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Photo reÛectance sp ectroscop y has been used to study opt ical transi -
tions in I n0: 04 5 Ga 0: 955 A s/GaA s double quantu m well at 80 K . T he deri vative
nature of this contactless electromo dul ati on technique allow s for the obser-
vation of excited state transitions in the low -dimension al structure includ-

in g the symmetry- forbidden ones. Excitoni c symmetry- forbidden transition s
can be observed due to the e˜ect of mixing of heavy and light hole excitons
and/or due to some asymmetry in the structure. W e have show n that the

built- in electric Ùeld in the region of double quantum w ell is weak enough
(less than 0.5 kV /cm ) not to cause any signiÙcan t energetic shif t of features
due to quantum conÙned Stark e˜ect , on one hand. On the other hand, it is
su£cient to change strongly the oscill ator strength of forbidden transitions.

T o change the internal electric Ùeld, we have used photoreÛectance in the
three- beam mo de w ith a third b eam continuously illu min ati ng the sample
and causing changes of the built- i n electric Ùelds due to the photo voltage ef-
fect. This metho d w orks as a contactless forw ard bias and allow s for a change

of the Ùeld dow n to the Ûat band conditions. W e have show n that changes
of built- i n electric Ùeld by amount of a few tenths of kV /cm can mo dif y the
intensity of forbidden transition s signiÙcantly . We show that, although the

mixing of excitons is still imp ortant, a very weak built- in electric Ùeld can
b e dominant in the observ ation of forbidden excitonic transition s in double
quantum w ell.

PACS numb ers: 73.20. {r, 78.66.{w .
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1. I n t rod uct io n

El ectroni cal ly sym m etri c coupled double quantum wel ls (CD QW s) are struc-
tures where two quantum wells are separated by a thi n barri er layer. Both exp eri -
m ent and theo ry show tha t when the barri er is so narro w tha t there is a consi der-
abl e overl ap of wa ve functi ons in the two wells, the sing le quantum wel l electro nic
one-parti cle states spli t into sym m etri c and anti symmetri c states wi th di ˜erent
energy levels [1, 2]. The spl i tti ng of energy levels is very sensiti ve to barri er wi dths
and barri er heights and increases wi th decreasing barri er wi dth and decreasing
barri er height. Furtherm ore, the barri er contro ls also the im porta nce of exci to nic
e˜ects. In the case of narrow barri ers, the single-parti cle spli tti ng is large in com -
pari son to the excito n bi ndi ng energy. Then exci to nic e˜ects can be neglected to
a good appro xi mati on. In other cases exci to nic e˜ects dom inate the coupl ing and
the Coul omb intera cti on m ixessym m etri c and anti sym metri c sing le-parti cle states
and generates intraw ell and interwel l exci to n states.

Investi gatio ns on CD QW s have gained consi derabl e interest duri ng last decade.
The interest in these structures is due to thei r im porta nce in understa ndi ng the
funda m ental processes in quantum structures and ari ses in part f rom the ex-
pectati on tha t thei r electroni c pro perti es might be uti l ized in opto electro nic de-
vi ces [3, 4]. Parti cul ar attenti on has been paid to the e˜ect of a stati c electri c Ùeld
appl ied para l lel to the structure growth axi s [5{ 8]. There are also som e papers
studyi ng the so-cal led pari ty- forbi dden tra nsi ti ons in doubl e quantum wells and
showi ng tha t thei r appearance is mainly due to the valence band m ixing e˜ects
causing the m ixing of heavy and l ight hole exci to ns [9, 10].

In thi s wo rk we show the results of pho toreÛectance (PR ) spectroscopy ap-
pl ied to an In 0 :0 4 5 Ga0 : 9 5 5 As/ GaAs doubl e quantum wel l structure. There are many
papers demonstra ti ng high sensiti vi ty of photo reÛectance, as a conta ctl ess form of
electrom odul ati on, to the investigatio n of coupl ed quantum wel ls, especial ly ex-
ci ted state tra nsiti ons incl udi ng symm etry- forbidden ones [11{ 13]. In the present
wo rk we focus our attenti on on a dependence of intensi ty of forbi dden tra nsiti ons on
the bui l t- in electri c Ùeld vi a three- beam photo reÛectance (TBPR ) spectro scopy.
In thi s m ode of the PR exp eriment, the electri c Ùeld in the region of CD QW
is changed by varyi ng the power density of addi ti onal (except probe and pum p
beam s) laser i l lum inati on.

