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Counting errors in a voltage-biased electron pump
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We have measured the counting errors of a seven-junction electron pump when charge is pumped against a
voltage difference. At finite bias voltages, we find that the errors increase exponentially with both pump
voltage and temperature, in agreement with theoretical predictions. To compare experiment and simulation, all
pump parameters were determined by independent electron-box experiments. Although we assume tempera-
tures somewhat higher than those measured, simulations based on the ground-capacitance model yield excel-
lent quantitative agreement with experiment and indicate that errors in the high-voltage regime are due to
thermally activated tunneling. In addition, a surprising asymmetry between positive and negative voltages is
explained by an asymmetry in the junction capacitances.
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[. INTRODUCTION single-junction, photon-assisted tunneliign this case, the
higher-energy intermediate state is reached with the help of a

Since its introduction in 1991 the electron pump has microwave photon apparently associated with the same noise
shown promise as a standard for both cufreand  source as the low-frequencyflhoise observed in single-
capacitancé, applications recently reviewed by Kelfédn  €lectron-transistofSET) electrometers. In the present study,
operation, the pump transfers charge from input to outputwe find that, with an applied voltage bias, errors in a seven-
one electron at a time, through a series of small-area tunndinction pump are dominated by thermally activated tunnel-
junctions and intervening metallic islands. The charge move#d. Here, the bias voltage lowers the energy of the interme-
in response to bias Vo|tages app“ed Sequentia”y to the |§|ate state, and thermal energy is sufficient to boost Charges
lands through gate CapacitorS, Creating a trave”ng potentia]ver the barrier and cause errors. With this result, all of the
well that is able to store just one electron. The ultimate sucbasic error mechanisms have now been observed in various
cess of the pump in metrology is entirely dependent on tranPUmps under various operating conditions: failure to tunnel,
ferring that one electron without significant chance of errorunwanted cotunneling, unwanted photon-assisted tunneling,
In the present paper, we explore the error rate of a pump usednd unwanted thermally activated tunneling.
as a capacitance standard when charge transfer is opposed byThe remainder of this paper is outlined as follows. In Sec.
a voltage difference between the input and output electrodedl, we describe the basic mechanism of the electron pump
We report both experiment and simulation. Our Study is Sig.and present the equations that allow detailed simulation of its
nificant technologically because it sets a bound on the pumg@ynamics, including thermally activated tunneling, photon-
voltage required for accurate operation and scientifically beassisted tunneling, and self-heating. In Sec. Ill, we describe
cause it explores pump errors in a new regime. the experimental procedures used to evaluate the circuit pa-

Error processes in the electron pump have previouslyameters of the pump and operate the pump as a capacitance
been studied both experimentaifi7*and theoretically?2* standard. Finally, in Sec. IV, we compare the counting errors
In general, errors in the pump result either when an electrogs determined by theory and experiment and describe the
fails to tunnel as required or when it tunnels to an unwantedrincipal error mechanism active at finite bias voltages.
state. Failure-to-tunnel errors dominate at high operating
speeds when insufficient time is allowed for the electron to Il. THEORY
tunnel to a lower energy state. Such errors have been ob-
served experimentally in five- and seven-junction pumps by
Martinis et al*510 9

Other errors, due to unwanted tunneling, require that th
pump pass through an intermediate state of higher energ
either by cotunneling, thermally activated tunneling, or ™
photon-assisted tunneling. In cotunneling, electrons tunnel in

We consider the electron pump in the context of the
round-capacitance mode}? using the equivalent circuit
hown in Fig. 1. The pump is a series arrayNoémall-area
nnel junctions with capacitanc€s and tunnel resistances

. Here,R; andC; are used to represent a generic junction,

. : ; . R, C,
two or more junctions simultaneously, such that the high-
energy intermediate state is virtual and the final state is lowel I]] —ﬂ]
in energy than the initial state. Errors due to cotunneling + + Cq + +
have been observed experimentally by Lotkenal™ ina % () %O IF QO == WO =F
three-junction pump. Cotunneling becomes less important in

pumps with more junctions, and Kauet al® have shown
that cotunneling does not explain the error rates observed in FIG. 1. Equivalent circuit of al-junction electron pump within

