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Abstract

We investigate the characteristics of semiconductor devices through measurement and analysis of their I-V behav-

ior under varying temperature and voltage bias conditions. Using the Ebers—Moll model, we performed exponential

fits to transistor data to calculate the Boltzmann constant and the saturation current. The measured Boltzmann

constants for silicon and germanium transistors were found to be on the order of (1.4-1.7) x 1072* J/K, which agrees

with the accepted value of 1.380649 x 1072® J/K. The average saturation current we found across all transistor

runs was determined to be (6.07 & 2.06) x 10~° A, which aligns with expected nanoamp-scale leakage currents in

silicon junctions. We go beyond the lab manual to analyze LED data using both the avalanche and Zener breakdown
models. The avalanche fit produced a higher R? value of 0.8727 compared to the Zener fit’s R? of 0.5632, indicating
that avalanche breakdown dominates at Vgr = 3.3 & 0.05 V. Finally, we analyzed op-amp diode characteristics by
fitting the Ebers-Moll model and finding an average saturation current of (1.55 £ 0.047) x 107° A with ideality

factors ranging from n = 7.6 to n = 8.1, demonstrating strong exponential behavior as expected but significant

deviation from ideal diode behavior due to internal junction complexity and noise.

1 Introduction

1.1 Physics Motivation

Semiconductors are ubigetous and extremely important
materials in modern electronics. Their properties of con-
ductivity can be controlled by temperature, illumination,
and doping, allowing them to act as either conductors
or insulators dynamically. Semiconductors are the fun-
damental building blocks of diodes, transistors, and in-
tegrated circuits like op-amps. At the microscopic level,
semiconductors are materials whose valence and conduc-
tion bands are separated by an energy gap I, that’s on
the order of 1 eV [12].

Thomas Johann Seebeck and Michael Faraday were
some of the first to notice the special conducting proper-
ties of semiconductors in the 1820s-1830s. Faraday heated
silver sulfide samples and found that the resistance of the

heated sample was less than it was at room temperature.
The useful properties of these materials would be used in
electronics starting in 1874 when Karl Ferdinand Braun
created an AC-DC rectifier using semiconductor proper-
ties. Over the next century, triode vacuum tubes, tran-
sistors, diodes, and many of the useful integrated circuits
depending on these components were born. Many of these
were pioneered by the famous AT&T Bell laboratory [11].
Near the 1950s, the creation of these components shifted
from utilizing germanium, which at the time was used for
its high level of electrical response, to silicon, which had
a higher bandgap but was also less expensive.
Semiconductors are often ’doped,” which is the process
of adding a small amount of donor atoms consisting of
different elements to pure semiconductor materials to fine
tune their response to current. Often, these doped sub-
stances are either 'p-type,” which involve injecting atoms

that have a lack of electrons compared to the semicon-
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ductor material, or 'n-type,” which have an excess of elec-
trons. This results in p-type materials halting current
flow, and n-type materials encouraging it |7]. Using both
together creates p-n junctions, which is the basis for many
electronic components such as the diode and transistor,
as it halts current flow originating in the p direction while
letting current through the n direction undisturbed.
Understanding semiconductor current—voltage charac-
teristics, carrier transport, and band structure is ex-
tremely important in order to gain a better understanding
of solid-state physics and practical applications in elec-

tronics and computing.

1.2 Theoretical Background

1.2.1 Ebers-Moll, Boltzmann Constant and Sat-

uration Current

The Boltzmann constant, kg, which is a fundamental con-
stant that is used in many areas of physics, can be deter-
mined from the temperature dependence of a semiconduc-
tor’s forward current in the exponential region of its -V
curve. This is done using the Ebers-Moll equation, which
uses an ideal diode to describe the base-emitter junction

current [9]:
(1)

where I, is the saturation current, e is electron charge, V'

eV
I1=1 (e"’“BT — 1)

is the applied voltage, T is the junction temperature, and
n is the ideality factor [2].

Taking the natural log of (1)) for the forward-bias region
(eV > nkpT) gives us:

eV
’I’LkBT

Inl=Inl+ (2)

The fit In I versus V gives us the slope:

e

kp = (3)

min

In the ideal case (n = 1), kp can be directly calculated
from the measured slope at each temperature.

