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A SIMPLIFIED DC DIFFERENTIAL VOLTMETER
AND RATIOMETER FOR

HIGH-PRECISION MEASUREMENTS

An eosy-to-use dc differentiol voltmeter meosures dc volt-
oges from I microvolt to I 

,|00 
volts with o resolution of

0.2 microvoh qnd with high occurocy.  The insfrument is
olso o precis ion rot iometer for  comporing two dc vol toges.

a known precision reference voltage.
If the precision reference voltage is
adjuste<l  to  be equal  to  the un-
known, then the unknown can be
rearl to the accuracy of the precision
reference.

Di f ferent ia l  measurements have
been commonly used in standards
laboratories where pre<'ision sources
anrl precision resistors are available.
The setup is somewhat more com-
plex than merely connecting a volt-
meter to the rrnknown, but the accu-
racy of  d i f lerent ia l  measurements js

better than 0.002% compared to the
zrccuracy of direct-measurirre- analog
instruments, which is of the orcler of
U . 5 / , .  S e l f - c o n t a i n e r l  i n s t r u m e n t s
baserl on the differential principle
have been available which offer bet-
ter accuracies than rl irect mcasure-
ment means, but they are compli-
catecl to use.

Now, an instrument (Fig. 1) with
tl-re capability of a dc differential
vo l tmeter  and the ubi l i ty  to  measure
voltage ratios has been clesigned to
give an accuracy of -+0.002% of the
reading (-+20 ppm). The voltmeter
is simple to operate and has been
designerl in both a power-line-oper-
atecl version ancl a battery-operated
vers ion operat ing f rom sel f -con-
tainecl rechargeable nickel-cadmium
batteries. This capabil ity to operate
from a se]f-containecl supply is im-
portant when measuring voltages
with very high ac or rlc common
mocle. Because the instrument is iso-
latecl from the l ine, the common
mode voltages do not influence the
rear l ing.  However.  the inst rument
has sood common mode rejection
when operated on the power l ine.

In the dc differential voltmeter
mode, the instrument measures dc
voltages up to +-1100 volts in four
ranges of -+ l, 10, 100 and 1000. Volr
age resolution is 0.2 microvolt, or
0.2 ppm of range.

VOLTAGE MEASUREMENT
The basic components of the in-

strument include €ig. 2) an accu-
rate ancl stable voltage source, a
precision resistance divider and a
low-clrift, high-sensitivity null detec-
tion metcr.

An input voltage applied to the
input terminals is applied directly to
thc deca<le <lividers on the l- ancl l0-
volt ranges. On the 100- ancl 1,000-
vol t  langes,  the range at tenuator
reduces the voltase to the l-volt

I I EASUREMENTS oF Dc voI,.I.AGIiS

IUI ancl of resistance and voltage
ra t i os  a t  accu rac ies  be t te r  t han
about 30 parts per mill ion have
been generally performed in stancl-
arcls laboratories by specially trained
personnel. Now it is becoming nec-
essary to make measurements at
these high accuracies in laboratory
and production areas by engineers
and test technicians with no special
training. Strain gage measurements,
I ine-  and load-regrr la t  ion measrrre-
ments, noise measurements on solicl
state circuits such as short-term in-
stabil ity of zener diodes are among
the class of situations where high
accuracy and inst rument  reading
stabil ity are required.

DC measurement  accuracies in  ex-
cess of 20 ppm can be achieved using
the differential method in which the
unknown voltage is comparecl with

Fig,. l. The -hp- Model 3420A / B Differential Voltmeter / Ratio-
meter is a precision solid-state instrument capable of measuring dc
uoltages from below 1 pV to 1100 uolts at resolutions ol 0.2 ppm
and accuracies of 20 ppnt oLter much of this range. Measurements
can also be made of resistance and uoltage ratios in four ronges

from 1 to 0.001 to the same accuracy. The controls are color coded
and simplified so that readings can be made rapidly uithout the

necessity of operating a complexity ot' controls.
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level for comparison to the precision
source through the cliviclers.

The unknown vol tage is  com-

l.rarecl to the voltage derived from a
very high accuracy I l-volt reference
source ancl the setting of the six dec-
ade tliviclers. The clifference is indi-
cated on the null meter. A complete
null is reachecl r,vhen the six decades
have been nul led ro the h ighest
sensitivity.

Range of the instrument as a dc
cl i f ferent ia l  vo l tmeter  is  - r  I  to
-+ 1000 volts with a 10/o overrang-
ine available on all ranges. DC volt-
age measurements on the l- and l0-
volt ranges are performed by the

Potentiometric technique, that is, by
comparing the input voltase to a
known internal voltage. On the 100-
anrl 1000-volt ranges, the input volt-
aee is scalerl to the l-volt level by a

lrrecision lO-megohm +-0.057o re-
sistance clivider.

Resistance ancl voltage ratios of
0.000 000 001: l  to  0.999 999: l  can
be rneasured. Four ranges provicle
the same accuracy and resolution as
in the differential voltmeter mocle.

Input impedance at the null is
about l0r2 ohms, which is consicler-
ably higher than the impeclance pre-
sente(l to the source by most meas-
uring instruments. This high imped-
ance cloes not load the source. For
example, a 500-ohm stanclard cell
will tlrop 50 microvolts when look-
ing into a l0-megohm impeclance,
equivalent to an error of about 50
ppm. An input impeclance of 10r?
ohms has an effect on the cell voltage
of less than one part per bil l ion.

A recorrler output drives recorcl-
ers with 0 to I volt at I mA. A zero
button is provided for quick zero
check. There is no neecl to cliscon-
nect voltages or return the decacles
to zero.

INPUT RESISTANCE
Input resistance approaches infin-

ity as the decade setting approaches
the value of the unknown voltage
(approaching the null), Fig. 3. 

' Ihe

only l imitation on rhe input resisr-

FiS. 2. In the difterential uoltmeter mode, the floating uoltage-
reference supply is used to driue the precision decade diuiders. On
the [-uolt and l0-uolt ranges the input uoltage is nulled directly
against the 6-digit diuiders- On the 100-uolt and lK-uolt ranges the
input uoltage is diuided to the l-uolt leuel and then nulled u)ith the
decades. The instrument can also be used as a dc uoltmeter uith

the ref erence disconnected.

(% OF END SCALE
OFF NULL)

Fig. 3. Input resistance to the -hp- Model 3420A/B
approaches infinity as the null is approached. Input
resistance at the null is determined only by leahage

resistance ot' switches and wiring.
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ance is the leakage resistance of the

voltmeter before the decacle divid-

ers. Special materials used in the

switches and wiring keep the leak-

age resistance above l0t'ohrns.

