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Banishing Quasiparticles From Josephson-Junction
Qubits: Why and How to do it

K. M. Lang, S. Nam, J. Aumentado, C. Urbina, and John M. Martidismber, IEEE

Abstract—Current-biased Josephson junctions are prime (a) (b) U\
candidates for the realization of quantum bits; however, a present @ |2 \ AN
limitation is their coherence time. In this paper it is shown 7 quoit [ Iw U
qualitatively that quasiparticles create decoherence. We can c | states | \(.M A \
decrease the number of quasiparticles present in the junctions 0
by two methods—reducing the creation rate with current shunts —
and increasing the depletion rate with normal-metal traps. Ex-
perimental data demonstrate that both methods are required to
significantly reduce the number of quasiparticles and increase the Computation Read-out Ramaton | Computation
system’s coherence. We conclude that these methods are effective qo'screated  qp's destroyed
and that the design of Josephson-junction qubits must consider
the role of quasiparticles.
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Fig. 1. Josephson-junction qubit operation schematics. (a) Schematic circuit
Index Terms—Andreev reflection, Josephson junction, quantum for a current-biased Josephson-junction qubit. 'S’ represents the shunt that is
computation, quasiparticle, qubit, superconducting devices. used to minimize the generation of quasiparticles. Typical values for the qubits
of this paper ard, =~ 40 uA, C' = 6 pF. (b) Cubic potential’ as a function
of phase across the junctignderived from an analysis of the circuit of (a).
. : For the qubits in this paper.,/27 =~ 7.5 GHz. (c) Schematic single-qubit
HE quantlz_ed _ener_gy levels of the . Cul’rem_bIa‘se(iﬁantum-computation cycle showing periods during which quasiparticles (gps)
Josephson junction, first observed over fifteen years age created and destroyed.

[1], form the basis of several more-recent proposals and experi-

ments [2]-[4] for a Josephson-junction realization of a quantum . : . .
: , X ) . a voltage across the junction, a significant number of quasi-
bit (qubit) [5]. Josephson junctions are promising systems for . S
: U articles are produced and remain in the system even after the
qubits because of the low dissipation inherent to the supér-, .~ . -
. . . - qubit is reset into the zero-voltage state. These quasiparticles,
conducting state and the relative ease of scaling to multiple

. . . L ith densities far exceeding the equilibrium value, then cause
qubits through integrated-circuit fabrication technology [GQ/ecoherence erturbing the prober oeration of the qubit
Recent experiments have demonstrated that Josephson-junc P 9 properop quiit.

qn-,, . 2 .
gubits can in principle perform the single-qubit basic functionst. N this paper, we begin with a general overview of the oper-
) L= ati
needed for quantum computation- initialization of the state

on of a Josephson qubit. We then give a qualitative picture

. : of how quasiparticles in the junction may affect its operation
controlled evolution, and state measurement- with coherenacr(]ad cause decoherence. After briefly discussing our particular
times sufficient for this demonstration [4], [7]-[10]. However i y 9 P

) : éxr;r)]erimental setup, we consider mechanisms that decrease the
because coherence times must be further increased to perfor . L . )
roduction of quasiparticles and increase their rate of removal.

multiple logic operations in a practical quantum computer, %

. . ; ; |nfa1lly, we show experimental data that demonstrate the benefit
important area of research is understanding the mechanlsmsto . o
decoherence. of reducing the number of quasiparticles for the coherence of

The purposes of this paper are to experimentally demonstr:{'ﬂe qubit.
?—ig. 1 shows a schematic of the circuit for a current-biased

that quasiparticles can be a significant source of decoheregce . . . i
. . C 0Sephson qubit, as well as the resulting effective potential
in a Josephson qubit and to understand how to minimize their

presence and effeéctAt the low temperatures typically used inand quantized energy IeveI.s [4], [11]. T.h e two Iovyest'energy
Josephson qubit experiments10-50 mK), the equilibrium levels are used for the qubit states. As illustrated in Fig. 1(c),

quasiparticle density is computed to be exponentially sm single-qubit quantum computation generally proceeds as

ollows. Starting with the qubit in its ground state, a series of
However, because the state measurement procedure produces . : . .
current-bias pulses at microwave frequencies are applied to the