2. E x per i m en t a l

Undo ped In 0 : 0 4 5 Ga0 :9 5 5 As/ GaAs doubl e quantum well structure was grown
by sol id-source molecular beam epita xy on semi- insulating (001) GaAs substra te
covered by 500 nm thi ck GaAs bu˜er. The wi dth of wells wa s 7.5 nm and the sep-
arati ng GaAs barri er thi ckness wa s 9 m onolayers (M L), where 1 ML corresponds
to 0.28 nm . The who le structure was capp ed by 200 nm of GaAs.
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Pho toreÛectance m easurem ents were perform ed at 80 K where the sampl e
wa s m ounted on a cold Ùnger of a conti nuous Ûow cryo stat. Li ght from a halo-
gen lam p dispersed thro ugh a doubl e grati ng m onochrom ato r was used as a probe
beam and 632.8 nm l ine of a He{ Ne laser, chopped at frequency of 125 Hz, served
as a pum p beam . The power densiti es were 5 and 50 ñ W / cm 2 , respecti vel y. The
reÛected l ight was detecte d by a sil icon photo di ode. Thi rd beam from a semicon-
ducto r laser (em i tti ng at 645 nm ) wa s used as a source of photo induced changes
of the bui l t- in electri c Ùeld, in the case of three- beam conÙgura ti on of the experi -
m ent. Power density of the latter l ight wa s vari ed by neutra l density Ùlter. Further
deta i ls of the experim ental setup can be f ound in the l i tera ture [14{ 16].

3 . R esul t s an d d iscu ssio n

Fi rst, we calcul ated the energy levels of the single-parti cle states in the in-
vesti gated doubl e quantum well . We used standard envelope f uncti on appro xi m a-
ti on [17]. Due to the di ˜erent latti ce constants of In 0 :0 4 5 Ga0 : 9 5 5 As and GaAs the
stra in e˜ects had to be included. Ma teri al param eters were ta ken from the l itera -
ture [18, 19]. T o obta in good agreement wi th the exp eriment, the energies of the
opti cal tra nsiti ons were corrected by bi ndi ng energies of respective exci to ns [10].
It has been obta ined tha t we have only two electro n and two heavy hole conÙned
states in the D QW : one symm etri c and one anti sym metri c for both typ es of car-
ri ers, whi ch we denote as e1s,e1 a and h 1 s,h 1a for electrons and heavy holes,
respect ively. The l ight holes are unconÙned in the GaAs barri ers, so for l ight ho les
the system is of typ e II. Theref ore, we can expect at most six opti cal tra nsi ti ons
in the PR spectrum : four heavy hole-related (e 1 s{ h 1 s, e 1s{ h 1 a, e1a{ h 1s, e1 a
{ h 1a), includi ng the pari ty- forbi dden ones, and perhaps tw o indi rect in the real
space l ight hole tra nsiti ons (e 1 s{ l, e1a{ l). The calculated spli tti ng between states
is large enough to neglect the m ixi ng of sym metri c and anti symmetri c states, in a
Ùrst appro xi mati on.

Fi gure 1 shows PR spectrum of investigated sam ple at 80 K. Indeed, six
features are observed below the GaAs bul k- l ike related signal . The exp erimenta l
tra nsiti on energies have been obta ined from the Ùtti ng pro cedure accordi ng to Ùrst
deri vati ve Gaussian l ineshape (FD GL), the m ost appro pri ate form of PR signal
in the case of excito ni c tra nsiti ons [14{ 16]. The tra nsi ti ons have been identi Ùed
basing on the results of the calcul ati ons. For us, the m ost interesti ng is the region of
the forbi dden tra nsiti ons, i .e. tra nsiti ons between the states of di ˜erent sym m etry
(e 1 s{ h 1 a and e1a{ h 1s). It was shown earl ier tha t strong mixi ng of heavy and
l ight hole exci to ns is responsible for the observati on of these tra nsiti ons in such a
structure. However, we supp ose tha t, altho ugh the D QW is about 200 nm f rom
the surface, i t can be sti l l in a weak electri c Ùeld due to the band bending at
the surf ace. The Ùeld can be assumed to be hom ogeneous in the narro w region
of quantum wel l . Theref ore, we perf orm ed the TBPR experim ent for thi s sampl e
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Fig. 1. PhotoreÛectance spectrum of In0 : 0 4 5 Ga0 : 955 A s/GaA s double quantum well

structure.

