Chapter 5
Epitaxial Growth of Si;.,C, Alloys

5.1 Introduction

Traditionally, the incorporation of substitutional carbon into silicon and silicon-
germanium alloys during growth is of great interest for engineering the strain in silicon
layers. Carbon incorporation in SiGe can be used to compensate the compressive strain in
SiGe layers grown commensurately w.r.t. silicon. As little as 1% carbon can compensate
for the compressive strain induced by 10% Ge in silicon. Achieving high substitutional
carbon fraction (> 1% carbon) in Si;.,C, alloys is important to achieve significant strain
for electron mobility improvement by compressively straining the silicon channel. The
growth of epitaxial strained silicon-carbon alloys on Si (100) substrates is used in the
source-drain regions of MOSFETs to induce tensile stress in channel regions to enhance
electron carrier mobility [5.1][5.2]. Carbon in silicon has also been shown to reduce the
boron diffusion in silicon [5.3][5.4][5.5]. Only a small fraction of carbon (1019 cm” ) [5.3]
needs to be incorporated to suppress the diffusion of boron. This was effect was used for

the growth of Siy.,.yGe,C, bases for hetero-bipolar junction transistors (HBTs).

5.2 Growth of Si:C Alloy Layers

There are several challenging issues in the growth of Si;.,C, alloys. First, unlike
growth with Si;<Gex where it is easy to achieve high Ge fractions, it is difficult to
achieve high substitutional carbon percentages in silicon. This is due to a significantly

larger lattice mismatch between silicon and diamond (35%) than the lattice mismatch
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between Si and Ge (4.2%). Second, a stable phase, silicon carbide (SiC) exists between
silicon and diamond. Third, carbon also has a low solubility (3*10'7/cm’) in silicon [5.6]
[5.7]. Substitutional carbon incorporated into silicon layers at a level above this value
will be supersaturated. Fourth, nonsubstitutional carbon is observed to create deep levels
in silicon [5.8]. Thus the carbon should be incorporated into a substitutional site and not
an interstitial site.

Due to these difficulties, non-equilibrium growth techniques such as MBE and
CVD are used to incorporate a high metastable substitutional carbon fraction
[5.9][5.10][5.11]. Such non-equilibrium growth causes the buried carbon to be

immobilized on the substitutional site [5.12][5.13].
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Figure 5.1. Plot of substitutional carbon (measured by the shift in lattice constant by x-ray
diffraction) vs. total carbon measured by SIMS [5.11]

From Figure 5.1, the difficulty in the growth of silicon with high carbon percentages is

clearly illustrated. From the “fully substitutional” line drawn in Figure 5.1, we observe
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that at high temperatures, the carbon incorporates interstitially rather than
substitutionally. Lowering the temperature causes more carbon to incorporate into
substitutional sites. This illustrates the importance of metastable growth for the
incorporation of carbon in silicon, as the carbon atoms on the surface cannot be given
enough time to reach their favored (equilibrium) position of being an interstitial.
Furthermore, it has been demonstrated in reference [5.11] and in the work of other
authors [5.9][5.10] that by using a high growth rate at low temperature more carbon can
be incorporated into substitutional sites. As described earlier (Chapter 2) the combination
of high growth rate and low temperature are difficult to achieve in CVD epitaxy using
silane. The growth of Si;.,C, alloys using DCS as a silicon source (lower growth rate than
with silane due to its chlorinated chemistry) and methylsilane [5.11] also indicates that a
high growth rate is a necessity for high substitutional carbon incorporation. Therefore, to
incorporate high carbon fractions (>1% carbon in silicon) higher-order silanes are
potentially attractive to be used as the silicon source gas because high rates and low
temperatures should help for substitutional carbon incorporation. We examined the use of

NPS as a silicon source for achieving this goal.

5.3 Determining Substitutional Carbon Fraction in Silicon:

Dilute Carbon Alloys

Due to the difference in lattice constant, thin silicon carbon alloy epitaxial layers may be
grown pseudomorphic on silicon substrates. The Si:C alloy layer is tensilely strained in
the planar directions and compressively strained in the vertical (growth) direction, as

shown in Figure 5.2 below.
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Figure 5.2. Schematic diagram illustrating the silicon substrate lattice and the growth of
the pseudomorphic Si:C alloy layers on silicon substrate.

The vertical (004) lattice spacing of the compressively strained layers, a; can be
determined via x-ray diffraction (XRD) based on the shift from the substrate peak. From

a|, the carbon percentage can be extrapolated using Poisson’s ratio and Vegard’s law

L relaxed
8si c, ~8s | l+o| s c, —ay
ag 1-v ag

This is rewritten in the equation below for simplicity:

[5.14][5.15]:

2011()() a relaxed _aSi]
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where C;j(x) and Cjy(x) are the elastic constants of Si;,Cx which are linearly
extrapolated from Si and C, a sjxcx relaxed J5 the unstrained bulk lattice constant of SijCy,
a sil_xCxJ' is the strained lattice constant of Si;xCx , and as; is the bulk unstrained lattice
constant of silicon (5.431 Angstroms). The percentage of substitutional carbon varies
depending on what model is used for the relaxed lattice constant of Si; ,Cy versus carbon
fraction. Vegard’s law could be applied between silicon and diamond or silicon and
silicon-carbide. An alternate method is proposed by Kelires [5.16] and is generally
accepted as the most accurate method in determining the substitutional carbon

percentage. However, in this thesis, we use Vegard’s law applied between silicon and

silicon-carbide.

54 Si:C Alloy Epitaxial Layers Grown with NPS and
Methylsilane

5.4.1 Growth of Si:C Epitaxial Layers Using NPS and Methylsilane

As described earlier, low temperatures and a high growth rate are generally
required for Si:C alloy growth with high substitutional carbon fractions. Si:C alloys were
grown with NPS as the silicon source and methylsilane (SiCHg) as the carbon source. The
growth pressure was 6 torr and the growth temperature was 575 °C. The thickness of the
Si:C epitaxial layers are ~100 nm. Figure 5.3, shows XRD scans done in Princeton, and
in Table 5.1 below are the corresponding gas flows of hydrogen, NPS and methylsilane
gas flows. The methylsilane source is diluted 1% in hydrogen. The methylsilane flow

given in the table is the actual methylsilane flow.
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Figure 5.3. XRD rocking curves of various Si:C alloys grown at 575 °C and 6 torr
pressure. The hydrogen, NPS and methylsilane flows are given in the table below. The
growth thickness of the epitaxial layers is roughly 100 nm.

The two copper k, peaks are not fully resolved out in our experimental setup. We
determine the Si:C alloy strained lattice constant from the spacing between the two left
peaks. As observed from figure 5.3 above, as the carbon percentage is increased the
intensity of the peak is decreasing. At high carbon percentage (C > 2%) the two peaks are
difficult to distinguish. This could be due to relaxation of the silicon-carbon layers or a
reduction in the layer quality. Assuming the critical thicknesses for commensurately
strained Si;«Gex and tensilely strained Si;.,C, are similar for the same strain and
assuming that 1% carbon compensates for roughly 10% Ge [5.17], the metastable critical
thickness for Sigog5Co.015 layers is roughly 60 nm [5.18]. The results are summarized in

the Table 5.1 below.
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Table 5.1. Summary growth conditions and substitutional carbon fraction of Si:C alloys
grown with NPS and methylsilane as the silicon and carbon sources respectively at a
chamber pressure of 6 torr and a temperature of 575 °C.

Sample # Carbon H, NPS SiCHg | H, (partial NPS SiCHg Growth
(XRD) | (sccm) | Bubbler | (sccm) pressure) | estimated actual Rate
% Flow (partial (partial | (nm/min)
(sccm) pressure) | pressure)
1 1.1 600 50 1 5974 mtorr | 17 mtorr 9 mtorr 10
2 1.3 150 50 1 5916 mtorr | 54 mtorr | 30 mtorr 24
3 1.8 150 30 1 5930 mtorr | 36 mtorr | 34 mtorr 18
4 2.35 150 20 1 5939 mtorr | 25 mtorr | 36 mtorr 13
5 2.6 150 15 1 5943 mtorr | 20 mtorr | 37 mtorr ?

In the table above we compare the substitutional (XRD) carbon levels in Si:C
alloys of five samples based on the H,, NPS (bubbler flow) and SiCH¢ gas flows. From
the gas flows we also tabulated the actual partial pressures of H,, NPS and SiCHg. The
actual NPS flow was estimated to be 3.6% of the NPS bubbler flow (Section 2.2). As
observed from Table 5.1, the growth rate can be increases by increasing the NPS flow at
fixed pressure and constant hydrogen carrier flow. This requires a commensurate increase
in methylsilane flow to keep a high carbon concentration in the grown layer. Because
increasing the hydrogen into the NPS bubbler above 50 sccm caused temporary clogging
of our mass flow controller and increasing the methylsilane flow was limited by the
methylsilane flow controller to 1 sccm (100 sccm of 1% methylsilane in hydrogen), we
decreased our hydrogen flow while holding the hydrogen into the NPS bubbler at 50
sccm and held the methylsilane flow constant, as illustrated from the change in sample 1
to sample 2 in the table above. At fixed methylsilane/NPS flow ratio, we are increasing
both the partial pressure of NPS and methylsilane, hence growth rate, leading to an
increased carbon fraction. Once we were no longer able to decrease the hydrogen flow,
we instead reduced the NPS flow to increase carbon levels as shown in Table 5.1
(samples 3 to 5). This increases the methylsilane to NPS ratio leading to more carbon

being incorporated despite a reduction in the growth rate. Ideally, we would like to
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increase both NPS with methylsilane while decreasing the hydrogen flow however due to
limitations in our experimental apparatus we were unable to do so.

In Figure 5.4, we compare the carbon levels measured by SIMS (total carbon) and
XRD (substitutional carbon) versus the methylsilane/NPS flow ratio for two different
hydrogen carrier flows. The growth conditions were at 575 °C with a chamber pressure of
6 torr in all cases. Two different hydrogen flows of 600 sccm and 150 sccm were
compared. By decreasing the hydrogen flow while the NPS and methylsilane ratio is held
fixed, the amount of carbon incorporated is increased due to the increase of growth rate,
consistent with the results of other authors [5.9][5.11]. As shown in Figure 5.4, by

increasing the methysilane to NPS ratio the amount of carbon incorporated can be

increased.
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Figure 5.4. Carbon percentage determined by SIMS and calculated from XRD data versus
the ratio of methylsilane to NPS source flow at fixed hydrogen flow. The squares
represent hydrogen flow of 150 sccm and circles represent hydrogen flow of 600 sccm.
The growth temperature was 575 °C and the chamber pressure was 6 torr.
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The substitutional carbon percentage calculated from the XRD was then
compared with the total carbon percentage determined from SIMS to determine if the Si;.
yCy alloys grown are fully substitutional. In Figure 5.5 below we compare substitutional
carbon (XRD) vs. total carbon (SIMS) for growth conditions at 575 °C and 6Torr, with
varying NPS, methylsilane and hydrogen flows. Relative error bars of 5% and 15% were

used for the XRD and SIMS measurements respectively.
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Figure 5.5. Comparison of substitutional carbon percentage measured from XRD vs. total
carbon percentage determined by SIMS. Relative error bars of 5% and 15% were used for
the XRD and SIMS measurements respectively. The dotted line represents fully
substitutional carbon.

The dotted line in the figure is used to depict fully substitutional carbon levels. If
the value calculated from XRD is equivalent to the carbon measured by SIMS then the
carbon incorporated is fully substitutional. If the carbon measured from SIMS is greater
than the carbon level determined from XRD then the carbon incorporated is partially

interstitial or the grown layer is relaxed, causing a reduction in the value calculated from
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XRD. It can be inferred that fully substitutional carbon percentages up to 2.1% has been
achieved within the error bars of XRD and SIMS measurements.

To determine the quality of our Si;«Cx epitaxy layers, high resolution X-ray
diffraction (HR-XRD), (courtesy of Applied Materials) was performed on the as-grown
silicon-carbon alloy layer of 1.8% using the same conditions depicted in Table 5.1 above
and shown in Figure 5.3 above. The X-ray rocking curve of an ideal Si:C alloy layer of
1.8% carbon and 100 nm thickness was simulated. The HR-XRD and computer

simulation result is plotted in Figure 5.6 below:
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Figure 5.6. High-Resolution X-Ray Diffraction (HR-XRD) of a 130nm Si,.,C, layer on Si
showing a substitutional carbon level of 1.8% with lattice constant of 5.375A. The solid
line represents the raw data while the dotted lines indicates simulation. The growth
temperature was 575 °C and the growth rate was 20 nm / min.
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The as grown sample is in excellent agreement with the simulated result with several
satellite peaks visible around the main Si;.,C, peak indicating that the epitaxial silicon-

carbon alloy layer is of high quality up to 1.8% of substitutional carbon.

5.4.2 Comparison of Growth Rates for High-Carbon Fraction Layers with Other
Works

Comparison of our work to other reports of fully substitutional carbon with high carbon
percentages by Rapid Thermal CVD (or fundamentally similar Low Pressure CVD)
reveals that we have generally achieved the same substitutional carbon percentages at a
slightly higher temperature and much higher growth rate (Table 5.2), although very little
on growth rates from other groups has been reported. The growth rate versus carbon
fraction is plotted in Figure 5.7 below, using the data from Table 5.1, Table 5.3, and
references [5.8] and [5.19] and a data point at 575 °C at 6 torr using a hydrogen flow of
150 sccm with NPS flow of 2.1 sccm and MS flow of 2.5 scem. The more concentrated
methylsilane bottle allowed for a larger partial pressure of methylsilane without the need
to eliminate the hydrogen carrier flow. This led to higher growth rates at the same NPS to
methylsilane ratio, as now more NPS could be injected. Table 5.2 is a summary of the

work done in our lab compared with the work done by other groups.
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Figure 5.7. Growth rate versus substitutional carbon fraction for silane (red), disilane
(blue) and NPS (orange). The growth conditions are given in Table 5.1 for NPS (orange
filled square), Table 5.2 for disilane at 575 °C (blue filled square), reference 5.8 for silane
(red), and reference 5.20 for disilane at 625 °C (blue open square), and 6 torr with 150
sccm hydrogen flow and a MS flow of 2.5 sccm for the NPS open square.

