PHYSICAL REVIEW B VOLUME 61, NUMBER 24 15 JUNE 2000-II
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Using photoluminescence spectroscopy we study the effects of exciton localization and interface growth
islands in the coherent intraband transitions between the exciton states associated with the first and second
conduction subbands. We show that the growth islands can act as submicron quantum systems with distinct
energy-level configurations. Our results show that these systems interact differently with an intense infrared
laser, causing a nearly two-dimensional medium with spatially modulated optical properties. We also show that
the exciton localization enhances the coherent intraband transitions and discuss how these transitions can be
used to study morphology of the interfaces between quantum well layers.

[. INTRODUCTION intraband transitions may be used as a tool to study the mor-
phology of the interfaces between layers of QW'’s and to
Layer interface roughness, alloy fluctuations, impurities,investigate the dephasing rates of excitons.
etc., can strongly affect the optical and transport properties

of quantum wells(QW’s). Due to their statistical nature, II. INTRABAND EXCITONIC COUPLING
these defects lead to potential fluctuations that are respon- IN THE PRESENCE OF
sible for localization and dephasing of excitdrfsThe per- INTEREACE POTENTIAL ELUCTUATIONS

tinent features of these effects in the photoluminescéRte
spectra of QW's are Stokes shifts, inhomogeneous broaden- The scale of layer interface fluctuations plays a major role
ing, monolayer(ML) splitting, etc®* The potential fluctua- in the dynamics of excitons in QW’s. When it is less than the
tions are also related to resonant Rayleigh scattefiagpd  exciton Bohr radiugmicroroughness they can cause exci-
some other effects. ton localization, enhancement of the homogeneous and inho-
While these defects have undesirable effects that magnogeneous broadening of the QW emission spectra, etc. In
hinder the device application of QW’s, they present new op-addition to microroughness, in structures prepared with
portunities to study nonlinear optics of QW’s with poten- growth interruption, although the layer interfaces are
tially new applications. The objective of this paper is to ad-smoother, they may have large scale fluctuations or growth
dress this issue by studying the effects of the interfacéslands (macroroughnegs These islands can split the PL
potential fluctuations in the coherent intraband transitions bespectra of QW’s, causing monolay@viL) splitting peaks?
tween excitons in QW’s. These transitions are caused byn addition to layer interface roughness, alloy fluctuations,
exciting electrons from the exciton states associated with th#npurities, etc., also contribute to the potential fluctuations
first conduction subbands(Ll-HH1) to those associated with experienced by excitons. A full quantitative treatment of
the second subbandER-HH1). It has been shown that these potential fluctuations is complicated. It requires de-
when these transitions are strongly driven by an infrgfBy  tailed information about the statistical features of the inter-
laser, the near band-edge absorptiand emission specfta faces and other imperfections. These features change not
are modified strongly. In this paper we show how such tranonly from one sample to another, but also from one part of a
sitions are affected by the localization of excitomsicro-  sample to another. In addition to the complex statistical na-
roughness effectsand by the growth islandénacrorough- ture of the interface microroughness, one should also con-
ness effects sider lateral shapes of the islands, correlations between sizes
The results of this paper may shed some light on the opand shapes of adjacent islands, Bt Therefore, for the
tics of QW’s. They show that the growth islands can act adenefit of focusing on our objectives in this paper, we treat
submicron optical systems with distinct electronic and excithe effects of the interface fluctuations in the evolution of the
tonic energy-level configurations. Therefore an IR laser withemission spectra of an infrared-coupled QW at a phenom-
polarization along the growth direction can affect some ofenological level. Using this model we consistently describe
these systems strongly and leaves some other systems u@Hr experimental results.
changed. Since this can lead to a nearly two-dimensional The E1-HH1 excitons are generated after momentum
medium with spatially(laterally) modulated nonlinear opti- and energy relaxation of the photoexcited electrong&in
cal properties, it may have some applications for optical anénd holes irHH1. In the presence of an IR laser near reso-
photonic devices. Our results also show that the coherentance with the transition betwedl andE2 and polarized
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along the growth direction, the electrons are shared between dp3s 1
the bound states of the excitons associated with these <l = [ i(E2.—fw)— I p3+iQpss, (8)
subband<?® The interaction term of this laser with the QW is is 13
given by
dp23 ; L as, o0 as_ 1
, , T =|iA— ﬁ p23+IQ(p33—p22 . (9)
le_E, L2 {EOIVEZ ) (PELHn1 Is 2
" Herepi;, p35, andp3s refer, respectively, to the probability
FEX (D)W Ly (PR ) (1)  of finding a hole inHH1 and an electron i1 or E2 when

