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Near-Band-Edge Photoluminescence from Pseudomorph&i;—,C, /Si Quantum
Well Structures
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Band edge related photoluminescence (PL) is observed $igm C, /Si multilayer structures at low
temperature. High quality samples were grown pseudomorphically on Si substrates by solid source
molecular beam epitaxy. A bound exciton no-phonon line and its Si-Si TO phonon replica are observed
at energies which decrease linearly with increasing C content. In 52 A thig/Sh .6 alloy layers
the PL redshift is about 100 meV, compared to pure Si. The PL shifts to higher energy for decreasing
Si;—,C, layer width due to the quantum confinement of carriers. The decrease in PL energy observed
for decreasing Si barrier layer width implies that neither electrons nor holes are localized in the Si
layers.

PACS numbers: 73.20.Dx, 78.55.Hx, 78.66.Li, 81.10.-h

In the last decade, extensive work has been done on thie the Si layers which would be expected for a staggered
growth and characterization &fi,—,Ge, alloy layers on type Il band alignment. The data can be well described
Si substrates. The structural, electrical, and optical propby a finite potential well model with strong electron and
erties ofSi; -, Ge,/Si heteorstructures are investigated forweak hole confinement in thi, -, C, layers.
fundamental physical aspects and for the improvement of The samples studied here were grown by solid source
SiGe-based devices, compared to conventional Si struenolecular beam epitaxy on (001) Si substrates at a growth
tures [1-3]. Besides some efforts concerning Sn-baset@mperature of about 55C. A directly heated pyrolytic
heterostructures [4,5], the field of group IV alloys wasgraphite filament is used for C sublimation and Si is
broadened by the realization of commensursig ,C,  supplied by an electron beam evaporator. At typical C
and Si;—,—,Ge,C, alloy layers on Si [6—8]. The large and Si growth rates of 0.01 and 1/4, respectively, the
lattice mismatch of 52% between diamond and Si lim-chamber pressure is abouitx 10~ mbar starting at a
its pseudomorphic growth dfi,—,C, alloy layers on Si base value of abou0~!! mbar. Optimizing the C source
substrates to a carbon contents 5% or to novel C-rich  design without hot metal components keeps the CO and
orderedSi,—;C; phases [9,10]. The intrinsic band gap of CO, pressure low and is attributed to improve the sample
Si;—,C, alloys was proposed to increase with the carborquality. The activeSi,,C,/Si multilayer structures are
content in a virtual crystal approximation which interpo- 0.5 to 0.6um in thickness. They are grown on a 3800 A
lates the Si, SiC, and diamond properties [11,12]. In ahick Si buffer layer and are capped by a 2000 A thick Si
first principles model calculation, the intrinsic relaxation layer. PL is excited by a 476 nm Kraser beam which is
of C and Si atoms due to the very different bond length mW in power and is focused to a sample area of about
was taken into account. The results predict a shrinkage & mm?. The samples are cooled in a He-flow cryostat to
the band gap and semimetal propertiesyfoe 10% [13].  a temperature of about = 6 K. PL is analyzed by a
So far, there is some ambiguity about the band gap and = 1 m spectrometer and is detected by a liquid-nitrogen
the band alignment iSi;—,C,/Si heterostructures. The cooled Ge detector in standard lock-in technique.
large tensile strain in pseudomorpl8¢; -, C, layers on The structural properties of the samples are determined
Si is expected to strongly affect the band edges. by two-crystal high resolution x-ray diffraction (XRD)

