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Observation of built-in electric field in InP self-assembled quantum
dot systems

V. Davydov,? 1. Ignatiev,” H.-W. Ren, S. Sugou,® and Y. Masumoto®
Single Quantum Dot Project, ERATO, JST, Tsukuba Research Consortium, Tsukuba 300-2635, Japan

(Received 4 May 1998; accepted for publication 16 March 1999

Strong Franz—Keldysh oscillations were observed in the nonlinear reflection spectra of
heterostructures with InP self-assembled quantum dots. These oscillations manifest a built-in
electric field of about 30 kV/cm. We propose that this field originates from electric charge captured
by the intrinsic defects on the dot interface. The presence of acceptor-like intrinsic defect states is
found to be a general feature of the InP/InGaP interface but was not observed in other structures
with quantum dots such as InAs/GaAs. 99 American Institute of Physics.
[S0003-695(199)02920-4

Self-assembled quantum daf®Ds) fabricated by epi- buffer layer prevents the compositional interfusion between
taxial growth in the Stranski—Krastanov mode have been reGaAs and the Igs:Ga 4P barrier layer. One layer of InP
cently a subject of extensive studieg. The fabrication of QDs with nominal thickness of 4 monolayefsL) was
the QDs in a single growth process prevents the QD surfacgrown between the fx:Ga, 4P barrier layers. The growth
from strong contamination. Nevertheless, the structure angate was 0.5 ML/s for InGaP and 0.25 ML/s for InP. The
properties of the interface between the QDs and the barriéinterruption times used before and after the InP growth were
layer are still poorly understood. The lattice mismatch be2 and 20 s, respectively. The QDs sizes were controlled by
tween the materials of the QDs and the barrier layetsich  choosing the growth temperature in the range 480—500°C.
itself governs the formation of the QDgives rise to strain  The structure of the samples is schematically drawn in the
around the QDs. For InAs QDs, this problem was investi-inset of Fig. 1.
gated by Grundmanet al* and for InP QDs by Pryoet al® Three heterostructures were studied most thoroughly.
The strain can generate local intrinsic defects around the QDfhe average sizes of QOsean diameted and heighth)
barrier layer interface. Due to the small size of the dots, theynd the distance between them were determined by atomic
fraction of the surface atoms to the core atoms is relativelygrce microscopy in the reference structures, without the top
large so that the interface defects can affect considerably thearrier layer, grown in the same conditions. They dre
properties of the QDs. However, up to now there are no—40nm, h=10nm for QDO1504d=60nm, h=5 nm for
experimental data about these defects and their influence Q§p01505:d=50 nm, h=10 nm for QDP1779. The average
the properties of the QDs. distance between the QDs is about 100 nm for all the three

In this letter, we present the experimental evidence of &amples. The InGaP barrier layer thicknesses are 100 nm for

built-in electric field in the self-assembled InP QD system.iq sample QDP1779 and 150 nm for the samples QDO1504
We found that a large amount of presumably negative elecpq QDO1505.

tric charge is trapped near the QDs. We suppose that the .o sample QDO1505 was studied by a high resolution

charge is captured by intrinsic defects around_ the i”terfac‘?ﬁansmission electron microscopyThe cross-sectional im-
between the InP QD Iaye_r and thg In_GaP barrier Iayer.s. Th|§ge clearly displays a regular crystal structure of the QDs
process leads to a built-in electric field that causes intense

Franz—Keldysh oscillations in the photoreflecti®R) and

electroreflection ER) spectra. For the detailed study of PR, 80 L
we used the pump-probe method because of its high sensi- - 70 + QDs InGaP .
tivity and the possibility to study the time evolution of pro- 2 60 F " Gap =QDs =]
cesses. Z 50l Alas |
. The studied heterostructures were grown on % a0 | % .=
n* GaAs(100 substrates by the gas source molecular beam £ GaAs GaAs
epitaxy. The 300 nm GaAs buffer layer with a short period g30r PR |
AlAs/GaAs superlattice in the middle was grovat 600 °Q S 20r .
to suppress dislocations. The 2 nm AlAs layer grown on the 0t InGaP y
0 ! .
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1.6 1.65 1.7 1.75 Franz—Keldysh oscillation§~KO). To confirm this conclu-
Photon energy (eV) sion, we supplied the sample QDP1779 with electric contacts

_ and recorded the ER spectrum with an electric field modula-
FIG. 2. Pump-probéPP and electroreflectiofER) spectra of the sample . . . . L
QDP1779. Inset: the energy position of FKO maxima vs their numbers f0|1|c_)n- It is also pre§ented _'n Fig. 2 One can see oscillations
the samples QDO1500), QDO1505(x), and QDP1779A). Solid lineis ~ with the same period as is seen in the PP spectrum.
fitting by formula (1) with a parameteF =30 kv/cm. FKO provide clear evidence for the built-in electric field
in the heterostructures with InP QDs. We studied the PP

and the barrier layers that confirms a coherent growth of thgP€ctra of structures without Qlta sample with a 600 nm
heterostructure. InGaP layer on a GaAs buffer, another one with a GaAs

