INVESTIGATIONS ON LOGARITHMIC CURRENT ELECTROMETERS
USING LIGHT EMITTING DIODES

Thesis Submitted to

Devi Ahilya Vishwavidyalaya, Indore
for the award of

DOCTOR OF PHILOSOPHY

in
Electronics & Telecommunication Engineering

(Faculty of Engineering)

by

Yashwant Acharya

Supervised by
Dr. P. D. Vyavahare

Department of Electronics & Telecommunication Engineering
SHRI G. S. INSTITUTE OF TECHNOLOGY AND SCIENCE

INDORE (M.P.), INDIA
1998



APPROVAL SHEET

Thesis entitled "Investigations on logarithmic current
electrometers using Light Emitting Diodes" by Yashwant Acharya is
approved for the degree of Doctor of Philosophy.

Supervisor Examiner

(Dr. P. D. Vyavahare)

Department of Electronics &
Telecommunication Engineering,

Shri G. S. Institute of Tech. & Science,
Indore (M.P.)



SHRI G. S. INSTITUTE OF TECHNOLOGY & SCIENCE
INDORE (M.P)

RECOMMENDATION

It is recommended that the thesis work submitted by Mr. Yashwant Acharya
entitled "Investigations on logarithmic current electrometers using
Light Emitting Diodes" may be accepted in partial fulfillment of degree
of Doctor of Philosophy (Electronics & Telecommunication) faculty of
Engineering D.A.V.V. Indore (M.P.).

(s

—Drirector,
Shri G. S. Institute of Technology & Science,
Indore (M.P.)



CERTIFICATE

This is to certify that the work entitled "Investigations on
logarithmic current electrometers using Light Emitting Diodes" is a
piece of research work done by Shri Yashwant Acharya under my guidance
and supervision for the degree of Doctor of Philosophy of Devi Ahilya
Vishwavidyalaya, Indore (M.P.), India.

To the best of my knowledge and belief the thesis :

embodies the work of the candidate himself;

has duly been completed;

3. fulfills the requirements of the Ordinance relating to the Ph. D.

Degree of the University; and

4. is upto the standard both in respect of contents and language for
being referred tc the examiner.

Dr. P.
(Thesis Supervisor)
Department of Electronics &

. Vyavahare,

Telecommunication Engineering,

Shri G. S. Institute of Tech. & Science,
Indore (M.P.)

Forwarded

!SII' ector,

Shri G. S. Institute of Technology & Science,
Indore 452 003 (M.P.)



DECLARATION

I declare that the thesis entitled "Investigations on logarithmic
current electrometers using Light Emitting Diodes" is my own work
conducted under the supervision of Dr. P. D. Vyavahare at Department of
Electronics and Telecommunication Engineering of Shri G. S. Institute of

Technology & Science, Indore, approved by Research Degree Committee.

I further declare that to the best of my knowiedge the thesis does
not contain any part of work which has been submitted for the award of
any degree either in University or in any other University/Deemed

University without proper citation.

Mook

(Yashwant Acharya)

Certified by

W&
Dr. F-'D. Vyavahare,

(Thesis Supervisor)

Dept. of Electronics &
Telecommunication Engg.,
Shri G. S. Institute of

Tech. and Science,
Indore (M.P) W

Shri G. S. Institute of Technology & Science,
Indore 452 003 (M.P.)



DEDICATED TO

MY PARENTS



“The Gods did not reveal to men all things in the beginning but in

course of time, by searching, they find out better"

Xenophones

Greek Philosopher 2005 BC



Abstract

A study on the behavior of LED-logarithmic electrometers, for the
measurement of low currents under varying temperature conditions, is
presentea here. LED is used as a non-linear element in electrometers
under investigation.

In the present work, the design of LED-Logarithmic electrometer and
its various theoretical and experimental aspects have been studied.
Various factors, such .as deviation Sfrom ideal output due to parametric
variations, response time, - dynamic range and temperature compensation
techniques related with the performance of logarithmic electrometers are
studied in detail. LED-Logarithmic electrometer has been tested for ts

2z, 10° Amperes and in the

performance in the current range of 10
temperature range of -5 to 60°C. The response at low currents was
improved by a phase compensation technique. The system stability is
determined by means of an open and close loop analysis of the circuit.
Expressions for analytical correction in Junction voltage due 1o change
of temperature have been derived in terms of voltage at reference
temperature, aciual temperature and band gap E_ of LED. Since the exact
value of E  is normally unknown for a given LED, a new model has been
proposed for the I-V characteristics of LED which is based only on the
experimental data. The applications of logarithmic electrometer for wide
range of temperature measurements and as a photometer for the
measurement of atmospheric optical depth are also being carried out.

The study establishes the viability of LED as a non-linear element
of logarithmic = electrometer for low current measurements over wide
temperature range. The use of LED-logarithmic electrometer not only
increases the dynamic range of current measurements bu: is also cost
effective. Therefore, various studies carried out in this research work
would be useful in applications of low current measurements with wide

dynamic range under temperature varying conditions with reasonably fast
response.

Keywords: LED-Logarithmic Electrometer, Low current measurement, Diode

modelling, Temperature compensated Log Electrometers, LED-photometer,
LED-thermometer,
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Chapter 1
INTRODUCTION

Precise measurement of low current or voltage is of great
importance in space-borne/nuclear experiments. The dynamic range of
measurements in space-borne experiments is of the order of 6 to 7 decades
[Pal, 1985]. In such cases, electronic measurement circuits having ability
to cover wide dynamic current range are required so as to avoid loosing a
large fraction of data either by saturation effects or masking by noise.
Therefore, there is a need of measuring instruments for low current
measurement having wide dynamic range. Various transducers, such as
photometers, ionization chambers, retarding potential analyzers, langmuir
probes, mass spectrometers, etc. are used to measure various physical
parameters with rocket/satellite-borne instruments. The output of these
transducers is generally in the form of current and ranges between 107
to 10° Amperes. Therefore, measurement of these physical quantities
requires the application of analog measui’ing instrumentation capable of
measuring several decades of the measured quantity like current. Such a
large dynamic range of current ( ~ 10° - 106) cannot be measured with a
desired resolution with a fixed gain amplifier. Therefore, measurement of
such low dc current puts serious constraints on the design of an
amplifier. These amplifiers use devices having very high input impedance
such as MOSFET, JFET, Electrometer tubes and precision operational
amplifiers. These measurements could be carried out by amplifiers having

either one (usually log) or several measuring ranges. Logarithmic



amplifiers or gain switched amplifiers are hence used extensively in such
applications. Both types of amplifiers have their own merits and demerits
and are used in places according to their suitability [Appendix Al.

Electrometer is an instrument which can be used to measure small
currents, voltage, charge or resistance [Barker, 1979]. Electrometers have
wide range of applications involving the measurement of pH values,
bio-medical potentials, ionizing radiation, mass spectrometry,
semi-conductor parameter measurements, Hall coefficients, etc. It is very
often found in electrometry that a given measurement requires an
instrument  with certain  specialized characteristics, such as wider band
width, or the ability to measure many decades of current in a single
range, which are not possessed by a commercially available instrument. In
this situation a specially designed product for a given application may be
the only possible solution. Designing a system for the measurement of very
small currents of the order of 1 fempto-ampere (fA) (1 fA = 107 Ampere)
is  difficult. It requires careful  consideration  in selecting  the
appropriate  device, circuit, compensating networks etc. to obtain the
optimum performance. The electrometer designer has, therefore, to be fully
conversant with the various issues involved in the design and operation of
the instrument. A large amount of work has been done on measurement of low
dc current during the last four decades [Praglin, 1957; Praglin and
Nichols, 1960; Izumi and Okano, 1963; Ibiary, 1963; Gibbons and Horn,
1964; Doong, 1965; Kennedy, 1970; Risely, 1973; Barker, 1979; Anso et al.,
1989; Ericson et al., 1992; Rajput and Garg, 1996; Leontev, 1996a; Durig
et al, 1997; Rajput and Garg, 1998]. Continuous improvements have been
made during these years in the development of new circuits and their

analysis for better accuracy, temperature  compensation techniques and



wider dynamic range.

It is possible to cover approximately two decades of dynamic
range from a current to voltage converter made with the operational
amplifier and a feedback resistance. Various schemes have been reported in
literature to  encompass several decades of range [Pieau, 1972;
Vanderschmitt, 1990; Rajput and Garg, 1996]. A combination of switching
various feedback resistances and gains méy be optimum in terms of noise
and frequency performance [Misra and Acharya, 1976]. Output of such
- amplifier switches from maximum threshold to minimum threshold or vice
versa depending on the amplitude of the input signal. These switchings
cause difficulties in the analysis of data and may disturb other sensitive
instruments. To avoid the problem of switching, a logarithmic system can
be wused. In logarithmic electrometers, forward biased p-n  junction
diode/transistor is used as a non-linear or log element. The main
advantage of logarithmic amplifier is its ability to follow large current
changes without range changing since it can perform  continuous
measurements over a wide dynamic range of the measured quantity. However,
its accuracy and resolution is in general inferior than that of gain
switched amplifier because of range compression. Moreover, log amplifiers
are vulnerable to errors which are caused due to drift in parametric
values of components with the variation in temperature. They may also have
close loop stability problems due to presence of active elements in the
circuits. However, these problems can be overcome by temperature
compensation techniques and circuit design that takes into account such
variations. The designer can create the design starting with the use of
the most appropriate technique, employing linear approximation techniques,

diodes, matched dual transistors or other components characterized by



logarithmic transfer curves. Alternatively, the designer can buy a low
cost module that contains the necessary logging transistors, reference
current  sources, frequency compensating networks and  operational
amplifiers. Logarithmfc circuits have proved to be extremely useful in
many types of rockets and satellite experiments.

The lower measurement limit of current in these instruments is
decided by the reverse saturation current, Io, of diode/transistor used as
a log element. Hybrid and modular log amplifiers available commercially
from standard manufacturers are of unipolar type and their low current
measurement limit is of the order of 10°° Amperes. Logarithmic
electrometers using transistor as a log element have been reported in the
literature for the measurement of low currents and have been found to give
more linearity in its dynamic range as compared to diode as é log element
[Sheingold, 1974]. The linearity of diode log electrometer deviates at low
currents due to reverse saturation current of the diode, which limits the
lower current measurement. This limit can be reduced with the use of
diodes which are made of wide band gap semi-conductor materials. Light
Emitting Diodes (LEDs) are made up of wide band gap materials such as
GaAs, GaAsP, GaP, SiC etc. It has been shown that I0 of GaAs LED is of the
order of 107" Amperes which is 4 to 5 orders of magnitude lower than that
of silicon diodes [Damljanovic and Arandjelovic, 1981]. The advantages of
these devices are ‘that they are commercially available at a very low price
as compared to low leakage diodes or transistors. In the present work
investigations on the behavior of the logarithmic electrometer using LED
as a non-linear element for low current measurements is made.

Some of the important aspects on which the present work focuses

include current (I)-voltage (V) characteristics of different LEDs and its



dependence on temperature. Response time of logarithmic electrometers
degrades at low currents due to significant change in current dependent
resistance  of diode and feedback capacitance. Therefore, a special
technique is required to neutralize input and feedback capacitance. A
capacitance compensation technique is used to improve the response time.
It is difficult to obtain a stable and fast response logarithmic
electrometers over a wide dynamic range of input signal levels with large
input capacitance of a detector and associated cable. Hence small signal
analysis of logarithmic electrometer is carried out to evaluate the
relation between response time and stability. The improvement of response
time using phase compensation technique is also discussed. Since values of
the electrical parameters of the device used in the feedback network vary
significantly ~ with  change in  signal level, stability  analysis  of
Iogzirithmic clectrometer is quite complex. The system stability is
determined by means of open and close loop analysis of the circuit and is
achieved by suitable modification of the circuit. I-V characteristics of
LED depends considerably on temperawrs. Therefore an analytical
correction of voltage due to change in temperature is suggested and a
model of I-V characteristics based on experimental data is proposed for
LEDs. This study will be useful where it may not be possible to
accommodate complex temperature compensation circuitry due to limitation
of space and power. Since temperature compensation issue has not been
adequately studied for accurate operation over wide temperature range,
development of new circuits for improvements in the existing temperature
compensation techniques are desired. Usually LEDs are not available in
matched pairs. Therefore, analysis of parameter sensitivity and error

calculations due to mismatch of device pararmneters  are carried out and



experimentally verified. It is found that device constant is an important
parameter in the design of logarithmic electrometers. Therefore, it is
pertinent to study the dependence of device constant m on temperature. The
applications of logarithmic electrometer for wide range of temperature
measurement and for the measurement of atmospheric optical depth which is
important in space science, has also been carried out. The thesis
comprises of seven chapters including this introductory Chapter 1.

Chapter 2 describes the physical phenomena governing the
current-voltage, (I-V), characteristic of the diode. Various types of
electrometers and present understanding of the logarithmic electrometers
for low current measurements are discussed. Key specifications of
logarithmic amplifiers are described and importance of LED as a log
element is justified. A brief description of the LED device details and
comparison of LEDs is also presented towards the end of the chapter.

Chapter 3 deals with the experimentally measured [-V
characteristics of different LEDs and their dependence on temperature.
Response of LED-logarithmic electrometer is measured and it has been found
that its response time is mainly decided by depletion layer capacitance
and voltage dependent diode conductance. The improvement of response time
using a phase compensation technique, particularly at low currents, is
analyzed. It has been observed that using this technique, the improvement
in rise time is significant at low current levels. Small signal analysis
of various configurations of LED-logarithmic electrometers is carried out.
Stability of the electrometers have also been investigated.

In Chapter 4, an expression for the junction voltage has been
derived | analytically  from experimental measurements considering  the

temperature dependence of various parameters in the diode equation. This



method requires the value of band gap, Eg, which has to be obtained either
from the manufacturer or estimated experimentally. Therefore, a model is
proposed for LEDs which is based on the experimentally obtained data. In
this model, a general expression 1is proposed for the current-voltage
characteristic of the LED. Expressions are also proposed for the band gap
and temperature coefficients of the junction voltage. These expressions
have been used to check the performance of LED-logarithmic electrometer
for the experimental verification of the proposed model.

In Chapter 5, new circuits are proposed for the measurement of
unipolar and bipolar low current signals. Improvements in the circuit are
proposed for obtaining wider dynamic range. Temperature compensation using
thermistor and ratio techniques are studied in detail. Expressions for
error analysis in terms of parameter sensitivity are derived. Since LEDs
are not commercially available as matched pairs, errors in measurement
which are caused due to unequal device parameters like device constant,
saturation current and temperature are analyzed and experimentally
verified. The dependence of device constant T on temperature is also
studied. It has been experimentally found that m decreases almost linearly
with temperature. A general relationship of m with ternperature is
proposed.

In Chapter 6, applications of LED-log electrometer for two
specific purposes, one for temperature measurement and other as a sun
photometer for the measurement of atmospheric optical depth, are also
explored. A study on the temperature sensing capability of GaP (red) LED
has been made. Dependence of I-V characteristics of the LED on temperature
is used as a temperature sensing mechanism. It has been possible to extend

the temperature range towards higher end due to large value of band gap of



LED. A new compact LED sun photometer, in which a LED is used as a
non-linear element of logarithmic electrometer as well as spectrally
selective  filter, has been developed. Three different types of
commercially available LEDs (green, yellow and red) have been used for
this  purpose.  Spectral response characteristics and optical depth
measurements have been made. The results of LED-sun photometer are
compared with the conventional filter photometer operated simultaneously.
It has been observed that optical depth measured with LED photometer is in
agreement with the optical depth measured by the filter photometer. This
type of measurements are particularly required in space science
applications. LED based photometers are compact and suitable for such
applications due to their simple design and low power requirement.

Finally, the thesis is concluded in Chapter 7 with the summary
of the findings and the future scope of research in light of

investigations carried out and presented in this thesis.



Chapter 2
REVIEW OF LOGARITHMIC ELECTROMETERS

The advent of low cost operational amplifiers has led to an
increasing use of precision logarithmic amplifiers for the compression and
expansions of signals having wide dynamic range. These log amplifiers use
a diode or a transistor as a feedback element in the operational amplifier
circuit. The maximum output of such circuit is limited by the junction
voltage (0.7 V for Si diodes) and its lowest current detection limit is
governed by the leakage current of the log element. This log element is
also called as a non-linear element or feedback element when used as a
feedback in the operational amplifier circuit. Since these circuits use
active components, their performance varies significantly with the
variation in temperature leading to errors in measurement. Moreover, they
are vulnerable to close loop instability. In applications where it is
required to measure low currents of the order of pico-ampere, and
sometimes signal is of bipolar type, it becomes necessary for the designer
to build a log amplifier for the specific applications with temperature
compensation and proper circuit design which ensures stability. In this
chapter, the basic properties, some commonly used circuits of logarithmic
and log ratio amplifiers, techniques for obtaining thermal stability,

specifying log devices and device details of LEDs are studied.

2.1 Junction Diode: The Basic Log Element

Semiconductor  junctions exhibit logarithmic relationship  between



voltage and current over wide dynamic range of current. This inherent
property is so useful that many years have been devoted to the refinement
of these devices searching out for those that adhere to the ideal formula
over the widest possible range of input currents and then refining them by
such means as range, response and temperature compensations. These
amplifiers use the non-linear I-V characteristics of a semiconductor p-n
Junction. The current that flows through an ideal semiconductor diode is

governed by the relationship [Shockley, 1949]

I = Io [exp _— - 1] 2.1

where IO is the extrapolated current for V = 0, q is the electronic charge
(1.6 x 107" ©), k is the Boltzmann’s constant (1.38 x 10°>® J/°K) and T
is the absolute temperature in °K. When the diode is forward biased and
I > Io, -1 term evidently becomes insignificant and equation (2.1)
reduces to

qV

I = I0 exp | — 2.2)

kT

giving the desired logarithmic relationship.

If the voltage is made large and negative, the current I (equation
2.1) approaches to -Io, which is usually referred as reverse saturation
current of the diode. The term saturation indicates that I approaches an

asymptote and becomes independent of the voltage V.

2.2 Carrier Activities in the Semiconductor

There are three major types of carrier activities that may occur with

10



in  semiconductors. These are drift, diffusion and recombination
generation. All these processes may take place simultaneously, but
independently inside the semiconductor. Drift current is caused due to
the movement of charge carriers in response to an applied electric field.
When an external electric field is applied across semiconductor, the
holes, each with charge +q, move along the direction of the electric field
and the electrons, each with charge -q, move in the direction opposite to
that of the field. ~Whenever a carrier gradient exists -in the
semiconductor, carriers redistribute themselves by moving from regions of
higher concentration to region of lower concentrations. This current is
called diffusion current. In a p-n junction as shown in Figure 2.1, there
are p type carriers to the left of the junction and n type carriers to the
right. Because there is a concentration gradient across the junction,
holes will diffuse to the right across the junction and electrons to the
left. As a result of the displacement of charges, an electric field will
appear across the junction which opposes the diffusive tendencies of both
holes and electrons. Equilibrium will be established when the field
becomes large enough to restrain the process of diffusion. The electric
charges are confined to the neighbourhood of the junction and consists of
immobile ions. A region known as depletion region, the space charge region
or transition region is formed across the junction which is depleted of
mobile carriers. The thickness of this region is of the order of a micron.
This width will vary upon the application of voltage. It will increase
with the reverse bias and decrease in the forward bias. The transition
region is  sandwiched between two regions in  which the electrostatic
potential is constant, and the electric field and charge density are zero

(Figure 2.1). These outer layers are called the neutral region because
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they are free of electric charge. The third term of carrier activity
includes a number of processes whereby charge carriers are either created
or annihilated in pairs. Thermal or photo generation produce hole electron
pairs. In steady state condition the average generation and recombination
rates balance. For example, when a photo sensitive semiconductor is
subjected to light, excess charge carriers are generated, increasing the
electrical conductivity of the detector. When light is taken away, the
semiconductor returns to the equilibrium by means of electron-hole
recombination. A recombination event occurs when a free electron drops
into hole ( or vacant valence bond) to complete the valence structure.
Recombination thus reduces the number of free electrons and holes. The
most important mechanism through which holes and electrons recombine is
the mechanism involving recombination centers which contribute electronic
states in the energy gap of the semiconductor material. These new states
are associated with imperfection in the crystal. Specifically, metallic
impurities in the semiconductor are capable of introducing energy states
in the forbidden gap. Recombination is affected not only by volume
impurities, but also by surface imperfection in the crystal. The
recombination takes place at recombination centers whereby a hole jumps up
to the recombination energy levels and an electron jumps down to the same
energy level resulting in annihilation of pair. This recombination concept
is utilized to design LED as well as laser diodes by adding impurities.
The rate of change of carrier concentration resulting  from  the
recorubination process is proportional to the deviation of the respective

carrier concentrations from their equilibrium values.
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" 2.3 Limitations of the I-V Characteristics

Although most junction diodes have static characteristics which agree
in general with the behavior of the idealized p-n junction diodes, there
are significant differences in detail. Several of the mechanism which
cause the performance of actual diode to differ from the idealized model
are important in understanding various physical phenomena of junction
diodes. The Shockley equation (equation 2.1) adequately predicts the
current-voltage characteristic of germanium p-n junctions at low current
densities. For Si and GaAs p-n junctions, however, the ideal equation can
give only qualitative agreement. The departure from ideal are mainly due
to surface effects, the generation and recombination of carriers in the

depletion region and the series resistance effects [Sze, 1969].

2.3.1 Surface effects

The surface effects on p-n junctions are primarily due to ionic
charges on or outside the semiconductor surface that induce image charges
in the semiconductor and thereby cause the formation of the  so-called
surface channels or surface depletion layer. Once a channel is formed, it
modifies the junction depletion region and gives rise to surface leakage
current. The surface leakage is generally much smaller than the generation

current in the depletion region.

2.3.2 Carrier generation and recombination in the transition region

In the very low forward current region (Io< I < 10010) the
approximations made to study carrier motion in the diode body agree with
actual experimental observation .of the diode behavior quite well.
However, it deviates significantly at low currents and recombination in

the transition region may affect I-V characteristic. Recombination occurs
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within any volume where product of free electron density (n) and free hole

density (p) is greater than square of the intrinsic carrier concentration
(n* ). Since the law of the junction indicates that the np product is
1

given by [Gibbons, 1966}

2 qv
np = n, exp|— (2.3)
' kT

throughout the transition region, there must be net recombination within
the transition region when V is positive. Under forward bias condition,
holes from the p-type region, and electrons from the n-type region,
recombine in the transition region as shown in Figure 2.2(a). The current
accounted for by this recombination adds to the forward current given by
the idealized model, but does not follow the exp(qV/kT) dependence of the
neutral region currents. If the current associated with this recombination
is 'Ir, then the hole current entering the transition region (Figure

2.2(b)) must be

Ip(xp = 0) = Ir + Ip(x“ = 0) (2.4)

Some of the hole current entering at (xp = 0) is lost by recombination
within the transition region, while the rest is injected into the n-type

material. The hole current, Ip(xn = 0) injected in to n type is given by

Dp

qVv
I(x =0)=qA 2"
p n L

exp —— - 1
kT

(2.5)

P

where Dp, Lp are diffusion constant and diffusion length for holes
respectively and P, is hole density in neutral n region under zero bias

condition. Similarly, the electron current, In(xP = 0) injected in to the
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p type material is given by [Gibbons, 1966].