. o ~ they constitute thel'g3 ,y; and W5 4, excitons.() is the
Here u33" is the electric-dipole moment for the transitions Rabi frequency of the IR fieldA is the detuning of the IR

between the excitons statégl$ ,,,,; andW2S ... nandn’ field given by
refer to the principle hydrogenlike quantum numbers. In Eq. ’ 1
(1) we ignore the nondiagonal transitions#n’), because A=Ejs—Ejs—to. (10

the§e 8transmons are weaker Fhan the diagonal omes (Here Eis and E%s are the binding energies of thE:'li—HHl
=n’),® and the IR laser is considered to be nearly resonan{gmdq,lS respectivelv. These eneraies are renormalized
with the diagonal transitions. Also since here the photoex; = | E2-HH1 P . 9

cited carrier densities are low, we ignore the many-body efPY Vi - They are also different from one island to another,

fects and consider the emission spectra of the QW are mostf® VX's" be discussed in the following. . .
caused by the radiative decay®ts ,,,,, .24 Thismeansthat = 72 " EO:C' (? rgpresc;epnltss the intrinsic radiative recomdblna—
the coupling processes are basically between excitons statign time of the boundVg, 1y, excitons. It is estimated to
with n=1. In Eq. (1) E(t)=Ee ! refers to the IR laser be around 25 p¥ Since the QW is symmetric the radiative

In addition to the IR laser, the photoexcited electrons andionradiative decay rate of such excitons, which is caused by
holes are affected by the potential fluctuations, their LO-phonon emission. This process generates electrons
_ with relatively large wave vectors i1 and holes at the top
Viwe= Vine o+ Vi (2)  of the valence subbandiH1). As a result, #3* , contrib-

micro macro ) , utes to the “recycling” and loss rates of the electron-hole
HereVy,c - and Ve refer to the potential terms associated pairs The “recycling” rate occurs via energy relaxation of

with the interface microroughness and growth islands, regjectrons after they undergo intersubband transitions. When
spectively. Adding these terms to the Hamiltonian of thethey reach the bottom OE1 they reconstitute radiative

systemH=H,+H,, we can obtain the equations of the Mo- hong states with hole€E1-HH1 excitons. Note that the

tion of the system using energy relaxation of electrons 1 is very fast. However,
ap's i when they bind with holes and form bound excitons, their
a—t:_g[H+Vfluc:P15]+)\13- (3  energy and“ momgntgm relaxation take a relatively long
time.™ The “recycling” rate and that caused by the direct

H, is the Hamiltonian of the system in the absence of theexcitation of electrons int&1 by the visible laser are pre-

infrared laser and . is the pump rate of the system causedS€Nt€d PYA 15 in Eq. (5). The loss rate represents the rate at

by the visible laser. To treat E(B) at our phenomenological w_hlch the elecltron—hole pairs rec_ombme nonradiatively. As

level we introduce the effects dI*°by solving Eq.(3) for will be shown in the following, this rate can lead to strong
uc B

each growth island. For each island we then consider thguenching of the emission spectra of #i-HH1 excitons,

| . . . 1
effects ofVM"® by choosing the proper values of the binding depending on the infrared frequency and mtensﬂ'yﬂ-jiare

energies and dephasing rates of excitons. These values polarization dephasing rates consisting of the energy re-

estimated based on the experimental or theoretical studies xation rates of the_ electrons an_d holes anq elastic scattering
otherst>16 Based on these considerations the equations dPeS of excitons with the potential fluctuations. .
motion for an island are obtained as folloWs: In the following we use this model to analyze our experi-
mental results and predict some other effects. To do this we
1 1 solve Eqs.(4)—(9) in steady state. This is because the width
=Pt P35~ Nis (4)  of the IR laser pulses is considered to be much larger than
is 72 73 the characteristic dephasing time of the excitons. Having the
density matrix we find the emission spectra of the QW using

linear-response theory.

dp13
at

dp33
dt

1
. 1 1 1
=~ 1Qps2= P23~ 1sP22t Nis ©)
i 2
° Ill. EFFECTS OF LOCALIZATION
dpls IN THE INTRABAND TRANSITIONS OF EXCITONS
dt |.

