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Experimental determination of local Strain effect on InAsÕGaAs self-organized quantum dots
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The energy barrier at InAs/GaAs interface due to the built-in strain in self-organized system has been
determined experimentally. Such a barrier has been predicted by previous theories. From the deep-level
transient spectroscopy~DLTS! measurements, we have obtained the electron and hole energy levels of quan-
tum dotsEe

QD→GaAs50.13 eV andEh
QD→GaAs50.09 eV relative to the bulk unstrained GaAs band edgesEc and

Ev . DLTS measurements have also provided evidence to the existence of the capture barriers of quantum dots
for electronEeB50.30 eV and holeEhB50.26 eV. The barriers can be explained by the apexes appearing in
the interface between InAs and GaAs caused by strain. Combining the photoluminescence results, the band
structures of InAs and GaAs have been determined.
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Over the years, InAs grown on GaAs~100! has become a
well-established model system for the study of the lo
dimensional structures in the case of highly lattic
mismatched semiconductors. For InAs/GaAs~100! the lattice
mismatch is about 7%. The formation of dislocation-free c
herent islands of InAs on the GaAs substrate has been
served and attributed to a transition from a two-dimensio
growth mode to a three-dimensional one. The dislocati
free coherent islands@self-organized quantum dots~QD’s!#
have been attracting considerable interest due to their hi
efficient radiation rate and potential device applications.1–6

In the absence of strain effects, the confining potential
an electron~hole! is a square well formed by the offset of th
conduction~valence! band of InAs and GaAs. However, th
study of the influence of strain on band structures of InA
GaAs is complicated by the variations of the confining p
tentials from one conventional cubic unit cell to another d
to the variations of the strain from cell to cell. In Refs. 7 a
8, M.A. Cusack, Briddon, and Jaros presented a calcula
of the electronic structure of InAs/GaAs quantum dots t
includes the microscopic details of the strain and the mix
between the light-hole and heavy-hole bulk bands, and
counts for the change in the effective masses due to st
The results show that the compressive strain in the ba
shifts the GaAs conduction-band edge above the unstra
level. There exist apexes in the interface between InAs
GaAs in the plot of the confining potentials for electrons a
holes along the growth direction. The apexes can form
energy barrier for carriers at the InAs/GaAs interface in
self-organized QD’s system. In our previous work, we ha
proposed a method9 of using deep-level transient spectro
copy ~DLTS! to monitor the built-in strain in strained supe
lattices. Because of the localization behavior of the QD wa
function, we have also successfully performed DLTS m
surements on InAs/GaAs self-organized quantum d
systems.10,11 In this paper, we perform the combined DLT
and photoluminescence~PL! measurements on the sampl
of InAs/GaAs multilayer QD systems and our experimen
results demonstrate the existence of the energy barrier
carriers at the InAs/GaAs interface as predicted by theor
PRB 610163-1829/2000/61~8!/5530~5!/$15.00
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The structures studied here were grown by molecu
beam epitaxy using VG V80H MKII system. The substrat
aren1-GaAs~100!. Growth rate is 1mm/h for GaAs and 0.1
mm/h for InAs. Samples were grown as follows. First,
1-mm Si-doped (231018cm23) GaAs buffer layer was
grown at 600 °C. Then temperature was lowered to 450
for subsequent growth. A spacer layer of GaAs~10 nm! and
InAs ~0.5 ML or 2.5 ML! was repeated five times. Then
50-nm GaAs spacer layer was followed. The process
deposition~GaAs/InAs! layers followed by GaAs~50 nm!
spacer layers was repeated five times. Finally, a GaAs~150
nm! cap layer was deposited. Samples can be divided
two series. Samples in seriesA ~n-type! were doped with Si
(331016cm23) homogeneously. For the convenience of d
cussion, we denote the sample of 0.5-ML InAs asN-0.5 ML
and that of 2.5-ML InAs asN-2.5 ML. Samples in seriesB
~p-type! were doped with Be (331016cm23! homoge-
neously except the top 50 nm of cap layer with the conc
tration 131019cm23 for the ohmic contact. We denote th
sample of 0.5-ML InAs asP-0.5 ML and that of 2.5-ML
InAs asP-2.5 ML. The growth was monitored by reflectio
high-energy electron diffraction~RHEED!, and the QD
nucleation was seen directly via the onset of a spo
RHEED pattern. QD’s are formed in samplesN-2.5 ML and
P-2.5 ML, as their InAs coverage exceeds the critical lay
~1.6 ML!; QD’s are not formed in samplesN-0.5 ML and
P-0.5 ML, as the InAs coverage is only 0.5 ML. The Q
dimensions are typically 6 nm in height and about 10 nm
diameter in the lateral dimension, and the density is ab
531011cm22.12

