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Temperature and excitation intensity dependencies of the photoluminescence spectra
of GaAs/(AlGa)As disordered superlattices
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The temperature and excitation intensity dependencies of the photoluminegBtncepectra of GaAs/
Al ¢ Gag ;As superlattice¢SL’s) having randomly distributed well widths are studied. Our results indicate that
the electronic properties of disordered SL'’s are similar to those of other disordered semiconductors: at low
energies the electronic states are essentially localized, while at higher energies they are extended. Further, the
PL spectra feature a disorder-induced fine structure, and they shift to the red withply following the
reduction of the band gap. The PL efficiency shows a weaker decrease with incrEdbanrgthe ordered SL.
The dependence of the PL spectra on the excitation intensity shows an anomalous behavior of the disorder-
induced fine-structure recombination lin¢S0163-18206)02036-X]

In the last decade, theoretical calculations on random Lwi=Lwmint (i—1)ALy, ie{l,..Ny}. (1)
superstructures,® as well as the development of the tech-
niques for fabricating artificial multilayered materials, Thus, there arél, different widths that differ by the incre-
strongly stimulated experimental investigations on disormentAL,,. As AL,y is increased, we change the degree of
dered superlatticesd¢SL’s). The study of disorder-induced disorder according to the Anderson definitiohWe choose
localization effects in semiconductor materials is attracting & ALw>1 monomolecular layefML, 2.83 A): in this way
renewed interest nowada{/s. Recent experimental resifits We control the artificially introduced disorder completely.
have shown that in short-periattSL'’s the decrease of the We investigate a class a-SL's having only few different
photoluminescencéPL) efficiency with increasing tempera- Well widths (Ny = 4) occurring with the same probability
ture is slower than in ordered SL'®{SL’s) and bulk alloys. P(Lw)=1/4 Viec{1,234. The bamer width andymin
These results stimulated additional efforts devoted to the in?/e"e 9 Mlj' On_eo—SI__ (sample_A withALy = 0 ML) and
vestigation of electronic and optical propertiesdeSL.>~’ four d-SL's with different disorder strengthgsamples

In the present work we investigate the dependencies og’egtive% agcrif’m\ggg Alzlzj\?{h;%egiiszgﬁ ?ﬁg sZaSmMII(_a, rfe' a
temperaturd and excitation intensity, of the PL spectra of P § pie prep

g _ ration were reported elsewhefre.
GaAs/AI0_3G§O_7As 0-SL andd.-SL having randomly distrib- The dependence of the PL spectra®mvas investigated
uted well widths. SL’s ranging from the ordered case to

i . ) using a He closed-cycle cryostat, whose temperature could
strongly disordered ones are studied. In previous Womke, e varied from 8 to 300 K within 0.5 K of uncertainty. The
discussed in detail the low- absorption and reflectance samples were photoexcited by using the 514-nm line of an
spectra ofd-SL’s and the predictions of the transfer-matrix Ar-ion laser, whose light beam was focused on a spot of
method. We report experimental results on the dependencghout 100um diameter, and the signal was detected by a
of the PL spectra off from 2 to 300 K, and on the depen- cooled GaAs photomultiplier and recorded using photon
dence onl, over six decades. counting techniques. The typical laser excitation intensity
We introduce disorder into-SL’s by replacing randomly used was about 20 W/ctn The PL spectrata2 K were

chosen wells by thicker one@vhile the barrier width re- measured on samples immersed in superfluid He. In this case
mains constant such that for the different well widths the samples were photoexcited by the 647-nm line of a Kr-
present in the now disordered SL we can write ion laser, and the emitted light was detected by a cooled
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1.68 1.70 1.52 1.54 dué to radiative recombination of the ground-state heavy-
ENERGY (eV) hole (hh) free exciton K). The structures on the low-energy

tail of the X" line a 2 K are probably due to the presence of

residual variations in the layer thickness, and/or to bound

X. These peaks are weak, and were observed to disappear as

X'lh(i) indicate, respectively, heavy-hole and light-hole ground-stateT was _'ncreased’ an_d to saturate as the_ exc'tat'on Intensity

excitonic recombinations in the well of widthy,;. The arrows |o Was increased. This well-known saturation effect is related

indicate the disorder-induced fine structure. to the relatively small number of these low-energy states in
the 0-SL’s.

optical multichannel analyzer. In all the PL measurements The PL emission ofl-SL’s is shifted to lower energies
the incident laser beam was at an anglemd4 with respect  With respect to that of the-SL's, as expected and already
to the normal to the sample surface, and the emitted lighPPServed in previous studié$ As T is increased, a redshift
was collected atr/2 with respect to the incident beam, and ©f the whole PL spectrum is observed, as in the case of the

was analyzed by a double-grating spectrometer with a typice?-SL'S. Furthermore, the excitonic transitions at higher en-
resolution of 2 meV. ergy become more and more probable as the temperature