RATIOMETER MODE

Often the absolute value of dc
voltage is of l i tt le interest. In meas-
urements involving resistor-divider
ac t i on ,  po ten t i ome te r  l i nea r i tY ,
power supply calibration and com-

parison of voltage levels, the real
point of importance is the ratio of

one voltage to some other voltage,

such as in a voltage divider. Where

the  source  vo l tage is  s tab le  w i th

time, the ratio could be determinecl

by  rneasur ing  each vo l tage sepa-

rately ancl calculat ing the result.  But

i f  the source voltage has a high dri f t

rate with t ime, i t  is not possible to

cletermine the ratio with high reso-

lut ion. However, i f  one voltage from

the t l iv ider is diviclecl unti l  i t  equals

the seconcl, tl're ratio can be read in-

stantaneously. Al l  the comPonents

necessary to perform this tYpe of

Fig. 4. In the rattometer mocle of operation, the -hp-

Model 3420A/B acts as a modifted Wheatstone bridge

to mahe uoltage and resistance diuider measurements.
The range attenuator ond decode diuider mahe up one

side ot' the bridge and the meter amplifier acts as the
null detector. The connections from A to COMMON
null detector. Connections from A to COMMON and

B to COMMON are the other side ot' the bridge'

measurement with high accuracy are

present in the new tl ifferential volt-

meter/ratiometer.

The ratiometer offers quick check-
ing of range switch components an(l
voltage dividers, where the absolute
value of incliviclual components is of
l itt le interest. For resistance-ratio
lneasurements, the voltage usecl
across the two resistors, Fig. 4, need
not be accurate, stable, nor of any
particular value. Basically, one of
the input voltages replaces the refer-
ence supply used in the differential
voltmeter mode.

The higher of the two input volt-
ages is usecl as the reference and is
fed to the series combination of the
ranse stick and decade divicler
where it is divicled to the same value
as the lower input voltage. This con-
rl it ion of ecluality is monitoretl by
the nr.rl l  meter. In this measurement
technique, the two input voltages
must have a common ground antl be
o[ the same polarity with respect to
that ground.

The null meter can be calibrated
to read directly in steps correlated
with the rlecarle rearlout when mak-
ing resistance ratio measurements.
To clo this, it is necess:rry to drive the
<lecacle (the high input voltage Vn)
with an accurate voltage of I volt on
the X I range, or 20 clB more for
each increasing range. If this level
changes after calibration, the null
meter calibration changes but not
rhe  ab i l i t y  t o  r ru l l  l l r e  i t t sL ru tnen t .
Drive voltage shoulcl be chosen to
calibrate the meter on the range
being used.

The : rb i l i ty  to  select  rat io  ranges
has the advantage that  accuracy
specifications for the measurement
can be applied as ?r percent of range.
Since the highest accuracy is in the
first two clecacles, it is aclvantageous
to be able to make the reacling on
these tlecacles. Thus, for low-ratio
nurnbers, the instrument can be set
to keep the reaclinE; on 1-he first two
clecacles.

Fig. 5. The ll-uolt precision reference supply rc a
combination of a Zener reference diode and a control
transistor. The control transistor Eenerates the correc-
tion signal to keep the output at its specified leuel.
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Peak to peak dr i f t  :0 4 pprt  of  reading/hoL. jr

Dr f1 in I  ho!r  per iod
: 0  6  p p m  o J  r e a d i n g

Instrument turned off

Ra = Reading belore
turn off

= 1 018979 rcl ts

Fig. 6. Short-term stability charts shou a
peah-to-peah drift of less thon 0.4 ppm of
reading per hour uhile on battery operation

measuring an unsaturated standard cell.

Fig. 7. After being turned off t'or 1/2 hours,
the -hp- Model 3420A/B returned to uithin
1 ppm of its original reading LDithin tLDo min-

utes after being turned bacle on.

CIRCUIT CONSIDERATIONS
fb achieve high accuracy in the

instrument ,  the reference vol tage
source must be carefully designed,
the decade dividers must follow a
l inear  re lat ionship,  and the zero
drift of the null meter musr be low.

In this instrument the precision
I l-volt reference is derived from a
zener diode reference supply €ig. 5).
Since the instrument operates on
battery power, an oven for the zener
cliode was not used. To eliminate
the effect of environmental change
on the reference voltage, a technique
was developed to adjust the clc tem-
perature coefficient of the I I -volt

reference to below I pp- per clegree
C, over the range *20o to 30"C.
Over the complete temperature
range * l0o to 40oC, the tempera-
ture coefficient is below 2 ppm per
degree C.

;\nother factor in assuring high
stabil ity is the abil ity of rhe toral
circuit to remain stable from full
battery voltage of 3l volts to a mini-
mum of 24 volts. Over this range,
the I l-volt reference changes less
than I part per mill ion.

Long-term stabil ity is conLrollerl
by the reference amplif ier ancl a set

of precision resistors. The reference
amplif ier consists of a micro-minia-
ture planar transistor ancl an alloy
di f fused breakdown diode.  The
long-term stabil ity of the supply is
greater than l5 ppm/6 weeks.

Excellent short-term stabil ity of
voltage is insurerl by intimate physi-
cal contact of the components in the
reference amplif ier and by using a
thermal lag box over this reference
subassembly. Short-term stabil ity is
shown in Fig. 6, taken with the in-
st rument  on bat tery operat ion in  a
standards lab environment.

An advantage of ovenless opera-
tion is fast turn-on. In Fig. 7, the
chart shows a turn-on time to within
l0 ppm of the previous reacling in
less than 20 seconds and to l 'r ' i thin
I  p l rm in less than 2 minutes.

Precision resistors usecl in the dec-
ade dividers enhance the accuracy
of the instrument. Their value in
each decade does not differ by a
ra t i o  o f  more  than  fou r  t o  one .
Therefore, it is possible to wind the
resis tors wi th the same s izc wire
f rom the same spool  lo  insure tem-
perature tracking to within I pp-

1-rer degree C. 'Ib 
facil i tate recalibra-

tion, the first and second clecade of

the clecade diviclers are adjustable.
Each of the six decades of the

clecacle clivicler is binary codedl, that
is, resistor values are chosen so that
by appropriate switching, division
ratios of I through l0 in equal incre-
ments are available using four re-
sistors insteacl of eleven. The first
clecacle has a 10/o overrange capa-
bil ity to aid in measuring voltages
that occur slightly above full scale.
Use of a six-digit divider means I
ppm of full scale resolution on the
clecacle with no last digit ambiguity.

The lO-megohm -+0.051o inpur
ranse attenuator used on the 100-
vol t  anr l  I000-vol t  ranges is  com-
posed of four adjustable -hp- wire-
wound resistors with ratio-matched
temPerature coefficient to 1.5 ppm
per degree C. To eliminate self-heat-
ing errors in the l0-megohm resistor,
its absolute temperature coemcient
is helcl to below 2 ppm per degree C.

Resolution of the instrument is
r:ontrolled by the sensitivity, noise,
ancl zero stabil ity of the null detec-
tor. lir achieve lorv clrifts at high
sensitivity, a photo-chopper stabil-

I  Descr ihed in  an  ar t i c le  by  Rober t  E  Watson,  'A  Com-
b ined DC V0 l tage Standard  and D i f fe ren t ia i  V0 l tmeter
f0 r  Prec is ion  Ca l ib ra t ion  Work , 'Hewle t t -Packard  J0urna l ,
Vo l  16 ,  No 9 ,  lMay 1965.



ized meter amplifier is usecl (fig. 8).
The maximum sensi t iv i ty  of  the
null cletector is l0pV full scale. The
3 o noise limit,': is 0.4 pV, or less
than 0.4 s,V about 99lo of the time,
or  about  0.  l3  g.V rms.

