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Noise-induced leakage and counting errors in the electron pump
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Computer simulations reveal that the lowest rates of leakage and counting errors observed in the electron
pump can be explained by photon-assisted tunneling driven byndise. The noise power at microwave
frequencies required to account for the observed errors is consistent with extrapolation of the low-frequency
noise spectrum commonly recorded in single-electron transistors. Pump simulations, based on the ground-
capacitance model, include cotunneling as well as single-junction photon-assisted tunneling. Quantitative
agreement between theory and experiment is obtained for leakage and counting errors in pumps with four, five,
six, and seven junctions in the limit of low temperatures and low counting rates. The effect of self-heating is
explored.

. INTRODUCTION previous measuremenfs?® in five- and seven-junction
pumps. Over the measured ranges of temperature and pump-
The electron pump, a circuit first demonstrated by Pothieing speed, we generally obtain good agreement between
et al.in 1991! uses the Coulomb blockade in nanoscale tuntheory and experiment, assuming -hoise levels typical of
nel junctions to control the transfer of electrons one-by-ondhose in SET's.
between input and output electrodes. Provided errors are in- To date, the observation offLhoise in SET’s has been
frequent, the electron pump has potential applications in merestricted to frequencies less than about 1 kHz. Doés 1/
trology as a standard of either currbr capacitancé.In  noise persist at frequencies up to roughly 30 GHz, as re-
1996, measuremeritsf a well-characterized seven-junction quired to explain pump errors by photon-induced tunneling?
pump demonstrated a leakage rate in the hold mode of Although no definitive answer is given, in Sec. Il we de-
X 10 * electrons per seconcefs) and a relative counting scribe a scenario that makes plausible the existence of charge
error of 1.5<10 8, permitting the recent demonstration of a noise at microwave frequencies. Assuming such ridise,
capacitance standard with metrological accuthgythough ~ we proceed in Sec. lll to calculate the leakage rate of a pump
small, the experimental leakage and counting errors of thé& the hold mode, using the ground-capacitance model, and
seven-junction pump exceed predictions of the orthodoompare with experiment. In Sec. IV, we present similar
theory of single-electron tunneling by 17 and 12 orders ofresults for noise-induced counting errors as a function of
magnitude, respectiveRP These discrepancies could be ex- both temperature and pumping speed and identify the domi-
plained if the temperature of the pump were significantlynant error mechanisms in the five- and seven-junction
higher than that of the substrate, but in the case of leakageumps. In Sec. V, we consider the possibility that elevated
this possibility was ruled out by a direct measurement of théemperatures due to self heating also contribute to counting
electron temperature in the hold mot&hus, leakage in the errors.
seven-junction pump is due to a mechanism not contained in
the orthodox theory, including cotunneling. Il. CHARGE NOISE
Photon-assisted tunneling, associated either with environ-
mental noisé or the cyclic bia$, has been suggested as a ; : X
possible source of errors in electron pumps. While experi&" €xpression for the photon-assisted tunneling Fajelue
mental tests have ruled out room-temperature noise intrd® Single-photon noise processes
duced throug_h the bias leads as a problem in Well-s_hielded 7 (* Sy|s|/fi)To(AE—s)
pump experiments, numerous measurements of single- I'\(AE)= _J - de, (1)
electron transistor€SET’s) have established the existence of Ri J -2 €

1/f _nois_e, intrin_sic to_the dev_icezsl, assoc_iated _With charggyhere AE is the change in electrostatic energy associated
motion in the dielectric materid:?* Can dielectric charge with tunneling, S,(o) is the power spectral density of the

motion _produce sufficient noise to .explain the errors ob+,ise voltageV appearing across the junction, aRg is the
served in the pump? Recent calculations reveal that the 'ev%nneling rate in the absence of noise

of noise at microwave frequencies required to explain the
measured leakage in four- and six-junction pumps is consis- —AE/€e’R,
tent with an extrapolation of the fLhoise measured at audio I'o(AE)= 1—expAE/kaT)’ 2

. . . . B
frequencies in SET'4 This observation suggests that charge
noise in the dielectric may be the primary cause of errors irfHere,e is the elementary chargk=2=# is the Planck con-
the pump, although it falls far short of proving the case.stant,kg is the Boltzmann constant, is the temperature,
Here, we present additional evidence based on a comparisdy = h/e? is the resistance quantum, aRg is the tunneling
of calculated noise-induced leakage and counting errors withesistance. Equatiofl) is valid providedAE>kgT and the

In the limit of weak noise, Martinis and Nahum derived
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embedding impedance of the junction is much less than the

resistance quantum. If we further assume that the noise fol- — 7
lows a 1f spectrumS,=2ma/w=alf, and thatl'y can be
replaced by its zero-temperature limit w /|av

AE S T .

|_2_| (AE<0), N AU

Fo(AE)=1 &Ry 3 & <
0 (AE>0) 2 -+
93]
then we obtain for the noise-induced tunneling 7ate
POSITION =z
[W(AE)= T foc 8_?E de FIG. 1. Model potential for a two-level fluctuator.
RJ E &
= (AE>keT 4 ()= 20 6

This simple formula underlies all of the noise-induced tun-

neling effects to be considered in this paper. Note that the\g gescribed by Dutta and Hof,an ensemble of such
only portion of the noise spectrum contributingliq is that 1| £g with a uniform distribution of activation energiesJ

for which e=hw>AE. Since typical Coulomb barriers in gives rise to a ¥/ spectrum. Thus, t/noise in the SET

thueeggizs :rr: ;fgﬁ;ﬁg;gﬁzmev, the relevant noise fre- might result from thermally activated TLF's, corresponding

q ; ' . . to motion of charges between trap sites in the dielectric, and
The noise spectrur, =a/f, used to derive Eq(4), is several authors have directly observed the expected random

completely characterized by the constantTo evaluateq, i ﬁelegraph signal$1012.13.16.17,25

we turn to experimental measurements of SET noise, H h _ tal evid ts that
which the 1f component is typically evaluated around 10 owever, other experimental evidence suggests that an

Hz. When the charge noise at the input is translated int&NSemble of thermally activated TLF's is not the primary
voltage noise across the junctions, a variety of SET experic@use of 1f noise in the SET. This possibility is important
ments yield values fox/a ranging from 30 nV to 3.V.%-2 here because TLF’'s cannot generate photons at frequencies

This ballpark range for provides a standard against which @P0Ve roughlyf=kgT/h, or about 600 MHz at 30 mKA

we will compare the noise required to explain errors in theMaximum frequency follows from Eq5), given thatAU

electron pump. must be greater thatiwy/2 to bind a charge in the potential

The question that remains to be considered is whether th€!l-] That s, the noise required to explain pump errors can-
1/f noise observed at audio frequencies in the SET actuallf®t derive from a source in thermal equilibrium at 30 mK.
extends to the microwave region. First we note that, whild"€naps not coincidentally, there is evidence that ttfe 1/

