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Chapter 1 

General introduetion 

The first mea.surement of specific heat dates back more than two centuries ago. 

The refinement of the measuring metbod and instrumentation bas been pursued ever 

since. Also the temperature range within which the experiments are carried out bas 

been expanding, both above and below the room temperature. In this thesis we shall 

concentrate on the low temperature development. A temperature limit as low as 1 

mK bas been reached nowadays, although most research activities remain still in 

the tempera.ture range above 1 K. 

The metbod and calorimeter to be used for speci:fic heat measurements depend 

strongly on the thermal properties of the material under investigation. The specific 

heat of a substance varles very much with temperature. At room temperature it is 

usually of the order of 10 J /molK while at 1 K it can be as low as 0.001 J /molK and 

10·6 JfmolK at 0.1 K. Although the specific heats of all materials decline to zero as 

temperature tends to zero kelvin, the way they follow varies strongly among 

different materials. Also the quantity of the material is often restricted. Small 

masses of the order of 10 mg have tobedealt with frequently. No single calorimeter 

can cover the whole temperature range and different methods have to be applied to 

also in the different temperature ranges [1, 2]. 

In the temperature ranges above 1 K, calcrimetry is already more or less a 

standard technique in many low temperature laboratories. Computer-controlled 

calorimeters in the range of liquid helium are becoming popular too. Calorimetrie 

techniques below 1 K have shown a considerable development since the end of 

sixties.( Operating below 1 K is often dedicated to special purposes and they differ 

also very much from each other [2].) 

The adiabatic calcrimetry is widely employed in prohing the low-temperature 

specific heat for its high accuracy and versatility for different kind of materials. 

However, its applicability is restricted mostly to temperatures above 1 K and for 

samples of relatively large mass (;:: 10 g). Non-adiabatic methods have therefore 

been introduced for the temperatures below 1 K [3, 4]. One prominent method is the 

so-called rela.xation time method which is intermediate between isothermal and 

adiabatic. Also the fact that the calorimeter based on the rela.xation time method 

can be transformed into a partiele bolometer has made this method particularly 

attractive [5]. 
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The work described in this thesis was intended to develop a so-called 

micro-calorimeter for low-temperature applications (S 1 K). In practice, 

measurements of specific heat just below 1 K involve often heat ca.pacities as smal! 

as of 1 microjoule per keivin (10-e JfK) or even lower. Such small heat capacities 

result mainly from small samples, either because the samples can only be made in 

small quantity (e.g. some single crystal materials) or because they are intrinsically 

small in size (e.g. thin film layers). It is obviously true that the smaller the heat 

capacity C0 of the calorimeter, the smaller the heat capacity it can measure. This 

also means that a calorimeter of smaller C0 has a wider range of application. 

The project has been started five years ago at the group Low Temperatures 

(LT), in close collaboration in the starting phase with the group Cooperative 

Phenomena, both in the Solid State Division of the Faculty of Physics at the 

Eindhoven University of Technology. In the latter group, calorimeters were already 

in operation at temperatures above 1.5 K. These calorimeters provided a good 

starting point for the present work. Taking advantages of the existing experiences of 

these calorimeters, this thesis describes how they are transformed into 

microcalorimeters which can operate down to 0.1 K. 

Due to the much lower temperature ( one should consider the temperature scale 

logarithmically), there are several differences in the way that the calorimeters are 

constructed and how they operate. One obvious difference is that new thermometers 

should be operated in the lower temperature range. Other differences originate from 

the thermal properties of the materials used for constructing the calorimeter and the 

measuring methods. These differences will be discussed later. 

The thesis falls roughly into four parts. First, the construction and performance 

of a dilution refrigerator is described {Chapter 2). Although the 3He-4He dilution 

refrigerator is nowadays commercially available, there are good reasous to choose for 

a home-made one. Th ere is ample experience in . the group L T in building a large 

and reliable dilution refrigerator. Also a self-built system can guarantee 

specifications as desired. 

The general design considerations for the construction of a microcalorimeter are 

presented in the chapter 3. The construction and eperation of two prototypes are 

described in this part. 

To test the practical performance of the constructed microcalorimeter, two 

physical systems were chosen for investigation. From the point of view of the 

calorimeter test, the choice could be rather arbitrary. The choice was actually made 

partly by the need within the Solid State Division at the time. The analysis of the 

two systems is reported in the third part of this thesis {Chapter 4 and 5). 
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The last part of this thesis, Chapter 6, is devoted to the development of a 

calorimeter based on a new design. The effort is directed towards a further decrease 

in C0 • The final product is aimed to be a device that can be called a nano- or even 

picocalorimeter. This work was carried out in collaboration with the Integrated 

Circuit Manufacturing Laboratory (EFFIC) of the Faculty of Electrical 

Engineering, since it is based on microelectronic techniques. 
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Chapter 2 

Experimental set-up: 
the aHe-'He dilution refrigerator 

Introduetion 

In order to investigate the properties of materials at very low temperatures, the 

first thing of all is to create a low temperature space where experiments can be 
carried out. Refrigeration by means of diluting 8He with 4He is the only way to 

maintain temperatures in the millikelvin range continuously. This cooling 

technique, first proposed by London [1, 2], was first realized by Das et al. [3] in 1965 

at Leiden. Substantial improvements on the cooling technique and studies on the 

thermal and transport properties of the 3He-4He mixture have been made ever since 

[4-8]. Nowadays the 3He-4He dilution refrigerator is one of the standard tools in the 

low temperature laboratories. 

In this chapter a brief description of the cooling principle and the construction 

of a medium-sized 3He circulating dilution refrigerator will be given. 

The principle of dilution refrigera.tion 

The principle of dilution refrigeration can be explained starting with Fig. 2-1, 

the phase diagram of the liquid 3He-4He mixtures at saturated vapour pressure. 

The horizontal axis is the molar fraction of the 3He in the mixture. The vertical 

axis is the temperature. The diagram is divided into three parts described as 

follows. Above the temperature 2.17 K, the so-called >. point, only part I exists. 

Below the >. point pure 4He becomes superfluid and the diagram splits into two 

parts: part I with 3He and 4He both normal, part II with normal 3He and superfluid 
4He. With decreasing temperature, the 4He can be superfluid at higher 3He 

concentrations until 0.87 K. Below this temperature there is a third region, part liL 

The mixtures which would correspond with a temperature and a concentration in 

part III will split into the two phases. The phase on the right side, rich in 3He, is 

called the concentrated phase. Due to its smaller density, it floats on the top of the 

left phase called the dilute phase. When the temperature decreases further, the 

maximuni concentration of the 3He in the dilute phase reduces to a constant value 
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The phase diagram ofthe 3He-4He mixtures at saturated vapour 
pressure. The temperature T of the mixture is plotted against the 
molar concentration z of3He. 

of 6.6% [8]. This non-zero saturated concentratien of SHe in the dilute phase at zero 

keivin is of essential importance for the continuons dilution refrigeration. H we 

remove 3He from the dilute phase or add 4He to the dilute phase in equilibrium with 

the concentrated phase, 3He will be forced to dissolve in the dilute phase. Since at a 

given temperature the entropy of the 3He in the dilute phase is much larger than 

that in concentrated phase, the dilution process is accompanied with heat 

absorption, i.e. cooling. 

The realization of the dilution refrigeration 

In order to realize the dilution process, a 3He-4He mixture has to be cooled toa 

temperature where the phase separation takes place. This precooling process is 

carried out in several steps. As a. first step the room temperature mixture is 

gradnally cooled to about 4.2 K by liquid helium. Next the mixture is cooled and 

liquefied at a.bout 1.5 K. The cooling souree this time is provided by a separate 

liquid helium bath which will bedescribed later. 

These two precooling stages are provided by external cooling sources. Further 
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precooling depends on the circulation process of the mixture itself. The vapour of 

the liquefied mixture contains much more 3He than •He, since the balling point of 

the 3He is lower than that of the •He. Removing the vapour cools the liquid further 

down and at the same time increases the BHe concentratien in the vapour as well. 

At temperatures below 0. 7 K, the vapour contains almast pure 3He. The dilution 

process takes places when phase separation occurs. The extracted vapour can be 

caoled and brought back into the concentrated phase in order to be circulated again. 

The dilution process and the extraction of the 3He from the dilute phase take 

place in two cells called the mixing chamber and the still respectively. The two cells 

are connected by a channel through which the dissolved 3He flows from the mixing 

chamber to the still. 

The construction of the dilution refrigera.tor 

1.1 General description 

The 3He circulating dilution refrigerator was to be built with a maximurn 3He 

flow rate around 400 IJmOl/s. The refrigerator was designed along the same lines to 

the one built by Coops [5]. The construction of different components which are 

essential to the refrigerator will be described in the following sections. Sectien 1.2 

deals with the construction of components which are at temperatures higher than 

4.2 K. These include the liquid nitrogen cryostat and liquid helium cryostat etc. 

Sectien 1.3 deals with the low temperature components such as the still, the heat 

exchangers and the mixing chamber. 

1.2 The construction of the high temperature components 

1.2.1 The liquid nitrogen and liquid helium cryostat 

The liquid nitrogen (LN 2) cryostat was built in order to reduce the 

consumption of liquid helium (LHe). Fig. 2-2 shows schematically the structure of 

the two croystats. Both cryostats have a cylindrical form and are made of stainless 

steel which has very high meehamcal strength but low thermal conductivity 

compared to other low temperature materials. 

The .LN 2 cryosta.t is 1. 7 m in length, and 280 mm in diameter. The wall 

thickness was chosen as smallas possible (0.8 mm) so that the axial heat conduction 

is minimized. The cryostat is wrapped with severallayers of superinsulation (made 
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- Liquid nitrogen 

_ Cont.-gas-room 

- Radiation shield 

_ Liquid helium 

The structure of the liquid nitrogen and liquid helium cryostat. 

of aluminium foil) in order to shield off the thermal radiation from room 

temperature. 
The LHe cryostat is about 1.6 meter in length, 0.8 mm in wall thickness and 

180 mm in diameter. The LHe space is separa.ted from the LN2 space by aso-called 

contact-gas-room which is vacuum during the eperation and is filled with N2 gas 

during warming up or cooling down of the refrigerator. There is a copper radiation 
shield in the contact-gas-room to rednee the heat transfer by radiation from 77 K 
LN2 to 4.2 K LHe. 

During the operatien of the refrigerator the LN2 level is kept above the 

contact-gas-room but the level of LHe is kept lower than the top of the 
contact-gas-room and separated from the LN2 by a vacuum ( cf. Fig. 2-2). The LN 2 

level is observed by a few diode transistors whose current-voltage characteristic is 

sensitive to temperature. The level control of the LHe is realized by several Speer 

resistors which, due to the large difference of the heat transfer coefficient inside and 
above LHe, show a jump in the voltage across them when the LHe level passes 
them. 
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1.2.2 The vacuum chamber 

The vacuum chamber (VC) was designed to contain the low temperature 
components, and is immersed in the LHe during the operation. As shown in 
Fig. 2-3, the VC is suspended by three thin-walled (0.25 mm) stainless steel tubes 

which serve as a part of the pumping line as well. Above the LHe level there are five 

radiation shields which are fixed on the pumping lines. The length of the VC is 0.8 

m. The lower part of it (of about 370 mm long, smaller in diameter, 49 mm and 

139 mm respectively), was designed to accommodate a superconducting magnet. 

The upper part ofthe VC has a diameter of 152 mm. 

1 

Fig. 2-3 

vc pump line_ 

K bath pump 

Still pump line-

He-3 heat exch. '\. 

Radiotien shields 

' 
LHe level 

' 
Vocuum chomber 

The schematical drawing of the vacuum chamber etc .. 
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1.2.3 The superconducting magnet 

A superconducting magnet {N60360, Technology Systems Limited, Oxford) has 
been mounted on the outside of the VC. The magnet can generate a magnetic field 

a.s high as 8 T at 4.2 K. A possible impravement is to cool the magnet further down 

to 2.18 K to achieve a magnetic field of 10 T. Thick copper wires {2xiP3 mm for the 

region between 273 K and 77 K, ifJ2 mm for the region between 77 K and 4.2 K) 
were used as the electricalleads for the magnet. Below 4.2 K superconducting wires 

were used in order to rednee the LHe consumption. Since the level of LHe is 

changing during the operation of the refrigerator, a combination of copper wire and 

the superconducting wire was made in the range where the level of LHe changes. 

1.2.4 Others 

It proved to be important to cool the 3He stream to 4.2 K before it enters into 

1 K plate heat exchanger [5]. To this purpose three spiral type heat exchangers 

(HE) were made, with two of them exposed to the vapourized 4Re and the other 

directly immersed in the LHe. These HEs were made of thin-walled stainless steel 

tubes of diameter 3 mm. The diameter of the spiral is about 20 mm and there are 

about 15 turns. 

1.3 The construction of the low temperature components 

1.3.1 Introduetion 

The design criteria and the constructions of the 1 K plate, flow constrictions, 

still, heat exchangers, flow channels and the mixing chamber will be given in this 

section. Fig. 2-4 shows the relative positions of those low temperature components 

and the flow diagram of the 3He. 

A full discussion and analysis of the design principles can be found in the 

literature, e.g., Coops [5] and Lounasmaa [6]. 

1.3.2 The 1 K plate 

The 1 K plate was built to cool and to condense the incoming 3He stream, 

which is already caoled to 4.2 K, to about 1.5 K. For the present refrigerator it 

should be capable of cooling a stream of almost pure 3He of a circulation rate about 
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1 Voc. chomber 
2 Flow constriction 
3 _Heat exch. 1 K bath 
4 1 K plote 
5 __ Primory cons~riction 
6 __ Still heat exchonger 

7 Still 
8 _ Moin heat exchongers 
9 _ Secondory constriction 

1 0 Mixing chomber 

The flow diagram of the 3 He within the vacuum chamber. The important 
components are numbered and given in the figure. 

400 JimOl/s at a pressure ca. 100 torr during the circulation. 

The 1 K plate was made of high purity oxygen free copper, as shown in 

Fig. 2-5, with flow channels drilled in it for a better thermal contact with the 3He 

flows. It has a built-in LHe bath which has a volume of a few cubic centimeter 

(diam. 8 mm). Cooling is achieved by removing the vapour of the LHe in the bath. 

The liquid helium in the bath is continuously supplied from the LHe cryostat 

through a flow constriction. The flow rate of the 4He, and thus the cooling power of 

the 1 K plate, is controlled by adjusting the impedance of the flow constriction. A 

higher flow impedance corresponds to a lower cooling power but also a lower bath 

temperature. 

The necessary flow rate of the 4He through the flow constriction can be 

calculated from the enthalpy balance of the 1 K plate ( cf. Fig. 2-5) : 

where n4 stands for the 4He flow rate through the LHe bath, n3 the 3He flow rate, 

H41(4.2) and H4g(l.5) the enthalpies of the helium before and after the 1 K plate 

( + the flow constriction), similarly H31(4.2) and H3g(L5) the enthalpies of the 3He, 

and the quantity q is the heat leak from the VC via various thermal links such as 
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n,·H41(4.2) n4·H4g(1.5) n3·H3g(4.2) 

~ t 

Fig. 2-5 The sketch of the 1 K plate and its enthalpy balance. 

pipe lines, measuring wires and thermal radiation. Talring the temperature of the 

1 K plate as 1.5 K, the condensing pressure of 3He as 100 torr, n3 as 400 p,molfs, and 

enthalpies Hxx from standard reierences (cl. table 5.1 Coops [5], Radebaugh [7]), the 

heat contributed by 3He condensation is calculated as 31.2 mW. Taking half of this 

amount for q for safety we find n4 to be about 0.85 mmolfs. Using this value the 

impedance ofthe constriction was found to be 3.4,.1011 m·3. 

A constriction was made by putting a manganin wire (0.27 mm in diameter) 

into a copper-nickel tube (0.3 mm) with a length of approximately 5 cm. The 

impedance of a this constriction was measured as 2.3>eiQ17 m·3 which is in the same 

order as the calculated one and was proved to be acceptable in practice. 

The liquid helium level in the bath is self-regulated during the operation of the 

refrigerator [8]. The actual LHe level is determined mainly by two factors: the heat 

leak q via the pumping line of the bath and the heat loads from the circulating 3He. 

For a given flow rate of the 3He, the LHe level is determined by q. The rising of the 

LHe level in the bath shortens the distance between it and the top of the VC which 

is at 4.2 K, and thus increases the heat leak q. 

1.3.3 The flow constrictions for the 3He flow 

To condense the 3He at the 1 K plate, its pressure should be higher than the 

saturated vapour pressure at the 1 K plate temperature {about 70 torr). Therefore 

flow constrictions in the stream line of the incoming 3He are needed to build up the 

pressure .of the incoming 3He. The constriction immediately after the 1 K plate 
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(cî. Fig. 2-4) is called the primary constriction. Passing through the primary 

constriction, a part of the condensed 3He evaporates from the throttling process and 

gets into the still heat exchanger. The vapour should not enter into the mixing 

chamber, and should be condensed at the still HE or at the first heat exchanger 

after the still HE. Therefore a secondary constriction is needed to build up a 

pressure before the 3He enters the main heat exchangers. The secondary constriction 

of the present refrigerator is situated between the first and the second of the main 

heat exchangers. 

With a possible minimum flow rate about 50 pmolfs in mind, the primary 

constriction should build up a pressure of about 76 torr or higher and that for the 

secondary constriction about 23 torr or higher. Both constrictions are constructed in 

a similar way as the 1 K plate flow constriction. The measured value of the flow 

impedance for the primary constriction is ca.1.5xl017 m-3 and that for the secondary 

constriction is two orders smaller. These two constrictions proved to function as 

design ed. 

1.3.4 The still 

The still was designed to extract the 3He from the dilute mixture in the 

refrigerator. It is also a liquid reservoir and a heat exchanger for incoming 3He. The 

changes in the liquid volume of the flow channels, for instanee caused by changing 

the number of the HEs, is compensated by the liquid level variations in the still. 

The designed still has a volume of more than 350 cm3 (diam. 10 cm "' height 

5 cm) which is much larger than the tota.l flow volume of the other components. It 

is a thin-walled stainless steel pot with a thick (10 mm) copper bottom. The copper 

bottom was designed to be used as a HE to liquify the vaporized 3He after the 

prima.ry constriction. In order to reduce the superfluid 4He film flow, which will 

eventua.lly take part in the circulating gas, the outlet of the still is given a diameter 

of only 6 mm. The restrietion of the outlet may also restriet the maximum flow of 

the 3He [5]. By this size the estimated allowed maximum flow is safely higher than 
desired. 

An electrical heater is attached to the outside of the bottom of the still to 

regulate as wellas to maintain the continuons 3He flow. 

1.3 5 Heat exchangers 

The heat exchangers constitute an essentia.l part of a dilution refrigerator. They 
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are the last part through which the SHe passes before entering the mixing chamber. 

They determine the temperature of the 3He which enters the mixing chamber. At 

low temperatures the enthalpies of the 3He in the dilute phase and in the 

concentrated phase can be approximated as [6, 9]: 

2-2 

and 

H3c = 11.4 n3 T2 2-3 

where the lower indices d and c denote the dilute and concentrated phase 

respectivély. 

Taking a enthalpy balance on the mixing chamber (MC), as given in Fig. 2-6, 
we would find: 

2-4a 
or 

2-4b 

where the subscripts i and m reprasent "incoming" and "mixing chamber" 

respectively. The 3He enters the MC with a temperature Ti which also is the 

temperature of the 3He leaving the last HE. It leaves the MC with a temperature 

Tm. At a fixed 3He flow n3 and zero heat input èfm, the temperature Tm is 

proportional to the temperature Ti. Here we see the importance of constructing 

--- 1- --- --t r 1 
I I 

I 
1- - !- - - --I I 
I 
I I I 
V 
I I I 

/////•/////////// I I L __________ _j 

Fig. 2-6 The enthalpy balance of the mixing chamber. 



Experimental set-up: the 3He-4He dilution refrigerator 15 

good heat exchangers. 

Two types of heat exchangers are commonly employed. One is continuons type 

and the other discrete type. An ideal continuons HE has no heat flow in its body in 

the direction of flow, while an ideal discrete heat exchanger has no temperature 

gradients in its body and temperatures of the flows leaving the HE are equal toeach 

other. In principle the continuons type cools more efficiently than the other type if 

no large thermal resistance is present. However, at very low temperatures typically 

below 0.1 K, a so-called Kapitza resistance existing at the interface of two different 

materials becomes dominant. It is proportional to T-a at the interface between 

liquid heliurn and solids such as copper. To evereome this thermal resistance a very 

large heat exchanging surface is needed. The discrete heat exchanger is then 

indispensable with its easily made larger surfaces. The Niinikoski type of discrete 

heat exchanger [10] provides a good example for making large heat exchanging 

surfaces. 

11 discrete heat exchangers of the Niinikoski type were designed. They were 

designed and manufactured in a similar way as that used by Coops [5]. With such a 

large number of exchangers, we expected to compensate the Jack of a continuons 

heat exchanger at high temperatures. The sintered copper powder used is of type 

FFL-2 with an apparent density of 0.80 gfcm3 {produced by Norddeutsche 

Affinerie, Hamburg). The calculated total effective heat exchanging surface is about 

10.0 m2 to which more than 5 m2 is contributed by the last {llth) HE and 2.5 m2 by 

the tenth. 

