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Pseudomorphic $i,_,GgC, alloy layers on Si(100 with band-edge photoluminescence and
without defect-related luminescence have been achieved. The photoluminescence was measured
from 2 to 77 K and was used to make a direct measurement of the band gap shift as a function of
strain reduction as C was added. Compared to the effect of just reducing Ge content, results show
that as C is added, strain is reduced more efficiently than the band gap is increased. Furthermore,
results imply that a fully strain-compensated Si-,Gg,C, layer on Si(100) would have a band

gap much less than that of Si, and suggest that initial C incorporation reduces the band gap of
relaxed, unstrained Si,_,GgC, alloys. © 1995 American Institute of Physics.

The strain in pseudomorphic,Si,Ge, alloys on Si(100)  substrates at reduced pressigeTorr.> All samples con-
substrates imposes a severe design constraint in heterojurgisted of nominally undoped single, buried; Si_,GgC,
tion devices employing these layers. In concept, because fayers. The Si_,_,GgC, layers were deposited at 575 °C
atoms are smaller than both Si and Ge atoms, C may be usém dichlorosilane, germane, and methylsilane in a hydro-
to compensate the strain by adding it substitutionally to forngen carrier, while the Si caps were deposited at 675 °C from
S, yGeC, alloys. However, the solid solubility of C in dichlorosilane. The samples received no thermal treatment
Si is only about 1 ppm even at the melting point of'Qit  after growth. There were two sets of samples: one with
higher concentrations, the stable phase is the ordered corr=0.24, the other witlx=0.38. SIMS confirmed layer thick-
pound SiC rather than a random alloy. In spite of this, prenesses, flat C profiles, and that the Ge concentration was
vious work has demonstrated that low-temperature, nonequitnchanged as methylsilane was added. For the rest of this
librium epitaxy can produce §i, ,GgC, films with letter, quoted substitutional C concentrations were quantita-
substitional C concentrations greater than 2%. The bulk ofively determined from shifts in thé400) x-ray diffraction
this previous work has been of a structural nature, with re{XRD) peaks using a Ge:C strain compensation ratio of 8.3,
ports of strain as a function of C concentration, forwhich corresponds to a strain reduction-69.0035/%C. The
example?® To the best knowledge of the authors, howeverC concentrations measured by SIMS were consistently pro-
there has been only one previous experimental report of portional to those measured by XRD but were significantly
direct measurement of the band gap of §i ,GgC, . Bou-  lower, opposite to what would be expected if some C was not
caud et al. reported 77 K photoluminescen€PL) spectra  substitutional. We associate the inconsistency between SIMS
from S, ,Gg,C, alloys with x=0.155% but these spectra and XRD with poor SIMS calibration.
showed luminescence peaks assigned to dislocations, casting For the photoluminescence measurements, the excitation
doubt on the strain condition of the films. source was an argon laser with a pump power densitysid

In this letter, we report photoluminescence spectra fromW/cn?, and the detector was a liquid nitrogen-cooled Ge
pseudomorphic $i,_,GgC, alloys on Si(100 showing diode. Figure (a) shows PL spectra measured at 25 K from
only band-edge, $i,Ge-like PL with no dislocation lines samples withx=0.38 and various C concentrations. These
or luminescent defects. The PL was measured between 2 asgectra are indeed Si,Ge-like and exhibit no features
77 K and showed band-edge, SjGe-like luminescence at other than the usual no-phon@dP) and TO phonon replica
all temperatures. We show that for a given band gap, a larggreaks® There was a clear blueshift in these band-edge PL
critical thickness can be attained for films with C comparedfeatures as the C content was increased, indicating that add-
to those without C. Furthermore, from our experimentaling C tends to increase the band gap of strained
measurements of the band gap of pseudomorphiSi,_, ,GgC,. As C was added the NP intensity increased
Sii_x-,GgC, on Si (100, we calculated the band gap of relative to the TO intensity, suggesting enhanced alloy scat-
relaxed Sj_,_,GgC, . It was found that the initial addition tering due to the C atoms in the lattice. Also, note that the
of C will tend to decrease the band gap of unstrained Sfeatures in the 25 K spectra became narrower and weaker as
1-x—yG&C, alloys. C was added. This may have been due to reduced band

