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K). In curve (a), the resistance is almost invariant with tem-
perature, this property being exhibited by materials like man-
ganin or constantan. Curve (b) corresponds to a material hav-
ing a positive temperature coefficient of resistance. Examples
of such materials are metals like platinum, copper, nickel,
and others. A characteristic as in curve (c) is indicative of
a large negative temperature coefficient of resistance and is
encountered with resistors made out of semiconducting mate-
rials such as Mn2O3, Co2O3, and NiO (1–2). Thermistors be-
long to this class of resistors and derive their name from the
phrase ‘‘thermally sensitive resistors.’’ Their properties and
applications are discussed in greater detail in the following
sections.

TEMPERATURE-DEPENDENCE OF RESISTIVITY:
METALS AND SEMICONDUCTORS (3)

The value of the resistance R referred to in Eq. (1) depends
on the physical dimensions of the resistor and the resistivity
� of the material used. The change in resistance with temper-
ature is due mainly to the change in � or its reciprocal, the
conductivity �. The nature of the change is different for met-
als and semiconductors. A given solid is classified as a con-
ductor if, in its atomic model, the energy gap between the
valence and the conduction bands is absent, with the two
bands overlapping. For semiconductors, however, there exists
an energy gap ranging from 0.1 eV to 3 eV between the two
bands. The value of � depends on the number of charge carri-
ers nc available in the conduction band and the velocity with
which these carriers move under the application of an electricTHERMISTORS
field. The latter is directly related to the mobility � of the
charge carriers. In the case of metals, nc does not vary appre-In the conventional Ohm’s law equation
ciably with temperature. The contribution to the change in
resistivity comes from a change in �. As temperature is in-ν = R i (1)
creased, the enhanced thermal agitation of the atoms in the

it is well known that the resistance value R corresponds to a crystal lattice decreases the mean free path of a charge car-
specific temperature. Every two-terminal resistor invariably rier between two successive collisions. This causes a decrease
possesses a resistance–temperature (R–T) characteristic. in � and a consequent increase in the resistivity �. For semi-
Three typical shapes of such a characteristic are shown in conductors, on the other hand, an increase in temperature
Fig. 1 over a temperature range 0� to 100�C (273.15 to 373.15 causes a large number of charge carriers to move into the

conduction band. The resultant increase in nc more than off-
sets the effect of the decrease in �. Semiconductors thus ex-
hibit a negative temperature coefficient of resistance, whose
magnitude is several orders higher than that observed in the
case of metals. The temperature coefficient of resistance of a
semiconductor would lie between �1 and �5% per K, com-
pared with a value of around �0.4% per K for copper and
platinum.

CONSTRUCTION OF THERMISTORS

It is only through special processing that germanium or sili-
con can be had in pure form. Such intrinsic semiconductors,
no doubt, possess a large temperature coefficient of resis-
tance. Their conductivity at ordinary temperatures is, how-
ever, too low for practical resistors to be made out of them.
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Commercial thermistors are therefore basically compound
semiconductors, which are made of oxides of cobalt, copper,Figure 1. Typical shapes of R–T characteristics of resistors: (a) with
manganese, nickel, tin, titanium, and others. While the R–Tnegligible temperature coefficient of resistance, (b) with positive tem-
variation of a compound semiconductor is similar to that ofperature coefficient of resistance, (c) with negative temperature coef-

ficient of resistance. intrinsic germanium or silicon, the increase in number of
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Table 1. Typical Parameters for
a Few Commercial Thermistors

Type of Thermistor R0 A B

Siemens K 19 10 k� 9.754 m� 3440 K
Omega 44005 3 k� 5.586 m� 3934 K
YSI part No. 44033 2.25 k� 3.817 m� 3958 K

expression is valid for holes too. As mentioned in the previous
section, the variation of � with T can be ignored in semicon-
ductors. The conductivity is thus directly proportional to the
charge concentration and hence bears an exponential relation
to temperature similar to Eq. (2). With such a relation in-
serted into the expression for the resistance R of the device,

Terminal
washer

Terminal
washer

Thermistor with
lead washers

Disk type
with leads

Rod type

Bead type Washer type we would get
Figure 2. Various types of thermistors.
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aσ∞
· eEg/2kT (3)

charge carriers is traceable in this case to a different phenom-
In Eq. (3), � and a are respectively the usual length and areaenon involving oxygen atoms (1).
of cross-section and �� is the conductivity at a very high tem-Thermistors are manufactured in different shapes such as
perature (ideally infinity), when all the valence electrons willdisk, rod, bead, and washer (1,4). A few sample shapes are
have moved into the conduction band. Now, Eq. (3) can beillustrated in the sketches of Fig. 2. The various stages in-
rewritten in the formvolved in the manufacture of thermistors are:

