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Analysis of multiphase clocked electron pumps consisting
of single-electron transistors
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Pump circuits consisting of single-electron transistors are analyzed in which electrons are pumped
by multiphase clock pulses. An optimal low-temperature operation condition is presented where
pumped current is maximized, yet the power consumption is not. Approximate formulas for the
number of electrons transferred per clock cycle and the power consumption are derived for that
condition, which clearly show the advantage of the pump circuits for low-power applications. The
power consumption becomes even less at higher temperatures. However, the relatively large island
capacitance between transistors limits the operation temperatur00® American Institute of
Physics. [DOI: 10.1063/1.1358314

I. INTRODUCTION the capacitances of clocking gates. The clocking-gate capaci-
tances, which are situated between MTJ transistors, are con-

The ability to control the transfer of single electrons is a derably | h h i in th A
distinctive feature of single-electron devices. Some of them,SI erably larger than other capacitances in thé pump. As a

including the single-electron turnstiieand the  single- result, component MTJ transistors work virtually indepen-

electron pumg, are able to transfer electrons one by Onedently of one another as if being voltage biased, and basi-

synchronized with some clock signal. There have been som%ﬁ"y the pump operation reflects the MTJ transistdrsV

proposals for circuit construction which exploit the precisionC ara}cteristics rather than the precisef:harge c.onfigurati'on in
control of single electron$:® In those circuits, presence or the C'_rcu't' in oth_er words, Tsukag(_)shl S bump 1S esse_ntlally
absence of a single excess electron represents a single pit? Seres connection of ac biased smglg-electron transi’ét(_)rs.
Tsukagoshiet al. later experimentally demonstrated the It |mpl|es that the pump is not very suitable for transferring
operation of electron pump circuits composed of muItipIepremsely one electron per cycle. If one calculates the number
tunnel junctionsMTJ9).57 The MTJs were formed in side- of electrons transferred per cydi, from the net current

gateds-doped GaAs wire&® By applying a negative voltage and the clock frequencyusing the relationship=Ncef, N
to a side gate, ultrasmall islands appeared in the twols typically a few tens to several hundred. However, the

dimensional electron ga@DEG) layer due to randomly dis- pump is still a “single-electron” device in the sense that it
1uti|izes Coulomb blockade of single-electron transport as

side-gate bias voltage, the side gate also worked as a singl}ﬁl-'” Ee elaborated up(t)_n Iatefr. licati h iticlocked

electron transistor gate, thereby turning an MTJ into a tran- rom a perspective of application, the multiclocke

sistor. Two types of pumps were studied by them. One conPuUmp is potentially useful as a building block of binary de-

sisted of a pair of MTJ transistors and was driven by an aﬁiSion diagram(BDD) logic circuits? Somﬂéégxperiments
clock signal® It was also referred to as the bidirectional ave already been conducted along the | However,

electron pump. The other contained three or more MTJ trant-he pump’s charge transport mechanism and its possible per-

sistors and was driven by unipolar multiphase clock pu]ses,{ﬁ.rmance hav%.no.t bﬁen yvel::—undetrs.tct)od ytetl. AELnong other
as shown in Fig. 1. We look into the latter multiclocked i mgls, powler |sst|pa |0nt|s| 0 g;ea Interes .dnt elconvgn—
pump circuit in this article. ional complementary metal—oxide—semiconductor logic cir-

In spite of its apparent resemblance to the “original” cuits, the power of a logic gate is
single-electron pump,the operation principle of Tsuka-
goshi’'s multiclocked pump is quite different from that of the
original one. In the case of the original pump, all the CapaCi'\/vhereq:C,_Vdd is the amount of charge that flows from the
tances contained in a device are of the same order. Consgz supply line to the ground per clock cychy is the dc
quently, it is indivisible in the sense that one has to considegupmy voltage, andC, is the effective load capacitant®.
the condition of Coulomb blockade taking the entire devicegince the pump does not have any dc bias, the common way
into account. On the other hand, Tsukagoshi's pump Ny, estimate the power is not directly applicable. The purpose
volves two different capacitance scales. One is of the capaciy this article is to analyze the operation of the pump circuit

tances that constitute an MTJ transistor and the other is Qf;ithin the semiclassical model and to evaluate the power

dissipation, with the said application in mind. The next sec-
dElectronic mail: sa264@cam.ac.uk tion describes the basic theory whereby we perform analysis

