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Photoluminescence in delta-doped InGaAs /GaAs single quantum wells
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We have studied the time integratémv) and time resolved photoluminescern(.) spectra of Si
Ss-doped I ,.Ga, gAs/GaAs quantum wellsQWSs), in which the § doping layer was either at the
center of the quantum well or outside the well, in the barrier region. We found that both the cw and
the time resolved PL depended significantly on the position of the doping sheet. When the doping
was at the center of the quantum well the luminescence spectrum displayed the characteristic
features of the Fermi edge singularity, while in the case of barrier-doped QW, the PL spectra
showed well-defined emission lines originating from transitions between subbands in the conduction
and valence bands. From low-temperature time resolved PL experiments, we determined the
effective hole capture times, the interband relaxation tiffesholes, and the radiative decay times

for both types ofé doping. We found that the interband relaxation time in the center-doped QWs is
nearly two orders of magnitude shorter=3 p9s than in samples doped in the barrier=200 p3.
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I. INTRODUCTION II. EXPERIMENT

Delta doping(é doping is known to achieve effective The samples used in this study were grown by metalor-
and efficient doping of semiconductor quantum wellsganic chemical vapor phase epita@OVPE) and consisted
(QWS9).1~3 The majority of studies so far concentrated on theof a single I ,Ga gAs quantum well between GaAs barri-
GaAs/AlGaAs QW system with thé-doped layer placed at ers, grown on semi-insulating GaAs substrate. The mole
the center of the QW-® While this system can achieve high fractions of the samples were determined from growth cali-
carrier densities in the well and is often used in device strucbration data measured by x-ray diffraction and Rutherford
tures, it produces limited electron mobilities because thédackscattering. The position of the Sidoped layers was
charge carriers and the impurities share the same region efried between samples: some samples were d(giedhri-
space. A more efficient approach is to place thdoped ous positionsin the well, while others were doped outside of
layer outside the well, in the barrier region, so as to separatte well, on either side of the quantum well, at 10 nm from
the mobile charge carriers from the ionized impurities andhe side of the well. In this report, we shall concentrate on
thus achieve higher mobilities. While the affect of the posi-the center-doped and thésubstrate-side barrier-doped
tion of the 5~doped layer on the transport properties of QWssamples. Samples doped in the barrier at the surface side of
has been carefully studied and is well documented, its affeadhe QW will not be discussed in this report for reasons to be
on the optical properties of the QW is less well known. Weclarified below. The samples discussed in this report had a
expect, for example, the line shape, energy, and intensity afheet electron density which varied betweexn 102 and 4
radiative transitions to depend on the position of the dopingx 10'? cm™2. Other details of the Sb doping can be found
layer since the internal electric field created by the doping isn our previous publications.

a strong function of the position of the doping layer. Simi- The cw PL apparatus consisteflad1 mW HeNe laser
larly, in these systems at low temperatures, ionized impurityemitting in the greeiA=543 nm), a 0.27 m grating spec-
scattering is the dominant scattering mechanism, hence weometer equipped with a Peltier cooled charge coupled de-
anticipate the relaxation rates in the quantum wells to dependice (CCD) camera. The sample was cooled Te=10 K
decisively on the position of the doping layer. Optical studiesusing a closed-cycle refrigerator. The time resolved experi-
can also be used to help understand the nature of the elements were based on the PL up-conversion techrilcare)
tronic states involved, as well as provide a direct noncontacivere performed using a femtosecond self-mode-locked Ti
tool to study the carrier dynamics into and out of the quan-sapphire laser. The pulse width was 80 fs, the repetition rate
tum wells. For these reasons, we undertook to study the ph@5 MHz, and the output power was 200 mW\at 780 nm.
toluminescence properties of center and bardedoped In order to achieve a consistent excitation density in all the
InGaAs/GaAs QWs and measure its temporal evolution. Theamples, the emission wavelength of the laser was frequency
time resolved PL measurements were spectrally resolved stoubled and\ =390 nm was used as the excitation source.
the various excited state emissions could separately be stud@his way, only the front surface of the samples were excited
ied. and not thes-doped layers. However, this is only valid for
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FIG. 1. CW photoluminescence of th&doped InGaAs/GaAs quantum
wells. (a) is the spectrum of the undoped Q1) is the sample doped at the

center of the well andc) is doped in the barrier. FIG. 2. Temporal evolution of the photoluminescence of (#@eundoped

and the(b) center-doped sample, as measured by the PL up-conversion
technique.

