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Preamble: Electronics for cryogenic particle detectors

Take care:
This text colour is for general discussion...
This text colour is related to circuit design, mainly...
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Index: The base for the choice of the front-end

configuration;

« The base for the choice of the front-end configuration;
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Noise sources vs configuration

Regardless the feedback configuration, the intrinsic noise sources of the amplifier
have always the same effects and the system can be modelled as:

Detector

) L = R, 2 2 : "o
RB iZB TIsig __CP IL A 'A -

Rg (or Zg): detector impedance;

i3 : detector noise;

l5iq: detector signal;

Cp: parasitic capacitance;

R, : biasing resistor;

i#: R,’s parallel noise;

C,: amplifier input capacitance,
i4: amplifier parallel input noise;

e4: amplifier series input noise.
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= Amp accessible inputs

We must not forget the actors: input
iImpedances of the preamplifier, detector,
parasitic and load as well as noise
sources.



..noise sources vs configuration 2

Once the devices technology has been chosen, there is a bit of flexibility that can be
exploited by connecting in parallel several preamplifiers or, better, adjust the area of
the transistor at the input of the preamplifier.

+

<
O
[

The output is the average of each
preamplifier.

Since each series noise source generates
an independent effect, they are averaged.

- R . :
A v Thisis not the case for parallel noise
_OO since each source develops its own effect
NVo, across all inputs.
, Ry |
A The equivalent model of the parallel
| combination is the preamplifier below:
> e2/N
+: Von | ~ Ni4 ex/ .
—_— i z ; C @)
= RA /\/ NC: |

The product c@ has the dimension of an energy and is independent from the
area selected for the transistor: it is a technological factor of merit.
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..noise sources vs configuration 3

Filtering for S/N optimization:

It is now a common practice to acquire in continuous mode and then

apply an sw trigger followed by an sw matched (optimum) filter.

hw filtering is only for antialiasing and filters such as Thomson-Bessel

or Butterworth are often used.
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Front-end optimization

Coming back to our scheme:

Detector NE\ g/N
. R - L O "NVo
R %) i T L2 AN
B 15 I5|g CP IL NCA -
O= Amp accessible inputs
eh (Rg[|R.)° 2 .7 N2
V3(w) =+ . . > lig +if + NiZ]
1+ w?(Cp + NCo)2(Rg||RL)
Rg|[R
Vo(w) = ol R,

1+ jw(Cp + NCo)(Rg||Ry) Lsig ()

Vo (w)
The matched filter is the weigh of the S/N at each frequency: Fy(w) = =

V5 (w)
Under this condition the S/N is given by:
[
§2_ [ Mo _ iZ4 () iy
N? VZ(w) 1+ 0?(Cp + NCA2(RgRL) 2 5 5
> N tlg TIL + Nijy
J (Rs[RL)
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.. front-end optimization 2

— 2
Detector NiZ €A /N

i O T Ol W QO

O = Amp accessible inputs

.2
N represents the area  S° _ I5ig(w)
of the input transistor N2 1+ w2(Cp + NCA)Z(RBHRL)Z 2

Jo (Rg|[Re)’ ) N

df

+i% +i% +Nij

Input impedance

For large or small values of N the denominator of the S/N gets large values and the
S/N itself reduces.
It exists an optimum for N that depends upon 2 main parameters:

v The impedance given by the parallel of R;||R||Cp||C;
v The signal bandwidth.
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Feedback Topology and Front-end location

The topology of the very front-end can be based on:

v' Sensor impedance;

v Signal bandwidth;

v" Number of channels;

v' Rate of events;

v Front-end Location: at room or at cold;

v" Budget background contribution from the material close to

detector:
v
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Index: Frontend for Low Impedance Cryogenic Detectors.

LID

Frontend for Low impedance Cryogenic Detectors
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Frontend for Low impedance Cryogenic Detectors

When the sensor is TES, MMC, MKID, the resistance is extremely small and we
reduces to (R, could come into play in some cases with squid) :

— 2
Detector NiZz €a/N

RB@ig @Tisig éA O__+ =

O = Amp accessible inputs

r
. Sz NaZUZ
(lsig(w) = aF(w)Uenergy ) m ~ — energy df
e — — _
=3 +N(i§ +if +Nij)
Signal Bw B

In this case, the limit in the use of a cold stage is the power necessary to operate an

amplifier with a large input transistor.
Power handling is less critical with a room temperature operated amplifier, but the
signal at the amplifier input could be small and a boost is often needed...

...anyway... there is a quite practical lower limit in the obtainable noise that is around
0.1 - 0.5 nV/Hz at low frequency at room temperature, lower at high frequency at
cold: the setups work practically always unmatched.
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.. frontend for low impedance cryogenic detectors 2

As we know, what that does signals manageable is the use of the SQUID, “the
superconductor transformer”:

Josephson Effect to the rescue: amplification by SQUIDs

~ — Bias voltage \oltagesignal
Photon "\L‘\\- | :‘,___,_.-"'"'" torest of electronics
i QW-~-. Superconducting SQUID
'a‘ material ~—
_ o Insulator
. 7—/-’1%&‘ - . f.

- Qutput coil = :
™ ——
ﬂﬂﬂmml}oﬁgndcﬁlu . |
— = e & from Kent Irwin (NIST)

| HIST de SQUID on Stanford Garrier r

Story: Bell Labs
and NIST in the ‘60
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.. frontend for LID: dc squid 3

There are 2 classes of squids:

v" The dc squids are readout by room temperature preamplifier (and
helped by transformers in some cases);

v' The rf squids are readout by a cryogenic amplifier;

LTD-18, gpessina 14



.. frontend for LID: dc squid 4

Entering a bit of details, dc squid (characterized by 2 Josephson junctions) are DC
biased but are most of the time operated in closed loop with the so called FLL, Flux
Locked Loop.

dc current ]
source < feedback current
| SAps
< | sync | .
I R. R, == I detector Output
| A . i
& A = I ac amp ref integrator =
© l input %% I VVV—
. I 1 -
& @; ‘CU' = Cr ' i modulation
yogenic Region .
G%Q//; —_—_———_— = oscillator 1:refT 100 KHZ’ MHz
/é o)
Q2
2

The FLL is a feedback that forces the flux within the squid almost constant
by compensating the input flux from the sensor that modulates it: this way
the squid is operated in a narrow region of its characteristics and the
linearity is greatly improved.
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. frontend for LID: dc squid 5

Very is another advantage in the modulation in general: if the reference modulation
has a frequency >> that of the input signal, the resulting preamplifier input is a
modulation of the reference:

dc current
source

"“ﬁ',“:“g“:'&“;i'ﬂ‘é“' i

| 2
By S
R, 1'5 R = | detector Output
I = I ac amp Aref integrator -L-
. I

Signal 0 T deUIEtiUn
- = fref WMMWM. oscillator
minnmmm
Preamplifier noise does not enter in the modulation business and its contribution is

that around f,;: therefore, its low-frequency component, if present, is swept away:

Signal and parallel Signal and parallel Series pream.
noise spectra noise

noise spectra Senes pream. MODULATION ‘ i £ ‘ of
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.. frontend for LID: dc squid 6

The frequency at which the FLL operates is relatively small, from hundreds of KHz
to few MHz and the front-end noise must be white: a standard is a room

temperature operated front-end.

