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The effects of external electric and magnetic fields on InP self-assembled quantu(@Dstsvere inves-
tigated by means of single dot spectroscopy. By systematically changing a bias applied to the sample, succes-
sive energy shifts of the photoluminescen®&L) peaks from excitons and biexcitons due to the quantum
confined Stark effect were clearly observed. The quadratic Stark coefficient was evaluated to be of the order of
103! Fen?. The energy separation of the PL peaks arising from the excitons and biexcitons changed with the
applied electric field, reflecting a slight difference of the Stark coefficient between the exciton and biexciton
states. The existence of permanent dipole moments was also revealed in both the exciton and biexciton states.
The spatial separations between the electrons and holes along the growth direction in a QD were estimated to
be 7 A for the exciton state, dr8 A for the biexciton state. Further, the diamagnetic shift and the Zeeman
splitting of the exciton states were clearly observed in a magnetic field. It was found that the diamagnetic
coefficient gradually decreases on decreasing the QD size. A simple qualitative model can explain that this
result is due to competition between quantum confinement and magnetic confinement.
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[. INTRODUCTION system. Among the various 0D systems investigated so far,
the QDs formed thorough the Stranski-Krastan¢®+K)
Zero-dimensionalOD) semiconductor structures or quan- growth mode are most suitable for the study of a single QD
tum dots(QDs), which are often referred to as artificial at- because the QDs can be fabricated in a single layer. In the
oms, have attracted considerable interest recently due to théifesent work, we employed InP S-K QDs to explore their
potential for applications and fundamental physics interestoptical properties in the external fields.
From the basic physics point of view, one of the very inter- The optical properties of single QDs in external fields
esting topics is experimental measurements of the wavBave been investigated theoretically and experimentally by
functions on the confined electrons and holes. While a directeveral groups. For example, the effects of electric field in a
mapping of the wave functions is rather difficult, quantitiesWide variety of QD systems have been reported in Refs. 5
that directly relate to the extent and shape of the electron an@nd 14-24. Since each electronic stéteg., one exciton,
hole densities can be obtained by optical measurements fj€Xxciton, and their excited stajeshows a different energy
the presence of external fields. shift with respect to the applied electric fiefi?!**detailed
In almost all presently available QD samples, the photo«-PL measurements are necessary to obtain information on
luminescence(PL) energy separation between the excitonthe wave functions of these states. In quantum wells, Thila-
and biexciton states is much smaller than their macroscopig@m has theoretically shown that the energy shifts have a
PL bandwidth caused by the fluctuations in their size andlifferent magnitude between the exciton and biexciton
shape. In order to eliminate the ambiguity due to these sizestates:> Such a study of QD systems would be interesting.
shape fluctuations, the observation of a single QD is very When an external electric fiel& is applied, quadratic
important. Since the QDs show very sharp PL lines reflecting@nergy shifts of the exciton statégF) are observed by the
the density of states of a OD system, it is expected that eventark effect:
very small changes of their electronic energies can be easily
measured. _ 2
By observing single QDs, important information and in- E(F)=Eo—pF-pF", @
teresting phenomena hidden behind the inhomogeneous dis-
tribution have been clarified, such as many carrier effects, whereE, is the energy foF =0. In most Ill-V bulk semi-
charged exciton$® strong optical anisotropy;® fluores-  conductors, the linear coefficieqtis very smalf®~?® Re-
cence intermittency’® and photon anti-bunching*3In or-  cently, Fu has theoretically predicted a nonzero valug of
der to observe a signal from a single QD, it is important todue to the existence of a permanent dipole moment in spheri-
reduce the number of QDs to be excited and probed. Theal QDs?° However, it is still very small, typically~1e- A
QDs have to be well separated from each other in comparin QDs of a few tens of nm in size. On the other hand, in the
son with the spatial resolution of the detection microscopecase of the S-K QDs having pyramidal or lens shajeeg.,
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Al In;_,As,}" InAs ®2122and InGa, _,As,>?3), it has been Il. EXPERIMENTAL DETAILS
clarified that there exists a large permanent dipole moment. The samples used in this study were prepared by means of

