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Assessment of the Performance of Zener References
of the Highest Quality

DEREK E. ROBERTS anp PETER J. SPREADBURY

Abstract—Zener diodes are now playing an important part in the
development of transfer voltage standards. The computer-controlled
equipment that is described is capable of measuring these devices to 1
part in 107 at the 6-V level. A technique is described for characterizing
the data obtained at various currents and temperatures in order to
produce quantitative figures for the important parameters of zener
diodes. The results and application of this method are discussed.

I. INTRODUCTION

MPROVEMENTS IN digital voltmeters and the gen-

eral trend towards increased resolution and perfor-
mance of analog/digital processing schemes continually
raise the demands on local and national calibration centres
for accuracy and confidence. Although developments in
the Josephson voltage standard have meant a significant
advance in confidence at the national level, to the extent
that national alterations in the legal volt are being contem-
plated, this resolution is not available on a commercial
basis, due to lack of portability. Transfer standards, once
wholly the domain of standard cells and later, that of ze-
ner diodes and other semiconductor devices, need to be
developed for some years yet to meet industry’s require-
ments in calibration.

The compensated zener diode is one of the most pop-
ular types of device for use as a reference element (or one
of a group of elements) in a standard. Together with an
amplifier and some scaling and current setting resistors,
they form the basis of standards that have been demon-
strated to give good performance—typically less than 1
ppm of noise or drift even after transportation.

Unfortunately this, and the other types of semiconduc-
tor device used can exhibit serious defects in relation to
their use as potential reference elements. Extensive test-
ing of devices is necessary before they can be considered
for building into standards. Work has been going on for
over a decade at Cambridge University, England, to in-
vestigate and characterize the properties of semiconductor
reference elements and this paper presents one aspect of
recent work carried out.

II. ROUTINE MEASUREMENT OF ZENER VOLTAGE

Equipment has been constructed to allow investigation
of the deficiencies of zener diodes, in particular temper-
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ature coeflicient (and changes in relation to bias current),
long-term voltage change with time (ageing), noise and
non-repeatable change of voltage with temperature or cur-
rent (hysteresis). In order to resolve small aging effects in
a reasonable time, a design goal of repeatable measure-
ment to an accuracy of 1 uV at the 6-V level was chosen.
This is beyond the level at which calibration is available,
and so all results are relative to standards maintained at
the University.

Up to 40 devices may be on test at any one time, 20 of
them maintained in an environment accurate to + /—
0.01°C and adjustable in temperature from 10 to 60°C,
this being maintained by 3-term controller and Peltier ef-
fect heat pumps. Devices are selected for measurement by
mechanical switching arrangements. Their current is set
by a precision current calibrator during testing, and by a
“‘standby’’ source at other times, depending upon whether
the operator has selected (via software) that the device be
continuously run or not. Voltage is measured in a standard
4-terminal way, being compared using a commercial na-
novoltmeter to one of four possible backoff sources. All
crucial areas in the experiment are continuously powered
by rechargeable batteries on float charge so that there is
no danger of unforeseen current or temperature hysteresis
due to mains supply failure.

All of the experiment is under microcomputer control,
and extensive software has been written to allow routine
measurements to be made simply yet with the greatest
level of confidence. The software provided allows for
routine measurement of voltage, slope resistance and tem-
perature three times per day together with data storage
and preliminary analysis of results. Other interactive pro-
cedures allow direct measurement, comparison with ex-
pected data, plotting and ‘‘housekeeping’’ functions, and
other research programs, such as temperature test cycles,
to be automatically loaded and executed at a defined time.

Results show daily noise figures of less than 5 parts in
10® (RSS) for some devices, this figure being made up of
noise contributions from the device, backoff, DVM, and
current source. It should be noted that the equipment is
not in an air conditioned room and that the typical weekly
range of temperature is several degrees Celsius. Longer
term errors are typically of the order of a few parts in 10’
for the better devices, and parts in 10° for the ‘‘rogue’’
devices. Fig. 1 shows specimen results for 4 devices over
1 month; device 3 is ‘‘good,’’ devices 6 and 18 are ‘‘aver-
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Fig. 1. Voltage versus time for 4 typical devices over 1 month.

age’’ and device 4 is definitely ‘‘rogue’’ both with respect
to noise and ageing.