We can also use this to fit the saturation current I,.
By fitting In I versus Vgg in the exponential region of the

forward-bias curve we can find fits for the parameters:

e

-_¢ Inlg=b
N kT nis

The intercept b is the natural log of the saturation cur-

rent, from which
b

IS =€
This constant represents the current due to leakage when

the base—emitter voltage is zero.

1.2.2 NPN Transistors

Transistors, particularly bipolar junction transistors
(BJTs), are one of the most important electronic com-
ponents to be created using semiconducting materials.
They act as amplifiers and switches by utilizing two p—n
junctions to modulate current flow through a small base
current or voltage, which outputs high current gain. Typ-
ical BJTs have three pins, a base, emitter, and collector.
The transistors we utilize in this experiment will be NPN
transistors, in which there is a central p-type region that
can be saturated by applying voltage to the base, which
causes the current from the collector to be able to move
into the emitter. This results in the characteristic amplifi-
cation that transistors are known for, as a small variation
in base voltage can cause a large difference in current
from the collector to the emitter [6]. Because of the semi-
conductor properties within the n and p regions of the
transistor, this also means that very little current will
leak through the transistoy when the base voltage is not

saturated.

1.2.3 Silicon Transistors

Silicon is the currently most widely used semiconductor
due to its stable oxide, abundant supply, and bandgap
of approximately 1.12 eV at room temperature. Silicon
BJTs exhibit have good stability across a large voltage
and temperature range, meaning they are ideal for mod-
ern electronics. Silicon is usually doped with elements like
phosphorus and arsenic to create n regions and boron to

create p regions [14].

1.2.4 Germanium Transistors

Germanium transistors have a smaller bandgap of about
0.66 eV compared to silicon, which means they have lower
forward voltage thresholds and higher leakage currents.
This also affects the amount of electrons that can cross
the gap due to thermal excitation, meaning germanium
transistors are less stable at higher temperatures. Ger-
manium transistors are usually doped with elements like

antimony or arsenic to create n regions and gallium or
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Figure 1: A diagram and image of a bipolar junction tran-
sistor (BJT) and the relevant pins. The voltage applied
to the base fills an n-type region that causes amplification
and large current flow from the collector to the emitter.
Image sourced from [13].

boron to create p regions. Comparing silicon and ger-
manium transistors can provide insight into how intrinsic
material properties affect device characteristics and tem-

perature dependence [2].

1.2.5 Light Emitting Diodes

Diodes are ubigetous circuit components that allow cur-
rent to flow in one orientation but block current from
flowing through in the opposite direction. The way this
is done is by having the forward biased direction have the
n-type material carry charge into the p-type region so
that current can flow [7]. In the reverse orientation, cur-
rent is blocked by the p-type material before it is able to
reach the n-type material. Light-emitting diodes (LEDs)
are diodes that emit light at a specific frequency that is
determined by the bandgap of the PN junction of the
semiconductor material, with electrons losing energy and
emitting photons within the semiconductor material [8].

While an ideal diode does not leak any current in the
reverse-biased direction, real diodes still sometimes leak
small amounts of current. At small reverse voltages, the
leakage current [je, is caused mostly by thermal genera-

tion in the p region and is approximately constant. As the

reverse bias approaches what is known as the breakdown
voltage Vg, the current increases through two possible
ways:

Zener Breakdown (happens at Vg < 5 V):
quantum-mechanical tunneling of electrons through the

p barrier, producing an exponential result

(V) = Iy eV Ver)/Vo (4)
Avalanche Breakdown (dominant at higher voltages):
carrier impact ionization leading to a power-law behavior
I(V) = A(V — Vgr)" (5)

where n describes the steepness of the avalanche [8][2].
Both of these can be applied to diodes exhibiting leak-
age to quantify which effect is more prominent at a given

voltage for a given diode.

1.2.6 Operational Amplifiers

Operational amplifiers (op-amps) are widely used inte-
grated circuits that consist of multiple transistor stages
designed to provide high open-loop gain and differential
input characteristics [2]. They convert the nonlinear be-
havior of transistors into linear amplification of input by
the difference of the two inputs, known as the inverting
and noninverting inputs. This is done by pulling from the
rail voltages, which are positive and negative DC inputs
given to the op-amp, and outputting a potential differ-
ence depending on the inputs using the rail voltages. A
full diagram of an op-amp is shown in figure [2}

Op-amps have a saturation current which corresponds
to the transistor stages that they are comprised of. Be-
low the saturation current, the transistors will not turn
on and the output will not appear. The output is qualita-
tively different from a transistor because of the linear am-
plification that the op-amp produces. When outputting
current, the output I, is proportional to the input volt-

age difference Viy:
Vi
Req

Iout =

where R.qis the feedback resistance. When the amplifier
enters saturation, I, approaches a maximum value de-
termined by the rail voltage (it can’t output more than
it is being supplied) and internal transistor limits.