junction to manipulate the state and hence perform the desired
Manuscript received August 6, 2002. This work is supported in part by ”PBgiC operations [12]_ At the end of this computation period, the
NSA under Contract MOD709001. Contribution of NIST not subject to copy- . . . . .
right. occupation probability of statd) is measured by inducing a
K. M. Lang, S. Nam, J. Aumentado, and J. M. Martinis are with the Nationdfansition of this state out of the potential well. Once out of the
Institute of Standards and Technology, Boulder, CO 80305-3328 USA (e-m%‘e”, the phase of the superconductor increases rapidly, which
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I'Energie Atomique, Saclay, F-91191 Gif-sur-Yvette Cedex, France. read-out voltage, maintained for a timg,, indicates the state
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1Experiments on SET devices have already addressed this issue by inco%-as'part'des' After the r?ad'OUt' the JunCt'O_n 1S retum_ed to the

rating quasiparticle traps in their design. See [9], for example. zero-voltage state for a timgg, which permits relaxation of
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both the qubit state toward its ground state and the number of ~ daptrap via Al junction gp trap

. . . . for BE — Al for CE
guasiparticles toward zero. When the computation cycle begins m‘:]\jﬁ I_W_;—‘m
again, any remaining quasiparticles may cause decoherence in | ‘ 29 =]
the next cycle. @) ALOY SifSiO, substrate

Decoherence occurs during the computation period of the
qubit cycle, and may be thought of as deviations from the in-

qp traps for CE qp trap for BE

tended trajectory of the qubit state. Such deviations may take - , U O J
two forms: variation in the rate of evolution of the relative phase ‘
between thd0) and|1) states and unintended transitions be- i QU$it

junction

tween these states. Decoherence from quasiparticles can arise
via either of these channels. For example, quasiparticles tun-
neling across the junction create shot noise in the current bias.
Noise at the qubit transition frequeney, causes unintended
state transitions, whereas noise at low frequencies alters the
junction bias currenf and hencev,(, leading to unintended
variations in the phase evolution [12]. Quasiparticles also affect k— 50 um —
the critical currentl, of the junction by changing the effective
Josephson supercurrent of the conduction channels [13]. Fluc-
tuations in/, produce decoherence as with bias-current noise.

Finally, quasiparticles provide a mechanism for energy dissipgg. 2. (a) Schematic cross-section and (b) photomicrograph of our

; ; ; it Josephson-junction qubit illustrating the fabrication process and quasiparticle
tion that can resultin ummend¢ﬁ> - |0> transitions. trap geometry. The base electrode (BE) and counter electrode (CE) of the

The specific ‘phase-qubit’ device and operation used to me®sephson junction are Al. Quasiparticle (qp) traps are fabricated from AuCu
sure quasiparticle induced decoherence for this paper is ig@pd directly connect to the CE, but connect to the BE through a via.
tical to that previously described [4] with one significant dif-
ference. In the previous experiment we used NB@AHND |eakage inside the gap, comparable in magnitude to that reported
tri-layer junctions, whereas in the present experiment we Uggthe literature [15]. We note that the critical process variable
Al-Al ,O3—Al junctions. This change was implemented for tw@or obtaining low quasiparticle leakage was the ion-mill voltage.
reasons. First, we suspect that fluctuations and dissipation sggfial devices milled at 200 V—400 V gave very leaky and poor
in our previous experiment may have arisen from trapping sitggality junctions. Milling voltages from 600 V to 1000 V pro-
in the Nb tri-layer tunnel barrier. Second, other research grougasced high quality—V characteristics like those shown here.
have achieved longer coherence and energy relaxation timegy evaluate the junctiod—V, consider the multiple- An-
with Al junctions [9], [14]. dreev-reflection theory of quasiparticle tunneling [16]-[19]