1.3.6 The flow channels and mixing chamber 

The diameters and the length of the flow channels are very important both for 

the dilute and concentrated phase. In designing the sizes several factors should be 

considered, such as viscous heating and heat conduction along the tube etc. These 

factors often lead to conflicting requirements and campromises have to be made. 

The total heat leaks along the flow channel should be smal! compared with the 

enthalpy flow of the 3He stream. 

Due to the higher temperature in the concentrated phase compared with the 

dilute phase, the diameter of the flow channel for the concentrated phase is smaller 

than that for diluted phase. Also the fact that the flow of the 3He from the MC to 

the still is driven by the osmotic pressure requires that the flow impedance of the 

dilute channel must be minimized. The highest osmotic pressure of the 3He that can 

be established in the dilute phase at temperatures lower than 0.1 K is 16 torr. 
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Therefore the pressure drop of the dilute channel must be lower than this value. For 

the present refrigerator the flow channels are about 1 mm in diameter for the 

concentrated phase and a.bout 5 mm for the dilute phase. 

Since the density of the dilute phase is increasing when the 3He concentratien is 

decreasing as it is in the dilute channel from the MC to the still, gravitational 

instability may occur in flow channels placed vertically or with a large flow section 

[6]. It is then important to reduce the length of the fow channels that are placed 

vertically. In order to reduce the chance that gravitational instability shows up, all 

the heat exchangers, which constitutes the longest part of the flow channel below 

the still, are placed horizonta.lly. 

The materials of the tubes are mostly german silver or sta.inless steel with a 

thickness ca.. 0.05 mm. 

A mixing chamber provides a. place for the dilution process to occur. It can 

have different sha.pes and can be made of different materia.ls depending on the 

experiments. Since the specific heat of the 3He liquids is of the same order or higher 

than that of copper, the volume or mass of the material used is not of great 

importance. The MC currently used in the refrigerator had a flat cylindrical shape 

and was made of sta.inless steel with a thick copper plate attached to its bottom. 

More details of the MC will be given in the discussionsof the experiments described 
in later chapters. 

1.3. 7 Thermometers and electdeal wire connections 

The widely used thermometers such as Allen & Bradley and Speer series, and 

the lately developed thick film thermometers (Ru02) are used to measure the 

tempera.tures of the various low temperature parts or samples. These thermometers 

have been calibrated either directly or indirectly against a CMN thermometer and a 
NBS Fixed Point Device.* 

For a better and easy thermal ancboring of these thermometers they were first 

wound round with copper wires. The contact between the copper wire and the 

thermometers was improved by adding a little GE 7031 vamish. Fu.rther cantacts 

between the thermometer and objeets ( whose temperature is) to be measured is 

easily obtained by attaching the Cu wire to the object. More details can be found in 

the description of relevant experiments. 

* The calibration of the thermometers was kindly provided by dr. J. Zeegers, FaC'll.lty 
of Physics, Eindhoven University of Technology. 
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48 twisted pairs of measuring wires entered the vacuum chamber. These wires 

are Niomax type of diameter 50 or 100 pm which are superconducting at liquid 

helium temperature. In addition to these wires, 28 stainless steel coaxial cables of 

diameter ca. 0.8 mm are available. Tbe feed-through for the unshielded wires and 

four of the coaxial cables are immersed in the liquid helium to provide cooling of the 

wires. Each pair of the Niomax wire goes separately through a small hole of 

diameter of 0.5 mm which is then sealed with stycast 2850 GT, a type of casting 

resin. To prevent any possible damage to the stycast sealing Wood's metal, which 

has a melting point of about 70 °C, was used to solder the feed-through on the 

vacuum chamber. The feeding through of the four coaxial cables was in much the 

same way but a little more complicated. A piece of german silver tube was used as 

the shielding mantie and a piece of capper wire as the center wire. Again stycast 

was used as the insulating and sealing medium between the center wire and the 

tube, an:d between the tube and tbe feed-through. The · feed-through of such 

arrangements proved to be vacuum tight through all the thermal cyclings (more 

than 30 ) up to now. 

The other 24 coaxial cables were put into the vacuum chamber in a later 

moment through a room temperature feed-through. The cables are then thermally 

anchored at 4.2 K. No apparent temperature rise bas been observed in the still when 

they were. further thermally grounded there. 

All the other wires were thermally anchored at the still, too. Further ancboring 

places are the last heatexchangerand the mixing chamber. 

The performance of the refrigerator 

In this section the performances of the 1 K plate, the still and the mixing 

chamber will be discussed. 

1 The 1 K plate 

The 3He flow rates were measured with a thermal mass flow meter (model 

F 11-EB, Inacom Instruments, Vorden, The Netherlands) which was calibrated by 

the factory with •He over a flow range up to 1.86 mmolfs. The temperature of the 1 

K plate was measured with an A & B thermometer (type 56 n, 1/2 W) which is 

sensitive in the range of 1.3 to 4.2 K. Two Speer thermometers (type 4 70 0 and 

220 0 ) were used to measure the temperature of the stilland MC respectively. The 

thermometers for the 1 K plate and the still were attached to the capper body on 
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the outside. The thermometer of the MC was placed inside and immersed in the 

dilute phase. 
Figute 2-7 shows the cooling power of the 1 K plate versus its temperature. 

The heating power was generated by an electrical heater attached to the 1 K plate. 

There appears a critical value of ca. 52 mW, above which no liquid helium could 
exist in the bath in the stationary state. The temperature rises slowly and almost 

linearly from 1.49 to 1. 76 K below the critica! heat load. With such a cooling power 
3He could be condensed with a flow rate of more than 1 mmolfs. The highest flow 
rate ever measured is ca. 600 p,mol/s which still doesn•t overlaad the 1 K plate as 
shown in Fig. 2-8. 

2 The still 

In Fig. 2-8, the temperature of the 1 K plate as well as the still are presented 

as functions of the flow rate. The measured highest flow rate was 600 p,molfs with a 
I K plate temperature of I. 71 K, which is stilllower than the critica! temperature of 
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the 1 K plate Tc = 1.77 K according to the results in the figure 2-7. But this flow 
would result in a large quantity of unwanted 4He circulation since the still 

temperature is already at 0.8 Kat 450 pmolfs. 

3 The mixing chamber 

The cooling power of the refrigerator is an important parameter. Two curves 

were measured and are shown in Fig. 2-9. The temperature of the mixing chamber 

was plotted against the heating power applied to the dilute liquids. The two curves 
were obtained for two 3He flow rates and two initia.l MC temperatures. 

An electrical heater made of a small block of sintered silver powder wrapped 

with a piece of mangarun wire (ca. 100 0) was immersed in the dilute phase. The 
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sintered silver block is supposed to give a large heat exchanging surface to reduce 

temperature differences between the heater and the liquids. 

At Tm= 100 mK, which at present is the lower end of the temperature range of 

experiments to be described in later chapters. The two measured cooling powers 

were 90 and 180 p.W respectively, which are comparable to other dilution 

refrigerators [5]. The two straight lines in the figure are the calculated high 

temperature limits for the two flow rates respectively. 

Conclusions 

In conclusion a successfully operating 3He-4He dilution refrigerator has been 

built with which experiments below 1 K can be performed in combination with a 

magnetic field up to 8 T. Vibrations caused by the simple construction of the 

pumping and pipe line system may constitute serious problems for experiments 
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involving heat inputs at the order of nanowatts or lower below 100 mK. However, 

this is a subject of further improvements. 

Relerences 

1 H. London, Proc. 2nd, Int. Conf. Low Temp. Phys., Oxford, (Clarendon Lab. 
1951)157 

2 H. London, G.R. Clarke and E. Mendonza, Phys. Rev. 128(1962)1992 

3 P. Das, R. de Bruyn Ouboter and K.W. Taconis, Proc. 9th, Int. Conf. Low 
Temp. Phys., Columbus, Ohio(1964), (Plenum, New York,1965)1253 

4 G. Frossati, J. de Physique, Colloque, 06(1978)1578 

5 G.M. Coops, Ph. D Thesis, 1981, Eindhoven University of Technology, The 
Netherlands 

6 O.V. Lounasmaa, Experimental principles and methods below 1 K, (Acad., 
Press, London)1974 · 

1 R. Radebaugh, U.S. NBS Tech. Note, No.362 (1967) 

8 L.E. Delong, O.G. Symko and J.C. Wheatley, Rev. Sci. Instrum. 42(1971)147 

9 C.A.M. Castelijns, Ph. D Thesis, 1986, Eindhoven University of Technology, 
The Netherlands 

10 T.O. Niinikoski, Nucl. Instrum. Meth. 97(1971)95 



Chapter 3 

A low ternperature microcalorimeter 

Introduetion 

The heat ca.pacity, commonly denoted as C, is a qnantity of fundamental 

importance. It is defined as the ratio of the amount of heat absorbed or released to 

the change in temperature of a system under certain physical constraints, for 

instance, at a constant volume (Cv) or pressure (Cp)· For most solids the difference 

between Cv and Cp is negligible so that we use just a single C for both Cv and Cp 

hereafter. 

The importance of the quantity C lies not only in its direct relation to the 

thermodynamic functions which ca.n be ca.lculated from specific heat data. 

Measurement of C also reveals energy levels, elementary excitations and 

characteristics of phase transitions of solids (see, for instance, Gopal [1]). As the 

temperature decreases and approaches zero, many electrical as well as magnetic 

transitions which are screened by thermal excitations at high temperatures, become 

observable. The knowledge of the heat capacity C(T) is then very useful and 

sometimes an exclusive metbod in determining energy levels and elementary 

interactions in solids. 

In view of the discussions in the next sections we reeall that the specific heat 

for electrons well below the Fermi temperature is given by: 

3-1 

where R is the gas constant, kB the Boltzmann constant, EF the Fermi energy, 

usually of the order of a few eV for many metals. In the above expression Cel is 

directly proportional to the temperature and the energy involved is proportional to 
T2. 

The lattice specific heat is given by: 

3-2 

forT< e, where eis the Debye temperature. Excellent agreements have been found 
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for crystal insuiators. 

For one mole metal with n valenee electrens the total heat capacity Ct is a sum 

of eq. 3-1 and 3-2: 

3-3 

With the experimental determination of the coefficients 'Y and /3, many physical 
quantitie8 such as the Debye temperature e, the Fermi energy Er- etc can be 

determined or deduced. 

There are many ways of measuring the heat capacity of materials at low 

temperatures (2, 3]. The adiabatic calorimetry is one of the most accurate and the 

oldest metbod among all [2]. It was proposed by W. Nernst in 1909 and ever since 

continuously refined. During the last two decades, many non-adiabatic methods, 

among others, the ac calorimetry and relaxation time calorimetry have been 
developed and widely used in low temperature laboratories. 

The adia.batic metbod is a straightforward rea.lization of the definition of the 

heat capacity: 

C(T)= 1 im -,rl--
Q,llT-+0 

3-4 

where Q is the heat received by the sample a.nd .6. T the resultant temperature 
change. Fig. 3-la and 3-lb illustrate aset-upand temperature-time relation during 
a measurement. Obviously it is important to minimize heat leaks during the 

maasurement to obtain high accuracy. This is, however, rather difficult at 

temperatures below 1 keivin where the heat capacity of materials becomes very 
small. 

The ac calorimetry, appeared in the late sixties [4], and has proved to be an 
efficient way of measuring small variations of C. In a maasurement the sample is 

heated periodically by an ac electrical current with a frequency of a few Hertz 

usually. In tbe steady state and under certain circumstances, the resultant sample 

temperature could be related to its heat capacity by a simple analytical expression 
[3]: 

C{T) = 42fc 
ac 

3-5 
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Somple 

Time 

(la) (1b) 

Fig. 9-1 An illustration ofthe adiabatic calorimetry. 
1 a. A schematic drawing of a set-up. · 
1 b. A representative relation between temperature and time. 

where <lac and Tac are the amplitudes of the heat flux and the sample temperature 
respectively, and w is the frequency of the ac current. A number of conditions 

should be satisfied before eq. 3-5 can be applied. The most important condition 

among all is that the thermal conductance between the heat sink and the 

calorimeter substrate is much smaller than that between the sample and the 

substrate and that of the sample itself. This condition limits considerably the 

application of this method, particularly at low temperatures where the thermal 

conductivity of many materials is very small. 
The relaxation time methad was first reported by Bachmann et al. in 1972 [5], 

and is now one of the most widely used methods below 1 K [2, 3, 6]. As compared to 

the adiabatic or ac method, it has less restrietions on the heat leaks or thermal 

conductances. Furthermore, the principle of the relaxation time method can also be 
applied in other research fields such as the detection of high energy particles etc. 
with a calorimeter as a bolometer. Since the experiments we are going to do are 

mostly carried out below 1 K and the samples involved are often very small in size, 

the relaxation time method was chosen as our measuring method. 
The advantages and disadvantages of different methods at low temperatures 

have been discussed by a number of authors [2-6]. In the following sections we shall 
discuss the relaxation time method in more detail and describe the construction of a 
prototype of a calorimeter working below 1 kelvin. 
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The relaxa.tion time ca.lorimetry 

The principle of the relaxation time metbod can be explained with the help of 

figures 3-2a a.nd 3-2b. 

Initia.lly the sample is heated up to a tempera.ture Tso slightly higher than that 

of a heat reservoir or heat sink, which is kept at a constant temperature Te. The 

heat sink bas a thermal link of heat conductance G with the sample as shown in 

Fig. 3-2a. The heat capacity of the therma.l link is assumed to be zero. When in a 

certain moment t = 0 the heat supply to the sample is cut off, the temperature of 

the sample starts to decrease and approaches that of the heat sink in an exponentia.l 

way shown in Fig. 3-2b. The law of energy conservation gives: 

3-6 

where C8 is the heat capacity of the sample. Assuming a constant Cs and G in the 

temperature interval T80 - Te, we get the solution for T5 from the above differentia.l 

equation: 

Ts = (T5o- Te)exp(-t/r) +Te 3-7 

where r = C5/G is the so-called time constant. The essential trick here in this 

metbod is that through the determination of the quantities rand G, the quantity C8 

Fig. 8-2 

Sample 

(2a) 
o -r 3-r Time 

(2b) 

An illu.stration of the relazation time calorimetry. 
2a. A simplified model of a set-up. 
2b. An illu.strative decay of the sample temperatu.re. 
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can be calculated as: 

3-8 

The time constant r can be determined either graphically through Fig. 3-2 or 

numerically if enough data are collected durlng the decay. The heat conductance G 

could be calculated from the temperature difference T50 - Te and the heat input <is 

needed to sustain the difference as: 

G = <is/(Tso- Te) · 3-9 

While the theory looks simple and nice, care should be taken in realizing the 

metbod experimentally. A detailed discussion will be given in the next section on 

the problems encountered in the realization of a microcalorimeter based on such a 

method. 

The construction of the microcalorimeter 

1 Design criteria 

1.1 Operating range 

The projected temperature operating range is between 0.1 and 1 K. The 

calorimeter is thus to be used in a dilution refrigerator. The working of the 

calorimeter must not lead to a malîunctioning of the refrigerator; in other words, 

the heat supplied to the calorimeter should not exceed the maximum cooling power 

of the refrigerator. At the time the first prototype of the calorimeter was built, only 

a small dilution refrigerator was available whose maximum flow rate is about 

50 p,mol/s. The eperation of the dilution refrigerator requires that the temperature 

of the mixing chamber is not too high, below 150 mK. That sets a limiting cooling 

power about 100 p,W. The dilution refrigerator described in the preceding chapter 

bas almost a ten times laxger cooling power. 

1.2 Heat sink 

The first thing to be designed is a heat sink. lts temperature should be constant 
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during a deca.y of the sample temperature in a. measurement, as being required by 

eq. 3-6 and 3-7. It must easily be regula.ted below 1 K. In principle the mixing 

chamber could be used as a heat sink. But then the highest stabie tempera.ture is 

limited to, below 200 mK. The regulation of the mixing chamber temperature is very 

time consuming, too. A common approach is to introduce a secondary heat sinkof a 

large heat capacity compared with the calorimeter and samples. It has thermallinks 

both to the mixing chamber and the calorimeter and is equipped with a.n electrical 

heater and thermometer for an easy regulation of its temperature. 

The choice of the heat ca.pacity of the heat sink is of direct importance to the 

wor.king temperature range of the calorimeter. Prefera.bly, the heat sink heat 

capacity should not vary too much in this temperature range. In genera!, metals 

have a much larger heat capacity compared to insuiators at low temperatures due to 

the linear temperature term ( cf. eq. 3-3, the 7-term). From literature (see, for 

instance, ref. [3]) we find for the specific heat of pure copper: 

C = '}'T + pra 
= 1.092xlo-s.T + 7.541><1o-7.Ta J/gK 3-10 

for temperatures between 0.4 and 3 K. At 1 K it is 11 JiJ/gram K and below it the 

second term on the right is no longer important. Thus for any sample with a mass 

less than 100 mg, whether metallic or not, the heat capacity of the heat sink of 

10-20 gram copper would be roughly two orders higher at any temperature below 

1K. 

1.3 The ther.mal conductance 

The choice of a ther.mallink between the heat sink and the mixing chamber is a 

rompromise between two factors. For a given heat sink we need a convenient, not 

too large time constant, that is to say, a large heat conductance. With the heat 

sinkat its highest tempera.ture (say 1 K), we need to remain below the maximum 

cooling power of the refrigerator, however. To get a time constant as short as 5 

secouds with a copper heat sink with a mass of 15 gram at T = 1 K, a conductance 

of 3.5x10"5 W/K is needed, as calculated from eq. 3-10 and 3-8. With such a 

conductance, 50 p,W of hea.ting power, which is safe to the refrigerator, can maintain 

a temperature difference of 1.4 K across the ther.mal link, which is just what we 

desired. A copper wire of a few tenth of a millimeter in diameter and a few 

centimeter in length would meet the need. The calcula.ted conductances based on 
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literature value for conductivities lead to the right order of magnitude. However, 

the actual conductance strongly depends on material quality and impurity content 

and must always be experimentally determined. 

1.4 The calorimeter 

The next thing we are going to deal with is the construction of the calorimeter 

itself. Contrary to the heat sink, the calorimeter itself should have a negligible heat 

capacity compared to samples to be measured in order to reach a high resolution 

and precision. The calorimeter is made at least of four components: (1) a sample 

holder or substrate, (2) a heater, (3) a thermometer and (4) a thermallink between 

the sample holder and the heat sink. Naturally, the heat capacity of each of those 

four components must be reduced to a value as low as possible. 

The sample holder is usually made of crystal insuiators such as sapphire or 

silicon slices. The sapphire has a Debye temperature e = 927 K and silicon 645 K; 

their heat capacities are thus in the order of microjoules per keivin for one mole at 1 

K and decreases as T3• The main problems come from the electrical heater and the 

thermometer which will be attached on the sample bolder. Apart from their own 

heat capacities, it is also difficult to obta.in good thermal contact between the 

components. As in the case of the heat sink, the heat conductance of the thermal 

link between the heat sink and the calorimeter substrate is another important factor 

which determines the final working range of the calorimeter. For measuring 

instruments and apparatus available, a time constant of order of 100 seconds will be 

optima!. It proves that noother thermallinkis needed than the necessary electrical 

leads for the heater and the thermometer. Therefore a careful choice of the electrical 

wires should be made not only for their heat conductance but also their heat 

capacity, which should not contribute to the heat capacity of the calorimeter. 

The thermal relations between different components are sketched in Fig. 3-3 

and the discussion above can be formulated by equations 3-13 and 3-14 below. As 

shown in the figure the numbers i, j = 1, 2,· · ·, 8 stand for different objects and the 

quantity G1j represents the conductance between the object i and its neighbour j. 

To achleve a. perfect exponential decay as given in the eq. 3-10, the temperatures of 

objects 1-4 should be equal and decay simultaneously. This requires: 

3-11 
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where Ct =: C1 + C2 + C3 + C4 is the total heat capacity. The sum Ca + C3 + C4 
= Cadd is the so-called addenda heat capacity. Sim.ilar relations hold for the heat 

sink: 

3-12a 

That is to say, the time constant of the heat sink should be much smaller than that 

of the calorimeter, and in addition: 

fa and Qz c: lli . 
Gn G75 Gsa 

3-12b 

2 The construction 

2.1 The substrate 

The top schematic views of a prototype calorimeter with the heat sink are 

shown in figure 3-4. The substrate and the evaporation hea.ter are the sa.me as that 

described by De Vries [7]. The sample holder is a sa.pphire plate of 10 m.m. in 

diameter and 50 p.m. in thickness. A narrow, thin film of chromium is deposited on 

the plate as an electdeal heater. In this way a minimum of mass is used to obtain a 

maximum contact area. Metals as an electrical heater offer the advantage tha.t its 
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resistance is almost entirely determined by the residual resistance which is constant 

below 4 K, thus enabling an easy determination of the heating power. On each end 

of the film line a gold film of size lx2 mm is deposited on it for electrical contacts. 