Front-end series noise is sub-nV/VHz, from 0.1 nV/\Hz to 1 nV/VHz. Parallel noise
ranges from negligible values, for JFET input stage, to a few pA/\Hz, bipolar input

stage.

>

Amplifier

Ry
1
| S

Figure 1. Equivalent circuit of SCRE with a current biased SQUID.
The AD797 operational amplifier is employed in our case.

Supercond. Sci. Technol. 2014, 27 115004
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This is a straightforward solution based
on the use of only a well-known
operational amplifier: the AD797 that
features a nominal 0.9 nV/VHz and 2
pA/NHz (above 1 KHz).

Authors claim a transfer coefficient
oV/od of about 380 pV/d,, that
translates into a preamplifier noise
contribution of less than 3 u®,/VHz
(squid intrinsic noise should be a fraction
of ud,/VHz, ®,=h/(2€)~2.07x1015 Vs,
the magnetic flux quantum).

17



.. frontend for LID: dc squid 7

CRESST studies the Dark matter with an é&\@
array of large mass CawWO4 scintillating N|
crystals sensed by TES. «& f %1:; = | Liquid helium

. . = (}b i i 2 mfl:illuuun refrigerator
CRESST runs are very long with a strict ~ O_ | /|| | mixing chamber
request on stability. o m —
To maintain steady the energy conversion  faaen” 1 11 g
gain, each detector of the array is vt Exteallad
equipped with a heater to which a L 2500 -
constant power and periodic pulses are sPvin g fiy—— =il | =
sent.

e | Cold bex

The readout is with dc squid + transformer
at cold (8:1) + transformer at room T (3:1) +
room T amplifier (JFET input, 2SK147, with : .
a noise floor of 0.7 NV/VHz). c | ol B S

They claim a current noise close to that of ‘
the junction, 1.2 pA/NHz, thanks to the great T Y
%ﬂ JFET

mitigation of the amplifier noise which
comes from the 2 transformers.

i 4

LTD-18, gpessina Kindly from Franz Probst 18



. frontend for LID: dc squid 8

SuperCDMS studies the Dark matter, too, with TES for the phonon channel.

The readout is with dc squid (a series of 100 squids to mitigate preamplifier noise
contribution) + room temperature amplifier.

SQUID array Phonon D

They claim a current noise close to
about 10 pA/~NHz, with 1.2 nV /NHz
being the series noise of the
preamplifier.

Bias

Re=1kQ

Feedback
Coil
(1 turns)

Input
Coil
(10 turns)

RS+RP

NIMA 2008, 591, 476 —= =
LTD-18, gpessina AIP Con. Proc. 1185, 282 (2009)

Ry,= 20 mQ

19



.. frontend for LID: dc squid 9

Here other examples of room temperature

operated amplifiers: one with bipolar input (0.35 () ==

nV/VHz) and the other with JFET input transistor ] | ]
(1 nV/IWHz @300 K, 0.6 nV/NHz @ -100 °C). B3 >_
Vo
i 45y A DR
s . - RT ‘L:‘ —T—K—FK !RA
1™ b PR “—lﬂﬂuslm _11 2041048 -
IF3602 -Hh ' S
|—J: NE] 44:]“_‘ :[’ anugzgj Rg[’
¢1nl R4 sy Yo |e2 +16V
l ™ Tow Physica C 445-448 (2006) 982-985
FN3600 has  fe %< Tha | | =y T
about 600 m}j :L S Loy 236k 1 ns. CLC42S ‘ 15u{f‘ %g_;u
_ | } |
input capacitance o [ . r;i;i{__ﬁ 5,; i
Proc. SPIE 9904, doi: 10.1117/12.2232859 Saret | o, gt P %J - I’ﬁ .
%F_ ATEBGE%TI ==—'J AT32011 iT:4T 3 sg
Here a preamplifier operated at both od 5.4k E
room temperature and 125 K with a ”"E"":mmw -
performance of about 5 pud/VHz | e A
. e
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.. frontend for LID: rf squid 10

ingredients to operate an
so called tank or tuned circuit, L and C, the transmission line to the front-end and the

radio frequency generator.

are: the

Large signals are obtained at large frequencies, large inductance and small
capacitance, which conflict with the transmission line impedance matching requirement

whenever the line is longer than A/2.

Single Junction RF SQUID
L
Radio Frequency IE §|l r\;w
Generator " Amp 8
A
L
C
Weak
Link [
" Magnetic
—— Field
A.H.Silver, Josephson Symp., 2012 Scan
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At 30 MHz the wave length is a
few meters, no problems with
room temperature operated
front-end, at 1 GHz the wave
length is some centimetres:
need for a cryogenic stage.

For resonating frequencies >
GHz squid and tank circuit are
in a single chip:

Appl. Phys. Lett. 112, 252601 (2018) ,,,




.. frontend for LID: ac squid 13

The tank circuit and the squid are side by side on the same chip.

Changing the tuned frequency from squid to squid a single line can be exploited to
send a superimposition of tones to an array. The same single line can be used for
readout, too, and de-multiplexing is made by sw. The signal modulates the own tone.

Here arrays of TES sensors are coupled to

arrays of rf squids ... i ——

in $I8 Junctions at Millimeter Wavelengths

.......

=T

> BDCH— v,

o 5 ) out

B i T 1|

I ! - Feedline
Appl. Phys. Lett. 92, 023514 2008
LTD-18, gpessina

TES loop =

LNA

resonator
each resonance has a
unigue length

flux-ramp line

CMB-S4 Collaboration 29



. frontend for LID: MKID 14

A sensor that can be multiplexed without the need of squids is the Microwave Kinetic
Inductance Detector, MKID, a superconducting stub:

As soon as the MKID is subjected
to a T change, its impedance
changes, inducing a change in both
the amplitude and phase of the
applied tone.

ENTRANCE wmnow APERTURE srop DICHROIC
(FROM THE SIDE)

(150 mK) (150 mK) |

IMAGE STOP
& BAFFLE (4K)

! E
.1
%

POLARISER (150 mK)

A&A 609, A115 (2018)
LTD-18, gpessina

Amplitude

The quarter wave resonator

— _ o il
- e
N I
s [ 7
\ / _1 | S
L . i T f
X \ ! u L A |
\ o i
\ ,f'f T ':Hj |
% & o
! S /
TN Dk v
., Shifted Curn
h |
=) 10;‘“ e —
0; KID4
o

KID-2

KID-1

KID-3

2680 2690 2700 2710 2720 2730 274[) 275[)

APL 107 (2015) '093508 I



... frontend for LID: MKID 15

Both rf squid and MKID arrays can be multiplexed thank to the use of a microwave

cryogenic Low Noise Amplifier, LNA.

