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Noise mechanisms in superconducting tunnel-junction detectors
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We present a theory and measurements of noise mechanisms in superconducting tunnel-junction
detectors used as single-photon spectrometers. These mechanisms result from incomplete cooling of
the excited quasiparticles in the tunnel-junction electrode. Due to the incomplete cooling, only a
fraction of the initially created charge is collected by tunneling. Additional effects include reduced
dynamic resistance, voltage dependence of the integrated charge, and increased statistical
broadening of the signal. We demonstrate these noise mechanisms in our device, and show that they
explain the measured energy resolution of 25 eV at 5.9 keV. We also suggest ways to reduce their
contribution in future devices. @000 American Institute of PhysidsS0003-695(00)03526-9

Superconducting tunnel-junction detectdTJs have cellation of the tunneling current caused by reverse tunneling
demonstrated significant promise as nondispersive, photoprocesses(2) amplifier voltage noise, an¢B) bias voltage
counting spectrometers for a broad range of energies, 1-Iuctuations. The last two of these are significant in our de-
eV.™* Applications in astrophysics and materials analysisvices and, in general, at higher energiesl keV). The first
will benefit from the improved energy resolution, predictedis important at all energies. These mechanisms can impose
to be 2.8 eV full width at half maximuntFWHM) at 6 keV  operational limits on performance, e.g., count rate and junc-
for absorption in a tantalum superconducting film. This istion size, which are intrinsic to the device physics. In order
much better than can be achieved with conventional nondisto achieve the intrinsic energy resolution, the device designs
persive semiconductor detectors120 eV atE=6 keV).>  must achieve better electron cooling.

For visible photons, the ability of the STJ to provide energy  In recent work, we developed a model for the dynamics
resolution for single photons is itself noeSTJs also pro- and charge collection in our imaging detectorere, we
vide photon timing and high quantum efficiency. apply this model to noise considerations. The device consists

A photon incident on a STJ detector breaks Cooper pairsf a Ta absorber 20@m long and two Al—oxide—Al tunnel
and creates excess quasiparticles, the number of which jgnctions, one at each end of the absorber. The band diagram
proportional to the energy. The ideal energy resolution of thef one of the junctions is shown in the inset of Fig. 1. A
STJ is limited by the creation statistics of the single-electrorphoton,E~6 keV, is absorbed in the Ta film and the result-
excitations(quasiparticles the FWHM energy resolution is ing quasiparticles cool rapidly to the Ta gap energy{

=700ueV). They then diffuse to the two Al traps, where

AE=2.35§F¢E)" @ they enter at an energit,, cool toward the Al gap 44

whereE is the incident photon energy, is the energy re- = 180ueV) by phonon emission, and then tunnel. The inte-
quired to create a single excitation, aRds the Fano factor. 9rated excess current is the collected char@sNe

We assume e~1.7A, where A is the energy gap in the =J(I(t)—lq4)dt. The ratio of charge collected in the two
superconducting absorber, arfé~0.2 for Ta, which is bet- traps gives a measure of the position of the photon absorp-
ter than uncorrelated creation statisti€s<(1). To date, the tion. The sum of the charge=Q;+Q;, provides a mea-
energy resolution of STJ detectors above 1 keV is found tgure of the photon energy. We consider below the energy
be larger than predicted, even when all previously known

noise sourcésare considered. In the range below 1 keV, the N

theoretical energy resolution is obtained once the known KT]evs -2

sources of noise are subtractedowever, this is for devices 100 & i Te=07K
with significant backtunneling, for whi¢hF ~1.4. At higher on left side

energies, something is missing in our understanding of the E

device physics. Guidance on design changes to acltieve 8 0

=0.2 in the visible/UV range may also be needed. T=022K
We report here three new noise mechanisms in STJ de- 0 (quiescent

tectors, all of which result from incomplete thermalization of (') 5'0 1(')0 1;0

the quasiparticles prior to tunneling. These include an in- Ve [0V]

crease iNAE due to(1) statistical noise related to the can-
FIG. 1. 1-V curve in the quiescent statbottom) and in the dynamic state
(top), with excess quasiparticles in the junction. The Fiske modes in the

dElectronic mail: kenneth.segall@yale.edu; daniel.prober@yale.edu bottom curve are a¥=120 and 15QuV; we bias at 70uV. The top curve
YCurrent address: LLNL, L-418, P.O. Box 808, Livermore, CA 94550. is our estimate of thé—V with excess quasiparticles at an energy distribu-
9Current address: NASA JPL, M/S 168-314, Pasadena, CA 91109. tion characterized by = 0.7 K. Inset shows possible tunneling processes.
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1.0 — charge®**°In Fig. 1 note also that the slope of theV curve
— is larger after photon absorption. The idea of incomplete
£ 08+ cooling is discussed elsewhété“balance energy” is used
=
; 0.6 — instead ofTgrp), but without computing effects on the noise.
Z We now consider the implications for device resolution.
5 044 I The previous theory for noise in STJ detectors considered the
+ device electronic characteristics measured without the
& 024 photon-induced current pulse, took into account only the
0.0 noise in the signal band, and assumed full charge collection.
| | | | We find the following when these assumptions are lifted:
0 50 100 150 ) 5 5 5
Bias Voltage [#V] A Etot: AEstatistics+ AEcurrent+ AEbias (2