D n qV
I“(xp =0) = qA —2F |exp — - 1 (2.6)

where D, L are diffusion constant and diffusion length for electrons
n n

respectively and n, is electron density in neutral p region under zero

bias condition. By neglecting the recombination current in the transition

region, one can obtain the total current I as

I=1x =0+1(x =0) 2.7
p 0 nop

Substituting the values from equation (2.5) and equation (2.6) in to
equation (2.7), the total current flowing across the junction will be of

the form as given in equation (2.1) where I0 is given by

Dp Dn
[, =0A |—— + ¢ (2.8)

L L
p n
The distribution of majority and minority currents in p and n region is

shown in Figure 2.2(c). Now, as long as

Ip(xn =0) >> Ir 2.9)

One may neglect Ir, as in case of ideal diode. It is necessary to know the
variation of I with bias and material parameters in order to find out the
limit of this approximation. Sah et al. [1957] have studied this problem
under the assumption that recombination occurs primarily through traps
(for example, crystal imperfections) and that the same trapping mechanism

is responsible for recombination in the diode bodies as in the transition

16



Transition region

\\\

N\
N
\
AN

(a)

SN B
ity e

xp<___‘

_‘>Xn

(b)

Transition region

~0.5 pum—»> *_i—Tofal current, |
- AT —— ///—
Ipp, hole current ,4—1Inn, electron
/ current
/7
/
//— Ip, hole diffusion
current
/
/
/
In, electron diffusion /
currenf—\
p region «——— | »n region Distance

(c)

Fig. 2.2 : Schematic diagrams of p-n junction illustrating
(a) recombination in the transition region, (b) current
flow in the transition region including recombination
current Ir and (c) minority (solid) and majority (dashed)

currents versus distance in a p-n junction

17



region. Then I _may be written approximately as [Gibbons, 1966]

qV
[ = UAz n [exp e 1] (2.10)

where z is the width of the transition region, A is the cross sectional
area and t is the life time of holes. The intrinsic carrier concentration
p

-3
for

n, is typically 1.5 x10'® ecm™® for silicon and 2.5 x 10" cm
germanium at room temperature [Millman and Halkies, 1972]. I using
equation (2.10) and IP (xn = 0) using equation (2.5) can be calculated. It

has been found that at zero bias,

r

I > Ip( X = 0) for silicon 2.1

Ir << Ip( X = 0) for germanium (2.12)

Thus, Ir may be neglected for germaniuin diodes operating at room
‘temperature. In silicon diodes Ir dominates the V-I characteristic at low
currents. However, since Ip (x" = 0) varies as exp(qV/T), while Ir varies
only as exp(qV/2kT), a forward bias voitage will reach beyond which
Ip(xn = 0) will dominate the V-I relation. This behavior is illustrated in
Figure 2.3. It may be mentioned that the the volume of the transition
-region is so small that the principal crystal imperfections which cause
recombination in the transition region are on its surface. By very careful
treatment of the diode surfaces, Ir can be reduced, and then the diffusion

current may predominate in silicon diodes even at low current levels.

2.3.3 Series resistance effect
The other deviation considered from ideal behavior was the ohmic

series resistance Rsb associated with the body of the device [Gray et al,

1964]. The device was represented as following by the relation
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q
I =1 exp [——— (V-TIR b)] (2.13)
o kT s

Equation (2.13) suggests that for small forward currents the total diode
voltage V should vary logarithmically with I in accordance with the
idealized model, while for large forward current the voltage should
increase  linearly  with I  because IR = increases  faster  than
&T/QIn(t + I/Io) and thus dominate V. Most modern junction diodes have
very thin neutral region so that Rsb is quite small. Therefore transition
from logarithmic to linear behavior may not occur and linearity may not be
observed in the V-I characteristics.

Most p-n junction diodes in which the recombination currents from the
transition region and from the neutral region are comparable, exhibit
current dependence between exp(qV/kT) and exp(qV/2kT). The neutral region
currents tend to dominate at large forward bias because they rise faster
with voltage. Figure 2.3 is the measured V-I characteristic of a silicon
diode which shows the effect of transition region recombination current at
low levels, as well as the effect of series resistance at high levels [Sah
et al., 19571.

Such complicated behavior was not considered earlier in all work on
multipliers and log converters [Kahn, 1952: Sen, 1962]. However, the
simple diffusion current was found to be insufficient in explaining the
behavior of practical diodes [Moll, 1958]. Theories were advanced

describing mechanisms which led to current component of the form [Moll,
1958]
qV

I =1 exp — (2.14)
° nkT
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where 1 £ M < 2 due to diffusion current flow in extended regions such as
surface inversion layers or channels and to generation-recombination
mechanisms in space charge regions [Sah et al., 1957]. It has been shown
that the combination of these two can yield values of the numerical
constant 1| between 1 and 4 [Sah, 1962]. The term 1 is known as a device
constant or sometime as a ideality factor because it is the characteristic
of the device material. It is a factor which is a function of process of
carrier generation and recombination and depends on the density of the

recombination centers in the junction region.

2.4 Temperature Dependence of the Idealized Diode Equation

In many applications of junction diodes the temperature dependence of
the idealized diode characteristic is important [Schaffner & Shea, 1955].
The diode equation (2.14) contains two terms which are dependant on the
temperature, one is explicit in the exponent term (qV/MkT) and the other
results from the extremely strong implicit temperature dependence of the
reverse saturation current Io. The fractional change in Io per unit change
in temperature is approximately given by [Gray et al., 1964]
dI 3 qu

—+ — (2.15)
dT T kT

where Eg i1s the width of the energy gap. Eg is about 0.8 electron volt
(eV) for germanium and 1.2 eV for silicon, whereas kT is
approximately 25 x 10° eV at room temperature. The first term of equation
(2.15) at room temperature is approximately 1% per °K whereas the second
term is about 10% per °K for germanium and 16% per °K for silicon. In

other words, I0 approximately doubles every 10°C in germanium or every 6°C
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“in silicon. These very large temperature coefficieats lead to enormous
changes in dicde characteristics for moderate changes in temperature.
Solving equaticn (2.2) for V and differentiating it with respect to

temperature, one obtains

dv \Y kT dI

= - (2.16)
dT T qIG dT
1 dlI

Substituting the vaive of — -—2 from equation (2.15) in equation (2.16),
I dT

dV/dT can be expressed as
dv V-E 3k

= L — 2.17)

dT T q

As seen from equation (2.17), temperature dependence of junction voltage
is determined by the physical constants k, q and Eg and will be identical
for semiconductor of same type. In case of silicon diode and at room
temperature, equation (2.17) reduces to

dv V-1.2

= - 0.26 mV/°C (2.18)
dT T

This coefficient usually lies in the range -1 to -3 mV/°C. These are
typical values at room temperature for junction voltages of 0.75 V and
0.2V respectively. The current. of an idealized junction diode increases
nearly exponentially with temperature for fixed voltage whereas the

voltage decreases nearly linearly with temperature for fixed current.
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2.5 Logarithmic Amplifier using Diode

Output dependence on the logarithmic of input current/voltage is
achieved by connecting a non-linear element (diode) in the feedback path
of operational amplifier (Figure 2.4(a)), which produces an output
proportional to the log of the input signal. The output voltage \/0 is
given by
nkT

—— In

V =
° q

i

I
-—l“] for I >> 1 (2.19)
I [¢]

where Iin is the input current.

When T = 300°K (27°C) and n = 1, change in output voltage AV is
approximately 60 mV for 10:1 changes of Iin. It may be noted that the
input signal must be unipolar for such logarithmic amplifiers. It may
however be, positive or negative depending on the orientation of the
diodes. However in practice, diodes have limited logarithmic range. At the
higher input current ohmic and bulk resistance produce an additional
voltage drop. At low currents, the slope of the characteristics undergo
one or more changes due to diffusion current flow in extended regions,
such as suitable inversion layers or channels and to generation
recombination mechanisms in space charge regions. It is limited by the
reverse saturation current at very low currents. The dynamic range of the
logarithmic amplifier is limited by several independent factors. The diode
itself follows logarithmic relationship between \/o and Iin rather closely
over as much as 6 decades of Iin. It is typically over the range of 10°°
to 107° Amperes for silicon diode. It also depends on the input bias
current and noise current of the operational amplifier used. The parameter
M can be obtained from the exponential nature of the volt-ampere

characteristic. From equation (2.19), one gets

)
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log I - 2_-3.6“_“1 log T (2.20)

\%

(]

_ 2.3 nkT
q

where log I‘n refers to the log to the base 10. A plot of V0 Versus

2.3 nkT

log Iil results in a straight line of slope (= 3 ), from which the

value of 1 can be determined.

2.6 Logarithmic Amplifier using the Trans-diode Connection

If a transistor is connected to feed back around an operational
amplifier (Figure 2.4(b)), the collector current is determined by the
input current. Since negligible current flows into the input terminal of
operational  amplifier, the operational amplifier ~will maintain the
collector current equal to the input current and will hold the collector
voltage at zero. Since the base is grounded, the collector and base are at
the same potential. The amplifier output voltage which is also the
emitter-to-base voltage Vbc, is related with collector current Ic by the

following relationship [Sheingold and Pouliot, 1974]

qVv
I =-ol [exp _be 1] (2.21)

where o is the current-transfer ratio with emitter functioning as emitter
and collector functioning as collector (normal type) and 1 is emitter
es
saturation current. The operational amplifier holds I equal and opposite
C

to the input current I |, so Vh must be -
mn ¢

V.. = 23) g log == - log o for -2 >> 1 (2.22)
I " I

es es
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For silicon-pianar transistors, Ies is typically 10" Amperes or
less. Thercfore the Vbe relationship in the equation (2.22) is valid over
a wide current range. The current transfer ratio a is nearly unity; thus
log o becomes negligible. For example if a = 0.99, its error
contribution due to the neglecting term log o would be about 0.25 mV of
constant offset. Neglccting this error term, the relationship between Vbe
and Iin is logarithmic in nature.

If the transistor’s base and collector are physically shorted
together (Figure 2.4(c)), the result is a two-terminal diode. Since the
relationship, Iin = - (Ic+ Ib), holds for any transistor, Ib can be

replaced by Ic/hfe and Ih then becomes

Io=-1 |1+ | -al {exp Moo ] fis . (2.23)
mn C fe nes kT lfe
Which when solved for Vbe, one gets
v o Xt b oar = 2.24
be” °q I q n | fe @29

The term 1/hfc can also be equated to (l-a)/c, and if this is substituted

into the error term (2nd term on the RHS of equation (2.24)), the net

result makes Vb equal to
€

I
r _ kT in , kT o

es

Typical values of error for different values of hr'-‘ according to equation

(2.25) are shown in Table 2.1.
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Table 2.1 : Values of error as a function of hfe

hfe . KT In (o/a )
q n
(o = 1) /o - mV at 25°C
oo 1 0
1000 0.999 0.03
200 0995 0.13
100 0.99 0.26
50 0.98 0.51
19 0.95 1.32
11.5 0.92 2.14
9 0.9 2.7
4 0.8 5.7
3 0.75 7.4
| 0.5 17.8

As seen from Table 2.1, as hfe decreases from infinity to unity, the
error term of equation (2.25) increases from 0 to 17.8 mV respectively.
Therefore it is desirable that any transistor used as a two-terminal log
diode should have high hrc and that it be maintained over a wide range of

input current.

2.7 Log Ratio Amplifiers

The logarithm is a mathematical function. When it is employed to
describe the behavior of a physical quantity, its argument must be
dimensionless. Accordingly, practical logarithmic  devices always compute
the log of ratio of two voltages or currents; the numerator is termed as
signal and the denominator is termed as reference voltage or current. The
distinction between log devices and log ratio devices is practical, not

semantic. It is determined by the requirements of the application on the



reference and the consequent effects on the circuit design and external
connections. If the reference is more or less fixed and considered a
constant, the subject is a log device. If the reference is controlled by
an external signal, or is considered to be freely variable, a different
circuit design is usually employed, and it is called a log ratio
amplifier. In such a configuration, temperature effects due to reverse
saturation current is reduced if matched log elements are used. To
compensate. (nkT/q) term against any variation in temperature, there are
two techniques. In one, thermistor is used in the gain network, while
ratio technique is used in other. In section 2.7.2 thermistor is used and

ratio technique is used in section 2.7.3, for temperature compensation.

2.7.1 Diode as a log element

If a diode is connected in the feedback path of the operational
amplifier as shown in Figure 2.4(a), the output voltage is logarithmic
function of the input current. The output voltage is given by equation
(2.14). In considering the temperature compensation of such an amplifier,
it can be noted from equation (2.20) that there are actually two separate
temperature effects to be compensated; a temperature sensitive scale
factor (MkT/q) and temperature sensitive offset term (nkT/q)log Io. The
term containing saturation current can be reduced or removed by the use of
another log amplifier consisting of reference current source and a matched
diode D2 connected as a feedback element across operational amplifier as
shown in Figure 2.5. The current signals Iin and Im‘ are connected to
temperature sensitive logarithmic amplifiers made from diodes D1 and D2
and amplifiers Al and A2 respectively. The output voltages ‘\/1 and V2 are

related to current signals Iin and Irc ; by the following relationship
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v = . KT ] i (2.26)
1 q I
I

v, = LILY NP 2.27)
I

Amplifier A3 acts as a difference amplifier with voltage gain G. By adding
V] and Vz, the temperature offset term (MkT/g)ln !0 cancels each other.

The resulting output voltage of A3 is given by

V=-G(V, + V) (2.28)
kT I'n
V= gL | (2.29)
[\] q I
ref

Where G is equal to (R/R). Performance of this log ratio amplifier
becomes independent of I0 if matched diodes are used. The temperature
sensitive term (MkT/q) can be cancelled from the expression of VC if G is

made to have equal and opposite temperature sensitivity to that of term

(nkT/q).

2.7.2 Transistor as a log element

Consider a circuit similar to as shown in Figure 2.4(c) with npn
transistor as non-linear element and let the emitter base junction voltage
be sufficiently large, i.e. larger than 0.1 V. Assuming ¢ to be unity,

and neglecting -1 term, equation (2.21) becomes
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I =1 exp — (2.30)
(o s kT .
qvbe
or Inl =In] +  — (2.31)
c es kT

A plot of In Ic Versus Vbe should be a straight line with a slope of kT/q
(59 mV/decade). Collector leakage current Ico can cause problem at very
small currents because Vbe becomes small and exp(q\/be/kT) becomes less
than unity. At high currents voltage drop in the emitter and base ohmic
resistance becomes important and causes the characteristics to deviate
from the logarithmic. The emitter saturation current Ics is  very
temperature dependent as it doubles every 10°C and varies from transistor
to transistor. For these reason, these circuits are used in differential
pairs with matched transistors in order to cancel out the Ics term. A
logarithmic amplifier as shown in Figure 2.6 can be designed on the basis
of equation (2.31). A typical circuit designed by Niu [1973] on this basis
is discussed for clarity. It uses two well matched transistors and the
high  performance operational amplifiers. The negative feedback of

operational amplifier Al (ADS503K) forces the collector current of QM to

be equal to the input current into the summing point S1, so that one gets
I =1 (2.32)

The collector current of Qm is determined by the voltage at point C and

the value of R1

v‘
1= - (2.33)
R

3
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V is fixed by the zener function diode, Q2B and the value of variable
c
resistor, Rg. The difference of the emitter base junction voltages between
two matched transistors (Vbcl. Vh 2) can be written as
C
kT

AV, = Vier ™ Voed) = q in

I
il ] (2.34)
I .

c2

Since QlA and QlB are well matched, equations (2.32) and (2.33) can be

substituted in to equation (2.34) to get
kT

AVbc = T In

in

VC/R

(2.35)

3

Since the base of QlB is grounded, the negative of Vbe is presented to the
summing point. This voltage is amplified by non-inverting voltage

amplifier with a close loop gain

\Y% R4+ RS + R6
G - 2 = (2.36)
AV R + R
be S
Substituting equation (2.35) into equation (2.36), one gets
I
V =K log - (2.37)
102
where K is the scale factor which is given as
R+ R_+ R
K=23KL [ 4 s ~ s (2.38)
R4 + R5
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One can see that the output voltage is proportional 10 logarithmic of the
input current. The parameter K which is also known as scale factor, is
proportional to the absolute temperature T that gives a thermal
coefficient of 0.3% per °C. Temperature compensation is provided by the
senistor R 5 Parameters K and IC2 can be adjusted by simply varying the
value of R,  and Rg. The slope of the logarithmic amplifier is determined
by the value of R6 and the zero crossing point is determined by the value
of R In order to prevent operational amplifier Al to go into positive
saturation for a negative input, transistor Q]A is connected as a  clamp
diode. Resistor R2 limits  the loop gain of the Al, and C] is  for
stability compensation. The value of R2 is limited by the maximum output
voltage of the operational amplifier Al divided by the highest current to
be supplied to Q]A. The value of (R4+R5) should equal the diode impedance
of Q!B to minimize the effect of the coffset caused by the bias current of

the A2 (741).

2.7.3 Ratio technique for temperature compensation

Logarithmic electrometers for measurement of low currents using
thermistor temperature compensation technique have been reported in the
literature [Kawashima, 1970; Kennedy, 1970: Sheingold, 1974; Anso et ai.,
1989; Leontev, 1996a; Durig, 1997]. Logarithmic amplifiers with error less
than 2 % over 9 decades at room temperature have been reported {Kennedy,
1970]. Commercially produced hybrid amplifier units can be trimmed for the
error less than 0.6 % at a constant temperature and error less than 4.5 %
over a 20°C span for 6 decades operation |[Sheingold, 1976]. Techniques
implementing analytical correction of temperature errors over extended

temperature ranges have been reported, resulting in error less than 10 %



|633X

over 7 decades of input current [Huggins, 1973]. These methods are not
capable of maintaining accuracy in the low current region at different
temperatures.  Clearly, the temperature compensation issue has been
addressed but not resolved for accurate operation over wide temperature
ranges. Wide range temperature compensation and tracking are greatly
improved with the method shown in Figure 2.7 as suggested by Ericson et
al. [1992]. Limitations resulting from the use of conventional temperature
compensation methods have been eliminated by the use of a Quad,
dielectrically isolated well matched monolithic, bipolar transistor array.
Monolithic compatibility and straight forward calibration makes the design
suitable for high accuracy multichannel applications. It consists of
monolithic quad transistors and operational. amplifiers. The first pair Q1
is used for input and reference signals. The second pair Q2 is biased at a
fixed 10:1 collector current ratio to perform a temperature measurement

function. Assuming the Q1 pair is matched, the first output is ideally

I
V =K log [Ji‘ (2.39)
o 2 I
R2 le
where K. = |1+ —=|[—| In 10 (2.40)
2
R
!
Similarly, the second output is given as
V02 = K, log 10 (2.41)
R, kT2
where K. = |1+ —||—=] In 10 (2.42)
3 R q
3

with Q, and Q2 adjacent on the same chip, Tl = 'I‘2 and V 1/V ratio is
o o2
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inherently compensated to give

R
1+ 2
\% R I
V =2 = L Jog |Xf (2.43)
° v, R, I
o 1+_ m
R

The method is most applicable in systems where measurements are digitally
acquired, and the ratio are computedby a host processor. This method
inherently compensates for possible variability in the forward collector
current emission coefficient. Using this method, error less than 1 % have
been demonstrated for five decades of current over an extended temperature

range (-18 to 71°C) and for 6.5 decades for temperature below 21°C.

2.8 Selection of a Log Device

The range of options available to the designer in selecting log
devices vary from performing one’s own design to purchasing one of the
several types of log module available commercially. The simplest module
available for temperature compensated log circuits is basic log element.
It contains only the log transistors, calibrated temperature compensating
resistors, and the isothermal environment necessary for reliable and
predictable log operation. A complete log amplifier can be built by using
the log element, operational amplifiers and reference current source. The
log transconductor is another type of log module. It contains a log
element, reference current source and operational amplifier for the
reference transistor. To complete the log amplifier circuit, the designer
needs only one operational amplifier and a potentiometer for adjustments.

The complete log amplifier module contains a log transconductor, all the
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necessary trim circuitry, and a precision FET-input operational amplifier.

Table 2.2 provides the comparison of these modules.

Table 2.2: Comparison of several types of log modules available

commercially.
Log Module Description of Advantages Disadvantages
contents and
applications
Basic log Two matched log Lowest cost, Most complex to apply
element transistors greatest requires atleast two
scaling and flexibility external op amps plus
temperature dynamic stabilization
compensating in conventional log
resistors application
For special-
purpose log
designs.
Log trans- Basic log ele- Best perfor- Requires external op
conductor ment, has refer- mance obtai- amp, gain trim,
ence-current nable through Imf trim.
source to op amp choice
optimize
operation at
low levels.

Log amplifier Easiest to
apply, meets
specs with no
trimming or

external com-

Log transcon-
ductor, FET-
input op amp
The initial

choice of all

Op amp is optimized
for most (but not all)
applications.

fixed reference ponents.

log applications Best perform-
ance over a
wide range.

The choice will be determined by the designer’s principal objective: best

performance, lowest cost, easiest to lowest cost is the

apply. If
criteria, then the basic log element may be the answer. If the design is

to be used in large quantities, then costs of drawings, parts inventory,

and production engineering must also be anticipated. To optimize

performance for specific application, the log transconductor and high



performance operational amplifier selected for the application can offer
the best performance. The easiest module to wuse to directly is the
complete log amplifier. Except for the extreme low end of the signal
range, the complete log amplifier offers performance equal to or better

than that of any of the other choice.

2.9 Logarithmic Electrometer Specifications

The important parameter which specifies the logarithmic amplifier is
scale factor. Other parameters which affect the performance of logarithmic
amplifiers are offset voltage and current of the operational amplifier
used and inaccuracies in the reference current [Sheingold and Cadogen,
1973]. Variation of these parameters with temperature also affects the
performance. Definition of these parameters and their effect on the

performance are described below.

2.9.1 Scale factor (K): It is the voltage change at the output for a
decade (i.e. 10:1 ratio) change at the input current or voltage. An .error
in scale factor is equivalent to a change in gain or change in slope of Vo
versus log I characteristic. The error is normally specified in terms of

percent change of the nominal value of K.

2.9.2 Reference voltage (Vrcf): It is the effective internally generated
voltage to which input voltages are compared. It is related to the
internally generated reference current Iref and input resistance Rin by
the equation, Vref = Imf Rin. Typically Iref is considered less stable
than Rin. Therefore practically all tolerance is due to Imf.