I 10 mixer _ cryostat

To DAQ

<:>' Electronics 9 _ e W
| 100 mK

N resonators per line

A

2-6 GHz

WaOrth

mixer ¥ amplifier |

J|NST, 2011,6 PO6012 % digital electronics _
Most of the times the LNA limits the achievable resolution. E
Nevertheless it does a great job working at and below 4.2 e 8

K.
: H /|7 /| Mag., °
a0, L lr o
operating freq as | 00 :
the noise i - o -t

5 | :
: e e |
INcreases. G 7l L ————————— 2
e e L T _ g I cHp b
I\:fu'-mrdfs_.Frlv.lu..;fl'éi'mll hlkwf‘urw are also ,-K.;g-n E u r- P hyS . \J . C (2 O 1 5) 7 5 . 3 5 3 © 4
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.. frontend for LID: LNA technology 16

Devices able to work at so small temperature are those manufactured in Il =V
compound such as HEMT (InP, InGaAs, ...), MESFET in GaAs and AlGaAs and HBT

in SiGe and Si-MOS.

Schottky

g'ate barriar channel substrate
“"-"r,,f " f— E C
RS N n 2l e —
. »
Si donors E-.J
" two-di ional
% electron gas
AP
e ' &y Second Subtland (E, vs. k)
N Y o &
F & IF
& o Lo\
'\
g o
a A

First Subband (E. vs. k)

Z Distance i
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=

Energy

capping layer_<

AlGaAs

The HEMT is a
«sandwich» between
2 semiconductors with
large bandgap and a
2D un-doped sheet
with smaller bandgap.
Electrons driven in the
sheet from the applied
gate voltage are

| quantized and move

within it at very high
speed at any
temperature as there
IS Nno scattering.

spacer__

barrier

two-dimensional

substrate

electron gas (2DEG)



.. frontend for LID: LNA technology 17

The SiGe HBT has the p-base of smaller bandgap with respect to the emitter as a
small percentage of Ge atoms are introduced to modify its nature.

Vacuum level

[} [ J 4 E —
q¢m£ 92k qgﬁmB dxXy E E
. EC | IR, A=y EC
E. ¥ E :
E | ! {
' 9" . ro— Bed 1 1/ .
p-Base : / N
Fer n-Emitter £gp v ¢ Er : i 1=
} ¢ EV E, i :4_8_,: :
[AEV 9@p Emitter 1< 5= : 5 ! Base Collector
E, J x,
Without graded layer
=TT With graded layer
--- Graded base
This metallurgical modification of the base allows
the diffusion of a high level of dopant concentration,
which improves the speed, the gain and also the Ic Nen? N, AE
gain at low temperature (not verified for all...): hpg =—~= > = o expl| o
I Py, n; P KgT
B b e b B
In conventional Si-bipolar the gain lowers with T as it is the
. e Ne AEgg
emitter that has the bandgap smaller than that of the base: hgg = LEp &P\~
LTD-18, gpessina o § 26



... frontend for LID: LNA 18

Design and implementation of microwave amplifiers must follow well-defined rules
which regard both the geometry of all the connections for obtaining proper terminations
and the stability of the transistors that are otherwise prone to oscillate at high

frequency.
Cryogenics 60 (2014) 76-79 +Udc

The amplifier is a multistage
common-source or common-emitter

operated open loop.

VdD

Fig. 2. The amplifier schematic. Q1, Q2 - ATF-36077.

This is a 3 stages common-source
with inductance at the source of the
input HEMT for matching.

LTD-18, gpessina



. frontend for LID: LNA 19

DOI: 10.1109/BCTM.2011. 6082758

A monolithic SiGe amplifier composed with the i _ L T
cascade of 2 common-emitter stages. The DC E“

bias is made with 2 current mirrors which are :

decoupled by inductances.

Cryogenic microwave amplifiers are able to
show less than 100 pV/\Hz at the centre *_
bandwidth, around a few GHz.

——— g B e e

[REg—

This correspond to about 2 K noise -
temperature (*), which for an rf squid w2 A
transfer coefficient of 100 uVv/®, gives pe e ] e |

about 1 pd,/\VHz, with the noise floor of the &% ...
rf squid that could be 5 — 10 times better.

oss=3 ID=51 ‘

FO=0GHz  ID=C1  NET="HBT15" Ic
C=22000 fF

I ID=R3

Cascode SiGe.

(*) the noise of 50 Q resistor held at w, o

R=10000 Ohm o (

the nO|Se tempera’ture, as a target Fig. 12. Schematic of casende 0.5-3-GHz amnlifier modeled with circuit sim-

TD-18, gpessina IEEE TR. ON MICR. TH. AND TECH 2007, 55, 2306 3



... frontend for LID: LNA ..noise 20

A question would be: why do not use microwave amplifiers for the readout of dc squid,
or, in general, not modulated detector?

The IlI-V compounds are
heterostructures obtained by
melting dissimilar materials
together. At their interfaces

defects can form which can act '\
as capture centres for charge .'_.?_)

carriers. Noise effects add if the o P ot/ "

. . . = 0
duration of the signal is o | Filled trap | | Empty trap again |
comparable to the trapping time
constant. B i ki et Ak bk i

v V,
I=e(NtoT —1)M% | =eNToT 1L 'i'ZAS

Generation-recombination of carriers at trapping
centres gives low-frequency noise that worsens
the S/ N for dc squid.

Signal and parallel

NOisg Spectra  geries pream.
| noise Signal and parallel Se_rles pream.

noise spectra noise

L T
L ol r

fe-oi-om0~gant | A

=——OMMIC 1-20 GHz LNA
=©-CIT CRYO1-12 SN547

I e L
ref > — ]
e e N

0 i ‘/Oﬂoise and gainﬂoned with solid and

AR RN EERD ( REEENLAREY REESI REREN | |

¥ 0.11y6 8§ 10 12 14 16 18
Frequency [GHz] 3

D

MODULATION

=

LTD-18, gpessina

_fre

dashed curves, respecti




.. frontend for LID: LNA ..noise 21

Nevertheless... low frequency noise is not an intrinsic noise source and technological

processes could be optimized for low noise. Here we have 2 examples.

With this cryogenic amplifier in SiGe the noise was very low and authors of the

experiment claimed a noise of below 8 x 108 ®y/\Hz !

The SiGe adopted was the NESG3031.

A differential input pair cascoded and
buffered in open loop configuration.

+Vsupply

10°

— .
— offset adjustment

I

i ? 1V to 1.5V£

o o o o
Frequency response [dB]

(arbitrarily shifted)

Flux noise [ /Hz'"?]

—
S
i

room temperature

IN-

10°  10°  10°  10° 10" 10° [Jree
Frequency [Hz]

NESG3031 SiGe
LTD-18, gpessina

-Vsupply

Cryogenics 57 (2013) 129-133

I__ ouT+

OUT-

30



. frontend for LID: LNA

...noise 22

A cryogenic family of HEMT is available from CNRS/C2N.
Best performance is obtained at 4.2 K with the 200pch, having an input capacitance

of slightly less than 250 pF.

Noise is around 5 nV/VHz @ 1 Hz and about 0.2 nV/\Hz @ 4.2 K.

The HEMT is capable to work up to 1.5 GHz, being optimized for low frequency
operation. This result was consequence of a long term search in design, material
growth, fabrication process and characterization.

