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Time-resolved interband transitions in periodic multilayer é-doped systems
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In this work we report a study of radiative interband recombinations in Si periodic multilayer GaAs systems.
Photoluminescence and time-resolved photoluminescence measurements were performed, in order to discrimi-
nate band-to-band transitions, recombination of quantum confined electrons and photogenerated holes, as well
as impurity assisted transitions. Results have been compared with self-consistent calculations, considering
radiative recombination with heavy hold§0163-18208)02335-3

. INTRODUCTION papers on TRPL have been reported on the litergttire.
this respect, Dewdnegt al? have shown that for high peri-
Since its first proposal$ or planar doping has attracted ods and doping levels, sharp PL pedkear the intrinsic
considerable attention due to its unique electronic propertiesundamental gap of GaAsappear, but only a part of the
extremely useful for the study of quantum confinement ofindirect transitions expected according to their calculations
carriers'~® Furthermore, various potential technological ap-were identified. On the other hand, Henriquetsal® have
plications on high speed electronic and photonic deviceslealt with only direct transitions.
such ass-FET, IR detectors, and tunable lasers have been In this work we report a detailed study of radiative inter-
reported’® band recombinations i#-doped superlattices, with periods
In particular, the relatively high silicon periodical planar of 20 and 50 nm and planar doping of ¥20* and 1.0
doping of GaAs(typically np>10" cm™2) results in space- x 102 cm™~2, respectively, by using PL and TRPL. The
charge potential wells along the growth direction that confingormer sample shows spatially direct radiative recombina-
the inhomogeneous electron distribution around the donations, with relaxation times about 200 ps. The latter presents
sheets:™®!For short period multilayer systems, strong cou-a different picture. According to the calculated electronic
pling between adjacent wells gives rise to extended elecstructure, there are three sets of occupied subbdhgdss, ,
tronic densities that resemble uniformly doped systemsandE, (henceforth called minibansn which transitions to
Therefore, the electronic states have a three-dimensionghe valence band represented By-hh, E;-hh, andE,-hh
(3D) character. However, as the period is increased, the sy$where hh denotes heavy hpkere expected. The photolumi-
tem tends to a set of isolatetidoped wells. In this way, the nescenceéPL) spectrum shows three structures, but only the
electronic states are localized around each well exhibitingpatially direct one E,-hh) is identified. The other ones are
quasi-two-dimensional2D) behavior. A very interesting ascribed to acceptorlike transition§ ;) and to phonon rep-
situation occurs for intermediate periods, where Raman datigg of E,-hh. TRPL measurements revealed two additional
show the coexistence of an admixture of 3D and 2Dpeaks, not previously seen in the cw PL spectra, which were
electrons’® As a result, two kinds of radiative interband yndoubtedly attributed to spatially indirect transitions corre-
emissions are possible. The first, called spatially indirect, i%ponding toEo-hh andE;-hh. Their energy positions are in
attributed to the recombination of 2D electrons, |Oca|izedgood agreement with the self-consistent calculations, and ex-

around the doping sheets, and photogenerated holes in thghit longer relaxation times about 1000 ps.
undoped region. The second, usually referred to as band to

band or spatially direct, includes recombination of such holes
and Wea_lkly localized electron8D). _ _ Il. EXPERIMENTAL SETUP

Despite the great number of papers reporting on optical
properties ofs-doped structures, to our knowledge, no clear The samples used in the present study consisted of thin
characterization of indirect transitions has beensheets of silicon donors periodically implanted in single
presented:*-®Indeed, due to the small overlap between elec-atomic monolayers during the molecular beam epitaxy
tron and hole wave functions, these transitions are intrinsi({MBE) growth of an intrinsic GaAs film on a semi-insulating
cally weak and experimental attempts for their detection(001)-oriented GaAs substrate. The samples were grown at a
have originated misinterpretation of spectfaSurprisingly, temperature of 540°C in order to reduce impurity
transient measurements like time-resolved photoluminesdiffusion!! The samples present interlayer spacings of 20
cence(TRPL) have not been explored so far, even thoughnm (sample 1 and 50 nm(sample 2 with planar densities of
they could be extremely useful to discriminate direct and1.2x 102 cm™2 and 1.0< 10'2 cm™2, respectively, as mea-
indirect transitions because the former are faster than thsured by Hall effect. Both samples are 500 nm thick and are
latter by about one order of magnitude. Nevertheless, fevsandwiched between agm-thick buffer and cap layers cor-
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responding to 20 nm and 50 nm for samples 1 and 2, respec- E-hh
tively. !

