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N on-squar e quan tu m w ells in electric Ùeld have b een investi gated by
photore Ûectance and photolumi nescence spectroscopi es. T he structures have

b een obtained by a post- grow th modiÙcation (rapid thermal annealing ) of
standard 1 : 55 ñ m In GaA sP-based laser structures that were grow n by gas
source molecula r beam epita xy . During rapid thermal anneali ng a migration

of semiconductor atoms across quantum w ell interf aces changes the quantum
w ell proÙle from a square w ell to a rounded well. T he mo diÙcatio n of the pro-
Ùle changes energy levels in the quantum w ell and in consequence a blue shif t
of the quantum well emission peak is observed in photolumi nescence. In this

pap er the blue shif t of the ground state transition of post- grow th mo diÙed
quantum w ell structures has been investigated by both photolumi nescence
and photoreÛectance techniques. A lso a blue shif t of excited state transi-
tions has been observed in photoreÛectance spectra. Generally , a stronger

blue shif t for the ground state transition than for excited state transition s
has been observed. A dditional ly , oscill ator strengths for all quantum w ell
transitions have b een determined from photoreÛectance spectra. I t has been

found that the oscillator strength is constant for all quantum w ell transition s
despite of mo diÙcati on of the quantum w ell proÙle.
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1. I n t rod uct io n

Over the past three decades there has beena rapi d and intensi vedevelopm ent
of quantum well (QW ) structures, and thei r appl icati on in opti cal devi ces. How-
ever, thi s devel opm ent has been based predominantl y on square QW s (i .e., sharp,
step- l ike interf acesbetween well and barri er m ateri al ). No n-square QW s have been
inv estigated less intensi vel y. A recent increase in interest in QW structure s operat-
ing in the 1.3À 1 : 5 ñ m spectra l region has caused an increase in appl icati ons of the
post-growth techni ques [1] tha t pro duce non-square QW s, for a modiÙcati on of the
operati on wavelength of well -kno wn InP- based laser structures [2, 3]. So far many
post-growth techni ques includi ng ion implanta ti on, laser heati ng, and rapi d ther-
m al anneal ing (RTA) [1] have been appl ied to induce a band gap m odi Ùcati on of
QW structure s. General ly, in al l casesa m igrati on of semiconducto r ato m s between
QW interf aceshas been observed. The interdi ˜usi on of ato ms across the hetero in-
terf ace in an as-grown square QW causes a m odi Ùcati on of the com positi on and
conÙnement pro Ùles of the QW . The m odiÙcati on inÛuences energy levels of the
QW . Thi s e˜ect in l i tera ture is often cal led quantum well interm ixi ng (QW I) [1].
Opti cal pro perti es of such modiÙed QW s are m ostly investigated by photo lum ines-
cence (PL) (em ission- l ike experim ent). Absorpti on-l ike exp eriments, whi ch m ake
possible to study the exci ted states, ha ve been rarely used. Thi s work presents an
appl icati on of the photo reÛectance techni que, whi ch is an absorpti on- l ike m etho d,
to investigate both ground and exci ted states QW tra nsiti ons of the post-growth
m odi Ùed laser structures. Photo reÛectance (PR ), accordi ng to our kno wl edge, has
been appl ied for the Ùrst ti m e in such InG aAsP- based QW structures. Sampl es
used for thi s study have been capped by SiO2 Ùlm and pro cessedby rapi d therm al
anneal ing, whi ch produces vacanci es at the SiO 2 =semiconducto r interf ace. The
vacancies di ˜use rapidl y down to the QW region enhanci ng the com positi onal
interm ixing [3].

For the non-m odiÙed laser structure interba nd tra nsi ti ons from heavy- and
l ight- hole in valence subba nds to conducti on subbands have been observed and
identi Ùed in the PR spectra. The values of the tra nsiti on energies obta ined f rom
the exp eriment agree wi th the values obta ined from the theoreti cal calcul ati ons
usi ng an envel ope functi on m odel . W e investi gate the evoluti on of the QW -related
opti cal tra nsiti ons versus the condi ti ons of the post-growth pro cesses.

