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We studied and characterized the energy levels of the InGaAs/InGaAsP quantum dot (QD)
system with two di erently sized layers by performing capacitance-voltage and deep-level transient
spectroscopy (DLTS) measurement. The sample has two QD layers stacked with di erent sizes and
a spacer layer of 100-nm in thickness. In the DLTS measurement for the QD sample with a 100 nm
spacer, several signals were observed. The origins of two signals among them were estimated to be
a ground state and a high order con ned energy level in this QD system with two kinds of QDs.
The highest activation energy from small QDs was about 0.29 eV and this value represented the
location of the ground state energy level. A band diagram of the double quantum dot system was
suggested based on the DLTS measurements for various lling pulses and bias voltages.
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I. INTRODUCTION

Quantum dots (QDs) are fascinating quantum structures because of their superior characteristics and extensive applications. Thus, understanding the optical and
the electrical properties of semiconductor QDs is important for fundamental studies and in view of possibility of
using QDs as elements not only for optoelectronic device
applications, such as QD-laser diodes, infrared photo detectors and QD optical switches [1,2], but also for electronic devices like high-density dynamic memories. In
recent years, a number of experimental and theoretical
studies on deep-level spectroscopy (DLTS) [3,4], admittance spectroscopy [5] and capacitance response [6] have
been performed for understanding the behavior of QDs
in device structures. Self-assembled InGaAs QDs embedded in GaAs- and InP-based devices can be applied to
1.3-  1.55- m ber-optic devices [7,8]. If a device with
exact wavelength control is to be made, energy-level engineering of the QD system is very important. However,
accurate energy-level engineering of the QD systems is
still dicult. Therefore, investigating the growing technologies and exact characterizations of the QD systems
are very important to control the energy levels.
In this research, we studied the energy level properties of the vertically-stacked InGaAs/InGaAsP self
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assembled QDs structure by using capacitance-voltage
(C-V) and deep-level transient spectroscopy (DLTS)
measurement. Two di erent sizes of QD systems have
two di erent activation energies and the systems have
complicated band structures. By changing depletion region of band structure, which is adjusted by using the
applied bias voltage [9], we can scan the spatial region
by using DLTS measurements. In this way, we discuss
the quantum energy band structure of the stacked QD
system.
II. EXPERIMENTS

The sample was grown by using metal-organic chemical vapor deposition (MOCVD) under an operating pressure of 76 Torr. In general, InP has been used as a barrier
layer for InAs QDs by several researchers. We selected
lattice-matched InGaAsP (g = 1.0  1.1 m) as the
barrier layer because the use of the InP as a barrier for
QDs in the active layer requires a higher band gap material, such as InAlGaAs, for the cladding layer for efcient optical con nement from the separately-con ned
heterostructure.
On n-type InP substrates, a 1-m-thick InP bu er
layer was grown at 620  C, then, the temperature was
lowered to 540  C for the QD growth and the InGaAsP
barrier layers and InGaAs QDs were grown. The density of QDs was about 1  1010 cm 2 , as obtained by
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Fig. 1. Sample structure of vertically stacked InGaAs
quantum dots with InGaAsP spacer and barriers on an InP
bu er layer.

using atomic force microscopy (AFM) measurement and
the heights and the lateral sizes of the small and the
large QDs were measured to be about 3.6 and 5.8 nm
and 34 and 47 nm, respectively. The QDs located in the
lower layer were larger than those located in the upper
layer, which was controlled by varying the growth conditions. The thicknesses of the InGaAsP barrier layers
on both sides of the vertically stacked QD layers were
100 nm and the QD layers were separated by a 100-nm
InGaAsP spacer layer. Following the vertically-stacked
QDs and InGaAsP barrier layers, an InP capping layer
of 120-nm-thickness was grown at a growth temperature
of 620  C.
For the C-V and the DLTS measurements, sample
was fabricated to have a metal-insulator-semiconductor
(MIS) structure to prevent leakage current due to the
low barrier height in the metal Schottky contacts to InP
[10,11]. A Si3 N4 insulating layer was grown on the InP
capping layer by using plasma-enhanced chemical-vapor
deposition (PECVD) and the thickness is about 30 nm.
Then, 0.6-mm-diameter gold (Au) gates were fabricated
by using thermal evaporation with a shadow mask and
the backside Ohmic contact was done by using indium
bonding. Figure 1 shows the nal sample structure for
the electrical measurements. The internal mode of an
HP4280A capacitance meter was used to measure the
capacitance-voltage and the time-dependent capacitance
transient. The measuring temperature was varied from
160 K to 280 K by using a liquid-helium cryostat.
III. RESULTS AND DISCUSSION

Figure 2 shows the result of C-V measurements to nd
exact bias conditions for the DLTS measurements. The

Fig. 2. (a) Capacitance-voltage characteristics of the InGaAs/InGaAsP QD system measured at 160 K. (b) Carrier
depth pro le extracted from the C-V result. The carrier accumulation regions represent the existence of a QD layer.

