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Extending the high-frequency limit of a single-electron transistor
by on-chip impedance transformation
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We have fabricated an aluminum single-electron transi@&T) and characterized it at frequencies up to
700 kHz. The relatively high frequency was achieved by reducing the capacitance at the SET output. The SET
was bonded to an InP high-electron-mobility transistdEMT), and biased through a smak100 um)
on-chip resistor made of 150 tunnel junctions in series. The output-voltage swing of the SET decreases with
increasing HEMT current because of heating. Thus, the gain of the HEMT was limited and therefore the noise
performance of the system was limited tx :BO"‘e/\/H_z at 10 kHz.[S0163-18206)00120-9

A single-electron transistbf (SET) is a device that is cies, such as single-electron tunneling oscillations from a
based on the Coulomb blockadi&.lt consists of a small current biased tunnel junction. It can, for instance, be used in
metallic island that is connected through two very small tun-a current standard where the tunneling eventsnaoeitored
nel junctions to the source and drain terminals and capacin the single-electron level rather thaontrolled, as is the
tively coupled to a gate terminal. The SET can measure vergase in the turnstifeand pump concepts.
small changes of charge on the gate capacitance. Sensitivities The sample was measured in a dilution refrigerator at
as high as % 10~%e/ JHz have been report&dt 10 Hz. SET temperatures be_tween 15 and 50 mK. A magnetic field of
transistors have been successfully used to study singld-2> T Was applied to quench superconductivity in the alu-

: minum films. The bias currents and output signal were fed
frECterq' tiini?:lllg\?v (e)veer;;sti;'g If(: 2’ Lrggger?\cl:f;igrr]aiv;/bsaeikbof thebetween the SET-HEMT hybrid and room temperature via
P d Y Y "€ 5-m Thermocoax filtetd at 50 mK (25-) series resistance

RCtime constant of the output resistance of the SET, and thgYnd 220-pF capacitance to groinand 1.5 m of thin copper

capacitance loading the SET output. The output resistance Olires. Each lead passed through a 100-pF feedthrough ca-
a SET must necessarily be higher than the quantum resis-

tanceRk~26 k() and is typically of order 100Q. The elec-

trical lead that brings the signal up to room temperature (‘VC)
loads the SET output with a capacitance to ground of orde * : D
300 pF. This results in aRC cutoff frequency of order 5 ‘ G i pesmenaiel
kHz. >
In this paper we report results with a circuit where both a et