In this Letter we present the low temperature photolu-and by comparing the data with dynamical simulation
minescence (PL) properties 8f,-,C,/Si multiquantum  results, which are based on Vegard’'s law and linearly
well (MQW) and superlattice (SL) structures. The lumi- interpolated elastic constants. Typical (004) reflection
nescence lines of 52 Ai,_,C,/156 A Si MQW struc- data of 30-period multilayer structures with different
tures strongly decrease in energy with increasing carbo8i;-,C, layer width and C content are given in Fig. 1.
contenty by aboutAEp; = —y(5.7 eV). A no-phonon The good agreement of the experimental and simulated
line of bound excitons and its Si-Si TO phonon replicacurves indicates high quality pseudomorphic growth of a
are predominant. Weak Si-like TA and T® O' phonon  well-defined layer sequence with constant layer widths
replicas are also resolved. Two series of multilayerecand composition. A distinct 0-order SL peak is well
samples with variedi,-,C, or Si layer width reveal sys- separable from the substrate peak, even fqfodSipo;
tematic shifts of the PL line energy. The emission is redayers of only 22 A width. The C content is determined
lated to the effective band edge within thg -,C, layers  from the shift of the O-order SL peak and the relative
representing a quantum well for at least one carrier typeSi,;-,C, and Si layer width, which are well known from
There is no significant localization of the other carrier typethe open/close time durations of the C source shutter.
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T T b-“ T T tributed to the no-phonon (NP) line and the Si-Si TO
e | substrate (004) reflection o . . . . .
cuk, ] phonon replica of excitons confined in tBg -, C, layers.
The PL shoulder at aboiit = 1.070 eV and the weak res-
sl 3 onance at about = 0.97 eV also shift withy and may be
3 u 3 related to Si-like TA phonon and TO plds point optical
W\ J”Lw-; phonon assisted recombination of confined carriers. The
] phonon energies agree well with that of momentum con-
] serving Si phonon modes [14,15]. No transition lines re-

\L : lated to Si-C or C-C phonon modes are resolved. For high

30X (52A Sl gg,C 16/ 156A Si)

I si mulatlon

_ 30x (22A Si ggC o,/ 166A Si) )w
i C concentration an emission background at low energy is
amaton |, S . E observed which is similar to the broad PL reported earlier
P R TR B from a Si) 905Co g5 layer grown by rapid thermal chemical
2400 -1800 1200 600 0 600 1200 1800 vapor deposition [16]. The peak positions of the NP and
ANGLE a6 (arcsec) TO phonon lines in dependence prare given in Fig. 3.
FIG. 1. (004) reflection x-ray rocking curves and dynamical he experimental data are well fitted by a linear decrease
simulation data of 30-periofli;—,C, /Si MQW structures. The in PL energy of aboub Exp = —y(5.7 eV) and a slightly
C contenty and layer widths are given in the figure. decreasing peak separation of the TO phonon replica of
about(58.5 — 2y/%) eV.
In Fig. 4 typical spectra are shown from 30-perifgc-
0.9C0.01/156 A Si structures with varied alloy layer
Width dsic = 110, 33, and 11 A. The transition energy
gependlng ondsic is summarized in the inset. The PL
ines from the SjodCo o1 layers shift monotonically up
0 about 45 meV higher energy by reducing the layer
width. This is a direct proof that the PL lines originate
from quantum confined subband levels and not from any
local defect states related to C incorporation. At least one
type of photoexcited carrier is localized to t8&;—,C,
layers. The total QW emission intensity is maximum at
about ds;c = 30 A. The ratio of NP and TO phonon

XRD INTENSITY (log. units)

The period and actual layer widths are deduced from th§I
higher-order SL peaks. The preproducibility of growth
parameters and the accuracy in determining layer width
and C content is about 5%. The C content measure
by XRD agrees well with the C deposit observed by
secondary-ion-mass spectroscopy (SIMS) analysis.

