Verifying the diode—capacitor circuit voltage decay
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The voltage on a capacitor discharging through a forward biased diode is calculated from basic
equations and is found to be in good agreement with experimental measurements. In contrast to the
exponential time decay for a RC circuit, the nonlinear characteristics of the diode result in a
nonexponential decay for the diode—capacitor circuit. For a silicon diode the decay is predominantly
a logarithmic function of time. ©2003 American Association of Physics Teachers.
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INTRODUCTION The fundamental constants are the elementary charge

=1.60x10"°C and the Boltzmann constant=1.38

Diodes and capacitors are two of the basic components in, ;53 . - .
electronics. This paper describes the measurement and anagé—lo J/K.In the ideal casen=1, but for real diodesn

sis of the decay of voltage across a capacitor as it discharg nzgfes fromlll to 2, ;’;'thf S|I|co_r|1|_d|odes hf“"ggrﬁ vglu_e close
through a diode in the forward biased direction. The math-,[.0 ofr ?rr]rja currs[e_n a e\év m|d|amps ortets_ " Ie envr?- .
ematical form of the decay is derived from fundamental''®" O IS equation IS based on a stalistical mechanics

equations for the diode and the capacitor. The measured bgpalysis of the semiconduct®N junction and can be found

. . _7 . .
havior is found to be in good agreement with the theoretical" Many physics or electronics te)?tsi 8D|scu53|ons of the
prediction correction factom can also be foun&’8At room tempera-

There is inherent academic interest in verifying the preluré the quantitkT/q=Vy=25mV. I, is the reverse satu-

dicted behavior of this fundamental electronic circuit. In ad-ration current, typically a few to tens of nanoamperes for
dition this circuit provides interesting contrast to the well- Silicon diodes. o , _ ,
known exponential decay of voltage for a capacitor A differential equation is obtained by setting the diode
discharging through a resistor. In the case of a silicon diod&€urrent equal to the negative of the time derivative of the
the diode—capacitor circuit is shown to have a voltage deca§harge on the capacitor,
that is predominantly a logarithmic function of time. dv vV
The diode and closely related transdiode have previously —Cm=|o(e><l{m —-1/. 3)
been used as convenient sources of semiconductor material T
for experiments measuring band gap energies and fundamefhis can be solved by standard techniques, a table of inte-
tal constants™® These make use of the temperature depengrals, and manipulation to give
dence in the basic equation describing the current-voltage
characteristics of the diode. This paper uses that equation to V(t)= 1—exr< %))ex"(_ at)|,
-
where V; is the initial voltage at timet=0 and «

predict and verify the behavior of a simple electronic circuit,
the diode—capacitor circuit.

This experiment is well suited for beginning students in an L : .
electronicg course. A brief description gf the %peration of the~'o/(MV7C). This is the theoretical equation for the decay-
experimental electrical circuit is included. Data may be col-N9 Voltage on a diode—capacitor circuit. If the temperature,
lected using high-end digital storage oscilloscopes or lownitial voltage, and capacitance are known then the param-
cost PC-based data acquisition systems. The electrical cor§i€rsm andl, can be found by analyzing the decaying volt-
ponents are common and inexpensive. The circuits ar@9€.

simple enough that a student with no experience can con- It is instructive to consider three time regions for &4).
struct them on a proto-board. We start with the conditiot<1. Keeping only the first two

terms of the expansion of the exponential term containing

1- (4)

—mVslIn

THEORY

at, and upon simplification, Eq4) becomes
-V, -V,
The theoretical expression for the decaying voltage across V(t)=—mV¢In exl{m 1—9Xl< W)
the capacitor is found by setting the rate of change of charge T T
on the capacitor equal to the current through the diode. For
the capacitor we have The initial voltage will be the voltage drop of a forward
biased conducting diode. For a silicon diode the forward

d_Q: d_V (1) voltage drop is typically around 0.6—-0.7 V. This is much
dt dt’ larger than the quantitgn V5, therefore the second exponen-
For the semiconductor diode we use the standard equatidi! term containing; is negligible compared to 1. Equation
relating its current to its voltage, (5) becomes
av V(t)=—mV; | p(_—V‘)th 6
I=I0(ex;{m)—1)_ 2) (t)=—mVsIn| ex vy at|. (6)
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Two cases follow from Eq(6). For the shortest times, those 2 5
satisfyingat<exd —V;/(mVy)], Eq. (6) gives the unsurpris- . Rag ©
ing result that the voltage is equal to the initial voltage

