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I571 ABSTRACT 
A device capable of accurate temperature measurement 
down to 0.01" K. of an object whose temperature is to 
be measured consisting of a heat sink wafer a first con- 
ducting pad bonded near one end of the heat sink wafer 
and a second conducting pad bonded near the other end 
of the heat sink wafer, an oblong doped semiconductor 
crystal such as germanium, the oblong doped semicon- 
ductor crystal has a third conducting pad bonded on its 
top surface and a fourth conducting pad bonded on its 
bottom surface with the oblong doped semiconductor 
crystal bonded to the heat sink wafer by having the 
fourth conducting pad bonded to the first conducting 
pad, a wire bonded between the second and third con- 
ducting pads, and current and voltage applying wires 
bonded to the first and second conducting pads 
whereby the change in resistance of the oblong doped 
semiconductor crystal indicates the temperature of an 
object whose temperature is to be measured. 

V O ~ .  18, pp. 216-218, (1987). 

V O ~ .  10, pp. 204-208, (1987). 

12 Claims, 4 Drawing Sheets 
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SUB-KELVIN RESISTANCE THERMOMETER 

ORIGIN OF T H E  INVENTION 
The invention described herein was made by an em- 

ployee of the United States Government, and may be 
manufactured and used by or for the Government for 
governmental purposes without the payment of any 
royalties thereon or therefor. 

TECHNICAL FIELD 
This invention relates to measurements at very low 

temperatures and more particularly to a device capable 
of accurate temperature measurement down to 0.01" K. 

BACKGROUNDART 
Measurements at temperatures below 1" K. are spe- 

cial, not only because quantum phenomena are present 
on a macroscopic scale, but also because the small heat 
capacities of many systems studied preclude measure- 
ment techniques which gratuitously introduce energy 
and modify the state of the subject. In addition, relax- 
ation times are long, and a system, once perturbed, may 
take minutes or even days to return to a state of equilib- 
rium. Consequently, it is difficult to find an accurate, 
reproducible. and "well behaved'' thermometer that is 
very sensitive, small. of low heat capacity that is not 
costly and complex. The magnitude of a temperature, or 
a temperature change, is significant only in relation to 
the quantity E/k! or AE/k, where k is Boltzmann's 
constant. and E and AE are energies which characterize 
the phenomenon under investigation. 

Below 1" K., the traditional method for measuring 
temperature has been that of magnetic thermometry. A 
sample is calibrated at a known temperature in the 1-4" 
K. region. and then, for lower temperature. a "magnetic 
temperature" T* is extracted from the inversion of Cu- 
rie's l au .  The magnetic thermometer is still used be- 
cause of its basic simplicity, and also as a verifier and 
"smoother" of temperature scales derived by other 
methods. Enhanced detection sensitivity is available 
through superconducting quantum interference device 
(SQUID) technology. Other methods include Gamma- 
ray anisotropy and thermal electric noise thermometry. 

Because of their relative low cost, resistance ther- 
mometers tend to be accorded highest favor as far as 
practicality is concerned, but very few types having 
adequate sensitivity exist. Doped germanium semicon- 
ductors or germanium resistance thermometers 
(GRT's) and carbon resistors are much in use down to 
temperatures as low as a few millikelvins, the germa- 
nium being somewhat more reproducible but in the past 
much more costly. 

Currently, the most commonly used temperature 
sensor in the range between 0.05" K. and 1" K. is the 
GRT. GRT's are commercially available from several 
vendors, such as Lake Shore Cryotronics, Scientific 
Instruments, Inc., and Cryocal Inc. The standard con- 
figuration is a relatively thin crystal of germanium en- 
closed in a gas filled capsule. These commercially avail- 
able GRT's cannot be used accurately below approxi- 
mately 0.05" K. 

There are three major problems with the present 
GRT's in the 0.05" K. to 1" K. temperature range. The 
first problem is that the presently available GRT's de- 
pend on gas in the enclosing capsule to conduct the heat 
away from the germanium sensing element. Helium-4, 
which is the commonly provided gas, can be used down 

to about 0.85' K. while. at a significant cost. helium-3 
can be used down to about 0.2" K. Below 0.2" K., no 
useful gas is available. The loss of thermal conduction 
through the gas decreases the electrical current that can 

5 be used to measure the resistance of the germanium 
crystal since the crystal will over-heat at a very low 
current level. As a result, the sensitivity of the tempera- 
ture measurement decreases at lower temperatures. 