Name 200pch | 100pch | 30pch Spch 1pch
The factor of merit LexW (um?) 1.5x10° | 6.4x10* | 2.0x10* | 2.0x10° | 4.0x10?
— . Ce (PF); Caa (PF 236;8.9 | 103;8.9 | 33;3.5 | 46;1.0 | 1.8;,~0.6
C,e4 for this HEMT C._ =240 p|: = (PP Ces (PF)
o 57 Input™ Vas(mV); Tas(mA) 100; 1.0 | 100; 1.0 | 100; 1.0 | 100; 1.0 | 100; 0.5
family is 3x10<47 J,a |* T
ther Ood feature - e input noise vo gm (MS); ga¢ (MS) 52;0.4 | 40;1.2 | 115;1.3 | 44;13 15; 0.8
ra g ' i i iEE @oon | ft=gn/2nC) (He) | 3.5x107 | 6.2x107 | 5.5x10° | 1.5x10° | 1.3x10°
. ’ |7 Inpet oapactanoe @1Hz 5.4 6.3 14 30 100
Tocomparera |+ W S it I I el I
standar |- s k @1kHz | 0.24 0.34 0.57 1.4 2.7
MOS deVICe haS 2. 5 s En-white (mM;;lciofmogenicHigh Electron :hébilitymﬁsi'stbr,_ :I B g 0.4
order of 10%° J, while |, AN = P
a good Si JFET . W | (aA/HZY) ’.5:'.7‘1.-.'-4""“-E;EE-:5"E'.»:".-:..-:E?E-"iii“-i—- “:f:fi.-;;f.,'.'f;.fl._L;T:";“:B-S?E';:?Z-'i- 57
L HEMT dev Ip I tL\RS,-f( \
. 0 1 2 Rn . i i a1
operated at room v B N ey e
temperature has ; —e
2%x10729 ]. (mk) | EESERTSEREEEI St 5 g
LTD-18, gpessina APP. PHY. LET. 2014, 105, 013504 31



Index: Frontend for Medium and High impedance

Cryogenic Detectors, the medium impedance case

Frontend for Medium and High impedance Cryogenic Detectors:.
 Medium impedance detectors

LTD-18, gpessina 32



Front-end optimization with medium to large impedance

detectors
Coming back to our scheme a last time:

Detector NiZ es /N
( ) LINQY/
R 5 T — R, 2 —— °
B 1 Isig CP L NCA -
r
$2 _ [ No@l® Lig (<) daf
NZ V§(w) 1+w?(Cp+NCO2(Re|R) 2 . 5 5 5
5 N +ig +1if + Niy
J (Rg||Rv)

The medium to large impedance detectors are the field of thermistors as thermal
sensors.

The impedance values extend from a few hundred KQ to hundreds of MQ, while the
speed of the signals extend from rise time of a few us to tens of ms, or the signal
bandwidth from about one hundred KHz down to tens of Hz.

Also in these cases the front-end works most of cases unmatched and the S/N must be
optimized on case-by-case basis.

LTD-18, gpessina 33



Front-end optimization with medium impedance detectors

— 2
Detector Niz €a/N

2
A
_ L [RAs L O—\o
Rg iZB TIsig Cp 1L NC, -

Small crystals need small thermistors. Thermal signal is quite fast and thermistor
Impedance is maintained small to minimize signal integration from the parasitic and
amplifier input capacitance. The range being between hundreds KQ to few tens of MQ.

Total capacitance should be less than 10 to 20 pF to avoid signal integration or
amplifier series noise early contribution.

If these constraints are satisfied the S/N is therefore limited by:

: S* O(ZUgner R123
(lsig(w) = O‘F(U‘))Uenergy ) m ~ = M > 5 df

Signal BW

... and the constraints are satisfied if the first amplifying stage is cooled....

LTD-18, gpessina 34



Front-end optimization with medium impedance detectors 2

FEEDBACK —1t 1B v According to Dan McCammon the
Re = 2£100) ¥ IL‘v uf 1 0,01 pf first use of a cryogenic setup was
| " with the IRAS infrared satellite.
— The readout was for
-4: 1ia  photodetectors.
DETECTOR MoKy jHSkY  QUTPYTA pair of source follower Si-JFET
BIAS SUPPLY were put at cold and a second
, NOMINAL/BOOST warm stage implemented a trans-

https://Iambda.gsfc.nasa.gov/prodluct/iras/docs/exp.sup/ch2/C5.ht impedance feedback with a
ml#tabC6 and Proc. SPIE 0445, Instrumentation in Astronomy V, feedback resistor of 20 GQ (Eltec

(9 January 1984); doi: 10.1117/12.966154 model 102 metal film) held at 2 K.

Each detect?:or is biased through a load resistor of 40 MQ2 by a low noise DC voltage supply, adjustable from
0 to 10 volts. The detector voltage is measured through a JFET source follower amplifier (gain ~ 0.995) mounted
near the detector but thermally isolated from it. The amplifier uses dual JFETs connected in parallel, and suspended
by Kevlar threads inside a copper can, so that the JFET bias power can heat it to an operating temperature of ~ 70
K, similar to that used for the IRAS detectors. Each amplifier has its own copper cooling strap directly attached to
the instrument mounting flange. Wires into the bolometer housing are filtered against radio and microwave energy
by being cast into an iron-loaded epoxy disk. Nevertheless, the detectors were sensitive to radio frequency emitted
by the microprocessor clocks (~ 4 MHz), and beat frequency signals between different clocks were seen as excess
noise levels at those frequencies despite efforts to provide additional external decoupling. Fortunately, these beat

J.C. Mather, at al, Event: SPIE's 1993 FIRAS was the first spectrometer that used
International Symposium on Optics, Imaging, and  polometers and the buffered first stage at

Instrumentation, 1993 cold. Interesting: the clock noise was at 4 MHz.
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Front-end optimization with medium impedance detectors 3

One of the first following application about the cold readout is this.
A number of considerations are necessary.

The setup is done with the aim of minimizing stray capacitance.
The first step is to locate the load resistor at the same detector temperature: to work at

low temperature the load
cannot be very large.

resistor must be made metal film for stability and the value

e T T e T L L L Ty

ey
-

“Dowarshell ﬂ

V bias This setup was

used for readout

detector arrays

Vdd with average
resolution better

than 5 eVeyum
| E b\/out (see ref below).

Yessanssravnnssrnssnssnnnnssnnfosssnsssssnsnssnnnsntsnunsnnantsnssns

Proc. SPIE 7732, 2010,
doi: 10.1117/12.857888

LTD-18, gpessina

Proc. SPIE 3765, EUV, X-Ray, and Gamma-Ray Instrumentation for
Astronomy X, (22 October 1999); doi: 10.1117/12.366556
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Front-end optimization with medium impedance detectors 4

The detector signal is slow and Ill — V compound devices and Si-MOS have low-
frequency noise which can be a limit, Si-JFET transistors are more often used at their
optimum temperature between 120 K — 150 K. They are normally configured in
common-source, unity gain, (to avoid long feedback path from room temperature to
inside the fridge) with their biasing resistor at room temperature to minimize power at
cold.

ek 7K Dowarshel )
: (| | gl
] —
i | Vbies
Room T
Vdd

 InterFET
'SNJ14AL16

I

|

|

I

|

[

I

I

! :

H

i

h Vout

R

{

|

: HINT: the value of the biasing

| resistor connected to the source

i fVss terminal must be large enough
otherwise its thermal noise can

_ become not negligible.
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Front-end optimization with medium impedance detectors 5

The connection between the JFET and the detector must be short and the link must
assure a negligible heat injection coming from the big thermal gradient.

