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ABSTRACT We report the fabrication and electrical characterization of single-hole transistors (SHTSs), in
which a Ge spherical quantum dot (QD) weakly couples to self-aligned electrodes via self-organized tunnel
barriers of Si3N4. A combination of lithographic patterning, sidewall spacers, and self-assembled growth
was used for fabrication. The core experimental approach is based on the selective oxidation of poly-SiGe
spacer islands located at the specially designed included-angle locations of Si3N4/Si-trenches. By adjusting
processing times for conformal deposition, etch back and thermal oxidation, good tunability in the Ge QD
size and its tunnel-barrier widths were controllably achieved. Each Ge QD is electrically addressable via
self-aligned Si gate and reservoirs, thus offering an effective building block for implementing single-charge

devices.

INDEX TERMS Ge, quantum dot, single-hole transistors.

I. INTRODUCTION

Single-electron or -hole transistors (SETs or SHTs) offer
great promise in a vast landscape of applications for ultra-
fine sensing, precision metrology, and in particular, readouts
for quantum registers. Charge transport within SETs is con-
trolled at single charge precision based on Coulomb blockade
effects, [1] featuring current oscillation and plateaus under
gate and drain modulation. The core structure of a semi-
conductor quantum-dot (QD) SET is similar to that of a
MOSFET, except that the continuous conducting channel
between source and drain (S/D) reservoirs for a MOSFET is
replaced by a single QD capacitively coupled to S/D through
tunnel barriers for a SET. While the device structure of SETs
is straightforward, the fabrication of controllable sizes and
widths for the QDs and their tunnel barriers, respectively,
at nanometer-scales for Si SETs has proven challenging.
References [2], [3], [4], [5], [6] This is because Si QDs
with diameters smaller than 5 nm (as dictated by the Bohr

radius of 4.9 nm for Si [7]) are desired to have well-separated
energy levels and thereby be immune to thermal noise above
cryogenic temperatures. Additionally, good control over the
thickness, potential height, and interfacial properties of the
intimately coupled tunnel barriers is essential to achieve mea-
surable tunneling current (> pA) with large peak-to-valley
current ratio (PVCR) or signal-to-noise ratio (SNR) for sub-
sequent signal processing. Of most concern is that multiple
electrodes in close proximity to a nm-scale QD will result in
significant inter-electrode crosstalk [8] and parasitic capaci-
tances. All the above-mentioned nanofabrication-related low
PVCR-related effects not only result in driving down the
operational temperature of Si-QD SETs to milli-Kelvin
levels, but also impact the fabrication reproducibility and
operational reliability of Si-QD SETs.

In contrast, the large Bohr radius of 24.9 nm in Ge [7]
allows easier fabrication of Ge-QD SETs and SHTs. We have
already reported CMOS-compatible fabrication approaches
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for the controllable, self-organized growth of spherical Ge
QDs/SiO; shells within Si3N4 and Si at designated spa-
tial locations. References [9], [10], [11], [12], [13] Most
importantly, our Ge QDs come with their inherent con-
finement barriers of thermally-grown SiO; shells within the
embedding Si3Ny layers in a self-organized manner, thereby
offering an effective building-block for the fabrication of
Ge-QD SETs and SHTs [14], [15], [16].

In this paper, we advance the fabrication of Ge-QD SHTs
with both self-organized tunnel barriers of SizN4 and self-
aligned electrodes of Si. Tunneling current of the Ge-QD
SHTs measured at T = 4-40 K is also reported.

