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Particle detection and non-equilibrium phonons:
Experience with large germanium crystals and
NTD Ge thermistors
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Abstract

We have studied particle detectors consisting of neutron transmutation doped (NTD) Ge phonon sensors
attached with 2 eutectic bonding process 1o Lurge muss permimium coystals. These Uwermistors remain one of the most
performant lemperature sensors at lemperatures as low as 20 mK. We sumnirize the experimental evidence for the
sightlicant role of non-cquiibrium . phonons in their observed bebuavior. However, the dilliculties of forming a high
transparency interfuce and the lack of inelastic channels appear 10 limit their elfectiveness as non-cyuilibrium phonon

SENSOTS. |

1. Particle detection and non-equilibrium phonons

We dre developing low temperature particle detectors
for w scarch for dark matter particles [1]. In a first
generation of detectors, we are using ultrupure {1,
ny = 10V em ) germanium erystals of 60 g (soon. to
become 160 ) operaled in vircuum, typically at 20 mk.
We sense the phonons created by a particle interaction
with neutron transmulation doped {(NTD) germanium
thermistors [2] of a few mne®, which are colectically
bonded 1o the main crystal [ 3] A simultanesus measure-
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ment of the jonization [4] allows a diserimination
between nuclear and electronic recoils, a cructal tool Lo
reach (he necessary sensilivity,

Phonons produced by particle interactions at this low
temperaiure ke w long time (o thermalize [5] and it
may be advantageous o attempt 10 detect them while
they are still oot of equidibrivm aud carry infermativi
aboul the interaction: ¢.g. position, nature ol the
recodl, i potentiatly its direction [6].Cubreradeseribes
i an accompanying paper sensors designed  specih-
cally fur this purpose. 1o this article we summarize oar -

expericnce with NTD germanium sensars. Althougl de-

signed primarily to measure the temperature rise of the
crystal, they appear to be. sensitive lo high cnergy
phonons.

(921-4526/96/315.00 7+ 1996 Llsevier Science BV, All rights reserved

SSDI0Y21-3526{950087¢t-3




742 B Sudouler et al. ! Phvsica B 219&220 (1996 744 743

2. Evidence for non-equilibrium phonen sensitivity
of NTD Ge

At the low temperatures at which we operate, thermal
phonons tend to decouple from charge carriers in the
thermistors [7] as the etfective electron-phonon conduce-
tance displays a rapid temperature dependence { = T%).
On the contrary, phonons of energy greater Lhan about
1K seem to readily couple and out-of-equilibrium
phonons play an important role in the detection process.
This is suggested by a number of experimental facts:

1a) We observe very fast rise times for particles imping-
ing directly on one of the sensors and the decay time of
a few milliseconds can be readily explained by the heat
capacity .of the thermistor and the effective electron—
phononconductance at the operating temperature. It can
be shown that the ionization produced by the particle
intcraction in the NTD is a negligible component of the
observed pulse height.

ib) For events occurring in the main crystal, typically
of 60 g mass, we observe rise times of a few hundred
microseconds. If the coupling to the sensor was purely
thermal. we ‘would expect a rise time similar to the
relaxation time observed in the previous case.

{c) Moreover, this rise time is dependent on the inter-
face [8]. We observe two time constants when we use
thin gold-germanium eutectic interfaces [ 3] (primarily to

.mininnize the thermistor stress), while thin glue interfaces |

( = 25um of silver epoxy) display a single slower rise
time. We interpret this fact as evidence for higher phonon
trapsparency in the eutectic case.

(d} We consistently observe two decay time constants,
~one of a few milliseconds, which is strongly bias depen-
dent, and a secomd one of a few tens of milliseconds,
which is compatible with the thermal time constant of the
crystal. We estimate the latter from the Debye heat capa-
city of the crystal, the observed heat capacity. of the
thermistors and the: measured conductance 1o the ther-
mal heat sink. The first decay time constant could be
interpreted either as thermistor relaxation from its heat-
ing by.the non-cquilibrium phonon compenent or as
-a thermal effect (due to additional heat capacities weakly
coupled to the crystal, e.g.. metal films or adscrbed gas
on the crystal surface). .

