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In-plane polarized intraband absorption in INAs/GaAs self-assembled quantum dots
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In-plane polarized photoinduced intraband absorption is reported in INAs/GaAs self-assembled quantum dots
in the 90—600-meV energy range. This in-plane absorption mainly originates from bound-to-continuum tran-
sitions in the conduction and valence bands and lies in the n&pectral range. The continuum is consti-
tuted either by the dot quasibound states hybridized with the wetting layer subbands or by the delocalized states
of the barriers. A weak in-plane polarized bound-to-bound hole transition is also observedua. 1iis
in-plane absorption cross section is estimated to be around1D6®cn?. The energy position of the-
polarized and in-plane polarized intraband transitions is analyzed as a function of the average quantum dot size.
An experimental energy diagram of the quantum dots is presented, as deduced from the interband and intra-
band measurements. The existence, directions, and lengths of the intraband transition dipoles are compared to
the ones deduced from the numerical resolution of the three-dimensional effective mastirgerequation
taking into account the flat lens-shape geometry of the §8&163-182¢08)04940-6

The three-dimensional spatial confinement in self-(PL) data as well as the experimental details of the infrared
assembled quantum dots is expected to lead to several digbsorption measurement are fully described in Ref. 5, Secs.
tinctive features concerning intraband transitions. In particudl and 1ll. The samples are constituted by 30 InAs layers
lar, the intraband transitions, which occur between confinedeparated by 50-nm GaAs barriers. The lens-shaped InAs/
states in the conduction band or in the valence band, shoul@aAs dots are typically 15—-25 nm wide and 2—3 nm high
be polarized along different space directions. It is not theand their density is typically % 10'°cm 2 in each InAs
case for unidirectional confined systems such as quantumiayer. For photoinduced infrared measureménggectron-
wells for which intersubband transitions are well known tohole pairs are generated using an interband optical pumping
be predominantly polarized, at least in the conduction bandprovided either by a diode laser at 824 nm or a Ti:sapphire
along thez growth axis confinement directidnintraband laser tunable between 690 and 960 nm. Below the energy of
transitions in quantum dots have already been reported in ththe HH,-E; wetting layer(WL) transition at around 1.47
literaturé > but their polarization either has not been inves-eV,’ the carriers are directly created in the quantum dots
tigated in detail or was found dominated byolarized tran- whereas above 1.47 eV they are created in the InAs WL or
sitions in the midinfrared. the GaAs barriers and then are trapped in the dots where

This article reports on the observation of in-plane polar-infrared absorption can occur. By comparison with the work
ized intraband absorption in self-assembled InAs/GaAgresented in Ref. 5, we now take advantage of the increased
guantum dots using a photoinduced infrared spectroscopgopulation efficiency of the dots when the pump wavelength
technique. The amplitudes and the energy positions of this tuned at the WL energyDue to an increase of the sensi-
in-plane polarized absorptions are compared to e tivity of the experiment we have access to very weak transi-
polarized intraband absorptions. The temperature effect otions that will lead to a detailed description of the electronic
the depopulation of the dots is used to separate the contribgtructure of the dots.
tions from the electrons and from the holes. The effect of the Figure 1 depicts the photoinduced infrared absorption of
dot size on these in-plane transitions is investigated. TheampleAl at 30 K and 150 K. The polarization is set either
direct observation of-polarized and in-plane polarized tran- sor p as described in the inset. In thgolarization configu-
sitions enables the construction of an experimental energsation, the electric field of the probe light is in the layer
diagram of the dots. The energy, amplitude, and polarizatioplane. Inp polarization, the electric field has one component
of the intraband transitions are compared to the ones givealong the(001) z growth axis and one component of equal
by the calculation of the electronic states in a InAs quantunamplitude in the layer plane. Though the in-plane component
dot. directions of thes and p polarizations are not the same, we