P:quXVdd, (1)
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@ mTI1 MTJ2 MTJ3 MTJ4 We therefore do not know the amount of entropy generated
node1 [[m node2 [IID node3 [[m by these processes. However, by the principle of conserva-

J_ [IIB _L J_ J_ tion of energy,
i T —I_Cel —I_CGz —|_Ccs h dU=d’\Ne+inrrev, (2)

where, following the convention of thermodynamics,
(b)) TR1 TR2 TR3 TR4 dQiev=AF=F(t+At)—F(t) is the heat added to the sys-

o ) tem within the time intervak and t+At. Here we have
l mIm | U]Im I mI[l] | D] [ I]] l introduced an energy function
T T T T

7 A B Ve F=U-W,. &)

Vo Ve Vs Thus — dQ;ev= — AF is the energy transferred to the envi-
ronment, and- AF/At is the power dissipation. We evaluate
© vi——— the energy consumption and the power using a cumulative
o Lf ./\ /\ time total of AF for a simulation run. Evidently, it almost equals
; C I, — W, over the long run.
] 1 . .
Ve | 8] /\ | /\ /\ Single-electron systems can be characterized as systems
T with noticeable electrostatic energy charnge due to trans-
V., —— port of a single electron. Given the current—voltage function
’ V,,I/\: AN h I(V) of a voltage-biased tunnel junction, the rate of single-
! electron tunneling in the positive directiortis
VP4 i
\\ /1\ /\ / . I(—AF/e) 1

4

FIG. 1. The pump consists of three or more MTJ transistors and is driven by e 1- quAF/kBT)

multip_hase clock pu!ses. Electrons are pumped from the left _to the rightHereAF is the Change irF associated with the tunneling
Clocking-gate capacitanc€x;; are much larger than other capacitandes. . . .
Pump circuit with four MTJ transistordb) A simpler model with MTJ ~ €vent and—AF/e is the effective bias voltage across the
transistors being replaced by two-junction transistérsUp to four trian-  tunnel junction. At the limit oAU — 0, the evident result for
gular pulses are used to drive the pump. Each pulse overlaps with the PU'S%nonsingle-electron caskF = —eV, is naturally recovered.
applied_ to adja(_:gnt clo_cked node§.=1/2f _andfé‘t_=0.25 are taker] unless We useI(V)=V/RT in our simulations, whereRT is the
otherwise specified/,, is not used in(@). Itis used if a pump contains more . . .
than four MTJ transistors. so-called tunnel resistance. Although an Ohini/ relation
is a crude approximation, it is acceptable in this study be-
cause, in the multiclocked pump, the voltage across each
and simulations. The simplified model used in this article istransistor does not exceed the Coulomb blockade gap voltage
presented in Sec. IIl. Section IV is devoted to the analysis o¥ery much.
the pump operation at the low temperature limit. Approxi-
mate formulas for the number of electrons transferred peﬁl MODEL
clock cycle and the power consumption are derived. The
effect of finite temperature and the upper bound of operation  As mentioned earlier, clocking-gate capacitane®s;
frequency are treated in Sec. V. Finally, an outlook for scal-are assumed to be sufficiently larger than other capacitances
ing down and the logic circuit application is discussed in thein the circuit. It ensures that tunneling of an electron onto or
last section. out of a clocked node does not change its voltage signifi-
cantly. Each MTJ transistor, therefore, may be regarded as
being voltage-biased with relevant island potefgialy; and
side-gate bia¥; .******We approximate each MTJ transis-
Semiclassical treatment of single-electron circuits withtor with a two-junction single-electron transistof! as
the global rule of Coulomb blockade is known to work rea-shown in Fig. 1b). This approximation was also employed
sonably well for application-oriented circuit analySédVe  to analyze the bidirectional electron pufff We further
apply it to pump circuits consisting of tunnel junctions, ca-assume the pump to be uniform; that is, all transistors and
pacitors, voltage sources, and ideal leads. The amount @; are the same. We analyze the operation of the pump
energy dissipation is what one needs to know to calculateircuit under these constraints.
tunneling rates and to evaluate the power consumption of the The effective isolation of component transistors enables
circuit. LetU and W, be, respectively, the electrostatic en- us to analyze the pump circuit using the Coulomb blockade
ergy and the work done by the voltage sources. The energstability diagrams of each individual transistor. A single-
W, supplied to the circuit will ultimately be transferred to electron circuit is in a Coulomb blockaded stébe stable if
the environment as heat, whatever the actual physical praio tunneling event is energetically favorable. The stability
cesses involved may B& Under the global rule, the overall condition for the two-junction single-electron transistor
dissipation process is assumed to be fast enough. The eleshown in Fig. 2 is derived as follows. Supposing the change
trical work performed by voltage sources is irreversible, andn all V; during a tunneling event is negligible, the electro-
so is the heat transfer from the circuit to the environmentstatic free energy Eq3) may be written as