To achieve the l0 pV maximum
sensitivity ancl supply a l-volt re-
corcler output, a total gain of 105 or
100 dts from input to recorcler out-
z  A d iscuss ion  o f  spec i l y ing  no ise  is  inc luded in  the
ar t i c le  by  Char les  D P la tz ,  'A  Sens i t i ve ,  Wide Range
DC Nul l  Vo l tmeter  w i th  an  In te rna i  Buck ing  Supp ly  fo r
zer0  Load ing  Er ror , '  Hewle t t -Packard  Journa l ,  Vo l .  17 ,
N0.7 ,  [4arch  1966.

put is used. To insure excellent gain

accuracy of the null detector untler

changing environmental condi t ions,
an excess of 50 dB of negative feetl-

back is used.

Ranging in the null cletector is

c lone by a combinat ion of  pre-
attenuation of the signal and gain
changes in the amplif ier closecl loop

ga in .  F i l t e r i ng  o f  t he  ac  no rma l
motle noise is accomplished by a
double LC filter which sives excel-

lent ac rejection and fast recovery
from overload.

The  i ns t rumen t  i s  p ro tec ted
throughout against accidental over-
loacl. A I kV clc siE;nal wil l cause no
damage even on the l0 g,V sensi-
tivity, a 160 dB overload.

The combination of high stabil ity
in thc voltage reference supply, high
resolution ancl zero stabil ity in the
null cletector and six decade divicler
gives a useful sensitivity of 0.2 ppm
of ranse on all four ranges.

VOLTAGE LIMITS
When making voltage ratio meas-

urements, some care must be taken
to avoid applying too high a voltage
to the decade diviclers. For example,
on the X I range the accuracy specifi-
cation is for any voltage between I
ancl l0 volts. At voltages between l0
volts and 90 volts on the X I range
the instrument may sti l l  be used but
the accuracy is reduced because of
self heating of the clecade resistors.
This self-heating error follows a
square-law function. At 50 volts on
the X I range the self-heating error
is approximately l8 ppm of reading,
while at 90 volts the error is 58 ppm
of reading. On the X.l range the
error at 70 volts is less than 9 ppm of
reacling. The maximum voltage on
the X.Ol range is 500 volts and on
the X.001 range it is 1200 volts. The
input voltage "A to Common" to the
ins t rumen t  on  the  x l  and  X . l
ranges is limited by an internal pro-
rection circuit to approximately 100
volts. If this level is exceeded, large
currents wi l l  be drawn f rom the
source. This l imitation means that
ratios close to l:1 of high voltages
cannot be measured directly.

CALIBRATION
Al l  components that  in f luence

accuracy are adjustable. The resolu-
tion of these adjustments is better
than I ppm of the component value.
A printerl circuit calibration board
for the binary codecl decades is pro-
videcl. Decade calibration is done on

USING THE DC DIFFERENTIAL

Figure 1

0 01 v,.

COMMON

VOLTM ETE R/RATIOM ETE R
TO CONSTRUCT A

1OO:1 PRECISION DIVIDER
The rat iometer has 0.2 ppm of range

resolut ion on al l  ranges. With this high
resolut ion and the high stabi l i ty of better
than 1 ppm per hour, the instrument can
be used to match precision resistance
dividers with accuracies approaching /z
ppm. Examine the problem of construct-
ing a 100-to-1 divider from a set of ten
1000-ohm resistors and one 90.000-ohm
resistor. The f irst step would be to adjust
two of the 1000-ohm resistors to an exact
1-to-1 or a rat io of one-half (Fig. 1). To
insure that the rat io is exactly r/z and to
remove errors, the voltage to the combi-
nation of Rr and R' is reversed and an
identical deflect ion noted. This procedure
aff irms that Rr :  R, in the measurement
conf igura t ion  shown.  The ins t rument
should then be set to nul l  at this reading
and then used to compare al l  the 1000-
ohm resistors to make them equal. l t  is
important to note that the 1o00-ohm re-
sistors may not be exactly 10OO ohms, but
they  are  a l l  equa l .

By using this set of ten identical resis-
tors, a l0-to-1 divider may be set up. On
the XO.l range, the rat io can be read to
wi th in  0 .2  ppm reso lu t ion .  The accuracy
is dependent only on the precision match-
ing of the 1000-ohm resistors. This read-
ing may now be used to match the 90,000-
ohm to the 1o,000-ohm total set of re-
sistors. The total divider (FiC. 2) is now
ratio-matched to within a few tenths of a
ppm. l ts dividing accuracy can be checked
by several dif ferent independent methods,
such as comparing lR drops across each
set  o f  1O:1  d iv iders .

Figure 2



a rat io-rnatching basis and the l ine-

ari tv of the completed assembly is

better than 8 ppm of reading. The

l-volt  ancl l0-volt  ranges can be cal i-

bratecl by measurins stanclard cel ls.

The input range attenuator can be

c;r l ibratecl by measurins rat ios near

thc ful l  scale value of each range.

MECHANICAL DESIGN

On the front panel, the pushbut-

totrs ancl switches are color-cocled for

ease of iclenti f icat ion. The decade

rl ivider rearlotrt  consists of Vz-inclt
wh i te  numbers  on  a  b lack  back-

srouncl. Off-axis viewing of these

nunbers is possible to greater than

40 r legrees. Input terminals are lo-

catecl to prevent clanger of shock

when rneasuring high voltages.
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S P E C I F I C A T I O N S
-hp-

MODEL 342OAlB
DC DIFFERENTIAL

VOLTMETER/RATIOMETER

DC DIFFERENTIAL VOLTMETER

RANGES:  - f  1 ,  - f  10 .  : !  100 and t  1000 vo l ts
w i th  up  to  10o/o  over rang ing  ava i lab le  on
a l l  ranges

R E S O L U T I O N :  S i x  d i a l s  p r o v i d e  l  p p m
(par ts  per  mi l l ion)  o f  range.  Nu l l  meter
prov ides  fu l l  sca le  ind ica t ion  o f  10  ppm
of  range w i th  max imum reso lu t ion  o f
0  2  ppm on a l l  ranges

PERFORMANCE RATING:

A C C U R A C Y :  - r  ( O . 0 o 2 o k  o f  r e a d i n g

+O,OOo2Y,  o f  range)  a t  23 'C - f l 'C ,

fess  than 70yo R.H.  ( re la t i ve  humid i ty )

STABIL ITY:  Rated  accuracy  is  met  a f te r  a
I  hour  warm-up per iod ,  w i th  a  30-day
ca l ib ra t ion  cyc le  t0 .005o/e  accuracy
wi th in  30  seconds o f  tu rn-on .

Shor t  Term:  I  ppm/hour ,  5  ppm/day  ex-
c lus ive  o f  zero  dr i f t .

Zero Stabil ity: 0 5 ppm per day of range.

TEMPERATURE COEFFICI  ENT:  T . " r  :  23 'C

Zero  dr i f t  (0 .25  ppm o l  rcnge/ "C,  10"
t o  4 0 " C .