On the same side another two T-shaped gold films are deposited for thermometer 

contacts. 

2.2 The heat sink 

The heat sinkis made of a Cu ring of mass 16 gram. On the outer side of the 

ring a circular groove is machined for fudng a heater. The heater is made of a piece 

of manganin wire twisted and wound in the groove. To make a good thermal 

grounding for the wiring of the calorimeter, 12 thick copper wires are embedded in 

the ring with epoxy resin (stycast 2850 GT). 

A Ru02 thick film thermometer, type RC-01, is used for measuring the 

temperature of the heat sink. The electrical and the thermal properties of this kind 

of chip thermometers at low temperatures bas been studied by a number of groups 

[8-11]. 
The set-up is suspended below the mixing chamber by four thin stainless steel 

wires and the thermal conductance can be adjusted by adding a copper wire. The 

relaxation time of the heat sink was measured and adjusted to a few seconds below 
1 K. 
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2.3 Calorimeter 1 

The commonly used Speer resistanee thermometers were our starting point of 

making a thermometer for the calorimeter. A Speer 470 0 resistor was cut into 

small bloeks with size of about 2>< 1x0.8 mm and then thinned to about 50 f.Lm thick. 

At the two endsof the pieee thick films of gold (a.bout 1000 Á thick) were deposited 

lea.ving one mm space between the gold films. So far the resistanee of the pieee is 
increased to 3.3 kO at room temperature and 1 MO at 0.1 K. Care has tobetaken 

in handling the Speer pieces since they are rather brittie in this size, and to make 

things worse, the deposited gold films are not tightly bound to the surface of the 

Speer pieces. The piece is then glued to the sapphire sample holder with a small 

amount (~ 0.1 mg) of an epoxy resin (Stycast 1266). 
For this first calorimeter, manganin wires of 50 f.Lm diameter were used for the 

electrical connections between the heat sink and the calorimeter. They were 

soldered with Wood's roetal onto the gold surfaces of the heater and thermometer. 

Superconducting Niomax wires were used above the heat sink. 

2.4 Calorimeter 2 

A variation of the calorimeter 1 was also built. The differences are in the 

thermometers used and electdeal wires between the calorimeter and the heat sink. 

A Philips thick film thermometer(Ru02, type RC-01) of 3.9 kO at room 

temperature was cut into a small slice of size about 3><0.2x0.1 mm (LxWxH) and 

then fixed with stycast 1266 on a sapphire substrate. The heater was the same as 

before. The electrical wires used this time were ~50 f.LID Niomax wires. A tiny 

amount of tin/lead solder was used in soldering the wires. 

Results and discussion 

1 The measurement set-up 

The resistance thermometers were read out by an "Oxford Instruments 

Resistance Thermometer Bridge". The deeay signa.! from the resistance bridge is 

recorded to analyze the time constant The voltages of the heaters were measured 

by standard voltmeters such as "HP 3440 digita.l voltmeter" and "Keithley 197 
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autoranging microvolt digital multimeters". 

Special care bas to be taken for the power circuit of the heater on the sample 

substrate, since the substrate is sensitive to heat pulses of the order of a picowatt. 
The four 100 kfl resistors shown in Fig. 3-5 are attached on the 1 K plate of the 

dilution refrigerator to provide an attenuation of possible high frequency piek-up 

signals. The dissipated heat is thus transferred to the 1 K plate. 

A battery was used for the power supply of the substrate heater, while a. "Delta 

Electrica.l Dual Power Supply E018-0.6D11 with an "opto-coupler" serves as a 
current modulator. In order to suppress electrical pulses a relay switch was used to 

control the on-off action of the heater. The scheme of the circuit is shown also in 

Fig. 3-5. 

The whole set-up was shielded from the tbermal radiation from the vacuum 

chamber ( whicb is at 4.2 K) with a copper shield which is grounded at the mixing 

chamber. Fig. 3-6 shows schematically the measuring set-up. 

4 

Fig. 9-5 The power and meaS'Uring circuit ofthe calorimeter. The numbers stand 
for the following objects: 1. a 100 kn resistor; ~. an opto-coupler; 
9. a relay-switch; 4. a battery; 5. aresistor of a resistance of a few kfl. 
6. The electrical heater of the substrate. 
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The schematic drawing of the experimental set-up. 

2 The measuring methad 

As a starting step, the time constant 7 was determined graphically with the 

help of a resistance bridge and a x-t recorder (type BD41, made by Kipp & Zonen, 

Holland). Fig. 3-7 shows an actual recorded decay of temperature as a. function of 

time, which is taken from a.n experiment described in chapter 4 of this thesis. 

Na.turally, it would be much easier to use computer sampling of the data 

(temperature a.nd time) during the decay a.nd computing 7 afterwards. This will be 

discussed later. As shown in Fig. 3-7, the time constant 7 was taken at a point 

where the temperature drop (T30 - T5) is equal to 63.21% ( = 1- e-1, cf. eq. 3-7 a.nd 

Fig. 3-7) of the total temperature deca.y amplitude Ll T = (T80 - Te)· The accuracy 

of the time constant 7 thus obtained was usually within a few percent. The ratio of 

AT to Te was kept less tha.n 5% at all temperatures. The excita.tion power of the 

thermometer was always kept as low as possible. The heat conductance G25 was 

computed with eq. 3-9 by measuring Ll T a.nd the heat flux êls· Within one 

measuring series G25 was fitted as a power function of temperature. The fitted 

G25(T) function was then used to compute the heat conducta.nce. This procedure 

can save a lot of time if the measurements are to be repeated for several times. 
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/ 
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Fig. 9-7 A typical decay ofthe sample temperature1 taken from an experiment 
described in Chapter ,f. The decay time constantris also indicated. The 
temperature Ts(r) is determined as Ts(r) = T50 - 0.69!1T1 see text. 

The thermometers of calorimeter 1 and 2 were calibrated a.gainst a Speer 
resistance thermometer (•) which was in turn calibrated against a NBS Fixed Point 
Device. Fig. 3-8 shows the calibration graphs of the two thermometers. The fitting 
result for the thick film thermometer of calorimeter 2 are given by: 

T = 3.4,.10sR-2 + 2.9 .. 104R·t- 0.88 + 1.0,.10-sR- 4.4"10-11R2 3-13a 

( for T < 1 K) and 
T = 2.9 .. 1Q10R-2- 5.lxl06R·t + 350 -l.b10-2R- 1.2xlo-7R2 3-13b 

(for 1 < T < 4.2 K) 

where R is the measured resistance. The accuracies of the a.bove two equations are 
within 1 and 2% respectively. 

Considering all other uncerta.inties in the measurement, the final precision of 

the heat capacity Cs can be a.ssumed to be better than 10%. 

* This calibrated thermometer was kindly pro'llided by dr. J. Zeegers, Faculty of 
Physics, Eindhoven University of Technology. 
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The calibration curves ofthe two thermometers ofthe calorimeters. 

The results of the heat capacity measurements of the two calorimeters are 

given in figure 3-9. Also the measured heat capacities of 1 mg Apiezon N grease are 

given in this figure. 

The estimated contributions to the addenda heat capacity from the heater, the 

gold film cantacts and the sample substrate itself are of the order of magnitude of 

10-10 J /K below 1 K. The measured heat capacity below 1 K including the 

thermometer is, however, two orders higher. This shows how important it is to 

reduce the heat capacity of the thermometer. The heat capacity of calorimeter 2 is 

2-3 times higher than that of calorimeter 1 at temperatures above 0.5 K but is 

considerably lower below 0.5 K. This makes calorimeter 1 less favourable in 

comparison to calorimeter 2. The peak at low temperature in CP might be 

associa.ted with the manganin wires [12] and/or the chromium film heaters of the 

substrates. Both Mn and Cr are magnetic elements which have high heat capacity 

from magnetic contributions typically in this temperature range. 

A sample of cadmium of 99.95% purity, weight 93.8 mg has been measured 

with calorimeter 2 in order to test the calorimeter. Cadmium becomes 
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Fig. 3-9 The heat capacities as a function of temperat-ure ofthe Calorimeter 2, 
a.nd Calorimeter 2 +Calorimeter 1. The heat capacities of 1 mg Apiezon N grease 
a.re also shown. 

superconducting at a critical temperature Tc in the range of 500-650 mK depending 

on sample qualities. There is also a spread in the parameters {3 and 'Y· The Debye 

temperature e calculated from the {3 values lies in the range of 188 to 300 K, while 

the quantity 'Y in the range of 628 to 712 p.Jfmol·K2 [3, 13]. The experimental 

results are shown in Fig. 3-10. 

From our measurements the quantities e and Tc are calculated; this gives 

e = 201 K and Tc= 533 mK respectively. These values are well comparable with 

e = 209 K, Tc = 560 mK given by Kittel [14] and e = 204 :t: 3 K by Martin [13]. 
We therefore conclude that the present eonfiguration of the calorimeter is a realistic 

one and can be used for measurements for samples with a heat capacity in the order 

of microjoules per kelvin below 1 K. Of course, the present configuration is still 

subject to further improvements. 
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Fig. 3-10 The measured specific heat of cadmium between 0.1 and 1 K. The solid 
line is for visual purpose only; the dashed line is taken from the 
ref. 13. 

4 Discussions 

4.1 The r 2 effect 

Several effects may give rise to inaccurate mea.surements. One of them is the 

so-called "r2 effect" which ca.uses deviations from the idea.l exponential decay. Two 

contributions to the r 2 effect can be observed. One is ca.used by poor Uiermal 

conductance of the sample itself and the other by a poor thermal bond between the 

sample and the substrate. The effect is characterized by a sharp initial drop in 

temperature foliowed by a normal decay. Usually the effect is visible on the 

recorded deca.y graph but a simple ln(L\T)-time plot verifies it more accurately. 

Both cases have been treated analytically by Bachmann et al. [5]. For small samples 

the r 2 effect is often caused by a poor thermal bond between sample and substrate. 

Shepherd [15} bas given a simple approximation for this case. The relation 3-7 is 

corrected for the r 2 effect and replaced by: 
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3-14 

where a1 and ~ are decay amplitudes and their sum (a1 + a2) is the total decay 

amplitude (T50 - Te) = (a1 + a2). The total heat capacity Ct is, according to 
Shepherd, equal to: 

3-15 

For small1'2 effect Ct can be approximated by: 

3-16 

without introducing an appreciable error. Note that eq. 3-16 involves no 1'2• 

Fig. 3-lla and 3-llb show an observed decay involving r 2 decay. The figure is 

taken from an experiment performed with calorimeter 2 for an antiferromagnetic 
salt. 

4.2 Heat leaks 

Experiments show that there is always a temperature difference between the 

heat sink and the calorimeter. The calorimeter is always warmer by stray heat leaks 

from various sources. It is of vital importance to have a constant base temperature 

for an accurate measurement of r. If the temperature difference is constant, i.e, a 

constant stray heat input, no error will be observed in the measurement. The only 

thing changed is the quantity Te, the temperature of the heat sink, in eq. 3-7 and 

3-14. It can be replaced by the ending temperature of the decay. lf that temperature 
difference varles duringa deca.y, eq. 3-7 or 3-14 holds no longer. Possible stray heat 

sourees are the thermal radiations from the 4.2 K vacuum chamber, high frequency 

electrical coupling between the wires and the energy dissipated by mechanica! 

vibrations caused by pumps etc. It is very important to shield off this radiation to 
achleve a low werking temperature limit, as the heat conductance G2 in the 

eperating temperature range is usually of the order of 10 n W jK. The black body 

thermal radiation from 4.2 K to a temperature below 1 K received by the sapphire 

substrate could possibly amount to 1 nW. 

The radiation heat leak is nevertheless constant during a decay. At most it 

raises the lower limit of the working temperature range, whereas the heat leaks 
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The observed small r2 effect in the decay. 
11a. An actual decay with a small T2 effect, taken from an 

experiment described in Chapter 5. 
11b. The ln[(T5-TeJ/K}-time plot. A sharp change in the slope of 

the curve is clearly seen. 
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caused by electrical coupling and mechanica! vibrations are far more serious. They 

are usually irregular and may spoil the whole measurement. The error caused by 
f 

electrical couplings can only be reduced by a better shielded wiring or circuit. If the 

calorimeter is suspended only on the four electrical wires, the mechanica! vibration 

can be so strong that no stabie temperatures can be obtained. The vibrations can be 

reduced to a substantial extent by suspending the substrate on two stressed cotton 

or nylon threads. 

4.3 The heat conductance G25 

The cotton or nylon wires can help a great deal in damping the mechanica! 

vibrations. But on the other hand, it introduces also additional uncertainty in the 

determination of the heat conductance G25• Fig. 3-12 shows the results of the 

measured G25 values for several series of experiments with calorimeter 2. 

The spread in the data is probably caused by the nylon damping wire. The 

5x10-a 

Fig. 9-12 

0.5 1 

T [K] 

The heat conductance G2, between the subatrate and the heatsinkof 
the calorimeter 2, plottui as a function oftemperature as aresultsof a 
number ofmeasurement series. 
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thermal contact between the nylon wire and the substrate could not be made 

identical for different experiments or thermal cycles, due to the fact that the 

position of the substrate on the nylon wire was different for different measuring 

series. Also the fact that during each sample-mounting process the nylon wire was 

contaminated by thermal bonding agents to very different extent is an important 

factor that changes G25. Nevertheless, there were no systematical deviation in G25 

in one series of measurement. An important condusion that can be drawn here is 

that the heat conductance G25 should be measured each time for a new series of 

measurement. 

The bonding agents between the sample and the substrate are usually GE 7031 

varnish or Apiezon N grease. There are no apparent advantages of using one or 

another at temperatures between 1 and 0.1 K. The former has a conductivity which 

is several times higher than the latter but its heat capacity is larger below 0.5 K 

[16, 17]. GE 7031 varnish assures a more rigid conneetion but Apiezon N grease is 

easier for mounting or removing a sample. Using GE 7031 involves the use of 

alcohol or its solutions. This must be taken into account when measuring a material 

which might interact chemically with alcohol. It should be mentioned that below 

0.5 K a boundary thermal resistance at an interface between different matenals is 

more important than that of the bonding agent, according the study of Anderson 

and Peterson [18]. 

5 Further developments 

As was mentioned before, the automation of the maasurement with a computer 

in the measuring process may increase the efficiency of the experiments. 

Computer-controlled calorimeters for low temperature a.pplications have been 

reported by several groups [2, 19, 20]. Some effort has been made for the present 

calorimeter in such a direction. A computer program has been worked out which is 

adapted to the hardware netwerk ("Local Area Network") currently employed in 

the Faculty of Physics of Eindhoven Univarsity of Technology. A personal computer 

{PC) was used as a terminal in the laboratory and coupled to the network. Initial 

success has been achieved for automated eperating at temperatures above 0.5 K. 

Below 0.5 K the measuring circuit became seriously affected by the computer 

netwerk. Electrical disturbances from various sourees such as the high frequency 

clock (16 MHz) of the interface between the PC and the netwerk were too streng for 

the automated measurements to be carried out. Various measures have been taken 
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to suppress the disturbances but have succeeded only partly. The automated 

experiments below 0.3 K are still not accepta.ble. It seems to be tha.t the 

disturbances are intrinsica.lly coupled to the mea.suring circuit and ca.n not be 

avoided. Fig. 3-13 a.nd 3-14 give an impression of how the data sampling signals 

interrupt the decay. 

In principle the calorimeter can be converted into an energy (pa.rticle) detector 

[21, 22, 23]. A necessary condition is tha.t the addenda heat capa.city should be made 

as small as possible. In order to detect efficiently the energies of the order of a few 

hundred eV the addenda heat ca.pacity is required to be as low as 1 pW /K. The 

present set-up of the calorimeter is not suita.ble for such a purpose even at the 

lowest temperatures. 

Along with the development of the semiconductor technology, it is now possible 

to use doped semiconductors as temperature sensor as well as heater. Thus it is 

possible to integrate the substrate and the thermometer and/or heater tagether as a 

whole object. In this way the addenda heat capacity can be substantially reduced 

[21, 24, 25]. In chapter 6 the feasibility of this method will be further studied. 
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Chapter 4 

Low temperature specific heat 
of the high-Tc superconductor Bi2Sr2CaCu2Ü 1* 

Introduetion 

The discovery of superconductivity by Kamerlingh Onnes in Leiden in 1911 bas 

engendered a great scientific excitation both about its physical nature and its 

potential practical applications. It was not until 1957, almost half a century later, 

that Bardeen, Cooper and Schrieffer proposed a later generally accepted theory at a 

microscopie level (BCS theory called conventionally). 

The interest in superconductivity was strongly boosted again in 1986 when a 

new class of superconductors was found by Bednorz and Müller [1}. The new 

superconductor is a complex oxide compound of lanthanum, barium and ropper 

Lau5Ba0•15Cu04 with a critica! temperature around 30 K. In a worldwide research 

wave in superconductivity, a series of new superconductors was subsequently found, 

typically Lau5Sr0•15Cu04, YBa2Cua0 7 and Bi2CaSr2Cu20 8 etc, with critica! 

temperatures well above the liquid nitrogen temperature (77 K). 

The new superconductors (high-Te superconductors) put forward a serieus 

question on the validity of the BCS theory. A research on the various properties has 

then begun and raised many questions as well as many new theories concerning the 

mechanism of the high-Te superconductor. One of the elementary techniques totest 

the theory is the measurement of the specific heat at low temperatures. In addition, 

this will give important information on the material properties. 
In the following sections, experimental results on the low temperature specific 

heat (LTSH) of a Bi-based superconductor Bi-Sr-Ca-Cu-0 in the temperature 

range of 0.1-1.0 K will be given, and their implications will be discussed. 

Theoretica! considerations 

In this section, a brief discussion will be given on what kind of calorimetrie 

properties we would expect of high-Te superconductors at low temperatures by 

comparison with the traditional superconductor and the "classical" BCS theory. 

* This chapter is an extended version ofthe report published as ref 8. 
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Also some other effects tha.t might be encountered at low temperatures will be 
considered. We shall not, however, go deep into the theories but rather just see their 

consequences on the LTSH. 

Conventional superconductors show a sharp jump intheir specific heat at their 

critica! temperature Tc, revealing that a superconducting state is a more ordered 

state than a resistive state. The BCS theory assumes that electrons can form bound 

pairs via attractive phonon interactions below the critica! temperature. The paired 

electrens have a total energy lower by an amount 2~ compared to that of two 

unpaired electrons. These electron pairs in the superconducting state contribute a 

ground state in which no dissipation of energy occurs in the electrical transport. The 

pair mechanism results an energy gap 2~ at the Fermi level in the electronic 

density of states. 

The energy gap 2~ appears at Tc and increa.ses rapidly to a constant as the 

temperature drops to zero. The effect of the gap on the electronk specific heat in a 

superconducting state is the disappearance of the linear temperature term from the 

electtonic specific heat (cf. Chapter 3, eq. 3-1). Instead, the electtonic specific heat 

decreases exponentially below Tc as (For an illustration see, for instance, ref. 4 p. 

327): 

Cel= a exp(-b~/T) 4-1 

where a and b are constants. This is also what is experimentally observed. 

A specific heat jump at the critica! temperature of high-Te superconductors 

was found generally, although the jump is not sharp [5]. Should the high-Te 

superconductors be BCS-like superconductors, the linear temperature term would 

not be observed at low temperatures. However, most LTSH experiments reported on 

the high-Te superconductor, such as YBa2Cu30 7 and Lau5Sr0•15Cu04, found a 

linear T-dependence of C [5]. There is an ongoing debate on whether or not this 

linear term is an inttinsic property of the high-Te superconductors. Interpretation 

of the data is often complicated due to the presence of magnetic moments from the 

rare earth elements and of non-superconducting compounds in the sample. The 

superconductins Bi2Sr2CaCu20 8 contains no rare earth elements and no element Ba. 

Ba-compounds, present as impurity phases in YBaCuO-systems, are thought to be 

at least partly responsible for a linear term. Thus Bi2Sr2CaCu20 8 presented a 

chance to check whether or not the presence of the rare earth elements play a role in 

the measured 1'f term. 
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It must noted that the electronk specific heat is not the only origin of the 

linea.r temperature term. Disordered materia.ls can be modelled as consisting of a 

coneetion of two level systems. Such systems are ca.lled two level tunneling systems 

(TLS) [3], since transition between the two levels can occur through tunneling. The 

energy difference between the levels in this case is not necessarily constant. When a 

uniform distribution of level spa.cings is assumed up to some maximum, it can be 

shown that a TLS bas the same behaviour in the specific heat as have free electrons. 

Of interest is it a.lso that some new roodels for high-Te superconductivity such 

as Resonating Valenee Bond (RVB) [6} prediets a. linear tempera.ture term in the 

specific heat. 

