Single-electron transistor as a charge sensor
for semiconductor applications
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We describe the use of aluminum single-electron transi$BE3'9 to measure, with extremely high
sensitivity, the fluctuation of charge in semiconductor quantum dots. Our method of fabricating
SETs results in excellent reliability and reproducibility. 97 American Vacuum Society.
[S0734-211X97)08706-4

[. INTRODUCTION The amount of UV exposure of the bottom layer signifi-
cantly affects the pattern profile in the resist. Figure 2 shows

renown for their exceptional sensitivity to charge. Some Ofscar?nm?-gifctron mmrogrhaphs gf line profiles fOI(’jO, 2, ﬁ al_nd
the first uses of SETs as charge sensors involved experimen‘%s,mm_O exposure. 1he un ercgt, measured as the line
with mesoscopic devicés These measurements require suf-Width in the bottom resist layer, varies from 100 nm for no

ficient sensitivity to detect movements of charge equivalenpv exposure of the bottom layer to 550 nn &4 min UV .
to a fraction of an electron. In order to be able to performeXposure' We selected the process parameters corresponding

such experiments, a highly reliable and reproducible fabrical® " undercut of 350 nm, achieved i 3 min exposure.

tion process is necessary. In this article, we present our fab- Electron-beam evaporation is used after pattern definition

rication method and show some experimental results utiliz® deposit two separate 30-nm-thick aluminum layers. The

ing an Al/AlL,O;/Al SET to measure charge on a tunnel Junct|(|)ns_are n|1_ade by ;Ormmgda sr?]all o;erlap_be_-
semiconductor quantum dot. tween two aluminum lines as depicted in the schematic in

Fig. 1. The tunnel barrier consists of a thin aluminum oxide
that is grown on the first layer by introducing a controlled
Il. SET FABRICATION amount of oxygen(50 mTorr for about 10 mininto the

In the fabrication of conventional devices, one generallySa@mple chamber after the first evaporation. The resistance of
tries to achieve a resist profile with vertical sidewalls. This@ tunnel junction is determined by the thickness of the oxide,
permits dense packing and is also desirable for various prthiCh is in turn determined by the amount of oxidation. To
cessing steps, such as metal liftoff. In contrast, SET fabrica@chieve the proper tunnel junction resistance, we control the
tion employs the double-angle evaporation sequence, showdxydgen pressure and the period of time. The result is repeat-

in Fig. 1, which requires a well-controlled undercut of the @ble to within 10% and is shown in Fig. 3. This dependence
resist. is best described as a polynomial:

Recently, single-electron transistofSET9 have gained

As in the original work of Fulton and Dolahpatterning R=(3.7X 10 5)P3, (1)
is done by electron-beam lithography in a bilayer resist. We ) ) ] ) ] )
use a beam energy of 40 keV and a current of 20 pA, whichVvhereR is the tunnel junction resistance in(d andP is the
provides a beam diameter 6f20 nm. The bottom layer of ©XYJen pressure in mtorr.
the resist is a copolymer of polymethylmethacryléaé.5%
and polymethacrylic aci@.5%) (PMMA, PMAA), which is IIl. SET OPERATION
450-nm-thick! After deposition, this layer is uniformly ex- Figure 4 is a scanning-electron micrograph of a SET. The
posed with 220 nm ultravioleUV) radiation at a power central island is coupled to the source and drain electrodes
density of 1 mWi/crh for a controlled period of timé.A  through two small tunnel junctions. In addition to presenting
50-nm-thick layer of 950 000 molecular weight PMMIAs  a resistance to the flow of electrons, the tunnel junctions

then deposited on top. have a capacitance, determined by the area of the overlap
and the thickness of the oxide layer. The total capacitance of
dElectronic mail: hismith@nano.mit.edu the central island is determined primarily by the tunnel junc-
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Fic. 1. Schematic of the double-angle evaporation process. Thickness of th =
MAA copolymer layer is 450 nm. Thickness of the PMMA layer is 50 nm. 0
The two aluminum evaporations are performed at angles ©0° to the . . . . .
20 40 60 80 100 120

normal. Oxygen is introduced into the chamber between evaporations for 1

min at a pressure of 50 mTorr to create the tunnel barriers. Pressure of 02 (mTorr)

Fic. 3. Dependence of the tunnel junction resistance on the oxygen pressure
for a 10 min oxidation.
tion capacitance. For optimal performance of the SET, the
total island capacitance must be minimized, i.e., the area of
the tunnel junctions must be as small as possible. We achieve
tunnel junction area of- 70X 70 nm. The total central island
capacitance in our devices is about 2000~ '8 F. The oper-
ating temperature must bel K, because the relation

finite V4 is needed to overcome the Coulomb barrier. The
width of this flat portion is periodically modulated by the

5 gate voltage.
kgT<e’/2C 2) For fixedVy bias, the current through the SET exhibits a

must be satisfied, whei@ is the total island capacitance. ~ Periodic dependence on the gate voltage, shown in kig. 5
The operation of the SET is based on the Coulomb blockT0 maximize the amplitude of this variation, the source-drain

ade principl€, illustrated in the current—voltagd V) plot  voltage bias is adjusted to the value shown by the arrow in
of Fig. 5a). The flat portion of this curve signifies that a Fig. 5a), i.e.,V4=0.4 mV.

