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We report on the measurements of the g-factor and the exchange interaction of electrons in a
few-electron lateral quantum dot formed in an InGaAs/InP semiconductor heterostructure. The spin
filling sequence of the electron states in the dot is determined by magnetotransport measurements
and parallel spin filling configurations are identified. The measured g-factor (for a magnetic field
applied parallel to the InGaAs quantum-well layer) has a value in the range of |g*| =2 to |g*| =4 and
is strongly level-dependent. By analysis of the energies of the states which favor a parallel spin
filling, the lower bound of the exchange energy of electrons in the dot in the order of ~210 ueV
is extracted. © 2009 American Institute of Physics. [doi:10.1063/1.3264053]

Quantum dots made from semiconductor materials have
been extensively investigated in recent years due to an in-
creasing interest in the studies of the fundamental physics
revealed in such artificial atomic systems and in the devel-
opments of semiconductor based spintronic devices and
solid state based devices for quantum information processing
and communication."™ In these studies and developments,
knowledge of the g-factor, spin-orbit interaction, and ex-
change energy, e.g., the difference in energy between a sin-
glet and triplet ground state, of electrons and/or holes is of
great 1mp0rtance Quantum devices made from InGaAs/
InP heterostructures are of particular interest because of the
existence of a high effective electron g—factorg_ % and strong,
tunable spin-orbit interaction in the InGaAs quantum well
material."’ However, studies of planar InGaAs quantum dot
devices defined in InGaAs/InP heterostructures have been
hindered by difficulties in device fabrication due to a low
Schottky barrier formed in the interface between a metal and
the heterostructure surface'” and only very recently success-
ful realizations of such InGaAs quantum dots in the many-
electron regime have been reported.13 10

Here we report on realization of a few-electron quantum
dot in an InGaAs/InP heterostructure by employing the tech-
nologies of local finger gating and wet chemical etching. By
studying the ground state energy levels of the few-electron
quantum dot in the Coulomb blockade regime as a function
of a magnetic field applied parallel to the InGaAs quantum
well layer, the g-factor and the spin-filling sequence of elec-
trons in the dot were determined. We observed that there
exists a group of ground state energy levels which show a
parallel spin filling sequence. The results can be understood
using a simple model in which the exchange energy of elec-
trons with parallel spins in the dot is taken into account.

The device studied in this work was fabricated from a
modulation-doped InGaAs/InP heterostructure. The material
was grown by metal-organic vapor phase epitaxy on a semi-
insulating InP substrate. A 50 nm thick InP buffer was grown
on top of the semi-insulating InP substrate, followed by a
9 nm thick Ing75Gag,5As quantum-well layer, a 20 nm thick
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InP spacer, a 1 nm thick Si-doped InP layer, and finally a
20 nm thick InP cap layer. A two-dimensional electron gas
(2DEG) was formed in the InGaAs quantum well layer. Hall
measurements performed at a temperature of 300 mK
showed a mobility and a sheet electron concentration of
1.0X10° em®?V-!stand 7.5%x 10" ¢m™2 in the 2DEG, re-
spectively. To fabricate the lateral InGaAs quantum dot de-
vice, we first defined a lateral quantum wire in the 2DEG by
electron beam lithography (EBL) and wet chemical etching.
A 150-200 nm thick gate dielectric, made of cross-linked
polymethylmethacrylate (PMMA), was then deposited on top
of the quantum wire. Finally five local finger Ti/Au gates
were fabricated on top of the gate dielectric, covering the
quantum wire, by EBL and thermal evaporation of metal.
The width and length of the quantum wire were 300 and
800 nm, respectively. The width of the finger gates was about
40 nm and the period of the finger gates was 100 nm. Figure
1(a) shows a scanning electron microscope (SEM) image of
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FIG. 1. (Color online) (a) SEM image of a quantum wire structure defined
by etching trenches before deposition of the gate dielectric. The local finger
gates are added schematically as yellow lines for device illustration. The
scale bar is 200 nm. (b) Differential conductance as a function of source-
drain bias V,,; and gate voltage Vi, plotted on a logarithmic color scale,
showing Coulomb blockade diamonds typical for the electron transport in a
few-electron quantum dot. A parametric charge rearrangement can be seen at
Vig3=—0.41 V. (c) Addition energy as a function of the electron number in
the dot, showing a typical shell filling behavior.
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an etched quantum wire structure before deposition of
PMMA with the five local finger gates added schematically
as yellow lines for illustration.