high impedance bias resistor and an active output impedanc ' g
transformer are integrated on chip to reduce the load capac |,1 um,| |._1oo um_.{ |‘__1oo um_.|
tance. The bias resistor is fabricated using a large humber ¢
tunnel junctions, each having a tunnel resistancBy /2. (d)
The impedance transformation of the SET output signal is
achieved by connecting a high-electron-mobility transistor
(HEMT) close to the SET output; see Fig. 1. This configu-
ration reduces the load capacitar€g, by a factor of 1000
and results in a device which can operate at frequencies up 1
700 kHz. The cutoff frequency is then set by tRE time
constant at the output of the HEMT circuit. A similar experi-
ment, which used a HEMT but no on-chip resistor, was re-
cently performed in Delff. A theoretical upper limit for the
speed of the SET itself is given by the tunneling rate in the
SET which is roughly RRC, whereR and C are the resis-
tance and the capacitance, respectively, of the tunnel junc
tions in the SET. The theoretical limit is of the order of 10
GHz for our SET. FIG. 1. (8 SEM and(b) and (c) optical images of the SET
The coupled SET-HEMT device can be used for lookingtransistor, the integrated resistor, and the HEMT, respectivd)y.
at real-time single-electron tunneling events at high frequen€ircuit diagram. The cold part is within the dashed box.
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pacitor at room temperature. To avoid cross talk, the input/g,,=—0.3 V andr gyr=~200 Q. The source of the HEMT
signal was fed to the SET gate via a 2-m stainless-steel cavas chosen as the ground point.
axial cable and a 0.5-m Thermocoax filter. The total capacitance loading the SET output
The SET tunnel junctionfgFig. 1(a)] were made of alumi- (C,;~0.23 pP was the sum of several contributions. The
num on an unoxidized silicon substrate, using an anglelominating contributions were the self-capacitance of the
evaporation techniqué:*? Each of the two junctions had an bonding pad on the SET chip;100 fF, the bonding wire,
area of approximately 8080 nn?f, which gives a capaci- ~30 fF, and the capacitance between the gate and the two-
tance of order 300 aF. The resistance per junction was 5dimensional electron gg@DEG), ~100 fF. Thus the cutoff
k. The SET showed typical periodic response as a functiofrequency of the first stage of the circuit was approximately
of gate voltagBwith 175-uV maximum voltage swing. The (27T sg1Cr1) ~*~5 MHz, wherer ger (~150 KQ) is the dif-
gate voltage period wadVy,=9.4 mV corresponding to a ferential resistance at the bias point.
gate capacitanc€,=e/AVy=16 aF. The on-chip drain re- The capacitance loading the HEMT outputGs,~1.5
sistor R, for the SET[Fig. 1(b)] was made of 150 larger nF, coming from the bias and output leads plus an unused
junctions in series, each having a resistance close to theoaxial lead. The cutoff frequency in the second stage is then
guantum resistance. The junctions were sufficiently large sapproximately (2rr yemtClo) L, which for rygyr=200 Q
that the charging energg?/2C was not much larger than gives 0.5 MHz.
kgT. Therefore, there was practically no Coulomb blockade When the SET is used as an electrometer, the dc gate
in the array and its current voltage characteristic was almostoltage level is adjusted such that the average charge on the
linear even at very low temperaturtsThe total resistance island is an integer plus or minug, where the SET has
of the array was 2 M. This array resistor cuts off the stray maximum sensitivity. In Fig. @), a 10-kHz triangular wave
capacitance of the SET biasing lead. We have used an arrayith a 9.4-mV peak-to-peak amplitude was added to show
of 150 junctions rather than a single or double junction, sincéhe gate-voltage dependence and frequency doubling as one
a single or a double junction would give one or two addi-electron charge is added and subtracted in each period. In
tional islands) whose charge would be affected by the gateFig. 2(b), a 0.2 step response is plotted for three different
potential. In that case, the output signal would be a functiorVsy settings. Here the leads at the HEMT output were loaded
not only of the SET but also of a gate-voltage-dependenby two additional 1.5-nF filters which increased the settling
“resistor.” Furthermore, the array makes the transistor mordime (i.e., decreased thRC cutoff frequency. The signal
current biased than voltage biased, which should increase thevel of the lowest trace of Fig.(B), was lower than the rms

voltage swing of the SET. noise level, and the wave form was only distinguishable after
The HEMT was made on an InP substrate with aaveraging a large number of traces. _
modulation-doped lattice-matched ,Al; _,As/Galn;_,As At temperatures below 50 mK, the maximum output volt-

heterostructure. The double gate dedifiy. 1(c)] was origi- ~ age swing in the SET transistor is 1758/. However, when
nally optimized for a wide-bandwidth low-noise amplifier in the HEMT was biased with a current corresponding to a
millimeter-wave application&! As such it has a small input
capacitancg50—300 f§ and acceptable dc characteristics (@)
with low noise at low power. It has gate length 0,48, gate
width 2X75 um, and the distance from the gate to the two- -
dimensional electron ga@DEG) was thinned down to 30 E
=

T

nm through selective wet etching. The leakage resistance
through the gate was 2 §1 at room temperature but ex-
ceeded 50 @ at low temperature. In this measurement, we

used one of the two sources as a drain. This choice increased

the voltage gain, but at the same time decreased the cutoff (b)
frequency, each by a factor of 4 as compared with using the
center drain. With this series connection, the minimum
drain-source resistance was & The HEMT chip was
glued onto the silicon substrate with epoxy. A 2-mm-long
and 25um-thick gold bonding wire connected the drain of
the SET and the gate of the HEMT.

