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ABSTRACT: Cryogenic ADCs can be a promising solution for ton-scale HPGe detectors for dark
matter and neutrino-less double beta decay experiments for improved signal integrity and decreased
cables and penetrations. This paper presents the characterization and lifetime study of a SAR
ADC at liquid nitrogen temperature for CDEX and future LEGEND experiments. The chip is
implemented in standard 65 nm CMOS process. It works well at liquid nitrogen temperature with
proper biasing. The power consumptions of the SAR ADC are measured to be 6.1 mW and 6.5 mW
at 300K and 77 K respectively. The ENOB of the ADC is decreased from 8.94 bits at 300K to
8.72 bits at 77 K at 100 MS/s sampling rate. For reasons of efficiency and economics, the lifetime
of the cryogenic operation circuits must be in excess tens of years. Hot carrier effect (HCE) is the
dominate mechanism that substantially affects the device lifetime at cryogenic temperature and the
accelerated lifetime study has also been conducted. The predicted lifetime is ~ 5.7 x 10* years
at 1.24 V operation at 77 K, which means the ADC is cryogenic qualified to remain outside of the
HCE degradation.

Keyworbps: Analogue electronic circuits; Cryogenics; Electronic detector readout concepts (solid-
state); Front-end electronics for detector readout
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1 Introduction

The HPGe (High Purity Germanium) detectors have been used for dark matter search CDEX (China
Dark matter EXperiment) [1], CoGeNT [2] and neutrino experiments GERDA [3], MAJORANA [4]
due to excellent energy resolution and low noise. HPGe detectors are read out by charge sensitive
preamplifiers and analogue shapers with optimum shaping times. For low-background experiments
both amplitudes and signal shapes need to be measured. The outputs of the preamplifiers are directly
sampled and digitized by high-speed, high-resolution and low-power ADCs (Analog to Digital Con-
verters). The entire pulse shape is recorded for distinguishing the surface and bulk events, or the
single-site and multi-site events [5], which helps background reduction. To optimize low noise, the
preamplifiers or at least the input transistors of the preamplifiers have to be mounted close to the
HPGe detectors and operate at cryogenic temperature. Various cryogenic preamplifiers have been
developed [6, 7]. Meanwhile cryogenic ADCs are rarely reported for HPGe detectors in current
experiments [1-4]. In current experiments the transmission of analogue outputs of the preamplifiers
to the room temperature digital section is performed through long shield cables, resulting in elec-
tronic interference and increasing the material budget. In order to improve the detection sensitivity,
ton-scale HPGe detectors have been proposed in the next generation experiment LEGEND (The
Large Enriched Germanium Experiment for Neutrinoless Double Beta Decay) with background
level lowered by at least one order of magnitude [8]. Cable reduction and less penetrations benefit
from digitization and multiplexing at cryogenic temperature, especially for the detectors with thou-
sands of channels. Several techniques are under development including cryogenic ADCs and SCA
(Switched Capacitor Array) based waveform recorders with multiplexed outputs [9, 10].



The paper firstly presents the performance of a SAR (Successive Approximation Register)
ADC at cryogenic temperature. In general, CMOS transistor benefits from lower thermal noise and
lower leakage current and faster speed of transistors at cryogenic temparature [11, 12]. Unfortu-
nately commercial ADCs are not designed for cryogenic operation and their performance can be
dramatically degraded or may fail to work at low temperature [13, 14]. In addition the hot carrier
effect (HCE) will deteriorate the lifetime of transistors at low temperature, especially when the
devices scale down [15-17]. The lifetime study of the ADC will also be presented in this paper.
Detailed test setup and results will be discussed in the following sections.

2 The SAR ADC

SAR architectures are widely used because of its low power consumption, compact size, medium to
high resolution and speed [18-21]. This architecture is suitable for cryogenic operation as it mostly
consists of passive components and CMOS logic modules, which are functional at low temperature.
Several cryogenic SAR ADCs have been developed in mega samples per second sampling rate and
the opearting temperature could be down to 4 K [18, 19].
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Figure 1. (a) The architecture of the SAR ADC [22]. The bias module sets the currents of the ADC core,
the reference buffer and the clock generator module. It can be adjusted externally for cryogenic operation.
(b) The architecture of the SAR ADC core. (c) The layout of the SAR ADC core circuits with the size of
90 um x 97 pm.

