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Implant Isolation of Silicon Two-Dimensional
Electron Gases at 4.2 K

Chiao-Ti Huang, Jiun-Yun Li, and James C. Sturm, Fellow, IEEE

Abstract—Successful lateral electrical isolation of silicon 2-D
electron gases (2DEGs) at liquid helium temperature (4.2 K) by
ion implantation is demonstrated. The sheet resistance of the
implanted regions can be achieved as high as 1 × 1013 Ω/� at
4.2 K. Thermal stability up to 550 ◦C makes the technique com-
patible with most subsequent processing steps to fabricate silicon
quantum devices. It has also been confirmed that the 2DEG quality
is not degraded by the ion implantation, based on a comparison
of Hall mobility of implant-isolated samples with conventional
reactive-ion-etching-defined samples.

Index Terms—Ion implantation, isolation, Si/SiGe heterostruc-
ture, 2-D electron gas (2DEG).

I. INTRODUCTION

S INGLE-electron quantum-dot devices based on the Si/SiGe
material system are attractive for quantum computation

due to the weak spin-orbit coupling in silicon and resulting
longer spin coherence time [1], [2]. Such quantum devices
are typically fabricated in modulation-doped (depletion-mode)
or undoped (enhancement-mode) 2-D electron gases (2DEGs)
[3]–[5]. 2DEGs are usually electrically isolated by mesa etch-
ing. However, the mesa edges can cause problems for subse-
quent fabrication steps, such as the application of electron-beam
resist for submicrometer gates to form quantum dots and thin
metal step coverage. In addition, in enhancement-mode devices,
high electrical fields in the gate insulator above the corner of the
etched mesa may cause breakdown of the insulator or leakage
currents.

Ion implantation for lateral electrical isolation (“implant
isolation”) on III–V materials has been a well-known technique
for several decades [6]. Ion bombardment creates deep defect
levels, and these defects trap free electrons and pin Fermi level
near midgap, resulting in high resistivity. This process not only
provides excellent electrical isolation but also preserves the
planarity of the surface. However, relatively few papers have fo-
cused on implant isolation in Si-based devices [7], because the
resulting high-resistivity regions cannot sustain post-isolation
high-temperature processes (> 1000 ◦C) common in silicon
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Fig. 1. Layer structure of a test sample. The layers above the horizontal dotted
line were grown by RTCVD. To pattern the 2DEG, only one of implant isolation
or conventional mesa isolation by RIE is used on a single sample, but both are
illustrated in this figure for brevity.

technology. Furthermore, the resistivity of the intrinsic silicon
(Fermi level at midgap) is ∼2 × 105 Ω · cm at room tempera-
ture, which is not high enough for most applications. However,
the processing of Si/SiGe-based quantum devices is often con-
strained to be below 600 ◦C to avoid Si/Ge interdiffusion [8],
which could be low enough to avoid annealing of implant dam-
age. Moreover, the typical low operation temperature (4.2 K
or less) of such quantum devices provides much less thermal
energy for electrons to escape from implant-induced defects,
so that resistivities much higher than those in silicon at room
temperature should be possible.

In this letter, we demonstrate implant isolation of
modulation-doped Si 2DEG structures characterized at 4.2 K.
Heavily doped 2DEGs were used to examine the isolation ca-
pability as a worst case (high electron density of ∼1012 cm−2).
The thermal stability was tested for different post-implant an-
nealing temperatures up to 650 ◦C. The 2DEG quality (electron
mobility) of samples processed with implant isolation was
compared with the ones with conventional mesa isolation by
reactive ion etching (RIE).

