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Figure 6.1: Photoluminescence spectra from Si,_,_,Ge,C, samples with z = 0.38 and
various [C]. The pump power density was ~50 W/cm?. The spectra were normalized
and corrected to account for the spectral response of the experimental optical path.
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sample. The low-energy edge was used to avoid complications arising from band
filling. We estimate error bars of 16 meV for the absolute band gap but only +2
meV for the relative band gaps. The change in band gap with respect to that of the
C-free samples is plotted as a function of C fraction in Fig. 6.2. This data showed that
AEg/Ay = 421 £2 meV/%C, in near agreement with previous PL results[80] which
indicated +24 meV/%C for samples with z = 0.16. These luminescence results were
corroborated by Lanzerotti’s temperature-dependent collector current measurements
on Si;_,_,Ge,C, base heterojunction bipolar transistors fabricated in our lab, which
yielded a value of +26 meV/%C for z = 0.20 and 0.25[81].

That the luminescence and electron transport experiments should give the same
result for AEg is not obvious. The luminescence is due to the recombination of
electrons and holes, which will preferentially settle in low E¢ regions; while transport
across the base of an HBT requires the electrons to sample the entire width of the
base. Thus, we expect PL to measure the lowest band gap region and HBT collector
current to measure the average band gap. That the two gave similar results indicated
that the band gap of the Si;_._,Ge,C, was spatially uniform (i.e., the minimum band
gap approximately equalled the average band gap).

The substitutional incorporation of C into pseudomorphic Si;_.Ge. on Si (001)
should have two effects on the band gap of the alloy. First, the smaller C atoms
will reduce the strain in the film, thus increasing the band gap. Additionally, the
presence of C in the matrix should have a separate, intrinsic effect on the band gap

of the relazed alloy.

AEg otal = AEG strain + AEG intrinsic (6.2)

The effect of strain reduction can be computed using the standard deformation poten-
tial framework[4, 5] as discussed in Chap. 2, if the deformation potentials are known

or assumed. For biaxially compressed Si;_-Ge, and Si;_.-,Ge.C,, AEg strain 18 given
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Figure 6.2: Change in band gap of strained Si;—,-,Ge,C, as a function of C fraction.
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where the first term in Eqn. 6.3 is due to hydrostatic stress (change in volume, but not
shape) and the second to uniaxial stress (change in shape, but not volume), and all
of the parameters are generally taken as linear interpolations between the constituent
elements of the alloy. For biaxially compressed Si;_,—,Ge;Cy on Si (001), Eqn. 6.4
becomes

C12

e, = —2—{0.042(8.3y — z)] (6.5)

C11

assuming that 1 C atom compensates the misfit due to 8.3 Ge atoms.

Using Eqns. 6.3 and 6.5 and linearly interpolated elastic constants, we computed
the effect of strain on the band gap for any composition. The result turns out to be
almost linear in z and y for z < 0.4, with AEg strain = 11.7¢) = 0.49(8.3y — z). We
then subtracted the calculated AEg strain from our measured AEg totat to determine
the intrinsic effect of C on the band gap of relaxed Si;_;—,Ge.Cy. In Fig. 6.3 we have
have plotted the expected band gap of relaxed Si;_.,Ge.C, as a function of lattice
constant. Note that the relaxed Si;_,_,Ge,C, points lie below the relaxed Si1_Ge,
line and, more importantly, that their slope is positive (~+10 ¢V/nm). That is, as
C is added and the lattice constant decreases, the relaxed band gap does as well (-20
meV/%C). This is slightly surprising in light of the fact that SiC and diamond have
band gaps much larger than both Si and Si;_;Ge,. However, it is not unprecedented;
similar “bowing” is observed or predicted in the band gap of other alloy systems
which have a large lattice mismatch (e.g., GaAs/GaSb and GaAs/GaN)[82]. Also,
Demkov and Sankey[83] predicted that the initial substitutional incorporation of C
into relaxed Si;_,C, would lower the alloy’s band gap. In fact, they even suggested

that the material might turn metallic for y &~ 10%. Although our experimental results
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on Si;_,,Ge.C, do not match the magnitude of the bowing predicted by Demkov
and Sankey, they agree qualitatively and are in clear contradiction with predictions
based solely on interpolation between the band structures of Si, Ge, and C or SiC[84].

The previous computation of A Eg in¢rinsic assumed that the deformation potentials
in our pseudomorphic Si;—z-yGe,Cy were the same as those in Si;_.Ge,. However,
extrapolating our Si; _._,Ge.C, data back to zero strain (Fig. 6.4) gives the band gap
of relaxed Si;_._,Ge.C,, without relying on knowledge of its deformation potentials.
This can then be compared to the known band gap of the relaxed Si;_.Ge, alloy|[6, 15]
with the same Ge content to determine the effect of C on the band gap of relaxed films.
Doing so, we found that for relazed Si;_.-,Ge:Cy, AEg intrinsic/ Ay =-19 meV/%C.
That this agrees with the above result (which assumed Si;_.Ge, deformation poten-
tials) confirms that the deformation potentials of Si;_,_,Ge.C, are indeed similar to
those of Si;_.Ge;.

