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We studied the photoluminescen@d.) spectrum resulting of the indirect recombination of barrier electrons
and the two-dimensional hole gé8DHG) that is excited in a structure of mixed type-l-type-Il GaAs/AlAs
guantum wells. This structure consists of alternating narrow and wide GaAs quantum(@4ls and is
distinguished by a staggered conduction-band alignment that leads to a fast electron transfer from the narrow
to the wide QW'’s and a very slow hole transfer. Consequently, a 2DHG and a two-dimensional electron gas
(2DEG) are formed in the narrow and wide QW's, respectively. Their density is controlled by the photoexci-
tation intensity and is experimentally determined by fitting the band shape of the wide-well direct-
recombination PL spectr@n the range of 1<n,<5x 10" cm ?). A small fraction of the electrons recom-
bine radiatively with the 2DHG while they are in the lowéssubband of the AlAs barrier, and the resulting
spectrum is investigated at=2 K and for various excitation intensities. The indirect transitions consist of a
no-phonon band and momentum conservingne-edgg phonon sidebands. All these bands are blueshifted
with increasing photoexcitation intensity. This shift is well explained by calculating the lofestbband
energy in the electrostatic potential, generated by the separate 2DEG and 2DHG charges as a function of their
density.
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I. INTRODUCTION In the present study we report on the indirect recombina-
tion of a 2DHG that is confined in a GaAs QW with minority

The interband transitions of a two-dimensional electronelectrons that are temporarily confined in the AlAs barriers

gas(2DEG) are usually studied in-type modulation-doped during their fast transfer process. This new type of indirect

quantum well$* (QW). The 2DEG density ify) is varied  recombination is studied in an undoped, mixed type-I—
either by applying a bias voltage or by photoexcitation intentype-I| quantum well GaAs/AIAS(MTQW) structure'®*!

sity (“optical depletion”). The main spectral signatures of gpatially separated 2DEG and 2DHG are formed in the wide

the 2DEG interband transitions in GaAs{@ia_AS  and narrow GaAs QW’s of the MTQW structure, respec-

modulation-doped QW's are the reduced bandgap, as Oljely, when it is photoexcited with an energy above the
served in the photoluminescen¢®L) (band-gap renormal- narrow QW band gap. The 2DEG shows spectroscégmd

ization) and the Burstein-Moss shift. The latter are results Ofdynami() properties that are similar to those observed in

the conduction-band filling that lead to the absorption threShh-type modulation-doped QW's. On the other hand, we show
old being ‘."‘t a Fermi energy above the reduqed bandga?h this study that the 2DHG that forms in the narrow GaAs
Many studies showed that the 2DEG recombines directly

: : : W’s recombines radiatively with electrons that are confined
th the holes that are photoexcited in the QW, and khe ; _
w e holes that are photoexcited in the QW, and khe to the AlAs barrier(X conduction bandand have a very low

)c,jensity. The resulting 2DHG PL spectrum consists of indi-
(“Fermi edge singularity’) with increasing hole rect transitiongin both real aqd momen.tgm spagéisat are _
localization® Another consequence of the direct 2DEG-hole ey Weak compared to the direct transitions of the 2DEG in
recombination is that the LO-phonon sidebarBSB are the wide wells. Some of these PL bands are PSB’s that in-
too weak to be observed in the PL spectrum. The 2DEG-hol¥0lve momentum conserving phonons, similar to those ob-
spectrum evolves into an excitonic spectrum in the low-served in the indirect exciton spectrum of type-Il GaAs/AlAs
density limit (n,<5x 10°cm2) that includes both neutral QW structures®** However, this is the only similarity be-
and charged exciton linés. Finally, spectral properties that tween the latter case in which the electrons reside in the
are analogous to those of the 2DEG-hole recombination arAlAs barriers during the indirect exciton radiative lifetime,
observed inp-type GaAs/AlGa_,As modulation-doped and that of the indirecX electron-2DHG transitions ob-
QW'’s, where the recombination is that of a two-dimensionalserved in the MTQW. We thus utilize these transitions in
hole gag2DHG) with minority electron$:® The evolution of ~ order to study the dependence of tig and X, barrier