Il. EXPERIMENTAL FABRICATION OF GE QDS SHTS
The fabrication of Ge-QD SHTs with self-organized tun-
nel barriers of SiO,/Si3N4 and self-aligned heavily-doped
Si electrodes is described in Fig. 1. Reference [14] Starting
with an SOI substrate with a 50 nm-thick, boron-doped
Si (100) layer, a triangle-shaped Si trench (denoted as
Trench I) was produced using electron-beam lithogra-
phy (EBL) and SFe/C4Fg plasma etching (Fig. 1a). Next,
bi-layers of 10 nm-thick Si3Ns and 25 nm-thick poly-
Sip g5Geg.15 were sequentially deposited using low-pressure
chemical vapor deposition (LPCVD) for conformal encapsu-
lation over the Trench I (Fig. 1b). Following a direct etch-
back process (Fig. lc), spacer layers of poly-Sigg5Geg. 15
with width/height of 25 nm/30 nm were produced at the
sidewalls of SizNg-encapsulated Trench I. The length of
the poly-SipgsGep.15 spacer islands at the included-angle
location of Trench I in combination with Trenches II
and III (forming Si electrodes for gate, source, and drain
(G/S/D)) were simultaneously delineated using EBL and
plasma etching processes (Fig. 1d). Subsequently, thermal
oxidation at 900°C in an H,O ambient converted the poly-
Sig.g5Geop.15 spacer island to a single Ge QD at the corner of
Trench I (Fig. le). Concurrent with the Ge QD formation,
the connection between three Si electrodes for G/S/D was
also converted to SiO; since the sidewalls of Si Trenches
II/IIT are subjected to thermal oxidation as well. Therefore,
the thermally-grown SiO, layers electrically isolate each
of the G/S/D electrodes. Finally, contact and metallization
processes completed the device fabrication (Fig. 1f).
Current-voltage characteristics of Ge QD-SHTs were mea-
sured within a Lakeshore CPX-VF liquid-nitrogen cooled
vacuum-sealed probe station using an Agilent B1500 semi-
conductor device analyzer equipped with a B1517A high-
resolution source monitor unit/auto sense and switch unit
(the current measurement resolution is in femtoampere
range (< 5 fA)).

11l. RESULTS

A. PRECISION FABRICATION OF SELF-ASSEMBLED GE-
QD AT THE DESIGNATED INCLUDED-ANGLE LOCATION OF
SI TRENCHES

Plan-view transmission-electron microscopy (TEM) observa-
tions show that following thermal oxidation for 40 min, a
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FIGURE 1. Schematic diagrams and corresponding SEM micrographs
showing the precision fabrication of Ge QD SHTs at desired locations.

(a) Lithographically-patterned Si Trench I. (b) Deposition of SizN,; and
poly-Sig g5Geg. 15 layers. (c) Formation of poly-Sig g5Geg 15 spacer layers at
Trench I sidewalls. (d) Patterning of Trenches 11/l and a poly-Sip g5Geg 15
spacer island at the included-angle location of Trench I. (e) Formation of a
single Ge QD with self-aligned G/S/D electrodes by thermal oxidation.

(f) Contact and metallization for forming electrodes. (g) Layout design of Si
connection among G/S/D electrodes.

FIGURE 2. Plan-view TEM micrographs shows the dependence of SizN,
layer penetration depth by Ge QDs as a function of the included-angle of
the Si trenches following thermal oxidation at 900 °C. Inset is the
cross-sectional TEM micrograph showing the Ge QD is conformally capped
with thermally-grown SiO, that is generated in a self-organized manner
via the thermal oxidation of the Si content of the former poly-SiGe spacer
island.

single Ge QD is produced precisely at the included-angle
location of the Trench I with conformal overlayers of Si3Ny4
(Fig. 2). Reference [14] The Ge QD is formed in a self-
assembled approach via Ge interstitial condensation, Ostwald
ripening, and the ultimate complete coalescence of Ge
nanocrystallites generated from the original poly-Sig g5Geo.15
island during the selective oxidation process. Reference [9] A
significant fabrication advantage of our approach is the size
tunability of the Ge QDs that is essentially determined by the
total Ge content of the poly-Si;.Gey spacer island [9], [10],
[11], [12]. The Ge QD size is, by definition, smaller than
the geometric size of the lithographically-patterned poly-
SijxGe, spacer island. For instance, thermal oxidation of a
poly-Sip g85Gep.15 spacer island with width/height/length of
20 nm/35 nm/35 nm produces a 20 nm-diameter Ge QD,
thus eliminating the need for high-resolution EBL for the
fabrication of tiny QDs.
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B. CONTROLLABLE GE QD PENETRATION INTO THE SI3N,
LAYER

Figure 2 shows highly symmetrical spacer layers of SizNy
being produced at the sidewalls of Trench I thanks to the
conformal deposition using LPCVD. It is important to note
that the overlayer of SizNy at the sidewalls of Trench I is
specially designed to serve as the tunnel barriers between
the Ge QD and Si reservoirs as well.