Two undoped samples of different distribution averagewill not distinguish them in the following and they will be
size and namedl (big dotg andA2 (small dotg have been referred to as both in-plane srpolarization.
grown by molecular beam epitaxy and extracted from the In a previous work, we analyzed tipepolarized photoin-
same wafer. The growth conditions, the photoluminescencduced absorption of these InAs/GaAs quantum dots as a
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resonance to a bound-to-continuum electron transition. The
large FWHM reflects the effect of the size distribution of the
dots and the bound-to-continuum nature of the transition.
This s-polarizede—continuum resonance is clearly observed
at slightly higher energy than th@polarizede—continuum
absorption. As only the ground electron state of the dot is
populated in the conduction band under the present experi-

h000->h001
|

I
Y e A1 150K mental conditions, this suggests that these two resonances
o [ A originate from two different continua. We thus attempt to
P assign the broadbangptpolarized absorption to a transition
e from the electron ground state to the InAs WL subband con-

tinuum whereas we assign the weafolarized resonance to

a transition from the ground state to the delocalized states of
the GaAs barrier continuum. By WL subband continuum one
means the states of the dot continuum essentially localized in
the WL plane, whereas the barrier continuum stands for the
states of the dot continuum three-dimensionally delocalized
Energy (meV) around the dot. The—W.L transition is fully z polarized,
indicating that the transfer of charge during the transition is
along the growth axis, from the center of the dot towards the
WL. The weake—barrier absorption may lepolarized also

Photo-induced absorption AT/T
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FIG. 1. Photoinduced absorption of sample at 30 and 150 K
in p- ands-polarizations. The interband optical pump wavelength is

824 nm and its power 40 mWnoa 3 mm by 3 mmspot. Due to Jput it cannot be observed within the stropgolarized signal

strong background flu_ctuapons between 380 and 440 meV at 150 uf the e~WL absorption. The in-plane component of this
the unrelevant data in this energy range have been removed far

clarity. The curves have been offset vertically but the relative scalee_>barrler transition indicates the possibility of the carrier of

is always the same and given by the vertical bar. Beyond 500 me\(;scaping perpendicularly to the g_r(_)wth axis in Contrqst to the
the signal level is zero for all curves. The smooth grey lines arequamum well case where a transition in the conduction band

guides to the eye. The inset describes the experimental configuré\':om a bound state to the continuum is mamllv’mar'zed?
tion of the multipass waveguide geometry. At 150 K, the s-polarized infrared absorption of sample
Al is composed of one resonance located at around 280 meV
function of the temperature, the dot size, and the pump inand with a 90-meV FWHM. Its temperature dependence is
tensity and wavelength These results led us to assign the the opposite of thee—barrier resonance: it cannot be ob-
p-polarized infrared resonanceszolarized intraband tran- served at 30 K, it appears at around 90 K, and becomes
sitions in the dots. More specifically we attributed the narrowstronger with temperature up to 150 K where it is maximum.
resonance in thp polarization at 120 meV at 30 K in Fig. 1 The temperature dependence of its magnitude follows that of
to the h000—h001 bound-to-bound hole transition and the the h000—h001 absorption, indicating that it originates from
p-polarized broad band absorption around 190 meV at 30 Ka transition from the sam@00 hole ground state. It is there-
to a bound-to-continuum electron transition. Hem®00  fore attributed to enh000—continuum hole transition. As in
stands for the hole ground state. The excited states are sortéte case of electrons, the question arises as to whether we
according to their wave-function nodes. Following this con-should assign this hols-polarized resonance to a transition
vention,h001 stands for the excited state with a node alongowards the WL-like states or barrierlike continuum of states.
the z direction leading to the vertically polarizeHO0O0 In analogy with the electron case, and if we discard band
—h001 transitior? We showed that when the temperature ismixing effects!’ the transition of the WL would be expected
increased from 30 to 150 K, the average size of the dots thab be fully z polarized. No suchp-polarized absorption is
are populated increases as a result of the thermionic depopuabserved because, the hole state being localized at the dot
lation of the smallest dots leading to the blueshift of thebase, the dipole length of the transition towards the wetting
e—continuum resonance and to the slight redshift of thdayer is smaller than in the conduction band. We thus assign
h000—h001 resonance. In addition, since the electrons ar¢he s-polarized resonance at 280 meV to the transition from
less confined than the holes, they escape first out of the dohe h000 hole ground state to the barrier continuum. This
when the temperature is increased: in Fig. 1 at 150 K one ca280-meV transition energy indicates that the barrier height
indeed observe, at around 220 meV, the redyspedlarized from the hole ground state is greater than for the electrons
absorption of thee—continuum transition. (225 meV} as would be expected from a heavier effective
We will now discuss thes-polarized absorption in Fig. 1. mass in the valence bafd® One will note that thep-
At 30 K, apart from the free carrier absorption monotonicallypolarized absorption always contains one-half of the
increasing at long wavelength, thepolarized infrared ab- polarized absorption. A careful look at Fig. 1, at 150 Kpin
sorption of sampléAl is composed of one small resonancepolarization, indeed shows a weak resonance at around 280
maximum at 225 meV with a full width at half maximum meV. It is fairly twice as small as the one gpolarization,
(FWHM) of around 60 meV. Its magnitude decreases whenndicating that thishO00—barrier transition is mainly in-
the temperature is increased and cannot be observed beyopldne polarized.
60 K. The temperature dependence of the absorption ampli- Figure 2 illustrates the influence of the dot size on the
tude mimics the one of the—continuump-polarized ab- intraband transition energies through the photoinduced ab-
sorption and considering its large FWHM, we attribute thissorption of sampléd2 at 120 K. Samplé\2 is composed of
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e selected with a high transmission filter. The inset of Fig. 2
A2 120K reports thes-polarized absorption of samp2 at 120 K.