Brunner et al.[50] recently measured photoluminescence from pseudomorphic
Si;—yC,/Si quantum well structures. Unlike our layers which were under compres-
sive strain, their Ge-free layers were under biaxial tension, which also decreases the
band gap. In our Si;_._,Ge,C, films, increasing y decreased the magnitude of the
strain and consequently increased the band gap. In their Si,_,C, films, increasing y
increased the magnitude of the strain and decreased the band gap. Their PL peak
shift of -57 meV/%C was corrected for quantum confinement yielding a band gap
shift of -65 meV/%C. Subtracting the effect of the macroscopic strain (similarly to
Eqn. 6.3), they calculated an intrinsic band gap reduction due to C of -19 meV/%C,
agreeing exactly with our result for C in relaxed Si;_,—,Ge,C,,.

Our PL results assume that the strained Si,_,_,Ge,C, /Si interface is Type I and
that the electrons and holes responsible for the luminescence are in the Siy—z—yGeLC,y.
However, it is conceivable that the addition of C significantly raises the conduction

band of the Si;_._,Ge,C, above that of the Si so that the measured luminescence is
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actually due to recombination of Si;_,_,Ge,Cy valence band holes with Si conduc-
tion band electrons. Experiments in our group to measure the band offsets at the

Si;_5—yGe,;C,/Si interface are on-going[85].

6.3 Towards Zero Strain

In Fig. 6.4 we have plotted the band gap versus biaxial compressive strain for both
pseudomorphic Si;_.Ge, on Si (001) (adapted from the work of Van de Walle and
Martin[4, 5]) and our experimental Si;_.,Ge.C, data points. The most important
point to notice is that all of the Si;_;—,Ge;C, points lie below the Si;_.Ge; line. As
C is added to Si;_,Ge, and the Ge content is held fixed, the strain decreases and the
band gap increases, but the band gap increase is much less than it would be if the
strain was reduced simply by removing Ge without adding C. That is, for a given
band gap, Si;—z-,Ge;C, has less strain (and presumably a greater critical thickness)
than does Si;_Ge;. The average slope of the Si;_,_,Ge,C, points, AEg/Ae =
-6.1 eV /unit strain, corresponds to AEg/Ay = 421 meV/%C, assuming that each C
atom compensates the strain of 8.3 Ge atoms. Furthermore, if one assumes a linear
extrapolation of our Si;_,_,Ge.C, data to zero strain, one predicts a significant band
gap offset to Si for strain-free Si;_;_,Ge.C, films. For z = 0.38, the offset would be
~190 meV.

From Fig. 6.4 we can readily see that our Si;_;—,Ge,C, films with about 1% C
are only about a third or a quarter of the way to zero strain. Achieving strain-free
material with z = 0.25-0.35 requires 3-4% C, and we and others have already seen
that material quality degrades and substitutional C content saturates for [C] >~2%
for growth techniques such as ours. However, significant improvements in the trade-
off between band gap and critical thickness can already be attained without reaching

the zero strain condition. For example, we have assumed that the elastic properties

B
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Figure 6.3: Band gap as a function of lattice constant for unstrained material. The
Si;—4-yGe-C, points are adapted from our measurements on pseudomorphic films.

For the Si;_,Ge, line, 15 meV was added to Weber’s fit[15] to account for the FE
energy.
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Figure 6.4: Band gap as a function of strain for pseudomorphic films on Si (001)

The Si;_.Ge, line is from Ref. [4].
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of Si;_,—,Ge,;C, equal those of Si;_.Ge, and have calculated the Matthews-Blakeslee
equilibrium critical thickness for Si;_,_,Ge.C, films (Fig. 6.5). Furthermore, using
our measured AEg/Ay, we can then plot h. as a function band gap offset to Si. We
have done so in Fig. 6.6 for y = 0, 1, 2, and 3%. For large = and y = 0.01 (AEg >
200 meV), the improvement is fairly small, ~30% increase. For AEg = 100 meV, we
predict that the equilibrium critical thickness will increase from about 260 A to 660
A for a film with only 1% C. Because C increases the hardness of Si and Si;_.Ge, (86],
a even larger increase might be expected in the metastable critical thickness.

To demonstrate that adding C to Si;_.Ge, can indeed increase its critical thick-
ness, we prepared two samples under identical conditions (z = 0.38, h = 340 A, and
capped with 100 A of Si), except that in one case we added 1.1% C to the Si;_,Ge.
layer. The sample without C showed luminescence originating from dislocations[19],
indicating that the sample was relaxed (Fig. 6.7). The sample with C, however,
showed only band-edge, Si;_.Ge,-like PL with no dislocation lines. Furthermore, de-
fect etching (CrO3:HF for 5 minutes) revealed many dislocations in the C-free sample,
while none were visible in the Si;_,_,Ge,C, sample (Fig. 6.8).