Pataneet al. have pointed out that the localization of the metal-organic vapor phase epitatylOVPE), as described

. . 23 1
electron is above the hole in 83, _,AS.” In other INAS iy jetail in Ref. 39. Self-assembled InP QDs sandwiched
QD samples, however, the confined holes are localized abo‘i?etween two insulating Galng &P barriers of 180 nm thick-
the electrons in the QD¥;?* which is opposite to that pre- oo each were grown on a Si doped ] GaAs (001) sub-
dicted by theoretical calculations. The discrepancy betweegtrate_ In order to apply a dc bias to the sample, an

the experiments and theoretical calculations is considered tQ ; -Schottky diode structure was fabricated by depositing a

be_ due to nonuniform indium compos_ition in real systéfhs. semi-transparent gold layer of 20 nm thickness onto the
It is thus important to examine the existence of a permanergample surface

dipole moment and its direction in QDs of other materials. " zq the excitation light source of the optical measure-
Furthermore, a permanent dipole moment in a biexciton statg ants the 488 nm line of a continuous wave Ar-ion laser

has never been care_fully studied. . was used. For the single dot spectroscopic study in an elec-
Turning our attention to the magneto-optical effects, MaY%ic field, a confocal micro-photoluminescence-PL) sys-

netic field has historically been employed to artificially gen-iom was adapteliThe samples were set on a cold-finger of a
erate confined states in bulk semiconductors. In lOW'quuid He flow-type cryostat and cooled down to 4 K. The

dimensional semiconductors, the excitonic states in dnfocused laser beam with a diameter-65 mm was irra-

magnetlp field are characterlzed by three energy spales: tQ)‘;i‘ated on the sample surface to achieve a uniform excitation
lateral-size quantization energy, the exciton effective Ryd-

b dth i f i Th intensity. The sample PL was collected using a microscope
€rg energy, and the magnetic confinement energy. “he rT]agbjective lens with a numerical aperture of 0.42. A pinhole
netic length\, which is equivalent to the cyclotron radius, is was placed on the image plane of the microscope to select a

defined by single QD. The spatial resolution of this system is better than
2 pum.
h In order to measure tha-PL spectra by a conventional
A= B 2 macroscopic configuration using a superconducting split-coil

magnet up to 10 T, the QDs were confined in small mésas.

i _ Micro-patterns were drawn on the sample surface by means
wheree and B are the electronic charge and the magneticy¢ photolithography. Most part of the sample surface was

field, respectively. The magnetic length characterizes th%hemically etched by HCI:5D=2:1 at 30°C leaving be-
scale of magnetic confinement._ We can estir_nam@ be 26 hind small portions of size about>@3um?. The spatial
nmat 1 T and 8 nm at 10 T. Since the semiconductor QDgenaration between the mesas is 108. One of the mesas

have sizes of a few tens of nm, the magnetic length is COMy ~< selected by setting a pinhole of diameter 100 on the
parable to the sizes of typical QDs in this magnetic ﬁeldsample.

range. Therefore, it is interesting to investigate the competi- | " poth measurements in the electric field and the mag-

tion between magnetic confinement and quantum confin€etic field, the PL signal was analyzed using a 50 cm single
ment in QDs. . _ monochromator, and then detected by a charge coupled de-
The exciton states show Zeeman splittings and diamagjice camera cooled by liquid nitrogen. The spectral resolu-

netic shifts in a magnetic field. In many cases, these change[ﬁ)n of the detection system was better than 308/
are much smaller than the inhomogeneous broadening of the '

