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Direct measurement of polarization resolved transition dipole moment
in InGaAs ÕGaAs quantum dots
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The propagation of optical pulses resonant with the ground-to-excited state transition of InGaAs
quantum dots is investigated. An analysis of low intensity excitation yields a dipole moment of
8.8310229 to 10.9310229 C m, depending on the quantum dot growth conditions. We observe
polarization of the dipole moment exclusively in the plane perpendicular to the growth direction.
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In the past few years, self-assembled quantum d
~QDs! have been the focus of an intense research effort. T
can be attributed to their promise as active regions in op
electronic devices and as an ideal semiconductor system
studying the physics of two-level systems. The forefront
QD research is applying their atomiclike properties to n
generation optical devices such as quantum computers
quantum cryptographical systems. There has already b
much experimental and theoretical work in this area,
there are surprisingly few results on measuring the stren
of the interaction between a self-assembled QD and a l
field. Previous measurements of the QD dipole moment w
performed by analyzing threshold currents of QD la
diodes.1 This method relies on a laser model that assumes
Fermi level is pinned above threshold. It is not clear whet
this will hold for the strong lateral confinement present
QD active regions.2 Other methods for measuring the abso
tion coefficient have suffered from a large uncertainty due
large background absorption,3 problems estimating coupling
efficiency into and out of the dot region,4,5 or have relied on
differential transmission techniques.6

In this letter, we directly measure the absorption coe
cient of various ensembles of InGaAs/GaAs self-assemb
QDs. The measurement involves coupling light into a wa
guide containing QDs in the core and time resolving
output. The advantages are increased interaction length
the weakly absorbing QDs and observation of the decay
light pulses over successive cavity round trips. Since wa
guide coupling has an equal affect on each pulse exiting
waveguide, the large uncertainty associated with it does
hinder our measurement. We then relate the ensemble p
erties of the dots to the dipole moment.

The samples were grown by molecular-beam epitaxy
a GaAs substrate and contain a single layer of In.45Ga.55As
QDs grown at a substrate temperature of 520 °C. In orde
compare dots of different sizes and ground-state energies
amount of material deposited was different for each of
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samples. The QD layers are buried in a 270 nm Al.10Ga.90As
waveguide core clad with Al.70Ga.30As providing optical
confinement in the growth direction. To minimize the cont
bution of free carrier absorption to modal loss, the ent
structure is undoped. We wet etched 3mm wide stripes in the
top cladding layer and the waveguide was cleaved, givin
cavity length of approximately 1 mm.

In order to characterize the samples grown for this
periment, we performed low-temperature photoluminesce
~PL! and transmission electron microscopy~TEM!. At a low
temperature, the PL spectra can be used to determine
inhomogeneous broadening of the QD states. In order to
form the TEM measurements on the same sample used in
experiment, we first etched off the top waveguide cladd
down to within 100 nm of the QD layer. A~220! dark-field
image was taken, showing the strain contrast of the QDs.
TEM images were used to determine the QD areal dens
Figure 1 is a sample TEM image.

Figure 2 shows the experimental setup and typical d
Pulses from a synchronously pumped optical parametric
cillator ~OPO! are coupled into the waveguides. Light that

FIG. 1. Top-view TEM image of as grown InGaAs/GaAs QDs. Image fie
is 500 nm3500 nm.
2 © 2003 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



i
in
ica
ls
io
ak
tw

ch
th

-
.3
th
t

ve
e
nd

er
e
e

g

ove
me
o-
ant
are

ur
ave
m-
ise
tate
here

le.
t-

hat
any
an
n-

due

n-
and
m-
we
tion
rum,

-
Un-
mi-
to

rial
he
le I.
di-

a
o ture

4553Appl. Phys. Lett., Vol. 82, No. 25, 23 June 2003 Silverman et al.
coupled out of the waveguide is mixed with a gating pulse
a nonlinear crystal. By scanning the delay of the gat
pulse, we time resolve the waveguide output. The typ
data in Fig. 2 shows the temporal profile of the OPO pu
that traversed the waveguide once, as well as two reflect
from the cleaved waveguide facets. The pulse at 22 ps m
one additional round trip and the pulse at 44 ps makes
additional round trips.

By comparing the area of the first pulse to that whi
makes one additional round trip, we directly determined
absorption coefficient by

E I i~ t !dt5RTE,TM
2 exp2a2LE I i 21~ t !dt, ~1!

whereI is the pulse intensity,RTE,TM is the facet reflectivity
for the transverse electric~TE! or transverse magnetic~TM!
waveguide mode,a is the absorption coefficient, andL is the
length of the device.RTE,TM was determined from measure
ments on empty waveguides of various lengths to be 0
and 0.21, respectively, for the TE and TM modes. From
same measurements, we were also able to determine tha
background waveguide loss was less than 0.3 cm21 over
most of the experimental wavelength range. As the wa
length approaches 1.3mm, background loss becomes appr
ciable, particularly in the TM optical mode. This backgrou
loss only affected our longest wavelength sample~B453! and
the data were corrected accordingly.