an excitonic recombination into a 2DEG-hole or 2DHG- electronic states on the 2DEG and 2DHG density, as it is
electron is most commonly studied in QW’s with a one-varied by the photoexcitation intensity. We find that the ob-
component plasma and where the interband transitions arerved blueshift of these transitions and their relative inten-
direct. sities are well explained by the conduction band bending that
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—~— FIG. 1. (8 A schematic description of the
(MTQW) structure. The lowest electron and hole
subbands in the wide and narrow we(i thel”
point), and the electron subband in the bar(atr
the X point) are indicated. The electron-transfer
-ﬂ:r—e and hole-tunneling channels are indicated by ar-
BT rows. (b) The band bending caused by the 2DEG
i and 2DHG charges is calculated for a density of
hh, 1 5x 10" cm™2. The calculated electrostatic poten-
VB tial curve AV(z) is shown in the middle of the
figure by a dashed line. The arrow indicates the
. . ‘ . . , . recombination of a barrier-confined electron with
300 -150 0 150 300 0 150 300 the 2DHG in the narrow well.
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is caused by the electrostatic potential of the 2DEG andample surface of 50W/cn?<I, <50 W/cnf. The sample
2DHG layer charges. was placed in a liquid-He Dewar and the spectra were mea-
The paper is laid out as follows. The experimental procesured aff =2 K. The emitted light was dispersed with a 1-m
dures and results are discussed in Sec. Il. The determinatiQﬁonochromator, detected with a cooled photomump”er tube,
of the 2DEG and 2DHG density dependence on photoexciand the signal was monitored by a lock-in amplifier.
tation intensity is given in Sec. Ill. The model accounting for  The PL spectrum of the MTQW structure has bands in
the indirect-transition energy dependence on the gas densitiiree ranges, centered around 1.52(E\. 2), 1.77 eV(Fig.
is discussed in Sec. IV and Sec. V is a short summary.  3) and 1.92 eV. These transitions correspond to direct-WW,
indirect-barrier-NW, and direct-NW radiative recombination
processes, respectively. Due to the ragig- X-eq electron
transfer, the direct transitions in the NW are abouft tiies
weaker than those of the direct WW transitions. The inten-
The MTQW structure consists of alternating narrow andsity of the barrier-NW transitions is aboutfmes weaker
wide GaAs QW's (denoted NW and WW, respectivgly than that of the direct WW transitions.
separated by AlAs barriers as shown schematically in Fig.
1(a). It is designed so that the lowessfy, electron subband in
the NW is higher in energy than the loweststate in the
AlAs barrier, leading to a type-Il alignment. However, the
lowestX state is higher than they, electron subband in the
WW, forming a type-l alignment. Galbraith, Dawson, and
Foxort® and Feldmanret al!! showed that the photoexcited
electron-hole ¢-h) pairs are spatially separated by the AlAs
barrier. The carriers are separated since the electrons transfer
rapidly from the NW to the WW through the barrier, while
the holes tunnel very slowly. The initiad;\-X electron
transfer stage was measured to be on a subpicosecond time
scale, while the subsequexte;y electron transfer time was
about 30 ps. The hole tunneliffgom the hh;y subband to
the hhyy subbang at T=2 K occurs in the millisecond
range. Consequently, this charge separation creates a 2DEG

II. MIXED TYPE-I —TYPE-IIl QUANTUM WELL
STRUCTURE AND EXPERIMENTAL PROCUDERE

I, =4.6 W/cm?
n,=5.14x10" cm™

0.92 W/cm?
4.17x10" cm™

0.23 Wicm’
3.42x10" em?

~

PL intensity (arb. units)

in the WW and a 2DHG in the NW and their density can be 0.046 W1/1cm2 )
controlled by the excitation intensity in the range0,<5 1.47x10° em’
X 10t em™2. We can expect that a small fraction of the elec- bulk GaAs Fermi edge

/

tron population remains in the barrier long enough to recom- >

bine with the 2DHG. I il = 1
The MTQW structure studied here was grown by 1.51 1.52 1.53 1.54

molecular-beam epitaxy on an undope/d01]-oriented Energy (eV)

GaAs substrate. It consists of five periods of alternating wide £ 2. pL spectra of the 2DEG in the wide QW's, observed

GaAs wells (ww=198A) and narrow wells I{yy under various excitation intensitiésolid lineg. The line shapes are
=26A), separated by AlAs barriersLg=102A). The calculated as described in the tédashed lines Then, values are
MTQW PL spectra were recorded under photoexcitatiorextracted from the line-shape fitting. The arrows indicate the Fermi-
above the NW band gapE >E(e;\) —E(hhyy)] by an  edge singularitfon the high-energy sideand the bulk GaAs PL
Ar" laser € =2.41eV), with an excitation intensity at the band.
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FIG. 3. PL spectra of the 2DHG in the narrow QW'’s that re-
combines with theX electrons in the barrier. The bands marked 1
and 5 are the zero-phonon indirect transitions and the other three
are phonon sidebands.

