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We investigate techniques for using Silicon-Germanium as material for solid-state
quantum computing. Two topics are presented: First, the use of quantum well struc-
tures with different Ge content which can be used to shift the g-factor of conduction
band electrons via voltages applied to gates above and below the structure. The
change in g-factor allows then to put the electrons in and out of resonance in an
Electron Spin Resonance experiment. Second, measurement of spin relaxation times
of electrons confined in the strain field above Ge dots in a SiGe heterostructure. Pho-
toluminescence (PL) shows indirect transitions from the VB of the Ge dots to the con-
fined Si CB states. A single line is seen in ESR with g = 2.0000 during illumination.

Introduction

The Silicon Germanium (SiGe) material system is a promising candidate for solid-state
spintronics applications due to its very long spin relaxation times and its compatibility to
standard Si process technology. There are proposals (e.g. [1]) for spin transistors in the
SiGe material system which could be used for Quantum Computing. For this applica-
tion very long spin coherence times and the ability to control and to read spin orienta-
tion is necessary. We address the topic with two different experiments: One is to dem-
onstrate the ability to control the g-factor of electron spins in SiGe Quantum well struc-
tures by applying electrical fields, which can be used for selective spin manipulation.
The second is the measurement of spin relaxation times of electrons confined in the
strain fields above Ge dots in a SiGe matrix.

g-Factor Tuning in SiGe Quantum Wells

Our samples are grown in a Molecular Beam Epitaxy (MBE) system with electron beam
evaporators for Si and Ge. The channels are n-type modulation-doped with Sb. High
mobilities of up to pe = 250,000 cm?Vs have been reached in pure Si channels without
back gate. The spin lifetimes are extremely long as well: Spin-echo measurements give
T, = 2.3 ys and T,= 3 ps for a magnetic field perpendicular to the 2DEG plane [2]. The
high quality of our samples was also shown in recent magneto-transport experiments,
where the v = 1/3, 4/7 and 4/9 composite fermion states in the fractional quantum Hall
effect were seen for the first time in the SiGe material system [3].The samples are ei-
ther pure Si wells or double quantum well (QW) structures with a pure Si well and one
with 5% Ge, which are separated by a barrier with 15% Ge content. The second struc-
ture is designed in a way that by applying electrical fields relative to the quantum wells
one can completely shift the electronic wave function from one well to the other as de-
picted in a self-consistent band structure simulation in Fig. 1. Hand in hand with the
change in the surrounding material goes a change in g-factor of the electrons [4] and
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hence a change in resonance frequency in an Electron Spin Resonance (ESR) experi-
ment. Spin manipulation via pulsed ESR techniques is then possible on the spins
which have been shifted into resonance.
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Fig. 1: Self-consistent band structure calculation of the double quantum well structure
(as shown above and right) with different applied backgate fields: A front gate
was used to keep the carrier concentration at a constant density of ng =
3x10"" cm™. The calculated change in g-factor can be estimated as Ag =
2.5x10™, which is enough to separate the resonances and allow spin manipula-
tion.

The required electrical fields are created by applying voltages to a Schottky-type top-
gate and either a grown-in n-type backgate or an evaporated Al backgate on the back-
side of the sample. Figure 2 shows how the carrier density and the mobility can be
changed in a pure Si channel with Schottky topgate and evaporated Al backgate. Our
next goal is the combination of front- and backgate and the double QW structure.
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Fig. 2: Carrier density and mobility of a sample with pure Si channel with a Pd Schot-
tky gate on top and an evaporated Al backgate on the back side plotted as a
function of the topgate voltage for different backgate voltages. Both mobility
and carrier density can be influenced by shifting the wave function away from

the interface (higher backgate voltages).
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In summary, we report about a SiGe double QW structure designed for tuning the elec-
tronic g-factor of electrons. Simulations show that it is possible to completely shift the
electronic wave function between two wells with different Ge content and hence the g-
factor which is a requirement for quantum computing in SiGe. The process for top- and
backgate electrodes is established, and demonstrated on a single Si well sample. The
next step will be the combination of double QW structure and front- and backgate.