Apart from the linear terms, still many other effects may be observed, however, 

at temperatures below 1 K, which may overshadow the linear term and complica.te 

data ana.lysis. The best known of such effects are the Schottky anoma.lies. They 

result from the presence of independent entities with two or more discrete energy 

levels, separa.ted by a distance ók:B (kB the Boltzrnann constant). The exact 

expression for the molar specific heat for a two level system, with degeneracy g0 and 
g1 respectively is ( cf. ref. 2 p. 103): 

4-2 

with R the molar gas constant. When ó < T, Csch is approximately proportiona.l to 

T-2• Often ó is so sma.ll that only the T·2 region is experimenta.lly accessible. This is 

usua.lly relerred to as the Schottky high temperatuxe tail. 

There are two main origine responsible for the existence of systems of discrete 

levels in solids. The first case is the presence of pure magnetic ions in dilute 

concentra.tions with spin-degenera.te energy levels. The second case arises from a 

nuclea.r magnetic moment. Also in this case, the splitting of the nuclear energy 

levelscan be caused by magnetic or electric fields. 

Expe:rim.ental Set-up and Metbod 

The heat capacity of the samples was measuxed by the relaxation time metbod 

and the microcalorimeter 2 as described in chapter 3 of this thesis. The bonding 

agent between the sample and the calorimeter substrate was GE 7031 va.rnish. The 
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wholeset-up is suspended below the mbdng chamber inside the vacuum. chamber, as 

that shown in ehapter 3, Fig. 3-6. During the precooling process helium gas was 

always introduced as contact gas inside the vacuum chamber, whereas it was 

maintained vacuum at ~ 2>< 10·6 mbar during the measurements. 

The sample measured was a 90 K superconductor as was concluded from 

resistance and susceptibility measurements t. The compound was prepared by 

sintering at 870 °e in an atmosphere of oxygen gas. The sample then underwent a 

zone melting process after sintering, and was annealed at 870 oe for 24 hours. After 

quenching in liquid nitrogen, the sample is in a compact state with a density of 

more than 80% of the theoretica! value. The nomina! composition as checked with 

X-ray diffraction was Bi2Sr2CaCu20x, consistent with the observed Tc of 90 K. A 

flat piece of sample of weight 351 mg was prepared by cutting from the original 

product. The thickness of the sample is less than 1 mm and one side was polisbed to 

ascertain a good contact with the calorimeter substrate. After the measurements 

this piece was broken into smaller pieces and the measurements were repeated with 

two of the smaller pieces of weights: 120 mg and 22 mg respectively. The specific 

heats of these three samples agree well within the experimental accuracy in spite of 

the very large span of the sample weights. The heaviest sample was only measured 

down to 0.5 K because of its prolonged relaxation times at lower temperatures. 

Only decays free of apparent disturbances from vibrational or electrical sourees 

were selected for calculating the heat capacity. The r 2 effects were not observed 

over the entire measured temperature range for all the three samples. The decay 

time constant was obtained in the way given in chapter 3 (cf. Fig. 3-7). 

The molar heat capacity of the sample was obtained by taking the 

stoichiometrie composition of the compound as Bi2Sr2CaCu20 8 for which a molar 

weight is 888.37 gram. Of course, the addenda heat capacity was subtracted from 

the total heat capacity before calculating the sample specific heat. The addenda 

heat capacity was less than 5% of the total heat capacity over the whole 

temperature range of the measurements. 

Results 

The raw data are shown in Fig. 4-1. A. somewhat unexpected temperature 

dependenee of C, the specific heat of the samples, can be seen. The data in the 

tempera.ture range of 0.2 K to 1 K looks more or less like a. constant apart from 

t The samples were prepared and provided by dr. ir. V.A.M. Brabers. 
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The measured specific data ofthe Bi-compound in the temperature 
range 0.1-1 K. Also the results ofCollocott et al. {7}in this 
temperature range are plotted {The dashed line, calculated jrom eq. 5 of 
ref. 7} for comparison. 

random fluctuations. A strong upturn of C below 0.2 K is clear. The a.ccuracy of the 
data is estimated to be better than 10%. For comparison, in Fig. 4-1 also the data 

of Collocott et al. [7] above 0.4 K are plotted, which were the only data available 

when the present data were taken. A comparison with the recent data of other 
groups will be given inthelast paragraph. In this paragraph, we try to find a. best 

empirica! fit to the data. We will fit, however, only with a combination of 
temperature dependenties, each of which has a direct physical interpretation as 

discussed in the preceding paragraphs. In the last paragraph, we willinterpret and 
further discuss the results. 

In attempting to analyze our data, we start with a conventional metbod by 

fitting the specific heat data into the formula: 

4-3 

where Cm is the measured specific heat, aT·2 represents a possible Schottky high 

temperature tail to account for the streng upturn at the lower end of the 

temperature range, [fr3 stands for the well-known lattice contribution, ')'T is the 
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F Cm .ó.C a {3 1 q AT 

1 
l 

+ - I 0.53 - 22 0.1 - 0.5 

2 + - 1.10 - 13 0.5-1.0 

3 + - 0.60 - 1 0.56 0.1- 1.0 

4 - + 0.57 - 1.50 0.1- 1.0 
; 

5 - + 0.62 - 1.50 0.50 0.1- 1.0 

6 - + 0.629 3.55 -0.583 0.50 0.1- 1.0 

7 + - 0.592 -8.84 21.12 0.54 0.1- 1.0 

8 + - 0.64 20.7 - 0.81 0.1- 1.0 

9 - + 0.628 2.734 - • 0.50 1 o.1 - 1.0 

10 - ++ 0.629 2.232 ~0.50 0.1- 1.0 

11 - I ++ 2.603 0. 0.50 0.1- 1.0 

Table 4-1 The resv.lts ofthe data fittings. The qu.antity Cm is the specific heat of 
sample1 .ó.C represents the diJ/erenee Cm-Csch1 where C~ch is the 
Schottky anomaly (see text)1 u stands for the standard tiemation ofthe 
fitting results. The sign ( +) means that this parameter was 'IJ.Sed in the 
fitting procedure whereas (-) not used. Fits 10 & 11 were obtained with 
a different Csch (see text). The units ofthe parameters are the same as 
in the text. 

I 

possible linear tempera.ture term a.nd êC is the residua.l of the fit. By minimizing the 

sum of the êC over all measured data we obtained the factors a, 1 a.nd {3. Table 4-1 

summarizes the results using the method. 

In fits 1 - 3 in the table the lattice contribution f3T3 was omitted. Fits 1 and 2 

are taken from a.n earlier report [8] of this experiment. Fits 1 - 3 show large 

systematic deviation either in the ends or in the middle of the temperature range 

( cf. ref. 8 Fig 2). Fit 7 includes the lattice term {3T3 as in the form of eq. 4-3 but 

generates a large negative value of {3. It is physically impossible a.nd therefore other 

solutions should be fonnd. 

It was very inspiring that Collocott et al. [7J tried a full Schottky a.nomaly in 

their fits instead of a high temperature tail. They fonnd a Schottky anomaly as: 
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4-4 

where r = 46.6 mJfmolK represents the magnitude of the anomaly, 6 = 1.45 K is 
the level splitting, and the factor 2 is the degeneracy ratio g0/g1 given in the 
eq. 4-2. Upon observing that their data below 1 K are in fair agreement with ours, 

we add an another term: Csch (given by eq. 4-4) into eq. 4-3: 

4-5 

In order to find a best fit we set either the term ')'T or {fr3 or Csch to zero. The 

results arealso given in Table 4-1. Fora visual comparison, fits 3, 5, 7, 8, 9, 11 and 

experimental data aredrawn in Fig. 4-2. 

It is clear from the Table 4-1 and Fig. 4-2 that the introduetion of the Csch 
term greatly improves the fitting, whereas from fits 5 and 9 it ·fellows that an 

equally good fit is obtained by either ignoring 1 or (J. Physically however, there is 

no justification for ignoring (J as it is the lattice term, nevertheless, there is no a 

priori theoretica! reason for a finite 1 to exist. 
Note that in the above expressions Csch is used with the same parameters as 

Collocott. As a matter of fact, when the level splitting factor 6 in the Csch is in 
increased from 1.45 to 1.50 K, fit 10 produces a same a factor and standard 

deviation as in fits 5, 6 and 9, while we have (J = 2.232 mJfK4mol and 1 = 

0.233 mJ /K2mol, a small but positive number. Oomparing Fit 5 and Fit 10, we 
know that by a.djusting ó between 1.45 and 1.50 K we may get a zero 1· And indeed 

a zero 1 in the fit 11 is obtained by setting 6 = 1.486 K and the resulting a= 0.629 

mJK/mol, (J = 2.603 mJ/K4mol. The above procedure in which the factor ó is 
deliberately cbanged to search for a zero 1 is justified by analyzing the standard 
deviations in the fits. 

An analysis of the standard deviation of all fits shows that the fits with Csch 
are always better than those without it. And varying ó from 1.0 to 2.0 K, as shown 

in Fig. 4-3 & 4-4, reveals that the standard deviation bas a minimum indeed of 

about 0.50 mJfKmol. The value for the coefficients 1 and (J have physical meanings, 

however, only in the ó range of 1.486 to 1.587 K, since beyond this range either 1 or 

(J is negative. In this range the standard deviation decreases as ó decreases and 

therefore the best fit, compatible with physical constraints is the one with 1 = 0, or 
fit 11. In Fig. 4-3 also the fits without (J or 1 are given. We see that their standard 
deviations are higher than the fits including both of them. The minimum of the fits 



54 

~ ...... 
~ 

.......... 50 
J s 

-IJ 
(0 
(I) 
.t::. 

(..) ...... 
"!-...... 
(..) 
(I) 
Cl. 
en 

~ ..... 
0 
E 

.......... 
J 
E 

en 
-IJ 
(0 
(I) 

.t::. 
(..) ...... 
'I-...... 
(..) 
Q) 

Cl. en 

50 

0 
0 

(2a) 

I 
I 
I 

' I 
I 
I 
b 
I 
\ 

~ 
al 

'), 

Chapter jour 

0.5 1 

Temperature 

---Fit 
······ Fit 

K 

1.5 

...... Fit 5 
---Fit 3 

7 
11 

... 

a'l 
~ ----

2 

~ ----
f~r,..,m.._9_ .. :.:~:.li..".!:..!.~'IIIJ!::.::..".:.~-9,.. .... :--,ç;'i,.-.. ::::l! .............. . 

0.5 1 

(2b) Temperature K 



~ ..... 
0 
E 

........ 
""';) 
E 

50 
CD 
~ 
co 
CD 
.c. 
(.) 

•1"1 -·1"1 
(.) 
CD 
c. 
U) 

0 
0 

~ ..... 
0 
E 

........ 
""';) 
E 

50 
CD 
~ 
co 
CD 
.c. 
(.) 

•1"1 -•1"1 
(.) 
CD 
a. 
(IJ 

0 
0 

Fig. 4-2 

I 
I 
I 
I 

Low temperature specific heat of· · · 

.. ---Fit 8 
· ····· Fit 9 ' 

\ 

I 
I 
l 
p 
I 
\ 

\ / .. , / ' .... 
a~ ,,' 

\ ,, 
'- ..,, 
~~·-&\ .• ~ ..... ,. .. e.ra. Jiall!'· .. -... 'cPG""'!;.:.lff'"..F';. ...... "'· ............. . 

........... .".-

'-~---------------' 

0.5 1 

(2c) Temperature K 

\ 
---Fit 5 
.. .... Fit 9 

af 
\ .... 
\.... ... g ·-.".....~-.~!i~.--...!',.-.., .............................. . __ :o.... • a-- ....- ----------

0.5 1 

{2d) Temperature K 

A comparison of data and fits. The squares are the original data. 
2a. Fit 7 and 11; 2b. Fit 5 and 3; 
2c. Fit 8 and 9; 2d. Fit 5 and 9. 

55 



56 

u -0 

> w 
0 

'C 
t:: 
1'0 
+' en 

Fig. 4-3 

0.6 

0.55 

0.5 

Chapter Jour 

\ 
\ 
\ 
\ 

\ 
\ 
\ 
\ 

\ 
\ 
\ . \· . . . . . 

1 

1t 

' \ \ 
" ' \ 

\ 
\ 

' ' ... . ' .......... . ~~~,. .. 
..x* 

1.5 

Delta 

: 
iè . • , 

... / : , 
1' .. : , 

,/ ;I .· , : ,. 
)C ., .·· ,~ 

.. xL. 

2 

The standard deviation q of the fits as a fu,nction of the splitting factor ó. 
The analysis is based on the Fit 5 {The dashed line), 9 {The dotted line) 
and 11 {The solid line) respectively. 

with Pis somewhat lower than the fits with 7· The slight differences and almast the 

same dependenee of the standard deviation on ó among all fits show how difficult it 

is to decide whether the 7T term exists or not. 

Varying the magnitude of the Schottky anomaly Csch introduces changes in the 

fitting results of course. Figures 4-5 and 4,..6 show the consequences of the variation. 

In the two figures the magnitude is normalized to the one given by the eqn 4-5. In 
Fig. 4-6 we see that the standard deviation reduces with the increase of the 

magnitude of the Csch (which is normalized to the one given by eq. 4-4). But the 

linear term beoomes negative above one therefore the magnitude found by Collocott 

et al. [7] is coincidentally the best one for our fits. 

The residual analysis of the fit 11 is shown in Fig. 4-7. A random distribution 

of the residual was obtained. At temperatures below 0.2 K the residual is much 

larger than at higher temperatures. It does not mean that the fit is poorer here since 

the specific heat is also much larger here. The relative residual remains small. 
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The coefficients a, /3 and 'Y as a function ofthe splitting factor ó. a, /3 
and 'Y are in units ofmJKjmol, mJjmolK4 and mJjmoll.(l respectively. 

The extrapolation of the fit 11 to higher temperatures is given in Fig. 4-8, 

where two other lines are also shown. One of the line was calculated from the fit of 
Collocott et al. [7] obtained at 2-10 K. The other line has been measured with a 

slightly different prepared sample (without zone melting process) [9]. The 

extrapolation in the temperature range is about 10-15% higher than the other two 

lines since we have obtained a larger /3. 

Discussion 

1.1 The "'fT term 

From the empirical fits it is convincingly shown that there are two important 

contributions to the specific heat below 1 K: an aT·2 term, dominating below 0.2 K 

and a Schottky anomaly with splitting factor ó R: 1.5 K. Other possible terms, "'fT 
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The residual analysis ofthe Fit 11. The residual is dejined as 
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catculateif from Fit 11 at the same temperature. 

and {:JT3, are included in the fits. Their contributions are only of the order of 10% of . 

the data at most and oomparabie to the scatter in the data. The values obtained for 

1 and {J should therefore not be regarded as too significant. What can be concluded 

is that 1 certainly is small, less than 1.5 mJ fmolK2, but the data are consistent 

with a zero 1· This condusion is consistent with literature too. Experiments at high 

temperatl,lfes (T > 2 K) where the linear term is small compared with the lattice 

term, yield no evidence for a finite 'Y [10, 11, 12, 13, 14]. At low temperatures, where 

the 'Y term is more pronounced compared to the lattice term, the possible 'Y term is 

obscured by the Schottky anomaly and aT·2 term. The low T experiments therefore 

cannot rule out the existence of a finite 'Y [7, 15, 16, 17]. The strongest claimfora 

non-zero 1 came from Collocott et al. [7], from experiments down to 0.4 K. They 

omitted however the aT·2 term found in the present work. A close inspeetion of the 

analysis of Collocott et al. [7] shows that a much smaller 'Y was obtained by just 

raising the lower temperature limit for the fits from 0.4 to 0. 7 K, which yielded also 

a better fit as they have noted. The impravement may just result from the much 

smaller influence of the afT2 term. It is reasonable to believe that if Collocott et al. 
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had fitted their data with the presence of Csch at even higher temperatures or with 

both a Csch and a afT2, they would have obtained an even smaller or vs.nishing '}'T 

term. 

1.2 The [!r3 term or the Debye temperature 6 

To calculate .the Debye tempera.ture e we need to use eq. 3-2 of Chapter 3. For 

a crystal which contains n elements per unit cell, e is: 

e _ (12nR-;r4)tl3 
- 5/1 4-6 

where R is the gas constant. For Bi2Sr2Ca.Cu20 8 we have n = 15. By taking {3 = 
2.60 mJ/K4mol from fit 11 (at which 7 = 0) we get e = 224 K. This value lies in 

the lower range of values reported in the literature [5, 7, 10, 12, 15-17]. In spite of 

the fact that · the la.ttice term contributes only a little to the specific heat in our 
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temperature range ( < 10% for T < 1 K), it is remarkable that the value obtained 

from our best fit is within 10% to that obtained by others. Collocott and Driver 

founq [7, 17] e = 253 :1: 7 K and 'Y varies from 10.8 to 0 mJ/K2mol for various 

Bi-based compound whereas Caspary et al. [15, 16] found 'Y < 1 mJfK2mol and 

e = 237 K. Bischof et al. [12] found e = 230 ± 5 K and a negligible 'Y for 

BiCaSrCu20x in the temperature range 2.5-300 K and Fisher et al. found 9 ::;$ 250 K 

for a temperature range 3-12 K [10]. 
The scatter in the literature values is caused, to a significant extent, by the 

metbod of interpretation of the data: dispersion of the pbonon frequencies leads to 

deviations from the T3-Jaw already at temperatures as low as a few kelvin. Of 

particular interest is a comparison with the e value of Van der Pol [9], and the 

present data for e ( cf. Fig.4-ll ). Both samples were made in the same laboratory 

and similarly prepared. The only difference is that the present sample had 

undergone an additional zone melting procedure, yielding a more compact material. 

The macroscopie compactness of the material does not effect the microscopie 

structural properties such as the pbonon dispersion, which is plausible. 

1.3 The Schottky anomalies 

The uniqueness of our analysis is that we used simultaneously a a.fT2 term and 

a full Schottky anomaly. The equation 4-5 used by Collooott et al. [7] to account for 

their low temperature Cp/T data has its maximum at 0.60 K with a magnitude of 

11.2 mJK·1moi·1• At both sides of the maximum there are oompensating factors: the 

a.T·2 term at the lower and the f3T3 term at the higher temperature side. This 

explains why we observed a near constant Cm in such a broad temperature range. 

The mere presence of the Schottky anomaly is perhapsnot too significant, as it may 

in general be attributed to impurity effects. What is relevant, however, is that the 

anomaly found by Collocott et al. applies almost precisely, both in position and 

magnitude, for a oompletely independent sample. The anomaly is very broad, its 

position (i.e. the level splitting ó) therefore cannot accurately be determined. In 

fact, in later works [17] Collocott et al. obtained an equally good fit with somewhat 

different parameters (ó = 2.0 K instead of 1.5 K and degeneracy ratio 4 instead of 

2). The equal magnitude in both cases, however, implies that the number density of 

entities causing the anomaly is equal in the two cases. This points to an intrinsic 

effect. Other works [11, 15, 17] have associa.ted it with the existence of a low 

ooncentration of isolated and randomly distributed magnetic moments due to Cu2+ 

ions. While the maximum magnitude for a two level system of one mole is expected 
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to be 3. 7 J /molK, the entity causing the splitting should have a concentra.tion of 

less than 1% mole (full formula) with a magnitude of 11 mJ/molK as obtained from 
the Fit 11. 

The upturn of the specific heat at low temperatures has been generally 

observed among all high-Te superconductors. The aT·2 term in the fit is typically 
of a nuclear level splitting, since it occurs at such low temperatures. Splittings 
assumed to arise from 63Cu, 65Cu, 89y and 139La have been observed in YBa2Cu30x 

[18, 19, 20], Lau5Sr0•15Cu04 [21] and La2Cu04 [20, 21]. But there is an order of 

magnitude difference of the coefficient a between non-superconducting 

antiferromagnetic La2Cu04, YBa2Cu06 and superconducting Lau5Sr0•15Cu04 and 
YBa2Cu30 7• The former two have about 0.2 mJK(molCu)·l for a. In the 

Bi-compound this term was reported by us for the first time. The surprising feature 

here which was not understood initially is the magnitude of the term, at least an 
order of magnitude larger than in superconducting YBa2Cu30 7• The magnitude is 

comparable to that found in non-superconducting antiferromagnetically ordered 
compounds. There it is well explained by the hyperfine interaction because of the 

large effective fields (1-10 Tesla) in magnetically ordered materials. In a 

superconducting material, the observed magnitude is much too large to be explained 
by a hyperfine interaction. Based on the rough estimates of the electric field 

gra.dient (EFG) in related materials and quadrupolar moments of the nuclei [19, 21], 

it seemed that neither the nuclear quadrupolar (NQ) nor the EFG interaction would 

account for the magnitude. Qualitatively it was suggested [22] that the NQ-EFG 
interaction could be enhanced. 

