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Carrier Transient

• Carriers initially high energy and can 
transport into the wrong electrode
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CDMS-II Data

• 612 kg days 
Ge

• 2 events 
pass timing 
and NR cuts
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SCDMS iZIP Detector
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Electron-Ion Interaction
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ion-electron interaction can 
scatter electrons to 
unoccupied region 
outside of sphere (allowed)

Region in Fermi sphere
in which ion-electron
interaction can scatter 
electrons to occupied region 
inside of sphere (fobidden)

Ion-electron interactions are via a 
potential and hence can only change
the direction of the electron velocity 
in the ion reference frame.

Two hypothetical ion-electron interactions, shown 
before and after the scatter and in the crysal and 
ion reference frames. In the parallel interaction, the
!nal electron velocity is too small to scatter to an 
unoccupied region outside of the Fermi sphere 
and is forbidden. In the anti-parallel process, the 
electron can be scatterd to an unoccupied state 
outside of the Fermi sphere.



Lindhard Theory

• "lattice $ v -2  

(Rutherford 
scattering)

• "electron $ v
(Accessible 
electron states)



Charge Transport
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Germanium Band 
Structure

electrons

holes



• Holes exist in the % band with mass 
scalar, m = 0.35 me 

• In germanium, electrons exist in the L 
band with mass tensor

      

in the longitudinal (111), transverse, 
transverse basis

Electron Mass Tensor

m =




1.58 0 0
0 0.081 0
0 0 0.081



 me



Steven Leman
Animation not shown in pdf file



Inter-valley Scattering

• 4 different valleys [111], [111], 
[111], [111]

• Can scatter between valleys at high 
energy or near impurities

_
_ __
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Signal vs Bias Voltage

• " = 6.72e-2 [s-1] (E0 2 + |EHV| 2) 3.24/2

• E0,ED203 = 217, E0,ED201 =  352
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Charge Readout



Ramo-Shockley Potentials

Outer Channel Ramo Potential

Inner Channel Ramo Potential



Tracking of Charges Through 
Ramo-Shockley Potentials

electron-inner electron-outer

hole-outerhole-inner

ss

s s

calibration

MC



Phonon Production



Lindhard Theory

• Prompt phonons 
produced at 
Debye frequency.

• Details quickly 
wash out due to 
downconversion.



Neganov-Luke Phonons

From Fermi’s Golden Rule

Angles given by energy - 
momentum conservation



Neganov-Luke Phonons

• Ballistic and directed in ±z direction

ballistic



Phonon Transport



Phase Velocities

# = density
$ = phonon 

frequency
ϵ = polarization 

vector
c = elastic constants
k = wave vector

Slow transverse phase velocity Fast transverse phase velocity

Longitudinal phase velocity All modes phase velocity

m/s

m/s

m/s

m/s m/s

m/s



Group Velocity

m/s

m/s

m/s

m/s m/s

m/s



Anisotropic Isotope 
Scattering

Intrinsic
mass defects due 
to natural 
abundance

Gives rise to 
phonon diffusion



Anharmonic Decay

F = -k1x 
          -k2 x2 

Diffusion length 
increases with 
time. 

Three body 
problem, difficult 
to solve due to 
non-isotropic 
dispersion 
relation.



Anharmonic Decay 
Distributions

L->T+T  (74%) 
L->L+T  (26%)
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Quasiparticle / Phonon 
Downconversion

• Downconversion process 
• Production of quasiparticles 
• Phonon energy escapes back to 

crystal

Ge
Al W
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Quasiparticle Cascade
• Cascade until phonon energy < 2 gap 

or phonon escapes Al
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Phonon Readout

Transition Edge Sensors



TES Layout

Tuesday, April 19, 2011

Tuesday, April 19, 2011

220 µm
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Heat Pulse Transient
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Heat Pulse Transient
Model Tuning
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Model Validation :

Charge, Phonon, TES



Position Reconstruction
• Phonon-aluminum interaction 

probability
     No QP-phonon downconversion
     No TES physics

Monte CarloCalibration

x reconstruction x reconstruction
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Energy Partitioning
• Phonon-aluminum interaction probability, 

QP-phonon downconversion
, iZIP3



Decay Times

600 700 800 900 1000

Decay Times of TES Pulses, iZIP4

Decay Time (µs)

 

 

Data, τ = 761 ± 30.9 µs

Sim, τ = 753 ± 8.7 µs

 , iZIP3

Phonon-aluminum 
interaction probability, 
QP-phonon 
downconversion



iZIP3 Rise Times - G3D
• Luke phonons, Phonon-aluminum interaction 

probability, QP-phonon downconversion and 
TES dynamics

Low Tc Side = 55 mK

slowest channel [!s]

fastest channel [!s]

10-40% rise time



iZIP4 Rise Times - G48
• Luke phonons, Phonon-aluminum interaction 

probability, QP-phonon downconversion and TES 
dynamics

• Need to improve detector physics or GEANT4 
input?

