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ABSTRACT

We report on fabrication of double quantum dots in catalytically grown InAs/InP nanowire heterostructures. In the few-electron regime, starting

with both dots empty, our low-temperature transport measurements reveal a clear shell structure for sequential charging of the larger of the

two dots with up to 12 electrons. The resonant current through the double dot is found to depend on the orbital coupling between states of

different radial symmetry. The charging energies are well described by a capacitance model if next-neighbor capacitances are taken into
account.

Carbon nanotubé&3and nanowire’s* are potential candidates  lyst2* Diameters of the wires were in the range of
for future electronic building blocks such as planar metal- 40—-50 nm, determined by the size distribution of the Au
oxide-semiconductor field effect transistotsand highly nanoparticles. In CBE, precursors are supplied in a molecular
integrated vertical electronic devicé%While selective and beam entering an ultrahigh vacuum chamber and then
position-controlled growth of semiconducting carbon nano- selectively incorporated at the interface between gold catalyst
tubes remains problematic, it has been demonstrated that ng the nanowire single crystal. Low growth rates together
high degree of control over positidnmaterial composi-  yith rapid switching of the indium source (TMin) allow for
tion,"**+and doping® is possible in semiconducting nano- ¢ changes between sections with different compositions,
WIres. _ , e.g., InAs, InP, or InAsP, along the nanowire with atomically
Heterostructures have been implemented for different sharp interfaces between them. Figure 1a shows high-angle

material combinations both in radial directfi**and along annular dark-field scanning transmission electron microscope
the axis of the nanowire$:1516Axial InP/InAs heterostruc- 9 P

tures have been used as double-barrier few-electron quantunﬁHAADF'STEM) images of two growth runs for the samples
dots, and tunability of the effective electrgifactor has been  discussed in the current study. The growth direction was from
demonstrated Similarly, supperlattices have been proposed M9ht to left, with the Au particle to the left and the InAs
as memory cells with possible high-density vertical integra- Substrate to the right. For sample I, we aimed at growing an
tion 16 For the implementation of such electronic devices, it @symmetric double dot with dot 1 half the length of dot 2,
is imperative to have good control over the heterostructure and for sample Il, we aimed at symmetric dot sizes and find
growth and the electronic characteristics thereof. In the good agreement in a subsequent STEM analysis. Within the
present study, we therefore investigate double quantum dotsame growth, the size of the two InAs islands varies less
structures defined by three InP barriers in InAs nanowires than 5%. Control over the growth of the InP segments is
and demonstrate control over barrier and dot size. We furthermore difficult and was optimized in several iterations.
analyze one of the devices in detail using electron transportGrowing InP on InAs involves a 3.1% lattice mismatch,
measurements and show that a capacitance matrix approacfyhich means that the first monolayers are grown under
gives quantitative agreement with the measured data. Fortensile strain. As the InP segment increases in length, the
an overview on double quantum dots in different material strain is relaxed radially, and eventually the growth proceeds
systems, we refer the reader to refs-I8 and references  nstrained. During the strained growth, the rate for forming
therein. a monolayer of InP is lower than for the unstrained situation.

hInA§/ Irllpb hanowire hetgré)étructulre; Wirlel growlr; USiNg i the second InP barrier is grown before the InAs is fully
chemical beam epitaxy ( ) on InAs (111)B substrates relaxed, the InP grows on partially strained InAs, resulting

using size-selected gold aerosol nanoparticles as a Cata?n a higher initial growth rate. This effect is seen in Figure