a seven-junction pump. Instead, under optimum bias condihe ground-capacitance model. Nanoscale tunnel junctions are indi-
tions, errors in the seven-junction pump are dominated byated by boxes.
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FIG. 2. Charge biases applied to tHé—1 gates of an : e
N-junction pump to transfer a chargethrough the pump. 05 |- e i i Y
0.0 %
INIthqut precluding t_he pos§|b|ll'_[y of differences bgtween 0.5 |- s m - — - e o 50T
junctions. TheN—1 intervening islands have capacitances 0.0 | !
Cq to ground and are biased by charge soui@gshrough 5 ———— _,_I—'—'_ |
Qn-1- The pump is generally connected to an external ca- e T- =55
: : S 0.0 et
pacitance that is much larger th@j or C, and in Fig. 1 we
represent this capacitance by the voltage soMgceldeally, 05— | e S S T T = T 60|
the pump is operated witi,= 0, but in the present study we 0.0 m— i
consider the effect of a nonzero bias voltage. 05 | e = -| 65 ]
To transfer an electron from input to output, the pump is 0.0 | —t -
biased by triangular charge pulses applied sequentially t¢ 42| 7.0 _|
each of theN — 1 islands, as shown in Fig. 2. Each pulse is of 00 | e |
amplitude—e and duration 2. Because the pulses overlap, ) | | [ | | | |
the bias cycle is completed in a time Nfr, transferring a 0 1 2 3 4 5 Py 7
charge through alN junctions of the pump. Reversing the ISLAND

order of the pulses pumps a charge in the opposite direction.

The operation of the pump is most easily understood in FIG. 3. Electrostatic energy of a seven-junction pump with a
terms of electrostatic energy. In Fig. 3, we show the energpias voltageV,=—-0.1 mV at a series of times over the pump
of a seven-junction pump at a series of times throughout theycle. For each time, a solid line plots the energy as a function of
pump cycle. At each time, a solid line plots the energy as dhe location of an extra charge on one of the six islands. Island
function of the location of an extra charge among the sixnumbers 0 and 7 designate the input and output electrodes. A dot
islands. Here, island numbers 0 and 7 denote the input arigdicates the minimum-energy position_of the added charge as it
output electrodes. At/ 7=0 and 0.5, the energy of the pump Progresses through the pump. Dashed lines show the energy when a

would be raised if an extra charge were added to any island;eco_nd extra chfirge is introduced, witIl the. first extra charge held on
and this “Coulomb blockade” prevents a charge from enter_the island of minimum energy. The junction and ground capaci-
ing the pump. However, with a full bias charge ofe ap-  2Nces ar€,=0.2 fF andC,=0.06 fF.

plied to the first island at/7=1, an energy well is created

and a charge can tunnel onto island 1. In Fig. 3, a dot indiisland, carrying the extra charge through the pump, until it is
cates the minimum-energy location of the added charge anglansferred to the output electrodetat=7. As the dashed
shows its progress through the pump. In each plot, a dashduhes show, a second charge is prevented from entering the
line shows the energy of the pump if a second extra chargpump throughout the pump cycle.

were added to one of the islands, assuming that the first Figure 3 was drawn assuming a bias voltage \Gf
charge is at the energy minimum. Thustbt=1 a second =—0.1 mV between the input and output electrodes. This
charge is prevented from tunneling onto island 1 by this enbias raises the energy of a charge on the output electrode 0.1
ergy barrier. As charge biases are applied to successive iseV above the input, and requires that the pump deliver its
lands of the pump, the energy well moves from island tocharge to a higher-energy final state. As might be expected,

165331-2



COUNTING ERRORS IN A VOLTAGE-BIASED ELECTRON PUMP PHYSICAL REVIEW B7, 165331 (2003

errors are more likely to occur when a charge is pumpedssisted tunneling induced by microwave noise. The noise is
“uphill” against a bias voltage, and such errors are the pri-assumed to have a voltage spectral density of the f8ym

mary subject of this paper. =alf, like that observed at low frequencies in SET elec-
As in previous work'° we calculate the expected errors trometers.
using a transition-state picture in which the probabilitigs To complete the specification of our model, we define the

for occupation of the various charge statesf the pump are  self-heating effect that raises the electron temperatyref
computed over a pump cycle. Here, the inadespecifies the an island above the temperature of the lattice, assumed to
charge on each of thBl—1 islands of the pump. We will equal the mixing-chamber temperatufg,. of the dilution
assume the charge on any given island is alwagsor 0, so  refrigerator used to cool the pump. Following Kautz
the number of possible charge states ¥ 3=729. In the et al!®??and Niuet al,'® we adopt a model due to Roukes
transition-state picture, the probabilities evolve according tcet al?® in which the powerP; dissipated in the conduction
electrons of an island is coupled to the lattice by the electron-