R = R∞eB/T (4)• Mixing of the various ingredients (metallic oxides) and
grinding of the mixture to obtain a fine homogeneous

where R� and B are constants associated with the thermistorpowder.
made out of the semiconductor. R� will be in ohms and B �

• Binding of the powder by using a suitable organic chemi-
(Eg/2k) has dimensions of temperature. With Eg around 0.6cal and shaping to the required form.
eV and k � 8.625  10�5 eV/K, we would get a B of about

• Sintering at a controlled temperature. (Sintering is a 3500 K for a typical thermistor. R�, which is theoretically the
process in which a powder mix of various ingredients is resistance at infinite temperature, can take values ranging
heated to a temperature below the melting point of the from fractions of an ohm to several ohms, depending on the
major constituent to achieve inter-particle bonding). material and size of the thermistor. Equation (4) is normally

• Fixing of connecting leads and encapsulating in glass, ep- written in the form
oxy, or a ceramic sheath.

R = A eB/T (5)
The nominal resistance of the thermistor, its temperature
sensitivity and other relevant properties depend on the pro- A being equal to R�.
portions of the constituents, the size, and the sintering tem- In Eq. (5), let us consider two temperatures T0 and T. If
perature. the thermistor resistances at these two temperatures are R0

and R, we would get

A QUANTITATIVE RESISTANCE–TEMPERATURE
RELATIONSHIP WITH SIMPLIFIED THEORY (1,5)

R
R0

= A eB/T

A eB/T0
= e(B/T−B/T0 )

The charge carriers contributing to current in a semiconduc-
This leads to a commonly used R–T relationship, namely,tor include both electrons and holes. The conductivity due to

each type of charge carrier is proportional to the product of
R = R0 eB(1/T−1/T0 ) (6)its concentration (number of charge-carriers per unit volume)

and mobility. The charge-carrier concentration at any temper-
R0 here is usually the thermistor resistance at a room temper-ature is governed by the Fermi–Dirac distribution theory. Ap-
ature of 298 K (25�C). R0 and B for a few thermistors areplication of this theory to electrons would yield the following
given in Table 1 (6,7).expression, known as the Boltzmann equation, for the elec-

tron-concentration ne:

APPLICATIONS OF THERMISTORS
ne = N e−Eg/2kT (2)

General
where N is the concentration in valence band, Eg is the energy
gap between the conduction and valence band, k is the Boltz- The features of a thermistor that favor its use as a tempera-

ture sensing element are:mann constant and T is the absolute temperature. A similar
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• high sensitivity
• availability in small sizes (beads as small as 0.7 mm in

diameter), which facilitates measurement at a point and
with fast response.

• wide range of resistance values
• possibility of covering a large temperature range from

120 K to 470 K and higher.

Because of these advantages, thermistors are extensively
used for a variety of applications involving nonelectrical and
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electrical variables. The most common applications are in the
Figure 4. Thermistor in feedback path controls the temperature ofmeasurement and control of temperature in process indus-
a process.tries. Thermal conductivity, fluid flow, and gas composition

are some of the other nonelectrical quantities for the mea-
surement of which thermistors can be employed (1,6,8,9). One

constant current IS is passed through the thermistor acrossof the earliest known uses of the thermistor has been in the
which a temperature-dependent voltage is developed. Themeasurement of power in RF (radio frequency) and micro-
thermistor is used as one of the arms of a Wheatstone bridgewave circuits and devices (10). A problem frequently faced in
in the circuit of Fig. 3(c). The bridge is initially in a balancedthe design of high-performance electronic circuits is the sensi-
condition at a temperature, say, T0. A change in temperaturetivity of their response to ambient temperature variations.
from this value causes an unbalanced voltage or current thatThe thermistor with its high negative temperature coefficient
can be detected by D and related to the change in temper-comes in handy to minimize or nullify the above-mentioned
ature.undesirable effect. Millivoltmeters, biasing circuits of bipolar

It is also possible to configure the thermistor in a circuittransistors, and log-antilog amplifiers (11) are typical exam-
so that a temperature-dependent frequency or time-intervalples where this property is used. Thermistors also serve as
is obtained as an output. An output of this type is preferred,vital components in feedback systems used for the automatic
when temperature indication in digital form is desired orcontrol of amplifier gain and stabilization of output amplitude
when the information is to be transmitted over long distances.in electronic circuits.
An arrangement for realizing this is shown in the block-sche-
matic of Fig. 3(d), where the thermistor (RT) is used as a tim-Methods of Deriving a Temperature-Dependent Output (5,12)
ing component of an oscillator or multivibrator.