For intermediate times, those satisfyingat
>exd —V;/(mV4)] yet still satisfying the original condition
at<1, Eq.(6) becomes 555

V(t)=—mVsIn(a) —mVyin(t). (7)
It is convenient to rewrite this in terms of base ten loga- —= v L | T

rithms because many software packages have an option ¢ Na148 T
logarithmic axes on graphs. Using the relationshipt)In(

Xlog(e)=log(t), Eq. (7) can be rewritten as

V(t)= mV5y | mVt | g
(t)——mog(a)—mog(t)- (8
This equation graphed versus logas a constant slope of

N mVT/Iog'(g). D“Y"‘Q this range of ti'me the'decayi_ng volt- CapacitorC; is quickly charged by current from the PNP
age of a §|I|con d|OQe ISa Ioga}r|thm|c fqnctlon of_tlme. transistor(2N3906. The biasing of the base of the PNP and
The third case is to consider all times safisfyind 1,5 5500) resistor at its emitter sets a constant current of
>ex —Vi/(mVy)]. Note that this case includes the interme- ahoyt 2 mA during the charging phase. The capacitor voltage
diate time region. The exponential term involvikg in Eq.  increases until it reaches the voltage appropriate for a diode
(4) can be neglected giving the result conducting the entire charging current. At 2 mA a typical
V(t)=—mV;In[1—exp — at)]. (9) silicc_)n_ Qiode has a voltage drop of abqut 0.6—0.7_ V. Thi_s is
) ) the initial voltageV, for the decay. This voltage is easily
Equation(9) has the property that for long times the voltage measured with an oscilloscope during the charging phase.
decays to zero as expected. ) . . . It is important to realize that the decaying capacitor volt-
The duration of the intermediate time region during whichage must be detected with a high impedance device because
the voltage decay is logarithmic is found from the require-the effective resistance of the diode becomes very high as the
ment that exp-V;/(mVy)]<at<1l. These two inequalities yoltage approaches zero. This is the purpose of the op amp
can define two transition times between the time regions. Asunctioning as a unity gain buffer. JFET input op amps, such
an example, for a silicon diode we také to be a forward  as the LF411, have input resistances of?1Q. Standard 1-
voltage drop of 0.6 V andn to be 2 giving exp{-0.6/0.05)  or 10-M() oscilloscope probes should not be connected di-
=6.1x10"°. Thus there are about five orders of magnituderectly to the capacitor voltage. Recording devices such as
of time during which the decay is approximately logarithmic oscilloscope probes or inputs to PC-based data acquisition
as the quantityrt increases from 6410 © to 1. The tran-  cards should be connected to the output of the op amp.
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Fig. 1. Schematic for repetitive discharge of the diode—capacitor circuit
(1N4148 diode ancC,). Components include 555 timer, 2N3906 PNP tran-
sistor, and LF411 op amp.

sition from the early time regiofvoltage is constahtto the It is convenient to have the capacitor repeatedly charge
intermediate time regiofvoltage decays logarithmica)lpc- ~ and discharge. The popular and versatile 555-timer chip is
curs at used in its astable configuration to periodically turn on the
PNP transistor to quickly charge the capacitor. This occurs

t= lex;{ _Vi) - mV;C exy{ —Vi ) (10) when the 555 output goes low for a time 0.6@&, pulling
@ mVy lo mVy the base of the PNP down to about 4 V. The PNP transistor is

The transition from the intermediate time region to the fina/turned off when the 555 output goes high for a time
time region where the decay is no longer logarithmic occurd-693Ra+Rg)C,. During this time the capacito€, dis-
at charges through the diode. As an example, usRg
=680 K2, Rg=1 k), andC,=2.2 uf gives a charging time
iz mv;C (11) of 1.5 ms and a discharging time of 1 s. The rising edge of
a lo ° the 555 output provides a convenient trigger marking the

TS : :beginning of the decay.
Note that the transition times are proportional to the capaci= " 2. .
prop P Figure 2 shows the voltage versus time for a pflea-

tor value. Calculation of the expected transition times can ' . ] . ) X
help determine experimental requirements such as sampIirgﬁC'tortﬁ'SCharg'ggt thrlougdh tthfe 1ON(;11148 éjlgde. Figure 3
rate and duration. A capacitance value can be chosen to agl0Ws the same data plus data for 0.01- and 04lQdapaci-

just the time scale of the experiment to be appropriate fofOrS plotted versus the logarithm of time, log(Data were
available equipment. collected with a digitizing storage oscnlosco_peHP