200

band 4

/dz
band 5

150}

Figure 2 shows the WW spectra recorded under excitation
with laser intensities ranging between 0.046 and 4.6 \f/cm
They all exhibit an asymmetric band, which is redshifted and

100}

Relative band intensities (arb. units)

broadened with increasing df . They also show a weak 50F
steplike edge on the high-energy si@iedicated by arrows I band 3
This weak PL enhancement is observed at the Fermi-edge o

singularity and it indicates that the minority holes in the WW L L L L L
are very weakly localized? The weak band at 1.515 eV is 0 10 20 30 40 50
the GaAs buffer layer PL. I, (Wiem®)

F_Igu_re 3 Shows_ the barrier-NW PL spectra recorded under FIG. 4. Photoexcitation intensity dependence of the 2DHG PL
e_XC'tat'o,n Intensities b(—?-tween 0.46 a”,d 46 Wictrhey con- bands.(a) Peak energy(b) Relative integrated intensity.
sist of five bands, which are blueshifted and change their
relative intensities with increasing . The band shapes were
fitted to Gaussians and the extracted peak energies and inte- | (E)=A<I>( Ey— E) 1
grated intensities’ dependence Qnare shown in Figs. @) PL 20 me E—-Eg
and 4b). It is seen that bands 1-4 have a similar blueghift ex m kiTk
maximum of~20 meV), while band 5 is only slightly blue-
shifted (~3 meV) followed by a redshift. Also, the intensity 1
of bands 2-5 is reduced substantially with respect to that of my
band 1 at the highedt .

Me+ mk(Ei Eq)~Er

J’_
ex kT, 1

I1l. 2DEG- hhqyy PL
W Here, ®(E')=1/Z erf(E'/v2)+1], E, is the renormalized

The WW PL spectrum, observed under laser excitatiorband-gap energys is the inhomogeneous broadening energy
intensityl  <0.01 W/cn?, exhibits exciton and trion band$. that is due to interface roughness, afds a constant. The
With increasingl, it evolves into a single PL band that second and the third multipliers in EQL) represent the hole
gradually becomes asymmetric and is redshifféid. 2). As  Boltzmann distribution and the electron Fermi distribution,
it is due to the 2DEGh,y, radiative recombination, its whereEg is the electron Fermi energg,, Te, m,, andTy
spectral shape is fitted by the following expressioif are the effective mass and effective temperature of the elec-
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(@) tified as the phonon sidebands of tRéR;\-X,, transition.
1.5221, n, s The energy of band 5 is about 20 meV higher than that of
band 1 and it is virtually independent bf. It was identified
. as thehhyy-X, indirect recombination band of a type-ll
"E QW since theX, state lies above thi,, state in AlAs
1520} = barriers having a width g>60A.*’
= The PL bands of a type-Il QW are due to the recombina-
1519 | < tion of indirect excitons formed of electrons andhh; holes.
E 12 Under cw photoexcitation, only excitons are formed in this
1518 \{ QW and therefore, the PL band energies in type Il do not
, , , , , 11 depend onl . In contrast, in MTQW the observed indirect
o 1 2 3 4 5 recombination of barrier electrons with the 2DHG in the NW
I, (Wrem?) is blueshifted with increasing excitation intensity. Since
separately confined 2DEG and 2DHG are photoexcited in the
121 (b) T MTQW structure, we attribute the PL band’s blueshift to
s band bending that is caused by the interwell electrostatic
potential. This potential is due to the charges of the separate
2DEG and 2DHG. We will now calculate the energy shift of
the emitting states by solving the Poisson equation for the
T electrostatic potential under the following assumptiofas:
/{64{ The 2DEG and 2DHG charges are equal and onlygo of
the electron density is trapped in the barrier and recombines
with the 2DHG. This assumption is based on the very fast
. . . X | electron transfer through the AlAs barrférand on our ob-
I, (Wiem?) servation that thénh,y-X,, transitions are about 100 times
weaker than those of the WWh) The charge distributions
FIG. 5. Photoexcitation intensity dependence of various widewithin both the NW and the WW are assumed to be uniform
QW recombination parameters) Band gap and 2DEG densitfj) and the barriers are uncharged. The reasons are thahthe
Effective electron and hole temperatures. holes are confined to a very narrow QW and their energy
distribution is mostly affected by interface roughness. The
tron and hole in the WW, respectively. The fitted PL band2DEG in the WW is not involved in the indirect transitions
shapes are shown by the dashed lines in Fig. 2. The extractedhd thus its charge distribution is immaterial. The net result
dependence of the fitting parameters: [using Ez(meV) is a triangularly shaped potentialc) The n, value for a
=3.6x10 ny(cm?) for GaAg, Eg. Te, andTponl are  given excitation intensity is extracted from the WW line-
plotted in Figs. %) and Fb). An increase inl, causes a shape fitting.
nonlinear increase in, and a simultaneous decrease in the For the calculation of the electrostatic potential we use an
value ofE4, accompanied by an increase of the electron anglementary, one-dimensional well-barrier sequence along the
hole effective temperatures. growth axis(z) that contains one NW, its two barriers, and
two WW's (Fig. 1). In order to maintain charge neutrality we
start this sequence from the middle of a WW and end it in
the middle of an adjacent WW. Obviously, this sequence is
repeated along theaxis in order to describe the potential of
As shown in Figs. 3 and (4), the PL spectra in the the entire MTQW structure. An example of the band bending
barrier-NW spectral range consist of a group of four bandslue to the variation of an electrostatic potentialy(z),
that are equally blueshifted with increasing photoexcitatiorlong one sequence calculated fog=5.1x10"cm 2 is
intensity and a fifth(highesi band that shows a different shown in Fig. 1b).
shift. We compared the spectra shown in Fig. 3 with that The shifts of theX,, and X, electronic states are calcu-
obtained from a type-ll QW structure having a GaAs well lated using the triangular potential of the barrier, according
and AlAs barrier widths ofL,,=26A andLg=102A, re- to the following equatior®
spectively. The spectra are similar in their band structure but
3meF ( 3) 213
5 n+ 7 2