II. SAMPLE GROWTH AND FABRICATION

The layer structure of the modulation-doped Si 2DEGs
used in this study is shown in Fig. 1. Their Hall mobility,
electron density, and sheet resistance at 4.2 K are in the
range of 80 000–150 000 cm2/V · s, 0.8−1.6 × 1012 cm−2, and
30–80 Ω/�, respectively. The structures were all grown on
Si0.7Ge0.3 graded buffer substrates by rapid thermal chemical
vapor deposition (RTCVD) between 575 ◦C and 625 ◦C. A test
device consists of a set of separated ohmic contacts to test the
implant isolation and a Hall bar structure (in a single 2DEG
region) with ohmic contacts to measure electron mobility and
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Fig. 2. Simulation of implanted species and resulting vacancy distribu-
tion in a 2DEG structure by the stopping and range of ions in matters
software [10]. Two-step implantation (1 × 1014 cm−2 at 30 keV + 1 ×
1014 cm−2 at 60 keV) with implanted species (a) Ar+ and (b) Si+ is used
in this simulation. The target is assumed to be implanted at 0 K.

density. After 2DEG growth, a 400-nm screen silicon dioxide
layer was first deposited by plasma-enhanced chemical vapor
deposition at 250 ◦C. Ohmic contact regions to the 2DEG
were then defined by photolithography and diluted HF wet
etching of the oxide. One-percent Sb-doped Au was ther-
mally evaporated followed by lift-off. Annealing at 450 ◦C for
10 min to form ohmic alloyed contacts was performed be-
fore the ion implantation except for samples later annealed at
550 ◦C or 650 ◦C, where the contacts were formed after 550 ◦C
or 650 ◦C steps. The areas to be isolated were then defined by
photolithography and diluted HF wet etching of the oxide.

Isolation tests were done by implanting separately argon
(Ar+) and silicon (Si+) ions into different samples. Si and Ar
were chosen due to their electrical neutrality in the Si/SiGe
material system. Two implant energies were used in all re-
gions because both the 2DEG channel and the doping supply
layer (if doped above the metal–insulator transition level) [9]
could conduct electricity at low temperature. Therefore, two
ion implantation energies of 30 and 60 keV were used to
create defects near the depth of the shallow doping supply
layer (30 keV) and near the deeper strained Si 2DEG channel
(60 keV), respectively (Fig. 2). Silicon amorphized by a high-
dose implant (∼5 × 1014 cm−2 for Si+ into Si at 40 keV)
[11] can be recrystallized by solid-phase epitaxy (SPE) at a
temperature of as low as 500 ◦C [12] (which would lead to
poor thermal stability of the damage). Further, SiGe alloys are
even more easily amorphized by ion implantation than Si due
to weaker bonding between Si and Ge atoms [13]. Therefore,
doses well below 5 × 1014 cm−2 were used. Ar+ or Si+ was
then implanted at room temperature with three different test
doses: 5 × 1011 cm−2 (denoted as low dose), 1 × 1013 cm−2

(medium dose), and 1 × 1014 cm−2 (high dose), and each dose
was implanted at two energies, 30 and 60 keV. In addition,
Hall bars defined by conventional mesa isolation by RIE were
also made for 2DEG quality comparison. Ohmic contacts were
made on one Si0.7Ge0.3 graded buffer substrate separately
without implant isolation to test its resistivity at 4.2 K for
reference.

III. RESULTS AND DISCUSSION

The isolation capability at 4.2 K was examined by two-point
measurements between two implant-isolated 2DEGs. The sheet
resistances of isolated regions for all six implant conditions

Fig. 3. Isochronal (1-h) annealing behavior of sheet resistances of 2DEG
samples at 4.2 K implanted with (a) Ar+ and (b) Si+ with three various
doses, 5 × 1011 cm−2, 1 × 1013 cm−2 and 1 × 1014 cm−2 at 30 and 60 keV.
Also shown are the range of sheet resistance of the starting 2DEGs and the
experimental instrumental limitation. The estimated error of sheet resistance is
±18% for (a) and 27% for (b).

are all above 1 × 1012 Ω/�, which is ten orders of magnitude
higher than the original 2DEG sheet resistances (Fig. 3). In
some cases, the sheet resistance is as high as 1 × 1013 Ω/�,
close to the instrumental limit. Since the sheet resistance of
the Si0.7Ge0.3 graded buffer substrate at 4.2 K was also high
(∼5 × 1012 Ω/�), the remaining conduction might occur ei-
ther in the relaxed SiGe buffer or in the implanted regions. In
any case, it is clear that the implant isolation for all three doses
is extremely effective.

