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Tuning the onset voltage of resonant tunneling through InAs quantum dots
by growth parameters
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We investigated the size dependence of the ground-state energy in self-assembled InAs quantum
dots embedded in resonant tunneling diodes. Individual current steps observed in the current–
voltage characteristics are attributed to resonant single-electron tunneling via the ground state of
individual InAs quantum dots. The onset voltage of the first step observed is shown to decrease
systematically from 200 mV to 0 with increasing InAs coverage. We relate this to a
coverage-dependent size of InAs dots grown on AlAs. The results are confirmed by atomic force
micrographs and photoluminescence experiments on reference samples. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1555712#
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Recently, self-assembled InAs quantum dots~QDs!
grown in the Stranski–Krastanov mode have attracted m
interest as a nanostructure with interesting electronic pro
ties. In particular, their well defined optical characteristics
investigated in numerous photoluminescence experime1

may be used for application in optical and optoelectro
devices such as QD laser and memories.2

Until the present only a few experiments directly acce
the electronic transport through InAs QDs by means of re
nant tunneling through QDs embedded single-barrier tun
ing diodes.3–8 Although typically 105– 106 QDs are presen
in the macroscopic devices used in such experiments, r
nant single-electron tunneling through individual QDs w
observed. This means that only a small proportion of
QDs in a tunneling structure contribute to the tunneling c
rent, a much larger one is electrically inactive. As a con
quence, a correlation between the experimentally obse
single-QD features and the properties of the macroscopic
ensemble is far from being straightforward in such type
experiments.

In this letter we will show that even in macroscopic d
odes we can nevertheless relate the onset voltage for r
nant single-electron tunneling through an individual QD
the ensemble properties of all QDs which can be thoroug
controlled by growth parameters. In particular, with incre
ing InAs coverage we find a systematically decreasing on
voltage for the first current step related to single-elect
tunneling through the energetically lowest lying electro
cally accessible InAs QD. We relate this to an increas
quantum dot size with increasing coverage leading to a lo
ground state energy. Our results are additionally suppo
by photoluminescence experiments and atomic force mi
graphs on reference samples. These findings may open
way to control the properties of single-electron devices ba
on resonant tunneling via QDs.

a!Present address: Infineon Technologies, Dresden, Germany.
b!Present address: Research Institute for Materials, High Field Magnet L

ratory, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands.
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The resonant-tunneling diode structures were grown
molecular-beam epitaxy~MBE! on a 2 in.n1-doped GaAs
~100! substrate (n15231024 m23).7,8 A n-GaAs-
backcontact of 1mm thickness with graded Si doping fo
lowed by an undoped GaAs prelayer of 15 nm and a 5 nm
AlAs barrier was deposited at a substrate tempera
TS5600 °C. During a growth interruption of 60 sTS was
lowered to 520 °C and the substrate rotation was stopp
Subsequently, with a slow growth rate of 0.05 ML/s, nom
nally 1.8 monolayers~ML ! InAs, as measured in the middl
of the wafer, were deposited. The formation of se
assembled QDs was observed by the change of the refle
high-electron energy diffraction pattern after deposition
1.6 ML of InAs.

Due to the geometric position of the In effusion cell wi
respect to the nonrotating substrate an actual gradient r
ing from 1.55 to 2.05 ML of InAs coverage is present acro
the wafer. On the parts of the wafer where the InAs cover
x exceeds 1.6 ML we observe the formation of se
assembled QDs in atomic force microscopy~AFM! images
on comparable reference samples. On the remaining par
the wafer (x,1.6 ML! only a two-dimensional InAs wetting
layer with no self-assembled QDs is formed.

After the InAs growth and a subsequent growth interru
tion during 10 s the wafer was rotated again and the Q
were covered with a 5-nm-thick AlAs barrier. Simulta
neouslyTS was slowly ramped up to 600 °C. Finally, anoth
15 nm of undoped GaAs and an upper contact of 1mm
gradedn-GaAs were grown.

Pieces with different InAs coverage were cut from t
wafer and tunneling diodes with standard AuGeNi conta
were fabricated on a 40340 mm2 area by wet-chemically
etching. Each of these diodes contains approximately
3109 InAs QDs. Reference wafers for AFM and photolum
nescence~PL! measurements were grown under simi
growth conditions. For the AFM experiments a wafer wi
uncovered QDs grown on 20 nm of AlAs was used. An ide
tical wafer, additionally capped by 20 nm AlAs and 10 n
GaAs, was grown for the use in PL experiments.

o-
9 © 2003 American Institute of Physics
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The layer structure of the resonant-tunneling diodes
designed such that a three-dimensional electron gas w
Fermi energyEF of about 15 meV above the conductio
band is formed in the GaAs contact.8 As sketched in the top
panel of Fig. 1 the QD ground states are generally situa
above EF at zero bias. When increasing the bias volta
these states move towards lower energies with respect toEF ,
and, wheneverEF comes into resonance with such a Q
level a step in theI –V characteristics appears, see Fig. 1~b!.

