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2 Theoretical Basis 4

Table 1 shows an overview of the symbols used in this lab report.

Symbol  Meaning

E Energy
E. Energy of an electron within a material
Er Fermi energy
FExin Kinetic energy
h Planck constant
v Frequency
10} Work function
U Voltage
Ua Stopping voltage
Ug,max  Maximum stopping voltage
1 Intensity, Current
Ipn Photo current
Iv Current flowing through a voltmeter
r Distance
Rv Inner resistance of a voltmeter
e Elementary charge
co Speed of light
N,3,7,77 Parameters of regression
Sz Error on the (measured) quantity x

Table 1: Symbols used in this lab report

1 Objective

The overall objective of the experiment was to examine the photoelectric
effect and determine the planck constant h. By submitting a photocell
to light of various wavelengths — which had to be identified prior — the
photoelectric effect could be quantified by measuring the photo current. The
use of the stopping-field-method allowed the determination of the current-
voltage characteristic of the photocell for various wavelengths and intensities
of the incoming light. Furthermore, multiple series of measurements where
taken to analyze the effect of a current fault circuit or a voltage fault circuit
on the current-voltage-characteristic.

2 Theoretical Basis

In the following segment, we will shortly summarize the photoelectric ef-
fect. When a cathode gets submitted to the light of an appropriate diode
(LED), the photons of the beam of light interact with the electrons on the
cathode’s surface. By transferring their energy to the electrons, the elec-
trons themselves gain kinetic energy which allow them to exit the cathode.
Increasing the intensity of light results in a higher number of photons be-
ing emitted and therefore a higher number of electrons leaving the cathode.
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This is measurable by placing an anode in a near proximity which attracts
the negatively charged electrons.

Within the cathode the electrons exist on different potentials and have
therefore different Energies E., which are generally limited by the so-called
Fermi energy Er. Therefore, after receiving energy from incoming photons,
the electrons kinetic energies differ based on their initial energy in the cath-
ode. By application of a reverse voltage one can limit the electrons reaching
the anode. If no photo current is measurable anymore, the maximum kinetic
energy of the electrons equals the work done by the electric field.

The energy balance described above can be expressed mathematically.
The energy of a photon is

E = hy, (1)

where v is the frequency of the incoming photon and h the Planck constant.
In order to leave the cathode, the electron has to do additional work ¢
depending on the cathode material. The energy balance becomes therefore

Ein = hv — ¢ — (Ep — E), (2)

where Ey, is the kinetic energy of the electron after exiting the cathode.
This kinetic energy has to be matched by the potential energy e-Ug in order
to stop incoming electrons. Because the energy E. is limited by the Fermi
energy Eg, no photo current is measurable if

hv — ¢ = eUg max (3)

holds.
If the cathode and the anode are out of different materials, one has to
consider the anode work function! ¢x:

hv — ¢ =e- UG,max- (4)

In order to get from the anode to the cathode, the electron has to have the
energy ¢a + e - Ug.

It should be mentioned that the developing photo current is square de-
pendent on the reverse voltage:

Iow o< (hv — ¢ — e - Ug)?. (5)

Also, if r is the distance between the light emitting diode and the photo
diode, the intensity of light is proportional to the reciprocal of the square of
r, in accordance with the inverse-square law:

Ix L (6)

r2

In order to maintain simplicity, we will call the anode work function ¢ in the further
discussion.
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Figure 1: Schematic of a current fault circuit (a) and a voltage fault circuit

(b)

3 Setup and Procedure

3.1 Determination of the Wavelengths from the Diodes

In order to determine the wavelengths of the diodes that we used in the
following measurements we connected a grating spectrometer to a laptop
and opened the program OceanView. The spectrometer was held against the
light of a light emitting diode which in turn was connected to a dc generator.
OceanView then allowed us to measure the distribution of the intensity of
light detected by the spectrometer with respect to the wavelength. The
distribution could then be saved to a thumb drive for later analysis.

3.2 Current-Voltage Characteristic of a Diode for Different
Intensities

The objective of this part of the experiment was to record the current-
voltage-characteristic of a photo diode for different intensities of incoming
light. This was done by exposing the photo cell to the light of one specific
diode and measuring the photo current of the cell with respect to the cell
reverse voltage. Both quantities were measured with separate multimeters
as shown in Figure 1a. The photo current was measured for voltages between
—4V and 4V for three different distances between light emitting diode and
photo diode. To compare our measurements by use of the current-fault
circuit, we also took a measurement series by using a voltage-fault circuit
with a specific distance between diode and photo cell. The circuit is shown
in Figure 1b.
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3.3 Current-Voltage Characteristic for Different Frequencies
and Determination of the reverse voltage

To understand in which way the current-voltage characteristic depends on
the frequency of light we recorded five series of measurements of the reverse
voltage and the photo current. In each series a different light emitting diode
was used. Both the distance between the diodes and the voltage on the
LED were deliberately chosen to achieve a photo current of about 50 pA for
a reverse voltage at around zero.