The samples used in this work were grown by rapidfilling” caused by a lower carrier lifetime in the samples with
thermal chemical vapor depositiocfRTCVD) on Si (100 C. The spectra measured at 77 K were similar to those at 25
K, but were thermally broadened. Several samples were mea-
dCurrent address: Department of Electrical Engineering, NationalSured a2 K aswell, althoth the luminescence was weaker
Chungsing University, Taichung, Taiwan. and the linewidth broader for unknown reasgrgy. 1(b)].
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FIG. 1. Photoluminescence spectra for; i ,GgC, samples with

x=0.38 and various C. The pump power density was0 W/cn?. The FIG. 2. Band gap as a function of strain for pseudomorphic,Si,Ge.C,
spectra were normalized and corrected to account for the spectral responge Si(100. The errors bars for relative band gaps and strain‘e2emeV
of the experimental optical path. and =0.0004, respectively. The Si,Ge, line is from Ref. 10.

To demonstrate the tradeoff between band gap reductioAEc/Ae=—6.1 eV/unit strain, corresponding tAEg/Ay
and strain in Si_,Ge/Si heterojunction devices, we have =+21 meV/%C. Furthermore, if one assumes a linear ex-
plotted in Fig. 2 band gafas measured by Blas a function  trapolation of our Si_,_,GgC, data to zero strain, one pre-
of strain (as measured by XRDThe absolute band gap of dicts a significant band gap offset to Si for strain-free
the control sample withx=0.24 andy=0 was determined Si, _, ,GgC, films. Forx=0.38, the offset would be-190
from its 2 K PL spectrum. The band gaps of the othermeV.
samples were then determined by comparing the low-energy To demonstrate that adding C to;SjGe, can indeed
edge of the NP peak of their 77 K PL spectra to that of thencrease its critical thickness, we prepared two samples un-
control sample. We estimate error bars:06 meV for the  der identical conditions(x=0.38, thickness34 nm, and
absolute band gap measurements but any meV for the  capped with 10 nm of $i except that in one case we added
relative band gaps. C to the Sj_,Ge, layer. The sample without C showed lu-

The position of the Si . ,GgC, (400 XRD peaks minescence originating from dislocatidngig. 3), indicat-
relative to the Si substrate peak were measured to give theg that the sample was relaxed. The sample with C, how-
vertical lattice constant of the epilayers. Assuming no relaxever, showed only band-edge,;SjGe-like PL with no
ation (there was no evidence of significant dislocations in thedislocation lines. By adding C to Si,Ge,, we achieved a
PL spectra and a Poisson ratio of 0.28, the relaxed latticestrained film thicker than 30 nm with a band-offset to Si of
constants and, therefore, the strain were computed. The relalmost 300 meV. In comparison, the Matthews—Blakeslee
tively thin Si,_,_,GgC, layers (~30 nm yielded broad equilibrium critical thickness for a comparablg SjGg, film
XRD peaks, resulting in an estimated uncertainty in thes ~7 nm?°
strain of £0.0004. Because of the constraints of critical The substitutional incorporation of C into pseudomor-
thickness, a fully strained film wittx=0.38 and no C and phic Si_,Ge, should have two effects on the band gap of
with sufficient thickness for XRD could not be produced. the alloy. First, the smaller C atoms will reduce the strain in
Therefore, we determined the strain in this film by measuringhe film, thus increasing the band gap. Additionally, the pres-
the Ge content by Auger electron spectroscopy depth profilence of C in the matrix should have a separate effect on the
ing and employing Vegard's law. We conservatively esti-band gap of thaelaxedalloy. However, there are no pub-
mated the error in Ge content to be0.02, yielding an error lished experimental results on the effect of small amounts of