SET noise is expected to be dominated by shot noise at higgoise in SET’s is not of an equilibrium nature. Although the

frequencies, this source of noise is not relevant to the pump@ndom telegraph noise observed at low frequencies in
Shot noise is due to the discrete charges that make up thee | S iS persistent and represents an equilibrium effect, it is
tunnel current and is proportional to this current. Because thESu@lly associated with a distinct Lorentzian lying above the
pump operates at zero current, except for the distinct tunnef/f curve. The nonequilibrium nature of theflnhoise is
ing events accounted for in the theory of its operation, shoBhown directly by the fact that the flportion of the noise
noise does not contribute to photon-induced tunneling in th€PeCtrum is observed to decay gradually in the days and
pump. The real question is whether the charge motion thapeeks after the SET is cooled. For the case illustrated in Fig.
gives rise to low-frequency f/noise in the SET includes 2 the charge noise at 10 Hz decays by more than a factor of
components at microwave frequencies. 2 over a period of 12 Qays, and a similar decay is observed
The origin of 1f noise in the SET is often attributed to each time the dewpe is cooled. These observations suggest
the presence of thermally activated two-level fluctuatordh@t 1f noise derives from the slow release of energy
(TLF's): charges moving back and forth between trap sites iff@PPed in metastable charge states when the device is rap-
response to thermal noise. The dynamics of a single TLF i&ly cooled from room temperature. In this scenariof 1/
modeled by the motion of a particle in a potential with two N0iS€ IS & by-product of a slow relaxation process that gradu-

minima, as shown in Fig. 1. The mean timgfor thermally a}lly brings charges to minimum-energy equilibrium posi-

induced escape from the left-hand well is tions. _ _
In the case of thermally activated TLF’s flioise can be

2 generated by a small number of charge traps that might be
te=w—oeXp(AU/kBT), (5 located in the barriers of the tunnel junctions. In contrast, if

the noise is due to a charge relaxation process, a large num-
where w, is the angular attempt frequency adJ is the  ber of traps must be involved, since a given trap is unlikely
depth of the well. In the case of a symmetric potential withto participate more than once. Thus, it is significant that re-
w(=wy andAU’ =AU, thermally induced motion between cent observations of noise correlations between neighboring
the two wells yields a random telegraph signal with a Lorentjunctions indicate that the charge noise in SET’s originates in

zian power spectrum of the form the substrate rather than the junction barrférs.Since the
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z - FIG. 3. Equivalent circuit for the electron pump within the
< . ground-capacitance model. Nanoscale tunnel junctions are indicated
w . by boxes.
o 05 —
= charge traps are typically of order ¥®z,2” while the ob-
w . ,
] servation of low-frequency TLF's at 30 mK assures the ex-
5:‘ istence of traps with sufficiently lowdU. Thus, a nonequi-
S | | | | , librium process could easily give rise to noise extending well
002 0.5 1 2 5 10 20 into the microwave region.
TIME (days) ‘ How might the charge-relaxation scenario lead to fa 1/

noise spectrum? One possibility assumes that, due to electro-
FIG. 2. Charge noise at 10 Hz for a SET as a function of theStatic interactions, the motion of a charge at one site will
time after the device reached a temperature of 4 K. The SET use@odify the potential elsewhere in the dielectric and trigger
Al/AlIO, /Al junctions fabricated on a fused-silica substrate, with the motion of charges at other sites. In this case, charge
junction resistances of 30(kand capacitances of about 1 fF. The relaxation might occur through a series of avalanches of vari-
SET was operated in the normal state at about 40 mK, with aus sizes. As Balet al. have showrf® the correlations gen-
magnetic field applied to suppress superconductivity. Data for therated by a distribution of avalanche sizes can lead to a char-
same device are shown for three different cooling runs, indicated bycteristic 1f spectrum. If this mechanism explains thd 1/
circles, squares, and triangles. noise observed near 10 Hz, then it might well extrapolate to
volume of the substrate is orders of magnitude larger thaﬁhe microwave region. . L . .
. ' While the charge-relaxation scenario is speculative, it
that of the tunnel barriers, there is ample room for a large : : : ; .
does provide a plausible explanation for the microwave noise

number of traps. . . ;
- : _ .__._required to explain errors in the electron pump. At the same
Additional evidence for nonequilibrium charge motion is .. . . :
time, most of the conclusions reached in the following sec-

provided by a study of the drift in the gate offset charge of a.. ind d £ th d £ noi
SET. In particular, Zimmerman and Huber have observe lons are independent of the presumed source of noise.

that fluctuations in the offset charge decay gradually over a
period of days or week®. Assuming that 1/ noise is due to Il. LEAKAGE
the motion of charges trapped in the substrate, fluctuations in
the gate offset charge are probably a lower-frequency mani- When operated as a capacitance standard, the pump is
festation of the same charge motion that produces SET noidésed to transfer a given number of electrons to a capacitor,
at 10 Hz. Thus, the decay of charge-offset fluctuations supthen biased in the hold mode while the capacitor’s voltage is
ports the nonequilibrium nature offlhoise. Finally, if 1f ~ measured. Because the measurement is affected by any leak-
noise is due to a slow relaxation of charge rather than therage that occurs while the pump is in the hold mode, leakage
mally activated TLF’s, then #/noise should not be a strong current is an important pump parameter. The absolute leak-
function of temperature as implied by E@) for a TLF. In ~ age current 5 is measured by connecting the pump to an
fact, two studies find that the SET noise at 10 Hz is nearlyexternal capacitor, setting the pump bias voltages to zero,
independent of temperature below 100 or 200 tAk%Thus, and counting the total number of leakage charges, either
as anticipated by Martiniet al?® and Zorin et al,* the  positive or negative, to reach the external capacitor over a
charge noise in single-electron circuits appears to be a norperiod of time. While values of, as small as 10 *e/s
equilibrium effect involving a large number of charges have been recorded for a seven-junction pintipeoretical
trapped in metastable states that move as they decay to lowgfedictions based on the orthodox theory of single-electron
energy states over a period of days or weeks. tunneling, with cotunneling included, vyieldl,=2

If this charge-relaxation scenario is correct, then thie 1/ X 10~ *%e/s.>® Here we explain this discrepancy in terms of
noise spectrum could extend into the microwave region bephoton-assisted tunneling driven by microwave noise.
cause the noise energy does not derive from a thermal The circuit model of the electron pump used in the present
source. In terms of the model potential shown in Fig. 1, wecalculations is shown in Fig. 3. The circuit consists Nf
can imagine thaA U is only marginally greater thakgT so  nanoscale tunnel junctions connected in series to cridate
that escape from the left-hand well is likely to occur over a—1 isolated islands, labeled as nodes 2 throbgim the
period of days, whillAU’ is much greater thakgT, allow-  figure. The junction capacitanc€ and resistanceR; are
ing production of microwave photons when escape occursassumed to be identical. Each island has a capacitagte
Thus, provided charge traps exist with appropriate values ofround and is biased by an independent charge s@rcén
AU, we can obtain charge noise spanning a wide range dhis “ground-capacitance” model, the capacit@g include
frequencies from the relaxation process. With regard to highthe capacitance of the gate electrodes used to bias the islands
frequencies, we note that attempt frequencies for dielectriplus parasitic island capacitances. Because the external ca-
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pacitor is much larger tha@; or C,, it is approximated here Because the order of the single-junction tunneling events

by a voltage sourc¥. (j1,---m) does not affect the final state, all permutations
of the sef{j4,...,jm} contribute to the rate of transition from
A. Orthodox theory nton’. In the approximation of Jensen and Martifighe

) contribution to the transition rate from this setrmth-order
Several authors have previously calculated the leakage ‘Hrocesses is

a series array of tunnel junctions in the absence of noise,
using the orthodox theory of single-electron tunnefiigith
cotunneling included:°~*Orthodox theory formulates the
dynamics of the pump in terms of the probabilities that

the pump occupies a charge stateand the rated”,,, of  where
transition between statesandn’. The indexn specifies the

charge on each of the—1 islands of the pump. The prob-
abilities of various charge states evolve according to