III. LocATiON OF OPTIMUM WORKING CURRENT

Compensated zener diodes (and simple zeners for a
voltage of approximately 5.1 to 5.6 V) have an optimum
working current which yields the lowest or zero temper-
ature coefficient (TC). Reference [1] is one of the many
articles on this subject. This current must always be found
empirically. Normally the temperature of the device must
be repeatedly altered and its current adjusted in such a
way as to successively reduce the TC to zero. This is usu-
ally a lengthy process, even when under computer con-
trol. Each current interpolation suffers inaccuracy due to
the noise involved in the voltage measurement; also the
relationship between the TC and current is nonlinear, so
only an approximation for the new working current can
be made at each stage.

IV. DEVELOPMENT OF A MATHEMATICAL MODEL

Any zener diode has a terminal voltage which is char-
acterized by V = F(I, T, t) where

V' voltage,

I current,

T temperature,

! time. (1)
Given that its environmental conditions (such as lead re-
sistance, thermal resistance junction/ambient etc.) remain

constant. There are problems in devising a simple model
for the function F. These are as follows:

As yet there is no accurate model for a zener diode based
on fundamental theory and including parameters such as
dopant concentrations.

Devices can exhibit voltage changes in the form of ran-
dom steps.

The parameters such as TC have been found to change
slowly with time.

The simplest model for the voltage dependence on cur-
rent, a logarithmic function, prevents an analytic method
of fitting test data to the model.

In setting up the equations that follow, early sets of trial
data obtained by cycling a device through normally 6 cur-
rents and 30 temperatures were used; Fig. 2 shows one
such set of results. Temperatures were chosen so as to be
close enough for numerical differentiation to be meaning-
ful. An experimental model was chosen to fit the data and
the residuals examined at each stage to assess whether any
improvement in fit would result from extending the model.

The following expression was obtained:

V==Cy+ GI + GI* + GI* + CIT
+ CsI* + CgI*T + C;T* + GT + CIT*.  (2)

This generally has residuals of the order of the noise of
the original data. Since the expression is analytic, it can
be differentiated:

Vv
1

oT
+ I(Cy + 2CT) + Col? (3)
14
<——> = (C, + GT + CoT?)

+ 2I(C, + CT) + 3GI*

+ 4G5 (4)
<62V> = C, + 2CiI + 2C,T (5)
orar),, 6 ’
PV

Equation (3) represents the TC: after finding the coef-
ficients Cy-Cy the expression yields the working current
for zero or minimum TC.

Equation (4) represents the slope resistance and a de-
vice’s sensitivity to changes in operating current.

Equation (5) represents the change in TC for a change
in operating current. A device for which this parameter is
low will be more tolerant in current setting to achieve
lowest TC (however a stable current is always essential
as the devices have a slope resistance of around 10 Q).



ROBERTS: PERFORMANCE OF ZENER REFERENCES

CUED VOLTAGE STANDARDS

TEMPERATURE
COEFFICIENT

AD632/1

k.00 PPM/7C

6.5 MA

R.50

C] S
- -
" "

TEMP 'C

[
o
w
~

28.0
37.0.
40.0.

Fig. 2. Temperature coefficient versus temperature for a typical compen-
sated zener.

Equation (6) represents the change in TC with respect
to temperature. This is an important measure of a device’s
suitability as a reference element since the TC must re-
main low over a suitable range of temperatures.

Additionally, the change in terminal voltage to be ex-
pected if current or temperature or both are changed can
be easily produced. This is helpful in research if, for ex-
ample, a new working current is tried for a few days or
weeks. The change in voltage arising from this change
can be compared with that predicted, and the changed
voltage can still be added to the long-term history of the
device with confidence, despite perhaps being hundreds
of ppm different.

V. DATA COLLECTION AND PROCESSING

Software has been written to allow the collection of data
from a device being operated at a predetermined number
of temperatures and currents. A normal measurement
cycle takes about 12 hours to test 20 devices at 25 I/T
combinations, including time for the oven temperatures
to stabilize. It is important when using a small number of
data points that they be well spread across the device op-
erating area, or an ill-conditioned data set results.

