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We have observed single-hole tunneling and Coulomb blockade in the resonant tunneling characteristics of
an ultrasmall Si/SiGe strained vertical quantum dot. The current steps near the tunneling threshold are due to
tunneling of the holes from the emitter to the doubly degenerate ground state of the strain-induced quantum
ring in the vertical quantum dot, and the spacing of the steps gives the charging energy of the quantum ring.
When a magnetic field is applied parallel to the tunneling direction, the evolution of the single-hole tunneling
features reveals a cusp arising from the angular-momentum transition of the single-particle ground state of the
quantum ring in the magnetic field.
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In analogy to the Aharonov-Bohm effettlosed quantum sequence of the competition between the quantum ring po-
ring structures possess interesting physical properties due tential and the magnetic-field confinement, as discussed be-
guantum-mechanical phase coherence and interference, sulchv.
as energy spectra periodic in the enclosed magneticlux  The vertical quantum dot was fabricated by electron-beam
with period ¢¢o=h/e and the equilibrium persistent current lithography and reactive ion etching from high-quality
circling around the ring=® Both properties have been inves- strained p-Si/SiGe triple-barrier resonant tunneling
tigated extensively in various metafli€and I11-V semicon- heterostructuré® The nominally undoped triple-barrier re-
ductor quantum ring& Due to recent advances in nanofabri- gion consists of two strained G , quantum wells of
cation techniques, cleaner data on the energy spectra ¥fidths 35 and 28 A, separated by a narrow Si middle barrier
quantum rings have been studied both in a large collection d?f width 10 A and confined by two 35-A Si barriers. There
few-electron quantum rings by optical spectrosédfyand ~ are 200-A undoped §iGe, , spacer layers graded ' -Si
in a single many-electron quantum ring by transportcontact regions on either side of the active region. Figure
spectroscop¥! In this paper, we report on the energy spectral(a) shows the schematic of the cross section of the device.

of the ground state of a single few-hole quantum ring in thd contrast to etched III-V semiconductor structures where
the sidewall depletion due to Fermi-level pinning at the sur-

magnetic field. The quantum ring arises from the inhomoge: ; . ! 1
neogus strain relagation in %traine d vertical Si/Sigeface results in the parabolic lateral confinement poteﬁnal,

) 1214 . the Si/SiGe vertical quantum dot that we measured is passi-
pillars. Recently, we have used tunneling Spectroscopy, .4 by silicon dioxidé? This results in a much smaller

to observe the pr_edlcted perlod|g|ty of energy states in thp’Surface density of states that does not cause significant deple-
enclosed magnetic flu, with period ¢, in a single gated  yion ot the sidewaff>22 which is manifested by the proper
vertical quapturg dot, which is an unambiguous signature o} ncfioning of the 45-nm quantum dot and the approximate
a quantum ring? Until now, there has been no experimental qnortionality of the tunneling current and the device area
data on single-hole tunneling into a quantum ring, although g, |arger Si/SiGe vertical quantum dots fabricated from the
recent report studied single-hole tunneling through electroggme material.
statically gated planar Si/SiGe quantum d@tsow, an ul- A bias between the top contact and the substrate aligns
trasmall (diameterD ~45 nm) strain-induced quantum ring occupied hole states in the emitter electrode with the quan-
in a vertical quantum dot has a sufficiently large single-tized hole states in the Si/SiGe quantum wéli§igure 1b)
carrier charging energ{*®to make it possible to investigate illustrates the valance band of the active region of the quan-
the single-particle ground state of the ring when occupied byum dot in forward bias. Since the 35-A quantum well is
none or few carriers using resonant tunneling spectrostopy.wider than the 28-A quantum well, the ground state of the
Our data come from the magnetotunneling measurementsoupled quantum wells is mainly localized in the wider well
on ap-Si/SiGe strained vertical quantum dot with nominal even under modest bias between the emitter and the collec-
D=45nm. We have observed single-hole tunneling andor, as shown schematically in Figthl. In forward bias, the
Coulomb blockade at the onset of the tunneling, which ardocalization of the ground-state wave function in the wider
due to tunneling of the holes into the spin doullétof the  well leads to higher tunneling rate into the wells through the
ground state of the strain-induced quantum ring in the vertiemitter barrier than the tunneling rate out of the well through
cal quantum dot. The magnetotunneling data reflect théhe collector barrief®> Consequently, beyond the current
single-hole energy spectrum of the quantum ring groundhreshold, the occupancy probability of the ground state of
state as a function of the magnetic field parallel to the tunthe quantum dot is high, and thus the charging effect is sig-
neling direction, and reveal a cusp due to the angularnificant. Once a hole tunnels in, the second hole must over-
momentum transition of the single-particle ground state froncome the Coulomb charging energ§/C to add into the
| =0 tol=1.2°This angular-momentum transition is the con- quantum dot, wher€ is the total capacitance of the dot. On
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2 Sice i ) FIG. 2. (8 Resonant tunneling(V) anddl/dV characteristics
10A 177 si . 3 at T=1.6 K of the vertical quantum dot with a nominal diameter
28A a SiGe r ‘1°g D =45 nm in forward bias, showing two current steps at the onset
b 20§ of the tunneling. The current step height is approximately 15 pA.
L s The pairing of the conductance peaks is evidehj. I(V) and
C '_30’5 d1/dV characteristics aT =1.6 K of the vertical quantum dot in
Collector o1 S reverse bias. No current steps are observed near the thregtold.
-200 -100 O 100 200 Evolution of the current steps at the thershold of the forward bias
In-plane radius r (A) with the magnetic fields fronB=0 to 11 T at an interval of 1 T.