F(m)_z’ﬂ'( RK

n= 7 m) S’F(AE,,,T), (10

m-1

_i -1
s= > 1l (AEi__AEm) TN
perm{jqn..im =1 m

dP, —AE,,/(2m—1)!
= TPy —TnPr), 7 = m

gt = 2 TPy =TuoPo) (@) Fr(AEm T)= =g G AETkeT)
m—1

where the first term accounts for the increasePipdue to
transitions frorn’ to n and the second term accounts for the
decrease due to transitions framto n’. In this transition-
state picture, the ensemble average of the current througind, following Kautzet al.®
junctionJ at any instant is

x [I [(2miksT)2+(AE,)?], (12
i=1

AE;=max AE; kgT,AE,+KkgT). (13
IJ=eE Pn[F:,n(J)—F;,n(J)], (8) Practical implementation of the orthodox theory outlined
n,n’ in Egs.(7)—(13) requires that consideration be restricted to a

N . . . finite number of states and cotunneling processes. In the fol-
where thel',,,(J) are the rates of transitions in which a |4ying, the island charges are assumed to be fier so that
charge moves in the positive direction through junction o more than 8=729 states are considered for a seven-
and thel" , (J) are the rates of transitions in which a chargejunction pump. Also, following Jensen and Martifisye
moves in the negative direction through junctidn omit cotunneling processes of order>N, processes in

Equations(7) and (8) allow us to solve for the probabili- which tunneling occurs more than once in a given junction,
ties and currents provided the ralgs , can be calculated. In and processes that involve tunneling in both the forward and
generall',,/, includes contributions from an infinite number reverse directions. Under these assumptions, E€s(13)
of processes that take the system from charge stében’. provide a practical method for computing leakage and count-
All multijunction cotunneling processes can be broken into ang errors in the noise-free pump.
sequence of single-junction tunneling events, and, following
Jensen and Martini&,we specify a process by a list of inte- B. Simulations
gers (1,j2,..-.jm). Here, eachj; is a number in the range
+1,£2,...x N that specifies the junction and the direction of
tunneling for each event in the sequence. The proces
(i1+02++--Jm) is said to be amth-order process because
single-junction events are included. Schematically, a thir

Extension of the orthodox theory to include noise-induced
nneling is simply a matter of adding the rate given by Eq.
4) to the first-order orthodox rate. Specifically, we assume
that
d-

order process for a transition from charge staten’ can be — AE/e?R, o
diagrammed as follows: (1) _ -

g o 1—exp(AE/kgT) * 2R,AE OAB—kgT), (14
event: j1 j2 js where AE is the difference in electrostatic energy between
state: n — s, — s, — n, statesn’ and n and # denotes the unit step function. This

modification adds single-photon, single-junction noise pro-
OoE, SE, OE;

cesses but neglects higher-order processes, as appropriate in
energy: O AE; AE, AE; (9)  the limit of weak noise. Equatio(l4) also neglects correla-
tions between the noise on neighboring junctions, contrary to
In this representation, we associate a change in Couloméxperimental evidencl:'® Nonetheless, Eq14) provides a
energydE; with theith tunneling event and a net change in useful first approximation, and we now apply it to estimate
Coulomb energyAEi=E'j:16Ej with the partially com- the effect of noise on leakage and counting errors in the
pleted process. These Coulomb energies determine the epump.
ergy barrier for multijunction cotunneling and are the pri- The absolute leakage currehf is experimentally mea-
mary factors fixing the associated transition rate. Biig  sured for the equilibrium state of a pump with all biases set
can be computed from the electrostatics of the pump’s cato zero:Vg=0 and Q;=Q,=---=Qy_1=0. Under these
pacitance network, given the initial and final charge states.conditions,
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dp, 10°
W = 0, (15)

and Eq.(7) becomes a set of linear equations that can be
solved for the occupation probabilitieB,,. However, | 5 10°
does not correspond to the current through a junction ant '
cannot be evaluated using E(B). Instead,lp=1,+1_,
wherel , andl _ are the absolute values of the currents cor-
responding to processes that transfer a charge through tt
entire pump in the forward and reverse directions. Evaluatior
of I, thus requires enumeration of all possible through pro-
cesses and calculation of the current associated with eacl
Suppose that a through transfer consistsko€otunneling
processes that take the pump from an initial stgt¢hrough
the successive states,...,ng, where the final statey nec-
essarily coincides with the initial state. In this case, the for-
ward and reverse leakage currents can be evaluafed as

10°%

10—10

10-15

LEAKAGE CURRENT I, (e/s)

K *

n;n
l.=e P, I L 16
- th%:';gh Mo nlnojljz It(nj_y) (16 10-20
transfers
where the product is understood to be 1 wea1, 't and
I'™ are cotunneling rates for the forward and reverse direc- r ' '
tions, andl’t(n) is the total rate for exiting state, 1072 2 10 2 30 20

INVERSE TEMPERATURE 1/T (K1)

I'r(n)= 2> Typ. (17)

0 n FIG. 4. Absolute leakage currehs as a function of inverse

temperature for a seven-junction pump. Experimental ¢z@teles
In Eq. (16), the specified sum over through transfers includesare from Ref. 3. Theoretical curves are shown for three noise am-
values ofK from 1 to N, allowing transfers ranging from a plitudes. The pump parameters &g=470 kK2, C,=0.22 fF, and
single N-junction cotunneling process f separate single- C,=0.05fF.
junction processes. Also, the sum includes all initial states
ng, but, to avoid double counting, terms are included only ifmental curve. Moreover, the noise amplitude that gives the
the probabilities of all intermediate states,...,nx_; are  best fit Ja=200nV fits within the range of #/amplitudes
less tharP,o. This restriction is necessary because the stategypically observed in SET’s, 30—3000 nV. Thus, photon-
of a through transfer form a cycleg—n;---—nyx_;—ng, assisted tunneling driven by flhoise provides a possible
and only one state can be chosen as the initial/final statexplanation for the experimentally observed leakage below
Thus, while evaluation of the absolute leakage current i80 mK. The\/a=50nV curve is included in Fig. 4 for com-
somewhat complicated, the only data required are the steadpgarison because this noise amplitude provides the best expla-
state probabilitie®,, and the rate matricdérf,n andI' , for  nation for the observed counting errors, as described in the
forward and reverse tunneling. following section.

