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Coulomb blockade in a silicon /silicon—germanium two-dimensional
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We report the fabrication and electrical characterization of a single electron transistor in a
modulation doped silicon/silicon—germanium heterostructure. The quantum dot is fabricated by
electron beam lithography and subsequent reactive ion etching. The dot potential and electron
density are modified by laterally defined side gates in the plane of the dot. Low temperature
measurements show Coulomb blockade with a single electron charging energy of 3.2 n2004©
American Institute of Physics[DOI: 10.1063/1.1751612

Silicon—germanium modulation doped field-effect tran-cations must be present to relieve the strain in the SiGe
sistors (MODFETY are potentially attractive devices for buffer layer. Misfit dislocations terminate in threading arms
high-speed, low noise communications applications, whereunning up to the heterostructure surface, and these threading
low cost and compatibility with complementary metal— arms may play a role in forming a conductive path between
oxide—semiconductor logic are desirablBecause the sili- top Schottky contacts and the 2DEG later. We have avoided
con quantum well containing the electrons is strained by ughis problem by fabricating a dot with highly isolateite
to 2%, the electron mobility of these structures is as much agates formed from the 2DEG itself.

a factor of five larger than that of unstrained silicon field-  The Si/SiGe heterostructure used here was grown by
effect transistorsFET) at room temperature, offering the ultrahigh vacuum chemical vapor depositfoithe 2DEG
prospect of high speed operation. At low temperatures, eleits near the top of 80 A of strained Si grown on a strain-
tron mobilities as high as 5:210° cn?/Vs have been relaxed Sj/Ge,s buffer layer, as shown in Fig.(d. The
reportec?® raising the possibility of lithographically pat- 2DEG is separated from the donors by a 140 4S5
terned quantum devices. spacer layer, and the phosphorus donors lie in a 140 A

Development of quantum devices in silicon MODFETs Sio.7G& s layer capped with 35 A of Si at the surface. The
is of particular interest, because silicon is unique among th&lectron density in the 2DEG is>410'* cm™? and the mo-
elemental and binary semiconductors in that it has an aburRility is 40000 cni/V s at 2 K. Ohmic contacts to the 2DEG
dant nuclear isotope of spin zero. Silicon also has very smafifé formed by Au/Sb metal evaporation and sintering at
spin orbit coupling. Together, these two features provide only*00 °C for 10 min. . .
weak channels for electron spin relaxation; the electron spin  Quantum dots are fabricated by electron beam lithogra-
dephasing timeT, for phosphorus-bound donors has beenPy and subsequent ¢Feactive-ion etching. Figure(d)
measured to be as long as 3 ms at ¥#ane has pointed out shows an atomic force microscope image o_f the completed
the advantages of nuclear spins in silicon for qu(,jmtum'structure. Control of the dot electron population and the lead

computatior? and his scheme has been extended to electronf&SiStances is achieved with three separately tunable gates.
in SiGe heterostructuréskollowing Loss and DiVincenz®, Each gate is fabricated from the same 2DEG from which the

specific schemes have been proposed for spin-based quant@‘ﬁamutrr? d%t IS ct:)reated. Sdufh m-plimetrr:]oupllmgt] of one ZIDtE.G
computation in silicon-germanium electron quantum ddts. 0 anofherhas been used to monrior the electron popuiation

Here we demonstrate a quantum dot fabricated in a Iayl_n gallium—arsenide quantum ddfsHere we invert this idea

ered silicon/silicon—germanium(Si/SiGe heterostructure and use the 2DEG-2DEG coupling to control the dot dimen-

that includes a strained Si quantum well containing a tWo_sions. The data presented in this letter were acquired at 1.8 K
. . q : g and 250 mK, during different cool-downs of the sample. The
dimensional electron ga®2DEG). Even with recent ad-

in th h of high bility SiG dulati general electronic properties of the dot were similar on each
vances in the growth of hig mo |_|ty 1€ mo uatpn- ool-down, although the detailed Coulomb blockade peak
doped heterostructures, producing lithographically defme(g

d h odi lomb blockade h ositions differed.
n-type quantum dots with periodic Coulom ockade has A | -V 4 measurement of the dot at zero gate bias taken

been challenging. The fabrication of highly isolated Schottkyat 250 mK is shown in Fig. @). The leads of the dot are
top gates is particularly diff?cupﬁ'll Due to the lattice mis-  jyyingically pinched off in the tunneling regime, due to sur-
match between layers of different Ge fraction, misfit dislo-¢,.q depletion, such that the Coulomb blockade region is
evident at zero gate voltage f¢Vyd<4 mV. The dot re-
dElectronic mail: maeriksson@wisc.edu mains in the tunneling regime up 5 V applied to the side
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FIG. 3. Conductance oscillations through the quantum dot as a function of
temperature as the voltage on gate 3 is varied.
600 nm