OFF NULL ACCURACY:  +3Y"  o l  sens i t i v -
ity setting

L INE REGULATION:  I  ppm fo r  70 /o  l ine
vo l tage change

IN PUT CHARACTERISTICS:

Input  i s  open-c i rcu i t  except  when a  VM,
AVM,  or  Rat io  bu t ton  is  depressed.

SUPERIMPOSED AC REJECTION:  AC vo l t -
ages  (60  Hz and above)  whose rms
va lue  is  equa l  to  the  dc  input  vo l tage

causes  <0 0008o/o  er ro r  in  the  read ing
M a x i m u m  a c  i n D u t : 2 5  V  r m s  o n  t h e  1 V
range,  and 200 V on  a l l  o ther  ranges

ISOLATION PARAMETERS:

INPUT:  F loa t ing  b ind ing  pos ts  on  the  f ron t
pane l  may be  opera ted  up  to  11000
Vdc w i th  respec t  to  chass is  g round (700
Volts rms)

BATTERY OPERATION (34208) :  Prov ides
comple te  i so la t ion  f rom ex terna l  c i r -
cu i ts

L INE OPERATION (3420A/B) :  Common
mode re jec t ion  is  the  ra t io  o f  common
mode s igna l  to  resu l tan t  e r ro r  in  read-
o u t ,  w i t h  I  k O  u n b a l a n c e

At  dc :  )140 dB on a l l  ranges  a t  less
t h a n  7 0 %  R . H

A t  6 0  H z  a n d  a b o v e :  > 1 5 0  d B  o n  a l l
ra  nges

OUTPUT SIGNALS:  Recorder  ou tpu t  ad jus t -
ab le  f rom 0  to  : l :1  Vdc ,  1  mA max imum
cur ren t .  Outpu t  i s  p ropor t iona l  to  meter
de f lec t ion  (Low s ide  o f  recorder  common
to  low s ide  o f  inpu t  )

OPERATION FEATURES:

DC VOLTMETER OPERATION:

Ranges:  10  pV to  1  kV in  n ine  decade
ranges.

Accuracy :  +3ok  o l  end sca le

Input  Res is tance:  10  pV to  10  mV range:
I  MA;  100 mV to  1000 V range:  10  MO

Input  Zero :  A  pushbut ton  swi tch  is  p ro-
v ided to  au tomat ica l l y  d isconnect  the
input  te rmina l  and shor t  the  ampl i -
f ie r .  Nomina l  zero  ad jus tment  range:
t15  ppm o f  range.

Polarity Selection: Switch is provided
to  a l low measurement  o f  oos i t i ve  o r
negat ive  vo l tage w i th  respec t  to  c i r -
cu i t  common.

EXTREME OPERATING CONDITIONS:

OVERLOAD PROTECTION:  : t  1000 Vdc may
be app l ied  on  any  range or  sens i t i v i t y
fo r  up  to  1  minu te  w i thout  damaging
the  ins t rument

OVERLOAD RECOVERY:  Meter  ind ica tes
wi th in  3  sec  a f te r  remov ing  106 over load
fa ctor

DC RATIOMETER
R A N G E S :  X 1 ,  X  1 , ,  X  0 1 ,  X . 0 0 1  w i t h  s i x

d iA i t  in - l ine  readout .

R E S O L U T I O N :  S a m e  a s  l V M .

PERFORMANCE RATING:*

A C C U R A C Y :  ) : ( 0 . O 0 2 y .  o f  r e a d i n g

+0.0004% of  h ighes t  decade se t t ing)
a t  23 'C :L l 'C ,  less  than 70o lo  re la t i ve
h u m i d i t y .

STABIL ITY;  Rated  accuracy  is  met  a f te r  a
30-second warm-up per iod ,  w i th  a  60-
day  ca l ib ra t ion  cyc le .
Shor t  Term:  0 .5  ppm/hour ,  exc lus ive  o f
zero  dr i f t
Zero  Stab i l i t y :  0  5  ppm o f  range/day

T E M P E R A T U R E  C O E F F I C I E N T :  X 1  T a n g e :
1  p p m / " C ,  X 0 0 1  r a n g e  a n d  a b o v e : 5
p p m / ' C ,  t o  4 0 ' C .

INPUT CHARACTERI  STICS:
I N P U T :  3  t e r m i n a l s :  A ,  B ,  c o m m o n
R A T I O :  B  t o  c o m m o n

A to  common
W i t h  A  >  B  a n d  s a m e  p o l a r i t y .

INPUT VOLTAGE RATIO:  Nu l l  meter  ca l i -
b ra ted  to  read d i rec t l y  in  ppm o f  range
for  lowest  A  to  Common ca l ib ra t ion
vo l tage ind ica ted  in  tab le  be low

For  ca l ib ra ted  A to  Common vo l tage shown
in  tab le .

I N P U T  R E S I S T A N C E :
Termina l  B  to  Common:  ln f in i te  a t  nu l l

( > 1 0 r o o  @  T o y o  R . H \

Termina l  A  to  Common:

S U P E R I M P O S E D  A C  R E J E C T I O N :  6 0  H z
s igna ls  equa l  to  100% of  A  to  common
DC a f fec ts  read ing  less  than 2  ppm o f
meter  read ing .

ISOLATION PARAMETERS:
Same per fo rmance as  fo r . \VM.

OUTPUT SIGNAL:  Recorder  ou tDut  has  the
same capab i l i t y  as  fo r  the  AVM,  except
recorder  must  be  iso la ted  f rom ground by
1 0 r 0 0

EXTREME OPERATING CONDITIONS:
OVERLOAD PROTECTION:  Input  vo l tage A

to  Common automat ica l l y  l im i ted  to  100
Vdc on  X l  and X. l  range w i th  f ron t
p a n e l  o v e r l o a d  i n d i c a t i o n .  M a x i m u m  i n -
ou t  cur ren t  i s  100 mA fo r  l  m inu te  on
these ranges.  Max imum input  1100 Vdc
on x .01  and x .001 ranges

OVERLOAD RECOVERY:  Same as  AVM.

GENERAL
INPUT POWER: 342O4/B: 115 or 230 volts,

r7oyo,  50  to  1  kHz.  Approx imate ly  2
watts

34208:  Bat te ry /  L ine  Opera t ion  Recharge-
ab le  ba t te r ies  (8  fu rn ished)  30  hours  op-
era t ion  per  recharge,

Ins t rument  may be  opera ted  dur ing  nor -
mal  recharge f rom ac  l ine  Prov is ion  is
made fo r  tes t ing  the  ba t te ry  cond i t ion  and
se lec t ing  a  fas t  (15  hour )  charg ing  ra te
Input  fo r  ba t te ry  charg ing  115 or  230
Vo l ts ,  t lO%,  50  to  1000 Hz.  3  wat ts .

WEIGHT:  Net :  2 I  lbs .  (9 ,45  kg) ;  Sh ipp ing :  24
lbs  (10 ,8  kg) .