2. Ex p er im ent

Sampl esused in thi s study were grown by gas source molecular beam epita xy
(G SM BE) on n -doped (100) InP substra tes. The laser structure is shown schemat-
ically in Fi g. 1, where labels 1.15Q and 1.24Q mean quaterna ry layers wi th energy
gap equivalent to 1.15 and 1 : 2 4 ñ m , respectivel y. The acti ve region is composed
of three compressivel y stra ined 5 nm thi ck QW s of In 0 : 76Ga0 :24As 0 :85 P0 : 15 sep-
arated by 10 nm barri ers of 1.24Q (In 0 : 76Ga0 :24 As0 :52 P0 : 48) latti ce-m atched to
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Fig. 1. Standard 1 : 55 ñ m I nGaA sP-based 3QW laser structure.

InP substra te. Thi s gives an emission at 1568 nm wa vel ength as determ ined by
room tem perature photo lum inescence. The content has been chosen so tha t the
In / Ga rati o rem ains constant thro ughout the wel ls and barri ers. Thi s \ parti al "
laser structure is com pleted wi th 80 nm upp er and lower claddi ng regions of a
1.15 quaterna ry (In 0 : 76Ga0 : 24As0 :39 P0 :61) layer doped wi th 5 È 1 0 1 7 cm À 3 Be and
Si , respecti vely and capped wi th undo ped InP , InG aAs, and InP layers, as shown
in Fi g. 1. The InP shield had been removed before the depositi on of the SiO2

Ùlm. Sil icon dioxi de was deposited by electron cycl otro n resonance pl asma en-
hanced chemical vapour depositi on (ECR -PECVD ). The techni cal deta i ls of thi s
system have been described elsewhere [4]. The sampl eshave been obta ined at var-
ious m icro wave powers of ECR -PECVD process and the sam e condi ti ons of RT A
(60 seconds and 7 5 0 £ C). The microwave power was changed from 600 to 800 W .
For opti cal characteri sati on the di electri c Ùlm and next tw o layers (InG aAs, InP)
had been rem oved.

The PR m easurements were perform ed in the so-cal led bri ght conÙgura ti on
where the sam ple is il lum inated by whi te light from a halogen lamp (100 W )
serving as a pro be beam source, at near norm al inci dence. The reÛected l ight
wa s di spersed thro ugh a 0.55 m f ocal length single grati ng monochro mator and
detected by a germani um photo di ode. For pho tom odula ti on 488 nm line of an Ar +

laser was used as a pum p beam .
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3 . R esul t s an d d iscu ssio n

Fi gure 2 shows PR spectra recorded for as-grown (# 1), as-grown annealed
(# 2), and SiO 2 Ùlm capp ed annealed sam ples (# 3 { # 7). For sam ples labelled as
# 3, # 4, # 5, # 6, and # 7 the m icrowave power is 600, 650, 700, 750, 800 W , respec-
ti vel y. Open circl es represent experim enta l points, sol id l ines represent Ùts wi th
PR theo reti cal curves, m ost appro pri ate for conÙned state tra nsiti ons at room
tem perature [5]. In order to assign the features seen in Fi g. 2, the Schr �odinger

Fig. 2. Room temp erature PR spectra of the laser structures ( #1 | as-grow n, #2 |

as-grow n annealed, #3 |, . . . , #7 | SiO 2 Ùlm capp ed annealed samples). Open circles

| experimental points, solid lines | Ùtting curves.