Experimental and theoretical results for the leakage of a Experimental data on leakage is also available for pumps
well-characterized seven-junction pump are shown in Fig. 4with four, five, and six junctions within the temperature re-
Because the circuit parameters for this pump were detergime below about 80 mK, where, is nearly constart®2®
mined from independent measurements, and the electrobhese values are listed in Table I, along with the noise am-
temperature was measured direCtithe only adjustable pa- plitude required to explain the leakage. As might be ex-
rameter entering the calculation kf is the amplitude/a of ~ pected,l 5 decreases monotonically with increasing number
the 1f noise. In the absence of nois¢¢=0), the simula-
tion correctly predicts the exponential increase jrat tem- TABLE |. Experimental absolute leakage curreif in the
peratures above about 140 mK, but fails to account for thdemperature-independent regime bglow abogt 80 mK fo_r four elec-
nearly temperature independent leakage observed expeHOn Pumps and the theoretical noise amplitudeé§ required to
mentally at temperatures below about 80 mK. At 35 mK, thedccount for the leakage. Experimental data are from Refs. 5, 22, and
discrepancy between the noise-free theory and experiment f$
almost 19 ord_ers of magnltude. As dlscus_sed else\{\ﬁrme, N Ry (k) C,(F) C,(fF) T(MK) I.(10-2els) Ja (nV)
Ja=0 curve is dominated by processes involviigingle- g

junction tunneling events at temperatures above about 68 460 0.2 0.11 67 480 7.7
mK and dominated by processes involving oNéh-order 5 300 0.2 0.2 40 100 3
cotunneling event at lower temperatures. When the noise ang 670 0.2 0.09 67 12 26
plitude is suitably adjusted, however, we obtain a rough fit toy 470 0.22 0.05 33 0.3-2 120-200

both the high- and low-temperature portions of the experi
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<03 T T T ] — seven-junction pump requires two photon assists, so it is not
g (a) surprising that the leakage rate is much lower for seven than
= 02 ] for five junctions.
> 1 3 4 ] Approximate formulas for the leakage due to the domi-
e 01 2 5 nant processes can be derived from ELH) using simple
Z o | | | | ! limits for the single-junction tunneling rate. In particular, if
W = = = = = = |AE|>kgT then Eq.(14) can be written as
g 2 2 3 g g
S o =) =] S S
= - = = = = |AE|
STATE &R, (AE<—kgT),
I = (18)
05 T T T T T T nn e (AE>kgT)
L ® 2RJAE] =
E ' l__-—\____\_ﬂ so that the tunneling is conventional farfE negative and
— 03} 3 1 4 5 — photon assisted fakE positive. If the changes in energy for
> 6 the first two transitions in Fig. (8 are taken a?\E; and
% 0.2 — -] AE,, then Eq.(16) yields for the five-junction process
2
Z o1l [ I Tea |AE,| 19
00 N R N B 5 2Ry|AE| | [AE[+[AE,] )" 19
g § 8 § g ¢ g g where the first factor is the photon-assisted tunneling current
S S g = 8 g 8 S from (0000 to (—1100, the second factor is the probability
e L <L =& = & = & of tunneling from(—1100 to (0100 rather than back to
STATE (0000, and we have assumed that the final tunnelings occur

_ _ ) ~with probability 1. Using Eq.(19) with AE;=0.211meV,
FIG. 5. Electrostatic energy of the intermediate states for typicaly E,= —0.036 meV, and parameters from Table I, we obtain
dominant leakage processes in (@ five-junction and(b) seven- | __q 2¢/s, in rough agreement with the full calculation,
junction electron pumps. States are labeled by the island charg hich yields 0.022/s for this process. Similarly, for the

(0192 --gn—1) in units of e, and each transition is labeled by the ¥ . .
number of the active tunnel junction. Parameters @rg=C, seven-junction pump, Eq16) yields
mela ) ( |AES]

=0.2fF for the five-junction pump andc;=0.22fF and C, Tea
=0.05 fF for the seven-junction pump. |~
T 2R)[AE| | 2|AE,[[AE,| /| [AE,| +[AEs|

) » (20

of junctions. More important, all of the required noise am-where the second factor is the probability of photon-assisted
plitudes fall close to the range expected from the ddise  tunneling from state(—110000 to (—101000 before the
observed in SET’s at 10 Hz. Although the noise required tgoump can return to stat®@00000 by conventional tunneling.
explain leakage in the five-junction pump is an order of mag-As expected, the fact that two photons are required leads to a
nitude less than that seen in SET’s, the deviation is not surleakage proportional ta? and a significantly lower rate than
prising given that we have extrapolated across 9 orders dbr the five-junction pump. Evaluating Eq20) for AE;
magnitude in frequency. Certainly, the similarity of the =0.259meV, AE,=0.137 meV, AE;=—0.054 meV, Vo
values for different pumps supports the proposed explanatior: 200 nVv, and the tabulated parameters for the seven-
of low-temperature leakage in terms of Hoise. junction pump yieldd,=1.6x 103 e/s, in comparison with
Insight into the mechanism of noise-induced leakage cam.6x 10~ ° e/s for the full calculation. While Eqg19) and
be gained by examining the dominant leakage processes {20) are highly approximat¢because they overestimate the
more detail. Analysis of the computation reveals that, in theprobability of completing the final tunneling stépthey do
pumps considered here, all of the dominant processes innclude the primary parameter dependencies of the leakage
volve only single-junction tunneling, with negligible contri- current. In particular, they account for the absence of a tem-
butions from cotunneling. TyplCEl' dominant processes forperature dependence and the respeuﬁjmd o’ noise de-
the five- and seven-junction cases are illustrated in Figs. 5 pendencies obtained in the full calculation.
and 5b) in terms of the electrostatic energies of the charge
states involved. Each diagram lists the successive states, la- IV. COUNTING ERRORS

beled by the island charges;@, --qn_1) in units of e,
occupied in the particular leakage process, and plots the cor- Two different measures of counting errors have been con-

responding electrostatic energy. Transitions between statsidered. The simplest is the net charge erfigr=||Q|/e

are labeled by the number of the active junction. Thus, in—1|, or the absolute difference between the average charge
Fig. 5(a), the first tunneling occurs in junction 2, takes the Q and expected chargetransferred during a pump cyclég

pump from charge stat®000 to (—1100, and requires an is a direct measure of the accuracy of an electron pump used
energy of 0.21 meV. Because this first tunneling requiresas a current standard and has been calculated by several au-
energy, while the final four do not, we see that leakage in thé¢hors for a variety of situation$-*~3" However, the most
five-junction pump needs only one photon-assisted tunnelstringent experimental tests of pump accuracy have recorded
ing. On the other hand, Fig.(y reveals that leakage in the the infrequent errors, whether positive or negative, occurring
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FIG. 6. Charge biases applied to tié—1 gates of an 0.0 ! e
N-junction pump to transfer a chargehrough the pump. 203 | 5.0
0.0 ' '
while the pump is used to shuttle one or two electrons re- 03 s ' ' > I > I - Io —
peatedly back and forth>®?3 The shuttle test records an ' ISLAND o

error either if extra charges are transferred or if there is a

failure to transfer a charge during a pump cycle. The shuttle FiG, 7. Electrostatic energy as a function of the location of an
error can be expressed 8s=(Q, +Q-)/e, whereQ,=0 extra charge on the four islands of a five-junction pufsplid

is the average extra charge transferred, @hd=0 is the lines), calculated within the ground-capacitance model\gr=0.
average charge deficit. In these terms, the net charge error ots are shown at intervals af2 throughout the bias cycle of
£o=1Q:—Q_|/e, so&sis an upper bound 0fiy. Indeed, period 5. Dashed lines show the energy when a second extra
the bias voltag®/g across the pump can be adjusted to pro-charge is introduced on successive islands of the pump, with the
duce a cancellation between positive and negative errors théitst extra charge held on the island of minimum energy, as indi-
yields £,=0, but the shuttle error is never zero. Here wecated by a filled circle. As the figure illustrates, the pump allows a
focus on the shuttle error to facilitate comparison with ex-charge to move from island to island as successive gate charge
perimental shuttle-error measurements. pulses are applied, but a second charge is prevented from entering