IS

. 1 1 1 1
== |Q(P2§_ Psg - _lsp3is’>_ —Isr Psgv (6)
73 73

In this section we study the effects of the exciton local-
ization caused by the interface roughness in the intraband
coupling of QW's. The details of the sample has been re-
pr+iQpss, (7)  ported elsewher? .t contained fifty 7.3 nm undoped wells
(GaAs sandwiched between 18.1 nm barriers

dp33
dt

_<, L
- 1s Is
is T12
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- 9000 ' — the CQ laser from the transition between tBd-HH1 and

§ 4000 - (a) ] E2-HH1 excitons(~1 meV).

e 1 To discuss these results in a semiquantitative fashion we

= 3000 - g apply our model to the systems of Figgaland 1b). For

}:, - the case of 10 KFig. 1(b)], the average width of the local-

‘@ 2000 - T ized excitons (273 in the tail is considered to be 0.15 meV

E'E’ 1000 i .',r""‘:.,‘ ] (deep bound statg@nd in the main peak equals 0.5 meV

3 i o\, (partially localized excitons For the case of 77 K we as-

e R sumed 2I'15~0.4meV in the tail, and Z45~1 meV in the
153 155 157 main peak. Also because of the fast decay of B2eHH1

2000 : — excitons in both cases we consideFf?/:5 meV. The re-

%’ (b) sults of calculations in the absen@®lid line) and presence

3 4500 |- _ (dotted ling of the CQ, laser are shown in Fig. 1. Each solid

] line is obtained by fitting the uncoupled emission spectrum

N 1000 - | (circles with two Gaussian distributions of excitons, one for

%’ the tail and one for the main peak. In the presence of the CO

5 laser the fitting parameter for matching between the model

£ 500 f . : : o

£ and experiment was the effective nonradiative decay rate of

T 2052 ,_i,_.‘.-.-""" '-.'Ia.._,“ theE1-HH1 excitons or the loss rate. In the case of Fig) 1

[Fig. 1(b)] a reasonable match was obtained considering this
rate equal to 0.180.3) ps L. The reason that at 77 K the loss
rate is smaller than that at 10 K, can be related to the higher
mobility of the photoexcited electrons and holes at 77°K.
The slight discrepancy between the theory and experiment
can mainly be related to the detailed statistical nature of the
layer interfaces that has not been included in our model.

0
1.53 1.55 1.57
Energy (eV)

FIG. 1. PL spectra of the QW in the abseriopen circles and
presencedots of a CO, laser with~1 MW/cn? intensity and(a)
121- and(b) 118-meV photon energies. Sample temperaturéa)at
and(b) are 77 and 10 K, respectively.

(Alg ,dGay 75As). We used a hybrid CQOaser with a 500 ns
pulse width and~1 MW/cn? intensity to couple the
E1-HH1 andE2-HH1 excitons. To pump the QW, a fre-
quency doubled Nd:YAGyttrium aluminum garngtlaser As mentioned before when a sample is prepared with
with 2.34-eV photon energy and 70-ps pulse width was usedyrowth interruption the layer interfaces may contain growth
This laser was focused at the surface of the QW within theslands® Since the thickness of these islands may differ by
area affected by the CQaser. one or more ML'’s, in narrow QW'’s they can lead to ML

Since localization of excitons depends strongly on thesplitting peaks. These peaks are associated with the radiative
sample temperature, we studied the IR coupling process alecay of excitons localized in each islaftdn this section
10 and 77 K. At 10 K, localization of excitons is dominant we discuss the effects of these islands in the coherent intra-
and at 77 K most of them are thermally free. The transitionband transitions between excitons. To do this we apply our
energies at 10 and 77 K were estimated to-b&19 and model to a growth interrupted QW structure studied in Ref.
~121 meV, respectively. At each temperature we tuned thd0. This structure consisted of five single GaAs wells sepa-
CO, laser to become near resonance with the transitions beated by thick A} .Ga, As barriers. The nominal widths of
tween Is states of theEl-HH1 andE2-HH1 excitons. these wells were 3, 6, 11, 19, and 25 ML's.