PL band®®~32|n addition, when the lateral quantization and

the Coulomb attraction are increased by decreasing the QD I1l. RESULTS AND DISCUSSION
size, the magnetic confinement becomes less important, lead- ,
ing to a smaller diamagnetic shift. It is thus necessary to A. u-PL spectra from a single QD

investigate PL from single QDs. The PL from single QDs in  Figure 1 shows the excitation power dependence of the
the magnetic field has been reported by several grbtps’ u-PL spectra of a single InP QD measured without applying
Bayeret al. have observed a systematic decrease in the Phn external field. Under very weak excitation of less than
peak energy shift with decreasing size in large QDs fabriP=1 mw/cn?, a single sharp PL line denoted by X was
cated from deep etched quantum wells, and related it to thebserved at~1.671 eV. When the excitation power was
transition from 2D to 0D On the other hand, the diamag- slightly increased, a new line XX indicated by the arrow was
netic_coefficient has almost a constant value in very smalbbserved at the lower energy side of X. The inset in Fig. 1
QDs?? It will be interesting to study these quantities in the plots the u-PL intensities of the PL lines X and XX by
intermediate size regime using QDs of different sizes. closed and open circles, respectively.

Here we present the optical response of the InP single |t is instructive to analyze these results using a simple
QDs in external electric and magnetic fields. From the optirate-equation model. The probability of the formation of an
cal measurements we extract the quadratic Stark coefficienig-exciton state in a QD can be written®as
of excitons and biexcitons. Our results reveal the existence of
permanent dipole moments in both exciton and biexciton
states. Further, the size dependence of the diamagnetic coef- £ :“_efa 3)
ficients is discussed. NN
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FIG. 2. Effect of an external electric field on thePL spectra of

FIG. 1. Excitation power dependence of thePL spectra from e QszShOW” in Fig. 1. The excitation power density is
a single InP QD without an external field. The PL peaks denoted b MW/cnT. The offset of each spectrum along the ordinate shows

X and XX come from confined excitons and biexcitons, respec_the bias applied to the sample. The applied field direction is sche-

tively. The PL from more than three excitons is observed aroundnatically shown in the inset. With decreasing applied bias, the PL
1.685 eV and below the biexciton pehaded ardalnset: the PL  Peaks from excitongX) and biexcitongXX) show blue shifts.

intensitiesf of X and XX lines as a function of the excitation power became strongshaded area in Fig)1We consider that this
densityP in xW/cn? units. The solid curves are fitted by B®.  ghoulder originates from many exciton states, i.e., the exci-
ton complexes composed from more than three electron-hole
wherea stands for the exciton generation rate that is proporpairs. The PL from the confined excitons in the excited states
tional to the excitation poweP. As shown by the solid Wwas observed at-1.685 eV, i.e., the energy separation be-
curves, the experimentally observed excitation power deperiween the ground and first excited states is about 14 meV.
dence of the PL lines X and XX are both well reproducedFirst, the effect of an external electric field on the exciton
using a single parameter. It is thus concluded that the PL and biexciton states was studied using this QD.
lines X and XX arise from the radiative decay of single ex- ]
citons (N=1) and biexcitons{=2) in their ground states, B. Quantum confined Stark effect
respectively, i.e., X line comes from the transition of the Figure 2 shows a series of thePL spectra of the InP QD
confined excitor{X) to the ground statg), while XX line  measured by systematically changing an external electric
reflects the transition from the biexciton st4¥X) to the  field. In this figure, the offset of each spectrum along the
exciton statgX) (see the schematic drawn in Fig.. Bince  vertical direction indicates the applied electric field in mV
the exchange interaction in IlI-V QDs is very small, the en-units. The field was taken as positive when the field lines
ergy separation of the PL peaks X and XX indicates thepoint from the Au contact on the surface to the GaAs sub-
biexciton binding energyRyy . In the case of InP QDs, a strate(see the schematic shown in Fig.. Zhe excitation
typical value of the biexciton binding energy is about 3 power was kept at 8 mW/cfrthroughout the experiments.
meV? which is a few times larger than that of bulk If. The PL peak from the biexciton XX is clearly observed as
When the excitation power was more tharl5 mwW/cnf, denoted by the open circles, in addition to the main PL line X
the PL intensity of the lower-energy side shoulder of XX from the exciton.
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Applied Bias (mV) was found that the linear coefficiepthas a nonzero value,
which implies the existence of a nonzero permanent dipole

