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Photoluminescence of Tensile Strained, Exactly Strain Compensated, and Compressively
Strained Sij—x-,Ge,C, Layers on Si
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Band edge related photoluminescence is observed from strain compensated G#.C, multiple
quantum wells. For87 = 4) A thick quantum wells, the no-phonon energy decreases linearly with
increasing C content asy(6.8 eV). The band gap for unstrained;SjC, material is deduced for
carbon concentrations lower than 0.85%. An initial energy increase and a subsequent energy decrease
on the way from tensile strained ;SjC, and from compressively strained;SiGe, alloys towards
exactly strain compensated;Sj_,Ge,C, structures is measured. The different band alignments and
strain-induced electron and hole level crossing effects are discussed. [S0031-9007(98)05791-3]

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

Adding carbon into the SiGe material system substanperlattices. The dominating peak, observed in all three
tially extends the design freedom for SiGe-based heterczurves, originates from the Si substrate. In the upper spec-
structures: First, the smaller carbon atom can compensateum the carbon fraction is zero and compressive strain is
compressive strain in i, Ge, layers on Si[1] and thus re- introduced by3.7 = 0.1% Ge. The lateral compression of
lieves thickness limitations in strained-layer growth. Sec+the Sj 963G 37 layer results in a vertical lattice extension
ond, the major band offset in Si,C, quantum wells due tothe Poissonratio. As aresultthe zeroth order super-
(QWs) is found in the conduction band [2], which, in con- lattice peak (0-SL) is shifted to negative angles compared
nection with the valence band offset in/Si;—,Ge, het- to the Si substrate peak. The bottom curve is obtained
erostructures, has already opened up a wide variety of nefsom a Si -, C, /Si superlattice witly = (0.45 = 0.02)%.
electronic and optical properties within the SiGe materialSince the carbon atom is much smaller than the Si atom,
system. However, although the band gaps of pseudomotensile strain is introduced, and the 0-SL peak is shifted to
phic Si-.Ge, and Sj-,C, (up to a C concentration of positive angles. Note that this shift, apart from its opposite
2%) have been experimentally determined [2,3], there hadirection, is exactly the same as for the-SiGe, /Si super-
been little work dealing with the regime between thesdattice. Forthe sample shown in the middle of Fig. 1(a) the
two alloys. In fact, to our knowledge, no data have beerC and Ge fractions are added together. As expected, the 0-
published about the band gap @kactly strain compen- SL peak exactly coincides with the Si-substrate peak and
satedSi;—,-,Ge,C, QWSs, nor have there been any re-only the first-order superlattice peaks {-SL and 1-SL)
ports on the band gap dénsile strainedSi;—,-,Ge,C, can be resolved. Hence, from a structural point of view
layers. This Letter focuses on the band edge related pho-

toluminescence (PL) of tensile strained and exactly strain T/ g L n T [0 T simo” 1ok

compensated $i,-,Ge,C, layers and thus provides a L ] N

more complete picture of the band gap and band align- [ oL i

ment for the binary $iSi;—,C,, Si/Si;—,Ge,, and ternery - F | x=37% y=0% | SLTO ~

Si/Si;-,—,Ge,C, heterostructures. P L Si_% sLp| 3
All samples are grown by molecular beam epitaxy. De- 3. - 2y | g

tails on the growth procedures and the PL setup are giverg [ ] ‘5

elsewhere [2]. The structural properties of the samples= Jk | x=37% y=045 %JJJK £

are determined by x-ray diffraction (XRD) and by com- ;% 4 1 1 &

paring the data with dynamical simulation results, which i ]

are based on Vegard's law and linearly interpolated elas- | x=0% y=045% _,\/\,,J

tic constants between Si and diamond. Experimentaldate ¢ = /¥ | \T—'—Il -/ \ .V.\

for the exact lattice constantg(y) and elastic constants 1000500 O 500 1000 095 100 105 110 115

of unstrained Si.,C, alloys are not available at present. Angle 48 (arcsec) Photon Energy (eV)

Kelires [4] has C§|CU|at€‘_d0(y) and fo_und a slight bO_Wing FIG. 1. XRD rocking curves and PL spectra of three 30-
effect between Si and diamond. Using the theoretical datperiod (87 + 4) A_ Sij—,-,Ge.C, /(108 = 5) A Si superlat-
from Kelires reduces the carbon concentrations indicatetices. For the strain compensated-Si.,Ge;C, structure in the

; ; 0 ; iddle row of (a) the 0-SL diffraction peak exactly coincides
in the following by about 30%, but it does not change thevn\;ith the Si substrate peak. The corresponding PL spectrum

