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Abstract

At constant current (/) the forward bias potential (V) of a pn junction diode
may be considered to vary linearly with temperature () within a temperature
range. Based on this property we have constructed diode thermometer using
germanium (Ge) and silicon (Si) diodes. The experimental V— data at
constant forward current have been fitted to a straight line for calibration of
the diode thermometers using the least square method. Furthermore, the
fitting parameters of the straight line have also been used to determine the
band gap energy of germanium and silicon and experimental values of band
gap for both the semiconductor materials are found to agree well with
accepted values.

Keywords: semiconductor band-gap thermometer, pn junction, forward bias,
reverse saturation current, constant current source, temperature sensor

1. Introduction

The worldwide outbreak of COVID-19 has
affected more or less most of the sections of soci-
ety including the educational system. Because of
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lockdown, the direct classroom teaching has been
postponed and the teaching community adopted
the online mode instead of teaching face-to-face
in the classroom. The teacher-student community
has faced more difficulties in conducting laborat-
ory classes compared to the theory classes. The
challenge was how will they perform experiments

© 2022 IOP Publishing Ltd
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without laboratory instruments and accessories
as the laboratory sessions are as important as the
theory classes. The need of the hour called for
some indigenous method to conduct experiments
to some extent. This article discusses one such
method, used by the authors.

1.1. The platform of the experiment:
EXpEYES-17

To perform experiments like one described in
this article we have used a microcontroller based
multi functionality device named ExpEYES — 17.
The choice of this device has many advantages.
ExpEYES — 17 is a open-source (Released under
CERN-OHL [1]) microcontroller based portable
low cost data acquisition platform, designed by
the Inter University Accelerator Center [2], a
UGC establishment in India. It is easily con-
nectible to a desktop/laptop computer via USB
cable and runs on the power of the computer-
/laptop. The device software is freely available
in the website [3], once again under GNU-GPL
open source license and has a graphical user inter-
face (GUI) which makes the device highly user-
friendly. The device contains a plethora of inputs
and outputs like sine/square/triangular wave gen-
erator, digital signal generator, a four-channel
digital storage oscilloscope, measurement points
for resistors and capacitors, programmable DC
voltage sources etc. Every parameter of the device
can be controlled by a open source software inter-
face, or python scripts. Explaining every detail of
the kit is out of scope of this article, and can be
found out in the articles [3—5]. Roy [6] depicts one
use of this device for performing traditional exper-
iments in a new way.

The forward bias potential across pn junction
[7, 8] varies linearly with the change of temperat-
ure at constant current within certain range of tem-
perature. If this variation is calibrated by using a
temperature measuring tool such as mercury ther-
mometers or temperature sensor as reference, then
the semiconductor diode at that constant current
may be used for measuring temperatures. This art-
icle shows how such a nice physics experiment
can be done with ExpEYES — 17 as a comprehens-
ive tool.
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1.2. The semiconductor band-gap
thermometer

The semiconductor band gap [9-11] Temperature
Sensor, or SBT Sensor is one of the most popu-
lar temperature sensors that finds application in
on-chip temperature sensing arrangement in the
integrated circuits, and is as important section as
the other principal blocks of the concerned ICs.
Popularly, the SBTs are known as Diode Thermo-
meters, as the most simple form of it is a p-n junc-
tion diode. Widlar [12] provided the exact expres-
sion for the thermal variation of the emitter-base
voltage of bi-polar junction transistors. In 1974,
Brokaw proposed a simple three terminal IC Band
gap reference, based on the principle of SBT [13].
The application of diode thermometers are not
only limited to the integrated circuits, but also
in Cryogenics. Gerber and Sellmyer [14] invest-
igated on anomalous behaviour of silicon diode
thermometers back in 1978. A zener diode was
proposed to be used as the temperature sensor in
the range of 4-300 K in 1995 [15]. In 2000, limit-
ing characteristics of such a sensor was explored
[16]. The simple yet useful device can easily be
constructed in an undergraduate physics laborat-
ory, and an experiment can be performed.
Though the experiment is a very common
one in the undergraduate syllabus; this experi-
ment has two important aspects. First, to study
the of temperature dependence [7, 8] of potential
across the pn junction, based on which a temperat-
ure sensor is constructed. Such temperature sensor
has many practical applications, not only to mon-
itor the temperature but also to control temperat-
ure dependant processes. Second, the voltage (V)—
temperature (f) relation at constant current is used
to estimate the band gap energy of the semicon-
ductor materials of the diodes (silicon and ger-
manium) which is directly related to the electrical
properties of the semiconductors [9-11].