(e} Finally, for small crystals we chserve significant
position dependence of cur signals.

It is possible to model [8] this behavior in terms of
a direct coupling of a small fraction (a few percent per
bounce) of the impinging phonons with the thermistor
charge carriers. Unfortunately our current set of data is
not complete enough to fully identify the origin of the
four time constants and in particular to unambiguously
determine the reverberation time of high energy phonons
in the crystal.

3. Limitations of NTD Ge as non-equilibrium sensors

We have attempted to further enhance the sensitivity
of our NTD thermistor to non-equilibrium phonons, as
this would clearly be beneficial for our particle detection
goals. We have not been suceessful in significantly en-
hancing the non-equilibrium component. which typically
represents half the pulse height for detectors with Lhin
eulectic interfaces.

It does not seem that this problem arises from 2 short
phonon lifetime in our devices. Qur crystals have very
small dislocation densities. We have minimized the me-
tallized area on the surface of our crystals, They represent
only a fraction of s percent of the total arca. We attempt
o minimize contamination of the surface by urganic
material and we have no evidence that gas is significantly
adsorbed on the crystal surface. Becausc we colleet
ionization, the crystal surface is implanted with boron
(4000 A deep, 10'*cm™7) which forms a low density
metallic contact. If we trust at least as an order of magni-
tude the Pippard formula for clectron—phonon interac-
tion in a metal, this should not be a problem. If. our
interpretation is correct, the phonon tifetime is at least
equal to the first rise time of our pulses. typically half
a millisecond.

The interface between the main germanium crystal and
the NTD Ge thermistor is likely w be a_ significant
barrier for phonons of a few 100 A wavelength. However,
improvements in oor sutectic bonding do not seem to
have a major impact. We are now able to work with gold.
layers as thin as 300 A deposited on cach of the two
chemomechanically polished. germanium surfaces to be
bonded { = 10 mm* area). The two pieces are pressed
together and brought to the eutectic temperature (370°C)
in an inert atmosphere, and then cooled siowly over
a pt—:nod of several hours. High resolution transmission
electron microscopy shows that the gold precipitates in
sttall crystals separated by a few microns und that. the
gErmanium regrows epitaxially with minimal distortion

/of the lattice [3]. Moreover, the transmission of ballistic
" phonons of comparable wavelength has been investi-
gated in collaboration with Wolfe and gives a typical
transmission between 25% and 65% [9]. Although we
cannot guarantee that the interfaces are as good on our
particle sensing devices, we do not cbserve any signifi-
cant improvement for gold thicknesses below 1000 A per
side,

This may indicate that a third mechanism s also at
play. In order to effectively act us a non-equilibrium
sensor. our thermistors should have a high absorptivity
for high energy phonons. We suspect that this is not the
case and that phonon interactions in the NTI} medium
are mostly elastic, dominated for instance by the reson-
Aant. scattering on the two-level systems. formed hy
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neighboring impurity centers [10] which may share one
electron. This would lead 0 a strong diffusive behavior
and could explain why NTD Ge appears o be quite
sensitive to high energy phonons when directly hit by
a particle and less sensitive when phonons impnge from
the outside. Not enough inclastic channels are present {al
least compared to 4 metal) and the large diffusion leads
to a reflection of most of the phonons.

Inn vonclusion, the NTD Ge thermistors remain ong of
the .most performant. temperature sensors al tempers
atures as low as 20 mK, and non-equilibrinm phonons
play a-sigmificant role in their observed behavior. How-
ever, the difficulties of forming a high transparency inter-
fuce and the lack of inelastic channels appear to limit
their effectiveness as non-equilibrium phonon sensors.
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