Experimental estimation of the band gap in silicon and germanium
from the temperature—voltage curve of diode thermometers
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Semiconductor diodes, in conjunction with a constant current source, are sometimes used as
thermometers. It has been observed experimentally that, within a certain temperature range, the
relation between temperature and voltage is almost linear. We show that this linearity is a direct
consequence of the constancy of the current flowing through the diode, and that the parameters
resulting from a least-squares fit to the experimental data can be used to determine the band gap
energy of the semiconductor. We test the validity of our model by comparing our results to
measurements on diodes made of germanium and silicon. If we take into account the simplifications
used in our model, the results agree well with known values of the energy gapsn02@merican
Association of Physics Teachers.
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[. INTRODUCTION I =lo[expleVIkT)—1], (2

The p—n junction is an important element of most elec- ) ) ) )
tronic devices, from a simple diode to a transistor to a soWherel is the current through the diodk, is the maximum
phisticated integrated circuit. Therefore, understanding of th&urrent for a large reverse bias voltagermally V— —x), e
p—n junction is essential to the study of more complicatedis the electron chargé/ is the voltage across the diodeis
semiconductor devices and thus has attracted a considerati#@ltzmann’s constant, and is the absolute temperature.
interest in undergraduate laboratorted. The study of the Equation (2) is discussed extensively in the literatdré!
band gap structure of semiconductors is also important befhe following analysis is based on E), and we assume
cause it is directly related to its electrical properties. Severalhat it describes accurately the'V characteristics of @—n
methods for the experimental determination of the band gajunction.
in silicon and germanium have been discusséd. We next introduce some simplifications. First, we will re-

We propose another method, which is based on the applstrict ourselves to regions where we can neglect the number
cation of diodes as thermometers, for the determination ot in Eqg. (2). If we take a forward bias of 0.1 V at room
the band gap. A short discussion of diode thermometers imperature, we obtain ekT=0.1/0.025-4, and
given in Ref. 6. When a diode is used as a temperature sen-
sor, the forward voltage drop across then junction is
usually measured as a function of temperature. The relation
between voltage and temperature is found to be almost linear
within a certain temperature range characteristic of the semi- 9V
conductor. Two questions that may arise are the following.

(1) Why is the temperature—voltage relatiome will take
the voltage as the independent variable, because we use the
diode as a thermomedealmost linear knowing that a diode S
is a highly nonlinear device?

(2) Can we extract any relevant information from the ex-

perimentally determined parameteaisand b in the linear Uka
relation ’_®7
T=aV+b? )

We will show that the linearity of EqJ1) is a consequence of
the constant current source usually employed in diode ther-
mometers, and that we can obtain the band gap engggy - e
from a knowledge of andh. L :

100 k

Il. THEORY Fig. 1. The saturated drain current of the FET 2SK30A-GR is used as the

Lo . i constant-current source. The gate-source bias voltage was adjusted by a
The cu_rrent—voltage char_acterlstlc Qba-n junction can  100-k) potentiometer so that a constant current of#0was obtained. The
be described by the ideal diode equation diode is at a variable temperatuife
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£ Fig. 2. Temperature vs voltage plot for
£ | the germanium diode AA112. The
§ 200 T-V curve becomes nonlinear for
a temperatures above 40 °C. A constant
§ current of 10 A flows through the
= diode.
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exp(eVKT)~55. So, this approximation can be generally — |,=AT**"2exp —E4/kT). ®)
justified in the regions of interest. We will consider this point
in Sec. V.

We can neglect th&3" "2 dependence df, in comparison to
the exponential dependence drand can treaB=AT3" 72
as almost constant. Therefore,

Second, we need an expression for the reverse curgent
which depends strongly on temperature, but novorit can
be showfi that |, is proportional to the Boltzmann factor
exp(—Ey/kT) and toT3* "2, wherey is a constant. We may

thus write lo=Bexp(—E4/KT). (4)
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g i Fig. 3. Temperature vs voltage plot for
§ 60r the silicon diode 1N4148. A constant
2 current of 10 uA flows through the
5 diode.
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Table I. Linear regression coefficierssand b obtained from the measuréid-V data of germanium and silicon, and the band gap energy calculated from
them. For comparison, the last two columns contain the gap energies at 8@kafrom Ref. 8(Fig. 8, p. 24.

a (KIV) b (K) Eq (eV) Eg (300 K) (eV) Eq (0K) (eV)
Germanium —-507.1 339.7 0.67 0.66 0.741
Silicon —356.3 439.5 1.23 1.12 1.16

If we combine Eqgs(2) and(4), and neglect 1 in Eq2), we  system could be heated by an electrical heater or brought
obtain into contact with an ice—salt mixture to reach temperatures
slightly less than 0 °C.