A standard PL setup was used in the PL experiments. The 20 J ‘
514.5 nm line(2.41 eV} of an Ar' ion laser was used as an ;g &

excitation source, operating in a low-excitation regime where
the perturbation of the majority carrier population was neg-
ligible. The samples were cooled at 5 K, by He exchange gas
in a continuous flow cryostat. The emitted light was dis-
persed in a 0.85-m double monochromg®PEX 1403 and
detected by a RCA 31034 GaAs photomultiplier, coupled to
an electromete(Keithley Instruments 610C

TRPL was performed using the time-correlated single
photon counting TCSPQ techniquet? The TCSPC system
is composed of a Hamamatsu R380910-01 MicroChannel-
Plate photomultiplier(MCP-PM), an EG&G ORTEC TC
455 TAC, a Tennelec 454 CFD discriminator, and an EG&G
ORTEC SR553 timing single channel analyzer. The output
of the analyzer was connected to a homemade photon
counter interface. As an excitation source it was used a sec-
ond harmonic line of a mode-locked Ti:sapphire laser
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(MIRA 900) tuned at 850 nm, providing a 425-nm wave- 145 1.50 1.55
length(2.92 eV}, repetition rate of 76 MHz and pulses of 250 Energy (eV)

fs. Also, an electro-optic modulator was used to reduce the

repetition rate of the incident pulses, allowing an accurate FIG. 1. Low-temperaturg5 K) photoluminescence spectrum
determination of long recombination lifetimes as well as aof a 5-doped superlatticdsample } excited at 2.41 eV. The

better TAC performance. vertical arrows mark the calculated interband transitions, according
with the electronic structure illustrated in the inset. The calcul-
lll. RESULTS AND DISCUSSIONS ations are for acceptor density ofx1L0' cm™3, planar doping of

1.2x10" cm™*2, and dopant spread of 7 nm. The heavy holes

The self-consistent calculations of the electronic structureniniband is denoted by hh arik represents the Fermi energy.
of samples 1 and 2 were performed at zero temperature with

periodical boundary conditions using density-functional Figure 1 shows photoluminescence from sample 1 as well
theory in the effective-mass approximation. It was assumed &s details of the conduction-band structure. The inset illus-
Gaussian broadening distribution function for the donortrates the zone center energy levels, where one can notice
sheet doping along theaxes with a full width at half maxi- two minibands below the Fermi leveE(), denoted byg,
mum (FWHM) of 7 nm and a uniform distribution of nega- andE;. Also shown are the potential profilelashed ling
tively charged acceptors with density X@0™ cm 2 for  occupation numbers, and relative probability densitas-
both samples. tinuous line$ of each miniband. In this case, superlattice
In the low intensity photoluminescence regime, electronbehavior takes place, as the interacting wells give rise to
hole pairs are generated with excess energy that relaminibands with great dispersion. In order to calculate the
through different nonradiative decay mechanisms. Under thigterband transition energies, recombination with only heavy
condition there is a transient nonequilibrium phase in whichholes were taken into account. They are given by the differ-
the photoexcited electrons lose their excess energy and rel@ace betweerk; (considered as a reference pgiand the
to the Fermi level of the conduction band and the photogemean value of each miniband, as indicated by the arrows. In
nerated low-density hole rapidly thermalizes to the top of theview of this, PL emission line shape is interpreted as the
valence subbanthh). These processes characterize the earlgonvolution of Eo-hh and E;-hh transitions, with a low-
ps lifetime of the carriers. During this short transient thereenergy threshold given by the bottom of the lowest conduc-
are several interactions, such as intercarrier scattering arttbn minibandg, and upper limit defined by the Fermi en-
LO phonon interaction, which also depend on the carrielergy at 1.538 eV.
density and on the initial excess energy of the carriers. Op- The PL spectrum of sample 2 is shown in Figa)2 Elec-
tical transitions are achieved for recombination processes agronic structure is shown in the inset. There are three mini-
suming momentum conservation. The PL line shape is detebands below the Fermi level, representeddgy E, , andE,.
mined by the product of the joint density of stateemposed For the first one, electronic density is localized around the
by the product of the density of states and the overlap oflopant spikes, similarly to isolategidoped samples. Never-
wave functiongand the thermal distribution of carriers, usu- thelessfE; andE, represent a quasicontinuum of nearly free
ally modeled by the Fermi-Dirac distribution and carrier electron states, reflected by the enhancement of miniband
temperaturédepending on the photoluminescence excitationdispersion. Calculated interband transition energies, indi-
intensity), typically in the range from 10 to 60 K at a lattice cated by the arrows, clearly do not fit the bands observed in
temperature of 4 K. It was pointed out in Ref. 14 that whilethe spectrum. The more prominent band, at 1.515 eV, is
the joint density of states increases with energy, the thermalssociated to the convolution Bf-hh andE,- hh transitions.
distribution decreases in such a way that PL line shape cafhe enhanced wave-function overlap of electrons occupying
present several sharp peaks. E, and photogenerated holes explains the comparatively
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FIG. 2. Low-temperaturés K) PL spectra of sample 2 excited the E, miniband and the top of the conduction-band potential