The purpose of this specially designed structure is tw
fold: ~1! to improve the quality of the QD’s and to enhan
the intensity of DLTS signals;~2! to suppress strain alon
the growth direction by adding the 50-nm GaAs spa
layers.10 For samples in seriesA, we prepared the Schottk
diode for the DLTS measurements by evaporating Au o
the GaAs caper layer. The back ohmic contact was form
by alloying In onto then1-GaAs substrate; for seriesB, the
samples were directly grown into thep-n junction structure.
We alloyed AuAgZn onto the GaAs caper layer and A
5530 ©2000 The American Physical Society
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GeNi onto then1-GaAs substrate to form ohmic contact
Then, we etched 1mm to fabricate mesa diodes for th
DLTS measurements.

DLTS measurements were carried out by using the In
vanceAB-type deep-level transient spectroscopy. The ra
of temperature for measurements was 77-350 K. PL m
surements were performed in a variable-temperature~7-300
K! closed cycle cryostat under the excitation of a 514.5
line of an argon laser. The signal from samples was d
persed by a Jobin-Yven HR250 monochromator and dete
by a LN2 cooled Ge detector.

All the DLTS measurements were performed under d
conditions. Before each scan, the sample was cooled d
under zero bias and the measurements were made durin
warm up cycle. The sample biasing conditions were obtai
from the C-V measurements. Figure 1 shows the typi
DLTS spectra of four samples under majority injection.
the samples ofN-0.5 ML and P-0.5 ML without formed
QD’s only one clear peak was observed. From the activa
plots of these signatures, we determined the apparent e
sion activation energies to be 0.80 eV forE1 and 0.16 eV for
H1 . In the samples ofN-2.5 ML andP-2.5 ML with formed
QD’s two peaks were observed with one peak being stron
than the other. The inferred apparent emission activation
ergies are: E150.68, E250.43, H150.20 and H2
50.35 eV. The 2.5- and 0.5-ML InAs samples have the sa

FIG. 1. Comparison of DLTS Curve between 0.5 and 2.5 M
sample@~a! doped with Si;~b! doped with Be#. All the spectra were
recorded for the rate window of 8.28 ms, the filling pulse durat
was 1 ms, the reverse bias was21 V, and the pulse height was 0 V
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structure and growth condition, with the only difference b
tween them being that QD’s are formed in the former and
in the latter. Only the samples ofN-2.5 ML andP-2.5 ML
with QD’s exhibit theH2 or E2 peaks, indicating that theE2
andH2 peaks can be attributed to the energy levels of QD
Otherwise, these peaks would also be observed in
samples without QD’s, which is not the case. The peaksE1
and H1 have been observed in formed and unformed Q
samples, so they can be attributed to deep centers in the
GaAs material, in which we are not interested.

With the variation of rate windows, the DLTS pea
heights ofE2 andH2 change distinctly, indicating that larg
capture barriers exist. The common procedure of measu
the capture parameters by changing the pulse width in
ting the DLTS spectroscopy corresponds to a filling dynam
process. The capture kinetics are given by:

S~ tp!5S~0!1S~`!* @12exp~2C* tp!#, ~1!

whereS(tp) is the peak height,S(0) is the background sig
nal, tp is the carrier injection pulse width,S(`) is the DLTS
peak height when the quantum dots are fulfilled with ca
ers,C5svn is the capture rate from which one can dedu
the thermal capture cross sections (v is the mean therma
velocity, andn the free carrier concentration!.

A temperature dependence of capture rateC can be mea-
sured with variation of the rate window. We measured
dependence of the capture coefficient in the tempera
range of 218–246 K for electron and 175–208 K for ho
The ln@12S(tP)/S(`)# versustp curves are shown in Fig. 2
The curves reflect that the capture process is an expone
one. Due to the fluctuation of QD sizes, the DLTS spectra
QD are broadened. The energy level broadening can ca
the nonexponential transient. So, we see that the curves
ists a little deviation from an exponential transient in the F
2. The mean thermal velocity of carrierv can be calculated
at a fixed temperature, and the free carrier concentration
approximately equals to the doped concentration. Thus a
of data on the capture cross sections versus temperature
be obtained.

