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Electric-field effects on excitons in quantum dots
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Using low-temperature microphotoluminescence spectroscopy we have investigated the effect of a lateral
electric field on quantum dot excitons trapped by monolayer width fluctuations in a narrow quantum well. We
observe a redshift of the ground state and several excited states, when a lateral field is applied. This Stark shift
is reduced when the dot is populated with several excitons that screen the electric field. The lines broaden
increasingly at high fields, which is attributed to field-induced lateral tunneling out of the dot.
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Space-resolved photoluminescen@k) spectroscopy is In Fig. 1(a) we show the PL and PLE spectra of such a
an interesting tool for the investigation of intrinsic propertiesquantum dot. The excitation power is only AV, which
of semiconductor nanostructures. Inhomogeneous broadefccording to the estimation presented in Ref. 6 means that
ing, which is a consequence of sample inhomogeneities, i1e dot is occupied by less than one exciton on the time
avoided and effects that are normally obscured by inhomoaverage. The line at about 1657 meV corresponds to the
geneously broadened lines become observable. Quantulpcalized exciton. The sharp peak at 1662 meV in the PLE
dOtS, formed by mono|ayer width fluctuations in narrow SpeCtrum is an excited state of this localized exciton. This is
quantum wells, have attracted a lot of interest in recenupported by experiments in a magnetic flaldhere strongly
years:™ The narrow lines found in these systems open thdlifferent excitong factors and diamagnetic shifts were found
possibility to investigate even very small changes of the peakor ground and excited states. At 1670 meV the quantum-
positions in external fields. Recently, we have observed th#ell luminescence is observed. When a lateral field is ap-
Zeeman spin splitting and diamagnetic shift of the groundPlied and the sample is excited above the quantum-well en-
state and two excited states of such a quantum dot in a ma§f9y the intensity of this line drops because the electron and
netic field and found strong differences betweenghactors ~ hole become separated before they condense into an exciton.
and shifts of the three staté®Brown et al® found that the ~The drop in intensity allows one to roughly estimate the
Spin Sp“t“ng S“ght'y Changes When the polarization Of thestrengthlof the lateral electric field. |t means that the field is
exciting laser beam is changed franT to o+ and attributed ~ @lready in a range where the drop in energy across one ex-
this to a hyperfine interaction. citon diameter is of the order of the exciton binding energy

In this paper we study the optical properties of such singlE~10" V/cm. We experimentally find a strong decrease of
quantum dots in an external electric field. The sample is dhe PL intensity at voltages of about 10 V. Numerical calcu-
35-A-wide GaAs/GggAl 35As quantum well, where mono- : : , ,
layer width fluctuations give rise to a localization of exci- P=2uw ;@ P2uW b)
tons. We have processed interdigital gate electrodes with
10-um gold stripes and 1@an spacings on top of the
sample, which are used to induce an electric field in the
plane of the quantum well, located 160 nm below the sample
surface. The beam of a titanium sapphire laser is focused by
a microscope objective through a thin window into the cry-
ostat (T=~5 K). The spot size at the sample surface is about
1.5 um. The luminescence signal is collected by the same
objective, passes through a pinhole, placed in an image plane
of two lenses, which defines the spatial resolution of the quantum  quantum
detection and is then dispersed by a triple grating spectrom- dot well
eter. Anxyz piezo table is used to move the microscope
objective and enables us to search for pqsitions where lumi- ENERGY (meV)
nescence from one single quantum dot arises. For symmetry
reasons we try to find dots located in the center between two FIG. 1. (a) PL and PLE spectra of a single quantum dbj.PL
gate fingers. spectra of the ground state at different electric fields.
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lations for our sample geometry yield an electric field of T T T 7
about 0.6<10* V/cm in the center between two gate fingers, 16701 -
at this external voltage, which is consistent with the above 1669.8 |-
estimate.
Regarding the narrow luminescence line that is originat- 10095
ing from excitons localized in a quantum dot we observe a w6675 F
shift to lower energy with increasing electric field. This is P
shown in Fig. 1b). The dot is pumped resonantly into the % 1667.2 [
excited state to avoid the above-mentioned field ionization of £ eoo b
the exciton, which takes place when excitation is done in the >
continuum. The shift is mainly quadratic B, at an exteral g 1664.6
voltage of 25 V we find a shift of about 0.5 meV. This shift L
is explained by the Stark effect. In the electric field, valence & 16643 -
and conduction bands become tilted and the energetic differ- 1664.0 1
ence between the electron and the hole state is reduced, ac- -
companied by a spatial separation of electron and hole. This 1663.7
separation is limited by the lateral potential barrier. In the 16606
picture of independent electron-hole pairs, the recombination 1660.3 |
at this reduced energy is allowed because the wave functions
of electron and hole have evanescent tails in the forbidden 1660.0 |-
gap with some overlap. The transition, however, becomes syl ooy
more and more spatially indirect. This leads to a reduction of 0 5 10 15 20 25
the oscillator strength and the luminescence intensity drops VOLTAGE (V)