More recently the large value of the T-2-term was confirmed by another group 

(15]. Their value for a, found from measurements in the same temperature regime, 
agrees fairly well with ours. It was pointed out that the NQ-EFG interaction is 
strongly enhanced at the Bi-sites. The electron clouds from the core electrons of an 

atom are polarized by an EFG in such a way that the EFG is enhanced at the 
nucleus. The higher the atomie number of the atom the larger the enhancement 

factor, known also as the Sternheiroer anti-shielding factor [23}. The Sternheiroer 
factor is typically an order of magnitude larger for heavy atoms such as Bi than for 
light atoms such as La., Ba, Y, Cu etc. The large aT·2 term observed in the 

Bi-compounds is hereby explained. 
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Conclusions 

Below 1 K, the specific heat of superconducting BiCaSrCuO compound is 

dominated by two unusual effects. Both originate from Schottky anomalies, one 

with a level splitting é ~ 1.49 K presumably due to an intrinsic effect, and the other, 

of which only the high temperature part was measured, due to an enhanced nuclear 

hyperfine interaction. The nuclear splitting was not taken into account by Collocott 

et al. This presumably explains his poor fitting in the temperature range of 0.4 to 

0.7K. 

The value of the widely debated 1T-term, in our view, is consistent with the 

condusion that it is zero for the superconducting Bi-compounds, as many authors 

have believed. 
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Chapter 5 

The specific heat of the 
antiferromagnetic ccystal [Cr(en)1]C11·0.5NaCI.3H20 * 

Introduetion 

In this chapter, results of specific heat measurements of a speci:fic 

antiferromagnetic material are reported. The subject resulted from a. question from 

a group at the University of Chicago which reached us through the group 

"Cooperative Phenomena" at the Eindhoven University of Technology. Apart from 

the interesting physics, it provided us a chance to demonstrate the general 

applicability and versatility of the developed low temperature calorimeter. The 

work was carried out in close collaboration with the two groups mentioned above. 

A substance containing interacting magnetic moments can undergo a pha.se 

transition to a state of spontaneously ordered magnetic moments. Such a transition 

can be a.ntiferroma.gnetic or ferroma.gnetic, depending on how the magnetic moments 

are ordered. The interaction responsible for this ordering i~ the exchange 

interaction. This interaction is closely connected to the configuration of the wave 

function of the electrens carrying the unpaired spins and so with the chemica! 

structure of the crystal. This field of research is called now "magnetochemistry" [1). 
The study of the magnetic as well as the thermal properties of such materials at low 

temperatures ma.y give important information on how the ma.gnetic ions interact 

with each other and how the electric field gradient within the crystal affect these 

interactions [2-9]. 

A specific exa.mple of a system to test theoretica! roodels is the transition meta.l 

complex [Cr(en)a]Cl3·0.5NaC1·3H20 where "en" stands for "NH2CH2CH2NH2". 

The substance is one of the samples studied by the two groups mentioned above. It 

is a salt where the cation is [Cr(en)3] 3+, consisting of three ligands "en11 bound to 

the Cr3+ (chromium (III)). Figure 5-1 shows the crystal structure of such a salt.The 

anions and ligands may be changed to îorm other chromium (m) salts with the 

same or different crystal structures. The magnetic ion ers+, at the center of the 

cation, bas a spectroscopie ground state designated as 4A2, which implies the total 

* This chapter is published as a part of ref 3. 
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Fig. 5-1 

Chapter jive 

The schematic spatial representation of the crystal structure of the ion 
{Cr{enJ3r. 

spinS= 3/2. The interaction between the Cr3+ ionsis mediated through the ligands 

en. Such a ligand-mediated interaction is typica.l for insulating (anti-)ferromagnets 

and is called superexchange interaction. 

The four-fold degenerate , S = 3/2, ground state can be split, in the presence of 

an axial crystalline electric field gradient, into two double degenerate levels with 

spin-components m5 = I ±1/2) and I ±3/2} respectively. This effect is known as Zero 

Field Splitting (ZFS) because the splitting exists even in zero a.pplied magnetic 

field. Application of a magnetic field would further split the doubly degenerate 

levels (Zeeman effect). The splitting may be either positive or negative, i.e., either 

m5 = I ±1/2} or m8 = I ±3/2) ma.y be the lower levels. As the phase transition to a 

magnetica.lly ordered state is strongly connected to the nature of the ground state, it 

is important to know the ZFS. 

In the present chapter, specific heat measurements are decribed which have 

been performed on the above mentioned salt in the temperature range 0.08 - 1 K. 
These experiments were intended to complement magnetic susceptibility data on 

the samecompound obtained in Carlin's group of Chicago [3]. Specific heat data are 

obviously important because they can give much information about the ZFS and the 

phase transition, because the phase transition will yield a. peak in the specific heat 

at the transition temperature. The entropy change involved in the transition may be 

calculated in principle from the specific data. As both the ZFS effect and the 

exchange interactions are very sma.ll, very low temperatures (~ 0.1 K) are required 
for the experiment. 
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When the thermal energy kB T at low temperatures (kB the Boltzmann 

constant) beoomes comparable to the ZFS, the relative populations of the two split 

levels is strongly temperature dependent. For two levels of equal degenera.cy 

separated by a elistance 2D, the effect of the ZFS on the molar specific heat is given 

by the Schottky anomaly (cf. Chapter 4 eq. 4-2): 

5-1 

where R is the gas constant. Also the exchange interactions have a contribution to 

the specific heat at temperatures much above the phase transition (see, for instance, 

ref. 9,chapter 3), which is given by: 

5-2 

In this equation it is assumed that the strength of the exchange interaction J falls 

off rapidly with distance, and hence only an effective number of z neighbouring ions 

is taken into account. Furtherroore it is assumed that the interaction is described by 

aso-called Heisenberg model, i.e. the interaction is isotropie in all directions. 

The approximation eq. 5-2 assumes the same form as the high temperature tail 

of the Schottky anomaly, the latter being: 

C R (2D )2 
sch =4 fBT 5-3 

At low temperatures, much below Tc, an approxima.tion for the specific heat is 

given by [5]: 

5-4 

which depends on the diroensionality d of the transition and the type of the 

transition, i.e., for an antiferromagnetic transition n = 1 and for a ferromagnetic 

one n = 2. For a three dimensional antiferroroagnetic transition the specific heat 
assumes a T3 form. 
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Experimental metbod 

For the preparatien of the sample [Cr(en)a]Cl3·0.5NaCl·3H20 and the 

measurement of its susceptibility we refer to Merabet et al. [3]. The susceptibility 

was measured in the temperature range of 0.06 to 4.2 K. 

The specific heat measurements were performed between 0.08 and 1 K in a 

dilution refrigerator. Samples of different weights 10.9, 2.00, 0.32 and 0.35 mg were 

measured successively with the calorimeter 2 and the experimental methods 

described in the chapter 2. At temperatures below 150 mK the traditional adiabatic 

method was used since the relaxation time became unpractically long. The bonding 

agent between the sample and the substrate of the calorimeter was Apiezon N 

grease. All samples had a thin flat shape to avoid or reduce any temperature 

gradient in the sample. The measurement set-up was essentially the same as the 

one described in chapter 3 and 4. 

The samples may be dehydrated, when they are placed in vacuum at room 

temperatures as is the case during start up of the refrigerator. Upon warming, the 

sample may lose water molecules as well. This may give rise to a change in the ZFS 

and the molar weights of the sample. Consequently, it may cause a change in the 

speci:fic heat of the compound. Therefore the precooling process from room 

temperature to liquid nitrogen temperature was kept as short as possible. 

The measured specific heat data were corrected for the addenda heat capacity, 

which contributes 0.5% to 20% to the total heat capacity going from low to high 

temperatures. The molar mass of the sample was taken as 421.9 gram for a full 

chemical formula unit. 

Results and Discussions 

The data are shown in Fig. 5-2. The data of the three samples with largest 

masses agree well with each other within experimental accuracy. The data of the 

smallest sample with a mass of 0.32 mg, were systematically lower than that of the 

others by about 10%. This is probably caused by the inaccuracy of the measurement 

of the mass of the sample. 

The figure reveals a sharp peak centered at Tc = 0.112 ± 0.005 K 

approximately. For sake of clarity the data at high temperatures are also plotted in 

Fig. 5-3 having a smaller vertical scale. 

Since no complete Schottky anomaly, but instead a sharp peak was observed, 
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we approximate the high temperature data as by the expression: 
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5-5 

where the term bT3 represents the lattice contribution of the crysta.l compound. For 

temperatures above 0.25 K, a. fit with the above expression yields the constants 

a= 57 ± 1 mJKfmol and b = 30 :1: 10 mJfmolK4. An extrapolation of the fit down 

to 0.16 K produces a. devia.tion not exceeding 15%. 

Both the ZFS and the exchange interactions contribute to the constant a as can 

be deduced from eqs. 5-2 and 5-3: 

5-6 

The parameters 2D /ks and zJ /ks were determined from the susceptibility 

experiments [3]. The va.lues are given in Table 5-1. 
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The negative sign of the exchange constant J and the ZFS parameter D imply 
that the ordering induced by the exchange interaction is antiferromagnetic and the 

ground state of the ZFS is m5 = ± 3/2. By substituting D and J into eq. 5-6 we find: 

a= (7.0 x w-3 + 0.36/z) JK/mol. 5-7 

If the number z of the neighbouring atoms is z = 6 then a is found to be 

67 mJKfmol, and if z = 8 then a= 52 mJK/mol. The latter value of a is closer to 

the experimental value 57±1 mJKfmol, and the conesponding value of z agrees also 
with the number of nearest neighbours obtained from the crystal structure analysis 

[3]. We note also that the effect of the exchange interaction on the high 
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Tc [K] 
I 

zJfkB [K] I 2D/kB [K] 

0.142 -0.068 
I 

-0.058 

Table 5-1 The transition and interaction parameters deduced from susceptibility 
experiments. Tc here is the transition temperature deduced from the 
ma:timum of the susceptibility; J the exchange constant; z the 
neighboring ions; 2D the splitting factor in the eq. 5-1. 

temperature heat capacity is much larger than the ZFS effect, to an extent of more 

than 6 times larger. 

In Table 5-1 also the transition temperature deduced from the maximum of the 

susceptibility is given. It amounts to Tc = 0.142 K, which is a factor of 1.3 higher 

than that obta.ined from the present experiment. This is, however, not very 

surprising fora three dimensional (3D) antiferromagnetic system [5]. 

The entropy change l:l involved in the transition is estimated as follows. We 

assume that below Tc the specific heat is proportional to Ta as given by eq. 5-4 for 

a 3D isotropie antiferromagnetic system below Tc. For a = 1.9 >< 104 this 

extrapohüion is given by the dasbed line in Figs. 5-2 & 5-3. Integrating Cp over the 

temperature range of 0 to 1 K, we obtain the value l:l = 9.4 ± 0.7 J/molK. The 

theoretica! value is, however, A = Rln(2S + 1) = 11.52 J/molK forS = 3/2. The 

difference is most likely due to the large uncertainty in the extrapolation below 

T = 0.1 K. About 70% of the entropy is removed below the transition temperature, 

which is within the range of values reported fora 3D system [5]. 

Condusion 

The results of our specific heat measurements agree very well with the reported 

magnetic susceptibility results. Both the ZFS effect and the exchange interactions 

between the chromium (lil) ions contribute to the specific heat. But the effect of 

the exchange interaction on the high temperature specific heat is much larger than 

the ZFS effect. The antiferromagnetic transition found in susceptibility data is 

corroborated by the specific heat results. The observed behaviour may be explained 

in terms of the three dimensional Heisenberg model. 
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Chapter6 

The As ion-implanted Si thermometer and 
its electronic transport mechanism at low temperatures* 

Introduetion 

In chapter three, we described the construction of a 11Conventional" micro

calorimeter, consisting of a support, heater, thermometer, solder dots, wires and 

glue, all joined together to form the calorimeter. With such an approach, there are 

obviously mechanicallimitations to a further miniaturization of the devices and so 

to the calorimeter heat capacity. A substantial impravement is expected when the 

different components a.re integrated in a silicon support, using modern micro

electronic techniques. The idea goes back to more than twenty years ago when 

Bachmann et al. [1] constructed calorimeters from bulk Si with the surface modified 

to yield good electrical cha.racteristics for a heater and thermometer. In these days 

surface modification was accomplished through rather elaborate techniques of 

diffusion and etching. Later, the same group employed an improved design by 

ion-implanting phosphorus in a thin layer of silicon grown on sapphire (SOS) [2]. 

The SOS design was necessary as the thermometer was to operate at high 

ternperatures (up to 40 K) where the lattice heat capacity of Si is much larger than 

that of sapphire [e(Si) = 645 K, e(sapphire) = 927 KJ. At low ternperature 

(T < 1 K) a SOS design is not relevant because here the heat capacity is dominated 

by the active elements, notably the thermometer. Despite its success (for a recent 

example see e.g. ref. 3), calorimeters of the Stanford design [1, 2] have not been 

pursued any further, in part undoubtedly because of the difficulty in manufa.cturing. 

The latter is especially trne for devices tha.t should opera.te below 1 K. At such low 

tempera.tures, a doped semiconductor with resistance-tempera.ture cha.racteristics 

that make it suitable as a thermometer depends strongly on the dopant density and 

is very difficult to make in a controlled way. To our knowledge, no calorimeter 

basedon the concept of integration has been in eperation below 1 K (this is not true 

for partiele detectors, to bedescribed below). 

A second key development in this area is the work by Frossati and coworkers 

[4, 5], who used phosphorus implantation in Si in order to make sensitive, small heat 

* The main contents ofthis chapter have been published in refs. 31, 32, 53, and 5..{.. 
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capacity, low temperature thermometers for general purposes. They were able to 

make suitable thermometers eperating at temperatures as low as a few roK. Also 

this work did not have any follow-up for a long time, presumably still due to the 

difficult and uncontrolled manufacturing process. It is proper to note that 

manufacturing difficulties of low temperature thermometers even exist for bulk 
doped semiconductors. Manufacturers of commercially available doped Ge low 

temperature thermometer state that their properties are unpredicable and involve 

trial and error and even "Black Magie" [6] 

The situation in this field has rapidly changed recently, with the advent of a 

promising new application fora low temperature calorimeter. During the last years, 

considerable attention has been given to the feasibility of using a calorimeter as a 

bolometer to resolve the energy of incident particles such as X-ray photons [7-13], 

a-particles and -y-rays [14-19], or even solar neutrinos and dark matter [20-22] in 

cosmological researches. The new variatien of the calorimeter consists basically of a 

thermistor and, if necessary, a separate small absorber. Very promising initia! 

results were achieved such as those obtained by Moseley et al. [7]. The 17 eV Full 

Width at Half Maximum (FWHM) resolution they achieved for X-rays in the keV 

range is much better than that can be obtained with the conventional solid state 

detector Si(Li). A resolution better than 20 eV has also been achieved by 

Alessandrello et al. [14] for photons of energy less than 10 keV. The theoretica! 

limitation of the FWHM resolution is still much lower than the above mentioned 

value. 

In the present work, we have set out for developing a microcalorimeter based 

on semiconductor integration technology, that should work at least in the 

temperature range 0.1 K < T < 1 K. The direct application would be to replace the 

conventional microcalorimeter for low temperature small sample specific heat 

measurements. Another impetus to this work was the potentially interesting 

application of the microcalorimeter as a partiele detector in the Cyclotron 

Laberatory of the Eindhoven University of Technology. It could improve the 

resolution of existing techniques as partiele induced röntgen fluorescence and ion 

beam scattering of a surface.t It is remarkable that the current attention for 

calorimetrie partiele detection is almost entirely devoted to astrophysical, or even 

more exotic (Dark Matter) applications [7-22]. However, successful laboratory 

applications such as for Rutherford Backscattering Analysis have already been 

t This work was partly initiated by dr. S.S. Klein, Cyclotron Laboratory, Faculty of 
Physics, Eindhoven University of Technology, to whom we are indebted for 
introducing us into the field of low temperature partiele detection techniques. 
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reported [23] and are expected to beoome more important. 

The crucial component of an integrated calorimeter is the thermometer. The 

goal of the present work therefore was to develop a thermometer consisting of ion

implanted Si which must be useful downtoT = 0.1 K. When this is a.ccomplished a 

werking device, both for speci'fic heat measurements and for partiele detection, 

wou1d be stra.ightforwardly ava.ilable. A next step for further improvement, an 

all-silicon monolithic structure, including support and wiring as well as the 

fabrication of arrays, is beyond the scope of this work. Monolithic structures, made 

by modern silicon, micro-mechanica! engineering are already reported in the 

literature [8]. 

The electrical transport properties of a doped semiconductor at very low 

temperatures are still poorly understood. As their properties are basic to the 

operation of the thermometer, considerable attention was given to the investigation 

of the transport. Such an investigation will lead to a better control of the 

thermometer manufacturing, and a knowledge of its potentials and limitations. At 

the same time, it a.ppears to be an interesting subject per se as well (see, for 

example refs. 24 and 25). 

In the following sections :first a brief description of the principle of the thermal 

detector will be given, and then the theories concerning the electronic transport 

mechanism in doped semiconductors will be introduced. At last the report of our 

development of the arsenic ion-implanted silicon thermistor and its electrical 

properties at very low temperatures will be presented. 

The principle of the thermal detector 

When a calorimeter is used to measure the heat capa.city of a certa.in sample, 

four quantities must be known: the temperature T, the heat capacity C0 of the 

empty calorimeter (i.e. without sample; sometimes also called the addenda heat 

capacity), the heat input Q and the resultant temperature rise .!lT, so that the heat 

capacity of the sample can be calcu1ated as 

C(T) = Q/.!lT- C0 • 6-1 

Reversely the calorimeter can be used to measure the energy E of a heat pulse 

dissipated in tbe calorimeter according to: 

E = C0 .!lT 6-2 
the quantity Q in tbe eq. 6-1 is replaced bere by E and C(T) = 0. If the calorimeter 

is working at a certain constant base temperature T and the temperature sensor is a 

thermistor working in the ohmic range, tben E is proportional to the voltage signa! 
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produced across the thermistor. It is obvious from eq. 6-2 that a. large response !::. T 

can only he obtained with a smal! C0 • 

The quantity E may just be a single X-ray photon or an a-particle etc. which 

is therma.lized in the calorimeter. A calorimeter used to detect such incident energy 

quanta is called now thermal detector. 

An absorber may be necessary to transform the incident pboton or partiele 

energy into phonon energy which is wha.t the thermistor senses. The free choice of 
the absorber material, independent of the thermistor material presents another 

advantage over the traditional solid state detectors. A necessa.ry condition on the 

composition of the absorber material is, however, that it should he a crystalline 

dielectric diamagnetic material to keep the heat capacity low (see chapter 3). 

An ultimate limit for the energy resolution of a partiele detector is obtained 

from an elementary thermadynamie argument [9]. The fluctuations in energy of a 

system with heat capacity C0 whic is in thermal equilibrium with a heat bath at 

temperature T are given by: 

6-3 

Roughly, these fluctuations are the 1//N statistica! fl.uctuations of the number of 

phonons (~ C/ks) in the system. For a thermal detector of with a heat capacity of 

order of 10"15 J /K at 0.1 K which is what essentially might be achieved [9], the 

fundamental resolution is well below 1 eV. This is an impravement of more than 

two orders of magnitude over conventional detectors. 

When the thermometer is a temperature dependent resistor as is the case here, 

another fundamental noise souree is the Johnson noise produced by the thermistor. 

Taking this into account, as wellas a thermallink with a finite heat capacity, the 

fundamental energy resolution llErms is written as [9, 26, 27], 

6-4 

where the factor Ç depends much on the dimensionless responsivity A of the 

thermisto'r, defined as A= I dlog(R/11)/dlog(T/K) ,. e was calculated as function of 

A in ref. 3 and the results showed that for large A (A > 5), Ç is close to 1, which 

shows that the thermadynamie limit given by eq. 6-3 can be reached. However, 

since Ç is proportional to A -112, it is interesting to note that it could be less than 
one as A tends to infinity. 

The choice of a. thermistor thus presents a rather crudal problem. A qualified 
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candidate should be smal! in size and at the same time present no thermal contact 

problem. It should have a high A (;::: 5) and in addition must remain ohmic up to 

the level where lattice self-heating occurs. 

Doped semiconductors are the most chosen candidates for their compactness 

and high sensitivity. A-values between 4 and 8 at low temperatures can be 

obtained. Moseley et al. [7] and Alessandrello et al. [15] used ion-implanted silicon 

chips of size of the order of 4xiQ·B mm3. Implants reported include phosphorus and 

arsenic [7, 15, 16). Wang et al. [20] have studied also the possibility of using 

Neutron Transmutation Doped (NTD) germanium as a temperature sensorfordark 

matter researches. An advantage of the ion··implanted sensor over the bulk doped 

one is that the doped volume can be reduced as much as possible, while retaining 

still a good thermal contact with the bulk material. The doped volume has a much 

larger specific heat than the pure materiaL 

In summary, to build a thermal detector one should put one's attention on the 

design of a compact thermistor. Thermallinks between the thermal detector and the 

heat sink should be optimized as well as the signal processing electronica before one 

can put a thermal detector into operation. 

In the following section a description of how our As ion-implanted thermistors 

were fabricated is given. From experiences of other research groups it is likely that 

the Si:As ion-implanted thermistor is a promising candidate for the thermal 

detector. 