The second problem with current GRT's is that the 
10 temperature sensitivity depends on the slope of the 

temperature (T) resistance (R) curve for the sensor. The 
lower temperature GRT's typically have small R vs. T 
slopes ( l /RxdR/dt) .  

The third problem with present day GRT's is that the 
l 5  electrical leads to the germanium crystals are attached 

to a small area of the crystal. This small contact area 
induces large electrical gradients in the germanium 
crystal that can degrade the performance of the temper- 
ature sensor. 

STATEMENT OF T H E  INVENTION 
It is therefore an object of the present invention to 

provide an improved low temperature thermometer 
with increased sensitivity at temperatures below 1" K. 

Another object of the invention is to provide a low 
temperature thermometer having an improved area for 
mounting the electrical leads. 

A further object is to provide a low temperature 
3o thermometer having improved thermal contact be- 

tween the temperature sensor and the object whose 
temperature is to be measured. 

A still further object of the invention is to minimize 
electrical field effects that degrade the temperature 

These and other objects are achieved by providing a 
bulk doped germanium crystal, having a total resistance 
between 100 Ohms and 100,ooO Ohms in the tempera- 
ture range of interest, Le., between 0.01" K. and 1" K., 

40 used to sense the temperature of an object whose tem- 
perature is to be measured. 

The germanium crystal is treated to provide large 
electrical pads on the top and bottom of the crystal. The 
top electrical pad is a gold pad sputtered on top of the 

45 germanium crystal and the bottom electrical pad is also 
a gold pad sputtered on the bottom of the germanium 
crystal. The top and bottom surfaces of the crystal may 
be "metalized" with an appropriate doping to ensure 
low noise electrical contact to the gold pads. The bot- 

50 tom electrical pad on the germanium crystal is also 
physically and electrically connected to  an electrical 
pad on the top of a sapphire crystal wafer. The sapphire 
crystal wafer can then be bonded to a mounting plate 
made from copper for mounting on the object whose 

55 temperature is to be measured. Two electrical leads, a 
current lead and a voltage lead are bonded to and ema- 
nate from the wafer electrical pad, and are connected to 
external instruments in the normal manner to facilitate 
the measurement of current through and voltage across 

60 the germanium crystal. A second wafer electrical pad is 
provided at the opposite end of the sapphire crystal 
wafer for bonding a second pair of matching electrical 
leads, a current lead and a voltage lead. An additional 
electrical lead is bonded to the second wafer pad and to 

65 the top electrical pad and completes the connection 
between the two wafer pads. The two wafer electrical 
pads are bonded to the sapphire crystal wafer in a stan- 
dard manner as are the electrical leads. 

20 

25 

35 sensitivity in low temperature thermometers. 
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BRIEF DESCRIPTION OF T H E  DRAWINGS 
FIG.  1 is a perspective view of a sub-kelvin resistance 

thermometer according to the present inventive con- 
cepts. 

FIG. 2 is a cross-sectional view along line 2-2 of a 
sub-kelvin resistance thermometer according to the 
present inventive concepts. 
FIG. 3 is a perspective view of a typical prior art 

doped semiconductor crystal. 
FIG. 4 is a perspective view of a doped semiconduc- 

tor crystal used in the present invention. 
FIG.  5 is a graph of the response of a prior art ther- 

mometer and the present inventive thermometer. 