* Corresponding author. E-mail: Andreas.Fuhrer@ftf.Ith.se. la for sample |, where the barriers surrounding dot 1 are
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Figure 1. (a) HAADF-STEM micrograph of the InAs/InP nanowire —
heterostructures. Sample | contains a small InAs dot 1 (blee, S =
11.5 nm), followed by a strongly coupled larger InAs dot 2 (ded, A Rall (®)
= 22.5 nm) separated by three InP barridrs=(9.5 nm, 7 nm, 4 0.6+ G- —
nm). Sample Il contains two nearly identical ddts=(15 nm) with 0 5« .
nearly identical barrierd & 5.8 nm). The dimensions may fluctuate E %
from wire to wire depending on the wire diameter (see text). (b) N\
I/V trace showing the clear resonance behavior typical for 0.4¢

double dots. The inset shows an SEM image of sample | with two
Ni/Au source and drain contacts to which a symmetric bias is
applied. (c) Capacitive equivalent circuit used for modeling the data 0oL
of sample I. T T=01K

0 50 100
grown for the same duration, but the last barrier (on the left) Viias(MV)

is slightly thicker. Figure 2. (a) Map of the differential conductance through sample
We also find that the first barrier is cIearIy the thinnest | as a function of the voltage applied to the back g\a;@and the
even though it was grown for a 20% longer time than the source-drain bias voltagé,.s The number of electrons on the two
two subsequent barriers. We believe this is due to a reduceddots Ni(N;) are indicated in blue(red) for dot 1(2), respectively.
arrival rf';\te Qf indium precursors present when InP is grown Sfr%%rt‘ ias\;\t]itehd t';?;%ﬁﬁ:i:&ﬁgmfggtg;?eazze:g'g""iln%?ézgfl
for the first time. Knowing this, we can compensate for both alignment ofu, of dot 2 with g in the drain contact. Resonances
issues by modifying the growth times accordingly, as was occur wheneven; andu, align within the bias window, e.g., along
done for sample Il shown in Figure 1a. the blue dashed line. (b) Addition Qnergi_es of dot 2 exhibiting magic
A further opti.mization parameter is the growth tempera- gﬂem?f rtf“f ’h%xt%’oig? iégg_@gﬁ'g:f with & hard-wall confinement
ture. Sample | is grown at 428C, and sample Il is grown
at 390°C. At 390°C almost all of the wires grow perfectly
along thec-axis in a wurtzite crystal phase (perpendicular
to the InAs(111)B substrate surface) throughout the hetero-

structure. Growth homogeneity at this lower temperature is resqnant hehavior indicative of a double dot. At sufficiently
enormously increased over the growth at 425We believe  |5r0e v/ a resonance peak can occur whenever a level in
that currently the precise control over the barriers is limited ¢ 1 aligns with one in dot 2. Applying a voltage to the
by the distribution in wire diameter given by the Au  pack gate tunes both dots simultaneously (see Figure 1c). In
nanoparticle size variation. Within the same growth, we see 4 qyalitative picture, the small dot 1 is expected to contain
a clear trend that the thickness of the first InP barrier is larger fa\ver electrons than the larger dot 2 and the capacitive
fo-r thinner wires, With a variability of less than 0.5 nm for coupling of the gate to dot 1 is expected to be smaller than
wires with the same diameter (451 nm). All three barriers  yat of dot 2. Tuning the back gate voltage, will therefore
in sample Il are between 58 0.3 nm, demonstrating a high i) ot 1 more slowly than dot 2, and a more positive,
degree of control over the barrier thicknesses. will be needed to add the first electron to dot 1. Figure 2
After growth, nanowires were placed on a degenerately shows a measurement of the differential conductance as a
doped Si substrate with a 100 nm thick oxide at its surface function of bothVyias andVyg. The first electron enters dot 1
acting as a gate dielectric. Ohmic contacts were fabricatedat aroundvy,g = 0.9 V, where the Coulomb diamonds touch
using e-beam lithography and subsequent metallization with at Vii,s= 0 V, and then roughly every 0.2 V (blue numbers),
a 20 nm nickel and 70100 nm gold layer. A DC bias  an additional electron enters. Superposed on the diamonds
voltage+Vyiad2 is applied to the source and drain contacts of the first dot are kinks in the borderlines (green dashed
symmetrically, and the current flowing through the device lines), indicating the more frequent charging of the dot 2.
is measured (see inset in Figure 1b). The lengths of the For simplicity, we focus on the region belowy = 0.9 V
nanowires were typically &m with the InAs/InP hetero-  from @ to O, where the chemical potential in the source
structure located in the middle (not visible). For a more contact is aligned to the lowest level in dot 1 (indicated by
detailed description of the device fabrication process andthe green dashed borderlines). The kinks in the green

capactitance model —» ,,-"'