] ) . The current-bias curves are offset vertically by 10 pA. Dashed lines
FIG. 1. () Schematic of cross section of the vertical quantumare guides to the eye.

dot (not to scale Hatched regions are metal and the shaded region
is silicon dioxide. The bia¥ is applied between the top contact pad
and thep™-Si substrate(b) lllustration of the valence band of the

active region of the vertical quantum dot in forward bias. The solid . I~ .
line is thge lower-lying couplgd double quantum well ground state, Elgure 2 shows thé(_V) Characterl_st_lcs of the strained
arising from the heavy-hole ground states that would otherwise ex\-/ertlcal quantum d‘?t in both polarities measured Tat
ist in isolated SiGe wells of the same widttashed lines The  — 1-6 K. In forward bias, two current steps at the onset of the
wave function is concentrated in the wider well as shown in thetunneling are observed, with the first current step height of
graph.(c) Finite element simulation of the strain profile and corre- A1 ~15 pA, approximately equal to the second current step
sponding strain-induced confining potential in the quantum dot. Thd1€ight. These current steps at the threshold and the single
top curve shows the calculated radial strain compomer{t) on  current step height are due to Coulomb blockade through the
the midplane of the top 35-A §iGe,, quantum well in the quan-  single-hole charging of the spin doubld€( +2)) of the
tum dot(full biaxial strain corresponds 9, =1), while the bottom  4round state. At a higher bias, current starts to flow through
curve is the resul.tlng in-plane hole confining potential as a functhqhe higher-lying hole subbands in the quantum dot, leading to
of r. The dotted lines mark the ground state of the quantum ring inge er5| distinct peaks with higher current. Here we concen-
the ringlike potential near the perimeter, assumng~0.25M. 16 on the two current steps near the threshold, which re-
Ezaerfﬁgt;gtrei‘;ﬁ'bs The inset illustrates the strain-induced quan- veal the property of the strain-induced quantum ring ground
' state. The charging enerdy can be derived from the first
the contrary, in reverse bias there is no hole accumulation igurrent step width by converting the bias into hole energy
the well due to the larger rate tunneling out of the wélAs ~ using a self-consistent potential calculation. We obtdin
a consequence of the asymmetry of the triple-barrier struc=3.6 meV. Assuming cylindrical symmetry and taking ac-
ture, the tunneling (V) curve will exhibit strong charging count of the spatial extension of the quantum ring ground
effect in forward bias only, just as in the case of asymmetricstate, the total capacitance of the strain-induced quantum
double-barrier structures reported in the studies of singlering can be estimated to @~C;+C,~4.0x 10" F, us-
electron charging of quantum ddfe?* Figure 1c) presents ing Ci=eeqm(r5—r3)/d?, wherer, is the outer radius of
the finite element simulation of the in-plane strain profile andthe ring,r, the inner radius of the ring, and| the effective
the converted potential for holes in the quantum w¥HS.  barrier thickness. From this we estimate a Coulomb charging
The inhomogeneous strain relaxation results in the ringlikeenergy ofU~4.0 meV, which is consistent with the mea-
high-strain region near the perimeter of the quantum dotsured value. No current steps are observed in reverse bias, as
leading to quantum ring confinement as shown in the inset oéxpected*