Ion-implanted Si:As thermometer 

1. Introduetion 

The application of the integrated circuit (IC) technology to make thermometers 

was probably fust reported by Frossati and coworkers [4] and has received much 

attention in recent years [8, 15, 28] due to the increasing needs for sensitive and fast 

thermometers. A simple metbod will be described below for the simultaneons 

fabrication of large quantities of very small, highly sensitive thermometers for use 
below 10K. 

Phosphorus was used as dopant in initial works [4, 8, 15, 28], whereas arsenic 

was used here because of its smaller mass dirfusion coefficient in silicon and its easy 

incorporation into an existing standard processof an IC manufacturing Lab. Arsenic 

as dopant in Si was also reported in recent works by Buraschi et al. [16] and 
Zammit et al. [29]. 
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What is important for a thermometer is its sensitivity and resistance in the 

temperature range used. As mentioned in the last section, the responsivity 

A= ld.log(R/0)/dlog(T/K)I should be larger than 5. The resistance should be in 
range between 1-100 MO, so tha.t it ca.n be suitably matebedtoa preamplifier. 

A generally observed Mott's law for the electronk conduction in insulating 

doped semiconductors at low temperatures is, 

R = R0exp(T p/T)P 6-5 

where p = t or i· From this it follows that: 

A= p (Tp/T)P. 6-6 

The ratio Tp/T should not be too large however, otherwise R becomes too large. In 

practice, this means that for lower operating tempera.tures also Tp must be reduced. 

The quantity Tp depends crucially on the dopant concentratien x; the closer th.e 

latter is toa critica! value Xe the smaller Tp· As a matter of fact Tp vanishes at the 

critica! Xe (see, for instance, ref. 25, p. 52). 

The prefactor R0 is a wea.k function of temperature and depends strongly on 

the x. But it is very difficult to estimate it quantitatively. 

2. Fabrication 

As a. starting point, we choose the standard p-type Si wafers with <100> 

orientation, 75 mm diameter and 0.4 mm thickness. The purity of the wafers 

corresponds to a resistivity of 25 Ocm at room temperature. The background 

accept er density is approximately 1015 cm -3. 

The critica! concentratien Xe of the arsenic in silicon is experimentally 

determined to be 8.5 " 1Q18 cm-3 for bulk materials [30J. As a first step we have 

made a series of six wa.fers doped with x(As) ra.nging from 6.4 to 9.7 " 1018 cm-3, 

within 25% of Xe( As). Five of the six wa.fers ha.ve their As concentrations below the 

critical one, a.nd a.nother one with a concentra.tion that should be above the critica! 

value. After these were evaluated, a. next series of four other wa.fers were fabricated 

at finer density intervals, in the neighbourhood of the density of the most 

interesting wa.ier from the first series. To this a.im, a. same implanta.tion process was 

used but the length of the diffusion time was varied. All oi the processing 

para.meters are listed in Table 6-1 (see also refs. 31, 32). 
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I impl. proc. 1 I impl. proc. 2 diff. time peak 
No. 160 keV 60 keV 1000 oe density 

. • (1013 cm-2) (1013 cm·2) (minutes) (1018 cm-S) 

1 8.2 3.5 240 6.4 

2 8.8 3.9 240 6.9 

3 8.2 3.5 100 7.6 

4 8.8 3.9 100 8.1 

5 11.4 4.3 240 8.4 

6 11.4 4.3 160 8.9 

1 11.4 4.3 140 9.1 

8 11.4 4.3 120 9.3 

9 11.4 4.3 100 9.7 

Table 6-1 Process parameters and ftnal peak densities. Column 1 designates the 
wafer number; columns 2 and 9 the doses of the two subsequent 
implants for each wafer; column 4 the dijfusion times th.at each wafer 
has undergone; column 5 the simulated nominal peak concentratien of 
the As in the Si chips (Ezcept wafers 6-8, the ftnal densities of which 
were interpolated between that of wafers 5 and 9}. 

I 

I 

In order to set the process parameters, a computer simulation program was 

used [33] as a guidance. Maximum (peak) densities and density-depth profiles can 

be obtained with this simulation program by using implant energy, dose, diffusion 

times and temperature as parameters. As shown in Table 6-1, two subsequent 

implants at different energies, namely 160 keV and 60 keV, were applied for all 

wafers in order to obtain a flat profile. Different doses and diffusion times were used 

to produce different peak densities of the As concentrations. There were two 

processes after the implanting process which are not included in the table. The first 

process is that the wafers were annealed for 20 minutes at 900°C in a N 2 atmosphere 

to remove the lattice defects etc. The other process is to grow a thin protecting 

oxide layer on the surface of the wafer by exposing them in the 0 2 atmosphere. 

Camparing the last two columns for ea.ch successive pair, we find that the diffusion 

time plays an important role for the final peak densities. This is actually the 

justification for our production of the second group of four wafers which have their 

peak densities arranged in between the fourth and the second wafer. The diffusion 
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time is also important in that it has great influence on the density-depth profile as 

shown in Fig. 6-1. 

As can be seen in Fig. 6-1, a short (100 min) diffusion time results in a 

peak-like profile and the maximum is well under the wafer surface, while the long 

(240 min) diffusion time gives rise to a much flatter, and nearly constant profile 

from the surface down to 0.1 p,m approximately under the surface. The shape of the 

profile may have influence on the reproducibility of a given thermistor either as a 

function of air exposure time at room temperature or between thermal cyclings. 

It should be pointed out, however, that the computer simulations of the final 

profile of the densities do not give an estimate of the concentration more precise 

than within 15%. A comparison with the results of others may increase the accuracy 

of the estimate. This will be given later. 

Two different layouts were selected and sketched in Fig. 6-2 and 6-3. On each 

of the layouts a degenerately doped pattern was implanted that makes low-ohmic 

electrical contact with the active layer. The pattern was defined by an oxide mask 

grown on the wafer that was in turn obtained through standard photolithographical 

techniques. The interdigital structure, as shown in Fig. 6-2, was selected with the 

intention to reduce the resistance-resistivity (R/ p) ratio and thus extends the useful 

range of the device to lower temperatures. A similar structure was also adopted in 

Refs. 4, 15 and 16. The structure in Fig. 6-2 is similar to a parallel network of 73 

resistors and gives R/ p = 72 cm -t, assuming an active layer thickness of 0.1 J.Lm. The 
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Fig. 6-2 A schematic drawing ofthe top view ofthe device ofthe interdigital 
implant structure. The length v:tût is micrometer. 

Fig. 6-3 

2a. The top view. 
2b. Part ofthe detailed structure. 

r 
I 

Active loyer 

Aluminiun film 

Si chip 

A schematic drawing ofthe top view ofthe device ofthe square-like 
implant structure. The length unit is micrometer. 
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characteristic conduction length (i.e. the distance between electrades) of this 

structure is only 5 p,m, much smaller than that of Layout 2 and of other structures 

described in the literature. 

An aluminum film for wire centacts was evaporated on the heavily doped 

regions (where x> Xe, which gives a metallic behaviour) in both layouts, except on 

the "teeth" of the interdigital structure for practical reasons. The teeth have a 

relatively large series resistance (lil 10 0) at room temperature. This impedes 

measurements of the active layer when its resistance is low. But it plays no role in 

the region of interest where the resistance of the active layer is usually tens of 

thousands ohms. 

There are some 400 thermistors of each type of structure availa.ble on each 

wafer. Single devices, each about 4x4 mm2 size, were cut from the wafers for 

mea.surements of electrical properties. Of course, smaller sizes are also possible if 

necessary: Gold wires of a diameter of 25 p,m were thermally bonded to the Al 

contact paths. 

3. Experimental methods 

The resistance measurements were performed essentially with a two terminal 

metbod because the leads resistance is negligibly low at low temperatures. Two 

commercial resistance bridges (Models AVS - 46 AC Resistance Bridge and AVS -

45 Automatic Resistance Bridge) were used in the measurements. They can generate 
an excitation current as low as lxlo·t2 A. The current-voltage characteristics were 

measured with a current souree and digital voltmeter with 10 GO input impedance. 

A 4He cryostat a.nd a 3He-4He dilution refrigera.tor were used for measurements 

at temperatures a.bove 1.5 K and below 1.5 K respectively. Samples were directly 

immersed in liquid helium if the experiments were carried out in a 4He cryostat or 
glued with GE 7031 varnish onto a copper block in the dilution refrigerator. The 

copper block is used as a heat sink and was linked to the mixing chamber. The heat 

conductance of the heat link was adjusted, so that the temperature of the heat sink 

could be regulated between 80 mK and 3 K, while keeping the mixing chamber 

temperature alwa.ys below 0.3 K. 
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Theoretica! background of the eleetrical 

transport in doped semiconductors 
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An important phenomenon studied in disordered systems is the Metal-Insulator 

(MI) transition (MIT), which, in doped semiconductors, occurs when the impurity 

( dopant) concentratien x crosses over a certain sharply determined critica! value Xe· 
Different dopants may have different critica! concentrations. As mentioned before it 

was found to be Xc(As) = 8.6x1018 cm·S for As doped Si [34] while for P doped Si 

(Si:P) it is xe(P) = 3.74xl018 cm·3 [30, 35}. Bothare small numbers compared to the 

number density of the host material Si: 5.1022 cm·3• On one side of the transition, 

when x < Xe, the doped semiconductors are insuiators at zero temperature, while on 

the other side of the transition, x > Jee, they behave like metals. Especially in Si:P, 

the MIT has been accurately measured, both by changing x [30] or Xe through 

application of stress [35]. 
The mechanism of the MI transition has long been the subject of research, both 

theoretically and experimentally [24, 25, 36]. 
As early as in 1949 Mott [37] proposed a theory concerning the MIT that was 

subsequently modified by himself and other authors such as Hubbard [38]. The 

theory prediets that a MI-like transition should appear when the interatomie 

distance reaches a certain value where the electrous can not be regarded as localized 

to an atomie center. It is originally proposed only for crystalliue materials but it 

have found applications in a much wider material structures. The electron 

interactions in this kind of transition play an essential role. Another type of MI 

transition was proposed by Andersou (39] in which electronic interactions are not 

involved. The theory, proposed for disordered systems, states that there exists a 

critica! degree of disorder above which the electronic wave functions will be 

spatially localized. The consequence is that the system enters into a electrically 

insulating state. 

When an atom from gronp V elements (P, As etc.) enters into a host material 

from group IV elements (Si, Ge etc.), its fifth electron is bound loosely and 

circulates with large effective Bohr radius. This hydrogen-like picture leads to the 

following criterion. When more donors enter into the host material, the average 

distance between donor centers decreases and their wave function overlaps. The 

MIT takes place, following Mott's idea, when the donor concentratien is increased 

to such an extent that: 
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:x:ç1/3 x rb * ~ 0.25 6-1 

where rb * is the effective Bohr radius of the hydragen donor center. On the other 

hand, following the Anderson picture, the randomly distributed donors give rise to a 

disorder in the host material and produced random potentials on the lattice points. 

As the donor concentration increase the structural randomness decrease. A simHar 

criterion as eq. 6-7 then was obtained [40]: 

6-8 

A compilation of experimental data on a. grea.t variety of systems by Edwards 

and Sienko [41], shows that the law: 

:x:ç1/3 x rb * ~ 0.26 ± 0.05 6-9 

is very well obeyed. As both eqs. 6-7 and 6-8 are nearly equal numerically, the 

observatión of eq. 6-9 is inconclusive with respect to the nature of the transition. 

Their work showed, however, that the MIT is a. common phenomenon among the 

doped andfor disordered systems and there should be general laws to describe it. 

More and more experimental evidence has shown that both the electron-electron 

interactions in the Mott-Hubbard model and the disorder effect in the Anderson 

model are very important to the physics of the doped semiconductors. 

2. The electrical conduction in lightly doped (x < xc) semiconductors 

2.1 Introduetion 

Electrons of a semiconductor such as Si or Ge have rare chance to acquire 

enough energy tofree themselves from the covalent bond at ordinary temperatures. 

The energy gap between the valenee and conduction bands of Si is 1.1 eV and that 

of Ge is 0.72 eV, bothof which are much larger than the room temperature therma.l 

energy, ca. 0.025 eV. Thus pure Si or Ge is an insuiator due to the sma.ll number of 

available charge carriers, which depends exponentially on the ratio of the half gap 

width to the thermal energy kT. The situation is much changed ifimpurity (donor) 

a.toms are present. The ionization energy of the donor's 5th valenee electron is very 

small, ca. 0.1 eV, almast ten times smaller than the gap. Thus at normal 

temperatures the number of charge carriers, electrons, is greatly increased. A 
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difCerence between the doped and intrinsic semiconductor is that when an electron of 

an intrinsic semiconductor is excited to the conduction band there will be a mobile, 

positive hole left, while the corresponding positive hole in the impurity band of a 

doped semiconductor is non-mobile. When a large number of impurity atoms is 

present, the initially discrete single energy levels of the impurity eledrons merge 

into a band. For a non-compensated, i.e. without the presence of acceptor atoms, 

and lightly doped system the impurity band is simply a bell-shaped band with the 

Fermi energy on the upper edge of the band. The shape and location of the impurity 

band determine the electrical conductivity of the doped semiconductor up to not too 

high a temperature. 

Experimentally, it was found that there exist three distinct stages of the 

electric conduction for the doped semiconductor as a function of temperature 

[42, 43], which can be analytically expressed as, 

6-10 

where 1:1 stands for the electdeal conductivity, e11 f 2 and fa are excitation energiesof 

different origins and their magnitudes are in such an order that f 1> f 2 > fg. 

The origin of ft is rather straightforward. It is the activatien energy that is 

needed to excite an electron from the impurity band, or D band as shown in 

Fig. 6-4a, to the conduction band. 

The origin of f 2 is believed to come from a so-called n- band. A n- band is 

formed when a number of donor atoms capture an extra electron from other donor 

atoms. These donor atoms with two electrans beoome negatively charged and at the 

same time create 11holes" in the D band. The captured electrans are even more 

loosely bounded to the n- donors and their energy levels form the so-called n- band 

which is located between the D band and the conduction band. With an increasing x 

the n- band broadens and overlaps with the D band at the lower side and the 

conduction band at the upper side, as shown in Fig. 6-4a and 4b. 

The disorder arisen from the doping process and the presence of the impurity 

atoms causes localization of the wave functions of the electrons around the Fermi 

level which is in between the D and the n- band. There appear then sharp energy 

bounds beyond which the wave functions are extended. This situation is sketched in 

Fig. 6-5 .. These energy bounds are historically called the mobility edges. The 

increase of x moves the Fermi level upwards. Once it crosses the mobility edge, 

MIT occurs. The distance between the Fermi level and the mobility edge in this 
case is called t 2• 
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Fig. 6-5 The localized area around the Fermi level and the so-called mobility 
edge. e2 is the characteristic excitation energy {See text). 
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When the temperatuxe is so low that the eonduetion effected by E1 and e2 is 

frozen out, there appears a third way of eonduction, namely, the thermally 

activated hopping conduction. It is the eonduetion that occurs at finite 

temperatures in a band consisting of localized states. The typical energy involved in 

the hopping process is named E3• For aso-called Mott-Hubbard insuiator hopping 

eonduetion can only occur in eompensated systems [46]. The eompensation is 

necessary to create empty or positive donor centers tha.t co-exist with neutral 

donors, so that the electrans of the neutral donors may hop to the nearest hole. 

Such hops of electrans to the neighbours forma hopping current. Since the hopping 

electrons acquire energy from thermal phonons the process is thus called the 
thermal-activated hopping eonduetion or the nearest neighbour hopping {NNH). 

2.2 Temperature dependent variabie range hopping in the ohmic regime 

Mott proposed in 1968 [44], that when the temperature is sufficiently low, the 

NNH eonduetion gives way to the variabie range hopping (VRH) conduction. The 

idea behind the VRH eonduetion is that, at such low temperatures that kBT < e3 , 

tunneling effects set in to promote the electrical transport. The probability that an 
electron hops (tunnels) to a distant location is exponentially dependent on the 

distance r. Taking both the distance and energy di:fference into account for the 
tunneling probability, the hopping conductivity is proportional to, 

6-11 

where l is the decay length of the localized wave function or the localization length, 
and e is the energy diff'erence between the two locations involved in the hopping 
process. The theory of the VRH states that an electron will hop to the most 

probable site. That is to say, we should find a distance r that gives the maximum 

probability. The initial and the final states involved in the hopping process must be 
just below and just above the Fermi level respectively. Intuitively the greater the 

distance r, the greater the chance the electron can find a state with a small energy 

dift'erence. Therefore, the eoncentratien of states with energy E is inversely 

proportional to the volume, 

6-12 



88 Chapter siz 

where g(Er) is the density of states at the Fermi level. Substituting it into the 
expression 6-11, we canthen findan optimum distance r0 which gives a maximum 

hopping probability, 

r0 = [9 l/(8?rg(Er)k8 T)]114 6-13 

and thus an average hopping energy e0 , 

6-14 

The hopping conductivity is obtained by putting r0 and e0 into the expression 6-11, 

u= u0exp[-(Ttt4/T)114] 6-15 

where T 114 = 18.11/g(Er)Pk8 {18.11 = [(9s!4
)114 + (~71')114]4}. 

From eqs. 6-13 and 6-14, we see that the lower the temperature, the thinner 

the optimum energy band and the larger the most probable hopping length. Fig. 6-6 

represents schematically the NNH and the VRH processes. 

Fig. 6-6 
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A schematic àrawing of the nearest neighbour hopping anà the variable 
range hopping. The symbols are alreaày àefined in the tezt. 
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An essential point in the above picture of VRH is that the density of states at 

the Fer~ level, g(Er), is constant. It was, however, shown by Efros and Shklovskü 

[45] that interactions between electrans at different sites would lead to a gap in the 

density of states g( E) just at the Fermi level. Following their reasoning, the 

electron-electron (e-e) interaction potential Eij = e2f;;,riJ• where;;, is the dielectric 

constant and r1j the distance between two sites, disperses the available states by a 

distance of at least e2j;;,Eij· Therefore the volume concentratien of the states near 

the Er should not exceeds K.3E1j
3 fe6 in a three dimensional system. Thus the density 

of states varies as K.3E1j
2/e6• In a similar argument the density of states in a two 

dimensional system varies as K,2t:1j 1/e4• In general is g(t:)"' I t:ld·l, where dis the 

dimensionality. For d = 3 it is illustrated in Fig. 6-7. The density of states g(t:) 

thus vanishes parabolically at Er· This gap is sametimes also called the Coulomb 

gap because it results from the e-e interaction. 

Pollack and Hamilton [46, 47, also Ch.9 of ref. 24] showed that when g(E) 
varles as g( E) = alE In, where a is a constant and E counted from Er, the 

con centration of states within a narrow band t:m around Er is then G( Em) = 

2J:mg(e)de = g(fJ fm = 2aemn+lf(n + 1). 

Fig. 6-1 

E 

N(E) 

A schematic drawing ofthe Coulomb gap {Curve b} and aso-called 
rigid gap/Curve c). The solid line (Curve a) represents the constant 
density o states at the Fermi level. 
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The average separation between states within an energy interval fm is thus: 

6-16 

The optimum energy band e0 and hopping length r0 could then be found by putting 

rm into the expression 6-11: 

e0 = ,6(kaT/1)1"P 6-17 

and 

r0 = 1(1/kaT)P 6-18 

where ,6 a.nd 1 are factors which depend on the shape of the density of states. The 

parameter p in the above equations is defined as: 

p- n + 1 
- n + 4 

The hopping conductivity with g( e) = ale In is thus found to be: 

6-19 

6-20 

with Tp independent of T. Setting n = 0 we find Mott's law of eq. 6-15. Setting 

n = 2 we .find then the consequence of taking the e-e interaction into account: 

6-21 

It can be shown that T 112 = 2.8e2/K.ka (ref. 24, chapter 10). 

The name YRH comes from the fact that the hopping length r0 changes with 

temperature. Also the optimum hopping energy e0 is a function of tempera.ture. The 

Coulomb gap at Er has a profound influence on the hopping conduction as seen 

a.bove. The Coulomb gap Ecg is given by Efros and Shklovskii as: 

6-22 

where g0(Ef) is the density of states at Er without e-e intera.ction. The dielectric 

constant ;r. is approximately given by (ref. 25, chapter 5): 
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6-23 

so that Ecg can be expressed in terms of 1 as: 

6-24 

The above relation 6-24 shows that the Coulomb gap scales as t·3. t According to 

modern theories of localization, the localization length 1 scales as: 

6-25 

where x is in general the parameter that induces a MIT at a certain critica! value 

Xe· In out case x stands fot the concentration. The exponent 11 lies between 0.5 and 

1. A result from eq. 6-24 and 6-25, relevant fot the present work is that Ecg 

narrows for x -. Xe and becomes zero at x = Xe· As other important transport 

parameters are directly expressed in terms of 1, these show also sealing behaviour in 

accordance with eq. 6-25. Important examples are the Tp's that appear in the 

hopping laws. 