Operation of the electron pump requires application of ghe pump by the Coulomb blockade. The pump capacitances are
charge bias to each of the islands in succession. In the ef=Cy=0.21F.
periments considered here, the islands are biased with trian-
gular pulses of duration 2 as shown in Fig. 6, and the (filled circle) occupies the island of lowest energy. Because
pumping cycle for theN-junction pump is completed in a energy is required to add a second charge to any of the is-
time N7. The succession of pulses causes a single charge tands, additional charges are blocked from entering the
tunnel from island to island until the charge is transferredpump. Pumping action results because a negative charge bias
through the entire pump. This process is illustrated in Fig. 7js applied to successive islands, creating an energy well that
which plots the electrostatic energy as a function of the pomoves across the pump. The one trapped charge follows the
sition of a single additional charge at various times duringenergy minimum, tunneling from island to island, until it is
the bias cycle. Initially all the gate biases are zero, and placdelivered to the output. In effect, the bias schedule creates a
ing an additional charge on any island requires an energy ohoving basket that usually transfers one and only one charge
at least 0.15 meV, so no charge is likely to enter the pumpfrom input to output during each bias cycle.
This situation corresponds to the hold mode in which the Although computation of the shuttle error generally re-
Coulomb blockade prevents current flow. However, as ajuires a separate evaluation @f. andQ_, in the case of
negative bias is applied to the first island, the electrostatiinterest herevg=0 and virtually all errors result from the
energy associated with an extra charge on the island is rdailure of the pump to transfer a char§eThus, £g~1
duced, and tunneling from the input electrode to island 1—Q/e and the shuttle error can be computed by integrating
becomes likely fot/7>0.5. However, once a charge tunnels the current through any selected junction during a bias cycle
to island 1, entry of a second charge is blocked by the repul-
sion of the first. In Fig. 7 this blockage is represented by the 1 (N
dashed line, which plots the electrostatic energy of the pump Es~1— _f TIJ(t)dt. (21)
when a second charge is added, assuming that the first charge elJo
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FIG. 8. Shuttle error as a function of pulse halfwidth for a five- 0.0
junction electron pump. Experimental ddfdled circles are from ﬂ
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=10nV and 0. Pump parameters af;=300K), C,=C, . | | 3.00
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To obtainl(t), we apply Eq(8) after integrating Eq(7) for STATE
the bias schedule shown in Fig. 6. In practice, it is important
to extend the integration interval somewhat beyade to FIG. 9. Electrostatic energy as a function of charge state for

eliminate transiently stored charge. Becafisés determined  selected states of the five-junction pump at various times between
by a small difference between two numbers close to 1, wé/7=2 and 3. The pump can move between adjacent states by tun-
also aided by using a fourth-order semi-implicit RosenbrockProbably occupied during normal pump operation. Open circles
integration method® This method proved essential in some identify the state occupied when errors occur by photon-assisted

instances due to the stiff nature of the differential equation.‘isgazp;: to the input electrode. Pump parameters Gye C,

A. Five-junction pum L .
J pump nated by noise-induced tunneling fegreater than about 40

Experimental and theoretical results for the shuttle erroks. What is the detailed mechanism of the noise-induced er-
in a five-junction electron pump are shown as a function ofrors? Analysis of the computation reveals that two distinct
pulse halfwidth 7 in Fig. 8. The parameters of the five- mechanisms contribute equally to errors at larg&€he sim-
junction pump were not fully determined, but we know thatpler of the two can be understood from the energy diagram
R;=300K2 and thatCy, the sum of the junction capaci- for t/7=2.5 in Fig. 7. Just before the charge tunnels from
tance and its external shunting capacitance, is about 0.4 ffsland 2 to 3, a photon assist can provide the energy needed
for a typical junctior’® Thus, the theoretical curves in Fig. 8 for the charge to tunnel back to island 1, from which the
were fit to the experiment by adjusting two parametersnput electrode can be reached without further added energy.
C,/Cy anda, with the averag€s held fixed. In the absence Because a second photon assist would be required for the
of noise,\/a=0, one can obtain a good fit to the initial slope charge to return from the input to island 2, the moving en-
of the experimental error curve, but it is difficult to accountergy well is likely to remain empty for the duration of the
for the flat region observed for>40ns. However, when bias cycle, and no charge is pumped. Thus, photon-assisted
noise is included, a good fit is obtained over the entire rangeunneling can cause errors by allowing the charge being
of pulse half widths. Moreover, the required noise amplitudepumped to escape back to the input electrode.
of Ja=10nV is comparable to the 3 nV needed to explain The charge-escape error mechanism can be understood in
leakage in the same device. Thus, introducinfgridise pro- more detail from the energy diagram shown in Fig. 9. This
duces a consistent explanation of both leakage and countindgjagram plots the electrostatic energy of the relevant states,
errors in the five-junction pump. with the states arranged such that transitions between con-

As described previousK? counting errors at smalt re-  tiguous states require a single tunneling. The filled circle
sult because insufficient time is allowed for tunneling and thedentifies the state most probably occupied during normal
charge is not transferred through the entire pump. On theump operation, and the open circle identifies the state oc-
other hand, from Fig. 8 we conclude that the error is domicupied in the event of an error. Charge escape occurs when
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photon-assisted tunneling moves the pump from (8100 0.4 T T T T

state to either of the intermediate staté900 or (-1100,

and the intermediate state decays to (b@00 state. Att/r 02F :_,==\_—
=2, charge escape is a transient phenomenon since the pn t/7 = 2.00
cess (0000)-(-1100)—(0100) does not require energy and 0.0 :

quickly restores the charge. Frr>2.15, however, this re-

verse process is blocked by an energy barrier, and charg o2 |- :L__l__‘—————

escape generally leads to an error. But charge escape is po

sible only for a limited time, since fot/7>2.5 the charge 0.0 215

moves from island 2 to island 3, shifting the state of princi- __

pal occupation from(0100 to (0010, and escape can no = 02 ’ AE, AE, _

longer occur with a single photon assist. E 230

An approximate formula for the probability, of charge > 00

escape through the process (01:8()1000)— (0000) can be o

written in terms of the energieSE; and AE, identified in g ook ]
58]

Fig. 9. Using Eq(18), we obtainwa/2R,|AE,| for the rate

of photon-assisted tunneling frorf0100 to (1000 and ,=|==-L4—'==1 2.50
|AE,|/(JAE4|+|AE,|) for the probability of a transition 00
(1000 to (0000. Thus, the probability of escape during the

interval 2.15<t/7<<2.5 is approximately 2 ] o | ]
2.85
o TY jm |AE,|/|AE,| 0.0
¢ 2Ry Joas|AE | +|AE,) 02 ﬁ_: |
(22) 3.00
(ksT<€?/Cy,7>R,C;,C;/Cy=1). | | | o
(0010) (0100) (011-1) (0110) (-1110) (0010)
An exactly similar formula results for escape by the process (o101) (1010)
(0100)—(-1100)—(0000) withAE; andAE, appropriately STATE

redefined. BecausAE; and AE, vary linearly with time

over the integration interval, Eq22) can be reduced to a FIG. 10. Electrostatic energy as a function of charge state for

closed-form expression for the error probability. Even asselected states of the five-junction pump at various times between

written, however, we can conclude from E@2) that the t/7=2 and 3. The pump can move between adjacent states by tun-

error rate is directly proportional to the noise power neling in a single junction. Filled circles identify the state most
The second mechanism for noise-induced errors can alggoPably occupied during normal pump operation. Open circles

be understood from the energy diagram for= 2.5 in Fig. identi}‘y the statgs occupied when errors occur by the charge-

