Growth and photoluminescence of high quality SiGeC random alloys
on silicon substrates
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We report chemical vapor deposition growth of SiGeC layer§1dit) Si substrates. At the growth
temperature of 550 °C, the C concentration as high as 2% can be incorporated intG8iGmtent

~ 25%) to form single crystalline random alloys by using low flow of methylsiléd&5 sccm as

a C precursor added in a dichlorosilane and germane mixture. For intermediate methylsilane flow
(0.5 sccm — 1.5 scomthe Fourier transform infrared spectrosco@TIR) absorption spectra
indicate the growth of amorphous layers. For the layers with high flow of methylsilgheccn),

there are silicon-carbide-like peaks in the FTIR spectra, indicating silicon carbide precipitation. The
films were also characterized by x-ray diffraction, high resolution transmission electron microscopy,
secondary ion mass spectroscopy, and Rutherford backscattering spectroscopy to confirm
crystallinity and constituent fractions. The defect-free band-edge photoluminescence at both 30 K
and 77 K was observed in Si/SiGeC/Si quantum wells, even at power densities as low as 0.5 W/
cn? and 1 W/cn, respectively. Deep photoluminescence around 0.8 eV and luminescence due to
D, dislocations at 0.94 eV were not observed under any excitation condition4.996 American
Institute of Physicg.S0021-897@6)02217-1

I. INTRODUCTION techniques have been reported to fabricate SiGeC alloys.
Eberl et al® used molecular beam epitaxi/IBE) to grow
There has been remarkable progress in recent years ®iGeC at the temperature of 400-550 °C. énal® used
Si/SiGe technology, with heterojunction bipolar transistorsolid phase epitaxy to grow SiGeC at 800 °C following im-
(HBT) performance of ; (cutoff frequency andf 5 (maxi-  plantation of C and Ge into Si. However, no optical results
mum frequency of oscillationof 117 GHZ and 160 GHZ  and very limited electric resufthiave been obtained from the
respectively, having been reported. Further applications o#lloys grown by these two techniques. Our groumnd
the material system are limited, however, by the criticalother§ have observed band-edge photoluminescéRtg in
thickness constraints of strained layers. To overcome thiflms grown by rapid thermal chemical vapor deposition
limitation, the incorporation of carbon into random (RTCVD), but only at pump power levels 6t 25 W/cn?,
Si,_,Ge, has attracted great interest. Because the lattice corand often defect levels were also obserbed.
stant of cubic carbordiamond is 52 % smaller than that of In this paper, we report the observation of defect-free
Si,2 the substitutional incorporation of C can compensate théand-edge photoluminescence at a power density as low as 1
compressive strain of SiGe on Si and can increase the thick/cn. This indicates a very low nonradiative impurity den-
ness of pseudomorphic SiGe layers on* $dn the other Sity in our SiGeC films.
hand, the C incorporation may also have an effect on the
material quality of new SiGeC layers, because of interstitial
C incorporation and silicon carbide precipitation. We have; crRowTH AND STRUCTURAL MEASUREMENTS
therefore investigated the incorporation of C into SiGe layers
on Si substrates to form such SiGeC random alloys. We re- All samples reported in this paper were grown on
port the growth and characterization of such single crystal100-mm(100 Si wafers by RTCVD. The SiGeC layers were
line SiGeC random alloys. grown at 550 °C using methylsilane as C source. The growth
The main challenge in fabricating such alloys is to in-temperature was measured on all samples by infrared
corporate C atoms in substitutional sites instead of formingransmissior‘?. The growth pressure was 6 Torr. The gas
the thermodynamically favored precipitates of SiC. Severaflows were 3 standard liters per minugtpm) for a hydrogen
carrier, 26 sccm for dichlorosilane, and 0.8 sccm for ger-
a _ . - 4 ane. This yields SiGe layers with a nominal Ge fraction of
ZLeus,?gnﬁsi,?; drejz}velrjs?t@?nm?;tch;:g,Ele(?gi;?;n;Engé?:cet:g]rﬁ’c N;tgpa([;%. The details of the RTCVD reactor can be found in Ref.
cwliu@dragon.nchu.edu.tw 9.
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10 FIG. 2. SIMS plots of a SiGeC alloy to confirm the C fraction of 2%.
-~3000 ~2000 —1000 0
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( ) peak at 600 cm!, which is characteristic of vibration fre-

FIG. 1. Double crystal x-ray rocking curves of SiGeC alloys with Ge frac- quency of Su_bStItu“onal C m éf..ThIS IS. consistent W'th the
tion of ~0.25. The addition of methylsilane led to the shift of SiG@og ~ X-ray diffraction results, indicating a single crystalline layer.
peaks. Further increase of methylsilane flow of 0.5 sccm yielded amorphoust intermediate flow (1.5 sccn), a broad peak from
layers. Note that sample) had two layers of SiGeC alloys and thicknesses 600 cmito 840 cmit was observeﬂFig. 4(b)] very similar
of these films were about 400 A. . -
to the absorption spectrum of amorphous silicon carbide.
This is again consistent with x-ray diffraction results that no