2. Theory

The current-voltage relation of a pn junction
diode [7, 8] in forward bias condition can be
presented as

=1, {en%r—l] (1)
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where, I is the reverse saturation current, e is the
charge of electron, V is the forward bias voltage,
7 is diode quality factor which depends on the
material (for germanium 7 = 1 and 2 for silicon),
K is the Boltzmann constant and 7 is the abso-
lute temperature. For certain temperature (7)) and
forward bias potential (V) the exponential term
exp(eV/nKpT) > 1, then we can neglect 1 in
equation (1):

1= Iyea . 2)

On the other hand, the reverse saturation current
I can be expressed as [7, 8],

I = AT" et 3)

where, m is a constant depends on the material of
the diode and E, is the band gap of the semicon-
ductor material. We may also neglect the variation
of Iy on T™ in comparison with the exponential
term. Thus the forward current reduces to

eV—Eg

1= Ce "ol )

where C =AT" is treated as a constant. This
above equation can be rearranged to express T as
function of V, E, and I as

eV—E,

= JKgin(1/C)’ ©)

If we use a constant current source to main-
tain constant forward current and neglect the tem-
perature dependence of the band gap, then T
depends on the forward bias potential of the diode
and the equation (5) can be written as,

T=a+bV (©6)
where,
Eg
S S 7
4 T Ksln(1/C) (7a)

e

b= Kain(1]C)’ 7b)

Thus from equation (6), it is observed that
the change of temperature causes a change the
forward bias potential and vice versa. On the

July 2022

basis of this principle one can construct a diode
thermometer for measuring temperature. If for a
particular diode, the values of a and b are known,
then the temperature 7 can be determined from the
above equation. The values of @ and b are fixed by
the linear least square (LS) fit to the experimental
T —V data. In degree Celsius, the equation (6)
reduces to

t=-273.15+a+bV. ®)

One important feature of the temperature—
voltage relation of the diode thermometer is that
the ratio of the LS fit parameters a and b enables us
to determine the value of band gap of the semicon-
ductor material using the equations (7a) and (7b):

Eg=—e(5): ©)

3. The experiment
3.1 Apparatus and components

The ExpEYES — 17 kit is the main apparatus for
carrying out the experiment and automatic data
acquisition. A laptop or computer with necessary
software is required to run the device and analysis
the experimental data.

3.2. Constant current source

This experiment requires two constant current
sources (CCS)—one for the diode to keep it in
the forward bias and other for the P¢100 for meas-
uring the temperature. The device ExpEYES — 17
has one constant current source output CCS built
into it. Thus we need one more CCS. To con-
struct another constant current source, we have
used an operational amplifier (OPAMP) 741 [8].
The figure 1 shows the circuit for CCS using the
OPAMP — 741. Other components include two
carbon resistances, two pn junction diodes—1N60
(germanium) and 1N4148 (silicon) and a temper-
ature sensor Pt100. We have used a 250 W house-
hold immersion heater for heating the pn junction
of the diode.

The OPAMP — 741 is used in inverting con-
figuration. The non-inverting terminal is groun-
ded and inverting terminal is connected to the
programmable DC voltage source PV1 of the
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Figure 1. Constant current source for diode using
OPAMP — 741.

ExpEYES — 17 through a carbon resistance R,.
The diode D is connected between the output
and inverting terminal of the OPAMP as shown
in figure 1. Since the non-inverting terminal is
grounded, the point VG is virtually grounded.
Thus, the current (/) through R, is fixed by
the potential V set by the terminal PV1 of the
ExpEYES — 17 device.

I= (10)

1%
R,

As the input impedance of the OPAMP is
very large (~10% ), a negligible current will
enter through the inverting terminal. Ignoring
the minuscule current branched out towards the
inverting terminal, we can assume that the cur-
rent /, as a whole, passes through the diode. In the
inverting configuration, the source PV1 is set to
a negative potential to obtain the positive output
(Vo). The resistance R, is chosen to be larger than
the forward resistance of the diode.