10-40% rise time [!s] 10-40% rise time [!s]



TES Pulse Matching
• Direct comparison of TES pulses from data 

and MC (2 mm raster scan).

0

100

200

A
1

Side 1 TES pulses

0

100

200

A
2

Side 2 TES pulses

0

200

400

B
1

0

100

200

B
2

0

100

200

C
1

0

100

200

C
2

0 100 200 300 400
0

100

200

D
1

Time (µ s)
0 100 200 300 400

0

200

400

D
2

Time (µ s)

calibration data
MC



Surface Events
MC tuning with charge carrier 
momentum and surface 
interaction dynamics

Reduced
ionization



Implications for
Design, Operation and 

Data Analysis



Optimize TES Lengthphase-separation length
• Phase separation worse at:

• longer TES length (diffusion)

• higher Tc (energy absorbed 
to substrate faster than 
diffusion)

• Can analytically calculate 
phase separation length

• Also can estimate using TES 
simulator in DMC

140 160 180 200 220
65

70

75

80

85

90

TES length [µm]

T
c
 [

m
K

]

(simulation)

phase-separated

phase-uniform

Tuesday, January 10, 12

Analytical, 1st order 
Fourier expansion 
of TES Joule power and 
thermal diffusion 
overestimates PS length

Numerical models more 
accurate

$250 µm
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Multiple Surface Events
• GEANT4 + MC indicate 6.8-13.6 Multiple 

Surface events ton-1 year -1

• Phonon pulse shape
      rapid rise time for
      surface events 

• Outer channel signals
      no signal for 
      surface events!

electron-inner electron-outer

hole-outerhole-inner

ss

s s



Reverse-MC Analysis

• Utilize all phonon pulse shape and 
charge information for

• Event classification
     Bulk / surface
     Gamma / nuclear recoil
     Single / multiple

• Energy estimation



Charge Fiducial Volume

Good

Before cuts

Fiducial Cuts

Z 
Po

si
ti

on
 [m

m
]

Radius [mm]

Design work 
on electrode 
structure and 
tower design 
ongoing

5

Table 1 Detector geometries and crystal orientation and germanium-copper ground can radial

spacing tested in Monte Carlo along with the resulting fiducial volumes after radial and symme-

try cuts are applied. The crystal orientation refers to the crystal symmetry axis that points along

the detector’s longitudinal axis.

diameter × orientation Cu can Ge-Cu fiducial fiducial

thickness diameter space volume volume

[mm] [mm] [mm] [g] [%]

76.2 × 25.4 100 80.2 2 400 64

76.2 × 25.4 100 84.2 4 380 61

76.2 × 25.4 100 92.2 8 360 58

100 × 25.4 100 104 2 720 67

100 × 25.4 100 108 4 700 66

100 × 25.4 100 116 8 700 65

100 × 33.33 100 104 2 980 70

100 × 33.33 100 108 4 950 68

100 × 33.33 100 116 8 920 66

76.2 × 25.4 111 80.2 2 380 61

76.2 × 25.4 111 84.2 4 380 61

76.2 × 25.4 111 92.2 8 370 59

100 × 25.4 111 104 2 700 66

100 × 25.4 111 108 4 700 66

100 × 25.4 111 116 8 700 65

100 × 33.33 111 104 2 950 68

100 × 33.33 111 108 4 950 68

100 × 33.33 111 116 8 940 67
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100-110 Crystal Orientation
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111-122 Crystal Orientation
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Charge Degradation



Event Induced Potential

Initial After gamma exposure

[V] [V]

dots indicate mesh points



Data vs. MC
M

C
D

at
a

Period of comparable gamma exposure

•Not the right model! A red herring?



Polarization In CdTe

• Similar effect seen in CdTe

• Independent of radiation rate

• Depolarization faster than 
polarization

• Consistent with negative space 
charge



CdTe Conclusion

• Ionization of deep acceptors

• Mitigation steps

• Pulsing bias off

• Different contact materials



Early Identification

• Possibly can be identified by slowing of 
electron transport times

where E is the electric field, and assuming an electron
mobility of 1000 cm2/V s 14 the electric field at t=3 s
was 7.6 x 102 V/cm (compared to an average value V =
1.3 x 103 V/cm). The rapidly increasing electron rise-
time indicated that either the electric field or the
mobility became smaller for t > 0.

