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Abstract — Here we describe the actions taken for validating 

the use of a cryogenic probe station (down to 10 K) for the 

determination of carriers activation energy on semiconductor 

devices, and illustrate it for quantum well infrared 

photodetectors. The methodology used and back ground theory 

are described, besides the probe characterization that was needed 

for ensuring reliable measurements. Some good practices are also 

indicated. The results illustrate well how the performed setup 

characterization is important for the reliability of the 

measurements, especially when comparing activation energies 

with close values. 
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I. INTRODUCTION 

 

Some electronic devices, like photon detectors of infrared 

radiation, need cryogenic temperatures for operation and, 

consequently, must be tested also at such temperatures [1]-[2]. 

When testing a large number of devices on a wafer, it is not 

possible to wire bond all the devices, what asks for the use of 

a probe station, in this case, a cryogenic one. The use of probe 

stations for quantitative measurements, however, is not as 

straightforward as it may seems, specially a cryogenic one. It 

is necessary to be careful on measurements and know well the 

equipment in order to get reliable results. Here, we present 

characterizations performed in a Janis manual cryogenic probe 

station and exemplify its use with the measurement of 

activation energy of some quantum well infrared 

photodetectors, QWIPs. The measurements done show a small 

difference in the activation energy of two pieces of sample, 

which only can be taken as real due to the careful 

characterization performed previously. This fact illustrates 

clearly the importance of the performed setup characterization, 

for the reliability of the results. 

 

II. PROBE STATION DESCRIPTION 

 

The cryogenic probe station used is a Janis model CCR10 

[3], specified for controlling the sample temperature between 

10 K and 325 K, using a cold finger from a two stage closed 

cycle helium compressor. The temperature is monitored using 

standard Si diodes (model DT-670-CU) [4], which have 

accuracy specified as: ± 0.004 K at 4 K, ± 0.085 K at 80 K and 

± 0.07 K at 270 K. There are such sensors attached: one below 

the sample mount, one on the radiation shield, one on the cold 

head first stage, and one on the cold head second stage. The 

probe station has 6 manually manipulated arms with triaxial 

connectors. Two of the arms have two connectors in each for 

reducing the effect of added resistance, from cables, on low 

resistance measurements (Kelvin configuration). The needles 

used are made of tungsten and are gold plated for better contact 

resistance. The probe also has a cold radiation shield. It is 

necessary for making it able of reaching the desired 

temperatures and for blocking the infrared radiation that, 

otherwise, would reach the devices under test, coming from 

the 300 K cryostat walls. 

 

 

III. VERIFICATION OF EQUIPMENT CHARACTERISTICS AND 

METHODOLOGIES NEEDED 

 

Before performing final measurements on the devices, 

many tests were done on the experimental apparatus, and on 

the methodology applied for the measurements. The main tests 

performed are described below. 

 

A. Electrical contact between needles and sample contact 

pads 

 

When using a probe station, the contact resistance between 

the needles and the metallic film on the sample depends on the 

contact pressure, besides cleanness of needles and metallic 

surface on the sample. It was observed that a bad electrical 

contact between needle and pad may generate bad results even 

for a current versus voltage measurement made using four 

needles. Since the probe station is manual, not allowing for the 

determination of needle applied force, the operators must be 

well trained in order to assure good electrical contacts without 

excessively damaging the pads. A verification of 

measurements reproducibility must be performed, at least, 

when starting the measurements of each sample. It is done by 

repeating measurements after raising needles and putting than 

in contact again with the pad and by comparing measurements 

done with 2 and with 4 needles. 

 

B. Thermal contact between sample and sample holder 

 

The samples are placed over a gold plated cooper block 

connected to a cold finger (Fig. 1). It could be expected that 

putting the samples over the sample holder and mechanically 

fixing it would be enough for get the necessary thermal 

contact, but the results showed that it is not. For example, in 

Fig. 2, current versus time graphics, at constant voltage, are 

shown for the same QWIP device placed over the sample 

holder in different conditions: fixed laterally by metal blades, 

and without thermal grease; with the metal blades pressing the 

sample against the cooper block, but without thermal grease; 

with thermal grease, but without mechanical fixing; and with 

the metal blades pressing the sample against the cooper block 

and thermal grease on sample bottom. The measurements start 

only after sample holder temperature (measured by the sensor 

below the cooper block, Fig. 1) has stabilized, and 

immediately after the needles have been placed. It can be seen 
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that the current, after stabilization, is quite different for each 

condition, having the lower current and higher reproducibility 

for the last condition, sample with thermal grease on its back 

and mechanically fixed. 

 

 
 

Fig. 1. Diagram of sample holder 

 

 

 
 

Fig. 2. Measured current of the same device, against time, for the sample 

fixed in different ways, with the sample holder at 10 K 

 

 

It should be noted that the higher current obtained, in the 

cases where the thermal contact is bad, is not a transitory one, 

as could be expect, but stationary. We believe that the 

temperature raising comes from the heat injected on the device 

through the needles. Although the needles are also 

refrigerated, they are thermally connected to the radiation 

shield (with a temperature around 60 K), not to sample holder. 

 

C. Temperature Uniformity over the Sample Holder 

 
When making measurements like activation energy 

determination, the accuracy of sample temperature 
determination is of great importance, since it has a strong 
impact on the final values obtained. 

