Broadband single-electron tunneling transistor

E. H. Visscher, J. Lindeman, S. M. Verbrugh, P. Hadley,® and J. E. Mooij
Department of Applied Physics and Delft Institute for Micro-Electronics and Submicron Technology
(DIMES), Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands

W. van der Vleuten
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

(Received 30 May 1995; accepted for publication 29 January)1996

A single-electron tunneling transistor has been directly coupled on-chip to a high electron mobility
transistor. The high electron mobility transistetEMT) is used as an impedance matching circuit
with a gain close to unity. The HEMT transformed the 1.4)Mutput impedance of the single
electron tunneling(SET) transistor by two orders of magnitude down to 8, kincreasing its
bandwidth to 50 kHz. This circuit makes it possible to observe the motion of individual electrons at
high frequencies. The requirements for the bandwidth in high frequency applications is discussed.
© 1996 American Institute of Physids$S0003-695(96)02114-9

The single-electron tunnelinGET) transistot?is a de-  ing point at a time. This condition can be met in a series
vice capable of measuring charge with a charge sensitivity ofirray of small tunnel junctions coupled to the SET
10 %e/\[Hz at 10 Hz. It is by far the most sensitive device transistor:®* Under certain conditions, the correlated mo-
available for measuring charge. Using a SET transistor, th&on of electrons in the array is possible, resulting in the
transfer of single electronics to a small metal island has bee@ieneration of narrow-band SET oscillations with a frequency
observed Although the intrinsic speed of a SET transistor is fs=(I)/e, where(l) is the dc current flowing through the
limited by its RC response time to 10—100 ps, it is impos- array. The correlations in the time domain can be studied by
sible to make measurements at this speed in a typical me&0nitoring the charge motion at a certain point in the array
surement setup. The intrinsically large output impedance owith a SET transistor. The bandwidth of the SET transistor
the tunnel junctions R;=Ry=25.8 K2) coupled with the should be at least comparable to the SET osgillation fre-
inevitable capacitances of the filterthgnd the leads@,  duency; a current of 1 pA through the array requires a band-
=100 pF/m), reduces the bandwidth of SET devices to a fewVidth of at least 6.3 MHz.

hundred Hz. There are, however, applications where one !N order to perform such high frequency charge measure-
would like to make very fast charge measurements. For inments, the bandwidth of the SET transistor must be increased

stance, in SET devices the shot noise can be suppressed l?é(— pIgcmg an'lmpedance' maFchlng CII’.CUIt close to.the SET
low the Schottky value due to electron correlatiéfisTo tra_m3|s'§or, Wh'Ch_ has a high input re5|st_anc_e and is able to
directly probe this intrinsic shot noise one needs to measurg_r've high capacitance leads. A cryogenic high-electron mo-

; ; 2 caticfi ; . .
at high frequencies where the shot noise dominates over tl%“ty tr_an5|stor1 Sat'Sf'_eS b_Oth requirements; at low tempera
. tures it has a very high input resistance as well as a low

1/f noise! It is the shot noise which sets the ultimate sensi- . . .
o . output impedance. We have integrated an aluminum SET
tivity of the SET transistor. . .
! transistor on-chip next to a GaAs—AlGaAs HEMT. The volt-
Furthermore, Likharélproposed that a current could be ) . .
. . age output of the current-biased SET transistor was directly
measured simply counting the number of electrons that pas
: L LS connected to the gate of the HEMT.
a certain point in a circuit. In order to be able to perform . o
. . . The on-chip HEMT was optimized for megahertz opera-
such an experiment, a wide-band SET transistor must be de- . I . 3 o
looed. In this lett q be the int i faSE ion in a dilution refrigeratof? The design is a tradeoff be-
veloped. In s Jeter, we describe INe integration of a tween a large signal response, i.e., transconductance and low
transistor with a high electron mobility transistGiEMT).

. ) power dissipatioi~uW). For a saturated source-drain cur-
The HEMT transforms the high output impedance of therentIDS, the HEMT response is determined by its transcon-

SET transistor and makes high frequency operation pOSSibI%‘uctance 9m=(31ps/ sy ., and can be controlled by
) DS!

The observation of the shot noise requires that tHe 1/ . . . .
noise spectral densifySy = a(12/f, be much smaller that the ratio of the channel widtk/, and the active layer thick-

the shot noise spectral densiBg\=2¢(l). The parametes nessd. HereVgs is the gate-source voltage aNfths is the

is system dependent and for a SET transistor with fa 1/draln-source voltage. Beside parasitics, its high frequency

. : a5 operation is determined by the transit timer<i,,/Cg,
charge noise magnitude of 1&/\/H_Z at 10 HZ,a—lQ *which is the time spent by the electrons under the gate ca-
Therefore, to measure the shot noise of a SET transistor wit

acitorCg .
a bias current of 100 pA would require a bandwidth of at The GHEMT structures were fabricated using a
least 100 kHz.

