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Coulomb blockade thermometer: Tests and instrumentation
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Coulomb blockade thermometCBT) provides a simple method for absolute thermometry in
every day laboratory use at cryogenic temperatures. CBT has been found insensitive to even high
magnetic fields. We review the principles and the operation of CBT and the fabrication of the
sensors, and present new data on radiation hardness and stability of the sensors. We describe the
instrumentation of CBT in detail. We have developed two signal conditioning units for CBT
measurements. One is a modified alternating current resistance bridge, a versatile laboratory
instrument operating with a PC computer, and the other one is a simple stand-alone instrument for
direct temperature reading. Test results on their performance are also presented. Both prototypes
have a short-term reproducibility of 0.3% or better in temperature measuremed99®American

Institute of Physicg.S0034-67488)03912-4

I. INTRODUCTION mostly phase transitions of pure materials. Presently, plans
exist to extend the official scale to lower temperatdres.
TemperatureT is one of the most important parameters
Thermometers can be divided into two groups accordingn physics and technology and one of the basic quantities in
to the level of knowledge about the physical basis of they| systems of units. This sets high requirements on a practi-
underlying thermodynamic laws and quantities. For primaryca| thermometer. One should be able to measure temperature
thermometers the measured property of matter is known s@jth high accuracy The thermometer should also maintain
well that temperature can be calculated without any unjig accuracy in repeated thermal cycling as well as over a
known quantities. Examples of these are thermometers bas%hg period of time, that is, it should have higkproducibil-
on the equation of state of a gas, on the velocity of sound ify, The signal that includes the temperature information
a gas, on the thermal noise voltage or current of an electricaf, st beeasily measuredThe thermometer should have high
resistor, and on the angular anisotropy of gamma ray emiss‘ensitivity(Ax/x)/(AT/T) for the temperature parameter
sion of certain radioactive nuclei in a magnetic field. Primary,q highresolution that is, even small temperature changes
thermometers are usually inconvenient and difficult totfse. should be detectable. It is also recommended that the param-
Secondary thermometers are most widely used becauggery s at leastmonotonicand preferablyinear in T. Pri-
of their convenience. Also, they are often much more sensigayity of the thermometer is profitable to avoid inconvenient
tive than primary ones. For secondary thermometers knowlang often expensive calibration. Magnetic fields are fre-
edge of the measured property is not sufficient to allow di'quently present in cryogenic measurements and this should
rect calculation of temperature. They have to be calibratedio; gecrease the reliability of temperature measurement.
against a primary thermometer at least at one temperature §f,erefore the thermometer should melependent of mag-
at a number of fixed temperatures. Such fixed points, fopetic field Wide temperature rangés useful to make opera-
example, triple points and superconducting transitions, ocCUion with only one thermometer or, at least, with one type of
reproducibly at the same temperature. Examples of oftehermometer possible. To monitor or detect fast temperature
used secondary thermometers are helium vapor PressUganges, for example, in case of a quench of a superconduct-
thermometer®He melting pressure thermometer, thermom-ing magnet, requires faghermal and electronic response
eters based on thermoelectricity, dielectric-constant capacfime of the thermometer. This, in turn, requires smadiat
tive thermometers, magnetic thermometers with electronic OFapacityand goocthermal contactith the body whose tem-
nuclear psaramagnets, diode thermometers, and varioUssrature is to be measured, besides the electrical compatibil-
resistors.” _ ity of the sensor in fast changes Bf Especially at very low
Internationally agreed temperature scales are based QBmperatures, lovpower dissipationis important to avoid
fixed points and interpolating thermometers. The most recentq¢ heating. In some applications the thermometer should
official temperature scale is ITS-90 from.lg’gq}_ extends  gperate in harsh environments, like undtmizing radiation
from 0.65 to above 1200 K. The fixed points of ITS-90 areq, i ultrahigh vacuumRobustness, ease of ysedlow cost
are, of course, additional profitable properties.
dElectronic mail: cool@nanoway.fi In the following we discuss a primary thermometer

A. Low temperature thermometry
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based on Coulomb blockade of electron tunneling and find
out to what extent it meets the requirements discussed above.
Further, in Sec. IV we discuss the interfacing of the sensor to
two alternate signal conditioning units. All the measurements
on Coulomb blockade thermomet(€BT) presented in this
article, except room temperature resistance measurements,
are carried out using the instruments described in Sec. IV.