1 i
150 200

electronic characterization of InAs nanowires, see ref 10 and
references therein.
Figure 1b shows an I/V trace for sample |, with the typical
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borderline indicate electrons leaving dot 2 and consequently
lowering the chemical potentiah of dot 1. The last electron
leaves dot 2 a¥pg~ 0.32 V, and a region is reached where
no more kinks occur and both dots are empty. The shift

Table 1. Capacitances and Coulomb Interaction Energies for
the Low-Bias and High-Bias Regime Extracted from the Data
Using the Capacitance Model in Figure?lc

AV, of the green borderlines, e.g., fro® to A, is ] IOW'?“ high'}?ias FE‘calc;laﬁ"n
indicative of the interdot coupling strengfc,. The red capacitance [aF] [aF] [aF]
borderlines mark the alignment of dot 2 with the drain Ca1 1.0+0.3 0.8+0.2

chemical potentiakq, and their separatioAV{. is indica- Car 30+£02  28+01

tive of the addition energieSc,; + AE; of dot 2, wherekEc, g:; gg i 2'(5) (15'2 i (1)'(2) Z?

is the intradot charging energy of the second dot A&glis Cpy 08403 09+03 10

the level spacing. In Figure 2b, bothAVy.. and Coo 98402 46403 49
AV} . are plotted as a function dl,. AV shows a clear Cn 34+15 5.7+ 1.5 3.5
shell structure with magic numbers 2, 6, 10, and 12. For

similar single few-electron quantum dots defined using low-bias high-bias FE-calculation
InP/InAs nanowire heterostructures and for a dot length __"¢"8Y [meV] [meV] [meV]

| <20 nm, we found that the lowest longitudinal quantum Ec 13.2+2.0 13.2+ 1.0

state (henceforth calleldwest subbanydis occupied up to Ecy 15.8 £0.1 13.1+£0.1

an electron numbe > 1517 The shell structure is therefore Ecm 30+15 52+15

an indication of the symmetry of the radial confinement and  aFor comparison, the rightmost column shows the values calculated
the degeneracies of the corresponding levels. The observedirectly from the geometry of the double dot using a finite-element
sequence of magic numbers is fully consistent with a
hexagonal hard-wall confinement potential that can be
expected for nanowires grown in th&11B direction but
differs from the frequently studied radial symmetric harmonic
confinemeng® As in previous experiments, the addition
energy of the first spin pair is slightly larger than that of the
other degenerate levels, which is not taken into account in
the following analysis.

our data accurately except for the aforementioned addition
energy of the second electron to dot 2 (thin red line in Figure
2a), an effect which is related to the reduction of direct
Coulomb repulsion for larger electron numbers due to many-
body correlations.