Figure 1a shows the simplified architecutre of the SAR ADC used for this study [22]. The ADC
core consists of a sampling and hold (S/H) stage, a comparator, a digital-analog converter (DAC),
and control logics units, as shown in figure 1b. Besides, auxiliary modules are also integrated
in the prototype chip. The master bias module sets the currents of the analog circuits in ADC
core, the reference buffer and the clock generator module. Proper biasing is the key for cryogenic
operations and it can be adjusted externally. In the DAC the values of the capacitor array can be
digitally fine-tuned to compensate the non-linearity caused by the capacitor mismatch. On-chip
calibration has been integrated to generate the fine-tune values, including a ramp signal generator
and logic units for code density statistics. The calibration procedure can also be done off-chip
using an external signal generator. In our tests the on-chip calibration module does not work well
at cryogenic temperature and all the tests were done by off-chip calibration. Figure 1c shows the
layout of the SAR ADC core circuits with the size of 90 um X 97 um.

The main characteristics of the SAR ADC are summarized in table 1.



Table 1. The Main Characteristics of the SAR ADC.

Parameter Performance
Architecture SAR ADC with calibration
Sample rate 100 MS/s

Resolution 10 bits

Process 65 nm CMOS
Power supply 1.2V
Power consumption (whole) 5mW
Layout size 90 um X 97 pm

3 ADC characterization at cryogenic temperature

3.1 The cryogenic test setup

The cryogenic test setup for the SAR ADC is shown in figure 2. A dedicated front-end board is devel-
oped. The ADC is mounted in the front-end board along with other screened components which can
work at 77 K. The front-end board is immersed into liquid nitrogen (LN) Dewar during the testing.
A back-end board is built to power and configure the ADC through Micro-coax cables (Samtec). The
ADC data is acquired by a FPGA evaluation board TSW1400-EVM for performance analysis. Low
distortion sine wave signals are generated by the signal generator AFG3252 with band-pass filters
to measure the ADC performance. A power supply (DP832) and a digital multi-meter (DMM?7511)
are controlled by a LabView program for supply voltage adjustment and current monitoring.
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Figure 2. The cryogenic test setup for the SAR ADC. The front-end board mounted with the ADC is
immersed in LN Dewar. A back-end board is built to power and configure the ADC. The digital multi-meter
is used to monitor the current of power supply with the accuracy at pA level.



3.2 The power consumption

The measured master bias current decreases from 50 pA at room temperature to 37 uA at LN
temperature. It is adjusted back to the designed value of 50 pA by an external resistor. Key factor to
cryogenic operation circuits is proper biasing and the bias current of 50 uA is used for all the tests
below unless otherwise specified.

The power consumption of the ADC core is about 1/4 of the SAR ADC according to simulation,
as shown in figure 3a. Figure 3b shows the measured power consumptions of the whole SAR ADC
over different sampling rates at room and LN temperatures. The prototype chip needs the power
supply of 1.3V to work at 100MS/s sampling rate at room temperature. The power consumption of
SAR ADC increases from 6.1 mW at room temperature to 6.5 mW at LN temperature at 50 MS/s
sampling rate. The increase rate of the power consumption over the sampling rate is minor.
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Figure 3. (a) The distribution of the SAR ADC power consumption at 1.24 V power supply. (b) The power
consumptions of the whole SAR ADC over different sampling rates at room and LN temperatures.

3.3 The ENOB performance

The performance of the SAR ADC has been evaluated at both room and LN temperatures. The
sine wave signals of 2.4 MHz are sampled by the ADC and the output spectrum is obtained by
the Fast Fourier Transform (FFT) of 1 million output samples. Figure 4 shows the typical output
spectrums of the ADC at room and LN temperatures at 100 MS/s sampling rate. It can be seen
that the distortion floor becomes more significant at LN temperature with respect to that at room
temperature. The SNDRs (Signal-to-Noise-plus-Distortion Ratios) are estimated to be 55.6 dB at
room and 54.2 dB at LN temperatures. The corresponding ENOBs (Effective Number of Bits) are
8.94 bits and 8.72 bits respectively: ENOB = [SNDR (dB) — 1.76] /6.02.