There were three parameters to optimize during operation
of the circuit: the SET current, the HEMT current, and the
gate-source potential of the HEMT. Referring to Figd)1 0 30 ) 100 150 200
the SET was biased from a battevig, through a 10-M) time ()
bias resistor at room temperature and the 2-bih-chip re- FIG. 2. Electrometer signal at 10 kHB=0.25 T, T<50 mK,
sistorR,. The HEMT was b'ased through 101k§t room C.,~4 nF. (@) Triangle wave response with an amplitude 9.4
temperature and a 15{_0-un|ntent|onal contact resistance on mV,,, corresponding to one electron peak to pekig;=—1 nA;
the chip. The HEMT bias voltag®,, , and the offset voltage | __ " —100uA; r,eyr~400Q. (b) Step response corresponding to
between the sources of the SET and the HEMZ,;, were  0.2e: | ger=—2 nA; lgyr=100 A, pemr~140, 180, 40Q2 (bot-
supplied by low-pass-filtered power-line-operated voltag&om to top. The full lines represent fits to exponential decays.
sources.Vgy together withVy define the HEMT working  Noise reduction was performed by averaging approximately 500
point and the small signal impedancegyt. Typically traces for each curve.
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FIG. 3. The 0.2 electron step response and the cutoff frequency FIG- 4. Frequency response and noise of the SET-HEMT circuit

as a function olg,. The step response was calculated in the samét two working pointsB=0.25 T; T<50 mK; C ,~1.5 nF. Param-
way as in Fig. 2). eters for open circlestggr=—0.2 nA, | gmt=20 LA, ryepr~1

kQ, f|“ed CIrC|eS | SET— -1 nA, | HEMT— —300 ,LLA, I‘HEMT’*“/130 Q.

power of 10uW, the output voltage swing of the SET de- . . .
creased by more than a factor of 2, corresponding to an elethe external voltage sourdésy, with an appropriate resistor.

tron temperature of the SET above 200 mK. We can there; he gain can be !mproved S|gn|f|cqntly if the gate capact
. : ) tance of the SET is increased, and if the tunnel junctions in
fore only bias the HEMT with a very small drain current

which limits its voltage gain. There is an obvious tradeoffthe SET transis_tor are made smaller so t_hat the HEMT can be
between signal amplitude a.nd cutoff frequency as can boperated ata higher power. The capacitive Ioad at the HEMT
. Sutput can be reduced by cryogenic amplification close to the
HEMT. For frequencies above 5 MHz, it will be necessary to
further reduce the capacitive load also at the SET output.
This may be achieved by patterning the SET and its bias
resistor directly on the HEMT substratte.
In conclusion, we have succeeded in constructing and
characterizing a single-electron transistor with an InP high-
lectron-mobility transistor as an active impedance trans-
rmer within millimeters from the SET. The total load ca-
acitance at the SET output was reduced from 1 nF to less
an 1 pF by incorporating the HEMT and an on-chip biasing
sistor for the SET. A cutoff frequency of 700 kHz was
btained, and the minimum input noise wax B0 “e/VHz
10 kHz. The limiting factor was no longer the load on the
ET output, but rather the capacitive load on the HEMT
(%utput, and heating of the SET by power dissipated in the

ing Vgy due to the increasing gyt - On the other hand, the
output amplitude has a maximum arowigl~—0.35 V. For
lower Vg, the power dissipation in the HEMT heats the
SET and thus decreases the amplit(igdt side in Fig. 3.
For higherVgy the gain in the HEMT decreases due to a
lower sensitivity of the HEMT.

The output signal amplitude and charge noise are plotte
versus frequency in Fig. 4 for two different HEMT working
points. To be certain that we only measured the SET outp
signal and not cross talk, these amplitudes were obtained b
sweeping the gate voltage corresponding to the addition o
n=2-20 electrons to the gate capacitance, at different swee
frequencies. The HEMT output signal was captured by &
digitizing oscilloscope and then thath frequency compo-
nent was Fourier analyzed to find the amplitude. The nois
was determined by Fourier analysis of traces with no inpu
signal. We would like to acknowledge stimulating discussions

The charge sensitivity in the measurements presented igith M. Persson, B. Starmark, H. Ohlson, E. H. Visscher,
not outstanding due to low gain and fluctuations in the offseand C. J. P. M. Harmans. Patterning of both SET and HEMT
voltage,Vgy. The 0.3-V offset voltage had to be stable ondevices was made at the Swedish Nanometer Laboratory.
the uV level. This problem can be avoided using a HEMT This project was supported by ESPR(SETTRON 9005,
designed for high gain at zero gate voltage, or by replacinghe Swedish TFR, and the Wallenberg foundation.
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