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Effects of P doping on photoluminescence of Si 1—xGe, alloy nanocrystals
embedded in SiO , matrices: Improvement and degradation
of luminescence efficiency
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The effects of P doping on photoluminescelfek) properties of Si_,Gg, alloy nanocrystals (nc-

Si; _,Ge) in SiO, thin films were studied. P doping drastically decreases the electron spin
resonanc€éESR signals that are assigned to the Si and Ge dangling bonds at the interfaces between
nc-Si_,Ge, and SiQ matrices(Si and GeP}, centers. With increasing P concentration, the signal

from the GeP,, centers are first quenched, and then the signal from thHe, Sienters start to be
quenched. The quenching of the ESR signals is accompanied by a drastic enhancement of the PL
intensity. The PL intensity has a maximum at a certain P concentration, which depends on the Si:Ge
ratio. By further increasing the P concentration, the PL intensity becomes weaker. In this P
concentration range, optical absorption emerges due to the intravalley transition of free electrons
generated by the P doping. The observation of the free-electron absorption provides direct evidence
that carriers in nanometer-sized; SjGe, alloy crystals can be controlled by impurity doping.

© 2001 American Institute of Physic§DOI: 10.1063/1.1413486

I. INTRODUCTION Similar effects have been successfully observed in
nanometer-sized $i,Ge, alloy crystals(nc-Si,_,Geg).> ™!
During the past decade, nanometer-sized Si crygt@ls  In resonant PL spectra of nc,SiGe,, structures corre-
Si) have been intensively investigated because they are beponding to momentum conserving phonons are smeared out
lieved to be promising materials for novel optical or electro-by increasing the Ge concentratidfurthermore, the radia-
optical devices and offer a good model system to study zeraive lifetime is shortened with this increasing Ge
dimensional quantum size effects in indirect-gapconcentratio 2 These results provide strong evidence that
semiconductors. A continuous shift of the photoluminescencene oscillator strength of nc-Si is enhanced by $Ge, alloy
(PL) energy from the bulk band gap to the visible region hasormation.
been observed with a decrease of the nanocrystal stzehe However, in actual nc-$i,Gg, the luminescence effi-
observed strong size dependence indicates that the PL is dgiency is smaller than that of pure nc?iln a previous
to the recombination of excitons confined in zero-work we prepared nc-$i,Ge, as small as 4 nm in diameter
dimensional Si quantum dots. embedded in Si@thin films with different Ge concentra-
The quantum confinement effect enhances the possibilityions and studied the electron spin resonafE®R and PL
of no-phonon(NP) quasi-direct optical transitions. However, properties:®> The ESR data indicated that Ge dangling bonds
the indirect band-gap nature of bulk Si crystal is still pre-are generated at the interfaces between nc;&e, and
served even for nc-Si several nanometers in dianiefeis SiO, matrices(Ge Py, center$, and that the number of G&,
results in a relatively long PL lifetime, which is one of the centers increases with the Ge concentration. From a compari-
obstacles in achieving Si-based light-emitting devicesson between these two measurements, we could conclude
Therefore a new approach to shorten the radiative excitothat GePy, centers act as efficient nonradiative recombina-
lifetime further is highly desired. tion centers for photogenerated carriers, resulting in the
NP transitions can be enhanced by SiGg, alloy for-  quenching of the PL. In order to make good use of the ad-
mation. In a bulk Si_,Ge, alloy, the enhancement of the NP vantages of nc-$i ,Ge, mentioned above, the elimination
transition oscillator strength can be observed due to thef surface defects is indispensable.
breakdown of th&-conservation rule arising from the viola- For pure nc-Si in Si@ matrices, the passivation of Si
tion of the translational symmetry of the crystalline lattice. dangling-bond defect(Si P, centers by hydrogen and oxy-
gen has been reported to be effective in improving the lumi-
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to the significant enhancement of the PL efficieHty® For T | | Too6 1 T

nc-Si,_,Ge,, the passivation of G®,, centers in a similar @ N (Pm‘;"l'],%

way might be possible. ne-Sig gGey 4 oo i
In this work we prepared P-doped nc:SjGe, as small in PSG :'_,.9-'-1,.4"‘), 053

as 4 nm in diameter with different P concentrations embed- @ 10K e

ded in phosphosilicate glagBSQ thin films and studied the S J

ESR and PL properties. It will be shown that the density of g

not only Si but also G|, centers decreases with increasing &

P concentration. The decrease in the defect density results in % ) 063 P conc.

a dramatic improvement of the PL efficiency. However, by S e8I G ’," Y (mol %)

further increasing the P concentration, the PL intensity de- = npse i 031".‘

creases. The quenching of the PL is accompanied by the ! 10K ;s e 09

appearance of optical absorption in the infrared range. The e s Pt kS

mechanism causing this improvement and degradation of the ,-' "-\’ ," 3 0_22\:\':.‘

PL efficiency by P doping will be discussed.

