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In this article we present a simple experimental set-up to determine the band
gap of germanium and silicon using the ExpEYES-17 kit. The experiment is
based on the temperature dependence of the reverse current through
germanium and silicon diodes at different temperatures. The experimental
values are found to agree well with accepted values.
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1. Introduction

Determination of the band gap of a semicon-
ductor is one of the basic and important experi-
ments at undergraduate level, because it provides
information for understanding the band struc-
ture of materials. Energy levels split off due to
interaction among the neighbouring atoms [1-3].
The number of split off energy levels in crystals
(~10% atoms m~?) is so large that the separation
between two consecutive states is very small and
they form the band [1-3]. The region between the
valance band (completely filled uppermost band)
and the conduction band (partially filled band) is
called the band gap (denoted by E,) [3, 4]. Insu-
lators have a large band gap, semiconductors have
a narrow band gap (~1 eV) and in metals the
valance band overlaps with the conduction band
(figure 1).

There are a variety of techniques developed to
determine the band gap energy of semiconductors.
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For instance, the band gap can be determined
by measuring the resistivity of a pure semicon-
ductor at different temperatures [5]. The four-
probe method is another technique of determin-
ing the band gap [6]. It can also be determined
from the current—voltage (/—V) characteristics of
diodes measured at different temperatures [7-9],
or by recording the forward voltage (V) at differ-
ent temperatures keeping the forward current con-
stant as discussed in [10]. In this method, either
expressing the Vy as a function of temperature or
temperature as a function, V; and E, are determ-
ined from a least square fit of a first order poly-
nomial [10]. Similarly, the reverse characteristics
of a diode can also be used to determine E, [11],
where the reverse current /, of a diode is meas-
ured at different temperatures at a fixed reverse
bias potential V,. The experimental data is then
fitted with a polynomial to determine the value of

E,.

© 2022 IOP Publishing Ltd
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Figure 1. Band structure of (a) insulators, (b) semicon-
ductors and (c) metals.

The last method is generally used in an under-
graduate physics laboratory, to study the tem-
perature dependence of the reverse current of pn
junction diodes made of germanium and silicon
and to determine the band gap of these mater-
ials. We used the following procedure, with a
few modifications which may be interesting to
physics students and teachers. We used relat-
ively simple apparatus to perform this experiment
and also introduced an automatic data acquisition
technique instead of recording the data manually.
Another aspect was the application of numerical
techniques such as the least square method for the
analysis of the experimental data. The motivation
of this article is to perform undergraduate level
physics experiments using simple apparatus and
to introduce data acquisition and analysis using
software and/or programming. Moreover, to per-
form the experiment one needs an understanding
of the theory of band structure of solids as well as
the pn junction diode, which are part of the under-
graduate curriculum. Thus the article is pedago-
gically important at the undergraduate level.

2. Theory

The underlying theory of the experiment is dis-
cussed here. The experiment is performed using
a pn junction diode in reverse bias condition
(i.e. p-side to the —ve polarity and n-side to the
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+ve polarity of the voltage source). A very small
amount of current (~107°A4), called reverse cur-
rent (/) flows through the diode due to thermally
generated minority carriers (holes in the n-side
and electrons in the p-side) [4, 12]. If the reverse
bias potential across the junction is not too large
and is fixed, then the reverse current depends on
the number of minority carriers which are gen-
erated thermally. Under this condition, since the
electric field produced by the applied potential
accelerates the charge carriers only, the reverse
current is temperature dependent [4, 12].

