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The photoelectric effect occurs when light of a sufficiently high frequency strikes a surface, exciting
the electrons on that surface to the point that they are ejected from it. Those ejected electrons
are called photoelectrons, which can be collected and sent through a circuit. By measuring the
resulting current and the negative voltage required to stop it at various frequencies and intensities,
some essential relationships can be established. The first is the relationship between stopping voltage
and frequency. This relationship is linear, and using its slope, Planck’s constant was estimated to be
6.5(2) × 10−34 Js. The second relationship is between the stopping voltage and intensity. Classical
wave theory predicts that an increase in intensity should increase the stopping voltage. In reality,
the data shows that the two are entirely unrelated. This result directly contradicts wave theory,
supporting theories of light’s particle-like behavior and the existence of photons.

I. INTRODUCTION

The debate on whether light behaves as waves or par-
ticles spanned multiple centuries. It began in the early
1600s with various theories on both sides of the argument,
but concluded in the early 1900s with Einstein’s explana-
tion of the photoelectric effect [1]. Heinrich Hertz origi-
nally discovered this effect [2], and later Philipp Lenard
studied it [3] . Lenard used a carbon-arc light to excite
electrons on a metal plate. Those excited electrons would
then be ejected from that plate and collected on another
plate located some distance away from the emitter. The
collector plate was then connected to a cathode and a
sensitive ammeter, allowing him to measure the current
induced by the collected electrons. In his studies, Lenard
compared the energy of the photoelectrons (ejected elec-
trons) to the intensity of the light coming from the source.
To measure the energy of the electrons, Lenard applied a
negative charge to the collector plate, repelling any elec-
trons that lacked sufficient energy to pass. In doing so,
Lenard discovered a quantity called the stopping voltage,
the voltage applied to the collector plate that prevents
all electrons from reaching it. Through testing, Lenard
found that this stopping voltage remained constant re-
gardless of the source’s light intensity [4]. He even went
so far as to test this with different colors, finding that the
stopping voltage actually depends on the wavelength of
light [4]. Einstein suggested that light radiation should
be thought of as quanta called photons, each with energy
hf , where each photon transfers its energy to a single
electron.

II. THEORY

In this experiment, we used the PASCO SE-6609 pho-
toelectric effect apparatus to recreate Lenard’s experi-

FIG. 1. Basic circuit of the photoelectric effect. Light strikes
the emitter plate on the right, exciting the electrons enough
to eject them towards the collector plate on the right. An
ammeter is included in the circuit to measure the induced
current, and a voltmeter is included to measure the potential
difference between the two plates.

ment. The apparatus uses a mercury lamp to illuminate
a receiver. The receiver then filters out all but one wave-
length of light. From there, the filtered light hits the
emitter plate, ejecting electrons into the collector plate,
and we measure the current induced by those electrons
as seen in fig 1.

Similar to Lenard’s experiment, we measure the cur-
rent induced at different intensities and the stopping volt-
age at various frequencies. We then attempt to use that
collected data to estimate Planck’s constant and confirm
Einstein’s photon theory.

If the energy (E) of a photon is equal to Planck’s con-
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stant (h) multiplied by the photon frequency (f), and
that photon only transfers its energy into a single elec-
tron [1], then the energy of the ejected electron can be
described by

E = hf − φ, (1)

where φ is the work function for the cathode. The work
function represents the amount of work required to free
electrons from a given material and, as such, is dependent
on the material surface of the cathode. In the case of the
PASCO apparatus used in this experiment, the material
is likely a light-sensitive metal with a low work function.
The stopping voltage (Vstop) can be derived from eq. 1
by substituting in eV for the energy and solving for V .

Vstop =
h

e
f − φ

e
(2)

where e is the charge of electrons. This equation shows
a linear relationship between Vstop and f . So a plot of
Vstop vs. f should result in a slope of h/e and a y-
intercept of φ/e. The goal of this experiment is to demon-
strate the relationship with physical data that can then
be used to estimate Planck’s constant.