—T T The signal has been magnified and the free-carrier baseline
has been removed for clarity. We find that there is an in-
plane polarized resonance, maximum at around 115 meV and
with a FWHM of approximately 20 meV, close to the
FWHM of h000—h001 zpolarized resonance. The low-

[T L energy signal is not yet understood and could not be further
100 200 300 analyzed because of the detector cutoff energy. This mea-
surement, however, shows that th@00—h110 transition is
not fully z polarized but that its dipole has a weak in-plane

bl D i component. The 5-meV energy difference between he
100 200 300 400 500 600 and s-polarized absorption is attributed to the finite resolu-
Energy (meV) tion of the spectrum{2 meV) and a dot size dependence of
_ _ _ the transition polarization and amplitude. The observation of
FIG. 2. Photoinduced infrared absorption of samifteat 120 K yis ransition demonstrates that both bound-to-continuum

in p ands polarizations. Beyond 500 meV the signal level is zero o . o .
for all curves. The inset depicts the in-plane polarized absorption aefmd bound-to-bound |ntrab_and transitions of sel-assembled
uantum dots can be polarized in the layer plane.

120 K, which has been separately studied with a high transmissiof] ” - )
band-pass selective filter. The signal has been magnified and the 1h€ absorption cross sectien for one dot layer, is the
free carrier absorption baseline has been removed for clarity. Fdfmportant parameter that indirectly measures the oscillator
the p, s, and inset curves the conditions a@00 nm/(40 mW), strength or the dipole length of an intraband transition. It is
(824 nm/(40 mw), and (845 nm/(80 mW), respectively. The spot related to the absorptios for one dot plane byr=on where
diameter is 3 mm. The smooth grey lines are guides to the eye. n is the density of the carriers populating the dots. In the

present experiment, the valuemfs not exactly known. One

smaller dots as compared to sample® When the dot size is Wy to get it would be to seek the saturation of the absorp-
decreased, one expects that the energy of a bound-t§on (@s done for thé000—h001 transition of sampl® in
continuum transition decreases as the barrier band edge f€f- 9. Another path is to modulation dope a sample with a
fixed and as the WL subband edge weakly depends on thghown doping level. A measurement of the direct absorption
dot size® On the contrary, the bound-to-bound transition en-in an n-doped sample of InAs/GaAs dots has ledotp~3
ergies are expected to blueshift for smaller dots as a conse<10™ *>cn? for thee—W.L transition™® We will assume that
quence of the stronger confinemé&n:1! it is the cross section of the—WL transition in sample&1