B. Principles of Coulomb blockade thermometry 100 50 o 50 700

CBT is based on electric conductance characteristics of V (mV)
tunnel junction arrays. The physical basis of CBT is thor- _ , .
ouahly explained elsewhéi@ and onlv a short overview is FIG. 1. Measured differential cc_mductance of a CBT sensor With20 at
) ghly exp y T~4.2 K. Both the thermometric parameters, the full width at half mini-
given here. mum, V., T, and the depth of the minimumM,G/G;= T, are illustrated.
The conductance of a tunnel junction array is determinedhe theoretical curve of Eq1) is shown as a solid line but it is hardly
by three energy contributions: the thermal enekgyl at  distinguishable from the measured data.
temperaturd, the electric potential energV at bias voltage
V, an_d the Cha_rging energst = €%/2C, Wher_eCeﬁ isthe V,,. The secondary, or relative, mode is a zero-bias mea-
e_ffgctlve capacitance of the array. In the high temperaturgurement in which the paramet&G/Gr, calibrated by a
limit where kg T> € the dynamic conductance of a junction primary temperature value, is measured. The primary mea-
array can be expressed’as surement takes typically 1—-2 min whereas the zero-bias con-
GIGy=1—(ec/ksT)g(eVINKsT), (1) ductance can _be _measureq much faster. The speed of the
measurement is discussed in Sec. IV E.
whereGr is the asymptotic conductance at high bias voltage  The dependence of the depth of the minimunG/Gr,
andN is the number of junctions in series. The functign  on the capacitance of the junctiorG, allows one to set
which is nearly Gaussian shaped, is definel by the mean temperature of the sensor by fabricating junctions
g(x) =[x sinh(x)— 4 sintf(x/2)]/[8 sintf(x/2)]. 2) of de_sired overlap area. The junction capac_itance can be ap-
. proximated as that of a parallel plate capacitor whose area is
~ The parameteY',,=5.43NkgT/e, the full width at half  5yghly the overlap area of the electrodes separated by a thin
minimum of the conductance dip described by B}, pro-  qxide layer.
vides the primary thermometric quantity. There is a direct  The material of our CBT sensors is aluminum. At tem-
proportionality toT in Vy, via the constants of natureand  peratures below about 1.3 K its superconductivity must be
kg, N, and the numencal factor 5.439... originating from thesuppressed by applying a sufficient magnetic field. The re-
shape of the function of E2). Thus, one has to know just qyired magnitude is 0.05-0.2 T depending on the direction
the number of junctions in the array to extract the absolutg the field and the thickness of the Al fillh.Superconduc-
temperature from the measuregy,. Equation(l) is strictly ity can be suppressed by inserting the sensor inside a coil
valid only whenec/kgT— 0. A small linear correction must by employing a permanent magnet.
be applied to the measured, due to the nonzero depth of  Temperature range of the CBT extends from about 20
the dip. This correction has been calculated analytically. K to 30 K and it is covered by two sensors with different
One can define another temperature dependent pararfyean temperatures. The depth of the conductance minimum,
eter, the depth of the dipAG/Gr=ec/6kgT, in Eq. (1).  AG/G;, varies typically between 0.5% and 30% from the

After calibration at some temperatufeextracted fromVi,  maximum to the minimum temperature of each sensor.
this can be used as a secondary thermometer. Charging en-

ergy ec depends on the capacitance of the junctions and it is
not known precisely before measurements, but its magnitudegl,, SENSOR FABRICATION

and this way the temperature range of operation, can be tai- ) } o ]
lored by fabrication. CBT sensors are fabricated on either nitridized or oxi-

dized silicon substrate by electron beam lithography. The
standard two layer electron beam resist of polgthyl-
methacrylatg (PMMA) and PMMA/MAA copolymer is
Figure 1 shows a typical measured differential conduc-used to allow two angle evaporation of aluminum. The tun-
tance versus bias voltage of a CBT sensor. In fact, the meael barrier is formed by oxidizing the first Al layer at room
sured quantity is resistance, but it is inverted to yield contemperature between the evaporations.
ductance. The theoretical curve of E@l) is hardly The overlap area of the tunnel junctions is about 0.03
distinguishable from the measured data. The thermometrizm? for the medium temperature seng@BT-MT, 1 K<T
parameters/,,, and AG/G+ are, in practice, determined by <30 K) and about 1.8.m? for the low temperature sensor
polynomial fits to selected region8.This is significantly (CBT-LT, 20 mK<T<1.5K). The Al film thickness is
faster than fitting the whole theoretical curve of Ef). about 30 and 100 nm, respectively, for each type of a sensor.
CBT can be operated in two modes. In the primary, orFigure 2 shows optical microscope images of the CBT arrays
absolute, mode one measures the whole curve of Fig. 1 to gef each type.

C. Basic features
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l"'l'lll ll I ' l l I l l I FIG. 3. Histogram of the absolute accuracy of a batch of 80 sensors mea-
sured at about 4.2 K right after fabrication. The reference temperaure
(b) was determined by measuring the vapor pressure of litféin which the

sensors were immersed. The Gaussian fit gives a mean value of the accuracy

FIG. 2. Optical microscope images of CBT sensdgs. Two of the five Tear/Trer=0.9988 and a standard deviatior=0.0059.

parallel arrays of 20 junctions of a CBT-MT for temperatures <K
<30K. The length of the arrays is 1@m (b) Two parallel arrays of a  properties of CBT in thermometry, but in practice this indi-
sensor OLLTI'typi fofr tﬁmperat“res 20 mR'<1.5 K with 20 junctions in - caiag that the scatter in junction parameters increases, as
series. The length of the arrays is 166. . !
9 Y A well, and thus the absolute accuracy is degraded. The effect
i _of this aging on the accuracy is shown in Fig. 4. Thg, of
The result in Eq(1) has been calculated for arrays with ey sensors was measured at a temperature of about 4.2 K for
zero impedance at the ends. In the case of short arrays tgyeral resistance valud® which correspond to different
impedance of the environment should be taken into accountyeasurements along the aging history of a serRgis the
but for long arrays, 20 junctions or more, thiszelf;ect becomesnitial value of the sensor resistance. The accuracy versus
negligible and does not impair the accuréé’yl.. ““Tomake resistance does not obey any general law, but on the average
sure of this, the end impedance has been minimized by mak;, . gecreases with increasing resistance. Fortunately the de-
ing the lines between the outermost junctions and the broad‘i‘fendence is fairly weak: a relative change of less than 10%

connecting leads as short as poss[isiee Fig. 2a)]. in sensor resistance should yield an absolute accuracy change
Unfortunately, the electron dose to expose the broagy |ess than 0.5%.