Il. ENERGY DISSIPATION AND TUNNELING
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FIG. 2. Two-junction single-electron transistan, andm, are the numbers
of charges that have tunneled through and C,, respectively.q, is the
background charge.
Ql & Q}
Fimp,my)=s~—+ 5+ 5~ +5~—QgV
(my,my) 2C; 2C, 2C4 2C, QuVe ce/2C,
—(me+Q)Vi—(—me—Qx)Vy, (5 v
1
wherem; andm, are the numbers of charges that have tun- (b)
neled through junction€; andC,, respectively. By elimi-
nating all theQ; in Eqg. (5) we obtain
IR
F(mlrmz):_[(ml_mz)e+qb+cgvg]z ;
2Cs 2-CV
elz- el2-C,V,
me C,+C —— ez
— = [(C+Cy+Cp)V—CyV,] \
CE V.
2
m,e 12+C.V,
~ & [C1V1—(C1+Cyt+Co)V,] -”—a-u e/24C,V,
2 C+C+C,
+const, (6) < el2-CV
where Cy=C;+C,+Cy+C, and q, is the background CHCtCy
charge on the central island. The constant term does not de- -”_/ZZ_CEX& -
pend onm; nor m,. The background charge shall be as- !

sumed to be zero from now onward. The stability condition

for the neutral state nj;—m,=0) is given by F(£1,0) FIG. 3. Stability diagrams of the single-electron transistor. Shaded areas are
~FO0>0 and F(0:=1)-F(0.0>0 i the present Jis Cuionmionan o s e b o
cgse, the three voltage Sowdéﬁ Va, andVg _SpEiﬂ a three- plzane: which corresp%nds to TR1, can be obtained by su%stitu{ﬁgcl?
dimensional space. Two different cross sections of the stablg,qc,  forv,, C,, andc,, respectively(b) V,— V, plane. The rhomboid
region are shown in Fig. 3 as shaded areas. These diagramgves along the lin&/; =V, if V, is changed.

shall be used extensively to analyze the pump circuit. By

taking advantage of the virtual isolation of transistors, we

will substitute ¢; and ¢;, ; for V; andV, in Fig. 3 and Eq.  tunneling of a single electron is approximat@ly¢~e/Cg

(6). Our numerical simulation, however, does not use suck=1.6mV and sufficiently smaller than the other relevant
an approximation method. voltage scalee/Cs=29mV.

In the following, we mainly consider the four-transistor
pump circuit shown in Fig. (b). The fourth clock signaV/,,
shown in Fig. 1c) is used only if a pump contains more than
four transistors. However, it is “reserved” even in the case = We first focus on the electron pumping at the low tem-
of the four-transistor pump. To put it in another way, theperature limit. In the case of the four-transistor pump in Fig.
rising part of a pulse itV ,; overlaps with the tail of a pulse 1, electrons are pumped from the left end to the right end.
in V4, and not with that inv,3. Although not unduly det- When a clock voltagev,,; rises, the corresponding island
rimental, three-clock-signal operation is prone to degrade theoltage ¢; also rises and electrons flow onto the island. It
pump operation especially when the temperature is high, sehould be noted that in general electrons may flow onto the
that the use of four clock signals is preferable. The paramisland through both transistors which are connected to it.
eters used in our simulations a@g=C,=2aF,Cy=1aF,  Which transistor becomes conducting depends on the poten-
Co=0.5aF[not drawn in Fig. )], Cc=100aF, andR; tial balance in the circuit. Similarly, whewi,; falls, electrons
=200 K). With these parameters, the change¢indue to  may flow out of the island through both transistdss.is the