Fig. 1. The ground state of the quantum dot is confined in the
strain-induced quantum ring potential.
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(@) (b) tum wells at very low temperaturé<300 mK2?® We mea-
4 P Ay AMRE AR ARALA A sured the magnetotransport at a much larger temperature
\ ~1.6 K, at which the thermal energy broadening would
probably make the spin-orbit coupling unobservable. As for
the Zeeman splitting, in a pseudomorphically strained
Sip §G&y 5 layer, the heavy-holg factor perpendicular to the
growth direction can be as high as 4%and thus the ex-
pected Zeeman splitting energy ugB can be as large as
2.8 meV atB=10 T, which is much larger than the tempera-
ture broadening af= 1.6 K. Nonetheless, we do not observe
- the Zeeman shifts and the separation between the two con-
. [ ductance peaks remains relatively insensitive to different
\ a3l "‘u\_.‘l:o 4 magnetic fields. This fact can be understood in terms of the
- T I=1 conservation of the spin in the tunneling process. The hole
[ states in both the emitter and the quantum wells involved in
N the tunneling process have similar Zeeman spin splitting and
] P S S S PR ) S P P T T T respond to the magnetic field in a correlative way. Thus the
0 2 4 6 8 10 12 0 2 4 6 8 10 12 7oaeman shifts are unobservable during the tunneling due to
Magnetic field (T) Magnetic field (T) the absence of a spin-flip tunneling mechanism.

FIG. 3. (a) The energy(relative to the emitter Fermi spaf the The cusp in the dependence of the conductance peaks is
quantized states in the dot corresponding to the two current steps ¥§Miniscent of the spin singlet-triplet transition of the many-
the magnetic field, obtained by magnetotunneling spectroscopy &0dy ground state of a quantum dét°but our situation is
T=1.6K, and separated by a charging energylbf3.6 mev. different. The spin singlet-triplet transition can only happen
Both energies respond to the magnetic field in a similar way, indicawhen an additional hole is added to the quantum dot occu-
tive of tunneling into the spin doublet of the ground state, respecpied with one or an odd number of holes in the presence of
tively. A cusp is observed @~9 T. The error bars consist of the an external magnetic field. Without the magnetic field, the
measurement uncertainties and the uncertainties in the determinadditional hole would go to the same state as the unpaired
tion of the conductance peaks. The solid lines are the simulatefole in the dot, but with the opposite spin, thus forming the
E-B curve, as shown in Fig.(B). (b) Numerical simulations of the  spin-singlet state. In a certain magnetic field, the Coulomb
quantum ring hole states in the magnetic field. The solid line ShOW$epu|Si0n between the two Spin_degenerate ho|esy as well as
the variation of the energy with the magnetic field, relative to thethe exchange interaction and the Zeeman energy, would
bottom of the quantum wells, while the dotted line shows the engyercome the energy to redistribute them into different
ergy of quantum ring ground state relative to the emitter Fermi segjgle-particle states, and favor an alignment of their spins to
in the magnetic field, with the diamagnetic energy included. Théeqia the spin-triplet state, leading to a feature in the addi-
C#Sp .aBlN_g T .C?”eSpongs to thefa';?U|ar'm°men_tumfms'“°n %ftion energy of the second hole, which is absent in that of the
the single-particle ground state of the quantum ring ' first hole. In our magnetotunneling data, the first conduc-
I=1. . ! .

tance peak at the threshold arises from single-hole tunneling
into the noninteracting ground state of the empty ring, and