Fig. 2. Sketch of the conduction band edge at the surf ace of structure w ith double

quantum w ell. T he inÛuence of the above band gap illumi nati on is show n by dashed

line.

usi ng an addi ti onal l ight from a laser wi th energy hi gher tha n the GaAs band
gap, to change the bui l t- in electri c Ùeld due to the photo vol ta ge e˜ect. A sketch
of such a l ight- induced changes in the band bending of a structure wi th double
quantum well is shown in Fi g. 2. The existence of the bui lt- in electri c Ùeld in the
region of D QW destroys the sym m etry of the system and theref ore can give i ts
own contri buti on to the forbi dden tra nsiti on oscil lato r strength. If we change the
Ùeld, the overl ap integ ra ls and hence the intensi ty of these tra nsiti ons are also
changed.

Fi gure 3 shows a com parison of the PR spectrum from Fi g. 1, in the region
of funda menta l al lowed and tho se two discussed forbi dden tra nsi ti ons, wi th TBPR
spectrum measured for above 100 ñ W / cm 2 power density of the thi rd beam . The
decompositi on of thi s part of the spectra into sing le PR l ines is shown in Fi g. 4,
for vari ous power densiti es. It is clearl y seen tha t the intensi ty of the al lowed
tra nsiti on (e 1s{ h 1 s) is almost uncha nged, whereas the intensi ty of the forbi dden
tra nsiti on decreases signi Ùcantl y under inÛuence of addi ti onal i l lum inatio n. It is
also worth noti cing tha t no energeti c shif ts are observed. The changes of the
bui l t- in electri c Ùeld are weak enough not to cause any shifts of the levels due to
quantum conÙned Stark e˜ect, but they are su£ cient to inÛuence the intensi ty
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Fig. 3. C omparison of PR and T BPR spectra for In0 : 045 Ga0 : 955 A s/GaA s double quan-

tum well in the region of forbidden transitions .

Fig. 4. Decomp osition of T BPR spectra measured at various third beam power densi-

ties into single photoreÛectance features.

of the forbi dden tra nsi ti ons. The lack of the energy shift of PR features under
addi ti onal il lum inati ons al low us to neglect m any- body e˜ects and e˜ects related
to the Ùll ing of the lowest subba nd, suggesting tha t we are sti l l in the regim e of
low concentra ti ons of carri ers in the wel l .

The dependence of the rati o of the intensi ty of forbi dden tra nsiti ons to the
intensi ty of the fundam enta l al lowed one on the thi rd beam power density is shown
in Fi g. 5. Thi s rati o decreases wi th the increase in the power density , whi ch is
equivalent to the decrease in the bui l t- in electri c Ùeld. Thi s dependence seems to
satura te for higher power densiti es suggesting tha t we are close to the Ûat band
condi ti ons in the region of D QW . Even then no Sta rk shi fts of tra nsi ti ons are
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observed, theref ore we can say tha t the bui l t- in electri c Ùeld in the uni l lum inated
sam ple has to be very weak. Our calculati ons show tha t the levels start to shift
signiÙcantl y (m ore tha n 0.1 m eV) for Ùelds higher tha n 0.5 kV/ cm. Addi ti onal ly,
the electri c Ùeld hi gher tha n 0.5 kV/ cm cause stro ng leakageof the wa ve functi on of
the anti sym metri c state of electro n, because the energy of thi s state is close to the
energy of the conducti on band edge of the GaAs barri er. The electri c Ùeld para l lel
to the growth di recti on ti l ts the bands (see Fi g. 2), so tha t the electron starts to
escape from the well thro ugh the tri angle barri er due to the tunnel l ing. It should
signiÙcantl y decrease the intensi ty of tra nsiti ons (a lso allowed ones) inv olving thi s
e 1a state. Hence, we can concl ude tha t the bui l t- in electri c Ùeld in the region of
doubl e quantum well is at m ost of an order of 0.5 kV/ cm. In the TBPR exp eriment
we can only decrease thi s Ùeld by amount of several tenths of kV/ cm. Theref ore,
we can not pro duce any Stark shi fts of the PR features, but we can cause onl y the
changes of the intensi ty , especial ly for the forbi dden tra nsiti ons.