7. As the dashed curve in this diagram shows, a single phd2/0cking mechanism. Pump parameters @ge- Cy=0.2 fF.

ton assist will allow a second charge to tunnel from the out-

put electrode to island 4 of the pump. Once on island 4, thigxactly similar to those that give rise to charge escape and

charge can tunnel without additional energy to island 3are also governed by E§22) with appropriate energy dif-

where it becomes trapped, because an additional photon ferencesAE; and AE,. In fact, the energy differences for

required to return it to island 4. While the presence of athe charge-blocking process with intermediate stafel-1)

second charge on island 3 might seem innocuous, it blockare identical to those for the charge-escape process with in-

the first charge from tunneling from island 2 to 3, and eventermediate stat¢1000, and the process with intermediate

tually forces the first charge to return to the input, causing arstates(0101) and(-1100 are similarly paired. Thus, within

error. the approximation of Eq(22), the charge-blocking and
Details of the charge-blocking error mechanism arecharge-escape mechanisms contribute equally to the shuttle

shown in Fig. 10. As with charge escape, the key to chargeérror. For the particular pump considered here, evaluation of

blocking is a photon-assisted step that occurs betwéen EQ.(22) for all four processes yields

=2.15 and 2.5. In this case, the photon assist takes the pump

from the (0100 state to eithef011-1) or (0101), after which

. . o a7tCy

it can tunnel to th€0110 state without additional energy. In Es~2.6—— (kgT<€?/C;,m>R,C, ,Cy/Cy=1).

the (0110 state islands 2 and 3 both have an extra charge, &R,

and further tunneling is prevented until aftér=2.85, when (23)

the charge on island 1 returns to the input electrode by the

process (0110):(1010)—(0010). At the end of this charge Evaluated forr=100 ns and the parameters listed in Fig. 8,

blocking process, the pump is in tfi@010 state, just at it Eq. (23) gives £s=6.8x 10"/, in comparison with 1.05

would be during normal pump operation, but the charge onx 10 © for the full calculation. Thus, Eq23) gives a good

island 3 has come from the output rather than the input.  estimate of the noise-induced errors in the limit of large
The key step in the charge-blocking mechanism is theand low T. This formula suggests that errors in the five-

photon-assisted transition from tk@L00 state to(0110 via  junction pump can be reduced by reducing eitlvear C; or

the intermediate stat®11-1) or (0101). These processes are by increasingR;, but, becaus€s depends linearly on these
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FIG. 11. Shuttle error as a function of inverse temperature for a F|G. 12. Shuttle error as a function of pulse halfwidth for a
seven-junction electron pump. Experimental déteed circles are  seven-junction electron pump. Experimental déitted circles are
from Ref. 3. Simulations are plotted with and withouf Hoise:  from Ref. 3. Simulations are plotted with and withouf Hoise:
a=50nV and 0. Pump parameters amR;=470K), C;  ¢Y2=50nV and 0. Pump parameters aR,=470K), C,
=0.22fF, Cy4=0.05fF, andr=40ns. =0.22fF, C4=0.05 fF, andT =33 mK.

quantities, significant reductions ifis may be difficult to lation. Wit_h this und_erstanding, future an_aly_s_es of Ieakage
achieve. A more promising approach is to increase the nunf2d counting errors in the pump can be significantly simpli-
fied.

ber of junctions. ) . .
J Figure 12 compares the experimental and theoretical

shuttle error as a function of pulse half width at 33 mK. In
this case, including noise yields good agreement with experi-
ment for 7>30 ns, whereg is nearly independent of, but

The particular seven-junction pump considered here hage theory fails to reproduce the exponential dependence of
been the subject of extensive experiments, and all pump p&; observed experimentally far<30 ns. To its credit, noise-
rameters were directly measuréd® As a result, the only induced tunneling does explain the 14-orders-of-magnitude
parameter adjusted to fit theoretical curves to the experimerdiscrepancy between the experimental error-afl00 ns and
tal shuttle error is the noise amplitud&r. As can be seen the noise-free prediction. The remaining discrepancy 7for
from Fig. 11, which plots£s as a function of inverse tem- <30 ns suggests than errors at small pulse halfwidths are due
perature forr=40ns, a noise amplitude of 50 nV yields a to an unknown mechanism.
good fit to the experimental data for the seven-junction Disregarding the problem of smatifor the moment, we
pump. As in the five-junction case, this amplitude is compafirst consider the physical origin of noise-induced errors in
rable to the value of 200 nV required to explain leakage inthe limit of large r and low T. As noted previously, the
the same device. More important, by introducing a modesexponential dependence afs on 1/T observed forT
level of noise, we are able explain the discrepancy of more>100 mK is due to a thermally activated escape mechanism
than 12 orders of magnitude between the experimentanalogous to the photon-assisted escape described for the
shuttle error at 33 mK and the noise-free theory. Indeedfive-junction pump in the previous section. Thus, noise-
including noise provides a good fit & over the entire range induced errors are important only in the limit of largend

B. Seven-junction pump

of experimental temperatures. low T, but this is the parameter region of greatest interest
As noted previously;* the extremely low error rates pre- because it yields the lowest error.
dicted by the noise-free theory fer-20 ns are due to cotun- Insight into the mechanism of noise-induced errors is pro-

neling of orderN— 1. When noise is included, however, the vided by Fig. 13, which plots the electrostatic energy at vari-
errors contributed by such high-order effects are entirely inous times near the middle of the bias cycle. A possible
significant, and cotunneling can be omitted from the calcumechanism is suggested by the plot fidi-=3.5, which
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FIG. 13. Electrostatic energy as a function of the location of an 0.0 ® ] l
extra charge on the six islands of a seven-junction pysgid (001000) (010000} (100000) (000000)
lines), calculated within the ground-capacitance modelVar=0. ‘ (-110000)
Plots are shown at intervals ef2 for the middle portion of the bias ' STATE

cycle. Dashed lines show the energy when a second extra charge is . )
introduced on successive islands of the pump, with the first extra FIG. 14. Electrostatic energy as a function of charge state for
charge held on the island of minimum energy, as indicated by &elected states of the seven-junction pump at various times between

filled circle. The pump capacitances a@=0.22fF and C, t/7=2 and 3. The pump can move between adjacent states by tun-
=0.05 fF. neling in a single junction. Filled circles identify the state most

probably occupied during normal pump operation, while partially
d‘gl_ed circles show an incomplete transition between normally occu-

. . [P L led states. Open circles identify the state occupied when errors
sible if pho@on aSSIS.ted tunneling |s.used to surmount tWé)ccur by photon-assisted escape to the input electrode. Pump pa-
energy barriers. If this were the dominant error process, anaameters A€ =022 fE andC..— 0.05 fF
the energy barriers are taken&E, andAE,, then the error I g '

rate for the seven-junction pump WOU|2d be less than for ﬁveremains on island 2. Although the escaped charge can ini-
junctions by a factor of roughlp=me“a/(2|AE,|AE,)), tially leak back to island 2 via the-110000 state, the small

which is the probability of surmounting the second barrierener - _
) N gy difference between th@00000 and (—110000
once the first barrier is surmountgsee Eqs(19) and(20)]. states makes this process slow, and it is virtually eliminated

Evaluating this factor for/a=50nV and the barriers at ,fiert/,=2 65 when the energy difference is reversed.
t/7=3.5, we obtainp=2x10"’, indicating that the error How long does the charge stay on island 2 aftér

rate for 7 junctions should be dramatically less than for five_ , g remaining susceptible to photon-assisted escape? Con-
junctions if two photons are required to create an error. sidering only tunneling from island 2 to island 3 through