To further verify that the two current steps at the thresholdthus the hole-hole Coulomb interaction is irrelevant, but it
arise from tunneling through the doubly degenerate groun@éxhibits the same cusp in tl& B curve as the second con-
state of the strain-induced quantum ring, we have investiductance peak. Accordingly, this peak-to-peak correlation
gated the device in an external magnetic fiBldpplied par- manifests that the cusp is due to the evolution of the single-
allel to the tunneling current. Figuréd@ shows the evolution particle energy level with the magnetic field, and not a sig-
of the current steps at the threshold with the magnetic fieldsature of the spin singlet-triplet transition. Although teB
From the measured tunneling conductance peaks, we can esdrve of the second conductance peak, corresponding to add-
tract the energy of the quantized states in the dot relative ttng a second hole to the quantum ring, could reveal the spin
the emitter Fermi sea and plot them with magnetic field assinglet-triplet transition in principle, we do not observe this
shown in theE-B curve in Fig. 3a). Both conductance peaks effect in our data.
respond to the magnetic field in a similar way, exhibiting an We interpret the cusp to be the consequence of the
overall shift to lower energy, but with a cusp at around 9 T.angular-momentum transition of the single-particle ground
The close resemblance of the evolution of both conductancstate of the strain-induced quantum ring in the magnetic
peaks with magnetic fields further indicates that they arisdield.1° We solve the Schidinger equation numerically with
from tunneling into the spin doubftof the ground state, the inhomogeneous-strain-induced potential shown in Fig.
with the same spatial wave function, separated by the charg{c) and the single in-plane effective-mass approximation
ing energy of the quantum dotJ~3.6 meV. Other contri- m*~0.25m, (Ref. 27 for the lowest coupled subband. Fig-
butions to the energy splitting of the ground state could comeire 3b) shows the calculated energies of the quantum ring
from the spin-orbit couplingRashba effegtand the Zeeman hole states with the magnetic field, relative to the bottom of
splitting. But only a weak signature of Rashba effect wasthe quantum wells, with a cusp &~9 T, due to the
observed in the heavy-hole systempfype Si/SiGe quan- angular-momentum transition of the single-particle ground
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state of the quantum ring fro=0 to | =1.2° However, the = ~0.25m, going around a circular orbit of nominal diameter
calculated energy of the quantum ring ground state increases ~45 nm yields a persistent current 00 nA. While the
with the applied magnetic field in general, while the mea-agreement is far from good, given the crudeness of the esti-
sured hole state energies shown in Fi¢a)3nove to lower mate, the fact that they are of the same order of magnitude is
energies with the magnetic field. This discrepancy arisesatisfactory.

from the fact that the energies shown in Figa)Jre relative In conclusion, we have fabricated an ultrasmall vertical
to the Fermi sea in the emitter, whereas the energies of thgyained quantum dot that exhibits single-hole tunneling and
emitter holes involved in the tunneling increase by the diatoylomb blockade at the threshold voltage in forward bias.

lrnagnetig energy i”f theh nRagneti?r field. | In the emitter, LheThe two current steps at the onset are attributed to tunneling
1arge ensity  of holes —eflectively ~screens —the;,, e doubly degenerate ground state of the strain-induced
inhomogeneous-strain-induced potential and the emitter hol

) . uantum ring, separated by the charging energy. The single-
states have the same spatial extension as the quantum dot. . . .
a result, the diamagnetic energy of the holes in the emitter is € charging enables us to extract the single-particle energy

larger than that of the quantum ring ground state confined “?f the qu_antum rng ground state with _dlfferen_t magnetic
the ringlike region. The dotted line in Fig(l3 shows the lelds, which exhibits a cusp §~9 T. This cusp is due to
energy of quantum ring ground state relative to the emittefN® @ngular-momentum transition frohe=0 to =1 of the
Fermi sea in the magnetic field, with the diamagnetic energyindl€-particle ground state of the quantum ring in external
included. The calculateB-B curve is superimposed on the magnetic fl_elds. ThIS o_bservatlon is in good agreement with
experimental data shown in Fig(3. Agreement is accept- the numerical simulation of the energy spectrum of the
able, given the simplicity of the calculations. inhomogeneous-strain-induced quantum ring.

An interesting feature of our ultrasmall ring is the persis-
tent current. In an ideal quantum ring, the persistent curren&/I
is given by dE/d¢,% which yields ~12 nA from theE(B)
data in Fig. 3. A naive semiclassical estimate considering
hole of kinetic energy~5 meV [Fig. 1(c)] and m*
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