ELECTRON TRAVERSAL

a 241Am£41

A
+ IOOV

HORIZONTAL
0. I,/s/DIV

VERTICAL
20 mV/DIV

t= 3to8s.

temperature hole mobility of 74 cm2/V.s, in good
agreement with other investigatorsl5. This mobility
value was used to determine the electric field Just
under the positive contact. The results indicate that
the electric field near the positive contact increased
with time from the initial uniform value of V/W =
1.3 x 103 V/cm by 65% in less than an hour. Even at
very large t values (>2 days) the pulses rose rapidly
at tr=0

HOLE TRAVERSAL

a 24AM

B -

A

- 100 V

HORIZONTAL
0.05 ILs/DIV.

VERTICAL
5mV/DIV.

T = TtO 0S.

t = 5 min.
I - QJ mmil.

FULL AMPLITUDE FULL AMPLITUDE
(100% COLLECTION (100% COLLECT

EFFICIENCY) _
;-- 5 DIVISIONS

'ION
s 20 DIV.

T = DU min.

Fig. 3. Photographs of pulses at the output of a
charge sensitive preamplifier. The pulser
on the top two photographs indicates the
electronic risetime of the system (0.05 vis)
and the amplitude expected for 100% charge
collection efficiency of the 5.48 MeV a
particles. For a particles incident on the
negative electrode, the pulses represent
electron traversal. At 100 V bias the
electron risetime increases rapidly and the
a pulse amplitude becomes smaller.

Fig. 4. Pulse photographs for a particles incident on
the positive electrode (hole traversal). With
increasing time the rate of rise at the zero
amplitude point dx becomes larger. The
fast rising -r) tr=O pulses are from a
pulser adjusted to give full amplitude pulses.

TABLE 1

b) a particles incident on surface B with surface A
100 V negative (hole traversal)

Figure 4 shows the pulses at t=3 s, 5 min and
50 min respectively. Close inspection showed that the
pulses rose more steeply from the baseline as t in-
creased. This feature is shown in Table 1 where the
hole velocity just under the contact, dxt , was
taken from the tangent to the pulses dt) tr=O
at zero amplitude. The pulse starts at tr=0.

From another series of photographs dx \ was
measured within 5 seconds of the appli- r/ tr=°
cation of voltage. The hole drift velocity measured
was found to be linear with voltage and give a room

Time after Extrapolated dx
V applied Risetime dtr)t =0

Electric field E
(assuming

1'h = 74 cm2/V s)

3 s 0.78 Vs 0.97x105 cm/s 1.3X103 V/cm

5 min 0.54 ps 1.41x105 cm/s 1.9X103 V/cm

16 min 0.51 ps 1.5 x105 cm/s 2. oX103 V/cm

50 min 0.46 ps 1.65XlOs cm/s 2.15x103 V/Cm

325



Temperature Dependence

•  But temperature dependence not 
observed in iZIP

• Are we seeing polarization similar 
to CdTe? Or is this a red herring?

τI =
1

N0σ < v >
exp(E/kT )

τD =
1

Nvσ < v >



Infrared Radiation?

• 0.7 eV bandgap is > IR energy

• Ge is an indirect
gap semiconductor,
no phonons to 
mediate excitation
at 50 mK

against IR model

against IR model



Infrared Radiation?

• Doped germanium detectors are used 
for IR detection!!!

• Gap reduced at dopants

• Not indirect gap at dopants

Optical efficiency of far-infrared photoconductors

J.-Q. Wang, P. L. Richards, J. W. Beeman, N. M. Haegel, and E. E. Haller

We report an experimental and theoretical study to optimize the geometry of far-IR photoconductive
detectors with diffraction-limited throughput. Factors considered in this optimization include internal
optical path relative to measured absorption length, photoconductive gain, uniformity of illumination, cosmic
ray cross section, and compatibility of the design with the requirements of 1- and 2-D arrays. A rod-shaped

detector geometry with square cross section, electrodes on the lateral faces, and a beveled backface to trap the

radiation by total internal reflection was found to have nearly equal responsivity to the best detectors in
integrating cavities.

1. Introduction
Photoconductive detectors made from germanium

doped with acceptors such as gallium and beryllium
are used when sensitive far-IR measurements are
made over the wavelength range from 30 to 240 im.
The most stringent requirements on detector sensitiv-
ity are encountered in connection with space astrono-
my experiements which employ cooled optics. Pro-
jects such as the proposed NASA Space Infrared
Telescope Facility (SIRTF) require both 1- and 2-D
arrays of carefully optimized extrinsic Ge photocon-
ductors with diffraction-limited throughput.