lines induces the electron scatter in its immediate surround- \ye have not been able to reliably control the stability of

ings. This proximity effect is negligible in case of the large the sensors by changing parameters in the fabrication pro-
junctions in Fig. 2b), but it broadens the lines close to the cess. However, stabilization is possible by not exposing the
ends in the CBT-MT type sensors. The array is made morgensors to air. Hermetic sealing in an atmosphere of an inert
uniform by adding extra broad lines between the arraysSgas e g., helium or even nitrogen, gives significant improve-
Variations in the junction area make the half widthy,, of  ment, put the purity of the gas has proven to be very critical.
the sensor too smali® Fortunately the sensor is fairly insen- Also, naturally, cooling the sensors to cryogenic tempera-
sitive to the fabrication errors: standard deviation of 10% ingres stops the aging. Best results at room temperature were

the junction area yields an error of 0.2%V,. achieved by placing the sensor chips in vacuum. The aging
can be stopped almost completely in a vacuum which is bet-
IIl. CHARACTERISTICS OF THE CBT SENSORS ter than about 0.5 mbar. As shown in Fig. 5 the evolution of

the resistance in time varies remarkably from one sensor to
A. Accuracy and stability

The absolute accuracy of the CBT sensors is typically ' ' ' '
tested in liquid®He bath atT~4.2 K against temperature 1.000
obtained from the vapor pressure“fe, which is measured
using a calibrated capacitive pressure gauge. At present the ]
absolute accuracy is typically better thar0.5%. A histo-
gram in Fig. 3 gives an idea of the yield and accuracy of the
sensors fabricated in a way described above. A batch of 80
sensors was measured right after the fabrication process at 0.990
about 4.2 K. The scatter is mostly due to the inhomogeneities 79 w 12 13
in the tunnel junction arrays, and it can be reduced by more ’ " RI/R. ’
uniform electron beam exposure. No principal reasons for
worse accuracy down to 0.1 K or below exist. FIG. 4. Effect of aging, i.e., increase of the resistance due to the corroding

A common problem with aluminum based tunnel junc- effect of the surrounding atmosphere, on the absolute accuracy of the CBT
. . . . . . . measured for ten sensors B4=4.2 K. The curves are normalized to start
tions is the slow drift of their resistance in air at room M- from one. Between each of the measurements the samples were let to age at

perature. A resistance change in itself should not affect thevom temperature in air.

0.995

V1/2 / V1IZ 0

0
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15} vété(:/’//o_-o—'—iﬁ—o‘_o 1

o—0—0—0—0

1.0
L . . 1 . L FIG. 6. Layout of the CBT sensor for low temperatuf€BT-LT). Extra
0 2 4 6 8 10 cooling fins were attached to the electrodes to improve the thermalization of
time (days) electrons.

FIG. 5. Effect of vacuum on aging of the CBT sensors. Resistances a;ag | tact to th biect. t t f which is to b
measured at room temperature. Filled symbols correspond to the sens ermal contact to the object, temperature of which Is 10 be

placed into a vacuum chambep+ 102 mbar) at a moment indicated by Measured, can be made sufficient.
the vertical arrows, whereas the reference sensors were stored tora@- The temperature range of a single CBT sensor extends
sponding open symbqlsThe inset shows typical aging curves over longer o\ar about two decades. The whole usable temperature range
time periods for unpacked sensors stored in air at room temperature.

can be covered by two sensors. CBT-MT for &K

<30 K has five 20-junction arrays connected in parallel. The
another, actually from one fabrication batch to another, but #ayout of the CBT-LT for 20 mKKT<1.5K has not yet
sufficient vacuum seems to stop even a very rapid growth ofeen finalized but presently we plan to have parallel chains
resistance. A practical vacuum encapsulation for the sensotg 40 junctions. The number of junctions in series will be
is being developed, still ensuring thermal contact at low temincreased to have a broader resistance peak at the lowest
perature via the proper mounting of the sensor. temperatures. The temperature ranges are chosen so that one

can operate witlfHe cooling systems using only one of the

o sensor types.
B. Temperature range and thermalization of the CBT

sensor C. Tolerance to magnetic field

At the high temperature end the use of CBT is presently

limited bg the properties of the insulating Aldayer of the o inents and applications. Most of the cryogenic thermom-
junctions. At bias _voltages above about 20 mV per J“”_C“‘_’r! eters used so far are disturbed by the application of a mag-
thg conductance is voltz_age dependent dug to the nonlnflnltt‘?etic field. The performance of the CBT sensors in strong
height of the tunnel barrier. Also, the charging peak become?nagnetic fields has been tested at the Grenoble High Mag-
lower and therefore the signal-to-noise ratio gets worse to- etic Field Laboratory® A field up to 23 T was produced
ward higher temperatures unless one makes substantiallys 4 resistive magnet. The measurements were carried out
smaller junctions. This means, in practice, that temperature, temperatures between 0.4 and 4.2 K in a single cifte
above 30 K cannot be measured reliably by sensors ma,%/aporation cryostat. A calibrated ruthenium oxide resistor
using the regular shadow mask evaporation techniques witfy,< ,seqd for cross checking the temperature measurement.

