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Abstract

To search for dark matter candidates with masses below O (MeV), the SPLEN-
DOR (Search for Particles of Light dark mattEr with Narrow-gap semicon-
DuctORs) experiment is developing novel narrow-bandgap semiconductors with
electronic bandgaps on the order of 1-100 meV. In order to detect the charge
signal produced by scattering or absorption events, SPLENDOR has designed
a two-stage cryogenic HEMT-based ampli er with an estimated charge resolu-
tion approaching the single-electron level. A low-capacitance (1.6 pF) HEMT
is used as a bu er stage at T=10 mK to mitigate e ects of stray capacitance at
the input. The bu ered signal is then ampli ed by a higher-capacitance ( 200
pF) HEMT ampli er stage at T=4K. Importantly, the design of this ampli er
makes it usable with any insulating material - allowing for rapid prototyping of a
variety of novel detector materials. We present the two-stage cryogenic ampli er



design, preliminary voltage noise performance, and estimated charge resolution
of 7.2 electrons.

Keywords: HEMT ampli er, Dark Matter Detectors, Front-end electronics for
detector readout, Analogue electronic circuits

1 Introduction

Understanding the particle nature of dark matter, which makes up approximately 85%
of the matter content in the universe, remains one of the biggest open questions in the
elds of particle physics and cosmology. After decades of null results in searches for
weakly interacting massive dark matter candidates [1{4], experimental and theoretical
e orts have shifted towards a broad range of masses, including lighter mass dark matter
candidates with masses belowO(MeV) [5]. These light mass dark matter particles
present a substantial detection challenge, as their relatively low kinetic energy limits
the energy deposited in a target to be sub-eV. The SPLENDOR collaboration (Search
for Particles of Light dark mattEr with Narrow-gap semiconDuctORSs) is developing
novel narrow-bandgap single-crystal semiconductors with electronic bandgaps on the
order 1-100 meV [6, 7] in order to probe fermionic (bosonic) dark matter masses below
an MeV (eV).

When dark matter interacts with a semiconductor, electrons (holes) are excited
into the conduction (valence) band. This created charge can be drifted in an electric
eld and the image current integrated to measure the induced signal. To read out this
charge signal, the SPLENDOR collaboration designed and built a two-stage cryogenic
charge ampli er utilizing high electron mobility transistors (HEMTS) using similar
HEMT transistors that have been used in experiments such as SuperCDMS [8] and
RICOCHET [9]. This ampli er input stage operates at 10 mK to both reduce thermal
noise and parasitic capacitance.

Sub-electron charge resolution has currently been achieved with two dif-
ferent technologies: the Skipper-CCD device [10], and indirectly through the
Neganov{Tro mov{Luke e ect in the SuperCDMS HVeV devices [11{13]. However,
both of these technologies require advanced fabrication techniques and have only been
demonstrated on silicon. For the SPLENDOR experiment we are developing a charge
readout with O(1) electron resolution that relies only on a capacitive coupling to the
detector material. In this way, the intrinsic charge resolution of the readout should
be largely independent of the detector materiallallowing for rapid prototyping of
di erent semiconducting detector geometries and materials. While we note that dif-
ferent detector materials may include their own backgrounds (e.g. radio-impurities,
dark rates, etc), there should be little di erence in the fundamental intrinsic noise of
the readout of the materials.
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Fig. 1 The simplied ampli er topology. Charge produced within the detector is integrated onto
Q1, which acts as a voltage bu er. The signal is ampli ed at the 4K gain stage, and undergoes a
further stage of room temperature ampli cation before digitization. The accrued charge on the Q1
gate is passively reset via the feedback resistor Ry .