with increasing field. In addition excitonic effects have to be -
considered in the quantum dot case. The electric field FIG. 2. Voltage dependence of the peak positions of the ground

changes the exciton binding energy and thus influences th‘gate and t_hree excited states for a differe_nt quantum dot. The solid
transition energy. This effect may even cause a blueshift ofnes are fit curves based on a qua.drat'.c deper_wdence._ Eagh plot
the PL line as was recently shown by Arakawiaal® in a shows two setslof.data measure.d. with dn‘fgrent integration t!mes.
study on quantum wires. Detailed theoretical calculations onT he error bars '.nd'cate the precision to which the peak positions
the Stark effect in quantum dots are found in Refs. 9 and 1 9OUId be determined from the daB@€.2 pW).
In Fig. 2 the peak positions of the ground state and three
excited states of a different dot are shown as a function of th& .
electric field. The ground state of this dot is shifted by abouf"€ ¥ at zero field to about 0.35 meV at an external voltage of

0.4 meV at an external voltage of 23 V. The solid line is a fit 5 V, which corresponds to an electric fiefdl of about

curve where a quadratic dependence was assumed. This d]eg»< 104. \//cm. The '”S”‘.Jmef?ta' .IlneW|.dth is about 7.0
pendence is expected as a first approximation in the regim’éev' Th|s increase of the linewidth is attnbuted to tunneling
where the exciton becomes increasingly polarized due to th8f carriers out of the dot. 'The' tunneling process leads to a
separation of electron and hole. For the excited states we alggduced Ilfetlme. of the exciton in the dOt. and thus leads to an
observe a quadratic shift to lower energies. The intensity oficrease of the I|neW|dt_ﬁ. Ina sem_lclassmal model we hav_e
these lines decreases with increasing field due to ionizatiof"iSt'm‘eltecj the broademng (.)f the line. We COF‘S'der a particle
effects. Therefore we cannot trace the excited states up to e @ rectangular_ po_tent|a_l with a Ia_lteral extensa_)and depth
same fields as the ground state. Within the observable range’: In an electrlc_ field th'.s p_otent|al becomes t||_ted as shown
we find that the Stark shift is stronger for the excited state N the inset of Fig. 3. Within the WKB approximation, the
and increases with the energy of the corresponding state. _ ' '

This tendency is expected if a parabolic potential is assumed 040 [ ' ' ' ' R

xcited state. We find that the linewidth increases from 0.14

for the quantum dot. In this case higher states are more ex- N 3=9 nm, V=15 me¥ {
. 035 F [=0.14 meV » i

tended than the ground state and the electron hole pair can be 2 2
separated more easily. This may lead to a stronger shift. It 2 | 2 - ]
has been reported in papEr$’ on the quantum confined = z" .

. . I = 10
Stark effect in quantum wells that shifts up to several zero- & 4.5 9 1 ]
. . ™ . n o 5
field exciton binding energies have been observed. We do S oL
not observe such strong shifts in our case because the height i ¢.20 X-COORDINATE _

.. =

of the lateral barrier is only of the order of 15 meV compared 3 - _

to a barrier of several hundred meV, when the field is applied 0.15 |- §
along the growth direction of a quantum well. In our sample I 1
tunneling out of the dot becomes important, which is dis- 00— "% 15 20
cussed in the following.
Figure 3 shows the dependence of the linewidth of the VOLTAGE (V)

ground state as a function of the applied external voltage at FIG. 3. Linewidth of the ground state as a function of the ap-
fixed excitation density. The experiment is done on the doplied external voltage. The solid line is a fit curve calculated in the
shown in Fig. 1. The dot is pumped resonantly into the firstmodel described in the texPE2 uW).
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decay probability ¢ 1) is calculated as the frequency of T T 'PLE T
collisions with the wall ak=0 multiplied with the transmis- 14V
sion coefficient through the barridf,—eEx The frequency
of wall collisions is connected with the velocity of the ™
particle, which is estimated via the uncertainty principle as ‘& 150 uW
v=h/(2ma). From the decay time we obtain the contri- S
bution of this tunneling process to the linewidth by the un- g
certainty relatiorl’ X 7=#/2. This leads to the following ex- ;_’
pression: = 50 W

2 2

- , 3uW

I'y is the linewidth at zero electric fieldn is the electron A :. 2w L

effective mass in GaAs since the contribution of the electron 1es0.0 16605 1661.0 16615 1664 1666 1668 1670 1672
dominates the contribution of the hole due to its lower mass.