Figure 5a shows the measured ENOBs of the SAR ADC at room and LN temperatures at
different sampling rates. At the sampling rates below 20 MS/s, the ENOBs are almost the same (9.05
bits) at room and LN temperatures with calibration. As the sampling rate increased from 20 MS/s
to 100 MS/s, the ENOB smoothly decreases about 0.1-bit at room temperature. In comparison the
ENOB sharply decreases by 0.2-bit at 40 MS/s and keeps almost constant up to 100 MS/s at LN
temperature. This is due to the insufficient settling time of the DAC. As temperature decreased,
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Figure 4. The output spectrums of the ADC at room and LN temperatures at 100 MS/s sampling rate.
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Figure 5. (a) The ENOB performance of the SAR ADC at 300K and 77 K at different sampling rates with
calibration; (b) The simulated switch resistance with input voltage; (c) The schematic of the sample clock
and asynchronous clock.

the threshold and the mobility of the MOSFETs increase, resulting in larger variation of the switch
resistance and hence the RC time constant, as shown in figure 5b. Besides, this SAR ADC require
10 comparison cycles to complete each conversion, as shown in figure 5c, the frequency of the
ring oscillator for the asynchronous clock also increases and the time window generated for DAC
settling becomes shorter.

3.4 The non-linearity performance

The non-linearity performance is measured using the dynamic test method [23]. Figure 6 shows the
differential nonlinearities (DNLs) and the integral nonlinearities (INLs) for different temperatures
measured at 100 MS/s sampling rate. Both DNLs and INLs at LN temperature become worse than



RT

of MMMJMWMWMM.W,muwbmw

L L I I
0 200 400 600 800 1000 0 200 400 600 800 1000

@ | ! .L Py i ™ " N T
g ol ‘J“"h*w'-:ﬂn" W "'lﬂ ‘N\"‘J \v‘t\ws‘_u“\ﬂf"’j.wp.ﬂ _F\--.'*“MN J MNT'\J""‘ |
—
z

ADC Bin ADC Bin
(a) (0)
2 T T T T 2 T T T
— LN M, | LN
gl | g e M M ol
= = gl ‘ iy AN
2o JAWWWWMMWMWWW JMWW z .| . “rhm““ " M ]
B 0 20IO 460 G(IJO 860 1000 720 2[I]D 4[50 660 Bl‘]D 1000
ADC Bin ADC Bin
(k) (d)

Figure 6. The measured DNLs of the SAR ADC at (a) room and (b) LN temperatures, and the measured
INLs of the SAR ADC at (c) room and (d) LN temperatures. All the measurements are done with calibration
and at 100 MS/s sampling rate.

those at room temperature, except for a few spikes at specific ADC bins. The INLs are less than
2 LSB at room and LN temperatures.

4 Lifetime study at cryogenic temperature

HCE is the dominate mechanism that substantially affect the device lifetime at cryogenic tem-
perature. Other mechanisms are temperature dependent and become negligible at cryogenic
temperature [24].

Most components of the SAR ADC work in dynamic operation. According to the quasi-static
model [25], HCE can still be accelerated by increasing the power supply voltage excess the normal
operation value. The model of the lifetime acceleration and prediction has been verified for various
CMOS processes and circuits at cryogenic temperature. As a rule of thumb, the lifetime will be
increased by an order of magnitude as the power supply reduces roughly 6% [26-28].

4.1 The test procedure

Figure 7 shows the flow chart of the stress test at LN temperature. At the beginning of the stress test,
the ENOBSs and the power supply currents of the SAR ADC at normal voltage (Iyqq n) and stress volt-
age (Iyaq_s) are measured as the initial performance. Then the ADC is applied with the stress voltage
and the corresponding performance will be monitored until a defined degradation criteria is reached.
The total accumulated stress time will be recorded as the lifetime at the specific stress voltage.