In p polarization, sampleé\2 exhibits a broad resonance andA2. In sampleAl, as the intensity of the—barrier ab-
around 155 meV and superimposed on it two narrow resosorption at 30 K is 12% of the intensity of the-WL p-
nances at 120 and 150 meV with 15 and 25 meV FWHM,polarized absorption recorded in the same conditions, one
respectively. A careful analysis of the infrared absorption adeduces os~1.8x10 ®cn? for the in-plane polarized
120 K shows that thesg-polarized resonances originate re- e—barrier absorption. At 30 K, we assume that the density
spectively from thee—WL, h000—h110, andh000—h001  of holes contributing to the infrared absorption is the same as
zpolarized transitiod. It is not surprising that the the density of electrons. Thus, one gets,~1.5
h000—h110 transition lies at lower energy than the X10 cn? for the h000—h0O1 transition because its am-
h000—h001 transition because the dots investigated here anglitude is twice as small as the one of teesWL transition.
flat and the confinement along the growth axis is much stronAt 120 K, the s-polarizedh000—barrier absorption is 25%
ger than the confinement in the layer plane. The relativelyf the p-polarizedh000—h001 absorption. Again one gets
small FWHM of the bound-to-bound transitions is a conse-os~1.9x10 *cn? for in-plane polarizedh000—barrier
guence of the weak dependence of the transition energiggansition. Similar amplitude comparisons give the absorp-
with the dot size as foreseen by various calculations in théion cross sections for the in-plane polarized transitions of
literature®19:11 sampleA2 (summarized in Table)l The overall conclusion

At 120 K, the in-plane polarized resonances of theis that theobservedn-plane polarized absorptions are typi-
e—barrier and hO0OO—barrier transitions are observed at cally one order of magnitude smaller than th@olarized
around 185 and 250 meV, respectively. Again, the effectiveabsorption. In the case of the bound-to-bound transitions,
barrier height from the ground state is greater in the valencand following a quantum well approachipole lengths can
band than in the conduction band. These energies respebe deduced from the cross sections and the FWHM of the
tively correspond to a 40-meV and a 30-meV redshift agransitions. These lengths, reported in Table I, will be ana-
compared to samplal.}? This redshift of the intraband tran- lyzed in the simulation part of this article. We did not at-
sitions is indeed expected from a reduction of the dot sizetempt to deduce the dipole length for the bound-to-
The stronger size effect on the electron transition is coherertontinuum  transitions because of the mixing of
with a smaller effective mass in the conduction band. inhomogeneous and bound-to-continuum broadenings.

The h110 hole wave function is localized near the base From the direct measurement of the transition energies,
and at the edge of the lens-shaped dots. The dipole of thene can now draw the overall energy diagram of the quan-
h000—h110 transition is liable to have a component in thetum dots in the presently investigated infrared energy range
layer plane. The 90—180-meV energy range has thus beed®D—-600 meV. Figure 3 reports the discussed experimental

l ¥ h000->h001

h000->h110

le->llarrler

¢I|ll[lll->harrier
S
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TABLE I. Absorption cross sections of the intraband transitions in sanflleandA2 and, in the case of
bound-to-bound transitions, FWHM, and dipole length.

Transition(polarizatior) o1, FWHM, length op2, FWHM, length
e—barrier (s) 1.8x 10716 cn? 2.5x 1076 cn?
h000—h110 (s) not observed 1810 ¥cn?, 20 meV, 0.22 nm
h000—h110 (2) not observed 14107 cn?, 15 meV, 0.56 nm
h000—h001 (2) 1.5x10 Scn?, 20 meV, 0.70 nm 1410 ®cn?, 25 meV, 0.65 nm
hOOO—barrier (s) 1.9x10 ®cn? 3x10 %cn?