The current vs voltage of a p-n junction is given by the
Ebers-Moll equation [1] [6] [12].
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Figure 2: A full diagram of an operational amplifier (op-amp) integrated circuit. It is comprised of many transistor
stages which make up a differential amplifier that is sent through a gain stage into the output. Image sourced from

1]

For moderate forward bias (¢V > nkpgT), we can ig-
nore the —1 term and obtain:

qV.
I~ Igen*sT

(6)
Taking the natural logarithm gives us:

qV

Inl=InT
. nS+TLkBT

(7)

Which can be fit to data to tell us how the diodes in a

particular op-amp behave.

1.3 Equipment Background

There are several important pieces of equipment utilized
in this experiment, including the described transistors as
well as a power resistor, picoammeter, thermocouple, NI
digital acqusition module (DAQ), labview software, LED,
and LM308 op-amp.

We utilize a Keithley 6485 picoammeter for high-
precision current measurements. It is capable of mea-
suring currents in the picoamp range with relatively low
input bias and noise. Like any ammeter, the signal we
want to measure must be run through the device directly
B)-

Our thermocouple is a device that is a temperature sen-

sor made of two distinct metal wires that have been joined
together. Utilizing the Seebeck effect, in which temper-
ature differences can be converted into electric potential
differences, putitng the thermocouple in physical contact
with the transistor or transistor plate can allow us to mea-
sure its temperature. The Seebeck effect states that the

measured voltage from the thermocouple follows

AVip
AT. (8)

where S1, S5 are the Seebeck coefficients of each ma-

S1— 82 =

terial, AVis is the difference in voltage between the two
materials, and AT}, is the difference in temperature .

The NI USB-6346 DAQ [3] is very useful in this experi-
ment to output varying or constant DC voltages from the
analog output terminals, and read analog signals from the
picoammeter or thermocouple. A labview program pro-
vided by the modern physics lab website provides an easy

setup for performing this.

1.4 Owur Approach

In this experiment, we will measure the current through
the base-emitter junction of silicon and germanium tran-
sistors as a function of bias voltage and temperature and

analyze the change in collector current. This will be done
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Figure 3: Circuit diagram to test the current through
the base-emitter junction of the NPN transistor. The
NI DAQ outputs a ramping DC voltage to the base to
increase the base-emitter voltage and the collector current
is measured using the Keithly picoammeter.

using a power resistor to dissipate heat onto the transistor
plate, as well as submerging a transistor into a container
filled with liquid nitrogen, that can cause the transistor to
reach temperatures as low as 80 K. Furthermore, we go
beyond the lab manual and apply similar analyses of the
breakdown voltage of LEDs to characterize their semi-
conductor properties. Finally, we explore the saturation
current of the op-amp IC and verify that semiconductor

properties are present.

2 Experimental Setup

2.1 Apparatus

In this experiment, we have several unique setups. When
measuring the current through the transistor, we use the
setup shown in figure

Additionally, we utilize the lab’s pre-built apparatus,
shown in figure [7] which involves convenient terminals to
connect to the silicon and germanium transistors, as well
as a power resistor on the bottom of the plate contain-
ing the transistors, which allows for easy heating of the
components.

To test the semiconductor properties of op-amps and
LEDs, we use the circuits shown in figures

As a result of the current we measure while sweeping
voltage across |3, we expect to see a rise consistent with
the Ebers-Moll equation in the region where the transis-
tor saturation has been satisfied and the output has not

plateaued.

Picoammeter
R1
1k
I_DAQ_1 1

D
o

<~

Figure 4: Circuit diagram used to test the semiconduc-
tor properties of LEDs. By running a ramping voltage
through the NI DAQ, we are able to use the picoammeter
to measure the current that leaks through the diode [2].