Table 5.2. Comparison of fully substitutional carbon % in silicon among different

precursors.
Precursor Silane [5.9] Silane Disilane Trisilane NPS
[5.14] [5.20] [5.21]
Carbon Fraction % 1.8 1.44 2.35 2.6 19/21
Growth Rate (nm/min) N/A 0.3 N/A 55 40/13
Temperature °C 550 550 525 550 575

We have demonstrated that NPS is a superior silicon source compared with disilane and
silane for the incorporation of carbon rich silicon layers. We have achieved up to a
growth rate of 40 nm/min for up to 1.9% carbon in silicon, significantly faster than that

with silane. Also, for the same temperature (575 °C) the growth rates with NPS and
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methysilane are higher than the growth rates with disilane and methylsilane (see Figure
5.7). Furthermore, Si:C layers grown at higher growth rates have smaller oxygen
concentrations and can be fully substitutional for up to 2% of carbon in silicon layers.
Recently, growth of n-type Si:C layers with trisilane have been reported to have up to
2.6% C substitutionally at 550 °C with a growth rate of 55 nm/min [5.21]. Because
similar growth mechanisms are expected in high-order silanes (i.e. trisilane, NPS etc.),
this is consistent with our results that high-order silanes are technologically useful for
achieving high substitutional carbon at high growth rates and low-temperatures. We were
not able to achieve the same carbon fraction with NPS as published with trisilane. This is
due to the fact that neither our NPS nor methylsilane sources were purified. Oxygen
contamination is a well-known cause of the breakdown of epitaxy. Its effect is more
enhanced in Si:C epitaxial alloy layers, probably due to an unknown surface effect related

to carbon (see the next section).

5.4.3 Oxygen in Si:C Epitaxial Layers Grown with NPS and Methylsilane

Having achieved a high substitutional carbon fraction (C > 2%) in silicon-carbon
alloys, we wish to examine the background impurities in those layers with SIMS. We
compared samples grown at 575 °C and 6 torr, with different NPS, hydrogen and
methylsilane flows. The NPS gas source is impure and contaminated with oxygen. The
background level of oxygen in films grown with NPS at 575 °C is ~7*10"7/cm’ but the
gas impurity concentrations are unknown. The methylsilane gas source (Voltaix with
99.9% purity) has argon and oxygen impurity level of 2 ppmv and a carbon dioxide
impurity level of 10 ppmv. The water impurity level is not reported. The methylsilane
was 1% concentration diluted in 5N hydrogen (99.999% purity level) for all samples

except for sample 4313 where the concentration was 5% methylsilane in hydrogen. The
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carrier hydrogen gas used is 6N hydrogen (99.9999% purity level). There may be high
levels of oxygen in our films; both our silicon source, NPS, and our carbon source,
methylsilane (a.k.a mono-methylsilane, abbreviated MMS), are impure.

The background oxygen concentration measured by SIMS was plotted against the

total carbon fraction below in Figure 5.8.
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Figure 5.8. Background oxygen concentration measured by SIMS versus carbon
percentage (XRD). The growth pressure was 6 torr and the growth temperature was 575
°C for all samples. All samples were grown with NPS and methylsilane. The background
concentration of oxygen in silicon grown with NPS at this temperature is ~10'® /em’.
Two least squares regression lines were plotted to describe the two different slopes of
oxygen incorporation.

Based on Figure 5.8, there appears to be a point at around 1% carbon incorporated where
the oxygen concentration in the sample seems to be rising. For small amounts of carbon
incorporated (C < 1%) the background oxygen concentration is around ~10'* - 2 x 10"
cm™ with a very slow increase of oxygen for an additional amounts of carbon (10'* cm™

for 1% carbon increase). For carbon levels over 1% in silicon the total amount of oxygen
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incorporated is then increasing at a faster rate, with the total amount of carbon
incorporated (13 * 10'® for 1% carbon increase). We would like to determine reason for
the two different slopes and why oxygen increases when more carbon is incorporated.
Unlike Si;Gex where addition germanium enhances desorption of hydrogen, (which
leads to more open sites and hence oxygen incorporation), carbon does not have this
effect [5.22]. We would like to determine if this increase in oxygen is due to the impure
NPS source, the methylsilane source, or some other effect. We will attribute the “other
effect” as a carbon-related surface effect. We now add a plot of methylsilane partial
pressure and NPS partial pressure versus the carbon percentage on the secondary y-axis,

shown in Figure 5.9 below:
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Figure 5.9. Oxygen concentration (solid squares) measured by SIMS vs. carbon atomic
fraction (SIMS). The corresponding methylsilane (MMS) (blue open squares) and NPS
(orange open squares) are plotted on the secondary y-axis. The growth pressure was 6
torr and the growth temperature was 575 °C for all samples.
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From the plot we observe that the oxygen concentration (solid squares) is not
highly correlated to the NPS partial pressure (orange open squares). It is evident that
there is more of a relation between the oxygen concentration and the MMS partial
pressure (blue open squares), although there is still some variance among the sample
points. This may be due to the fact that the samples have slightly different growth rates.
Since neither the impurities from the NPS or the MMS gas sources can account fully for
the oxygen concentration, this implies that there is also surface effect due carbon that
causes additional adsorption of oxygen. We will plot the adsorption rate of oxygen onto
the Si:C surface. We make the assumption that the adsorption rate (Aoxygen) 1S €quivalent
to the incorporation rate, which is the oxygen concentration times the growth rate. At our
temperatures and partial pressures oxygen is stable on a silicon surface (i.e. oxygen does
not desorb) [1.6]. The adsorption rate is the amount of oxygen that lands on the surface.
The oxygen will come from the source and carrier gases (i.e. hydrogen, MMS and NPS).
The amount that adsorbs will be proportional to the sticking coefficient. The sticking
coefficient may be a function of the carbon concentration in the film, since the silicon
oxygen bond and a carbon oxygen bond have different bond enthalpies.

We plot the adsorption rate of oxygen in Figure 5.10 below and tabulate the

results in Table 5.3.
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Figure 5.10. Oxygen adsorption rate (solid squares) vs. carbon atomic fraction. The
corresponding methylsilane (MMS) (blue open squares) and NPS (orange open squares)
are plotted on the secondary y-axis. The growth pressure was 6 torr and the growth
temperature was 575 °C for all samples.

Table 5.3. Summary of growth conditions and total carbon fraction of Si:C alloys grown
with NPS and methylsilane as the silicon and carbon sources respectively at a chamber
pressure of 6 torr and a temperature of 575 °C. The growth rate, carbon and oxygen
concentrations were determined by SIMS analysis with errors of 10%, 5% and 5%
respectively. The NPS and MMS partial pressures are the actual partial pressures
(estimated at 3.6% of the bubbler flow for NPS).

H NPS MS MMS GR o

Sample f|0\2N flow flow Happ | INPS pp pp (nm/ | C% (10218 onl gen
# (sccm) | (sccm) | (sccm) (mtorr) | (mtorr) (mtorr) | min) cm?®) (10775)
A 3100 150 1 5988 9.8 1.9 6.8 | 0.46 1.0 0.71
B 2100 150 1 5983 144 2.7 7.6 | 057 15 1.16
C 3100 100 1 5991 6.8 1.9 6 0.75 2.0 1.17
D 2100 100 1 5987 9.8 2.7 73 | 0.78 2.2 1.58
E 3100 50 1 5995 34 1.9 4.2 1.02 6.9 2.89
F 2100 50 1 5992 5.0 2.8 5.8 1.06 5.6 3.23
G 200 50 1 5933 43.2 24.1 24 1.2 7.0 16.8
H 1030 50 15 5982 94 8.3 6.7 14 10 6.67
[ 150 30 1 5930 36 335 18 1.68 12 30.6
J 1045 50 2.5 5978 94 13.7 6.5 1.94 13 8.54
K 150 20 1 5939 24.5 35.5 13 2.1 16 20.8
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We compare samples with the same MS partial pressure and varying NPS partial
pressure. Comparing samples A, C, and E, we find that as the NPS partial pressure is
decreased from (9.8 to 6.8 then to 3.4 mtorr), the adsorption rate of oxygen is increasing.
The total background oxygen impurity level is decreasing since less NPS is used from
samples A to C to E, yet the adsorption rate is increasing in the same order. This indicates
that the carbon on the surface is increasing the oxygen sticking probability. While there is
more oxygen in the background for sample “A” then for sample “C”, less of the oxygen
is adsorbed onto the surface and incorporated. A comparison between B and D also leads
us to the same conclusion. We also note that the adsorption rate of oxygen is not directly
proportional to the carbon percentage. In Figure 5.10 above, we observe that the
adsorption rate increases with carbon fraction and is also dependent on the NPS and
MMS partial pressures. This indicates that more of the background oxygen is adsorbed
onto the surface and incorporated into the film as the carbon atomic fraction is increased.
Due to the varying gas flow condition of the samples and growth rates; it is difficult to
separate the contributions to the oxygen background from the three sources of oxygen
contamination (NPS, methylsilane, surface effect). This is due to the variance of the total
oxygen background impurities from NPS and MMS used in the samples. We write an
equation for the adsorption of oxygen onto the Si:C surface by splitting the adsorption of

oxygen on silicon sites and on carbon sites.

Eq.5.2 Ora = (1-Y)O5, +K"*y*O

Where Oy is the total oxygen adsorption rate, Os; and Oc are the contributions from
adsorption on top a silicon surface site and carbon surface site respectively, y is the
carbon fraction, and k" is a scaling constant to account for the difference in the adsorption

rates, due to difference in the frequency of hydrogen desorption from a silicon site versus
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a carbon site between a silicon site and a carbon site, and of order n., similar to the
difference in frequency of hydrogen desorption from a germanium site versus a silicon
site in SiGe films [5.23][5.24]. We can further separate the components based on the

impurities coming from MMS and NPS.

EQ.53 O = (1-Y)[Oy (NPS)+Oy (MMS)]+K"*y*[O; (NPS)+O, (MMS)]

Where Os; (NPS) is the oxygen adsorbed onto a silicon site due to oxygen from the NPS
source, Os;i (MMS) is the oxygen adsorbed onto a silicon site due to oxygen form the
MMS source, Oc (NPS) is the oxygen adsorbed onto a carbon site due to oxygen from the
NPS source, Oc (MMS) is the oxygen adsorbed onto a carbon site due to oxygen form the
MMS source. Based on this equation, we can explain the good correlation between the
MMS pressure and oxygen adsorption into the film. Both the carbon atomic fraction and
the amount of oxygen adsorbed are dependent on the MMS source. This implies that for
good carbon growth a low oxygen impurity or purified MMS source is needed. Further
work and knowledge of the actual oxygen impurity concentrations of both the MMS and
NPS is needed to separate out the contributions due to each component and will not be
done in this thesis.

The effect of the growth rate and temperature on the amount of oxygen
incorporated into the films was next examined. We use a set of growth conditions which
all yield approximately 1% carbon. The methysilane silane flow rate was set to 1 sccm
and the flow through the NPS bubbler was set at 50 sccm for all samples. The plot of

these two sets of data are shown in Figure 5.11 below and tabulated in Table 5.4:
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Figure 5.11. Background oxygen concentration (solid squares) measured by SIMS versus
growth rate. The corresponding methylsilane (MS) partial pressure (open squares) was
plotted on the secondary y-axis. The growth pressure was 6 torr and the growth
temperature was 600 °C (blue) and 575 °C (orange). The carbon percentage for all
samples is ~1%. The methylsilane silane flow rate was set to 1 sccm and the flow through
the NPS bubbler was set at 50 sccm for all samples.

Table 5.4. Growth conditions of ~1% carbon atomic fraction in silicon at 575 °C and 600
°C, with NPS and MMS at 6 torr. The growth rate, carbon and oxygen concentrations
were determined by SIMS analysis with errors of 10%, 5% and 5% respectively.

H, NPS MS H, pp NPS pp MMS GR 0218 A
Temp flow flow flow (mtorr) | (mtorn) pp (nm/ | C% (10_3 (18X1 ‘};’i
(sccm) | (sccm) | (sccm) (mtorr) | min) cm™)
575°C 3100 50 1 5995 3.4 1.9 42 | 1.02 6.9 2.89
575°C 2100 50 1 5992 5.0 2.8 5.8 | 1.06 5.6 3.23
600°C 3100 50 1 5995 3.4 1.9 85 | 098 | 19.0 16.2
600°C 2100 50 1 5992 5.0 2.8 9.2 | 1.02 | 10.5 9.71
600°C 1100 50 1 5985 9.4 5.4 18 1.17 7.9 14.3

Comparing the oxygen levels (Figure 5.11) at the two different growth temperatures of
575 °C (orange) and 600 °C (blue), it is evident that for carbon percentage, a reduction in

temperature also leads smaller amounts of oxygen incorporated even though the growth
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rate is reduced. The adsorption rate of the oxygen (Table 5.4) is lower at the lower
temperature although the background impurity levels are the same (i.e. same NPS and
MMS partial pressures). There may be a higher surface concentration of carbon at the
higher temperatures leading to a higher adsorption rate of oxygen, and that not all of the
carbon is incorporated (i.e. surface segregation of carbon [5.25]). This could explain the
variance and lack of dependence of the adsorption rate on the MMS and NPS partial
pressures. The concentration of carbon of the surface is different for the samples even
though the amount incorporated is ~1% atomic fraction. Surface segregation effects are
covered in detail in chapter 7. The data implies that lower growth temperatures are better
for background oxygen concentrations in Si:C alloy epitaxial layers. As the growth rate is
increased the amount of oxygen incorporated into the film is also decreased. We would
like to note that the meythlsilane partial pressure does not correlate with the oxygen
concentration (for a set carbon concentration), indicating that a high growth rate can
reduce the effect of oxygen contamination coming from the methylsilane. This reduction
is not due to a decrease in adsorption rate of oxygen on the surface but by decreasing the
amount incorporated by increasing the growth rate.

We conclude that the higher the growth rate and the lower the temperature, the
lower background oxygen in the Si:C epitaxy. The oxygen is probably coming from

impure methylsilane and NPS sources and the adsorption in enhanced on a Si:C surface.
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55 Si:C Alloy Epitaxial Layers Grown with Disilane and
Methylsilane

5.5.1 Growth of Si:C Epitaxial Layers Using Disilane and Methylsilane

Si:C alloy epitaxial layers were also grown on Si (100) wafers in our reactor
system using disilane as the silicon source and methylsilane as the carbon source. This
allows for the comparison of two different silicon precursors (disilane and NPS). We can
then determine how much of an effect the higher growth rate has on carbon
incorporation. The use of disilane and methylsilane to grow Si:C alloy epitaxial layers
has also been done by a previous student using 625 °C and 6 torr as the growth
temperature and chamber pressure respectively, and their results are well documented in
references [5.19][5.26]. We grow Si:C alloy epitaxial layers at 575 °C and 6 torr pressure,
to compare the layers with those grown using NPS as the silicon source.

