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ABSTRACT

One of the most important qualities for a cryogenic thermometer is its ability to
maintain its calibration upon thermal cycling. While it is most preferable to perform slow
thermal cycling on cryogenic temperature sensors, it is not aways practical to do so. Fast
thermal cycling, or thermal shocking, induces stresses within the sensor that at best can
cause shiftsin calibration and at worst can cause catastrophic failure. From 1992 to present,
ten Lake Shore Cryotronics model DT-470-SD cryogenic diodes have been used to aid the
quality control testing of production devices. These diodes were randomly tested with
production thermometers and subjected to thermal shock cycling between room
temperature and 4.2 K during the production test cycle. This paper analyzes the data
collected over the nine year period and reports the long-term stability of the ten diode
thermometers at 305 K, 77.35 K, and 4.2 K after extensive therma shocking. The data
show that these devices exhibit long-term stability at each tested temperature to better than
+0.2 mK/thermal shock cycle. Individual diode thermometers exhibited a low temperature
drift that could be in either the positive or negative direction, but the group as a whole
averaged to amuch lower drift overall drift.

INTRODUCTION

The forward voltage of a silicon diode excited at a constant current is a strong
function of temperature. For some diode designs, this strong temperature dependence
extends over the temperature range 1 K to 500 K, making them useful as a cryogenic
thermometer. This temperature dependence has been investigated for nearly 40 years [1-
15]. When compared to cryogenic resistive thermometer devices (RTDs) [5], diode
thermometers yield a relatively higher signal and higher sensitivity over their useful
temperature range. A typical diode response curve is shown in Figure 1 while the resulting
temperature sensitivity is shown in Figure 2. In addition to ease of use, diode thermometers
possess a number of other desirable characteristics. First, the diodesare manufactured
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FIGURE 1. Typical forward voltage as a function of temperature for atypical cryogenic diode thermometer
excited at 10 pA DC. (Datashown isfor a Lake Shore model DT-470-SD cryogenic diode thermometer.)
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FIGURE 2. Typical temperature sensitivity as a function of temperature for atypical cryogenic diode
thermometer rxcitated at10 pA. (Data shown isfor a Lake Shore model DT-470-SD cryogenic diode
thermometer.)
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using standard semiconductor industry fabrication methods that yield highly uniform devices.
When used as thermometers, this uniformity results in devices that are interchangeable within a
given model type. With the notable exception of platinum RTDs and ruthenium oxide RTDs,
most resistive cryogenic sensors require a costly individual calibration to achieve the accuracy
available with a diode thermometer and its standard response curve. Second, the required
instrumentation for diode thermometers is usually cheaper than that required for most resistive
cryogenic thermometers. Third, unlike many types of cryogenic RTDs which require strain-free
mounting making them very fragile, diode thermometers are very robust and can withstand
mechanical shocks that would easily shift the calibration of the strain-free mounted RTDs. These
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features have enabled diodes to become the workhorse of the cryogenic thermometry industry.
Diode thermometers are widely used in cryogenic coolers, cryopumps, infrared foca plane
arrays, and a host of smaller applications.

The statement that diode thermometers are “robust” is the topic of this paper. Although thereis
not an exact definition of “robustness” when describing temperature sensors, the term carries the
connotation of being somewhat resistant to damage due to mechanical shock and thermal
stresses. Damage due to mechanical shock and thermal stresses cause a sensor’s response curve
to shift. One of the most important criteria for a thermometer is its ability to repeat a
measurement upon thermal cycling. This characteristic is called stability. As with the term
“robustness’, there is no universally recognized standard for defining the stability of a
temperature sensor. However, it is intuitive to spesk of short-term stability as being the
repeatability over a few therma cycles and long-term stability as being the repeatability over
many thermal cycles. In practice, it is necessary to consider how the thermal cycles are
performed — rapid thermal shocking is much more detrimental to a temperature sensor than slow
thermal cycling. This paper examines the long-term stability of ten Lake Shore model DT-470-
SD diode temperature sensors measured at 4.2 K, 77.35 K, and 305 K over large numbers of
thermal shock cycles.