Theoretically it can be shown that the reverse
current /; can be expressed by the approximate
equation as [12]:

Eg
I =CT" e T, (1)

where C is a constant, K is the Boltzmann con-
stant and the other two constants m and 7 depends
on the type of material. The constant 7 is called
the diode quality factor. For Ge, n =1 and for Si,
n=2. For this experiment, the term 7" can be
treated as constant compared to the exponential
term [11]. Denoting CT" = A, a new constant,

Eg
I,=A¢ %7, 2)
Take the logarithm of both sides of
equation (2) which will reduce to:
E
In(l,) = In(4) — —5—. 3
(i) =In(a) — 2t 3

One important point is that the band gap E,
is not constant, but decreases with the increase
of temperature [12, 13]. The temperature depend-
ence of the band gap is given by:

aT?
B+T

where E( denotes the band gap at absolute zero
temperature and « and (3 are two constants [13].
To determine E, we neglect the temperature
dependent term of equation (4), as this term is
small compared to the temperature independent
term in the temperature range of the experiment.
Thus,

E, =Ey— “)

Ey
T}KBT

In(1,) = In(A) — 5)
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If, the reverse current I, is measured at dif-
ferent temperature 7, then E, can be determined
from the slope of the graph of In(I,) vs 1/T. Here
we fit equation (5) to a first order polynomial of

(1/T=)x:
flx) =a+bx, 6)

where the constants:

a=1n(A) (7a)
Ey
7Ky (7b)

We adopt the least square linear regression
(see appendix A) to fit the equation (6). Knowing
the value of b we determine the band gap Ej:

EO = —T]KB Xb + (5E0, (8)

where 0Ey =nKp x SE(b) is the error in the
determination of Ey. SE(b) represents the stand-
ard error in the estimation of b discussed in
appendix A.

3. The experiment
3.1 Apparatus and components

First of all we need a computer or laptop (with
Linux or Windows) and the ExpEYES-17 kit [14].
Detailed information about the kit and installation
of the required software is available on the web-
site [15, 16] and in the user manual [17-19]. Apart
from these two main items of apparatus we need
(i) one silicon diode (1N4148) and one germanium
diode (1N60), (ii) three carbon resistances (0.25
Watt) — Ry, Rs and Rg, (iii) a soldering iron (25
Watt) for heating the diodes and (iv) a temperature
sensor Pt100. The working principle of the sensor
is discussed in appendix B.

3.2. Circuit design

(a) Reverse current measurement: The n-side
of diode D is connected to the terminal PV1
and the p-side to the GND through resistance
Ry, see figure 2(a). To measure the potential
across R; by terminal A3, a resistance R, is
connected between terminals R, and GND,
see figure 2(b) for controlling the gain as [17]:
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PV1
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Figure 2. Schematic circuit diagram and connection to
the terminals of the ExpEYES-17 kit.

1
G=1+ 200 9)
Rg

If V; is the measured potential across R, then
V1/G is its actual value. Thus the reverse cur-
rent through the diode is given by:

L= /G
Ry

(10)

The resistance R; is connected to measure
the reverse current indirectly, as there is no
option to measure current directly using the
ExpEYES-17 kit.

(b) Temperature measurement: Figure 2(c)
shows the schematic circuit and its connection
to the different terminals of the ExpEYES-17
kit, in order to measure the temperature with
the Pt100 sensor. The sensor is connected to
the constant current source CCS (1.1 mA)
of the kit through a series resistance R;. The
input terminal A; measures the potential V;
across resistance R, plus Pt100, and A, reads
the potential V, across P¢100. The resistance
of the temperature sensor is:

ViRs

Rt: .
Vi—=Vi

Y

Substituting this value in equation (B.4)
allows the temperature ¢ °C to be estimated.

Phys. Educ. 57 (2022) 025026
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Figure 3. Experimental set-up.

3.3. Experimental set-up

The actual set up for the experiment is shown in
the figure 3. We fixed the soldering iron on to
a piece of rectangular iron pipe and inserted the
temperature sensor through a hole in a wooden
ruler. Similarly, two leads of a diode were inserted
through two pinholes of this ruler near the tem-
perature sensor. Then the ruler was fixed on to
another piece of rectangular iron pipe and placed
as shown in figure 3.

3.4. Procedure

The procedure of performing the experiment is
discussed below:

(a) For the whole experiment we wrote two
python programs (see appendix C) — one for
recording the temperature and reverse current
and the other for the numerical calculation and
plotting of the data. The first program recor-
ded the data and saved it to a data file. We
used this data file in the second program to cal-
culate the fitting parameters a,b and band gap
Ey and plotting 7~ vs. In(1,) both for exper-
imental and least square fit.