2 Two-Stage HEMT Ampli er

Design{The approximate resolution scaling for a charge-integrating ampli er depends
on the noise spectrum of the front end ampli er (Nv ), the total capacitance of the
system, the charge collection e ciency "ccg , and the inverse bandwidth as [8, 14]

Ny
"ccE

q/ (Cin + Cuaet + Cpar) ; 1)
where the total capacitance has been written as a sum of the input capacitance of the
amplier ( Ci,), the capacitance of the detector Cget), and the parasitic capacitance
present at the amplier input ( Cpsr ). To Optimize the charge resolution, we use a
two-stage ampli er topology (Fig. 1) in which the front-end stage is integrated into
the detector housing held at 10mK and is con gured as a \common-drain" voltage
follower with approximately unity gain. This front-end HEMT has been speci cally
designed to reduce low frequency noise over the signal bandwidth (LOHz { 1 MHz),
minimizing Ny, and has a gate-to-source capacitance @i, = 1:6 pF. This two stage
design further allows us to reduce the parasitic capacitance in two ways. First, the
voltage-follower stage bu ers the signal from upstream parasitic capacitance (e.g. the
NbTi wiring to the higher temperature stages) and second, the distance between the
the gate of the front-end HEMT and the detector contact is drastically reduced to
O(mm) as shown in Fig. 2. From initial calculations, we estimate this total parasitic
capacitance to be at the level ofCpyr 1 pF.

The remaining term in our capacitive budget is the detector capacitance itself.
Using a point contact to shape the E- eld, detector capacitances ofO(1pF) have
commonly been achieved in large HPGe detectors [15]. Further, we have measured the
capacitance of the gram-scale devices synthesized by the SPLENDOR experiment to
be on the order of a few pF. For purposes of bench-marking the charge performance



of our charge ampli er, in this work we adopt the conservative estimate that the total
capacitance seen at the input of the ampli er is Ciotay = 5 pF.

Readout{The 10 mK bu er stage capacitively couples to the detector and acts as
a transimpedance ampli er. The high-value feedback and bias resistors integrate the
drift current produced within the detector into a voltage signal at the gate of Q1.

A NbTi twisted-pair cable connects the bu er stage to the 4K gain stage. The gain
stage hosts the common-drain source resistor and couples the bu ered voltage signal
to the gate of Q2. The higher capacitance Q2 is con gured as a common-source voltage
ampli er, providing cryogenic gain. Via a low resistance copper cable, the 4K gain
stage connects to room temperature electronics, which include a Stanford Research
Systems SR 560 di erential ampli er, low noise DC power supplies, and a Moku:Pro
for data acquisition [16].

Both the base stage and gain stage utilize commercial low frequency, low noise
cryoHEMTSs [17]. The gain stage uses a 200 pF HEMT with an estimated 30-50 gain,
while the bu er stage utilizes a 1.6 pF HEMT with a gain of approximately unity.
Within the ampli er bandwidth, the total open loop gain is given by

Om 1 Rfollow

GoL = - oo
ot 1+ Om 1Rfollow

( ngRgain) (2)

where gn1 is the transconductance of Q1 andgn,» is the transconductance of Q2.

The base stage input HEMT (Q1) is coupled to the detector through a 100 pF (or
larger) coupling capacitor, which is connected directly to the detector via a fuzz button
as shown in Fig. 2. We estimate that this compact geometry between the detector and
the gate of Q1 should makeCpar 1 pF.

3 Voltage Noise Performance and Estimated Charge
Resolution

For the preliminary testing discussed in this work, a 100 k feedback resistor was
installed on the base temperature board and the ampli er was run without a detector.
In this con guration, the resistor Johnson noise at T = 10 mK is negligible compared to
the expected ampli er noise. While this relatively low resistor value prevents the input
network from acting as an e ective charge integrator, the standalone ampli er voltage
noise performance can be measured. The ampli er was installed in an Oxford Proteox
dilution refrigerator with a base temperature of 9.5 mK, including the ampli er power
dissipation.