As small amounts of methylsilane were added to thediffraction peak was observed for samples with similar me-
source gases, we observed a shift in @#@0) x-ray diffrac- thysilane flow. At high flow(12 sccm, there were two new

tion peak of the resulting 400 A Si,_,Ge,C, layers away absorption peaks around 800 thand 960 cm?® [Fig. _
from that of a similar layer without GFig. 1). The largest 4(C)] These are consistent with the TO and LO phonon vi-

shift (A @ of 1800+ 200 arcsecwas observed for a methyl- Prations, s IESD?CF'V?IV' of various silicon carbide
silane flow of 0.25 scerfiFig. 1(c)]. Assuming a compensa- POlytypes.” " This indicates the possible formation of poly-
tion ratio of 1% C to 8% Géhis corresponds t0-20.2% C. ~ crystalline SiC precipitates. The 2% substitutional C ob-
The broadening of the diffraction peaks with FWHM of @ineéd in SiGe using low temperature CVD with methylsi-
~400 arcsec was due to the thin layga90 A) and was lane in this Wor_k is _co_nS|stent wlth the limit observed by
close to the estimated value of 430 arcsec using the Scherr@1€r groups using similar t_echmqlfés.

formulal® Growth rate with no methylsilane flow was 4 Two Si/Sh_,-,GeC,/Si quantum well samplegwell

A/min. Methylsilane flow had little effect on growth rate at thickness~ 60 A_) were grown for PL measurement, with
these flow rates. The SIMSecondary ion mass spectros- ¥ =0 (no methysilane, sample 160ds a control sample and

copy) profile of the same sample also confiriree C concen- with y=0.003(sample 160). Because the methylsilane flow
tration of 2%(Fig. 2 with flat C and Ge profiles. The SIMs for 1607 was very smalless than 0.1 scchand not repeat-

also revealed that the Ge fraction was not substantially
changing as C was introduced so that the change of x-ray
diffraction was not due to a reduction in the Ge content. Fig. 2.5
3 shows the estimated C concentration vs methylsilane flow. : +
Further increase of the methylsilane flow to 0.5 sccm yielded —~ 2.0
layers with no extra crystalline peakBig. 1(d)], indicating
possible growth of amorphous layers. Note that the sample
with 0.5 sccm methylsilane flow was also extensively studied
by XRD for the 6 value from 0 to+ 3600 arcse¢not shown
here, but no diffraction peak was observed. However, it is
still possible that the SiGeC peak was hidden unde(466)

Si peak. To study the material structure of the SiGeC layers
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formed with high methylsilane flow, the FTIfourier trans- 0.0 — — .
form infrared spectroscopyabsorption measurements were 005 010 015 020 025 030
performed. Three distinct types of FTIR spedfféy. 4) were Methylsilane flow rate (sccm)

observed, depending on the methylsilane flow. At low flow
(0.25 sccny, the FTIR[Fig. 4(@)] showed a sharp absorption  FIG. 3. Carbon concentration as a function of the methylsilane flow.
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(SIMS) was used to measure the C concentration and SIMS
FIG. 4. FTIR spectra of SiGeC samples with different methylsilane ﬂows.prOfIIeS are presented in Fig. 6. After SUbtraCtmg the back-

Three distinct types of spectra are observed, depending on the methylsilarg,mund from the surface peah C (_:Oncentrat'on of 0.3%
flow. A substrate without epilayers was used as a reference sample to rgvas found for sample 1607. The;Sj_,GgC, layers were

move substrate absorption modes. Estimated SiGeC layer thicknesses atgpped with~ 50 A of silicon grown at 550 °C using 2 sccm

200 A. Note that scales are different for each spectrum. silane and 3 slpm of hydrogen. Previous experiments on
SiGe samples in our lab have shown that a Si cap increases
the photoluminescence intensity by over an order of

able with our mass flow controller, an exact methylsilanemagnitude, presumably due to a decrease in surface
flow cannot be reported. The thicknesses of these two quagacombinatiort®

tum wells were measured by high resolution transmission
electron microscopyHRTEM) in cross-sectional configura- . PHOTOLUMINESCENCE

tion. Neither samples showed evidence of SiC precipitates orl '

other defects in plan view or cross section. Fig. 5 shows the  PhotoluminescencéL) measurements were performed
cross-sectional HRTEM image of the SiGeC quantum wellwith an Ar* ion laser and a liquid Ncooled Ge detector. At
The interfaces were not atomically abrupt, yielding a thick-a sample temperature of 77 K and a pump power density of
ness variation in both wells of about 10%. Using this thick-0.5-5 Wi/cmi, the PL spectra of the Si/SiGeC/Si and
ness and the integrated atomic areal density of Gei/SiGe/Si guantum wells were gualitatively simil#ig. 7).