PRICE:  34204 $1 i75  34208 $1300

MANUFACTURING DIVISION:
-hp-  Love land D iv is ion
Box 301,  Love land,  Co lorado 80537

P r i c e s f o b  f a c t o r y
Data  sub jec t  to  change w i thout  no t ice

R A N G E
Cal ib ra ted

A to  Common
M  a x i m u m

A  t o  C o m m o n

X 1
X 1
x .01
x .001

l - l 0 V d c
1 0 -  7 0  V d c

100 -  500 Vdc
1000 Vdc

5 0 v
9 0 v

500 v
1200  v

Range Input  Res is tance

X 1
x . 1
x .01
x .001

10KO
r00K0

i M 0
1 0 M O

10 .  -  20 . c
a n d

2 0 '  -  3 0 ' c  3 0 '  - 4 0 " c

11 vo l t
Referen  ce +1 .0  ppm/ ' c - f  2 . o  ppm/ '

Tota l  ins t ru -
ment  exc lus ive
of  zero  dr i f t

+ 4  p p m / ' c  + 5  p p m / ' c
of  reading of  reading

AVM
Range

Input
Resistance

1 V 1 0 v
I  n f i  n  i te

( > l 0 l l Q  @  < 7 o y o  R . H ) .
a t  n u l l

100 v 1000  v l 0 M S l  + 0  0 5 %

Null Detector
Range

Input
Resistance

1 0  p V -  1 0  m V 1 M 0

1 0 0 m V . 1 0 V 1 0 M ! )



ADAC-AN AUTOMATIC SYSTEM FOR MEASURING
HALL EFFECT IN SEMICONDUCTORS

One of the borriers to detoiled moferiols onolysis hos been the lorge effort
involved in doto ocquisit ion ond reduction. This hos been greotly reduced
in the -hp- loborotories by o system colled ADAC. New informotion on
the electronic tronsport properties of InAs hos been one of the first benefits

of the system.

P;;ffi:::;::Tff; l#I"."J
position and structure of the mate-
rial. A complete understanding of
these properties enables a researcher
to apply the material in a practical
device or system.

Because of the mass of data re-
quired for a complete materials
analysis, the determination of pa-
rameters over a wide environmental
range is time-consuming. Besides the
time required for taking the data, a
great deal of time is also required
for reducing and plotting the data.
This limits the amount of informa-
t ion general ly  avai lable to the
device-oriented engineer from a ma-
terials supplier or from his own lab-
oratory. Consequently, the greater
the amount of information that can
be furnished on a given material,
the greater will be the savings of
time and money in development or
research.

' l ivo 
fundamental properties gov-

ern electronic transport phenomena
in semiconductor materials: carrier
concentratiorr arrcl carrier mobil ity.
From a knowledge of these, a large
number oI  usefu l  propert ies are
clerived.

An important part of any semi-
concluctor material study is to carly
out a sumciently large number of
measurements to determine carrier
mobil ity ancl concentration under
varying conditions. Then the data
must be reducecl and plotted, and
the results analyzecl to clescribe the
materials.

Of several galvanomagnetic effects
observed in metals ancl semiconduc-

tors, the Hall effect is of perhaps
greatest interest as a research tool.
Its importance cannot be overesti-
matecl. It providecl the lirst verifica-
tion of electrical conductivity by
posi t ive holes in  semiconductors.
Without it, detailed analyses and
preclictions of current flow under a
great variety of external stimuli and
internal physical and chernical con-
clitions would be impossible.

In investigating electrical proper-
ties of a semiconcluctor, a stuclv of

Fig,. L. The complete ADAC system consists of the controller
and dataacquisition equipment in the rach and the dewar
and magnet, shoutn at the right. This relatiuely compact sys-
tem can be supplernented by uarious data-recording means,

such as the card punch equipment, left.

the temperature dependence of the
Hall efiect will give fundamental
information on scattering and ioni-
zation energies of various impuri-
ties. The sign of the Hall effect
denotes the type of predominant
carriers (holes or electrons) contrib-
uted by these various impurit ies.
For the most common case in which
one type of carrier is predominant,
the magnitude of the Hall effect
gives the concent-ration of charge
carriers. When combined with con-



cluctivity measurements, the Hall ef-

fect  permi ts  the determinat ion o[

the mobil ity (clrift velocity per unit

field) of the carriers. A knowledge of

the mobil ity antl its temperature
variation is required to determine

the predominant scattering mecha-

nisms (lattice, ionic, or neutral im-

purity scattering, etc.). These scat-

ter mechanisms are intimately con-

nected with chemical puritY and

structural perfection.

riers ancl e is the electronic charge.

The s ign of  c  ( i .e . ,  whether  the

cl-rarge carriers are holes or elec-

trons) cletermines the clirection of

E,, antl the sign of the Hall coeffi-

cient. The sign of e is taken as ncga-

t ive for  e lect rons,  g iv ine a negat ive

Hall coefficient.
The electrical

defined by
a -

OI

conductivity o

(a) (Dl

Fig. 2. Measurement of the Hall effect. Vectors (a) shout the
directions ot' current, magnetic induction and the HalI field
for negatiue, electrons. The strip of conducting material (b)

has its edges parallel to the x and y direction.

rier mobility clcpcnd upon electric

field, temperature, magnetic field,

racliation flux, pressure and chemi-

cal composition.

DATA ACQUISITION

fb make a valid Hall effect meas-

urement, several things are required.

The voltage measurements are usu-

ally clc voltages in the millivolt to

volt range. A high degree of stability

(0.01'/ .  ful l  scale Per day) and reso-

lut ion (0I1% of ful l  scale) are nec-

essary, and because of the high re-

sistance of some of the experimental

samples, a very high-input imPed-

ance, at least l0tn ohms, digital volt-

meter is required.

Severa l  e fTec ts  can cause ser ious

errors in the measurement of the

Hall  voltages. In Fig. 2(b), i f  points

P and Q are not exactly oPPosite

each othcr, there wil l  be a misal ign-

ment voltage which will adcl to or

subtract from the HalI voltage. The

effect of this misal ignment voltage

is el iminatecl by measuring the volt-

age from P to Q in the absence of a

rrrasnetic f ield antl  subtracting this

voltage from the value measured in

the magnetic f ielcl  antl  with exactly

the same current f lowing. A better

wly is to reverse the current (which

reverses the misal igrlment voltage

but not t l te Hall  voltage) antl  aver-

age the two values of measured volt-

aee V pe, giving the true Hall volt-

age. Similarly, i f  the magnetic f ielcl

is reversed (this reverses the Hall

voltage but not the misal ignment

voltaee) one-half the difference be-

tween the measurecl voltages is equal

to the true Hall  voltage. In practice

it is necessary to take the average of

four measurements (with all four

cornbinations of current and rnag-

netic f ielcl) to el irninate cl isturbing

therrnomagnetic ancl thermoelectr ic

effects.* Certain second-order effects

o[ this type (Nernst-Ett ingshausen

antl Righi-Lecluc effects) are mini-

mizcd by having the samPle well

heat-sinked to el iminate temPera-

.  A  de ta i led  d iscuss ion  o f  the  da ta  reduc t i0n  0 f  th is
sys tem can be  found in  an0ther  par t  0 f  th is  a r t i c le .