equati on has been solved for the structure of the as-grown sam ple in the envelope
functi on appro xi m ati on. The energy levels for di ˜erent tra nsiti on were obta ined
assuming a sing le square quantum well , ti l ted by a p À i À n j uncti on bui l t- in Ùeld
of 57 kV/ cm. Thi s Ùeld is estim ated assuming the pini ng of the Fermi level at
accepto r and donor levels in the surro undi ng quantum well layers. Thi s way the
ori gin of the observed three PR resonances has been expl ained. The Ùrst resonance
at 0.790 eV is associated wi th tra nsi ti on between the Ùrst heavy hole subba nd and
the Ùrst electron subba nd (1HH- 1C). In PL spectrum the emission peak has been
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observed at the sam e energy. The second resonance at 0.888 eV (l abelled 2HH- 1C)
is associated wi th tra nsi ti on between the second heavy hole subband and the Ùrst
electron subba nd. General ly, the 2HH- 1C tra nsiti on is forbi dden, but in thi s case
the electri c Ùeld of the juncti on breaks the selection rul es and the tra nsiti on may
be observed. The thi rd resonance at 0.910 eV (1LH- 1C) is associated wi th tra n-
siti on between the Ùrst l ight hole subband and the Ùrst electro n subband. The
post-growth m odi Ùcati on of the QW shif ts the energy levels in the well , but the
order of PR features rem ains the same. In PR spectra of sam ples # 2 and # 3
(Fi g. 2) di ˜erent values of the blue shif t are observed f or al l three tra nsi ti ons. The
stro ngest shift is observed in the ground state tra nsi ti on (1HH- 1C) and it reaches
16 m eV and 44 meV for sam ple # 2 and sampl e # 3, respectivel y. The other two
hi gher energy tra nsiti ons (2HH- 1C and 1LH- 1C) are clearly less shifted. A very
smal l blue shift is observed for 2HH- 1C tra nsiti on. It is only 2 meV and 11 m eV
for sampl e # 2 and sampl e # 3, respecti vely, whereas for 1LH- 1C tra nsiti on the
bl ue shi ft equals 11 m eV and 34 m eV, respectivel y. The com pari son of sampl es# 2
and # 3 shows tha t the existence of the di electri c Ùlm is conducti ve to the atom
m igrati on across QW interf aces. The dielectri c cap induced enhancement of the
bl ue shift is 38, 10, and 24 m eV for 1HH- 1C, 2HH- 1C, and 1LH- 1C tra nsiti ons,
respect ively. Al so the microwav e power of the ECR -PECVD pro cess pl ays a sig-
ni Ùcant ro le. It has been shown tha t the increase in the power from 600 to 800 W
generates an increase in the blue shift of the ground state tra nsi ti on from 44 to
56 meV, whi le the energy of the next two (2HH- 1C, 1LH- 1C) tra nsi ti ons changes
less tha n 2 meV (see in Fi g. 3). Such a smal l shift of exci ted state tra nsi ti ons
m eans tha t the change of the QW proÙle does not inÛuence the to ta l energy E t

Fig. 3. Dep endence of the blue shif t on the microw ave p ower of EC R- PEC V D pro cess.
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of these tra nsiti ons, but neverthel essthe energies of electron and hole levels could
have changed. The quanti t y E t i s deÙned as

E t = E g + E e + E h ; (1)

where E g , E e, and E h are the band gap of the QW m ateri al , energy of electro n, and
hole levels, respecti vely. It is exp ected tha t the electron E e and hole E h energies
change as a resul t of modiÙcati on of the QW proÙle. It can be indi rectl y conÙrm ed
in PL experim ent (ba sing on the intensi ty changes). Fi gure 4 shows PL spectra
for sam ples # 3 { # 7. The inset shows integ rated PL intensi ty of the ground
state tra nsiti on versus i ts bl ue shift. A decrease in intensi ty is observed wi th the
increase in the shift. It can be expl ained by a reducti on of the energy di stance
between energy level and the to p of QW potenti al , i.e. the easier therm al escape
of the carri ers f rom the wel l.