GaAs/Al, sGa 7As heterostructure grown by molecular beam

To measure a current by detecting the electrons that 98pitaxy. The two-dimensional electron gé2DEG) had a
by, it is important that only one electron passes the measug, oot density oh,=4x 10"* cn? and a mobility of x=9

X 10° cn?/V s and was situated at a depth- 75 nm below
dElectronic mail: hadley@sg.tn.tudelft.nl the surface. The source-drain channel wasu® long and
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the channel widthV=10 wum, the gate lengtih =10 um,

and had a nominal area of 1gam?. The gate length was
larger than the elastic scattering length of the electrons so the
transport along the channel was diffusive. Typical source-
drain characteristics are shown in Fig. 2. At source—drain
voltages larger than 100 mV, the source-drain current satu-
rates. The channel pinches off smoothly, at a gate threshold
of —450 mV. The experimentally measured gate capacitance
of 0.13 pF agrees well with the value of 0.15 pF, estimated
FIG. 1. (@ Schematic circuit of the integrated circuit. The circuit is com- g the geometrical capacitance.

prised of a directly coupled SET transistor as a charge sensitive input stage. .. .

The tunnel junctions are indicated by the boxes. The voltage output of the To megsure the characterls_tlcs of the SET tran.snstor: a
SET transistor is directly coupled to the input gate of the HEMT which magnetic field of 0.2 T was applied to keep the aluminum in
buffers the output signal of the SET transist(). Photomicrograph of the  the normal state. The circuit parameters of the current biased

device. Two SET transistorS; andS, are coupled to a horizontal 2DEG ; ; g ;
channel, connecting the sour(® to the drain(D) of the HEMT. Note that SET transistor were obtained by fitting the experimentally

the SET transistor is much smaller than the dimensions of the HEMT. Ameasured output VOl'tage vs gate voltage _CharaCteriStiCS
small signal to the gate of the SET transistgris transferred to the gate of V-V, to the theoretical calculated curves using the ortho-

the HEMT (G). dox theory!® The SET transistor had junction cap-
acitances ofC;=0.24 fF, C,=0.29 fF; tunnel resistances
10 um wide and was defined by electron-beam lithographyof R;=720 K}, R,=700 K); and a gate capacitance of
and a mesa etch. The Ohmic contacts to the 2DEG wer€y=80 aF. Consequently, the gain of the SET transistor
made by thermal diffusion of Ni—AuGe. was less then unit}(vz(aVO/an),b=Cg/Cz~—~0.3 and the
The SET transistor was fabricated directly next to thetotal output impedance was 1.4(M The maximum output
2DEG channel using accurate alignment. The SET transistafoltage swing of the SET transistor is set by the threshold
consisted of a small metallic island weakly coupled to thevoltage V1=e/Cs=0.25 mV, whereCy=C;+C,+ Cy is
leads by two ultrasmall tunnel junctions, as shown in Fig.the total island capacitance.
1(a). The tunneling of electrons through the junction was  The SET transistor and the HEMT were put in their op-
strongly affected by the Coulomb blockade, which inhibitstimal working points by setting the dc bias voltages of each
tunneling below a certain threshold voltage. The thresholdjevice. The current bias of the SET transistor was realized
voltage was controlled by an input gate, which was capacipy putting a 20 M) metal film resistoRg, in series with the
tively coupled to the island. The AI-AIG-Al junctions  device and was about 25 pA. The resistor was placed in the
were fabricated using a two-angle shadow evaporatioRo|q, off-chip, as close as possible to the device to reduce
technique'* The gate of the HEMT was directly coupled t0 gyray capacitances. The HEMT was used in a source-follower
the output voltage of the SET transistor as shown in Figconfiguration with a gain close to unity. The channel was
1(b). The SET transistor was situated 4fn away from the  pissed at a source-drain voltayys=100 mV, just in its
2DEG channel. Beside the integrated circuits, the chip alsQgyration region. Then the gate-source voltage was set to
con.tained single' HEMTS and SET transistors for detailec(,GS: —390 mV by means of a cold 46(ksource resistor
device characterization. _ _ . Rs. At this point, the drain current was 8,6A and the
The dc performance of a single HEMT is shown in Fig. yangconductance was 0.2 mS. The settings were such that
2. Th_e measurements were performed in a dilution refrlger_afhe total power dissipation in the HEMT was Q:8V and did
tor with a base temperature of 10 mK. The HEMT was bI'not seriously affect the SET transistor characteristics. The
ased using low noise mercury cells. The gate was defined hPbtal output impedance and the gain of the circuit were then
calculated using simulation, yielding an output impedance of
40 . . i . Zy,w=1/9,=5 kQ and a gain ofG,;=0.74. The experimen-
tally measured gain of the HEMT in the source-follower con-
figuration wasG=0.72 and thus in good agreement with
the simulations.
The frequency response of the circuit was then deter-
mined by applying a small ac signa|,=e/2C;=1.5 mV
p-p to the gate of the SET transistor. The responsegfat
the output of the HEMT was measured using a low noise
differential amplifier. Figure &) schematically shows the
response of the circuit. For frequencies up to 50 kHz, the
200 200 0 gain of the total circuit,G=vou/vin=0.21, is shown in
Vg (MV) Fig. 3(b). This agrees well with what one would expect from
the gain parameters of the individual circuiG,,=K,Gy .
o o o 3 o et e o e smacs vy e Sgnak-{o-nolse ratlo at 50 Kz was10 dB, and de-
\a/DrzingE)e,tllco,lgo, 80, énd 100 mV. The arrow indicates the working pointgof.Cr(:"a'sef'd rapidly above the corner frequency due to the stray
the HEMT, at a gate-source voltage 6890 mV. At this point the trans- ~ Capacitance of the 2 cm long lead from the SET transistor to
conductance ig,=0.2 mS. the bias resisto€s,=2.5 pF. In order to reduce this capaci-
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device with a semiconductor HEMT. Optimization of the
design suggests operation in the megahertz range will be
possible.
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