
methodology and the experimental setup in detail, along with
the obtained results. Conclusions and general discussion are
presented in Sec. 3.

2. Methodology

Our experimental setup is based on the straightforward series
circuit depicted in Fig. 1. In this circuit, a variable voltage
source, adjustable within a range of approximately 0 to 3.0V,
powers a LED with a pre-characterized color (wavelength).
Following the LED, a 1 kΩ resistor is included, serving as a
current-limiting component.

FIGURE 1. Simple series circuit in which a variable voltage source
(0− 3.0 V) powers an LED of known color (wavelength) in series
with a 1 kΩ resistor.

The analysis of the circuit follows directly from Kirch-
hoff’s circuit law of voltage, from which

Vl = Vin − Vr, (1)

whereVl is the voltage that can be measured in the LED. It
is calculated as the difference between the source voltage, la-
beledVin, and the voltage across the resistor, labeledVr. The
latter can be determined using Ohm’s law,

Vr = IR, (2)

whereI represents the current passing through the circuit and
R represents the value of the resistor. In terms of this current,
we determine the value of the voltage at which light starts be-
ing emitted from the LED; such a voltage is thus dubbed the
threshold voltageVth.

Additionally, it is well-established that the energy gap
of the semiconductor in an LED corresponds to the thresh-
old voltage of the LED and the energy of the light it emits,
namely,

Egap = Elight = eVth. (3)

Thus, exploiting these relations, we can calculate the value of
Planck’s constant as

h =
E

ν
=

λeVth

c
. (4)

This is the primary relation between the value ofh and the
variables of our experimental setup, which carries uncertain-
ties that we should consider.

For the actual derivation of Planck’s constant from our
experiment, we first characterize the LEDs with an ocean op-
tics spectrometer, USB4000. The light intensity as a function
of the wavelength for LEDs of different colors is shown in
Fig. 2.

FIGURE 2. Normalized light intensity as a function of the wave-
length for different LEDs with their respective fit (5). The center of
the peak corresponds to the wavelength associated with each color,
and the width can be interpreted as an uncertainty of measurement
of λ.
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TABLE I. Peak wavelength of LEDs of different colors obtained by
fitting Eq. (5).

LED color Wavelength (nm)

Red 628± 6

Yellow 588± 6

Green 569± 7

Blue 465± 11

To identify the peak wavelength and the width of the LED
light intensity, the data was fitted with a Lorentzian function
of the form

T (λ) = T0 +
2A

π

w

4(λ− λc)2 + w2
, (5)

whereT0, λc, w, andA are the offset (in our caseT0 = 0),
the center of the peak, the full width at half maximum, and
the area below the curve, respectively. The values for these
parameters vary for every color (the blue LED deviates the
most from this fit as expected, whereas the green LED fol-
lows the most to the fit). The width of each curve serves as
a natural uncertainty in the wavelength associated with each
color. Table I shows the LED peak wavelength values with
their uncertainties (w/2) obtained from the fit function.

The rest of the experiment is conducted entirely using the
ESP32 development board as depicted in the simplified di-
agram in Fig. 3. Using the 8 bits DAC (Digital to Analog
Converter) pin, it is possible to inject voltage from 0 to 3 V,
and with the 12 bits ADC (Analog to Digital Converter) pins,
the voltage injected by the DAC is read and the drop voltage
in the resistance can be measured (see Fig. 1).

For a correct data acquisition, it is important to be aware
of the ESP32 development board behavior in every phase of
the experiment. Thus, a DAC and an ADC calibration need
to be carried out. The experiment to probe the DAC response
output consisted of reading the output voltages using a digital
multimeter to scan the DAC output from 0 to 255 bits. These
results are shown in Fig. 4, where it is observed that the DAC
response is linear to the eye; however, the line does not cross
the origin.

FIGURE 3. Conceptual diagram of the experimental setup.

FIGURE 4. DAC output voltage behavior.