IV. CHARGE TRANSPORT AT LOW TEMPERATURE
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0, o, undesirable, reverse-direction tunneling through TR2 be-
(a) TR1 (b) TR2 - comes energetically favorable. Then, provided the clock fre-
quencyf is not too high, the point moves tA along the
border repeatedly crossing it owing to the competing effect
of tunneling and increasing,; : tunneling lowersp, by ¢
per tunneling event anil,; raises¢,. Meanwhile, ¢, be-
comes higher since node2 loses some electrons. Once the
state point reache8, transistor TR1 becomes conducting
and the point is nearly pinned there untf}; =V, because
no other border is crossed anywhere else. Thus electrons
enter the pump through the entrance transistor TRA. at

) €27 CVgs
oa( )—CngJFCO

)

is the approximate upper bound of the voltage across the
entrance transistor. Whevi,; starts falling andv,, starts
rising, the point moves from to D in Fig. 4(b), whereas the

(d) TR4 . (c) TR3 point immediately reaches the unwanted bordeE an Fig.

4(c) and moves along the border. This means that electrons
FIG. 4. A nonoptimal pump operation @=0 K with all V;=0V. The  are tunneling from node3 to node2 through TR3.DAt the

trajectories shown are the projection of the trajectory of the state point in Eboint is pinned and electrons flow from nodel to node2
high-dimensional space onto the relevant planes. Borders for forward—h h TR2. Next. th int fromn to E d el
direction tunneling are drawn with solid lines and those for reverse-directiorF roug - Néxt, thé point moves irobh 1o = and elec-

tunneling are drawn with broken lines. trons move from node2 to node3 Bt This time no un-
wanted tunneling occurs becauSehas not been reached in
Fig. 4(d). Finally, the point goes to the last pinning polt

net number of electrons transferred per clock cycle and naand electrons are drained off node3 through TR4. Similarly

necessarily the number of electrons contained in a packeb A, we see that

that would move along the pump, if such a packet existed.

Electrons that flow in the reverse directidright to left) ba(H)=— M

adversely affect the net current, that is, some electrons move Co+Cy+Co

back and forth within the pump without contributing to the 5 he approximate lower bound fafs.

net current while consuming energy. This can readily be con- 1 reverse-direction tunneling reduces the net current,

firmed by transient simulations. For the pump operation to be,, 4 therefore should be prevented. With regard to the edge

efficient, electrons should flow in only one directi@eft to transistors,B and G should not be reached to prevent the

right). One way to rectify the electron flow is to make the yoyerse flow, wheread and H should be for successful

clock pulses appropriately overlap with each other as ShOWBumping. This tells us tha¥,; should be negative and,,
in Fig. 1(c). This has empirically been known to be of crucial gnqyiq be positive. Better Stil g

importance to get a net currehhowever, it is not the suffi-

®

cient condition. We will show that one may achieve almost e Y el G, 9
perfect rectification by properly choosing the side-gate biases z_cg< 91> c_g 2 Cs ©
of “edge transistors’[TR1 and TR4 in Fig. (b)] while set-
ting all other side-gate biases to zero volts. and
A state of the pump can be represented by a point i|j the o /1 C, e
space spanned by afl, andV,;. The state point moves in =5 = |<Vu<s= (10
g Cyl2 Cs 2C,