aluminum. The magnetic field independent reading®sle and*He va-

The_temperature tha.t |s_measured by the CBT is that_o or pressure provided information on the stability of tem-
conduction electrons which is supposed to be equal to lattic erature

temperature. At low temperatures, however, the electron= o e 7 shows the differential resistance curves mea-
phonon coupling in the electrodes becomes weawer ¢ o4 at twelve magnetic fields up to 23 TTat 1.46 K. No

dissipation due to the bias voltage in the absolute measur%ign of magnetic field dependence can be seen. This result
ment raises the electronic temperature above the lattice tem-

perature. This cross-over temperature can be lowered by op-
timizing the geometry of the junction array. Additional
cooling fins were attached to the islands between the junc-
tions to improve the thermalization of electroffsgs. 2b)

and §. By efficient thermal anchoring, electrical filtering,
and shielding of the wiring we were able to measure tem-
peratures down to 20 mK with an error 6£5%1* To
achieve even lower temperatures requires more efficient ther-

Magnetic fields are very often present in cryogenic ex-

B=0,1,3 5,79 11,13, 15, 17.5,20,23 T
112} :

dVv/di (k@)
8

malization of the electron system by still increasing the size 104} - . . . )
of the electrodes. In the relative, zero-bias measurement, 04 02 00 0.2 0.4
heating due to the excitation voltage is always negligible. V (mV)

_The sensor chip does not require Stram, free moun,tmg:IG. 7. Primary thermometer signal, the differential resistaii¢éd |, mea-
unlike many other thermometers and thus it can be fixedyreqd at 12 different magnetic fields oriented parallel to the aluminum films

(e.g., glueglon almost any kind of a substrate. This way thein the sensor aT=1.46 K.
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also agrees with theoretical arguments of CBT thermometry 102} ]

assuming that the conductance changes are primarily deter-

mined by the energetics of static charges. The absolute mode 1.001 \

of CBT was measured at several constant magnetic fields and 5098

temperatures whereas the relative mode was tested by sweep- = _

ing the field from O to 23 T at several constant temperatures. 5096 :::;: 2:

There was no observable effect of the magnetic field either = 094t —a—3, SiN membrane|
on Vy,, or on AG/G+ to within our accuracy of about 1%. —v—4, SiN membrane
Electrical noise, vibrations, and eddy current heating in- 0.92r . SN
creased above 15 T and degraded the measurement accuracy. 0 1%10" 2%x10'°

The conclusion was that CBT provides the very first mag- fluence (n/cm?)

netic field independent cryogenic primary thermometer for

everyday use in laboratories. Measurements in high field§!C. 8. Performance of CBT sensors in neutron radiatiom atl.8 K.
down to 20 mK are still to be performed Temperature obtained from the half width of the resistance peak is divided

by the reference temperature. The curves are normalized to start from one.
The recovery at 1410'° cm™? is due to an annealing cycle.

D. Tolerance to radiation

In some applications, as in accelerators with supercon- Three parameters of the sensors were measured: the full
ducting magnets like the large hadron collideHC) being  width at half minimum of the conductance curve, the depth
constructed in CERN, or in the space environment, low temeof the minimum, and the asymptotic resistance at high bias
perature thermometers are exposed to intense radiation. CB/ltage. The reference temperature was obtained by the same
sensors have been tested against neutron irradiation at tiheethod as in the first experiment.

SARA cyclotron located in Grenoble, France. The sensors Dependence on neutron fluence was observed in all three
were irradiated by 5-10 MeV neutrons produced by stoppingparameters. After the first irradiation the changesVip,

a 20.2 MeV deuteron beam in a 3-mm-thick beryllium were again 2%—7%Fig. 8). The corresponding changes in
target®® AG/Gt were 5%—17%, and 5%—12% @; *. All the sen-

In the first experiment the irradiation was done at a tem-sors recovered almost perfectly duringetd h annealing.
perature of 4.2 K. The reference temperature was obtained/ithin the second irradiation the changes in all the three
from the vapor pressure of liquiHe in small cans im- parameters were remarkably smaller: 1%—2% in the half
mersed in LHe bath close to the sensors. The total neutrowidth, 2%—5% in the depth of the minimum, and 1%-3% in
fluence during about 3 days was X.60'° cm 2. Such neu- the asymptotic resistance.
tron fluences, 1¥-10 cm™2 per year, are expected in the One more experiment was carried out about half a year
future ATLAS experiment on the LHC accelerator in ten after the second test to find out if the hardening is permanent.
years™® Some of the sensors were reirradiated together with new

A change in the absolute accuracy of the sensors wasimilar sensors in the same conditions as before. In general,
observed. The change was quite linear in neutron fluence arttle changes were smaller than in the previous experiments,
it varied from 2% to 7% from one sensor to another at thebut the hardening proved to be short termed. The changes
full dose. The behavior of the sensor resistances was fairlywere actually larger in the sensors irradiated before than in
similar to this. The lithographic layout and the fabrication the new ones.
process were the same for all of the six tested sensors. The The effect of the intensity of the neutron beam was also
substrate material was oxidized silicon. tested. The asymptotic resistance of one sensor was moni-

We have not found any definite reason for the differenceored during irradiation with two different beam intensities.
in the radiation tolerance between the sensors. We found nAsymptotic resistance was chosen as the indicator because
correlation between the oxide thickness of the substrate artthis is not sensitive to small changes in the helium bath tem-
the irradiation tolerance. The sensors had recovered in a feperature. The result was that it is the total fluence, not the
days almost perfectly after warming up to room temperatureintensity, that determines the radiation damage of the sensor.