What we have done is trade mechanical instability (strain in Si;-,Ge,) for chemical
instability (super-saturated substitutional C concentration in Si;_,—,Ge,;C,). And we
have found that for this specific thermal budget and composition, the reduced-strain
Sij—z-yGe,C, with super-saturated C was more metastable than was the fully strained
Si;_,Ge,. Further work is needed to completely explore the relative metastability of
pseudomorphic Si;_;Ge, and Si;_,_,Ge.C,.
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Figure 6.5: Critical thickness of pseudomorphic Si;_,—,Ge,C,/Si (001). The critical
thickness is from the Matthews-Blakeslee equilibrium model, assuming that the elastic
properties of Si;_,_,Ge,C, are the same as those of 5i;_.Ge,.
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Figure 6.6: Comparison of critical thickness/band gap trade-off for Si;_,Ge, and
for Siy—z-yGe;Cy. The critical thickness is from the Matthews-Blakeslee equilibrium
model, assuming that the elastic properties of Si;_,_,Ge.C, are the same as those of

Sil_,Gez.
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Figure 6.7: Uncorrected photoluminescence spectra for two samples: one with and
one without C.
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Figure 6.8: Optical photograph of relaxed Si;_.Ge, (left) and strained Si;_s—yGe:Cy
(right). Samples were etched for 5 minutes in 4 HF:5 0.3M CrOj; at room temperature.
The circles on the Si;_._,Ge,C, are due to bubbles during the defect etching.
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Si;_._,Ge,C, p-i-n Diodes
6.4.1 Diode Fabrication

Sij_z-yGeC, p-i-n diodes were fabricated and characterized. The diodes consisted
of 560 A nominally undoped Sig.s Geo; Cy layers sandwiched between in situ doped
n- and p-type Si. See Fig. 6.9. The Si;_.-,Ge.C, layers were grown at 625°C, and
the methylsilane flow was varied from 0 to 0.2 sccm. The diodes were formed by a
single-mesa, two-mask process. First, the mesas were plasma etched in SF¢, and then
the Ti(300 A)/A1(1200 A) metallization was patterned by lift-off. The ~0.5 pm high
mesas were 180 x 320 pm, while the top metal contact was only about a third as

to allow optical access from the top surface.

6.4.2 Diode I-V

current-voltage characteristics of several (~10) randomly selected diodes from
each wafer were measured. We compared the geometric mean of the I-V curves from
each wafer. These curves are plotted in Fig. 6.10. There was no apparent forward-
bias current trend with C concentration; and the forward current ideality factor was
approximately 1.8 for all concentrations, indicating that the forward current was
primarily due to depletion region recombination rather than to recombination in a
neutral region. However, in reverse bias, the leakage current clearly increased and
the breakdown voltage decreased with [C]. The C-free control sample and the 0.6%
C sample displayed very similar I-V characteristics. The lack of increase in leakage
may be an indication that at low C levels there is not a significant increase in re-
combination/generation centers. However, if the leakage was due to the unpassivated
mesa perimeter rather than to the Si;_,_,Ge.C, bulk, nothing can be inferred about
the effect of C on the leakage current. (We do not believe this to be the case in

that similarly prepared all-Si control devices did not show a size dependence consis-
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Figure 6.9: Device structure of p-i-n diodes. The p+ layer was doped with 7x10'8
cm™3 B, and the n+ layer was doped with 3x10'® cm~2 P. The unintentionally doped
region was found by spreading resistance to contain ~10'7 cm~3 B.
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tent with perimeter leakage.) The diodes with the highest C content (1.2%) were
clearly degraded compared to the control sample. The leakage at -3 V, for example,
went from 107 to 1072 A/cm?, and the breakdown became much softer and moved
from -9 V to ~-5 V. Recall that the C concentrations were measured by XRD and
that this method assumes that all C atoms are substitutional. The C fraction mea-
sured by this means has been shown to saturate at high methylsilane flow, whereas
the true C,otar might not[79]. In that case, our sample with 1.2% C might contain
a large amount of non-substitutional C, which would contribute electrically active
generation/recombination centers[54].

At the intermediate C concentration (1.0%), the I-V behavior was bi-modal: the
diodes could be split into two groups with very different breakdown characteristics.
As can be seen in Fig. 6.11, about a. third of the diodes had an I-V curve similar to
those at lower [C] but with a somewhat higher leakage current and lower breakdown
voltage. The other two-thirds had a significantly lower breakdown voltage (~-6 V).
If this lower breakdown voltage was caused by a single “killer defect,” the yield of
good devices Y[87] is given by

InY= A-§

where A is the device area and § is the defect density. Our case, with Y = 0.33 and
A =58 x 107* cm?, yields a defect density of 1.9 x 10% cm~2 or an average defect
spacing of 460 um. This large defect spacing is difficult to understand if it is assumed
that the defects are interstitial C or SiC precipitates. In both cases, one might expect
a greater density of small defects.