at 2.41 eV.(a) The vertical arrows mark the calculated interband Profile. Itis worth noting the small intensity of tieeA struc-
transitions, according to the electronic structure illustrated in thdUreé compared to the band-to-band transitions, indicating the

inset. The heavy hole miniband is denoted by hh Bpdepresents ~Small carbon content in the sample.

the Fermi energy(b) PL spectra as a function of excitation inten- It should be noted that our conclusion differs from previ-
sity. For low intensity (;=5 xW/cn?) e-A transition is clearly ~OUS proposals;’ which attributed the PL structures depicted
seen. With increasing excitation intensitly, € 500 uW/cn?) satu-  in Fig. 2(a) to radiative recombination of the quantum con-
ration of acceptor impurities is achieved. fined electrons with the photogenerated holes.

Figure 3 shows the PL spectra & K for sample 1 at
strong emission intensity of this structure even though relagdifferent time delays after the laser excitation at 2.92 eV. The
tively few electrons occupy this miniband. The energy dif-first one(curvea) is the time integrated PL spectrum, whose
ference between the peak at 1.479 eV and the one at 1.5Xwerall shape resembles very much that of the cw spectrum.
eV corresponds exactly to one LO phonon. In this way, theAs depicted in curved, transitionsEy-hh andE;-hh decay
former is ascribed to phonon replica Bf-hh. On the other with almost equal recombination times about 200 ps, which
hand, the structure centered at 1.497 eV is attributed to fregre in good agreement with previously reported results in
to bound transitionsg-A), also called band to acceptor tran- similar samples.For longer delay times, as shown in curve
sitions, and involves electrons from thg and holes bound ¢, only thee-A transition persists. Recombination time for
to acceptor impurities, unintentionally incorporated duringthis transition has been estimated to be 3500 ps.

MBE growth. Based on GaAs data, this peak is related to the In Fig. 4 are plotted the time-resolved PL spectra from
carbon residual accept&t!® Additional support for our in- sample 2, 85 K under low excitation intensity. All curves
terpretation has been obtained by comparing PL spectra asa@e shifted in intensity for a better comparison. The spectra
function of excitation intensity. Unintentional impurities are were recorded at different delay times(af 0 ps,(b) 200 ps,
found in the samples with densities ranging from“@  (c) 2000 ps, andd) 5000 ps after the arrival of the excitation
10" cm™3. Consequently, impurity assisted transitions showpulse. Just after excitation, the only difference with cw emis-
an intensity saturation behavior when excitation intensity ission is the absence of the phonon replica band. With raising
high enough to ionize all acceptor sites. This can be seen ithe time delay, two new structures, not previously seen in the
Fig. 2(b), which displays the band to acceptor recombinationcw spectrum, are detected. The first one is characterized by a
as a function of intensity. At low excitation leveld ( shoulder on the low-energy side at 1509 eV for a delay time
=5 uW/cn?), the e-A transition is more prominent, while of 200 ps. In this curve, no emission froeA transition is