The second experiment was carried ouT &1.8 K. The The fluence used in these tests corresponds to the esti-
irradiation was done in two periods. After getting a neutronmated ten year dose in the LHC accelerator. In that respect
fluence of 1.4 10 cm 2 the sensors were annealed up tothe neutron radiation hardness of the CBT sensors is not
250 K in 4 h and immediately cooled down back to 1.8 K. adequate, but for example the fluence required by European
The irradiation was then repeated. We used three differerBpace Agency for the tests of components for space applica-
types of substrates as follows: samples 1 and 2, pure Siions is 16° cm2.2® This number is for protons, but being
samples 3 and 4, free-standing SiIN membrane (0.4 mrfive orders of magnitude lower than the fluence in our tests it
X 0.4 mmx250 nm) etched on nitridized Si; sample 5, nitrid- should not have an observable effect on the CBT sensors.
ized Si. All the five sensors had almost an identical geom-Therefore, the radiation tolerance should not limit the use of
etry. In samples 3, 4, and 5 the contact pads were, howeveGBT thermometry in space applications.
made longer to take the indium—solder contacts far away The differences between the behavior of the sensors un-
from the active area of the sensor. Samples 1 and 2 were ater irradiation are somewhat unexpected and the radiation
the same chip, similarly samples 3 and 4. hardness seems not to be easily enhanced. Possibly the varia-
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tion can be explained by nonuniformity in the properties of

the oxide layer in the tunnel junctions. DC (a4
sweep
>
Rref é(((:l PC
IV. CBT ELECTRONICS interface| | FC
A. Measurement principle s,
The theoretical results on the transport properties in the R, Ac [
CBT arrays have been calculated for conductance, but in ST | eas [

practice it is more straightforward to measure its inverse, the

resistance. The task of the electronics is to measure the difiG. 9. Block diagram of the DVS-10. The analog part of the instrument
ferential resistance of the sensaly/dl, as a function of consists of a sweep unit, an ac excitation circﬁuﬁf_er_er_we channgla bias

bias voltage. Such a curve is obtained in the following Way.measurement circuit, and an ac measurement citsigihal channgl

A suitable sweep voltage is applied across the sensor. A . . ]

small alternating currenfad excitation voltage is added to €xcitation amplltud_e can be increased as the_re5|sta_nce peak
the bias and the ratio of the resulting ac voltage drop to th&roadens toward higher temperatures; in a noisy environment
excitation current is measured. Use of low noise ac techlt May be impossible. _ _
niques is necessary to attain reasonable signal-to-noise ratio. 1he requirements mentioned above mean that the instru-
Measurement of the ac signal is based on lock-in techniqueé‘?e”t must have several selectable excitation amplitudes and

and this way the low frequency noise, in particular, can bg@nges of bias voltage. The resolution of the analog-to-digital
suppressed. conversion has to be close to 1) which equals 16 bits.

Particular attention must be paid to the measurement of the
direct current(dc) bias voltage across the sensor. The accu-
_ racy in the half width,V,, of the resistance peak, and
B. Requirements thereby in the absolute temperature cannot be better than the

The accuracy of the electronics should be better thabsolute accuracy of the bias voltage measurement.
+0.1% for the measured half width in order to get the maxi- ~ We have developed two different prototypes of instru-
mum use of the CBT sensor. Presently the overall measurdnents for different applications. The DVS-10, operating with
ment accuracy is limited by reproducibility in fabrication and @ PC computer, is intended to be a general-purpose instru-
consistency of the sensors to abotd.5%. ment for measuring nonlinear resistors. The other prototype,
The amplitude of the ac excitation must be kept muchdeveloped in cooperation with Mitron compatfyis a stand-
smaller than the half width of the resistance peak. An excesglone instrument having an embedded processor. It is an eco-
sive ac amplitude will round the peak and result in too largenomic and simple device developed merely for the CBT
a half width. In practice, the amplitude has to be less tharfneasurement.
about 5% oiV,,,. At the lower end of the temperature range,
20 mK, the half width is only about 0.4 mV for a sensor with C. PC assisted CBT instrument