We employ the matrix propagation techni§e obtain a incregses. This enhancemgnt of the high-energy recombina-
quantitative description of the effect of the disorder on elecdion lines withT reflects the increasing thermal energy of the
tronic states in the SL's. Further details on the transfer£lectron-hole pairs. In the spectrum of teSL's at T = 2
matrix method and on the material parameters are reported, We note that the £(4) peak[50 meV above R'(4)] is
elsewher€. The numerical analysis shows that the introduc-absent, because it cannot be populated at veryTioWow-
tion of disorder has two main effectd) the miniband con- ever, the X"(3) peak, higher in energy, is visible. This con-
taining extended states &L,y = 0 split$ into Ny, submini-  firms the localized nature of the29(3) states in our disor-
bands of more or less localized states oAdgy, # 0. The  dered structures, which at loWwprevents relaxation between
splitting is more evident in stronglg-SL’s. (Il) These sub- the states in different well§i.e., L; and L,). Finally, we
minibands show a disorder-induced fine structundhich is  mention that the arrows in Fig. 1 indicate the disorder-
by contrast more evident in weaktlSL'’s. In particular, we induced fine structure, while the shoulders at lower energies
observe that the states in the subminibands at lower energyre probably due to the presence of impurities and/or uncon-
are more localized than in the highest one, where they areolled well width fluctuations, as in the-SL: the intensity
almost plane waves. As in the case of bulk systems contairef these lines was observed to saturate as the excitation in-
ing impurities (introduced for example by dopihgr amor-  tensity |, was increased, and some of them shifted to blue
phous semiconductors, the disorder introduces localizedith rising 1,, indicating that donor-acceptor transitions
states below a band of extended states. might take place.

In Fig. 1 the PL spectra of an-SL and ad-SL at two The integrated PL intensity at different temperatures for
different temperature$2 and 50 K are compared. In the ordered and disordered SL'’s are reported in Fig. 2. While at
ordered case a redshift of the main emission peak of the Plow T the PL intensity of th®-SL’s is somewhat higher than
spectrum withT is evident. The main emission peaa?h is that of thed-SL's, at 100 K the PL efficiency of the

FIG. 1. PL spectra of an-SL and ad-SL, at temperatures of 2
and 50 K. The redshift of the PL lines withis evident.X"(i) and
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FIG. 3. The energies of the PL
peaks of ordered and disordered
SL’s as a function ofT. The ob-
served redshift of the lines with in-
creasingT has been fitted to the
15 F 1 semiempirical Varshni relation
(continuous linek for the energy
gapEy(T) in GaAs.
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d-SL’s is about three orders of magnitude higher than that of The T dependence of the PL spectra of ttheSL's was
the 0-SL'’s. Such an enhancement of the PL performance o$tudied in detail by fitting the experimental spectra to a su-
d-SL’s was already observed in short perideSL's;* here  perposition of Lorentzian lines. The dependenciesToof

we show that the enhancement of the PL efficiency can alsghe PL intensities of the different excitonic emissions shown
be achieved id-SL's having a relatively wide mean period in Fig. 4 have different behaviors in the low- and high-
and fully controlled disorder. This effect is a consequence ofanges. In the limit of lowT, the PL intensity of the excitonic
the disorder-induced localization &f along the growth axis emjssions at high energy grows &sncreases. In this limit,

of the samples: the localization reduces the excitonic motily propagation is expected to occur through variable range

ity, thus decreasing the nonradiative recombination probabilhopping between localized stafetus asT is increased the
ity and permitting excitonic recombination to be detectedPL lines of the localized states at higher energies are en-

even at room temperature. . . .
. . hanced. In the high- limit, a steeper decrease of the inten-
The energies of the PL peaks as a functionrofor the sity of all the PL lines is observed. The semilogarithmic plot

rdered and disorder L's are reported in Fig. 3. We re= . . o
ordered and disordered SL's are reported g. 3. We eof the PL intensity versus T/is linear, thus indicating an

mark that contradictory results were reported on Thee- hius d d f the PL intensity i.e. th
pendence of the energies of the various PL lines: a redshift/"enhius dependence of the intensity, 1.€., the presence