(with = 5% error bay from Rutherford backscattering spec- The PL appears consistent with emission from the band-edge
troscopy(RBS), the Ge contents in the quantum wells were
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FIG. 7. 77 K photoluminescence spectra of a control Si/SiGe/Si quantum
FIG. 5. High resolution cross-section TEM of a 60 A Si/ well and a Si/SiGeC/Si quantum well. The deep transition at 0.8 eV and
Sip 745,270,004 Si quantum well. D dislocation line are not observed in the spectrum of the SiGeC sample.
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. f . blueshift of NP peak v;/ith increasing power density is due to
o o e v o e bancifling effect Because of th large uncertany i
and 10(high powe} Wicr?. Ge content from sample to sample and in the quantum well
width, the cause for the lower bandgap in the 0.3% C sample
can not be ascribed to the C incorporation. Other work by
recombination of electron-hole plasifat® In Ref. 17, the our group and others shows the effect of initial C incorpora-
expression of electron-hole plasma recombination gives afion on band-edge PL is to raise the peak position by 21
excellent it to the line shapes. Other than the Si peak at 1.1meV/% C!® The theoretical predictions of the effect of
eV, the strongest peak is the no-phor(®P) transition due small C incorporation on relaxed ,Sk_,GgC, and
to the lattice disordefalloy fluctuations and interface rough- Si—xCx bandgap vary from- 18 meV/% C°to —100 meV/
ness, which relaxes the momentum conservation require_%) C.Zl Because of the strain in the SiGeC wells, these values
ment. The peak on the low energy side of the NP line is the¢annot be compared directly to experimental results. Details
overlap of the transverse optiodlO) phonon replicas. Note can be found in Ref. 7.
that the peak at 1.04 eV of SiGeC PL spectra is the two-  The linewidth(FWHM) of the NP peaks was 35 meV at
phonon replica of bound exciton emissine TO to con- 77 K for the 0.3% C sample, similar to the SiGe samples in
serve the momentum, and the other T gtoint) from Sil®  our lab grown at 625 °C. The broadening may be due to the
In the previous report of band-edge PL in Si_ ,GeC, band filing and thermal broadenif§. The linewidth of
layers(with x=0.15 andy=0.009, at a pump power den- 0.3% C sample became narrower at low pump power than at
sity of ~1 W/cn? range, no band-edge PL was observed, andigh pump power at 30 K spectra. At the same pump power,
only a deep PL near 800 meV was seen. At a pump poweﬁhe 0.3% C sample had consistently a slightly wider line-
density of ~ 25 W/cn?, band-edge PL was observed, butwidth (~ 5 meV wide) than the control sample. The quan-
defect luminescencghe D dislocation ling was also seen, titative model of the linewidth is still not well understood.
suggesting some defects and strain relaxation in the samples.
We observed band-edge luminescence already at a pumy. CONCLUSIONS
Qens!ty of 0.5-5 W/c and deep Iummescen(_:g or disloca- We have reported band-edge photoluminescence without
tion lines were not observed under any conditions. In othea}

N . efect lines in Si_,_,Gg.C, layers at a power density as
samples grown at 575 °C, our group has previously reporte was~ 1 W/cmZ.XS{Jbstﬁ:dtionaI carbon concentrations as
defect-free luminescence, but only at much higher pum

figh as 2% h i into Si f ingl
power(~ 50 W/cn?) than those used here. This is the first igh as 2% have been incorporated into SiGe to form single

. ) L rystalline random alloys by using low flow of methylsilane
time that such defect-free band-edge luminescence in SiGe y25 sccn For the intgrme)éliate ﬁow of methylsilar(lé 5_
layers at such low pump power has been reported and indi - ’

tes the hidh lit d lack of diat bi 5 sccm), an amorphous layer was formed. At a flow of 12
cates the high quaily and lack of non-radiative recomoinag.., methylsilane, silicon carbide precipitates were ob-
tion traps in the samples.

More complete measurements were made at 30 K éﬁ,verved. We also observed band-edge photoluminescence
i . ithout defect lines in a Si/gi Si quantum well
power densities from 0.5 to 10 W/énto examine the effect #hd5& 21C0,004S1 d

- . o at a power density as low as1 W/cn?, the lowest power
of power densities on.bandgap. The spgdfng. 8_) are simi- density reported so far, indicating the high quality of the
lar to those at 77 K, with no deep transitionsipfines under SiGeC samples.
any excitation conditions. No PL was observed4aK for
these samples grown at 550 °C, however. Note that PL down
to 2 K was observed for the SiGeC samples grown a CKNOWLEDGMENTS
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