dP, phonon interaction. In this case, Rouletsal. specify that

i = 2 TanPo=ToPy), (1)
n’#n 5 5
. o TP =ThtPi/(2Q), (6)
wherel,, is the rate of transitions between statésandn. . _
The first term in this equation accounts for the increase,jn WhereX is the electron-phonon coupling constant dds
due to transitions fronm’ to n, and the second accounts for the volume of the island. To calculate the powigr we note

the decrease due to transitions framto n’. The ensemble that tunneling from island to i” through junction], chang-

average of the current through junctidrat any instant is ing the charge state fromto n’, dissipates poweg in both
islands according
h=eX PT,()-T,. (], 2) 1 (=
n.n’ pnrn(i)= 7R f,ﬁ (—BE)fi(E)[1-f,(E-AE)]dE,
whereF:,n(J) is the rate of transitions in which a charge J )
moves in the positive direction through junctich and
I',,,(J) is the rate of transitions in which a charge moves in _ 1 (=
the negative direction through junctiah By integratingl , pan(i’)= <R f_m(E_AE)fi(E)[l_fi’(E_AE)]d E.
over the pump cycle, we learn the total charge transferred J %)
and can determine the average counting efrby compar-
ing the result withe, The total power dissipated in islanddue to all tunnelings
averaged over the bias cycle is thus
1| (N7
&= —f I,dt| —1]. (3 1 N7 _
€l Jo Pi:m_ 2 fo pnn(i)Prdt, 9
nn’

Calculation of the transition ratds,, is greatly simpli- where the sum is understood to include all transitions

fied for the seven-junction pump because cotunneling doein, in which a charge either enters or leaves islar@om-

not contribute significantly to counting errors and can bey ., '=q (1)(9) with the bias schedule shown in Fig. 2,
neglected® Thus we consider only single-junction tunnel- we can calculate a self-consistent electron temperatuf
ing, but include photon-assisted processes and self—heatine% . . P
effects. In particular, if tunneling from islandto islandi’ ch island and the counting error for the pump.
through junctionJ mc;ves the pump from stateto staten’ The computed counting error of a seven-junction pump
: " 1422 ' with parameters similar to our experimental pump is shown
then the associated transition rat&’ %" T : s
in Fig. 4. For forward pumping, the errér™ is large when
1 (= the bias voltage is negative and the charge is being pumped
Fn’nzz_f fi(E)[1—f;/(E—AE)]dE uphill, as in Fig. 3. Errors in this bias region typically result
eR;J = because the charge escapes from the potential well and re-
turns to the input electrode before the pump completes trans-
O(AE—KgT)), (4  fer to the output. On the other hand, a small positive bias
aids forward pumping, and ™ actually goes to 0 around
V,=50 uV. At this voltage, errors in which the pump fails
to deliver a charge are balanced by errors in which the pump
delivers two charges during a bias cycle. At higher positive
voltages, double charge errors become dominantéante-
1 gins to increase again. This situation is exactly reversed for
W- 5 reverse pumping, witld - large for positiveV, and going to
zero aroundv,= —50 uV.
The first term in Eq.(4) accounts for thermally activated Because most experiments involve both forward and re-
tunneling in which islands andi’ have distinct electron verse pumping, it is usually advantageous to operate near
temperatures, while the second term accounts for photorvp=0, where both€ ™ and& ™ are relatively small. For the

" el
2R,AE

where AE is the change in electrostatic energyis a unit
step function, and; is the Fermi factor associated with is-
landi and its electron temperatuiig :

fi(E)=
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108 |- — FIG. 5. Electron micrograph of an electron pump of the same
,‘\ design as that studied experimentally. Junctions are formed by
/ \ double-angle evaporation and are located where the narrow hori-
7 N ) ) L .
— {( \\ m zontal fingers overlap the neighboring islands. Gate capacitors are
( ? formed at the gaps between opposiig above and below the
1070 | | | junction array. The gate capacitors at either end of the array are not
-200 -100 0 100 200 functional. The scale bar is &m in length.