with increasingT that depends on the considered PL peakof a quasither_mal equi!ib_rium. The observed activation ener-
was reported by Sasaki, Wang, and WakaHawhjle a very ~ 91€S A€, obtained by fitting the data to exp(A/kT) are,
weak dependence of was observed by Arengt al® By within experimental uncertainty, in good agreement with the
contrast, our results reveal a redshift of all the PL lines withc@lculated energy differences between the quasi-conduction-
increasingT. The shift as a function of temperature of all band of extended statésonduction subminiband = 1) and
the PL features is observed to be the same. The observéde localized levels. As already observed by Chomette
shift was found to be equal to the reducti(m‘Eg of the et aI.,2 the activation is governed by the electronic states,
energy gap, as described by the Varshni semiempiricatince the hole states are more weakly bound than the electron
relationship*® » onesﬁ f -
a The PL measurements as a function of the excitation in-
ABG(T)=Ey(T)—E4(0)=— (B+T)" 2) tensityl , were performed at = 2 K. There are no relevant
differences in this dependence between ordered and disor-
Here AE(T) is the reduction of the gap with respect to dered SL’s, thus indicating a low influence of the disorder. A
its T = 0 value, anda and B are material-dependent linear dependence over six decades is observed. The experi-
parameterd. The good agreement between the experimentainental investigation revealed that the main difference be-
data and Eq(2) (continuous lines in Fig.)3confirms that all  tween thel , dependence of the PL spectra of 8L and
the PL lines of theo-SL andd-SL shift to lower energies as that of ad-SL is related to the behavior of the disorder-
T increases, in the same way as the GaAs band gap doesinduced fine-structure recombination lines. The relative PL

d—SL (SAMPLE C)

FIG. 4. Dependencies oh of the PL intensi-
o« 1 L 11 1 L 4 ties of the various excitonic lines ofd&SL. The
. intensities of the PL lines were obtained by fitting
4 TG ] | e 4} {1 the PL spectra. In the low- limit, propagation
L N . . .

f\ through variable range hopping is observed. In

1 F 1 F 1 H & 1 the highT limit an activationlike behavior is evi-
Ae=81 meV

Be=93 meV Ae=93 meV Ae=83 me dent, and the activation energidg, obtained by

R h " fitting the data(continuous lines are reported.
X, (4) X (4) X, (3) X, 7(3) | X{"(i) andX7(i) have the same meanings as in
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intensities of the low- and high-energy parts is reported as a

d—SL (SAMPLE E), function ofl, in Fig. 5@). This nonmonotonic dependence of

(a) et ,,.0° R onl, can be related to the different localization properties
o . o* MY S of the states belonging to the disorder-induced fine structure.
oee The X's created by the incident light are mainly located near
O 1 1 1 L 1 1 . . . .
107 1072 1077 0% 10, 102 10° 0% the illuminated surface of the samples. At low excitation
lo (W/em?) intensity I, the localized lower-energy states will be pref-
— erentially occupied, thuR will be relatively high. Asl, is
(&) X, (4) 1 increased, these low-energy states will be completely occu-
i pied, leading to an increase of the population of the states at

higher energy and thus to an enhancement of the PL emis-
sion at higher energy, which in turn cause$o decrease. At
a certain limit,l , will be strong enough that the photoexcited
carriers also start to populate the more extended states which
are energetically close to the center of the subminiband. A
| x10 further increase of, will then create carriers that can move
deeper into the crystal, where they relax to the low -ying
still-unoccupied states. This effect caudRdo rise again.
The dependence of the PL dpthus indicated that the states
in the disorder-induced fine structure are more localized near
the band edge, thus supporting our numerical results once
more.
In conclusion, the PL efficiency observed at high tem-
peratures ird-SL'’s is a clear experimental indication of the
: . . existence of the localized or “impuritylike” states predicted
1.515 1.520 1.525 1.530 1.535 by various numerical studies made using the effective-mass
ENERGY (eV) gpproxlmgnoﬁ as well as the pseudopotentl_al mettfothe
investigation of the PL spectra as a function ofand I,
further confirms this picture; in particular, the measured ac-
FIG. 5. (@ The intensity ratioR between the low- and high- tivation energies\ e are in good agreement with our numeri-
energy parts of the PL emitted by the’¥4) subminiband, as a cal predictions. In contrast with previously reported
function of excitation intensity, . The observed nonmonotonic be- results*® we find that all the observed PL lines shift equally
havior is probably connected to the strong localization of the low-tq the red with increasing, and that the red shift is equal to
ene_rgy_X s_tates(_sge text (b) PL spectra of ad-SL at hd?fferent the reductionAE4(T) of the GaAs band gafEqg. (1)]. Fi-
excitation intensities, measured on the same spaty'(i) and nally, the relative PL intensities of the disorder-induced fine-
X1 (i) have the same meanings as in Fig. 1. structure lines, measured as a functionl 9f show a non-

intensities of the different lines in the disorder-induced fine™onotoNic behavu_)r related 1o the dlfferen(_:e_s in the
structure changed as the excitation intensity was increasel?,cal'Zat'On properties of the states in the subminibands.
showing a quite surprising nonmonotonic behavsre Fig. This work was supported in part by the “Consiglio Na-
5). The low-T PL emission of the 2@(4) subminiband zionale delle Ricerche,” by the “Istituto Nazionale di Fisica
shown in Fig. %b) divides into essentially two parts, and in della Materia,” and by the “Fonds National Suisse de la
order to evidence the effect, the rati® between the PL Recherche Scientifique.”
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