The JFETs are in a box, suspended with Kevlar cables for example, to minimize
thermal conductance toward the bath and create their working environment. Often a
heater is put close to them to give an initial increase of temperature, then their
dissipation is able to maintain the operating temperature.

The connection to the detector must also minimize microphonic effects.

 InterFET
'SNJ14AL16

LTD-18, gpessina
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Front-end optimization with medium impedance detectors 6

Here an example of a very dense link made with superconductive tracks and
polyimide to maximize thermal isolation in the readout of a matrix of TES high
iImpedance sensors.

Area for the
gluing and wire-
bonding of 24
integrated circuits

bonding pads
Output
connector
pads

552 input wire-

2 x 51 connector pads

Polyimide 7 pm

= Tracks : Ti/Nb/Ti 350 nm
(+ Cu 300 nm where
no thermal gradient)

Pads : + NifAu 3 pm

Proc. SPIE 10699, 2018 : doi: 10.1117/12.2312532
J Low Temp Phys (2018) 193:578-584

Polyimide 10 pm

: 22K = Stack-u
LT D - 1 8 : g p essina Thermal gradient zone Constant temperature zone p




Front-end optimization with medium impedance detectors 7

EDELWEISS experiment tries to mitigate the low-frequency noise in series to the
JFET gate with an AC bias: detector signal modulates the AC bias while the series
noise does not, so that its contribution is that at the modulation frequency, where low-
frequency noise contribution is negligible.

To maintain symmetry the bias is differential given through 2 small capacitances: the
AC bias is triangular and integrated across the capacitances in order to become a
square signal. This is a quite interesting solution as the detector sees a bias that
changes only the sign, but never the power value.

heat modulation

T c=10pF < A reference resistor that establishes
T the gates to ground is necessary, but it
UL does not need to be precise and stable
NTD FET polarization and it can be selected for not affecting
1Mnr & differential output  the nojse. They use a JFET biased in
R,y Tc-10p cut-off obtaining a resistance value

| greater than 1012 — 10%3 Q.
T biFET AN
: JFET IFN860

LTD-18, gpessina 40




Front-end optimization with medium impedance detectors 8

JINST 2017 12 PO8010
FTTTT] T T T T T

— 1keV_, event

Noise result is quite good.

The frequency of the bias is
between 500 Hz and 1 KHz (I do
not know the actual value for this

plot).

— Heat noise

—
o

Magnitude (nV/VHz)

The mitigation of the low frequency
noise seems efficient with the
spectrum of the signal

L] LN superimposed for Comparison.

1 10 10
Frequency (Hz)

Residual low frequency noise could be from detector friction and wire vibration,

namely, mechanical microphonism, parallel noise, the actual effect limiting the final
resolution in several applications.
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Index: Frontend for Medium and High impedance

Cryogenic Detectors, the high impedance case

Frontend for Medium and High impedance Cryogenic Detectors:.
« High impedance detectors
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Front-end optimization with high impedance detectors 1

Detector NiZ es /N
( ) TA\V
Rz O, T. L2 B :
B 15 sig Co L NC, -
S? angnergy
(isig(w) = O(F((’O)Uenergy ) F ~ = df

2
e [— [— [—
w?(Cp + NCp)2 ¢ +if +if + Nij
Sig.BW N parasitic

We speak about thermistor impedance close or in excess of hundred MQ.

In these cases is almost impossible to try to match the front-end to the detector.

Signal bandwidth and parasitic capacitance are very important for defining which
parameters to optimize for the front-end.

LTD-18, gpessina
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Front-end optimization with high impedance detectors 2

The reasons for large impedances and large capacitances are several.

v' Avery large dynamic range of signals, typical of neutrino physics,
which extends from a few KeV up to a few tens of MeV asks for
thermistors that can handle large voltages;

v" Low background, if required, finds benefit if the front-end is operated
far from the detector;

v The detector is composed of a large-mass crystal to which the
thermistor is glued: to reduce its thermal capacity to a minimum, the
temperature must be as small as possible, less than 10 mK;

v Crystals are large and several: heat injection must be minimized;

v

LTD-18, gpessina
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Front-end optimization with high impedance detectors 3

Actual choice for d

front-end location: _

room temperature o I CUORE is an example of a
very safe for il Wit low-background strict
background. s | : requirements.

It is composed of 1000 TeO,
crystals having each a mass of
750 g.

Thermal Sensors are NTD
thermistors having large
resistance values.

Possible front-end
Location, mixing
chamber and
above the lead
shield.

LTD-18, gpessiiia “¥ PH. REV. LET. 120, 132501 (2018) 45



Front-end optimization with high impedance detectors 4

X scale: 10 sidiv

€h 537 (HONE - £217) - 50 mVidiv

I\ Apollo Smart Scope

CUORE
+ 27 Jan 2017

H-Axdy Condrols

Scals 500 mVidiv |+ AuloScale F Max - Min arge | 10.0s bl Prinit
il 4 F average e

Offset [riv] [ Adjut [ Subsam avery -
Clase

Fridge ﬁ = 0.5 fA/VHz

LTD-18, gpessina

For the sake of background everything
in CUORE is macroscopic:

v Signal BW is less than 5 Hz;

v" Thermistor impedances are a
few hundreds MQ on average;

v Load resistors at room
Temperature are 60 GQ to
minimize their parallel noise;

v The input capacitance is about
500 pF;

v Very tight stability of the front-
end baseline

2 2712
S o Uenergy df
2 ) %) 2
N ig +1f + Nijy
Sig.BW N parasitic
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Front-end optimization with high impedance detectors 5

C, [ \
C, + ouT
L OA; p
Vee R, Vee | :
OA A R
R R
VA
IN,
R, oo
2 F
" R
—OCOR,
Vi Rsa
L ¢ - h
9o— DRC
v, OA/
R’g VOH “
RH T\h
Vee |C— Parallel "'
2018 JINST 13 P02026 " P:/'jﬁl Is0.15
V4
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An example of preamplifier
operated at room
temperature is this: the
configuration is

—O instrumentation-differential
OUT,, (with large input

impedance) with only 2
JFETSs, J, and J,, at the
input.

Circuit is designed for
having a large open loop
gain (extensive use of
OpAmp), to obtain a very
precise large closed loop
gain, and to constraint the
JFETs to work at constant
current and constant
voltage.

The circuit is thermally
compensated with a drift
smaller than 1 pV/°C. A7



Front-end optimization with ionization detectors 1

Before entering into the discussion it is interesting a short historical digression about
the origin of the very front-end for particle detectors. Apparently, this has not much to
do with the subject of this slides, but ...

What triggered me was a first paper | found that dated 1956: it was the first voltage
preamplifier for particle detectors, | suppose. It employed valves!

The author of the circuit was Emilio Gatti (passed away a few years ago) et Al.

Il nuovo cimento V 3 p 473 1956 The circuit and ... Look at the supply voltage:
300 V!
EF®1 EF 91 Kk +300
I*Isp F ‘
10000 pF v ...the configuration
— .
v
400 pF
=
p Fa5p F Output Vo
A
Input E( ~ = = VFz6.3cc. B
Cascode 2 N i i
Flg. 3. — Preamp]iﬁer scheme. ::IG:RE ‘I::(olluie-sebnsirive preamplifier connected to a gas-
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Front-end optimization with ionization detectors 2

Then... | asked Pier Franco Manfredi (also passed away) about the first charge
sensitive preamplifier. He told me that Veljko Radeka was the first to develop a
genuine charge sensitive preamplifier.