(b) The temperature sensor was calibrated with
respect to a mercury thermometer. We cal-
ibrated the temperature sensor, Pt100 before
recording the temperature data. The sensor
was found to overestimate by about 0.5 °C
compared to the mercury thermometer. We

March 2022

subtracted this value from the temperature
reading.

(c) The circuits for measuring (i) reverse cur-
rent and (ii) temperature of the junction of
the diode were implemented on a breadboard
using the following resistance values: R| =
997, R, = 2162, and R, = 2180€2.

(d) We connected the ExpEYES-17 kit to the com-
puter through USB cable and set the reverse
bias potential at the terminal PV1.

(e) We switched on the soldering iron and ran the
first python program to record the reverse cur-
rent at different temperatures.

4. Results and discussion

We fixed the reverse bias potential to 4.0V and
recorded reverse current /; at different temperat-
ures. Data were recorded by the ExpEYES-17 kit
in the temperature range from 322 to 357K for
the Ge diode and for the Si diode from 349 to
392K. We restricted the heating of the diodes to
well below the maximum temperature ratings to
avoid possible damage to the diode.

We present the experimental data in figure 4.
It shows the plot of 7! vs. In(1,) for germanium
(left image) and silicon (right image). The reverse
current through the Ge diode was found to be
large compared to that of the Si diode at the
same temperature. This is because a large num-
ber of thermally generated electrons jump across
the smaller band gap in germanium. The scatter

Phys. Educ. 57 (2022) 025026



Determination of the band gap of germanium and silicon using ExpEYES-17 kit

T~! —In(I,) graph for Ge diode

— Least square fit
eoe Experimental

—13.0}

1395550 9.5 2.00 2.05 3.00 3.05 3.10 3.15
T (103K

T~-! —n(I,) graph for Si diode

-9.0
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oo Experimental
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—10.0f
= -105
=
—11.0¢
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Figure 4. The scatter points represent experimental data and the continuous lines denote the least square fit.

Table 1. Experimental results.

Semiconductor a b (K) Ey (eV)
Ge 13.336 —8458.738 0.729 £0.003
Si 8.617 —7021.925 1.21040.004

points represent experimental data while the con-
tinuous lines show the least square fit. From this
fit we have extracted the values of parameters a
and b to determine the band gap Ej.

The experimental results are presented in
table 1. The right-most column of the table shows
the values of the band gap energies at OK. It is
observed that the experimental value of the band
gap (Ep =0.729+£0.003 eV) for germanium is
very close to the value reported in [13]. For sil-
icon, the value of the band gap (Ep =1.210+%
0.004 eV) agrees with the value mentioned in [12].

Note that in determining the band gap, we
neglected the temperature dependent term from
equation (4) assuming it is constant which actu-
ally depends on temperature. We have estimated
the change of band gap energy over the temperat-
ure range of the experiment:

T; Ty
T, +B Ty+p

AEg:oz{ } (12)

Substituting the values of o and (§ from
[13] in the above equation, we estimated
A E; =—0.014 eV for germanium and A E, =
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—0.013 eV for silicon. T, and Ty represent the
lower and higher temperature limits, respectively.
The variation of E, was found small compared to
the value of E, over the temperature range of the
experiment and E, (~Ej) can be considered as
constant.

5. Summary

In summary, the temperature (7') dependence of
the reverse current (/;) was studied for germanium
and silicon diodes using the ExpEYES-17 kit and
band gaps were determined from the slope of the
In(1,) vs 1/T plot by fitting a first order poly-
nomial. The experimental results agree with the
accepted values.