The sidewall spacer layer of SizNy is indeed responsible
for the controllable placement of Ge QDs via a unique Ge
QD migration within the already-formed SiO, layers and
through the spacer layer of Si3zNy in the solid state during
the thermal oxidation process. Our extensive experimental
observations [9], [12] have elucidated the fundamental mech-
anisms responsible for this unique Ge QD migration via a
combination of symbiotic interactions of Si, Ge, and O inter-
stitials occurring simultaneously. We discovered that the Ge
QD is able to catalyze the release of Si interstitials through
local oxidation of the proximal Si3Ny4. Reference [12] The
released Si interstitials in turn promote the Ge QD migration
through its surrounding SiO, matrix along the Si interstitial
concentration gradient towards the Si3Ny layer via a dynamic
Si0; destruction/construction mechanism near the migrating
Ge QD surface. Reference [9] In brief, during the thermal
oxidation process, Si interstitials catalyze the decomposition
of the SiO;, ahead of the migrating Ge QD and facilitate the
subsequent re-formation of SiO; in its wake.

It is clearly seen in Fig. 2 that the forehead of the Ge QD
penetrates the sidewall spacer layer of SizN4. Thereby, our
approach indeed provides yet another vital fabrication advan-
tage for tuning the tunnel-barrier widths via the controllable
penetration of the SizNy4 layer by the Ge QD. Fig. 2 shows
that for a given process time of 40 min for thermal oxida-
tion, an increase in the included angle (from 30° to 90°) of
Trench I through layout design and nanofabrication results
in the enhanced penetration of Si3Ny spacer layers by the
Ge QD, further reducing the tunnel-barrier width between
the Ge QD and Si electrodes [14].

An important finding of note is that behind the migrating
Ge QD, a 25-30 nm-thick, thermally grown SiO; layer (as
highlighted by the yellow boxes in Fig. 2) simultaneously
and conformally cap the resulting Ge QD. The capping layer
of SiO, over the Ge QD is formed in a self-organized man-
ner via the generation from the Si content of the former
poly-SiGe spacer island by the selective oxidation process,
providing good passivation for the Ge QD.

C. SELF-ALIGNED PLUNGER GATE

Isolating and modulating only the QD potentials for a tiny
QD located among multiple electrodes (G/S/D) by a plunger
gate is very challenging. Therefore, it is highly desirable
that the plunger gate is precisely self-aligned to the QD
with a minimum of overlap with the S/D electrodes. In our
fabrication approach, Si Trenches II/III and a poly-SiGe
spacer island within Trench I were simultaneously generated
using a single-step lithographic-patterning process (Fig. 1d).
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The designed length (L)/width (W) of the Si connection
between Trench II and Trench III as well as the separation
(L) between Trench II/III and Trench I are 30 nm/40 nm
and 40 nm, respectively (Fig. 1g). It is important to note
that the overlayer of SizNy for Trench I prevent the side-
walls of Trench I from being oxidized (Fig. 1b), whereas
the exposed (100) and (110) sidewalls of Si Trenches II and
IIT are directly subjected to oxidation (Fig. 1g). According
to the growth kinetics of Si oxidation at 900 °C in an H,O
ambient, 40 min thermal oxidation grows 100 nm-thick and
140 nm-thick SiO; layers by consuming 45 nm-thick (100)
Si and 63 nm-thick (110) Si, respectively. Therefore, con-
current with the formation of Ge QD by using the thermal
oxidation at 900 °C for 40 min, the connection of Si among
Trenches I/II/III is completely disconnected since all exposed
(110) and (100) sidewalls of Si connection (perpendicular to
and along the direction of A-A’, respectively,) are subjected
to thermal oxidation. In this way, electrodes of G/S/D were
separately formed and self-aligned to each other automat-
ically since the growing oxide layer serves to electrically
isolate each electrode from the other. Also, with our fab-
rication approach, there is negligible overlap between the
plunger gate and the S/D electrodes so as to effectively
eliminate inter-electrode cross-talk.

