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Dynamics of anti-Stokes photoluminescence in type-Il AlGa;_,As-GalnP, heterostructures:
The important role of long-lived carriers near the interface
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We have studied the anti-Stokes photoluminescdA&PL) of a type-Il ALGa, _,As-GalnB heterojunc-
tion. We have found that the ASPL can appear in both layers adjacent to the heterojunction when the excitation
photon energy is higher than the energy of below-band-aBG) luminescence. The intensity of
GalnP-related ASPL shows an almost linear dependence on the excitation intensity. Time-resolved photolu-
minescence experiments reveal that the ASPL can be sustained as long as the BBG luminescence remains. Our
results suggest that the energy up conversion for the ASPL is via a two-step two-photon absorption process
involving localized, long-lived carriers near the type-Il interfac®0163-18207)52832-3

Anti-Stokes photoluminescen¢ASPL) or photolumines-  claim, they have shown thais depends on temperature ac-
cence(PL) up conversion, a phenomenon in which the pho-cording to the weak power law as theoretically predicted by
ton energy of PL output is higher than the excitation energyzeqgrya and Kharchenkd.
in heterojunctiongHJ’s) and quantum well§QW’s) has at- Hellman et al,* on the other hand, have argued that the
tracted _con.siderable a}ttention recgﬁﬂ?. The energy up  AspL in CdTe¢Cd,MgTe QW's is due to the two-step TPA
conversion in bulk semiconductors is usually achievediby rqcess via localized exciton states or via excitons bound to

\z;\v i trrr:otrr?eertlrt_]uerrnn-;lc;lnse(r)VIElggi t':gger:o%fserﬁ?dgg ;r:?rr]a;:'ggmiimpurities since their results show thag is proportional to
Yy bop P 121 and 119 for lower and higher excitation densities, re-

Stokes Raman shift, diii) a nonlinear mechanism such as spectively. They have also suggested that the photons neces-
two-photon absorptioiTPA) via real or virtual state§.The P Y. y 199 pholt
sary for the second absorption step can be provided by a

Auger recombination process, in which an electron recom i . S
bines with a hole by transferring the excess energy immediPhoton recycling due to the radiative recombination of QW
excitons. Stet al® and Zemaret al® have also proposed a

ately to another electron or hole, is responsible for the non="~’ )
radiative recombination in bulk semiconduct8r§he TPA  Similar two-step TPA process to explain the ASPL phenom-

process via virtual states can occur at high excitation densha occurring in the GaA®rderedGalnP HJ's and estab-
ties (=10° W cm2).° The ASPL phenomena in HJ's or lished a type-Il band lineup as a key element for explaining
QW'’s, on the other hand, can be observed with an extremelﬂhe observed up conversion. We note that most of the earlier
small excitation density oP.,=0.1 W cm 2 at low tempera- Works on HJ's relied mainly on the excitation power-
ture (T<10K).}-® dependent PL data without any direct observation of time-
The ASPL in HJ's and QW'’s has a wealth of proposedresolved PL(TRPL) emission. Some controversies in the
mechanisms, some of which are in direct conflict with eachproposed ASPL mechanisms seem to remain partly because
other. Seidekt al? observed that the integrated ASPL inten- of this reason.
sity 155 from the InP side in type-1l InP-AllnAsHJ’s de- In this paper, we report on the ASPL phenomena in a
pends orl? anda?, wherel is the excitation intensity and  type-ll Al,Ga,_,As-GalnB single HJ. ASPL comes from
is the interface absorption coefficient. They have proposetioth layers if the excitation energy is higher than the energy
the following “Auger fountain” process to explain the ob- of the interface-related below-band-g&8BG) PL peak.l g
served ASPL phenomena: high-energy holes are generatési found to be nearly proportional towhen the excitation
by the Auger recombination process and are then redistriphoton energy is larger than the &a _,As band-gap en-
uted in a different band or in a different part of the sample inergy. TRPL experiments show that the long-lived BBG PL
the thermalization process. Electrons recombine with thesmainly contributes to the ASPL. Thus we suggest that the
high-energy holes, and photons with the energy higher thanbserved ASPL in the type-lIl HJ is primarily due to the
the excitation energy are emitted. They have argued that thevo-step TPA process mediated by carriers localized near the
dependence of,s on 12 and o? is experimental evidence interface.
supporting their model. Driesseet al® have also ascribed We have chosen AGa, _,As-GalnB HJ's for the study
the ASPL phenomena in GaAesrderedGalnk, QW's to the  of ASPL phenomena since this HJ system forms either a
cold Auger process via interface states. To support theitype-I (straddling or type-Il (staggerefiband lineup depend-
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FIG. 1. Photoluminescence  spectra of type-l FIG. 2. Photoluminescence  spectra  of  type-ll