In order to determine the LED threshold voltage, we em-
ploy the ADC of the ESP32 board. However, the ADC does
not exhibit linear behavior across its entire voltage range as
mentioned by the manufacturer [9]. Consequently, under-
standing the ADC actual response characteristics is crucial
to carry out a good experiment, necessitating a calibration
procedure.

The calibration procedure under discussion involves in-
jecting a known voltage into the ADC pin of the ESP32 board
and recording the resulting digital output. By collecting this
data, we can fit the curve to an appropriate function that accu-
rately describes the behavior of this converter. This calibra-
tion allows for more precise voltage measurements, ensuring
the accuracy of our threshold voltage determination for the
LEDs. The DAC previously calibrated was used to inject the
voltage to an ADC pin to determine its response. Figure 5
shows the ADC behavior. We can observe a linear behavior
for values below 1500 mV, and this linearity is lost gradually
as the in input voltage increases up to 3000 mV. Thus, it is

FIGURE 5. ESP 32 response of Analog to Digital Converter
(ADC). Non-linear behavior is evident throughout the entire volt-
age range, a particular deviation can be seen once the voltage value
of 3 volts is reached.
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TABLE II. ParametersAi of the fit given by Eq. (6).

Parameters Fit Values

A1 −4.68× 103

A2 4.77× 103

A3 2.48× 103

A4 6.78× 10−13

not appropriate to use the classical relationV =
Vinbits/4095 in the entire voltage range. Using this propor-
tionality law to approximate the voltage results in inaccurate
values for Planck’s constant,h [9].

By understanding and accounting for the non-linear be-
havior of the ADC, we can ensure that our measurements are
reliable and that our determination of Planck’s constant is as
accurate as possible. This process highlights the importance
of calibration in experimental physics, particularly when us-
ing digital measurement tools.

For instance, a function that fits the ADC voltage behav-
ior (blue solid curve in Fig. 5) is given by

V (x) = A1 − A1 −A2

1 + exp(−(x−A3)
A4

)
, (6)

where the parametersAi, i = 1, . . . , 4 are tabulated in Ta-
ble II and for convenience, this function returns millivolts
values. With the methodology described above, we tackle
the experimental challenge as we next explain.

2.1. Experimental setup

Equipped with the function that accurately describes the
ADC voltage behavior, we proceed to implement the experi-
mental setup as illustrated in Fig. 6.

In this experimental setup, we supply the circuit with an
increasing voltage provided by the ESP32 native DAC, al-
lowing for a voltage variation between 0 V and 3.0 V in 8-bit
steps (0 to 255). Concurrently, we measure the voltage using
the ESP32 native ADC, which offers a 12-bit resolution (0

FIGURE 6. Experimental setup. The LED and resistor are con-
nected to the ESP32 board as explained in the text.

FIGURE 7. Current response of each LED as a function of the volt-
age. The threshold voltageVth is easily identified for each color.

to 4095). After obtaining the ADC value, we determine the
corresponding current using Eq. (2). The results of this ex-
periment are presented in Fig. 7.

The threshold voltage was identified with a linear extrap-
olation to the horizontal axis. It should be noticed that the
linear approximation is not far from the theoretical value of
the current passing through the LED

ID = Is

[
exp

(
VD

nVT

)
− 1

]
, (7)

which is known as the Shockley equation [10]. It describes
the current passing through a diode in a function of the
voltage injected into the diode (VD), the thermal voltage
(VT = kBTk/q, wherekB is Boltzmann’s constant,TK is
the absolute temperature in kelvins andq is the magnitude
of electronic charge), the reverse saturation current (Is), and
the ideality factor (n). These last two quantities have a de-
pendency on a wide variety of factors specific to each diode.
A simulation of the current given by the Shockley equation,
with the valuesn = 1 andVT = 0.0026 V (associated with
a Tk ∼ 300K), is depicted in Fig. 8, Table III shows the re-
spective values ofIs for every simulation.

To ensure accurate measurements, the DAC smoothly in-
creases the voltage and the ADC captures the resulting volt-
age values at each step. By plotting these values, we can
analyze the behavior of the circuit. This process allows us to
accurately characterize the LED response and validate our

TABLE III. Simulation constants for Shockley model.

