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The electron energy structure of self-assembled In(Ga)As/GaAs nanostructures, quantum
dots, and quantum rings was studied with capacitance-voltage spectroscopy and
one-dimensional numerical simulation using Poisson/Schrodinger equations. The electron
energy levels in the quantum dots and quantum rings with respect to the electron

ground state of the wetting layer were determined directly from capacitance-voltage
measurements with a linear lever arm approximation. In the regime where the linear lever
arm approximation was not valid anymore (after the charging of the wetting layer), the
energy difference between the electron ground state of the wetting layer and the GaAs
conduction band edge was obtained indirectly from a numerical simulation of the
conduction band under different gate voltages, which led to the erection of complete
electron energy levels of the nanostructures in the conduction band.

. INTRODUCTION

Recently, much attention has been devoted to investi-
gating self-assembled nanostructures, such as quantum
dots (QDs) and quantum rings (QRs), due to their great
potential in device applications."* To further improve
device performance, it is important to know the energy
structure of these nanostructures. Much work has been
done to resolve the electronic structure of these nano-
structures theoretically.3’8 Experimentally, the electronic
structure of these nanostructures can be assessed by opti-
cal and transport measurements. Some experimental
work has also been done to understand the electronic
structure of QDs and QRs by using photoluminescence
and photoluminescence excitation spectroscopy, photo-
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current spectroscopy, capacitance-voltage (C-V) spec-
troscopy, and absorption spectroscopy, among other
methods.>”™"” As for the use of C-V spectroscopy to
determine absolute energy scales, one problem is to de-
termine the Schottky barrier formed on the sample sur-
face. There are two possible ways to do it: one way is to
use a reference sample to extract the Schottky barrier, in
which no QD (or QR) layer is present; the other way is to
fabricate several devices with different geometric lever
arms to extract the Schottky barrier. 16,17

In this work, we demonstrate that the electron energy
levels in QDs and QRs with respect to the GaAs conduc-
tion band edge can be easily obtained through C-V mea-
surements in combination with a 1D-Poisson/Schrodinger
simulation of the conduction band under different gate
voltages.

Il. EXPERIMENTAL DETAILS

Both the QD and QR samples were grown on a
semi-insulating (001) GaAs substrate in a solid-source
molecular-beam epitaxy (MBE) system. The active part
of the QD sample was grown in the following layer
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sequence: first a 20 nm heavily Si-doped GaAs back
contact layer, then a 42.5 nm undoped GaAs tunneling
barrier layer, then a 5 monolayer (ML) InAs QD layer,
then a 30 nm GaAs, and 54 periods of AlAs (3 nm)/
GaAs (1 nm) superlattice as the blocking layer, then a
10 nm GaAs cap layer, and then a 5 ML InAs QD
layer [for atomic force microscopy (AFM) imaging].
The active part of the QR sample was grown in a
similar sequence. It was composed of a 60 nm heavily
Si-doped GaAs (back contact) layer, a 25 nm undoped
GaAs tunneling barrier, 1.4-1.7 ML In(Ga)As for the
QR Ilayer (the detailed growth of QRs: first 1.4—-1.7 ML
InAs was deposited at 585 °C to form QDs, then the
QDs were capped by 2 nm GaAs at 545 °C, after that a
30 s growth interruption was introduced; the growth
time for the 1.4-1.7 ML InAs and 2 nm GaAs layer
are 4 and 9.9 s, respectively, and the As, pressure is
kept at 7.9 x 10~® Torr during the growth), a 30 nm
GaAs spacer, 34 periods of an AlAs (3 nm)/GaAs (1
nm) superlattice as a blocking layer, a 5 nm GaAs cap
layer, and 1.4—-1.7 ML In(Ga)As QR layer (for AFM
imaging). The n"-doped GaAs back contact layers were
contacted from the sample surface by an AuGe alloy
annealed at T = 450 °C and subsequently, the NiCr
Schottky gate electrodes were prepared. C-V spectra of
the sample were measured by superimposing a DC gate
bias (V,) with a small AC voltage (5 mV rms) of
variable frequency (f). In the C-V measurements, the
standard lock-in technique was used to record the capac-
itance signal. Whenever the chemical potential of the
back contact (Fermi energy) is in resonance with either
the discrete energy levels in the InAs QDs and QRs, or
the InAs wetting layer (WL), or the two-dimensional
electron gas (2DEG) formed at the interface between
the intrinsic GaAs region and the AlAs/GaAs superlat-
tice, resonant tunneling occurs and the capacitance sig-
nal shows characteristic peaks.'”'” All the C-V
measurements were made at 4.2 K. All C-V measure-
ments demonstrated reasonable uniformity over different
areas of the wafer.

lll. RESULTS AND DISCUSSION
A. Electron energy structure of InAs/GaAs QDs

A schematic profile of the conduction band edge of
the samples is shown in Fig. 1. The structure parameters
Iy, I, and [y in Fig. 1 are the distance from the back
contact to the QD (QR) layer, 2DEG, and sample sur-
face, respectively. E; and E, in Fig. 1 represent the
energy difference between the Fermi energy level and
the GaAs conduction band edge at the position of the
QD (QR) layer and the 2DEG, respectively.