Al 3 Gay eAs-GalnB heterojunction using AT (solid ling and  AlosGa.eAs-GalnR heterojunction for various injection photon
He-Ne lasergdotted ling. The band structure of the heterojunction €nergies of a: 2.07 eV; b: 1.94 eV; c: 1.85eV; d: 18 eV,
and the recombination paths for the observed PL peaks are alsgd € 1.7 eV. Monochromatic light dispersed from a halogen

depicted. The Galnfrelated ASPL is clearly observable under the lamp is used as the excitation source. GginPand
He-Ne laser excitation. Alg 3,Ga ggAs-related ASPL output is clearly observable in c and d

spectra.

ing on the Al compositiorx. The band lineup transition oc-
curs at aboutx=0.12112 In type-Il Al,Ga,_,As-GalnB laser excitations! The PL spectrum excited by the He-Ne
HJ’s, electrons are confined to the Gajrgitle and holes to laser clearly shows the ASPL coming from the GalisRle
the AlL,Ga _,As side, as shown in the inset of Fig. 1. The in addition to the PL spectra from the £AJ,Ga, ggAS side
BBG luminescence due to these spatially separated electromsid the BBG recombination. The integrated intensity of
and holes has a high quantum efficiency and a very lonASPL | s has a maximum value of about 30% of the total
lifetime of about 40—-200 n¥ Al,Ga, _,As-on-GalnB HJ)’s  PL output. We have observed that all the other type-II
lattice matched td100) n*-GaAs substrates were grown at Al,Ga, _,As-GalnB HJ's with variousx value also show
790 °C by liquid phase epitaxy using a horizontal slider sys-extremely high ASPL efficiencies. On the other hand, a
tem. Thus our GalnHayer is almost fully disordered and the much lower ASPL efficiency is found in the type-I
contribution of metastable states induced by the ordering efAl,Ga, _,As-GalnB HJ's where the BBG luminescence is
fect on the ASPL(Refs. 3 and bshould be negligible. All absent(not shown herg
the grown epilayers were type and the carrier concentra-  To clarify the physical origin of the highly efficient ASPL
tions were of the order of #6cm™3. The detailed growth in our type-l1l HJ, we monitored the line shape of ASPL
conditions were reported elsewhéfeAn Ar™ laser and a output while varying the excitation photon energy using the
He-Ne laser were used as excitation sources for cw PL meatispersed output of a halogen lar(fiig. 2). Curves c and d
surements. The monochromatic light dispersed from a haloelearly show that the ASPL occurs not only in the GalnP
gen lamp was also used to scan the photon energy. All Pkide but also in the Al;,Ga, sAs layer when the excitation
measurements were carried out at 10 K. TRPL decay profilesnergy is lower than the PL peak energy of AjGay gsAS
were obtained by using a time-correlated single-photorand higher than the energy of BBG PL peaks. However, no
counting technique with a time resolution of 108sThe  ASPL is observed if the excitation energy is lower than the
light source forpulsedPL and TRPL was a cavity-dumped energy of BBG-related PL peakgurve . These results
dye laser synchronously pumped by a mode-locked lar  imply that the excitation energy corresponding to the spa-
ser. tially indirect electron transition from the potential well in

Figure 1 shows two typical PL spectra at 10 K of a type-llthe GalnB side to the acceptors in Ak,Gay ggAs is the
Al Gay gAs-GalnR single HJ excited by an Ar laser threshold energy for the observation of ASPL. We also note
(solid curvg and a He-Ne lasefdotted curve PL peaks at from curve c that the ASPL can appear even if the BBG
the energies of 1.98 and 1.94 eV correspond to the neatuminescence is negligible, i.e., the up conversion for ASPL
band-edge transitions of GalnpBnd Al 3/Ga) gdAS, respec- can be more efficient than the BBG luminescence. This is
tively. The peak at 1.91 eV is due to the band-to-acceptoguite surprising since electrorioleg must overcome the
transition in A} 3/Gay ggAs. Two broad peaks at about 1.83 barrier of about 130 (170 meV to display the
and 1.79 eV are the interface-related BBG PL peaks due t8l, 3,Ga, gsAs- (GalnR)-related ASPL? Thus the results
the electronic transitions from the conduction band in GalnPof Fig. 2 show that the ASPL is closely related to the BBG
to the valence band and the acceptor level in AGa 5AS, luminescence but it could also be caused by some other
respectivelyt!'3 The shift of the 1.83 eV peak to lower en- mechanisms.
ergy by about 10 meV under the He-Ne laser excitation is The possible mechanism for the energy up conversion is
due to the difference of band filling effects under the two cwfirst sought from the dependence kfs on the excitation
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FIG. 3. The dependence of GalnRSPL and BBG PL on the FIG. 4. Time-resolved PL spectra of the type-ll