39



2.9.3 Offset voltage (Vos): It ‘is the voltage which must be  applied
between the input terminals of operational amplifier to balance the
amplifier i.e. for V0 = 0 Volts. It depends on the operational amplifier
used for the logarithmic operation. Its effect is equivalent to that of a
small voltage (of the order of a millivolt) in series with input resistor.
For current logging operations with high impedance sources, its error
contribution is negligible. However, for voltage logging, it modifies the
value of Vi“. Though it can be adjusted to zero at room temperature, its

drift over the temperature range should be evaluated.

2.94 Reference current (Imf): It is the internally generated current
source output to which all values of input current are compared. Iref
tolerance errors appear as a dc offset at the output voltage. This offset
is independent of input signal. The offset can be removed by adjusting the
reference current, adding a voltage to the output by injecting a current

into the scale factor attenuator, or by simply adding a constant bias at

the output.

2.9.5 Offset current (Ios): It is the sum of bias current of the
amplifier and any stray leakage currents. This parameter can be a

significant source of error when processing signals are in the nano-ampere

region.

2.10 Errors in Measurements
The difference between the actual input (output) and theoretical (or
ideal) input (output) is termed as error. Errors in measurement using

logarithmic devices are referred to either the input errors or output
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errors. Since it is a property of a logarithmic that equal ratios of input
produce equal output increments for a given scale factor, percentage
errors are translated at any level of the input to millivolt changes at

the output or vice versa. The principal error sources are of two kinds;

2.10.1 Parametric errors : These errors are due to variation in device
parameters (tolerances) and changes in the constants of the ideal log
equations including offsets. They are also caused due to inaccuracies of
the reference currents. Parametric errors are stated separately for

voltage and current operations as defined in the following equations.

V. -V
V =-Klog =2 (2.44)
o]
\Y%
ref
I -1
V =-Klog 22 (2.45)
° 1

ref

2.10.2 Log conformity errors : Additional errors are introduced in
output due to drift of these parameters with temperature. Even if these
parameters are nulled out at any temperature, still there remains a final
irreducible difference between the actual output and theoretical output,
called as log conformity error. It is termed as a non-linearity of the
input-output plot on semi-log coordinates. It is the deviation of the
resulting function from a straight line on a semi-log plot over the range
of interest. Thus, it is the error that remains when all parametric
effects have been removed by nulling and calibration. It is obvious from
the above discussion that the large number of degrees of freedom both
parametrically and in terms of the wuser’s variable, would make it

difficult to summarize a logarithmic device’s specifications in one
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overall number.

2.11 Response

Response of logarithmic devices depend on scaling the signal level and
the direction of change. Typically for input currents above 1
micro-ampere, the response time is dominated by a time constant that
changes very little with signal level. However, below this value, the time
constant is proportional to the input current level, thereby reducing the
maximum rate of change of the output in proportion to the input current.
It is interesting to note that response time is shorter for increasing
signal magnitude than for the same decreasing increments, response time is
always determined by the new value of current [Sheingold 1974].

It is difficult to employ with logarithmic circuits, the compensation
scheme used for resistive feedback to improve the frequency response of
the system. This is because effective value ‘of feedback resistance is
different at different input currents. It is therefore impossible to
compensate for the feedback capacitance which is inevitably present in the
diode except over a small range. If the cifcuit is critically compensated
at the low current end, it will be over compensated at the high current
end. To achieve reasonable transient response, it is necessary to overdamp
the circuit at low current end and achieve critical damping at the high
current end. If the transient response of log circuit is considered on a
small signal basis each time sampling a different portion of the range,
linear circuit theory can be applied and the method suggested by Praglin

[1960] can be used to analyze the results.
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2.12 Stability in Amplifiers

A necessary condition for stability of operational amplifier circuits
is that the phase shift around the feedback loop be less than 180° at the
frequency where the loop gain, AOB drops through unity [Millman and
Grabel, 1988]. In operational amplifier circuits with passive feedback
components, 1/B (Feedback factor) is never less than unity. Thus if the
amplifier gain rolls off at 20 dB/decade to unity, the circuits must be
stable with resistor feedback. But as a diode in the feedback path, which
is both active and non linear, can have voltage gain at the higher input
current levels. Even purely resistive feedback will not ensure stability.
Thus the unity gain crossover could occur at a frequency for which the
amplifier gain is well under unity and accompanied by a large phase shift.
Since the gain is a function of signal level, a choice must be made

between stability at high input levels and bandwidth at low input levels.

2.13 LED Application in Low Current Measurements
The lower limit of current measurement in logarithmic electrometer is
in general decided by the reverse saturation current I0 of the  diode

which is given by [Cohen et al, 1963]

qu
nkT

I = K4T5/2 exp

o]

(2.46)

Where K4 is a constant. The exponential relation between I0 and Eg
indicates that the reverse saturation current in diodes made of wide band
gap semi-conductor material must be considerably lower than that of diodes
made up of semiconductor material with relatively smaller values of band

gap such as silicon. Since the band gap of silicon is 1.2 eV and that of
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GaAs is 1.4 eV, the I of GaAs devices should be 4-5 orders of magnitude
lower than that of silicon. For the LEDs made from wider band gap
materials like Ga.Aso.3 SPo. . S:N, GaP, SiC etc, the value of I is still
lower. Damljanovic and Arandjelovic [1981] have shown that for green LEDs
Io is of the order of 102° Amperes. This significant property of LEDs
makes them suitable as a non-linear element of log amplifier for low
current applications. The linearity of log amplifiers using silicon diode
deviates at lower end due to the reverse saturation current and is also
affected by the offset and drift of operational amplifier as the voltage
drop across the diode is of the order of 300-400 mV at 10%.10”7 Amperes.

The non-linearity at lower end and error due to offset and drift can be

overcome by the use of light emitting diode as a non-linear element.

2.14 Device Details of Light Emitting Diode

A p-n junction that can absorb light and produce an electrical
current is called as photo diode. The opposite phenomena is also
possible, that is a junction diode can also emit light or exhibit
electro-luminescence on passing the current through it. The emitted light
is due to hole electron recombinations. When a free electron recombines
with a hole, it falls from an unbound or higher energy level to its ground
state and light is emitted at a wavelength corresponding to the energy
level difference associated with this transition. In a LED the supply of
higher energy electrons is provided by forward biasing the diode, thus
injecting electrons into the n region and holes into the p region. The
injected holes and electrons then recombine with the majority carriers
near the junction. The radiation resulting due to recombination is emitted

in all directions, with most of the external light observed at the top
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surface since the amount of the material between the junction and surface
is the least in that direction. Figure 2.8 shows the cross section of LED.
The device emits light by a spontaneous emission which is different from
stimulated emission operative in junction lasers. The spontaneous emission
requires smaller forward bias and therefore LEDs operate at a lower
current density than lasers. An LED does not require an optical cavity and
mirror facets to provide feedback of photons. The emitted photons have
random phases and therefore LED is an incoherent light source. The line
width of the spontaneous emission is approximately equal to the photo
luminescence line width which is few times kT and is typically 30-50 nm at
room temperature [Bergh and Dean, 1972].

Radiative and non-radiative transitions are experienced in any
semi-conductor p-n junction under forward bias. However, in many cases the
later predominates or the photon losses are too excessive for observation
of any external radiation. GaAs is one of the oldest and best material for
infrared LEDs. One of the main advantages of GaAs is that it exhibits a
very high probability for direct radiative transitions. That is, the most
probable transition is direct one, from the conduction band to the valence

band and also where the electron and hole have the same value of momentum.

Such a situation occurs in many III-IV group compounds in which the

conduction band minimum and valence band maximum both lie at zero momentum
position i.e. there is no change in its wave vector. A direct radiative
recombination process is illustrated in Figure 2.9(a). The light emitted
is nearly monochromatic with a characteristic wavelength  which s
determined by the band gap energy of the semiconductor. In contrast to
this, an indirect transition occurs in many semiconductor material which

are used to produce light in the visible band. This type of transition
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occurs when the electron and the hole momenta (mass times velocity)
differ, i.e. where the conduction band minimum and valence band maximum
occur at different values of momentum. For an indirect semi-conducter, the
band to band recombination necessarily must involve a third particle to
conserve momentum. Phonons (i.e. lattice vibrations) serve this purpose.
In indirect band gap materials, such as silicon, the direct transfer of
the electron from the bottom of the conduction band to a state in the
valence band would either require the release of a photon with an energy
far greater than the forbidden gap or the simultaneous transfer of some
momentum to a photon. A three body interaction of this kind is highly
unlikely. Instead recombination and generation are likely to occur via
processes involving midgap energy levels as suggested in Figure 2.9(b).
These midgap recombination generation centers are frequently associated
with transition metal impurities such as copper or iron and with crystal
defects. Generation process in indirect gap materials basically follow the
recombination sequence in reverse, with a valence band electron obtaining
sufficient energy from a photon to be promoted to a midgap energy level.
Another photon .can then provide the energy needed to release the trapped
electron to the conduction band. Since direct radiative recombination
processes are highly unlikely in indirect band gap materials, the minority
carrier life time tends to be far higher in indirect than in direct band
gap semiconductors. For example, the minority carrier life time in GaAs is
rarely more than a microsecond, while life times of as much as a
millisecond are not uncommon even in carefully prepared silicon samples.
Electron hole recombination without the intermediary of impurity centers
is very inefficient way' of obtaining light from indirect band gap

semiconductors because the participation of a photon is needed to conserve
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crystal momentum. This requirement can be removed by first locating one of
the charge carriers at an impurity centers and then attracting the
oppositely ~ charged  carrier. In  this fashion,  efficient radiative
recombination can be obtained in indirect band gap semiconductor. However,
only a limited number of impurities have been proved to be suitable for
this purpose. In GaP, nitrogen has been found to enhance the efficiency of
the near band gap green emission, and Zn and O center are used to obtain
efficient red emission. Figure 2.10 shows various crystal materials used
for LEDs and the portion of the spectrum in which they emit radiation.
Table 2.3 shows various properties of various LEDs such as spectral,

material used, band gap and the structure [Neuse et al., 1972].

Table 2.3 : Spectral properties of LEDs made up of different materials

Sr. Material Colour  Peak Band
No. wavelength gap Structure
(nm) (eV)

1. (a) GaN Blue 440 2.8-3.2 Direct
(b) SiC . Blue 470 2.8-3.2  Direct
GaP:N Green 555 2.18 Indirect

3. (a) GaP:NN Yellow 590 2.1 Indirect
(b) SiC Yellow 590 1.97 Indirect

4, GaAso' 5Po. s Amber 610 1.88 Direct

5. () InOJGaoJP Orange 620 1.86-2.03 Direct
(b) GaAsO.3 sPo. 65:N Orange 632 2.01 Indirect

6. (a) GaAso‘ 6P0' . Red 650 1.91 Direct
(b) GaP:Zn,0 Red 699 1.76 Indirect

7. (a) GaAs:Zn Infrared 910 1.43 Direct
(b) GaAs:Si Infrared 950 1.40 Direct

8.  Silicon Infrared 1140 1.2 Indirect
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Improvements in the efficiency of LEDs have been made during last few
decades. The major problems limiting the performance of these devices have
been mastered and, as a result, large scale manufacturing of diodes
suitable for a wvariety of applications has become possible [Bhargava,
1975; Nakamura, 1998]. The theoretical width of emission spectra of bulk
semiconductor is 1.8kT [Schubert, 1993].

Damljanovic and Arandjelovic [1981] have experimentally measured 1-V
characteristics of two types of LEDs, green and red and have compared them
with silicon diode characteristics. It was found that the average value of
device constant 1 is 1.95 between 1072 and 107 Amperes for green and
red LEDs and the reverse saturation current of green LED of the order of
107 Amperes as against 1077 Amperes of silicon diode whereas 1 for
silicon diode was found to be 1.

It is clear from the above discussion that reverse saturation current
of LEDs is many orders of magnitude lower than that of silicon device.
This is also true that linearity of logarithrnic amplifier deviates at
lower end due to the reverse saturation currents. Therefore, it s
possible to measure low currents of the order of pico-ampere using LED as
a nonlinear element of the logarithmic amplifier. In order to characterize
such a system, it is necessary to study carefully the I-V characteristics
of the LED, factors affecting the response time and overall system
stability of an LED-logarithmic electrometers. Investigations in these

directions are being mentioned in chapter 3.



Chapter 3

ANALYSIS OF LED-LOGARITHMIC ELECTROMETER

The basic requirement of logarithmic electrometers is that the log
element employed should have a constant slope of output voltage versus log
Iin characteristic over wide dynamic range. Non linearity of the junction
diode volt-ampere characteristic severely restricts its usage in the
practical application of logarithmic circuits. LED is used in this work as
a nonlinear element of the logarithmic electrometers. It is therefore
necessary to study in detail its I-V characteristics. Theoretical and
practical limitations on the attainable range and accuracy due to LED
characteristics are discussed in this chapter. Measurement at low currents
are often affected by the long response time of the log amplifier. It is
difficult to compensate the feedback capacitance of the diode due to its
signal dependent feedback resistance. Techniques for improvement of
response time are experimentally tested. Stability and response analysis
of various configuration of logarithmic electrometers is also carried out

and presented in the later portion of this chapter.

3.1 Experimental I-V Characteristics of LEDs

The I-V characteristics of an LED is different from that of Si or Ge
diode because LEDs are made of heavily doped, wider band gap materials
and they often operate at higher currents. When high doping levels are
used one can no longer neglect Pauli’s exclusion principle i.e. it can no

longer be assumed that the electron concentration in the conduction band
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is so small that no two electrons will try to occupy the same quantum
- state. At small forward bias, the current is very small because energy
gaps are larger and doping levels are higher. Thus the generation
recombination current dominates and device constant N = 2. Note also that
at current levels greater than 10 mA, high injection of  charge carrier
occurs and there is a significant amount of series resistance. As shown in
equation (2.46), the reverse saturation current is exponentially related
to the band gap of the material, the reverse saturation current should be
substantially lower for devices having higher band gap. For LEDs, I0 is
less than a femto-ampere (10°'° Amperes). At such low values, one
encounters serious measurement problems. In this range, the presence of
light, inadequate insulation in the diode housing, or minor contamination
of the diode’s surface, and its surrounding insulator with moisture or
dirt, can produce a slight conductivity that appears to be an saturation
current. In addition, small parasitic capacitances make time constants
very long. For all these reasons, one simply cannot distinguish the actual
saturation current of the diode from the currents through other paths,
including instrument input leakage. Since the current through the other
paths is generally much larger than the saturation current, one may say
that in a typical electronic laboratory, the saturation current of LEDs
are not detectable.

-V measurements have been made for some of the commercially
available LEDs (blue, green, yellow, orange, red and Infra-Red (IR)) by
connecting LED as a feedback element of the operational amplifier
configuring as logarithmic amplifier (Figure 2.4()). A low leakage
current operational amplifier OPA 104 (Burr Brown make), whose input bias

current is of the order of 75 fA, is chosen, Since LED is a photoelectric



device, care is tuken in protecting it from ambient light by painting it
with dull black colour and sealing. The output voltage is measured by
feeding an input current from current source (Model 261 Keithley) having a
range of 0.01 pA to 0.1 mA. For the equation (2.14) to be fully applicable
in a practical sense, we must know both the saturation current I0 and the
device constant M. The output voltage is plotted against log T (Figure
3.1) and the device constant 1 is derived from the slope which is 2.3
nkT/q. I0 is estimated from the intercept of the fitted line with Y axis.

Table 3.1 shows derived values of 1 and I0 for various LEDs.

Table 3.1 : Experimentally derived values of Device constant (n) and
reverse saturation current (IO) for different types of

commercially available LEDs

Diode n IO (approximately)
Amperes
Blue 2.02 10°%
Green 1.866 107
Yellow 1.981 10"
Orange 1.854 10"
Red 1 1.918 | 10"
Red 2 2.35 107
IR (880) 2 10"
IR (950) 2.35 10

It is clear from Table 3.1 that the experimentally found value of 7
liecs around 2 for all LEDs in the current range of 10" o 10 Amperes,
I0 reduces as the band gap increases from the red LED to blue LED. I of

the blue LED is the lowest because it has highest energy gap. It has also
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been observed that LEDs of the same colour also differ in terms of m and
I. This could be due to difference of the device material as shown in
(o}

Table 2.3.

3.1.1 Effect of offset voltage on linearity

The zero setting of the amplifier is required for adjusting the
initial potentials so that good linearity is attained at low input. Figure
3.2 shows the effect of initial diode current on the linearity of the
characteristics at the lower end. Offset voltage is changed from -10 mV
to +10 mV in steps of 5 mV and the I-V characteristics is plotted. Offset
voltage is measured at the output by connécting a short across LED and
removing the input current (Figure 2.4(a)). It is found that the linearity
at lower end of the current is dependant on the offset voltage and hence
care must be taken for proper adjustment of the voltage offset to ensure

linearity at the lower end.

3.1.2 Effect of temperature

The temperature coefficient of output voltage for a silicon diode is
approximately -1 to -3 mV per °K. The I-V characteristics of a Log
amplifier configured in Figure 2.4(a) is  measured for three
temperatures (-5, 30 (ambient temperature) and 60°C). 1 is derived from
the slope (MkT/q) of the curve output voltage versus In I at different
temperatures. This temperature range in general satisfies the requirement
of most of the user applications. Expected outputs are caiculated using
equation (2.17) at two other temperatures -5 and 60°C by taking the

reference at room temperature (30°C). The percentage difference s

calculated with the relationship
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(Experimentally obtained voltage at temp. T -

% difference = Theoretically derived voltage at temp. T) x 100 3.1)

Experimentally obtained voltage at temp. T

Figure 3.3 shows percentage difference in output with current at two
“temperatures -5 and 60°C. It is seen that percentage difference between
expected to measured values at -5°C is 4% and within 10% for 60°C. The
error may be due to variations of other diode parameters such as device
constant, with temperature which have not taken in to account for present

calculations.

3.2 Response Analysis and its Improvements

The response time of the amplifier is important in studying various
phenomena in many applications. The transfer characteristics which
determines the response time, is used for analyzing the non stationary
phenomena. This characteristics can be used for finding the dynamic error
of logarithmic electrometer. In case the transistor is used as a log
element, it is necessary to connect a capacitor across the transistor to
avoid instability in the system [Gibbons and Horn, 1964]. The response
time of such an amplifier depends on the value of the external capacitor
which is connected across it. This improves the stability but degrades the
response at low currents. However stability problem is not. serious when
junction diode is used as a nonlinear element [Grimbergen and Kohnke,
1976). In the following sub section, the response analysis of the
LED-logarithmic electrometer is carried out without external capacitor
across it. The input capacitance of the amplifier/detector is assumed to

be negligibly small.
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3.2.1 Response time analysis of LED-logarithmic electrometers

Commercially available red LED was used for the study. Figure 3.4
shows circuit diagram of a logarithmic electrometer in which an equivalent
circuit of a forward biased LED is shown, with a voltage dependent
capacitor and a nonlinear resistor to study the transient behavior of the
electrometer. A nonlinear resistor represents the I-V characteristics of
the diode, which is described by a diode equation (2.14).

The response of the diode to an abrupt change in applied voltage or
current is determined by performing a transient analysis of the circuit.
Its response to a transient signal is determined by the time taken to
establish new charge distribution within the device. Changes in charge
distribution are associated with changes in the width of the depletion
region and with changes in the number of minority carriers stored in the
neutral regions close to the depletion region. In general, the current in
a device will not attain its new steady state value until the charge
redistribution is complete. In principle the time taken for the charge
redistribution and the resulting current  during this time could be
computed by solving the time dependant equations of the transient state.
The analysis involves numerical method to solve for nodal voltages and
currents in equivalent circuit representation of the device. A voltage
dependent current source represents the dc I-V characteristics of the
device. Capacitors in the equivalent circuit represent space charge in the
depletion region and excess minority carrier charge in the neutral regions
in forward bias. Since the effect of inductance on the transient response
is very small compared to that of the capacitance except in the very short
time interval of less than 1 nano-second [Nakamura et al., 1972] and time

constants of the order of milli-seconds are expected in low current
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measurement, inductance has not been included in the equivalent circuit.

There are two types of capacitances across a diode. One is diffusion
capacitance and another is capacitance due to depletion layer. The
diffusion capacitance, also known as storage capacitance, is associated
with the excess minority carrier charge injected into the neutral region
under the forward bias condition. The depletion capacitance, also called
as junction capacitance, is associated with the charge dipole formed by
the ionized donors or acceptors in the junction space charge region. The
depletion capacitance relates the change in charge at the edges of the
depletion region to the changes in the junction voltage. The diffusion

capacitance Cdi is given by [Pulfrey and torr, 1989].

q
Cd, =—1 1 (3.2)
i 2kT d n

where Id is the diffusion current. The capacitance Cdc of the diode due

to the depletion region is given by

C
Cde - __“__; (3.3)
¢ -V)

where Co is a constant, ¢ denotes the built in voltage. V is the net
junction voltage and m is the number depending upon the impurity profile
of the junction. The Value of m is 0.5 for an abrupt junction. For a
linear graded diode, in which the transition from p type to n type

material occurs in a linear fashion, the valué of m i.s 1/3.
As seen in equation (3.2), diffusion capacitance is dependent on Id

which is exponentially dependent on the voltage whereas the depletion
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capacitance indicates a dependence on the square/cube root of junction
voltage. Since the measurement of low current causes small forward voltage
to be developed across a LED and value of life time of carriers (which is
proportional to the diffusion length) is low for LEDs, the contribution
due to diffusion capacitance may be considered negligible as compared to
depletion layer capacitance. This contribution is ignored accordingly to
the following reasons.