D. SELF-ALIGNED SI SOURCE/DRAIN RESERVOIRS
Cross-sectional electron dispersive spectroscopy (EDS) map-
ping (Fig. 3) observations clearly show that at the included-
angle location of Trench I, a single Ge QD couples to S/D
reservoirs via nearly identical 9 nm-thick sidewall spacers
of Si3Ny thanks to a conformal deposition of Si3Ny over the
trench. It is a known fact that Si3N4 has a much lower oxida-
tion rate than that for both SiGe and Si. Thereby, the SizNy
overlayer for Trench I indeed is an effective oxidation mask,
protecting the Si S/D from oxidation attack during the sub-
sequent thermal oxidation process for forming the Ge QD.
In this way, the widths of tunnel barriers between the Ge
QD and Si reservoirs are essentially determined by the thick-
nesses of the Si3sNy overlayers at the sidewalls of Trench
I. Therefore, we are able to tailor the tunnel-barrier widths
with nm-scale precision by adjusting the deposition time of
LPCVD-Si3Ny layers.

E. ELECTRICAL CHARACTERISTICS OF GE SHTS AT
4-40K
Our Ge-QD SHTs show progressive Coulomb staircase
behavior under drain (Vp) modulation at T = 4 K and
20 K. Fig. 4(a) shows that at T = 4 K and Vg = —3.5 V,
current-plateaus appear when Vp goes beyond Coulomb-gap
voltages of Vp+ > 0.65 V or Vp— < —0.45 V. An increase
in the magnitude of Vg from 0 V to —3.5 V not only reduces
Coulomb-gap voltages by facilitating the line-up of the Ge-
QD energy levels with the Fermi energy of source reservoir,
and also makes these current plateaus more prominent.
The first current plateau at Vp = 40.70 V appears to
have negative differential conductance (NDC), that is, Gp
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20 nm

FIGURE 3. (a, b) Cross-sectional EDS maps of the distributions of oxygen,
germanium, nitrogen, and silicon atoms generated during the formation of
a Ge QD at the included-angle location of a SizN4/Si trench. (c) Hole
quantum confinement energy levels within the Ge QD generated by the
SizN,4/Si layers.
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FIGURE 4. Ip-Vp characteristics of Ge-QD SHTs measured at T = (a) 4 K
and (b) 20 K.

= dlp/dVp < 0, whereas staircase-like current behavior (Gp
> 0) is observable for the first current plateau at Vp =
—0.5 V. Such drain polarity-dependent Coulomb gaps and
tunneling-current behaviors suggest a slight difference in the
tunneling rates between the Ge QD/Si-source and Ge QD/Si-
drain electrodes. The asymmetrical tunneling rates lead to
shell-tunneling (holes tunnel through bare energy levels with
no inter-charge Coulomb interaction within a QD. That is,
no charge accumulation within the QD because the tunneling
rate for holes injecting into a QD from source reservoir is
smaller than that for holes leaving for drain.) and shell-
filling (holes tunnel out of a small QD much more slowly
than they can be fed in) processes for Vp > 0 and Vp < 0
cases, respectively. The NDC features at Vp = 0.70 V and
current-staircase at Vp = —0.5 V are still observable at T
= 20 K (Fig. 4(b)).

Figure 5 show measured gate-induced oscillatory tunnel-
ing currents at Vp = 0.1 V-045Vand T =4 K - 40
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FIGURE 5. Ip-Vg characteristics of Ge-QD SHTs measured at T = (a) 4 K,
(b) 20 K, and (c) 40 K.

K. It is clearly seen in Fig. 5(a) that at small Vp = —0.2 V
and T = 4 K, two distinct current peaks are present at Vg
= —4.6 V and —6.05 V, respectively. When Vp is increased
from —0.2 V to —0.35 V, there appear to be more oscilla-
tory current peaks accompanied by the shift of current peaks
toward smaller V. This is because increasing Vp facilitates
more energy levels of the Ge QD approaching the Fermi
energy of source reservoir, creating more transmission res-
onance conditions for hole tunneling. On the other hand,
increasing temperature makes the oscillatory current peaks
broaden and even merge together since the higher thermal
noise washes out discrete energy levels. It is important to
note that at Vp = —0.2 V, the oscillatory current peaks
at Vg = —4.6 V and —6.05 V are nearly invariant with
temperature and the current-valley or background value of
~10 fA is very close to the ~ 5 fA resolution for our
characterization system. Very low current valleys are strong
evidence for a precisely self-aligned plunger gate that sup-
presses gate-induced tunnel-barrier lowering by minimizing
the gate overlap with the S/D electrodes.