EXPERIMENT

As a standard step in their production process, all Lake Shore cryogenic thermometers
undergo thermal cycling from room temperature to 4.2 K in a quality control test area. As is
common practice, most cryogenic thermometers are thermally cycled multiple times for thermal
stress conditioning with test data collected during the thermal cycling to verify stability
specifications. Over the past nine years, ten Lake Shore model DT-470-SD diode thermometers
have been included as test standards on random diode production runs during this quality control
testing. The data obtained from these standards were used to verify test and measurement
equipment during production runs and to develop statistical process control charts for the testing
process. These test standards were obtained from production stock with no special testing or
selection. Table 1 lists the serial number of these sensors, the total number of room temperature-
to-4.2 K thermal shocks the sensor has undergone, and the period over which the thermal shocks
occurred. This diode thermometer model was introduced by Lake Shore Cryotronics, Inc. [16] in
1986 and was well characterized by Krause and Dodrill [17] and in product literature [18].

It should be explicitly stated that the data collected and presented in this paper were not
the result of a planned experiment, but rather an after-the-fact analysis of data collected during
production quality control testing.

TABLE 1. Model number, serial number, period of use, and number of LHe cycles for the diodes analyzed in this
paper.

Serial Number Number of thermal shocks Period of use
D01563 351 Aug. 1992 — Feb.1995
D01564 768 Aug. 1992 — Nov. 1997
D04792 261 Mar. 1993 — Apr. 1995
D06466 318 Mar. 1995 — Mar 1997
D16733 327 Oct. 1995 — Oct 1997
D21765 144 Apr. 1997 — Jun. 1998
D28655 279 Jun. 1998 - Present
D28657 678 Jun. 1998 - Present
D28712 624 Jun. 1998 - Present
D28719 249 Jun. 1998 - Present




The diode chips are packaged into a hermetically sealed package consisting of aflat
sapphire base with an alumina body and lid. Diode chips are eutectically bonded to the
metallized sapphire, and wire bonds are made to feedthrough traces on the interior of the
package. Kovar leads are brazed to the feedthrough traces on the exterior of the package.
The overall size of the package is 1 mm x 1.9 mm x 3.2 mm. Detailed construction
information is available in reference [18].

During quality control testing, a standard diode thermometer was randomly loaded
onto a test probe with the production devices under test. The sensors were thermally
shocked by rapid immersion into a cryogen. A typical production run consisted of:

1) A datapoint at 305 K in a specially designed, temperature controlled oven.
2) A datapoint at 77.35 K after rapid immersion into liquid nitrogen.

3) A datapoint at 4.2 K after rapid immersion into liquid helium.

4) A thirty-minute warm-up to room temperature.

5) A second data point at 4.2 K after rapid immersion into liquid helium.

6) A thirty minute warm-up to room temperature.

7) A third datapoint at 4.2 K after rapid immersion into liquid helium.

The final data collected on each run for each device included one 305 K data point,
one 77.35 K data point, and three 4.2 K data points. Each data point taken for the test
standards was measured at the recommended diode excitation current of 10 pA DC.

Data collection was computer automated. The instrumentation consisted of a
Keithley 224 current source, a Hewlett Packard 3457A digital voltmeter, and a Keithley
706 Scanner mainframe with model 7065 scanner ten-channel, four-wire, low thermal EMF
scanner cards to connect the instrumentation to each sensor. Measurements were performed
in four-lead fashion to eliminate lead resistance. Current reversal, a common technique for
eliminating therma EMFs in resistors, could not be performed due to the semiconductor
nature of the device. However, the thermal EMFs generated equate to small temperature
errors when converted. A 1.0 pV therma EMF equates to a 0.52 mK offset at 77.35 K and
a0.03 mK offset at 4.2 K.

The temperature of the room-temperature oven varied by =0.05 K while the
temperature of the liquid nitrogen bath varied by as much as +0.2 / -0.5 K due to changesin
atmospheric temperature. Platinum RTD standards were used to correct for deviations in
the actual temperature of both the room-temperature bath and the liquid nitrogen bath. The
temperature of the liquid helium bath only varied by about £10 mK due to changes in
atmospheric pressure. This was sufficient repeatability of the liquid helium bath
temperature for the quality control test so no attempt was made to correct for temperature
deviations at that temperature.

