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Photoluminescence of the two-dimensional hole gas mtype é-doped Si layers
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The radiative recombination processes related to the bérdoping of Si layers are studied by means of
photoluminescencéPL) spectroscopy. New broad asymmetric PL bands below the band edge excitonic emis-
sions are shown to be characteristic fotype modulation doping. By studying the dependence of the PL
properties on structure parameters, such as doping level and growth temperature, and on the experimental
conditions the mechanisms of the radiative recombination are analyzed. The PL revealed is argued to be related
to the recombination between the two-dimensional hole gas confined in the doping-induced notch potential and
photocreated electrons.

The realization of modulation doping, especially for Si- sheet concentration ranging fromx20* cm™2 to 5x 103
based structures represents an important step in semicondugm~2) separated by 1000—-2000 A undoped Si spacers. The
tor technology: Using the concept of modulation or selective dopant concentration and distribution were determined by
doping it has been possible to separate charge carriers frogecondary-ion-mass spectromet8IMS). The measure®
dopants and, thus, to reach greatly enhanced carigirofiles have a full width at half maximurs75 A (limited
mobilities:™" Moreover, modulation doping is known as an py the SIMS depth resolutionThe electrical activity of the
alternative way to achieve a quantum welW) structure g’ gopants was~100% according to Hall-effect measure-
without a heterojunctiofy’ i.e., with high interface quality. 1 onte.

The previous studies of modulation-doped Si thin ﬁlms have Photoluminescence was measured in a temperature range
bee_n mostly focuse_d on magnetotransport phenofnéaad 2-77 K using the 514.5 nm line of an Arion laser as an
far-infrared absorption measuremefitsvery little has been excitation source The. luminescence was dispersed with a
done by photoluminescend®Ll) spectroscopy despite the ' . ; .

y P umi deL) sp Py bl SPEX 0.85 m double-grating monochromator equipped with

known capability of this technique for direct investigations ™"~~~
b y g g a liquid-nitrogen-cooled North Coast Ge detector. The PL

of the optical and electronic properties of two-dimensional®, i . : : .
(2D) carriers, demonstrated previously in  IlIl-V signal was recorded with a conventional lock-in technique in

heterostructure&:® The main reason for the so far limited PL _Phase with the frequency of a mechanical chopper. The spec-
studies is the difficulty to satisfy simultaneously two contra-tra were not corrected for the response of the detection sys-
dictory requirements, i.e., to secure a sharp dopant distribdem-
tion by using interrupted growt:'! low-temperature Figure 1 represents the dependence of the PL spectra of
growth'? or ion-beaming doping® and at the same time to the modulation-doped Si layers on the growth parameters,
obtain a reasonable high radiative efficiency suitable for opi.e., B doping concentration and growth temperature. All
tical studies. spectra in the near band gap region contain several lumines-
In this paper we shall show thpttype modulation doping cence lines originating from free excitofBE) and phos-
strongly affects the radiative recombination processes in Sphorous(P) bound excitons. The latter consists of the no-
thin films grown by molecular beam epitaX§BE). The ~ phonon (NP) line P"" at 1.150 eV, the weak transverse-
properties of new asymmetric PL bands, appearing due to thacoustic(TA) replica P, and the intense transverse optical
modulation doping, are studied as a function of growth pa{TO) phonon-assisted transitions'® The FE emission is,
rameters, such as growth temperature and doping concentraewever, dominated by the TO-phonon replica’EThe
tion, and experimental conditions. The PL observed is disemission which appears at the low energy side of the P
cussed in terms of radiative transitions involving a 2D holeline is due to recombination of electron-hole droplets
gas(2DHG), formed as a result of the doping. The partici- (EHD).** All these emissions are related to the substrate and
pation of the 2DHG in the recombination process is con-will not be discussed further in this report. In addition two
firmed by varying the doping level, and by hydrogen passi+elatively broad asymmetric PL banddenoted as the BD
vation, where a complete quenching of the new PL band$and for borons doping—Fig. 3, corresponding to the weak
with decreasing doping concentration below the degenerat€A (not labeled in the Fig. )land strong TO replicas, are
limit was observed. observed below the shallow bound exciton emission. These
Samples investigated were grown on phosphorous-dopédaands appear only i-doped structures with the doping con-
(100-oriented Si substrates in a Balzers UMS-630 MBE sys-centration exceeding 46102 cm~2—Figs. 1b) and Xc).
tem. Boron doping was achieved by sublimation of elementalhe decrease of thB concentration below this limit, either
B from a high-temperature effusion cell. The growth tem-due to the lower dopinfFig. 1(a)] or due to the post growth
perature was about 420 °C. The investigated structures coipassivation oB acceptors by hydrogdihe dashed curve in
sist of two periods of heavily boroA-doped regiongwith a  Fig. 1(b)], causes complete quenching of the BD bands. The
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FIG. 1. Normalized photoluminescence spectta2akK from
modulation-doped Si layers grown at 420 °C wBhdoping con-
centrations of X 10 cm~2 (a), 1X 10 cm~2 (b), and 5x 10'°
cm~? (c). The spectrum of the hydrogen-passivated sample is
shown by the dashed curve (h). All spectra in the near band gap FIG. 2. (a) Excitation-dependent PL spectra2aK from the Si
region contain substrate-related emissions originated from the fremms with [B]~1x 103 cm™~2 grown at 520 °C with photoexcita-
exciton (FE), phosphorougP) bound exciton(BE) and electron tion W=0.2, 1.0, and 3.5 W/cf respectively.(b) Temperature-
hole dropletS EHD). The superscripts NP, TA and TO indicate the yonandent PL spectra measured for the same structure. The struc-