I =B exp(—Ey/kT+eVikT). ®) %/olt)z;ge readings were taken at various temperatures while
Equation(5) is given in the book of Sz€Ref. 8, p. 102 the aluminum block was slowly heated. During the cooling
Experimentally we maintain the currehas a constant, and process, the voltage was recorded at the same temperatures.
we may thus write The two voltage readings at every temperature were aver-
aged to reduce systematic errors. The experimental proce-

C=eVIkT—Eq/kT, ©) dure was chosen mainly for its simplicity, rather than for its
whereC=In(I/B). If we rewrite Eq.(6), we have precision. The results of this procedure are given in Sec. IV.
T=(e/kC)V—E4/kC, (7)

which is the linear relation we were seeking, provided thaﬁv' RESULTS

Eg is constant(In fact, Eq depends slightly on temperature,  Figure 2 shows the measured temperature versus voltage
and we will consider this point latgdf we compare Eqs7)  data for the germanium diode AA112, and Fig. 3 shows simi-
and(1), we see thaa=e/kC andb=—E,/kC. We divideb |ar data for the silicon diode 1N4181. The straight line is
by a and obtain calculated from a least-squares fit of the experimental data
E.=—(b/a)e ®) and the corresponding equations are given inside the plots.
9 ' For the calculation of the band energy,, we need to
Equation(8) relates the band gap ener@y, to the experi-  replace the temperatufie in the experimental .~V plot by
mentally determined values of the parameteendb in Eq.  the absolute temperaturE. We obtain for germaniunT
(1). This relation is the calibration curve that describes the— 1 | 573 15- — 507.v/+339.70. Therefore according to
operational characteristics of the diode thermometer in th q C(l) a=—507.1 K/V and b=339.7 K ' giving b/a

linear region. Equation&) and(8) answer the two questions  _ ~0.670V, and from Eq(8), E,—0.67 eV. An analogous

raised in Sec. L aA calculation holds for silicon. Table | summarizes the results
In the following, we will discuss the measurement of the . o
for germanium and silicon.

T-V characteristics of a silicon and a germanium diode, do
a least-squares fit of the linear region of theV curve to
obtaina andb, and use Eq(8) to determine the energy gap V. DISCUSSION
of both materials.
In the derivation of Eq(7) we assumed that exp(eNT)
>1, so that we could neglect 1 in E¢l). As can be seen
1. EXPERIMENTAL PROCEDURE from Fig. 2, theT—V data become nonlinear for tempera-

Because the impedance of the diode varies considerab yres higher than 40°Qthe experimental data foff.

with temperature, we need a circuit that keeps the curren 40°C havc_a bee_n omitted in Fig),2nd voltages less than
constant. Figure 1 shows the electric circuit used to measurfg 0 V- At this point,eV/kT=1.85, and exmV/KkT)=6.4, so
the TV calibration curve of the diode. The constant-current!nat We cannot neglect 1 anymore. For this reason the linear
source was taken from Haruyana and McDoRlecause of relatlon_shlp of Eq(7) is wolatgd .for higher tempergtures.
its simplicity, low cost, and good performance. It consists of FOr Silicon theT—V curve is linear over the entire mea-
a field effect transistor 2SK30A-GR which provides the con-Sured range. At the highest temperatufg=110°C andV
stant current source. The current can be adjusted using the0.15V, so thateV/kT=4.546, and ex@VkT)=94.3,
100-K) variable resistor. We adjusted the circuit current towhich is still large compared to 1. Thus, no deviation from
10 uA. The whole circuit is powered by a 9-V battery. the linearT—V characteristic is expected.

The potential difference across the diodes was measured We assumed in our derivation of E() thatE, does not
by a digital multimeter(Voltcraft M-4650 CR. A mercury  depend on temperature, which is not strictly true. The tem-
thermomete was used to measure the temperature of theperature dependence of the band gap can be described by a
diode. The diode was placed in direct contact with the meruniversal function
cury reservoir of the thermometer, and both were wrapped _ 2
together in a thin PVC foilas is used for food protectipn Eg(T)=Eg(0) = aT/(T+5), ©
for electrical insulation and waterproof purposes. A thin alu-wherea and 8 are constants given in Ref.(&ig. 8, p. 24.
minum foil was then wrapped around the lower part of theLet us calculate the variations of the band gap energy in the
thermometer and both were fixed mechanically using thintemperature ranges of our investigationT|fand T, denote
copper wires tied to a small aluminum block X89 the lower and higher temperature limits, respectively, of the
X 35 mnT) to increase its thermal response time. The wholenvestigated temperature range, we obtain from @y.
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