Assuming T is of the order of 1 nanosecond for LEDs, Cdi
becomes (2 x 10°° Id) using equation (3.2). The value of diffusion
capacitance is directly proportional to diffusion current. It will be less
than a pico-farads for currents lower than 10 micro-amperes. The measured
value of LED capacitance from C-V plotter is of the order of 30 pF at very
small forward bias. Therefore, it can be concluded that depletion
capacitance is responsible for the response at small forward bias for
LEDs. In Figure 3.4, Cdc denotes the capacitance due to depletion layer,
Rp the leakage resistance of the package, Cp the parasitic capacitance of
the package and Ijr is the voltage dependent current source. Resistance
Rsb which accounts for the series resistance of the bulk material, is of |
the: order of few ohms. It has not been considered in the equivalent
circuit since measurements are for low currents. Assuming the leakage
resistance RP to be quite high compared to the non linear resistance of
the LED and parasitic capacitance Cp to be low as compared to junction
capacitance, the current through the diode, 1, is sum of current through

the capacitance (ch) and current through the nonlinear resistor (I )
i

[ = ch+ Ijr (3.4)
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The current Ijr comprises of two components, one due to diffusion current
Id and one due to recombination generation current Ir. At small forward
bias recombination generation current dominates over diffusion current
[Grove, 1967]. Hence for the case under consideration, Ijr is equal to

current due to recombination generation current Ir which is given by

qV
[ =1 exp | — (3.5)
r (] nkT
The current I can then be written in the form of differential equation as
dv qV
Cd — +l exp|] — |-I() =0 (3.6)
©dT ° nkT

where Cde_ is the depletion capacitance which is given by the voltage
dependent equation (3.3). The transient behavior of the logarithmic
electrometer is obtained for time dependant input current by solving
equation (3.6) for V(1). A step of the factor of 10 in the current was
given to a circuit as shown in Figure 3.4 and calculation was made for
step wise application of input current. The current ch becomes zero after
sometime. To calculate response time theoretically from equation (3.6)
values of the device constant 7, reverse saturation Io, C0 and built in
potential ¢ are needed which have to be estimated experimentally. mn and
I0 can be estimated by measuring I-V characteristics of a LED (Figure
3.5). Co and ¢ are determined from the C-V pl‘ot. A C-V plotter (Model
HP-4280A) was used for the experiment and capacitance was measured at

various voltages. The value of m could vary from 1/3 to 1/2 depending upon
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the type of junction. Voltage is plotted against 1/C* and 1/C°. The linear
curve is chosen from which the value of m is decided. ¢ can then be
estimated from the intercept of the linear curve on Y axis (Figure 3.6).
Response time for the input current increasing from I to 101 is
experimentally measured. The technique used in the setup is by the
superposition of two current signals, one is fixed dc current I and other
is pulsed current generated by 0 to 0.9 V square pulse through suitable
resistance which produces pulsed current of amplitude 91 when pulse
amplitude is 0.9 V and zero current when pulse amplitude is zero. Addition
of these two signals yields current pulse from 1 to 10L Different
resistances are used for different current ranges. Table 3.2 gives the

experimentally obtained values of rise time.

Table-3.2 : Theoretically calculated and experimentally measured rise

time of LED-logarithmic electrometer for various input

currents.
Rise time (Seconds)

Current
(Amperes) Theoretical Experimental
10" 1o 10™" 0.8 1.0
10" to 107° 0.085 0.11

-10 -9 -3 3
107 to 10 9.1x10 10 x10
10° to 10 9.9x10™ 1.1 x107
10% to 107 1.1 x10™ _ 1.3 x10™
107 to 10° 1.24 x107 1.5 x10”
10° to 107 1.44 x10°® 1.5 x10°
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The value of n and IO, as obtained experimentally from Figure 3.5 is
202 and 1.78x10™" Amperes respectively. It has been observed that
voltage versus (1/C2) plot is linear which gives the value of m as 1/2 and
estimated value of ¢ as obtained from the intercept of the curve (Figure
3.6) with Y axis is 1.91. These values of m and ¢ are used in equation
(3.6) for the theoretical calculation of response time. The corresponding
results are given in Table 3.2. It is seen that these values are in
reasonable agreement with the experimentally obtained values. The
difference between the two results could be due to parasitic and
interconnect capacitance. Figure 3.7 shows typical plot of theoretically
calculated response time for two low input current values 10" and 10"
Amperes. Both theoretical and experimental investigations of the response
times leads to conclusion that response time of LED can be attributed
largely to the depletion layer capacitance and voltage dependent diode

conductance.

3.2.2 Analysis with input capacitance of the detector/amplifier

The response time generally has been limited on account of
instability caused by the input capacitance of the detector and a cable.
It requires a large feedback capacitance to obtéin the stability at high
input current levels. Therefore, its response time is severely degraded at
low current levels. When a small feedback capacitance is selected to
obtain a fast response, the response of logarithmic electrometer is often
accompanied by over shoots and ringing phenomena at high current levels
| [lida et al.,1978]. Therefore conventional stabiiization methods like the
connecting a capacitor across the feedback element will not be suitable

for the applications that require fast response time.
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In a conventional linear switched electrometer the value of feedback
capacitance is selected for each current range. However, such a selection
is not possible in case of logarithmic electrometer due to significant
change of current dependent resistance of log element. It is important in
the design of logarithmic electrometer to improve the response time
especially at low current levels without any instability.

Response  analysis of  logarithmic  electrometers which  uses
transistor/junction diode as a non linear element have been discussed up
to certain extent [lida et al, 1978; Gibbons and Horn, 1964]. However,
the analysis of response using diode [lida et al., 1978] is limited up to
only 10°'° Amperes. LEDs have been used as a input protection diodes for
DC amplifiers [Damljanovic and Arandjelovic, 1981], as a non linear
element of logarithmic electrometer [Acharya & Tikekar, 1993] and also as
a Photometer cum electrometer [Acharya et al., 1995]. It may be pertinent
to study the response analysis of logarithmic electrometer which uses LED
as a non linear element. The experimental verification of the
theoretically predicted behavior is also carried out.

For small signal operation the dynamic or incremental, the
differential resistance r, is an important parameter. For small changes :n

the current through the diode, the differential resistance r is given by

aVv nkT
r = — = —— 3.7
¢ a8l - qlI
As can be seen from the equation (3.7), r is inversely proportional to
input current. The value of r changes over a wide range with the change

in I. For example, at I = 1 mA and n = 2 (for LEDs), r is typically 50 Q

and r is 5x10'° Q at 1 pA. The response time of LED-logarithmic

[
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electrometer  with feedback capacitance Cr is determined by the product
rch. For example the response time becomes 5 seconds at 10" Amperes
assuming feedback capacitance of the order of 100 pF. Circuit diagram as
shown in Figure 2.4(a) is chosen for the experimental setup and I-V
characteristic is obtained. Figure 3.5 shows the output voltage as plotted
against Log I. It is observed that curve is linear from 1 pA to 0.1 mA.
In order to evaluate the relation between the response time and stability,
a small signal response analysis of the log electrometer was made by
perturbing I and V around definite levels respectively. Figure 3.8(a)
shows the equivalent circuit diagram of a conventional logarithmic
elecrometer. The transfer function of the corresponding system can be
described as
AV (S) r

FS) = —— = - < - 3.8}
AI(S) 1+ S(reCi"/Ao + reCr+ T+ S t(Cm+Cf)re

where T is the open loop time constant of the operational amplifier and is
equal to 1/21th, f0 is the wunity gain cross over frequency of the
operational amplifier. Cin is the input  capacitance of a detector and
cable and Ao is the open loop gain of the operational amplifier. The
frequency response chflracteristics of the amplifier can be obtained by

evaluating its amplitude at different fréquencies which is given by

= ; (3.9
v

IAVI r
Al 2 2 24
1+ (K5-2K6)w + Kéw

= - (3.10;
Al v

’AV ' r

2 2.2
1 + (K5-2K6)x + st
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= : (3.11)

6
w = 2rnf
X = w2.
and  g(x) = (I+ (K] -2K )x +K2x%) (3.12)

It can be seen from equation (3.11) that if dg(x)/dx = 0, the response

function will never show peaking characteristics. The stabilizing

condition can be expressed by [Kuo, 1993]

2
K5 - 4K6 =20 (3.13)

Substituting the value of K5 and K_ from equation (3.12) in equation

(3.13), one obtains

T Cin J T Cin
Cf 2 r—e - . + 2 F (3.14)
Let Cfo be defined as
T Cin J T Cin
Cfo = = - ;—— + 2 - 3.15)
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For C < Cf, the logarithmic electrometer is underdamped. The critical
]

damping condition is realized when Cf is equal to Cro' This relation gives

the fastest response of logarithmic electrometer within the stable

condition. For critically damped conditions, poles are given by

KS 1 C.
S=Sz=-—=-—r—'L'+rCf+'c (3.16)
1 2 ) e A e
o
Substituting Cf = Cfo into the equation (3.8), the time constant t, at
critical damping becomes
L=T+vV1Tr, Cin «VTr Cin 3.17)

The above approximation is valid for large input capacitance of detector
and cable. Equation (3.17) shows the limit of the obtainable response time
of the logarithmic electrometer. It is determined by T, r and Cin and
not by Cr’ For Cf > Cfo, the electrometer is overdamped. The damping
coefficient of the logarithmic  electrometer depends on the resistance r
which  varies according to the current flowing through it. It is therefore
necessary in the design of a logarithmic electrometer to ensure the
stability all over the measuring current range.

The critical damping condition of the logarithmic electrometer shown
in Figure 3.8(a) was calculated at different input currents. The input
capacitance was assumed to be around 200 pF. Open loop gain A0 of
Operational amplifier OPA 104 s 10° and its cut off frequency at unity
gain is 1 MHz. Based on these vaiues, the feedback capacitance and time
constant at critical damping were calculated. The results are shown in

Figures 3.9 and 3.10 respectively.
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It has been reported that in case of logarithmic amplifier with a
Paterson trans-diode connéction, the effect of Cf multiplies by a factor
(1+ 40 IRs) and that the logging circuit can be stabilized without
affecting the speed of response [Risely, 1973]. The effect of R on the
response speed, however, is not similar at each current level. Consider a
circuit as shown in Figure 3.8(b) with a resistance Rs connected in series
with a LED. The value of the series resistance Rs was selected considering
the current range to be measured so that the voltage drop (IRS) should not
cause saturation of the operational amplifier output at maximum input
current. R‘ is chosen to be 7.5 KQ so that the maximum current that can be
measured is 10 Amperes. Transfer function of the circuit shown in Figure

3.8(b) can be written as

r +R
F(S)= - : : 5 (3.18)
1+S[t+(Cr+Cin/Ao)(re+Rs)]+S t(Cin+Cf)(re +Rs)
The stability condition of this circuit can be given by
T C, 2 vi(r +R )C
c:f 2 . n + ¢ s m (3.19)
r+ Rs A0 (re + Rs)
Let Cfo be defined as
T C,n 2 V1(r +R )C
Cfo - _ | + [ s m (3.20)
r+ Rs A0 (re + Rs)

Obviously one can recognize that a necessity of feedback capacitance
decreases because of the effect of RS (Figure 3.9). Substituting the

relation Cf = Cfo, we obtain the time constant t, at critical damping as
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t, =T+ Y 1:(re+Rs)Cin =« v t(re+Rs)Cin 3.21)

which is same as equation (3.17) in low current region. This scheme is
effective in obtaining stable response. The series resistance has reduced
the bvalue of feedback capacitance needed to stabilize the loop. The
reduction of capacitance contributes to speed up of response at low

current levels but it restricts the response at high current level.

3.2.3 Response time improvement using phase compensation technique

As shown in Figure 3.9, the fast response logarithmic electrometer
can be realized if the value of feedback capacitance which is current
dependent can be realized. It is clear from the the equation (3.15) and
Figure 3.9 that the desired capacitance varies from 0.047 pF to 800 pF for
variation of currents from 10'% 1o 10* Amperes respectively and the
relationship is linear. It is possible to change the capacitance of a
diode by the application of voltage but the relation of capacitance with
voltage is non linear. Hence it is difficult to obtain such a voltage
dependent feedback capacitance. The property of a diode whose resistance
decreases linearly with increasing current can be used for the
improvement of response. Alternatively a phase compensation technique has
been proposed fq; silicon diode by lida et al [1978] in which a
resistance r is inserted between a detector and the input terminal of the
logarithmic electrometer. The analysis for L.LED has been carried out below
on similar lines. The inserted resistance is current  dependent. The
equivalent circuit of a log electrometer with this technique is shown in

Figure 3.11(a). The corresponding transfer function of the logarithmic

electrometer circuit is expressed by
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¢

AV(S) r (3.22)

AL(S) 14 C, /A _+r C_+D)S+(r 47 )C, 18’

The stability condition of this circuit can be given by

T r J Tr
r > — -2 4+24 —° (3.23)
" Cin Ao Cin
Let r be defined as
T r J Tr
r = —- S424 ¢ (3.24)
© C A C.

in o in

for r>r, the logarithmic electrometer is overdamped. It is underdamped
[e]
for r< r. At r= r_ the circuit is critically damped. Substituting the
o o
relation r =r in the equation (3.22), one obtains the time constant t,
o R

at critical damping as

t=1+v1tr C =v1r C (3.25)

3 e in e in

which is same as given in equation (3.17). Thus it is evident that the
phase compensation technique is effective in obtaining stable response.

Figure 3.12 shows the values of r_ versus the input current to obtain
the critical damping condition of the logarithmic electrometer with this

technique. The value of r_required at 10 Amperes is about 2 KQ and is
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about 20 MQ at 10°'? Amperes. It is difficult to realize such a current
variable resistance as shown in Figure 3.12. However, it may be possible
to simulate desired resistance dependent on current by making use of a
diode and resistors. A current variable resistance is obtained by
combination of LED and two resistances (R1= 3.3 MQ and R2= 500 Q) as
shown in Figure 3.11(b). The values of Rl and R2 are obtained emperically
by experimentation. LED is chosen to have similar I-V characteristics as
that of logarithmic element. The variation in the value of simulated
resistance with current is shown in Figure 3.12. The rise time of the
electrometer at various input currents was theoretically estimated and
experimentally measured for the circuit of Figure 3.11(a). Corresponding
results are shown in Figure 3.13. The measured rise time of
LED-logarithmic electrometer in conventional mode (Figure 3.8(a)) is also
shown in Figure 3.13 for the purpose of comparison. The value of the input
capacitance used was 200 pF for the experiment. The test signal for input
current was obtained using a dc input current 1 and a pulse current with
an amplitude of 0.05I. As shown in Figure 3.13, the measured rise time of
electrometer matches reasonably well with the theoretically predicted rise
time for phase compensation technique in the current range 10°° to 10°
Amperes but departs in the lower ranges. Substantial improvement in rise
time is still observed at 107" Amperes which is approximately 20 times
than the conventional one and this factor increases as current increases.
This deviation could be due to junction capacitance and stray capacitance
of non linear element at low current levels which has not been accounted
in our analysis. Accounting for these factor results in  more complex
analysis as  the transfer function becomes higher than second order and

becomes mathematically intractable for finding solutions of equation.
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Since the diode conductance increases as current increases and junction
capacitance does not increase by the same factor, improvement in rise time
is observed as current increases. Such a high speed log electrometer will
be useful in nuclear instrumentation such as reactor power signal in a

pulsed fast reactor and in space science instrumentation.

3.2.4 Compensation of the capacitance of the logarithmic element

It is possible to compensate the feedback capacitance of a linear
electrometer to improve the response. However in case of log amplifiers,
the value of the feedback resistance (i.e. that of LED) varies with
current. Therefore, it is not possible to connect a single capacitor which
can satisfy stability at both ends of current range of the log amplifier.
Hence, in order to improve the response in such cases a different
technique, which is explained below, would be required. The diode D1 of
Figure 3.14 can be represented by an equivalent circuit consisting of a
differential resistance r, connected in parallel to the diode capacitance
Cd. Since measurement of lew current causes small forward voltage to be
developed across a LED, the contribution due to diffusion capacitance may
be considered negligible as compared to depletion layer capacitance
[Acharya & Vyavahare, 1998c]. The capacitance Cde of the diode due to
depletion region is given by equation (3.3).

As shown in equation (3.7), the resistance r increases as current
decreases while Cd is relatively constant at low currents. In the log
amplifier, the system speed is decided by the time constant Cdre. Normally
C 4 is of the order of few picofarads at low currents and r=>5x 10'° Q.
Therefore, the time constant is of the order of a second at the low

current end of the range. As seen from the equation (2.14), for any decade
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in the logging range, a decade change in the input current will result

nkT

in a change of 2.3 volts across a diode. For n = 2 and at room

temperature 2.3 Bg

is 120 mV. Since the input node is held near the

ground potential, the voltage across Cd must also change by 120 mV/decade.
The current available for charging Cd is just the difference between the
instantaneous signal current and the diode resistance current, which must
be a small fraction of signal current if the circuit is to be accurate.
Hence, at low signal levels the charging current is very lbw and Cd
charges slowly. The influence of diode capacitance Cd can be reduced by a
compensation technique as shown in Figure 3.14 [Grimbergen and Kohnke,
1976]. In this technique additional instantaneous current is made
available by employing compensation network consisting of gain amplifier
A2 and capacitor C2. The introduction of capacitance compensation network
reduces the time required to charge the capacitor Cd. The current through
the capacitance C‘j must be produced by the compensation circuit i.e.
through the capacitor Cz. The ratio of the output voltage of the
compensation circuit and the voltage across the diode must be equal to the

ratio of the diode capacitance Cd and the compensation capacitance C so

that
(Rz / Rl)vo

Cd
= (3.26)
v C

[ 2

By varying Rz, the compensation current can be adjusted. The quality
factor of compensating capacitor C2 must be high to prevent a leakage
current of the capacitor being added to the input current. Capacitor Cq

and resistor R3 are used to block the dc component of the output voltage

of the compensation circuit.
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A pulse current varying from I to 0.2I was fed to the log amplifier
to check the effect on  response time. R2 was adjusted such that fast
response is obtained at low current end. Since the diode capacitance is a
function of square root of forward voltage, the diode capacitance does not
change significantly for the current range 10" to 107 Amperes. Hence
this technique would be suitable for compensation in low current ranges.
Junction capacitance increases rapidly at higher forward voltages but
frequency response of log electrometer improves due to high diode
conductance at higher currents. It was experimentally found that the

response of the system was improved by a factor of 50 at 10" Amperes.

3.3 System Stability of LED - Logarithmic Electrometer

It is necessary to design the electrometer so that the overall system
is stable. The -stability analysis in case of log electrometer is unusual
since some ‘of the parameters of feedback network vary greatly with signal
level in case of logarithmic electrometers.

A necessary condition for stability of operational amplifier circuit
is that the phase shift around the feedback loop must be less than 180° at
the frequency where the loop gain AOB, drops through unity, where AO is
the open loop gain and B is the feedback loop attenuation. In the Bode
plot for which A0 and B have slopes that should differ by less than 40
dB/decade when they cross at unity loop gain [Sheingold 1974]. It is also
possible to study the stability of close loop by means of noise gain

approach [Risley,1973]. Noise gaih as used here is the inverse of f and

is given by
Noise gain = _é_ = Yz, (3.27)

where (EYi) is the sum of all admittances to ground from the summing point
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of the amplifier and Zf is the feedback impedance. Using diode equation,
the small signal feedback resistance can be calculated by equation (3.7).
Zf is the feedback impedance which is parallel combination of small signal
feedback resistance (MkT/qI) and feedback capacitance Cf. A simplified
form of the logarithmic amplifier incorporating these factors is shown in
Figure 3.15(a). For the circuit shown, the admittance seen at the input is

given by

(3.28)

1
Y = C,S+CfS+—+
] in R nkT

Where Ri is the input impedance of the operational amplifier. Substituting

these values in equation (3.27), one obtains

S(C, +Cf)
1 + in
1 nkT (1/R.) +qIMmkT
- = + 1
p [qRiI ”

(3.29)
1+ sc (nkT,
ql

The value of ’r]kT/(qRiI) is much less than unity even at lowest current of
measurement (1 pA) and I/R is negligible in comparison to qI/mKT.
Therefore at very high frequencies as S 5 oo, 1/B becomes (C +C)/C and
at low frequencies 1/ becomes unity. To achieve small signal stability,
the break frequency W= (qI/T]KTCl,) should be at least one octave less
than the frequency at which 1B = (Cin+ C)/C crosses the open loop gain
at the highest value of I [Sheingold,1974). For example if C = 200 pF
which is assumed to be detector and cable capacitance and r is 500 Q at

10* Ampere current, then we can write
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1

1
-t f (3.30)
500 C, 2 C +C

Where W (unity gain band width) is 6.28 x 10° radians/second for
operationai amplifier OPA 104. Substituting the value of Ca.. and solving

equation (3.30), one obtains Cf = 770 pF.

3.3.1 A resistance in series with the LED

A resistance Rs in  series with the log element (trans-diode
configuration} multiplies the effect of Cf and stabilizes the loop without
affecting speed of response [Risely, 1973]. To evaluate the effect of
resistance Rs in series with log element (LED), consider a circuit as
shown in Figure 3.15(b). The expression for 1/p for this circuit can be

written as

$(C. 4 C)
l+ N
[ (1/R)) + 1/¢+R)

1 _ {re+Rs
5 x

+ 1 : 3.3D

l+SCf(r_+ Rg) /

Since r =5 X 10" Q at 10 Amperes. R

|

10 Q and R = 10 Q,
therefore the value of (re + Rs)/Ri is much less than unity even at
10" Amperes. Similarly I/Ri can be neglected in comparison to 1/(re +
R ). Therefore at high frequencies 1/B bccémes (Cin + Cf)/C ( and at low
frequencies it is unity. Under such situation, equation (3.31) can be

rewritten as
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1 1+S (C. +Cf) (r + R)
- = tn ¢ * (3.32)
B 1+ SCr(rc+ Rs)

If we apply same criteria for small signal stability as in section 3.3
assuming series resistance R of 7.5 KQ and for same values of input
s

capacitance and current as given in equation (3.30), we obtain

1

1
L (3.33)
(7500 + 500) C, 2 C. +C

Solving equation (3.33) one obtains Cf= 110 pF. The addition of series
resistance has reduced the requirement of large feedback capacitance
thereby improving the response at low current levels.

Figure 3.16 shows the Bode plot of noise gain 1/B and amplifier open
loop gain. Open loop gain of the operational amplifier used is shown as
(a) plot in Figure 3.16. The critical region is the intersection of noise
gain curve with the amplifier gain curve where the close loop gain is
unity. For the curve shown in Figure 3.16, curves corresponding to (b) and
(d) intersect the open loop gain curve at a point where the slope of noise
gain is not 20 dB/decade. Therefore, the logarithmic electrometer is
stable up to 10™ Amperes input current. Noise gain (1/B) of the circuit
given in Figure 3.15(a) for 10'% and 107" Amperes are shown as (b) and
(d) plots in Figure 3.16. The use of series resistance Rs with log element
reduces the requirement of large feedback capacitances. The value of R
was chosen to be 7.5 KQ so as to avoid saturation of operational amplifier
output at maximum current of 10 * Amperes. By the addition of 7.5 KQ, the
feedback capacitance required is 110 pF as compared to 770 pF without RS.

This would enhance the response by a factor of 7 at low current level
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(< 10°¢ Amperes) but reduces the response by a factor of 2 at high
currents (10'4 Amperes). Noise gain (1/B) for the circuit shown in Figure
3.15(b) for 10°'% and 10°* Amperes are shown as (c) and () plots in
Figure 3.16.

In summary, I-V characteristics of different types of available LEDs
were obtained experimentally. The device constant and reverse saturation
currents were estimated. It was experimentally found that the adjusiment
of offset voltage is required to have linearity at low signal level. The
response analysis suggests that the response time of LED - logarithmic
clectrometer depends largely on the depletion layer capacitance and
voltage dependent diode conductance. This analysis was experimentally
verified. Small signal analysis of LED - logarithmic electrometer in
conventional mode and a resistance in series with LED was carried out to
evaluate the relation between the response time and stability. The
response of low current was improved by a phase compensation technique.
Substantial improvement in rise time was observed experimentally with this
technique. Stability analysis in conventional mode and a resistance in
series with LED was carried out. It was found that a resistance in series
with  LED reduces the requirement of large feedback capacitance for same
stability.