4 Measurement

All the measurements we took during the experiment can be found in the
appendix.

4.1 Determination of the Wavelengths from the Diodes

In order to determine the wavelengths of the light emitting diodes we used
the program OceanView as said in section 3.1. The program made it possible
for us to see the distribution of the intensity of light w. r. t. its wavelength.
To further analyze the intensity distribution, the raw data was saved to a
thumb drive. Because the intensity distribution was constantly changing as
our hands aren’t perfectly steady, it was difficult for us to save the data
right in time. Furthermore, while OceanView allows to freeze the intensity
distribution momentarily, we haven’t found a way to save the “frozen” data.
Because the light sensor was saturated for some intensities, we needed a few
attempts for saving the data right in time.

4.2 Current-Voltage Characteristic of a Diode for Different
Intensities

In order to obtain the current-voltage characteristic of a photo cell we con-
nected a light emitting diode with a dc generator and submitted a photo
cell to the light emitted by the diode. Throughout the whole series of mea-
surement the same light emitting diode with a wavelength of (380 £+ 3) nm
was chosen.

To determine the way the intensity of incoming light influences the photo
current, we took three seperate series of measurement of the photo current
with respect to the stopping voltage for the distances r = 2.00 cm, 4.00 cm,
and 5.50 cm between diode and photo cell, which we measured using a ruler.
One can see the results of our measurements in fig. 3.

During our measurement we had to change the range of measurement.
The uncertainty of all measured points of voltage with the multimeter is
0.5% of its value + 1 Digit. For the measured current the uncertainty is 2%
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of its value + 5 Digits by use of a measuring range of 20 pA and 0,8% of its
value + 1 Digit by use of a measuring range of 200 pA.

To compare our measured values we took using the current-fault circuit,
we also took one series of measurement using the voltage-fault circuit. In
this measurement the distance between diode and photo cell was again 2 cm.
The results are evaluated in fig. 4

4.3 Current-Voltage Characteristic for Different Frequencies
and Determination of the reverse voltage

To get clear in which way the current-voltage characteristic depends on the
frequency of light we recorded five measured series of the reverse voltage
and the photo current. We made this series for all in table 2 listed diodes
without the diode labeled (654 £ 3) nm.

Again we had to change the measuring range in between. The uncer-
tainties arise in the same way as in the part of measurement before.

5 Analysis

5.1 Determination of the Wavelengths from the Diodes

With this measurement we determined the wavelengths of all the diodes
we had at our disposal in order to analyze our findings from measuring
the current-voltage-characteristic of a diode (cf. Sections 4.2 and 4.3). By
plotting the intensity of light against its wavelength, one is able to determine
the wavelength corresponding to a maximum intensity. The plot is shown
in fig. 2, where some data is ommitted for the sake of clarity.

By examining the intensity distribution we were able to determine the
wavelengths corresponding to maxima of intensity as well as estimating their
uncertainty based on the relative width of the intensity curve. Our esti-
mates of the wavelengths maximizing the intensity are given in table 2 and
are marked in the plot above. Because some wavelengths featured a wider
spectrum a higher error was estimated.

Diode label Wavelength in nm

380 380+ 3
410 414+ 3
430 430£3
490 501 £ 3
515 523 +4
658 654 £ 3

Table 2: Measurement from the wavelengths of the used diodes
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Figure 2: Intensity distribution of light emitted by various diodes

5.2 Current-Voltage Characteristic of a Diode for Different
Intensities

From our measurements of the photo current for different reverse voltages
between —4V and 4V we were able to obtain the plot shown in fig. 3 for
the three different diodes analyzed with a current-fault circuit. As it isn’t
required, the current fault was not corrected in the creation of the plot.
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Figure 3: Current-voltage characteristic for a distance of 2cm, 4cm, and
5.5cm in a current-fault circuit between photo cell and diode

To compare our measurements by use of the current-fault circuit with
the voltage-fault circuit we plotted the photo current measured with the
current-fault circuit at 7 = 2 cm along the photo current measured using the
voltage-fault circuit at the same distance using the same diode. The plot
can be seen in fig. 4. As for the different circuits, no correction regarding
current or voltage fault was taken.
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Figure 4: Current-voltage characteristic for a distance of 2 cm between photo
cell and diode in a voltage-fault circuit