A thermistor is essentially a passive transducer and hence
requires energization by an external power source for deriv-

Control of Temperatureing a temperature-dependent electrical output. The various
techniques employed for this purpose are illustrated in simple It may often happen that the control of temperature in a pro-
forms in Fig. 3(a) to (d). In Fig. 3(a), the thermistor is excited cess is also desired in addition to its measurement. In this
by a constant voltage VS and the resulting current indicated case, a temperature-dependent signal is obtained using any
by the ammeter is a function of temperature. In Fig. 3(b), a one of the basic schemes described above. This signal, say xT,

is compared with a ‘‘set-point’’ (xS) and the resulting error sig-
nal is used to control the heating or cooling of the process.
The block diagram of Fig. 4 serves to explain the principle.

Measurement of Fluid Flow (1,8)

The use of the thermistor here is similar to that of the hot-
wire anemometer with the thermistor taking the place of the
Wollaston wire. The thermistor probe, energized electrically
to attain a sufficiently high temperature, is placed in the
fluid. Fluid flow causes a decrease in temperature of the
probe, because of the heat transfer from the probe to the sur-
rounding fluid. This decrease in temperature is accompanied
by an increase in resistance of the thermistor. Additional heat
input into the thermistor is needed to bring its resistance and
temperature to the earlier value. To this end, the current
through the thermistor is increased to a new level, which is
then a measure of the fluid velocity. This mode of operation
is called constant temperature or constant resistance mode. A
bridge-configuration similar to Fig. 3(c) with the thermistor
forming one of the arms is often preferred. The advantage of
using a thermistor in place of a hot-wire lies in overall com-
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pactness, higher temperature sensitivity, and less risk of
probe burn-out.Figure 3. Thermistor converts temperature into an electrical output.
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Compensation and Stabilization

We are aware that the thermistor basically possesses a nega-
tive temperature coefficient of resistance. It can therefore be
used to counteract the effect of the positive temperature coef-
ficient of some other element on the response of a device or a
circuit, when ambient temperature changes. Take for exam-
ple a moving coil millivoltmeter, where the coil is of copper
having a temperature coefficient of about �0.4%. By choosing
a thermistor or a thermistor-resistor combination for the

R
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R

D +

Idc

Bolometer element (thermistor)
connected to the RF system

AF

series multiplier, it is possible to make the millivoltmeterFigure 5. Thermistor helps RF power measurement through AF.
reading insensitive to ambient temperature changes.

Another application of a thermistor as a compensating ele-
ment is in logarithmic amplifiers (11). In this circuit (Fig. 6),If, instead of a moving fluid, we have a static medium sur-
the A1–R1–D1 combination constitutes the basic logarithmicrounding the thermistor, an arrangement similar to that al-
amplifier. Its output voltage isready described can be used to measure any quantity of the

medium which affects the heat transfer. In this manner, we
can build thermistor-based instruments to measure variables
such as thermal conductivity, gas composition, pressure of

ν1 = −VT ln
νi

IoR1
(7)

gas, and so on.
where Io is the reverse saturation current of D1 and VT �

Measurement of Power in Radio Frequency Circuits kT/q is the voltage equivalent of thermal energy. Io and VT in
Eq. (7) make v1 highly dependent on ambient temperature. IfThe earliest known application of a thermistor is in the mea-
diode D2 matches with D1, it would, along with the currentsurement of RF and microwave power. The power-measuring
source IS, compensate for changes in Io with temperature. Theinstrument here is called bolometer (10), with the thermistor
voltage at the noninverting pin of A2 isbeing known as the bolometer element. As is the case with

most other applications, the thermistor is used as one arm of
a simple bridge configuration shown in Fig. 5.