Our disilane source is 10% disilane in hydrogen. The methylsilane source is 5%
methylsilane in hydrogen. The actual disilane flow was set to 10 sccm and hydrogen
carrier flow was set to 3 slpm, the methylsilane flow was varied. The XRD of the layers

grown are shown in Figure 5.12 below and summarized in Table 5.5:
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Figure 5.12. XRD rocking curves of various Si:C alloys grown at 575 °C and 6 torr
pressure. The hydrogen, Disilane and methylsilane flows are given in the table below.
The growth thickness of the epitaxial layers is roughly 100 nm.

Table 5.5. Summary of growth conditions and total carbon fraction of Si:C alloys grown
with disilane (DS) and methylsilane (MS) as the silicon and carbon sources respectively
at a chamber pressure of 6 torr and a temperature of 575 °C. Two sample numbers are
given, the first one for the SIMS sample (multiple Si:C layers) and the second for the
XRD sample (single Si:C layers of approximately ~100nm) grown under the same
conditions. The disilane and methylsilane flows are tabulated as the actual flow.

Sample # H, flow | DS flow fll\g\?v H, pp DSpp | MSpp (ﬁgl C% | C%
(sccm) | (sccm) (mtorr) | (mtorr) | (mtorr) . SIMS | XRD
(sccm) min)

Average 3090 10 0 5980.6 194 0 7 0 0
4845)4679 3109 10 1 5978.9 19.2 1.9 6.7 0.64 0.7
4845]4676 3128 10 2 5977 19.1 3.9 5.8 1.24 1.2
4943|4680 | 31375 10 25 5976.2 19 4.8 5.6 15 1.57
4845]4679 3147 10 3 5975.2 19 5.8 5.5 1.76 1.78
4943|4687 | 3156.5 10 35 5974.3 18.9 6.8 4.8 2.06 2.0

From the results above, we observe that up to 2% substitutional carbon can be
incorporated in films using disilane and methylsilane. The growth rate of disilane is less
than the growth rate using NPS. Also, similar to the Si:C films grown with NPS (Figure

5.3) the intensity of the XRD rocking curve for the Sip93Co o2 sample is less than intensity
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of the other samples. This is likely to indicate degradation in epitaxy quality. Figure 5.13
below compares substitutional carbon (XRD) vs. total carbon (SIMS) for growth

conditions at 575 °C using disilane and methylsilane.
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Figure 5.13. Comparison of substitutional carbon percentage measured from XRD vs.
total carbon percentage determined by SIMS, for samples grown with methylsilane and
disilane. Relative error bars of 5% and 15% were used for the XRD and SIMS
measurements respectively. The dotted line represents fully substitutional carbon.

From then figure above, we can infer that fully substitutional carbon can be grown
with disilane and methylsilane at 575 °C and 6 torr, for carbon percentages up to 2.0%
carbon. The growth rates of the Si:C alloy layers grown with disilane and methylsilane
(~6 nm/min) are less than the growth rates with NPS and methylsilane (20 nm/min). Why
the sample with 2.0% carbon is fully substitutional but has a poor x-ray diffraction curve

1s not known.
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5.5.2 Oxygen in Si:C Epitaxial Layers Grown with Disilane and Methylsilane

The oxygen incorporated in Si:C alloy layers grown with disilane and methylsilane was
compared with the Si:C alloy layers grown with NPS and methylsilane. Neither the
disilane (10% in hydrogen) nor the methylsilane (5% in hydrogen) gas sources went
through any purification. The gas sources are both supplied by Voltaix. Based on Voltaix
gas specifications, the disilane gas source has an argon and oxygen impurity level of 1
ppmv. The methylsilane gas source has argon and oxygen impurity level of 2 ppmv and a
carbon dioxide impurity level of 10 ppmv. The water impurity level was not reported.
The methylsilane and disilane source gases are diluted in SN hydrogen (99.999% purity
level). The carrier hydrogen gas used is 6N hydrogen (99.9999% purity level).

Similar to the NPS/methylsilane (section 5.4.3), the cause of the oxygen in the
Si:C layers can be divided up into three components, oxygen contributions due to
disilane, methylsilane, and a surface effect due to carbon on the silicon surface. The
oxygen concentration coming from the disilane was determined by the average of several
SIMS analysis and found to be at the SIMS background resolution of roughly 3x10'7 /
cm’. A similar disilane partial pressure (~19 mtorr) was used in the growth of all Si:C
alloy layers with disilane and MMS. We make the assumption that the oxygen
background in the Si:C alloy layers is due to the MMS source and a surface effect related
to carbon, and that the contribution from the oxygen in the disilane gas source is
insignificant. We again make the assumption that the adsorption rate (Aoxygen) 1S
equivalent to the incorporation rate, which is the oxygen concentration times the growth
rate. The oxygen adsorption rate and the MMS partial pressure are plotted in Figure 5.14

and summarized in Table 5.6 below.
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Figure 5.14. Oxygen adsorption rate (black solid squares) is plotted vs. carbon atomic
percentage. The calculated oxygen adsorption rate (orange solid squares) is also plotted.
The MMS partial pressure (blue open squares) is plotted on the secondary y-axis. All
samples were grown at 575 °C and 6 torr, with 3 slpm hydrogen carrier and 10 sccm
disilane flow.

Table 5.6. Summary of growth conditions and total carbon fraction of Si:C alloys grown
with disilane (DS) and methylsilane (MS) as the silicon and carbon sources respectively
at a chamber pressure of 6 torr and a temperature of 575 °C. The growth rate and oxygen
concentrations are determined by SIMS analysis. The oxygen contributions from disilane,
methylsilane, and the surface were calculated using the method described in the text
above.

Si,H MMS Si,H MMS GR 0O, Aoxygen

sample '?;é';v)v flow | flow (r':iopr?) oo | pp | (m/ | c% | (10® | (107
(sccm) | (scem) (mtorr) | (mtorr) | min) cm?®) )

Average 3090 10 0 5980.6 194 0 7 0 0.3 0.21

4845|4679 3109 10 1 5978.9 19.2 1.9 6.7 0.64 1.0 0.67

4845|4676 3128 10 2 5977 19.1 3.9 5.8 1.24 2.4 141

4943|4680 | 3137.5 10 2.5 5976.2 19 4.8 5.6 15 9.0 5.04

4845|4679 3147 10 3 5975.2 19 5.8 5.5 176 | 11.7 6.44

4943|4687 | 3156.5 10 3.5 5974.3 18.9 6.8 4.8 206 | 19.1 | 9.12

As shown in Figure 5.14 we observe a trend of increasing oxygen concentration along
with increasing carbon atomic percentage, similar to that observed with NPS and

methylsilane. We find that the oxygen adsorption rate is increasing faster than linear
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while the MMS partial pressure is increasing linearly. We use Equation 5.3, and set the
oxygen contribution from disilane to zero and assume that the oxygen contribution from
the silicon site is small compared to that from the carbon site. We rewrite Equation 5.3 as

Equation 5.4 below:

Eq. 5.4 Oy = (1= Y)[Og,_ (DS)+0g_ (MMS)]+K" *y*[O, (DS)+ O (MMS)]
=0

o K" *Y*[O, (MMS)]

We plot the calculated oxygen adsorption rate using a scaling factor, k" of
4x10"/(cm**mtorr) with order 1.6. We do not understand the physics behind this result
or whether 1.6 is the correct order. We find that the calculated result (plotted in Figure
5.14 above) is within error bars of the actual oxygen adsorption rate. The calculated
oxygen adsorption rate is done to illustrate that there is a effect of carbon atoms on the
surface that is increasing the oxygen adsorption rate. We do not understand why carbon
increases the oxygen adsorption rate. One possibility is that the carbon-oxygen bond is
stronger than the silicon-oxygen bond. Another possibility is that the surface becomes
more disordered (i.e. loses its 2x1 reconstruction, similar to limited epitaxy thickness),
allowing for an increase in oxygen adsorption onto the surface. We find that the oxygen
adsorption rates in Si:C alloy layers grown with NPS and MMS and the oxygen
adsorption rates in Si:C alloy layers grown with disilane and MMS are all on the order of
10'% / cm?, in spite of much higher impurity levels in the NPS and MMS. This suggests
that the amount of carbon on the surface is different for the two higher-order silanes (i.e.

a different amount of carbon is incorporated and segregated back to the surface).
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56 Si:C Alloy Epitaxial Layers Grown with NPS and
Methylchloride

Si:C alloy epitaxy growth was also investigated upon using methylchloride (also known
as chloromethane, CH;Cl) as the carbon source. The reason we tried methylchloride was
that it might be easier to achieve selective Si:C epitaxy, due to the chlorinated chemistry
of methylchloride. The results are shown in Figure 5.15 below and summarized in Table

5.7:

— Silicon Substrate

4108 SiC T=575
— 4107 SiC T=600
—4104 SiC T=625
—4119 SiC T=650
—4120 SiC T=675 [

Intensity (a.u.)

fa¥al 1 1 1 1
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Figure 5.15. XRD rocking curves of various Si:C alloys grown at different temperatures
using NPS and methylchloride as the silicon and carbon sources respectively. The NPS
flow was 100sccm and the methylchloride flow was 15 scem. The temperatures were
varied from 575 °C to 675 °C in 25 °C increments. The target growth thickness of the
Si:C epitaxial layers is 100 nm.

146



Table 5.7. Summary of Si:C alloys grown with NPS and methylchloride as the silicon and
carbon sources respectively

Growth Carbon % Hydrogen NPS (sccm) Methylchloride | Growth Rate
Temperature (XRD) (sccm) (sccm) (nm/min)
575 ? 3000 100 15 8
600 1.2 3000 100 15 14
625 1.35 3000 100 15 25
650 1.7 3000 100 15 50
675 1.85 3000 100 15 100

Using methylchloride and NPS, there was no peak related to Si;,C, observed for
layers grown at 575 °C. There is a small and broad carbon peak at 600 °C. The peak
observed at 600 °C is well resolved and right of the peak observed at 625 °C. Increasing
the temperature to 650 °C peak shifts to the right again, indicating a higher carbon
fraction. A very broad carbon peak is observed for growth of Si;.,Cy layers at 675 °C.
Comparing peak intensities we observe that the intensity increases from 600 °C to 625
°C, and then decreases subsequently by increasing the temperature. The latter decrease in
intensity going from 625 °C and upward could be attributed to the fact that the carbon
may not be fully substitutional and the layers were degraded. The fact that the 600 °C
intensity is not as high as the 625 °C intensity was surprising. It is possible that the
methylchloride molecule was not cracking sufficiently at the lower temperatures, and
therefore inhibited the growing surface, leading to thinner layers. The thinner Si:C layers
may not have been resolved by the XRD scans. In conclusion, there exists only a small
growth window for Si:C using methylchloride as the carbon source. At low temperatures
we may not be able to incorporate carbon as the molecule may not be cracking; at high
temperatures we may be unable to incorporate the carbon without degrading the epitaxial
layers. We conclude that methylchloride is not a good source for the growth of Si;Cy

layers.
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5.7 Summary

The technique for the incorporation of Si;,C, alloys with dilute carbon fractions in
silicon epitaxial layers are discussed in this chapter. X-ray diffraction and Vegard’s law
was used to determine the substitutional amount of carbon. High quality Si;.,C, alloys
layers were achieved using a neopentasilane as silicon source with methylsilane. Very
high growth rates of Si;,C, alloys of 18nm/min and 13nm/min for fully substitutional
carbon levels of 1.8% and 2.1%, respectively, were achieved. The highest substitutional
carbon level achieved was 2.65% (strained perpendicular lattice constant of 5.347A) as
determined by X-ray diffraction. Si:C alloys were grown using two different silicon
sources (NPS and disilane) and two different carbon sources (methylsilane and
methylchloride). Oxygen levels in Si:C epitaxy layers are examined. The primary cause
of the oxygen background appears to be coming from the methylsilane source, although a
part of it may be due to a surface effect related to carbon. Based on background oxygen
levels, our data suggests that high growth rates, lower temperatures, and cleaner
methylsilane and silicon sources are desirable for Si:C epitaxy layers with reduced

oxygen concentrations.
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Chapter 6
Low Temperature In-Situ Surface
Cleaning by Etching of Silicon, and
Selective Silicon and Silicon-Germanium

Epitaxy

6.1 Introduction to Low Temperature In-Situ Surface

Cleaning

In order to have good quality epitaxy, the starting surface must be free of surface
contaminants. It is quite difficult to begin with a silicon surface that is free of impurities.
After any chemical cleaning before growth the silicon wafer must first be transferred
from the air into the reactor chamber. The chemicals and water may have impurities. The
air is also filled with unwanted impurities that can adhere to the surface of the wafer,
such as moisture, oxygen, and carbon.

To remove these impurities, thermal baking in hydrogen at high temperatures (T >
1000 °C) was conventionally used in CVD for in-situ cleaning. Oxygen on the silicon

surface is desorbed via the following reaction: [6.1]

Eq. 6.1 SiO, + H, => SiO (g) + H,0
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An HF dip to remove the native oxide and passivate the surface with hydrogen has been
shown to significantly reduce the oxygen and carbon at the interface between a silicon
substrate and epitaxial layer [6.2]. However, there are still trace amounts of these
contaminants on the surface (~10" cm?) [6.3]. Thermal baking in hydrogen at
temperatures of around 750-800 °C were still necessary to remove these remaining trace
contaminants [6.4][6.5]. With novel source gases such as trisilane and neopentasilane,
reasonable epitaxy growth rates at low temperature have been achieved. However,
cleaning steps still require a temperature greater than 750 °C, limiting the thermal budget
of the growth process. In this chapter we will examine a novel surface cleaning
technique: etching of the top silicon (or SiGe) surface layer with chlorine, which should

remove the unwanted impurities from the surface.

6.2 In-situ Silicon Etchants

Thermal etching of silicon in-situ in epitaxial reactors is typically done using
hydrogen chloride (HCI) in a hydrogen ambient at temperatures above 800 °C. For
temperatures less than 750 °C, the etch rates with HCI have been observed to be less than
Inm/min [6.6]. (It has been shown however, that SiGe surfaces can be etched with HCI at
temperatures of 625 °C [6.6]. This is believed to be due to the enhanced desorption of
hydrogen from SiGe surfaces, which allows for the adsorption of the HCI) The

mechanism by which silicon is etched by HCI is given in Equation 6.2 below:

Eq. 6.2 Si (s) + 2HCI (g) => SiCl; (9) + H2 (9)

Previously attempts have been made to use chlorine instead of hydrogen chloride to etch

silicon in a hydrogen ambient [6.7]. It was observed that the etch rate was still negligible
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below 750 °C. The authors believed that the hydrogen carrier gas was reacting with the
chlorine to form HCI, inhibiting any improvement of etch rates from using Cl, as the
etchant.