the space as clock pulses are applied. The pumping mecha-
nism can be understood by considering the trajectory of thehould be satisfied for smalled¢,(A)/¢.(B)| and
point. If the pump starts its operation from a neutral condi-| ¢,(H)/$,(G)|. The overlap of the clock pulses helps to
tion (without any excess charges in the pympsettles into  keep the state point from reachilyand G by moving the
a steady operation mode in a few clock cycles. Figure 4ooint to the next transistors’ forward-direction borders. More
schematically shows such a steady trajectory, projected ontatuitively, the falling pulse pushes electrons out of the
four planes, each of which also shows the correspondingresent node, and the rising pulse pulls in the electrons to the
transistor’'s stability rhomboid. The edge transistors arenext node. As for other transistors, the trajectory should not
working in a somewhat different manner from other transistouch a border in theb;—¢;,; plane wheng; increases, as
tors, since one of their electrodgsource or drain is in Figs. 4b) and 4c). This will prevent tunneling in the
grounded, so that th¢-V, planes are shown for them. The unwanted direction through the corresponding transistor. But
¢i— &1 planes are shown for other transistors. the trajectory should reach a border whilg, ; increases.

In Fig. 4@ the state point moves betweén and D. This leads to tunneling in the favorable direction. Whether
WhenV,, and hencep, rises, the point moves towam. these conditions are fulfilled depends on the choic&/ gf
However, before it reaches, it reachesC in Fig. 4b) and  andV,y, as well as on the position of stability rhomboids in
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FIG. 5. Steady trajectories for well-chos&fy; and Vg, at T=0 K. V,, 050 150 100 20 6 S0 100 150 a0
=Vg3=0 V. The state point draws triangles in tig— ;. , planes. V,, (mV)

FIG. 6. () Net currentl and(b) powerP as a function ol for different

s : i values of clock amplitudé/,. The triangular condition occurs at around
the ¢~ ¢+, planes[Fig. 2b)]. We will simply leave the = ~" " “*o” o0 — 42 MV Vg 42 MV, Voe100mV, 1

rhomboids at the center by settivg, andV3 to zero, and 3 2 andT=0 K,
change onlyy; andVgy,. It should be noted that no clock
pulse pushes electrons from the ground into nodel Whjle
rises nor does it pull electrons out of node3 to the ground
while V3 falls. The edge transistors therefore require speciahumber of electrons which enter the pump through TR1.
consideration. Therefore

Figure 5 shows the steady trajectories for a set of well- o B
chosenV,; andVy,. While the state point is moving fro Ne~{Vp=[¢2(A) = 41(D)]}/ 54, (D
to A in Fig. 5@a), the point is always within the stability where ¢,(A) is given by Eq.(7) and §¢~e/Cg. Pinning
region for TR2 as shown in Fig.(B). As a consequence, points like D in the ¢;— ¢, planes are determined self-
electrons flow into nodel only through TR1At Unlike in  consistently. It is not straightforward to find the steady tra-
Fig. 4(b), the slope of the next segment of the trajectory,jectories from a given set of side-gate biases. However,
AD, in Fig. 5b) is —45° because no transistor is conduct- ¢,(D) may be approximated t¢,(D’).
ing. Subsequently electrons flow through TR2Dat next
through TR3 af, and finally through TR4 atl. Thus elec- $,(D')= —(CyH+Cy+Co—Crel2 _
trons are almost perfectly rectified in this case, and therefore (C1+Cy+Cp)(Cy+Cy+Cp)—C1Cy
it is an optimal operation condition. In this condition, the

trajectories ing; = 1 planes“a.re isosceles ”.g.ht_a,r]gled tri- (12), we obtainN.=46.7, which is in good agreement with
angles, so we will call it the “triangular condition.” In this the simulation

case, only one transistor is conducting at a time, which ) . . .
. . Since only one transistor becomes conducting at a time
means that packets ®f. electrons are indeed conveyed in ) .
andN_.e is the charge that passes through it, the power con-

the pump. sumption due to tunneling is given b
The net current and the power are plotted as a function P 9159 y

of Vg, in Figs. @a) and @b), respectively. The triangular .
condition occurs around the current maxima, where the P=f><Nce><E Vgnzr
power is not maximal. Although the power is not minimal in '

that condition, the net current flows only in the triangular =fN.e{p1(A)+[pa(D)— p1(D)]

condition when the clock amplitudé, is small. One should N E)— bo(E)— da(H 13
therefore use the triangular condition and smallgrto re- [#3(F) = ¢2(F) 1= bs(H)1}, (13

duce the power. Otherwise, the pump will consume extrayhereV\) is the voltage drop across thth transistor when

energy in vain. it is conducting[cf. Eq. (1)]. By making use of Eq(12),
The triangular condition also facilitates the estimation of