54501A. Data sets collected with different sampling rates

were combined in order to span six decades of time. Analysis
EXPERIMENT AND RESULTS of the data provides values for the parameterandl,. In

all three cases the initial voltage was 620 mV. Also shown,

The components are basic, inexpensive, and readily avaiPy the large open symbols, are the voltages for each capaci-

able. The electrical circuit shown in Fig. 1 is simple enoughtor calculated using Eq4). There are only two free param-
to be constructed by a beginner. It require$5 and+5 volt  eters in this equatioom andl,. Parametem determines the
power supplies. The diode—capacitor circuit is the 1N4148&lope of the linear decline versus logéndl , determines the
silicon diode and the capacit@; . vertical offset. Thus it is easy to manually find best-fit pa-
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a2 M 4 voltage d . L or throuah a 1NA148 to 0 V the saturation current is around 1.5-2.5 nA. This is
9. 2. Measured voltage decay for a Qull.capacitor through a consistent with the 2.5 nA found from the analysis of the
diode. Initial voltage is 0.62 V. . . o .
diode—capacitor circuit’s decaying voltage.

rameters form andl,. The three data curves were simulta- p;scusSsION
neously fit by Eq.(4), with best-fit parametersn=1.90
+0.05 andl;=2.5+=0.5 nA. Figure 2 shows the voltage decay for a @fleapacitor
Another simple circuit, shown in Fig. 4, is used to makethrough a 1N4148 diode. The initial drop is quite fast as
an independent measurement of the reverse saturation cugxpected for a forward biased diode. However as the voltage
rent |, of the diode. The diode is reverse biased and thélrops to a few tenths of a volt, the diode’s resistaftte
current passes through a 106Mesistor generating a voltage inverse of the slope of Eq2)] increases significantly. As a
that is detected by the high input impedance op amp used 4§sult the voltage decay slows as time goes on. For this rea-
a unity gain buffer. A FET input op amp with low offset Son itis more enlightening to plot the voltage versustpag
voltage should be used such as the LF411. In this configuréshown in Fig. 3.
tion a current of 1 nA generates a voltage of 10 mV. Figure 5 Figure 3 shows data for the voltage versus fpdgr ca-
shows a graph of the reverse current as a function of thpacitor values of 0.1, 0.01, and 0.0p4 discharging through
reverse-biased voltage. a 1N4148 diode. Also shown are the predicted voltages using
The initial rapid rise in current in Fig. 5 is what is of Eq.(4) with the valuesn=1.9 andl ,=2.5 nA. These values
interest in determining,. The slower rise apparent for volt- agree well with the finding thah is close to 2 andy is in
ages from 5 to 35 V is attributed to leakage current. Examithe nanoampere range for silicon diodédt is also consis-
nation of Eq.(2) shows that when the reverse voltage istent with the reverse saturation current obtained by reverse
many timesVt, the saturation current has been reached bebiasing the diode.
cause the exponential term is much less than unity. Further In Fig. 3 note how well the calculated voltage follows the
increase in current is due to leakage current which is notata through the three time regions discussed in the Theory
included in the derivation of E2). Examination of Fig. 5 section. The only data set that clearly shows the early time
suggests that when this leakage current is extrapolated backgion where the voltage is nearly constant is the (f.1-
capacitor. Transitions between the regions are predicted to
occur at the transition times given by Eq$0) and(11). The
0.7 predicted transition times can be compared to the behavior of

O the data in Fig. 3. Usingn=1.9, 1,=2.5nA, V=25 mV,
0.6 AW V;=620 mV, andC=0.1, 0.01, and 0.00kf, we predict
05 E,.
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Fig. 3. Measured voltage decagmall closed symbo)svs logt) and pre- Reverse Voltage

dicted decay(large open symbo)susing the exact solution, Ed4), and
parameters given in text. Capacitor values from left to right, 0.001, 0.01, andrig. 5. Measured current vs reverse biased voltage for 1N4148 diode. Note
0.1 uf. the initial rapid rise followed by the slower increase.
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early-to-intermediate region transition times of 0.04, 0.4, and 0.8

4 ws, and intermediate-to-final region transition times of

0.02, 0.2, and 2 s. . .x
The early-to-intermediate transition is from the region of 08 T 3, g

constant initial voltagg0.62 V) to the region of logarithmic 05 LN

decay. The predicted transition times of 0.4 andsAfor the

0.01- and 0.1uf capacitors agree well with the data in Fig. 3. % 04
For the 0.001af capacitor the predicted transition time of > 03
0.04 us is consistent with the data since the voltage must .

have dropped from 0.62 to 0.5 V prior to the first measure-
ment at 0.4us. The intermediate-to-final transition is from 0.1
the region of logarithmic decay to the region of final decay to
zero. The predicted transition times of 0.02 and 0.2 s for the
0.001-and 0.01«f capacitors agree well with the data in Fig. -0.1

3. For the 0.1uxf capacitor the predicted transition time of 2 7 -6 -5 -4 -3 2 = a
s is consistent with the data since the voltage must drop tc Log[time (sec)]
zero.