Il. EXPERIMENT 08 10 12 14 16 138

P doped Si_,Ge, alloy nanocrystals were prepared by Photon Energy (eV)
the Sa‘.me method as used _m our previous V\?d,ﬁ(The Si, FIG. 1. Photoluminescence from nc;SjGe, with (a) x=0.1 and(b) x=0.3
Ge, SiQ, and PSG sputtering targets were simultaneouslyjispersed in PSG thin films at 10 K.
sputtered in Ar gas of 0.3 Pa using a multitarget sputtering
apparatus. The substrates were fused quartz plates. The

thickness of the films for PL measurements was about 70around 1.44 and 0.9 eV. The 1.44 eV peak Corresponds to the
nm, and that for ESR and optical absorption measurementsand-edge PL. The 0.9 eV peak can only be observed at low
about 8.4.m. The Ge and P concentratiofreol %) in the  temperatures and is generally assigned to the recombination
films were controlled by changing the sputtering power anchf photoexcited carriers via S, centers->*"2%21Figure

the distance between the substrate and the target for the fogrh) shows PL spectra of nc-SiGey 3 at 10 K. A band-edge
sputtering guns independently. After the deposition, the films|_ peak can be observed at around 1.40 eV. The integrated
were annealed in an ;Ngas atmosphere for 30 min at intensities of the band-edge PL and the 0.9 eV PL are shown
1100°C. During the annealing nc;SiGe, were grown in  in Fig. 2 as a function of the P concentration. The vertical
PSG matrices. The P and Ge concentrations were determingg(is represents the intensity with respect to the band_edge PL
by electron probe microanalysis and = Ramanjntensity of nc-Sj (Ge, ; in SiO, (without P doping. First of

spectroscopy,® respectively. The P concentration varied aJ, it should be noted that the intensity of the band-edge PL
from O (without P doping to about 1.0 mol %. The Ge con-

centration &) varied from 0.1 to 0.3. The size of nc-

Si;_,Ge, was estimated from cross-sectional high-resolution I I I I I
transmission electron microscopielRTEM) images. These ne-Si, ,Ge, in PSG

HRTEM observanons_revgaled that sphe_ncal nanocrystals as é) %=0.1 Band-edge PL
small as 4 to 5 nm in diameter grow in amorphous PSG
matrices. Each nanocrystal was found to be isolated from the =) x=0.3 /

others by PSG barriers several nanometers in thickness. The = N

PL spectra were measured using a single monochromator
equipped with a liquid B cooled Ge detector. The excitation
source was the 488.0 nm line of an Ar ion laser. The spectra
were measured in the temperature range between 10 and 300
K in a continuous-flow He cryostat. The X-band ESR was
measured by using a conventional ESR spectrometer at room
temperature. The intensity of the ESR signals was calibrated
by simultaneously measuring the signals from a fixed
amount of M#"/MgO powder. The optical absorption spec-
tra were measured in the range between 0.19 ang12To
obtain the absorption coefficients of nc:SiGe, the mea-
sured absorption spectfabsorbancewere divided by the

film thickness and the volume fraction of nc;SiGe, . P concentration (mol %)

FIG. 2. Intensities of the band-edge PLA @ndA) and SiP-center-related
IIl. RESULTS PL (O andM) at 10 K as a function of P concentration. Open symbols are
. . . for nc-Sp ¢Ge&); and closed symbols are for ncgSGe, 3. The vertical axis
Figure Xa) shows PL spectra of nc3jGe 1 for various  represents the PL intensity with respect to the band-edge PL intensity of nc-
P concentrations at 10 K. PL peaks can be observed &, Ge,,in SiO..
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FIG. 3. ESR derivative spectra of nc;SjGe, dispersed in PSG thin films
at room temperature.
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FIG. 4. Integrated intensities of ESR signals from S8igndA) and Ge (0

and @) P, centers as a function of P concentration. Open symbols are for
nc-SpGey; and closed symbols are for nc;96e, ;. The vertical axis
represents the ESR intensity with respect to the intensity dPeenters in
nc-Sp 4G in SiO,.