5.3 Current-Voltage Characteristic for Different Frequencies
and Determination of the reverse voltage

In this part of the analysis the maximum reverse voltage Ug max is to be
determined for the wavelengths of the five diodes listed in section 4.2. Before
we can do further calculations, the photo current has to be extracted from
the faulty current we measured. Because some current flows through the
voltmeter and not through the photo cell, the measured current is slightly
higher than the photo current. This can be corrected by use of Ohm’s law
on the voltmeter: With an internal resistance [2] of Ry = 10 MSQ one can
calculate the current flowing through the voltmeter using
=22, @
%

Assuming the internal resistance as an exact value, the error on the voltmeter
current is

Iy

SU,
Siy = Ri\c/; (8)

The photo current can then be calculated simply by subtracting the current
flowing through the voltmeter from the measured current:

Iph =1-1Iy (9)

The error on the photo current can then be calculated by use of the Gaussian

error propagation:
St = \/57 + s%v (10)
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Applying the procedure described above for each value of the measured
voltage, we can now proceed to calculate the maximum reverse voltage.
Because the photo current is proportional to the square of the respective
energy as shown in eq. (5), the square root of the photo current has been
plotted against the reverse voltage in order to find the maximum voltage
where no photo current can be measured anymore. While the error on the
voltage obviously doesn’t change, the error on the square root of the photo
current can be estimated through Gaussian error propagation as follows:

_ SIph
Ipn 21/Iph

Now the square root of the photo current can be plotted against the reverse
voltage Ug in order to find the maximum reverse voltage. This is done in
figs. 5 to 9.
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Figure 5: Current-voltage characteristic for diode with light of a wavelength
of A = (380 &+ 3) nm
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Figure 6: Current-voltage characteristic for diode with light of a wavelength
of A = (430 £ 3)nm

10 \\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\7
x Measured Data
8 |--- Linear Fit X - /Ipy, + 3
aE
6 //’/,/
* -7 #*
.

VTon/ ik

\
Lo b b b b b

[T T T T T T T T [T T T T T T T T[T T T T T T[T T T T T T T T T T T T T T[T T 7777171
\

c b b b e e e b b b L

-09 -08 -0.7 =06 -05 -04 -03 -02 -0.1 O
Ug/V

Figure 7: Current-voltage characteristic for diode with light of a wavelength
of A= (523 +4)nm
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Figure 8: Current-voltage characteristic for diode with light of a wavelength
of A = (410 £+ 3) nm
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Figure 9: Current-voltage characteristic for diode with light of a wavelength
of A = (501 £+ 3)nm

In addition to the raw data a line of best fit is shown in figs. 5 to 9. Each
line is a result of a linear regression using the least-squares estimator for a
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linear model (cf. appendix A.1) of the form

VIph =N -Ug + 3, (12)

where X and 3 are parameters to be determined by the linear regression. As
input values we chose to limit ourselves to values of /Ty, closest to the Ug-
Axis as we suspect a higher influence of systematic errors with increasing
voltage. With N and 3 determined for each diode one can calculate the
intersect with the Ug-Axis using

UG,max = (13)

NS

The error on Ug max can also be estimated by application of gaussian error

propagation:
2 2
) 3
SUG,max = \/<N) —'I_ <z\22$N> (14)

The maximum reverse voltage of each diode is shown alongside the param-
eters of linear regression used for calculation in table 3. In addition to the
quantities described above one can find the frequency v associated with each
wavelength A in the table. This was calculated using

Co

= — 15
y=, (15)
where co = 299792458 7 is the speed of light in a vacuum [I]. The error on

v can once again be found by use of gaussian error propagation:

€0

= FS)\ (16)

Sy

The frequency v can be found in table 3 as was mentioned before.