He-Ne laser beam intensity The ASPL intensity depends df?® Al 5/Ga ggAS-Galnk  heterojunction with hv=2.11eV (solid
but the intensity of BBG PL increases more rapidly as the excitatiorcurve) and 1.96 eV(other curves The normal GalnpPL (solid
intensity is increased. curve and Al 3,Ga ggAs PL (short dashed curyalecay very fast

) ) . . but GalnB ASPL (dashed curveand BBG PL(dotted curvg show
intensity | of the He-Ne laser. As shown in Fig. 3, the virtually no decrease within 3 ns.

GalnP-related| .5 behaves as by 11:2¢ over about three

decades, whereas the intensity of BBG luminescence grows the number of photons inducing the second absorption
asl? whereg is an increasing function of excitation density. step (Npr) - For the electrons to be excited to the high-energy
Our results are quite different from those obtained by Seidestates by the second photon absorption without phonon as-
et al? According to them, the InP-relatdd in InP-AllnAs  sistance, the wave functions of the electrons must be com-
type-1l heterojunction shows al? dependence while the posed of a large range df values in the Brillouin zone.
BBG PL intensity depends linearly dn They have argued Thus, only limited and well-defined portions of the carriers
that thel? dependence of InP-relatéds is one of the main near the interface can contribute to the second absorption
evidences that the energy up conversion is carried out by therocess. Since the carriers generated in th&Al_As side

cold Auger process. In our case, on the contrary, the fact thdty the excitation of the He-Ne las€t.96 e\j flow into the

| s does not show aih? dependence indicates that the cold interface, the population of this limited number of bound
Auger process would not be the main energy up-conversiostates responsible for the second absorption would become
mechanism in the AlGa _,As-GalnB heterointerface. Fur- saturated at relatively lower excitation intensities. The inten-
thermore, if the cold Auger process were the main energgity of the BBG PL, which is believed to be one of the major
up-conversion process, the ASPL from one side of theexcitation sources for the energy up conversion, shows an
sample would prevail since one of the electron-electron-hol@xcitation density dependence somewhat higher thdfig.

or the electron-hole-hole collision processes would be3). This might be due to the enhancement of the wave-
dominant Note that the energy up conversion by the ther-function overlap between electrons and holes near the inter-
mal excitation of the photogenerated carriers or by the TPAace caused by the band bending and the band filling effects
via virtual states must also be ruled out since our experiat high excitation densit}*1° This increased wave-function
ments were performed at abolit= 10 K under a very small overlap can then lead to a higher recombination rate and PL
excitation density of about 0.610.1 W/cnf. A more plau-  efficiency. The fact that ASPL maintairi$?® dependence
sible energy up-conversion mechanism for our GalaBPL  whereas the BBG PL steeply increases then reflects that the
must be the two-step TPA process via localized states nedd;,, becomes saturated &, is increased.

the interfacé"® As Hellmannet al. have pointed out, the The energy up-conversion procedure is more directly
photogenerated electrons and holes can survive long enoughonitored by TRPL experiments shown in Fig. 4. The nor-
forming bound excitons and can be excited once again bynal GalnB PL induced by the photons with the energy of
other photons. In the second excitation process, the photor’s11 eV decays very fast. But the PL peaks show quite dif-
can be provided by the excitation beam or by the luminesferent decay behaviors when the excitation photon energy is
cence(photon recycling In our case, the BBG luminescence 1.96 eV. The normal Al 3,Ga ggAs PL peak at 1.94 eV also

is one of the main undergoing recombination processes urdecays very fast within 1 ns, similar to the normal GglRP

der the He-Ne excitatiofFig. 1). The lifetime of the photo- under the excitation energy of 2.11 eV. However, the GalnP
generated carriers is very lohibecause the electron and the ASPL and the BBG PL show virtually no decrease within 3
hole wave functions are spatially separated. Thus, theses. We have verified that the ASPL is sustained as long as
long-lived electrons and holes localized near the interfacghe BBG PL remains and these two PL peaks survive simul-
would have enough chances to be excited by the other excianeously for more than about 100 (ghich is more than 2
tation photons or by the luminescence photons. orders of magnitude longer than that of the norma) Rith