FIG. 2. Total charg®; + Q, vs bias voltage. The markers are the measured We do not find significant spatial broadening in our de-
data (from two different cooldowns the solid line is a fit from a micro- ~ Vices. We believe this is because the lateral diffusion in the
scopic calculation considering the energy distribution while tunneling. Ta prior to trapping averages out small differences between
different absorption locations. Devices with vertical trapping
structure$ do exhibit spatial broadening. The statistical
broadening, the first term in ER), is given by Eq.(1) only
when the full created charge, is collected via tunneling.

A new statistical noise mechanism arises from the can-
celing currents. The occurrence of the pair-mediated reverse

to the created chargeQ,=eE/e=eN,. We showed . . o o .

. o procesgFig. 1, inset has two effects: it annihilates a quasi-
previously that the charge collection is incomplete and that"__ L

, : article from the trap so that the quasiparticle cannot tunnel
the integrated charge depends on the dc bias voltage. As

. Ay oo 0 the right and it transfers a charge in the reverse direction,
explained below, this incomplete charge collection is due tqthus subtracting a chargee2from the total charge which
some of the quasiparticles in the Al traps being at energies

. e might be expected. If there andN, reverse tunneling events,
Eqr> (A +€eVy). Their energy distribution was computed . :
qp Al d e@: — -
in a microscopic calculation of the inelastic scattering ofthe net charge is th eNo(1~27). The yNo quasipar

uasiparticles as they enter from the Ta absorber. An effect-icIes are chosen randomly from the initilh with its asso-
q P y ' ciated statistical uncertainty. This uncertainty can dominate
She creation statistics. We find the energy width due to cre-

t%lrtion statistics and cancellation is

resolution of the total signdlQ). Where we quote a quantity
for a signal junction, that single junction behaves like the
two junctions of our detector in parallel.

If all the charge is collected via tunnelin@ is equal

use the theoretical value of the inelastic scattering parame
for Al, 7o=0.44us.” The tunnel time isry,,=2.4us.

In Fig. 1 we show the schematie-V curves for a STJ dvy(1—1y)
for two conditions:(1) the quiescent state, in which the qua- ABstatistics= 2-35 (1-2y)? +F
siparticles on both sides are in thermal equilibrium at the ] ] ) o
bath temperaturel, ;= 0.22 K; and(2) shortly after photon Here,F=0.2. This expression does not include contributions

absorption, when there are extra quasiparticles on the leffo™ duasiparticle recombination, charge multiplication
side (the trap at a higher effective temperatur@ee  UPON trapping, or backtunnelintg Equation(3) is derived by

=0.7K8 These quasiparticles have not fully cooled to the@ssuming a binomial distribution for the number of quasipar-
gap edge before they tunnel. The number of extra quasipafic/és that undergo the reverse tunneling process.yAs-
ticles in the trap is taken to be the number produced by th&€2Ses thl§ expression can S|gn|f|cantly exceed that given by
x-ray photon. We bias afg=70uV, KTyu~18 eV, and Eq. (D). Typlt_:al v_alues fory are 0.1-0.2; ity approac_hes 0.5
KTere~60ueV. For a quasiparticle in the trap ag, the expression in Eq(3) diverges because the_ sign@)
<(Apy+eVy), there is only one tunneling process, transferd0€s to zero. Note that the transfer of a charge in the reverse
of charge to the rightsee the inset, Fig.)1This is the case direction makes the noise different than absorber loss, which
for almost all thermally excited quasiparticles at our biasC™lY Préevents a quasiparticle from tunneling. We discuss de-
voltage and bath temperature. For electronsEgf>(A tailed dependence on device parameters and the additional

+eV,) there are two possible processes: direct tunneling tStatistical noise terms in a future paplr. o
the right, and a pair-mediated process which destroys a pair 1 he Second term in Eq2) is from current noise in the

on the right side and transfers a charge to the (&ée the signal band, which is integrated along with the signal cur-
inset, Fig. 1. The pair-mediated process is more likely due'®nt, and thus causes variation of the integrated charge. The

to the higher density of final states. Fog=0.7K and current noise spectral density in the signal frequency band is