6.4.3 Photoresponse

The reverse bias photocurrent of the Si;_,_,Ge,C, diodes was measured. The pho-
toresponse was due to photogeneration of electron-hole pairs. If all of the photogen-

erated electrons and holes are separated by the electric field and contribute current,
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Figure 6.10: Si;_._,Ge,C, p-i-n diode current-voltage characteristics measured at
room temperature.
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Figure 6.11: Room temperature Si,_,—,Ge,C, p-i-n diode current-voltage character-
istics showing bimodal behavior of the devices with 1.0% C.
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then the photocurrent Ipho, i8 given by
P(hv)

Lohoto(hv)  qa(hv)——=
where g is the electronic charge, P is the optical power, a is the absorbance, and hv
is the photon energy. If the absorbing layer is thin (da < 1), then a just equals da,

where a is the absorption coefficient so that

P(hv)

Iohoto(hv)  gda(hv)

Band-to-band photon absorption in indirect band gap semiconductors like Si and
Si;—Ge, is primarily by means of phonon emission and absorption[6]. One expects
an additional no-phonon process (as seen in photoluminescence) in Si;_,Ge,, but it
has not yet been experimentally observed. The absorption coeficient is given by the
Macfarlane-Roberts expression[88], which for photon energies between Eg — fiw and

Eg + hw is
(hl/ - EG — fzw)z

1 _ e—hw/kT

alhv,T)= A

where Aw is the phonon energy; and for photon energies greater than Eg + Aw is

a(hv,T) = A{(h” — Bo — hw)’ | (hv = Bo + hw)” (6.10)

1 1 — e h/kiT ehw/kT 4 1

The photoresponse is the photocurrent divided by the photon flux % and is pro-
portional to the absorption coefficient. In Fig. 6.12 we have plotted the room tem-
perature spectral photoresponse of three Si;_,_,Ge;C, devices and an all-Si control
device (same structure but with an all-Si undoped region). At low energy (hv < 1.3
eV), the Si;_,_,Ge,C, devices, due to the small band gap material, all exhibited a
photoresponse larger than that of the the all-Si device. Furthermore, this data exhib-
ited a trend with C fraction agreeing with the luminescence measurements[73]. As
C was added to the Si;_,Ge,, the photoresponse decreased and shifted towards that
of the all-Si device. This trend is consistent with the band gap increasing, and thus
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absorption decreasing, with the addition of C. However, a diminished photocurrent
could also be due to a lower internal quantum efficiency in the diodes with C.

Extracting the band gap of indirect semiconductors from photoresponse (or ab-
sorption) data is most reliably done by plotting the square-root of the photoresponse
as a function of photon energy[88, 6]. Doing so for the all-Si device, we found as
predicted by Eqns. 6.9 and 6.10 that the square-root of the photoresponse was well
fit by two straight line segments. The one corresponding to phonon absorption inter-
sects the energy axis at Eg — hw, and it intersects the other corresponding to phonon
emission at Eg + fiw. Our fit gives Eg — hw = 1.03 eV and Eg + hw = 1.17 €V,
yielding Eg = 1.10 eV and fiw = 70 meV, close to the known values for Si of 1.12 eV
and 58 meV, respectively.

Figure 6.14 shows the square-root of the photoresponse of three Si;_—,Ge,Cy
diodes. This data can not be fit by two straight lines as was done for the all-Si device
in Fig. 6.13. While the region above 1.00 eV showed the expected quadratic behavior,
the photoresponse did not go to zero at Eg — hw (~0.90 €V) as predicted by Egn. 6.9.
These diodes exhibited excess deep absorption, which increased with the C concen-
tration. We can be reasonably certain that the origin of this excess absorption is
electrically active defect states within the band gap, and we can speculate that these
defects are related to the presence of C. However, it must be noted that the carbon-
free device showed this absorption tail as well, and at least four earlier independent
photocurrent experiments on strained Si;_,Ge, diodes grown by low temperature
epitaxy suffered similarly from sub-E¢ defect absorption(7, 89, 90, 91]. These ob-
servations suggest that although the deep absorption increased four-fold when the C

content was raised from 0 to 1.0%, the responsible defects may not be due solely to

the presence of C.
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Figure 6.12: Photoresponse of Si;_,_,Ge,C, p-i-n diodes.
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Figure 6.13: Photoresponse of all-Si diode.
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Figure 6.14: Photoresponse of Si;_,-,Ge,C, p-i-n diodes.
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6.5 Summary