Further software processes the data by normalizing it,
and solving the regression matrix by Gauss—Jordan elim-
ination in the usual way. Results recorded are discussed
in the next section; solved coefficients are stored on disk
for further use. Printouts can be requested in order that a
comparison be made with earlier results.
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VI. RESuLTS

Space only permits a few of the results obtained from
the experiment to be shown; further results were pre-
sented at the conference.

Table I shows computed results based on the 231 point
data set used to produce figure [2]. Careful measurements
from Fig. 2 give results as follows: TC at 5.5 mA, —0.09
ppm/°C; best operating current 5.52 mA; sensitivity of
TC to change in current approximately 3.3 ppm/°C /mA
and rate of TC change —0.02 ppm/°C/°C. Slope resis-
tance was measured on the original experiment as 8.918
Q at 5.5 mA and 30°C. These figures are close to the
computed results in Table I.

Table II shows the normal printout of results, giving
the reader some feel for the magnitude of figures encoun-
tered. Temperatures chosen were 20°C + /— 1.5°C and
despite this small change in temperature the larger vari-
ance figures for devices 1, 5, 7, 8, 16, and 17 indicate
that some hysteresis has taken place. Devices 1, 8, 16,
and 17 are known to be bad in this respect and are kept
in the equipment for research purposes.

Two further independent experiments have sought to
test the validity of the computer modelling. In test 1, the
working current is raised by 200 pA and the resulting
voltage for each device is compared with that predicted
(a) by the computer model and (b) by a calculation from
the best measure of slope resistance. Since the original
data for the computer model was obtained at 500-pA in-
tervals, this test shows how well the current terms model
the interval between the sample data points (Table III).

For the second test the device voltage has been plotted
against the oven temperature by analog means. Fig. 3
shows the results of this temperature cycling at three dif-
ferent currents (zero has been reset for each current).
Software exists to manipulate the equipment by means of
simple English commands such as TEMP. 20 TO 22 BY
.4. The ‘‘lumpy’’ nature of the lines is caused by the tem-
perature steps being too large, done to reduce the test time
to around three hours. The best working current is clearly
close to 7.25 mA and the sensitivity of TC to current can
be estimated at 2.6 ppm/°C/mA from the graph. The
same best current is shown in the computed results (Table
II device 3) and 2.7 ppm/°C/mA is given as the TC
sensitivity to current.

The two methods are quite independent, and are a use-
ful check on the validity of the mathematical model.

VII. APPLICATIONS
A. Location of the Zero TC Current

This becomes a trivial task after one measurement set.
Further measurements can be made to increase confidence
and to allow tracking of possible parameter changes with
time.

B. Elimination of ‘‘Rogue’’ Devices

Voltage hysteresis during the small temperature cycle
needed to perform this test would generally render a de-
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TABLE 1
TEMPERATURE TEST RESULTS ANALYSIS