N, and the power from the circuit parameters because tun- D)= 1(D)~ 2(Cy+Coe
neling events are localized to a particular transistor at eac 2 ¢1(D)~ (C1+Cy+Cp)(Cy+Cy+Cy)—C4Cy
moment. By virtue of the perfect rectificatioN, equals the (14

(12

The simulation givedN.=45.4. Using Eqs(7), (11), and
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(a) 10

7=0,4,8,12,16K

e

00 -150 -100 50 0 50 100 150 200
Vi (5 —Vg) (mV)

0
200 150 -100 50 O 50 100 150 200 .
Vo (=—Vg) (mV) 0 0.2 0.4 0.6 0.8 1

FIG. 7. (a) Net current andb) power vsV (= —Vg,) for various tempera-

tures.V,=100 mV andf =1 MHz. FIG. 8. Net current vs normalized phase defayt for different tempera-

tures. See also Fig. (9. V,=100mV and f=1MHz. (a8 Vg
=—42mV, Vge,=0V, andVg =42 mV, which gives the triangular condi-
and the same fo4(F) — ¢,(F). Thus we can estimate the tion atT=0K. (b) Vg;=V,=Vg3=0 V.
power to beP=0.6 pW. The simulation result is alsB
=0.6 pW. We note that Eq14) is a slight overestimate,
whereas the simulation result includes the energy dissipatioguickly; see Eq(4). The current is plotted in Fig.(@) as a
due to charging and discharging of capacitances. function of Vy,(=—Vy,) for different temperatures. The
The charge transfer mechanism in pumps with morecurrent maxima approactiy; = —Vg,=0V as the tempera-
transistors can be understood in the same way as the foutdre rises. At higher temperatures, some energy is supplied
transistor pump. Steady trajectories in the— ¢; 1 planes from the environment, so that the power consumption de-
become triangles at almost the same edge-transistor side-gateeases as expected, which is shown in Fity).7
biases as the four-transistor case, and the approximation Figure 8 shows the current in a three-transistor pump
method presented above is also applicableéatis mutandis  circuit as a function of the normalized phase deldy [see
Although we have only tried adjusting side-gate biasesrig. 1(c)] for two sets of side-gate biases for the edge tran-
of the edge transistors, one could further improve the pumgistors, namelyy, and Vys. In their experiment, Tsuka-
operation by changing the capacitances of the edge transigoshi et al. found f st=0.25 to be optimal. They also ob-
tors. For instance, as regards TR4, asymmetry of the rhonserved both positive and negative currents as they changed
boid about theV, axis increases by makinG,;<C,. This  the phase delay. Figurda, which is in the triangular con-
leads to lessef¢,(H)/#4(G)|, as can be seen from Fig. dition at T=0K, indicates the strong rectification in that
3(a). Fine tuning of circuit parameters therefore is also ancondition, positive current is seen even with nonoptimal
option worth exploring if sufficiently accurate fabrication phase delay. However, as the temperature becomes higher,
technology is available. the net current vanishes rather quickly. With zero side-gate
biases, current continues to flow up to much higher tempera-
tures as shown in Fig.(B). The higher temperature results
are in good agreement with the experimental results of
The main effect of nonzero temperature on the pumprsukagoshiet al.” We suppose the experiment was carried
operation is to cause unwanted leakage current. At higheout in this regime, where the temperature was not very low
temperatures, the trajectories of a state point are no longer asd the side-gate biases were near the middle of stability
simple as those in Figs. 4 or 5, and it is difficult to makerhomboids.
good use of them. Qualitatively, stability rhomboids effec-  The two characteristic temperature scales involved in the
tively shrink with temperature, so that the side-gate biases gfump aree?/2Cykg=170 K ande?/2Cskg=9 K. The high-
the edge transistors that give a maximal current tend to shifést operation temperature is determined not by the small is-
toward zero, i.e., the middle of stability rhomboids. Theland capacitanc€s of the MTJ transistors but by the com-
magnitude of the effective shrinkage increases rapidly wittparatively large clocking-gate capacitan€®;. This is
T, as AF that gives the same leakage rate grows verybecause the state point spends much of the time around the