Figure 1 shows the evolution of the emission spectra of The PL spectroscopy of this structure at 4.3 K has shown
the QW at(a) 77 K and(b) 10 K. Although the CQintensity  that the emission spectrum associated with the well with 19
was the same for both cases the spectrum at 10 K with ML’s nominal width, contained three distinct ML splitting
~1 meV is quenched more than that at 77 K with-0 [Fig.  peaks and a small bunif. The peaks that occurred at
1(b)]. This can be associated with the fact that as the sample-1.582(B), ~1.586(C), and~1.590 eV(D) could be asso-
temperature decreases excitons become more localized ciated with the growth islands with 20, 19, and 18 ML'’s,
spend more time in the bound states associated with the poespectively. The bumgA) happened at-1.579 eV and
tential fluctuations. Therefore, in contrast to free excitonsmight be caused by islands with 21 ML’s. The solid lines in
they do not have efficient scattering with acoustic phonong-ig. 2 show the result of our calculations for the emission
and the potential fluctuations. This decreases their dephasirgpectrum of this well in the absence of the infrared field.
rates, making the IR coupling betweeil-HH1 and This spectrum is the result of overlap between four Gaussian
E2-HH1 excitons more efficient. As mentioned before, emission spectra associated with excitons trapped in the four
since theE2-HH 1 excitons decay by emitting LO-phonons, growth islands. Each Gaussian spectrum contains a large
they are disintegrated into electrons with large wave vectorgaumber of homogeneously broaden&d-HH1 excitons
in E1 and holes at the top ¢iH1. As a result the IR cou- with ~0.15 meV linewidth (2I';;). To study the evolution
pling of the E1-HH1 andE2-HH1 excitons increases the of this system in the presence of a laser responsible for the
chance of the nonradiative recombination of the electron#traband excitonic transitions, we consider the nonradiative
and holes and significantly quenches the PL spectra. Thdecay rate of excitons 0.3 P& similar to that estimated in
slight redshift in Fig. 1b) is the result of small detuning of the preceding section. Also th&2-HH1 width is assumed

IV. GROWTH ISLAND EFFECTS IN
THE INTRABAND COUPLING OF EXCITONS
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1575 1.580 1585 1.590 G
15 ‘ 'c ‘ FIG. 3. Schematic diagrams of the IR coupling processes in the
) ) 21-, 20-, 19-, and 18-ML systems associated, respectively,(#ith
5 B (B), (C), and(D) in Fig. 2. In each ML system the lower and upper
g 107 i levels refer to the 4 states of thé&e1-HH1 andE2-HH1 excitons,
i s respectively. The two-headed arrows refer to the IR laser coupling,
3 LN the vertical downwards arrows to the radiative decay of the exci-
g 5 r / \ b 7 tons, and the inclined arrows to the nonradiative LO-phonon decay
= ALl & W = processes of thE2-HH1 excitons.
o Sl e~ = S N\
075 1580 1585 1590 system and detuned from the corresponding transitions in the
Energy (eV) 21-, 19-, and 18-ML systems by aboufl0, 9, and 19 meV,

respectively. As a result, the 20-ML system is affected by the
FIG. 2. Solid lines represent the emission spectrum of a Qwinfrared laser significantly. This decreases the contribution of
with 19 ML’s nominal width and four types of growth islands this system in the emission spectrum drastically, causing
(similar to that reported in Ref. 10The dashed and dotted lines Suppression of the pedB). In addition to the quenching due
show the evolution of the spectrum in the presence of an IR laseto the detuned coupling processes of the 21-, 19-, and 18-ML
with Q=2.5 and 5 ps!, respectively. The photon energies of the islands, their emission peaks undergo redshifting or blue-
IR laser are 186a), and 195(b) meV. shifting. These are Stark shifts caused by the coherent mix-
ing of the E1-HH1 and E2-HH1 excitons. WhemA <0

to be 5 meV/(2T'15). Figure 2 shows the results of the calcu- (21-ML system we have blueshifting and fak>0 (19- and
lation when the infrared laser hds) 186-or (b) 195-meV 18-ML systemy the emission peaks are redshifted. The dy-

photon energies. Inspection of these results shows: namics of Fig. 2) are similar to those of Fig.(d). Here,
() When the intensity of the IR laser is however, the laser is resonant with the transitions between