transition energies of samphel at 150 K and sampld2 at  the h000—h110 transition has not been seen in sample
120 K as well as the maximum PL energy at the correspondFrom this point of view, the energy of the transitions towards
ing temperature. states that mainly originate from the confinement in the layer
As already noted, the transition energies are coherent witplane (i.e., h100, h010 is much lower than the observed
the nature of the carriers: considering the barrier height fronenergy of the transition towards th601 state, which mainly
the ground state to the continuum, the electron ground stateriginates from the confinement along the growth axis. This
is less deeply confined than the hole ground state by around consistent with the flat shape of the quantum dots.
60 meV. It is the consequence of the smaller effective mass The size dependence of the transition energies is also co-
of the electrons despite the higher conduction band otfset. herent with the effect of a stronger confinement of the carri-
In the conduction band, only one bound state is observed. Asrs in the smaller dots: the bound-to-bound transitions are
will be shown below the conduction band exhibits two ex-blueshifted and the bound-to-continuum transitions are red-
cited electron states lying at an energy that cannot be preshifted in the smaller dots. By summing the bound-to-
ently reached. More specifically the small in-plane confine-continuum and PL transition energies, one can get an experi-
ment in these flat dots leads to ae000—e010 or mental estimate of the barrier band gap: 1.61 eV for sample
e000—e100 electron transition lying below 90 meV while Al and 1.62 eV for sampla2. Here we have not taken into
the other excited level&el10£001) hybridize with the dot account the exciton binding energy in the PL en€ltyypi-
continuum. Theh000—h010 andh000—h100 transitions are cally 20 meV (Ref. 8]. These estimates, very close to one
also expected to lie in the far-infrared below the detectoranother, are much higher than the 1.495-eV bulk GaAs band
cutoff energy. It is very probable that, for the same reasongap (at 120 K as a result of the strain in the GaAs barriers
surrounding the island. They are very close to the calculated
1.65 eV (at 4 K) strained surrounding GaAs band gap as
reported in Ref. 10 for InAs/GaAs quantum dots of similar

GaAs 0.225 GaAs geometry thus confirming the validity of the assignment of
barrier (30K) barrier

Tl w & m % the broadband infrared resonances.

BIG DOTS (A1) SMALL DOTS (A2)

We now compare the dipole lengths and experimental en-
ergy diagram of samplA2 (small dots to the ones deduced
0.155 from the calculation of the electronic states in one quantum
dot. Various calculations in InAs/GaAs quantum dots have
been published in the literatufé®!*®In the simulations

0.210

PL:1.105 PL:1.185 presented here, the flat lens-shape geometry of the dots has
been taken into account in order to get the theoretical dipole
sum: *0_110 sum: lengths of the intraband transitions. We solve the single-
1.61

effective-mass approximation for the conduction band and
0.280 the heavy-hole ban¥iDue to strain, the light-hole band lies

' high in energy and will not be considergd® The effective
mass is taken diagonal in direct spao®, standing for the
0.25 bare electron massy,, for the effective mass in the layer
Y ¥ plane,m, for the effective mass along the growth axis, the
effective mass in the conduction bandnit;;a,: m,=0.04m,

in InAs andm,,=m,=0.0665n, in GaAs2® As underlined

and of sampleA2 at 120 K as deduced from PL measurements an n Ref. 10 the electron effective mass in InAs dots is 1.7

infrared absorption in the investigated energy range of 90—-600 meVAT9er than_ bu”( InAs (0.028,) as a consequence of the
(not to scale The black(respectively grey arrows represent an Strain conditions. In the valence band the effective mass un-

intraband transition observed jn(respectivelys) polarization. The ~ dergoes the effect of the strain too. Following Refs. 10 and
dotted arrow corresponds to a measurement made at 30 K. The4 we takem,,=0.07m, for the in-plane heavy-hole mass
transition energy in eV is given near each transition. The arron@nd m,=0.590m, along the growth axis. In the GaAs re-
thickness is a guide for the eye indicating the transition oscillatogions, masses are given by their bulk values,,
strength. =0.112n,, m,=0.377y. The potential profile of one dot

1.62 w 0.115 particle three-dimensional Schtinger equation within the

i

Y |

FIG. 3. Experimentalenergy diagram of samplal at 150 K
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is constituted, in a GaAs matrix, by an InAs portion of alation in a quantum well would have given the same trend,
sphere 2 nm high, 20 nm in diameter lying on a 0.5-nm-thicki.e., overestimation of the calculated energy of the highest
InAs wetting layer. The overall system is embedded in sexcited states.

larger infinite wall box(100 nm by 100 nm by 10 njrto As in the conduction band, the dipole directions of the
limit the size of the finite difference equation and ensure nulh000—h110 andh000—h001 transitions correspond to the
wave function conditions far from the dot. The flatness of thePolarization, i.e.z, of the observed absorptions. The calcu-
dot ensures nearly constant strain and constant potential fated dipole foh000—h001 suits well the measured 0.65 nm

the InAs and GaAs regions: the barrier height is 600 meV if€ngth. However, the simulation shows that #i@0-h110
the conduction band and 450 meV in the valence Hind. transition is weaker thah000—h0O01. This feature is less