N=40. Thus, the excitation voltage has to be less than 20 e DVS-10 is an advanced instrument based on an ac
uV. _This sets high requirements for the quality of the elec-(ggistance bridge AVS-4% but modified in such a way to
tronics. One can naturally correct for the effect of a largemake it suitable for measuring nonlinear resistors, regardless
excitation level, if its use is necessary. At temperaturesy theijr resistance level or shape of the nonlinearity. The
abow 1 K the requirements are not that severe. ~ DVS-10 operates under a PC computer control and it has a
The bias voltage range must be at least about 2.5 timeg, jtiplexed input for four sensors. A general block diagram
Vi, on both sides of Z€ro to get a realiable value for theyt ihe instrument is shown in Fig. 9. For simplicity, the mul-
asymptotic resistanc&r~. On the other hand, the range tinjexer is not shown. Together with the software developed
must not be too large in order to be able to zoom into thgq, the CBT application it provides a versatile thermometer
interesting region of the resistance peak. electronics for laboratory use. Several changes were made to

The effect of noise on the accuracy of determiniig, e pasic resistance bridge as will be described below.
has been studied as wéfl.Gaussian noise with a standard

deviationo was added to the theoretical curgeof Eq. (2). 1. Resistance bridge circuit

In order to obtain an accuracy df0.1% in measuring/4, Here we describe the general principle and operation of
the ratio of o to the depth of the conductance minimum, the resistance bridge circuit which is similar to that of the
AG/Gy, must not exceed 0.004 according to the computeAVS-47. It consists of the reference channel and the signal
simulations. For peaks with G/G+ of several percent this channel shown in Fig. 9.

requirement is straightforward to attain. For example, if  In the reference channéfFig. 10 a square-wave excita-
AG/G1=3% we needr~10 “ which is still easy to obtain. tion is generated from a dc reference voltage by using a
At the upper end of the temperature range, 3QAK3/G+ is  chopper. This wave form, which is a couple of volts in am-
typically less than 0.5%. To obtain an accuracyZdd.1%, plitude, is attenuated to the desired level and fed to a pre-
the noise level in the measured signal should d€2  amplifier via a summing stage. Inputs of the preamplifier are
X 1075, This is already hard to reach in practice even if theconnected to a reference resisiy;. The output of the pre-
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Chopper 2. Sweep unit
The dc voltage sweep in DVS-10 is a simple analog

Integrator

ramp generator having comparators for negative and positive
limits of equal magnitude. A start pulse releases the reset and
the output starts to rise from the negative limit at the selected
rate toward the positive limit.

Excitation Chopper 'The idea is .to work with a high sweep amplitude at

current to CBT variable sweep times, and to attenuate this amplitude so that
FIG. 10. Reference channel of the resistance bridge circuit of the DVS-1 Fhe_ d_eSIred Sweep _ranges are Obtame_d' The noise from a
resistive attenuator is lower than the noise from a ramp gen-
erator. This keeps the signal-to-noise ratio of the sweep unit
sufficiently low even in very narrow sweeps at low tempera-

mplifier is zero if th in r I. If the vol .
amplifier is zero if the two PUtS. are equal. the Otagetures. Seven selectable sweep times between 30 and 360 s,
drop acrosRR,es due to the excitation current is not equal to . :
and ten different voltage ranges are available.

the reference signal, the output of the preamplifier will not be
zero. This outpu_t is rectified by a phase se_nsmve detecto‘[i Modification of the amplifiers
(PSD at the excitation frequency, and then integrated. The . o )
integrator output is chopped and attenuated to form the ex- 1he lowest nominal excitation of the DVS-10 is 1/
citation voltage, which is fed to the reference resistn. ~@nd therefore the gain of the amplifiers has to be high. One
fact, it is first added to the dc sweep as depicted in Fig. g of the problems is to prevent the saturation of ampllfle_rs in
As long as the preamplifier inputs are different, the integratof '€ Presence of a dc voltage sweep. The dc decoupling is

output changes, until the loop is in balance and the excitatiof€@lizéd Dy using capacitors in the inputs of the preamplifi-
current isl = V,g(/Roq. ers. This is done in such a way that the discharge paths of the

A similar loop in the signal channéFig. 11 measures capacitors do not impair the_linearity of .the bridge.. In the
the voltage drop across the CBT sensor, whichViss presence of a dc sweep, the first decoupling stage will output

- — . a constant voltagédifferentiated linear ramp This voltage
'Rcer=VieRcer/Rrer: The output of the signal channel "o rate the amplifier. Another decoupling stage

mtegrator 1S f||tered in order to suppress thg effect of the a differentiated constant voltagéad to be inserted to avoid
signal. This is done because of the sampling nature of the'. A : o
is. Although the phase sensitive detectors are insensitive to

analog-to-digital(A/D) converter. F\ dc voltage input, such a voltage would result in a sawtooth

All the three attenuators in the reference and signa . . .
: . . component in the integrator output, which would then re-
channels have identical steps in 1:3 sequence so that the t\Aé

Rire filtering.
feedback signals are attenuated by the same factor as the dc 9

reference voltage on each of the seven selectable excitati% Measuring the dc bias across the sensor
levels. The reduction of the overall loop gain, when the at- ) ) o
tenuation is increased, is compensated by an equivalent in- In a resistance brldge, an ac excitation cgrrent cannot be
crease of the amplifier gains. directly added to a QC bias voltage because it would be sup-

The bias voltage is attenuated from a large voltage swing’ressecj by the low impedance of the voltage source. There-
of a ramp generator. Nevertheless, it can introduce additiondP"®: the summing must be done at a higher impedance level.

noise to the total excitation current. From this noise, thel "€ Voltage across the sensor is a sum of dc and ac voltages.