The contour plot of differential conductance as a function
of Vg and Vp is shown in Fig. 6. Sharp boundaries of the
Coulomb diamond allowed us to extract the gate modulation
factor (¢ = Cg/(Cp + Cs + Cg)) derived from the slopes
of the diamond. Extracted capacitance ratios of Cp : Cs : Cg
=4.0:4.7 : 1 suggest an « = 0.105 and total capacitance
of 0.11 aF, with estimated single-hole addition energies for
N =0 — 1and 1 — 2 being 145 meV and 49 meV,
respectively, estimated using E, = o AVg.

IV. DISCUSSION

Our experimentally observed aperiodic Coulomb oscillations
in combination with NDC characteristics are strong testa-
ments to large, nonuniform quantum-level spacings (AE) in
our Ge QD caused by quantum confinement effects. Similar
experimental observations have also been reported in Ge
QD SHTs [15], [16] and Si-SETs [17], [18], [19], [20].
It is a known fact that for a SET/SHT, the addition
energy (E,qq) required for injecting an additional charge
into the QD comprises the charging energy (Ec) arising
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FIGURE 6. Contour plot of Gp-Vp-Vg characteristics of Ge-QD SHTs
measured at T = (a) 4 K and (b) 20 K.

from electron-electron/hole-hole interactions and the excita-
tion energy (AE) of the QD with a constant number (N) of
electrons or holes (that is, the energy-level spacing between
Eny1 and En). The addition energy is proportional to the
gate-voltage spacings (AVg) between Coulomb oscillatory
current peaks in a form of Eygg = Ec + AE = o AVg [21].

For a large QD with many electrons/holes, Coulomb oscilla-
tions are usually periodic (that is, AVg between the oscillatory
current peaks is a constant) because AE caused by weak quan-
tum confinement effects is much smaller than E¢ arising from
electron-electron or hole-hole interactions, i.e., AE << Ec.
Therefore, the feature of periodic Coulomb oscillation, which
is usually predicted by an orthodox theory, is a consequence
of Ec homogeneity and negligible AE. In general, such a
periodic Coulomb oscillation feature was observed only at
very low temperature due to the small Ec for a large QD.

In a small QD containing few charges, both electron-
electron (or hole-hole) interactions and quantum confine-
ment effects become sufficiently strong and thereby, both
Ec and AE are large and comparable in magnitude.
Kouwenhoven et al., have reported that AE is a function of
electron number (N) and highly dependent on the dimension-
ality. Reference [21] For instance, AE for a zero-dimensional
QD formed by 3D metals or self-assembled semiconductor
nanocrystals is large for small N (that is, few-electron or few-
hole regime) and decreases as N increases, following a power
law of AE  1/N'3 [21]. Therefore, for SETs/SHTs with a
small QD and in few-electron/few-hole regime, the fact of
nonuniform spacings between energy levels (unequal AE)
becoming comparable to the charging energy (Ec) breaks
the periodicity of the Coulomb blockade oscillations [22],
[23], [24], [25], [26], [27].

Our Ge QD is smaller than the Bohr radius of 24.9 nm for
Ge and capacitively couples to heavily-doped Si reservoirs
via hard-wall barriers of Si3N4 with a barrier height of > 2
eV and barrier width of 9 nm. The hard-wall barriers of
SizN4 indeed induce strong quantum confinement effects
in our small Ge QD, as evidenced by large (> 49 meV)
and unequal addition energies extracted from the aperiodic
Coulomb oscillation peaks (Figs. 5 and 6).