Othe_r statements. . . . in (b) shows superlattice related no-phonon and TO-phonon
Figure 1(a) presents x-ray diffraction rocking curves ofreplica peaks directly proving a smaller band gap of strain com-

30-period(87 = 4) A Si;—,—,Ge,.C,/(108 = 5) ASisu-  pensated $i.-,Ge,C, compared to Si.
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strain compensated Si.—,Ge,C, exhibits Si-like lattice tively, add up linearly toA Esic.c for strain compensated
symmetry neglecting local strain effects within the alloy. Si; .- ,Ge,C, QWs, then we can determine the band gap
Figure 1(b) shows PL spectra taken from the same threeeductionAEs;c of unstrained Si-, C, bulk material by
superl_attlce_s. The Si-TO and the(SjO_ + OY) lines at _ AEsic = AEsigec — AEsige = —y(2.7 eV),
energiesE = 1.099 and 1.035 eV originate from the Si
substrate, buffer, and cap layers. The spectra reveal two y =0.85%.

additional PL lines which are attributed to the no-phonona cross-check on the validity of this assumption is ob-
(NP) line and the Si-Si TO-phonon replica of excitons con+ajned by subtracting the calculated tensile strain effect

strain compensated sample also shows these two PL linesseydomorphic $i,C, layer AEsic. pseu:

which directly demonstrates a reduced band gap in strain
compensated $i,,Ge.C, layers compared to pure Si. AEsic = AEsic,psev — AEsic,stain - (2)
Since the strain is completely compensated we attribute From the PL measurements on; SiC, samples we
this band gap reduction to purely intrinsic effects of Ge andleduce A Esic, psew = —¥(6.6 €V) which almost exactly
C. Although this was proposed in earlier works [5,6], it isagrees with the extrapolated band gap reduction from
the first time that this effect has been directly measured. Ref. [2]. Using Si deformation potential parameters we
Figure 2 shows the energetic peak position of the NRbtain AEsic swain = —y(4.6 €V). This includes the
lines of a series of exactly strain compensated Si,-  strain-induced down-shift of th€A2) minima in the con-
Ge,C, multiple quantum well (MQW) samples with var- duction band and the energy shift of the light holes in the
ied x andy. Exact strain compensation in these samplevalence band. Inserting these values into Eq. (2) yields
was checked by XRD measurements yielding similar rockAEsic = —y(2.0 eV), which is slightly smaller than the
ing curves to that presented in the middle of Fig. 1(a)value obtained from Eq. (1). However, for 1% C the
The superlattice related NP lines shift linearly down indifference amounts to 7 meV which is in the range of
energy with increasing C and Ge content. The experiuncertainties in the deformation potentials.
mental data are fitted by a linear decrease in PL energy In the following, we investigate the near-band edge PL
of about AE = —x(0.84 eV), or equivalently of about behavior in the regime between strained_$Ge, and
AE = —y(6.80 eV). Inserted error bars take into account Si;—,C, layers. Figure 3(a) contains previously published
energy uncertainties due to determination of well widthsPL data of Sj—,C, and Sj-,-,Ge,C, layers. The dashed
and alloy compositions. The fitted straight line extrapo-lines represent the band gap of compressively (negative)
lates to an energy of 1.151 eV. A small energy offset ofstrained Si-,Ge, and tensile (positive) strained;S|,C,
4 meV compared to the free exciton in Si can be explainedtructures. We note that experimental PL data exist only
by excitons bound to local QW width or alloy fluctuations for compressively strained Si,—,Ge,C, structures, while
[2]. Figure 2 also shows the well-known free-exciton en-in the tensile strain regime investigations are limited to
ergy of unstrained $i.Ge, bulk material as a function binary Si-,C, layers [2]. Figure 3(b) enlarges and fo-
of Ge content [3]. If we assume that intrinsic band gapcuses on the upper section of Fig. 3(a). The dotted line
reductionsAEs;c and AEs;ge due to C and Ge, respec- in the negative strain regime represents the band gap of
unstrained Si_,Ge, bulk material. Our new experimen-
C Content y (%) tal data are shown as solid squares and dots. For the
00 01 02 03 04 05 06 07 08 09 10 Sii—xGe, QWSs the NP energies are slightly higher than
Mer———r the corresponding fundamental band gap. Because of the
small effective mass of the heavy holes (hh) [3], confine-
ment in the(87 + 4) A thick QWs still blueshifts the hh
energy level by about 10 meV. The transverse electron
mass in the Si.,C, layers is much large0.92m,), and
the confinement effect is expected to shift energies by only

