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Asymmetric Stark shift in Al ,In;_,As/Al,Ga; _,As self-assembled dots
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We present microphotoluminescence measurements of self-assembled quantum dots subject to an electric
field applied along the growth axis. The spectra reveal sharp peaks corresponding to a number of “single-dot”
emission lines. An asymmetric Stark shift as a function of applied field is obtained; for positive(ékldson
pushed towards the apex of the Yatn initial blueshift is measured, followed by saturation and eventually a
small redshift for stronger positive fields, while a continuous redshift is observed for negative field values.
High positive fields also give rise to structural changes in the emission spectra as lines are enhanced or
guenched under the influence of the field. The field dependence of the emission lines are reproduced in our
theoretical calculations, which show that the asymmetric Stark shift is caused by the combination of dot
geometry and strong lateral confinemdi80163-18208)53144-X

The zero-dimensionalOD) properties of self-assembled to contact the surface of the sample. A small windovyrd
dots, both physical and electronic, have now been evidenceid diameter, is opened in the gold so as to perfqufL
in a number of different experiments. In particular, “single- experiments and probe a limited number of d6ts140).
dot” emission was obtained by performing microlumines- Since the intrinsic AlGa, _,As barriers on each side of the
cence experiments to probe a finite numdew hundrediof QD region are highly resistive compared to other regions of
dots!~3 Some studies have also focused on the Coulomithe sample, the voltage drop occurs nearly entirely within
interactions between carriers trapped in the samé& flor  this center intrinsic region. Moreover, since the electrical
between carriers in neighboring ddtS. As a first step in  current flowing in the sample is negligible, net charges are
understanding coupling among multiple dots we investigatgoing to accumulate on both sides of the intrinsic region, not
the electronic properties of single excitons trapped withinwithin it. This implies a constant electric field in this barrier-
individual guantum dots. Specifically, we report on the effectdot-barrier region, which can be calculated from the simple
an electric field has upon luminescence when applied alongxpressionF=V/| whereF is the constant fieldV is the
the growth axis of individual IggAl36As self-assembled applied voltage, andlis the thickness of the intrinsic region
dots. The few dot spectrum is obtained by performing micro<{I=500 nm). From the sample geometry, the field is oriented
photoluminescencéuPL) measurements and focusing on a
narrow energy range. Individual emission peaks show an Laser
asymmetric Stark shift as a function of applied field. Results X
from our theoretical modeling indicate that this asymmetry [
arises from the geometry of the quantum dot’s confinement back top
potential along the growth axis. confact  contact :' z

The sample was grown by molecular beam epitaxy v A
(MBE) on ann-doped substrate. After deposition of a 20 nm X_ \ | /luminescence _
doped (=10 GaAs buffer layer, a five-period - SI0,
Al Gay sAs/GaAs superlattice  smoothing structure was Infrinsic
grown. The remaining layers were then grown as follows: region{
500 nm fi=10') GaAs back contact layer, 10 nm nonin-
tentionally dopednid) spacer layer, 250 nm nid MGa, /As
barrier layer, 1.3 nm Al 36As nid quantum-dot{QD)
layer, 250 nm nid AJ ;G&, 7As barrier layer, 10 nm nid GaAs
spacer layer, and finally 190 nm€ 10'%) GaAs top contact
layer. The resulting qu_antum'dots have a base diameter of 5 1 Example of the mesa design used to apply a known
approximately 1972”" with a thickness of 3.4 nm and an areal|ectric field to a self-assembled dot layer. The sample was etched
density of 20 um"“. The sample was processed into severaljown to the i buffer layer to define square mes@s this case 80
square mesas of different sizes, with the surrounding samplgm in size on the sample surface. SiGvas used to insure good
etched down to approximately midway into the doped GaAslectrical isolation and to limit the risk of spiking. A tofpack
back contact layer. Figure 1 shows the cross section of one @hmic contact is formed by diffusing Au/Ge in the cap layef
the resulting mesas, where the top of the mesa is covereaslffer laye). A 3 um window is opened in the top contact for laser
with SiO, except for a circular opening allowing a gold layer excitation and light collection.

0163-1829/98/5@0)/134154)/$15.00 PRB 58 R13 415 ©1998 The American Physical Society



RAPID COMMUNICATIONS

R13 416

S. RAYMOND et al.

—~
Q
~

IN o
o o
o o
T T

N
o
o
T

PL Intensity (arb. units)

o

F =0.0 kV/cm

BE

1.67

1.68

Energy (eV)

PRB 58

sity decreases by a factor of at least 3 due to field-induced
carrier diffusion away from the dot layer before trapping and
recombination can occur. Figuré shows a greyscale den-
sity plot of emission line intensities as a function of emission
energy and applied electric field. In the figure, the lighter
shade corresponds to emission peaks, and the spectra at each
field value have been renormalized so one can follow the
emission peaks up to large field strengths. The energy range
has been restricted from 1.668 eV to 1.671 eV in the figure
so as to probe only a few dots. The two strongest peaks at 0
kV/cm are labeled andE, respectively, and the correspond-

ing peaks are also labeled in Figapfor clarity.