the center and the substrate-side-doped samplesi@irfor
the samples where the doping sheet was close to the surfac&” PL data imply that in our samples localization is caused
by interface defects and not mole fraction fluctuations since
Ill. RESULTS AND DISCUSSION the In variation is the same in all the samples of similar mole
A. CW PL results fraction. Since_ FES was _only observed ir_l th_e c_enter-doped
samples, we interpret this result as an indication that the
The low-temperature PL spectra of the various samplesoles are preferentially localized at the interface and that in
are shown in Fig. 1. The PL spectrum of the undopedhe center-doped samples holes are more likely to be near the
sample, shown in Fig. (&), exhibits a relatively narrow, interface. This is consistent with the fact that in the center-
symmetric emission line corresponding to the lowest energyioped samples the holes are repelled by rittgpe doping
exciton transition in the QW. The PL spectra of theloped  towards the quantum well-barrier interface and thus are more
samples are quite different. The spectrum of the centetikely to be near the interfaces and hence become localized.
doped samples displayed in FiglbL is highly asymmetric FES is therefore only observed in the center-doped InGaAs/
with an almost steplike emission line shape combined with &5aAs QWs and not in the barrier-doped samples. In the
distinct resonance at the Fermi energy. Resonance at tl'[ﬁirrier-doped Samp|eS, 0n|y momentum Conserving 0ptica|
Fermi energy is well documented in 1lI-V QWs and is the transitions are allowed which were clearly observed in the
result of electron correlation enhancement at the Fermi edg@| spectra. It is interesting to note that in addition to the
the so-called Fermi-edge singularitfES.® The steplike An=0 transitions (el-hh1,e2-hh2 and the complementary
line shape and the FES are attributes of recombination Prdight hole transitions we have also observed the-eRh1
cesses which occur without apparent momentum conservaransition, which is forbidden in a symmetric QW. In the
tion as a result of the photogenerated holes n-doped  parrier-doped samples, however, the quantum well potential
sampleg being highly localized. In spite of being doped at ajs highly asymmetric due to the electric field induced by the
similar level, the barrier-doped samples did not show thejoping layer and hence otherwise forbidden transitions are
FES but instead exhibited several relatively narrow Spectraéﬂso Observea(? These results are quite genera| and should
features whose energy correspond to various transitionglso be observed in other systems. In fact, similar results
within the QW, as shown in Fig.(&). Since the carrier den- \ere found by Kimet al. in the GaAs/AlGaAs syster.
sity in the two type of samples was comparable, the absengees was only observed in the center-doped GaAs/AlGaAs
of the FES in the barrier-doped samples is an indication thafaterial, while transitions between quantum well states were
the density of Iocalizedphotogenerate)dholes is insignifi- observed in the edge doped GaAs/AlGaAs samp|es_
cant in these samples. The existence of localized holes in the
center-doped samples and their absence in the barrier—dop%d
samples can be understood if we consider the location of the’
trapping centers in this material. Hole localization in high In Fig. 2, we display the time evolution of the lumines-
quality InGaAs/GaAs QWs can either be caused by fluctuaeence signal in the first 700 ps after excitation, measured at
tion in the In concentration, or be the result of interfaceT=10 K. The time evolution of the undoped sample, shown
defects at the quantum well-barrignGaAs/GaAsginterface.  in Fig. 2(a), is characterized by a relatively long PL rise time

Time resolved PL measurements
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TABLE I. Various relaxation times measured by time resolved PL in

(a) InGaAs/GaAs quantum wells.
t. (capture tyo(interband  t;, (effective
InGaAs/GaAs QW into QW) relaxation lifetime)
Undoped 200 ps >800 ps
Center-doped 15 ps 3ps 700 ps
Barrier- (e2-hh2) 12 ps 220 ps 470 ps
doped (et>hhl) 12 ps 220 ps 590 ps

d
ﬂ:@+p2 P1 P21

PL Intensity (arb. unit)

dt  te ty tip tio

wheret.,y's are the effective capture times from the barrier
into levels 1 or 2f,, is the interband relaxation time between

