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Tunneling spectroscopy of a quantum dot through a single impurity

Erik Lind,* Boel Gustafson,† Ines Pietzonka,‡ and Lars-Erik Wernersson§
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~Received 17 March 2003; published 30 July 2003!

A single impurity inside a resonant tunneling diode is used to perform tunneling spectroscopy on an adjacent
electrostatically defined vertical quantum dot. This results in tunneling between two zero-dimensional systems,
measured as a set of sharp peaks in the current-voltage spectrum for finite bias. Magnetic-field-dependent
measurements show that the angular momentum of the tunneling electrons is conserved during the tunneling
process. Both ground and excited states are probed. The effect of temperature is also investigated, exhibiting a
peak broadening that is smaller than 1 kT.
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Tunneling spectroscopy is an important tool to investig
the electronic structure of low-dimensional systems. Stud
have been made on such systems as quantum dots in d
ent geometries1 and single impurities.2 Both types of struc-
tures have also been used to investigate properties of
surrounding contacts, including studies of local density-
states~LDOS! fluctuations,3 Landau-level formation,4 and
Fermi edge singularities.5 Consequently, specially designe
low-dimensional emitter structures6 must be used to avoid
effects originating from the emitter contact.

In this paper, we use a single impurity to perform tunn
ing spectroscopy on an adjacent electrostatically defi
quantum dot. Since the lateral confinement of the impurity
much stronger than the relatively weak confinement of
quantum dot, the impurity essentially is unaffected
changes in the gate voltage or by aB field applied parallel to
the current. In this sense, the impurity acts as an ideal em
for tunneling spectroscopy. This zero-dimensional–ze
dimensional ~0D-0D! tunneling process results in sha
peaks in the current-voltage characteristics (I -V) for finite
biases. The quantum dots states show clear shifts with
applied magnetic field. These shifts fit with the Darwin-Fo
model of a 2D harmonic oscillator in a magnetic field, a
suming the conservation of the angular quantum number
ing the tunneling process. The effect of the gate in our tr
sistor structure is more complex, with shifts probably due
charging effects. We performed temperature-dependent m
surements, which further support the 0D-0D tunneli
model. The data show a broadening of the peaks tha
smaller than 1 kT, possibly due to coupling to acous
phonons. When combined, these data give a clear pictur
the tunneling coupling between the impurity and the d
which highlights the effects of momentum conservation a
the complicated interplay between charging and confinem
effects in the dot.

The investigated sample is a GaAs-based resonant tun
ing transistor consisting of a metallic tungsten gate emb
ded between two resonant tunneling diodes~RTD’s!. A cross
section of the device is sketched in the inset of Fig. 1. T
diodes have 5-nm-thick GaAs0.3P0.7 barriers and 12-nm-thick
GaAs wells surrounded by 20-nm-thick undoped spacer
ers. The rest of the structure has a doping level of
31017 cm23. All layers are grown by metal-organic vapo
phase epitaxy~MOVPE! at optimized conditions.7 The gate
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consists of 90- and 20-nm-thick wires separated by 100
Overlapping Schottky depletion regions around the wi
form an insulating area around the metal wires and direct
current through a designed 0.530.5-mm2 large square open
ing in the middle of the grating. The details of the fabricati
process are published elsewhere.8

From comparisons with current densities in reference
odes, we estimate that the upper RTD has a large conduc
area, on the order of 1303130 nm2 at Vg50 V, whereas the
lower RTD has a conducting area as low as 50350 nm2.8

From the depletion around the metal gate and the barrier
the two RTD’s, a quantum dot is created between the t
RTD’s, as indicated in the inset of Fig. 1. From the bac
ground doping in the MOVPE we will have one or a fe
donor atoms in the active region of the upper RTD. An im
purity inside a quantum well is known to create a reson
state slightly below the first bound state of the quantum w
with a binding energy on the order of 10 meV.9

The operation of the device is based on current conse
tion between the two RTD’s with different areas. For lar
values of the collector bias, peaks originating from 3D-2
tunneling through the bound state of each individual RTD
observed. The operation of the device is described in Re
In this paper we focus our attention on a set of fine featu
observed prior to the main current onset, as shown in Fig
Similar features were observed in other devices with op
ings of up to 131 mm2. In our proposed model, the peak

FIG. 1. Conduction-band profile of the device shows how
impurity state probes the dot states. The inset shows a schem
overview of the structure, indicating the depleted region around
tungsten wires. Note the formation of a quantum dot in between
two RTD’s.
©2003 The American Physical Society12-1



d
at
th
ive
s

n
at

ity
lin

n-

h
he
es
i-

ed
th
a
th
nd
ay
a
it
th
ra
e

r

he

dot

e 3

A
light
te
ro-
s in

d as
ted

ell as
di-

gher

wn
he
or
to
ot.
elf-

a

the
the

due

he
eld
ree
.
to-
ld,
ive
rity
tes

t of
ur
r
he

ra-

ck

-

f

do
ob-
d

he

ha
se
th

BRIEF REPORTS PHYSICAL REVIEW B68, 033312 ~2003!
originate from a transport process schematically illustrate
Fig. 1. An electron tunnels through the lowest impurity st
inside the upper quantum well, and then tunnels into
quantum dot between the two RTD’s. By applying a posit
biasVc to the collector contact the energy of the dot state
lowered relative to the emitter Fermi level:Edot
5Edot(B,Vg)2eVched, whereEdot(B,Vg) is the energy at
zero bias,Vg is the applied gate voltage,B is the applied
magnetic field, andhed is the voltage-to-energy conversio
coefficient between the dot and emitter. The impurity st
behaves in a similar way:Ei5Ei(Vg)2eVchei , wherehei is
the corresponding conversion coefficient for the impur
state. Due to conservation of energy, we only get a tunne
current when