A typical C-V spectrum of the QD sample taken at
J =83 Hz and the second derivative of the C-V trace are
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FIG. 1. Schematic profile of conduction band of the samples. The
parameters /o, /1, and /5 are 298.5 (196), 42.5 (25), and 72.5 (55) nm
for the QD (QR) sample, respectively.
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FIG. 2. (a) Typical C-V spectrum and its second derivative and (b) C-V
spectra of the QD sample taken with /= 83 Hz at different perpendicular
magnetic fields, which range from 0 T to 11 T with an interval of 0.5 T.
The arrows in (a) mark the positions of the charging events. The inset of
(a) shows the typical AFM image of the sample surface.

shown in Fig. 2(a). The inset of Fig. 2(a) shows the
typical AFM image of the surface of the QD sample.
It is observed that InAs QDs are formed in the sample
with a mean height and diameter of about 7.5 nm and

2180 J. Mater. Res., Vol. 24, No. 7, Jul 2009



W. Lei et al.: Electron energy structure of self-assembled In(Ga)As nanostructures probed by C-V spectroscopy

23 nm, respectively. Obviously, at least seven charging
features can be observed, which are labeled as s, (-0.62
V), s, (-0.43 V), p; (-0.04 V), p4 (0.4 V), d, (0.74 V),
WL (0.9 V), and 2DEG (1.8 V) in Fig. 2(a), respectively.
To extract the origin of these charging features, C-V
measurements of the QD sample are performed at differ-
ent perpendicular magnetic fields, ranging from O T to
11 T with an interval of 0.5 T. Figure 2(b) shows the
C-V spectra of the sample taken at different perpendicu-
lar magnetic fields with f = 83 Hz. According to the
energy dispersion of these charging features,'®' the
charging peaks labeled as s; and s, can be attributed to
loading of the first and second electron into s-like states
of the QDs. The charging peaks labeled as p; and p4 can
be ascribed to loading of the third and sixth electron into
p-like states in the QDs. Because of the limited spectro-
scopic resolution, the C-V signal associated with charg-
ing of the fourth and fifth electron state cannot be clearly
separated from the features p; and p,4 in Fig. 2(a), and
they appear as a broad charging peaks, ranging from
—0.24 V to 0.6 V. In the same manner, the charging
features labeled as d;, WL, and 2DEG can be attributed
to the loading of electrons into d-like states in QDs, InAs
WL, and 2DEG, respectively.w19 It should be noted
that the onset voltage of the charging features in the CV
spectra here is about 200-300 meV higher than those
reported by other researchers.'”'* However, since in the
following we do not use the absolute values of the gate
voltages (only gate voltage differences), this shift of the
V, scale does not affect our results.

Because of the low QD density (~ 8 X 10° cm™?)
grown in the sample, it is reasonable to assume that the
charge accumulated in the QDs is not sufficient to pin the
conduction band. Thus, the linear lever arm approxima-
tion (AE = eAVg/\, with the lever arm A = Iy /1;) can be
used up to the onset of the charging of InAs WL to
convert charging voltages into charging energies.'*!3192%
By using this linear lever arm approximation, the energy
difference between the electron ground state in the InAs
QDs and the electron ground state in the InAs WL is
determined to be ~216 meV. Further, according to the
charging voltage difference between s, and s,, the elec-
tron Coulomb blockade energy ES for the QDs is
extracted to be 27 meV. For the energy difference be-
tween s; and pq, a value of 82 meV is found. Theoretical-
ly, the energy difference between the loading of the first
electron and the third electron into the QD is estimated
to be AE(;, ., )=ho + %Eg.lg By using the electron Cou-
lomb blockade energy ESCS determined above, the quantiza-
tion energy (ho) in the QDs is found to be ~48 meV.