Then | asked to Veljko, which sent me a very nice short report.

The first record of a Charge-Sensitive Amplifier Circuit

Veljko mail:
1948 Classical “integrator” known from WWII . :
s ——— - (1941-5,) appears as charge amplifier in The first concept of
w.207431 il . 267431 . . )
R ——— ny a98 ~1950-ies (Gatti, et al.): charge to voltage
0 - EIDGENDSSISCHES ANT FUR GEISTIGES EIGENTUN .
PATENTSCHRIFT e @ conversion on a
Gesuch eingersicht: 13. Februar 1948, 18 Uhr. — Patent eingetragen: 31. Marr 1950, ” CapaCItor In
S ot AR feedbac_k appea_tred
Mebrrudeke s Memeng beer Lodenge & IN 1948 In a Swiss
Fig1 T e S patent, slide 1; Only
= I "iJ I"o one vacuum tube
was needed! “
1 o 12
Input capacitance ~ open-loop gain x C;
Vacuum tube at the input until ~1963
when the first JFET is used ...
g i This configuration is equivalent to a “common
) source topology”.
LTD-18, gpessina 49




Front-end optimization with ionization detectors 3

According to Veljko, charge sensitive preamplifier for nuclear detector having valves
as active components have been used and known since World War 11!

The “last word” from vacuum tubes - introducing
Ge de.rec'tor‘s (Taver‘dﬂle,1963) Original charge preamp with JFET, 1968

7788 (EBIOF) 7308 (EI88CC)

The Cascode! - i w3e

e | Veljko mail:
“Vacuum tube

. ty, charge amplifiers
Y were used until
~1965; an example

IS shown in slide 2;

2V

J
of T T Cascode
Lot | EE configuration with
=r I 1} Ce | .
R 7 L G tubes was known
E "3 2 from World War Il
S E*
Rl R N ¥
(3) VRI, VRZ, 3w WIRE WOUND Cr, T-43,r
Noise: ~200 e rms at 20pF, 1-2us Feedback

Fig. 4—Charge-sensitive low-noise preamplifier
circuit.
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Front-end optimization with ionization detectors 4

Here is the first charge sensitive preamplifier based on the use of transistors. It was
1968.

This preamplifier is, at the same time, the first example of cryogenic electronic. It was
intended for the readout of Ge(Ll) detectors, forced to stay at cold during their whole

operating life.

FET CURRENT ADJ. Veljko mail:
“In 1968 (paper you
DRAIN VOLTAGE ADJ. requested) |

described in some

DET. BIAS y + .
+ o PULSER o detal!,_a charge
! amplifier for
N |DETECTOR & . _
== Ccal : ""Al germanium
. o X detectors, with
1 ! @ -Jc 2
Cin o= o= T °° = a JFET at low
L Ry | g temperature, slide
: R
c 1
g f J =Cs %RL
Y 0

Cold stage
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Front-end optimization with ionization detectors 5

Qamp first stage
Vbias to second stage, driver
+H-10V
| FEB ground plane
FEB
300 K
3603 35033 350 2 Rl 2%
STRIPLINE resistance =02t003 Q 4K
L1 4K
Ground note :
4 QET returns run from detector
L1 to SQUET Each return is split
into 4stripline traces on SQUET
(for clarity only one set of stripline
150K traces is shown)
SQUET FET window 4K
4K
600m K
TOWER 10m K
Cbias 1pF C 10m K
(Rbias stray) 1-1 Rbias 1pE oo -1
_|_§4DMQ _|_§ Rfeedback
T (Rf b kT< 40MQY
-+ 300pF sh*;y) -
Il
SIDE COAX Ccoupling 10m K
———————————————
Phonon Sensors éﬂ /% ,% é‘
and lonization — - ————
ground electrodel |__DETECTOR _'_|I
i = [0

Only Qi shown for clarity; Qo circuit identical

NIMA 591 (2008) 476-489

LTD-18, gpessina

- lonization detectors working at

deep cryogenic temperatures are
readout with a charge sensitive
preamplifier, too. The only concern
IS that the distance of the first stage
of the front-end cannot be too close
to the detector for avoiding heat
Injection: the input capacitance is
large.

The detector is a very large
Impedance and microphonism is a
concern. In this solution the JFET is
biased such a way its gate is close
to zero voltage in order to minimize
charge injection from parasitic
capacitance.

Feedback and bias resistors are 40
MQ, but located at 10 mK.
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Front-end optimization with ionization detectors 6

EDELWEISS uses a different approach..

Bias and feedback resistors are replaced with r

elays which are closed from time to

time, tens of seconds scale, to adjust detector bias and the gate of the JFET.

The preamplifier is operated in voltage sensitive configuration, namely, the JFET is a
follower, and the charge signal is integrated across the detector, stray and JFET

capacitance, about 250 pF.

2017 JINST 12 P08010

-~ o Polarization

-

Feedback
= 5 pF

s

|§Iectrjiie gnF
gD = aQs(t) L L Co

LTD-18, gpessina
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Source
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Front-end optimization with ionization detectors 7

To this we can give a mathematical interpretation:
r‘

SZZ 2 2 2
__Q : df—Qjadf

~

N
w2(Cp + NCA)Z% +1
ig + Nij
With:

_Z/N SZ B QZ
e —
MR+ N2 2 Jea/N(if + Nij)

To summarize;

v The filter behaves like a low pass filter;

v' If the parallel noise is small, R, results large and the filtering frequency very
small, or the time constant t, very large (example R, is about 120 MQ when

/a ~ 2 nV /VHz, and the gate current 1 fA, with =10 ms if the total capacitance is
100 pF) ;

v" If the expected signal rate is low, then integration of signal on a very long

D time makes the noise independent from the preamplifier series noise. y
S ,



Front-end optimization with ionization detectors 8

The residual frequency dependent noise is mainly (I suppose...) microphonism and
the resolution they claim is better than 700 eV yu-

2017 JINST 12 P0O8010

" o Polarization
. Feedback

\T°"
Drain
Te |
Electrode 5 NnF Source

gD = cQ8(®) L L Co

I_HII| I TTTITT [T TTTI I HII\II| L .
— lonization noise

— 1keV,, event

10?

10

Magnitude (nV/VHz)

—

= T

1 10 10% 10° 10*
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CONCLUSIONS

Thank you and sorry for any possible lack ...
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SPARE SLIDES
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..noise sources vs configuration

A typical error is to consider this Equivalent to this, since
simple and typical configuration: C, Is bootstrapped:
eX ex
I N 1
G G cC Vo G Gl Vo
Rs Rs
Actually it is equivalent to this, till large frequency:
AO
2 @
iZ . €A
noe | | 57 i%mise equi
V2 =¢e4+ :
@ ek Hil ° R w?(Cp + Cy)?
RS
2
Proof: . C —— (CatCp) —
00 AO 1) Iflnoise = O,then: Vo = CA—-fCPVO + ep = V(-Z)A = ( ACP : ei
> 2 @
T | | 2)Ifey, = 0,then: V, = —l_nmse = Vs = lnglsg
@ CoI c I Vo jwCp w*Cp
!
RS 2 .2
3 V= <CA: Cp> g_l_ 2(::no-i:ec )2] I
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Front-end optimization with medium impedance detectors

EMI interferences, ground loops, ... can add disturbances and this is often the case
when the grounds inside and outside the fridge are different.
To mitigate the noise the difference between the cold stage output and the cold ground

node helps.
IEEE TNS, 53, 2861, 2006.
@ Det. bias
@ Drain bias
4 Si JFET e S
Cos T (O
L Cor +
N2 !
T~ 110 K | S
Refrigerator |\ O
2
¢ 15 cm > € 200 cm ea/N

The noise of the second stage is larger if a differential amplifier is used. A possible

way to minimize this is to implement the amplifier branch of the reading ground with a
very large transistor area, since Ground is a low impedance node.
This amplifier output can be shared by several channels.