no-phonon transitions, transverse acoustic, and transverse optiGgle opserved at-1.03 eV is related to EEC and BEX™ lines
phonon-assisted transitions, respectively. BD denotes transitions

caused by th@& & doping.
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Similar but not identical emissions have been observed
previously in uniformly boron-doped bulk silicbtr*® and
width of the band increases with increasing doping level, i.e.epitaxial films® with a doping level exceeding the degener-
it is about twice larger for the sample with the highest dopingate limit. It should be pointed out that the PL detected in our
than for the 16° cm~2 doping level—compare Figs.(1)
and Xc). The intensity of the BD bands with respect to the
substrate-related emissions is slightly higher for the layers @
with intermediate dopingfFig. 1(b)]. This is attributed to an
introduction by doping of strongly competing nonradiative
defects!® as well as to enhanced Auger recombination due to
a higher concentration of the 2DHG.

The properties of the PL bands are strongly dependent not
only on the doping level as discussed abfvig. 1), but also
on the experimental conditions such as photo-excitation in-
tensity and temperature. The PL spectra as a function of ex-
citation density are shown in Fig.(&. (For simplicity we
show below only the TO-assisted emission BDto avoid
complications due to strong overlapping of the substrate-
related PL). With increasing photo-excitation density, an
enhancement of the PL intensity at the higher energy side of (b)
the spectrum is observed. This enhancement is followed by a
blue shift of the PL maximum position with a further increas-
ing excitation power. The magnitude of the shift under simi-
lar excitation conditions is found to be larger for lower doped
structures, reaching up to 6 meV. A further increaseAin
causes a strong enhancement of the bulk-related EHD recom-
bination at~1.080 eV overlapping with and eventually ob-
scuring the BD PL bands. With an increasing temperature, on
t_he other hfand, the high-energy part of the PL quenphes dras- £ 3. Schematic band diagram pftype 5-doped(a) and uni-
tically and is no longer observed at temperatures _hlgher th""f&rmly doped(b) silicon, both above the degenerate limit. Transi-

8 K. However, the low-energy part of the PL emission canjgns japeled as I and II correspond to the recombination of the hole
still be detected up to-30 K, as depicted in Fig.(®). Al gas with electrons trapped by residual donors and free electrons,
these experimental observations provide clear evidence thadspectively. The solid and dashed lines(@ correspond to the
the BD band is composed of two overlapping componentsituation of low- and high-photoexcitation intensity, respectively.
within the broad emission, with the low-energy one beingThe donor levels for the high excitation conditions are not shown
rapidly saturated with increasing photoexcitation. for clarity.
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structures is shifted by 10—20 me&8fepending on the doping tion charged impurities, reducing the band bending under
level) towards lower energy as comparing with the uniformhigh excitation conditions. Such a band flattening will cause

bulk doping. The space charge in the acceptor-doped regions shift of the PL to higher energy—Fig(&. The shift is

is known to induce a notch potential well for holes leading toexpected to be more pronounced for the lower doped struc-
the formation of a 2DHG, as shown in Fig. 3. We thus at-tyres, in agreement with experimental data.