tensities of nc-3i-Ge, 5in pure SiQ (in particular the inten-
sity of the GeP,, center$ are much larger than those of nc-

for nc-Sp/Ge 3 in SiO, is much smaller than that for nc-

Sip G&y 1 in pure SiQ. In nc-Sp G&, 1, the intensities of the

Sip.sG&1. This Ge concentration dependence of the PL in-Si and GeP,, centers decrease at almost the same rate with

tensity is generally observed for nc;SiGe, in pure SiQ."

increasing P concentration, indicating that the number of Si

With increasing P concentration, the intensities of the band@nd GePy, centers decreases monotonously with the P dop-
edge PL for both samples first increase and then decreas@9 l€vel. On the other hand, in ncp3G&) 5, the Si and Ge
This behavior can be observed over the entire temperatuféb Centers exhibit a different P concentration dependence;
range(10-300 K. The maximum PL intensities are almost the intensity of the signal from the G&, centers decreases
the same for both series of samples and are also almost ti@Pidly with increasing P concentration, while that from the
same as the maximum PL intensity measured on P doped Po centers remains almost constant within a low P con-

pure nc-Sit%7 Since the PL intensity of nc-$jGe, 3in pure
SiO, is smaller than that of nc-§iGe, 1, the degree of im-
provement in the band-edge PL efficiency is higher for nc-

centration range and then decreases gradually with further
increases in the P concentration.
Figure 5 shows optical absorption spectra for samples

Si, /G&y5; the PL intensity of nc-$igGey 1 is improved by a with different P concentrations. The periodic structures are

factor of 3 while that of nc-3i-Ge, ; by a factor of 14. In
Fig. 2, in contrast to the band-edge PL, the P concentration
dependence of the 0.9 eV PL intensity is qualitatively differ-
ent between the two samples. For ng-&ig, ;, the intensity
of the 0.9 eV PL decreases monotonously, while for nc-
Sig/G& 3 it has a maximum at 0.6 mol %.

Figures 3a) and 3b) show ESR derivative spectra of nc-
Sip. (G 1 and nc-Sj /Ge& 5 doped for various P concentra-
tions, respectively. For the samples without P doping, asym-
metric ESR signals can be observed; thevalue and the
peak-to-peak linewidth are 2.0058 and 10.7 G for nc-
Sig.G&.1, and 2.0103 and 36.6 G for ncpSGe) 3, respec-
tively. These signals can be assigned to a superposition of
signals from Si and G@,, centers:® As the P concentration
increases, the intensity of the ESR signals decreases, while
the g values and the peak-to-peak linewidths are almost con-
stant over the entire P concentration range. Figure 4 shows
integrated intensities of ESR signals for Si and®pecenters
as a function of the P concentration. The intensities are ob-
tained by deconvoluting an ESR spectrum into two Lorentz-
ian functions. The vertical axis represents the ESR intensity
with respect to the intensity of the G, centers in nc-
Sig.oG& 1 in pure SiQ. It is worth noting that the ESR in-
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FIG. 5. Optical absorption spectra for nc:SiGe, dispersed in PSG thin
films at room temperature.
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Conduction band Conduction band Through Sj_,Ge, alloy formation, GeP,, centers are
’ e N introduced into both kinds of nanocrystals. As a result,
nanocrystals with G@,, centerdFig. 6(c)] and those with Si
and GePy, centerdFig. 6(d)] are formed. In these nanocrys-
tals, photoexcited carriers are preferentially trapped at the Ge
P, centers and recombine nonradiatively even at low
temperature$® The present samples are ensembles of these
w four kinds of nanocrystals. With increasing Ge concentration,
alence ban the number of nanocrystals with G&, centers[Figs. 6c)
(a) (b) and @d)] increases, resulting in the quenching of both the
band-edge PL and $-center-related PL. In the present