The fact that a5 1% means that the up-conversion effi- almostthe same decay tim&urthermore, the rise time of the

ciency due to the excitation beam is essentially constant iGalnR, ASPL is much longer than that of the BBG PL and
our range of excitation density. If the energy up conversiorsimilar to the fast decay part of the BBG PL with about 1 ns.
stems from the two-step TPA process, thgis proportional  This suggests that during the fast decay timel(ns) of the

(i) to the population of the intermediate statég,() and (ii) BBG PL caused by the recombination of the electrons and
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the holes near the interface, the photons from the BBG Plcarriers generated by the previous photon pulse recombine in
excite holes from the Al;,Ga, ¢gAS side into the GalnpP  a time interval much shorter than the repetition time of 660
side. It should be noted that this delayed rise time of ns. In addition, the 2 ps of the pulsewidth is not enough for
~1 ns for the ASPL is consistent with our proposed mechathe photogenerated carriers to relax to the bound staigs
nism of the two-step absorption process via intermediaté). Thus the photons inducing the second absorption must be
states, since carriers should first relax down to the intermesupplied from the BBG luminescence. The fact that the
diate states responsible for the two-step absorption and théhSPL appears in both the Galpénd ALGa, _,As side even
would be excited to the higher energy states. To our mindVhen the BBG PL is not observablBigs. 2 c, d may also

. ; ; ; o windicate that the energy up conversion is mainly accom-
however, it is unlikely that the time delay is expected in its'" . .
rise in the band-to-band Auger process proposed by the eaPlisheéd by absorbing the photons coming from the BBG PL.
lier works, since the holes should be excited to the highe n these cases, the carrier concentration confined near the

energy statestantaneouslyvith the emission of the BBG Interface should be very low due to a small absorption
PL. The carriers necessary for the BBG PL can be supplie trength at the type-Il single heterointerface for the energies

. . ; etween BBG and AGa_,As band gap$!® Thus the in-
once again by the absorption of th_e ASPL via a p_hoto_n re7tensity of the BBG PL should be small under these excitation
cycling process, and hence a quasithermal equilibrium is e

Sonditions even if the photons of the BBG PL are not used in
tablished between the holes on thg @& ,As side and the P

) the energy up-conversion process. If most of the photons
holes on .the Galnf&de. The BBG PL and the ASPL can coming from the BBG PL are used in the energy up-
thus survive simultaneously for a long time even when th

. . ) h | h onversion process, it will finally make the BBG PL inten-
excitation source is extinct and the normal PL output hasy, |ower than the detection limit of our instruments and the

decayed already, which is manifested by the identical Mftensity of the ASPL higher than that of the BBG PL.
poral decay of the BBG PL and the ASPL. All these facts |, summary, we have studied the dependence of ASPL of

strongly indicate that most photons inducing GalWSPL  he type-1) ALGa, _ As-GalnR heterojunction on the photon
are supplied by the long-lived BBG luminescence and thugnergy and the excitation density. The results suggest that
such a highly efficient GalnPASPL is possible. the energy up conversion for the ASPL is due to the two-step

The fact that the energy up conversion is mainly due tOrp process via localized electrons and holes. TRPL experi-
the_ photon re_cycll_ng can explain other experimental obsersants show that the only energy source for the long-lived
vations. The time-integrated output of Gajnelated ASPL  Asp| is the interface-related BBG luminescence.

reaches up to about 18% of total PL output when the same

sample is excited by a pulse of 1.96 eV photons using a This work was supported by the BSRI Program of the
cavity-dumped dye laser vhita 2 pspulse width at a 1.5 Ministry of Education and KOSEF through SPRC in Jeon-
MHz dumping rate. In this case, the excitation photons canbuk National University. D. S. Kim was supported by KO-
not be used in the energy up-conversion process since all trf&EF (Grant No. 961-0206-029)2
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