LTD-18, gpessina
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Front-end optimization with medium impedance detectors

Another source of disturbances arises from the close packaging of channels in an
array and when the distance of the front-end from the detectors is not very short:
cross-talk.

If the readout is voltage sensitive one efficient way to minimize cross-talk is with the
differential configuration, although the larger noise of the preamplifier (coaxial cables
can be used, taking care of thermal conductance).

Te +
CH1 -
cT . - The differential configuration has benefits also
i In suppressing the so called common mode
L disturbances, which take advantages from the
—!_CCR link length, such as EMI.
ICP -“ +
CH2
Cod
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Technology 1

Li sb P AsBI Te TI C Mg sSe Cr Ta Cs Ba S Mn Ag cd Pt Si

033039045084060.14 ,,  la 14 " 17 16 14
St £5 25 25 25 26 =25 2 6 252
3 i A 28 26 25
A £ 32 3 A 34 35 33 A== 2 4
4 4 43 43 A 45 A . A e —37 s
GAP CENTER ey A sssaS3= o 51— 2L
"w - - ———-- 575748220 B5 ~ 49 A AA S5T5T=2
42 —a5 - D 49 D D 4 4 4
53 34 35 oA 5 =5 o9 22 p34 33 =35 o333 — ¢
16 A7 L - ] = 0 = 0
045067072 e
B At GaIn T¢ Pd Na Be Zn Au CO V Ni MO Hg Sr Ge Cu K Sn w Pb O Fe

= standard dopants, fast fast centers at room T

Here we have the map of the donor/acceptor atoms in Si.

The energies of the donors/acceptors are distributed in the gap. What does it
mean?
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Technology 2

Li sb P AsBI Te TI C Mg sSe Cr Ta Cs Ba S Mn Ag cd Pt Si

033039045084060.14 ,,  la 14 5 17 16 14
si £l 25 25 25 3 ., 26 o 25 28 27 26 2528
A = 32 36 A 34 35 33 3= = e
A Al a3 4378 45 A o A RO —3r Bg
GAP CENTER e 53 A 5583433 e s—2
BE S == SR e T 2757480 35 T 49 A AJA S8
_ 42 —45 - D : 4 D D 4 41 4
3 34 2 B 5 =5 293 T 34 33 =3 oMI T g
= 0 TTD = —3 262 —372% D 2
16 17 5 220 B8 = ===
045067072 g
B AL GoIn TR Pd NO Be Zn Au CoO V Ni MO Hg Sr Ge Cu K Sn W Pb O Fe

= standard dopants, fast fast centers at room T
= most efficient trapping centers at room T

But, why we consider and are interested to all these dopants?

Well, the probability that a carrier falls (is trapped) or escapes (is de-
trapped) from a centre is dependent on temperature. The larger is
the temperature, the larger is the probability that a deep trap, namely

a trap with energy close to the middle of the gap, is active in this
mechanism.

Expressed in the other way, the time a trapping centre stays
full/lempty depends on temperature.
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Technology 3
|

Current change: Al =

N x Trap_ Concentration and time dependence: AT=z4e’t?
TOT

Following the Generation Recombination, G-R, theory a noise is associated with this
process. The noise being proportional to the square root of the Fourier transform the
time dependence of the trapping process (Lorentzian function):

— 1
1013 _— — _11 _I_II_TI I_l r_ ll__l | en+ 2 2
S ! !F-275.0K 1+(D T
. Ey = 83103 Vm™! _|
_\\ o -
10-14 — \ ®o — _
A a— If several of such trapping centres
§ :},\ 5 are present with different
S ~ concentration, characterized by
i different time constants, then the
}
el \\\ convolution of all the spectra leads
= J_;,,.,o_- to a 1/f behaviour.
10-17'- bl ||1 | | IL | | ' B |
10 102 103 104 10° 108 107
) —=-Frequency (sec™’)
-A. Van Der Ziel
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Technology 4

Li sb P AsBI Te TI C Mg sSe Cr Ta Cs Ba S Mn Ag cd Pt Si

033039045084060.14 ,,  la 14 5 17 16 14
st £l 25 25 25 3 2, 26 & 25 827 2025%8 7
A = 22 36 = A 34 35 33 3= o
2 41 a3 437A a5 A awo A R® —37 B
A 53 = S R
GAP CENTER 55 54 22 .51
1w -—————————"—>—-——- 55745220 5 49 A | e —5 5B —————= ———
_ 42 —45 D : 4 D D 4 41 4
3 34 2 33— 3 28 29X T p34 .33, = 33 oi‘ 7=
© 17 5 220 B o8 — Rl
_045.0_67.%2_ D
B AL GoIn TR Pd NO Be Zn Au CoO V Ni MO Hg Sr Ge Cu K Sn W Pb O Fe

= standard dopants, fast fast centers at room T

= trapping centers most efficient at room T

Now, let's come back a bit. A G-R centre close to the valence o conduction band,
where close means having a distance in energy comparable to that of the phonon
energy KgT, will be empty most of the time (fast G-R), while a G-R centre close to
the middle of the gap will be filled most of the time.

Both G-R centres do not have an effect on noise (one is always filled, the other

always empty); the latter is useless, while the former is fundamental for the
conduction mechanism.

Following this viewpoint, we can say that a good dopant must be chosen between
those that are very very fast G-R centres at the operating temperature.
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Technology 5

That is the reason why GaAs works well at deep cryogenic temperatures, while Si

not:
Table 1 Energy gaps, masses and ionization energies for some semiconductors 18 19.
Si Ge GaP GaAs GaSb InP InAs InSb

Eg at4.2 K, eV 1.163 0.744 2.325 1.517 0.813 1416 0425 0.236

Eqat300 K, eV 1.107 0.67 2.24 1.43 0.7 1.26 0.36 0.18

Donors P, As, Sb S, Se, Te

mpimg 0.34 0.04-0.07 0.047 0.077 0.025 0.012

£q4, eV 0.05 0.01 0.07 0.003 ~0.003 0 0

Acceptors B, Al, Ga Zn, Cd

nv';pf‘,-:r:-‘J ~0.5 0.68 0.23 0.2 04 0.4-05

Eg eV 0.05 0.01 0.04 0.02 0.037 0.05 0.007 0.008

Phonon energy:| T[K] | KgT(meV)