VOLTAGE Vj, (wV)
elsewhere:® The layout of the pump is shown in Fig. 5. As
FIG. 4. Counting error as a function of bias voltage for a sevendin earlier devices, the circuit is aluminum deposited on a
junction electron pump withR;=100 K}, C,=0.2fF, Cq  fused quartz substrate. The junctions are approximately 6
:8'82 nySTE50 TtS, \/E=h5 nV,f2f=0.3 n(;/\//K;/Mms’ and @ %103 um? in area. The aluminum islands have3 an
=0. m~. Results are snown T1or rorward and reverse pumping, _ i —
E* ancliLE’, at mixing-chamber temperatures of 60, 80, FiOO,pangdeIe(;:tron phonon c_oupllng cosn?gant Bf=0.3 nWIK um
120 mK. and a volume of)=0.018 um . ' '
The pump was characterized using the capacitance-
standard circuit shown in Fig. 6. Here, the capacitor to be
cases shown in Fig. 4 witl,,,;<100 mK, the errors at zero calibrated,C, is a low-leakage cryogenic capacitor specially
voltage are dominated by noise-induced tunneling, and thdeveloped for this applicatio?f. The primary measurement
error rate is controlled by the voltage noise powerHere, tool of the circuit is an on-chip SET electrometer, consisting
we have choser/a=5 nV, so that the total error raté," of gate capacitoiC, and two nanoscale tunnel junctions,
+&7, is of order 108, as is typically observed experimen- which directly measures the pump voltagg. The circuit
tally in seven-junction pumps.’ As noted elsewher¥,this  also includes two cryogenic needle switches, N1 and N2, that
level of 1f noise is consistent with that observed in SETallow the circuit to be configured to perform several types of
electrometers. tests: measurement of the pump and electrometer parameters
In contrast to the situation at zero voltage, where the erroas well as counting errors. For example, with N1 and N2
rate is nearly independent of temperature, at voltages of
100 nV and more, the error rate is highly sensitive to tem-
perature. The exponential increase in errors with temperatur:
at high voltages indicates a thermally activated process, ant CE—: :_:'1
in this regime thermal energy provides the boost needed for ¢ [
charge to escape from the pump’s potential well. Details of v
this process are discussed in Sec. IV. — i
Although self-heating has been included in our simula-
tions, it plays a relatively small role in the present case.
Typical island electron temperatures, which vary only  Cs2 I
slightly with bias voltage, are roughly 71, 84, 102, and 121 PUMP
mK for mixing-chamber temperatures of 60, 80, 100, and
120 mK, respectively. Thus self-heating is significant only at
temperatures below about 80 mK.

N2 N1

FIG. 6. Capacitance-standard and electron-pump test circuit.
Here C~2 pF is the capacitor to be calibrate@,=0.8 fF and
IIl. EXPERIMENT C,=29 aF are gate capacitors for the electromeigy~20 fF and
Cs,~3 pF are stray capacitances, and N1 and N2 are cryogenic
Our experiment used a seven-junction electron pump fabneedle switches that allow the circuit to be reconfigured while at
ricated bye-beam lithography using techniques describedow temperature.
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closed, we measured the resistance of the pump to b« 005 T T T T T
770 K, indicating that the individual junctions have tunnel
resistances oR;=110 K) on averagé® In addition, we
subjected the pump to “electron-box,” “charge-shuttle,” and
“capacitance-standard” measurements.

0.04 — —]
J1

0.03— -
A. Electron box
In order to determine the pump capacitanCgsandC,, .
we performed several experiments with switch N1 open. Ina 0.02 |- - . " " —
this configuration, the stray capacitari¢g ~ 20 fF shunting
the pump is relatively small, and the electrometer is sensitiv
enough to measure changes\Vig corresponding to charge ©®@ 0.01- —
differences that are a small fraction ef This sensitivity
allows experiments of a type first performed on an electron
box by Lafargeet al?® and later extended to electron pumps  0.00 | | ' | '
7 0 20 40 60 80 100 120
by Keller et al.
In an electron-box measurement, the pump volteges TEMPERATURE  Tppe  (MK)
\Tac;{;:jort?f svl\(l)r\l/lvllil tig(ca:rgggi?]gethaecrgﬁgr;e St?ifsCt:Spfilgngttlgnthls FIG. 7. Intrinsic transition wid_th B, as a function of mi>_<ing
thamber temperaturg,, for junctions 1 and 5, shown by circles

island on one side of the junction and simultaneously deémd squares, respectively. Lines represent a least-squares fit to the

creasing the bias of the island on the other side. When fata points at 80 and 100 mK, subject to the constraint that they

critical junction voltage is reached, tunneling becomes favorTOass through the origin.