The thermistor suitably mounted in an RF/microwave sys-
ν2 = −VT ln

νi

ISR1

tem absorbs the high frequency power under measurement
and is consequently heated. Simultaneously, it is energized The output voltage of the complete logarithmic amplifier cir-
by two other sources—a dc and a low-frequency ac [usually cuit becomes
AF (audiofrequency)]. The dc current is adjustable and serves
to set the thermistor resistance to a value that would be re-
quired for impedance matching on the RF side. The bridge is
initially balanced with the thermistor receiving power from

νo = (1 + RT/R2) · ν2

= −(1 + RT/R2) · VT ln
νi

ISR1

(8)

all the three sources, the AF power being minimal. The RF/
microwave power is then turned off and without disturbing

A suitable thermistor can be chosen for RT so that changes inthe dc, the AF power is increased to restore the bridge bal-
the values of RT and VT due to variations in ambient tempera-ance. Since the bridge is once again in balance, the thermistor
ture will have equal and opposite effects on the output volt-resistance and hence the total input power to the bolometer
age vo.element is the same under both conditions. The increase in

AF power should therefore be equal to the unknown RF
power. The accuracy of measurement will be enhanced if the Amplitude Stabilization in Oscillators (11)
initial AF voltage fed to the bolometer is as near zero as possi-

We often use a thermistor as a nonlinear feedback elementble. A recent method employing two self-balancing thermistor
in amplifiers and oscillators to achieve an output of constantbridges for RF power measurement is given in section 1.4.6 of

Ref. 13. amplitude. Let us consider the Wien-bridge oscillator of Fig.

Figure 6. Thermistor RT helps to reduce
the temperature dependence of vo.
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7, built using an op-amp. Here negative feedback is provided
by the R3–R4 potential divider connected across the output.
R4 is usually a thermistor. When there is a tendency for the
amplitude of the output voltage vo to increase, the current
through the thermistor increases. This, in turn, causes a de-
crease in R4 due to additional self-heating. The voltage across
R3 increases, resulting in more negative feedback, which
tends to reduce the output and therefore maintain it at a con-
stant value. We can also view the action of the thermistor
here as an automatic control mechanism that alters the gain
of an amplifier to achieve output amplitude stability. In prin-
ciple, we can, with an appropriate arrangement, exploit the
negative slope of the thermistor R–T characteristic to stabi-
lize other electrical quantities as well.
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Figure 8. R–T characteristic (a) before (b) after the connection of aLINEARIZATION OF THERMISTOR RESPONSE (14–19)
2 k� resistor in parallel with Omega 44034 thermistor.

Whereas high sensitivity and fast response are the major plus
points for a thermistor, the nonlinearity of its R–T character-

A Technique for Linear T-to-f Conversionistic stands as a stumbling block for its use in several applica-
tions in which we need an output varying linearly with tem- With thermistors that closely obey the two-constant law R �
perature. The technique of achieving this is broadly known as A eB/T over a specific temperature range, it is possible to ob-
‘‘linearization.’’ tain, using electronic circuits, an output in the form of a fre-

quency which is proportional to temperature.
Refer to the schematic diagram of the T-to-f converterShaping of R–T Characteristic

shown in Fig. 9. This circuit functions essentially as a relax-
The simplest method for achieving linearization is to use a ation oscillator (15). A reference voltage Vr energizes the net-
linear resistor in series or in parallel with the thermistor and work N containing the thermistor, and also a series R–C cir-
obtain a terminal resistance that varies more linearly with cuit. Let at t � 0, the output of the monostable multivibrator
temperature (14). Consider, for example, a typical circuit as be low and the switch S open. The capacitor C starts to get
in Fig. 8, where RT is an Omega 44034 thermistor and Rp is a charged and its voltage rises according to the relation
2 k� resistor connected in parallel with it. The curves on the
figure clearly show the effect of adding Rp to get an R–T char- νc = Vr(1 − e−t/RC) (9)
acteristic with improved linearity over a temperature range
of 30�–50�C. The sensitivity however falls considerably (from The network N provides a temperature-dependent voltage
107 �/K to nearly at 19.7 �/K, at 40�C). If we pass a constant
current through the Rp–RT combination, the resulting voltage
would vary linearly with temperature. The temperature

νT = Vr

(
1 − k

A
e−B/T

)
(10)

range over which this technique is applicable is quite narrow.
where k depends on the parameter values of certain elements
in N. Let vc reach the level vT at t � t0. From Eqs. (9) and
(10), we then obtain

to = BRC
T

− RC ln
k
A

(11)

At this instant, the comparator output is lowered, triggering
the monoshot. The output of the monostable increases; the
switch S gets closed and discharges the capacitor. The mo-
nostable remains in the high state for its period � at the end
of which it returns to low state, initiating another cycle of
operation. The period of the relaxation oscillator, namely,
to � � will be BRC/T, if � is adjusted to be equal to RC ln
(k/A). We thus get a frequency of oscillation

f = 1
t0 + τ

= T
BRC

which varies linearly with the absolute temperature T. The
circuit achieves perfect linearization if the two-constant law
is strictly valid for the thermistor used. Any nonlinearity in