1.5621

E (eV)

10

Te,h (K)
o o

N
T

N
T

IV. 2DHG-BARRIER ELECTRON INDIRECT
TRANSITIONS

that of the type-Il structure has an excitonic nature and is
independent of the excitation intensity. Following the analy-
sis of the PL bands in type-1l QW*®band 1 is identified

as the hhyy-X,, no-phonon(ZP) indirect recombination Herem*(X,,)=0.19my, m*(X,)=1.10n, (Ref. 17 andF
band. The energy of bands 2, 3, and 4 appears at 13, 32, aiglthe electric field strength in the barrier. The calculated
49 meV below that of the ZP band, respectively. These valshifts as a function of with respect to the energy &

ues are in close agreement with the TA, LA, and LO energies=0 (namely, forl =0) are shown by solid lines in Fig. 6.
for momentum-conserving phonons in Alfis., phonons at The experimental shifts of bands 1-5, given with respect to
the X point of the Brillouin zong Thus, bands 2—4 are iden- their energy at; —0, are plotted in shaped symbols. Evi-

En(Xyy X)) =

Xy s

52 U3
2m* (Xyy ,XZ)}

035314-4



INDIRECT BARRIER ELECTRON-HOLE GA& . .. PHYSICAL REVIEW B 64 035314

0.061 ening of these bands observed fpr—0 is due to interface
' fluctuations(that is larger than the hole Fermi energy
3 008 & ' V. SUMMARY
% 0.04 z::zz:::g );”Si:tﬂ : AE1 - We studieq the; photoluminescenqe spectrum that results
> 0.03F P 2 AL, in the recombination of a 2DHG confined to a narrow GaAs
5 o . v AE, quantum well, with electrons that are temporarily confined to
5 0.02r ® AE, the AlAs barrier(X band. The 2DHG and a spatially sepa-
0.011 ® AE, rate 2DEG were photoexcited in a mixed type-I—type-Il QW
s s . s . structure. Their density was varied by the excitation intensity
0 5 0 15 20 and the charged layers induced an electrostatic potential that
I, (Wiem’) caused band bending. This in turn shifted the barrier sub-

bands to higher energy and it caused a blueshift of the barrier

_ FIG. 6. Measure,,,- andX,-level shifts(symbolg as a func- 004100 >PHG indirect transitions with increasing excitation
tion of photoexcitation intensity. The solid lines are calculated us-.

ing a simple electrostatic model for the level shifts. Inten_SI_ty. The Spectra_l d_epe_ndenc_e O.f this type of indirect
transitions on the excitation intensity is very different from

that observed in direct transitions of a 2DEG with minority
dently, there is a good agreement between the electrostatimles that are confined to the same QW. The transition-
model and the observed experimental shifts for bands 1-4nergy shift with increasing 2DEGand 2DHQG was calcu-
The blueshift of band 5 in MTQW is smaller than that of lated using a simple electrostatic model for the band bend-
bands 1-4 as expected, sinmé (X,,)<m*(X,). This fur-  ing. The photoexcited mixed type-lI-type-Il QW GaAs/AlAs
ther supports the PL-band assignment. As Fig. 3 shows, thegiructure is therefore suitable for the study of the dynamics
is an enhancement of thehyy-X,, ZP transition with re- 0f @ 2DHG in very narrow QW's.
spect to its PSB’s a$; increases. This may be due to an

admixing of theX,, state with theX, state that increases ACKNOWLEDGMENTS
with increasing electric-field strength. Thg state overlaps The work was done at the Barbara and Norman Seiden
more with thehh, state than does th¥,, state!213 Center for Advanced Opto-Electronics Research and was

Finally we note that the bandwidth of bands 1-4 increasesupported by the Fund for the Promotion of Research at the
considerably with increasinlg . The inhomogeneous broad- Technion.
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