After the charging of WL, there is a lot of charge
accumulated in the WL, which pins the conduction band
and makes the above linear lever arm approximation in-
valid. The influence of charge accumulated in the WL on
the conduction band of the sample can be simulated with

the software 1D Poisson/Schrodinger.?! The Schottky bar-
rier on the sample surface and the Si-doping concentration
in the back contact are assumed to be 0.6 eV and 1 x 10'®
cm >, respectively. Further, a 1.2 nm Ing ,6Gag 74As layer
is used to represent the InAs WL in the simulation. (The
value of 1.2 nm Ing,6Gag74As as the InAs wetting layer
was chosen to reproduce the 0.9 V gate voltage difference
between the onset of the charging of the wetting layer and
that of the 2DEG in the 1D Poisson/Schrodinger simula-
tion.) To see the onset of the charging of WL and 2DEG,
a series of gate voltages (from —0.6 V to 1.4 V) is applied
on the sample structure in the simulation. Figure 3 shows
the conduction band and the carrier distribution in the
sample, simulated under different gate voltages. It is ob-
served that the loading of electrons into WL and 2DEG
occurs at 0.2 V and 1.1 V, respectively. The voltage dif-
ference (0.9 V) between the onset of charging of WL and
2DEG simulated is the same as that determined from CV

0.0k

[ E
[ / 14V omi ]
[ 1 1 I L 1 1 I 1 L 1 I 1 1 1 l 1 L 1 I 1 1 ]

0 80 160 240 320 400

Distance from sample surface (nm)

—_
)
~

(o 0]
I

=
=

o
w

o

o
o

Electron concentration (1x10"7 ¢m™)

Distance from sample surface (nm) J

Electron concentration (1x10"" cm’™

0
-0.6V
o | I 1 1 1 I 1 1 1 I 1 1 1 l 1
240 320 400 480
(b) Distance from sample surface (nm)

FIG. 3. (a) Calculated conduction band and (b) electron concentration
distribution in the sample, for different gate voltages. The inset of
(b) shows an expanded view of the results.
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measurements, indicating that the 1.2 nm Ing,Gag74As
layer works well as the InAs WL in the simulation.

Figure 4 shows the values of E; and E,, simulated
with different gate voltages. It should be noted that the
spatial position of the 2DEG is not exactly at the GaAs/
AlGaAs interface in the simulation, but 6 nm from
the GaAs/AlGaAs interface, which can be seen from the
spatial distribution of the carrier concentration in the
conduction band simulated under higher gate voltages
(1.1-1.4 V). When the gate voltage increases from
-0.6 Vto 1.4V, both E, and E, decrease with different
slopes in different gate voltage regions. In the region of
—0.6 V to 0.2 V, both E;| and E, decrease linearly with
increasing gate voltage, with a slope of —0.13 and —0.214
for £, and E,, respectively. These values correspond
well with the geometric lever arms of [/l (0.14) and
Ir/ly (0.22), indicating that the simulation works very
well for the sample structure. (The effective distance
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FIG. 4. The energies (a) £, and (b) E; as indicated in Fig. 1, calculat-
ed with different gate voltages. The inset of (a) shows a linear fit of £,
in the range between —0.6 V and 0.2 V. The insets of (b) demonstrate
the linear dependence of £, on V, in the regions —0.6 V to 0.2 V and
0.2Vtol.l V.

between the wetting layer and the back contact may
be slightly different from the geometric value due to a
spreading of charge from the back contact.)

As shown in Fig. 4, the linear lever arm approxima-
tion E»/E| = [,/l; holds up to the onset of the charging of
the WL. Further, when the ground state of the WL is in
resonance with the Fermi energy level, E| represents the
energy difference between the ground state of the WL
and the GaAs conduction band edge. When the gate
voltage is increased further, the lever arm approximation
(E5/E; = b/l;) cannot be used anymore, which can be
seen from the small change of E; value when the gate
voltage increases from 0.2 V to 1.1 V in the simulation.
On the other hand, it is observed that when the gate
voltage increases from 0.2 V to 1.1 V, E, also decreases
linearly with increasing gate voltage. The slope of
E»(V,) in the region of 0.2 V to 1.1 V is —0.1, which is
determined by sample structure, and can be used to ex-
tract £, when the WL is just charged in the C-V mea-
surement [E>(WL charging) = (1.8 — 0.9) x 0.1 = 0.09
eV]. Then, by using the linear lever arm E,/E| = [/l the
energy difference between the electron ground state of
WL and GaAs conduction band edge in the C-V mea-
surements is determined to be 53 meV by assuming that
the 2DEG is at the GaAs/AlGaAs interface. This, com-
bined with the energy difference between the electron
ground state of QDs and that of WL, and the ho value
obtained above, leads to the determination of the com-
plete electron energy levels of QDs in the conduction
band,'® as shown in Fig. 5.