~0.4MW/cn?(Q=2.5ps?) and its photon energies 186 the 1s states of theel-HH1 andE2-HH1 excitons in the

meV, as Fig. 23) shows (dashed ling the peak(B) is 19-MLisland. o _

quenched such that it virtually vanishes. The bufa is The dynamics seen in Fig. 2 show that in narrow QW's
resolved, and the peak®) and (C) are also quenched to th_e g(owth islands can act as .sub.mlcron quantum systems
some extent. When the intensity increases to aboupith dlﬁerent electronic and exutpnlc energy conflgU(atlons.
1.5 MW/cn?(Q =5 ps 1) the whole spectrum is affected sig- Therefore, in the presence of an intense _IR laser, while some
nificantly (dotted ling. Similar dynamics also occur when ©f these systems are not affected significantly, some others
the IR laser photon energies are 195 mi@y. 2(b)]. Here, undergo strong nonlinear regime. Thls_ Ieads.to a spatially
however, the peakC) is quenched the most. (Iatgrally) mhomogeneoys opucal medl_um. Slnqe one can

(i) In addition to quenching, the ML splitting peaks are Qesugn QW structures Wlth. peculiar nonllnear pptlcal proper-
red or blueshifted. In the case of 186-meV photon energiel€S and can texture the interfaces with desired forms and
[Fig. 2(a)] the peakgC) and(D) are redshifted and the bump Q|men5|ons, thege resylts may have applications for new op-
(A) is blueshifted. In the case of 195-meV photon energyfic@l and photonic devices.

[Fig. 2(b)], however, the peak&D) and (B) are redshifted
and blueshifted, respectively.

To analyze these results note that as mentioned before, the
spectra in Fig. 2 are associated with the emission of the
E1-HH1 excitons localized by the interface microroughness In the previous sections we showed that the coherent in-
in the 18-, 19-, 20-, and 21-ML growth islands. The esti-traband transitions between excitons in QW’'s depend
mated energy spacing betwe&i-HH1 andE2-HH1 in  strongly on layer interface fluctuations. This suggests that
these islands are, respectively, 205, 195, 186, and 176 methese transitions can be used to study the morphology of the
Therefore, when the infrared laser has 186-or 195-meV phanterfaces between QW layers. Our objective in this section
ton energies, it is detuned differently from the transitionsis to illustrate an application of this technique. To do this we
betweenE1l-HH1 andE2-HH1 excitons in these islands. studied the emission spectra of several lateral locations of
As shown schematically in Fig. 3, when the IR photon en-our sample in the presence of a single mode, GSer with
ergy is 186 meV this laser is resonant with the transition117-meV photon energy and1 MW/cn? intensity. Similar
between thee1-HH1 andE2-HH1 excitons in the 20-ML to Sec. I, this laser wag polarized and the photoexcited

V. INTRABAND EXCITONIC TRANSITIONS AND
MORPHOLOGY OF QW LAYER INTERFACES
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Energy (eV) FIG. 6. PL emission spectra from a third lateral location of the

sample. Other specifications are the same as those in Fig. 4.
FIG. 4. PL emission spectra of the sample at a location different

from that in Fig. 1b). The dots present the emission spectruminthe ~ The dynamics in Figs. 4—6 show how the coherent intra-
presence of the CQaser with the same intensity as that in Figp)l ~ band transitions between excitons are sensitive to the layer
but with 117-meV photon energies. The solid and dashed lines refdnterface morphology of the sample. In the case of the Fig. 6,
to the theoretical results. the dynamics are very similar to those discussed in Sec. lll

[Fig. 1(b)]. However, since here the IR field detuning is
densities were kept low to ignore the carrier-carrier andarger than that in Fig. (b) (A~2 meV) the amount of the
carrier-exciton scattering processes. The sample temperatugeenching is less and the spectrum is slightly more red-
was 10 K. shifted.