of +=0.0008 for the strain in this film. C on the band gap of relaxed,Si,C, or Si, _,_,GgC,, and
Figure 2 shows band gap versus biaxial compressivéheoretical predictions vary widely fromt18 meV/%C! to
strain for both pseudomorphic;Si,Ge, on Si(100) (adapted ~—100 meV/%C? To subtract the expected effect of strain

from the work of Van de Walle and Marfipand our experi- reduction from our experimentally measured band gaps of
mental Sj_, ,GeC, data points. As C is added to strained layers, we assumed that the deformation potentials
Si,_,Gg  and the Ge content is held fixed, the strain de-in our pseudomorphic &i, ,GgC, are similar to those in
creases and the band gap increases, but the band gap incre8se ,Gg, (A Eg=-11.7 eV/unit biaxial compressive

is much less than it would be if the strain was reduced simstrain.? In Fig. 4 we have plotted the expected band gap of
ply by reducing the Ge concentration without adding C. Thatelaxed Sj_,_,Gg,C, as a function of lattice constant. Note
is, for a given band gap, Si,_,GgC, has less straifland  that the relaxed $i,_,GgC, points lie below the relaxed
presumably a greater critical thickngssthan does Si;_,Ge, line'® and, more importantly, that their slope is
Si,_«Ge,. The average slope of the ;Si_,GgC, points, positive(~10 eV/nn). That is, as C is added and the lattice
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FIG. 3. Uncorrected photoluminescence spectra for twp ,SLG6C,  FiG. 4. Band gap as a function of lattice constant for unstrained material.
samples withx=0.38. For the top spectruny,=0; whereas for the bottom ¢ Si_,_,GeC, points are adapted from measurements on pseudomor-
spectrumy=0.011. phic films. The Sj_,Ge, line is from Ref. 16.

constant decreases, the relaxed band gap does ag-vasl strain reduction. Therefore, it appears possible to create
meV/%Q. This is slightly surprising in light of the fact that defect-free films without strain on $100) with a band gap
SiC and diamond have band gaps much larger than both Ssubstantially less than that of Si. Finally, our results suggest
and Sj_,Ge,. However, it is not unprecedented; similar thatinitial C incorporation in relaxed Si,_,GeCy will de-
“bowing” is observed or predicted in the band gap versuscréase the band gap.
lattice constant data of other alloy systems which have a The work at Princeton was supported by OKN00014-
large lattice mismatcke.g., GaAs/GaSb and GaAs/Gald ~ 90-J-1316, AFOSR (F49620-95-1-0438 USAF Rome Lab
Extrapolating our Si_,Ge.C, data back to zero strain (F19628-S_)3-K-001B NSF, and the Humboldt Stiftung. T.he
(Fig. 2), gives the band gap of relaxed . This can then pavork at Slmop Fraser was supportgd by the Natural Science
compared to the known band gap of the relaxeg@nd Engineering Researc.h Council of Canada. The authors
Si—x—yG&C,. This alloy*® with the same Ge content to de- also acknowledge the assistance of C. W Magee, N. Mor.|ya,
termine the effect of C on the band gap of relaxed films - Feldman, D. Eaglesham, and D. Quiram for characteriza-
Doing so, we found that forrelaxed Si;_, ,GegC, UON assistance.
AEg/Ay=—19 meV/%C. That this agrees with the above
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On page 3917, the second paragraph contains errors that were introduced during the production of the article. The correct
paragraph is reproduced here.

Extrapolating our Si_,,Gg,C, data back to zero strain found that forrelaxedSi; _,,GgC, AEg/Ay=—19 meV/
(Fig. 2), gives the band gap of relaxed,Sj_,GgC,. This  %C. That this agrees with the above redwhich assumed
can then be compared to the known band gap of the relaxe8l; _,Ge, deformation potentiajsconfirms that the deforma-
Si;_Ge, alloy*® with the same Ge content to determine thetion potentials of Si_«-yGgC, are indeed similar to those
effect of C on the band gap of relaxed films. Doing so, weof Si;_,Geg,.
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