In this chapter, we have described the optical and electrical characterization of pseu-
domorphic Si;_.—,Ge.C, heterostructures. We have demonstrated the first defect-free
band-edge PL from Si;_,_,Ge,C,, and from this luminescence we have determined the
band gap as a function of C concentration for both strained and relaxed Si;_,—,Ge.C,,.
Our results indicate that, strain effects aside, the intrinsic effect of C is to reduce the
band gap of Si;_;_yGe;C,. Furthermore, we have demonstrated that, for a given
band gap, Si;-s—yGe:C, films have less strain and a greater critical thickness that
do Si;-oGe, films. This work clearly shows the potential technological importance of
Siy_g—yGe;C, for strain-free heterostructures on Si

For C concentrations less than 1.0%, Si;_,—,Ge.C, p-i-n diodes showed no degra-
dation in reverse bias leakage, but diodes with [C] > 1.0% exhibited premature break-
down consistent with widely spaced point defects. Except at very low energies, all
devices showed well behaved photoresponse spectra indicative of an indirect band gap
of ~950 meV. More precise band gap determination by photoresponse spectroscopy

was not possible due to excess defect-related sub- Eg absorption.



Chapter 7

Conclusion

7.1 Summary

This thesis has addressed two topics related to epitaxial Si-based heterostructures:
the temperature dependence of luminescence in strained Si;_,Ge,/Si structures and
the growth and characterization of strained Si;_._,Ge,C, films. We have experi-
mentally identified the origin of the temperature dependence of photoluminescence
intensity in strained Si;_.Ge./Si quantum well structures and shown that passiva-
tion of the top Si surface can lead to greatly enhanced room temperature PL. This
behavior was well modeled by coupling a commercial device simulator to a model for
the luminescence intensity. Furthermore, we identified two causes for the observed
difference in temperature dependence between photo- and electroluminescence. In the
Siy—z—yGe,C, area, we developed an RTCVD process for the formation of high-quality
pseudomorphic layers on Si (001) with up to 1.1% C. Photoluminescence from these
layers was used to measure the band gap of both strained and relaxed Si;_,_,Ge.C,.
It was shown that the addition of C to strained Si;_.Ge, leads to an increased critical

thickness for a given band gap.
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Future Work

One long held goal of those working with strained Si;_,Ge, has been the realization of
a Si-based room temperature IR emitter. We have shown that the drop in PL intensity
from cryogenic temperatures to room temperature is not an intrinsic property of
Si;_.Ge,, but can be controlled by eliminating sources of non-radiative recombination.
However, due to the indirect band gap of Si;_.Ge, alloys, the quantum efficiency of
S1;--Ge; quantum well LEDs will always be quite low. An emissive material with a
higher radiative recombination probability is required to achieve an efficient IR source

Such materials may include Ge/Si short period superlattices and some organic
materials.

Si;_yC, and Si;_.-,Ge,C, alloys are relatively new materials, with the first report
of their formation in 1990. As such, there is a tremendous amount to be done. With
such a range of possible growth techniques and process conditions, the huge parameter
space has barely been explored. Finding the optimum technique for substitutional
C incorporation should be a top priority. Understanding how large C doses affect
the behavior of Si devices is very important if Si;_,C, and Si;_,_,Ge.C, are to be
incorporated into transistors and diodes. We know, for example, that C slows the dif-
fusion of B and the formation of dislocations in Si by trapping Si self-interstitials[92].
Also, the available experimental evidence suggests that predicting the electronic band
structure of Si;_,C, or Si;_._,Ge,C, cannot be done by interpolating between the
constituent elements. Further experimental work is required to solidify our under-
standing of C’s effect on band alignments as well as on band gaps and on transport
properties such as lifetime and mobility. Finally, although they appear promising,
it remains to be demonstrated that either Si;_,C, or Si;_,_,Ge,C, is an enabling

material which allows the realization of an otherwise unattainable, useful device.
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PLOT.OUT=band.ps

CON NEG X.ST=0 X.EN=0 Y.ST=0 Y.EN=2.667 MIN=-1.2 MAX=1.2
OUT.FILE=con UNCH

QFP NEG X.ST=0 X.EN=0 Y.ST=0 Y.EN=2.667 MIN=-1.2 MAX=1.2
OUT.FILE=qfp UNCH

QFN NEG X.ST=0 X.EN=0 Y.ST=0 Y.EN=2.667 MIN=-1.2 MAX=1.2
OUT.FILE=qfn UNCH

ELEC X.ST=0 X.EN=0 Y.ST=0 Y.EN=2.667 Y.L0OG

OUT.FILE=elec

DEVICE=POSTSCRIPT PLOT.OUT=eh.ps

HOLES X.ST=0 X.EN=0 Y.ST=0 Y.EN=2.667 Y.LOG OUT.FILE=hole
UNCH

PLOT.1D J.ELECTR X.ST=0 X.EN=0 Y.ST=0 Y.EN=2.667 OUT.FILE=ie
+ DEVICE=POSTSCRIPT PLOT.OUT=i.ps
PLOT.1D J.HOLE X.ST=0 X.EN=0 Y.ST=0 Y.EN=2.667 OUT.FILE=ih UNCH