Unfortunately, errors in the seven-junction pump are acynqtion 3, we have, using EGL8) in the limit of low tem-
tually dominated by processes that require just one photori)erature

In particular, the charge being pumped can escape from the

energy well during a brief period aftefr=2.5 using only dP, |AE]|

one photon. Details of this process are shown in Fig. 14, ar ﬁpz, (24)
which plots the energy levels for the relevant statest/At J

=2.5, the energy of th¢001000 state equals that of the whereP, is the probability of finding the charge on island 2
(010000 state, and the charge on island 2 can begin tunneland AE is the energy difference for the tunneling process.
ing to island 3. Also at/7=2.5, the energy of th€l00000  Since|AE| increases linearly from 0 te?/2Cy 5 during the
state is by coincidence nearly equal to that of (6@0000 interval from t/7=2.5 to 3, we have|AE|=¢%'/7Cy3,
state, and afterwards the charge being pumped can escapeWferet’ =t—2.5r and Cy5 is the total capacitance across
the input by photon-assisted tunneling(&®0000 followed  junction 3. Integration of Eq(24) thus yields

by ordinary tunneling td000000. Thus, escape is possible

using a single photon during the brief interval while charge P,(t")=exp(—t'?/27R;Cs3). (25

shows that both charge escape and charge blocking are p



PRB 62 NOISE-INDUCED LEAKAGE AND COUNTING ERROFS . .. 15899

0.6 I I — T I T Can counting errors be reduced below the level of 1.5
‘ X108 obtained with the seven-junction pump? The brief
J_,—r_‘_— interval over which charge escape or blocking is possible
03 — — with a single photon suggests that some modification of the
t/r =40 bias schedule or parameters of the seven-junction pump
0.0 might significantly reduce or eliminate errors due to these
mechanisms. A limited investigation of this possibility indi-
45 cates, however, that the single-photon processes are robust
031- ST ey I 7] and cannot be eliminated from the seven-junction pump with
a simple trick. If confirmed by further study, this conclusion
0.0 ‘ implies that a dramatic reduction in errors would require a
pump with eight or more junctions. If errors due to single-
sl 46 photon processes could be eliminated, however, the added

ENERGY (meV)

: complexity might be justified since higher-order processes
_Q:,_L’_LI—__I_ are likely to be several orders of magnitude less frequent, as

0.0 noted above.

4.7 V. SELF-HEATING

03| -
_.:‘—r—#_|— In the absence of biases the pump is in thermal equilib-
0.0 : rium with its surroundings, and experiments confirm that the

. electron temperature matches that of the cold stafeus,
03l _l_l__\__\_ 50 _| leakage is completely unaffected by self-heating. In the
’ pumping mode, however, energy is dissipated in the islands
of the pump whenever tunneling occurs at a voltage beyond
threshold. While estimates indicate that the temperature rise
due to self-heating is mode$t3**°typically a few tens of
millikelvins, we speculate that it might explain the exponen-
tial rise in errors observed in the seven-junction pump for
STATE . pulse half widths less than 30 ns. Self-heating is more im-
ortant for smallr because tunneling is more likely to occur

FIG. 15. Electrostatic energy as a function of charge state fo ar from threshold when the pump is operated rapidige

selected states of the seven-junction pump at various times betwe 3 S . -
t/7=4 and 5. The pump can move between adjacent states by tur;%h' (25)]. Thus, self-heating is a good candidate for explain

T : S . ; o ing this otherwise unexplained error regime.
neling in a single junction. Filled circles identify the state most Following earlier worke343%we assume that the electron
probably occupied during normal pump operation, while partially 9 ’

filled circles show an incomplete transition between normally occuleMperaturet; of islandi is related to the poweP; dissi-

pied states. Open circles identify the state occupied when error@a'[ecj in the island by
occur by the charge-blocking mechanism. Pump parameters are
C,=0.22fF andC,=0.05 fF. TP =T°+P/2Q, (26)

0.0 l | | | 1

{000010)
{000100)
(00011-1)
(000101)
(000110)
(001010)
(010010)
(100010)
(000010) o

We conclude from Eq(25) that escape to the input electrode , . .
using a single photon is possible in the seven-junction pUmﬁVhereT is the substrate temperatubejs a material constant,

for a time of ordett, = m By comparison, in the case and () is the volume of the island. Equatic.(QG) applies at
of five junctions escape is possible for a time of order |OW temperatures where the weak coupling between elec-
Thus, if all else is equal, we can expect errors in the severifons and phonons limits the rate at which energy can be
junction pump to be reduced from ﬁve junctions by a factortransferred to the substrate. Va.”(?us V(?.Igzes Of. the parameter
of rough|yt7/7-: \/W For the Seven-junction param- p) have been measured for alumlnel?ﬁ, ~*“the island ma-
eters, we findCy3=0.30fF andt;/r=0.04 at7=100ns, terial used here, and we assume a rough averzge
predicting a modest improvement in error rate between the= 0.3 n"W/K/ um®. In adopting Eq(26), we assume that the
five- and seven-junction pumps comparable to that obtaineélectron population of an island always assumes a thermal
experimentally. distribution and can be characterized by a temperalyre
When EQ.(25) is combined with approximate transition In the presence of self-heating, the electrodes of a tunnel
rates to estimate the error due to charge escape, we find thaihction generally differ in temperature, and E#j4) for the
it accounts for roughly half the errors obtained in the full tunneling rate must be replaced by a more general formula.
calculation. The remaining errors are due to a chargetn particular, the rate of tunneling from islando i’ is*°
blocking mechanism that contributes equally. For complete-
ness, the energy diagrams for charge blocking, which occurs

just aftert/7=4.5, are shown in Fig. 15. In this process, a T= fw f.(E)[1—f; (E—AE)]dE
second charge enters the pump from the output electrode and ezRJ —

blocks the charge being pumped from reaching the fifth is-

land. Later, aftet/ =5, the first charge returns to the input, I O(AE—KgT), 27)

and no charge is pumped. 2R;AE
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whereAE is the change in electrostatic energy dnds the
Fermi factor for charges on island

200 - T T T

fi(E)= (28) 100

exp(E/kgT;)+1°
While noise-induced tunneling is included in EQ7) in a
low-temperature limit, this approximation is valid for the
cases considered because the relevant energy bakiteese
much greater thakgT even in the presence of self-heating. 10°
Furthermore, because noise is included in all self-heating
calculations, cotunneling can be neglected, and(Eq. de-

TEMPERATURE  (mK)

fines all transition rates. &
In order to evaluaté®;, we compute the average power
dissipated in all tunnelings involving islandover one bias Qo:
cycle. Suppose that in tunneling from islando i’ in Eq. & »
(27) the charge state of the pump changes froto n’. If E 10
the system occupies stateat a given time, then the instan- =
taneous powers dissipated in islandmdi’ due to the pro- 5
cessn—n’ are' z >
1 e B Cr=0231F C,=0177F" i
pnrnm:ﬁf (—B)fi(E)[ 1 (E-AE)]dE, . , | [ 1
R (29) 0 20 40 60 80 100
PULSE HALFWIDTH 7 (ns)
parn(i’)= E%f (E-AE)f((E)[1—f,/(E—AE)]dE, FIG. 16. Average electron temperatug and shuttle errotb)
J S as a function of pulse half width for a five-junction electron pump.