By utilizing the LED circuit in figure[d we can analyze
the current leakage across the p-region of the LED. We
can use this data to quantify which effects account for
this current leakage more effectively between equations [f]
and [

The circuit in figure [5| utilizes a LM308 op-amp [1] to
test the saturation voltage required for the IC to out-
We expect that when the DAW voltage

rises above the saturation voltage, a linear response is

put current.
outputted by the op-amp. By tying the output into
the inverting input, we create a differential amplification
scheme which draws more current to stabilize the poten-
tial between the inputs.

To measure the temperature dependence of the silicon
transistor at very low temperatures, we use a transistor
not attached to an apparatus like the one we use for the
heated trials, and we submerge it in a vat of liquid ni-
trogen to measure the semiconductor properties at low

temperature.

2.2 Data Collection

There were many trials of data taken with the transis-
tors. The germanium and silicon transistors were both
heated using the power resistor and the relationship be-
tween their voltage and current was recorded. The sili-
con transistor was also cooled in liquid nitrogen and the
same properties were measured. All of the trial runs can
be seen in the comprehensive table An exmaple of a

measurement taken from a silicon transistor under liquid
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Figure 5: Circuit built to detect the semiconductor properties of an LM308 op-amp. The inverting input is tied to
the output of the op-amp to create feedback, while the noninverting input has a ramping voltage fed to it through
the ammeter. This allows the measurement of the voltage at which current starts to flow freely and exhibit Ohmic
behavior, vs when the semiconducting band gap is not full [2].

nitrogen cooling is shown in figure [f]
In addition to these measurements, we take three mea-
surements each of the diode and op-amp properties men-

tioned in sections and shown in figures
1e6 NI Measurement: Voltage vs Current

M Q
== cold5-zoom These measurements are shown in @.

Measured Current (nA)

0.7 0.8 0.9 1.0 11 12
Applied Voltage (V)

Figure 6: I-V curves for op-amp circuit shown in |3| across
voltage sweeps done by using NI DAQ and labview. There
is a clear region in which the p-region has not yet been
saturated, and then a plateau in which the current does
not increase.
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Germanium NPN Transistor

Silicon NPN Transistor

Power Resistor

X

T

Picoammeter

Lab Computer

NI DAQ

T

Figure 7: Silicon and germanium heating and I-V curve measurement apparatus. The wiring of each transistor is
given by [3] The power resistor dissipates heat into the transistor holding plate, which affects the current detected
through the picoammeter for a given voltage that is swept by the NI DAQ. All data is then recorded on the lab

computer through labview.

le—5 Reverse-Bias Leakage (3 runs)
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Figure 8: LED current leakage across 3 voltage sweeps
done by using NI DAQ and labview. There is a small
amount of current leakage, illustrating the magnitude of
current that the p-n junction typically allows through in
the reverse biased orientation.

x10% Op-Amp |-V Curve

opampl
1.75 opamp2
opamp3

Measured Current (nA)
S
o

0.00 —
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Applied Voltage (V)

Figure 9: I-V curves for op-amp circuit shown in across
voltage sweeps done by using NI DAQ and labview. A
clear saturation point is reached before a linear current is
output, distinct from transistor output.
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2.3 Measurement Error Analysis

Measurement error in this experiment was dominated by
noise that is typical of measurements at very low cur-
rent levels to examine semiconductor materials. All volt-
age readings were obtained through the NI DAQ interface
with a precision of two decimal digits (0.01 V). Current
was measured using the Keithley picoammeter with seven
significant digits,and temperature was recorded from the
thermocouple sensor with a seven digit digital precision.
However, the thermocouple’s error is not gated by preci-
sion, but rather the cold junction compensation or ther-
mal contact gradient from which we know the uncertainty
is approximately +.5 K [4].

For the transistor and diode measurements, the pri-
mary sources of random uncertainty come from electrical
noise, contact resistance, and DAQ quantization error.
Other uncertainties could be possible drift of the picoam-
meter offsets between the device base and the sensor junc-
tion.

The saturation current Ig, ideality factor n, and Boltz-
mann constant kg can have their errors calculated in re-

lation to equation

I=1Ig (eqw(nkBT) _ 1)
After regression on In I versus V, the slope m and inter-
cept b become [5]:

m = 4
TL]CBT7

b=lnIS

Uncertainties in V', I, and T propagate with

om\* OV (D) \F (0T

m )  \AV A(lnT) T
We can use 6(Inl) =~ 6I/I, and reason that the relative
contribution of the picoammeter uncertainty is small (~

10~7 fractional), while the DAQ voltage step size of 0.01

V dominates the error [3].