400 600 800 1000 0 400 800 1200

. : T moment in these QDs. In other words, the centers of gravity
S L6725rmPQDat4K 7 1673 of the confined electron and hole wave functions are spatially
L L6708 1 1672 = separated along the growth direction. We find thad posi-
Eﬁ ' X ] §. tive, i.e., the holes are located near the base of the QD, while
Q@ 16715f oo, 1671 g the electrons are distributed above the holes.
o = ? - g We note that the direction of the electron-hole alignment
% 1.6695 ' ] § is consistent with the recent theoretical calculations on InP
A 1.669 - {-10 3 QDs*? The calculations show that holes tend to be localized
E 1.6690 XX ] o closer to the base of the QD for two reasofisthe presence
=3 1,685 | 1668 _(b) 1.0 of the wetting layer at the base that pulls the hole towards it
- L - } N and (i) the strain profile in the barrier region above the QD
15 -1 -5 0 -30-20-10 0 10 that shifts the valence band edge to lower energies, pushing
Electric Field (kV/cm) the hole into the base of the QD. On the other hand, the

electron density is more spread out in the QD because of the

 FIG. 3. PL peak energies of excitori¥, closed circles and  lighter mass of the electrons and the dilational strain in the
biexcitons(XX, open circleg as a function of applied electric field. parrier lowering the conduction band edge in the barrier ma-
The thick solid curves are fitted by E(l). The quadratic Stark terial. Similar results have also been reported for InAs QDs
coefficient of the biexciton has a 40% larger value than that of theyithout indium segregatio?ﬁ'lg The existence of a nonzero
exciton. When the same value was assumed, a good fitne&s permanent dipole moment has been experimentally observed
obtained as shown by the thin dotted line in Figa)3 The thick in exciton states of several kinds of QDs as mentioned
dotted curve in Fig. ®) is the photocurrent measured under the Ar above. However, in most InAs QD samples, the sign of the
laser irradiation of 8 mW/cfh When the photocurrent is small, the dipole.moment i,s opposite from what we Otl)serve It is be-
peak energy shows a_quadrat_lc ?h'ﬂ V.V'th respect to the electrlﬁeved that the reversal of the electron-hole spatial distribu-
field, while it shows a linear shiftthin solid line when the photo- tion in InAs/GaAs ODs is due to nonuniform indium distri-
current is large. The magnification of Fig(b3 is shown in Fig. bution

3(a), where the photocurrent is very small. - .
@ P y From the fittings, we evaluated the permanent dipole mo-

The PL spectrum measured under the open circuit situglentp for the excitons to bepx=1.0X10"?*Cm and that
tion was reproduced when the applied bias was about 100" the biexcitons to b@yy =1.4x10 > Cm. We note that
mV.*! The distinct blue shifts of the.-PL lines from the i EQ.(1), pindicates the componentthe growth direction
exciton and biexciton were observed with the decrease of th@f the dipole moment
applied bias. Note that when the applied bias is less than
1000 mV, the electric field through the g#nysP and InP p=2 aiz, 4
layers is negative, i.e., the field lines point from the substrate
to the surface. Further, the PL intensities of the excitons anwhereq,= +e for a hole andg.= —e for an electron. We
biexcitons became weak as the applied bias was decreasedan therefore estimate the electron-hole spatial separdtion