The most striking feature in Fig.(B) is the asymmetric
Stark shift seen in the emission energies as a function of
applied electric field. For example, by following pedkand
E on the surface plot for increasing positive fields one ob-
serves a blueshift of the emission until reaching a maximum
energy around 60 kV/cm. The spectra also clearly show that
the emission is redshifted for negative applied fields. The
same general trend is observed at all emission energies, but
with variations in the curvature and position of the extrema.
Some emission lines show a saturation of the blueshift at
lower fields(~40 kV/cm) followed by a reversal to a red-
shift. These differences among the emission lines are likely
related to variations in size, composition, etc. of individual
quantum dots.

Let us discuss the origin of the observed asymmetric

FIG. 2. (a) Low temperaturd5 K) photoluminescence spectrum  giari shift. The emission energy of a single exciton confined
collected from the 3um window at zero applied fieldb) Greyscale in a quantum dot can be expressed as follows:
density plot of the emission intensity in a narrow spectral range as '

a function of applied field. A few peaks have been labeled for E=Eguyt+ Eo(F)+Epn(F)—R(F), )
discussion. All of the emission lines can be seen to shift asymmetri- gap
cally as a function of applied field strength. The relative intensity ofWhereE is the emission energ¥.(F) andEyy(F) are the
individual peaks also changes as the field is tuned. field-dependent single-particle ground-state confinement en-
ergy for the electron and heavy hole, respectively, R(E)
along thez axis (growth direction perpendicular to the base is the field-dependent exciton binding energy in the quantum
of the dots in thex-y plane. The field is taken positive when dot. Due to the strong confinement of the exciton in the dot,
the field lines point from top to substrate. R(F) is expected to show little variation within the range of
The photoluminescend®L) experiments were performed field strengths investigated, and its contribution to the emis-
using a continuous wave Arion pumped dye laser system sion energy is therefore neglected in our theoretical model-
with the tuned at a wavelength of 639.8 nm. The excitationing.
power density at the sample surface was kept lev85 In order to capture the essential physics of the problem,
W/cn?) such that each dot is occupied on average by leswe modelE4(F) and Eyy(F) by casting the 3D problem
than one electron-hole pair. The PL emitted from the dot$nto a 1D problem that accounts for the lateral confinement
was collected and focused on the entrance slits of a 0.64 ielt by the carriers as they move in tlzedirection. By as-
spectrometer with a single grating of 1800 g/mm, and desuming that the motion in the direction can be separated
tected by a liquid-nitrogen cooled charge coupled devicdrom that of thex-y plane, one may approximate the poten-
(CCD) detector. PL lines as sharp as 8@V could be re- tial in thez direction as a square weNy(z), defined by the
solved with this system. cross section of the quantum dot along #exis at its thick-
Figure 2a) shows the results obtained at zero appliedest point. The effective potentia¥.«(z), is formed by add-
field for a square mesa of §dm sides with a top opening of ing az-dependent energy terrk,_,(z), which accounts for
3 wm in diameter. TheuPL reveals a number of ultrasharp the increase in energy due to lateral confinement. Outside the
lines corresponding to “single-dot” emission lines originat- well E,_,(2) is zero, while inside it is defined by the ground-
ing from a number of different dots with varying sizes, com-state energy of the 2D cylindrical well of radiygz) [see
position, strain, etc. Note that the spectrum in Figelds  Fig. 3@)].° The resulting effective potentials are plotted as a
restricted to an energy window ranging roughly from 1.66 tofunction of z for both the hole and electron in the right por-
1.693 eV, but similar results were obtained from energiegion of Fig. 3a). One then adds an electric field term to the
ranging from 1.66 to 1.85 eV, with the strongest emissionHamiltonian and numerically computésthe electron and
observed around 1.77 eV. hole ground-state confinement energies for each value of the
The uPL experiments were repeated for field-strength in-field needed see inset of Fig. ®)]. Finally, the emission
crements of 4 kV/cm in the range 64 to 64 kV/cm. For energies are found using E€l). The resulting field depen-
higher magnitudes of the field, the photoluminescence intendence of the Stark shift is shown for three dots of differing
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(a) X variation of emission energies on the order of 200 meV, in
A agreement with the full range of experimentally measured
«—Zy—>

emission lines.

