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ABSTRACT 

A cryogenic bolometer with NTD Ge as mK thermometer is being developed to study 

neutrinoless double beta decay (NDBD) in 124Sn. The performance and sensitivity of the sensor 

strongly depends on the irradiation as well as fabrication (etching, annealing, contact 

deposition) process. The NTD Ge sensors fabricated and tested till now, follow the expected 

Mott behaviour till ~50mK, but show saturation below that. The deviation from Mott like 

behaviour weakens the sensitivity of the sensor. The present work investigates the role of 

contact fabrication on the sensor performance. Measurements are carried out with 1mm x 1mm 

M batch sensors having face-type contacts as compared to earlier wrap-around contacts. The 

observed resistance increase in face type contact sensors show better resilience to saturation 

till ~35 mK. 
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1. Introduction 

Neutron transmutation-doped (NTD) Ge sensor are widely in use as low temperature sensors 

owing to their high sensitivity, relatively faster response time, larger dynamic range, easy read 

out and low specific heat [1]. The resistance value for an NTD is described by the Mott 

equation, 

                                                        R = R0 𝑒𝑥𝑝 {(T0/T)1/2}                                                   (1) 

The performance of NTD Ge at low temperature depends on several factors and electrical 

contacts at the metal-semiconductor junction is one of them. Two key considerations for 

contact fabrication are ohmic nature of the contact at mK temperature and resilience after 

repeated thermal cycles from room temperature to mK temperature. Different techniques are 

available for ohmic contact formation in semiconductors as mentioned in Ref. [2]. In India, 

development of NTD Ge sensor for use in The INdia-based TIN detector (TIN.TIN), proposed 

to search for neutrinoless double beta decay in 124Sn using a superconducting Tin bolometer, 

has been initiated. The preliminary results for indigenously fabricated NTD Ge sensors have 

been reported by Mathimalar et al. [3].  

For a given contact deposition method, the geometry of the contact is also crucial factor for the 

performance of NTD Ge sensor. We have tried out two different types of contact geometries, 

namely, wrap-around and face-type contacts. The schematics of these two contact geometries 

are shown in Fig. 1. 

                                                                                               

Figure 1: (a) Geometry of a 3mm x 3mm wrap-around type contact and (b) 1mm x 1mm face-type contact. 

Most of the NTD Ge sensors tested so far are fabricated from D batch (batch of neutron 

irradiation) as mentioned in Ref. [4] and are 3mm x 3mm in size with wrap around contacts. 

Almost all of these sensors have shown deviation from the Mott behaviour at lower 

temperatures (<50mK). Hence, the sensors are fabricated with face-type contacts and resistance 



measurement are carried out to verify the Mott behaviour. These face-type contact sensors are 

fabricated from M batch and are 1mm x 1mm in size. Further, the performance of M (face-

type) sensors is compared with that of D (wrap-around) sensors. 

2. Experimental details 

2.1 Sensor preparation 

Initially about ~50 μm surface layer of the neutron irradiated Ge wafer was chemically etched 

to remove the radioactive surface impurities. After etching, the samples were annealed to 6000C 

to recover the fast neutron induced damage in the Ge crystal lattice structure. After annealing, 

polishing and contact deposition were carried out as mentioned in Ref [5]. The ohmic contacts 

were made by sputtering ~100 nm thick Au-Ge alloy (88% Au + 12% Ge) in a suitable mask, 

followed by rapid thermal annealing. In the present study nine numbers of 1mm x 1mm M 

batch sensors (all with face-type contacts), namely, M71a, M71b, M713 and M715 to M720 

were tested. The cryogen-free dilution refrigerator (CFDR) at TIFR [6] has the provision for 

an insertable probe mount that can be lowered to the mixing chamber (MC). The present 

measurements have been done with sensors directly mounted on the copper holder setup, which 

is screwed to the insertable probe. Each 1mm x 1mm M sensor was glued with silver paste to 

a special 8-shaped copper pad. The wedge bonding (25μm diameter Al wire) contacts were 

taken out from the top face of the sensor and the copper pad, which is in electrical contact with 

the bottom face of the sensor as shown in Fig. 2(b). Further, these copper pads were mounted 

on the copper holder with GE varnish and attached to the insertable probe. 

        

Figure 2: Schematics of electrical connection from sensor to PCB. (a)wrap around 3mm x 3mm D batch sensor 

and (b) face type 1mm x 1mm M batch sensor. 

For readout connection a circular PCB with 12 pin female SMD connector was mounted on the 

copper holder [3]. The wedge bonded Al wires from the sensor and copper pads were bonded 

to the PCB. For the connection between the PCB connector to the probe connector, twisted pair 

NbTi wires (shielded cable) terminating in a molex connector were used. For measuring the 



probe temperature, a RuO2 sensor TT1614 was directly screwed on the probe. We noticed a 

temperature dependent offset between the probe and the mixing chamber (MC).  