In the bottom panel of Fig. 1 we show such typical low
bias I –V curves for diodes with different InAs coverage
measured at 4.2 K. In the structure with the lowest In
coverage of 1.55 ML no QDs have formed and, con
quently, a structureless, roughly exponential increase of
tunneling current is observed. In contrast, diodes with In
coverages of more than 1.6 ML display step-like increas
I –V characteristics which we assign to the resonant tun
ing through individual InAs QDs. The first step in eachI –V
curve appears at an onset voltageV0 , marked by the arrows
in Fig. 1. With increasing InAs coverageV0 systematically
moves down towards zero. This shows that the energy le
of the QDs accessed by tunneling continuously shift to low
energies when the InAs coverage is increased.9

The onset voltageV0 is in fact directly related to the
ground state energyE0 of the first dot accessible to resona
tunneling,aeV05E0 , whereE0 is measured with respect t
the Fermi energy in the emitter at zero bias. The lever fac
a accounts for the fact that only a part of the total volta
applied drops between the emitter and the QD. Since
observe an abrupt onset of current steps at a finite voltag
is reasonable to assume that the first tunneling steps ca
related to dots with a relatively low ground state energy s

FIG. 1. Top: Schematic band structure of a tunneling diode at zero bia~a!
and at finite bias where resonant tunneling through the electronically ac
sible InAs QD sets in~b!. The levels between the electrodes denote
energetic positions of the ground states of individual, electronically ac
sible InAs quantum dots. Bottom: Current–voltage characteristics
samples with different InAs coverages. The numbers indicate the nom
number of monolayers of InAs deposited. The arrows mark the positio
the current steps occurring whenever resonant tunneling through the
getically lowest lying InAs QD sets in@sketch~b! on the top panel#.
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ated in the low-energy tail of the QD energy distributio
Subsequent steps then address dots with an energeti
higher lying ground state.

The total number of dots per diode that participate
resonant tunneling can be roughly estimated by referring
total current at higher voltages to the current contribution
one single dot. Supposing a current contribution of roug
20 pA ~see, e.g., Fig. 1! for transport through one single do
a current of typically 1 nA observed around 400 mV yields
total number of about 50 dots electronically active at t
bias voltage. Each dot contributes to the current in a b
range of 40 mV.10 Using the total energetic width of the do
distribution as deduced from photoluminescence meas
ments~see later! we can extrapolate the 50 dots observed
a 40 mV range to an upper bound of totally less than 10
dots participating in resonant tunneling over the entire b
voltage range.

The systematic decrease ofV0 with increasing InAs cov-
erage was verified by measuring totally 85 samples w
InAs QDs. All the measured onset voltages are compiled
Fig. 2. In particular for InAs coveragesx.1.8 ML a strong
correlation between the onset voltage of the first current s
and the InAs coverage is found. Such a correlation clea
shows thatV0 is strongly related to the macroscopic e
semble properties of the InAs quantum dots, and, in part
lar, to ground state energiesE0 decreasing with increasing
coverage.

We have verified this statement with PL experiments
reference samples performed atT56 K under cw excitation
with an Ar1 laser~514 nm!. As shown in Fig. 3~a! the posi-
tion of the PL peak corresponding to the average energy
the ground-state transitions inside the InAs QDs inde
moves systematically towards lower energies when incre
ing the InAs coverage.

We have additionally investigated the energy distributi
of the QDs accessed by resonant tunneling by systematic
measuring four samples with a similar InAs coveragex'1.9
ML over a broad voltage range. As can been seen in the i
of Fig. 2 the step density, defined as the number of steps
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f
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f
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FIG. 2. Onset voltageV0 of the InAs QD accessible to tunneling as
function of the InAs coverage. The small open dots correspond to individ
samples. The solid rectangles represent an averaging over five sample
similar InAs coverage, the error bars show the statistical error of the a
age. The inset shows a histogram of the step density, defined as the nu
of steps observed in a 20 mV interval, summed up over four samples
x51.9 ML, as a function of the corresponding onset voltages.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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20 mV interval summed up over all four samples, increa
with an increasing absolute value of the bias voltage. T
clearly proves that the first steps indeed do access the
energy tail of the QD distribution and subsequent steps
cess energetically higher lying states with energies mov
towards the maximum in the energy distribution of the QD

The key point to understand Fig. 2 observed system
tendency in the coverage dependence of the onset voltag
the first current step lies in the fact that the size of the d
grown on relatively rough AlAs is increasing when the InA
coverage is risen.11 In contrast, the size of InAs QDs grow
on a much smoother GaAs surface does merely depen
the amount of InAs deposited. Such a size variation of
InAs QDs as a function of the InAs coverage can be verifi
independently by AFM, see Fig. 3~b!. Indeed, the lateral QD
dimensions increase from 10 to 14 nm in diameter wh

FIG. 3. ~a! Energy of the PL peak assigned to the optical transition ins
the InAs QDs as a function of the InAs coverage.~b! Average dot size of
InAs QDs grown on AlAs.~c! InAs–QD density as a function of the InA
coverage for dots grown on AlAs~closed triangles! and on GaAs~open
squares!. The data are deduced from AFM experiments on refere
samples.
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varying the InAs coverage from 1.6 to 2.0 ML. On the oth
hand, as shown in Fig. 3~c!, the QD density of InAs dots
grown on AlAs,nQD'331015 m22, is nearly independen
on the InAs coveragex, whereas it strongly depends onx for
InAs QDs grown on GaAs. This observation shows that
growth of InAs QDs on AlAs~at the temperatures used
our experiments! is kinetically limited by a slower In adatom
diffusion compared to the GaAs surface, which results int
fast nucleation of QDs at positions predefined by the surf
roughness.

In conclusion, we have shown that the onset of reson
single-electron tunneling through self-assembled InAs Q
embedded in macroscopic tunneling diodes can be tuned
tween 0 and 0.3 V by adjusting the amount of InAs deposi
during MBE growth of the corresponding device. This obs
vation was explained by a systematic increase of the In
QDs with increasing InAs coverage which can be related
the specific growth mechanism of QDs on AlAs. The en
getic distribution of the dots involved in resonant tunneli
was shown to correspond to that of the macroscopic
semble. However, only a small relative proportion of InA
QDs were shown to participate in resonant tunneling, the
are electronically inactive.
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