Our silicon etching experiments were done using a flow of 15 sccm of chlorine
gas with a flow of 3 slpm of hydrogen gas, set at a chamber pressure of 6 torr with varied
temperatures. Etch rate experiments were done on silicon wafers with patterned silicon
dioxide. The etch rate was determined by step height measurements between the silicon
and the silicon dioxide surface patterns. The etch rate of the silicon dioxide was found to
be negligible for the temperature range of 500 °C — 1000 °C (measured to be less than 10°
2 nm/min). At high temperatures 900 °C and 1000 °C, the silicon etch rates were
35nm/min and 220nm/min respectively. Negligible etch rates (less than 0.1 nm/min) of
silicon using chlorine in hydrogen at 575 °C and 600 °C were observed in our lab
consistent with other authors [6.7]. The etch rates of HCI and Cl, in hydrogen are plotted

in Figure 6.1 below. From Figure 6.1 below, we can observe that etching with chlorine in

a hydrogen ambient offers little improvement over etching with HCI in hydrogen.
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Figure 6.1. Etch rates of chlorine and HCI in hydrogen ambient. The chlorine in hydrogen
(orange) data is from experiments conducted in our lab at a chamber pressure of 6 torr,
with a flow of 15 sccm of chlorine gas and a flow of 3slpm of nitrogen gas. At 600 °C,
the etch rate was less than 0.1 nm/min. HCI data is from reference 6.6 and the chlorine in
hydrogen (blue) is from reference 6.7.

6.3 Silicon Etching with Chlorine in a Nitrogen Ambient

6.3.1 Etch Rates

To prevent chlorine from reacting with hydrogen, we used a nitrogen ambient
instead of a hydrogen ambient for the thermal etching of silicon with chlorine. The

surface reaction by which chlorine etches silicon is given by the following Equation 6.3:

Eg. 6.3 Si(s) + Cl, => SiCl, (q) [6.8]
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A partial pressure of 6 torr of nitrogen and 30 mtorr of chlorine was used in our
experiments. Etch rates of 11nm/min, 5nm/min, and 1nm/min were achieved at 575 °C,

550 °C, and 525 °C respectively. The etch rates are plotted versus temperature in Figure

6.2 below.
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Figure 6.2. Chlorine etch rates (hnm/min) vs. inverse temperature. The etch rates are
measured by step height measurements. The chamber pressure is set to 6 torr, with 3 slpm
of nitrogen carrier flow and 15 sccm Cl; gas flow.

Using an etch temperature of 575 °C, the etch rate was measured as a function of chlorine
flow rates while holding the nitrogen flow and chamber pressure constant at 3 slpm and 6

torr respectively. The results are plotted in Figure 6.3 below.
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Figure 6.3. Silicon etch rates versus chlorine flow in nitrogen ambient at 575 °C and 6
torr chamber pressure.

The etch rate first increases linearly with the chlorine flow, and then increases at a slower
rate. The rate is still increasing with the flow rate at 120 sccm, indicating that even faster
etch rates may still be achievable. We would like to note that the chlorine etch rate (10-30
nm/min) in nitrogen can exceed the growth rates of silicon using both NPS and trisilane
at 575 °C [6.9][6.10]. This is important for further selective epitaxy applications where

the ability to etch away a nucleated surface layer on oxide is vital.
6.3.2 Surface Roughness After Etching

Smooth surfaces are desirable prior to the start of epitaxy. Surface roughness
leads to the deterioration in the breakdown voltage of gate oxides [6.11]. Impurities on
the surface need to be removed without roughening the surface. The surface roughnesses
of the etched silicon surfaces were examined using AFM. The results are shown in Figure

6.4 below:
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Figure 6.4. RMS surface roughness versus etch time using 15 sccm of chlorine gas in
nitrogen ambient at 575 °C and 6 torr chamber pressure.

As the surface being etched, surface roughness increases over time. To keep the
roughness under ~ 1nm RMS, only small etch times (< 2 minutes) can be used in order to
minimize surface roughening. The AFM scan of a sample etched for 2 min with 1nm

RMS roughness is shown in Figure 6.5 below:

Figure 6.5. AFM image of silicon surface after etching of 20nm of silicon at 575 °C and a
pressure of 6 torr with a flow of 15 sccm of chlorine. RMS surface roughness is ~ 1nm
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6.4 Silicon Surface Cleaning by Etching

6.4.1 Oxygen and Carbon Impurity Removal via Etching

The effectiveness of the chlorine etching for cleaning a silicon surface prior to
epitaxy was examined. SIMS was done to compare the interface impurity concentration
after silicon epitaxy that had no in-situ clean step with that after epitaxy that had a 575 °C
chlorine etch step. Prior to silicon growth in both steps, the sample was cleaned with a
conventional ex-situ wet clean of H,SO4/H,0, and a dilute HF dip [6.4]. The silicon
epitaxial layer was grown in this experiment at 700 °C at 6 torr chamber pressure using
dichlorosilane (DCS) as the silicon source. A 2.5-nm boron doping marker was used to
indicate the start of silicon epitaxy in both cases. Both experiments were performed on a
single wafer so data could be obtained with a single SIMS measurement. After the first
wet cleaning the sample was loaded into the reactor in a hydrogen environment. The
temperature was raised to 700 °C and approximately 150 nm of silicon was grown,
without any cleaning steps such as an intentional hydrogen bake. (The wafer was at 700
°C for about 15 seconds before the DCS was turned on to start the growth.) The wafer
was then taken out of the reactor and exposed to air for 12 hours. Now the sample was
chemically cleaned again as described earlier. After loading the sample was then heated
to 575 °C in hydrogen ambient, using a hydrogen flow of 3 slpm. The hydrogen was then
turned off and nitrogen was turned on to the same flow rate. Then using a flow of 15
sccm of chlorine with a flow of 3 slpm of nitrogen gas at 575 °C and 6 torr, we etched of
approximately 20 nm of silicon prior to the start of epitaxial growth. After etching, the
ambient was switched back to hydrogen, the temperature was then raised from 575 °C to
700 °C and 50 nm of silicon was grown. From the SIMS shown in Figure 6.6, we

observed an interfacial spike in both oxygen and carbon levels for the growth with no
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cleaning step and no interfacial oxygen above the SIMS background was visible in the
case of the chlorine etching. The interfacial spike in the carbon level is also significantly

smaller in the latter case.
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Figure 6.6. Secondary lon Mass Spectrometry plotting depth versus impurity
concentration for B (dashed), C (dotted), and O (solid). No in-situ cleaning was done at
the start of epitaxy as indicated on the plot. After the first silicon epitaxy step, the wafer
was removed from the reactor, exposed to air for 12 hours, and reloaded after wet
cleaning again. 20nm of silicon was etched back using chlorine at 575 °C prior to the
second epitaxial step. No oxygen spike and a clear reduction of carbon impurities
demonstrate the effectiveness of chlorine in cleaning silicon surfaces. The inset depicts
the structure of the sample.

The carbon and oxygen levels were integrated at both growth interfaces and the
results are summarized in Table 6.1. There is more than an order of magnitude decrease

of both surface oxygen and carbon after chlorine surface etching.
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Table 6.1. Integrated carbon and oxygen levels for both the no in-situ clean and
chlorine cleaning at 575 °C

In-Situ Clean Integrated Oxygen Integrated Carbon
Concentration Concentration
None 8x10* atoms/cm? 3x10* atoms/cm?
575°C Cl,etch < 10" atoms/cm? < 2x10™ atoms/cm?

6.4.2 Phosphorus Impurity Removal via Etching

Experiments were done to test the ability of chlorine surface etching steps to
remove other surface impurities, specifically phosphorus. Phosphorus as an impurity is
extremely efficient at sticking on silicon surfaces and difficult to remove [6.12][6.13]. To
remove phosphorus from the surface of silicon, high temperature thermal desorption is
required [6.14]. Phosphorus is known to ride up onto the growing layer (surface
segregation), leading to poor doping transitions when the phosphine source gas is turned
off during silicon epitaxy. This effect is modeled in detail in chapter 7. We attempt to
remove the surface phosphorus layers to avoid surface segregation effects.

To determine the effectiveness of the silicon etching in the removal of
phosphorus, a thermal desorption step at 800 °C, a chlorine surface cleaning step by
etching at 575 °C, and no in-situ cleaning were compared. Silicon was grown in this
experiment at 700 °C at 6 torr chamber pressure using dichlorosilane (DCS) as the silicon
source in hydrogen ambient. The growth was halted and a flow of 500 sccm of phosphine
gas (100ppm phosphine in hydrogen) was injected into the chamber with 3 slpm
hydrogen flow at a temperature of 700 °C at 6 torr chamber pressure for 5 minutes to coat
the surface with phosphorus.

For the first cleaning step, we attempted to remove the phosphorus from the surface

by etching with chlorine at 575 °C. Silicon was then grown and a thin SiGe layer was
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then grown to reduce the surface concentration of phosphorus prior to the next phosphine
dose, followed by a second phosphine exposure. (The SiGe is effective at gettering the
surface phosphorous into the solid [6.15]) After the second phosphine dose, we attempted
to remove the phosphorus via desorption by heating the surface to 800 °C for 10 minutes
in 3 slpm hydrogen at 6 torr. Silicon was then grown followed by a thin SiGe layer to
reduce the surface concentration of phosphorus prior to the next phosphine dose,
followed by a final phosphine exposure. After the last phosphine dose, no cleaning step
was performed and more silicon was grown. At no time was the chamber opened or the
sample removed from the chamber during this experiment. A SIMS measurement of

dopants and impurities vs. depth is shown in Figure 6.7.
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Figure 6.7. Secondary lon Mass Spectrometry plotting depth versus impurity
concentration for P (solid), C (dotted), and O (dashed). Growth was halted to cover the
surface with phosphorus by injecting phosphine into the chamber at 3 different times
during the growth. After the first two phosphine doses, different techniques were used to
attempt to remove the phosphorus from the surface. SiGe layers were grown in between
phosphorus doses to reduce the surface phosphorus concentration.
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No phosphorus spike was observed at the interface treated with the chlorine
etching step, indicating that chlorine etching removed all of the phosphorus from the
surface prior to growth. A phosphorus spike at the growth interface after 800 °C thermal
treatment was still observed showing that the treatment was less effective than the
etching. The surface desorption of the remaining phosphorus led to a high concentration
in the top SiGe layer. (The spreading of the phosphorus from the first SiGe layer into the
substrate is possibly due to the annealing step at 800 °C). The last phosphorus spike,
without any cleaning step, is used as the control for comparison. At each interface the
phosphorus levels were integrated and are summarized in Table 6.2.

Table 6.2: Integrated phosphorus levels for no in-situ clean, chlorine cleaning at 575
°C, and 800 °C desorption.

In-Situ Clean Integrated Phosphorus Concentration
None 3x10** atoms/cm?
575°C Cl, < 10" atoms/cm?
800°C desorption 2x10* atoms/cm?

No significant reduction in phosphorus concentration was observed from the 800
°C desorption technique, which produced a decrease from 3x10'? atoms/cm?® to 2 x10*
atoms/cm?, while the Cl, etching step reduced the phosphorus concentration significantly
from 3x10* atoms/cm® to less than 10** atoms/cm?. This indicates that the chlorine
etching of the silicon surface also etched away the phosphorus atoms that were adsorbed
onto the surface. Note, however that in the first and second cases a large amount of
phosphorus was gettered by the SiGe layer (2x10 2 / cm? after the chlorine etch and
3x10® / cm?® after the 800 °C desorption step). In the first case the background
phosphorus in the chamber accumulation was probably gettered by the SiGe. In the
second case, a large surface concentration of phosphorus was incorporated into the SiGe

layer from the phosphorus not removed by desorption at 800 °C.

160



6.5 Quality of Epitaxial Growth on Chlorine-Etched Surfaces

To characterize the epitaxial quality on layers grown after etching with chlorine, a
Si/SiGe/Si quantum well structure was grown after chlorine etching in nitrogen for 2
minutes. The silicon layers were grown with DCS (700 °C), and the SiGe layers were
grown with DCS and germane (625 °C) for both samples. The photoluminescence (PL)
intensity of silicon is very sensitive to the rate of non-radiative recombination, and thus to
the defect density. Photoluminescence measurements were taken comparing a reference
Si/SiGe/Si quantum well with a 1000 °C hydrogen thermal clean step before growth of
the Si/SiGe/Si quantum well to one grown after chlorine etching without any thermal

cleaning (Figure 6.8).

9
NP —— SiGe Reference Sample

8 1 - - - - SiGe w/Cl cleaning

7 .
3 6] Silicon
2 5] SiGe
=y Silicon .
2 4 +—Cleaning
i Substrate
£ 4]

2 ]

R [
0 e T T T e
850 900 950 1000 1050 1100 1150

Energy {meV)

Figure 6.8. Photoluminesence intensity vs. photon energy at 77K. Indicated on the plot
are the TO (transverse optical phonon replica) for Si and SiGe and the NP (no phonon)
peaks for SiGe. Photoluminesence for a reference SiGe quantum well with a 1000 °C
bake in hydrogen instead of a Cl, etching step is compared with the structure with Cl,
etching of the substrate.
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The SiGe layers were grown after the chlorine etch step. If chlorine etching had a
detrimental effect on the subsequent epitaxy, then all the layers after chlorine etching
would be of a poor crystalline quality. The comparable photoluminesence intensities of
SiGe and Si indicate high-quality defect-free silicon epitaxy growth on a chlorine-etched

surface.

6.6 Selective Silicon- Germanium Epitaxy

6.6.1 Techniques for Achieving Selective Epitaxial Growth

Selective epitaxy is the growth on epitaxy on patterned substrates, where epitaxy growth
occurs only on a crystalline silicon surface and does not grow on any other surface
(typically an oxide or nitride surface). This technique used to achieve raised-
source/drains and in certain epitaxial regrowth applications where only growth in certain
regions is desired [6.16]. Silicon will often grow even on the oxide/nitride surface after a
certain nucleation (incubation) period. The growth on a non-silicon surface (e.g. oxide)
would be either polysilicon or amorphous silicon. Selective epitaxy can be achieved three
different ways.

In the first (desired) case the nucleation period is long enough such that a
selective layer can be grown only on the crystalline silicon region. This requires an
extremely clean reactor system and high-vacuum conditions; unwanted surface
contamination leads to nucleation sites, which will reduce the nucleation time [6.17].