» Si P,center

Conduction band Conduction band

work we studied two series of samples with different Ge
—————— ————— concentration$Sip (G, ; and Sj/Ge& 9. In the sample with
i A\ LT .. the low Ge concentration, nanocrystals without defgEtg.
Ge Fy center SliF} center Ge Py center 6(a)] and with only SiP,, centergFig. 6(b)] were considered
to be present to some extent. On the other hand, in the
sample with the high Ge concentration, almost all of the
P——— nanocrystals were considered to have Ryecenters, result-
Valonceband varencehang ing in an extremely weak band-edge PL and Si-
Py-center-related Plsee Fig. 2
@ (@ As can be clearly seen in Fig. 4, not only Bj centers

FIG. 6. Schematic band diagrams of nanocrystalswithout defects (b) but also GePy, centers are passivated by P doping. The pas-
with a Si P, center,(c) with a Ge P}, center, andd) with Si and GeP,, sivation is considered to be made electrically, i.e., electrons

centers. supplied by the P doping become trapped atRjecenters
and disactivate them. In ncSiGe, 5, the quenching of the
ESR signal from a Gé>, center is much faster than that

he interf f the inci light inside the fil : X - . .
due to the interference of the incidence light inside the films rom a SiP, center. This result indicates that, if both Si and

For those samples with P concentrations smaller than 0.6 m

%, the absorption decreases monotonically towards the infrab- eFI)Dg cgnters eX|stf|n or;e "nC'ISJXtGQ‘a Ele;:rt]rons suptplled
red region. This absorption is due to the valence-to- y P doping are preferentially captured by the Rgecenters.

After the passivation of the GB,, centers is completed, the

conduction-band transitions in nc;SiGe, and/or transi- o
passivation of the SP,, centers starts.

tions related to band tails or defects levels. On the othe Thi del I lain the P tration d
hand, for those samples with P concentrations larger than 0. 'Sfmlgl_e can we e|>3<p ?m € I concentra |onf epen-
mol %, a smoothly rising absorption continuum appears in ence o properties. Preferential passivation of Rae

the infrared region. A very similar absorption in the infrared centers increases the number of nanocrystals that do not have

range has been observed for P-doped nt?Sihe infrared el-ectrically ac-tive G_,epb centers. As a result, in ne-
absorption is assigned to the intravalley transition of elecSo.7C&3, the intensities of both the band-edge PL and Si-

trons generated by P doping in the conduction band, i_e_f’b-center—related PL increase by P doping, i.e., thePSi

free-electron absorption in nc-Si. The free-electron absorp(_:enters remain active even if the P concentration is relatively
tion is characterized by a monotonic, structureless spectrufigh- On the other hand, in nc3f5e,,, the number of
that grows as\P, where is the photon wavelength and the nanocrystals having GP centers is small. Therefore the
power p depends on the mode of scattering. The preser]E)assivation of the SPy, centers starts at a low P concentra-
infrared absorption can be well fitted with5, suggesting tion, resulting in the quenching of the Bj;-center-related

that this absorption is accompanied by scattering by acoustig- Within the low P concentration region.

phonong? At a high P concentration, after the passivation of both
the Si and GeP,, centers is completed, electrically active P
IV. DISCUSSION atoms supply free electrons in nc;SiGe, . The free-carrier

absorption in Fig. 5 at a high P concentration gives direct
The observed P concentration dependences of the PL arlidence that free electrons are generated in pc;Sig, . If
ESR properties as well as optical absorption spectra can cosuch free electrons are supplied, three-body Auger recombi-
sistently be explained by the following model. From thenation becomes possible among the electrons and photoex-
point of view of PL properties, nc-Si embedded in gi@a- cited electron—hole paireeh Auger procegsi.e., the re-
trices (without Ge doping can be classified into two catego- combination energy of an electron—hole pair can be
ries. One is nc-Si without nonradiative recombination centersransferred to an electron with its following excitation to a
[Fig. 6(a)], which shows a slow band-edge PL at around 1.4higher energy in the conduction band. The lifetime of the eeh
eV?® The other is nc-Si having at least oneRgj center[Fig.  Auger recombination process in nc-Si is in the range of 0.1
6(b)]. In these nanocrystals, photoexcited carriers are alwayand 1 n<?® This lifetime is several orders of magnitude
trapped at the SP, centers and recombine via the centers.shorter than the radiative lifetime of excitons in nc-
These nanocrystals do not show the band-edge PL but sho8i, _,Ge,>?and is also shorter than the Bj-center-related
only the 0.9 eV PL at low temperatures. PL.2* Therefore the generation of free electrons results in a
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