Figure 3 shows the PL peak energies from the exciton X=(|ze— th) along the z axis to be dy=7 A for the
and biexciton XX shown in Fig. 2 as a function of the elec-excitons?* Noting that the observed PL energy for the biex-
tric field by closed and open circles, respectively. Figui® 3 citon is the difference between the biexciton and exciton
shows the PL peak energies when the field was changed ovetategsee the schematic drawn in Fig, the dipole moment
a range wider than that in Fig(#. The photocurrent mea-  of the biexciton state ipyy+ pyx=2.4x10 28 Cm. Again,
sured under the Ar laser irradiation is also plotted by thefrom Eq. (4), this corresponds to an average electron-hole
thick dotted curve in Fig. ®). Since the photocurrent is zero separation oflyx=8 A for the biexcitons. To the best of our
when the applied bias is1000 mV, the valence and con- knowledge, this is the first report on a nonzero permanent
duction bands are flat at this point, which is consistent withdipole moment in a biexciton state.
the result mentioned above. The photocurrent is very small Regarding the quadratic Stark coefficightfor the biex-
between— 17 and 0 kV/cm [I|<1uxA), while the photocur-  citons, the fit wasiot good when the same value as that for
rent abruptly increases outside of this region. When the phathe excitons is assumédotted curve in Fig. @]. The best
tocurrent is large, the influence of the inflow of the carriersfit was obtained when a 40% larger value than that for the
into the QDs from the electrode and the substrate has to bexcitons was employelgolid curve in Fig. 83)]. We evalu-
taken into consideration, which causes the increase of thated the Stark coefficient for the excitons to Bg=2.1
sample temperaturéOhmic heatingy and the formation of x10 3! Fen? and that for the biexcitons to bgy=2.9
charged excitons as briefly discussed below. We therefore 103 Fen?. 44
discuss the energy shift of the PL peaks for electric fields When the electric field is eitheF<—17 kV/cm or F
between—17 and 0 kV/cm as the first step in our analysis. >0 kV/cm, a considerable amount of photocurrent flows in

Figure 3a) shows the magnification of Fig.(l3. As the sample as shown by the dotted curve in F{§).3The PL
shown by the solid lines, the transition enerdgig$-) of the  peak X from the confined exciton no longer shows a qua-
exciton X and the biexciton XX are well fitted by E@L). It ~ dratic energy shift, but shifts linearly with the field. The en-
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and biexciton states using several QDs in the same sample.
Figure 4 shows theu-PL spectra when the field i&
=0kV/cm (flat band condition and F=—-9 kV/cm. The
sharp main PL peak of each spectrum shown in Fig. 4 comes
from excitons and the small peak observed at the lower en-
ergy side arises from biexcitons. The abscissa shows the en-
ergy shift from the confined exciton state. The PL peak en-
ergies of the excitons af@) 1.671 eV,(b) 1.715 eV, andc)
1.652 eV. The spectra shown in Fig(af# were measured
using the QD shown in Figs. 1-3. As mentioned above, the
FIG. 4. u-PL spectra of three QDs with and without an applied permanent dipole moment has a nonzero value and the qua-
electric field. The origins of the abscissas are taken at the PL peakgratic Stark coefficient of the biexcitons has a larger value
of the confined exciton lines X. The lower-energy-side peaks of thehan that of the exciton in this QD. Eventually, the energy
exciton lines come from the biexcitons XX. The energy separationsseparation between the PL peaks from the excitons and biex-
between the exciton and biexciton lines differ from dot to dot in angjtons becomes small when a negative field is applied.
electric field, reflecting the variation of the quadratic Stark coeffi- 11 magnitude of the quadratic Stark coefficients of the
cients. The PL peak energies of the excitons at zerq electric field argy citons and biexcitons differs from dot to dot. For example,
(@) 1.671 eV,(b) 1.715 eV, andc) 1.652 eV, respectively. the energy separation of the PL peaks from the excitons and