Fig. 4. Ro om temp erature PL spectra for SiO2 capp ed samples. The inset shows inte-

grated intensity of PL p eak versus its blue shif t.

The post-growth structure m odi Ùcati on changes the pro Ùle of the well so
tha t the wel l becom es shallower and the levels shift to the edge of the potenti al
barri er. Al l the features seen in Fi g. 2 are related to tra nsiti ons between the Ùrst
electron subba nd and three di ˜erent hole subba nds: 1HH, 2HH, and 1LH. The
cappi ng wi th a di electri c Ùlm and anneal ing shi fts the levels and the tra nsi ti on
energies. Al so the changes of microwave power inÛuence the energy levels, m ainly
for the ground state tra nsi ti on (12 m eV shift). The energies of higher tra nsi ti ons
are almost unchanged tha t reÛects the magni tude of the hole levels shift. It shows
tha t signiÙcantl y shifted is only the ground heavy hole level | the one closer to
the botto m of the wel l.

There has not been observed any Sto kes shift between PL and PR f eatures
of the funda m ental tra nsi ti on. The lack of the shift shows tha t the post-growth
m odi Ùcati on changes the proÙle of the well but do not al ter the qual ity of the
layers.
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The m agni tude of the oscil lato r strength of QW tra nsiti ons versus the blue
shi ft of the ground state tra nsi ti on has been investi gated using Kra m ersÀ Kr�onig
analysis (KKA) [6, 7]. The m odul us of PR signal of sam pl es # 1, # 2, and # 6 is
shown in Fi g. 5. The integrated Ùeld of the obta ined peaks can be interpreted
as the oscil lato r streng th in arbi tra ry uni ts. General ly, i t has been obta ined tha t
the oscil lato r strength of these three QW tra nsiti ons does not change wi thi n ex-
perim ental error (see Fi g. 6). The intensi ty (ampl itude) of the 1HH- 1C tra nsi ti on

Fig. 5. Mo dulus of the PR spectrum of as-grow n #1, as-grow n annealed #2, and

8SiO 2 capp ed annealed #6 samples. Insets show the modulus of PR spectrum in shorter

spectral range.

Fig. 6. Oscillator strengths versus the blue shif t of the ground state transition.
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Fig. 7. The broadening parameter of the ground state transition versus its blue shif t.

decreases wi th an increase in i ts energy, but the broadeni ng param eter of thi s tra n-
siti on increases such tha t the integrated intensi ty of the 1HH- 1C peak is constant
(the value of the 1HH- 1C bro adening parameter versus the 1HH- 1C bl ue shi ft is
shown in Fi g. 7). The sam e value of oscil lato r strength m eans tha t the sym m etry
of wa ve functi ons for electro n and holes does not change signiÙcantl y af ter the
QW modiÙcati on.

4. Co n cl u si on

In summ ary, non-square quantum wel ls in bui l t- in electri c Ùeld have been
inv estigated by photo reÛectance and photo lum inescence spectro scopy. For post-
-growth modi Ùed QW s structures the blue shift has been observed for both ground
and exci ted state tra nsiti ons. It has been found tha t the ground state tra nsiti on is
m ostl y sensiti ve to the band gap m odiÙcati on. SigniÙcant enhancement of the blue
shi ft has been observed for structures capped wi th SiO 2 Ùlm before rapid therm al
anneal ing. Al so, i t has been found tha t the m icrowave power of ECR -PECVD pro-
cess plays a signi Ùcant ro le in the band gap m odiÙcati on. Sim ilarly , as ti m e and/ or
tem perature of RTA process, the microwave power m ay be a good param eter for
the contro l of the blue shift and hence post-growth correcti on of the laser emis-
sion wavelength. Addi ti onal ly, from PR spectra the oscil la tor streng th for al l QW
tra nsiti ons has been derived. It has been observed tha t in spi te of modi Ùcati on of
the QW proÙle the oscillato r streng th is constant for al l tra nsi ti ons.
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