Spin Relaxation Times in SiGe Islands

In 1lI-V compounds it was shown that the confinement in low dimensional structures
such as dots leads to a significant increase of spin lifetimes [5]. In order to achieve con-
finement in the SiGe material system, we grow Ge islands on Si(100) substrates (i) in a
self-organized Stranski-Krastanov growth mode, which leads to an inhomogeneous
distribution of island sizes and locations, and (ii) by prepatterning the substrate by ei-
ther electron beam or holographic lithography. In the first type of samples (i) the density
of dots is about 5 times higher than in the prestructured samples (ii), which we estimate
from AFM measurements. The Ge dots were overgrown with Si which is locally
strained due to the buried Ge dots. The strain causes an attractive potential for elec-
trons. Repeating this procedure, Ge dots grow exactly on top of the strained Si areas.
Up to 12 periods of dots were grown in that way which yielded a total of >10' dots.

In photoluminescence experiments a wide band appears around 0.8 eV which corre-
sponds to transitions from the valence band of the Ge dots to conduction band states in
the strained silicon (Fig. 3 (a)). This feature is much stronger in the samples with inho-
mogeneous size distribution (i), which can be attributed to the higher dot density. In
EPR experiments a sharp line at g = 1.998 with a line-width of 0.25 G appears under
illumination with sub-bandgap light (Fig. 3 (b)). The amplitude of this signal scales with
the estimated total number of spins in the sample and also with the PL signal, and is
very weak in the structured samples.
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Fig. 3: (a) photoluminescence data from structured and unstructured (marked) sam-
ples; (b) EPR line at g = 1.998 with and without illumination with bandgap light.

The spin relaxation times were measured in time-resolved EPR experiments. In such
experiments, the sample is not continuously irradiated by microwaves (MW). Instead,
short high power MW pulses are applied. At resonance, these pulses cause the spins
to rotate out of their thermal equilibrium orientation parallel to the direction of the static
external magnetic field Hy by an angle that is proportional to the pulse duration around
the direction of H4, where H, the value of magnetic component of the MW field. Apply-
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ing a 11/2 pulse causes the spins to rotate into the plane perpendicular to the Hy, and a
T pulse rotates the spins by 180°, thus inverting the spin orientation. Interaction with
the surrounding lattice (longitudinal relaxation) and with other spins (transverse relaxa-
tion) causes the spins to dephase and to return to their thermal equilibrium value.

Specific pulse sequences are applied in order to observe longitudinal (T4) and trans-
verse (T,) relaxation [6]. A 11/2 pulse puts the overall magnetization in a plane perpen-
dicular to Hy where it decays due to spin-spin interaction (transverse relaxation) which
is observed as free induction decay (FID). Some time T after the first pulse a 1 pulse is
applied to rotate the spins by 180°. As a consequence, a second FID appears after a
time 7, 271 after the initial T1/2 pulse (Hahn echo). By varying 1, T, results from:

—2¢IT
M=M e "

where M is the echo amplitude at time T and Mg at 1 = 0.

When a 11 pulse is applied, the magnetization is rotated opposite to its thermal equilib-
rium orientation. Due to interaction with the environment the spins will relax back to
their initial orientation parallel to Hy (longitudinal spin relaxation). After a time T, a 11/2
pulse is applied to put the magnetization into the plane perpendicular to Hy, and a 1
pulse is used to observe the Hahn echo as described above. T, results from:

M=M [1-2¢7T'"

Only the sample containing self-organized dots could be measured with time resolved
EPR. We obtain a value of 0.8 us for T, which is isotropic, whereas T, depends on
sample orientation: in the case where Hy is perpendicular to the sample plane, T, is
0.7 ps; in the case where Hy is oriented in-plane, T4 is 1.2 us which is roughly what one
expects for spin orbit coupling. Expressed in terms of line width, the homogeneous
transverse line width is 0.082 G (isotropic) and the longitudinal line width is 0.070 G for
perpendicular Hy and 0.022 G for in-plane H,. For comparison, the inhomogeneously
broadened line width from cw EPR is 0.220 G for perpendicular and 0.350 G for in-
plane Hy, which is considerably larger than the homogeneous contributions. The large
inhomogeneous line width is attributed (i) to a fluctuation of the g-factor for different dot
sizes and (i) the hyperfine interaction with #Si.
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