ergy shift becomes large on both sides of the small photocurRi€xcitons becomes large in some QDs when the negative
rent region. The larger energy shift is not due to the increasias is applied as shown in Fig(b}, while the separation is
of the sample temperature because an increase in the sam@#10st constant in other QDs as shown in Fig)4
temperature results in a redshift of PL péaiowever, the _ Figure 5 p.Iots.the quadrgnc SFark coefficients of the ex-
PL peak shifts to the higher energy side when the fielf is Citons and biexcitons examined in several nggl. We found
<—17 kV/cm. Instead, this large energy shift can be ex-that in most of the QD ranges between10 °" and 6
plained as follows: when the photocurrent is large, the prob>< 10~ >" Fenf. The PL peak energy reflects the size of QDs.
ability of the trapping of the excess carriers into the QDs isWe note tha{3 measures the polarizability of the QDs apart
enhanced, where the carriers are supplied from the electrode°m @ constant. In very thin quantum wells, Barker and
and the substrate. The excess carriers form coupled statsReilly have theoretically concluded that the polarizability
with the excitons, resulting in new excitations, namelyincreases with the width’ A similar dependence may be
charged excitons. Unlike the excitons which are electrically®XPected in QDs. However, a systematic change with respect
neutral, the charged excitons are more sensitive to the eleéQ the PL peak energ§.e., the QD sizewas not observed in
tric field. Since the probability of the formation of the NP QDS within the resolution of our experimental setup. The
charged excitons is high when the electric field is either beﬂuctuatlon of the values is probably due to a slight difference
low —17 kV/cm or above 0 kV/cm and since the chargedin shape of each QL.
excitons are considered to be sensitive to the electric field,
the energy shift becomes larger than that in the small photo-
current region. Figure 6 shows the comparison of the excitation power
We then investigated the optical responses of the excitodependence of the PL spectra obtained by (@emacro-

6 4 2 0
Energy (meV)

=3 M
OF_, i
2

C. Magnetic and quantum confinement
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FIG. 8. Plots of the PL peaks shown in Figsaj7and 7b). The

scopic andb) microscopic methods. For the measurementspeaks denoted by the open squares were observed fgolariza-

(a) the as-grown sample angh) the QDs in a small mesa tion, while those denoted by the closed circles correspona to
were used. The bracket of Fig(ah indicates the energy re- polarization. Note that the maximum values of the ordinates are the
gion shown in Fig. ). In the macroscopic observations, the same, 90QueV in both Figs. &) and 8b). The PL peak energies
state filling effects, i.e., a broadening and a high energy shifére well fitted by Eq(5) as shown by the solid curves.

of the PL band, were not observed when the excitation power

density was lower than about 1 W/émWe note that the
excitation threshold of the state filling in the sample show
in Fig. 6 is higher than that in Fig. 1, because the area

density of the QDs in Fig. 6 is high. In the-PL spectrab),

the number and energies of the PL peaks are the same be-

U-PL Intensity (arb. units)

Wavelength (nm)
736 735 713 712
(a) 7401eV InP QDs (b) _420 ”fz
AN ; ' 10T

/é\ at7K

1.684 1.686 1.688 1.738 1.740 1.742
Photon Energy (eV)

tween the excitation powers of 110 and 36 mW#crthis
nLndicates that most of the PL peaks come from the confined

xcitons in the ground state when the excitation power is
below ~100 mW/cnt. The magnetic field effects on the
n-PL spectra were measured under weak excitation of
100 mW/cn? as a beginning of the magnetic PL study.
Figure 7 shows two sets of the-PL spectra from two
individual QDs measured under various magnetic field
strengths. The measurement was performed in the Faraday
configuration k| Z|B): the magnetic fiel® was applied nor-
mal to the sample surface, and the directi&rs the photo-
excitation and PL detection are parallel to the magnetic field.
Here z indicates the growth direction. The thick curves are
the u-PL spectra at 0 T. The upper five curves shows data for
o circular polarization, while the lower five curves corre-
spond too~ polarization. Since the photo-excitation was
made above the band gap energy of the g sP matrix,
the polarization of the excitation laser beam caused no sig-
nificant change of theu-PL spectra. The PL peaks show
blueshifts on increasing the magnetic field. In all measured
PL peaks, the energy shift was greater & than foro .
The PL peak energies in Figs(ay and 7b) are plotted as

a function of the applied magnetic field in FigsiaBand
8(b), respectively. The peaks denoted by open squares were
observed fowr™ polarization, while those denoted by closed

FIG. 7. Two examples of the PL energy shifts in a magneticCircles were foro ™ polarization. We note that the maximum
field. Measurements were performed in the Faraday configuratio@lues of the ordinates are the same, @@ in both Figs.