Vge=70uV, some of the quasiparticles are abpve the“energy AEZ onf 1 201= (1300) + (1 nnsod + (€207 REeD.  (4)
(ApyteVy). Their charge flows on average in the “back-

ward” direction and this cancels some of the charge flowingHere, €57 is the total voltage noise spectral density in the
in the “forward” direction from quasiparticles at lower en- signal band; usuallye?=e3, with e, due to the amplifier.
ergy. Thus, the current and the integrated charge depend difie shot-noise term ey, and the Johnson noise term
Vc; the initial charge in the Al trap is not fully transferred in 4kT/R¢, due to the feedback resistor, are the standard
the forward directioff. We plot in Fig. 2 the experimental terms'? However, the last term—current noise resulting
data for the integrated charge versug.. This compares from the total voltage noise—is different in thBigr is the
well to our microscopic calculation of the integrated resistance during the pulse, not that in the quiescent state.

1/2
(eE)Y2 ®)
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8000 — TABLE I. Energy resolution at 5.89 keV for the present device and for a
projected one. The projected device hag=160uV, T,+=0.1K, a tun-
nel time r,,=12 us, a cold feedback resistor, and an ac coupled amplifier.
—_ 6000 — The statistical width includes additional terfsee Ref. 18 which are not
”> in Eq. (3), from backtunneling, trapping multiplication, and recombination.
2 4000 Bold numbers include contributions from the noise sources.
N -
% Repr =20kQ Present  Projected
~ 2000 — Noise mechanism AE (eV) AE (eV)
Statistical width[Eq. (3) and other terms 8.7 4.7
0 — Current noise: shot noidé&q.(4)] 7.2 0.6
| 1 | | Current noise: Johnsdiq. (4)] 9.4 0.6
0 L , 2 3 Amplifier voltage noisdEq. (4)] 16.0 1.8
()" [nV*/Hz] Bias voltage fluctuationgEg. (2)] 11.0 0.6
) . . AEqo7 (predicted 24.3 5.1
FIG. 3. Energy resolution squared vs total voltage noise squared. A best mAETOT 25.4

is obtained forRgr=1.7 K, instead of the 20 R in the quiescent state.
See Ref. 12 for calibration measurements. The inset shows a schematic of
the circuit, withR the series resistor providing the excess voltage noise.

and to bias at a larger dc voltage. The latter is not straight-
forward in our present devices due to the presence of Fiske
The last term in Eq(2) accounts for fluctuations in the modes(Fig. 1). A cold feedback resistor, a lower operating
bias voltage that cause the integrated charge to vary from ortemperature to reduce the shot noise, and an ac coupled am-
pulse to the next. In our case, this fluctuation is caused by thelifier are also desirable. These improvements predict an en-
low-frequency noise of our dc-coupled, wideband amplifier.ergy resolutio® of 5.1 eV (Table |), close to the intrinsic
This noise is outside of our signal band and causes qualitdroadening of Eq.(1). These considerations also provide
tively different noise behavior than the in-band noise. Thisguidance for using materials with different scattering tirtfes.

problem can be reduced by ac coupling the amplifier. The authors thank P. J. Kindimann, R. G. Wheeler, D.

Two of the new noise sources, due to the reduced Valu%chiminovich, and R. Shoelkopf for useful discussions. This

of REFF and ??et tollo;v-frequ?niy dbl_as voléagc_-) fluc::u_atltons,work was supported by NASA Grant No. NAG5-2892 and
can be quantitatively demonstrated in our devices. First Corgaga Fellowships for K.S., M.G., and C.W.
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Eg. (1). The magnitude of these mechanisms has not typi- cancellation of processes from the counterelectrgziektunneling and
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; . Poelaert, A. Kozorezov, A. Peacock, K. Wigmore, P. Verhoeve, A. van
two tem.‘s can b.e f:omparat?le to the total OT all other noise Dordrecht, A. Owens, and N. Rando, Proc. SBH5 214 (1998.
mechanisms. This is shown in Table I. Including these termsizt,e amplifier voltage noise is 0.4 N¥2)"2 in the signal band; the in-
we find that the predicted energy width matches well with band current noise of the feedback resistor and shot noise together are
the experimentéltotal. Future data over a range of param- 0.17 pA(H2)"2. We use conversion factors of 72 éwA/(Hz)"?) and

eters should verify the scaling of these noise terms. 42 eVInVI(Hz)*?) for voltage and current noise, respectively.

To reduce the magnitude of the noise sources we havle3The statistical noise due to E@) is 5.0 eV for the present device and 2.8
. e . eV in the projected device. The remaining statistical noise from backtun-
identified, one should make an effort to improve the electron ejing, absorber loss, and multiplication upon trapping is 7.1 €V in the

cooling. The main approaches are to lengthen the tunnel timepresent device and 3.8 eV in the projected one; see Ref. 10.