1.15

unstrained bulk
1.14 | ~

—
Sij,Ge, Pty

NP-Energy (eV)
I
T

A

i Strain Compensated 1-3 meV [2]. Thus, the experimental PL data are very
Si1xyGeCy close to the band gap line for tensile strained 3C,. The
Lior three solid squares at the top are taken from the PL spec-
LOF o tra presented in Fig. 1(b). We concentrate the following
sl o o discussion on the lower curve, starting at a strain value of
o r 2z 3 4 5 6 7 8 e = —0.00313. If we reduce the compressive strain in

Ge Contentx (%) the Sjo3Gey o7 by introducing substitutional C and at the

FIG. 2. NP energy as a function of C and Ge fraction forsame time leaving the Ge concentration constant, the no-

exactly strain compensated, Sj_,Ge,C,, unstrained Si.,Ge;,, ; ; ; ;
and unstrained $i,C, bulk alli)ys. }Sj,XGe« and Si_,C, phonon energy shifts to higher energy. This agrees with

curves extrapolate to the free-exciton energy in Si at 8 K. APreviously reported PL data depicted in Fig. 3(a) [5~7].
slight offset of 4 meV for Si_,—,Ge,C, might be due to bound Further increase of the C content towards full strain com-

exciton luminescence. pensation in $iSiGeC, however, results in a reduction of
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the Sy/Si;—.—,Ge.C, material system, namely, compres-
sively strained Si ,Ge,, strain compensated Si, -
Ge,C,, and tensile strained Si,C,. The band alignment

of pseudomorphic 3Bi;_,Ge, was recently clearly iden-
tified by low excitation PL as type Il [8] with the main
band offset in the valence band (VB) and only a very small
offset of about 10 meV in the conduction band (CB) as
schematically illustrated on the left side of Fig. 4. We
verified this result by an excitation dependent PL mea-
surement for the 87 A $i;Gey;; QWSs, where we ob-
serve a 5 meV energy shift of the NP peak due to band
bending. The excitation power density was varied from
2.5 mWem 2 to 2.5 Wem 2 in this experiment. Com-
pressive in-plane strain in SiGe lifts degeneracy and splits
the VB into heavy hole (hh) and light hole (Ih) states with
the hh defining the VB maxima [3]. Likewise, the sixfold
degenerate CB is split int@2) and(A4) valleys with the
(A4) states being the CB minimum. In contrast to that,
Si/Si;—, C, heterostructures are type | [2] with about 70%
of the band offset in the CB [9]. For the tensile strained
27 A Siyos56Co.0144 Structure we measure only a minor 1—
2 meV energy shift of the NP-PL line with increasing exci-
tation density confirming a type-l band alignment. Again,
the CB and VB are split by biaxial strain inf@2) and
(A4) as well as into heavy and light hole states, respec-
tively. In contrast to SiGe, now th@\2) states form the

e
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1 1
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CB minima and the Ih states are the VB maxima as shown
in the right part of Fig. 4. In a perfectly strain compen-
sated SiSi;—,—,Ge,C, heterostructure, Ih and hh VB and
(A2) and (A4) CB states regain degeneracy just like in
FIG. 3. NP energy as a function of strain. In (a) PL data ofSj neglecting carrier confinement effects. For the strain

recent work are summarized. QW thicknesses and temperatur ; _
are indicated in the legend; (b) shows an enlarged section Oﬁ_ﬁmpensated 27 A Sisr6Gen118Co0144 Structure an ex

the upper part of (a) with PL data in the compressive (negative§itation dependent energy shift of 3.3 meV is measured.
strain regime and in the tensile (positive) strain regime. Dashed

lines represent fundamental band gaps of binary alloys. The _
dotted line is the band gap of unstrained_-$Ge,. Numbers |
in brackets represent andy fractions in % of Si_, ,Ge,C, N
quantum wells. A

0.004

Si, Ge, Si..,.yGeXCy Si C.

the no-phonon PL energy. We already reported this be-
havior for narrow Sjgs—,Gey16C, QWs with higher Ge
content as shown in Fig. 3(a) (full triangles) [6]. Similar
behavior is observed in the positive strain regime start-
ing at a tensile strain value = +0.003 13 for pseudo- R
morphic Sjog15Co00s5 QWSs. Adding a certain amount :
of Ge reduces tensile strain and the NP energy is initially -

blueshifted. However, for the exactly strain compensated [ lh CIT7T750h
Si0.9215G&.07Co.0085 layer an energy decrease compared to
both the positive and the negative strain regimes is ob-
served. The initial blueshift and the redshift beyond a cer-

tain Ge content are conf_lrmed for g5!049856—XGQCC?-0144 FIG. 4. Schematic band-edge diagram of the three distinct
QWs shown as full dots in the lower right part of Fig. 3(b). structures within the $i, ,Ge,C, alloy system, namely,
The PL energy of the $igscCoo144 Sample, which is the Si,_,Ge,, Sii—,C,, and strain compensated ;Sj_,Ge,C,.
right dot ate = 0.005, is considerably above the dashedConfinement energy levels are indicated as thinner lines.