To do so, we collected two datasets. The first was stop-
ping voltage vs intensity. This dataset was collected to
verify that the stopping voltage is independent of light
intensity. The stopping voltage was recorded by increas-
ing the negative voltage applied until the current read
zero. The lowest voltage magnitude at which the cur-
rent stopped was recorded as the stopping voltage for
that test. Intensity was not directly measured; instead,
it was implied. It is well documented that the intensity of
electromagnetic radiation decreases with increasing dis-
tance from the source to the receiver. This relationship
is known as the inverse-square law [5], which states that
I ∝ r−2 [6]. So changing r (the distance) will inversely
affect I by a factor of r2. With this in mind, the stop-
ping voltage was measured at four different distances
(and by translation intensities) for four different wave-
lengths. The second data set was the stopping voltage
vs frequency. This was collected to both establish that
stopping voltage depends on frequency and to estimate
Planck’s constant. The stopping voltage we measured
using the same methodology as the other data set, and
the frequency is given by the selected wavelength.

Measurements of stopping voltage vs intensity yielded
the expected results. It was hypothesized that the stop-
ping voltage at a given frequency should remain constant
regardless of light intensity. So we’d expect Vstop to stay
the same for any distance.

Fig. 2 shows the results of data collection for all four
wavelengths. For all four wavelengths, a hypothesis test
was conducted to determine how far each Vstop is from
the mean in its series. The result of this analysis was
good across the board, with Z scores across all series re-
maining just at or below ±0.75. This indicates a high

FIG. 2. Stopping voltage versus distance scatter plot. Mea-
suring the stopping voltage at various distances for four dif-
ferent wavelengths of light.

FIG. 3. Stopping voltage vs frequency scatter plot with slope
h/e.

level of consistency and no significant deviation from the
mean. The fact that the measurements taken for the
stopping voltage at each wavelength remain mostly con-
stant shows that the stopping voltage is not dependent
on the intensity of light. This result directly contradicts
the wave theory and supports the particle theory of light.

Data collection and analysis on stopping voltage vs.
frequency was just as successful. Based on eq.2 we ex-
pect physical results to show a linear relationship be-
tween stopping voltage and frequency.

Fig. 3 shows the expected result: the stopping volt-
age decreases as the frequency increases. By rearranging
eq. 2, we find that Planck’s constant (h) should equal
the slope of the line (V/f) multiplied by the charge of
the electrons (e). Similarly, the work function for the
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cathode can be obtained by multiplying the y-intercept
by e. Using these methods, Planck’s constant was es-
timated to be 6.5(2) × 10−34 J s, and the work function
to be 2.78eV. The accepted value for h as reported by
NIST is 6.626× 10−34 J s [7], leaving a percent difference
of only 1.92% between the two values. Most common
work functions generally fall between the values of 2eV
and 5 eV[8]. So while we don’t know the exact work func-
tion of this apparatus’s cathode, the experimental value
still falls within the typical range.

For both data sets, the primary source of error was
the voltage measurements. During data collection, the
surrounding area was not entirely dark. This made it
challenging to determine the exact cutoff for the stop-
ping voltage, as ambient light induced a small but con-
stant current. This problem became especially difficult
for higher wavelengths such as 546 nm, and 577 nm (not
included), where the current induced by the light source
was not much larger than that of the ambient light. As
a result, the current never truly reaches 0 when the volt-
age is applied, leading to a larger margin of error. Lower
frequencies most often induced a current value that was
an order of magnitude higher than the ambient light.
On that larger scale, the contributions of ambient light
weren’t nearly as noticeable. This would be why the un-
certainty for wavelength 546 nm is so much larger than
the rest.

III. CONCLUSION

This experiment aimed to demonstrate and confirm
Einstein’s theories about light using the photoelectric ef-

fect. By measuring the stopping voltage at various fre-
quencies and light intensities, we established that, in the
photoelectric effect, light behaves as particles. Some of
the evidence gathered for this was that the stopping volt-
age depended on frequency and not intensity. This im-
plies that the interactions between light and electrons
are more individualized, with electrons absorbing only
as much energy as a single photon can transfer. Ein-
stein’s theory was then further confirmed by the fact
that Planck’s constant could be calculated within 2% of
its actual value using equations consistent with particle
theory. This work does not disprove wave theory as a
whole but instead introduces the idea of wave-particle du-
ality, in which the behavior of light is context-dependent.
In some cases, like the double slit experiment, the wave
model clearly makes the most sense. At the same time,
other experiments, like the photoelectric effect, can only
be explained by particle theory.

DATA AVAILABILITY STATEMENT

A Jupyter notebook containing all the experimental
data, data analysis, figure generation, and additional in-
formation on uncertainty analysis can be found in the
supplemental materials. [9]
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