The photoluminescencéPL) spectra were measured at quantum well between InGaP barrier layeasid also struc-
the temperature 1.6 K under a cw laser excitation ( tures with InAs QDs between GaAs barrier layers. Spectra of
=532 nm). A typical PL spectrum is shown in Fig. 1. The all these structures do not have any regular oscillations.
spectral band of the QDs is most intense in the spectra for afherefore, the existence of the built-in electric field is caused
the structures studied, and this indicates the high quality ofY the presence of InP QDs in the structure.
the samples. The spectral position of the band maximum We offer the following model of the energy structure
which depends on the QDs size is 718 nm for QDO1504and physical processes which give rise to the built-in electric
742 nm for QDO1505, and 733 nm for QDP1779. The bandi€ld. The model is schematically shown in Fig. 3. Due to

width at the level of 10% is about 40 nm. The QDs PL Strain, the region around QD/InGaP interface contains a
intensity depends linearly on the pump power up tohumber of intrinsic defects which act as the carrier traps. For

10 W/ent. the explanation of the experimental data, we should suppose

Pump-probe experiments were performed at 1.6 K in théhat these traps are predominantly accepta$) ( During
reflection geometry. The setup includes a femtosecond Tithe growth process, the high temperature500 °C) pro-
:sapphire laseffrequency 82 MHz, pulse duration 0.1-1)ps Vides enough energy to the holes in the QDs layer to jump
which is tunable from 720 nm to 850 nm. The amplitudeOVer the potential barrier and to reach the GaAs layer. The
modulation of the pump and probe beams at different freGaAs buffer layers of the investigated structures contain do-
quencies(100 and 2 kHz and a double lock-in detection of nors @) whose density is of the order of f&m™>. The
the signal modulated at the differential frequency allows ugoles recombine with the electrons produced by these do-
to avoid noises from the scattered light and to detect frachors. This process is shown in Fig(aB by arrows. The
tional reflection changes as low as 0 To eliminate the charge transfer can occur also through the thermal activation
interference between the pump and the probe beams the opf the donor electrons from GaAs to the QDs where they
tical frequency of the pump beam was shifted by an acousto®€combine with acceptors. As a result of both processes, an
optical modulator. Time dependence of the pump-probe sigexcess negative chargA () occurs in the QDs layer and an
nal was measured by scanning the optical delay of the probexcess opposite chargB () in the buffer layer. This results
pulses. For measuring the spectral dependence of the sign#l, a double electric layer with an electric field inside. The
the wavelength of the Ti:sapphire laser was continuoushelectric field penetrates into the GaAs buffer layer due to the
tuned and measured by a wavelength meter. small donor concentration in it.

The time dependence of the measured signal is the sub- This model is capable of explaining the main features of
ject of a separate study’ Here we discuss only the spectral the signal. Pump pulses produce free carriers in the GaAs
dependence of the signal in detalil. buffer layer. Their motion shown by arrows in Fig(b3

The spectral dependence of the pump-pré®@ signal  changes the built-in electric field inside this layer. The
of the sample QDP1779 for 60 ps delay between the pumphange of the electric field causes the change of the optical
and the probe pulses is presented in Fig. 2. This dependenpeoperties of the heterostructure. The probe pulse detects
shows strong oscillations in a wide spectral region. The speanainly the reflectivity of the GaAs buffer layer because its
tra of the other samples reveal a similar behavior with ap-optical thickness is much larger than that of the QD layer.
proximately the same period of oscillations. The energy po-That is why the observed regular oscillations start from the
sitions of the oscillation maxima in the PP spectra of all thespectral position of the GaAs bulk exciton.
structures studied are shown in the inset of Fig. 2. All ex- In order to determine the value of the built-in electric

periments led us to the conclusion that we observed théeld, we utilized the approximation
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e2h2F2\ 193 213 comments. These defects are not PL quenchers because of
T) {Z(mW—QD) (1) the high quantum efficiency of the QDs luminescence. This

is generally the case when the energy levels of the traps are
given by Aspens and StudiiadereE,, is the energy position  deep enough. Another possibility is that the energy levels of
of the mth FKO maximum,E;=1.52eV is the GaAs band the acceptors are shallow and close to the hole levels. In this
gap, ¢ is a fitting parameterf is the electric field, andk  case, it is not possible to distinguish the luminescence due to
=0.058n, is the reduced mass, whers, is the electron the electron-acceptor transitions from that due to the
mass. electron-hole transitions.

The calculated curv&p, is shown in the inset of Fig. 2. In summary, our results show that in the heterostructures
There is a discrepancy between the experimental data and tgth InP QDs there is a built-in electric field of 30 kVv/cm.
fitting curve Er,. Therefore, we can only approximately es- The electric field causes strong FKO in the photo- and elec-
timate the magnitude of the field to be about 30 kV/cm. Weyroreflection spectra. We present a model that assumes that
suppose that this discrepancy is caused by the inhomogeneifyje interface between the QDs and InGaP barrier layers con-
of the electric field in the GaAs layer. tains a number of defects which behave like acceptors. Dur-

The obtained magnitude of the electric field allows us tOing the growth process at h|gh temperature they capture elec-
estimate the areal surface charge density by the plane capagions from the neighboring layers of the structure. This
tor formulac=e&oF. For the studied structures, it yields an process gives rise to the build-in electric field. In the inves-
areal charge density of about20'*cm™2 These charges tigated structures, the QDs layer holds a negative charge with
cannot be captured by impurities because their concentratiogreal density of~2x 10'tcm™2 The electric charge around
in our samples is less than required to hold these charges Rife QDs can essentially affect their physical properties and
three orders of magnitude. Most probably, they are captureghould be taken into consideration.
by the intrinsic defects around the interface between the QDs
and the barrier layers. The authors acknowledge Dr. E. Tokunaga and Dr. S.
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