line. This is due to the significant confinement shift in theSince the transition type for Si._,Ge.C, is not known, the
27 A narrow Qw. uncertainty is shown as the grey-shaded area in the CB. The

] L dotted line in the CB of the $8i;—,Ge, QW indicates charged
Figure 4 shows a schematic diagram of the band-edggarrier induced band bending which creates triangular potentials
alignment of the three distinct alloy combinations within at the interfaces.
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This and a simple interpolation betweerySii-,C, and means lattice matched Si.-,Ge,C, layers with Ge and
Si/Si;—,Ge, implies an optical transition with a rather C concentrations significantly above the samples discussed
small band offset in the CB. However, the exact band offin this paper are difficult to grow thicker than about 10 nm
set is not known yet, and this uncertainty is marked by theon Si without significant surface roughening caused by lo-
grey-shaded area in Fig. 4. Since oufSlji—,,Ge,C,  cal strain around substitutional C atoms. Obviously, bonds
heterostructures consist of QWs with 87 A thickness, théetween C and Ge are unfavorable to form but become in-
confinement effect must be considered. FotSsii,Ge,  creasingly more difficult to avoid for higher Ge concen-
light holes and heavy holes are shifted to lower energies dasations. The local atomic structure of strain compensated
indicated by thinner dashed and full lines on the left sideSi;—,-,Ge,C, alloys on Si has been discussed in detail
of Fig. 4. In the type-Il CB band bending due to spaceby Dietrichet al. [11]. Local strain fields introduced by
charges [8] must be considered especially in conditions asubstitutional C broaden the Si-Si, Si-Ge, and the Ge-Ge
high excitation power. This creates triangular potentialgphonon peaks by elongating bonds close to the C atoms.
at the Si'Si;—.Ge, interfaces as schematically indicated The Raman results indicate that the Si-Si bonds are not
by the dotted line in Fig. 4 for the CB, whefd4) and identical to those in unstrained bulk Si for strain com-
(A2) states become localized. The confinement level opensated $i ,—,Ge,C, alloys which have the same aver-
localized(A4) states will be shifted to lower energies thanage lattice constant [11]. Lorentzen al. [12] discussed
the (A2) states, since théA4) potential barrier is much the possibility of band gap lowering in SiGeC due to C-
smaller than the band offset f6A2). induced localized energy levels. Further experiments, es-
For type-l SjSi;—,C, QWs the confinement effect pecially for samples with higher C concentrations, will be
shifts the |h states in the VB away from the band edge toequired to determine the exact contributions in band gap
lower energies as well as tha2) states in the CB to higher shift due to band structure changes, on the one hand, and
energies. The confinement levels are again indicated bipcalized energy levels, on the other hand.
thinner full and dashed lines for tifA2) and the |h states In conclusion, we have for the first time observed near-
in Fig. 4, respectively. Although the band edges in theband-edge PL of exactly strain compensated- Si,-
CB and the VB are degenerate for strain compensatede,C, alloy layers. For(87 = 4) A thick QWs the
Si/Si;—,—,Ge,C, charge carrier confinement introduces ano-phonon PL energy decreases linearly-ag0.86 eV)
splitting of the energy states due to the different effectiveor equivalently as-y(6.8 eV). From this we deduce a lin-
masses. In the VB the heavier hh states will form theear energy reduction for unstrained SiC, of —y(2.7 eV)
maximum energy level. In the CB the heavier transverseavith increasing C content. An initial PL-energy increase
effective mass of th¢A2) states shifts the confinement on the way from tensile strained 1Si,C, as well as from
energy below thegA4) level. This is also the case for compressively strained Si,Ge, alloys towards exactly
type-Il band alignment due to charge carrier inducedstrain compensated Si.—,Ge,C, structures is observed.
band bending effects at the interfaces especially at highAn energy lowering for strain compensated-Si-,Ge,C,

excitation power in PL. structures is observed and can be explained by energy
From the above discussion we deduce that on the walgvel crossings due to confinement effects.
from Si/Si;-Ge; to strain compensated /SBij— - The authors thank K. von Klitzing for his continuous

Ge,C, heterostructures the hh states stay energeticalljnterest and support. The very skillful support of W. Win-
higher than the Ih, whereas in the @B2) and(A4) states  ter is extremely valuable.

undergo an energy level crossing due to the confinement
effects. In the tensile strain regime the situation is re-
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