inset of Figure 2 shows the carrier pro le extracted from
the 160-K C-V data. In general, a carrier concentration
peak in the depth pro le means the existence of a quantum structure, such as a quantum well or a quantum
dot [12]. Due to the two QD layers, the carrier distributions were concentrated in two spatially-separated two
regions and the distance was about 100 nm. The dimension of the x-axis in the carrier pro le does not represent
an accurate depth between the two QD layers because
the sample has an insulator layer and hetero-layers with
di erent dielectric constants. Although the dimensions
are not accurate, the shape of the carrier pro le is quite
reliable. The insulator layer is too thick for our intention. Thus, the carrier concentration peaks of QD layers are observed at low temperature and high reverse
bias. When the temperature becomes high, the lower
QD layer was not observed in the depth pro le because
of increasing carriers. These pro ling ranges are determined by zero bias depletion and reverse bias breakdown
and those are a ected by the built-in potential and the
carrier concentrations.
Figure 3 shows DLTS spectra of the InGaAs/InGaAsP
double-layered QD system. In these measurements, the
pulse bias is xed at 0 V and the measurement voltage was decreased from {3 to {8 V in 1-V intervals. As
we mentioned above, changing the pulse and measurement bias in the DLTS measurements adjusts the de-
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Fig. 3. DLTS spectra of the InGaAs/InGaAsP double-layered QD system. In these measurements, the pulse bias was xed
at 0 V and the measurement voltage was decreased from {3 V to {8 V in {1-V intervals. The baseline of each curve was shifted
by 0.1 to show a clear shape and for comparison. Each spectrum was separated by using multi-peak Gaussian ttings and the
separated components are displayed in the gure.

Fig. 4. Energy-band diagram for the double-layered InGaAs/InGaAsP QD system when a reverse bias was applied.

pletion region and changes scan range of measurement.
Four di erent kinds of signals were found from the DLTS
measurements and those signals are named as EL , ES ,
ED1 and ED2 , respectively for convenience. Although
the ED1 and the ED2 signals are shifted by changing in
the measurement biases, the trends of these signals are
not greatly changing and the signals are not observed
when the measurement bias becomes more than {2 V
(not shown here). From these, the origins of these signals are estimated to be point defects in the InGaAsP
layers or interface state between the InP and the InGaAsP layers [13]. Because the InGaAsP materials are
quaternary compound semiconductors, the existence of
the crystal defects is quite reasonable. The activation
energies and the cross sections of the ED1 and the ED2
signals are 0.38 and 0.40 eV and 1.84  10 16 and 2.93
 10 16 cm2 , respectively. These parameters for ED1
were calculated from the {8 V spectra and those for ED2

were based on the {5-V spectra.
On the other hand, the EL and the ES signals are remarkably a ected by changing in the measurement bias.
The shapes and the locations of these two signals are
also greatly changed. The origins of these two signals
appeared to be con ned energy levels of the two QD
layer. This assumption is clari ed by the C-V results
and the applied bias. In the C-V result, lower and upper
layer QDs were observed at high reverse bias conditions.
Especially, the lower layer QDs were observed at bias
consitions lower than {6 V. Thus, the con ned energy
levels of these QDs should not be observed when the
bias is higher than {6 V. The DLTS spectra agree with
this. The interpretation of the signals originating from
the con ned energy level of the QDs with band structure
is shown in the Figure 4. Firstly, con ned energy levels
are located under the Fermi level for a small reverse bias.
Then, the measurement bias is decreased and high-order
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characterization. However, high order con ned energy
levels existed and their locations were 0.18 eV below the
top of the barriers when a {8 V measurement bias was
applied. Because the signal was not sharp, we believe
that the origin of the EL signal is not only a single level
but a multi-level.

IV. CONCLUSION

The ground and the high order con ned energy levels
of small and large QDs were characterized by performing
C-V and DLTS measurements with a double layered InGaAs/InGaAsP QD system. The carrier depth pro le
was successfully obtained from the C-V measurement
and the carrier pro le clearly shows two accumulation
peaks of the carrier concentration. From the results of
the DLTS measurements under various bias conditions,
we estimated that the ES and the EL signals originated
from the con ned energy levels of small and large QDs.
The activation energy of ES changed from 0.18 to 0.29
eV, representing the location of the con ned energy level
based on top of the InGaAsP barrier. Although the
ground state of the large QDs was not found due to the
thick insulator layer, the higher-order levels are thought
to be located 0.18 eV below the conduction band of the
barrier.
Fig. 5. (a) Dependence of the activation energy of the ES
signal on the measurement bias voltage. (b) Arrhenius plots
for the signals obtained under the various bias.

con ned energy levels (i.e. third, fourth, etc.) located
over the Fermi level and the con ned carriers are emitted
from the con ned levels. The DLTS measurements can
detect this process. Although the high-order levels of the
small QDs are located over the Fermi level, the con ned
levels of the large QDs are still located under the Fermi
level. In this situation, the DLTS shows only one peak
in the spectrum. However, under the reverse bias becomes high enough to make the Fermi level lower than
the con ned energy levels of the large QDs, the DLTS
spectra contains two peaks. The Figures 3 and 5 show
these trends clearly.
Figure 5 shows the changing activation energy of the
ES signal. In Figure 5, the activation energy becomes
higher when the reverse bias becomes higher. Here, the
activation energy represents the location of the con ned
energy level from the top of the InGaAsP barriers. From
Figure 5, the ground state of the small QDs is estimated
as 0.29 eV and it is con rmed that the QDs have many
kinds of con ned energy levels whose locations are 0.18
to 0.29 eV below the tops of barriers. The ground state
of lower layer QDs cannot be characterized in this measurement, because the MIS structure was not ideal for
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