If the logarithmic electrometer is to used under varying temperature
conditions, then it is necessary to correct the output analytically. Such

an analysis of LED is presented in the next chapter.
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Chapter 4
ANALYTICAL CORRECTION AND REMODELING OF LED

Logarithmic electrometer is used for measurement of low current in
many space-borne and nuclear instrumentation [Tai and Hasegawa, 1976; lida
et al., 1978; Ericson et al., 1992; Leontev, 1996b). The input parameter
is current from a transducer which is in a environment of varying
temperature. However, the current-voltage characteristics  of logarithmic
amplifiers depend considerably on the ambient temperature. For example,
the temperature coefficient of junction voltage in case of silicon diode
as given in equation (2.18), varies from -1 to -3 mV/°C. In case of LEDs
it is of the order of -2 to -5 mV/°C because higher band gap semiconductor
material is used for LEDs. If a measurement is obtained at a temperature
other than the one for which calibration has been done, the theoretical
correction can be applied to get the correct value of input parameter. The
alternative can be to introduce temperature compensation circuitry in the
logarithmic amplifier. The temperature compensation arrangement included
in the amplifier should maintain same output at a constant current within
a specified temperature range. Various temperature compensation techniques
have been used in order to correct the variation due to change in
temperature [Kennedy, 1970; Niu, 1973; Sheingold, 1974; Ericson et al.,
1992]. However, this makes the electrometer circuit more complex.
Technique implementing analytical correction of temperature €rrors oOver
extended temperature ranges have also been reported [Huggins, 1973], but

this is limited to the measurements in the current range of 107° Amperes
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to 107 Amperes for logarithmic amplifiers using silicon diodes. It may
sometimes be difficult to incorporate temperature compensation techniques
in some places where space and power are at premium. In applications where
it may not be possible to accommodate the complex electronic circuitry
needed for temperature compensation, a theoretical correction based on the
dependence of temperature on various terms affecting I-V characteristics
may be desired. This correction can be applied to get the correct value of
the input, if the temperature at which these measurements are made is
known. In this chapter, an analytical expression for junction voltage of a
forward biased diode is derived, by which it is possible to estimate the
junction voltage at any other temperature if the junction voltage at
reference temperature is known for a given current. A model for I-V
characteristics of LED, specially in low current region, is also proposed

which depends only on experimentally obtained data.

4.1 Correction for Variation in Temperature

Forward biased p-n junctions diodes are often used as a non-linear
elements in th.e feedback loop of the operational amplifier. In the present
study, low forward bias voltage is developed across the diode due to low
input current (from pico-ampere to micro-ampere). At small forward bias,
recombination phenomena dominates the diffusion current and the forward

current through the diode I is given by [Grove, 1967).

K7n, qu
| ' exp
o nkT

4.1)

where K7 is a constant, T is the effective carrier life time and Vf is



the forward voltage across the diode. The term K7ni/to is IO, the reverse
saturation current of the diode. The intrinsic carrier concentration n.

shows exponential relationship with the band gap of the material and its

temperature dependence is given by the relationship [Sobajic, 1975]

qu
nkT

(4.2)

n = K8 T” exp

where K8 is a constant. Substituting the value of n in equation (4.1),

one obtains

1 = K T ex i V -E 4.3
=By P ;]k_T.(f- g) (4.3)

where K9 is a consfant which is equal to (K8K7ft0). K9 contains all terms
" that are independent of temperature. Equation (4.3) illustrates the
current to voltage characteristics of the diode and also denotes its
temperature dependénce. Measuring voltage across a diode at two different

temperatures 'I‘l' (reference temperature) and at T for the same input

current value yields

q
K()T]y2 exp[ = KQT ” exp

T 8
llk 1

q
— v, -Eg)] (4.4)
n

where V” and Vr are forward voltages across the diode at temperatures T1

and T respectively, at the same current. Simplifying equation (4.4) yields
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the value of forward voltage at temperature T for the same input current

as

T) 3nkT (T,

(4.5)

2q

Using equation (4.5) it is possible to estimate the voltage across the
diode at any temperature T if the value of the forward voltage drop is
known at the reference temperature Tl for the same current. The value of
Eg can be known from the manufacturers data sheet of the device material.
The device constant 1 is assumed to be independent of  temperature and
constant in the derivation of equation (4.5) and can be obtained by
experimentally calibrating the diode characteristics at room temperature.
The first term in equation (4.5) is directly proportional to the ambient
temperature at which observations are made, whereas sign of the other two
terms becomes negative if calibration temperature T1 is less than the
ambient temperature T. Otherwise signs of both terms are positive. The
seéond term contributes substantially since it is directly proportional to
the band gap of the material. The effect of temperature  will be more
pronounced in diodes made of wide band gap material like light emitting

diode compared to a silicon diode.

4.1.1 Experimental verification and discussion

As can be seen from the equation (4.5), it is possible to determine
the value of junction voltage at any other temperature if the value of
jun_ction voltage at a reference temperature is known for the same value

of current. Therefore, it is necessary to know experimentally the I-V
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characteristics of the device under test at a reference temperature. The
value of device constant M can be derived from the these measurements of
IV characteristics at reference temperature (room temperature). A simple
circuit as shown in Figure 2.4(a) is used for the measurement of I-V
characteristic for the LED. Measurements of I-V characteristics are made
at two temperatures (-5 and 60°C) other than the reference temperature Tl
(30°C) in the current range 107 o 10* Amperes. Figure 4.1 shows the
plot of voltage drop across a LED versus the logarithm of current at three
different temperatures obtained experimentally, as well as the voltage
estimated at two different temperatures (-5 and 60°C) thcoreticallyi using
equation (4.5). It is seen that the theoretically estimated values agree
well with the experimentally measured values at both temperatures. Figure
4.2 shows the plot of percentage difference between experimentally
measured and theoretically estimated voltages at two temperatures (-5 and
60°C) versus logarithm of the current. The percentage difference is
calculated with the relationship given in equation (3.1).

The highest percentage difference is 6% in case of low temperature
(-5°C) and around 5 % in case of high temperature (60°C) at 10" Amperes
current. The difference decreases as current increases up to 10°® Amperes
but the difference marginally increases again as current increases
furiher. The error could be due to very smail leakage current. The
marginal increase of error in the current range of 10° to 10 Amperes
may be due to a little deviation of the I-V characteristics at high
currents [Sah et al., 1957]. The uncertainty may also be due to the small
variation in the value of the band gap with the temperature.

Therefore, it has been shown that employing the above mentioned

technique, a simple configuration of a logarithmic amplifier using a light
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emitting diode as a feedback element of the operational amplifier can be
. -12

used with a reasonable level of accuracy in the current range 10

Amperes to 1074 Amperes and in the temperature range -5 to 60°C [Acharya

and Aggarwal, 1996a).

4.2 Remodeling LED in Low Current Region

The junction voltage across a diode at any temperature can be
obtained by the expression given in equation (4.5). The expression
requires the value of band gap of the material used for the diode, which
has to be either obtained from the manufacturer or has to be estimated
experimentally. The manufacturers of LED do not give information of the
composition of the material used for LEDs in the data sheet or the value
of the band gap. The expression gives the value of junction voltage at
other temperature for the same value of input current. It is not a general
expression from which one can derive the junction voltage at any
temperature and any current value. Since the interest of this study is for
low current measurement, a general equation relating I-V characteristic

depending only on experimentally derived parameters, will be of great

interest.

4.2.1 Theoretical development of the model‘

The classical diode equation relates the forward current with the
junction voltage at room temperature. At small forward bias, the current
through the diode is related to voltage and ambient temperature as given
by the equation (4.3). For the equation (4.3) to be useful in a practical,
one must know both the saturation current and the device constant, n. It

is practically impossible to derive an exact expression for the voltage
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change across the diode in terms of variation in the junction temperature.
The reverse saturation current has a temperature dependence and its
variation with temperature is known only approximately. The temperature
dependence of the device constant 1 is also not known. Therefore, the only
way to know this variation is to practically measure dV/dT. One can try to
measure the temperature dependence of the saturation current IO. It is
possible to measure temperature  dependence of Io for germanium diodes,
but is difficult for silicon diodes because of its very small value. Since
I0 of LEDs is of the order of 10°'7 Amperes or even less, it is
practically impossible to measure temperature dependence of LEDs at very
low current range due to technological limitations. Even if extreme care
is taken in handling the device which includes the protection from light
and insulation of diode housing, contamination of the surface or slight
conductivity may result in some current which may be higher than that of
predicted reverse current and would appear like reverse saturation
current. Therefore, remodeling of I-V characteristics of diode (LED) is
desired which dépends only on experimentally obtained data. Remodeling of
the p-n junction diode as proposed by Damljanovic [1993] to account for
the change in temperature, is based on the experimentally derived
parameters rather than derived from theoretical values. The model proposed
by Damljanovic [1993] makes use of measured and calculated data for light
emitting diode and silicon transistor in the current range of 1 to 1000
micro-amperes. For measurements of current lower than 1 micro-ampere,
analytical ~development of theory based on experimentally  derived
parameters is needed. Such an analytical developfnent and the modeling of
diode characteristics is proposed below [Acharya and Vyavahare, 1998a].

In an ideal p-n junction diode, plot of junction voltage versus
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logarithmic of current is fairly linear at a given temperature. The
_junction voltage decreases with the increase in temperature and increases
with logarithmic of current. The junction voltage is plotted as a function
of current for two different temperatures, one at reference temperature
and one at other temperature. I1 is chosen as a reference current and 12
is chosen as another reference current which is lower than Il. Tl (30°C)
is a reference temperature (ambient temperature) and T2 is another
reference temperature which is higher than Tl. Considering the value of
forward voltage Va at current Il and at - reference temperature T], and

solving equation (4.3), forward voltage across diode can be expressed as

N

T T nkT I 3NkT T,
V=V, — +E |l- —| + — In|—| + In|l—1 (4.6)

This expression is similar to equation (4.5) but is of general form which
also has dependence on current. For I = I], equation (4.6) reduces to
equation (4.5). It is possible to obtain the value of forward voltage at
any current and temperature from this expression. However, equation (4.5)
and equation (4.6) contain a term Eg which plays an important role in
determining the forward voltage at any other temperature. Precise
knowledge of the value of Eg is required without which error could be
substantial for the material having large band gap. Since LEDs are
generally made for display applications and are made from various
composition of material, the manufacturer does not supply information
about the materials used for the manufacturing of LEDs in data sheets. To
avoid this problem an alternate method is proposed which does not require

the value of Eg. In order to find out various parameters of equation (4.6)
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it is necessary to know the approximate ranges over which the current and
temperature will change. We must then make current-voltage measurement of
LED to construct voltage versus log of current plot at two different
temperatures. Four data points are chosen from the linear portion of the
curve. These data points are chosen at two different currents and at two
different temperatures. Let VZl be the value of voltage at current Il and
temperature Tl, Vb at same Il but at different temperature T2. VC and Vd
are the voltage values at current 12 and temperatures Tl and T2
respectively. Writing four equation for Va, Vb, Vc and Vd by substituting
various values in equation (4.6), and solving them for the voltage V(,T)
across diode at a current I and temperature T, following general

expression can be obtained :

nkT I n
vam =V, + MT-T) + B | — /1y @.7)
L
V.V) 3mk T, V.V
where M = 2 + In < 2 (4.8)
T-T.] 2q T.-T V-V
1702 172 a b

and the current-voltage relationship can be rewritten as

qV
I=1 exp |[— (4.9)
¢ nkT
T2 -V-M (T-T)
where I(J =] — exp 2 ! (4.10)
, (MkT/q)
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It can -be seen that equation (4.7), does not contain any term which cannot
be determined experimentally. The device constant 1 can be obtained from
the slope of I-V characteristics. The temperature coefficient of voltage
is determined by differentiating equation (4.7) with respect  to

temperature, which can be written as

I
_ (TM*"
I 1

dv nk
=M+ — In
dT q

_ | 4.11)
2q

] Ink

1

which should be fairly linear with logarithmic of input current. It is
possible to infer the value of band gap from the relationship obtained
from equation (4.6). The band gap can be expressed in terms of T1 and T2

and the voltage across the diode at these temperatures.

2 fn L (4.12)

4.2.2 Experimental verification and discussion

I-V characteristics of the diode are experimentally obtained at
different temperatures for LED under test with a simple configuration of
logarithmic electrometer as shown in Figure 2.4 (a). The voltage across
diode is mc;asured at different input currents from 10712 Amperes to 10
Amperes at -5, 30 (ambient temperature) and 60°C. The junction voltage is
plotted against logarithmic of current at two temperatures (Figure 4.3).

Values of M (equation (4.8)) and Io (equation (4.10)) are derived by

choosing the four points on the I-V plot from the selected current and
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temperature range. As is seen from the equation (4.12) that the band gap
is proportional to the factor (Tl/(Tl'Tz))' The value of this factor was
found to be 10.1 in the present experimental setup. Since the value of Eg
is of the order of 1.9 eV and the factor (TI/(TI-TZ)) is 10.1, the
bracketed term of R.H.S. will be of the order of 0.18. Any error in the
measurement of \/a and Vb at temperatures T1 and T2 respectively for same
current 11’ will be magnified 10 times. Therefore, it is necessary to be
careful in choosing the value of Il. At higher currents, the junction
voltage is more and also the temperature coefficient of voltage is lower,
thereby reducing the error in estimating the bracketed term of equation
(4.12). Hence I1 is chosen to be higher than 12. The chosen current values
are 107 Amperes and 2 x10™" Amperes at 30°C and 60°C.

From the derived values of M and Io, I-V characteristics at 60°C is
obtained theoretically. The percentage difference of voltage between
theoretical and experimental value is calculated as given in equation
(3.1). The plot of percentage difference with current is shown in Figure
4.4. It is observed that percentage difference at 60°C is within 5 % in
the current range of 10" to 107 Amperes which may be tolerable in
certain  applications. Experiment is repeated at a temperature  (-5°C)
which is lower than the room temperature. Percentage difference at -5°C is
also shown in Figure 4.4. The percentage difference is also within 4% in
this case. The value of band gap for red LED under study, which is made up
of GaAso.6P0.4, is experimentally determined with the help of a 0.32 m
monochromator (model HR320) for its spectral emission. For this diode,
peak wavelength of the emission is found to be at 637 nm which corresponds
to a band gap value of 1.94 eV. The emission spectra of the LED used is

shown in Figure 4.5. The forward voltage is calculated for 60°C using
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equation (4.6) by substituting the experimentally determined value of Eg
and percentage difference obtained is shown in Figure 4.4. The percentage
difference is also compared at 60°C with model available in the literature
[Damljanovic, 1993] and is shown in Figure 4.4. Io, in general, is not
measured at such low currents experimentally and is estimated from the
value of intercept of voltage versus logarithmic of current plot. The
estimated value (expt.) of Io is also compared with the derived value
(equation (4.10)) at -5°C and 60°C. The Table 4.1 shows the experimental

and derived values of I and M at ambient temperature, -5°C and 60°C.

Table 4.1 : Theoretically derived and experimentally obtained values

of n and I at -5, 30 and 60°C.

Room temp. 60 C 5 C
Derived Expt. Derived Expt.
n 2245 - 2.1647 - 2.35
] 1.44x107'¢ 3.45x10° " 1.66x107°  1.2x10™"® 5.38x10°'®
r - 1.15x10° "% - 4.08x10" -

* With n corrected for the temperature

The wvalue of device constant m at three different temperatures  is
calculated from the slope obtained from V wversus log 1 curves [Figure
4.3]. It is seen from the Table 4.1 that the value of device constant n is
dependent on temperature and it decreases with increase in temperature.
The value of Io is derived using the proposed model with constant N value

at room temperature. Since there does not exist an expression of 7 at
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different temperatures, corresponding entries in in Table 4.1 are left
blank. In the third row of Table 4.1, the value of I: is derived from the
experimentally measured values of M at that temperature. The values of Io
are in reasonable agreement with the experimentally obtained values at
both temperatures, and it improves further if the value of mn at that
temperature is used. The derived value of M is -2.19 mV/C. The
temperature  coefficient of junction voltage (dV/dT) derived theoretically
(equation (4.11)) using experimental data is shown in Figure 4.6. dV/dT,
also obtained directly from the ratio of difference between two voltage
values obtained experimentally at two temperatures and the difference in
temperatures, is plotted with current as shown in Figure 4.6. It is seen
that the experimentally obtained direct values dV/dT matches in high
current region and is higher at lower currents than the theoretically
derived using proposed model. The value of band gap Eg as derived from
equation (4.12) is 1.952 eV which is in good agreement with the
experimentally determined value of 1.94 eV.

As seen from Figure 4.4, the performance of the proposed model is
superior to the model [Damljanovic, 1993] and using Eg value calculated
from equation (4.6). The percentage difference in voltage of the proposed
model is within 5% at both the temperatures -5°C and 60°C. This difference
could be due to assumptions involved. We have assumed in the derivation
that the values of device constant M and band gap Eg are independent of
the temperature. However, the value of m as derived from slope at three
different temperatures differ as shown in Table 4.1. It is also known that
effective energy gap tends to become slightly smaller with the increase in
temperature for most of the semiconductors [Kittel, 1971]. The change of

temperature in present study is 30°C in one case and 35°C in another
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case. This may cause change of band gap value and can contribute error
which may be less than 1 % [Kittel, 1971]. The other source of error could
be due to difference between recorded temperature and temperature of the
diode. As could be estimated from the Figure 4.6, temperature inaccuracy
of one degree may cause error of the order of 1% at 10" Amperes and
about 0.1% at 107 Amperes. Composite effects of these and any non
linearity accounts for the total error. Thus, it has been shown in this
section that using this model, a LED-logarithmic electrometer can be used
with reasonable level of accuracy.

In this chapter, expression for the junction voltage for the
analytical  correction  of  temperature is  derived. The  classical
current-voltage equation of a junction diode involves reverse saturation
current I0 and device constant 7M. Values of these parameters depend upon
the temperature. Experimental verification of I0 in case of LED is
difficult because of very low I0 (< 107" Amperes ). It is shown that
theoretically corrected readings of junction voltage lie within 8% of the
experimentally obtained voltages. A model is also proposed which removes
some of the uncertainties in obtaining junction voltage using analytical
correction. In this model, a general expression is derived for the forward
voltage of a LED as a function of current and temperature. This expression
uses experimentally derived parameters only. Expressions for the band gap
and temperature coefficient of junction voltage based on the experimental
values are also derived. These expressions have been made to check the
performance of LED which has been used as a non-linear element of
logarithmic current electrometer for the measurement of very low current.
It has been shown that predicted performance of logarithmic electrometer

is within 5% of the experimentally obtained data in the current range
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10 to 107 Amperes and in the temperature range -5° to 60°C. This
analysis will be useful in predicting the behavior of logarithmic
electrometers  with  higher accuracy. In the next chapter, different
temperature  compensation  techniques, new  circuits with  improved
performance and error aspécts related to LED-log ratio electrometers are

discussed.
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Chapter S
TEMPERATURE COMPENSATED LOG RATIO ELECTROMETERS

Log ratio amplifiers are generally used for the measurement of
current/voltage having large dynamic range. These amplifiers are normally
designed with compensation circuits to minimize the effect of temperature
on junction voltage. As discussed in section 2.7.1, temperature effects
due to the factor kT/q can be reduced by making gain of the summing
amplifier proportional to 1/T with conventional thermistor technique and
due to I0 can be eliminated by the circuit shown in Figure 2.6. It
basically consists of temperature dependent logarithmic amplifiers, one
for input signal and other for reference signal. The polarity of the
reference signal is opposite to that of the input signal. Output of these
two amplifiers are added and amplified by an amplifier whose gain is
dependent on the temperature. The scale factor G(T%T) (equation 2.29) is
approximately 120 mV/decade at room temperature for G = 1. It can be
amplified suitably by a gain factor G so as to get proper scale factor.
There are basically two techniques to minimize the effect of (kT/q) term.
One is the use of thermistor in the gain network such that the gain has
equal and opposite effect of (kT/q) term at varying temperatures. Another
one is the ratio technique, in which output of one log ratio output is
divided by reference log ratio output, thereby cancels the (kT/q) term.
Both techniques have been wused in the literature for low current
measurements. It is therefore appropriate to analyze the performance of

LED-iogarithmic electrometers with both technique. In this chapter, log
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ratio electrometers using thermistor and ratio technique for unipolar as
well as bipolar signals, parameter sensitivity analysis, improved log
ratio electrometers in terms of dynamic and temperature range and error
due to mismatch of device parameters are discussed. The dependence of
device constant on temperature is experimentally measured and a proposed

relationship of m with temperature is also shown.

5.1 Bipolar Electrometer

There are quite a few applications where signals with both polarities
would be present. In such cases, the log amplifier which is sensitive to
such bipolar sigrals, is needed. Log circuits are in general suitable for
signals of a single polarity only that makes the diode to conduct in
forward direction. When the polarity of the input signal reverses, the
diode does not conduct and it offers a very high resistance. Under such
situation, the output of the amplifier latches to one of the supply
voltages. A low-current bipolar log amplifier can be designed using two
LEDs with opposite polarities connected in parallel as feedback elements
in the operational amplifier circuit. A reference channel is also used,
whose reference current should be switched such that it is of opposite
polarity to that of the input signal, to eliminate the effect of I. The

effect of the kT/q term is reduced or minimized by thermistor or ratio

technique.

S.1.1 Thermistor technique for temperature compensation

A bipolar log-ratio electrometer based on the above principle‘ has
been designed [Acharya and Tikekar, 1993]). The circuit diagram is shown in
Part A of Figure 5.1. The output of the operational amplifier circuit

using a diode in the feedback loop is of the order of 0.7 V for a silicon
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diode and 1.4 to 3 V for a LED depending on its type. Higher output can be
obtained by stacking several diodes in series. Two diodes (LED) connected
in parallel with opposite polarity are used as feedback elements to take
care of both polarities of the signal. Similar feedback elements are also
used for the reference channel. Diodes have been selected from a random
lot having similar [-V characteristics. Al serves as a bipolar log
amplifier for the input signal. An ultra low bias current of the order of
107" Amperes, operational amplifier OPA 104 (Burr Brown) has been used in
the input stage (Al). The polarity of the output voltage of Al would be
opposite to that of the input current ie. output polarity of Al is
negative for positive input current and is positive for the negative input
currents. The output of Al is fed to comparators (A3, A9) whose outputs
are fed to n channel Field-Effect Transistors (FET) Q! and Q2 For
positive (negative) input current, FET Q2 (Ql) will be switched on and Ql
(Qz) will remain off Q1 or Q2 allow stable reference current of opposite
polarity to the bipolar log amplifier A2. The reference current is
generated with the help of temperature compensated Zener diodes and
;csistances with very low temperature coefficient. Rx and Ry are adjusted
in such z way that the outputs of Al and A2 are exactly equal at the
negative and positive signal current (1()'5 Amperes), respectively. The
outputs of Al and A2 are added by summing amplifier A4 and amplified by a
gajn factor which is dependent on temperawre. This is achieved by using a
combinaticn of resistance (R1) in series with a parallel combination of
thermistor RT and shunt resistance Rz' The values of R!, R2 and RT are
found in the following manner.