In the second case a silicon etchant (typically HCI) as injected at the same time of
growth. This technique achieves selective growth by either the prevention of a nucleation

layer from forming or by extending the nucleation time so that enough selective epitaxy
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is achieved. The mechanism is that the chlorine leads to some etching occurring
simultaneous with growth. With chlorinated growth sources (such as DCS), often no
extra chlorinated etch gases sources such HCI is required. The etchant reduced the growth
rate.

The third case deposition /etch cycles are used. This technique is a cross between

the first and second techniques and is illustrated in Figure 6.9 below:
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Figure 6.9. Growth thickness versus deposition time illustrating selective growth using
deposition / etch cycles. The blue line is the net growth on a silicon surface and the
orange line is the deposition on oxide.

Growth on both the silicon and on the oxide (arbitrary non-selective surface) occurs.
However, the growth on the oxide (orange line in Figure 6.9) does not occur right away
as it takes a certain amount of time (2 units in Figure 6.9) before a layer has nucleated.
During the nucleation time, silicon is constantly deposited on the crystalline surface

(blue). After the layer on oxide has grown a small amount (time at 3 units), the deposition
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is halted and we proceed to etch both the crystalline silicon layer and the nucleation layer
(time form 3 to 4). The oxide surface is then removed of all nuclei, and we then proceed
to do deposition again. After each cycle the amount of “selective” epitaxy increases until

the desired amount is achieved.

6.6.2 Nucleation Time for SiGe on Oxide-Patterned Wafers

We will attempt to achieve selective epitaxy of SiGe on silicon (100) wafers w/ patterned
silicon dioxide using the deposition / etch cycle technique. The growth of SiGe was done
at a chamber pressure of 6 torr and growth temperature of 625 °C. The growth was
conducted in hydrogen ambient with hydrogen flow of 3 slpm. The flow of DCS was 26
sccm and the flow of germane was 100 sccm (0.8% germane in hydrogen). The growth
rate (non-selective) is 6 nm/min and the germane fraction is 20%. The SiGe nucleation
experiments were first conducted on patterned silicon wafers without the flow of the
etchant HCI. The pattern comprised of 30 micron silicon stripes and 100 micron oxide
stripes. The nucleation time was determined to be 12 minutes before any growth was
detected on the oxide using reflectance spectroscopy (Nanospec using the poly on oxide
program). A value of more than 10 Angstroms on the oxide was interpreted as deposition.
We then attempted to grow SiGe on RIE (reactive ion etching) etched trenches 20 nm in

width and 200nm apart and 55 nm in depth (Figure 6.10).
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Figure 6.10. SEM image of 20 nm wide trenches patterned using nano-imprinting and
etched by RIE, used for selective SiGe epitaxial experiments. (Courtesy of Chao Wang)
Note that that is a very thin oxide layer (8 nm) as the pattern on the top silicon surface
which was used as the etch mask for the trench etching in silicon. This layer is barely
visible on the SEM.

Several nucleation time experiments of 10, 7 and 3 minutes were conducted on the

trench-patterned samples. The results are shown in Figures 6.11a-c below.
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Figure 6.11a-c. SEM of a) 3 minute, b) 7 minute, ¢) 10 mintue, SiGe growth on RIE
etched 20 nm wide trenches. We note the SiGe growth rate on the patterned sample is
twice the non-selective (blanket) SiGe growth rate. The growth conditions are 6 torr
chamber pressure, 625 °C, 3 slpm hydrogen, 26 sccm DCS and 100 sccm germane gas
flows. The dotted circle in a) highlights the nucleation on the edges of the trench. The
dotted white lines indicate the filled trench in b and c. SEM images courtesy of Chao
Wang.
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As shown in the three figures above, the nucleation time is approximately 3
minutes. We observe that nuclei begin at the edges of the trench starting at approximately
3 minutes. At the growth time is increased the nuclei coalesce, and is roughly 30 nm in
height in Figure 6.11b after a growth time of 7 minutes. The nuclei then coalesce into a
smooth layer after ten minutes of growth (Figure 6.11a).

To achieve selective epitaxial growth, we used the Cyclical Deposition and Etch
(CDE) method of Figure 6.9. HCI was used as the etchant and HCI etch rates were taken
from a paper [6.6]. It was shown that SiGe etch rates were much higher than the silicon
etch rates using HCI, due to the enhanced desorption of hydrogen on a SiGe surface. This
allowed for the use of HCI at low temperatures (< 700 °C) for the etching of SiGe
surfaces. Conventionally, HCI is only used as an etchant for silicon surfaces at high
temperatures (T > 800 °C).

We then proceeded the grow selective SiGe by growing for 3 minutes using the
aforementioned recipe, and stop to etch for 5 minutes at 625 °C at 6 torr, with 3 slpm
hydrogen and 90 sccm of HCI. Then another deposition step is done for three minutes
followed by another 5 minute etch using HCl and hydrogen. The final growth was
compared with the original etched trenches 20nm in width and 55 nm in depth, shown
below in Figure 6.12a (original)& b (after selective SiGe growth). As shown in the Figure
6.12c by the dotted line, the original trench is now completely filled with SiGe epitaxy.
No growth is observed on the regions with oxide, indicating that selective growth was

achieved with using DCS, germane and HCI at 625 °C and 6 torr.

167



Tirng 1347 Date 10 Dec 2008 EHT= S0D0EY  W&G = 200000 K X

Figure 6.12. SEM of successful selective epitaxial SiGe growth on 20 nm wide trenches.
The difference of the color of the trenches is due to the fact that they are SiGe whereas
the rest of the sample is silicon. (Courtesy of Chao Wang)
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6.7 Selective Epitaxial Growth of Silicon using NPS and HCI

Selective epitaxial growth was attempted with using NPS (50 sccm) and HCI (300sccm)
in a continuous process at 600 °C and 6 torr with 3 slpm of hydrogen carrier gas. The
silicon growth rate without HCI under the same conditions is 12 nm /min. The nucleation
time of NPS with HCI was first determined, and estimated to be about 20 seconds.
Without the HCI the nucleation time was estimated to be almost instantaneous (~0 secs).

The result is shown in Figure 6.13 below:
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Figure 6.13. Nucleation time experiment with NPS and HCI. The growth on oxide (nm)
versus the growth time was plotted for two different growth conditions. The growth
conditions was 6 torr chamber pressure, at 6 torr, 3 slpm of hydrogen flow, with 300sccm
of HCI flow with either 50 sccm of NPS (bubbler) flow (blue) or 75 sccm of NPS
(bubbler) flow (orange).

The deposition on oxide was measured by reflectance spectrometry (Nanospec) using the
“polysilicon on 100 nm oxide program” was used. 1 nm of the silicon growth on the

oxide, is the lower limit of the “Nanospec” tool used. At 600 °C HCI does not etch away
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silicon (section 6.2). When HCI is combined with NPS, there is a reduction of growth
rate. This may be due to the fact that there are more open sites on the surface for
adsorption during epitaxial growth with NPS, allowing for the adsorption of HCI onto the
surface.

To etch away unwanted nuclei sites on the oxide the etch temperature was raised
to 650 °C. Deposition was done with 50 sccm of hydrogen flow through the NPS bubbler
with 300 sccm of HCI flow, then etch cycles of 300 sccm of HCI and 3 slpm of hydrogen
carrier flow was done at 6 torr chamber pressure and 650 °C. A total of 30 deposition and
etch cycles was done for 45 minutes of total time. The resulting deposition is shown in

Figure 6.14 below:

Si0,

Int

Figure 6.14. Selective growth on oxide done with deposition / etch cycles using NPS and
HCI. The deposition was done at 600 °C, at 6 torr with 3 slpm of hydrogen, 50 sccm of
hydrogen through the NPS bubbler, and 300 sccm of HCI. The etch cycle was done at
650 °C, at 6 torr, with 3 slpm hydrogen flow, and 300 sccm of HCI. The “Interface”
labeled in the picture denotes the start of the silicon dioxide pattern on silicon.

170



The total growth of selective epitaxy was 12 nm. The growth rate was measured to by
0.27 nm / min. While selective growth was achieved with HCI and NPS, this method is

not technologically attractive due to the low growth rate.

6.8 Summary

In this chapter, we have demonstrated the feasibility of low temperature in-situ silicon
etching as an alternative to in-situ thermal cleaning of the silicon surface. The chlorine
etch rates of silicon in nitrogen ambient are orders of magnitude higher than the etch rates
using HCI or chlorine in a hydrogen ambient in the temperature range of 525 °C to 575
°C. This allowed for in-situ etching of silicon at low temperatures and silicon etch rate up
to 35 nm / min was achieved at 575 °C. Silicon surface cleaning experiments via the
etching of silicon via chlorine in a nitrogen ambient were conducted. This technique was
shown to be capable of removing oxygen, carbon, and phosphorus from the surface.
Conventionally, these impurities are removed only by thermal desorption at high
temperatures (T > 800 °C). However, there is some difficulty using chlorine as long etch
times (> 2 minutes) causes the roughening of the silicon surface. Selective growth
techniques were explained in this chapter. Selective SiGe epitaxial growth was also
achieved using DCS and germane along with HCI as the etchant in a hydrogen ambient.
Selective growth of silicon using NPS and HCI was also achieved. However, the growth

rate (0.27 nm/min) was too low for any practical application.
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Chapter 7
Phenomenological Model of Phosphorus

Incorporation of Silicon

7.1 Introduction

In this work, in-situ phosphorus doping of silicon epitaxy from 575 °C to 1100 °C
by low-pressure rapid thermal chemical vapor deposition (RTCVD) in a cold-wall
system, using phosphine (PH3) as the phosphorus source and a variety of silicon sources
(DCS, silane, disilane, NPS) are compared. In contrast to boron doping in silicon where
high concentrations (>10*° cm™) and sharp turn-on and turn-off profiles (5-10 nm/decade
on both the leading and trailing edges) are obtained [7.1], high concentration n-type
doping with an abrupt profile has always been difficult. It has been reported that high
concentrations of phosphine doping can severely depress the growth rate [7.2][7.3] and
that residual dopant in the chamber and phosphorus segregation [7.4][7.5] on the wafer
surface can also cause an unintentional doping tail after the phosphorus gas is turned off.
In this chapter we will formulate a phenomenological model of how phosphorus doping
occurs and compare the phosphorus doping profiles among the aforementioned silicon

precursors.
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7.2 Phosphorus Background Concentration in Epitaxial

Layers Grown with Dichlorosilane

7.2.1 Phosphorus Background from CV Measurements

A background concentration of phosphorus in the range of 10'7 / cm™ is observed from
SIMS measurements in samples grown with our CVD reactor using DCS as the silicon
gas with no intentional doping in the temperature range of 700 °C to 1000 °C. We would
like to determine how this background concentration changes with temperature and in a
silicon germanium layer. Four different structures were grown at different temperatures
and conditions were conducted on (100) oriented n-type (10-20 Ohm-cm) substrate
silicon wafers. The chamber pressure was set to 6 torr with 3 slpm of hydrogen gas flow
in all cases. A flow of 26 sccm of DCS was used in all silicon layers and 100 sccm of
germane (0.8% in hydrogen) gas was used in the SiGe (22% Ge) layers. Schottky diodes
were then fabricated to test the background concentration by sputtering aluminum
through a shadow mask (circular patterns of 1 mm in radius). The cross sectional views

of the four test structures are shown in Figure 7.1 below:
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Figure 7.1. Cross sectional view of the four different Schottky diode structures used to
determine the background phosphorus concentrations in undoped epitaxial layers grown
using DCS in our RTCVD chamber at 6 torr with 3 slpm flow of hydrogen as the carrier
gas. A second contact was added on the back of the substrate. Mesa etching was done but
not necessary.

The first structure (#1 in Figure 7.1) is used as control sample to verify that the Schottky
diodes were fabricated correctly (i.e. the resulting diode gave the correct substrate
doping). The second and third samples were grown at 750 °C and 1000 °C respectively
using DCS. A structure with a layer grown at our typical growth temperature of 700 °C
was not used since the growth rate at 700 °C is 2.5 nm/min. At that growth rate the
experiment was deemed too time and material consuming. The fourth structure was used
to determine the background doping in a SiGe layer grown at 625 °C. The substrate
background is n-type phosphorus doped with doping concentration of roughly 5%¥10'* /
cm’. The thickness on the layers in the four structures was chosen so that the depletion

layer resulting from the Schottky diode would not deplete into the substrate.
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We use these four structures to determine the dopant concentration by CV
measurements. Capacitance voltage (CV) experiments were then conducted on the four
structures. Using the three equations given below we determine the dopant concentration,

Np and the depletion width, Xg, based on our data from the CV measurements.

Eq. 7.1 o La
Xd
Eq. 7.2 x, = |22 =V)
aNp
1 ) \VAY,
X -
Eq 7.3 —22 d = (2Vb| )
C &5 A A'e5aN,

C is the capacitance given in Farads, €s; is 11.7¢,, the dielectric constant of silicon. &, is
8.854 x 10" F cm™, the permittivity of vacuum. A is the area of the Schottky diode, q =
1.602 x 10" Coulombs, is the electron charge, Vi is the built in voltage and V is voltage
given in volts. We rewrite Equation 7.3 to isolate the dopant concentration Np in

Equation 7.4

1
1
qgsid[Czj/d(—V)

Eq. 7.4 N =

We plot 1/C? vs. the voltage for three of our four structures. We were unable to resolve
the SiGe layer from the silicon layers due to the small thickness, 25nm, of the SiGe layer.

The data for the remaining three structures are shown in Figure 7.2 below.
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Figure 7.2. 1/C* vs. voltage for the Schottky diodes fabricated for three structures in
Figure 7.1 on top of an n-type substrates. The two different slopes indicate different
doping concentrations.