Transport measurements of the device were performed in
a dilution refrigerator at a temperature of about 100 mK with
a dc bias applied symmetrically to the source and drain con-
tacts. Negative dc voltages were applied to the local finger
gates to induce tunable electrostatic barriers along the quan-
tum wire and, thereby, form a single or a double quantum dot
in the quantum wire. In this letter, we will only consider
transport measurements of a single quantum dot formed by
applying negative voltages to local finger gates 1g2 and 1g4.
The pinch-off voltages were about —4.1 and —4.8 V for
local finger gates 1g2 and lg4. For the measurements pre-
sented in this work, the voltages applied to the two local
finger gates were V);,=-3.6 V and V)y4=-4.2 V. The elec-
tron occupation in the dot was tuned by a voltage applied
to finger gate 1g3. Figure 1(b) shows the measured differen-
tial conductance of the dot as a function of source-drain bias
Vs and gate voltage V.3 (charge stability diagram) at zero
magnetic field. Diamond-shaped regions of low conductance
are clearly seen in the figure, which is typical for electron
transport through a quantum dot in the Coulomb blockade
regime. An average voltage to energy conversion factor of
a=0.056 for V|,; was determined by looking at the slopes of
the diamond borders of Fig. 1(b). Figure 1(b) also shows a
clear even-odd electron-occupation-number behavior in the
addition energy of electrons on the dot, see also Fig. 1(c).
This behavior of the addition energy stems from spin degen-
eracy of the energy levels and is a signature of a quantum dot
in the few-electron regime.14 The addition energies shown in
Fig. 1(c) are in the ranges of 2-5 meV, which are consider-
ably larger than the addition energies of about 1 meV seen in
quantum dots in the many-electron regime made from the
same material system.13’10 Although the dot studied here is in
the few-electron regime we were unable to completely empty
the dot of electrons. Cotunneling through the dot leading to
an increase in the conductance in the Coulomb blockaded
regions15 can also be seen inside the Coulomb diamonds in
Fig. 1(b).

In order to determine the spin filling sequence and the
electron effective g-factor g, of the quantum levels in the
few-electron quantum dot, we measured the evolution of the
conductance peaks in the linear response regime with in-
creasing magnetic field applied parallel to the quantum well
layer. Figure 2(a) shows the results of such measurements for
the quantum dot at V=25 wV. In a typical spin filling se-
quence with alternating fillings of spin- and spin-| elec-
trons, one expects that the two conductance peaks located
just above and below an odd-number electron Coulomb dia-
mond is going to be split with increasing magnetic field ac-
cording to AE(B)=AE(0)+|g,ugB| (the Zeeman effect),
where n is the single-particle level index which can be asso-
ciated with the number of electrons in the dot N as n=(N
+1)/2. For an even-number electron Coulomb diamond, the
energy difference of the two corresponding conductance
peaks is developed according to AE(B)=AE(0)—|g,usB|/2
—|g,_,mpB|/2, where the single-particle level index n is then
associated with the number of electrons in the dot N as n
=N/2. Thus, the two associated conductance peaks will
move closer as the magnetic field is increased. However, for
the four measured conductance peaks shown in the lower

Appl. Phys. Lett. 95, 192112 (2009)

(a) (b) }:l(n+éll)$' h(n+’4)ﬁ ‘1
L @) | 2.6 ]
L (nt4 2.4k
-0.15}F —— 4 P
(n+3)y
—t
-0.25F E g
o &
Z | IS YL
§° @£2)] i
2.8 oo ™=
-0.35F E [
(1)} :
(n+2)% )
-0.45+
4 ]
0 0.5

8]
By = | Ael

| 0

B(T)
FIG. 2. (Color online) (a) Conductance of the quantum dot measured in the
linear response regime as a function of the magnetic field applied parallel to
the quantum well layer. The numbers in parentheses and arrows indicate the
level indices of the last filled single-particle levels and spin states of the
levels. Here negative values of the g-factors are assumed. (b) Magnetic field
evolution of the energy difference between the measured conductance peaks
shown in (a). In each subplot, the orbital level and spin indices of the two
associated states are indicated. (c) A simple model showing the four energy
states of the dot studied in the region marked by the dashed box in Fig. 1(b).
Here it is assumed that the two single-particle orbitals €,,; and €,,, are
nearly degenerate and the negative exchange energy of the electrons favors
a parallel spin filling.