Three identical test stations are maintained and measurements have been performed
on al three stations. The error analysis must include the possible errors from 1) the
calibration of the platinum RTD used to correct the 77.35 K and 305 K diode measurement,
2) the voltmeter accuracy in measuring the platinum RTD, 3) the current source accuracy
in measuring the platinum RTD, 4) the voltmeter accuracy in measuring the standard diode,
and 5) the current source accuracy in measuring the standard diode. Below room
temperature, in-liquid measurements eliminate the temperature offsets due to variations in
mounting of these high power dissipation devices. All totaled, the repeatability of the
measurement from an equipment standpoint is £1.65 mK at 4.2 K, +25.2 mK at 77.35 K,
and +48.6 mK at 305 K. Deviations and trends above this level are attributed to the long
term stability of the diode test standards.



Devices taken out of service were done so for one of two reasons. First, the constant
soldering to the kovar leads eventually dissolved the leads to the point that they were too
short for practical use. These devices were retired. Second, some devices were removed
from servicein the quality control areafor usein another laboratory area.

DATA

The data reported are reduced from voltage measurements to the voltage difference
from the initial reading, and then finally to the equivalent temperature difference, AT using

AT = Vivessred ~ Vinitial 1)
dv
)

These data are plotted against the number of thermal shocks from room temperature to 4.2
K. As an example, Figure 3 shows the reduced data versus the number of thermal shocks at
4.2 K, 77.35 K, and 305 K for device seria number D0O1564. For each set of data,
regression analysis was applied to fit the data. Linear regression was found to provide the
best fit. For each temperature in Figure 3, the calculated line of best fit is shown. The slope
of the line of best fit represents the calibration shift per thermal shock cycle.

The line of best fit was determined for each standard diode sensor at each of the
three temperatures. These data are shown in Figure 4 for temperatures of 4.2 K, 77.35 K,
and 305 K respectively. As stated above, the slope is the figure of merit as it represents the
value that can be expected for long-term stability. The slope data are tabulated for each
device and each temperature in Table 2. At 4.2 K, the stability ranges from —0.0297 to
+0.1775 mK/thermal shock cycle. At 77.35 K, the stability ranges from —0.0590 to +0.1104
mK/thermal shock cycle. Finaly, at 305 K, the stability ranges from —0.1358 to +0.1685
mK/thermal shock cycle. It should be noted from Figure 4 that the individual devices can
drift either positive or negative in temperature shift, but the group as a whole averages to a

long term drift that is smaller than the individual drift rates. Thisis especially true at 77.35
K and even more so at 305 K.

TABLE 2. Average equivalent temperature shift at 4.2 K, 77.35 K, and 305 K per thermal shock cycle for
each diode thermometer in the study.

Average temperature shift per thermal shock cycle at temperature
Serial Number (millikelvin/cycle)
42K 77.35K 305K
D01563 +0.0501 -0.0182 -0.0485
D01564 +0.0220 +0.0336 +0.0214
D04792 +0.0251 -0.0202 +0.1470
D06466 +0.0809 -0.0412 +0.1685
D16733 +0.0508 -0.0446 +0.0254
D21765 +0.1775 -0.0589 -0.0955
D28655 -0.0113 +0.0621 +0.0823
D28657 +0.0027 +0.0379 -0.0674
D28712 +0.0062 +0.0421 -0.0164
D28719 -0.0297 +0.1104 -0.1358
Overall Weighted Average: +0.0260 +0.0187 +0.0048
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FIGURE 3. Equivalent temperature difference, AT, versus thermal shock cycle at 4.2, 77.35K and 305 K for
device serial number D01564.
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Figure 4. Lines of best fit for the equivaent temperature offsets versus number of thermal shock cycles at
42K, 77.35K, and 305 K for each diode in the study.



CONCLUSIONS

Stability measurements were performed on ten Lake Shore Cryotronics model DT-
470-SD cryogenic diode thermometers at 4.2 K, 77.35 K, and 305 K. These ten devices
were thermally cycled from room temperature to 4.2 K a combined 4000 times without
failure, demonstrating an impressive robustness. Data were taken during the thermal
cycling and analyzed to provide an estimate of the long term stability of the cryogenic
diode thermometer. The data indicate that long term stability at 4.2 K, 77.35 K, and 305 K
should be better than £0.2 mK per thermal shock cycle. It should be pointed out that slow
thermal cycling (as opposed to the fast thermal shocks performed in this work) would be
expected to significantly improve upon this long-term stability value. The data also show
that individual diodes could have long-term drifts that could be either positive or negative,
but the group as a whole averaged out to a much lower drift rate, especialy so at higher
temperatures.
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