PLOT.1D
+

RECOMB X.ST=0 X.EN=0 Y.ST=0 Y.EN=2.667 OUT.FILE=recomb
DEVICE=POSTSCRIPT PLOT.OUT=recomb.ps Y.LOG
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B. Growth Sequences

B.1 Si,_, ,Ge,C, PL Sample #1740

Sequencer Table #0

Step #
0

W O ~NO O b WN -

NN N RN NNNNN & e B e R e ek A

Action
CONTROL ON&
SCAN ON(0.3)
SET(SP7,0)&
SET(SP4,0)&

SET(D00,1)&
SET(D01,0)&
SET(D02,1)&
SET(DG3,0)&
SET(D04,0)%
SET(D05,0)&
SET(D06,1)&
SET(D07,1)&
SET(D08,0)
SET(D09,0)&
SET(D010,0)2&
SET(D011,0)&
SET(D012,0)&
SET(D013,0)
SET(A00,0.617)&
SET(D015,1)
SET(D01,1)&
SET(AD01,0.212)&
SET(A02,0.01)&
SET(A03,0.01)&
SET(A04,0.01)&
SET(A05,0.01)&
SET(A06,0.537)&
SET(A07,0.063)
SET(A08,0.0)
SEQUENCER ON(0.3,1,0)

Comment
Turn on Control

and Scan simultaneously
Override power to zero

Turn off PID control

N2 off

H2 off

GeH4 select on
SiH4 off

B2H6 off

PH3 off

X on

DCS on

SiCH6 off

GeH4 inject off
SiH4 off

B2H6 off

PH3 off

Source off

H2 flow = 3 slpm
Vacuum on

H2 on

GeH4 flow = 100 sccm
SiH4

B2H6 high

PH3 high

PH3 low

DCS flow = 26 sccm
SiCH6 flow = 5 sccm
Pressure = 0

Start Sequencer #1
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Sequencer Table #1

Step # Action Comment
0
1 SET(SP2,0.0)& Reset loop control
2 SEQUENCER ON(0.3,6,0) Call cleaning sequence
3 WAITUNTIL(SP2>0.5) Cleaning sequence
4 SET(SP2,0.0)%& Reset loop control
5
6 SEQUENCER ON(0.3,5,0) Call buffer sequence
7 WAITUNTIL(SP2>0.5) Buffer sequence
8 SET(SP2,0.0)%& Reset loop control
9
10
11
12 SEQUENCER 0N(0.3,4,0) Call SiGeC sequence
13 WAITUNTIL(SP2>0.5) SiGeC sequence
14 SET(SP2,0.0)%& Reset loop control
15
16 SET(SP4,0.0) Feedback off
17
18
19 RAMP (SP7,-0.4,0.0) Lamps down to O
20
21
22
23
24
25
26 SEQUENCER ON(0.3,7,0) Call reload sequence
27
28
29
30

w
[
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Sequencer Table #4

Step # Action Comment
0 SET(SP5,1.92) Set T = 575C
1 SET(SP4,1.0) Closed-loop
2 SET(D013,0) DCS inject off
3 SET(D08,1) Select SiCH6
4
5
6 WAITUNTIL(AI24>0.5) GO when stable
7 SET(D013,1)& Inject DCS and SiCH6
8 SET(D09,1) Inject GeH4
9 WAIT(600) SiGeC layer

10 SET(D09,0) GeH4 inject off
11 Close SiCH6 manual valve
12 WAIT(30)

13 SET(D02,0) GeH4 select off
14

15

16 SET(SP5,3.31) T = 675C
17 WAIT(600) Si cap
18 SET(D013,0) DCS inject off
19 SET(D07,0) DCS select off
20 SET(SP2,1.0) Set loop control
21 END

22

23

24

25

26

27

28

29

30

w
s
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Sequencer Table #5
Step # Action Comment
0  WAITUNTIL(AI29<10) Pumping out
1 WAITUNTIL(AI24>0.5) GO for buffer
2 SET(A011,1.0)& Low pressure select
3 WAITUNTIL(AI28<5.5) Pressure stabilizing
4 SET(AD8,0.60)% Set P=6torr
6§ WAITUNTIL(AI28>5.5) Pressure stabilizing
6
7
8
9

SET(D013,1) Inject DCS
10 WAIT(360) Buffer I
11 SET(D013,0)%& DCS inject off
12
13
14
16  RAMP(SP7,-0.4,0.0) Lamps off
16
17
18 WAITUNTIL(AI24>0.5) GO for cold values
19 SET(SP3,1) Get cold values
20 WAIT(1)
21 SET(SP3,0) Latch cold values
22
23 RAMP(SP7,0.4,0.2) Reheat wafer
24 WAIT(60) Clean
25
26
27 SET(D013,1) Inject DCS
28 WAIT(60) Buffer II
29 RAMP(SP7,-0.4,0.14) Lamps down to 14Y%
30 WAIT(60) Si at 14Y