Color IS , A

Red 1.5× 10−32

Yellow 5× 10−34

Green 6× 10−34

Blue 2× 10−44
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FIGURE 8. Shockley model of the current passing through a diode.

FIGURE 9. Current response of Ultra-Violet LED as a function of
the voltage. The threshold voltageVtr is easily identified.

TABLE IV. Experimental Measurements of Planck’s constant.

Color Threshold Experimentalh Deviation

Voltaje, V ×10−34, J s δh, %

Red 1.856± 0.002 6.23± 0.06 −6

Yellow 1.940± 0.001 6.10± 0.67 −8

Green 1.924± 0.002 5.85± 0.07 −12

Blue 2.534± 0.001 6.30± 0.15 −5

method for determining Planck’s constant. The detailed re-
sults and analysis are illustrated in Fig. 7, showcasing the
effectiveness and accuracy of our experimental approach.

The values ofVth for every color are used in Eq. (4). The
values of the Planck’s constant hence derived are tabulated in
Table IV, where the deviation fromh, δh, is given by

δh =
(hexp − hth) ∗ 100

hth
, (8)

wherehexp is the experimentally measured value andhth the
theoretical value.

FIGURE 10. Normalized LED intensity as a function of the wave-
length with its respective fit, Eq. (5). The center of the peak is
close to the wavelength value given by the manufacturer [11] and
the width can be interpreted as an uncertainty of measurement of
λ.

TABLE V. Experimental measurement of UV wavelength.

Color Threshold Experimental Deviation

Voltaje (V) value ofλ (nm) δλ, %

UV 3.021± 0.002 410± 1 2

In an alternative experiment using the same setup, we
adopt the value ofh = 6.62607015× 10−34 Js as reported in
the literature and make use of the expression (4) to determine
the wavelength of a UV LED. The current response and its
corresponding Lorentzian fit for this UV LED are presented
in Fig. 9.

Once we have identifiedVth, using Eq. (4) we determine
the value ofλ as shown in Fig. 10. A comparison with the
actual characterization of the UV-LED and the corresponding
Lorentzian fit with Eq. (5).

The findings of this experiment are shown in Table V. We
notice that the deviation in this case has a better value as com-
pared to LEDs emitting in the visible light spectrum.

3. Conclusions

In this study, we have developed a method to determine
Planck’s constant using commercially available LEDs in
blue, red, green, and yellow colors. The value we obtained
for Planck’s constant ish = (6.7272± 0.4)× 10−34 Js, with
an average percent deviation of approximately 1.53%. The
experimental setup we propose can be effectively utilized in
introductory high school or university physics courses that
cover quantum physics concepts. It is essential for the in-
structor to have a solid understanding of electronics, particu-
larly in working with development boards such as the ESP32,
which includes both ADC and DAC functionalities.

Our procedure involves measuring the voltage and cur-
rent characteristics of LEDs of different colors to derive the
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energy of the emitted photons. By analyzing the threshold
voltage at which each LED begins to emit light, we can cal-
culate the energy of the photons using the relationE = hν.

The experimental apparatus includes a power supply, a
multimeter, and an ESP32 development board for precise
voltage and current measurements. The ESP32 ADC and
DAC capabilities allow for accurate data acquisition and pro-
cessing, facilitating the determination of the LED threshold
voltage. By repeating the measurements for LEDs of differ-
ent colors, we can calculate an average value for Planck’s
constant and estimate the experimental deviation for the
world average value. The inverse problem, assuming the
value ofh as reported in literature and determining the wave-
length of the emitted light also leads to accurate results for
UV-LEDs.

This hands-on approach not only reinforces theoretical
knowledge of quantum mechanics but also provides practi-
cal experience with electronic components and measurement
techniques. It bridges the gap between abstract concepts and
real-world applications, making it an excellent educational
tool for engaging students in the study of quantum physics.
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