phase sensitive detection in the reference channel would pic-l;he ac _component_must be eliminated from the signal while
the component that is at, or very close to, the excitationeasuring the dc bias. We developed a way to subtract the ac

frequencyf. Fortunately, the operation principle of the in- component quickly by making use of the feedback signals.

strument automatically suppresses this additional noise. Th-ghIS method is faster than filtering and it reduces the ac

phase sensitive detector, the integrator, and the attenuatS?mponent by a factor of 100 which is satisfactory for the

together with the preamplifier make up a servo loop thatDresent application.

maintains the correct value of the ac excitation aci®gs
Frequencies far fronfi cannot be compensated, but they do

not impair the performance, either. The A/D converter suitable for this application should be
sampling and have a resolution preferably more than 16 bits.
Such an ADC is rather expensive and therefore we designed
Excitation one ourselves. The ADC is based on a sampling capacitor,
current H H : H
o Integrator which is discharged by a constant current until a comparator

+ . . .
©) PS voltage, which stays at a constant value, is achieved. The
anf] T 2>yl
T e
v ]

v, sampling capacitor is successively connected to zero, to a
Chopper

5. Analog-to-digital converter

calibration voltage and to an unknown voltage. These three
readings are used to calculate the ADC offset, the scale fac-
tor, and the unknown voltage. The standard deviation of the
FIG. 11. Signal channel of the resistance bridge circuit of the DVS-10. ThecOnversion is equal to 18 bits and the speed is about three
output isVeye (dV/d1) cgr - conversions per second. In the case of an absolute measure-
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DC -
SWee A R
P Current Serial in
AC output
€XC. .
. Serial
AC+DC interface
meas. User
AC interface
meas. CG = current generator
_[CBT FIG. 13. Excitation and sweep unit of the stand-alone CBT instrument.

FIG. 12. Block diagram of the stand-alone CBT instrument. The dac CBT types, both havmg one set of junCtion arrays for the
channel is for the absolute measurement mode and the ac channel is for tR§imary measurement and another similar one for the sec-
relative mode. Only one of the sensor pairs is shown for simplicity. ondary measurement.

The construction of the instrument is depicted in Fig. 12
ment (sweep the two calibrations are performed only once as a block diagram. For simplicity only one pair of sensors is
in the beginning to make the ADC faster. The computer driv-illustrated. Operation of the main parts of the circuit is de-
ing the instrument must be almost entirely devoted to thisscribed below.

A/D converter during the measurement.
1. ac excitation and dc sweep

6. Operation Generation of the measurement current consisting of a

A software for Windows 95 and NT was made to operatelinear dc sweep and a small ac excitation is shown in Fig. 13.
the DVS-10 with CBT sensor€.In the first version the in- It is realized by using voltage controlled buffered Howland-
strument is used manually, that is, the measurement pararfPe current generatofS. Four generators are needed: an
eters, sweep time and range, and excitation amplitude af@ctdc generator for the absolute temperature measurement
chosen by the user. An automated version is being devePnd an ac generator for the relative measurement for both the
oped. two double sensors. The sinusoidal ac signal is produced by

One can operate one to four sensors in an absolute or fi commercial precision wave form generator at a frequency
a relative temperature measurement mode. In the absoluff about 22 Hz. A serially controlled 14-bit digital/analog
mode the sweep is done either once or repeatedly for thd>/A) converter generates the voltage sweep from which
chosen sensors. Normally a suitable sweep time is 2 miRigh frequency noise due to the voltage steps is suppressed
which thus gives the rate at which temperature is being read?y @ low-pass filter. The ac excitation and the bias sweep are
In order to get more frequent temperature information, abou¢ombined by an inverting summing amplifiesymbol “%”
one reading per second, one can monitor the zero-bias resié Fig. 13. The ac amplitude and the sweep range are pro-
tance which is calibrated by the absolute measurement. IROrtional to each othefratio 1:163, and their magnitude is
this relative mode one can choose the time interval betwee€t by switching between four different input resistanst
successive calibrations. shown in Fig. 13.

The measured resistance curves are anal{zedomati-
cally giving the absolute temperature and the calibration fac2. ac and dc channels
tor for the relative mode. The temperature versus time for  The two measurement channels of Fig. 12 are multi-
each sensor as well as th&/dl versus bias voltage curve plexed for measuring either of the sensor pairs: the dc

are shown in graphics windows of the program. channel for the absolute measurement mode and the ac chan-
nel for the relative mode. The structure of thetalc channel
D. Stand-alone CBT instrument is shown in Fig. 14. The ac channel is similar to this except

The other prototvoe developed for CBT measurements ifor the missing “bias out” branch. In the ac measurement
b yp P Ifra:e voltage across the CBT sensor is filtered and amplified

a stand-alone instrument that does not require a separate béfore feeding it to a PSD. The reference signal is taken from
computer to operate. An embedded processor is used to cop, oscillator(Fig. 13 and it is phase shifted. A high-pass

trol the temperature measurement. The temperature readmﬁﬁer eliminates the dc voltage and a notch filter was added to

are available in terms of a four-digit display, an analog U eject the noise from the mains voltage. The ac component is
rent output, and an RS232 port. The instrument can be cons’ ge. P

trolled also by a PC via the serial port. The absolute value of
the sensor resistance is not measured which enables the use
of a more simple circuit than that of the DVS-10. The basic
principle of the measurement, based on ac excitation and
lock-in techniques is, however, the same in both the devices.
The instrument makes use of the two operation modes of
the CBT so that one can have semicontinuous relative mea-

surement even during the sweep. The plan is t_O operate tWeG, 14. acrdc channel of the stand-alone CBT instrument multiplexed for
double sensors. These two sensors can be of either of the twiasuring either of the two sensors in absolute mode.
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removed from the signal in the dc measurement by a low- . ' '
pass filter and the filtered signal is amplified by a program-
mable dc amplifier. A commercial 16-bit ADC was chosen
for the A/D conversion of the two output voltages.