Fig. 5. T hird beam p ower density dep endence of the ratio of forbidden to fundamental

allow ed transition intensities obtained from T BPR spectra.

Usual ly, the bui l t- in electri c Ùeld depends appro xi matel y linearl y on the loga-
ri thm of the power density of the sam ple i l lum inati on [20], especial ly in a rel ati vel y
narro w range of power densi ty changes.Theref ore, the dependence shown in Fi g. 5,
pl otted as a functi on of the thi rd beam power density in the logari thm ic scale re-
Ûects the dependence on the bui l t- in electri c Ùeld. Such a functi on is presented
in Fi g. 6. For both forbi dden tra nsi ti ons thi s dependence can be appro xi mated
by a stra ight l ine. To conÙrm thi s tendency , at least qual i ta ti vely, we show also
(i n the inset of Fi g. 6) the dependence of the calcul ated overl ap integ ra ls rati o of
forbi dden e1s{ h 1a and al lowed e1s{ h 1 s tra nsiti ons, as a functi on of the electri c
Ùelds of about 0.5 kV/ cm. Thi s is real ly an alm ost l inear functi on in the range of
a few tenths of kV/ cm. It has to be menti oned tha t the absolute value of thi s rati o
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Fig. 6. Dep endence of the ratio of forbidden to fundamental allow ed transition intensi-

ties on the third beam p ower density in the logarithmi c scale. The inset show s the electric

Ùeld dependence of the calculated ratio of overlap integrals of forbidden (e 1 s{h 1 a) and

allow ed (e 1 s{h 1 s) transition s.

i s about an order of magni tude lower tha n the intensi ty rati o from TBPR . Thi s
is pro bably due to the sim pl icit y of calcul ati ons, whi ch do not incl ude exci to nic
e˜ects expl icitl y. Especial ly, the inÛuence of mixi ng e˜ects of heavy and l ight hole
exci to ns as wel l as the possibl e m ixing of symm etri c and anti sym metri c states can
be im porta nt in the correct determ inati on of the oscil lato r strength of forbi dden
tra nsiti ons. Theref ore, our calcul ati ons are not able to expl ain such a hi gh exper-
im enta l value of the intensi ty rati o shown in Fi gs. 5 and 6, nei ther the di ˜erence
in the power density dependence for both observed forbi dden tra nsiti ons.

4. Co n cl usion s
In summ ary, we have m easured photo reÛectance spectroscopy on the

In 0 :0 4 5 Ga0 : 9 5 5 As/ GaAs double quantum wel l structure. W e have observed al l the
possible opti cal conÙned state-related tra nsi ti ons in thi s structure includi ng in-
di rect in the real space l ight hole tra nsiti ons and pari ty- forbi dden heavy hole
tra nsiti ons. W e have investigated the dependence of the intensi ty of the forbi d-
den tra nsiti ons on the bui l t- in electri c Ùeld by usi ng a thi rd l ight beam in PR
exp eriment. The rati o of the intensi ty of forbi dden tra nsiti ons to the intensi ty of
funda m ental al lowed tra nsi ti on depends l inearl y on the thi rd beam power den-
sity and hence appro xi m atel y l inearl y on the interna l electri c Ùeld in the region
of DQW . Thi s resul t has been quali ta ti vely conÙrmed by sim pl e calcul ati ons of
the dependence of the overl ap integ rals of tho se tra nsiti ons as a f uncti on of weak,
para l lel to the growth axi s, electri c Ùeld. The concl usion is tha t even very weak
bui l t- in electri c Ùeld in the doubl e quantum wel l is also importa nt, except exci to n
m ixi ng e˜ects , in the observati on of sym m etry forbi dden tra nsi ti ons.
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