(K||2|B). The shifts in the magnetic field measured for the po-
larization are larger than those for the polarization. The PL

8(a) and 8&b). The PL peaks observed at the lower energy
side show a larger energy shift with the field than those ob-

peaks which appear at the lower energy side at zero field show gerved at the higher energy side. The PL peak energies are
large energy shift in the magnetic field.

well fitted by
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=3 : FIG. 10. Plots of the diamagnetic coefficients measured in
* the Faradayclosed triangles and circleand Voigt(open lozenges

L L L L configurations as a function of the PL peak enekggt O T. The
1686 1.688 1690  1.692 data denoted by the closed triangl@Zaraday configurationand
Photon Ener eV open lozengeé\Voigt configuration were measured under weak ex-
gy( ) citation of ~100 mW/cn%, while those denoted by the closed
FIG. 9. u-PL spectra measured in the Voigt configuration circles(Faraday configurationvere measured under strong excita-
(K|zLB). The energy shifAE of the PL peak indicated by the tion of ~300 .mW/gn?r. The open squares were measured in the
arrow is shown in the inset by the closed circles as a function of thé araday configuration using QDs grown by means of GS-MBE

magnetic fieldB. The PL peak shows a quadratic shift as shown by(from Ref. 33. The dotted curve is a guide to the eyes. Inset: Plots
the solid curve. of the model calculation using E¢8). The experimental results

observed in the Faradayhick curve and Voigt (thin curve con-
5) figurations are qualitatively well reproduced.

E(B)=Eo*3upg*B+v,B2

whereE, is the zero-field transition energy,g is the Bohr that appear under strong and weak excitations. The open
magneton, andy* is the effectiveg-value of the confined squares were measured using QDs grown by means of gas-
exciton?” The coefficienty, of the quadratic term in Eq5) ~ source molecular beam epitax@S-MBE, for details, see
is called as the diamagnetic coefficient, which is the mairRef. 32. A systematic decrease of the diamagnetic coeffi-
interest for the following part of the article. cient was found with the increase of the detection energy
The magnetic field effect on the-PL spectra was also when measured in the Faraday configuration. In other words,
studied in the Voigt configuratiork(zL B) as shown in Fig. the diamagnetic coefficient decreases with decreasing QD
9. In this measurement, a polarizer was not set in the opticaize. The diamagnetic coefficient asymptotically approaches
path because of the weak sigfi2All PL peaks shift to the ~a constant value of 3 weV/T?. This is almost the same as
higher energy side with the increase of the magnetic fieldthe value measured in the Voigt configuration. When the size
The energy shift of the PL peak indicated by the arrowof QDs becomes very small, the diamagnetic coefficient
(1.6866 eV at 0 Tis shown in the inset by the closed circles. should finally approach the value of bulk &Ging sP due to
Again, the PL peak energies can be well fitted using a quathe leakage of the exciton wave functibhHowever, the
dratic function as shown by the solid curve. minimum value of the diamagnetic coefficient obtained in
The diamagnetic coefficients evaluated from the experithis study is~3 weV/T?, which is much smaller than the
mental results shown in Figs. 7—9 are summarized in Fig. 10diamagnetic coefficient in bulk GangsP.>° We thus con-
In the experiments, several PL peaks were examined in theider that the small value is due to the strong confinement in
Faraday(closed triangles and circlesnd Voigt (open loz-  small InP QDs.
enge$ configurations. The data denoted by the closed tri- In the Faraday configurationB(z), the magnetic fields
angles (Faraday configurationand open lozenge$Voigt  confines the carriers in they plane, while they are confined
configuration was measured under weak excitation ofin they-z plane in the Voigt configurationg(|x). Therefore,
~100 mW/cnt, while those denoted by the closed circlesthe diamagnetic coefficient measured in the Faraday configu-
(Faraday configurationvere measured under strong excita- ration reflects the wave function along the lateral direction (
tion of ~300 mW/cnf. Some PL peaks appear when theandy), while that measured in the \Voigt configuration re-
excitation is slightly increased. The PL peaks denoted by thélects the wave function along the growth directmriue to
closed circles were not observed under weak excitationthe flat shape of the QD, the quantum confinement along the
Therefore, these PL peaks observed under strong excitatiandirection is stronger than that along tkey direction, and
may come from the excited states or the ground state witlthus the exciton wave function is already shrunk significantly
low PL efficiency. A large difference in the diamagnetic co- along thez direction even at O T. In this case, an additional
efficients was, however, not observed between the PL pealcnfinement by the magnetic field is less effective. This ex-
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plains why the diamagnetic coefficient is smaller when ob-Further, since the height of the QDs is about a quarter of the