31 SET(SP2,1.0) Set loop control
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Sequencer Table #6
Step # Action Comment
0 WAITUNTIL(AI24>0.5) GO for clean
SET(AD11,0)& High pressure select
SET(A08,0.250)& P=250torr
SET(A00,0.817)& H2 flow=4slpm
WAITUNTIL(AI29>250) Pressure stabilizing

0O ~NO O W -

NN NN N DNNDDND = b e b e e e e
NO D W O 0N OO

RAMP(SP7,0.4.0.274) Lamps to 1000C
WAIT(120) Clean
SET(A08,0.0)& Pump out
SET(A00,0.617)& H2 flow=3slpm
SET(SP2,1.0) Set loop control

W w NN
= O 0w
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Sequencer Table #7

Step #
0

W 00 N O O b N

NN NN RN NN B B e e R e e
QEBVENR B WD = O OO~ 0 b WA = O

Action
SET(SP7,0)
SET(D013,0)&
SET(D012,0)&
SET(D011,0)%&
SET(D010,0)&
SET(D09,0)&
SET(D07,0)&
SET(D05,0)&
SET(D04,0)&
SET(D03,0)
SET(D02,0)%&
SET(D01,0)&
SET(A08,0.0)%&
SET(AD7,0.0)&
SET(A06,0.0)&
SET(A05,0.0)&
SET(AD4,0.0)%&
SET(AD03,0.0)&
SET(AD2,0.0)&
SET(AD1,0.0)&
SET(A00,0.00)

WAITUNTIL(AI28<0.5)

SET(D015,0)

SEQUNCER OFF (0)
SEQUNCER OFF (1)
SEQUNCER OFF(2)
SEQUNCER OFF(3)
SEQUNCER OFF (4)
SEQUNCER OFF (5)
SEQUNCER OFF(6)
SEQUNCER OFF(7)

Comment

Lamps

DCS inject
PH3

B2H6

SiH4

GeH4

DCS select
PH3

B2H6

SiH4

GeH4

H2

Pump

B2H6

PH3

off
off
off
off
off
off
off
off
off
off
off
off
out
low
DCS
low

PH3 high
B2H6 high
SiH4
GeH4

Pump
Vacuum

Sequencer 0
Sequencer
Sequencer
Sequencer
Sequencer
Sequencer

O N bW

Sequencer
Sequencer 7

H2
out
off

off
off
off
off
off
off
off
off
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B.2 Si,_, ,Ge,C, p-i-n Sample #1876

Sequencer Table #0

Step # Action Comment
0 CONTROL ON& Turn on Control
1 SCAN ON(0.3) and Scan simultaneously
2 SET(SP7,0)& Override power to zero
3 SET(SP4,0)% Turn off PID control
4
5 SET(D00,1)& N2 off
6 SET(D01,0)%& H2 off
7 SET(D02,1)& GeH4 select on
8 SET(D03,0)& SiH4 off
9 SET(D04,1)& B2H6 on

10 SET(D05,1)& PH3 on
11 SET(D06,1)& X on
12 SET(D07,1)& DCS on
13 SET(D08,1) SiCH6 on, man valve closed
14 SET(D09,0)& GeH4 inject off
15 SET(D010,0)& SiH4 off
16 SET(D011,0)& B2H6 off
17 SET(D012,0)& PH3 off
18 SET(D013,0) Source off
19 SET(A00,0.617)& H2 flow = 3 slpm
20 SET(D015,1) Vacuum on
21 SET(DO1,1)& H2 on
22 SET(A01,0.212)& GeH4 flow = 100 sccm
23 SET(A02,0.01)& SiH4
24 SET(AD3,0.353)%& B2H6 flow=170 sccm
25 SET(A04,0.616)% PH3 flow=300 sccm
26 SET(AD05,0.01)& PH3 low
27 SET(A06,0.537)& DCS flow = 26 sccm
28 SET(A07,0.063) SiCH6 flow = 5 sccm
29 SET(A08,0.0) Pressure = 0
30 SEQUENCER ON(0.3,1,0) Start Sequencer #1

w
pery
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Sequencer Table #1

Step # Action Comment
0]
1 SET(SP2,0.0)& Reset loop control
2 SEQUENCER ON(0.3,6,0) Call cleaning sequence
3 WAITUNTIL(SP2>0.5) Cleaning sequence
4 SET(SP2,0.0)& Reset loop control
5 RAMP(SP7,-0.4,0.155) Lamps down to 15.5%
6 WAIT(60)
7 SEQUENCER ON(0.3,5,0) Call buffer sequence
8 WAITUNTIL(SP2>0.5) Buffer sequence
9 SET(SP2,0.0)& Reset loop control
10
11
12 SEQUENCER ON(0.3,4,0) Call SiGeC sequence
13 WAITUNTIL(SP2>0.5) SiGeC sequence
14 SET(SP2,0.0)& Reset loop control
15
16 SET(SP4,0.0) Feedback off
17
18
19 RAMP(SP7,-0.4,0.0) Lamps down to 0
20
21
22
23
24
25
26 SEQUENCER ON(0.3,7,0) Call reload sequence
27
28
29
30