able, and the charge state of the pump changes rapidly over a

small range of charge bias_. This change of state is observcg;\jherevp is measured, produces the largest step, and junc-
as a step iV, and the width 2, of the transition, mea- oy 7, which is connected to this point through a long ca-
sured as a cr;ange In ch%rge bias relative,tes given by  hacitance ladder, produces the smallest step. The combined
260=kgT/E." HereE =e/2(C;+C,) is the charging en- information obtained from transition widths and step ampli-
ergy of the junction, an€, is the total external capacitance i,des allowC, and C, to be determined by trial-and-error
shunting the junction. Because the pump is in thermal equiagjysiment. In the prgsent case, we find a good fit to experi-
librium du_ri_ng an electron-box measurement, we exgett  nent assuming the capacitances listed in Table I.
be the mixing-chamber temperatufg,., and thus a mea- | Fig. 8, we compare the experimental values of charging
surement of 2, can provide a direct evaluation & . energy and step amplitudélled circles with those obtained
Experimental values of the intrinsic transition widt#2  from the ground-capacitance model using the capacitances
are plotted as a function df for junctions 1 and 5 in Fig.  specified in Table (open circles For the charging energy,
7. These data display two anomalies not observed in previouge also show the result of assuming uniform junction capaci-
pump experimentS.First, the transition width does not de- tances (open squards Although the step amplitudes pre-
crease in proportion td . at temperatures below about 70 dicted for junctions 2 and 3 are significantly larger than those
mK. While we are unsure of its cause, this effect was obyecorded experimentally, the overall fit is satisfactory. How-
served in the original electron-box experimefft®nd may  ever, assuming uniform junction capacitance clearly fails to
indicate that the electron temperature of the islands does n@kcount for the charging energies of junctions 5 and 6. As we
track the mixing-chamber temperatu(Because self-heating djiscuss in Sec. IV, the asymmetry resulting from nonuniform

does not play a role in electron-box experiments, the heating: is important in understanding the observed error rates.
from 60 to 71 mK estimated for pumping is not relevant

here) To calculateE, from our data, we assume that the
electron temperature equals the mixing-chamber temperature
at T,c=80 and 100 mK and dedud®. from the slope of a The fundamental accuracy of an electron pump is most
line constrained to pass through the origin and fit these dat@asily measured by repeatedly pumping one electron back
points. The second anomaly is the distinctly different valuend forth through the punth>” In our setup, this charge-

of E. of junctions 1 and 5, as indicated by the different shuttle experiment is performed with switch N1 open, so that
slopes in Fig. 7. Charging energies for all the junctions aresingle-electron errors are easily detected by the electrometer.
listed in Table I. As the table shows, tii& for junctions 5  With N1 open, the pump voltagé, is not controlled, but it

and 6 are significantly larger than for all other junctions,automatically adjusts itself to the point near 0 where
indicating that the capacitances are nonuniform and the €. In the present case, we find that an error occurs on
pump is asymmetric. average about once in 4@ump cycles forr=50 ns. As-

In addition to the transition widths, the electron-box ex-suming that these errors are induced bl ddise, we adjust
periments give information aboug; and C, through the the noise amplitude/a to reproduce the observed error rate.
relative amplitude of the steps W, produced by transitions In this way, we obtainJ/a=5 nV, a value consistent with
in different junctions. Junction 1, being closest to the pointthe 1f noise observed in typical SET electromettts.

WIDTH 26, =kgI/E,

B. Charge shuttle
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TABLE I. Values of charging energy and junction capacitancehow this circuit is used to calibrate capacit@rwe first note
deduced from electron-box measurements. Other pump parametetse presence of a conducting island at potentiglisolated
are Cy=0.065fF, R,=110K), X=03nW/K/um®, Q  py the capacitor€, C;, Cs, andCe. If the pump is used
=0.018um®, andJa=5 nV. to transfer a known charge onto this island, the charge is
generally split among the various isolating capacitors. How-

J 1 2 3 4 > 6 7 ever, if V, is held constant, then the pumped charge is ex-
E(meV) 0220 0248 0269 0271 0.360 0.333 0.215 clusiyely forc;ed qntd:, the cgpacitor under test. The task of
C4(fF) 0215 0215 0215 0215 0.140 0.140 0215 KeepingV, fixed is accompllshed by a feedback loop that
uses the electrometer to monitdy and a controlled voltage
sourceV, to adjust the voltage acro€s With this feedback

With the determination ofr, we complete the character- in place,V. changes to accommodate the pumped charge,
ization of our electron pump. All relevant parameters arewhile V, remains constant, and the capacitance is given by
listed in Table I. Eq. (10).