As Fig. 4 shows, the PL spectrum from one of these lo- The dynamics in Figs. 4—5 provide some clues about
cations(open circles in the absence of the CQaser, con- some large scale interface defects. They show some similari-
sists of one main peak and two bum@srows. In the pres- ties with those in Sec. IV where a single mode laser
ence of this laser, in addition to an extensive amount ofjuenched ML splitting peaks of a growth interrupted QW.
quenching, the spectrum splits into a triplétled circles.  To speculate further, note that the large widths of the emis-
The energy separations between the sideband pdaksd  sion spectra in Figs. 4-5 are signs of rough interfaces.
C) and the central pealB) are similar to those between the Therefore, one can expect some of the large scale defects act
bumps(arrows and the main peak. When we detected an-as “effective growth islands.” The features seen in Figs.
other location of the sample at the vicinity of that in Fig. 4, 4-5 can be explained if we attribute them to these islands.
the emission spectrum became different. As Fig. 5 showsTo do this, note that in the absence of the .d@ser the
here in the absence of the IR field, the spectrum contains emission spectra in Figs. 4 and 6 are similar if we ignore the
small peak at~20 meV below the main peak. In the pres- bumps(arrows. This means that the main emission in Fig. 4
ence of the CQ laser the whole spectrum undergo an im-is associated with the nominal width of the QW.3 nm or
mense quenching, but the lower-energy peak becomes more26 ML's) as one expects. On the other hand, since the
distinct. energy spacings between the main peak and the bumps are

Fig. 6 shows the emission spectra of the QW at the third~10 meV, the latter can be related to “effective growth
location of the sample. Here the overall shape of the unislands” with ~23 and~29 ML'’s. This leads us to a picture
coupled PL spectrum is similar to those in Figs. 4 and 5similar to that presented in Fig. 2, except for the transition
However, no imperfections such as those shown by arrows ienergies between the slstates of theE1-HH1 and
Fig. 4 can be seen in Fig. 6. Also in contrast to Fig. 4 whereE2-HH1 excitons. Here these energies are estimated to be
the CQ laser split the spectrum into three peaks, here thd 36, 119, and 103 meV in the 23-, 26-, and 29-ML systems,

spectrum becomes slightly redshifted. respectively. Therefore a GQaser with 117-meV photon
energies is, respectively, detuned by about 19, 2, ahd
7500 — meV from these transitions. For the system of Fig. 5, in
—_ - . addition to the dominant 26-ML system, we may consider
£ 6000 small defects associated with 33 ML's.
; i The solid line in Fig. 4 shows the result of the theoretical
s 4500 fit to the emission spectrum in the absence of the laser field.
E i This fit was obtained considering a spectrum similar to that
% 3000 in Fig. 6 (26-ML system contributionand two Gaussian
£ distributions associated with the 23 and 29-ML systems at
5 1500 +10 meV from the main peak. In the presence of the,CO
(e = laser a good match between the experiment and theory was
01_537"“ 155 157 159 reached(Fig. 4, dashed lineassuming the nonradiative de-
Energy (eV) cay rate of excitons equal to that obtained in Sec.(0LB

ps 1). The overall quenching here is the result of the effec-

FIG. 5. PL emission spectra from a location of the sample at thdive transfer of excitons in the 26-ML system from the radia-
vicinity of that in Fig. 4 in the absend®pen circley and presence tive states of theE1l-HH1 excitons into the nonradiative
(dots of the CQ laser. Other specifications are the same as those istates of theE2-HH1 excitons by the C®laser. Since the

Fig. 4. 23- and 29-ML systems are virtually not effected by this
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laser, their emission contributions are not changed signifiwe showed that localization of excitons enhances the coher-
cantly. Therefore, their relative emission shares with theent intraband transitions between thEl-HH1 and
whole spectrum increase, generating a triplet spectrum a82-HH1 excitons. It was also shown that these transitions
that shown in Fig. 4. Similarly in the case of Fig. 5, the were influenced by the growth islands differently, depending
33-ML systems are virtually left unaffected by the £i@ser.  on their thickness.

The solid and dashed lines here show the results of the model

in the absence and presence of this laser using the same
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