Our experimentally-observed NDC phenomenon in Fig. 4 is
attributable to combined effects of large energy-level spacings
of our small Ge QD [17], [18], [19], [20] and limited densities
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of states (DOS) full of charges in heavily-doped Si reservoirs.
In this work, the doping concentration of pT-Si reservoirs
is approximate 5 x 10' — 1 x 10%® ¢cm™3 formed by ion
implantation of boron with a dose of 1 x 10> cm™2 and
energy of 17 keV into a 50 nm-thick Si. Calculated values
of half-width (§) of the dopant DOS in Si are 4 — 8 meV
for boron concentration of Ngop ~ 5 X 10" -1 x 1020
cm™3, using the equation of § = rNyo 1271 - exp(—s/Ndop)]
given by [28] with r = 42 x 10712 eV cm™3/? and s =
10" ¢m~3. Thus, the narrow bandwidth (8—16 meV) of the
dopant DOS in our Si reservoir is insufficient to cover more
than two resonant energy levels in our 20 nm Ge QD whose
discrete energy levels are well separated in large spacings.

In contrast to small PVCR of SETs/SHTs with
gate-defined Si/Ge QDs based on Si/SiGe or SiGe/Ge
two-dimensional electron/hole gas (2DEG/2DHG) het-
erostructures having weak, soft-wall confinement, [8], [29],
[30], [31], [32] our self-organized Ge QD/SizN4 SHTs
indeed exhibit oscillatory current peaks with high PVCR of
> 200 and > 30 at T = 4 K and 20 K, respectively, thanks
to strong quantum confinement effect in our small Ge QD
caused by hard-wall tunnel barriers of SizN4. While the large
tunneling resistance (101310 ) of our hard-wall Si3Ny4
barriers indeed effectively reduces the background quantum
leakage to <10 fA, the resulting tunneling current is small
in magnitude (pA — tens pA) as well. It is a known fact
that tunneling rates and tunneling resistances are essentially
determined by the height and width of tunneling barriers. We
envisage to increase tunneling current from pA — tens pA to
sub-nA — nA by reducing the sidewall thickness of SizN4
overlayers from 10 nm to 5 nm. Additionally, we envisage
that both PVCRs and operating temperature of our Ge-QD
SHTs could be further increased by reducing the Ge QD
size, which is controllably achieved by reducing the geo-
metrical conditions of the SiGe spacer island by adjusting
the process times of deposition and etch back.

Fig. 4 shows a relatively large Coulomb gap of hundred
mV or close to 1 V in our Ge-QD SHTs. The large drain volt-
age required for activating charge tunneling is possibly due
to the large work-function difference of 1.2 eV between p™-
Si S/D reservoirs (¢py—si ~ 5.15 eV) and the Ge QD (¢ge
~ 4.0 eV). The work-function difference could be reduced
by converting the p*-Si reservoirs to NixSi reservoirs (énisi
~ 43 — 4.6 eV) using self-aligned silicidation (Salicide)
processes, which is a prevailing technology for fabricating
metal-like S/D electrodes in CMOS transistors. The metallic
S/D electrodes will also provide full bandwidth of charge
reservoirs for producing current staircases.

V. CONCLUSION

We have advanced the state-of-the-art for the fabrica-
tion of Ge-QD SHTs with self-organized tunnel barriers
and self-aligned electrodes using an ingenious combina-
tion of lithographic patterning, sidewall-spacer technique,
and self-assembled growth. The self-aligned electrodes do
indeed suppress the gate overlap of the S/D electrodes
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thereby improving the Coulomb oscillatory current with
higher PVCRs. Our Ge QD SHTs feature aperiodic oscil-
latory current and NDC behaviors within the temperature
range of 4 — 40 K with corresponding estimated addition
energies > 49 meV for few holes regime.

Thanks to large addition energies and well-separated
energy levels, our small Ge QDs with few-charges are desir-
able for many applications including metrology, electrome-
try, and quantum registers from technological perspectives.
References [22], [25] For instance, Horibe et al. [26] have
reported that to implement quantum logic gates based on
electron spin, it is necessary to reduce the electron num-
ber in individual QDs to levels of a few-electrons or even
a single-electron to create spin states that are energetically
well defined and separated from other states.
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