As an important check of the standard’s operation, charge
is first pumped ontc, then the pump is reversed to confirm
that V. returns to its original value when the charge is re-

As its first successful application, the electron pump wasnoved. In this case, pumping errors are minimized when
used to create a standard of CapaCit&?hﬁ'@.e standard is Vp%O’ since at zero bhias the forward and reverse pump|ng
simple in concept. If a pump is used to alld charges to a errors,&* and £, are both small. Becausg" + &~ is of
capacitor and its voltage changes &Y., then its capaci- order 10°® at V,=0, we might anticipate that capacitance
tance Is calibrations can be performed with similar accuracy. How-

ever, with the pump connected @andC,,, about 5 pF in

_ Nce_ (10) all, the change itv,, produced by a single pumped charge is
AV, much smaller than with N1 open, when all the charge goes to
Cs1~20 fF. With the larger capacitance in place, the charge
sensitivity of the electrometer is reduced, and the accuracy of
the measurement is limited by intrinsic electrometer noise
ather than pumping errors. This noise probably explains the
31077 relative uncertainty of capacitance measurements
made to daté.

Although the capacitance standard is normally operated

C. Capacitance standard

In actual operatiofi,repeated trials yield a relative standard
deviation of 3x 10~/ for a capacitance measurement.

To measure capacitance using the circuit of Fig. 6, th
needle switch N2 is opened and N1 is closed, creating
configuration first suggested by Willianet al? To explain

s 05 ' ' ' ' ' ' with V, near 0, the feedback circuit can also be used to hold
QE’ 04 (a) -] V, at any other value, allowing us to investigate nonideal
- @ ? pump operation. To saf,, we begin with the feedback loop
O 03— % é - — open, Ihen shuttle charge back and forth uwtjl settles to
- ] o Q the point near 0 wheré " =&~ and the electrometer output
6 02— -] is constant. At this point, we close the feedback loop and
e o1 ] apply an offset voltag®,, to the electrometer’s second gate
z : capacitorC, . By adjustingV,,, we can chang¥, according
0.0 L1 I I | | I I to
T | | T | | | Co
Vp=Vpot = Vo, (12)
§ 1.0 [’} (b) Ce
E 08 — where V, is the residual value o¥, when the feedback
T 05 | loop is closed. Thus it is easy to contM)}, using the offset
s o voltageV, .
& 0.4 |- ) o —]
b 02]- * 9 . IV. COUNTING ERRORS
0.0 1' ; <|3 L f f %— After setting the feedback to maintain a given value of

V,, we can run the capacitance standard normally, as if no
JUNCTION voltage were applied. Figurg® shows a typical trace of .

FIG. 8. Charging energgg) and relative step amplitudé) asa  VE€rsus time when voltage_—lnduced counting errors are sig-
function of junction number. Filled circles show the result of hificant. Here, the pump is used to repeatedly trankfer
electron-box measurements, open circles are calculated from thig 22'=134,217,728 charges onto and off of capaci@r
values ofC, and Cy listed in Table I, and open squares are for With 7=50 ns, about 50 s is required to complete each
uniform C;=0.215 fF andC,=0.065 fF. Step amplitudes are rela- transfer. After a transfer is complete, the pump is maintained
tive to that of junction 1. in its hold mode, with all charge biases set to 0, for 30 s to
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T 0
5.65752 — (a) 10 I I
S  5.65748
o 565744 h M | n
L -2
Q 1 u 10
5 565992
9  .5.65996 -]
-5.66000 | ©
T T T T
-4
T 10
v
T
(b) T
. 1.900084 &
L \ 4
N P, JENY- A
£ 1900083 Ty v iv v
=9 1.900082 A
g 10
® 1.900081~ ----oooo- A - % T A"
4
| 1.900080 —
3} 1 ppm
1.800079
A
T T T T 1 I | |
200 400 600 800 -200 -100 0 100 200