2.2 Resistance Measurement 

Measurement of resistance at temperatures <100mK were done with NI based DAQ system, 

while those in the higher temperature region (100-400 mK) were done with a AVS 47B 

resistance bridge. Five numbers of 3mm x 3mm D-batch sensors with wrap-around contacts 

were also tested for comparison. Table 1 gives details of test runs. 

Table 1: Details of sensor tests. 

Date  Run number Sensors 

21st Oct 2019 M1908P01 M713, M71a and M71b 

20th Nov 2019 M1909P01 M715, DB34 and M714 

21st Jan 2020 M2001P02 DM22, DM 28, DM29, DT11 and DT13 

06th Feb 2020 M2002P02 M716, M717 and M719 

27th Feb 2020 M2002P06 M718, M720 and M715 

 

For NI based measurement, a chain of square wave excitation as shown in Fig. 3 is applied to 

the sensor through a high bias resistor (20G), connected in series with the sensor. The 

amplitude of the input voltage is optimally chosen to get an acceptable signal to noise ratio 

(SNR), while avoiding the self-heating of the sensor (Fig.4). For some sensors, a small DC 

voltage had to be applied to compensate for the offset present in the output waveform. 

 

Figure 3: A typical input waveform for 30 sec time window with 1 Hz frequency 



 

Figure 4: A typical output waveform with the sensor M715 for 30 sec time window (Frequency: 1 Hz)  

The frequency of the applied excitation was selected based on the rise and fall time of the 

output signal. In these low temperature measurements with low excitation, the variation in the 

baseline poses a significant problem. So a selection process is applied to separate out the noisy 

pulses from the good pulses. From the output waveforms, a histogram of peak-to-peak pulse 

heights (Vpp) was generated (see Fig. 5) and the parameters like the most probable value (V0), 

the mean (Vm) and the standard deviation () for the pulse height distribution were extracted. 

The mean pulse height (Vm) calculated for the subset of pulses with Vpp in the range Vm ±  

was used for resistance calculation.  

 

Figure 5: A histogram of output pulse height (Vpp) for 60 pulses which yields Vm = 21 mV. 



For resistance measurement in AVS, a 30μV excitation voltage is applied. The MC is stabilized 

at different temperatures in the range of 100-400 mK. At each of the set temperatures, the 

resistance data in AVS is recorded for ~ 25 minutes as shown in Fig. 6.   

 

Figure 6: Resistance values obtained from AVS measurement for M715  

3. Data analysis and results 

Resistances (R) for different sensors, thus measured at various temperatures, are given in Table 

2. The errors in the resistance values are smaller than 1%, as the averaging is done over a large 

number of sample points (~500-1500). The measured R vs T was fitted to Eq. 1 and Mott 

parameters, R0 and T0 were extracted for each sensor and listed in Table 4. The plots of data 

together with fit function are shown in Figures 7 and 8. 

Table 2: Measured resistances of M batch sensors at different temperatures.  

 

Temperature 

(mK) 

Resistance () 

M71a M71b M713 M715 M716 M717 M718 M719 M720 

35 116M 143M 43.0M 9.70M 1.00G 1.80G 290M 600M 460M 

42 80.8M 81.0M 14.0M 3.50M 540M 500M 76.0M 340M 190M 

50 4.00M 14.3M 1.30M 1.10M 46.7M 28.0M 5.80M 24.0M 11.3M 

79 550k 2.20M 120k 83.3k 4.30M 2.50M 950k 3.00M 1.40M 

100 77.0k 305k 15.8k 25.3k 524k 232k 170k 420k 183k 

125 26.6k 95.0k 6.30k 12.8k 140k 61.0k 58.0k 114k 55.0k 

150 11.0k 40.0k 2.70k 7.50k 63.0k 23.0k 25.0k 49.5k 22.0k 

200 3.00k 9.70k 907 2.90k 13.8k 5.50k 7.00k 12.5k 5.50k 

282 787 2.20k 293 880 3.20k 1.20k 1.50k 3.20k 1.40k 

475 219 516 114 238 718 318 433 745 371 



Table 3: Measured resistances of D-batch sensor at particular temperatures for comparison 

 

Temperature 

(mK) 

Resistance () 

DM22 DM28 DM29 DB27 

35 165 M 111 M 91.0 M 250 M 

42 77.0 M 96.0 M 42.8 M 180 M 

54 7.20 M 12.7 M 3.10 M 85.0 M 

79 1.40 M 3.20 M 800 K 11.0 M 

100 280 K 440 K 293 K 1.20 M 

 

 

Figure 7: Variation of R as a function of T together with the fitted function (Eq. 1) describing Mott behaviour 

for four M batch sensors. 