The capture cross section that is thermal activated
many deep centers can be expressed as:

s5s` expS 2
Es

kBTD , ~2!

where Es represents the capture barrier,s` is a constant
independent of temperature, andkB is the Boltzmann con-
stant. The variations ofs with the inverse of temperature ar
given in Fig. 3. From it, we get the capture barrierEeB
50.30 andEhB50.26 eV for electrons and holes, respe
tively. At the same time, the values of 1.66310215cm2 for
electrons and 2.12310213cm2 for holes are determined fo
the pre-exponential factorss` from fitting the experimental
data. Owing to the small temperature range in which pe
can be observed, the capture barrier associated with the
ture cross sections, measured from the slope of ln(s) versus
T21, often cannot be determined with a good accuracy.

Combining the capture barriers with the apparent em
sion activation energies, we can get the intrinsic emiss
activation energies ~the binding energies! of QD’s
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Eh
QD→GaAs50.09 eV andEe

QD→GaAs50.13 eV for holes and
electrons, respectively. If the base diameter is taken as
nm,7 the theoretical values of the electronic levels of InA
GaAs are about 0.12 eV for electrons and 0.1 eV for ho
with which our experimental results are in good agreeme

FIG. 2. Normalized DLTS signal amplitudes as a function of t
activation pulse width at various temperature.~a! For the sample
N-2.5 ML; ~b! for the sampleP-2.5 ML. The values in brackets ar
the capture rate obtained from the slope of related curve.

FIG. 3. Variations~logarithmic scale! of the capture cross sec
tion versus the inverse of the temperature. The rate window va
from 8.28 to 165.6 ms.
10
/
s,
t.

Moreover, our experimental results are in close agreem
with many other published data on the electronic levels
QD’s as measured by electric methods.13,14

We also performed the PL measurements for all
samples, with the spectra of the samples ofN-2.5 ML and
P-2.5 ML presented in Fig. 4. Both spectra are dominated
a strong luminescence peak related to the InAs QD’s exc
transitions~1.29 eV!. The same luminescence peak energy
QD’s makes it easy to further analyze the results. It a
shows the consistency of our sample growth. GaAs -rela
emissions~1.51 eV! are much weaker, even though GaA
has a much larger excitation volume. For comparison, the
spectrum ofP-0.5 ML is also shown in Fig. 4.

The full width at the half maximum~FWHM! of the PL
for N-2.5 ML sample is 84.5 meV and forP-2.5 ML sample
75.5 meV. This indicates that there is a large size distribut
of QD’s in these samples. The obtained activation energ
of QD’s are average values. It is reasonable to take the ra
of the error values of the QD’s localization energy as half
the FWHM ~about 40 meV!. The experimental error value o
DLTS measurements is aboutkBT ~26 meV for room tem-
perature!. Thus, the estimated error on activation ener
value is about 30–40 meV. According to linear regression
Fig. 3, the error of slope (EB /kB) for electron is 0.30 and for
hole is 0.46. So, the error of capture barrier for electron
about 25 meV, for holes about 38 meV.

From the DLTS measurements, we have obtained the
ergy levels of QD’s Ee

QD→GaAs50.13 eV and Eh
QD→GaAS

50.09 eV relative to the top of the GaAs valence bandEV
and the bottom of the GaAs conduction bandEC , respec-
tively. From the PL measurements, we have obtained
energy difference of holes and electronsEe→h

QD 51.29 eV and
the band gapEg

GaAs51.51 eV. With these results, we hav
mapped out the energy band diagram in Fig. 5. We see
two results fit very well with each other and thus conclu
that the barrier material for QD’s is GaAs. When the ele
trons~holes! in QD’s emit to the GaAs conduction~valence!
band edge, they need to overcome the apparent emis
activation energyEe(Eh). When the electrons~holes! in the
GaAs conduction~valence! band edge are captured by th
QD’s they need to overcome the capture barrierEeB(EhB).
The difference betweenEe(Eh) andEeB(EhB) is the energy

es

FIG. 4. The PL spectra of the sampleN-2.5 ML andP-2.5 ML
at the temperature of 10 K.
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distance from QD levels to GaAs conduction~valence! band
edge. The apexes in the interface between InAs and G
are caused by the strain, which we will discuss below
detail. It can form an energy barrier for carriers transferr
between the well and barrier layers.