metal gates because the side gates are in the plane of the dot
and are spaced farther away due to the etching necessary to
define them. Furthermore, in these configurations some of
the electric field lines between the side gates and the dot
travel through the air gafower dielectric constaptrather
FG. 1. @ T <sion elect , ,  the SiGe het than through the SiGe heterostructure. The current flowing
e e e SIoe M %ihroughthe quantum dot vanishes for Some, but not allofthe
tum well. (b) Atomic force microscope image of the fabricated dot with Minima between Coulomb blockade peaks. In addition, the
three etch-defined electrostatic side gates. minima seem to come in small bunches, with each bunch
displaying either deep or shallow mininggig. 2). This mul-
gates. Conductance oscillations with varying gate voltage aréiple periodicity may be an indication of a small disorder-
observed for each of the three gates. Typical results ar#@duced dot near the primary etch-defined quantum dot. This
shown in Figs. B)—2(d) at 1.8 K. A standard lock-in tech- disorder-induced dot may be a source of parallel conduction
nique is used for conductance measurements with aA00 under certain ranges of the gate voltages, leading to the shal-
ac voltage applied between source and drain at 19 Hz. Thiew minima between some sets of Coulomb blockade peaks.
periodic spacing of the peaks for the larger gateAld,;  Figure 3 presents Coulomb blockade oscillations through the
=125mV. The two smaller gates show correspondinglydot at various temperatures. A broadening and a general in-
larger periods 4V4,=155 mV,AV4;=226 mV). The spac- crease in the background are apparent at higher temperature,
ing of the oscillations implies gate-dot capacitanceCgf  as expected for Coulomb blockade.
=1.03 aF andCy;=0.71 aF for the smaller, more distant Figure 4 is a two-dimensional plot showid/dV mea-
gates, andCy, =1.28 aF for the larger, closer gate. Thesesurements with varying gate and drain-source voltdGesi-
capacitances are smaller than would be expected for tolpmb diamonds for the device. The data were acquired at

250 mK with an 80uV ac voltage applied between drain and

0.008 source at 200 Hz. The charging energy to overcome the Cou-
@ < ©
% 0.006
20 -
—_ jul
ﬁ 0 g 0.004
= o
- T 0002
* g 0.000
40 3
-40 -20 o 20 40 0.5 0.0 0.5 1.0 15
Vds(mV) Vg2(V) <
0.008 0.008 £
< (0) 3 O «
b o006 ) o006 °
8 0.004 8 0.004
c c
© ©
g 0.002 § 0.002
2 2
8 o000 8 o000
0.5 0.0 0.5 1.0 156 -0.5 0.0 0.5 1.0 1.5 =
Vg1 Vga(V) 0.4 0.6 0.8 1didV,

Viate ™) (1S)

FIG. 2. (a) I-V curve through the dot at zero gate bias showing zero

conductance up to 4 mV source-drain voltag®—(d) Coulomb blockade FIG. 4. Stability plot of the differential conductance through the dot as a
oscillations through the quantum dot as the voltage is varied on each of thinction of the voltage on gate 1 and the source-drain voltage, at a tempera-

three side gates3; ,G,,G3) respectively. ture of 250 mK.
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lomb blockade and add an electron to the dot can be estiroltage (Fig. 2), single dot Coulomb blockade is observed.

mated from this plot using The dot is shown to be stable over moderate time periods
c 1 (dv with varying gate and drain-source voltages. In this work we
g ds i ; ;
Ec= e—AVg=—e( _) g have employed traditional low frequency lock-in techniques.
C 271 dvy A long term goal is the manipulation of silicon dots at much

wheredVys/dVj is the slope of the diamonds and/, is the  higher frequencies. Operation of the quantum dot at high
spacing of the Coulomb oscillations obtained abtvig. 2).  frequencies requires either a wide bandwidth current pre-
For small gate voltageghe left side of the plotthe charging  amplifier, possibly operated at low temperatures, or detection
energy obtained is 3.2 meV. On the right side of the Coulomt®f charge motion in and out of the dot by a radio-frequency
diamond plot the diamonds do not close completely. This cagingle electron transistor in the proximity of the fabricated

occur in the presence of disorder in the 2DEG, in which casguantum dot>1°

the conduction can be impeded by charging of trap states or .
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