Propagating kp gives

Okg _ [(dm)* (OT\®
]{JB o m T
Plugging everything in with 6V = 0.01 V, 61/1 ~ 1077,

and 0T = 2 x 1072 K, the total fractional uncertainty in
kp is approximately 3 %.

3 Data Analysis and Results

3.1 Ebers-Moll Fit

3.1.1 Saturation Current Determination

By utilizing the Ebers-Moll equation and the reasoning
present in section we can calculate the saturation
current I, across all of the runs of the transistors. An
example of this fit is shown in where the exponential
fit is performed on the central region where the p-region
is saturated and not plateauing. The saturation current
calculated in this example is Is = (4.98 £0.15) x 1079 A.
This can be determined for all of the runs in table [ and

averaged to give an experimental result of
(6.070 + 2.056) x 10°A

We note that this determination had higher error than
the determination of Boltzmann’s constant because of the

error being dominated by the thermal voltage calculation.

3.1.2 Boltzmann’s Constant

Using the methodology outline in section [I.2.1] we can
fit the Ebers-Moll equation to our experimental data and
obtain a value of the Boltzmann constant for every exper-
imental run. This was done for the germanium and silicon
transistors. The values of each run are shown in table [II
An example of this fit being performed on transistor data
is shown in figure in which a liquid nitrogen cooled
transistor I-V curve has been restricted to the current in-
crease regime and kp has been fit to the region. In this
particular example, the value of Boltzmann’s constant is
determined to be (1.709 4 0.03) x 10723 J/K.

The determination of kp for germanium shown in
shows a linear uptrend in value with increasing tempera-
ture, which is unphysical and suggests that there is some
error present. This is explicable by recalling that ger-
manium has a much lower bandgap than silicon, which
means that thermal excitations of electrons will cause a
much higher current flow.

For the silicon data, shown in figures we can see
that the calculated Boltzmann constant has much higher
variance in the nitrogen cooled experiment vs the resistor
heated experiment. This can be attributed to the more
extreme temperature achieved by the nitrogen and error
in the thermocouple.

Finally, taking all of our data in table[l] our calculated
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1e—23 K_B from Transistor |-V Curves (Germanium)

261 —8— Measured k

N INg
N >
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Boltzmann Constant (J/K)
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T T T T
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Temperature (K)

T T T
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Figure 10: Determination of Boltzmann constants using
germanium transistor and equation [1|across experimental
I-V runs with a power resistor heating the transistor hold-
ing plate. Boltzmann constant value seems to increase
nonlinearly with temperature, suggesting that there is a
source of error in the data that is being compounded at
higher temperature.

value for the Bolztmann constant is

kp = (1.385 4+ 0.042) x 1072 J/K

3.2 Diode Current Leakage

With our three runs of diode data taken with the setup
in figure [ and shown in [§] we can apply the avalanche
and Zener [ fits discussed in section [[L2.5l The fit to the
avalanche equation is shown in figure [14] and the fit to
the Zener equation is shown in figure The avalanche
fit tells us Vgr = 3.3 & 0.05V while the Zener fit tells
us Vpr = 3.71 £0.05 V. Visually, it is very clear that
the Zener fit does not describe the data very well, while
the avalanche fit accounts for more of the behavior of
the diode current leakage. This is further exemplified
with the higher R? values for the avalanche fit, where
R?(Avalanche) = 0.8727, R?*(Zener) = 0.5632. From
these values, we can determine that in this regime, most of
the current is a result of electric potential leakage through
the semiconductor rather than the tunneling electrons
through the barrier.

3.3 Op-Amp Ebers-Moll Fit

The fit of op-amp I-V characteristics for the circuit in

figure [5| across the three expeirmental runs is shown in

1e-23 K_B from Transistor |-V Curves (Silicon)

1.3850 S

—8— Measured k

1.3845 A

1.3840 A

1.3835 A

Boltzmann Constant (J/K)

1.3830 1

1.3825 A

307.5 310.0 3125 315.0 3175

Temperature (K)

300.0 302.5 305.0

Figure 11: Determination of Boltzmann constants using
silicon transistor and equation |1} across experimental I-V
runs with a power resistor heating the transistor holding
plate. Variance of this dataset is much lower than those of
the germanium trials[I0]and liquid nitrogen cooled silicon

trials

1e—23Boltzmann Constant from Cooled Silicon Transistor |-V Curves

—8— Measured k (Si cold)
2.00 1

1.751

o = = =
~ =3 N n
o Is) vl o
L L L L

Boltzmann Constant (J/K)