(30) Solid and dashed lines show results with and without self-heating.

and the power dissipated in islariddue to all tunnelings The dotted temperature curve corresponds to E2@. and (33)
averaged over the bias cycle is averaged over islands, while the solid temperature curve is for a
self-consistent calculation. Circles show experimental data. Pump

1 N7 parameters ardR;=300k), a'?=10nV, T=40mK, 30 =8.4
Pi:m— Z fo pnn()PLdt, (31 X 10" 2W/K5, and the indicated capacitances.
n,n’

where the sum is understood to include all transitions than 39%. As shown in Fig. 16), the effect of self-heating
—n’ in which a charge either enters or leaves island on the shuttle error can be significant, increasing the error by
Combining Eqs.(7), (26), (27), and (31) with the bias  ahqt an order of magnitude at 40 ns. While this increase
schedule shown in Fig. 6, we can calculate a self-consistentoates 5 significant discrepancy between theory and experi-
electron temperatur€; for each of the islands along with the ment, the fit can be restored by readjusting the junction and
shuttle error&s in the presence of self heating. Initially we ate capacitances. F@,=0.23fF andC,=0.17 fF, we ob-
assume that the input and output electrodes and all of th 2in about the same fth with self—heatigng as préviously ob-

islands are at the substrate temperatiréntegrating over g%%ined without. Thus, although self-heating is significant in

one bias cycle then provides an estimate of the avera e five-iunction bumb. it does not anoreciably alter our un-
power P; dissipated in each island, and from Eg@6) we Ive-junction pump, | ppreciably uru
Merstanding of the shuttle error.

obtain improved estimates for the island temperatures. B I . .
cause the volumes of the input and output electrodes are 'N€ dotted curve in Fig. 16) plots an analytic approxi-
large, they are assumed to remain at the substrate tempef@2tion for the island temperature based on arguments similar
ture. lterating this procedure for a few bias cycles yields &0 those given previousfy.* The approximation is valid in
self-consistent set of; and the desireds. the limit of low temperature, where Eq®9) and(30) reduce
The effect of self heating on the five-junction pump ist0 pnn(i)=pnn(i’) = (AE?/26?R;) 6(— AE). An additional
shown in Fig. 16. For this pump the volume of each alumi-Simplification results when we recognize that significant en-
num island is Q=0.028um? vyielding X(0=8.4 ergy is dissipated in a given island only twice during a bias
X 10" 12W/K5. Fully self-consistent calculations of the aver- cycle: when the charge being pumped tunnels onto the island
age island temperature and shuttle error are plotted as a fungnd when it tunnels off again. But for these processes we can
tion of the pulse half width in Fig. 16 for the original param- apply the arguments given earlier in regard to E2p) to
eter set C;=Cy=0.2fF), with solid and dashed lines note tha AE|=€%'/7Cy , and the probability of remaining
indicating results with and without self-heating. As expectedjn the initial state isP=exp(—t'/27R;Cs), wheret’ mea-
with self-heating the temperature of the island electrons insures time from the tunneling threshold a@d is for the
creases with decreasing pulse width, reaching about 110 mkelevant junction. Combining these results with E§1)
at 7=10ns. The variation in temperature between islands iyields for the average powé?; dissipated when a charge
slight, with no island differing from the average by more tunnels onto island,
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volume isQ)=0.018umq, yielding a heating coefficient of
30 =5.4x1012W/K5. As for five junctions, self-heating
tends to raise the shuttle error, but in the 7-junction case the
increase is nearly constant fer- 15 ns. Although a curve is
not shown, the fit to experiment can be restored for
>40ns by reducing the noise amplitugex from 50 to 40

nV. This adjustment leaves a net increase in the comptged

0 I | I ' for 7<15ns, but self-heating clearly does not explain the
exponential variation o€g with 7 observed experimentally
for pulse half widths less than 30 ns. Indeed, self-heating
does not change any qualitative conclusion of the present
study.

TEMPERATURE  (mK)

0
10 T T T T

VI. CONCLUSION

The leakage and counting errors observed experimentally
in the seven-junction pump at low temperatures and low
counting rates are many orders of magnitude higher than can
be explained by the dynamics of the noise-free system. By
including photon-assisted tunneling driven byf hoise at
microwave frequencies, we obtain good agreement between
theory and experiment. The required level of noise is consis-
tent with that observed at audio frequencies in SET's. We
speculate that the noise responsible for the errors derives
1014 | | ' ' from the slow relaxation of charges trapped in metastable

20 40 60 80 00 . . . .
. states in the dielectric when the device was cooled from
PULSE HALFWIDTH = (ns) room temperature

FIG. 17. Average electron temperatug and shuttle errotb) In the scenario explored h?re' the dqmlnant Ieakage_ and
as a function of pulse half width for a seven-junction electron€fTOr processes involve only single-junction tunneling, either
pump. Solid and dashed lines show results with and without selfconventional or photon assisted, and cotunneling plays no
heating. The dotted temperature curve corresponds to(Egsand  significant role. At low temperatures, leakage in the five-
(33) averaged over islands, while the solid temperature curve is fojunction pump is dominated by processes that require a
a self-consistent calculation. Circles show experimental data. Pumgingle photon-assisted tunneling step, while in the seven-
parameters areR,=470K}, C,=0.22fF, C;=0.05fF, @™ junction pump two photon assists are needed. Counting er-

SHUTTLE ERROR &g

=501V, T=33mK, andx0=5.4x10" *2W/K". rors in the limit of low temperatures and low counting rates
- 5 derive from two types of process: one in which the charge

p%:ifﬂz(e t'/7Cs ) exp(—1'/2:R,Cy . )dt’ being pumped uses a photon assist to escape back to the
" N7 Jo ZeZRJ IR input electrode and one in which the charge is blocked by a

1 second charge entering from the output electrode, also with a
WRJCE+) (32) photon assist. In the five-junction pump these error processes
27 ’ occur over a fixed fraction of the bias-pulse half width, while
in the seven-junction pump they occur over a shorter time,

related to theRC time of the tunnel junctions. Self-heating
during pump operation can raise the temperature of island
electrons by several tens of millikelvins, but it generally has
a small effect on the rate of noise-induced counting errors.
Two issues related to counting errors remain unresolved.

eZ

:2NTC2+

where the integration interval has been extendecd t@s-
suming thatR;Cs ; <7. Since the dissipation for a charge

leaving islandi is exactly similar, the total powef?, =7P;"
+P s
T . : S
Pi= \[5 N2 7+ oz | (33  First, the theory presented here does not explain a regime in
S+ 3- which errors increase exponentially with counting rate in the
whereCs, andCs_ are the total capacitances of the junc- tseven—juncti.on pump. Understancjing this regime is imp_)o_rtant
tions through which the charge enters and leaves the islanif.the pump is to be operated at high speeds. Second, it is not
Equation(33) extends previous formulas to include the effectknown whether a pump can be designed, perhaps with more
of ground capacitance, and, as Fig.(d6shows, yields a than seven junctions, in which counting errors require two or
remarkably accurate prediction of the island temperaturénore photon-assisted tunneling steps. If two photons were
compared to the full calculation. needed, a much lower error rate would be expected. What-
The effect of self-heating on the seven-junction pump isever the resolution of these issues, however, the present
shown in Fig. 17, which plots temperature and shuttle errostudy demonstrates that noise-induced tunneling is the prob-
as a function of pulse half width. For this pump the islandable cause of the lowest experimentally observed error rates.

eZRﬁ’Z) 1 1
C
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