3.3. Temperature sensor

Pt100 is a platinum resistance thermometer
detector (RTD) used for calibrating the diode ther-
mometer. Its resistance varies as [17]

R; = Ry(1 + At + Br?) (11)

where, Ry = 100 Q2 at 0 °C, constants A = 3.908 x
1073 °C~" and B= —5.775 x 107 °C~2. Meas-
uring the resistance R, we can determine the cor-
responding temperature by solving the quadratic
equation

July 2022

GND

Figure 2. Pt100 connection.

Bf* +At+ (1 —R;/Ry) = 0. (12)

The resistance Rs is connected in series with
Pt100 and then connected between the terminals
CCS and GND as shown in figure 2. The total
potential V, and potential V5 across the P¢t100 are
measured by the terminals A2 and A3 to determine
the resistance

V3R,

= B 13
Vo Vs (13

t

3.4. Procedure

In this experiment we have chosen R, = 1 k{2 and
R, =2.1 k). The experimental setup has been
shown in figure 3. The calibration of diode ther-
mometer is the main part of the experiment. The
diode and temperature sensor are placed very
close to each other and they are fixed on a glass
rod, which is then placed inside the heating coil
of the immersion heater as shown in the inset of
the figure 3. The empty space between glass rod
and the heating coil is then filled with dry sea
sands as heating medium. Water can be used in
a glass beaker as heating medium. In this case,
we can attain maximum 100 °C very well. For
silicon diode we need higher temperature and we
can not use water as it starts to boil at 100 °C.
For this we have used sands. The construction
of experiment circuit was telecast to the remote
students using webcam through online platform.
After that, the GUI screen was shared to them so
that they could change the value of the program-
mable source PV1 (see figure 1) to set the differ-
ent forward current for the diode. We restricted
the highest temperature well below the maximum
allowable temperature of the Ge and Si diodes
mentioned in the data sheet.

Phys. Educ. 57 (2022) 045011
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Figure 3. The whole setup of the experiment. The white rectangular box is the ExpEYES — 17 device. The circuits
shown in the figures 1 and 2 have been implemented on the right side (red ellipse) and left side (blue ellipse) of the
bread board respectively. The actual heating arrangement is shown in the inset at top right corner of this image.
The temperature sensor and diode have been placed inside the heating coil (immersion heater) shown in the inset.

To take the advantage of automatic data
acquisition facility of the device ExpEYES — 17 a
python program was written. This program runs
the device and saves the V—¢ data to a data file
for numerical analysis and plotting V—¢ graph.
Another python program was written for cal-
culating the fitting parameters a and b of the
equation (8) employing the linear LS fit [18, 19]
and for estimating the standard error of these para-
meters [20, 21]. These fitting parameters were
then used to determine the band gap of the mater-
ial of the diodes. Students were taught to take part
to write these programs.

4. Result and discussion

In this section we present experimental data and
results. We have recorded V—¢ data for four dif-
ferent constant forward currents for both type of
diodes. For Ge (1N60) diode we have set [=
0.01 mA,0.025 mA,0.05 mA,0.25 mA. The V—t
data are presented in figure 4. For Si (1N4148)
diode, 7=0.25 mA,0.5 mA,1.0 mA,1.25 mA
and the corresponding V—¢ data are shown in the
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figure 5. The scatter points denote the experi-
mental data and the straight lines represent the
LS fit of the experimental data. The equations in
the plots present the corresponding temperature—
voltage relations.

We have also determined the band gap
energy from the fitting parameters a and b using
equation (9). The values of the parameters and
the band gap are presented (right most column) in
the table 1. The experimental results show that, the
values of the parameters a and b increases with the
increase of the forward current. The mean value
of the band gaps are 0.77 £ 0.01 eV and 1.19 £
0.02 eV for germanium and silicon, respectively.
For simplicity we treated E, in equation (5) as
constant. However it is not constant and decreases
with the increase of temperature as [22]:

aT?

(14)

where, o and [ are two constants depend
on the type of semiconductor material. From
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Figure 4. The variation of temperature with the change of forward bias potential at constant current for Ge-diode.

equation (14), the values of band gap at room tem-
perature (300 K) are computed to 0.69 +0.01 eV
and 1.15£0.02 eV for germanium and silicon
respectively. The variation of band gap energy
AE, over the range of temperature from 7 to Ty
can be estimated from equation (14).