J t
I),,

HALL  EFFECT o=ne ! !  = r r1 . ,

The Hall effect is 'Ti l t i : : : i ' i : .1 where g.. ,r, .  ,Jorit i ,y, is ttre drit t
of the Lorentz tott"'j lt j:t::::- velocity of a carrier per unir elec-
erted on a moving charge ot 

i Tig. ,rt. n.ra. The mobility then is given
net ic  f ie l t l .  \Vhen a magnet ic  held ls

appliecl at right angles*to the tl irec- 
Dy 

F= R o'

ti.on of .,r...r-rt flowing in a concluc- The mobility as declucecl from the

tor, an electric f ielcl is set ul) in a measurecl Hall coefficient is, strictly

direction perpenclicular to both the speaking' the Hall mobil ity and can

4irection of the current ancl of the cliffer from the tlr ift mobil ity by a

masnetic fieltl, in opposition to the factor very nearly unity' For most

Lorentz_ force. If a coordinate system PurPoses, particularly in extrinsic

w i t l r  t h ree  mu tua l l y  pe r l ) en ( l i cu l l t r  sen r i t o r t t l uc to rs ,  t h i s  r l i s t i nc t i on  i s

axes is ser up, rB. i(^), the Hall unimPorranr and can be neglected.*

fielcl E, is given by Magnetic fielcl zrnd temPerature

Eu = R j, B, are only two of the variables needecl

\{here R is the Hall coefficient, ir 
for. electtonic transport characteri-

is the current clensity in ttte , aire.l zatiotr in solitls' Hytlrostatit: or uni-

tion, and B" is the magnetic induc- :Lxial pressures are often. appliecl'

tion along the z axis. fo* i, can be antl the material is sometimes sub-

shown that the Hall coefficient i; ( in iected to racliation fluxes to establish

tlte one-carrier case) withrn 
" 

to.r'o. relationshil ls which aid in describ-

close to unity, given by ing the material ' In summary' the'o=;' :11il-:ffi;:[:T*rl,in,:;
where rz is the density of charge car- :l,{i?l'oilf it'in''.tlP,:.'0.t. ""'n' 

can be r.und in



ANALYSIS OF SOLIDS WITH MORE THAN
ONE TYPE OF CARRIER

populat ions contr ibuting to the conduc-
t ivi ty. An aid in this correlat ion is the
re la t ionsh ip

l l l l r r -  1 . . . 7
P P l P 2

where  g ,  =  a ,TRr ,  p2-  d . ' - f  n2  erc .

The temperature dependences B are
obtained from the slope of a log-log
p lo t  o f  mob i l i t y  versus  tempera ture .
These values of B can be correlated
with calculat ions for mobil i ty variat ion
based on specif ic scattering laws. For
example, values of B are +3/2 for ion-
ized impurity scattering, zero for neu-
t ra l  impur i ty  sca t te r ing ,  -1 l2  fo r  h igh-
temperature optical phonon latt ice scat-
te r ing ,  and -3 /2 to r  acous t ica l  phonon
latt ice scattering.

The case of the temperature depend-
ence o f  car r ie r  concent ra t ions  is  s im i la r :

-E.
n = N t e x l J  

k T  
L

- F  - F

N""*P 
nT 

. . .  I  N ,  ex l ,  
k ' . ; :

The values of Nr, Nr, .  .  .  and A/, in this
eouation are the densit ies of states in
the conduction band or valence band

for the various populat ions of electrons
and holes, and their sl ight temperature
dependences can usually be ignored.
The vafues E',  Er, .  .  and E, are the
activation energies of the various kinds
of carr iers, measured with respect to
the  appropr ia te  re fe rence energy .  A
knowledge of these energies is of great
importance to the understanding of the
material.  These values of act ivat ion en-
ergy can be obtained graphical ly by
evaluating the slope of a semilogarith-
mic plot of carr ier density versus recip-
rocal temperature.

The most general case of semicon-
duc tors  represent  many degrees  o f
complexity: (1) there are many types of
mobile charge carr iers; (2) there are
many types of defects having varying
amounts of ionization energies and
scattering cross sections; and (3) there
is sometimes even more than one ioni-
zation state. The col lect ion, reduction
and analysis of data in such cases is so
laborious that i t  is seldom attempted.
The existence and avai labi l i ty of ADAC
opens up the possibi l i ty of investigating
such materials-

In the most general case, the Hall  ef-
fect gives a measure of the contr ibution
of a//  mobile charge carr iers to the con-
duction process. These carr iers can be
holes and electrons exist ing simultane-
ously. In a material such as GaAs, i t  is
possible to have two variet ies of elec-
trons (" l ight" and "heavy" electrons) at
the same t ime. In ZnAs, there are known
two variet ies of electrons and two varie-
t ies of holes that can coexist.  In gen-
eral,  the Hall  coeff icient and conduc-
t ivi ty are given by

o  _  I  t z r p 1 2  r  n 2 p 2 2  - . ' .  I n , p r ', , - 7@
and o : e (nrpr ' l  nr4zI - - .  t  n, pr)

where f is the number of dist inct popu-
lat ions of charge carr iers.

From these equations i t  is apparent
that the determination of F and o under
only one set of environmental condi-
t ions wil l  not al low us to separate the
contr ibutions of the dif ferent n's and
their corresponding p's. For this reason
it is necessary to measure R and o as
a function of temoerature and then f i t
t h e  r e s u l t i n g  c u r v e s  t o  c a l c u l a t i o n s
based on models of two or more carr ier

ture gractrents.
The elimination of the previously

clescribed errors and the improve-
ment in the accuracy of the meas-
urements by averaging are accom-
plished by making and recording
the measurements in a programmecl
sequence. If the time interval be-
twccn measuremcnts is as short as
possible, the errors due to thermal
clrifr wil l be minimized.

AUTOMATTC DATA ACQUtStTtON
To simplify the task of acquiring

tlre mass of data needed to analyze
semiconcluctor materials, an Auto-
matic Data Acquisit ion Controller
(ADAC), has been designed and is
in use at  the -hp-  Laborator ies.
ADAC is a programmable master
control unit for measuring conduc-
tivity and Hall effect, and for re-
cording the ensuing data. It uses an
-hp-  2010 data acquis i t ion system, an

electromagnet, a current source, a
lisht source for photo-Hall and pho-
toconductivity measurements, and a
temperature controller as slave units
(Fig. 1). This programmed stimula-
tion, measuring and recording sys-
tem is designed to (l) sequentially
set a combination of external condi-
tions to which the data-supplyine
sample is  subjected,  (2)  move se-
quentially through a programmecl
measuring ancl recording Scan Posi-
t ion channel  matr ix ,  (3)  prov ide
identif ication of the incoming clata
for the recordins units, (4) move
through th is  envi ronment-set t ing,
measur ing ant l  recor t l ing sequence
at uniform time or temperature in-
tervals, ancl (5) shut itself off at the
end o[  the exper iment-