70—nm 70—n"m

e e b v AN K

- g
3min UV flood exposure 4min UV flood exposure

Fic. 2. Effect of varying the UV exposure of the bottom resist layer on the cross-sectional.phddilmin UV flood exposure is used in the SET fabrication
process.
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Fic. 4. Scanning-electron micrograph of an aluminum SET made with the Drain-Source Voltage (mV)

double-angle evaporation process.

b)

IV. CHARGE SENSING EXPERIMENT

We have fabricated a metal SET along with other leads on
top of a GaAs/AlGaAs heterostructure with a two-
dimensional electron gd@DEG) 100 nm below the surface.
Figure 6 shows a scanning-electron micrograph of the struc-
ture. By applying a negative potential to the metal leads with
respect to the 2DEG, we deplete the electrons below, and
create a small, isolated puddle of electrons in the 2DEG. We
use the SET to study charge fluctuations on this puddle, iden-
tified as the “quantum dot” in Fig. 6.

The quantum dot is coupled to source and drain leads
through two quantum point contacts. We can vary the resis- Gate Voltage (mV)
tance of these point contacts over a wide range by changing

the potential on the metal leads. Ohmic contacts to the 2DE @G- 5. Operational characteristics of the SET at 100 rta@:Source-drain

allow us to flow and measure current through the quanturé‘N characteristics of the device for t_hree dlffergnt gate voltages: 0, 1, and
mV. The arrow shows the voltage bias for maximum response of the SET.

dot. ) . . Vy=E./e. (b) Dependence of the current through the SET on the gate
We have designed this structure so that the central islangbitage for different source-drain voltage biases.

of the SET is located very close the quantum dot in the
2DEG. This guarantees that the capacitive coupling between
the SET and the quantum dot is strong. As a result, the
current through the SET is strongly modulated by the charge

Current (pA)

on the quantum dot. We achieved a charge sensitivity of N Qllfgilgtlm

10 ° e/j(Hz) which matches the best numbers of experi- SN\ Contact k-
ments with SET charge amplifie?S.This was determined by - Junction
applying a signal of X102 electrons on the gate of the >

SET (4 nV across a 50 aF gate capacitanaad measuring

the signaln a 3 Hzbandwidth with a signal-to-noise ratio of . QD gate

50. BESaaaet

V. MEASUREMENT

We perform the measurements by scanning the dc volt-
age,Vg, on the quantum dot gate, marked as “QD gate” in
Fig. 6. Through a capacitancg;, Vg polarizes the charge
on the dot. We also apply a small ac signal to the same lead
and use a lock-in amplifier to measure the current through
the SET.

Figure 7 shows the dependence of the ac current throuQII—le. 6. Scanning-electron micrograph of the lead pattern on a GaAs/AlGaAs

the _SET onVg . The signal that we measure is dire_Ctly Pro- neterostructure, with a 2DEG 100 nm below the surface, used for a charge
portional to the slope of the SET transfer characteristic, suckensing experiment.

J. Vac. Sci. Technol. B, Vol. 15, No. 6, Nov/Dec 1997



2847 Berman et al.: Single-electron transistor as a charge sensor 2847

20 scanned, the quantum dot periodically oscillates between be-
WW ing grounded and floating. The period éCg. Since the
Bl quantum dot is located between the QD gate and the central
ok T=43mK island of the SET, the ac capacitance between them depends
on the quantum dot potential. The oscillations of the dot
%; 5H potential cause this capacitance to oscillate as well. Since the
2 T ac current through the SET is directly proportional to this
§ or capacitance, is also goes through periodic oscillations.
© }J Due to a small direct dc capacitance from the QD gate to
2 the central island of the SET, it also goes through Coulomb
ok blockade oscillations, but at much longer periods. This
. causes an overall envelope modulation of the SET signal,
13 0'15 0'20 0'25 Do Which is evident in the bottom curve qf Fig. 7. The periqd o_f
' " Quantum Dot Gate Voltage (V) ' this envelope corresponds to the period of the oscillation in

the top curve of Fig. 7, i.e., without the quantum dot.
Fic. 7. Dependence of the current through the SET on the quantum dot gate
voltage. Top curve, which has been offset for clarity shows the curreny/|  CONCLUSION
through the SET without negative voltage bias applied to the metal leads,
i.e., no quantum dot is formed in the 2DEG. Bottom curve: current through  We have described improvements to the double-angle

the SET with the quantum dot defined by applying proper negative pOte”tiaévaporation process for fabricating SETs in aluminum. Us-
o the metal leadsT =43 mK. ing a SET we have measured the charge on a quantum dot,
attaining a sensitivity of 10° e/|(Hz).
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