Mott's la.w is observed fot fo > Ecg a.nd the modified (by e-e intera.ction) la.w 

fot e0 < Ecg· Thus whether the Mott's law, eq. 6-15 or the modified law, eq. 6-21 is 

observed depends both on the impurity concentratien x and the tempera.ture range 

where mea.surements are carried out. Both the optimum hopping energy fo a.nd the 

Coulomb width Ecg decrease with the localization length but Ecg drops much !aster 

than <:0 • Therefore it is likely that Ecg < fo for x/Xc sufficiently close to 1 at finite 

temperatures. This would lead to the transition from law 6-21 to law 6-15 as 

x-. Xe· For a fixed x, a transition from la.w 6-15 to 6-21 might be expected upon 

lowering the temperature. 

2.3 Electric field dependenee of VRH 

Along with the study of the hopping conductivity, the wa.y how the electrical 

field would influence the hopping process has been a subject of interest. Laws 6-15 

i This result was also used by Sha/arman et al.{48]. It is noted however that Mott 
obtains a sealing of Ecg"' l2 (ref. 251 chapter 1). The origin of this ambiguity is not 
clearj it is however not essential for the arguments used in this work. 
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and 6-21 are strictly valid only in the ohmic regime. Since years many experiments 

have been catried out beyond the ohmic regime. Theories have also been devised to 
explain the experimental facts. To analyze experimental data, either one of the 

following two rela.tions are frequently used. They stem from theoretica! work 

[49, 50] but the condition under which they are a.pplicable are not very clear. The 

relations are: 

6-26 

and 

R(T, E) = R(T) exp( k!i>· 6-27 

In the above equations, I is the current as a function of the electrical field E, R is 

the resistance (i.e. V /I) and e the electrical charge, L is a chara.cteristic length in 

the VRH process and in general a function of tempera.ture. Specifically, eq. 6-26 is 

designed for high electrical fields and 6-27 for moderate or low fields, but not down 

to E = 0 beca.use it has no ohmic part. 

At high E, the energy eEr0 that a.n electron acquires during a jump is in excess 

of the optimum energy band width. When this acquired energy is sufficiently large 

as compared to the ~:0 , the current flow will be susta.ined. The conduction therefore 

becomes temperature independent as been expressed in the eq. 6-26. It is aften 
reîerred to as activationless hopping. The critica! electrical field Ec , where 

eEcro s:: E0 , should depend on temperature since E0 and r0 both depends on 

temperature. The dependenee cou1d be estimated as follows. 

Taking the factor eEr into account in the initia.! relation 6-11, using f ± eEr 

instea.d of only E, we wou1d then find through the sameprocedures the field modified 

optimum energy band width Eoe and hopping range roe· The results are almast the 

same as eqns. 6-20 & 6-21 except tha.t the thermal energy k8 T is replaced by 

2kn T±eEl. Let 

It is easily found tha.t 

6-28 



The As ion-implanted Si thermometer and • • • 93 

Since the localization length 1 diverges as x --+ Xe (cf. eq. 6-25), the critical 

field Ee may become very small. This is of much practical importance because on 

the one hand one needs to work with samples very close to Xe to make the 

thermistor work at low enough temperature, on the other hand the applied fields 

must be limited below Ec to prevent destroying the sensitivity of the thermistor. 

Campromises therfore should be made when choosing different parameters. 

Results a.nd Discussions 

1. Experimental data and facts 

1.1 The resistance-temperature relations 

A typical set of measurements on the interdigitally structured devices from 

several wafers is shown in Fig. 6-8. Fig. 6-9 shows the measurements of two 

samples of the square structure from wafer 8 ( cf. Table 6-1 ). 

All samples except those from wafer 9 are temperature sensitive, showing that 

they are all on the insulating side of the MIT. One of the samples from wafer 9 was 

measured even down to 30 mK and showed no appreciable increase in its resistance. 

The succession of the curves is roughly in accordance with the nominal densities 

obtained from the computer simulations. The fact that the samples 6-8 are still 

insulating indicates that their actual densities are lower than the critical value 

8.55 x 1018 cm·3. The densities from the simulations are therefore some 15% larger 

than the actual densities. This could indicate an absolute systematic error in the 

simulations. The same effect was, however, also found by others (Zammit et al. 
[511). It is therefore presumably a physical effect, resulting from the known property 

of As in Si to form clusters that are electrically inactive. By this effect indeed some 

15% of the As is inactive and this is not taken into account in the simulation 
program. 

The reproducibility of the R(T) characteristics was checked. Neither the 

exposure of samples to room temperature air for several weeks nor thermal cyclings 

between room temperature and liquid-helium temperature showed detectable 

deviations intheR-T relations. The accuracy of the temperature maasurement was 

better than 1%. The reproducibility holds both for the samples having their peak 

density below the surface (broken curve in Fig. 6-1) as for those having the nearly 

constant distribution (solid curve in Fig. 6-1) [31]. 



94 

D'l 
0 
_] 

6 

2 

Fig. 6-8 

:~: 

+ ++ 

-1 

Chapter six 

0<> 
• 5 o o 6a 

0 • 
6b • 4x • 

ö x ... . .. 0 
!•: 0 ... • :~: • 7 :·: • ... 

+ ++ ++ :·: 
+ 

+ 

6c + 
... .. .. ...... + .... 

"+ • "t+ 
•• 

9 

-0.5 0 

:·: 
!•: 

" " 
" \ 
' c ' 
' 
' 

• 

0.5 

Log (T /K) 

1 

c 

' 
c 

' 1:1 

1:1 

" 
a 

• ., 
c 

• ., 1:1 

• " c 
XA • ., 

x,~, •• ., c 
.kx ••j Xxx x 

1 1.5 

The measured resistance-temperature relation of a number of devicesof 
the interdi.gital implant structure (cf. Fig. 6-2}. The numbers 
correspond to the wafer number in Table 6-1. Samples 6a-6c are all 
from the same wafer 6; Ba and Sb are two samples from two different 
wafers 8 which were processed with identical procedures. 

Camparing Table 6-1 and Fig. 6-9, it is clear that both 1he implant dose and 

the diffusion time can be used independently to obtain a thermistor of a prescribed 

specification (e.g. the operating temperature range). The useful temperature range 

of a given thermistor is practically defined as the temperature range where the 

responsivity ldlog(R/0)/dlog(T/K)I is appreciable (?: 1), and at the sametime the 

resistance is not too large(~ 100 MO). Low temperature application is obtained at 
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The results ofthe resistance-tempertaure measurments on two samples 
ofthe impZant strocture shown in Fig. 6-9 {The square-like strocture}. 
Bothafthem are from the wafer 8. 

compositions closer to the MIT. The density, however, must be critically controlled. 

Because the diffusion times are rather long, it is desirabie to use the diffusion time 

as the parameter to fine-tune the final densities in a relativa way, starting with one 

or several wafers that have undergone the same implantation and annealing history. 

Wafers 6-8 in Table 6-1 were actually developed in such a way. They were made 

with a nominally identical implantation and annealing process as wafer 5 and 9, 

however in an independent process now [32]. 

The electrical resistance of devices from wafers 1-5 reaches megaohms alrea.dy 

above 1.5 K with · an increasing responsivity for lower temperatures. In the 

temperature range of 1-4 K their responsivity is in excessof 5 which is well suited 

for partiele detection applications. However, their heat capacities are too high for 

such applications with these temperatures. Wafers 6-8 were intentionally prepared 

to have a composition in the transition range between wafers 5 & 9. The R(T) 

characteristics are in between as well, but show an unexpected and unwanted 

:Dattening at low temperatures. 

Another thing that can be observed from the figure is that the R-T 

characteristics of different devices, even from the same wa.fer, are not the same. The 

scatter in the results from different samples is considerable. This implies that there 

exist doping inhomogeneities. Due to the very small geometry (5 pm in width and 
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0.1 p;m in depth over an effective length of 7 mm) and the fact that the 
concentrations are close to the MIT (about 10% below it), the small fluctuations 
might give rise to metallic shorts between the finger-like electrades which in turn 

bring about the flattening feature observed. There is no independent confirmatien of 
the supposed density inhomogeneities of the order of 10% on a 100 p.m2 scale. These 

inhomogeneities are larger than typical for an implantation process [32]. 
The results of the sqnare-like geometry (Layout 2, Fig. 6-3) with larger 

dimensions (Fig. 6-9), show very eneauraging R-T characteristics for a potential 

thermal detector sensor. The two samples were obtained from the same wafer where 
samples Sa & Sb of Fig. 6-S were taken from. They have therefore an identical 

processing history, but show a different behaviour at low temperatures. This fact 

shows that geometrical factors may play an important role which should be taken 

into account in designing the low temperature thermistor. Their responsivities, 
estimated from Fig. 6-9 at the low temperature end, are about the same as or 

higher than those of the devices from wafers 1-5 in the temperature range 1-4 K, 

and still show the tendency of increasing. 

1.2 The current-voltage relations 
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The I- V characteristics of a de'l!ice ofthe interdigital structure layout 
from wafer 5. 
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Fig. 6-10 & 6-11 depiet typical measured eurrent-volta.ge (I-V) relations of 

two devices. The sample for Fig. 6-10 is of an interdigital structure from wafer 5 

and can be measured only at high temperatures. The other, for Fig. 6-11, is of a 

square-like structure of Layout 2 and its R-T characteristic is shown as the curve 1 

in Fig. 6-9. 

The sample from wafer 5 was measured at four temperatures between 1.6 and 

4.2 K. The I-V curves are apparently non-linear above a certain dissipation power. 

At the lowest temperature of 1.6 K, the non-linearity starts already at a dissipation 

power as low as a.bout 10·9 W. Non-linear I-V characteristics were also observed for 

the device of the square structure too, but at a lower tempera.ture. In genera!, the 

lower the temperature, the lower the dissipation power at which the non-linearity 

starts. These effects were also observed by a number of other authors, for instanee 

Zammit et al. [29] and Buraschi et al. [16]. It is realized that a probable origin of 

Fig. 6-11 
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Fig. 6-12 The resistance-temperature characteristics of sample 6a (cf Fig. 6-8} 
at different excitation C'l!.rrents. 

the non-linearity is the intrinsic electric field effect [52]. 

Fig. 6-12 depiets the I and T dependenee of the sample 6a. The measured 

resistance depends strongly on measuring current and is independent of the 

temperature below a certain tempera.ture. Although a simpte heating effect ca.n not 

be ruled out as the origin of the temperature independent behaviour, the rather 

abrupt change from the T dependent, I independent curve to a nearly T 

independent beha.viour points to an intrinsic effect due to the electric field. 

2. Physical analysis and discussions 

2.1 Temperature dependenee of resistance 

To analyze the conduction mechanism responsible for the experimental data 

given in Fig. 6-8 & 6-9, we begin with the VRH laws because most experiments 

were performed at temperatures below 4.2 K. A primary subject in the analysis of 

the VRH conductivity is the determination of the value of the index p which 

appears so frequently in the la.ws related to the VRH conduction. The clarification 

of its value is crudal for the determina.tion of the shape of the electronic density of 

states near the Fermi level. A great deal of literature has been produced in the past 
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three decades but the hopping transport is still poorly understood, especially near 

MIT. For three dimensional systems experimental evidence for both p =i and! has 

been reported. The problem is rather complicated because it depends on the various 

parameters such as the temperature range where the experiments are performed, the 

impurity concentration and the accuracy of its determination, the degree of 

compensation, the intensity of the electrical field applied and so on. 

In Fig. 6-13 the measured resistance of samples 1-5 & 9 are plotted 

logarithmically against the inverse square root of the temperature. At sufficiently 

low temperature, each curve turns out to be a straight line. However, it is still 

insufficient to conclude that p = !, due to the fact that a similar plot of R against 

T-114 would be nearly straight as well. A different procedure was foliowed therefore 

to select an optimum value of p. Least-square fits were carried out for the data 

points below 4.2 K to the expression [53]: 
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6-29 

This procedure was performed for several devices taken randomly from each wafer 

1-5 to see whether the obtained p values are statistically significant. The varianee 

in the optimum value of p generated by the fit is typically 10%. A compilation of 

the p values is shown in Table 6-2. 

The data in Table 6-2 show considerable scattering. But it is clearly seen that 

p values are definitely larger than t· The statistica} average is near the value of! 

( cf. ref. 54, Fig. 2}. 
As to the analysis of the data obtained for the square geometry, Fig 6-14 was 

Waferfsample p Rtn [10-2 0] Tv2 [K] 

a 0.6 ± 0.2 4.6 ± 0.6 900 ± 20 

b 0.5 ± 0.1 4 ± 1 920 ± 30 
2 : 

I c 0.6 ± 0.3 2.3 ± 0.9 1140 ± 70 

d 0.5 ± 0.3 7 ±2 1020 ± 50 

a ! 0.56 ± 0.06 26 ±2 475 ± 5 

3 b 0.54 ± 0.08 27 ±3 469 ± 7 i 

c 0.54 ± 0.07 22 ± 6 506 ± 7 

a 0.31 ± 0.03 12.0 ± 0.8 337 ± 4 

4 b 0.41 ± 0.04 12.5 ± 0.9 302 ± 4 

c 0.39 ± 0.05 13 ±1 301 ± 4 

a 0.42 ± 0.03 4.0 ± 0.2 386 ± 4 

5 b 0.32 ± 0.04 3.4 ± 0.3 495 ± 5 

c 0.42 ± 0.02 2.6 ± 0.3 516 ± 8 I 

Table 6-2 The values ofthe power p obtaineá by least-square fitting ofthe data to 
eq. 6-29. The constants R112 aná T112 were computeá by setting 
p == 1/2. 
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The analysis of the resistance-temperature relation of the sample of 
the Layout 2. The resistance is plotted logarithmically against T"P in 
the measured temperature ran[Je of 0.08-1 K. 
14a. log(R/0.) versus (T/K[114; 
14b. log(Rjn) versus (T/K]"112; 
14c. log(Rjn) versus (T/KJ-1. 

plotted where the measured resistance R was logarithmically plotted against T-!, 
T-112 and T-1 respectively. Clearly, no single value of p can represent the data over 

the whole range. Comparing the three figures one mày conclude that p has changed 

from i to ! and then to 1 from high to low temperature, although the change from i 
to i is not very clear. 

Before we discuss the data further in detail, it is desirabie to have a better 
estimate of the dopant concentrations of the samples. lt is necessary to do so 

because the simulated As concentrations are clearly higher than the actual ones. It 

is not possible for us to measure the concentratien directly. Therefore we have to 

estimate it by camparing our measurements with those of others. One way to obtain 

the relative concentratien is comparing the ratio of the resistivity at 4.2 K to that 

at room temperature p( 4.2)/ p(300), with ratios as a function of density given by 

Shafarman and Castner [34]. Another way is to study the constant Tp in the 
eq. 6-20, since it is reported as a function of xfxc. The analysis is compiled in 
Table 6-3, which is publisbed also elsewhere [54], taking the reports of Shafarman et 
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r 

1 23 17 760 8.7 0.94 7.3 7.6 ~:~7.9 

2 19 21 420 5.4 0.64 7.4 7.7 ~:~7.9 

Table 6-9 The estimation ofthe As concentrations. The parameter r represents 
the resistance ratio R{4.2K)/R(900K}; u(4.2K) the (appro:cimate) 
conductivity at 4.2 K; Tp (p = 1/4, 1/2 and 1 respectively} the 
constant in eq. 6-20, obtained when the data are fitted with the equation 
in an appropriate temperature range; Xr1 x114 and Xa the As 
concentratons estimated from the parameters r, T114 and q(../.2K} 
respectivewly. The concentration x is in unit 1018 cm·3; the constant Tp 
in K and q in (flcm)-1. 

al. [34, 48] as standard reference for comparing. 

The quantity x4.2 was obtained by comparing the estimated conductivities at 

4.2 K with literature values. The calculated As concentrations are consistent with a 

value of x = 7.7 x 1018 cm·S to within 4%, while the simulated value is 

9. 7 x 1018 cm·a. It is expected therefore that all samples from wafer number 8 have a 

realAs concentratien of about 7.7 x 1018 cm·a, far less doped than expected. 

Having done the comparison, we return to the discussion of the conduction 

mechanism. The studies of Shafarman et al. [34, 48] on the bulk Si:As samples are 

rather oomparabie to ours, since their samples are also uncompensated and were 

measured in the temperature range where we did our experiments. They have shown 

that their samples follow a VRH law with p = ! , thus without a Coulomb gap in 

the density of states at the Fermi level. This seems to be at varianee with our 

results. The fact that their samples are closer to Xe may be the origin of the 

discrepancy. Their lowest As concentratien is around 7.6 x 1018 cm·3, which is 85% 

of the Xe and about the highest calcula.ted concentration ofours. The concentration 

of wafers 1-8 are from 60% to about 90% of Xe· As mentioned before, it is possible 

to induce a transition from i to ! by increasing x. As x increases, the Coulomb gap 

narrows and the optimum band becomes larger than the gap, so that the p = 1/4 

law is expected. Combining the results of Sha.ferman et al. and ours, we find it is 

possible that there is such a transition near x/xc ~:~ 90%. Tremblay et al. [55] have 

observed such a transition in the n-type GaAs system at xfxc ~:~ 80% and attributed 

it to the consequence of the narrowing of the Coulomb gap. More recently, Zammit 

et al. [51] have reported the sa.me observation on the Si:As system prepared also by 

the ion-implantation technique, although no definite value of x/ Xe was given where 
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the transition occurs. 
Basedon the estimation tha.t walers 1-5 have their xfxc < 80%, it is regarded 

therefore not unreasona.ble that they show up with p = i· Their behaviour below 
1.5 K is, however, not observable due to their unmeasurable high resistance. The 

resistance of the walers 6-9 are well measurable but the flattening feature ( cf. 
Fig. 6-8) prevents analyzing the data quantitatively following the hopping la.ws. It 
is thus believed that the flattening is not an intrinsic transport property. 

Most existing data of the quantity p obtained by least-square methods scatter 

considerably but not purely random as a function of x (see, for instance, TableI of 

ref. 51, Table II of ref. 48, Table 1 of ref. 55 and Table 6-2 of this chapter). In 

general p decreases when x increases. This leads us to suggest that the quantity p 

scales to the impurity concentration as: 

6-30 

in a way like other sealing quantities such as Tp, 1 etc. In this way the quantity p 

approaches zero from a finite value of Po as the concentration x approaches Xe· It 
should be emphasized however, that eq. 6-30 has no theoretica! ground. Only the 

discrete values p = 1/2 and 1/4 have a theoretica! basis. 
We now turn to the discussion of the results of the Layout 2. The R-T 

relations of the square-like geometry (cf. Fig. 6-9) showed no flattening but a 

typical way of hopping conduction. Qualitatively, a transition from p == ! to i with 
decreasing temperature for a fixed sample due to the narrowing of the optimum 

hopping energy band ç0 is possible, when e0 < Ecg· Such transitions have been 
reported in ion-implanted Si:P [5], amorphous Ge:Sn alloy [56] and very recently in 

n-type CdSe [57]. What our data show, however, is rather a p = 1/2 to p = 1 
transition. A hopping law with p = 1 is expected at relatively high temperatures 
where nearest neighbour hopping (NNH) dominatea the charge transport. It is 

unlikely that the here observed p == 1 is due to the NNH transport since it is 

observed below the VRH temperature range. The origin for p = 1 therefore is 
unclear. 

Deviations from the VRH laws at very low temperatures have been noticed in 
several doped systems [16, 51, 58]. Power laws of the form R(T) "' T-q with q ::: 2 

was even proposed for very low temperatures by Kobayashi and coworkers [59]. But 

this relation apparently does not apply, at least not in the temperature range where 
we worked, to our measurements. 
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The discussion so far has not yet involved the prefactor in the hopping laws. 

The prefactor o-0 (or R0·1) increases exponentially with the concentratien x 

(cf. ref. 24, chapter 6) and depends weakly on temperature. In fact, an analysis 

invalving the prefactor of the form u0 = u(x) T1 in the hopping laws found s :S 1. 

Such a temperature dependenee of the prefactor rather weakens the responsivity 

A = I dlog(R/0) / dlog(T /K) I = Is - p(T p/T)P I· Table 6-2 shows that we are in the 

T-range where Tp is much larger than T, so that the T-term is dominant. 

Qualitatively it is thus not possible to explain the observed transition of p from ! to 

1 at low temperature by including T1 in the analysis. 

Hopping conduction with p = 1 is possible if one imagines that there exists 

somehow a rigid gap in the density of states around the Fermi level. A rigid gap is 

one with zero density of states over an extended energy range, unlike the "soft" 

Coulomb gap which shrinks continuously to zero at Er (cf. Fig. 6-7). In terms ofthe 

relations 6-19 it would mean that one let n -+ oo which implies that p = 1. Effects 

that may lead to a rigid gap have been discussed by several authors. One of the 

effects, simultaneous hopping of correlated electrans has been considered, among 

others, by Efros and Shklovskii [ref. 24, chapter 10] and Knotek and Pollack [60]. In 

this effect the electronic motion is correlated to reduce the energy needed for 

hopping the electronic polarons. Efros and Shklovskii, however, still expect that pis 

equal to i even in this case. Knotek and Pollack did not reach a simple analytica! 

expression. Recently, Shlimak [62] has suggested that spin-spin interaction would 

cause a. rigid gap too at the Er, and lead to p = 1. Data on amorphous Ge, strongly 

doped with the magnetic element Cr, and on the NTD prepared n-type Ge of their 

group are indeed consistent with this theory. To our knowledge, this is the only 

prediction for p = 1, though it is related to the magnetic interactions. 