The ENOB and the power supply currents at normal and stress voltages are monitored during
the stress test. These parameters are measured at different stress time intervals, which vary from
5 minutes to 12 hours as the ADC performance deteriorated following a power law even down to
submicron process [27]. Three stress voltages of 1.95V, 2.1V, and 2.2V are applied to different
fresh samples.
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Figure 7. The flow chart of the stress test. First the initial performance is measured. Then the ADC is applied
with the stress voltage and the corresponding performance will be monitored. Finally, the loop continues
until the degradation criteria is reached.

The relative degradations of the ENOB and the power supply currents at normal and stress
voltages are defined as:

AENOB _ ENOB (Ty) — ENOB (T)

= 4.1

ENOB ENOB (T,) @D

Alvad n _ Ivad 0 (To) = Lad n (T) 42)
Ivad n Ivad n (To)

Alvaa s _ Ivaa s (To) = Ivaa s (T) 43)
Ivad_s Iyaa_s (To)

where T is the accumulated stress time, and Ty is the initial time.

In order to find the proper degradation criteria for the lifetime study, a test run has been con-
ducted using 1.95 V stress voltage with the accumulated stress time of 200 hours. The degradations
of the ENOBs running at 100 MS/s sampling rate are shown in figure 8. Both the ENOBs with and
without calibration decrease overall with the stress time. However, the non-monotonic behavior can
be clearly seen and hence ENOBSs are not suitable as the end-of-lifetime criteria. Figure 9 shows the
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Figure 8. The relative degradations of the ENOBs over stress time at LN temperature. The ENOBs are
measured at 100 MS/s sampling rate with and without calibration. The stress voltage is set to 1.95 V.
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Figure 9. The relative degradations of the normal current (Iy4q n) and the stress current (Iyqq_s) over stress
time at LN temperature. The stress voltage is set to 1.95 V.

degradations of the currents at normal and stress voltages with stress time, both currents decrease
monotonically with the stress time. The normal current deteriorates faster than the stress current,
indicating a shorter predicted lifetime. As a conservative estimation, the 1% normal current (Iygg n)
decrease is determined as the degradation criteria for the lifetime study [28].

4.2 Lifetime prediction

In order to predict the lifetime of the ADC at normal condition, individual fresh ADC samples are
stressed under different stress voltages. The relative degradation of the normal currents over stress
time are shown in figure 10. All the normal currents of the devices decrease consistently with the
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Figure 11. The lifetime extrapolation of the SAR ADC at 1.24 V normal voltage at LN temperature.

stress time. The higher stress voltage, the faster the normal current decreases with stress time. For
crosscheck, two samples are stressed at the 2.1 V and the degradations of the normal currents fit
quite well.

The dependence of the lifetime (7) on the stress voltage (Vz4) can be described as [26, 28]:
logy T o< 1/Via “4.4)

Using equation (4.4), the lifetime under 1.24 V normal voltage is extrapolated to be ~ 5.7 x 10*
years at LN temperature, as shown in figure 11. As a result, the lifetime failure caused by the HCE
for the SAR ADC is not a concern for the HPGe detector readout for dark matter and neutrino
experiments.



5 Conclusions

Cryogenic digitization and multiplexing can be potentially used for ton-scale HPGe detectors for
low-background physics experiments. A prototype ASIC of 100 MS/s 10 bits SAR ADC in 65 nm
CMOS has been evaluated at 77 K. Proper biasing at cryogenic temperature is achieved by adjusting
an external resistor. The power consumption of the SAR ADC is measured to be 6.5mW and
the ENOBs of 9.0 bits and 8.7 bits are achieved at 20 MS/s and 100 MS/s at 77 K. Comparing to
the performance at 300 K, the power consumption slightly increases about 0.4 mW and the ENOB
is almost the same at 20 MS/s and decreases 0.2-bit at 100 MS/s. This is due to the insufficient
settling time of the DAC and can be improved in the future design. Accelerated lifetime test has
also been conducted and the lifetime of the SAR ADC is predicted to be ~ 5.7 x 10* years under
1.24V at 77 K, thus the ADC is cryogenic qualified to remain outside of the HCE degradation. The
evaluation of the SAR ADC shows very promising results. However, a dedicated ADC needs to be
developed with higher resolution.
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