Vc5
Edot~B,Vg!2Ei~Vg!

e~hed2h i !
~1!

andEi,Ef . Ef is the Fermi energy on in the emitter co
tact. By measuring shifts inVc , we can directly detect how
the dot states change in comparison with the impurity. T
fulfillment of Eq. ~1! results in a series of sharp peaks in t
current-voltage (I -V) characteristics, as different dot stat
align with the impurity state, as indicated in Fig. 1. In add
tion, tunneling paths through the lower RTD are consider
However, due to the smaller effective conducting area of
lower RTD compared with the upper one, modeling h
shown that a larger part of the applied bias falls over
lower RTD~Ref. 8! and consequently brings down the bou
state of the RTD as indicated in Fig. 1. Thus there are alw
tunneling paths out through the device. The lower RTD h
also most likely 0D characteristics due to the close proxim
to the gate. This might add some additional structure to
data, however, we have not been able to relate any cha
teristics in the data due to lateral quantization in the low
RTD.

Figure 2 shows theI -V characteristics measured forVg
5250 mV for three different temperatures. The set of ve
sharp peaks in the collector current (I c) is observed for col-
lector biases (Vc) between 0.1 and 0.2 V. Such peaks in t

FIG. 2. I -V characteristics measured atB50 T and Vg

5250 mV for different temperatures. The solid line is for 0.3, t
dotted 4.2, and the dashed 10 K. ForVc,0.12 the current is less
than 0.1 pA and structureless. The inset shows the full width at
maximum of the peak denoted by an arrow, marked with cros
The solid line is introduced to guide the eye. For reference,
dotted lines show 3.5 and 1 kT.
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I -V are attributed to 0D-0D tunneling,10 and a similar struc-
ture has previously been reported for stacked quantum
systems.6

We then investigate the effect of the gate voltage. Figur
shows a color plot of theI -V as a function ofVg . For the
used values ofVg , the gate current remained below 100 f
and showed no significant structure. Most peaks have a s
shift toward lower voltages with increasing negative ga
bias during a small range of applied gate bias. More p
nounced are the sharp, large shifts indicated by green line
Fig. 3. The regions formed between the lines are denote
a, a11. At each such shift, the entire set of peaks are shif
toward higherVc when going froma1(n) to a1(n11),
whereas the voltage separation between the peaks as w
the number of peaks remain essentially constant. This in
cates that the dot states are suddenly shifted towards hi
voltages compared with the emitter state. With (hed2h i)
'0.4 ~extracted for magnetic-field measurements, as sho
below!, the shifts correspond to about 1.5 up to 6 meV. T
probable origin is Coulomb charging effects inside the dot
the lower RTD, but we cannot rule out effects related
depletion of individual donor atoms inside or near the d
We estimate the capacitance of the dot with the s
capacitance of a sphere,Cself52p« r«0deff , which for deff
560 nm gives roughlyCself'40 aF. This corresponds to
charging energy ofEc5e2/Cself'4 meV. This is of the same
order of magnitude of the measured shifts, considering
rough estimate of the charging energy. The slopes of
green lines between the different regions are most likely
to self-gating effects.

Next we apply a magnetic field parallel to the current. T
data are shown as a color plot in Fig. 4. The magnetic fi
shifts all peaks to higher collector bias, with essentially th
different slopes,]Vc /]B, in the high-field region. From Eq
~1! we conclude that this implies that the dot states mono
nously move towards higher energies with increasing fie
compared with the emitter states. To explain the posit
shifts, we assume that the emitter state is a single impu
inside the upper RTD, and that the observed shift origina
from an energy shift in the dot state. The diamagnetic shif
an impurity-induced state is on the order of 1 meV for o
used magnetic-field strength,3 which is considerably smalle
than our measured shift of 5–6 meV, as we show below. T
lateral confining potential is further approximated to be pa
bolic. For a 2D harmonic oscillator in a magnetic field~ne-
glecting spin!, the eigenstates are the so-called Darwin-Fo
states,11 with eigenenergies

En,md
5~2n1umdu11!\Av0

21
vc

2

4
1

1

2
\vcmd , ~2!

wherevc5eB/m* , \v0 is the electrostatic confinement en
ergy,md is the angular momentum quantum number,n is the
main quantum number, andm* is the effective mass o
GaAs. Any states with a negative value ofmd will move
towards lower energies for low magnetic fields (\vc
<\v0) compared with the confinement energy. Since we
not observe any negative shifts in the peak voltages, all
served dot states must havemd>0. Most peaks are believe
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to come from electrons tunneling through the ground stat
the hydrogenic impurity, which, like ans-like state, has an
angular momentum ofmi50.9 If we assume radial symmetr
of our dot,12 the wave function of the dot is as follows
C(r ,u,z)5eimdu/A2pc(r ,z). Using the transfer Hamil-
tonian method to describe the tunneling process, one obt
the selection rule thatmi5md .13 For quantum dots that do
not show radial symmetry,md is not a good quantum numbe
any longer and the selection rule does not hold rigorou
However, for weak deviations from the radial symmetry t
quantum dot wave functions are virtually radial symmetr
and the impurity states couple only strongly to dot sta
with angular wave functions, similar to themi impurity state.