V. TEMPERATURE AND FREQUENCY LIMITS
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FIG. 9. Current and power vs temperature for different numbers of transis- el -
tors in a pump(a) and(c) are in the triangular condition 8t=0 K. For (b)

and(d) all side-gate biases are 0 V. f=1 MHz

pinning points where the energy barrier for unwanted tunnel- W00 150 100 50 6 50 100 150 200

ing is of the order oed¢.'° Figure 9 plots the current and Vi & =Ve) (mV)

the power versus temperature for pumps _vvith different NUME G 10, Frequency dependence of the pump cur@tT=0 K. (b) T

bers of transistors. Figureseéd and 9c) are in the triangular —12k.

condition atT=0K and Figs. %) and (d) are with zero

side-gate biases. Again, zero side-gate biases tend to give

more current at higher temperatures. The results confirm th&urrent does not increase linearly with as confirmed in

the highest operation temperature is determinedCy.  Fig. 10@). We add that the threshold frequency depends on

Given the relative insensitivity to the temperature and to theside-gate biases.

transistor number seen in Fig(®, the zero side-gate bias At nonzero temperatures, the delay becomes shorter and

operation is a reasonable choice. thermally activated tunnelingwith AF>0) also occurs.
Too high a clock frequency leads to missed tunneling Thermal errors affect pumping more at low frequencfes,

events. After a state point has crossed a stability border, the@nd it is seen as deeper current troughs in Figojlax lowf.

is a finite time delay before tunneling takes place. At mod-The upper frequency limit does not differ significantly from

erate frequencies, the delay is less than the time it takés  that for the zero-temperature case.

change bys, which we write ad ;,= (6¢/Vp) X (1/4f). If

the delay is comparable to or longer thap, a pump cannot V1. DISCUSSION

fully follow the clock signals and the pumping operation  \ye have investigated the operation of multiclocked

deviates from ideal” The upper frequency limif g, for pumps using a simplified model, assuming rather idealized

vanishing temperatures can be estimated as follows. Thgy ations, such as the uniformity of the pumps. We have

time delay approximates to the inverse of tunneling rat§jerived approximate formulas which enable one to evaluate

,F - Itis convenient for the present purpose to expreBs the number of electrons transferred per clock cycle and the

in the form AF =—e(V;+Vy)/2, whereV; and Vy are the e gissipation from a given set of circuit parameters. Be-

voltages across the tunnel junction before and after tunneEause of the restrictions imposed, our approximation method

ing, respectively. In our case/; ;~=*e/2Cs, and at a suf-  iont he more useful as a means of estimating the best pos-

ficiently low frequencyV;+V—0. In the higher frequency e performance achievable by such pump circuits, rather

fange we are interested iV +Vi~d¢, and henceAF 40 a5 3 means of understanding the details of nonideal,
~-—e“/2C;. Using Eg. (4) and 1(V)=V/Ry under experimental results.

keT/AF<—1, The estimated operation temperature and frequency are
1 4V ¢ not particularly high even w_ith the relatively optimistic nu-
@Z 5 ~1= 2eR: (15) merical values used in the simulations. The power consump-
tion, on the other hand, is very low. This is because of the
We therefore obtain small number of electrons involved and the low operation
e voltage. Operation with a much higher clock frequency, e.g.,

fnac s =<7 (16) fmax, 1S perfectly acceptable in this capacitance range, as far
8V,R:Cg . A
P as power is concerned. If the entire circuit is scaled down
as a rough estimate of the frequency above which the pumwith keeping the ratioCs /Cg constant, higher values of
operation is expected to degrade. The numerical value falemperature and frequency would be achieved in theory.
our simulation isf,,~1x10° Hz, roughly above which the However, the scaling also means operation with accordingly
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