An overall optimization of all parameters of such
photoconductive detectors is a very complicated task.
The detector size, shape, materials parameters, oper-
ating temperature, and bias must be selected to opti-
mize the required combination of responsivity, detec-
tive quantum efficiency, dark current, and cosmic ray
cross section. In this paper we restrict our attention to
an optimization of the size and shape of these detec-
tors.

To proceed with this more limited goal, we must
identify the ways in which the important figures of
merit depend on detector dimensions. We will show
that the optimization of detector size and shape can be
carried out independently of other material and oper-
ating parameters once the required throughput and
absorption length for IR in the material are known.

All authors are with University of California, Berkeley, California
94720; J.-Q. Wang and P. L. Richards are in the Physics Department,
the other authors are in the Department of Materials Science.

Received 6 August 1986.
0003-6935/86/224127-08$02.00/0.

©) 1986 Optical Society of America.

To minimize limitations due to amplifier noise at
very low illumination it is necessary to maximize the
responsivity, which is the ratio of photocurrent I to the
incident photon rate N. The responsivity can be writ-
ten as a product of the electronic charge e, the photo-
conductive gain g, and the responsive quantum effi-
ciency ?1R:

I/N= egnR. (1)

The photoconductive gain is defined as the ratio of
the carrier lifetime to the transit time between the
electrodes which are separated by the distance d. The
dependence of g on detector dimensions arises from
the transit time. If parameters such as doping, tem-
perature, and bias field are kept fixed, the simplest
(uniform field) models of detector operation predict
that gain varies as d- 1 . More realistic models, which
predict a nonuniform field distribution in the direction
of current flow,1 also suggest that g will increase with
decreasing d.

The responsive quantum efficiency qR = Eoec can be
written as the product of the optical efficiency e0 with
which incident photons are absorbed and the efficien-
cy Cc with which absorbed photons liberate mobile
carriers. The optical absorption efficiency Ec depends
on detector dimensions in a straightforward way. It
can be made large by minimizing reflection loss at the
entrance to the detector and by selecting detector di-
mensions so that the optical path inside the detector is
longer than the absorption length. The efficiency of
generation of free carriers depends only on material
parameters such as the cross section for the generation
of free carriers compared with the total cross section
which also includes contributions from the excitation
of electrons into bound states and from the generation
of phonons. These parameters influence the selection
of the best acceptor density and thus help to determine
the absorption length but do not otherwise affect our
optimization.

15 November 1986 / Vol. 25, No. 22 / APPLIED OPTICS 4127



Evidence for IR

• Difference seen in Berkeley vs Soudan 
could be due to different IR 
environment.

• However attempts to reduce / 
increase IR at Berkeley show no 
change in degradation.

• Performance in present run much 
improved!



Fano Fluctuations

• Ecreation = 3 eV to create charge carrier

• 0.75 eV bandgap

• Fluctuation in carriers
     &2 = F * Egamma / Ecreation
     FGe = 0.1



Phonon Group Velocity



Phonon Focusing Images 
in [100] Si



Quasiparticle / Phonon 
Downconversion



Steven Leman
Animation not shown in pdf file
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Timing Cut, expected 0.5 surface 
event leakage into nuclear recoil 

band
Phonon Sensor

Phonon Delay

P
ho

no
n 

R
is

et
im

e

Surface
Bulk

Phonon Timing



Z-Position in iZIP



Phonon-only 
Discriminators
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Reconstruction Checks

ionization and phonon energies look
good, phonon timing looks good…

Could there be a problem
with the start time of the

charge pulse?

phonon chan A

phonon chan B

phonon chan C

phonon chan D

inner ionization

outer inonization

Candidate 2 (on det T3Z4)

ADC bin

fitted
start
time

What is the
true start

time?
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ADC bin

Closeup of template fit
to ionization pulse

T3Z4-Candidate Timing
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Reconstruction Checks

ionization and phonon energies look
good, phonon timing looks good…

Could there be a problem
with the start time of the

charge pulse?

phonon chan A

phonon chan B

phonon chan C

phonon chan D

inner ionization

outer inonization

Candidate 2 (on det T3Z4)

ADC bin

fitted
start
time

What is the
true start

time?
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Closeup of template fit
to ionization pulse

This effects some events with ionization 
energy < ~6 keV.  

It does not effect candidate event on 
T1Z5.

Unfiltered