: : : ked experimentally although the order of magnitude is
One will note that the barrier heights do not strongly affectMar .
bound-to-bound intraband transition energies, as in the quaﬁ_eproduced. The fact thatl10 gets a part of the oscillator

. L . strength is not straightforward: no vertical dipole is expected
tum well case. Piezoelectric fields are neglected again bgTbr th?a h00O—h110 ?ransition in a cubic dot Eut the efperi-
cause of the aspect ratio of the ddtin the following, the '

divole of at the dinole f that state to th ment and calculation demonstrate that the envelope function
Ipole of a s?eh means the dipole from that state 10 gy 1he 110 state, of in-plane confinement origin, is suffi-
ground state of the same band. ciently squeezed along the growth axis for it to lead to a

In the conduction band, we find that the fitsl00) and  ,nyanishingz-polarized transition with the ground state.
second(e010 excited states are degenerate and lead t0 affhe model also predicts that an in-plane polarized

€000—€010 and are000—€100 transition at 76 meV with & 109p_.h110 transition is forbidden: it is basically the conse-

3.3-nm d'ipole Iength in the layer plane. Their c_alculated eNquence of the spatial,, symmetry of the dot. However, as
ergy position confirms that we could not experimentally 0b-ngerlined in Ref. 10, valence-band mixing effects can lead
serve these states and indicates that it should give rise 08 qeviations from theC,, symmetry predictions. One will
o ; v .

str(_)ng pormal incident absorption. The calculadaédl(_) state,_ note that the experimental in-plane dipole len@it22 nm is
which lies 158 meV away from the ground state, is the firSlgport: though it leads to an observable absorption, it is two
of a series of states located close to or in the WL continuumg,qer of magnitude smaller than the 25-nm in-plane confine-
el110 slightly leaks in the wetting layer. This feature corre- ant length. In comparison the calculated dipole for the

sponds to the hybridization @110 with the WL states. Al- h400,h010 orh000—h100 transition, located at 51 meV, is
thoughel10 is slightly delocalized, a dipole length of 0.15 3 1

nm along the growth axis is calculated. The direction of the |, conclusion, in-plane polarized infrared absorption in
dipole is coherent with the direction we experimentally ob-|\As/GaAs self-assembled quantum dots has been reported
serve for thee000—WL transition. A correct analysis of the 5.4 attributed to both bound-to-bound and bound-to-
bound-to-continuume—WL transition would involve all the  ¢ontinyum transitions. The influence of the average dot size
WL states, which is not numerically manageable here. Howp a5 heen studied and confirms the assignment of the infrared
ever, the 0.15-nm dipole length calculated &0 already  (egpnances. The cross section of theervedn-plane polar-
shovv_s th_at the intensity of such a bound-to-continuum aby,qq absorptiongat an energy greater than 90 meafe typi-
sorption is not negligible. o cally one order of magnitude smaller than the cross sections
In the valence band, the000~h110 transition is calcu-  of the z-polarized absorptions. A detailed experimental en-
lated at 108 meV with a 0.21-nm dipole length along theg,qy diagram of the self-assembled quantum dots has been
growth axis and th&000—~h001 transition at 201 meV with  gequced from both the interband and intraband measure-
a dipole length of 0.52 nm along the same axis. The energy,ents. The measured dipole directions and lengths are in
of h000—h110 is very close to the energy we observe ex-4444 overall agreement with the ones deduced from the cal-
perimentally. As expected from a heavier in-plane effectivec|ation of the electronic structure based on the resolution of

mass the calculated energy is smaller than the correspondinge Schrdinger equation in the envelope function formal-
transition in the conduction band. Th600—h001 energy is g

one-third higher than the 150 meV transition energy mea-
sured experimentally indicating that the InAs effective mass This work has been supported by DGA/DSP under Con-
m, may be underestimated. A similar parabolic band calcutract No. 97062.
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