as the intensity is increased to 5@0N/cn?, the valence observed. The shoulder is better resolved in curveith a
band is filled with photogenerated holes and the relative conlinewidth (FWHM) of about 10 meV. The second is a
tribution frome-A decreases. When compared with intrinsic weaker band, which appears at 1.489 eV. Recombination
GaAs, thee-A transition shows an upshift of 3.5 meV, which times extracted from the PL decay are 290, 290, and 1200 ps,
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R TABLE I. Results of TRPL for samples 1 and 2. It is presented
5-Si:GaAs 500 A a comparison between experimenfakpt) and theoreticaltheor)
radiative transitions, as well as decay times.
Laser:2.92 eV 250 fs
Temp: 5K Energy Energy Decay time
Sample Transition (expt) eV  (theor) eV (ps)
E,—hh 1.530 1.528 200
0 1 Eo—hh 1.519 200
S e-A 1.493 1.493 3500
£
A E,—hh 1.515 1.519 290
i 1.489 eV 2 E,—hh 1.509 1.513 290
Eo—hh 1.489 1.494 1000
1509 eV e-A 1.497 1.497 3500
agreement with experiment when X20' cm 2 doping
was consideredf
The band at 1.489 eV could be attributed to a D@Bnor
N N TP to acceptor pajrtransition. This possibility is discarded by
1.46 1.48 1.50 1.52 1.54 us because the recombination time for a DAP transition

Energy (eV) should be longer than theA one, as a consequence of the
smaller overlap of wave functions between donors and ac-
FIG. 4. TRPL spectra from sample 23K with time delays of  ceptors, when compared &A. Moreover, it should also be
(a) 0 ps, (b) 500 ps, andc) 4000 ps. Excitation energy is 2.92 eV. present in cw PL and/or TRPL spectra of sample 1.

for the emissions at 1.515, 1.509, and 1.489 eV, respectively, IV. CONCLUSIONS

while the lifetime of thee-A transition is 3500 ps. We have presented a time-resolved radiative interband re-
The bands at 1.489 and 1.509 eV are attributed to theombination study ind-Si:GaAs superlattices, by PL and
spatially indirect radiative recombinatiofs-hh andE;-hh, time-resolved PL techniques. It was shown that the short
respectively. Further evidence for these assignments is prgeriod superlattice resembles very much a 3D behavior,
vided by the calculated interband transitions, which are ir’:Féhn"‘gggaegﬁ]eg %/natggog?hgrl_heamn:jss'tﬁg ?::gez?% 2283 .L,i(;:)%rrn_
reasonable agreement with the experiment, and also by t. attice presents an admixture of 3D and 2D electrons. In this

recombination times, longer than the spatially direct trans"case, PL emission exhibits spatially direct and indirect tran-

tion, as presented in Table 1. Comparing results obtained fogjiions which were detected by TRPL. Further support for
sample 2, it can be noted that theoretical values are shifted {ese assignments was yielded by the recombination times of
higher energies, suggesting that real wells are deeper. ORRe spatially indirect transitions, which were longer than
plausible explanation is that planar doping is higher tharthose attributed to direct transitions. It should be noted that,
1x 10" cm~2. This is not surprising, since it was pointed to our knowledge, this is the first study that undoubtedly
out in Ref. 16 that Hall measurements underestimate the cadetects indirect transitions by spectroscopic techniques,
rier density as well as the donor concentration by values ugvhich also exhibits a remarkable agreement with the self-
to 2. This effect is enhanced as the period increases, becausensistent calculations.

more electrons are bounded near the dopant spikes and ex-

hibit lower mobilities. Consequently, the Hall density repre- ACKNOWLEDGMENTS
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