In the meantime, this 1D-Poisson/Schrodinger simula-
tion is also performed on the sample studied by Granados
and Garcia,'” where the charging voltages of WL and
2DEG are taken to be 0.36 and 1.2 V, respectively.
Further, the energy difference between the electron
ground state of WL and the GaAs conduction band edge
is extracted to be 56 meV, which is close to the number
(55 meV) obtained by Granados and Garcia.!” If the
linear lever arm approximation holds up to the charging

GaAs

T tssmevt Tt

173 meV
WL 221 meV

269 meV

d
' p

S
QD

FIG. 5. Conduction band structure of the QD sample determined from
C-V spectra and 1-D Poisson/Schrodinger numerical simulation.
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of WL, the energetic distance from the energy levels in
QDs and WL to GaAs conduction band edge produced
by the method shown in this paper will be a close ap-
proximation to the corresponding numbers reported by
Granados and Garcia."”

B. Electron energy levels in In(Ga)As/GaAs QRs

Though some experimental work has been done on the
electronic structure of QDs, there is little data available
about the energy structure of QRs.>?*% C-V measure-
ments and 1D Poisson/Schrodinger simulation are per-
formed on the QR sample to probe the electron energy
structure of the QRs.

A typical C-V spectrum of the QR sample taken at
f= 8113 Hz and the second derivative of the C-V trace
are shown in Fig. 6(a). The inset of Fig. 6(a) shows the
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FIG. 6. (a) Typical C-V spectrum and its second derivative and
(b) C-V spectra of the QR sample taken with f = 8113 Hz at different
perpendicular magnetic fields that range from O T to 11 T with an
interval of 0.5 T. The arrows in (a) mark the positions of the charging
events. The inset of (a) shows a typical AFM image of the sample
surface.

typical AFM image of the sample surface. Obviously, In
(Ga)As QRs are formed in the sample with a height of
about 2 nm, an outer diameter of about 50 nm, and an
inter diameter of about 20 nm. Clearly, at least four
charging features can be observed in Fig. 6(a), which
are labeled as s; (0.54 V), s, (0.804 V), WL (0.924 V),
and 2DEG (1.828 V). Similar to the QD case, to extract
the origin of these charging features, C-V measurements
of the sample are also performed at different perpendic-
ular magnetic fields, which range from 0 T to 11 T with
an interval of 0.5 T. Figure 6(b) shows the C-V spectra
of the sample taken at different perpendicular magnetic
fields with /= 8113 Hz. According to the energy disper-
sion of these charging features, the charging peaks
labeled s, and s, can be attributed to loading of the first
and second electron into s-like states of the QRs.>?**
Furthermore, the charging features labeled WL and
2DEG can be attributed to the loading of electrons into
InAs WL and 2DEG, respectively.lf”19

As discussed in Sec. III. A, it is also reasonable to use
the linear lever arm approximation (AE = eAVg/A, with
the lever arm A = [y/l;) up to the charging of WL to
convert charging voltages into charging energies, taking
into account the low QR density (~1.56 x 10" ¢m~?
grown in the sample. By using the linear lever arm ap-
proximation, the energy difference between the electron
ground state of In(Ga)As QRs and the electron ground
state of InAs WL can be determined to be ~48.5 meV.

To extract the energy difference between the ground
state of WL and the GaAs conduction band edge, a 1D
Poisson/Schrodinger simulation is also performed on the
QR sample with different gate voltages. In the simula-
tion, a 1.2 nm Ing33Gag g As layer is used to represent
the InAs WL. (The value of 1.2 nm Ing33Gag ,As as the
InAs wetting layer was chosen to reproduce the 0.9 V
gate voltage difference between the onset of the charg-
ing of the wetting layer and that of the 2DEG in the 1D
Poisson/Schrodinger simulation.) The Schottky barrier
on the sample surface and the Si-doping concentration
in the back contact are also assumed to be 0.6 eV and
1 x 10" ecm™, respectively. In a similar manner, the
energy difference between the electron ground state
of WL and the GaAs conduction band edge in the QR
sample is found to be 57 meV. Combined with the ener-
gy difference between the ground state of QRs and
the ground state of WL extracted, the energy difference
between the ground state of the QRs and the GaAs con-
duction band edge is determined to be 105 meV.

IV. CONCLUSIONS

In conclusion, C-V and one-dimensional numerical
simulation using Poisson/Schrodinger equations are
demonstrated as a simple and useful method to probe the
energy structure of self-assembled nanostructures. By
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using a linear lever arm approximation, the energy differ-
ence between the discrete energy levels in the nanostruc-
tures and the ground state of WL can be obtained directly
from CV measurements. Meanwhile, the energetic dis-
tance from the ground state of WL to the GaAs conduc-
tion band edge can also be inferred indirectly from a 1D
Poisson/Schrodinger simulation of the conduction band
under different gate voltages, which results in the con-
struction of the entire electron energy levels of the nano-
structures in the conduction band.
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