0.50

0.25 1

125 150 175 200 225 250 275

Temperature (K)

75 100

Figure 12: Determination of Boltzmann constants using
silicon transistor and equation [1| across experimental I-V
runs involving a liquid nitrogen cooled silicon transistor.
Variance is significantly higher than those of the heated
trials [T} potentially due to noise being amplified with
colder temperatures.
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Ebers-Moll (log-space fit) for cold9
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Figure 13: Example of a single Ebers-Moll equation fit onto transistor I-V data. This experimental run utilized a
liquid nitrogen cooled silicon transistor. Results for this run show that the Ebers-Moll equation accounted very well
for the current behavior after restricting to the region in between the saturation current and plateau. The value of
kp obtained from this result is (1.709 & 0.03) x 10723 J/K and the value of Is = (4.988 £ 0.15) x 1079 A.

Reverse-Bias Breakdown Fit for diode2
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Figure 14: Fit of the avalance equation onto LED cur-
rent leakage data. In this regime, we can see that the
avalanche fit is a reasonable model for the current leak-
age when there is a significant amount of current. This
suggests a better explanation for the current than the

results of

Reverse-Bias Breakdown Fit for diode2
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Figure 15: Fit of the Zener equationonto LED current
leakage data. In this regime, we can see that the Zener fit
does not capture the correct behavior for the breakdown
characteristics of the LED, suggesting that the quantum
tunneling of electrons is not sufficient to describe this cur-
rent.
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figure The data shows that the saturation current of
the op-amp components is (1.5540.047) x 1079 A, and the
calculated ideality factors are quite high. This indicates
lots of noise in the data, which can be seen around the
noise floor at the beginning of each curve, with large oscil-
lations in the output. This shows that the input junctions
of the op-amp have small leakage current but a strong ex-
ponential response in the early saturation regime, before
flattening out into the lienar scaling that was discussed
in section

4 Summary and Conclusions

4.1 Boltzmann’s Constant

From the Ebers-Moll fits applied to the silicon and germa-
nium transistor I-V curves, we experimentally determined

value of the Boltzmann constant was found to be

kp = (1.385+0.042) x 10~ J/K

which is in very close agreement with the accepted
value of kp e = 1.380649 x 10723 J/K [2]. This agree-
ment within uncertainty shows the Ebers-Moll model to
be valid and gives us valuable insight into one of the fun-
damental constants on physics. Deviations from each in-
dividual experiment run are shown in table[l] and we note
that individual trials varied quite significantly from the
correct result, even though all were in the correct order
of magnitude. However, the average of all of the recorded

data did indeed lead us very close to the accepted answer.

4.2 Saturation Current

From the Ebers—Moll fit performed on both of the tran-
sistors, the average saturation current was determined to
be:

I, = (6.07 +£2.06) x 1077 A

Which is consistent with the expected order of magni-
tude for silicon-based bipolar junction transistors. Leak-
age and diffusion currents typically fall within the
nanoamp range. This Iy shows the reverse-bias carrier
current through the base—emitter junction, which is what
determines the scale factor of the exponential current re-
lation in Ebers-Moll.

The uncertainty is large compared to the Boltzmann

constant determination, and can be attributed in part to
the sensitivity of the exponential fit to the linear region
that the fit is done over. This is because small deviations
in slope or measurement noise in the low-current regime
can introduce large deviations in the intercept and final
calculation. Variations in temperature and other noise
between runs akso introduces some systematic errors that
propagated through the thermal voltage value.