Figure 3 also shows that the voltage decay is logarithmidig.- 6. Measured voltage decégmall closed symbolsvs logf) and pre-
for about 5 decades of time as predicted for a silicon diode iflicted decaxlines) using the logarithmic approximation, E(), and pa-
he Th . E id8) sh h | f vol rameters given in text. Capacitor values from left to right, 0.001, 0.01, and
the Theory secﬂo_n. quatld ) S oyvst aF ap ot_o voltage ¢ q
versus logl) will give a straight line with slope
—mV;/log(e) and that the offset is determined hythrough

its appearance in-mVyIn(a)/log(e). Data are easily ana- CONCLUSION

lyzed by finding the value of that gives the correct slope,  The hasic equations for a capacitor and a diode were used
then the value of, that gives the proper offset. For example, to derive an equation for the time-dependent decay of volt-
examination of Fig. 3 or 6 shows that during the logarithmicage across a diode—capacitor circuit. Measurements were
phase the voltage drops 0.11 V per decade. Thes0.11  performed and found to be in good agreement with the pre-
X log(e)/0.025= 1.9, agreeing with the finding in the Experi- dictions. Parameters found from the analysis are in good
ment and Results section. Figure 6 shows the data and tr&greement with known values for silicon diodes. For a sili-
calculated decays using E¢B) with the same parameters con diode the diode—capacitor circuit’s voltage was found to
used for Fig. 3. The straight-line portion of the data is seen tdiave a predominantly logarithmic time decay. An instructive
follow the lines predicted from Eqd8). comparison can be made with the exponential decay of a RC
It is instructive to compare the diode—capacitor circuit'sCircuit. This experiment is low cost and appropriate for be-
voltage decay to the well-known RC decay. The exponentiaginning students in an electronics course for scientists.
decay for the RC circuit is a result of the resistor’s linear | o
relationship between current and voltage. The nonIinearlg'img’;l;ﬁ]&a'[fs‘?:q*;‘fgeggiﬁfgﬁfgﬁt of the band gap in siicon and ger
characteristics of the dloc_[Eq_. 2] resu_lt in nonexponential manium.” Am. J. Phys48 (3), 197—199(1980.
decay of the voltage. This difference is easy to demonstraten sconza, G. Torzo, and G. Viola, “Experiment on the physics of the PN
experimentally by replacing the diode with a resistor and junction,” Am. J. Phys62 (1), 66—70(1994.
repeating the analysis trying both an exponential decay andJ. W. Precker and M. A. da Silva, “Experimental estimation of the band
Eq. (4). gap in silicon and germanium from the temperature-voltage curve of diode

P thermometers,” Am. J. Phyg0 (11), 1150-11532002.
mfgecgﬁﬁzlqgrlgr?negz%u?ts ;(gBSlS ;(Qlee Vt(())ltﬁgg dr;(; é:[?\//g@ nStl)c?W 4C. Kittel, Introduction to Solid State Physi¢#iley, New York, 1968, 3rd
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data acquisition systems. Figure 3 and E@€) and (11) 5¢. Krane, Modern PhysicgWiley, New York, 1996, 2nd ed., pp. 362—
demonstrate that the time scale of the decay is proportional365.
to the capacitance. With a 1@k capacitor a low-end data Gé‘é dglsa,EIectronics for ScientistgPrentice—Hall, London, 1997 pp.
g(k)Jlllee(E(t)l(Z;nerslgffflfemacgl,lllricenlﬂge]igg (S)%rgﬂ_pézspgg:;elﬁolggswgl be7J. Millrﬁan and C. C. Halkiagzlectronic Devices and CircuitdMcGraw—
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and 6, but Shlﬂeq to the right by four time decades. In thissg. p. Sukheeja, “Measurement of the band gap in silicon and germa-
case data collection should extend to at least 100 s. nium,” Am. J. Phys.51 (1), 72 (1983.
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