Date of test :13/12/84
33 test temperatures, 7 test currents

10 fit coefficients, parameters specified at (Td) 30 °C

Test currents were

Ly 454 5, 5.5, 6, 6.5, 7 mA

Device Fit da’v/dat? d°v/d14T Present Present New Action
variance  ppm/°C/°C  ppm/°C/mA TC @ Td slope res current required
ppm ppm/°C ohms A
Model
ad642:1 0.28 - .02 3.25 - .05 8.9215 5.52 up 20 pA
Measured:
adbs2:1 - .02 3.3 - .09 8.918 5.52 up 20 pA
TABLE 11
TEMPERATURE TEST RESULTS ANALYSIS
Date of test :Monday 10th November 1986
5 test temperatures, 5 test currents
10 fit coefficients, parameters specified at (Td) 20 °C
Test currents were iz nom+ 1, .5,0 ,-.5, -1 mA
Device Fit Present d'v/at? d’v/4aI14T Present Present New Action
No. variance  current ppm/°C/°C  ppm/°C/mA TC @ Td slope res current required
ppm mA ppm/°C ohms mA
1 .72 4 .84 - .07 4.7 - .10 14.38 4.86 up 20 pA
2 .09 4.38 + .12 bed + .01 15.14 4.38
3 06 7.2 + .04 2.7 + .03 6.60 7.24
4 .08 4.86 + .12 + .03 14.55 4.66 dn 200 pA
5 47 5.28 + .09 46 - 46 14.50 5.38 up 100 pA
6 .06 5.65 + .06 3.5 + .00 8.24 5.65
7 Al 5.17 + .16 5.6 - .19 13.57 5.20 up 30 pA
8 .37 5.55 + .26 3.9 + .02 15.95 5.46
9 .15 4.33 + .02 4.2 + .01 10.41 4.32
10 .07 5.92 + .04 3.5 + .16 8.71 5.87 dn 50 pA
14 .11 4.70 - .04 3.3 + .01 11.01 4 .69
15 .03 3.76 + .01 5.1 + .04 11.61 3.75
16 AS 5.00 + .39 8.3 -14.24 12.91
17 .82 5.79 - .07 7.1 +1.20 8.54 5.62 dn 170 pA
18 .10 6.00 - .02 3.4 + .09 7.72 5.97 dn 30 pA
19 .10 5.78 + .02 3.3 - .01 8.11 5.78
20 .07 4.93 + .02 4.0 - .02 9.17 4.93
21 .13 6.12 + .19 4.8 - .04 8.11 6.12
22 .02 10.23 + .15 3.5 + .06 5.74 10.21
TABLE III
VOLTAGE CHANGE FOR A 200-pA CHANGE IN WORKING CURRENT
Device Measured Change Expected Change in Voltage
No. in Voltage Computed from Model Derived from slope resistance
Predicted Error Predicted Error
nv pv nv nv nv
2 2981.9 2980.4 - 1.5 3025 + 43
3 1307.0 1306.9 - a4 1319 + 12
4 2875.2 2874.8 - .4 2907 + 32
6 1626.1 1626.1 + .0 1645 + 19
7 2613.0 2652.8 +39.8 2654 + 41
14 2162.8 2163.2 LA 2201 + 38
15 2268.8 2269.4 + .6 2321 + 52
18 1525.3 1525.4 + a1 1543 +18
20 1804.5 1805.6 + 1.1 1835 + 31

vice unsuitable for standards work. Also, those showing
large changes in TC with respect to temperature would
also be rejected. Slope resistance and sensitivity of TC to
changes in current are factors to take into account and
together with noise are particularly important in an as-
sessment of a manufacturer’s new products.

C. Computer Model

Production of an analytic model allows the designer to
use a computer program to model any zener’s behavior in
a reference circuit very accurately (subject to the proviso
that the diode’s environmental conditions' are not

changed). Programs such as SPICE are well established
in this role, but lack a detailed model of the zener’s be-
havior. Reference [3] gives a basic model. Other models
also have been used [4] but the analytic model described
has been proved fully by the range of conditions investi-
gated.

VIII. CoNCLUSIONS

Our results show that with careful measurements in
controlled conditions, accuracies of 1 part in 107 are
achievable. A method is proposed that simplifies the char-
acterization process and provides a means of tracking pa-
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Fig. 3. Temperature coeflicient versus temperature (at 3 currents) plotted
by analog means.

rameters which, though small, may yield important infor- [2] N. R. Draper and H. Smith, Applied Regression Analysis. New York:

. s, - Wiley, 1966, pp. 145-150.
m -
ation abqut the long -term stability of zener diodes and [3] A. K. Laha, D. W. Smart, “‘A zener diode model with application to
their selection for use in a voltage standard. SPICE2,”’ IEEE J. Solid-State Circuits, vol. SC-16, pp. 21-22, Feb.
REFER 1981.
ENCES [4] Woodward G. Eicke, Jr., ‘‘The operating characteristics of zener ref-
[1] J. A. Chandler, ‘‘The characteristics and applications of zener diodes,’’ erence diodes and their measurements, ISA Transactions, vol. 3, no.

Electron. Eng., pp. 78-86, Feb. 1960. 2, pp- 93-99, Apr. 1964.