Other factors may play a role in the asymmetry observed,
but evidence indicates that their influences are secondary to
the geometric considerations discussed. For example, a con-
tribution could originate from a built-in electric field within
the sample which is progressively overcome by the applied

YR > field, thus causing an offset in the energy shifts. However,
Vp Vo such a built-in field would contribute, as does the applied
" 7 . field, to a measured photocurrent in the range of microam-
<: é l’o peres as the laser is incident to the sample. No photocurrent
2 = | could be detected at zero field, which indicates no built-in
5 T ST field is present in the sample. Another contribution could
z (nm) come from an electric field confined in or near the dots. This

is possible if, for example, the strain present in the dots
causes a strong piezoelectric effect. The presence of such
(b) —— fields in self-assembled dots was predicted by theoretical cal-
"""""""" culations that assume the dot is bound by crystallographic
planest* However, the magnitude of these piezoelectric
fields is much less than that of the applied fields and thus this
effect also should be small.
Another interesting field dependency that can be seen in
o | Fig. 2(b) is that features appear and disappear in the spec-
21 7 trum as the field is tuned. For example, for 20 kV/cm and
2 higher fields pealB is surrounded by pealk& and C, which
could not be clearly identified at zero field. Likewise, feature
D appears on the low-energy side of pdakand one can
. o ] also identify a feature appearing on its high-energy side.
20 f © 40 20 0 20 4 & Also for lower negative fields, peak disappears, while in
- - fppledpeayem the same range a feature on the low-energy side of Beak
-60 -40 -20 0 20 40 60 appears.
Applied Field (kV/cm) The variation in relative intensity of the emission lines for
different ranges in the field’s magnitude cannot be accounted
FIG. 3. (8) Assumed shape of a single dot and its correspondind©" USing our simple 1D energy models. This effect if prob-
effective 1D potential for the direction. The modeled dots are @Ply related to the modification of the emission selection
chosen to have a base radi®, of 8.5, 9.5, and 10.5 nm, and a 'ules, which depends strongly upon the actual form of the
height of 3.1, 3.5, and 3.9 nm, respectively. The wetting layer thickfield-dependent wave functions. We only note that the in-
ness is kept at a constant value of 1.2 n(im). Resulting Stark creased number of emission lines found at hlgh positive
energy shifts for the three chosen dot sizes as a function of electriields could indicate the involvement of excited hole states,
field strength applied along theaxis. The inset shows the electron which become closely spaced in energy as the hole is forced
and hole confinement energies for tRg=9.5 nm dot. into the less confining wetting layer. The new lines may also
arguably originate from many-body effects arising when
size in Fig. 3b);'3 one sees a blueshift for small positive electron-hole pair annihilation occurs in the presence of
fields, as well as a continuous redshift for negative field vaI—Other carriers. The diffusion of carriers created In t_he barrier
! . . ._._material is affected by the presence of the electric field, caus-
ues. The magnitudes of the calculated shifts are consistent

. . . . ~Ing a change in the probability of the carriers to become
with the experimental values. The theoretical calculatlon§rapped in the QD layer. The resulting modification of the
show that the blueshift is mainly due to a strong increase i '

: ! '?:werage dot population may enhance or quench emission
the electron confinement energy, as the field forces the.elgcﬁ--neS associated with various excitonic complexes. The
tron tqwards the apex of the dot. Because ab_solute emissiqfodel used in this paper has neglected such many-body ef-
energies depend highly on an accurate estimat€@f,  fects and it is likely that different excitonic complexes would
which is sensitive to stress, temperature, and accurate bampg affected differently by the electric field. This could ex-
parameters for Aln;_,As,** we find that our calculated plain the different curvatures observed for various experi-
emission energies fall below the experimental values bynental emission lines, as well as discrepancies in this curva-
about 200 meV. However, the relative dependence of theure between experiment and theory. However, the laser
emission energy on dot size can be accurately calculated. Wexcitation intensity was intentionally kept at a level that
find that a change in the base radius of the dot by 1 nnshould provide less than one electron-hole pair per dot on
changes the absolute emission energy by approximately 2@verage, thus strongly limiting the influence of many-body
meV. Estimates of the range in dot sizes would indicate affects in the system.

Ry, =8.5nm
00 F|——— Rg=95mm
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In conclusion, we have obtainedPL spectra of self- blueshift is seen to be a result of the strong increase of the
assembled dots as a function of electric field strength, and bglectron confinement energy as the electric field drives it
focusing on a narrow energy range we were able to monitofowards the apex of the dot. The origin of the appearance and
the evolution of single-dot emission lines as a function of ardisappearance of some emission lines as the field is tuned is
externally applied electric field. An asymmetric Stark shift not yet well understood and this remains a topic of further
was observed in the emission energies with a blueshift fonvestigations.
fields that push the electron towards the apex of the dot, and
a redshift when the electron is forced towards the wetting
layer. The asymmetric shift was reproduced using a 1D ef- We would like to acknowledge our colleague A. M. Mint-
fective potential model, and in light of this calculation the airov for his constructive comments and fruitful discussions.
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