Initially, the output voltage versus input-current characteristics at

three different temperatures [-5, 30 (room temp.) and 60°C] are found by
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having a fixed resistance in the feedback path of Ad4. The circuit has been
tested with each of D1 to D6 replaced by five diodes (LEDs) in series to
get higher output. Figure 5.2 shows output voltage versus logarithmic of
input current for positive input current and Figure 5.3 shows the similar
graph for negative input current. It can be seen that the output voltage
is dependent on ambient temperature. This dependence can be explained as

below. The output voltage of the summing amplifier is given by

vV = GnkT In
1 q

L
in ] (51)
I

ref

where Iin is the input current for Al, IIref is the reference current fed
to A2 and G is the gain of the summing amplifier. As evident from equation
(5.1) for a given Iref, output-voltage will increase with the increase in
temperature. To reduce the effect of temperature on the output voltage, a
thermistor having a negative temperature coefficient is put in the
feedback path of the summing amplifier. Since the temperature-resistance
characteristic of a thermistor is nonlinear, a resistor network is used
for linearization. The effective feedback resistance R, becomes

R2RT
R=R +_>"1_ (5.2)

where R is the series resistance of the network, R, is the shunt
resistance, and RT is that of the thermistor. Since the gain of the
amplifier is directly proportional to Rf, the variation in temperature
would change the value of Rf and hence the gain accordingly.

It is evident from Figure 5.2 that feedback resistor has to follow a

certain negative temperature coefficient for compensating the output and
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the following equation needs to be satisfied to compensate the amplifier

against temperature variation [Misra et al., 1990].
5.38 R_5 = 6.06 R30 = 6.83 R()o (5.3)

where R 5 R30. and Rso are required values of R [ -5, 30 and 60°C,
respectively. The constants 5.38, 6.06 and 6.83 are the measured values of
the output of an uncompensated log-ratio electrometer with an input of
10" Amperes at -5, 30 and 60°C. The component values of R, R, and R
are found by using equations (5.2) and (5.3) assuming the value of
thermistor R'r = 10 K at 25°C. The resistance of thermistor at -5, 30 and
60°C are 37.3 KQ, 7.5 KQ and 2.76 KQ, respectively. Using these values, R
and R2 come out to be 2.86 KQ and 2.7 KQ. Using the resistor network with
the above configuration, the output voltage versus current at three
different temperatures are measured and shown in Figure 5.4. It is clear
from the transfer curves (Figures 5.2 and 5.4) that this network has
improved the performance of the amplifier considerably and the output
voltage is independent of temperature between -5 and 60°C. Similar
improvement in the performance is observed for negative currents which is l

shown in Figure 5.5.

5.1.2 Ratio technique for temperature compensation

A temperature compensation proposed by Ericson et al. [1992]  uses
Quad matched transistor array. Figure 5.1 (Part A & B) shows a circuit
" that has been developed on similar lines using LEDs. A part of the circuit
i§/ similar to the one using thermistor technique. The circuit can be
divided into two parts for the purpose of analysis. One is the bipolar log

ratio amplifier with a provision for automatic switching of the polarity
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of the referehce current and a  summing amplifier (A4). Other is also an
log ratio amplifier for two known currents (10" and 10°¢ Amperes). The
circuit in case of the ‘ratio’ technique differs in the following sense.
The feedback network containing R1’ R2 and RT of Figure 5.1 (Part A) is
replaced by a 4.7 KQ resistance. Another log ratio amplifier is designed
using amplifiers A5, A6 and A7 for two known current values having a ratio
of 10. |

| Referring to Figure 5.1, output voltage V, which 1s the ratio of
logarithmic of input current by reference current is expressed as given in
equation (5.1). Similarly, output voltage V2 of amplifier A7 can be

written as

Vv =nk_.__I]n
2 q

I
! ] (5.4
I

2

where Il and I2 are reference currents fed to the log amplifiers A5 and A6
respectively. The values of Il and I2 are 10°° and 1077 Amperes

respectively. Since I1 =10 12, therefore equation (5.4) reduces to

v = 1KT 10 (5.5)

Vo= (5.6)

Substituting the values of Vl from equation (5.1) and V2 from equation

(5.4), one abtains a relationship which is independent of temperature.
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This is referred to as the ratio technique. Division can be
implemented by a software or a hard wired divider. The scale factor
(Volts/decade) is unity if the divider gain is 1. Unlike in the thermistor
technique where the scale factor is approximately (2.3 mkT/q) which is
approximately 0.12 V at room temperature, the scale factor in case of
ratio technique is directly proportional to the gain of the divider. For
the purpose of illustration, Iref is chosen to be 107’ Amperes and V1N2
division is performed by software.

Figure 5.6 shows the plot of I-V characteristics of bipolar log ratio
amplifier using ratio technique for positive currents at three different
temperatures (-5, 30 and 60°C). Similarly Figure 5.7 shows the plot for
negative input currents and is found to be similar as that of Figure 5.6.

Figure 5.8 shows the plot of scale factor versus logarithmic of
current for both the ratio technique as well as the compensated technique
using thermistor for LEDs. The change in scale factor is observed because
different diodes are used for different polarities of the signal.

As seen in Figure 5.7, the output of the ratio technique is found to
deviate for low temperatures (-5°C) at higher currents for both polarities
of the signal ( > 10 Amperes). The reason could be mismatch of diodes.
Moreover at higher currents I-V characteristics also deviates due to
significant drop across ohmic resistance [Sah et al, 1957]. In the
present study, the diodes have been chosen from a random lot. Accordingly
an attempt has been made by choosing diodes having nearly similar I-V

characteristics for the complete log ratio electrometer. The performance
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can be improved further by the use of matched LEDs. The ratio technique is
easier to use since in the thermistor method, Rl, R2 and RT are decided on
the basis of performance of uncompensated amplifier at different
temperatures over a specific current range. The ratio method circuit
remains unchanged over a wide temperature and current range. Moreover, the
performance with ratio technique is only . marginally inferior as compared
to the thermistor method even when diodes have been selected from a random
lot. If a matched set of LEDs are used, the performance may also turnout

to be better.

5.2 An Improved Unipolar Electrometer using Thermistor

The limiting factor on the accuracy of the performance of the circuit
is due to errors associated with the circuit implementation. Matched log
elements are required for the precise operation of logarithmic amplifiers.
Therefore, it may be necessary to understand the error involved due to
mismatch of various device parameters to realize the full potential of the
logging diode characteristic. It is also necessary to have an
understanding of the influences of the specifications of both the log
elements. Since normally device  parameters of LEDs, selected from a
random lot are not exactly same, it 1is necessary to estimate the
sensitivity of log ratio output to parametric variations. Errors are
caused due to temperature inequality of non linear elements, mismatch of
device parameters and ambient change of temperature. All these factors
affect the performance of log ratio amplifier. A temperature compensated
LED-log ratio electrometer has been designed to measure currents from
10" o0 107 Amperes. LEDs were selected through extensive device testing

from a random lot. Device constant 1 and the reverse saturation current
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are important parameters in deciding the I-V characteristics of a diode.
Therefore, LEDs having 1} within 1 % were chosen. Temperature compensation
is achieved using both the techniques, i.e. one using thermistor and other
by ratio technique. As explained in sections 5.2.1 & 5.3.1, separate
mathematical analysis of both versions of log ratio electrometers have

been carried out and have been experimentally verified.

5.2.1 Design and analysis of parameter sensitivity

Figure 5.9 shows log ratio electrometer realized by using operational
amplifiers Al, A2 and A4. Al in conjunction with LED Dl, and A2 in
conjunction with LED Dz, forms logarithmic amplifier for input channel and
reference channel respectively. A4 is used as a summing amplifier and A5
is used to generate a reference voltage, the output of which is fed to the
input of A2 through the resistance R s of 1 MQ. As discussed in section
3.2.4, amplifier A3 reduces the charging time constant of diode
capacitance of D1 and thereby improves the response time of Al. The output
voltage of operational amplifier Al is proportional to logarithm of the
input current Iin, where as output of operational amplifier A2 is .
proportional to logarithm of the reference current Iref. Output of Al and
A2 are added to produce the log ratio output. The current-voltage

characteristics of diodes Dl and D2 are given respectively by

qVv
L =1 exp ‘ for 1>>1 (5.8)
m (¢} n kT mn o
1 1
qVv
I_=1 ex - for 1_>>1, (5.9)
¢ nZsz re o2
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where Iol and I02 are reverse saturation currents, and n, and n, are
device constants, of diodes D1 and D2 respectively. V1 and V2 are output
voltages of operational amplifier Al and A2. The output V, is negative
and V2 is positive due to the polarity of the diode connection in the

circuit. Output of operational amplifier A4 can be written as

V =-G(V+ V2) (5.10)

[o]

where G is gain of the summing amplifier. Substituting values of V1 and V2

from equations (5.8) and (5.9) in equation (5.10), one gets

G n. kT I In@ /1 ) nTlIn(d /1)
vo - 1 1 ln[—ll‘_l_] [l + ref ol 2 2 ref o2 (511)
q Ircf 1n(Iin/Iref) anlln (Iin/Iref)
Rewriting the equation (5.11) one gets
Vn V21
V=V |1l+ —- —F (5.12)
° " Voi Voi
where Voi, V“ and V21 are given by
anle I
\/0i = In |22 (5.13)
q Iref
Gnlle I ;
vV, = In [ (5.14)
q ol
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Gn_kT I .
V =_2%2 2 In [‘] (5.15)

21 q 102

Assuming perfect matching of non linear elements D] and Dz, V“= V21 and

Vo= Voi which is the desired ideal output of lég ratio electrometer. Vll
is (- G) times the output of logarithmic electrometer Al at input current
Iref and vz: is G times the output of logarithmic electrometer A2
Composite effect of the second and third term of equation (5.12) arises
due to mismatch in device parameters of D —and D, constituting an error.

. The fractional deviation of the actual output from the ideal output is

defined as error, €, which is given by

g= — o (5.16)

Substituting value of Vo from equation (5.12) in equation (5.16), equation

(5.16) reduces to

g =L 2 (5.17) -

which is log ratio output at input  current Imf divided by the ideal
output. For matched diodes, n, =", T1 = T2 and Iol = Ioz’ the R.H.S. of
equation (5.17) reduces to zero. The sensitivity of log ratio output to
parametric  variations is obtained by partially differentiating - equation

(5.11) with respect to n,, one obtains

GkT, I
avV_ = In [ an, (5.18)

which can be rewritten as
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aVv

Gn kT
oo 1422
\Y%

(5.19)

I f
In re
I02

voltage V with variation in n, is given by
[¢)

=]

The dependency on output voltage with variation in temperature and reverse

qv

Similarly, variation in output

an,
n2

aVv Gn : le

NI (5.20)
VO o

qV

saturation current of the device can be obtained using similar procedure

as that for device constant. The corresponding expressions are

av [ ansz 1 f" T,
—2 =1 + ——Z1In | =] (5.21)
Vo - qvo 102 /- Tl
aVv [ Gn‘kT] I a_T2

2=11 - In |2 (5.22)
\' qV I T

o - o ol /4 2
avVv Gn kT, al

(4] = 2 2 a2 (5.23)
\% qV I

o o 02
aVv Gn 1 kT] 8l 1

° = 2 (5.24)
Vo qvo Io]

It is clear from these expressions that fractional change in 1 and

temperature causes same amount of fractional change in the output, whereas

change in the value of the reverse saturation current causes smaller
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change in the output as compared to 1 and temperature.

5.2.2 Error due to variation in temperature

For a given input current, the output of the logarithmic electrometer
also varies with - the wvariation in temperature. The influence of
temperature variations upon the accuracy of measurements is considered
simultaneously for both nonlinear elements D1 and D2. Expression for the

reverse saturation current I)1 and I)2 as given in equation (2.46) are
q [¢

{ qE 3

I =K T exp B (5.25)
\ n]leA
qE )

I,=K T exp 8 (5.26)
nszv

where K1 0 and K” are constants independent of temperature. Assuming T1 =
T2 = T and substituting values of Iol and I02 into equation (5.11), and

differentiating it with respect to T, one obtains

oV = |V+25xGm ) K| 2T (5.27)
q T

(kT/q) is of the order of 25 mV at room temperature. For the diodes of
same composition and selected from a random lot, normally |n2-nl] = 0.001.
Therefore for G = 1, second term in the equation (5.27) is of the order of
0.0625 mV at room temperature and can be neglected since the output

voltage VO is of the order of 1 Volt. Neglecting the second term, equation

(5.27) becomes
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av aT
2= — (5.28)
\Y T

o

As per equation (5.28), 1 percent change in temperature would cause 1

percent change in output.

5.2.3 Discussion on the experimental results

The circuit diagram of LED-log ratio electrometer shown in Figure 5.9
iS fabricated in the laboratory for experiments. Operational amplifier A5
(741) in conjunction with temperature compensated reference diode D4 (ICL
8069) provides 10 V reference voltage which is then used for feeding
reference current in to log amplifier A2 (OPA 104). Commercially available
red LEDs were chosen for the experiment. I-V characteristics of many LEDs
from a random lot were experimentally obtained and Dx’ D2 were chosen
which are having similar I-V characteristics i.e. difference between 1 of
two diodes is less than 1%. Log output of both LEDs D] and D2 at the input
current of 10™ Amperes was found to be 0.01 V less than the desired to
give equal scale factor (0.12 V) in the current range 10" w 10*
Amperes. Hence a 100 Q resistance was used in series with the diode Dl to
compensate for lower voltage at 10 Amperes. The voltage developed
across 100 Q for lower values of current (I < 10° Amperes) is much
smaller and does not affect the scale factor. Series resistance is not
required in case of diode D2 as this diode is operating at 10° Amperes
current. Output of log amplifiers A1 and A2 were added to produce log
ratio output by a summing amplifier A4 (741). Temperature compensation is
provided by a feedback network of A4 which consists of a resistance R12 in
series with a parallel combination of a thermistor RT and a resistance

Rn’ Values of these resistances were found by a technique discussed
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in section 5.1.1.

Figure 5.10 shows the plot of output voltage for uncompensated
logarithmic  electrometer ~ versus  input current at  three  different
temperatures -20, 30 and 70°C. These measurements are taken by using a
fixed value of feedback resistance (47 KQ) across A4 in place of
thermistor-resistor combination. Experimentally observed change in output
voltage with temperature is 3.6 mV/°C at 10°* Amperes and 22 mV/°C at
10712 Amperes. Theoretical estimation of change in output voltage with
temperatﬁre using equation (5.28) at room temperature are 3 mV/°C at 10™
Amperes and 24 mV/°C at 10" Amperes for the present experimental set-up.
These values are in good agreement with the experimental observations.
Figure 5.11 shows the graph between output voltage and Log I at different
temperatures  for  temperature  compensated logarithmic  electrometer.
Deviations have been seen at low currents and at high temperature. The
reason for this deviation could be due to ineffectiveness of compensation
circuit for a large difference of temperature (-20 to 70°C). Scale factor
variation with current for three different temperatures are shown in
Figure 5.12. Scale factor variations are  within 3% for 5 decades of
current for temperature range -20 to 70°C and within 6% for 6 decades of
current range from -20 to 30°C.

A eight decade temperature compensated LED-log ratio electrometer is
designed for the measurement of current from 107 to 10 Amperes. Table
5.1 shows the fractional change in V0 with respect to fractional change in
device constants n,,» M, temperatures T], T2 and reverse saturation
currents IO]. 102. Using Table 5.1, the value of é’VO/V0 at a particular

value of current for a given parameter variation can be obtained using
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Fig. 5.10 : IV characteristics of uncompensated LED-log ratio

electrometer (improved version) at -20, 30 and 70°C
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Fig. 5.11 : IV characteristics of temperature compensated LED-log

ratio electrometer (improved version) using  thermistor
technique at -20, 30 and 70°C
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technique at -20, 30 and 70°C, as a function of
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equations

(5.19) to (5.24) by multiplying the numerical value shown in the

corresponding column. For example at 107" Amperes, the voltage variation

due to change in n, is given by aVu/Vo= 0.67 (an‘/n]). Referring to Table

5.1 on parameter sensitivity it can be seen that variation in temperature

and change in value of the device constant m are more important than

reverse saturation current.

Table 5.1 Fractional change in output voltage with fractional change in
device parameters (device constant (1), reverse saturation
current (Io) and device temperature (T)) at different input
currents

Mutltification factor in calculating (8V /V ) from
Current °

(Ampere) (am/m) (anym,) (sl A ) (al /I ) (aT /T) (aT/T)

10" 0.77 1.23 0.0076 -0.0076 0.77 1.23

10" 0.73 1.27 0.0089  -0.0089 0.73 1.27

107 0.67 1.33 0.0107  -0.0107 0.67 1.33

10” 0.59 1.41 0.0135  -0.0135 0.59 1.41

10’ 0.45 1.55 0.0182 -0.0182 0.45 1.55

107 0.16 1.84 0.028 -0.028 0.16 1.84

10° -0.75 2.75 0.057 -0.057 -0.75 2.75

5.3 An improved Unipolar Electrometer using Ratio Technique

Experimental results [Ericson et al, 1992] shows that ratio technique

is superior as compared to thermistor technique. Using this method, error

less than

1 % have been demonstrated for 5 decades of current over an
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extended temperature range. However, in the former case extensive device
testing is required to select four matched log elements and performance of
the circuit depends on the matching of various device parameters. A log
_electromctcr.was designed using low cost LEDs for measurement of currents
from 10°'% to 10° Amperes [Acharya and Aggarwal, 1996b] in which LEDs
were selected from a random lot. In this section, a new circuit has been
proposed which is based on the ratio technique. The proposed design
reduces component count. In a ratio technique, normally four operational
amplifiers with four ’log elements (diodes) are required. However the

proposed circuit uses three operational amplifiers and three log elements.

5.3.1 Design and circuit analysis

The experimental circuit of LED-log ratio electrometer as shown in
Figure 5.13, in which .Al (OPA 104) is an ultra low bias current
operational  amplifier, D‘ is a logarithmic diode (LED). Operational
amplifier A2 (OPA 104), D2 (LED) and operational amplifier A3 (OPA 104),
D3 (LED) form logarithmic amplifiers for two reference channels.
Amplifiers A6 and A7 with temperature compensated reference diode D4 acrL
8069) forms voltage references. A4 and A5 act as summing amplifiers.

Operational amplifiers Al, A2 and A4 form a log ratio amplifier. Its
output, Vol, is given by

Vo, =- (V, + V2) (5.29)

The output V1 is negative and V2 is positive due to the polarity of the

diode connection in the circuit. Substituting values of V1 and V2 from

diode equation (2.14) in equation (5.29), one gets
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n kT I n.kT I
\Y —- 1 1 ln [ in J - 2 2 ln refl (530)
I

where n, n, are device constants and T]’ T2 are absolute temperatures of
diodes D1 and D2 respectively, Iin is the input currgnt, Im“ is the
reference current for log amplifier made up of amplifier A2 and diode D2
and Iol . I02 are reverse saturation currents of Diodes D] and D2
respectively. Similarly operational amplifiers A2, A3 and AS form other
log ratio amplifier, the output of which, Vuz’ is given by

Vo2 = - (V3 + Vz) (5.31)

V3 is negative and V2 is positive due to the polarity of the diode
connection in the circuit. Substituting values of V. and V2 from diode

equation (2.14) in equation (5.31), one gets

n kT I n.kT I
voz = _3 3 In [ ref2| 22 In refl (532)

where Irefz is the reference current for the log amplifier made up of

amplifier A3 and diode Dx‘ Dividing Vol by V ,» one obtains

vV = ol - anlln(Iin/Iol)~n2T2ln(IreH/IOZ) (5 33)
\" n3T31n(Irc /I(\})-T]Z'I'zln(lrc /1)

02 f1" 02

f2

If matched diodes are used, then N, =n,=n, and I =1 ,= I .. Further

if Ire“ = 10 Irrz and  assuming the same temperature for all diodes
4

(Tl = T2 = T‘), equation (5.33) reduces to
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i
<

(5.34)

0 oi

refl

Equation  (5.34) shows that the output voltage Iis independent  of
temperature. Scale factor (K) as determined by equation (5.34) is one
Volt per decade. It has been shown in section 5.1.2 that in the
conventional log amplifier scale factor is (2.3 nkT/q) which is

approximately 120 mV/decade for n = 2.

5.3.2  Error due to mismatch in device parameters

It is evident from equation (5.33) that the output is dependent on
device constants (n), reverse saturation currents and teniperatures of all
three log elements used in the circuit. Difference in values of, reverse
saturation currents or the device constants N, M, n, or in temperature
of non linear elements will result in the deviation of the output from the

ideal one. Let us assume that ul and n, are related to n, by

n=n% An1 (5.35)
n,=m, +A4An (5.36)

and let T2 be related to temperature T] and T, by

Tl = Tzi" AT1 (5.37)
and. T3= 'I‘2 * AT2 (5.38)

Substituting values from equations  (5.35) to (5.38) in to equation (5.33)

for Irc“ = 10 Iwm, equation (5.33) can be written as
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In(l 2/I 1) An] AT1 In(1 /I 1)
I+ 22 % 4 |+ * 0 0
In(I, /I T ] In(I /T )
V = V ( in rcfl) T]Z 2 in refl (539)
o ol A , AT2
1-log(1 /1 )- |+ —2 £ log(1__/1 )
T‘12 T2

The terms AT]1 AT1 and An2 AT2 are assumed to be negligibly small and have
been neglected in deriving the above expression. The first term (Voi) in
the equation (5.39) represents the output of log ratio electrométer if
matched diodes are used and the multiplying term represent scale factor K.

The scale factor K is thus given by

AT1 ln(Iin/Iol)

lrl(Iin/Ire

1+

ln(IoZ/Iol) + [ AT]
)

+ —L
K = ln(Iin/Irefl

)
f1 (5.40)

log(1 /103)

ref2

n2 T2
AN, AT,
+ %t
n2

I-log( /1 )-

2

If An1= An2= 0 and AT1= AT2= 0, then K = 1. However K is different from .
unity in this case due to unequal values of device parameters of various
diodes. The denominator of equation (5.39) does not depend on the input
current. However, the numerator varies with the input current. Iol, Ioz’
103 and N, My M, are estimated from I-V characteristics of diodes Dl, D2
and D3 respectively. Once these values are calculated, it is possible to

calculate the scale factor by substituting the values of various parameter

values in equation (5.40).