4.3 Diode results

From the reverse-bias I-V measurements of the LED, we
fitted both the avalanche and Zener breakdown models to
see which mechanism best describes the observed current
leakage. The fitted parameters gave breakdown voltages
of

VBR, Avalanche = 3.30£0.05 V VBR, Zener = 3.71£0.05 V

The avalanche fit gave a coefficient of determination
R?> = 0.8727 and the Zener fit gave R?2 = 0.5632.
This clearly indicates that the avalanche model pro-
vides a much better description of the breakdown behav-
ior. Physically, this suggests that the reverse current in
the LED is due to impact ionization rather than quan-
tum tunneling through the p-region’s potential barrier.
In other words, charge carriers get kinetic energy from
the electric field to create additional electron—hole pairs
through collisions more than they tunnel across the po-

tential barrier in this regime

4.4 Op-Amp Results

The Ebers-Moll fit on the op-amp I-V data gave us:
I, = (1.5540.047) x 1077 A

with ideality factors, n, of between n = 7.6 and n = 8.1
across the three experimental runs. These high values of
n deviate significantly from the ideal diode expectation
(n ~ 1), which shows that the junctions inside the op-
amp are very far from ideal diodes. This is possibly due
to the complex junctions inside the op-amp exhibiting
behavior that does not perfectly match singular diodes.
The I, value being on the order of nanoamperes is con-
sistent with expected input leakage currents of op-amps
in general, confirming that only a very small reverse sat-

uration current flows through the input transistor junc-
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Ebers-Moll Opamp Diode Fit

== opampl data
— = opampl fit (Is=1.1e-09 A, n=7.61) o
10-4 - opamp?2 data _
opamp? fit (/s=1.8e-09 A, n=8.05) ——
opamp3 data -
= = opamp3 fit (/s=1.8e-09 A, n=8.08)
10751
<
-
c
g
S
O
g
5 1076 A / /
B4 1
9} 7I\J
E IV’V‘V/V:\IWIW\
1077 A Y
10-8 T T T T T T

0 1 2

3 4 5

Applied Voltage (V)

Figure 16: Ebers-Moll diode fit for op-amp I-V curve data using equation |1} The fit shows low ideality and an I
on the order of 107 A. Data was taken and fitted across 3 runs with the same op-amp. Low ideality can be seen,
with the ideality factor n being much higher than unity, meaning there is significant noise in these measurements,
or a departure from ideal op-amp characteristics within this component specifically.

tions. Meanwhile, the large ideality factors and the noisy
low-voltage region of the curves suggest that measure-
ment noise and internal biasing currents within the op-
amp have a high impact on what we observe. This can be
seen in the oscillations near the current noise floor, which
imply that thermal noise and input offset voltages of the
op-amp alter the signal drastically at low bias. Once the
voltage exceeds about 1.5 V, the exponential increase in
current becomes more consistent, which is another result
that supports the validity of the Ebers—Moll model.

4.5 Conclusion

In this experiment, we investigated the behavior of semi-
conductor materials and important electrical components
that rely on them. such as bipolar junction transistors,
diodes, and operational amplifiers. We varied tempera-
ture and voltage bias conditions of transistors, and used
the Ebers—Moll model to analyze exponential regions of
current output. This allowed us to determine the Boltz-
mann constant and the saturation current across multiple
trials. We went beyond the lab manual and character-

ized reverse-bias breakdown in LEDs by fitting both the
avalanche and Zener equations, and we also analyzed the
difference between ideal and non-ideal diode behavior by
using the op-amp input junctions to test the Ebers-Moll
model.

The averaged result of Boltzmann constant for our ex-
perimental trials was kp = (1.385 £0.042) x 10723 J/K,,
which agrees very strongly with the accepted value of
1.38 x 10723 J/K within experimental uncertainty. The
averaged saturation current for the transistors we used
was found to be (6.07 £ 2.06) x 107 A, consistent with
expected nanoamp-scale leakage in forward-biased silicon
junctions. For the LED reverse-bias tests, the avalanche
model explained more of the observed results (R?=~0.87)
compared to the Zener model, which confirms that im-
pact ionization is more influential than tunneling for the
breakdown at Vgr~3.3 V. Finally, the op-amp junctions
showed saturation currents near 10~ A but we found
very large ideality factors (n~8) in our data, which could
be due to the junction structure inside op-amps as well
as measurement noise. Our results verify many of the

well-known properties of semiconductors and show good
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agreement with previous results. The ability to use semi-
conductor properties to calculate a fundmanetal constant
of physics as well as their importance in modern electron-
ics has made this a worthwhile experiment and a valuable

exercise in independent laboratory procedure.

4.6 Future Work Considerations

Future iterations of this experiment could consider
doing more careful calibration of the picoammeter to
better quantify the error, using higher voltages on the
diode circuit and op-amp rails to look at the very large
V' regime, as well as cooling the germanium transis-

tor in liquid nitrogen like the silicon transistor was cooled.

Acknowledgements: Thank you to my partner,
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