The sensor used for the temperature controller, and the 
corresponding heater, are both located in the bottom part of the 
sample holder cooper block (Fig. 1). The unused pins of an 
already existing feedthrough were used for connecting extra 
three temperature sensors that were placed at the top of sample 
holder, as shown of Fig. 3, for mapping the temperature over 
the sample holder and comparing than to the equipment 

setpoint. The measurements were performed for 10 
temperatures between 10 K and 100 K, and the temperature 
variation on  the  top  of  the  sample  holder  was  found  to  
be below 0.2 K, for all temperatures, and the largest difference 
between the top temperature and the set point was below 0.7 K. 
The largest temperature difference on the sample holder top 
and the largest difference between sensors on the top and the 
setpoint, as a function of set point temperature are shown on 
Fig. 4. 

 
 

Fig. 3. Temperature sensors placed on sample holder 

 

 

 
 

Fig. 4. Thermal variation between sensors 

 

 

IV. MEASURING THE ACTVATION ENERGY OF QWIPS 

 

A. Theoretical Background 

 

A QWIP device is made of epitaxially grown of continuous 

layers of semiconductors of different gaps, on a given 

substrate. For a QWIP doped N, the conduction band profile 

can be modeled as a sequence of wells and barriers in the 

effective mass approximation [5]. If the barriers are large 

enough, the tunneling current can be neglected, and only the 

electrons thermally excited to energies above the barriers will 

contribute to the dark current of the devices. Although the 

current versus voltage, I-V, curve of such devices are clearly 

nonlinear, it presents a linear behavior for low enough bias. At 

such voltages, the current density can be expressed in the 

traditional way [6]-[7]: 

 

 

 ETeTnJ )()(   
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Where n(T) is the density of free electrons (with energy 

above the barriers), e the electron charge modulus and µ(T) the 

electron mobility. It was stressed that the density of free 

electrons and the mobility are temperature dependent. 

Equation (1) gives the following equation for the low bias I-V 

curve: 

 

 

 V
l

A
TeTnI )()(   

Where A is the device area and l is active structure length. 

The free electron density dependency with temperature can be 

expressed as an exponential term times a term that changes 

with temperature in a much slower rate, giving: 

 

 

 kT
aE

eTaTn


 )()(  

 

 

Where, Ea is the activation energy. The conductance of the 

sample for low bias can be taken from (2). Substituting (3) on 

the conductance expression and taken the logarithm on both 

sides lead to: 

 

 


kT

E

l

A
TeTaC a
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Since the mobility also changes slowly with the 

temperature, a plot of ln(C) versus 1/T will give, 

approximately, a decreasing straight line, with angular 

coefficient equal to Ea/k. 

 

B. Measuments and Results 

 

The measurements were done on devices processed on two 

pieces of the same wafer, with QWIP layers grown by MBE. 

The sample was grown on a semi-insulating GaAs substrate 

and is composed of 50 periods of a multi quantum well 

structure with 30 nm wide barriers of Al0.21Ga0.79As and 5.6 

nm wide well of GaAs, doped with Si at 1018 cm-3. This 

structure was sandwiched between 1 m wide contact layers, 

doped with Si at 1.4 x 1018 cm-3. 

Fig. 5 shows the I-V curves of one of devices measured 

with temperature ranging from 10 K to 100 K. From such 

curves, the conductance for low bias was taken by linear fitting 

(Fig. 6). Observe that the graphic on Fig. 6 is of current density 

versus voltage, J-V, what gives the conductance normalized by 

the device area. It was done since the devices fabricated on 

different sample pieces had different areas. 

 

 
 

Fig. 5. Plot of I-V curves with temperatures ranging from 10 K to 100 K for 
a QWIP device 

 

 

 
 

Fig 6.Linear fit of a J-V curve 
 

Fig. 7 shows the logarithm of the normalized conductance 

versus 1/T for 12 devices, six from each piece of the sample. 

Two regions are clear on the graphics. One of steeply 

decreasing of ln(C/A) with 1/T and other with the ln(C/A) 

nearly constant. If a linear fitting on the higher slop is made, 

and the activation energy is calculate from it, a value close to 

the theoretical one is found to all devices, but the values found 

for the devices on the same piece of sample are closer to each 

other than between devices of different pieces (table 1). One 

possible explanation for the difference measured is a small 

gradient on Aluminum concentration over the wafer, given 

similar values for devices closely spaced and a measurable, 

although small, difference for devices largely spaced. 

It is important to note that, although the two sample pieces 

were placed together on the probe station, a gradient of few 

degrees on the sample holder, or similar temperature 

difference generated by bad thermal contact, could generate 

similar results, making the results inconclusive. It clearly 

shows the importance of the previous setup characterization, 

showing that such temperature difference does not exist, for 

making sure that the difference in activation energy is real, not 

a measurement artifact. 
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Fig. 7. Plot of normalized conductance versus inverse temperature for 12 

devices 

 
TABLE I.  RESULTS 

 QWIP Linear Fit Activation 

Energy 

  Slope 

 

Standard 

Error 

 

Sample 

one 

19 -1234 12 0,106 

60 -1239 14 0,107 

63 -1256 4 0,108 

87 -1251 7 0,108 

105 -1229 11 0,106 

153 -1204 13 0,104 

Sample 

two 

28 -1337 16 0,115 

58 -1301 12 0,112 

65 -1347 13 0,116 

99 -1368 4 0,118 

118 -1360 12 0,117 

131 -1338 15 0,115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V. CONCLUSIONS 

 

It has been shown that a set of characterizations were 

performed on a manually manipulated  cryogenic probe 

station, giving crucial information and generating good 

practice guidance, which allows for reliably performing 

sensitive experiments like activation energy determination. 
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