R4
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R3
R2

R1

C1

C2

–

+

Opamp

the output is due mainly to the departure of the thermistor
behavior from the assumed law.Figure 7. Thermistor (R4) stabilizes oscillation amplitude.
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Figure 9. Linear T-to-f converter.
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There are available in the literature a large number of lin- thermistor resistance, convert it to digital form using an
analog-to-digital converter (ADC) and compute the tempera-earizing circuits, producing an output in the form of a voltage,

frequency, or time interval linearly related to temperature. In ture using the chosen three-constant equation.
most of these circuits, linearization is achieved by expressing
the output as a function of temperature in Taylor-series form

CERTAIN PARAMETERS OF IMPORTANCE (1,4)
and adjusting the circuit elements, to nullify the second-order
term (16,17,18). The range of temperature over which these

Self-Heating Error
techniques will be useful is generally limited.

In the applications which involve temperature measurement,
we have tacitly assumed that the temperature of the thermis-Wide-Range Linearization
tor is the same as that of the surroundings. This assumption

The linearization methods discussed in the previous sections is valid provided the thermistor has been long enough at the
are basically hardware techniques, which would exhibit location of measurement and is not electrically energized.
larger error as the temperature range is increased. As men- Passage of current through the thermistor for obtaining an
tioned earlier, the major reason for the errors is the devia- electrical output is bound to heat the thermistor to a tempera-
tion of the R–T characteristic from the A eB/T-law. This is ture higher than the surroundings. Since the measurement
because some of the assumptions such as invariance of car- schemes senses only the thermistor temperature, an error
rier mobility with temperature, used in the derivation of arises which is termed a self-heating error. To keep it small,
that law, are not valid over a wide temperature range. One the thermistor current must be sufficiently low, taking into
approach to reducing the linearity error would be to add account the environmental conditions and the heat dissipa-
suitable resistors in series and/or parallel to the physical tion capability of the thermistor.
thermistor, so as to obtain a terminal resistance which
closely obeys the A eB/T-law over a wide range (19). Other Dissipation Constant
methods use empirical relationships involving three con-

To help the user estimate the error due to self-heating, manu-stants, to approximate the actual R–T characteristic of the
facturers often specify for each thermistor a parameter calledthermistor better than the two-constant law. Under this
the dissipation constant. This constant is defined as thecategory (1,7), we have:
power required to raise the temperature of the thermistor by
1 K above its ambient, and is usually expressed in mW/K.R � A T�c eB/T, called the Becker–Green–Pearson (BGP)
This parameter depends on the nature of the thermistor envi-law
ronment and also on how the sensor is mounted. For example,R � A eB/(T��), Bosson’s law
a commercial tiny bead type thermistor could have a dissipa-1/T � A � B ln R � C (ln R)3, Steinhart–Hart equation
tion constant much less than 1 mW/K in still air. Its value
for a disk type device mounted on a chassis may be as highFor an Omega 44034 thermistor (7), the above three ap-
as 60 mW/K (3,7).proximations would respectively give rise to a maximum fit

error of 0.065 K, 0.037 K, and 0.018 K over the temperature
Response Time

range 0 to 100�C. This value would be �0.533 K if the two-
constant law is used. It is true that the three-constant laws Response time of a thermistor is of importance when monitor-

ing of rapid changes in temperature is required. Since thefit better than the conventional A eB/T-law, but they do not
lend themselves to easy hardware linearization. The avail- dynamic behavior of a thermistor is that of a first order sys-

tem, the response time is specified by the term time-constant.ability of computing power in the form of microprocessors and
personal computers has made software-based linearization It is the time taken by the thermistor to undergo a resistance

change equal to (1 � e�1) times the total final change in resis-possible using these equations. A straightforward method
would be to obtain an analog voltage proportional to the tance that would be caused by a given step temperature
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change. The time-constant and the response time depend on stant above the Curie point, which results in an increase in
the activation energy (Eg) and an associated increase in thethe thermal mass, specific heat, and dissipation constant of
resistivity of the material. The steep R–T characteristic in thethe thermistor. Very small-size bead thermistors having time-
transition phase of the posistor makes it ideally suited forconstants less than 0.5 s are commercially available.
applications such as low-cost self-regulating heaters, elec-
tronic switches, and overcurrent protectors (6,9).Limitations

Along with their numerous advantages, thermistors have a
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