3. Operation

-
<
&
T
(o]
L

The instrument has three operation modes: two manual
modes in which the user chooses the sensor and the measure-
ment range, and an automatic mode. In the absolute mode,
the sweep that takes about 2 min is continuously repeated for . .
the chosen sensor. Thus, one gets one absolute temperature 0.1 V. (mV) 1
reading per 2 min. exe

In the relative mode, continuous zero-bias measuremertG. 15. Standard deviations of CBT measurements with different excita-
yielding about three readings per second is performed. Thes®en voltages measured at about 4.2 K. At this temperaifséGr~3% for
readings are converted into temperature via the calibration ifis sensor, andR;=G"~110 K. Open circles are from the relative
the absolute mode. Afte this, the relative meastrement {342 4"efe e sandard devilon of 100 dat pois of e s estarce
continued and recalibrations are performed at the request @fent but converted into scatter in temperature. Up triangles show the repro-
the user. During the calibration sweep the rate of the temducibility of the absolute mode when ten successive sweeps were made. The

perature readings from the relative measurement is about orflewn triangle is from a similar measurement made with the stand-alone
per second instrument. All the other data points are measured by the PC assisted instru-

. ment, DVS-10. In this case the optimum excitation level is 1-2 mV for the
In the third mode the parameters are chosen automatipsolute mode and few millivolts for the relative mode.

cally and the relative measurement is run with automatic
calibration by the absolute measurement. The calibration is

performed after switching on the instrument and then in &jas sweep. The excitation amplitude was 1.2 mV. The pres-
suitable sequence. The measured curves are analyzed sirghce of a relatively large dc voltage,0.15 V at maximum,

scatter (RMS)

-
o
S
T
o]
L

larly as in the CBT software of the DVS-10. does not significantly impair the performance. The standard
deviation is 5<107° in the relative measurement and 1
E. Performance x 10~ in the presence of the bias voltage. This meets the

The performance of the CBT electronics has been tested@duirement for the noise in conductance curve mentioned in
The noise level with different measurement settings and th&€c- IV B.
step response of the measuring circuit was determined for the The speed of the measurement circuit was tested for both
PC assisted CBT instrument. The speed and the noise istruments by measuring the step response. This was done
absolute mode were measured also for the stand-alone instry switching a resistor at room temperature from 100 to 110
ment. Other tests are still to be performed. kQ in the relative measurement mode. The result in Fig. 17
Noise level in the relative mode was determined by meagives an idea how fast temperature changes can be followed.
suring the zero-bias resistand®,, of a CBT-MT-type sen- In case of the DVS-10 the real settling time from initial to
sor at 4.2 K with five different excitation voltagésig. 15.  final value is probably shorter than 1.5 s indicated in the
The relative standard deviation values/R,, were con- figure, because here it is limited by the sampling rate of the
verted into scatter in temperature by dividing the absolutéAD converter. For the stand-alone instrument this settling
values ofa by the height of the resistance peak, which in thistime, about 2 s, is long compared to the output rate and for
case was about 3% of the asymptotic resistance. To eliminate
possible noise of the sensor itself, a metal film resistor at 4.2
K with same resistance value as the CRI10 k) was " "
measured with the same settings: The results overlapped [ absolute
with those obtained with the CBT sensor. I
The reproducibility in the results of the absolute mode
was tested by measuring ten resistance curves of the same |
sensor at 4.2 K with each of the four different excitation To* |

voltages of the DVS-10. The data are presented in Fig. 15. | ) relative ]
Only one data point is obtained with the stand-alone instru- WWWWMW
ment because the excitation amplitude cannot be set sepa-

R/R, -1

rately. The proper excitation amplitude in the absolute mode : L
. . : 0 50 100
at 4.2 K is 1-2 mV, which therefore yields a root mean time (s)
square(rms) scatter of about 10° in temperature. In the
relative measurement a slightly larger excitation can be used|G. 16. Noise level of the output of the DVS-10. A standard 100rketal

such that in practice the rms scatter in temperature is abOlﬁt'I‘SBESif/th ?r: 4-2bK IW?S m%aSUfeg t';‘ the T};VOt_mOdeS-l_tT'Le bias flaggevv\{as
. o
10-2 in that mode, as well. =150 mV in the absolute mode, and the excitation amplitude was 1.2 mV in
. . . . oth modes. The standard deviation isX¥ > in the relative zero-bias
The noise level in Fig. 16 was measured with a cooletyeasurement and 1110* in presence of the bias voltage sweep in the

resistor with (absolute modeand without (relative modg¢  absolute mode.
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