R E F E  R E  N C  E
R H A Car te r ,  D .  . i  Howar th  and D.  H Put ley ,  'A
Dig i ta l  Rec0rdrng  Sys tem fo r  l v leasur ing  the  E lec t r i ca l
ProDer t ies  o f  Semic0nductors . '  J0urna l  o f  Sc ien t i f i c
Ins t ruments ,  Vo l  35 ,  No 3 ,  pp  115-116,  l \4arch  1958

Fig. 3. Samples of materials are placed

in a dewar. An electromagnet supplies

the necessary magnetic fiel.d. Light is
piped into the sample holder t'or photo-

conduct iu i ty  and photo-Hal l  ef fect
meosuretnenls.
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Punched
Tape

Raw
Data

Fig. 4. Enuironmental parameters and uoltage measurements
are controlled by the program set in the ADAC Controller.
A number of optional arrangements are auailable for record-

ing the data.

ample of the sequence of events is as

follows: (1) The interval timer ini-

tiates a scan. (2) ADAC sets an en-
vironment (turns on the magnetic

field, for instance, while maintain-

ing the other parameters constant).
(3) ADAC then gives a scan com-

mand signal to the input scanner of

the -hp- 2010; (4) the -hp- 2010 meas-

ures and records voltages between

preselected pairs of terminals (up to

25 separate voltages). These voltages
are generated both by the experi-
mental sample and by the environ-
ment sensors. (5) After -hp 2010 has

completed measuring and recording

this set of voltages, it gives a scan
advance signal to ADAC which sets
another environment. (6) Events 2-5
are repeated until the sample has
been subjected to the desired num-
ber of environments (9 possible). (7)
When ADAC has completed its en-
vironment-controlling cycle, it resets

the interval timer (which can be set,
for example, for intervals from I to
30 r r r i r rutes)  and t l tc  appalatus is  at
rest unti l this t imer runs out, at
which time another cycle is initi
ated. (8) After the expiration of the
time interval which was set on the
Total Acquisition Period timer (up
to 30 hours), ADAC turns the entire
system off. Because of this automatic
mocle of operation, it is possible to
leave the apparatus unattended to
take data overnight or on weekends
as the experimental sample slowly
warms up from liquid nitrogen tem-

Perature to room temperature. The
slow rate of temperature change im-
proves the accuracy of the data be-
cause the temperature-dependent
properties change very little during
a data scan.

At the end of an experimental
run, the experimental data, in the
form of punched cards for example,
are processed by computer: If de-
sired, the data can be machine-
plotted.

There are extra levels of unused
programming capability in the sys-

tem; these extra levels can be used

Printed Paper
Tape

The data acquis i t ion system is
composed of an -hp- 2401C Inte-
graring Digital Voltmeter, an -hp-

24ll{ Guarded Data Amplif ier
with high input impedance (greater
than l01o ohms), an -hp- 2901 Input
Scanner and an -hp- 562A printer.
The -hp 2010 system can be modi-
fied to give simultaneously printed
paper tape and punched IBM cards
or printed paper tape and punched
paper tape outputs by adding, re-
spectively, an -hp- 2526 or -hy 2545
coupler and the appropriate punch-
ing uni t .  A l ternat ive ly ,  an -hp-

25468 magnetic tape coupler with
the appropriate tape recorder can be
added.

An -hp- 2901 Input Scanner con-
nects the measuring instruments to
various pairs of voltage probes on
the experimental sample as well as

other environment recording detec-
tors including a standarcl series re-
sistor, thermocouples, photometers,
resistance bridges, etc. Samples are
held in a dewar between the poles of
a magnet (Fig. 3) and the assembly
may be cooled to the temperature of
l iquid nitrogerr.

OPERATION

The functional interrelationships
of the instruments in the ADAC sys-
tem are shown in Fig. 4. The block
labeled'environment' represents the
magnetic field, electric field, tem-
perature, i l lumination, etc., to which
the experimental sample is exposed.
These environmental parameters
are controlled by ADAC in a pre-
determined sequence which is set by
its program control matrix and pro-
gramming switches (Fig. t). An ex-

t - - - - - - - - -
I

-hp- 25468
MAGNETIC TAPE

COUPLER
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to control any desired peripheral aP-
paratus. Without re-programming,
the apparatus can be directly used
for photo-electromagnetic effect and
photovol ta ic  measurements as a
funct ion of  temperature.  Because
the apparatus can be quickly re-pro-
grammed for other kinds of meas-
urements, it is a flexible and versa-

t i le  addi t ion to any laboratory
where automated measurements are
clesirable.

ADVANTAGES
In a period of 5% months after the

automatic data acquisition system

was assembled. a total of 45 over-
night and weekend data-runs were
completed. The data were reducecl
and compilecl by computer, and in
many cases, machine plotted. The

experimental samples, Fig. 5, com-

prise a wide variety of semiconcluct-
ing materials, some synthesized at
-hp- Laboratories and some from
commercial suppliers.

Labor requirecl in an automated
clata-run is generally not more than
a half day for a technical assistant.

This includes mounting the samPle

in the sample holder ,  f i l l ing the

dewar, checking the electrical con-

tacts to the crystal, and starting the

clata scan. It also involves a few

minutes in preparing data and tit le

cards for the computer format.
The cost of computer and Plotter

time is about ten clollars Per run.
The recluced data are usually avail-

able the day after taken, and the
plots one day la ter .  For  comparat ive
purposes, the time and labor neces-
sary for a man to recorcl, reduce, and

TYPICAL ADAC DATA REDUCTION PROCEDURE
ln the accompanying equations, the

quant i t ies  y ,1  a re  vo l tages  be tween

various pairs of terminals. The sub-

scripts denote the terminal pairs and

the superscripts denote the environ-

mental condit ions under which the volt-

ages are generated. For example, the

voltage V I is the voltage between ter-

minals f1 and f4 measured in the pres-

ence of a magnetic f ield in the +Z di-

rect ion and a current in the +X direc-

t ion. In the process of making a scan,

ADAC exposes the sample to permuta-

t ions and combinations of current and
magnetic f ield, and measures and re-
cords the voltages. A computer data

reduction program uses these voltages

and other parameters to solve the equa-

t ions for the quanti t ies o, p, and n.

The averaging processes in these

equations make ful l  use of the redun-

dancy provided by four potential con-

tacts to remove or minimize (a) thermal

voltages, (b) misal ignment voltages, (c)

current asymmetry due to non-ohmic

current contacts, and (d) dimensional

and s imi la r  exper imenta l  e r ro rs .  Shou ld

a sample contain a defective potential

con tac t ,  then an  a l te rna te  computa-

t iona l  p rogram is  used wh ich  e l im ina tes

the redundancy in the equations.