The voltage gain of the ampli er was found to be 36 at 10 Hz (after removing the
SR560 contribution) by injecting a known amplitude sine wave into the Q1 gate via the
feedback resistor. The gain at higher frequencies was not measured due to the room
temperature power supply ltering required for low noise performance. In separate
tests without power supply ltering, the gain was found to be stable up to several
hundred kHz with the bandwidth being determined by the time constant formed by
the 4K gain resistor and output cable capacitance.



Fig. 2 Top: Picture of the backside of the prototype detector housing with silicon test devices
installed. Bottom: Cutaway view of the side of the CAD model of the detector housing. Shown is
the detector assembly highlighting the low capacitance connection between the detector and the front

end HEMT of the two stage ampli er.

Table 1 The Q1 and Q2 gate area, gate-source capacitance, gate-drain capacitance, operating
temperature, drain-source voltage, drain-source current, and power dissipation.

HEMT Area[ m?] Cgs [PFl Cyqgq [PF] TI[K] V gs [mV] 1gs [ A] Power[ W]

Q1 5:0 102 1.6 0.8 0.01 25 50 1.3
Q2 1.5 10° 236 8.9 4 89 940 83.7

The averaged input-referred noise voltage performance of the ampli er is shown
in Fig. 3, constructed from 300 individual 100 ms traces sampled at 1 MHz, divided
by the measured gain of the cryogenic and room temperature ampli ers. Operating
parameters of Q1 and Q2 are summarized in Table 1. Also shown are the expected
noise contributions using a model based on Ref. [14]. The higher observed noise may
be due to the lower operating power of the Q1 HEMT (1.3 W), which are typically
biased at 100 W.



Fig. 3 The measured ampli er voltage noise spectrum, with the base temperature board at T =
10 mK. The theoretical noise spectrum of the ampli er combines the HEMT white noise, current noise,

and 1=f noise with 100k feedback resistor. The high noise oor is dominated by room temperature
electronics coupling down to the input of the ampli er.

To estimate the expected charge resolution, the measured ampli er noise spectrum
is added in quadrature to the theoretical T = 10 mK Johnson noise of a 100 M
resistor (the parallel combination of the bias and feedback resistors). The total input
capacitance Ci, + Cget + Cpar) is assumed to be 5 pF. An estimated charge resolution of
7.2 electrons is calculated from using the combined noise spectrum and pulse template
with the optimal Iter formalism [8].

4 Conclusion

We have developed a cryogenic split-stage ampli er for use with novel narrow bandgap
semiconductor ionization detectors developed by the SPLENDOR experiment. We
have shown that our low-capacitance HEMTs perform without issue at 10 mK and with
low power dissipation. Combining our preliminary noise spectrum with an optimal
Iter calculation achieves a one-sigma estimated charge resolution of 7.2 electrons. The
unique geometry of this low-noise charge ampli er allows it to be easily coupled to any
insulating detector material|making it possible to generically study novel material
substrates as detector prototypes with never-before-achieved charge resolution.



References

[1] E. Aprile et al. (XENON Collaboration), Dark Matter Search Results from a One
Ton-Year Exposure of XENONI1T, Phys. Rev. Lett. 121, 111302 (2018).

[2] D. S. Akerib et al. (LUX Collaboration), Results from a Search for Dark Matter
in the Complete LUX Exposure, Phys. Rev. Lett. 118, 021303 (2017).

[3] X. Cui et al. (PandaX-Il Collaboration), Dark Matter Results from 54-Ton-Day
Exposure of PandaX-Il Experiment, Phys. Rev. Lett. 119, 181302 (2017).

[4] 1. Alkhatib et al. (SuperCDMS Collaboration), Light Dark Matter Search with a
High-Resolution Athermal Phonon Detector Operated above Ground, Phys. Rev.
Lett. 127, 061801 (2021).

[5] M. Battaglieri et al., US Cosmic Visions: New Ideas in Dark Matter 2017:
Community Report (2017), arXiv:1707.04591 [hep-ph] .