Because the impurity state hasmi50, we can only tunnel
to dot states withmd50. Using this criteria, Eq.~2! simpli-
fies to

En,05~2n11!\Av0
21

vc
2

4
. ~3!

By combining Eqs.~1! and~3! an expression for the pea
voltages as a function of theB field can be obtained. The
different symbols~3,"! in Fig. 4 are fittings of Eqs.~1! and
~3! for n50 – 2 with \v052.4 and 2.6 meV, respectively
and with (hed2h i)50.36 and 0.37. Good fittings are thu
achieved for both ground and excited states of the quan
dot. The discrete shifts of each fit at certainB fields are due
to effects originating from the gate, as explained above.
the peak fitted with~1!, only the ground state could be ob
served with\v052.0 meV and (hed2h i)50.36. The en-
ergy separation between the~3! and the~"! ground states is
roughly 1.5 meV. The origin of the various ground states
most likely due to different vertical states or the same ve
cal state with a different number of electrons in the dot. D
to the complicated potential structure of the dot, the vario
ground states might not all have the same lateral confin

FIG. 3. ~Color! Color plot of the current vsVc and Vg , for B
50 T. The green lines indicated discrete shifts between the dif
ent regions. The same method of identification of the peaks a
Fig. 4 below has been used here to mark the different familie
peaks.
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energies. From the classical turning points, the diamete
the dot state can be estimated to beddot52A2\/m* v0
'60 nm. Similar fittings can be done for a majority of th
other peaks as well, with slightly different values of\v0 and
(hed2h i). For most peaks, however, only the ground state
observed.

In the B-field-dependent data in Fig. 4, there are pea
appearing and disappearing at certain values of the applieB
field. For example, the~1! peak is visible from 0 up to 2 T,
and then reappears at 8 T. To be able to explain this ano
lous behavior, we need to consider the effect of the gate
well. As explained above, for certain applied collector vo
ages the entire set of curves is shifted in respect to e
other. In the fittings of theB-field data in Fig. 4 these shifts
have been taken into account. The white line in Fig. 3 in
cates thatVg50 V, at which the magnetic-field-depende
measurement was made. AtB50 T, the line intercepts the
n51 ~3! and ~"! peaks in the (a12) region, and then50
~1! peak in the (a13) region, which are visible in the low
field region of Fig. 4. On the other hand, the ground state
for example, then50 ~3! peak in the (a12) region is not
intercepted, and it is thus not visible in Fig. 4 for low valu
of magnetic fields.

In spite of the simple model used to generate the fittin
very good agreement with the measured data is obtain
This verifies the model of coupling between a impurity and
quantum dot as well as conservation of angular moment

We finally turn to the temperature dependence of theI -V
characteristics. As shown in Fig. 2 essentially all curves
smeared out with increasing temperature, however, the e
is relatively weak, which rules out broadening related
smearing of the Fermi edge. Peaks are visible up to roug
20–30 K, at which point they disappear in the backgrou
current. The inset of Fig. 2 depicts the full width at ha

r-
in
f

FIG. 4. ~Color! Color plot of theB-field dependence on theI -V
characteristics, measured atVg50 V. Three fittings to Eq.~3! have
been done, represented by dots~"!, crosses~3!, and plus signs~1!.
Each marked peak with the same symbol belongs to the same
tical state, but with different lateral quantum numbers, which
color coded as follows: Green signs correspond ton50 states, blue
to n51 states, and yellow ton52 states. For the peak fitted wit
~1!, only a fitting of the ground state could be obtained.
2-3
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maximum ~FWHM! of the peak marked with an arrow i
Fig. 2. The peak has an intrinsic width of roughly 0.5 meV
extrapolated to 0 K. Calculations of the FWHM of a dono
induced state inside a quantum well gives that the ene
width of the state is on the order of 0–1 meV, depending
the quantum well thickness and the position of the do
atom inside the quantum well.14 This agrees with our mea
sured width, which indicates that the observed width ori
nates from the impurity-induced state. For a state probing
Fermi edge, the expected peak FWHM dependency of
temperature is 3.5 kT,15 which is much larger than our mea
sured broadening, as shown in the inset. Our meas
broadening could instead originate from inelastic tunnel
via acoustic phonons.16

In summary, we have investigated the coupling betwee
single impurity and an electrostatically formed quantum d
by using a stacked resonant tunneling transistor struct
The resultingI -V characteristics show a set of very sha
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