PL spectra from 30-period 52 &i,_,C,/156 A Si
MQW structures with varied are shown in Fig. 2. The
Si-TA, Si-TO, and SKTO + O') lines at energyE =
1.138, 1.099, and 1.035 eV originate from the Si substrate,

butfer, and cap layer [14]. The spectra reveal two ad]lne intensity increases slightly with decreasing width. PL
ditional PL lines of comparable intensity. These lines Strom a set of 30 ASi009:Cocos/ds; Si structures with
shift to lower energy with increasing carbon content. Atvaried Si widthds; is shown in Filg 5. The PL shifts
. . . 1
y = 1.05%, for example, the emission lines At= 1.089 monotonically to lower energy by decreasidg; from
and 1.032 eV are about 12 meV in width. They are at- 551 "5 A The sample without confinemehg = 0 A
is realized by 8 periods of 400 A §igCo 005’300 A Si.
The PL redshift summarized in the inset reaches about
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FIG. 3. Peak energy of the no-phonon line (NP) and
FIG. 2. PL spectra of 52 /8i,-,C,/156 A Si MQW struc- the TO phonon replica (TP) from 52 &i,_,C,/15 A
tures with different C content. The samples were excited by MQW samples depending o The straight lines are Ilnear
a 476 nm Kr laser beam al’ = 6 K. fit results of the MQW data.
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AN AR In the following part, the experimental dependence

Kronig-Penney-Model, m,=0.92m,, 114 T=6K

33A/ 156A

for y = 0.0% to an energy about 9 meV below the
transitions of free excitons in pure Si. This additional
110471584 binding energy may indicate that the QW luminescence is

by seamsmovaggon 113 g P.=SmW of QW PL energy on C content, alloy, and Si layer
i E width will be discussed. The linear decrease of the NP
3 Jiog SO transition energyAExp = —y(5.7 V) in Fig. 3 reflects
@ |E N o the shrinking optical band gap in the 52 $i,_,C,/
S o 2 4o @ @ 1020 156 A Si MQW structures. The depth of ti§,_,C,
Si goC g1 LAYER WIDTH (A) . . . ’
g ' To NP potential well is expected to be slightly largAE(y) =
& | SlgsCor/Si-MAW N —y(6.5 eV), taking the carrier confinement in a 52 A
> LA _ thick QW into accountAE ~ 8 meV fory = 1.0%, see
g inset of Fig. 4). Both of the linear fit curves extrapolate
I'.I_J
pd
|
o

T T o A M ey SRP e related to excitons which are bound to shallow impurities
090 0.8 ESERG;OS 110118 or the local fluctuations in C content and well width. QW
(V) inhomogeneities are also indicated by the PL linewidth
FIG. 4. Typical PL spectra of $idCo01/Si MQW structures  of about 12 to 18 meV observed in samples of different
with varied alloy and constant Si layer widdk; = 156 A, and layer width. The linewidth is 2 to 3 times larger
The experimental transition energy &t = 10 K depending  ihan the value we estimate for local fluctuations ifor a

on dsic is given in the inset by full (NP line) and open . . .
symbois (TO phonon replica, shifted by 56 meV). The curver@ndomsi,—,C, alloy, adapting the bullsi,_,Ge, result

is calculated in an effective mass approximation for a puredf Weber and Alonso toSi;-,C, [17]. Free exciton
electron confinememiEcg = —65 meV. PL may have been observed Bt= 20 K from MQW

samples with low C content. A distinct narrow emission
line appears at about 12 meV higher energy than the

. . . bound exciton TO phonon replica (for = 0.45% see
Slo 9o 0,008 quantum wells for thin Si barrier layer; = the fine line spectrum in Fig. 2 & = 1.076 eV). The

30 A and to forming extended superlattice states of IowerNP line shows a weak high energy tail. At temperature

energy. No blueshift expected for carriers localized top o 35K the QW PL gets very weak. As a first
the Si layers is observed. This qualitative result can b Ny
understood as a first test that no type of carrier is confineiivpproa(:h to the present band structuréiia.,C, layer

A . ) ill be considered as a Si layer under tensile biaxial
within the Si layers and that there is no staggered type | train of aboute = 0.345y, for small y. The strain
band alignment.