Ainnm v in Hz N in @ Jdin VpA UG max in V

380+3 7.89x 10 5.271+0.028 8.22 +0.03 1.560 + 0.011
410+3 7.24 x 101 6.488 +0.024 8.429+0.025 1.388 + 0.005
430 +3  6.97 x 10 7.467+0.024 7.3314+0.019 1.299 + 0.006
501 +3 5.98 x 104 6.115+0.019 8.485 4+ 0.020 1.060 =+ 0.005
5234+4  5.73 x 10 7.313+£0.027 7.7524+0.023 0.982 + 0.004

Table 3: Determination of the reverse voltage for different diodes

5.4 Determination of the Planck Constant

Now that we found the maximum reverse voltages Ug max for all diodes the
planck constant i can be determined: One can see from eq. (4) that if we
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plot the maximum reverse voltage w. r. t. the frequency of the incoming
light, we expect to see a linear relation between the voltage Ug max and the
frequency v. In particular, the slope of the line corresponds to the planck
constant h multiplied by the elementary charge e, while the axis intersect
equates to the anode work function ¢a. In order to proceed, we plot the
voltage w. r. t. the frequencies from table 3 in the diagram shown in fig. 10.

1.6

1.4

—Ug/V

1.2

5.5 6 6.5 7 7.5 8
v/10% Hz

Figure 10: Maximum reverse voltages Ug max and their corresponding fre-
quencies v extracted from table 3.

As we can see in the figure, the error on the frequency is — relatively speaking
— vastly higher than the error on the reverse voltage. This poses a problem
for the use of a linear regression, as the least-squares estimator assumes the
independent variable to be known exactly. We can circumvent? this problem
by choosing the maximum reverse voltage Ug max to be the independent
variable, i. e. instead of using a model of the form

UG,max =N-v Jrja (17)

where N and J are parameters of regression, we conduct a regression of the
form

v=1- UG,max + —L (18)
where J and T, too are parameters of regression and relate to X and 3 by

R=71" and = —;. (19)

ZWhile this method certainly doesn’t address the errors of all variables, it is an im-
provement over determining X and 3 (defined in eq. (17)) directly.
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By the use of error propagation we find the errors on N and J:

S]
SR = :TQ)

== () + ()"

With our values from table 3 and using eqgs. (17) to (20) we conduct a linear
regression and obtain:

(20)

H
~3.79 4 0.10) x 10%% VZ

(

(2.0+1.1) x 10" Hz (1)
(—2.6440.07) x 1071° v

(

J
.
R= Hz
j:

—0.528 4+ 0.003) V

According to eq. (4), the planck constant can then be calculated simply
by multiplication of the elementary charge e, which we assume to be ex-
actly [1]e = 1.602 x 10719 C:

Beale = —N - e = (4.2 4+ 0.5) x 10734 Js (22)
The work function ¢ can be calculated in the same way:

¢pa =—1-e=(8.46+0.06) x 1072 J. (23)

6 Discussion

6.1 Determination of the Wavelengths from the Diodes

Out of our measurements we determined the wavelengths in table 4 for the
different diodes.

Diode label Wayvelength in nm

380 3803
410 414+ 3
430 430 £ 3
490 501 +£3
515 523 +4
658 654 £ 3

Table 4: Measurement from the wavelengths of the used diodes
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As was mentioned before, the intensity distribution shown on the laptop
was constantly changing and our hands aren’t perfectly steady. So there
could be the possiblity that that we misjudged the statistical error on the
wavelengths and therefore estimated it as too low.

6.2 Current-Voltage Characteristic of a Diode for Different
Intensities

On the one hand one can see in fig. 3 that the smaller the distance r between
the diodes becomes, the higher the magnitude of the photo current gets. On
the other hand one can observe, that the maximum reverse voltage (i. e. the
approximate location of the x-axis intersect) is independent of the distance
and therefore the intensity, because the photo current reaches the level of
zero A at the same point for all different intensities of light.

In addition one can make out of fig. 3 that the distance between the curve
belonging to the distance » = 5.5 cm and the curve of r = 4.4 cm is noticably
smaller than the distance between the curve of r = 4.4cm and r = 2cm.
This fits our expectations of the relation shown in eq. (6), which states that
the intensity is inversely proportional to the square of the distance r: As we
can see from 122 /42

W =4 > 1.890625 = W7
the relative change from r = 2cm to 4 cm has a much larger impact on the
intensity than the relative change from r = 4cm to 5.5 cm.

In fig. 4 one can see that all measured values by use of the voltage-fault
circuit are a bit lower than the measured values by use of the current-fault
circuit. The reason for this is that the value of the current in the current-
fault circuit is constantly higher than its value in the voltage-fault circuit,
because the ampere-meter additionally picks up the current flowing through
the voltmeter. Using a voltage-fault circuit instead results in a higher voltage
being measured by the voltmeter, such that the curve gets stretched out in
the z-direction.

We decided to use the current-fault circuit for our measurements, because
we wanted to determine the planck constant as exactly as possible. As the
reverse voltage plays a huge part in determining the maximum stopping
voltage and therefore the planck constant h instead, it seems reasonable to
assume that one wants to know the voltage to a reasonable high degree.