DETAILED DESCRIPTION OF T H E  
INVENTION 

Referring now to FIG. 1, a Sub-Kelvin Resistance 
Thermometer 10 according to the present inventive 
concepts is shown perspectively. An oblong bulk doped 
germanium crystal 12, preferably having a total resis- 
tance between 100 Ohms and 100,000 Ohms in the tem- 
perature range of interest, is used to facilitate the tem- 
perature measurement of an object (not shown) whose 
temperature is to be measured. Germanium crystal 12 is 
treated to provide large electrical pads on the top and 
bottom of the crystal. Top electrical pad 8 covers or 
nearly covers the entire top surface of crystal 12 and is 
preferably a gold pad which can be deposited on the top 
of crystal 12 by sputtering or by other known methods 
and bottom electrical pad 9 (shown in FIG. 2) also 
covers or nearly covers the bottom of crystal 12 and is 
preferably a gold pad deposited on the bottom of crystal 
12. The bottom electrical pad on crystal 12 is also physi- 
cally and electrically connected to wafer electrical pad 
6, which is affixed near one end of wafer 2 and is prefer- 
ably a gold pad deposited on the top of sapphire crystal 
wafer 2 which acts as a heat sink in the present inven- 
tive thermometer 10. If desired, sapphire crystal wafer 2 
can be bonded to a mounting plate (not shown) made 
from copper or other suitable material for mounting 
thermometer 10 on the object whose temperature is to 
be measured. Two electrical leads, current lead 18 and 
voltage lead 20. are bonded to and emanate from wafer 
electrical pad 6. are used to apply current through and 
voltage across crystal !2. and are connected to external 
instruments in the normal manner to enable the temper- 
ature measurement of the object whose temperature is 
to be measured. A second wafer electrical pad 4 is af- 
fixed near the opposite end of sapphire crystal wafer 2 
for bonding a second pair of matching electrical leads, 
current lead 14 and voltage lead 16. Electrical lead 22, 
bonded to wafer pad 4 and top electrical pad 8, provides 
a connection between wafer pad 4 and top electrical 
pad 8. Wafer electrical pads 4 and 6 are bonded to or 
deposited on sapphire crystal wafer in a standard man- 
ner, and leads 14, 16, 18, 20 and 22 are bonded to pads 
4, 6 and 8 in a standard manner. Examples of bonding 

4 
with a crystal that has much higher resistance (up to 
10-100 Megohms) in the temperature range of interest. 

Instead of using a sapphire crystal for a heat sink, 
another low expansion coefficient material could be 

5 used. Examples include a wafer of silicon or similar 
crystal. or a metal with an expansion coefficient similar 
to sapphire. The metal would then be electrically iso- 
lnted from the germanium crystal or be electrically 
isolated from its surroundings. 

Several different methods can be used to thermally 
anchor sapphire crystal wafer 2 to the object whose 
temperature is being measured. If the object whose 
temperature is being measured has an adequately large 
and flat surface, sapphire crystal wafer 2 can be at- 

15 tached directly to the object whose temperature is being 
measured. If the object whose temperature is being 
measured has no flat surface, sapphire crystal wafer 2 
can be mounted to a small copper or gold plate that can 
then be attached to the object whose temperature is 

20 being measured by bolts, screws, silver epoxy or low 
temperature solder. Another potential method to ther- 
mally anchor sapphire crystal wafer 2 is by thermally 
heat sinking the electrical leads from sapphire crystal 
wafer 2 to the object whose temperature is being mea- 

The advantages of the present invention over the 
prior art are significant. The present invention uses a 
bulk doped germanium crystal and therefore has few 
processing steps. It will, therefore. be much less expen- 

30 sive to fabricate and will be more robust. The invention 
also incorporates design features to prevent induced 
strain in the temperature sensing element. Induced 
strain would prevent the sensor from having a repro- 
ducible resistance-temperature calibration. 

The present invention is specifically designed to pro- 
vide a doped semiconductor region which has a large 
“A/L”, where A is the cross-sectional area perpendicu- 
lar to the flow of electrons and/or holes in the semicon- 
ductor and L is the length of the conducting region. 

40 This allows the use of a lower amount of doping which 
produces a larger relative slope of the temperaturehe- 
sistance curve (I /RxdR/dT) at a particular tempera- 
ture which, in turn, produces a more sensitive tempera- 
ture sensor. Standard GRT‘s have precisely the oppo- 

45 site configuration of A/L. A typical commercially 
available prior art germanium crystal 24: shown in FIG. 
3, has dimensions of approximately 3 m m x  1 mm ~ 0 . 4  
mm. Leads 26 and 30 are the current leads bonded to the 
top surface of G R T  24 and leads 28 and 32 are the 

50 voltage leads, which are also bonded to the top surface 
of G R T  24. The electrical area to length ratio. A/L, of 
the prior art crystal, in the commercial configuration, is 
then approximately: 

10 

25 sured. 

35 

55 (1  mmx0.4  mm)/3 mm=0.13 mm 

Referring now to FIG. 4, the electrical A/L of the same 
size germanium crystal 12 of the present invention is 

are soldering, indium “bump” or silve; epoxy and of 
depositing are sputtering; these techniques are well 60 
known in this art. 