From Figure 7.2 above, we find that the in structures #2 and #3, there are two different
slopes to the 1/C* versus voltage plot. The slope is inversely proportional to the dopant
concentration. All three structures have a portion of its 1/C* curve with a similiar slope.
This is the n-type substrate layer of 10-20 ohm-cm. Two of the structures #2 and #3 have
two different slopes, indicating that there are two layers with different dopant
concentrations. This is expected; we know that the silicon layers grown with DCS are
phosphorus-doped and slightly n-type. We re-plot Figure 7.2 plotting the dopant
concentration versus the voltage in Figure 7.3 below. We now find that we can clearly
see that there are two different silicon layers in structures #2 and #3. We mark the
different layers based on the dopant concentration. The silicon layer grown at 1000 °C
has a dopant concentration of ~10'® / cm’, and the silicon layer grown at 750 °C has a
dopant concentration of ~4-5 x 10'® / cm’. In Figure 7.4 the depletion width is plotted

versus the dopant concentration. This is done to determine the thickness of the silicon
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layers. We find that the thickness of the silicon layer grown at 1000 °C is roughly one
micron thick, and the silicon layer grown at 750 °C is about 300 nm. These values are in

agreement with our target growth thickness.
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Figure 7.3. Dopant concentration vs. voltage for the Schottky diodes fabricated for three
structures in Figure 7.1 on top of an n-type substrates. The separate layers for the
structures are marked off based on the dopant concentrations.
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Figure 7.4. Depletion width versus dopant concentration for the Schottky diodes
fabricated for three structures in Figure 7.1 on top of an n-type substrates. The separate
layers for the structures are marked off based on the dopant concentrations.
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Our results from CV measurements are compared with historic data based on SIMS
measurements of phosphorus dopant concentration. We make the assumption that the
phosphorus concentration measure by SIMS is 100% electrically active, (i.e. all

substitutional phosphorus). The results are compared in Figure 7.5 below.
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Figure 7.5. Phosphorus concentration vs. the growth temperature for silicon layers and
SiGe layers (625 °C growth point) grown with DCS as the silicon source. The
phosphorus concentration measured by SIMS is in solid black squares, while the
concentration measured by CV is in solid orange squares.

We find that the CV results are in good agreement with our historic SIMS data. The
historic SIMS data is an average of multiple SIMS samples. We find a trend in that as the
temperature of growth of the silicon layer is lowered more phosphorus is incorporated
into the silicon layer. Furthermore, there is also an increase in phosphorus concentration
in the SipsGeo, layers grown at 625 °C. However, we believe that the increase in SiGe

layer is due to the germanium and not the reduced growth temperature [7.6].
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7.2.2 Phosphorus Background from SIMS

In all of our SIMS analysis of samples that used DCS as the silicon source, we observed a
phosphorus background on the order of 10'” / cm®. No phosphorus doping level above the
SIMS resolution limit (~5 * 10'® / cm®) was observed with our other silicon precursors
(Table 3.1). Shown in Figure 7.6 below is the SIMS result of a sample with a Si/SiGe/Si

structure. All layers grown in this sample are not intentionally doped with phosphine,

PH; (our typical phosphorus dopant gas).
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Figure 7.6. Phosphorus concentration (blue) vs. depth measured by SIMS for sample
3409. The germanium concentration (green) of the SiGe layers is shown on the secondary
y-axis. The growth temperatures of the silicon layers are marked out in red. The
phosphorus blips in the epitaxial layer grown at 750 °C may be SIMS artifacts due to the
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In sample 3409, we observe several trends from the phosphorus background
concentrations. The first trend is that there is a transient starting from the substrate, where
the phosphorus background doping builds up until it reaches a steady state concentration.
Next we observe a spike in phosphorus concentration at the silicon / SiGe interface. The
phosphorus concentration then has a transient decay in the SiGe layer, before reaching
steady state. These trends are indicative of a surface segregation effect where the
phosphorus atoms deposited onto the silicon surface are not being incorporated into the
solid but rather “riding” back up onto the surface. What this means is that only a portion
of the adsorbed surface phosphorus atoms are being incorporated. The rest of the surface
phosphorous atoms remain on the growing interface as each layer is incorporated. This
leads to a buildup effect where the surface now has more phosphorus atoms until a steady
state is reached. This surface segregation effect was observed in all of our epitaxial
samples grown with DCS as the silicon source gas. In Section 7.3 we formulate a
phenomenological model and explain this effect. Another sample (2947) shown in Figure

7.7 below also depicts this effect.
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Figure 7.7. Phosphorus concentration (blue) vs. depth measured by SIMS for sample
2947. The germanium concentration (green) of the SiGe layers is shown on the secondary
y-axis. The growth temperature of the silicon layers is 725 °C and the growth temperature
of the SiGe layer is 625 °C.

In sample 2947 starting from the right (400 nm on the plot) and moving left we note that
at each silicon / SiGe interface there is a spike in phosphorus concentration similar to the
SIMS of sample 3409. In each of the successive silicon layers (going from right to left)
the background phosphorus layer decreases and along with the subsequent spike in the
SiGe layer. This indicates that the phosphorus concentration on the silicon surface has
decreases after the growth of a SiGe layer. The last two phosphorus layers (5 x 10'® and
10*°) were intentionally doped. We can summarize our observations (Figures 7.5, 7.6 and

7.7) into four trends.

1) A buildup of doping in low temperatures silicon layers to a steady state value

181



2) Increased phosphorus concentration at lower temperature growths
3) Increased concentration upon switching from silicon to silicon-germanium layers
4) Decay transients observed in silicon-germanium layers

We will explain the reason for these trends in the next section.

7.3 Phenomenological Model of Phosphorus

Adsorption/Incorporation

7.3.1 Model Assumptions and Equations

We develop a phenomenological model for the mechanism of the surface segregation of
phosphorus and utilize this model to explain the background doping trends of
phosphorus. Our model is a surface kinetic model. There are four possible kinetic process
steps that can take place on the surface of silicon. A schematic of these steps are shown in

Figure 7.8 below.

. ]Egmgal:inn
':Q\_ T

Figure 7.8. Schematic of the surface kinetics of a silicon adatom on the silicon surface.
The four different processes (adsorption, desorption, segregation, and incorporation) are
shown. [7.7]
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The four kinetic steps are desorption from the silicon surface into the gas phase,
adsorption from the gas phase onto the silicon surface, incorporation from the surface
into the solid, and segregation from the solid back onto the surface. We can write the
change in phosphorus surface concentration with the following equation:

Eq. 7.5 ?j—f:A—D+S—I

Where 0 is the surface concentration of phosphorus, A is adsorption, D is desorption, S is
segregation from the substrate back to the surface and I is incorporation. Based on the
results in another paper, we safely assume that no desorption can occur at temperatures <
800 °C [7.8].

We will describe the adsorption as a function of temperature, material and growth
conditions (i.e. A = A(T,M) where T is the temperature and M is the material). We will
assume that no segregation (diffusion) from the substrate occurs back to the surface (S =
0). Due to the small diffusion constants at low temperatures, (i.e. 4.2*10-19cm2/s at 700
°C & 3.6%10-18 cm2/s at 750 °C [7.9]), atoms in the substrate cannot diffuse back to the
growing surface. This segregration is different then surface segregation, later described in

this chapter. We write the equation for the diffusion length below:

Eq. 7.6 L=y(D*t)=>t=1*/D

where, L is the diffusion length, D is the diffusion constant and t is time. For instance, to
segregate (diffuse) through two monolayers at 700 °C, it takes 103 seconds. During that

time 190 monolayers of silicon are grown for our typical growth rates. We assume the

incorporation I, is a linear function of the surface concentration 0, and an incorporation
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constant that is dependent on temperature, material, and growth conditions (i.e. I = 65 *
i(T,M) ).

Equation 7.5 is rewritten as the following equation below:
Eq. 7.7 (;—f:A(T,M)—GS*i(T,M)
We will obtain the boundary conditions from the initial concentration and the steady state
final condition to solve the non-homogenous linear differential equation. At steady state,
do / dt = 0, hence A(T,M) = 6 * i(T,M) = I(T,M), so that the adsorption is equivalent to
the incorporation. This is expected since at steady state every adatom adsorbed is
incorporated. We know that the dopant concentration Np, is equal to the incorporation
rate ( I(T,M)) divided by the growth rate, Gg. We can now express the adsorption rate as

the following equation:
Eq. 7.8 A(TM) =0, * i(T,M) = (T,M) = Np*Gg

When not in steady state if A and i are constant, we can also express the surface

concentration as a function of time with a steady state term and a transient term.

Eq.7.9 0, = Mw *g I

I(T,M)
where C is a constant determined by the boundary conditions. At steady state the surface
concentration is the adsorption divided by the incorporation (65 = A(T,M) / i(T,M)). The
dopant concentration in the growing layer is now rewritten in Equation 7.10 below:
| _6,)*iT.M)

Eq. 7.10 N,(t)=—
q o (D) G, G,
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The instantaneous doping is determined by the surface concentration, incorporation time
constant and growth rate. There are only two fitting parameters in our model: the
adsorption rate, A(T,M) and the incorporation constant, i(T,M), both of which depend on
the temperature, T, and the material, M (silicon or Si;yGey) and the growth conditions.
From these two parameters both the surface concentration 6 and the dopant concentration

Np are fitted to the SIMS results.

7.3.2 Demonstration of Model Fitting and Results

A program was written using MATLAB for curve fitting our model with the SIMS

results. A demonstration fit was done for sample 3409 (shown in Figure 7.6) in Figure 7.9

below:
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Figure 7.9. Demonstration fit of our model (orange) with the SIMS (blue) plot of
phosphorus concentration vs. depth for sample 3409 (Figure 7.6).
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A(T,M) and I(T,M) for a silicon layer grown at 750 °C and for the silicon germanium
layer grown at 625 °C. In the next few figures we will explain in detail how we fit our
model to obtain the parameters for A(T,M) and I(T,M). We begin our model at the start
of growth of sample 3409. The initial surface phosphorus concentration at the start of
epitaxy is set to zero (ideal clean surface). Shown in Figure 7.10, is a plot of the dopant
concentration versus the depth of the sample. The growth is in the opposite direction of
the depth (i.e. depth of 0 corresponds to the surface of the sample), growing from right to

left in Figure 7.9 above.

4*10
- — SIMS 3409
g — Model3409
g 3+10"7
E 2) Curve fit to obtain i(T,M)
£ /
[ 1]
g 2*1017 f I /\J\ Il
0 W
;]
g Steady State
= 17 1) Obtain A(T,M) using
Q *
@ 110 Np(ss) = A(T,M) v
- gr
o
0 ; ; —
25+10" 310" 35+10° 410"

Depth (cm)

Figure 7.10. Model fit of phosphorus concentration versus depth comparing the SIMS
result (blue) with our model (orange) results. The first two steps of modeling the dopant
concentration for the sample 3409 are shown in this figure.

We first determine the adsorption rate of phosphorus onto the silicon surface. We do this
we take the the dopant concentration at steady state, Np(ss), and multiply that by the
growth rate, based on SIMS, to determine the adsorption rate, A (T,M). At steady state

everything adsorbed onto the surface is incorporated and the doping concentration is
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equal to the adsorbed phosphorus atoms divided by the growth rate. We then fit the curve
to obtain the incorporation rate, i (T,M). The surface concentration was also determined
using Equation 7.9 above. Now that we have determined both the adsorption and
incorporation rate we can calculate the surface concentration based on Equation 7.9. The
surface concentration versus depth is plotted in Figure 7.11 below. From Figure 7.11 we
observe that the surface concentration is slowly building up to a certain steady state value
in the range of 6-7 * 10'* / cm”. This is indicating that the phosphorus on the surface is
segregating back to the surface (i.e. riding back up to the surface instead of being
incorporated), with approximately one hundredth of a monolayer of phosphorus left on

the surface.

13
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Figure 7.11. Plot of surface phosphorus concentration versus the depth. The surface
phosphorus concentration was determined from our model.

We now demonstrate our model fit for the rest of the sample 3409 starting from the
transition from Si to SiGe and into the Si capping layer. The comparison between the

model and the SIMS result is shown below in Figure 7.12.
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Figure 7.12. Model fit of phosphorus concentration versus depth comparing the SIMS
result (blue) with our model (orange) results.

We first obtain A(T,M) from the steady state value of Np (Step 1). Then we fit the curve
of the exponential decay of the phosphorus in the SiGe layer to obtain i(T,M) (Step 2).
Note that there is a sudden discontinuous (Step 3) increase in the phosphorus
concentration (7.12) at the start of the SiGe layer. This is due to a difference in the
incorporation rate of phosphorus between silicon and SiGe (i.e. i(750°C, Si) not equal to
i(625°C, SipsGeo,). Note that the area under the curve from the peak phosphorus
concentration to the steady state concentration is equivalent to the surface concentration
at the interface at the transition from silicon to SiGe deposition. In Figure 7.13 below, we
plot the surface concentration of phosphorus starting from the transition from Si to SiGe

and into the Si capping layer.
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Figure 7.13. Model fit of surface concentration versus depth based on our model.

The surface concentration at the start of the SiGe layer begins to decrease at the start of
the interface. We note that the steady state surface concentration in the silicon layer was
6.8 x 10'? atoms/cm” in the silicon layer grown at 750 °C. When the growth is switched
from silicon to SiGe the surface concentration decreases to a new steady state value of ~5
x 10" atoms/cm®. This implies that the incorporation rate of phosphorus is higher on a
SiGe surface compared with the incorporation rate of phosphorus on a silicon surface.
Phosphorus on the surface is more likely to be incorporated into the film instead of
segregating back to the growing surface. A larger portion of the phosphorus adatoms on
the surface is incorporated in a SiGe layer, explaining the sudden spike in phosphorus
concentration upon the switch from silicon to SiGe, as now more of the surface
phosphorus atoms are incorporated. This higher incorporation rate also reduces the
phosphorus surface coverage in the SiGe layer.

We model the phosphorus concentration profiles for multiple samples. We plot

the phosphorus adsorption rate and incorporation constant in silicon at different
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temperatures based on our simulation in Figures 7.14a and 7.14b. The surface
concentration determined from the adsorption rate and incorporation constant is plotted in

Figure 7.14c.
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Figure 7.14a. Adsorption constant of phosphorus, A(T,Si), versus temperature in silicon
layers of six different samples.
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Figure 7.14b. Incorporation constant of phosphorus, i(T, Si), versus temperature in silicon
layers of six different samples.
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Figure 7.14c. Steady state surface phosphorus concentration versus temperature for
silicon layers in six samples. The surface concentration was determined from our model.

From Figure 7.14a above, the data has some scatter most likely due to different
background phosphorus levels in the reactor chamber on different days. As a general
trend the adsorption rate is increasing faster than linearly with respect to temperature and
on the order of 10’ atoms /cm*-sec. This may be due to more hydrogen desorption from
the surface at higher temperatures, allowing more open sites for phosphorous adsorption,
for the same phosphorus background source. There may also be increased desorption off
of the chamber walls, where phosphorus may have adsorbed onto, leading to readsorption
onto the silicon surface. In Figure 7.14b, we find that the incorporation constant is also
increasing with temperature. This has less scatter than the adsorption, A. This is expected
since it is a property of the surface, describing what fraction of the surface layer is
incorporated into the solid as the growth proceeds. We note that the surface concentration
(Figure 7.14c) has no clear trend with respect to temperature.