(24)

6.3 Current-Voltage Characteristic for Different Frequencies
and Determination of the reverse voltage

In this part of the experiment we determined the reverse voltages for different
diodes and obtained the voltages in table 5.
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Ainnm v in Hz N in @ Jdin /pA UG max in V

380+3 7.89 x 10* 5.271+0.028 8.22 +0.03 1.560 + 0.011
410+3 7.24 x 104 6.488 +0.024 8.429 4+ 0.025 1.388 + 0.005
430 +3  6.97 x 10* 7.467+£0.024 7.331+0.019 1.299 + 0.006
501 £3 5.98 x 10* 6.115+0.019 8.485+ 0.020 1.060 =+ 0.005
5234+4  5.73 x 10* 7.313+0.027 7.7524+0.023 0.982 + 0.004

Table 5: Determination of the reverse voltage for different diodes

In figs. 5 to 9 one can see the expected linear course from the square
root of the photo current plotted against the reverse voltage. But we should
mention that we have to account statistical errors concerning the measuring
of the photo current and the voltage. Especially in small measuring ranges
of the multimeter the fluctuation of the measured values of the photo current
were not to be dismissed.

As the data points near the axis intersect seem to fit a linear model a
bit better than values for the square root of the photo current at a higher
distance from the axis, we conducted the linear regression to find the maxi-
mum stopping voltage only using data near the axis intersect. We justified
this by saying that a potential systematic error dependent on the current
gets more relevant for higher values of the photo current and as such skews
higher data points more. As we don’t know the exact bearings used to derive
eq. (5), it is ill-advised to count on those values as we can’t exactly make
out a linear relation accounting them. Nonetheless, the possiblity of a gross
error in the data analysis shouldn’t be dismissed at this point.

6.4 Determination of the Planck Constant

After applying the in table 5 determined values of the reverse voltage on
their frequencies in fig. 10, we could determine the values for h and ¢p
including their uncertainties with a linear regression and got the values:

Reale = (4.23 £0.11) x 10734 Js (25)
for the Planck constant and for the work function
ba = (8.46 £ 0.06) x 10720 ], (26)
The literature value [!] of the Planck constant is
Ryt = 6.626 x 10734 Js. (27)

The deviation between the literature value and the calculated value of the
Planck constant is about 22 o-environments. This means that the statistical
error on our measurements is far too small. The reason for this could be
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that we misjudged the statistical error of the wavelengths (which seem to
make out a great part in the error of the end result) as not big enough.
It may also result out of the linear regression, because by making a linear
regression in the way we did one assumes that there is no uncertainty on the
z-value. The deviation between the values for the Planck constant may also
result out of a systematic error: As one can see in fig. 10, the line fits the
underlying data within error quite well. A systematic error doesn’t therefore
seem far fetched. As we can see from comparing the literature value and
the value we obtained, in order for our value to be correct, the line in fig. 10
has to have a higher slope, meaning that the systematic error would need to
depend on the maximum reverse voltages. It is therefore entirely possible
that by neglecting values far from the z-Axis in section 5.3, we miscalculated
the maximum reverse voltages resulting in a way lower Planck constant h.
A systematic error like this which scales with the voltage can also be caused
by a miscalibrated multimeter: If the voltage was multiplied by a constant
factor, the slope in fig. 10 would be affected accordingly.

The error can also be caused of external light influences (we didn’t work
in a darkened room) or temperature fluctuations. In addition we should note
that we assumed that the value of the internal resistance of the voltmeter is
exact and that we should have accounted additional internal resistances of
the diodes or of the used wires.

A Appendix

A.1 Linear Regression

In this section we show our method of conducting a linear regression. As-
suming some expected linear relation between the quantities x and y of the
form

y=N-z+23, (28)

and some underlying observations (z;, y; + s, ), where the z;’s are known to
a high degree, the method of least squares yields the following estimators:

S92 Y giyi — 2 giwi Y Gi%iYi
Y 9> gir? — (X gizi)?

4 202 9i%iYi = 2. 9iTi 2 9iYi

>0 gir? — (X gizi)’

The weigths g; are defined to be g; = 512;1-' All sums are to be understood

to be starting at ¢ = 1 and ending at n. One can express the errors on the

&:

(29)
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estimators X and J in the following way:

S — > Yi
N S oY gir? — (X giwi)?
(30)
- > gir}
J Y oY gix? — (X gizi)?
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A Appendix

A.2 Lab Notes
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