Other variations of the above are also possible. For 
example, instead of using a germanium crystal to sense 
the temperature, an appropriately doped silicon or gal- 
lium arsenide crystal could be used. Also, instead of 65 present invention will be reduced by a factor of 5 8 .  
using a germanium crystal with a total resistance be- 
tween 100 and 100.000 Ohms with direct detection of 
the resistance. a cold amplifier (JFET) could be used 

approximately: 

(1 mm x 3 mm)/0.4 mm = 1.5 mm 

Thus, if the same size germanium crystal is used in both 
applications, the electrical resistance measured in the 

The resistance at low temperatures is given approxi- 
mately by: 
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ln(R)=constant ~*. exp(T-4) a first conducting pad near one end of said heat sink 
wafer and a second conducting pad near the other 
end of said heat sink wafer; Assume two germanium crystals, each with an R vs. T 

curve such that the resistance at some temperature is the an oblong doped semiconductor crystal: 
same as the resistance of the other crystal when one is 5 said oblong doped semiconductor crystal having a 
mounted in the prior art way and the other is mounted third conducting pad covering or nearly covering 
as in the present invention. These germanium crystals its top surface and a fourth conducting pad cover- 
will have slopes ( l /RxdR/dT)  that differ by a factor of ing or nearly covering its bottom surface: 
4.3 at the temperature that the germanium crystal have said Oblong doped semiconductor crysta1 affixed to 
the Same resistance, This is shown in FIG, 5. The 10 said heat sink wafer by having said fourth conduct- 

ing pad affixed to said first conducting pad; greater slope of the present inventive temperature sen- conducting means between said second and third 
conducting pads; and sor will increase the sensitivity of the temperature mea- 

current and voltage applying means communicating surement by a factor of 4.3. 

low electric fields in the crystal results in the resistan- whereby the change in resistance of said oblong 
cehemperature curve being more similar to the resis- doped semiconductor crystal is used to facilitate 
tanceItemperature curve of a bolometer (resistance, R, the temperature measurement of said object. 
proportional to  the natural exponent of the square root 2. The device of claim 1 wherein said oblong doped 
of the inverse of the temperature, T). This functional 20 semiconductor crystal comprises a germanium crystal. 
form of R and T allows one to calibrate the resistance 3. The device of claim 2 wherein said germanium 
thermometer with fewer data points. The cost savings crystal has a resistance between 100 ohms and 100,ooO 
resulting from the ease of calibration can be large rela- Ohms at a 
tive to the entire cost of producing the present inventive 4. The device Of wherein said Oblong doped 
temperature sensor, Also, the 

5. The device of claim 1 wherein said oblong doped precise. semiconductor crystal comprises a gallium arsenide The present invention thus provides a doped semi- crystal. 
conductor region for sensing temperature which has a 6, The device of claim wherein said heat sink wafer 
physically large surface area. a surface area that is in 30 comprises a 
good thermal contact with the heat sink, and a high 7. The device of claim 1 wherein said heat sink wafer 
thermal conductivity heat sink wafer. This configura- comprises a silicon crystal, 
tion allows the efficient removal of the heat dissipated 8. The device of claim 1 wherein said heat sink wafer 
in the semiconductor temperature sensor and, therefore, comprises a metallic object having an expansion coeffi- 
allows the use of a larger current to measure the resis- 35 cient approximating that of sapphire. 
tance which, in turn, produces a more sensitive temper- 9. The device of claim 1 wherein said first, second, 
ature sensor. The nearest prior art sensor has a physi- third and fourth conducting pads are gold conducting 
cally small temperature sensing region which will limit Pads. 
the heat conduction out of the temperature 10. The device of claim 9 wherein said gold conduct- 
region. 

11. The device of claim 1 wherein said conducting T o  those skilled in the art, many modifications and means between said second and third conducting pads variations of the present invention are possible in light comprises a wire bonded to said second and third con- 
of the above teachings. It is therefore to be understood ducting pads, 
that the present invention can be practiced otherwise 45 wherein said current and 
than as specifically described herein and still will be voltage applying communicating with said first 
within the spirit and scope of the appended claims. and second conducting pads comprises a first pair of 

wires bonded to and emanating from said first conduct- 
ing pad and a second pair of wires bonded to and ems- 

The large A I L  and resulting low doping levels and 15 with said first and second conducting pads 

between O.O1" K.  and K. 

will be 25 semiconductor crystal comprises a silicon crystal. 

crystal, 

40 ing pads are affixed by sputtering. 

12, The device of claim 

I claim: 
1. A device used in accurate temperature measure- 

ment of an object comprising: 50 nating from said second conducting pad. 
a heat sink wafer; * * * * *  

55 

60 

65 