Out of the nine tested samples from M batch (all face-type contact), most of the sensors except 

M719 and M716, show fairly linear Mott-like behaviour till the lowest measured temperature 

(~35mK). Even the saturation in the two samples M716 and M719 is visible only at the lowest 

temperature. The average value of T0 for these M batch sensors ~12.6 K, is similar to T0  

(DB27) = 12.7 K for the standard DB27 sensor. Since the fluence of D-batch and M-batch 

sensors are similar within a factor of ~15% (4.6x1018 and 3.8x1018 n/cm2 respectively), T0 is 

expected to be similar and is borne out by the measurements. 



 

Figure 8: Same as figure 7 for four other M batch sensors. The sensors M716 and M719 show slight deviation 

from the expected Mott behaviour at the lowest temperature.  

 The R-T data of DB27 sensor (3mm x 6mm with surface contact) for T = 30-100 mK, 

from an earlier measurement is shown in Fig. 9 for comparison. It can be seen that in 100 to 

400mK region T0 = 12.7 K (derived from slope), while for 30-100 mK region T0 = 7.6 K, 

indicating saturation.   

 

Figure 9: Variation in R as a function of T together with the fitted function (Eq. 1) describing Mott behaviour 

for DB27 from an older run (μK3 run). 



Present measurements with multiple D-batch sensors (3mm x 3mm sensor with wrap-around 

contact, as mentioned earlier) show a similar saturation behaviour (Fig. 10) with a smaller T0 

value in the low temperature region (30-100mK) as compared to the high temperature region 

(100-400mK). 

 

Figure 10: Same as figure 7 for D-batch sensors for T < 100mK. The fit function in lower temperature region 

(35-100mK) indicates lower slope (T0) values for D batch sensors.  

 

Table 4: Mott parameters from the fitted curve (Eq. 1) for M series sensors 

Sensor R0 () T0 (K) 

M71a 1.4 11.8 

M71b 3.4 12.5 

M713 1.2 8.8 

M715 5.2 7.5 

M716 1.7 15.7 

M717 0.5 16.9 

M718 2.5 11.9 

M719 2.7 13.9 

M720 1.2 14.1 

 

It is important to check the robustness of the analysed pulse heights as calculated by the 

histogram method (section 2.2). Hence an alternative method with pulse averaging has also 

been employed. A chain of N periodic pulses of time period T, i.e. data stream s(x), x = 0…N*T 

is considered and these pulses are folded to a single pulse of width T using, 

     y(t) = y(t) + s(x), where t = Modulo (x, T).                                 (2) 



From this folded data, an average pulse is generated using y(t) = y(t)/N. This y(t) represents 

the average of the pulse train in a single period (t = 0…T).  Further, from this folded data a 

positive half pulse (i.e. for the time window covering the positive part of the pulse) is generated 

as follows:   

                                           V(t) = y(t) – y(t + T/2), for 0 < t < T/2                                         (3) 

The pulse height Vp is then taken as the average height of this positive half pulse over the 20%-

time window close to T/2 (end point of pulse) and used for the resistance calculation. Similarly, 

baseline can be estimated using, 

                                           Vb(t) = y(t) + y(t + T/2),  for 0 < t < T/2.                                     (4) 

Additional advantage of this method is that any drifts in baseline which will manifest in 

continuous DC shift in the pulse height, can also be corrected. Fig. 11 illustrates the pulse 

height computed by this method for M715 sensor at 30 mK together with the estimated 

baseline. It should be noted that the fluctuation in the baseline is an order of magnitude lower 

than the pulse height of the waveform. The pulse height obtained Vp = 0.0206 V is consistent 

with that obtained from the previous method (as given in Fig. 5), namely, 0.0208 V (  = 

0.001V).  This was also verified for the sensors where the baseline had more fluctuations. Thus, 

either of the methods can be employed for the resistance calculation. 

 

 

Figure 11: The average positive pulse (black) with the estimated baseline (red) for M715 sensor at 30 mK (see 

text for details). 



4. Conclusion 

The role of the contact geometry in performance of the sensor is studied for two contact 

geometries, face-type and wrap-around contacts. Measurements were performed on M series 

sensors (face-type) and compared with D series sensors (wrap-around). Among the nine 

numbers of M sensors tested, most of the sensors follow Mott behaviour till 35mK. However, 

a couple of sensors show saturation around 50mK. Thus, the overall performance of the face-

type contact is found to be better. It can also be asserted based on the observation that saturation 

in resistance in wrap-around contact sensors can be attributed to type of contact fabricated 

instead of the other factors. 
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