5.3.3 Discussion on the experimental results

Commercially available red LEDs were chosen for the experiment. [-V
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characteristics of all LEDs D, D2 and D3 were obtained by connecting LEDs
individually as a non linear element of the logarithmic electrometer. The
values of device constants n, m, and n, derived from I-V characteristics
of D], D2‘ and D3 are 2.0669, 2.0646 and 2.06456 respectively. Scale
factors of log amplifier using all diodes Dx’ D2 and D3 were found to be
of very close to 0.12 in all current ranges except in the current range
107 o 10* Amperes where its value was found to be 0.11. Therefore, a
resistance of 100 ohms was used in series with the diode D1 to make
uniform scale factor in the current range 107'% to 10°¢ Amperes. Series
resistance is not required in case of other diodes because D2 and D3 are
used in reference channels where reference current of 10°° Amperes or less
was fed in both of them.

The device constant m is an important parameter in the design of
logarithmic electrometer which varies with temperature [Schmitz et al.,
1996], the dependence of I-V characteristics on temperature of all diodes
was measured individually. - Referring to Figure 5.13, operational amplifier
A7 (741) in conjunction with a temperature compensated reference diode D4
(ICL 8069) generates 10 V reference voltage source. Operational amplifier
A6 acts as an voltage inverter. Reference currents 10°° Amperes and 10°°
Amperes having suitable polarity were fed to log amplifiers A2 and A3
respectively. Operational amplifiers A4 and A5 were used as a summing
amplifiers to generate log ratio outputs for input and reference channels
respectively as shown by equations (5.30) and (5.32). Using variable
resistor, offset adjustment was used in the summing amplifier AS to adjust
the scale factor initially at room temperature. Outputs Vol and V02 were
divided by computer. It may also be possible to use a hardware divider if

interface to computer is not possible. Figure 5.14 shows the behavior of
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device constant with temperature for three diodes. It is seen that the
value of the device constant increases with decrease of temperature. The
typical value of 1 at -20°C is 2.079, 2.067 at 30°C and is 2.0195 at 70°C.

Figure 5.15 is the plot of log ratio output with input current at
three different temperatures (-20, 30 and 70°C). It can be seen that the
output is compensated for -20°C. However, some deviations are observed at
70°C which is also reflected in the scale factor at 70°C. Figure 5.16
shows a plot of scale factor at selected 3 different temperatures (-20, 30
and 70°C) versus input current. Deviations are found more at low currents
and at high temperatures. The reason could be due to variation of 1 with
temperature. It is seen from Figure 5.14 that the value of mn for all three
diodes decreases in same fashion up to 50°C. For temperatures beyond 50°C,
the value of M for Dl decreases with the increase in temperature, whereas
value of D2 and D3 increases with the increase in temperature. Scale
factor is also calculated as a function of input current using equation
(5.40) for 30°C and is also shown in Figure 5.16. These values are in good
agreement with the experimentally obtained values at 30°C. Errors less
than 6 % have been demonstrated over an extended temperature range for 7
decades. The study of this technique establishes the viability of the
method which is easier to use than thermistor technique. The performance
of the system would further improve if a matched set of LEDs is used.

The analysis has shown that for a precise measurement it is
necessary to maintain the non linear elements approximately at the same
temperature. The temperature could vary, but the variations should be
approximately same for all non linear elements. The factors n, 1, and n,

should be same. Use should be made of matched pairs of components in one
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hermetically sealed enclosure so as to meet the stringent requirements  as
regard the equalities of the  characteristics  and especially  of

temperatures of non linear elements.

5.4 Temperature Characteristics of the Device Constant (1) of LED

The value of the device constant () of a diode is assumed to be
constant in many calculations. However this assumption is not always valid
particularly when the measurements are done under varying temperature
conditions. It has been experimentally observed in Figure 5.14 that value
of M varies with temperature. In section 5.3.3 also, variation in scale
factor with temperature is correlated with variation of m  with
temperature. Temperature dependence of I-V characteristics of the diodes,
which depends on m, is important in many applications of logarithmic
electrometers. It is therefore pertinent to study the behavior of m of LED
at different temperatures.

The current-voltage relationship is given by the classical diode
equation (2.14). The quantity I0 is temperature dependant and is given
approximately by equation (2.46). The term qu/nkT (equation 2.46) is of
the order of 40 at room temperature for a LED having Egs 2 and M = 2.
Therefore variation in exponential term is more important than T'? term
in studying the temperature variation in I-V characteristics of a LED.

Hence equation (2.46) for I0 can be approximated as

qE
nkT

I =K exp |-

O 2

(5.41)

Where K]2 is a constant nearly independent of the temperature.

Substituting the value of k and g, one obtains



1000 E
x 11.59 x -& (5.42)
12 T n

By measuring current-voltage  characteristics of diode at different
temperatures (equation 2.14), mn and I0 can be estimated at different
temperatures. The reverse saturation current is related to temperature as
given in equation (5.42). Plotting In I0 with 1000/T, yields (Eg/n) from
its slope and K]2 is obtained from its intercept with Y axis at X = 0. If
the curve is linear, then the ratio (Eg/n) should be constant. If n is
assumed constant then the Eg should also be a constant. Since Eg also
varies with temperature [Panish and Casey, 1969], n can not be considered
as constant. Hence the value of m should vary with temperature in same
proportion  as Eg varies with temperature. Therefore, in this section
measurements of 1 as a function of temperature is made. Wide temperature
range is chosen so that 1 may be characterized with temperature. A
relationship  which  relates the dependehcc of device constant with

temperature is proposed [Acharya and Vyavahare, 1998d].

5.4.1 Chafacterizing variation of n with temperature

A red LED (GaP) is connected as a feedback element of the operational
amplifier which 1is configured as a logarithmic amplifier as shown in
Figure 2.4(a). I-V characteristics were obtained at different temperatures
ranging from -80°C (193°K) to 260°C (533°K) in about 20°K increments
between successive measurements. The temperature was increased linearly
and allowed to stabilize for some time. Figure 5.17 shows the variation of
output voltage versus log I at different temperatures. Table 5.2 shows the

typical value of M and I0 of LED at some typical temperatures.
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Table 5.2 : Device constant (1) and reverse saturation current (Io) of

LED at different temperatures

Temperature Device constant Reverse saturation
(°K) n current I_(Amperes)

193 2.165 1072

223 2.116 10

273 2.073 107

302 2.067 10"

333 2.052 107

373 2.045 10

473 1.99 1o

533 1.955 1071°

As seen from Table 5.2, M reduces with increase in the temperature whereas
the value of I0 increases with temperature. Figure 5.18 shows a plot of
log Io versus (1000/T). It can be seen that the curve is linear and
experimentally estimated values match very well in the temperature range

193°K to 533°K with the following relationship

1000

I0 = 3.43 exp [— X 12.78:| (5.43)
Comparing equation (5.42) with equation (5.43) one gets value of K12 as
3.43 and Eg/n = 1.091. Substituting the value of M, we obtain the value of
Eg as 2.36 at 193°K, 2.25 at 302°K, 2.17 at 473°K and 2.13 at 533°K. The
reported values of E_ for GaP devices are 2.26 at 300°K, 2.18 at 473°K and
2.15 at 545°K [Panish and Casey, 1969]. |
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Since the ratio E_g/n is constant, N should also vary with temperature
in same proportion for the relationship of equation (5.42) to be valid.
The wusual practice for expressing the temperature dependence of Eg has
been by linear variation [Panish and Casey, 1969]. Hence the relationship

‘of M with temperature can be considered similar to Eg as
Nn=n@© -bT (5.44)

where M is the value of device constant‘ at temperature T, mM(0) is the
extrapolated value of m at 0°K and b s the empirical constant.
Experimental data has been found to match in equation (5.44) with values
nO= 224 and b = 54 x 10* The variation of M with temperature is
shown in Figure 5.19. A general expression for the dependence of energy

gap with temperature has been reported as [Panish and Casey, 1969].

v, T?
E =E(@- - (5.45)
& & T + 'I‘d

where Eg is energy gap at temperature T, E (o) is energy gap at 0°K, Y, is
8

empirical constant and Td is approximately the 0°K Debye temperature.,

Since Eg/n is independent of temperature, the variation of 1 with

temperature would be similar to equation (5.45) and can be given by

y,T?
n=n - —— (5.46)
T + Td

where Y, is constant. Figure 5.20 shows a plot of 1 versus Tz/(T+Td) where

Td= 460. The extrapolation of the graph gives (o) = 2.17 and the slope of
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the graph gives 7,= 7.89 x 10*. Table 5.3 shows the comparison of
experimentally obtained values of m with the values obtained from equation

(5.44) and equation (5.46).

Table §.3 : Experimentally obtained and derived values of Device constant

(m) for red LED using equations (5.44) and (5.46)

Temperature Device constant n % difference
°K)

Experi- 2.237- 2171-7.89x10° 2600 28100

mental 54x10°T  (TY/T+460)

(b) (c) (d)
193 2.165 2.133 2.126 1.51 1.82
223 2.116 2.117 2.114 -.026 098
253 2.097 2.1 2.1 -164  -173
273 2.073 2.089 2.091 -.80 -.88
293 2.079 2.079 2.081 013 -115
333 2.052 2.057 2.061 -.25 -.44
373 2.045 2,036 2.04 47 27
433 2.0 2.003 2.006 35 22
493 1.987 1.971 1.97 83 .86
533 1.955 1.949 1.946 31 49

It has been observed that values obtained using equations (5.44) and
(5.46) for the device constant of a LED are in good agreement with
experimentally obtained values. The 7 value of Schottky diode is also
found to vary with temperatures [Schmitz et al.. 1996] and reported values

shows linear variation with temperature. The obtained values of n(o) and b
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for Schottky diode (equation 5.46) are 1.142 and 2.875x10°*. Reported
values [Schmitz et al.,, 1996] also matches with the generalized expression
as: given in equation (5.46). For Td= 600, corresponding values of m(o) and
Y, are found to be 1.003 and 4.6x10™ respectively. Table 5.4 shows the
comparison of experimentally obtained values of M for Schottky diode with
the values obtained from equation (5.44) and equation (5.46). It is seen
that experimentally reported values are in good agreement with proposed

equation (5.44) and equation (5.46).

Table 5.4 : Reported (experimental) and derived values of Device constant

(m) for Schottky diode using equations (5.44) and (5.46)

Temperature Device constant M % difference
(K)

Experi- 1.142- 1.003-4.60x10°  2¢x100 239x100

mental 29x10°T  (T*/T+600)

(b) © (@
293 1.057 1.057 1.056 -0.044 0.082
323 1.049 1.049 1.048 0.082 0.128
373 1.033 1.034 1.034 -0.183 -0.194
423 1.018 1.02 1.019 -0.23 -0.215
473 1.007 1.005 1.004 0.113 0.24
523 1.006 0.991 0.988 1.45 1.76
573 1.005 0.977 0.971 2.88 3.45

5.4.2 Discussion on the experimental results
It is known that the forward current of a diode depends upon

exp(QVMKT) where n is in general assumed constant independent of
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temperature. However the experimental measurement shows that 1 varies with
temperature. Using equation (5.41), it is possible to estimate the value
of Eg/‘n from the temperature dependant relationship of the reverse
saturation current. Since the expected variation of Eg with temperature is
known [Panish and Casey, 1969], it may be concluded that the variation of
M with temperature should be of similar form so as to keep the ratio
(Eg/n) constant. The experimental data has been found to match well with
the proposed expression similar to Eg in most of the temperature range for
the LED under test as well as for reported values for Schottky diode. It
may therefore be concluded that the device constant varies in a similar
fashion as the variation in energy gap with temperature. The study of
relationship between T and temperature will be useful in applications
which require analytical correction of temperature, design of temperature
compensation circuitry used in logarithmic electrometers or amplifiers.

In summary, LED-log ratio electrometers have been designed and
experimentally  tested with two temperature compensation  techniques
(thermistor technique and ratio technique) for bipolar signals. It has
been found that the performance using ratio technique is slightly inferior
as compared to thermistor technique. Error analysis suggests that 1n is an
important parameter. Therefore, LEDs having 1 with in 1 % were chosen for
the circuits and improved unipolar LED-log ratio electrometers were
designed using both temperature compensation techniques. Improvement both
in terms of dynamic range of current measurement (107" w 107 Amperes)
as well as temperature range (-20 to 70°C) was observed. Parameter
sensitivity analysis shows that the fractional change in output is more

influericed by fractional change in temperature and device constant than

reverse saturation current.



Chapter 6

ELECTROMETER AS A TEMPERATURE SENSOR AND A PHOTOMETER

Logarithmic  electrometers find applications in  many electronic
circuits for signal compression, Nuclear instrumentation and Space science
instrumentation. In addition to the these applications, LED-logarithmic
electrometer has been wused in other specific applications such as a
Photometer and temperature measurements. In this chapter, these two
applications are studied in which LED is used as a sensor taking advantage
of its light dependent properties and characteristics, and the same LED is

used as a nonlinear element of the logarithmic electrometer.

6.1 Temperature Sensing Capability of a LED

Temperature dependence of the current-voltage characteristics of a
semiconductor p-n junction have been utilized in temperature measurement
since last few decades [Griffith et al., 1974; Iskrenovic and Mitic, 1992;
Tanaka and Toyama, 1994; Bose and Ota, 1996]. It has been observed that
the forward voliage drop across a p-n junction at constant current varies
almost linearly with temperature. The slope of temperature-voltage curve
depends on the value of forward current and it decreases towards higher
currents. However their measurement range is limited from low temperature
-196°C (77°K, liquid nitrogen) to 100°C (373°K). The use of a LED for
temperature sensing has been experimentally demonstrated by Murtaza and
Senior [1996]. Its spectral variation with temperature has been used in

estimation of temperature. In present study a GaP LED has been tested for
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temperature measurement using its 1-V  characteristics as a function of
temperature. Since the band gap of LED is larger as compared to silicon or
germanium diode, change of voltage with temperature would be larger as
compared to silicon diode which enables greater resolution of temperature
measurement. As the reverse saturation current of LED is few orders of
magnitude lower than the silicon diode [Damljanovic and Arandjelovic,
1981], it is pessible to operate the LED thermometer at low currents to
reduce the power dissipation across it and thereby increasing accuracy of

measurement.

6.1.1 Theoretical background

As can be seen from equation (2.14), there are two temperature
dependant terms which affect junction voltage at constant current. One is
the temperature dependence of the reverse saturation current I0 and
another is temperature term itself. The reverse sawraticn current depends
on temperature by the relation given as equation (2.46). The device
constant 1 depends on the manufacturing process and may vary from one
batch to another for the same diode. It .is an important factor in the
thermometer design.

Substituting equation (2.46) in equation (2.14), and solving for

forward voltage Vf, one obtains

- i
V=g- K [osmT. m

f g q K
4

6.1)

Since the bracket term of equation (6.1) cortains T in logarithmic
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function, it does not vary considerably in the temperature range under .
consideration. Therefore the voltage temperature relation takes linear

equation form as

V.= K13 -fd) T 6.2)

where Kl , is a constant. The slope of the line f(I) depends upon the
current I. Referring to equation (6.1), the change of forward voltage with

temperature for constant current, I, is given by

avVv I
In — -25InT-25 (6.3)

K
4

.DI.S
~

8T 'l

The lower limit of temperature to the linear temperature-voltage region is
usually the temperature at which carrier freeze-out occurs. In this region
the resistance of diode becomes very large and voltage increases very
rapidly with small decrease in temperature. For a given current, voltage
across diode decreases linearly with temperature from near absolute zero
to some higher temperature value. The limit of high temperature is
function of the band gap voltage of the semi-conductor material. Various
diode thermometers have been reported with maximum temperature limit of
373°K using silicon and germanium diodes. The limit of high temperature
can be extended to higher value using LED as a temperature sensor. As seen
from equation (6.3), aV/aT is higher for diode having large values of 7

whick is larger for devices having large band gap. This enables

measurement with better resolution.
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6.1.2 Experimental measurements and discussion

A commercially avdilable red LED is used for the present study.
Experimental setup is same as discussed in section 5.4.1. I-V
characteristics were obtained at different temperatures ranging from -80°C
(193°K) to 260°C (533°K) in about 20°K increment. Figure 6.1 shows
variation in forward voltage with temperature (from i93°K to 533°K) for a
red LED at forward currents between 107 Amperes and 10" Amperes. Figure
6.1 shows that at given value of I, the characteristics are almost linear
from 193°K to 533°K. Measurement at liquid nitrogen temperature was also
made by immersing the sensor in liquid nitrogen bath. But, linearity of
the curves slightly deviate at liquid nitrogen temperature (77°K).
However, even at 77°K, the forward voltage varies with temperature and is
still an indicator of temperature.

8V/aT is obtained from the slope of T-V characteristics by the linear
fit of the curve at that current. Since the curve deviates ai liquid
nitrogen temperature, the point at 77°K is not considered for linear fit
and is shown only as a measurement value. Data points are interconnected
by solid Iline and linear fit is not shown in Figure 6.1. The
experimentally obtained values of &V/8T is given in Table 6.1. The value
of K4 can be determined from T-V curves at different currents and using
equation (6.1). In the experiment under consideration its calculated value
is  9.8x10°%, Substituting the values of different parameters in equation
(6.3), aV/eT is calculated at room temperature. These theoretically
obtained values are also given in Table 6.1. Values used in theoretical

calculation are 1 = 2.067, K, = 9.8 x 107} and T = 302°K.
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Table 6.1 : Theoretically derived and experimentally obtained values of

{2V/aT) for red LED at room temperature

Current Theoretically Experimentally
derived (8V/a8T) obtained (8V/aT)
(Amperes) -(mV/°K) -(mV/°K)
107" 5.03 » 5.31
10" 4.62 5.01
1070 4.21 4.56
0% 3.80 4.26
10°® 3.39 3.84
107 2.98 3.46
10 2.57 3.08
10° 2.16 2.72
10 1.75 2.34

It has been observed that the experimentally measured 8V/sT is
approximately 0.4 to 0.5 mV/°K higher than the theoretically derived
values. The difference could be due to two reasons. The reverse saturation
current i’o (equation 2.46) is directly proportional to T-. This_ is valid
where recombination generation current is dominant, Io is proportional to
T® where diffusion current dominates [Mckelvey, 1966]. However, in present
studies we have tested LEDs performance from 10 to 10 Amperes. It is
observed that the difference between experimentally  obtained and
theoretically derived (8V/8T) is 0.28 mV/ K at 10°'2 Amperes which
increases to 0.59mV/°K. The difference is reducéd at currents higher than
1078 Amperes if the term T instead of T3/2 is used in equation (2.46).
Secondly, it has been assumed in derivaﬁons that energy gap to be

independent of temperature. It has been reported that the energy gap of
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GaP devices changes by 0.357 mV/°K [Dean and Thomas, 1966]. The observed
difference in experimental measurements could be combination of these two
effects. LED used as temperature sensor will have to be calibrated with
temperature. This is because the calibration may not exactly hold good for
other diode as no two diodes could be expected to have identical I-V

characteristics unless they were cut from the same crystal.

6.2 Photometer For Atmospheric Optical Depth Measurements
Atmospheric aerosols are a mixture of solid or liquid particles
suspended in the medium of air. Their physical (size, shape and texture)
and chemical properties vary over a wide range and consequently their
residence times and removal processes also vary considerably. Composition
and size of these particles play a vital role in many characteristics of
atmosphere, such as visibility, radiation balance, atmospheric
electricity, air pollution, cloud formation etc [Twomey, 1977]. Systematic
monitoring such as optical depth, size distribution etc of aerosol
parameters is necessary because of their spatial and temporal variations.
Sun photometry [Shaw, 1983] is one of the most widely used techniques for
measuring aerosol scattering properties by which the optical depths can be
directly obtained, unlike other remote sensing techniques where the data
have to be analyzed using complex inversion algorithms to evaluate the
optical depths. Moreover, in case of sun photometers, no absolute
calibration of the instrument is necessary since the optical depths are
directly derived and comparison of results with other measurements is
relatively easy.
Photometers basically consist of an interference filter to select

desired wavelength band and a suitable photo diode. Sun photometer with

170



LED as a spectrally selective detector has been reported by Mims [1992].
Visible region of the solar electromagnetic spectrum is generally used for
the aerosol optical depth measurements.

A photometer system is developed using the LED-logarithmic
electrometer in which the LED is used as spectrally selective photo
detector and the same LED is used as non-linear elements in the feedback
loop of operational amplifiers [Acharya et al., 1995]. The output of a
LED-logarithmic electrometer is proportional to the log‘ of incident solar
intensity. This arrangement enables direct measurement of atmospheric
optical depths in selected spectral bands. Commercially available LEDs
operating in visible regions are used which are in general adequate for
acrosol optical depth studies. The advantage of a LED photometer is that
it is much compact and sturdier than the conventional photometer fitted

with photo diode and an interference filter.

6.2.1 Theoretical analysis

Figure 6.2 illustrates the schematic of geometry of the sun
photometer observation. The solar radiation intensity or current I
measured by a conventional photometer is given by the Beer-Lambert’s law

[Shaw, 1983]

I = I exp (-0 u) 6.4)
so that

Inl=-86u+1In I‘ (6.5)
where I‘ is the current measured by photometer at the top of the

atmosphere, & is the total optical depth, at which intensity or current

falls by 1/e. u is the air mass factor defined as Sec x (for y less than
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Schematic illustrating: the geometry of the Sun-photo-
meter observation. 9y is the solar zenith angle measured
from vertical, I is the intensity of the solar radi-
ation (measured in terms of current by the photometer)
at the top of the atmosphere and I is the correspond-
ing value at the surface
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70°) where x is the solar zenith angle. The total integrated columnar

optical depth of the atmosphere is given by,

d = 5 + Sm_mml + Sma (6.6)
where 8rs is the Rayleigh scattering optical depth (scattering due to air
molecules), Saemml is the aerosol optical depth and Sm is the optical
depth due to molecular  absorptions by various gases present in the
atmosphere, such as ozone, water vapour or nitrogen dioxide. Srs and Sma
are obtained from the model atmospheric values. Using these values and
experimentally measured value of 8, the value of & can be

aerosol

calculated from equation (6.6).

In the conventional sun photometry, the current produced by the
detector due to solar radiations is converted into voltage by a linear
current to  voltage converter. Logarithm of the output is then plotted
against air mass, which is referred to as Langley plot. The slope of the
curve gives the total optical depth of the atmosphere.

p-n junction diode used as a light source and a photo detector are
complimentary in function. LED can function as photo detector with
spectral respense similar to its spectral emission band [Lynch, 1972].
Typical bandwidth of the emission of an LED is of the order of 25-50 nm at
the half maximum points. The above property of LED has been used to
replace the conventional photometer assembly consisting of an interference
filter and photo diode. Figure 6.3 shows I-V characteristics of three
different LEDs (red, green and yellow). The logarithmic 1-V characteristic
of LEDs are quite linear over a large dynamic range [Acharya et al, 1995].