The DLTS spectrum is generated by voltage pulses,
differences in band bending should involved in Fig.
strictly. The electric fieldF varies linearly in the space
charge region from zero atx5W, the limit of the space
charge region, to typically 104 V cm21 at x50, the barrier
interface~reverse biases are of the order of 1 V for space
charge region of the order of 1mm, with the doping concen
tration used,n;1016cm23). The period of the superlattice i
about 10 nm in our experiment. We can calculate that
band bending of each period is of the order of 1 meV. T
value is far smaller than the capture barriers 0.30 eV
electrons or 0.26 eV for holes. The band-bending effe
caused by electric field are not pronounced. So we can ta
as flat band condition.

In the DLTS measurements, it is also seen that as
reverse bias is increased, the DLTS peaks shift slightly
wards lower temperatures in the experiment. This trend in
cates a little lowering of the emission barrier by the elec
field. When the same bias condition is maintained dur
emission and only the filling pulse height is increased,
DLTS spectra show a progressive increase in the peak
plitude and is in accordance with increased filling of the do
Therefore, we are able to vary the average number of e
trons in the dots. The emission energy will be change
little with the number of electrons in the dot. So, ensuri
that the same average filling is maintained at all experime
is important. In our experimental conditions adopted,
emission spectra correspond to the dots having one elec
or hole on the average. Although these phenomena are
the main theme of the present work, it should also
stressed that extreme care has to be taken while interpre
the experimental data.

FIG. 5. Schematic band structure of InAs/GaAs self-organi
quantum dots.
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We know that the InAs islands act as potential wells
charge carriers. The well profiles are given by the off
between the band edges in unstrained InAs and GaAs.
effect of strain on the confining potential profile was det
mined in Refs. 7 and 8. With strain taken into accou
apexes appear in the GaAs side of the InAs/GaAs interfa
Therefore, the electrons from conduction band~or the holes
from the valence band! need to overcome the apex if they a
to be captured by QD’s. The apexes form the barriers
carriers being captured by QD’s. Using the DLTS techniq
we have determined the values of the barriers for both e
trons and holes. Although the QD’s are rather efficiently
diative and optical devices have been successfully dem
strated, it does not exclude the existence of a very la
capture barrier of QD’s. The capture barriers investigated
our experiments are those barriers that electrons or h
need to overcome before being captured from GaAs lay
by QD’s.

From the values of barriers, we can estimate the chang
the lattice constant due to strain. When InAs was depos
on GaAs, the lattice constant of GaAs was compressed
growth direction and elongated in the perpendicular dir
tion. Here, we are only concerned with the change in
growth direction. Gap energies when plotted as a function
the relative variation of lattice constantDa/a0 display an
essentially linear dependence. Here,Da can be calculated by
using the Murnaghan equation of state15

P5~B0 /B08!$@a0 /a~p!#3B8021% ~3!

with isothermal bulk modulusB0574.66 Gpa and its pres
sure derivativeB0854.67. For GaAs, the pressure depe
dence of the direct energy gap is given bydEg,dir /dp
510.73 meV/kbar. When the variation of band gap of Ga
is 560 meV, the equivalent strain pressureP is 52.19 kbar.
Using these parameters, we geta0 /a(p)51.02. Based on the
foregoing discussion, a method that determines the long
dinal strain profile in the strained structure is given by t
stress effect on the deep levels.

In conclusion, we have determined experimentally the
ergy barriers at InAs/GaAs interface due to the built-in str
in self-organized systems, which have been predicted by
vious theories. DLTS measurements have shown the e
tence of the capture barriers of quantum dots for electr
EeB50.30 eV and holesEhB50.26 eV. The barriers can b
explained by the apexes appearing at the interface betw
InAs and GaAs due to strain. From the PL measurements
have obtained the energy difference of holes and electr
Ee→h

QD 51.29 eV and the band gapEg
GaAs51.51 eV. With

these results, the band structures of InAs and GaAs h
been mapped out.

This work was supported by the National Sciences Fo
dation of China and the State Climbing Program for Ba
Research.
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