AE, =Eo(Ty) — Eo(T1) (15)
where, Ty and Ty are the lower and higher lim-
its of temperature. For germanium the variation of
band gap energy AE, = —0.03 eV over the tem-
perature range from 7, = 303 K and 7y = 373 K.
For silicon, AE, = —0.03 eV for the variation of
temperature from 7, =303 K and Ty =393 K.
It is observed that for both germanium and sil-
icon, the variation of band gap energy over the
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experimental temperature range are small com-
pared to the values at 0 K. Thus E, can be treated
as constant over the temperature range of this
experiment.

One more thing is to discuss about the valid-
ity of the approximation of the equation (2). For
Ge (I =0.01 mA), at high temperature 7 ~ 338 K
the forward potential reduces to V ~ 0.065 V and
exp(eV/KgT) =9.31. At low temperature T ~
303 K and high forward potential V ~ 0.14 V, the
value exp(eV/KgT) is 212.59. On the other hand,
for Si (/=0.25 mA) at high temperature 7 ~
383 K and low forward potential V ~ 0.3 V the
value of exp(eV/KpT) =311.75. For T ~ 303 K
and V~0.5 V, exp(eV/KpT) = 1943.17. Thus
we can neglect 1 compared to the exponential term
equation (1) and the approximation of equation (2)

Phys. Educ. 57 (2022) 045011
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Figure 5. The variation of temperature with the change of forward bias potential at constant current for Si-diode.

Table 1. Results.

Diode I (mA) a—1273.15 (°C) b(°CVh E, (eV)at 0K

Ge 0.01 95+2.06 —472419.56 0.78 +£0.03
0.025 102+ 1.54 —475 4 13.64 0.79 £0.02
0.05 109 +1.16 ~504+10.70 0.76 +0.02
0.25 148 +1.33 —547410.84 0.77+0.02

Si 0.25 254 +3.91 —438+9.09 1.20+0.03
0.5 276 +3.86 —4524+8.12 1.21£0.02
1.0 299 +7.47 —476 4+ 15.12 1.2040.04
1.25 329 4 8.45 —515416.86 1.17£0.04

is valid not only for low temperature but also at
high temperature. It can also be shown that this is
also valid for other constant currents considered
in this experiment.
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5. Summary

In this article we have discussed a well known
experiment of the undergraduate level and showed
that how this experiment was performed to

Phys. Educ. 57 (2022) 045011
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conduct laboratory classes online. This has been
possible for the device ExpEYES — 17. It should
be noted that this experiment is not a simula-
tion of any kind. We have selected this exper-
iment not only because it is related to the two
important topics—pn junction and band structure,
which are parts of the undergraduate curriculum.
It is easy to arrange the setup of the experiment
with very few number of components that are
available in the online stores, in reasonable prices,
when access of the laboratory was not possible
due to COVID — 19 pandemic. Furthermore, the
V—trelation can be used to design the temperature
controller experiment included in the curriculum.
The primary concern was to perform this experi-
ment for interactive demonstration to the students
attending classes remotely to continue academic
activities but not to reproduce the accepted values
of band gap experimentally. However, our experi-
mental results remained very close to the accepted
values [7, 8, 22].

6. Conclusion

The experiment was physically performed by the
authors to demonstrate their students one indi-
genous way to perform laboratory experiments
online. During the experiments the students were
allowed to access the terminal of the instructor
so that they can use the GUI of the device to
set the values of voltages for the constant current
source to generate a constant current. Besides, the
construction of the whole experimental setup was
broadcast to the student using video conferencing
tools that are available for use free of cost. The
students were assigned the task to note the data
from their terminals, and to plot them on a graph
paper, and calculate the band gaps (E, ) from their
plots. The instructors used different set of data
than those used by the students, and the results
obtained by the students were in close agreement
with those obtained by the instructors using the
curve fitting method.

Some of the students themselves reproduced
the experiment on their own kit, and reported
the instructors the results. It can be noted that
not only this experiment, but also some other
common experiments like diode characteristics,
zener diode characteristics, BJT CE characterist-
ics, FET characteristics, determination of Planck’s
constant using LEDs [6], study of RC circuits etc

July 2022

were demonstrated online as well. The novelty of
this article is that albeit the experiment is not new,
the design of the experiment is completely novel
using the data logger. Apart from learning this
new way of conducting experiments, the students
also got involved in the experiments, and learned
to write and execute python scripts to conduct
experiments and data analysis.
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authors.
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