Thermal stability issues could arise when we integrate im-
plant isolation technique into a device fabrication process,
for example, insulator deposition and contact annealing. Alu-
minum oxide deposited by atomic layer deposition is a common
insulator used on enhancement-mode Si 2DEG devices due to
its high quality and low deposition temperature (≤ 300 ◦C)
[14]. To test the thermal stability at the oxide deposition tem-
perature, samples were annealed at 300 ◦C for 1 h, and their
sheet resistances were measured at 4.2 K (Fig. 3). For samples
implanted with medium and high doses, the sheet resistances
stay high at ∼1 × 1013 Ω/� regardless of implant species,
while for ones implanted with a low dose, the sheet resistances
drop to 3 × 1010 Ω/� and 3 × 103 Ω/� for Ar+ and Si+

implants, respectively. Since implantation with the lowest dose
(1 × 1011 cm−2) produces the fewest defects (mostly point
defects), the damage is easy to be annealed, and thus, the sheet
resistance decreases. In addition, the higher sheet resistance of
low-dose Ar+-implanted sample than Si+-implanted one after
300 ◦C annealing might be explained by a higher damage level
caused by Ar+ due to its heavier atomic mass.

Antimony-doped gold is commonly used on both depletion-
mode and enhancement-mode Si/SiGe devices to form ohmic
alloyed contacts after annealing [14]. However, the necessity
of an overlap between the insulated gate and contacts in the
enhancement-mode devices for the continuity of conduction
makes the requirement of a flat contact surface crucial to
prevent possible leakage. Because alloyed contacts have rough
surfaces, contacts made by n-type ion implantation are pre-
ferred [4], [5]. For heavily phosphorus-implanted contacts, the
activation of implanted phosphorus occurs at relatively low
temperature (≥ 500 ◦C) by SPE [12]. Hence, the thermal sta-
bility of implant isolation samples was again tested after 550 ◦C
annealing for 1 h. Sheet resistances of the medium- and high-
dose samples at 4.2 K are still as high as 1 × 1013 Ω/� (Fig. 3).
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Fig. 4. Comparison of 2DEG quality after implant isolation or RIE process by
the ratio of the mobility at 4.2 K measured from an implant-isolation-defined
Hall bar to a RIE-defined Hall bar for a given implant and anneal. The absolute
mobility values at 4.2 K with a unit of 103 cm2/V · s are shown in parentheses
with the mobility for implant isolation before the mobility for mesa isolation.
The estimated error of mobility measurement is ±5%.

After further annealing at 650 ◦C for 1 h, the sheet resistances of
the medium- and high-dose samples at 4.2 K drop nine orders
of magnitude. Therefore, if an annealing temperature for the
contact over 550 ◦C is desired, it should be done before implant
isolation.

Any possible degradation of the 2DEG quality due to spuri-
ous radiation during ion implantation was investigated based on
Hall mobility measurement by standard low-frequency lock-in
techniques at 4.2 K. Fig. 4 shows the ratio of mobility measured
from implant-isolation-defined Hall bars to RIE-defined ones
(with absolute mobility values shown in parentheses) from the
same CVD growth and annealing condition. Implanted samples
without annealing (open symbols) do not show any significant
mobility degradation. Even with the highest dose used in this
study (1 × 1014 cm−2), the 2DEG quality remains unaffected.
Mobility ratios of samples experiencing both implant isolation
and 550 ◦C annealing are also shown in Fig. 4 (closed sym-
bols). Except for one sample, the mobility ratios after 550 ◦C
annealing are near 100%. We attribute the low mobility ratio for
the medium-dose Ar+-implanted sample to a nonuniformity in
the 2DEG growth between different wafer pieces used for the
Hall bars.

IV. SUMMARY AND CONCLUSION

Excellent electrical isolation of silicon 2DEGs by ion
implantation has been demonstrated. A sheet resistance of
implanted regions as high as 1 × 1013 Ω/� at 4.2 K is
achieved. Samples implanted by Ar+ and Si+ at medium

(1 × 1013 cm−2) and high doses (1 × 1014 cm−2) present
excellent thermal stability even after 550 ◦C annealing. No
degradation of the 2DEG was observed due to the isolation
implant.
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