Our new Al junctions were fabricated by a process that shouldhich predicts steps in conductance at voltagAgne for an
be compatible with making large numbers of qubits in the fwrder« tunneling process. The conductance is predicted to
ture, and we describe here in detail the procedure. The jumiecrease by a constant multiplicative factor for each order, with
tion geometry is illustrated in Fig. 2. Optical photolithographthe exact factor depending on the quality of the tunnel barrier.
is used for pattern definition of all layers, with the order of deQur data are reasonably consistent with the assumption that
position and processing as follows. (1) We sputter deposit a @nbst of the tunneling current occurs through a small number
pm thick Al film to form the base layer of the junction. Thisof conduction channels that have nearly equal tunneling proba-
film is then patterned by wet etch. (2) A Ou2n thick SiG; in-  bility. The I-V of Fig. 3 clearly shows a plateau betwezh
sulating layer is deposited by ECR-PECVD (electron-cyclotraand A, with a relatively large factor of 300 step in conductance.
plasma-enhanced chemical vapor deposition). (3) We fabricdtelower voltages the data are consistent with further significant
the quasiparticle traps by evaporating a 3 nm adhesion layeredluctions in conductance.
Ti followed by 0.1m of AuCu (25 wt.% Cu). This layer is pat-  \We now turn to a discussion of the role of quasiparticles in our
terned with liftoff. (4) The Al Josephson junctions are fabricategubit. We first consider the generation of quasiparticles which
by first opening a window in the SiOby reactive-ion etching occurs when a voltage appears across the junction during the
using CHR—O, process gases. The Al base electrode is thetate measurement. One method to minimize the creation of
cleaned by Ar ion milling for one minute at 800 V and at an ioguasiparticles is to limit the time,,, the qubit remains in the
current density 0.15 mA/cfn The tunnel barrier is formed by voltage state. Our electronics presently limit to greater than
oxidizing in 10 Torr of Q for 10 minutes, and the junction isabout 50.s; however, we plan to reduce this time in the next
completed by sputtering 0/4m of Al for the counter-electrode. generation of electronics to aboups.
Thisfinal Allayer is patterned by wet etch. (5) Vias and awiring a second method to minimize quasiparticle creation is to
layer are deposited using steps identical to (4) but without thece a current shunt in parallel with the junction. Because the
oxidation step. rate of quasiparticle creation is proportional to the quasipar-

The quality of the tunnel junctions thus fabricated is demotticle currentl,;, flowing through the junction, reducing this cur-
strated by measurements of their current—vol{dg®”) charac- rent reduces the generation rate. When an unshunted junction
teristics as shown in Fig. 3. This-V shows low quasiparticle switches to the voltage statg,, is approximately given by the
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quasiparticles as an effective potential well of depthwhen
1 @ / they diffuse to the traps they are captured and dissipate their en-
ergy to the normal metal. Provided that the temperature of the
normal metal is much less thax/ k, the normal metal will only
be a sink, and not a source of quasiparticles.

We demonstrate the effectiveness of the NIS shunt and quasi-
particle traps in reducing the number of quasiparticles with the
data of Figs. 4 and 5. In Fig. 4 we plot the escapelraaewhich
the qubit junction switches to the voltage state as a function of
' ' ' ' ' applied bias current. We show data for two relaxation times
[ tofr, and for two samples- one with both an NIS shamtdquasi-

particle traps and one with neither. The monotonic increase of
I" with increasingl results from the decrease in the effective
potential barrier heighAU. (See Fig. 1(b).) The peaks are the
result of injecting microwaves at a fixed frequency [1], which
resonantly increases the escape rate dué)to— [1) transi-
o tions. This resonance peak is used as a marker of current to cor-
e+ 1L , rect for any small drift in the current bias and critical current.
T etegeyy ™ The data from Fig. 4 and other such plots are used to measure,
for a fixed value ofl, a representative escape rate In Fig. 5
Fig. 3. Current-voltage plots of Al-AD;—Al junction. (b) is the same plot we plot this representatlve_escape rate_ VS'_ relaxation time
as (a) but on a logarithmic current scale. The data were taken at 20 mK e four samples representing all combinations of the presence
a junction of area 10(&n_12H CuffentS?O-f?e/vltaA m;e La:seinaigcelgigﬁggg tg?eand absence of the NIS shunt and quasiparticle traps. Panels (a)
Jautrft;gnniufoerrr%iggzagltto rﬁurlrgia;‘)?g-ilr?dreev.-reﬂecclions?ﬂot 2. PeEhd (b) represent two dlffereqt duty Cyd%§/ tofi- FOT €ase of
comparison, we have normalized the data to thelraig,,, at
maximumié.g and minimumt,,,.
junction critical current which corresponds to a junction voltage The escape rates plotted in Figs. 4 and 5 can be used to in-
of about2A /e. By limiting this voltage with a shunt,,, may dicate at least qualitatively the number of quasiparticles in the
be greatly reduced. junction. Quasiparticles produce shot noise in the bias current