For gate-defined double quantum détd! Cs, = Cp; =

) ) 0, i.e., there is no cross coupling between source and dot 2
IncreasingViias beyond the green borderline allows an o petween drain and dot 1. In our case, trying to fit the
electron to enter dot 1 and tunnel through the device yata to a model WitlCs, = Cp; = O leads to unphysical
whenever a level in dot 2 aligns with the lowest state in dot negative capacitance values, and we instead aliedCs,
1, giving rise to pronounced resonances in the current. The g c.,/Co, to vary between 0.1 and 0.3. For this, we find
slope of these resonance lines (e.g., frarto ) is different realistic capacitances in the range displayed in Table 1. (For
from the green borderliné®(to O) because it is the interdot symmetric bias, the expressions for the energy and the
level alignment that is important. For example, for increasing :pemical potentials of the dots follow directly by replacing
Vhias levels, dot 2 will move below those of dot 1, i.e., Cs— Csi—Cp1 andCp — Cp,—Cs».) This indicates that, for
resonance lines will disappear below the green borderline. ¢ 2, screening of the source contact by dot 1 is not perfect
The magnitude of the current at these resonance lines changegng vice versa. We corroborate this assumption by modeling
drastically aroundl in Figure 2a. We attribute this t0 @  the capacitance matrix of our geometry in the high-bias limit
transition from resonant tunneling through the lowest sub- using a finite-element method. The dots were modeled as
band in dot 2 #) to tunneling through the second subband o metallic ellipsoids embedded in a freestanding dielectric
(@), as schematically indicated in the figure. Here we expect ¢jrcylar rod with radius = 20 nm and dielectric constaat
a larger tunnel matrix element from the lowest orbital in dot — 13 The size of the ellipsoids, length width = 6 nm x
1 (subband 1) to the lowest orbital in the second subband in 18 nm for dot 1 and 10 nmx 14 nm for dot 2, was estimated
dpt 2 due to a larger overlap between wayefunctions With from a k-p calculation of the wavefunctions in the hetero-
similar radial symmetry. This would explain the sudden sty cture. The centers of the ellipsoids were 19.25 nm apart
increase in the current. from each other, and the metallic source(drain) contact was
The borderlines drawn in Figure 2a are the result of a more located 14.25 nm (20.3 nm) from the respective ellipsoid
quantitative analysis of our data using the capacitance modelcenter, taking into account both the barriers and a depletion
in Figure 1c and following ref 20. We have extracted the region. The resulting capacitance values show the same
slopes of the three types of borderlines (red, green, resonancerends as the ones obtained from the fit to the data (see Table
line) and AV, and AVi.. from the data and used these 1), supporting our capacitance approach. In particular, the
values as an input to the model in order to determine all the magnitude of the cross-coupling capacitan€gs and Cp;
capacitances (see Table 1). In doing so, we distinguishis confirmed.
between the low-bias regimdl{ > 8) and high-bias regime Using the measured capacitances for the high-bias regime
(N2 < 7) due to the two clearly distinct values AVS,.. in as an input, we compare the measured current in Figure 3a
the two ranges (see green line in Figure 2b). We generally with that calculated in a rate equation model following ref
find that such a constant interaction model can reproduce22 in Figure 3b. We use one level with a single particle
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Figure 3. (a) Measured current through sample | in the high-bias
regime showing the resonance line positions for interdot alignment
betweenm, andm,. (b) Current in the same range as (a), calculated

using a rate equation model together with the capacitances extracted

in Table 1. (c) Map of the differential conductance through sample
Il as a functionVyg and Vpias

energy of 97ueV in the left dot with a couplind’. = 0.05
ueV to the source contact. In the right dot, we consider three
levels in the lowest subband at energies 13, 42, anded2
coupling I'rn = 10 ueV to the drain contact and tunnel
couplingl” = 20 ueV as well as seven levels in the second
subband, with equal spacing between 146 and 87, I'r

= 100ueV, andl' = 50 ueV. All levels are assumed to be
spin degenerate. Here we refrained from a detailed fit for
the location, height, and width of the resonances lines in
order to avoid too many fitting parameters besides the

In conclusion, we have demonstrated the fabrication of
high-quality double quantum dot structures that can be
described on a semiquantitative basis using a capacitance
and rate equation model. Similar data has been obtained in
self-assembled vertically aligned InAs quantum dét&/hile
control over dot size and electron number is likely to be diffi-
cult in the case of the self-assembled dots, we have dem-
onstrated that a high degree of control is possible for nano-
wire heterostructure-based double-dot systems. We consider
such control over the electronic structure of double quantum
dots to be the first step toward designing advanced electronic
heterostructure devices using semiconducting nanowires.
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