A simple explanation of the p = 1 law, in our view, might be that the hopping 

length r can not beoome unlimitedly large in a finite conduction system, as it would 

with x~ Xe and T-+ 0 (cf. eq. 6-17). The sample size would an obvious restrietion 

eventually. If the hopping length r0 reaches a certain maximum, then the optimum 

hopping energy band fo will be fixed at a certain minimum value. Returning to the 

relations 6-12 & 6-13, we see that the situation simulate very much that of the 

NNH, with the difference that the hopping length here is a maximum one instead of 

the minimum hopping length in the NNH. 

As noted by Zhang et al. [57], the usual hopping theory relates the Coulomb 

gap width to the ratio of Tp's in different regimes: 
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Inserting our experimental data for T112 and T1, 4 !rom Table 6-3 into the relation, 

we find tha.t Ecg/k8 = 0.9 and 0.6 K for the two samples respectively. These figures 

correspond precisely to the act i vation energy T 1 in the sa.me table, which suggests 

that the activation energy may be associated with the Coulomb gap. 

2.2 Current-Voltage characteristics 

2.2.1 Low E/T range 

We turn now our attention to another interesting aspect of the hopping 

transport, namely the in:fluence of the electrical field. It is also of very much 

practical importance to examine the current-voltage (I-V) characteristics of the 

devices if they are to be used as bolometer sensors. 

Replotting the data given in Fig. 6-10 as ln(R/0) versus Ve/T, where Ve is the 
voltage across the electrades (equivalent to the electrical field), in Fig. 6-15, we find 

straight lines for most of the Ve/T range. This shows that the data can be 

consistently interpreted with relation 6-27, which comes from the hopping theory 

for moderates fields. The slopes of the lines yield the characteristic length L. 

6 

Fig. 6-15 

4 'ë30 
c 
::120 

• 4.20 K 
• 3.22 K 
• 2.25 K 
• 1.60 K 

• • -x 
! • 

The ln{R/0)-E/T plot ofthe data given in Fig. 6-10. 
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The inset of Fig. 6-15 shows the plot of the characteristic length L obtained 

irom eq. 6-27 for several samples. Remarkably, the obtained magnitudes of L 

(::= 30 nm in the tempera.ture range) agree with those obtained in a. similar manner 

irom a very different system, the NTD p-type compensated Ge (61]. They are 

smaller by an order of magnitude than those obtained by Ionov et al (62] for u-type 

Si:P. The temperature dependenee of L agrees a.lso with refs. 61 and 62. Rosenbaum 

et al. [52), on the other hand, using a. similar data ana.lysis obtained for Si:P an 

extra large L = 16 p,m for very small E/T S 40 V fmK, which was almost 

temperature independent. The fa.ct that their samples are very close to the Xe with 

xf:x:c !!: 0.98 and at the same time very small E/T might be the reasou of the extra 

largeLand its temperature independent character. 

2.2.2 High E/T range 

The nonlinear curves of Fig. 6-11 &: 6-12 fit very poorly to eq. 6-27. This 

means that at least for these samples in the temperature range of Fig. 6-11, another 

explanation must be sought. Strongly nonlinear I-V curves have been observed for 

other systems as well [63, 51, 64}. In the litera.ture, the strong nonlinearities are 

generally attributed to one of the following two origins. 

One origin conld be a nonequilibrium heating effect. The other possibility is the 

electric field assisted hopping as discussed in the last section, but now possibly 

described by another approximation of the theory, e.g. eq. 6-26. We discuss first the 

possibility of a nonequilibrium heating effect and then the electrical field assisted 
hopping effect. 

A nonequilibrium heating effect means that the electrens are beated by tbe 

electtic field, but can not remain in tbermal equilibrium witb tbe lattice beca.use of 

a very poor electron-pbonon coupling. Tbe decoupling arises because tbe pbonon 

density of states is low at low energies (phase-space restrictions ). It ca.n be simply 

shown that when the electron-pbonon relaxation time can be written as re-p "' T-Q, 

then the power input P in the electron system and tbe electron temperature Te are 

related by: 

6-31 

where T1 is the la.ttice tempera.ture, and y = q + 2. It is a.ssumed bere tha.t the 

electron heat capacity is linear in T. It must be noted tha.t the same eqation also 

resnlts for the case of tri'llial heating, with a therma.l impeda.nce Rth between sample 
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Fig. 6-16 The analysis ofthe power-temperat-ure relation oftwo samples from 
the layout 2 at different (heat sink} te.mperatures. The. lowest point of 
each me.asurement series is the one obtained with a lowe.st available 
excitation current. 

and heat sinkof the form Rth,. TY·1• We shall argue later that the present results 

are very likely not due to the trivia! heating. 
Zammit e.t al. [51] have recently analyzed their data on ion-implanted Si:As at 

temperatures below 1 K basedon eq. 6-31 and found a good agreement with it. The 

power P is given as I" V. For Te > T1, y is found to be close to 5. This indicates that 
there is an effective thermal resistance between the electrons and the phonons 

because simple thermal impedance are known (65] to have powers of 3 or 4. 
Fig. 6-16 shows the P-T relation for our data. This is an another way plotting the 
data of Fig. 6-13. T is obtained from the R(T) curve (Fig. 6-13), where the now 

current dependent R is taken as V /I. The points on the common asymptote result 
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û:om a electtonic tempera.ture which is much higher than the pbonon tempera.ture. 

The asymptote is well described by eq. 6-31 with the constant given by B = 
1.1 " 10·1 W fKS. The data of both samples are almost indistinguishable. The slope 

corresponds rather precisely to y = 5 as found also by Zammit et al. The same 

power law was also found for the electron-pbonon impedance in the different system 

of a two dimensional electron gas in a GaAs-AlxGa1.xAs heterostructure [66]. The 

constant B, however, {when properly normalized to the sample area.) is for our 

samples an order of magnitude larger than for the samples of Zammit. 

We now test the data for the applicability of the electrical field formula 6-26 

with the help of Fig. 6-17 where again the same data as in Fig. 6-13 are plotted. 

The temperature of the samples was kept at 80 mK. The highest electrical field 

applied is near 1000 V fm. The measured currents are plotted against v·114 , v-ua, 
v-1/2 and v-1 respectively. 

For currents between 10 and 0.1 p,A, extremely good correlation was found for 

both samples for the relation 6-26 with p = t· Plots against v-va, v·1/2 and v·1 
show systematic deviations from the straight line. Plots against v-ua was drawn to 

check if there is a dimensional cross over as bas recently been obs.erved by Dan 

Shahar and Zvi Ovadyahu [64] from a similar analysis method. Their indium~oxide 

films have thicknesses ranging from 13 to 35 nm which is much smaller than the 

doped layer thickness of our sample(~ 50 nm). 

The localization lengtbs calculated with the p = ! fit are 66 and 51 nm 
respectively. Tbe localization length was obtained through the relation 

1 = 1.4kBTp/eEp [63], where Tp was taken from Table 6-3 and Ep was computed 

with the least-square fitting of the data of Fig. 6-17a &; b. These results are 

comparable to that obtained by Shafarman et al. (cf. Table IV). 

The expected transitions û:om p = i to ! and eventually to 1 as found û:om the 

R(T) plots were not observed. Perhaps an even lower lattice temperature is needed 

for the transitions to be observed. The critica! electtical voltages obtained from the 

eq. 6-29 are 1.4 and 1.9 mV respectively, bothof which are at the lower end of the 

applied voltage range. 

The condusion that may be drawn thus far is that the data are consistent both 

with a non-equilibrium heating model as well as with an electrical field model (at 

least in a certain voltage range). Given also the crudeness of the theory used behind 

the models, there is insufficient proveto plea for either of the two models. A trivia! 

heating effect can be rule out however. One reason is the value of y in the power law 

P "' B·TY. In addition, preliminary measurements have been performed with two 

thermometers on the same Si-chip. One thermometer was excited with high 
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Fig. 6-11 The high E/T effect. The data were obtained at a temperature of 
0.08 K. The current I is plotted logarithmically against v·p for two 
samples. 
17a. I- v-p plot for sample 1, where p = 1/4, 1/3 and 1/2 

respectively. The straight line is given by ln(Ij A) = 
5.09-2.63· v-t/4, V in volt. 

17b. I- v-p plot for sample 2, where p = 1/4, 1/2 and 1 
respectively. The straight line is given by ln(I/ A} = 
5.93-2.14· y-114, V in volt. 
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measuring currents and measures the electron temperature Te. The other was read 

out with low currents and gives the lattice temperature T1 of the chip. It was found 

that T1 <Te. Thesesame experiments also confirmed the low y (~ 3.5) fora normal 

thermal impedance between the chip and heat sink. 

Finally we like to draw attention to a. peculia.r feature in the I-V curves of 

Fig. 6-11. At the very lowest temperatures, there exists a region with dV /di = 0 

and even dV/di < O.This is also refiected in Fig. 6-17a.. This phenomenon was 

reproducible and is believed to be a real effect. It is, in fa.ct, a property of a very 

sensitive thermometer with negatîve dR/dT [67] and can be explained with an, even 

trivia!, self heating effect. Using V = IR and allowing R to be a function of current 

(or voltage, or power), direct differentiation gives an expression for dV /di as: 

6-32 

where P is still the dissipated power ( = I2R or I· V), dP I dT is the therm al 

conductance, which may be either a. materiallink (e.g. contact conducta.nce) or the 

interna.l conductance between electrens and phonons. Because dR/dT < 0, the 

numerator of eq. 6-32 can become zero or even negative (the denumerator is always 

~ 0). Although not much attention was paid to it, nega.tive dV /dl's were present in 

publisbed I-V curves for melt-doped Ge [14] and NTD-doped Ge [68J. A negative 

dV /dl is thus a. manifesta.tion of the outstanding responsivity of the thermistor. The 

observations discussed in the last pa.ra.graph lend strong support to the thermal 

impeda.nce model, especially at the very lowest temperature. A consequence of the 

thermal impedance model would be that all the salient features of Fig. 6-11 are 

wasbed out when the data. are plotted as in Fig. 6-16. This is indeed almost the 
case. Some fine-stmeture at the low temperature end, in Fig. 6-16 (but hardly 

visible at the scale shown) must be further investigated and is beyond the scope of 

the present work. 

Conclusions 

The simpte square geometry shows very promising properties for use as a 

thermal detector sensor. lts loga.rithmical responsivity is la.rger than 5 near 0.1 K. 

This is essential for the bolometer application. The square geometry turns out to be 

less sensitive to the applied voltage and the inhomogeneities resulting from the 
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doping process. 

The ·diffusion time in the manufa.cturing process is a convenient parameter 

through which the relative As concentratien ca.n be ea.sily controlled. Although 

large quantities of devices can be produced at the same time, the devices must be 

ca.librated individually, beca.use of the large spread in properties, even for devices 

from the same wafer. 

Since the sample is very sensitive to the electrical field and the applied 

measuring power, especia.lly at very low temperatures, the ca.libra.tion of the devices 

should include the applied excitation current a.s reference. 

The observed VRH conduction complies best with the p = ! law, or the 

modified Mott's la.w in the given As concentratien range and temperature range. 

This indicate that there exists a pa.ra.bolic gap in the density of states at the Fermi 

level induced by the e-e interactions. This gap seems to be na.rrower for the samples 

of higher As concentrations. The observed p = 1 conduction at the lewest mea.sured 

temperatures is yet a.n unexpla.ined result. 
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SAMENVATTING 

Dit proefschrift bestaat uit zes hoofdstukken. Het eerste hoofdstuk geeft een 

algemene inleiding; elk volgend hoofdstuk beschrijft een onderwerp dat betrekking 

heeft op de bouw en de ontwikkeling van een microcalorimeter. Hoofdstuk 2 

beschrijft de voorbereidende werkzaamheden; de hoofdstukken 3 en 6 vormen de 

kern van het proefschrift. In de hoofdstukken 4 en 5 worden tests met de 

vervaardigde calorimeter beschreven. De inhoud van de hoofdstukken kan als volgt 

worden samengevat. 

Hoofdstuk 2. De constructie van een middelgrote 3He-•He-mengkoeler die 

experimenten beneden 1 K mogelijk moest maken, wordt beschreven. De groep 

beschikte reeds over twee van zulke koelmachines: een kleine met een maximale 

circulatiesnelheid van 50 p,molfs, en een grote met een circulatiesnelheid tussen een 

paar honderd p,mol/s en 2,5 mmolfs. De nieuwe mengkoeler werd ontworpen om qua 

grootte een plaats in te nemen tussen de beide andere, met een gewenste 

circulatiesnelheid van 50 - 400 p,mol/s. De geconstrueerde koeler bleek goed te 

functioneren en de bedoelde experimenten beneden 1 K mogelijk te maken. 

Hoofdstuk 3. In dit hoofdstuk wordt de constructie van een microcalorimeter 

beschreven die bedoeld is voor kleine preparaten (::::; 100 mg) en voor het 

temperatuurgebied van 0,1 - 1 K. De microcalorimeter is gebaseerd op de 
relaxa.tietijd-methode. 

Verschillende aspecten van de constructie worden beschreven, o.a. de zgn. heat sink 

die voor de temperatuurregeling zorg draagt. Er zijn twee prototypen van zo'n 

microcalorimeter vervaardigd en getest. 

De resultaten van een tweetal proefmetingen, beschreven in de hoofdstukken 4 en 5, 

tonen aan dat de calorimeter naar behoren werkt en een goed uitgangspunt is voor 

verdere ontwikkelingen. Deze worden kort besproken, waarbij ook aandacht wordt 

gegeven aan automatisering van het systeem. 

Hoofdstukken 4 en 5. Na het gereedkomen van de calorimeter werd de soortelijke 

warmte van een tweetal preparaten gemeten, voornamelijk met de bedoeling de 
toepasbaarheid van de calorimeter te testen. 

De resultaten van de soortelijke-warmtemetingen aan de hoge-Te supergeleider 

Bi:~Sr2CaCu20s worden gegeven in hoofdstuk 4. Deze moesten een uitbreiding geven 

aan metingen van de soortelijke warmte van dit materiaal, verricht door een 
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naburige groep, in het temperatuurgebied beneden 0,4 K. De resultaten worden 

geanalyseerd en bediscussieerd. 

Het werk dat in hoofdstuk 5 wordt beschreven sloot aan bij een experiment met het 

antiferromagnetische kristal [Cr(en)a]Cla· 0,5NaCl· 3 H20. De gegevens met 

betrekking tot de soortelijke warmte waren een aanvulling op die van de 

magnetische susceptibiliteit bij de karakterisering van fase-overgangen bij lage 

temperaturen. 

Hoofdstuk 6. Dit hoofdstuk bevat de eerste resultaten van de verdere ontwikkeling 

en verdere miniaturisering van de microcalorimeter. Om de warmtecapaciteit van de 
calorimeter te reduceren werd de mogelijkbied onderzocht om alle componenten van 

de calorimeter in een enkele siliciumchip te integreren. 

Met arseen geïmplanteerde siliciumchips werden gekozen voor de verdere studie. 

Hun temperatuur-weerstand karakteristieken werden nauwkeurig bestudeerd 

beneden 4,2 K. De resultaten hebben interessante eigenschappen van het ionen

geïmplanteerde silicium opgeleverd, zowel vanuit theoretisch oogpunt als met het 

oog op praktische toepassingen. 
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SUMMARY 

This thesis consists of total six chapters. Apart from the fust chapter, which 

gives a general introduetion to the whole work, each chapter describes a different 
subject related to the design and the development of microcalorimeters. Chapter 2 
is the starting step; chapter 3 and 6 are the main topics of the thesis; in chapter 4 

and 5 the use of the constructed microcalorimeter is demonstrated. The chapters 

can be summarized as follows. 

Chapter 2 The construction of a medium-size 3He-4He dilution refrigerator, which 

enables us to carry out experiments below 1 K, is described. There exist already two 

of such refrigerators in the group, one with small 3He circulation ra te (max. ~ 50 
!Jmolfs) and the other on the contrary with large circulation rates ranging from a 

few hundred ~Jmol/s to about 2.5 mmolfs. In view of the expanding research 
activities engaged in this group, a third one, i.e., the present one, was projected to 

fill in the gap between the two existing refrigerators. The circulation rate of the 

present one was thus prescribed to be in the range of a few tens (~ 50) to a few 
hundreds (~ 400) of ~Jmolfs. The constructed refrigerator proves to be 

well-functioning and suitable for experiments below 1 K. 

Chapter 3 In this cha.pter the construction and test of a microcalorimeter .are given. 
The calorimeter is to operate in the temperature range of 0.1-1 K for small samples 
(S 100 mg). The construction of the microcalorimeter is based on the relaxation 

time method. Various aspects of the construction are considered, including the 

construction of a heat sink which is responsible for the temperature regulation. Two 
prototypes of the microcalorimeter have been constructed and tested. The results, 

given as chapter 4 and 5) show that the constructed microcalorimeters operate as 

desired and form a good base point for further developments. Automatization and 

the future development of the microcalorimeter are briefly discussed in this chapter 
too. 

Chapter 4 and 5 After the completion of the construction of the microcalorimeter, 

specific heats of two different kinds of samples were measured, aimed primarily for 
testing the applicability of the microcalorimeter. 

The .results of the specific heat measurement on a high-Te superconductor 

Bi2Sr2Ca.Cu20 8 are presented in chapter 4. The low-temperature specific-heat data 
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of this material produced by one of our neighbouring groups were to be extended to 

temperatures below 0.4 K. The results indeed revealed new aspects of the specific 

heat at temperatures below 0.4 K. Analysis of the data are given and possible 

implications are discussed in this chapter too. 

The work described in chapter 5 was to complement an experiment performed 

on an antiferromagnetic insulating crystal [Cr(en)a]C13·0.5NaC1·3HaO. The low

temperature specific-heat data complemented the magnetic susceptibility data. to 

characterize (phase) transitions observed at low temperatures. 

Chapter 6 This chapter contains initia! results of the further development and 

miniaturization of the microcalorimeter. In order to reduce the heat capacity of the 

calorimeter itself, the feasibility of integra.ting all the components oî a calorimeter 

in a single Si chip was studied. 

Arsenic ion-implanted silicon chips were chosen as the sample devices to be 

studied. Their temperature-resistance and current-voltage characteristics were 

closely examined at temperatures below 4.2 K. The results have shown many 

interesting characteristics oî the ion-implanted Si chips îor both theoretica! and 

practical purposes. 
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Stellingen 

behorende bij het proefschrift van 
Chen Gang 

1. The hopping distance of an electron will eventually be limited by the sample 
size. Consequently, there will be a minimum of the optimum hopping energy. 
- This thesis, chapter 6. 

2. The ambiguity of whether the observed linear temperature term in the speci:fic 
heat of high-Te superconductors, especially in the YBaCuO systems, is 
intrinsic or not can only be cleared when large single crystal samples are maçle 
available. 

3. The absence of a critica! velocity in the flow of 3ffe through superfluid 4ffe, in a 
tube with an annular cross section perpendicular to the direction of the flow, is 
not adequately described by the Vinen model. 
- J. Zeegers, Ph.D. thesis, Eindhoven Univ. of Techn., Jan. 25. 1991. 

- J.T. Tough, Prog. in Low Temp. Phys . .8(1982)135, ed. by D.F. Brewer. 

4. Two-dimensional electron gases present interesting magneto-caloric effects. 
Particularly the isentropic magnetization or demagnetization should be 
investigated experimentally. 
- W. Zawadzld and R. Lassing, Surface Science 142(1984)225. 

5. The currents generated at audio frequencies in the two-dimensional electron 
gas on liquid helium in a strong magnetic field flow along the edges of the 
electron sheet only, in the form of a propagating wave. 
- M.J. Lea, A.O. Stone, P. Fozooni, P.J.M. Peters, A.M.L. Janssen and 
R. W. van der Heijden, to be published. 

6. The high-temperature magnetoresistance of a two-dimensional electron gas has 
an intrinsic nonzero component, which must be taken into account in 
analyzing the data of Rötger et al. 

- T. Rötger et al., Phys. Rev. Lett. 62(1989)90. 



2 Stellingen 

7. The use of a secend inlet in a pulse tube refrlgerator has been proposed as an 

important improvement of the existing orifice pulse tube. lts operation, 

however, cannot be understood on the basis of the description given by the 

authors. 

- S.W. Zhu et al., Cryogenics 30(1990)514. 

- S.W. Zhu et al., Cryogenics 30(1990)suppl. 257; suppl. 257. 

8. The destructive power of human being is always a step more advanced than his 

constructive power. 

9. The local"climate" of China is determined by the global "climate" (after 

Xiao-ping Deng, 1989). This is true at least in several senses such as 

meteorology, history and poli tics etc .. 

Eindhoven, 14 mei 1991. 