Therefore, the instrument can be used to measure optical depth for large
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solar input variations. Referring to Figure 2.4(a), input current (I) and
output voltage (V) are related by equation (2.14) which can be rewritten
as

qV

—2=Inl -Inl 6.7
nkT ¢

Using equation (6.5), the above expression can be rewritten as,

Vv
-55u+1n1‘=—°+1n10 6.8)

K
14

.V =-K]48u+Kl5 6.9)

v}

where KM is nkT/q and K15 is KM(ln Il - In IO). Plotting V0 for various
sun positions, as a function of the air mass factor u, gives a straight
line, the slope of which corresponds to KMS. The intercept of the curve
with Y axis gives the instrument constant Kls‘

By fitting equation (6.7) through the experimentally calibrating I-V
characteristics (Figure 6.3), the constant K14 of the three LEDs are

determined and are found to be 0.0467, 0.0521 and 0.0517 volts for green,

yellow and red LEDs respectively.

6.2.2 Experimental measurements and discussion

A new compact LED sun-photometer has been developed in which LED is
used as a spectrally selective photo detector us well as a non-linear
feedback element in the operational amplifier. The circuit diagram of the
system is same as shown in Figure 2.4(a). It consists of a LED connected

in the feedback loop of a low leakage current operational amplifier OPA
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104 (Burr Brown). Three easily available LEDs (green, yellow and red) have
been used for the different wavelengths. The LEDs are mounted in a
cylindrical baffle to give a total field of view of 9°. The baffles are
also blackened inside to reduce any internal reflections. A separate
guider consisting of a cross bar assembly attached above the LED assembly
is used to manually orient the detectors towards the Sun. Figure 6.4 shows
the spectral characteristics of the LEDs as  obtained using a 0.67 m
McPherson Monochromator. Centre wavelength and full width at half maxima

(FWHM) as obtained from Figure 6.4 are given in Table 6.2.

Table 6.2 : Spectral characteristics of the LEDs used
Type Centre wavelength Full Width at
of the diode Half Maxima (FWHM)
(nm) (nm)
Green 562 22
Yellow 566 ’ 19
Red 624 19

Three such sets of circuit as shown in Figure 2.4 (a) are used for
different LEDs and are hereafter referred as log mode operation. In order
to validate the performance and results of the new LED photometer,
simultaneous measurements are also made with the same set of LEDs, but
connected as shown in Figure 6.5. In this linear mode configuration, the
current produced by the LED is converted to voltage by a linear current to

voltage converter having sensitivity of 1 V/uA. The output is further
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the linear mode configuration
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amplified using a gain switched amplifier to accommodate the large dynamic
range encountered during measurements corresponding to various sun
positions [Acharya et al., 1979].

Solar intensity measurements using both linear and log mode were
first made on 19 January 1994 at Ahmedabad. Same LEDs are used for
observations in both the modes. Near simultaneous observations, using same
LEDs but operating in the linear mode are also taken for 19 January 1994
to check the validity of the technique. Natural log of the output obtained
in the linear mode configuration is plotted against air mass for three
LEDs which are shown in Figure 6.6. Figure 6.7 shows the actual outputs in
case of the log mode configuration for the three LEDs and is referred as a
Langley plot. Langley plot for log and linear mode are found to be linear
up to an air mass of about 8 equivalent to a solar zenith angle of 83°.

Further, a systematic observation programme was undertaken from 30
April to 8 May 1994 over Ahmedabad and the Langley plots were obtained for
the linear and log mode configurations, for all days as described above.
Table 6.3 gives the intercept (instrument constant) and the slope (the
total optical depth) for all the three LED photometers. It should be noted
here that while in case of linear mode operation the slope of the Langley
plot directly gives the total optical depth, in the case of log mode
operation, the slopes are divided by the constant Kl ‘ obtained
individually for the three LEDs from the I-V characteristics (Figure 6.3).

A conventional filter photometer having a UV 100 (EG & G) photo diode
and an interference filter with 500 nm centre wavelength and 10 nm
bandwidth was put into use simultaneously and the optical depths were

obtained during the above period.
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Table 6.3 : Results of LED Sun Photometer Observations made over Ahmedabad”

Intercept Optical Depth
LED Date Linear Log Linear Log Difference(%)
Green 1/19 4.000 1.589 0.237 0.248 -4.437
4/30 4.040 1.588 0.420 0.405 3.417
5/1 4.092 1.594 0.397 0.398 -0.323
5/2 3.963 1.591 0.318 0.321 -0.911
5/3 4.119 1.596 0.402 0.420 -4.378
5/4 3.977 1.588 0.319 0.317 0.717
5/5 4.011 1.590 0.475 0.500 -5.249
5/6 3.968 1.587 0.412 0.424 -2.889
571 4.047 1.590 0.419 0.431 -2.855
5/8 3784  1.578 0.527 0.537 -1.986
Yellow  1/19 4.875 1.559 0.252 0.251 0.422
4/30 4.944 1.561 0.432 0.420 2.908
5/1 4.893 1.562 0.366 0.361 1.559
5/2 4.826 1.562 0.318 0.312 1.833
5/3 4.922 1.565 0.368 0.389 -5.865
5/4 4.860 1.560 0.320 0.313 1.955
5/5 4.862 1.559 0.469 0.485 -3.412
5/6 4.890 1.551 0.429 0.421 1.858
577 4.956 1.563 0.427 0.422 1.232
5/8 4.721 1.547 0.545 0.5438 -0.599
Red 1/19 1.942 1.117 0.181 0.167 8.138
4/30 1.976 1.116 0.342 0.314 8.959
5/1 1.963 1.119 0.307 0.294 4.344
5/2 1.883 1.120 0.264 0.244 8.033
5/3 1.989 1.122 0.301 0.295 2.089
5/4 1.906 1.118 0.248 0.235 5.353
5/5 1.930 1.118 0.392 0.393 -0.218
5/6 1.979 1.118 0.366 0.340 7.604
577 2.029 1.119 0.366 0.345 5.978
5/8 1.823 1.107 0.465 0.443 -5.041

*The values shown are intercepts and optical depths. obtained from linear
and log modes of green, yellow and red LED photometers.

As shown in Table 6.3, the instrument constant given by the intercept
is found to be stable within 0.4% for all the tﬁrec LEDs in case of log
mode, while in the case of linear mode the ’instrumcnt constants are found

to vary by 2.3% (green), 1.4% (yellow) and 3.0% (red). The optical depths
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derived using both the techniques and their percentage differences are
listed in Table 6.3. The values are in general found to agree within * 5%
while in the case of red LED there are occasions when the differepce is
larger, by about 9%. This observed variations are due to the differences
in the performance of the three LED photometers. While in the case of log
mode configuration, the instrument constants for the three LEDs are found
to be very stable (within 0.4%) during the observation period, in the ease
of linear mode configuration, the stability was relatively poor (3.0%)
particularly in the case of red LED, which explains the larger differences
observed in the optical depth in the red region.

Figure 6.8 is the composite plot of the optical depths obtained using
the the LED photometers during the observation period as well the optical
depth obtained at 500 nm using a conventional filter photometer. In
general, a good agreement is seen in the day to day variations in the
total optical depths obtained using the LED photometers. The optical depth
obtained using filter photometer also shows a similar trend which is in
good agreement with LED results. Also it could be seen that the obtained
optical depth increases with decreasing wavelength as it incorporates
rayleigh scattering as well as aerosol extinction. The observed large day
to day variations in the total optical depth are caused mainly by wind
derived aerosols in the atmosphere which is a common feature over
Ahmedabad during summer period [Ramachandran et al., 1994].

In summary, a new and compact photometer has been developed whose
output is proportional to the logarithm of the solar radiation intensity
which could be directly used to obtain the optical depth. It only requires
a LED and a low leakage current operational amplifier. LED is used as

spectrally selective detector and is connected as feedback element of the
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operational amplifier. Since I-V characteristics of the p-n junction diode
is  exponential, output of the operational amplifier is directly
proportional to the logarithm of incident light intensity.

Two applications, one for wide temperature measurement and another as
a photometer for optical depth measurements, have been carried out. It has
been experimentally shown that a red GaP LED can be used to measure
temperature from 193°K to 533°K. The temperature coefficient of junction
voltage is found to be from -2.34 mV/°K to -5.31 mV/°K at currents 10
and 107 Amperes  respectively. A theoretical explanation of the
temperature  voltage characteristics shows good agreement with the
experimental results. Therefore, these expressions can also be used in
applications that require estimation of voltage drop across a diode at
different temperatures at a given current value.

A compact and sturdy LED based sun photometer is designed and
operated for the atmospheric optical depth measurements. This simple
configuration is much cheaper and avoids the use of expensive interference
filters and photo diodes and degrading of the interference filter
characteristics with time in case of long term monitoring. Use of the LED
as a non-linear feedback element has the advantage of the direct
measurement of the optical depth once the system constants KM and K1 ; are
obtained. Thus the system is an ideal alternative for monitoring  of
visibility and atmospheric turbidity on any remote location on a

continuous basis.
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Chapter 7

CONCLUSIONS AND SCOPE FOR FUTURE WORK

In this thesis, the investigations on the behavior of LED-logarithmic
electrometers  for the measurement of low currents under varying
temperature conditions are carried out. Various designs of LED-logarithmic
electrometers are being proposed. Their performance is analyzed and has

been experimentally verified. The major findings of the work can be

summarized as follows

7.1 Summary of Investigations

The analytical studies on LED-logarithmic electrometers which are
presented in this thesis include remodeling of LED and improvement in
response and stability of LED-logarithmic electrometers. The experimental
studies are carried out for characterization of LED and verification of
analytical results. Based on these results it can be concluded that it is
possible to extend the range of measurement towards lower current with the
use of LED under varying temperature conditions. The use of
LED-logarithmic electrometer not only increases the dynamic range of

current measurements but is also cost effective.

7.1.1 I-V characteristics of LEDs

A logarithmic amplifier using LED as a log element has been designed
in the laboratory for the present investigations. I-V characteristics of
different LEDs were obtained experimentally. It has been found that the

reverse saturation current of blue LED is of the order of 107 Amperes
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and is 10"2 Amperes for IR LED which are in accordance with the values
of band gap of the semiconductors of such LEDs. I-V characteristics of
logarithmic amplifiers depend considerably on the ambient temperature.
Hence the dependence of I-V characteristics of LEDs on temperature was
experimentally measured and compared with theoretically estimated values
at the corresponding temperatures. It has been found that theoretically
estimated values lie within 10% of the experimentally obtained values in
the temperature range of -5 to 60°C and for the current range of 10" to

10° Amperes.

7.1.2 Response and stability analysis

Electrometer systems are characterizcd by relatively long response
time when measurement at low currents are made. It has been found from the
response analysis of LED-logarithmic electrometer that the depletion layer
capacitance contributes more than the diffusion capacitance for the time
constant in low current region. The proposed analysis is based on the
experimentally  obtained values of junction capacitance at different
forward bias and differential equation based on the equivalent circuit of
a LED. It has been shown that experimentally obtained rise time is in good
agreement with the theoretically estimated values [Acharya and Vyavahare,
1998c]. The response at low currents was improved by a capacitance
compensation technique. The response at low current (10" Amperes) is
0.02 seconds and has been found to be improved by a factor of 50 with this
technique.

A small signal analysis of LED logarithmic electrometer  in
conventional mode, and a resistance in series with log element, was
carried out to evaluate the relation between the response time and

stability. The response at low current was improved by a phase
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compensation technique in which a current variable resistance was inserted
between the detector and input of the electrometer. Experimental
verification of this technique shows that theoretically predicted rise
time (¢ 1 msec at 10” Amperes) matches reasonably well with the measured
value in the current range of 10° to 10° Amperes but departs in the
current range lower than 107 Amperes. This deviation could be attributed
to the feedback junction capacitance which was not included in this
analysis, because inclusion of this capacitance would result in higher
order transfer function which becomes mathematically intractable for
finding solutions of equations. Substantial improvement in rise time was
still § observed experimentally as compared to the rise time of conventional
circgit in the current range below 10° Amperes [Acharya and Vyavahare,
1998b]. The system stability is determined by means of an open and close
loop analysis of the circuit. Bode plot of the system shows that the
LED-log amplifier, is in general, quite stable. The use of a series
resistance with LED reduces the requirement of large feedback capacitance.
Using this modification, the present result shows that the response at low

currents is improved by a factor of 7.

7.1.3 Analytical correction and remodeling of an LED

IV characteristics of an LED depends upon the temperature.
Temperature compensation circuitry is generally included in the design of
logarithmic electrometers. However, it increases the complexity of the
circuit. In specific applications where space and power are at premium, it
is necessary to analytically correct the junction .voltage due to change in
temperature.  Expressions  for  junction voltage have been derived
analytically considering the temperature dependence of various parameters

in the diode equation. For the electrometer under investigation, it has
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been found that the theoretically corrected values lie within 8% of the
experimentally obtained voltages in the temperature range of -5 to 60°C
for the operating range of 10" 10 109 Amperes. The proposed analysis
requires the value of band gap which has to be obtained either from the
manufacturer or has to be estimated experimentally. This value is normally
not supplied by the manufacturer. Therefore, a new model has been proposed
for I-V characteristic of LEDs, which is based only on the experimental
data. Using this model, a general expression for thé current-voltage
characteristics of junction diode is derived by which it is possible to
derive the forward voltage across the diode at any current and
temperature. Expressions are also proposed to estimate the band gap and
temperature  coefficient of the junction voltage in terms of junction
voltage at different temperatures. It has been shown in the present study
that the forward voltage across a LED, which is used as a feedback element
of logarithmic amplifier, can be characterized with an accuracy of 5 % or
better in the current range of 10" to 107 Amperes and in the

temperature range of -5 to 60°C [Acharya and Vyavahare, 1998a].

7.1.4 Temperature compensated LED-log ratio electrometers

Log amplifiers are generally designed to measure unipolar signals. A
circuit has been developed to measure low currents of both polarities in
the range of 10'% to 107 Amperes. Temperature compensation is achieved
in the proposed circuit using two techniques. One is the conventional
thermistor technique in which the gain of the summing amplifier is
inversely proportional to the temperature. In thé other technique, known
as ratio technique, the output of one log ratio amplifier is divided by
reference log ratio output. The division is performed so as to cancel the

effect of temperature. The latter method is simpler but requires good
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matching of device parameters. Performance of the electrometer with both
temperature compensation techniques is compared for both the polarities of
signal in the current range of 107% o0 107 Amperes. With the use of LEDs
selected from random lot, it has been experimentally found that the
performance with ratio technique is slightly inferior as compared to the
thermistor technique and scale factor is within 10% in the entire current
range. A eight decade temperature compensated LED-log ratio electrometer
has been designed for the measurement of currents from 10™? to 107
Amperes using LEDs having 1 within 1%. Sensitivity of output voltage with
variation in parameters such as 1, I0 and T has also been carried out. It
has been found that the variation in temperature and change in value of
device constant (n) affects significantly the output of the electrometer

than the variations in other device parameters.

7.1.5 Error analysis and temperature dependence of 1 of an LED

Since LEDs are not normally available in matched pairs, the scale
factor of the LED-log ratio electrometer is different from its ideal value
of 1, resulting in deviation (error) in output voltage from the ideal
output. This error is dependent on the device parameters, like device
constant, reverse saturation current and temperature. Therefore, an
expression for the scale factor (K) based on unequal values of device
parameters have been derived. An improvement in the circuit using ratio
technique for temperature compensation, which reduces the total number of
components in the circuit, has also been made. Results have been
experimentally verified and it has been shown that scale factor variations
are within 6% for current higher than 107° Amperes. Variation in scale
factor at low currents is correlated with the variation of N at different

temperatures. The temperature dependence of 7 of different LEDs has also
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been experimentally carried out. A study of temperature dependence of m
shows that it varies almost linearly with temperature. It has also been
experimentally shown in the present sfudy that the expression for
variation of M with temperature is of the general form N(T) = n(o) X
YTZ/(T+Td) which is similar to the variation of band gap with temperature,
where y and Td are constants [Acharya and Vyavahare, 1998d]. Therefore, it
is concluded that the device constant T is an important parameter in the

design of logarithmic electrometers.

7.1.6 Electrometer in temperature and photometric measurements

The above analytical study is also utilized in LED-log electrometer
applications for two specific purposes, one for temperature measurements
[Acharya and Vyavahare, 1997] and the other as a photometer which is
extensively used in space science [Acharya et al, 1995]. In the present
study it has been experimentally shown that LED can work as a temperature
sensor for a wide operating range of -temperature from -80 to 260°C.
Theoretically estimated values of temperature coefficients of junction
voltage are in close agreement with experimentally obtained values. LED
can also act as a photo detector with a spectral response similar to its
spectral emission band. This interesting property of LED enables the log
electrometer using LED to act as a photometer when the same LED is exposed
to light. The Output of this circuit is proportional to incident photon
flux in the spectral region of LED. Three different types of commercially
available LEDs (green, yellow and red) have been used for this purpose.
Measurements of spectral response characteristicé and optical depth have
also been carried out. Such measurements are particularly required in
space science applications. These results are compared with conventional

photometer operated simultaneously. It has been observed that optical
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depth measured with LED photometer is within £ 5 % with the optical depth
measured by the conventional photometer. Therefore, it is an economical

and simple alternative to filter photometer.

7.1.7 Conclusions

In this work, the design of Logarithmic electrometer using LED and
its various theoretical and experimental aspects have been studied. The
investigations establish the viability of LED as a non linear element of
logarithmic electrometer for low current measurements. Various factors,
such as response time, dynamic range, deviation from ideal output and
temperature compensation techniques related with the performance of
logarithmic electrometers are studied in detail. Expressions for junction
voltage have been derived analytically considering the temperature
dependence of various parameters in the diode equation. A model is also
proposed for I-V characteristic which is based on the experimental data.
Applications of LED-logarithmic electrometers for temperature measurement,
and as a photometer, are also studied.

Therefore, various studies carried out in this research work would be
useful in diode modeling and in applications of low current measurements

with  wide dynamic range under temperature varying conditions with

reasonably fast response.

7.2 Scope for Future Work

The present study shows the viability of LED as a non-linear element
and has opened a new possibility of designing logarithmic electrometers
for ultra low current measurements. Since matched LEDs are not available
in a hermetically sealed enclosure commercially, the present study has

some limitations. LEDs are generally manufactured for display applications
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and no need is felt to manufacture LEDs with little care so as to take
care of some specification application like logarithmic electrometer.
Since the manufacturing cost of LEDs is not high, it would not be
difficult to manufacture matched pair of LEDs with little care, in one
hermetically sealed enclosure in a reasonable cost. Use of such matched
pair would improve the performance of logarithmic electrometer and also
extend the range towards lower current end. Red LEDs were used in the
present experimental setup. It is possible to measure the current of the
order of 107! Amperes with the technology and the precision operational
amplifiers available today. It may be worth while to study the use of
other LEDs like blue which has much higher band gap than red LED, for the
measurement of currents lower than 10°'° Amperes at a later stage when it
becomes technologically viable to fabricate such circuits.

The use of series resistance with the log element (LED) improves the
response at low currents but degrades the response at higher currents. It
may be worth investigating a technique that improves the response at all
operating currents. It would also be important to study the noise aspect
of such electrometers.

Deviation in the rise time measured at low currents using phase
compensation technique was observed experimentally as compared to the
theoretically  predicted. This deviation could be attributed to the
feedback junction capacitance which was not included in this analysis.
Inclusion of this junction capacitance would result in a higher order
transfer function and solution of such equation may explain the deviation
of the theoretically predicted rise with the experimentally obtained at

low currents.

A study on the temperature sensing of LED suggests that it can be
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used to measure temperature over wide range. Size of LED is large as
compared to other existing temperature measuring devices. A definite
geometry of epoxy éncapsulated structure is required to maximize the light
output of an LED. However, temperature cycling of such devices would cause
rapid degradation of I-V characteristics. Hence LED may not turn out to be
a good temperature sensor. A small change in manufacturing process of the

encapsulation may prove LED as a very cost effective, wide range

temperature¢ Sensor.
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APPENDIX A

Effective Data Compression in ADC bits with Log Amplifiers

Log amplifier is characterized by its ability to follow large current
change without range changing at the cost of accuracy and resolution.
Higher accuracy is obtained in gain switching amplifier at the cost of the
complexity of range changing. To obtain higher accuracy without range
changing, logarithmic amplifiers followed by a suitable A/D converter is
used. The use of log amplifier reduces the requirement of number of bits
at the output of A/D converter to half for given a accuracy. Let us
consider an example where the output current of a photo diode is to be
digitized with less than 1% error. The range of the current be from 10 °
Amperes to 10°* Amperes (a dynamic range of 10%). Connecting a resistance
of 100 KQ in the feedback path of operational amplifier circuit instead of
diode in Figure 2.4(a), causes the operational amplifier output to vary
between 1 mV and 10 V. A 1% error in the input current corresponds to
error of 10°'° Amperes for the lowest input current of 10°% Amperes. This
would cause 10 WUV error at the output of the amplifier. Digitizing an
analog signal from 10°% Amperes to 10" Amperes which causes input of ADC
to vary between 1 mV and 10 V and with 1% accuracy requires dynamic range
of 10° (since the Full Scale Output (FSO) is 10 V and must have LSB equal
to 1% of 1 mV ie. 10 pV). Then the number of bits in ADC required for

given resolution should be

. FSO
2(no. of ADC bits) - — (A.1)
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Equation (A.1) can be rewritten as

no. of ADC bits = 1 (FSO/LSB) (A2

In (10/107)

=T | (A.3)
= 20 bits (A4)

Although 20 bit ADCs are available in the market but they are quite
expensive. Moreover, it would require components with high accuracy and
low temperature coefficient and special precautions are needed to get the
desired resolution. To provide this combination of range and resolution,
consider a typical log amplifier circuit. The log amplifier will be used
to compress the input current from 10 o 107 Amperes and at the same
time allow the input voltage to the ADC to swing a full bipolar épan of

+ 10 V. One can express the output of log ratio amplifier as

I
V = (-5) log [ '“6] (A.5)
¢ 107

where 10°° Amperes is used as a reference current for the log ratio
amplifier. An unique property of log amplifier is that DC error of any
given amount at the output corresponds to a constant percentage error at

its input. This can be seen from equation (A.5) that if input changes by

1 %, then the output becomes

1. x 1.01
V =-5log |[— 2 (A.6)
( 10.

which corresponds to
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In equation (A.7) the plus minus sign associated with the last log term is
related to 1% signal increase or decrease respectively. As a result £ 1 %
input error in the current into log amplifier is equivalent to output

voltage error of

‘\/0 (error) = % (-5 log 1.01) Volts (A.8)
=% 21.6 mV (A.9)

Using equation (A.2) again to determine the accuracy requirements of the

ADC for the 1% output error voltage gives

no. of ADC bits = 11%_04_@) = 10 bits (A.10)

Using a log amplifier in this example, has reduced the resolution
requirement of the ADC from 20 bits to 10 bits. Since 20 bit ADC is not
easily available from commercial sources and 10 bit can be purchased from

multiple sources, a log amplifier followed by an ADC can be a practical

device in processing signals having wide dynamic range.
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