10K levels 1 and 2, and;, andt,q are the respective effective
I ' ' lifetimes.
0 200 400 600 800 The solution to these equations are displayed in Figs.
Delay (ps) 3(a) and 3b) as the solid curves. In Table | we summarized

FIG. 3. Temporal evolution of the photoluminescence of the barrier-dope&he various time constants that were derived from the fitting
sample.(a) show the time resolved PL measured at the photon energy corProcess for all three type of samples. In the case of the un-
responding to the e2hh2 and(b) corresponds to the ethhl transition. doped sample, the PL rise time is determined predominantly
by excitonic effects, namely, the scattering of excitons from
the K#0 to theK=0 optically active state. This time con-
.. stant was found to vary between samples but is of the order
(7rise= 200 p3 when compared to the doped samples. This isyt 109_200 ps and is similar to values found in GaAs/
a manifestation of the excitonic origin of this transition and 5|gaas QWs!2 In the case of thes-doped samples, two
. . . 12 . )
has been reviewed by Shahal.in detail-“In the (n-)doped 4 ticular outcomes need to be discussed: the similarity in
materials, recombination is not excitonic and the time evoluihe yvalues oft, (the capture times into the QWor the
tion of the rggombination process is determined by the_natur@enter_ and barrier-doped samples, and the large difference
of the transition and the dynamics of the hole population. j, thet,, values(interband relaxation timebetween the two
The time evolution of the center-doped material, showntype of samples. The capture time into the wel<12—15
in Fig. 2(b), is determined by the transition between elec-pq is primary determined by diffusion, and to a lesser degree
.trons at the I_:erm| energy and holes localized at the hetercb—y drift, of carriers from the sample surfabehere they are
interface. This system was analyzed and reported in a preVienerateyito the edge of the well. Since the samples are of
ous pubhpaﬂoh in which we showed that the effective hole jgentical dimensions, it is therefore not surprising that the
capture time for the center-doped sampleris=15 ps, the  c4n¢re times are simildf. The large difference between the
interband relaxation timer;=3 ps and the hole lifetime ; tarband relaxation timest{,=3 ps in the center-doped
7>1 ns. _ ) _ sample and;,=220 ps in the barrier dopédis directly re-
The time evolution of PL from a barrier-doped sample iS|a¢eq to the position of the doping sheet. The energy differ-
shown in Figs. &) and 3b), which correspond to emissions gnce petween the=1 andn=2 heavy hole states in these
between the e2hh2 and the eX-hhl transitions, respec- gamples AE,,=22 me\j is less than an optical phonon en-
tively. In th|s.case, thg .PL emission originates from MOMeN4rqy and hence we would not expect high interband relax-
tum conserving transitions between electrons and holes igtjon rates. The fact that the interband relaxation time in the
various subbands of the QW. In order to determine the Varigenter-doped QW is so short@ ps indicates that there is
ous relaxation times from the time resolved PL measurézniher very efficient scattering mechanism present in these
ments, the experimental results were simulated by a set fymples. This is most likely a combination of ionized impu-
coupled rate equations in which the electron distribution WaSity scattering and interface scatterfigvhich occurs pre-

assumed to be unperturbed by the photoexcitation and Onléfominantly in the center-doped samples in agreement with
the hole dynamics was considered. Our model was based Qg results of the time-dependent PL measurements.

a four-level system, wherp, is the density of holes in the
barrier, andp, () is the density of holes in the secoffitst)

excited state, as shown below: IV. SUMMARY

In summary, we have measured the photoluminescence

% __Po_ @, properties ofs-doped InGaAs/GaAs QWSs. We found that the

dt ta te PL emission line shape, energy, and relaxation times are
functions of the position of the doping sheet. We found that

dp _Po_P2_P2 P doping in the center of the QW, results in the holes being

Attty typ localized at the QW-barrier interface, and subsequently, a PL
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