DEFINITION OF SYMBOLS

o = electr ical conductivi ty (ohm-cm)-'

p = Hall  mobil i ty (cm',/Vs)

n = carr ier density (cm-3)

F : series resistance (between termi-
nals f7 & fB) (ohms)

e = electronic charge

t/V : sample width (dimension in y di-
rect ion) (cm)

f  :  sample  th ickness  (d imens ion  in  Z
direct ion) (cm)

/,,  :  length of samPle between termi-
nals 11 andf2 (cm)

/r+ = length of sample between termi-
nals f3 and f4 (cm)

H = magnetic l ield in Z direct ion (G)

,= ;wt I'"(#1 #) -,. (#. #)l

,: i#o [{r,,'+ r,,) (# - h) . v," +v:)(#

, , _  2Hy "8y^5V"eV^ ' [  |
'" 

1.602 x l0 11 Itt ly6uv6n(vu8l/,'c lf/ooI/,,")-l/c8y6e(L/.sv61 -v"'vuu)

Environment (Superscript)
Matrix

- i ' a j ,

+ H

- +) - (v,utry(#- +)- (v,n+r:>(r;L-#)1

Terminal (Subscript)
l\4atrix

12 13 14 T8
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Fig. 5. Standard experimental samples. The
dumbbell-shaped specimen, let't, is preferred,
but smaller pi.eces of more fragile materinls

are usually preparecl in rectangular bars.

mec Division who provided advice

for compatibil i ty and interfacing of

ADAC with standard Hewlett-Pack-
ard equipment.

The initial stages of this work were

carried out while the authors were

part of the R & D Laboratory of

hp ossociotes.
-Egon Loebner,

T J. Diesel and
Cristy M. Schade
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plot the data manually are between

one ancl two man-weeks, depending

upon the  number  o f  da ta  Po in ts
requirecl.
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INDIUM ARSENIDE STUDY
(cont'd from back cover)

InAs. Fig. 1(a) shows a computer-gen-

erated plot of conductivi ty and carr ier

concentrat ion on logarithmic scales vs.

inverse absolute temperature, of an un-

doped InAs sample from Monsanto in-
got C2 494. The upper curve represents

the conductivi ty, which decreases from
26 mho/cm at 295'K to 28 mho/cm at
80'K. The lower curve indicates the
change in free electron concentrat ion

over the same range. This drops from

2.1  X 10 '6 /cm3 to  1 .1  X  10 '6 /cm' .

Fig. 1(b) is the computer-generated
graph of the calculated mobil i ty vs. ab-

solute temperature, both on logarithmic

scales. These plots are useful to deter-

mine activation energies direct ly from

the slopes of graph 1(a) or scattering

mechanisms from the slopes of 1(b).

The mobil i ty is nearly constant having

a value of about 15,000 cml,zVs with a

s l igh t  max imum at  about  140"K.

Figs. 1(c) and 1(d) are plots identical

to those seen in Figs. 1(a) and 1(b) ex-

ceot that the lnAs material has under-
gone a dif fusion with gold. (There are

no previous reports of such a treatment

in  the  l i te ra tu re . )  In  F ig .  1 (c ) ,  the  lower

curve is the conductivi ty curve. While

a pronounced change has taken place

i n  t h e  c o n d u c t i v i t y  a n d  m o b i l i t y ,  a s

shown in  F ig .  1 (d) ,  on ly  a  smal l  mod i f i -

cation in the free electron concentra-

t ion has taken place. Note that the tem-
perature plots, because of curvatures

a n d  i n f l e c t i o n  p o i n t s ,  c o n t a i n  m u c h

more information about the samples
than can be obtained from measure-

ments at just one or two temperatures.

While the study of n-type lnAs is st i l l

in i ts beginning, the init ial  results ap-
pear consistent with the earl ier reports

of the conductivi ty anomaly. The origin

of the observed mobil i ty decrease re-

sult ing from gold dif fusion has not yet

been un ique ly  de termined,  bu t  exami -

nation of the material wi l l  be made for

evidence of gold precipitates and other
possible causes of increased electron

scattering. l t  is hoped that the great

f lexibi l i ty in programming of data acqui-

sit ion offered by ADAG, combined with

computerized data reduction and plot-

t ing  w i l l  enab le  tack l ing  and so lv ing
problems which otherwise would be

too  t ime-consuming.

The sample preparations and gold

dif fusions were carr ied out by Dzidra

Samsonovs of the -hp- Laboratories.

SFI'1PLE INRS C2 494GOLD

LOG CONOUCTIVITY V5 INVEBSE TEI4PEEFTURE

tOG CFRRIEB CONCENTBRTION VS INVERSE TEI'4PERRTURE

SNMPLE INHS C2 494GOLD

LOG MOBILITY VS LOG TEI'IPEBSTURE

)

IENPEBFTUNE IOEG X]

Figure L(c)

TEHPENBTUBE IOEO K]

Figure L(d)
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A STUDY OF INDIUM ARSENIDE
USING ADAC EQUIPMENT

Among the  l l l  -  V  semiconduct ing  in -

te rmeta l l i c  compounds InAs and GaSb

present  in  the i r  undoped s ta te  a  most

anomalous  conduct iv i t y  behav io r .  The

conduct iv i t y  o f  undoped lnAs is  a lways

n-type and i ts electron concentrat ion, in

sp i te  o f  numerous  pur i f i ca t ion  a t tempts ,

has  no t  been reduced s ign i f i can t ly  be-

low 1O'u lcmr .  The conduct iv i t y  o f  un-

doped GaSb is always p-type and i ts

ho le  concent ra t ion ,  in  sp i te  o f  exper i -

ments  on  pur i f i ca t ion  and par t ia l  p res-

sure  o f  cons t i tuents ,  i s  a lways  in  excess

of  10 ' ' l cm ' .  There  have been sugges-

t ions  tha t  these ra ther  la rge  dev ia t ions

and anomal ies  a re  no t  due to  impur i t ies

but  a re  caused by  dev ia t ions  f rom s to i -

chiometry and such defects as vacan-

c ies  o r  an t is t ruc tu re  de fec ts  (a  Ga a tom

on an Sb s i te  in  GaSb and an  As  a tom

on an In  s i te  in  InAs) .  l t  i s  a lso  in te res t -

ing  to  no te  tha t  the  cor respond ing  l l -V I

compounds ZnTe and CdSe su f fe r  f rom

a s imi la r  inadequacy ,  bu t  more  so .  ZnTe

cannot be synthesized n{ype and CdSe

cannot be synthesized p{ype irrespec-

t ive of even the most strenuous at-

tempts  to  dope them.  Thus ,  an  exami -

na t ion  o f  the  prob lem in  InAs may no t

on ly  he lp  improve tha t  mater ia l  and

make i t  avai lable for device exploitat ion

but  may a lso  shed add i t iona l  l igh t  on

the  o ld  p rob lem o f  "compensat ion"  and

dopab i l i t y  o f  l l  -  V l  compounds.

T h e  c u r v e s  i n  F i g s . 1 ( a ) - 1 ( d ) ,  o b -

ta ined w i th  the  ADAC equ ipment ,  a re

par t  o f  a  s tudy  to  ga in  new ins igh t  in to

the electronic transport propert ies of
(continued inside on page 15)

SI]I '1PLE INIiS 'J2 494

LOS CONDI ]3T]VITY V5 INVI_F5E IE I IP t I ]FTURE

LOC CBBB]EB CONCENTFiNTION V5 iNVEFSE TEI lFERATUBE

S F I l P L F  I N F ] S

t uc  r 40B1 t1TY
c2 194

VS tl:]C

TEHFEBFT!BE tOEC (]

TEIPEBFILFE IDEC K]

Figure 1(a)

-

Figure 1(b)
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