served in the Voigt configuratiott. base diametét>*the diamagnetic coefficient when measured
The diamagnetic coefficient can be written as in the Voigt configuration is expected to be four times
smaller than that in the Faraday configuration. Based on this
_92<P2> model, the calculated result of the diamagnetic coefficient in
V2= 8u ' ©®) the Voigt configuration is also shown by the thin curve in the
. inset in Fig. 10. Again, the agreement between the experi-
wheree, (p?), and u are the electronic charge, the effec- ment and the model is fairly good. Therefore, we conclude

tive exciton size, and the reduced mass, respectively. Wt the gradual reduction of the diamagnetic coefficient with

note that the wave functions of the electrons and holes argye QD sijze reflects the decrease of the effective exciton size
assumed to have the same size. The effective exciton siz§;e to the strong quantum confinement in the QDs.

due to the magnetic confinement can be estimated using this
relationship. IV. SUMMARY

The size dependence of the diamagnetic coefficient in the _ _ _ )
Faraday configuration is qualitatively understood as follows, Ve have studied the optical properties of the InP QDs in
In a strong confinement regime, the confined exciton energyje presence of external electric and magnetic fields. The

E and the QD radiu® have the relation quantum confined Stark shifts of both the exciton and biex-
citon states were clearly observed. The quadratic Stark coef-
2.2 ficient was evaluated to be of the order of 2 Fcn?, and it
E=Eg+ , 7 varies slightly from dot to dot. It was found that the energy
2uR? separation of the PL peaks between the exciton and biexciton

, states changes with the applied bias, reflecting a small dif-
where Eg is the band gap energy of the bulk INEg  ference of the Stark coefficient of these states. We find that
=1.42 eV at liquid helium temperatuife and the second the exciton and biexciton states have a nonzero permanent
term is the confinement energy. In K@), the shape of the gjpole moment. The average spatial separation of the elec-
QD is assumed to be spherical for simplicity. The effectiveyon and hole wave functions along the growth axis was
exciton radius is considered to be comparable with the QQxyaluated to be abo A for excitons ad 8 A for biexci-

size. Thus, we finally obtain the relation tons. We also found that the holes are located closer to the
base of the QDs compared to the electrons. The experimental

. a ) results are consistent with reported theoretical calculations.

V2= E—-Eg’ Zeeman splitting and diamagnetic shift of the exciton

state were also clearly observed by the magnetic PL mea-
with a=(fen/4u)®. In the case of InP,a=17  surements of single INP QDs. We found that there is a sys-
X 10° eV?/T? is obtained when we use,,=0.56m, (My  tematic decrease of the diamagnetic coefficient with decreas-
is the free electron mapsfor the heavy hole andn. ing size of the QDs. The diamagnetic coefficient measured in
=0.08m, for the conduction electron to estimate the reducedhe Voigt configuration was small compared to that measured

exciton mass? in the Faraday configuration. We concluded that the gradual
1 reduction of the diamagnetic coefficient with the QD size
= ( i + i) _ (9) reflects the decrease of the effective exciton size due to the
My Mg quantum confinement.

Despite the simplicity of this model, it explains our experi-

mental results in the Faraday configuration very well, as
shown by the thick curve in the inset in Fig. 10. The diamag- The authors thank Professor H. E. Ruda of the University
netic coefficienty, gradually decreases as the observationof Toronto for his encouragement to summarize this work.
energyE increases, which is consistent with the experimentClose collaboration with Dr. J.-S. Lee is also acknowledged.
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