tribute the PL observed to the radiative recombination of the  As it was mentioned above, the potential confining the

2DHG formed within the doped regions and nearby photofles is repulsive for the photocreated electrons, see Fig.
created electrons. The width of the band gives a measure @) Thys, the 2DHG and the electrons are separated in real
the E¢ position in the well, which IS, e'9§25_ meV for Si. gpace. This reduces the overlap of electron and hole wave
layers with a doping level of £10"* cm ™2 [Fig. Ab)]. A0 ntions and therefore the radiative recombination probabil-
increase of the doping level should enhance the filling of thqw is expected to be low. The rather efficient 2D-related PL

well and W.'” 9ons§quently mducg a broadenlr_lg of the 2D'observed in our structures implies that the photocreated elec-
related emission, in agreement with our experimental obser-

vations [Fig. 1(c)]. The requirement of the Fermi level trons are confined close enough to the doped region. In prin-

line-up within the entire structure will cause a band bendingC'pIe’ such a confining potential could be created by the pres-

in the vicinity of the doped spikes, thus creating a repulsiveence of a .nearby do_pmg spike, since the photocre_:ated
potential for photocreated electrons, as shown in Fig). 3 electrons will be .Iocallzed petween two notch poten_tlals._
Consequently, the electrons and holes participating in th&l0WeVer, the spatial separation between the doped regions in
recombination will be confined in different regions of the OUr samples is 10002000 A, which is too large to ensure a
charge-induced potential leading, in particular, to the obStrong overlap of the carrier wave functions. In addition, a
served shift towards lower energy of the PL relative to that"L enhancement rather than quenching with increasing tem-
from the uniformly doped bulk crystals—Fig. 3. It is, how- perature should be observed in this case due to the thermal
ever, complicated to estimate the value of this shift becausactivation of trapped photocreated electrons from the re-
of the band gap renormalization effects, shown to be imporsidual donors. This is, however, inconsistent with our experi-
tant for highly B-doped bulk St~/ mental datgdFig. 200)]. We thus propose that the electrons
The two components of the PL emissions can be interare confined nearby the doping regions by a photo-induced
preted as arising from the recombination of the hole gas witpotential created by the excess holes of the 2DHG. The ex-
electrons trapped by residual dondithe low-energy PL pected depth of the confinement potential is in the order of a
component, labeled as | in Fig(é] and with free electrons few me\? [not shown in Fig. 8)]. This explains the rapid
[the higher-energy component, labeled as Il in FigdB as  thermal quenching of the high-energy PL component since
was previously proposed to explain a similar dependence dhe thermally activated release of the electrons from this po-
the PL spectra on the excitation intensity in heavily, uni-tential will lead to an increasing spatial separation between
formly doped bulk Si®'® Due to a low concentration the 2DHG and the free electrons and thus to a reduced re-
(~10" cm™3) of the residual donors in our samples, a rapidcombination efficiency.
saturation of the bound-to-free recombination with increas- In summary, we have shown thattype modulation dop-
ing excitation density and thus a dominance of the free-toing strongly affects the radiative recombination processes in
free recombination transitions in the PL spectrum are exSi epilayers grown by the MBE technique. It is shown that
pected to occur. the §-doping-induced formation of a quasi-2D electronic sys-
The model proposed for the BD emissions implies that theem with the 2D hole gas confined in a space-charge-induced
PL spectra should shift towards the higher energies with apotential well gives rise to a broad asymmetric PL band, at
increasing photo-excitation, which is indeed observed in the0—40 meV below the shallow bound exciton emissions. The
experiments. Such a shift is partially attributed to the addi-observed strong thermal quenching of this PL band suggests
tional filling of the QW with photocreated holes. More im- that the photocreated electrons are localized near the doping
portantly, the photogeneration of free carriers will also affectspike with a rather shalloWl—2 me\} photoinduced poten-
the potential distribution across the Si spacer by neutralizatial.
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