To make certain we were operating in a regime wh
Eq. ~1! correctly describes the loss of pulse energy, we p
formed intensity-dependent loss measurements. Figur
shows TE mode loss determined using Eq.~1! on data col-
lected from sample B453. Three regimes of pulse propa
tion are clearly evident. Below 100mW, we are in the linear
pulse propagation regime and Eq.~1! correctly describes the

FIG. 2. Experimental setup along with typical data. The pulses have
approximate bandwidth of 12 nm and the nonlinear crystal is 1.5 mm
Beta Barium Borate~BBO!.

FIG. 3. TE loss vs input power.
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loss of pulse energy per pass due to QD absorption. Ab
100mW, saturation begins to set in as the QD states beco
filled and the loss begins to decrease. Above 6 mW, tw
photon absorption in the waveguide core becomes domin
and the loss begins to increase. All further data presented
collected in the linear pulse propagation regime.

Experimental TE and TM absorption data for o
longest-wavelength sample are shown in Fig. 4. We h
also included the room-temperature PL spectrum for co
parison. The TM absorption for this sample is at the no
floor of our measurement. The absence of TM ground-s
absorption has been demonstrated by other authors, but
we can say that it is less 0.3 cm21. In addition, we see no
TM absorption in any of the excited states in our samp
This differs from the results in Ref. 5, but may be attribu
able to the pyramidal shape of our dots. Also, the fact t
our sample contains only a single QD layer precludes
vertical coupling between QDs. Vertical dot coupling c
change the symmetry of the wave function, allowing a no
zero dipole moment in the growth direction.7 We would ex-
pect this effect to be strongest in the QD excited states,
to their weaker confinement.

Included in Fig. 4 is a least-squares fit to our experime
tal data. We determined the lineshape of the QD ground
excited states from low-temperature PL. Our fitting para
eters included peak heights and positions. In this way,
isolated the contribution of the ground state to the absorp
curve. We then used the ground-state absorbtion spect
along with the QD areal density determined from TEM im
ages in order to calculate the transition dipole moments.
der the assumption that inhomogeneous broadening do
nates in our QD linewidth, we used the following equation
calculate the dipole moment (mcv):

mcv
2 512.6S Dl

l0
D S a0V

N D , ~2!

wherea0 is the absorption peak in cm21, and V/N is the
effective density of QDs that takes into account the ae
density (N2D) and the transverse confinement factor. T
results for the three samples measured are given in Tab
We estimate that the largest source of uncertainty in our
pole moment measurements is the uncertainty inN2D

~'615%!.

n
f
FIG. 4. Measured QD absorption of the TE~1! and TM ~n! waveguide
mode for sample B453. Included on the main graph is the room-tempera
PL spectrum~s! and a least-squares fit to the TE absorption data~solid
line!. Inset: Breakdown of individual peaks making up best fit.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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The results in Table I show no dependence of the dip
moment on transition energy or dot density within our lev
of uncertainty. It has been predicted that the dipole mom
should increase as the square root of QD area due to
creased coupling to the light field8 for the case of QDs with
a height much smaller than the base. Although long
wavelength dots have a larger height, it is unclear whet
they necessarily have a larger base diameter. Without h
resolution TEMs on these structures, we do not kn
whether or not to expect a change in dipole moment w
transition energy. Also, note that the dipole moment
sample B430 is significantly smaller than the others. T
sample exhibited an extremely wide first-excited state@full
width at half maximum~FWHM! '100 nm# that may indi-
cate a very different dot shape than the other two sampl

It is interesting to compare our results with other me
surements in literature. They are consistent with the res
(mcv529.3 Debye! obtained by analyzing threshold curren

TABLE I. Results:l0 is the center wavelength of the ground-state transit
andDl is the FWHM of the ground-state transition.

Sample
N2D

(cm22)
l0

~nm!
Dl

~nm!
amax

(cm21)
Dipole moment
@C m ~Debye!#

B429 3.73 1010 1123 56 6.3 10.43 10229 ~31.2!
B430 3.93 1010 1151 54 5.1 8.83 10229 ~26.4!
B453 1.93 1010 1210 60 3.8 10.93 10229 ~32.6!
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of QD laser diodes.1 This suggests that their assumption
Fermi-level pinning is a good one for their structure. Wh
comparing our results with those of Borriet al.,4,9 there is
good agreement with their small-signal measurements~30
Debye! but poor agreement with their measurements of R
oscillations~19 Debye!. The large discrepancy between th
value obtained by Rabi oscillations and our results is m
likely associated with difficulties in estimating the electri
field strength in the QD region.

In conclusion, we have measured the dipole momen
single-layer InGaAs/GaAs QDs to be 26 to 33 Debye, d
pending on growth conditions. Our dots show no TM optic
absorption through the second-excited state transition.
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