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OPTICAL SPECTROSCOPY OF EXCITONS IN QUANTUM WELLS

L. Fsaki, L. Vina*, E. E. Mendez, and L. L. Chang

TBM Thomas J. Watson Research Center,

P. Q. Box 218, Yorkiown Heights. New York 10598 U.S.A.

Main aspects of the electric-field effects on excitons in GaAs-GaAlAs quantum wells by spectroscopic studies are
presented, inciuding thickness dependence and coupling between excitonic states.

I INTRODUCTION

Research on quantum structures was iniliated with a
proposal by Esaki and Tsu' in 1969 for an "engineered”
semiconductor supeclattice (SL): a one—dimeqsional periodic
structure consisting of alternating ultrathin layers as shown in
the imsert of Fig. 1. The idea occurred 1o them while
examining the feasibility of siructural formation by epituxy
for quantum wells (QWs) and barriers. thin enough Lo exhibit
resonant electron transport. The superlattice was considered
a natural extension of multi-barrier structures where quantum
effects are expected to prevail.  An imporiant parameler
relevant (o the observalion of such effects is the
phase-coherent distance which depends strongly on bulk and
interface quality of crystals and also on lemperature.  As
schematically illustrated in Fig. 1, if characteristic dimensions
such as SL periods and well widths are reduced (o less than
the phase-coherent distance, the entirc electron system witl
enter 2 'mesoscopic’ quantum regime of reduced
dimensionality, hbetween the macroscopic and microscopic
scales.

Heleroepitaxy is essential for the SL and QW formation.
Advances in growth technigques such as MBE (molecular
beam epitaxy), MOCVYD (metalorganic chemicul vapor
deposition) and their combination, MOMBE, have made

possible predesigned. high-quality quantum structures. The

resulting greal precision has cleared the access to the
"mesoscopic’ quantum regime.  Thus, the new field in
semiconductor physics of QWs and SLs has made remarkahle
progress far the last decade, inspiring 4 number of ingenious
studies which lead to unprecedented transporl and

oploelectronic devices.

Transport and optical measurements on "engineered”
quantum structures have revealed the salient features arising
from Lhe eleclronic structure of gquasi-two-dimensional
character.? Chang, Esaki and Tsu® observed resonanl electron
tunneling in double-barriers, confirming the existence of
bound siates at expecled energies. and Esaki and Chang?
measured guantumn transport properties in an SL having a
tight-binding poteptial. Subsequently, Dingle et al.* observed
pronounced structure in the optical absorplion spectrum with
several excitonic peaks representing bound states in QWs.
Tsu el al® measured pholocurrent in 515, revealing also the
presence of bound states. More recently, Milter et al.”™ (st
reported the observation of excited slates of excitons,
followed by Dawson et al.* and Moore et al.”

In 1982, Mendez et al™ performed the first study of
clecirie-field  effects  on  photolumincscence  (PL)  in
GuAs-GaAlAs OWs, chserving two significant effects with

increasing the field: decrease in the PL intensity and Stark

*Permanent address: IEnstituto de Ciencia de Materiales, Universidad de Zaragoza, Consejo Superior de Investigaciones

Cientificas, 50009 Zaragoza, Spain

It is acknowledged that this work was sponsored in part by the U. S. Army Research Oflice.

0022 231388 /303.50 & Elsevier Science Publishers B.V.
{North-Holland Physics Publishing Division)




L. Esaki et al. 7 Oprical spectroscopy of exvitons 13

MACROSCOPIC REGIME

lpmp
SUPERLATTICE
OR
QUANTUM WELLS
00nm - s
77 =
7
1Onm-

14

INTERATOMIC SPACIN
MICROSCOPIC REGI ME

N

O.\nm{-

CRYSTAL QUALITY
{DECREASING TEMPERATURE)

1ig. 1 Schematic illustration of a "mesoscopic” quantum
repime thatehed) with 2 superlattice or quantum wells in the
mscrl

shifts in the peak positions to lower energies. as shown in Fig,
3 The field, here, was applied perpendicular 10 the layers,
whereas the effect was  less dramatic in a paraliel
vonliguration. Since then, the interest in the Tield effect for
confined carriers has grown considerably, and a variety of
techniques such as phololuminescence excitation (PLE).
optical absorption, photocurrent {PC) and electroreflectance
have been employed for its investigation.

1n this paper. based on our experimental results recently
ohtained with high-guality QW-embedded p-i-n samples, the
muin aspects of the field effects are presented; dependence
of Stark shifts on the well thickness!' and coupling of the
exvited states of the heavy-hole exciton wilh the ground state

of the light-hole exciton.®

2. STARK SHIFTS AND EXCITONIC COUPLING
As the electric field is applied to GaAs-GaAlAs QWs,
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Fig. 2 Photoluminescence intensity versus  emission
wavelength in GaAs quantom wells (35A) at varous fields
represented by applied voltages. The spectra indicate (wo
peaks associated, respectively, with  excilon and
impurity-related recombination: with increasing field. the
peaks shift to lower energics and their intensity decreases.

observed is a strong gquenching of the dominant PL peak being
assigned to the free heavy-hole exciton. Af urther increase in
the field quenches the donor-bound exciton, but
simultaneously makes resolvable a tlﬁrd peak which is
attributed fo an acceptor-bound exciton, Fig. 3 shows the
Stark shifts of the dominant peak with the electric field in the
PL spectra for four samples. A larger shift with increasing
well  thickness, as  noticed, is expected from
perturbation-theory arguments. The Stark effect results in a
shift of the excitomic recombination below the bulk GaAs
exciton. whose energy is indicated by a douted line in the
figure. The results of variational calculations (dashed lines}