[6] P. Rosa, Y. Xu, M. Rahn, J. Souza, S. Kushwaha, L. Veiga, A. Bombardi,
S. Thomas, M. Janoschek, E. Bauer,et al., Colossal magnetoresistance in a
nonsymmorphic antiferromagnetic insulator, npj Quantum Mater. 5, 52 (2020).

[7] M. M. Piva, M. C. Rahn, S. M. Thomas, B. L. Scott, P. G. Pagliuso, J. D.
Thompson, L. M. Schoop, F. Ronning, and P. F. S. Rosa, Robust Narrow-Gap
Semiconducting Behavior in Square-Net LaCd,Asg, Chem. Mater. 33, 4122
(2021).

[8] A. Phipps, A. Juillard, B. Sadoulet, B. Serfass, and Y. Jin, A HEMT-based
cryogenic charge ampli er with sub-100 eVee ionization resolution for massive
semiconductor dark matter detectors, Nucl. Instrum. Meth. Phys. Res. A 940,
181 (2019).

[9] C. Augier, G. Baulieu, V. Belov, L. Berge, J. Billard, G. Bres, J.-L. Bret,
A. Broniatowski, M. Calvo, A. Cazes, et al., First demonstration of 30 eVee ion-
ization energy resolution with Ricochet germanium cryogenic bolometers (2023),
arXiv:2306.00166 [astro-ph.IM] .

[10] G. Ferrandez Moroni, J. Estrada, G. Cancelo, S. E. Holland, E. E. Paolini, and
H. T. Diehl, Sub-electron readout noise in a Skipper CCD fabricated on high
resistivity silicon, Exp. Astron. 34, 43{64 (2012).

[11] F. Ponce, C. Stanford, S. Yellin, W. Page, C. Fink, M. Pyle, B. Sadoulet, B. Ser-
fass, S. L. Watkins, P. L. Brink, et al., Measuring the impact ionization and
charge trapping probabilities in SuperCDMS HVeV phonon sensing detectors,
Phys. Rev. D 101, 031101 (2020).



[12] R. Ren, C. Bathurst, Y. Y. Chang, R. Chen, C. W. Fink, Z. Hong, N. A. Kurinsky,
N. Mast, N. Mishra, V. Novati, et al., Design and characterization of a phonon-
mediated cryogenic particle detector with an eV-scale threshold and 100 keV-scale
dynamic range, Phys. Rev. D104, 032010 (2021).

[13] R. Agneseet al. (SuperCDMS Collaboration), First Dark Matter Constraints from
a SuperCDMS Single-Charge Sensitive Detector, Phys. Rev. Lett121, 051301
(2018), [Erratum: Phys. Rev. Lett. 122, 069901 (2019)].

[14] A. Juillard, J. Billard, D. Chaize, J.-B. Filippini, D. Misiak, L. Vagneron,
A. Cavanna, Q. Dong, Y. Jin, C. Ulysse, et al., Low-Noise HEMTs for Coherent
Elastic Neutrino Scattering and Low-Mass Dark Matter Cryogenic Semiconductor
Detectors, J. Low Temp. Phys. 199, 798 (2019).

[15] C. Cattadori, B. Gallese, A. Giachero, C. Gotti, M. Maino, and G. Pessina, A new
approach to the readout of cryogenic ionization detectors: GeFRO, J. Instrum.6
(05), P05006.

[16] S. L. Watkins, SPLENDAQ: A Detector-Agnostic Data Acquisition System for
Small-Scale Physics Experiments (2023), arXiv:2310.01279 [physics.ins-det] .

[17] Y. Jdin, Q. Dong, A. Cavanna, U. Gennser, L. Couraud, and C. Ulysse, ir2014 12th
IEEE International Conference on Solid-State and Integrated Circuit Technology
(ICSICT) (2014) pp. 1{4.



	Introduction
	Two-Stage HEMT Amplifier
	Voltage Noise Performance and Estimated Charge Resolution
	Conclusion