situation of Si;—,C, on Si is comparable to that of
Si on relaxedSi;—.Ge, buffer layers withx = 8.3y.
Strain splits and reduces strongly the conduction band-
i edge energy. The\(2) electron valleys are lowest in
) energy and shift by abolAE2? = —y(4.6 eV), using
Si deformation potential parameters. The splitting of
hole states is much more complicated. Heavy holes
shift linearly down in energy byAE"™ = —y(1.3 eV).
Light holes reveal a nonlinear behavior due to interaction
] with spin-orbit split holes. They represent the valence
band edge at an energy which is estimated to be a
. few meV above the unstrained Si band edge, for
1.0%. The band alignment caused by strain implies
| 30A/30A | strong confinement of electrons and weak confinement of
oA 100 light holes within theSi;-,C, layers. The PL redshift
L T N ] observed is about 30% larger than the expected band-
090 095 100 105 110 115 gap reduction induced by strain. This might indicate that
ENERGY (eV) incorporation of C reduces the intrinsic band gap. It is
FIG. 5. PL spectra of SbsCoos/Si MQW structures with in qua!itative agr'eenjenF with the PL blueshift (_)bsgrved
varied Si and constant alloy layer widtk;c = 30 A. The PL  for C incorporation inSi;-,-,Ge,Cy layers, which is
peak positions of the NP line (full symbols) and TO phonon linesmaller than expected from strain compensation [8]. The
(open symbols, energy shifted by 56 meV) observed’at  trend of a decreasingi;—,C, band gap was proposed

10 K are given in the inset. The curve in the inset shows the, tight binding calculations [13]. The intrinsic shift

calculated band gap decrease for a pure electron confinemen _
AEcy = —50 meV, AEy; — 0 meV. The calculated values © about —30 meV observed fory = 1.6%, however,

are shifted in energy to match the experimental datdsat= IS considerably smaller than the value of170 meV
100 A. calculated for theX point of the Brillouin zone.
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The experimental peak energies for different layerines are resolved which are attributed to no-phonon tran-
width are compared to calculated values in the inset ositions of bound excitons and Si-like TA, TO, and TO
Figs. 4 and 5 using a Kronig-Penney model with finiteplus I" point optical phonon replicas. The lines shift lin-
electron and vanishing hole confinementH-g = 65 or  early down in energy with increasing C content. The
50 meV, respectively, andEvg = 0 meV). Constant main fraction of PL redshift is attributed to the strain-
effective masses for Gi, = 0.92mg, my, = 0.20mg, and  induced lowering of theA(2) conduction band energy.
mnn = 0.275mq are used taking the band-edge splittingQW confinement raises the PL energy by about 45 meV
due to strain into account. The PL blueshift observedor reducing theSi;-,C, layer width from about 110 to
for decreasingisic (Fig. 4) is well described by a strong 11 A. The realization oBi,-,C, layers which emit in-
electron confinement in th8i,_,C, layers. Although tense PL provides an additional high quality material sys-
some uncertainty exists in deducing band offsets from &m which extends Si-based heterostructures. Large band
comparison of experimental data and simple model caleffsets are reached already at a C content of a few per-
culations, the weak energy increase observed by reducirgent. The presented results demonstrate that the optical
dsic may also agree with a weak hole localization but itproperties ofSi;—,C,/Si structures are well comparable
seems to contradict a strong confinement of light holesvith Si;_,Ge,/Si. In ternarySi;—,—,Ge,C, alloys and
(min = 0.20mg) with energy shifts which are expected in Si;—,C,/Si;—,Ge, Structures strain adjustment and a
to be considerably larger. The PL redshift observed byand structure modified by carbon open a wide field for
reducingds; is qualitatively described by the decreasingbasic research and for potential optical and electronic ap-
electron confinement in AEcg = —50 meV well with  plications.
decreasing barrier widtlds; (see curve in the inset of  The work has been supported financially by the Bun-
Fig. 5). The experimental data are well matched by alesministerium fir Bildung und Forschung.
curve calculated for a type | band alignment with band
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