In initial trials we tried a resistive shunt but found that, dug/hich can induce upward state transitions. In addition, quasipar-
to retrapping into the zero-voltage state, the qubit junction diitle-induced low-frequency variations in the bias current can
not reliably switch into the voltage state. We subsequently triedfectively lower the potential barrier heightl/ due to the ex-
an Al-Al;O3—Cu NIS tunnel junction fabricated with a processemely nonlinear dependence of the tunneling probability on
similar to the one used for our Al Josephson junctions, but withat quantity. Both of these quasiparticle induced effects result
Cu replacing Al in the last step. The NIS-junction shunt is fain an enhanced escape rate. In summary then, given our under-
ricated on a separate chip and is mounted about 2 cm away freranding that quasiparticles produce bias-current noise and that
our qubit junction so that quasiparticles created in the shuii increase in noise produces an increase in the escape rate, then
cannot diffuse to the qubit junction. The NIS-shuntworked welan increase in the escape rate implies an increase in the number
presumably because the large differential resistance of the NiSquasiparticles.
junction near zero voltage removes dissipation and current noise\lthough the four devices are difficult to compare absolutely
at small voltages when the qubit is likely to retrap. The NlSecause they have slightly different critical currents, in Fig. 5 we
junction limits the voltage across the qubit junctioroA /e,  compare their dependenciestp for two duty cycles .., /tos -
significantly reducing the quasiparticle current flowing througfThe data of Fig. 5 show a much more dramatic increase in the
it. Referring to the/—V of Fig. 3, the NIS shunt has reduc&g, number of quasiparticles at smaller relaxation timgs and
and hence the rate of quasiparticle creation by a factor of ab®igher duty cycles for devices lacking shunts, traps or both.
1000. Escape rates that are independent.@fimply a small rate of

Although the NIS shunt substantially reduces the generatiqnasiparticle decay, which arises when fewer quasiparticles re-
of quasiparticles, there are nonetheless a finite number createdin in the junction. We observe that the escape rate becomes
So we must consider mechanisms for removing these remainimegrly independent df,,, andt.g for the device withboththe
quasiparticles. In a superconductor, quasiparticles recombMkS shunt and quasiparticle trap. We conclude that in order to
into Cooper pairs at a rate proportional to their density. At higlreatly decrease the number of quasiparticles, our qubit needs
density this is a rapid depletion mechanism; however, to effe&-combination of decreased quasiparticle generation with the
tively remove quasiparticles when the density is low, alternahunt and more rapid removal of the quasiparticles by the trap.
tive channels for quasiparticle decay must be created. One sucliVe now consider how reduced quasiparticle number affects
channelis a quasiparticle trap that consists of a normal-metaltise coherence of the qubit by returning to Fig. 4 and examining
land in good electrical contact with each of the superconductitiye shape of the resonance peaks. The quality fagta in-
leads of the Josephson junction. The geometry of the traps vwarsely proportional to the full width at half maximum of the
have used is shown in Fig. 2(b). Because the traps appear tormonance peak [4] and provides a measure of the coherence of
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Fig. 4. Escape rate of the qubit to the voltage skats. junction bias current for two samples and two relaxation times;. The applied microwave component
of the bias currenf for (a) and (b) was at 7.2 GHz and 7.5 GHz respectively.

Comparing the shape of the resonance peaks in Fig. 4(b) to those
¢ notraps | traps of Fig. 4(a), for the same relaxation time and duty cycle, the de-
(a) £=0.05  noshunt . N vice with both the shunt and traps has a lai@e¢han the device

o shunt v . with neither. Both observations lead us to conclude that fewer
guasiparticles give longer coherence times. Although more de-
tailed conclusions must await a quantitative model, our results
definitively demonstrate that the NIS shunt and the quasiparticle
traps are highly effective in reducing the number of quasiparti-
cles present in the qubit junction, and further that this reduction
in quasiparticle number results in longer coherence times for the
©) %zom Josephson qubit. _ o
it Although this paper has discussed our initial efforts to reduce
the number of quasiparticles, we believe these techniques can be
refined further. For example, we can greatly reduce the number
of quasiparticles generated by using an NIS junction with an
even smaller gap. With greater understanding of the physics of
guasiparticle diffusion and trapping, we can also optimize the
v geometry and size of the traps to more quickly remove the quasi-
v particles.
We have shown that quasiparticles must be considered in the
. design of a Josephson-junction qubit. Quasiparticles are created
at a greatly reduced rate when we lower the switching voltage
— by shunting the qubit with a NIS tunnel junction. Quasiparti-
0 20 40 60 80 1 cles are removed at a greatly increased rate when we connect
t.q (MS) the junction leads to normal metal traps. For our current-biased
Josephson junction, we have demonstrated that both shunts and
Fig. 5. Normalized escape ra /T's...... vs. relaxation tinex for four traps_ are_needed in order_ to reduce the deleterious effects of
sarﬁplés representing all combinatior;;‘gf thé presence and a(E)sence of theqHé'S'part'Cles and that doing so increases the coherence of the

shunt and quasiparticle traps. The normalization value is taken at the rightmdesephson-junction qubit.
point of (a). The error of the measuremen&i&0%.
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