TIME (s} VOLTAGE Vp (uv)

FIG. 9. (a) Feedback voltag&/, as a function of time for a ) )
capacitance calibration in whidk, = 227=134,217,728 charges are _ /G- 10. Counting errot” as a function of pump voltag¥,,
repeatedly pumped onto and then off of capadifoExperimental Expenme_ntal data are shown for mmng-chamb_er temperatgres of
parameters are=50 ns, Tp,c=37 mK, andV,~100 V. (b) Ca- 4_10 mK (circles, 92 mK (square§ and 110 mK(triangles. Solid
pacitance value deduced when pumping(up triangles and down lines show the resglt of §|mulat|0ns for temperature; of 1:15, 130,
(down triangles The average capacitance values for pumping uIOand 145 mK. The simulations use the parameter set listed in Table I.

and down are shown by filled circles and dashed lines with erroP€cause the voltagey,, in Eq. (11) is not experimentally acces-
bars indicating= 1o sible, the experimental curves have been shifted in voltage to fit the

simulations.

allow measurement ofv.. With V,~100uV, reverse pendent measurements, we might hope to obtain an accurate
pumping is expected to be much less accurate than forwarfit to experiment without adjusting any parameters in the
pumping(cf. Fig. 4), and, because these errors are predomisimulation. However, calculations using the experimental
nately ones in which no charge is transferr¥d,decreases temperatures yield error rates significantly less than those
by a somewhat smaller amount during reverse pumping thaactually observed. Thus, in Fig. 10, we show the result of
it increases during forward pumping. This difference ac-simulations for temperatures of 115, 130, and 145 mK, cho-
counts for the general upward trend Vi apparent in Fig. sen to approximately match the experimental data at 40, 92,
9(a) and provides a direct measure of the error we wish taand 110 mK, respectively. Although estimates of self-heating
study. during pump operation indicate a base temperature for island
Each time the pump transfef$, charges onto or off of electrons around 70 mK, we do not fully understand why a
capacitorC, we obtain an estimate of the capacitance fromfit is obtained only if much higher temperatures are assumed.
Eqg. (10). The successive values Gfobtained in this way are A possible explanation is that self-heating is larger than ex-
plotted in Fig. 9b), with up triangles showing results for pected on the basis of the electron-phonon coupling constant
forward pumping and down triangles for reverse pumping3 found in previous experiment§.
As expected from the voltage plot, capacitance estimates de- Although temperature was taken as an adjustable param-
rived from forward and reverse pumping tend to clustereter, the quality of fit between theory and experiment found
around distinctly different values. In Fig(l9, we show the in Fig. 10 is excellent. In particular, the simulations reflect
separate averages for forward and reverse pumping as dashte same asymmetry between the errors at positive and nega-
lines. The difference between these averages measures tive voltages that is observed experimentally. The asymmetry
counting error, in this case associated with reverse pumpingf concern appears in Fig. 10 as a distinct difference in slope
Experimentally determined counting errafsare plotted  of the log€) versusV,, curves: the magnitude of the slope is
as a function of pump voltag€, for mixing-chamber tem- between 20 and 50% larger for the positive voltage branch
peratures of 40, 92, and 110 mK in Fig. 10. In this figure, wethan the negative branch. Given the complete symmetry of
omit data points nea¥,=0 where the measurements are Fig. 4, this asymmetry in the experimental data was at first
dominated by electrometer noise rather than counting errorsurprising. However, an explanation was found in the fact
in the pump. How do these results compare with theory?hat junctions 5 and 6 of the pump have significantly lower
Because all pump parameters have been determined by indeapacitance than the others. As Fig. 10 shows, the asymme-
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try in junction capacitance completely explains the asymme- | | |
try observed in the counting errors. This agreement demon