17 and the exact numerical solutions {solid }ines)'" are in good

agreement with measurements,



14 L Esaki et of 7 Opricat spectrascopy of excitons

STARK SHIFT

- bulk Gais

1.48 -

ENERGY (eV)

1.44 |

A i

0 Sx104 1105
FIELD (V/cm)

Fig. 3 Stark shifts of heavy-hole exciton energies for four

different well widths. Two calculations are shown by dashed
and solid lines.
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Figure 4 shows a low-field PLE spectrum for a
160A-wide well, covering the spectral region from the ground
to the exciled states of the light-hole exciton, Also depicted
is the heavy-hole PL, which shows a rising background from
the p*-GaAs PL on its low energy side. The dominant peaks
in this spectrum are extremely sharp, with a full width at half
maximurm of 0.5 meV, comparabie (o the (hermal broudening,
refiecting the exceptional quality of the sample. In the
presence of an electric field, the QWs become asymmetric and
forbidden transitions (» o # appear."* The peak labeled
k. corresponds 1o one of such transitions. between the n=2
heavy-hole and the n=1 electron. Based on agreements with
published experimentai™® and theoretical data,**%1% the
shaded structures in the spectrum are assigned to the cxcited
states of the heavy- and light-hole excitons. A and ftn,
respectively.  Calcuiations of the oscillator strength give a
ralio of the excited to the ground states of 0.11,15™ g
reasonable agreement with the experimental value of 0.07.

PLE spectra for different voltages, in the spectral range

covering the §; and A2 excilons, are shown in Fig. 5. At 7ero
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Fig. 4 Excitation spectrum with the photoluminescence of the
heavy-hole exciton, where A A2 and B2 denote the ground
and exciled slates of the heavy- and light-hole excitons.
respectively. and 4,,, corresponds to an exciton related to the
n= I conduction and n=2 heavy-hole valence bands.

field, £ lies 1.5meVv higher than /, and the ratio of their
oscillator strengths is = 0.25. With increasing the slectric
field, h* shifts more than 4 . because of iy heavy-hale
character; their relative £Nergy spacing decreases, and their
intensitics become comparable. Al still higher fields he
excitons separale; A" moves to the low-energy side of 4,
reversing the original order, and its intensity decreases
steadily,

Figure 6, where the energies of 42 and J, are plotted as
a function of field, shows clearly the coupling between these
excitons, manifesting itself as an anticrossing. The solid and
dotted lines represent calculations of the Stark shifis of
uncoupled heavy- and light-hole eXcilons, respectively. A
seen in the figure, the excilons lollow closely the theoretical
predictions outside of the range ol strong coupling, The inset

in the figure shows the integrated intensity of A9 normalized
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Fig. 5 Excitation spectra for several biases, ranging from flat
bund (1.75V) lo 22.9kV/em (0.95V), in the spectral range
uf the ground light-hole exciten, /. and the excited states of
the heavy-hole exciton, A2

i that of {, as a function of electric field. A strong
correlation exists between the maximum in the intensity and
the minimum in the energy separation of the excilonic
wtructures. The minimum separation between £, and A2, 0.7
+ 0.2 meV, indicates an enhancement of the exchange
interaction between these excitons by a factor of two with
respect to bulk GaAs." In addition, as a consequence of the
mteraction. further fine struclure is resolved as a doublet in
the excited states of the heavyv-hole exciton, which is not
shown here.  We attributed the high- (low-) energy
component of the doublet Lo the 25 (2p) state of the A,
exviton. Their energy separation, 0.45 meV, agrees wilh the
culculated difference of their binding enerpies. '

PC measurements' for the similar sample have also
provided useful informalion complementary lo  the
above-described PL and PLE results. The combination of PL
and PC techniques'* allowed us to establish the role of
impurities in the Stokes shift between absorption and

¢mission  measurgments. Also, the PC measurements,
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Fig. 6 Stark shifts of the light-hole exciton, /; (open circles},
and the excited states of the heavy-hole exciton, A* {open
triangles). The dala are shown as solid circles in the region
of strong coupling. The lines correspond to calculations in the
envelope-function approximation. The integrated iniensity
of Ai?*', normalized 1o that of ,, is shown in the inset.

because of their high sensitivity, revealed two excitonic peaks
in the energy range of the parity- forbidden A,; exciton, which
provided evidence of mixing between the second heavy- and
the first lipht-hole valence subbands. A possible model Tor
the mixing is thal it occurs between #f,, and an excited state

of the {, excilon.

3. SUMMARY

Stark shifts in QWs exhibits the strong dependence on
both the well thickness and the origin of the involved
excilonic transition. The energy shift from zero field in the
peak of the free heavy-hole exciton exceeds 0.1eV at an
electric field of 100kV/cm. The study on Stark shifts enables
us to observe coupling between excited states of the
heavy-hole and the ground state of the light-hole excitons.

An anticrossing behavior with sharing of oscillator sirength
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for ficlds of the order of 10kV/em has been shown, A
doublet resolved in the excited states of the heavy-hole
excilon is assigned to its 2s and 2p states.

It should be reminded that the study of these
extraordinary phenomena in quasi-lwo-dimensionai carriers
was made possible only with high-quality structures offered
through advanced material enginecring. The results reported
here demonstrate that optical spectroscopy in stglid-slatc
quantum systems can approach the level of resolution found

in atomic physics,
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