We plot the phosphorus adsorption rate and incorporation constant in SiGe at 625

°C for different concentrations based on our simulation in Figures 7.15a and 7.15b. The
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surface concentration determined from the adsorption rate and incorporation constant is

plotted in Figure 7.15c.
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Figure 7.15a. Adsorption constant of phosphorus, A(625°C,SiGe), versus germanium
percentage of seven different samples.
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Figure 7.15b. Incorporation constant of phosphorus, A(625°C,SiGe), versus germanium
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incorporation constant of the silicon samples in Figure 7.14b.
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Figure 7.15c. Steady state surface phosphorus concentration versus germanium
percentage for seven different samples. The surface concentration was determined from
our model.

In Figure 7.15a, as we increase the germanium content in the layers, the adsorption
constant increases (but not significantly). We do not know if the jump from ~21% to 25%
is significant or just due to sample to sample variations, such as lower background
phosphorus in the reactor when the samples for ~21% Ge were grown. The adsorption
rate is on the order of 10° atoms/ cm?, on the same order as the adsorption rate resulting
from silicon films. The incorporation rate constant, i(625°C,SiGe), which determines the
amount of the surface concentration incorporated into the film, is an order of magnitude
greater than that for silicon. This is consistent with the phosphorus spikes when
transitioning from silicon to SiGe layers (see equation 7.10 above, also trend (3)). The
high incorporation rate constant indicates that there is less surface segregation of
phosphorus in the presence of germanium on the growth surface. Furthermore, we
compare the steady state phosphorus surface concentrations for the silicon and SiGe
layers (Figures 7.14c & 7.15¢ above) determined from our model. The steady state
surface concentrations for the silicon are roughly in the mid-10"%/cm?” range (roughly one

hundredth of a monolayer). The surface concentration is the SiGe layers are on the
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10"/cm® range, approximately one order of magnitude less than the surface
concentrations in the silicon layers. This result arises from the fact that the surface state
concentrations are proportional to the adsorption rate divided by the incorporation rate
constant. The adsorption rates of the silicon and SiGe layers are on the same order of
magnitude, ~10°. The incorporation rate constant for the SiGe layers are an order of
magnitude higher compared with the incorporation rate constant for the silicon layers.
The incorporation constant determines the amount of phosphorus segregation. The larger
the incorporation constant the more dopant is incorporated (Equation 7.10) and the
steeper the rise or decay of the phosphorus profile (Equation 7.9). What this means on a
microscopic level is that a SiGe surface has less surface phosphorus atoms due to the fact
that they are less likely to segregate (ride back up on the surface), causing the rising and

decaying phosphorus concentration profile to have a sharper turn on/off slope.

7.4 Microscopic Model of Phosphorus Segregation

7.4.1 Model

In this section we will explain what is happening on the surface on a microscopic level
and relate this with our phenomenological model in the previous section, as well explain
the four doping trends. We have already determined that the phosphorus adsorbed onto
the surface and segregates back to the surface during epitaxial growth. This implies that it
is energetically favorable for the phosphorus adatoms to be on the surface. The energy of
the atom at the surface must therefore be less than its energy in the bulk. For the adatoms
to segregate back to the surface, they must pass through an energy barrier. We also know

that once the phosphorus is incorporated into the solid, it does not diffuse back to the
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surface for growth at low temperature. Shown in Figure 7.16 below is the energy diagram

for a phosphorus adatom in silicon [7.10].
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Figure 7.16. Energy diagram of a phosphorus atom in different silicon layers. The silicon
layers are defined by Si, S,, S5 ... where the subscript denotes the layers from the surface
with 1 being the surface layer, and a, is the interatomic spacing between two layers. E;
and E, are the energies required to pass between the barrier between the first two surface
layers.

As shown in the figure above, the surface energy of the phosphorus adatom is lowest at
the surface, S;. The energy of the phosphorus atom is higher in the solid than on the
surface. When the phosphorus atom is in the second layer S,, it sees a smaller energy
barrier, than when it is further into the solid, such as in layers S; or S4. This is because the
phosphorus atom is trapped in the solid, whereas, on the subsurface layer, S,, it can
segregate back to the surface. In Figure 7.17 we show a diagram illustrating the possible
mechanisms of a phosphorus adatom in the two possible states (an adatom on the surface

in layer S; and the adatom in one layer below the surface S).
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Figure 7.17. Diagram showing the incorporation and segregation mechanisms from an
energy perspective. 0s; and 0s; are the surface concentrations, E; and E, are the energy

barriers, and T; and T, are the number of transitions going from layer 1 to layer 2 and
vice versa.

0s; and Os; are the phosphorous concentrations in the surface layer S; and the next layer
below the surface S,. E; and E; are the energy barriers for an adatom to cross from layer
S; to S; (E)) and the energy to cross from layer S; to S; (E;) respectively. T; and T, are
the transition rate per atom going from layer S; to S, and from layer S, to S respectively.
In order for the phosphorus adatom to be incorporated in the solid it would have to be in

layer S; when the new silicon monolayer is grown (Figure 7.18 dotted blue line).
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Figure 7.18. Diagram showing the change in the energy barriers as a monolayer of silicon
is grown onto the structure.
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The phosphorus adatom will then be incorporated into the solid as the energy barrier
required for diffusion in between bulk layers (i.e. from S; to S;) are much higher than the
energy barrier for diffusion from the second layer, S,, to the surface layer. If the adatom
were on the surface layer S; when the new monolayer is grown on top of it, it would then
be in layer S, (Figure 7.18 dotted blue line). In equilibrium, the rate of number of
phosphorus atoms going between the layers S; and S, is constant (i.e. 1, (rate going from
Si to Sy) =1y (rate going from S, to S;)). Since the rate is the surface concentration times
the number of transitions this implies that rj; = 0s; * T and ry; = 6s * To, and Og; * T =
0s2 * T,. We write the transitions T as a function of the energy barrier and temperature,
T, =C ¢ EBT and T,=C e B kBT, where C is a constant and kg 1s Boltzmann’s constant.
From this we can obtain the ratio of the surface concentrations at steady state as the
following equation:
g, T, C*e ™™

From the equation above we find that the ratio of the phosphorus concentration on the
surface and the subsequent layer depends exponentially on the difference in the energies
E, and E;, AE (see Figure 7.17).

We will now use this to explain why we observe the exponential rise and decay
tails of the phosphorus doping. We will consider the simple case of a constant number of
surface atoms with no further adsorption such that 61 = 0s; + 0s,. 07 is the total of atoms
on both the top surface layer, 0s;, and the subsurface layer, 0s,, the only layer that can
directly segregate back to the surface layer, 0s;. Let’s define a “surface factor” f as f =
exp (-AE / kg T). We can now write 0y = 0s; + f 0s; using Equation 7.11. We can now

write the surface concentrations 6s; and s, in terms of 01 and f below in Equation 7.12.
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1 f

Eq 7.12 951:1+f *HTB 952:

Note that if f <<1, as it would be if the case of surface segregation, 0s,/01 ~f. When the
next monolayer is grown the concentration s is now trapped in. Thus we may think of f
as the fraction of the total surface layer 01 incorporated into the solid during the growth
of each monolayer.

After the monolayer, the new total number of atoms in the surface and the first
layer below the surface is 01’ = 0s;. The new surface concentrations are given by
equation 7.13 below. The primes indicate the new concentration on the surface and in the
next layer.

1 1 f f

Eq 7.13 HSI':m*eT':(I_i_f)z *91—, HSZZE*QT':(1+f)2

*gT;

The ratio of the concentration of the previous layer to the new layer is 1/(1+f). This leads
to exponential decay of the phosphorus concentration. We can write the surface
concentration as the following equation:

—X

Eq.7.14 0, =C*e“

where L; (the transition length) is define as the distance for the surface concentration to
decay by a factor of 1/e. Assume that this requires N atomic layers so Lp = asi N. Then

the ratio of the phosphorus concentration between the N™ layer (transition layer) and the

original layer is (l lf )N :l. We plot the concentrations of the next several layers in
+ €

Figure 7.19 below:
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Figure 7.19. Table of surface concentrations starting with a total of Or surface
phosphorous atoms and segregating the surface atoms as the next layer is grown for a
total of four layers grown. The surface concentration follows an exponential decay.

As shown in Figure 7.19, surface segregation of phosphorus adatoms leads to the
exponential decay that is observed in the SiGe layers.
We now quantitatively relate our phenomenological model with our microscopic

model. From above, (1+)" = e, so

1

Eq.7.15 N = .
In(1+ f)
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Since N = L , we have an expression which relates the decay length Lt to f, which itself
Si
depends on the energy difference of the phosphorus and the surface and the next layer

below it.

aSi

Eq.7.16 L =—>s
a T In(l+ f)

The decay of the surface concentration is then (from Equation 7.14)
—X —xIn(1+f)

Eq.7.17 6, =C*e“ =C*e

From our phenomenological model, the transient is &5 =C*e ™™ (Equation 7.9).

Comparing Equations 7.9 and Equation 7.17 and noting x =g, * t gives

Eq. 7.18 Lr=g /i(T,M)

Using Equations 7.16 & 7.18 to eliminate Lt one has

Eq. 7.19 In(1+f) = ag; * (T.M) / g

To find the surface factor f from the data, in principle one can use the data for L,

estimated directly from SIMS, to work backwards using Equation 7.16. Alternatively, f

can be found from i(T,M) using Equation 7.19.
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7.4.2 Comparison of Model and Data

Our model implies that as we increase the temperature, f increases (becomes
closer to one) and the fraction of atoms incorporated increases. Thus the transition length
should decrease at high temperatures. In Figures 7.20a & 7.20b below, we plot the

transition lengths and the fraction incorporated in silicon layers at different temperatures.
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Figure 7.20a Transition length (nm) versus growth temperature of silicon layer for six
different samples grown with DCS in hydrogen ambient.
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Figure 7.20b Fraction incorporated (f) versus growth temperature of silicon layer for six
different samples grown with DCS in hydrogen ambient.
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From Figure 7.20a above, we note that the transition is decreasing with temperature and
the fraction of atoms incorporated increases with temperature. This is counterintuitive to
what our model suggests. This implies that the ratio of surface to subsurface adatoms is
unable to reach its equilibrium value (which was an assumption of the model). It seems
that the atoms on the subsurface are not having enough time to segregate back to the
surface. This indicates that to obtain a high concentration of phosphorus doping during
silicon growth lower temperatures and/or higher growth rates should be used to “freeze
out” the adsorbed adatoms. This implies that high-order silanes, because they allow lower
growth temperatures and/or faster growth, should allow for higher incorporation levels
for phosphorus doping. (As an aside, we would also like to note that the addition of
chlorine during growth can increase the phosphorus dopant concentration levels by

reducing the amount that is segregated back to the surface [7.12][7.13]).

7.5 Phosphorus Doping with High-Order Silanes

The growth of in-situ heavily doped (> 10 */ ¢cm®) phosphorus layers in silicon
can be used to make low resistance layers, as desired in source/drains. Conventionally, to
obtain these doping levels ion implantation is required. After ion implantation, the silicon
surface becomes amorphous due to the implant damage and the dopants have to be
activated (i.e. occur a substitutional lattice site). To repair all the ion implantation damage
and to activate the dopants, annealing at high temperatures (T > 900 °C) is required.
Annealing at high temperatures however, causes the diffusion of phosphorous atoms,
which prevents the formation of abrupt junctions and can change device profiles. In this
section of the chapter we explore the use of high-order silanes for the growth of heavily

doped phosphorus layers.
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As described in previous sections of this chapter, the surface segregation of
phosphorous makes it difficult to obtain high phosphorus doping concentrations.
Furthermore, it has been shown that a high level of phosphorus doping can inhibit the
growth of silicon by “poisoning” the surface (i.e. removing possible open sites for
adsorption), thereby reducing the growth rate [7.13]. This occurs when a high phosphorus
concentration builds up on the silicon surface and forms stable dimer pairs, which inhibit
silicon adsorption.

We have previously shown (Chapter 4) that the growth with high-order silanes
may not require open surface sites. A surface with a high level of phosphorus might not
inhibit the growth rate when high-order silanes are used. High-order silanes also have
high growth rates at low temperatures. We conducted experiments using phosphine to
determine it there is any reduction of growth rate caused by phosphorus during epitaxial
growth with disilane and NPS, as is observed with silane and DCS growth. Samples were
grown with a chamber pressure of 6 torr and 3 slpm hydrogen flow with varying
phosphine gas flows, silicon precursor gas flows and growth temperature. A plot of the

normalized growth rate versus phosphorus flow (sccm) is shown in Figure 7.21 below.

—— Silane 700°C
~— Silane 625°C
- Disilane 625°C
~— Disilane 575°C
= NPS 625°C
NPS 575°C
DCS 700°C
DCS 800°C

0 10 107° 1072 107" 10°
Phosphine flow rate (sccm)

Figure 7.21. Normalized growth rate versus phosphine flow rate for four different silicon

precursors at different growth temperatures. The growth rates (measured by SIMS) were
normalized by the growth rate without any intentional phosphine doping.
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As the phosphine flow is increased, the normalized growth rate decreases when the
silicon source was silane or DCS. Ideally, the growth rates used in the experiments would
be similar for different silicon precursors. However, due to experimental limitations
(MFC flow controllers limiting the amount of gas we could flow) and the large
discrepancy between the growth rates of the different precursors, the growth rates of the
samples varied about one order magnitude for the samples. The growth rates without
phosphine flow were 12.5 nm/min and 1.2 nm/min for silane at 700°C and 625°C; 19.5
nm/min and 3.7 nm/min for disilane at 625 °C and 575 °C; 23 nm/min and 4.8 nm/min for
NPS at 625 °C and 575 °C; and 40 nm/min and 3 nm/min for DCS at 800 °C and 700°C
respectively.

The decrease in the normalized growth rate is much smaller when disilane was the
silicon source and was not observed when NPS was the silicon source. This may be due
to the fact that the growth mechanism with high-order silanes is concerted reactions that
do not depend on the open site fraction, unlike conventional gases such as DCS and
silane. This may also imply a smaller phosphorus concentration on the growth surface
with disilane and NPS.

We will now compare the total phosphorus concentration versus the phosphine
flow rate in Figure 7.22 below, to determine if higher phosphorus concentrations can be

achieved with high-order silanes.
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Figure 7.22. Phosphorus concentration versus phosphine flow rate (sccm) for four
different silicon precursors at different growth temperatures. The phosphorus
concentrations were determined from SIMS measurements and may not be electrically
active (i.e. occupying substitutional sites). The DCS data was done by a previous student
[7.14].