Data availability statement

The data that support the findings of this study
are available upon reasonable request from the
authors.
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Appendix A. Least square fit

Suppose, we have measured 7 sets of experimental
data, (x1,y1),(%2,¥2),(%3,¥3)s- -, (Xu,yn) where,
vk = In(1,(Ty)). The error or difference between
the kth experimental (actual) data and best fit data
(approximate) is:

dy = yr — flxx)- (A1)

The values a and b are to be chosen in such a
way that the errors d;,d,,...,d, becomes small.
We adopt the Chebyshev approximation to min-
imise errors [20]. In this scheme we minimise the
sum of the squares of the errors. This method is
known as least square fit [20].

S:zn:[yk—(a—kbxk)]z.

k=1

(A2)

Note that S is a function of two unknown vari-
ables a and b. To minimise S we equate the partial
derivatives of S with respect to @ and b to zero i.e.

oS
% = 07 (A3Cl)
oS
5 =0 (A.3b)

Conditions of equations (A.3a) and (A.3b)
yield the following two equations:

(A.da)

an+ bek = Zyk
aZxk + be,% = Zxkyk.

Two equations (A.4a) and (A.4b) can now
be solved to obtain the values of the unknown
constants a and b. The constants a and b can be
expressed in terms the mean value and sum of the
squares as follows [21]:

(A.4D)

Sy
b= "2 (A.5q)

Sxx
a=7y—bx (A.5b)
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We define
I
X=- Xy (A.6a)
n
k=1
- 1 n
y==> Y% (A.6D)
n
k=1
Se=) (w—x) (A.60)
k=1
Sy=Y (—)? (A.6d)
k=1
Sy = (i —X) (k=) (A.6¢)

The difference between the observed value yy
and the fitted value f(x;) is the error in the kth
measured value, i.e. ¢x = yx — (a + bxy). The vari-
ance of e, is defined as:

n 2

e
szzz k.
n—2

k=1

(A7)

and the standard error [22, 23] in the estimation of
the constants a and b from the least square fit read

(A.8)

(A9)

Appendix B. Temperature sensor Pt100

P1100 is aresistance thermometer detector (RTD).
Pt stands for platinum and 100 denotes its res-
istance (in Q) at 0 °C. It is encased in stain-
less steel along with two 1 meter long wires for
connection.

The working principle of Pt100 is based on
the change of resistance of platinum wire with
temperature. The resistance of the material varies
non-linearly with temperature according to the
Callendar—Van Dusen equation [24] as follows:

Phys. Educ. 57 (2022) 025026
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R =Ry [l +At+ B +C(t—100)], (B.1)

where, R, and R are the resistances of the material
at ¢ °C and 0 °C, respectively. The value of the
constants:

A =3.9083 x 1073 °C!
B=-5.775x10""°C?

and

oo J-4183x1077C™ ifr<o°C
o ift>0°C’
(B.2)

Thus equation (B.l1) becomes a quadratic
equation for r > 0 °C.

Bf* + At + <1II§’) =0. (B.3)

0

If we measure the resistance R; at unknown
temperature ¢ of an object by placing the probe to
its contact, then the positive root solution of this
quadratic equation i.e.

—A+,/A2—4B(1—%)

=
2B ’

(B.4)

gives the temperature. Its resistance varies approx-
imately linearly with temperature for temperature
<100 °C.

Appendix C. Program

Here we briefly discuss the steps of our python
program written for this experiment.

C.1. Program 1: recording data

(a) Read the lower and upper limits of temperat-
ure.

(b) Read the time interval between two data recor-
ded.

(c) Set the reverse bias potential.

(d) Measure the potentials across R; and P¢100.

(e) Calculate I, using equation (10) and R; using
equation (11).

(f) Determine In(Z,), ¢ °C using equation (B.4)
and save them to a data file.
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C.2. Program 2: calculation and plotting

(a) Read In(I,), t °C from the data file and convert
t °C to absolute temperature 7.

(b) Calculate X, y, Su, S,y and S, using
equation (A.6).

(c) Calculate a and b using equation (A.5).

(d) Calculate Ej using equation (8) and SE(b)
using equation (A.9) and calculate 0Ep.

(e) Define function f(x) =a+bx (x=1/T).

(f) Plot In(1,) vs x and f(x) vs x and save the
graph.
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