In this caseV, includes the lateral confinement and the in- ENERGY (meV)
te_raction_ of the elect_ron V\_’ith the remain_ing hole. We have i 4 power dependence of the peak positions at a fixed ex-
tried to fit our data with this model and find the best agreesgna) voltage of 14 V. The dashed line indicates the peak position
ment (see Fig. 3 with the parameters/,=15meV and 4t zero electric field.

a=90 A. These values are in a reasonable ravgeanda

being of the order of the lateral barrier height and the excitorPy carriers in the barriers around the dot, because then the
Bohr radius, respectively. We therefore believe that laterapbsorption should increase with the energy and therefore
field-induced tunneling out of the dot leads to the observedead to a stronger shift for the excited states.
broadening of the ground state. For the excited states strong At Nigh excitation densities the luminescence line of the
changes of the linewidth are also expected. However, espgou”d state broadens and becomes asymmetric. A reason

cially at high fields where the broadening should be seen, thi?" his may be the statistical variation of the number of
PLE signal is too small for a precise determination of theexCItons in the dot duy_mg the integration time of the spec-
linewidth trum because the position of the line depends on the number

of excitons in the dot. Therefore periods where the occupa-

o o . %on of the dot is weak contribute to the luminescence on the
the excitation power is increased at a fixed external VOItag'ﬁ)W-energy side of the peak leading to the observed asym-

of 14 V. In Fig. 4 we show spectra where the excitationpeyry |f no electric field is applied and the pumping power
intensity is increased by about two orders of magnitude. Thes increased the spectrum essentially remains unchanged.
left side shows the PL spectra of the ground state. The dot i$ne Jine is only weakly broadened from 70 to @@V, but
pumped resonantly into the first excited state at 1664.3 meMye do not find a noticeable shift of the line within the ex-
On the right, PLE spectra for the excited states are depiCte‘ﬂyerimental resolution.

When the excitation power is raised from 2 to 188/, the "~ | conclusion we have presented a study of single quan-
ground state shifts by about 0.15 meV to higher energiesym dots in an external electric fieH. We investigate the
which is approximately the position at zero electric field 5o nd state and several excited states and find a shift to
(dashed line in Fig.  This means that the field is screened |\yer energy that is quadratic . The higher states reveal
when the dot is occupied by several excitons. For the exciteq gyonger shift than the ground state. At high-power excita-
states we also find a blueshift, which is, however, differentjon the dot is populated by several excitons. The lines then
for each state. While the first excited state almost reaches it§ift towards their zero field energies because the field be-

zero-field position the shift for the higher states is muchomes increasingly screened. At high electric fields the line-
weaker. This is explained by the fact that the PLE intensityjqth of the ground state increases, which indicates field-
of the higher states, which is a measure of the population of,q,ced |ateral tunneling out of the dot.

the dot, is weaker. Therefore the number of excitons in the

dot on the time average is smaller, which leads to a reduced We thank G. Bbm and G. Weimann for providing the
screening and a smaller shift. This variation shows that theamples and acknowledge the financial support by the Deut-
screening is due to carriers within the dot and is not causedche Forschungsgemeinsche8EB 348.

1K. Brunner, G. Abstreiter, G. Bun, G. Trakle, and G. Wei- 4D. Gammon, E. S. Snow, B. V. Shanabrook, D. S. Katzer, and D.

mann, Appl. Phys. Lett64, 3320(1994; Phys. Rev. Lett73, Park, Phys. Rev. Let#76, 3005(1996); Science273 87 (1996.

1138(1994. 5S. W. Brown, T. A. Kennedy, D. Gammon, and E. S. Snow, Phys.
2A. Zrenner, L. V. Butov, M. Hagn, G. Abstreiter, G."Bm, and Rev. B54, 17 339(1996.

G. Weimann, Phys. Rev. Leff2, 3382(1994. 5U. Bockelmann, W. Heller, A. Filoramo, and Ph. Roussignol,

3H. F. Hess, E. Betzig, T. D. Harris, L. N. Pfeiffer, and K. W. Phys. Rev. B55, 4456(1997).
West, Scienc®64, 1740(1994). “W. Heller and U. Bockelmann, Phys. Rev.53, 4871(1997).



57 BRIEF REPORTS 6273

8T. Arakawa, Y. Kato, F. Sogawa, and Y. Arakawa, Appl. Phys.'D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W.

Lett. 70, 646 (1997). Wiegmann, T. H. Wood, and C. A. Burrus, Phys. Rev3B
9G. W. Wen, J. Y. Lin, H. X. Jiang, and Z. Chen, Phys. Re\6B 1043(1985.
5913(1995. 12H.-3. Polland, L. Schultheis, J. Kuhl, E. O.'B, and C. W. Tu,

105, Jaziri, G. Bastard, and R. Bennaceur, J. Phys, 1367 (1993. Phys. Rev. Lett55, 2610(1985.