part of Fig. 2(a), the magnetic field evolutions of the energy
differences between neighboring peaks do not show the char-
acteristics described just above. The reason is that here the
two involved single-particle orbital levels are degenerate or
nearly degenerate and the exchange interaction between elec-
trons favors a parallel spin filling instead of an alternating
spin filling commonly observed in a quantum dot without
encountering degenerate or nearly degenerate single-particle
orbital levels. Thus, by taking into account the single-particle
orbital level degeneracy, or near single-particle orbital level
degeneracy, and the (negative) exchange energy between
electrons of parallel spins, the spin filling sequence of the
electrons in the dot in the linear response regime is deter-
mined to be (n+1)7, (n+2)7, (n+1)], (n+2)], (n+3)7, (n
+3)|, (n+4)7, and (n+4)], accounting from the lowest lying
state to the highest lying one in Figs. 1(b) and 2(a). It should
be noted that degenerate or nearly degenerate orbital levels
can occur due to the lateral shape of the dot even though the
dot is in the few-electron regime. Additionally, if we assume
nondegenerate orbital levels with a spin filling sequence al-



192112-3 Larsson et al.

ternating between spin-T and spin-| electrons we see a mag-
netic field evolution of the energy differences between neigh-
boring peaks which is contradictory to the assumption.

Figure 2(b) shows the magnetic field evolution of the
energy differences between conductance peaks correspond-
ing to the states indicated by the quantum level index and
spin arrow in each subplot. Clearly, it is seen that the energy
difference between the two opposite spin states with the
same orbital index increases with increasing magnetic field,
while the energy difference between two opposite spin states
which belong to two neighboring orbital levels decreases
with increasing magnetic field. Note that the energy differ-
ence between the spin-T state of the n+2 level and the spin-|
state of the n+1 level, 40y = M(us1))» 1S NEGAtive, because,
as a result of the parallel spin filling, the former state is
located below the latter one. By linear fits to the data points
in Fig. 2(b) the effective g-factors of the measured single-
particle states can be determined. The results are |g;, ,|=2.7,
lgrol=2.1, |g,.5|=2.7, and |g;,,|=4.0. The g-factors found
in our few-electron dot are slightly larger than the g-factor
found previously for a many-electron dot made from the
same material systemlo and than the g-factor of InGaAs/InP
quantum wells determined using the optically detected mag-
netic resonance technique.8 The difference in the g-factor
between the few- and many-electron dot cases as well as the
level-to-level fluctuations of the g-factor in the dot can be
attributed to variations of the spin-orbit interaction strength
present in the dot.'®

We now focus on the two degenerate or nearly degener-
ate orbital states with parallel spin filling and analyze the
exchange interaction of electrons in the dot. With the use of
the schematic for the four energy states shown in Fig. 2(c)
and the assumption of a constant charging energy U, the
energy differences between the four states can be written as

Kne1)] = M)y = 2U, (1)
Mins2)] = Minery) = A€+ U =€ 1], (2)
Mins2)] — Miner) = A€+ U—le. |||, (3)

where Ae=¢,,,—€,,.; =0 is the single-particle level spacing,
and €, 11 and €, || are the exchange energy of the two spin-T
electrons and the exchange energy of the two spin-| elec-
trons, respectively. Based on Eq. (1), a constant charging
energy of U=3.54 meV can be determined using the first
two addition energies given in Fig. 1(c). The exchange ener-
gies |€ 11| and |e, ||| can then be extracted from the corre-
sponding addition energies in Fig. 1(c) using Egs. (2) and
(3). However, we have been unable to determine the exact
single-particle level spacing Ae and are, therefore, only able
to determine the quantities of |e, /=210 ueV+Ae and
l€.||=430 ueV+Ae, which give the lower bounds of the
exchange energies since Ae=0. Assuming a single-particle
level spacing of a few hundred eV, the values extracted for
the exchange energy in the studied few-electron lateral
Ing 75Gag »5As quantum dot correspond well with the values
determined for a vertical Ing1sGaj9sAs quantum dot in the
few-electron regime.5 It should be noted that the exchange
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energy extracted from our measurements using our simple
model increases with electron occupation, which is in con-
trast to the results of Ref. 5, where a decrease in the ex-
change energy with electron occupation was observed. The
increase in the exchange energy with electron number could
partially be explained by the fact that an average charging
energy was used in our analysis, which will result in an
underestimation of |, ;| and an overestimation of |e |||
since the charging energy decreases with electron occupation
in the dot.

In summary, we have performed magnetotransport mea-
surements of a few-electron quantum dot formed in an
InGaAs/InP semiconductor heterostructure. The spin filling
sequence and the g-factors of a few low energy levels were
determined by studying the evolution of the conductance
peaks with a magnetic field in the linear response regime.
The measured g-factors were in the range of |g*|=2 to |g”|
~4 and were strongly level dependent. Parallel spin filling
configurations were observed and the corresponding orbital
degeneracy or near degeneracy was identified. The results
were interpreted as a consequence of the exchange interac-
tion of electrons with parallel spins in the dot. Based on a
simple, constant charging energy model, the exchange en-
ergy was extracted to be in the order of =210 eV in the
dot.
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