Actually, best performances for Si — JFET 300 26
are obtained in the range 100 — 150 K,
where a compromise must be met between 77 6.7
LF noise and maximum mobility, 11l —V
compounds have no lower limit, practically. 4.2 0.4

B Lengeler Cryogenics V Agosto 1974 p 439
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Technology 6

Li sb P AsBI Te TI C Mg sSe Cr Ta Cs Ba S Mn Ag cd Pt Si

033039 545054 5G9 14 - M 14 2 47 46 14
! £l 25 25 25 3 2, 26 & 25 w21 26252
A = 32 36 A 34 35 33 3= <. 18
4 M a3 3K s A o A B — 3
A 53 = —
GAP CENTER 55 54 22 .51
LIE = = = =) S S s e S 554880 gz a9 A A AT T T 55— —— == o ——
. 42 —a5 D 4 4 D D .4 41 4
3 38 35 33— 3 =2 2938 T p34 33 = 35 oi‘—? -
" 17 57 =0 2oy 27590
045067072 b
B AL GoIn TR Pd NO Be Zn Au CoO V Ni MO Hg Sr Ge Cu K Sn w Pb O Fe

= standard dopants, fast fast centers at room T

= trapping centers most efficient at room T

= trapping centers most efficient at LN

Starting from the middle of the gap, G-R always empty, going to the either of the 2
bands, G-R always filled, there will be some location in energy where the

trapping/untrapping probability will equal: G-R centres with those energies will be
more effective to contribute to LF noise.

Increasing the temperature this energy, that with maximum noise effect, will move
toward the middle of the gap, decreasing the temperature it will move close to the
bands.
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Technology 7

Indeed this is the case.

Lowering T below 80 K the noise 1000
increases apparently as if it were white ~ °%
in this plot since the upper bandwidth 100
N5Q
of the spectrum analyzer was 52 KHz. g
: _ : =10
(Thermal noise does not justify this
behaviour unless it is considered hot 1
electron effect at T much greater than 14
£ 100 ] _ 40 30
room T) req(/‘lz) 1k g0 o0 awre N
10ksok 102 =" qempe’
1%%03- f (IHZ) l - S 9|(_ ure 20: The 3D-plot of the noise spectra measured for the JFET MX11CD in the
LR % * temperature range 15 K to 100 K. To each noise spectrum the fit is superimposed.
*
oM : Only at about 14 K the corner frequency
v N * . from G-R noise from donors is visible.
POk ' Here the corner frequency of G-R noise
40 KHz .
100k | | * - from donors is shown vs T. It enters the
* T ® spectrum analyzer range only at 14 K.
10k 4 v : v
o2 ® ” e This rules out the use of JFET below 70

Lorentzian frequencies versus temperature for the G-R noise from dopant atoms, K unless a Very SpeC|a| process |S
after the parameters extracted from the data in Figure 21.
developed.
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Technology 8

Working below 80 K is possible with I1l1-V compounds such as GaAs, for their small
donor ionization energy (3 meV), or Si-MQOS, for the large transversal electric field
that is able to free the carriers from dopants.

Although the carriers in the substrate are surely frozen out
at 4.2 K, a conducting inversion layer may be built up
between source and drain by field effect. In fact a small v
pate voltage can already produce very high electric fields. T I
extracting charges from the source and the drain. In many L

n<hannel depletion MOSFETs, the electric field produced i

by the posilive charges always present in the SiO, layer are _ _
numerous enough to generate a conducting channel by field High field
effect. For MOSFETs to operate at 4.2 K it is essential that
the source and the drain are heavily doped (10'? cm™® — no
carrier freeze-out), that the oxide layer is thin, and that the
oxide layer overlaps with source and drain. Otherwise the

electrical field is not sirong enough to extract charges from
the source and drain. We have investigated a great number

T e
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Technology 9

Unfortunately, MOS and GaAs and, generally, I1I-V compounds work well at
cryogenic temperatures, but their LF noise is not as small as that of Si JFET.

This is McWhorter model (1956) of LF: tunneling in the oxide

G Charge tunneling in the oxide/or in the substrate
S D CAT=, at/T N 4
—_— C> AT becomes: AT=re’V'?, ¢ =e
] l z . . . .
Substrate N < A single kind of trap can determine several different

time constants depending on the distance of each
trapping-atom of the species from the surface of
separation between the oxide and the semiconductor.

This model seems to account well for the noise. A proof of this is the very different
level of LF noise in PMOS and NMOS: the former shows a lower level that comes

from the fact that holes can tunnel very little the oxide being slower and heavier of
electrons.

Other models interpret the noise in term of mobility fluctuation or
conductance fluctuation, see Hooge.
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Technology 10

GaAs MESFET work well at deep cryogenic T. Unfortunately LF _noi§e, that improves
with T lowering, remains quite high and is a limit for several applications.

Low noise preamplifiers using GaAs MESFETs: D.V. Camin et al.
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Figure 7 Noise power spectrum of the P35-1101-1 at different
temperatures. Biasing current is 0.5 mA. There is a reduction of

sixteen times when temperature decreases from 300 to 4 K
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Figure 9 Noise power spectrum of the 35K166 GaAs dual-gate
MESFET at different ternperatures. There is a reduction of more than
two orders of magnitude when temperature decreases from 300 to

4K

LF in GaAs comes from the crystal lattice imperfections (el-x traps), defects created
between the semiconductor and metal surfaces, etc.

Cryogenic V 29 p 857 862 1989 70
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Technology 11

What about white noise with T?

Thermal noise improves with lowering T, being proportional to T, but, generally, it
Improves less than expected.

That is due to the so-called hot-electron effect, namely, to the fact that the electron
gas has a T larger than that of the lattice.

Here one example with a Si-JFET from room T down to 80 K.
Transconductance does not change so much and the input thermal noise has
an improvement that is lower at large channel current, proving the hot-electron

effect.
25 x r . . r r r . ' IS5/ & IDS=25 pA, VDS=0'1 \Y T )
fg | 1 .l =¥ IDS=50 pA, VDS=0'1 \ -
k = Ipg=0.3mA, V=03V
10 i g L IDS=1 mA, VDS=1 \Y
7.5 — ] z 235}
| - 2
% 5 | 05=25 1A, Vo =01 V <,
E =¥ Ipg=S0 LA, V=01V o
e 3 ,=0.3 MA, V. .=0.3V = ¥
5 B Ips=Y- » Vpg©Y- > 1.5 &
2 5 Ipg=1mA V=1V =
15 P ' =
1
05}
06 . . : : . . . . : 0.2 - . : .
86 107 128 149 171 192 213 234 256 277 298 80 100 150 200 250 300
TK TK)
Fig. 10. Transconductance versus temperature for the SNJ450L109V10.6 at Fig. 13. Measured white noise for the SNJ450L109V-0.6 for four different
four different operating points. bias conditions.
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Light sensitivity

Background reduction can be achieved also adding some signals which help in

discriminating the events.

In this respect light produced in a crystal by an o particle (one of the main sources of
background) is easily distinguished from vy, electrons and the like.

The crystal is coated with a
reflecting foil which drives
photons towards a thin sheet of
Ge or Si which absorb them
Increasing its T. A thermistor or
a whatever other sensor
converts the increase of T in an
electrical signal.

Depending on the properties of
the crystal the light can be
Cherenkov or scintillation.

LTD-18, gpessina
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