. . 0.1 |- t/t=
strates that the ground-capacitance model correctly predict 205
the depth of the energy well that effects the transfer of charge 00— ) _
in the pump. Overall, the agreement seen in Fig. 10 bolster:
confidence in our theoretical picture of pump operation. 0.1 |- —
Using this theoretical picture, we can identify the primary 9
error mechanism active in the pump at nonzero voltages. As__ B ]
it happens, the error mechanism in this case is similar to thag o1 - N
previously identified av,=0,® but the process is thermally &
activated rather than driven by microwave noise. In particu-,_ 0.0 250
lar, errors are most likely to occur at the point in the biasg AEg ’
cycle, shown in Fig. 3 fot/7=2.5, when the charge being w 01 |- & —
pumped occupies island 2. At this point, there is a chanceu
that thermal noise will allow the charge to surmount an en- B N
ergy barrier and return to the input electrode, where it re- ., | ]
mains trapped during the remainder of the bias cycle. Escap
to the input can happen in either of two ways. In terms of 0.0 Q —
island charges, the two error processes are 275
-01 | ) —
A: (010000— (100000 — (000000, e
B: (010000 — (— 110000 — (000000, l l '
{000000) (100000) (010000) (001000)

where the numbers in parentheses list the charge in unis of (-110000)
on each of the six islands. Both of these processes transfer CHARGE STATE
charge from island 2 to the input electrode, but in A tunnel-

ing occurs first in junction 2 while in B tunneling occurs first - ; .
9 J 9 selected states of a seven-junction pump with=—0.1 mV at

In junction 1. . . . .three times betweeti 7=2.25 and 2.75. The pump can move be-
A deeper understanding of the primary error mechanism i . I X A ) _
ween adjacent states by tunneling in a single junction. Filled circles

gained from the energy diagrams corresponding to Processes. in the state most probably occupied during normal UMD Oo-
A and B shown in Fig. 11 forV,=—-0.1 mV. At t/r ity P y oceupl uring pump op

- . 3 o eration. Open circles identify the state occupied when errors occur
=2.25, the probability of the pump being in the minimum- ,y, thermally activated tunneling. In the second column, the higher

energy(010000 state is nearly 1, and any chance of being ingnergy level corresponds to tkE00000 state and the lower one to

the (000000 state rapidly decays by tunneling to the the (—110000) state. The pump parameters are listed in Table I.
(010000 state via (110000). Beginning at about/r

=2.5, however, occupancy of th@00000Q state can no
longer decay rapidly because a barrier limits tunneling to th
(—110000) state. At this time, occupation of tf@0000
state begins to increase due to thermally activated tunnelin
from (010000 via (—110000). The accumulation builds
(open circle until shortly aftert/7=2.5, when the bulk of
probability (filled circle) moves on to the(00100Q state.
Since a small probability of being in th®00000 state re-
mains, however, we have errors that occur by escape to the
input. Because the energy of the intermediate state
(—110000) is lower than that dfL00000, these errors pri-
marily occur through process B. Thus, assuming our model The results presented here lead to a number of conclu-
applies to the experiment, process B accounts for most of thsions regarding the application of electron pumps as capaci-
counting errors observed nedp=—0.1 mV. tance standards. For the seven-junction pump under study,
As shown in Fig. 10, counting errors at high voltages,experiments and simulations show that, at temperatures
|Vp|>50 ©V, increase exponentially with both voltage and above 100 mK and pump voltages above 5@, pump er-
temperature. This observation is easily understood in termsors increase exponentially with both temperature and volt-
of the energy diagram shown in Fig. 11. Because an energgge. Clearly, this high-voltage regime should be avoided in
barrier AEg must be overcome in the transition (010000) capacitance calibrations. Although calibration uncertainty at
—(—110000) of process B, this step limits the error rate.low pump voltages is presently limited to aboux 30~ by
Assuming that all islands are at roughly the same tempereelectrometer noise, simulations and shuttle experiments sug-
ture, the first term of Eq4) gives a rate for this limiting step gest that uncertainties as small as iare possible near
proportional to the Arrhenius factor expQEg/kgT). Thatis, V=0, if electrometer noise can be reduced. According to

FIG. 11. Electrostatic energy as a function of charge state for

gecause the limiting step is thermally activated, we expect an
exponential dependence on temperature and barrier energy.
But AEg is linearly dependent on the pump voltagg, so

the Arrhenius factor also translates into an exponential de-
pendence of error on voltage. Thus we arrive at a simple
qualitative explanation of the primary experimental results
shown in Fig. 10.

V. CONCLUSION
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simulations in this low-voltage regime, pump voltages of a
few microvolts can be tolerated without significantly affect-
ing counting errors. Thus bias voltage is not presently an The authors are pleased to thank Neil M. Zimmerman for
obstacle to improving the accuracy of capacitance standardsupplying the cryogenic capacitor used in these experiments.
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