w
-
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Sequencer Table #4

Step # Action Comment
0 SET(SP5,3.579) Set T = 700C
1 SET(SP4,1.0) Closed-loop
2 WAIT(600) Undoped Si
3 SET(SP5,2.984) T = 625C
4 SET(D013,0) DCS inject off
5 SiCH6 already selected
6 WAIT(156) Open manual SiCH6 inject
7 SET(D013,1)& Inject DCS and SiCH6
8 SET(D09,1) Inject GeH4
9 WAIT(420) SiGeC layer

10 SET(D09,0) GeH4 inject off
11 Close SiCH6 manual valve
12 WAIT(30)

13 SET(D02,0) GeH4 select off
14 SET(SP5,3.579) T = 700C
15 WAIT(600) Undoped Si
16 SET(D012,1) Inject PH3
17 WAIT(750) p-type Si
18  SET(D013,0)%& DCS inject off
19 SET(D012,0) PH3 inject off
20 SET(SP2,1.0) Set loop control
21 END

22

23

24

25

26

27

28

29

30

31




B. Growth Sequences 121

Sequencer Table #5
Step # Action Comment
0  WAITUNTIL(AI29<10) Pumping out
1 WAITUNTIL(AI24>0.5) GO for buffer
2 SET(A0C11,1.0)& Low pressure seléct
3 WAITUNTIL(AI28<5.5) Pressure stabilizing
4 SET(A08,0.60)& Set P=6torr
5 WAITUNTIL(AI28>5.5) Pressure stabilizing
6
7
8
9

SET(D013,1)& Inject DCS
SET(DO11,1) Inject B2H6
10 WAIT(300) Buffer I
11 SET(D013,0)& DCS inject off
12 SET(D011,0) B2H6 inject off
13
14
i6 RAMP(SP7,-0.4,0.0) Lamps off
16
17
18 WAITUNTIL(AI24>0.5) GO for cold values
19 SET(SP3,1) Get cold values
20 WAIT(1)
21 SET(SP3,0) Latch cold values
22
23 RAMP(SP7,0.4,0.274) Reheat wafer
24 WAIT(60) Clean
25
26 SET(D011,1)& Inject B2H6
27 SET(D013,1) Inject DCS
28 WAIT(60) Buffer II
29 SET(D011,0) B2H6 inject off
30 SET(D04,0) B2H6 select off

31 SET(SP2,1.0) Set loop control
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Sequencer Table #6
Step # Action Comment
0 WAITUNTIL(AI24>0.5) GO for clean
SET(A011,0)& High pressure select
SET(A08,0.250)& P=250torr
SET(A00,0.817)& H2 flow=4slpm
WAITUNTIL(AI29>250) Pressure stabilizing

© 00 N O G WN -
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RAMP(SP7,0.4.0.274) Lamps to 1000C
WAIT(120) Clean
SET(A08,0.0)& Pump out
SET(A00,0.617)% H2 flow=3slpm
SET(SP2,1.0) Set loop control

W W NN
= O W
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Sequencer Table #7

Step #
0

W 0 N O N W W N =

NN N NN NDNDNNDN = e e b e e e
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Action
SET(SP7,0)
SET(D013,0)%&
SET(D012,0)&
SET(D011,0)&
SET(D010,0)%&
SET(D09,0)&
SET(D07,0)&
SET(D05,0)&
SET(D04,0)&
SET(D03,0)
SET(D02,0)%&
SET(D01,0)&
SET(A08,0.0)%&
SET(A07,0.0)&
SET(A06,0.0)&
SET(A05,0.0)&
SET(A04,0.0)&
SET(A03,0.0)&
SET(A02,0.0)%&
SET(A01,0.0)%&
SET(A00,0.00)

WAITUNTIL(AI28<0.5)

SET(D015,0)

SEQUNCER OFF(0)
SEQUNCER OFF (1)
SEQUNCER OFF(2)
SEQUNCER OFF(3)
SEQUNCER OFF (4)
SEQUNCER OFF (5)
SEQUNCER OFF(6)
SEQUNCER OFF(7)

Comment

Lamps

DCS inject
PH3

B2H6

SiH4

GeH4

DCS select
PH3

B2H6

SiH4

GeH4

H2

Pump

B2H6

PH3

off
off
off
off
off
off
off
off
off
off
off
off
out
low
DCS
low

PH3 high
B2H6 high

SiH4

GeH4

Pump

Vacuunm

Sequencer 0
Sequencer 1
Sequencer 2
Sequencer 3
Sequencer 4
Sequencer 5
Sequencer 6
Sequencer 7

H2
out
off

off
off
off
off
off
off
off
off
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