Due to the varying growth rates, it is difficult to obtain meaningful comparisons for the
phosphorus concentrations. However, we observe that the highest phosphorus
concentration achieved was done using NPS as the silicon source at a growth temperature
of 575 °C, producing a concentration of 5 * 10" ¢cm™. Comparing the phosphorus
concentrations at 575 °C for disilane (blue open square) and NPS (orange open square),
we observe that the phosphorus concentration with NPS is about 2.5 times higher, despite
a faster growth rate, 4.8 nm/min versus 3.7 nm/min for NPS and disilane respectively.
Similarly, comparing the phosphorus concentration obtained at 625 °C with silane (red
open square) and disilane (blue solid square) we observe that they are both similar, ~1.5 *
10" / cm®. However, the growth rate using disilane was 19.5 nm / min compared with a
growth rate of 1.2 nm / min using silane. This indicates that disilane is more efficient at
incorporating phosphorus than silane. We would also like to note that more phosphorus is
incorporated at lower temperatures for NPS and disilane but not the case for silane and

DCS. The phosphorus adsorption rate is plotted in Figure 7.23 below under steady state
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conditions with every adsorbing phosphorus atom being incorporated, shown previously

in chapter 4 (Figure 4.26).
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Figure 7.23. Normalized adsorption rate w.r.t. phosphine pressure vs. epitaxy temperature
for the silicon sources of silane, disilane and NPS.

When we compare the phosphine adsorption rate for the three precursors at the same
temperature, we observe that the phosphine adsorption rate increases with increasing
silane order. Similar to boron, phosphine adsorption depends directly on the number of
open sites. The increasing phosphorus adsorption rate indicates that the number of open
sites for phosphorus adsorption is higher with high-order silanes, providing further
evidence to the creation of open sites during epitaxial growth using high-order silanes.
We compare the growth rate vs. the phosphorus concentration in the silicon layers
grown with different silicon precursors at different temperatures. The growth was done
with a chamber pressure of 6 torr, with 3 slpm hydrogen flow and 0.01 sccm of
phosphine flow (partial pressure = 2 x 107 torr). The results are plotted in Figure 7.24

below:
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Figure 7.24. Growth rate vs. phosphorus concentration for different silicon sources at
different temperatures. The growth was done with a chamber pressure of 6 torr, with 3
slpm hydrogen flow and 0.01 sccm of phosphine flow (partial pressure = 2 x 10 torr).
The growth rate for the silicon precursors with no phosphine flow is displayed as <10'".
The silicon source flows were 26 slpm for DCS, 10 sccm of silane, 5 scem of disilane,
and 50 sccm of NPS in hydrogen respectively.

From Figure 7.24, we observe that for the same temperature (i.e. 625°C ) with the same
hydrogen flow and phosphine partial pressure, the amount of phosphorus incorporated in
the layer increases with increasing silane order. The increase in growth rate due to the
high-order silane is allowing for more incorporation of phosphorus into the solid. This
increase in phosphorus incorporation may be due to the “freeze out” effect, where the
phosphorus atoms in the first layer beneath the growth surface is not given the time to
segregate back to the surface. As the temperature is lowered, more phosphorus is
incorporated into the film despite the decrease in growth rate. This is also due to a “freeze
out” effect (but related to temperature as opposed to growth rate ).

Finally, we compare the rise and decay lengths of the phosphorus profiles of
samples grown with NPS and disilane at two different temperatures of 575 °C and 625 °C
at 6 torr, with 3 slpm hydrogen flow and 107 sccm of phosphine gas (Figure 7.25). The
growth rates were 4.7 nm / min and 21 nm / min for NPS at 575 °C and 625 °C and, 4.0

nm / min and 20 nm / min for disilane at 575 °C and 625 °C respectively.
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Figure 7.25. Rise and decay slopes as measured by SIMS for NPS and disilane at 575 °C
and 625 °C respectively. The slopes were measured from samples 4850 (DS) and 4866
(NPS) (see Appendix E).

The smaller rise and decay slope of NPS when compared to disilane implies that NPS has
a higher incorporation constant. Furthermore, both the rise and decay slope are smaller at
lower temperatures for both gases, indicating that the phosphorus atoms on the surface
are “freezing out” and do not have enough time to segregate at reduced temperatures. We
do not know the reason why the slopes are reduced when NPS is used or why the rise and

decay slopes are not the same.
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7.6 Summary

In this chapter we have discussed the unwanted background concentration of phosphorus
due to growth with DCS with SIMS and C-V measurements on Schottky diodes. A
phenomenological model was made to model and to explain the phosphorus segregation
trends that are commonly observed in from silicon and SiGe samples grown with our
CVD system. Our phenomenological model was then compared with a microscopic
model of how individual phosphorus adatoms are incorporated. Experimentally we found
that low temperatures and high-growth rates can reduce surface segregation and hence
increase phosphorus incorporation. This implies that high-order silanes should be used
for growth of heavily phosphorus doped layers. Phosphorus doping experiments were
conducted with different silicon precursors. We observed that high-order silanes are more
efficient at incorporating phosphorous into the grown layers. This may be due to a freeze
out effect, where the higher growth rate is preventing the surface segregation of

phosphorus back to the surface.
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Chapter 8

Summary and Conclusion

In this work, we have qualified the use of NPS as a silicon source in chemical
vapor deposition. Characterization techniques such as (secondary ion mass spectrometry
(SIMS), photoluminescence (PL), UV reflectance, and cross-sectional TEM) were
conducted on epitaxial layers grown with NPS are analyzed and indicated that good
quality epitaxial silicon layers can be grown with NPS. All deposition with NPS on oxide
was found to be amorphous silicon. Etch rates of amorphous silicon layers are much
higher than etch rates of crystalline silicon, implying that NPS is a suitable candidate for
selective silicon deposition via a CDE (Cyclical Deposition and Etch) process. Field
effect transistors (FETs) were fabricated in epitaxial layers grown with NPS. Based on
carrier mobilities and curve-tracer plots we concluded that the quality of the epitaxial
layers grown with NPS are comparable to the quality of epitaxial layers of prime grade
silicon substrates.

The basic CVD silicon growth theory on a macroscopic, microscopic, and
atomistic level was covered in this thesis. The conventional hydrogen desorption model
of silicon growth was found to be inadequate in explaining high growth rates and low
temperatures. Silicon growth with high-order silanes were significantly less dependent on
conventional hydrogen desorption and qualitatively determined to generate its own open
sites. A novel concerted reaction mechanism without the need for hydrogen desorption
was proposed as the reason for the enhancement of growth rates with high-order silanes.
This mechanism was supported by our experimental data using disilane and
neopentasilane and by data from other groups using higher-order silanes such as trisilane.
Smoother surfaces were also found with deposition from high-order silanes compared
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with conventional silane under similar conditions, and can be explained by our novel
model.

The ability of high-order silanes to deposit and low-temperatures and high-growth
rates, makes them an attractive candidate for the epitaxial growth of dilute random carbon
alloys of silicon (Si:C) and for heavily-doped-phosphorus layers in silicon. Higher
substitutional carbon and phosphorus levels are achieved with NPS compared to silane

and disilane under similar experimental conditions.

< .
e Ll

Slﬂ“’ F'(]St
o Growth w/o open sites, or
Limited by precursor can create new open
surface H sites
Rough Concerted Reaction ?
Smooth
Surface-catalyzed cracking of
high-order silanes?

Figure 8.1 Synopsis of the effects of increasing the silane order. As the silane order is
increased the growth rate increases and the smoothness of the deposited films improves.
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Appendix B

Modifications to the Princeton RTCVD for Neopentasilane,
HCI1 / Chlorine Sources

Top “View 1> All items in Red denotes new gos lines
2y Green represents exlstihg gos lhes

3y For the Front View and the Top Wiew

EBlue are existing gos lines not in the

same plane as the green lines

4y Items in the bock are not shown in

the front vlew drowlhg
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Figure B1. Top view, front view, and side view of modifications to the Princeton
RTCVD. Shown in red are the changes made to the existing gas delivery system to
accommodate for NPS.
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Figure B2. Schematic of components inside the NPS cabinet. Shown in gray is the
original delivery system for NPS, shown in chapter 2. In red and pink are the appended
gas delivery system for lecture bottles. Due to lack of space in the diagram not shown are
nitrogen and hydrogen manual valves to prevent cross contamination between the two
lines. The location of the hydrogen chloride (HCI) lecture bottle is also shown.

Sometimes a chlorine bottle was used in this location.
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Figure B3. Top and side view of Top Mount Stick. Shown in the side view of the diagram
are the HCI select valve (labeled Select), V1 and V2, and the HCI purge valve (labeled
Purge) along with HC1 MFC.
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Functional Description of NPS Gas Panel:

The NPS gas panel is designed to allow for the flow of hydrogen either into the NPS
ampule or bypassing the NPS ampule. The hydrogen line to the NPS cabinet is teed-off
from the main hydrogen after the hydrogen purifier (see Figure B1). The Regulator is
used to control the pressure hydrogen going directly into the NPS ampule. This value is
typically set at O psig. A check value (CV1) is to prevent the backflow of NPS into the
hydrogen line. V2 is the leak check port for the gas panel. V6 is the NPS MFC bypass
value.

The hydrogen flows is as follows:

V1 (NPS panel) => Filter => CV1 => Regulator => Either V5 or (V3 =>NPS Ampule
=>V4) => NPS MFC => V7 => RTCVD Chamber Main or Vent (3-port value).

The NPS MFC is calibrated for DCS, so a calibration factor of 0.434 is used. The range
of the MFC is 300 sccm of DCS. A setting of 0.434 on the MFC corresponds to 300 sccm

of hydrogen.

NPS Gas Flow and NPS Panel Purge Instructions

Gas Flow

[1] Before any gas panel usage, follow the standard RTCVD startup procedure and
verify that the reactor and the Burnbox are in operational status with hydrogen
flowing (MFC =0.1) through the main chamber. All manual valves in the cabinet
should be closed.

[2] Flow hydrogen gas from the NPS panel by doing the following:

[2a] Open the Vent Valve, then open the Cabinet Vent Valve shown
connected to the vent line in the top view of Figure B1 above.

[2b] In DAQ Factory, set the NPS MFC to 1. Open V1, V5, and V7. The
chamber pressure reading should be 1.6 torr. Fully open the regulator to
flush the NPS lines. Toggle NPS Inject (DAQ factory) to flush the NPS
line to the RTCVD chamber.

[2c]  Adjust the NPS MFC to your target gas flow (i.e.0.72 for 50 sccm of NPS
in hydrogen). Then adjust the regulator till the outlet pressure of the
regulator reads ~0 psig

[3] To flow NPS instead of hydrogen:

[3a] Leave V5 open and then open V4, wait for the pressure to stabilize
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[3b] Open V3, then open the Qutlet Ampule Valve (Not shown in Figure B2)
and then open the Inlet Ampule Valve
[3c] Close V5 (Due to the temporary clogging of the NPS MFC this step is not
done until 5 minutes before the NPS Inject in your recipe.
[4] You are now ready to run your recipe!
[5] When you recipe is complete close the two NPS Ampule Valves

Gas Purge

[6] Flush the lines with hydrogen after completion of recipe
[6a] Verify step [1] and verify that the NPS Ampule Valves are both
closed.(NPS gas panel manual values do not have to be closed)
[6b] Set NPS MFC to 1 and then open the manual valve shown connected to
the vent line in the top view of Figure B1 above.
[6c] Open V1, V4, V7 and fully open the Regulator
[6d] Open V2 and V3, then close V1
[6e] When Regulator reading is <-30 mmHg close V2 and V3
[6f] Cycle Steps 6¢ to 6e, 10 times
[7] When the purge is complete, reduce Regulator so that the outlet pressure reads 20
psig
[8] Close V7, then close V1 and V4, and follow standard RTCVD shutdown
procedures
[9] The next morning check the Regulator pressure (If it still reads 20 psig then there
is no leak) to see if there are any leaks in the NPS panel

Functional Description of Lecture Bottle Gas Panel:

The gas panel modification above is designed to inject the contents from a lecture bottle
(shown in green in Figure B2 above) into the existing reactor chamber via the use of top
mount (aka surface mount) technology to minimize the use of space. The lecture bottle
can be either HCI or Chlorine gas. The line connection to the lecture bottle is a CGA 660
fitting. The components of the Top Mount Stick are shown in Figure B3 above. All of the
valve on the surface mount are pneumatic valves, and are controlled by the DAQ factory
program. V1 and V2 are tied together and called HCI V1 in the DAQ factory program.
HCI Purge is the purge valve for the Top mount stick, and can flow either N, or H, gas.
HCI Select is a manual and pneumatic valve, where the valve is opened only when both
the manual and pneumatic valve is opened (See the top view of the select valve). The

HCI MFC is a 300sccm MFC with a 9-pin connection.
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Lecture Bottle Gas Flow Instructions:

(1]

(6]
[7]

Before any lecture bottle usage, follow the standard RTCVD startup procedure

and verify that the reactor and the Burnbox are in operational status with

hydrogen flowing (MFC =0.1) through the main chamber. All manual valves in
the cabinet should be closed.

Open the Tank valve to the lecture bottle.

Verify that V13 and V8 are closed (i.e. the T-direction of the 3-way valve is

closed. Open V10 and V11.

Open the either the nitrogen or hydrogen manual valve (Open only one NOT

both!) on the panel to enable either N, or H, flow into the HCI line. Open V9.

Flow gas from the lecture bottle by doing the following:

[5a] Open the Vent Valve, then open the Cabinet Vent Valve shown
connected to the vent line in the top view of Figure B1 above.

[5b] In DAQ Factory, set the HCl MFC to 1, then open HCI V1 and HCI V2
in the program. This will now flow H; or N, through the Top Mount Stick
and out to the vent line. The reactor pressure should be around 1.10 torr.

[5c] In DAQ Factory, click HCI Select (the line is now flowing HCI through
the Top Mount Stick up to V11). HCl is now flowing to vent.

Turn off HCI Select, so that H, or N» is flowing through the Top Mount Stick

You are now ready to run your recipe!

Lecture Bottle Change Instructions:

(1]

Before any lecture bottle usage, follow the standard RTCVD startup procedure
and verify that the reactor and the Burnbox are in operational status with
hydrogen flowing (MFC =0.1) through the main chamber. All manual valves in
the cabinet should be closed.

Close the Tank valve to the lecture bottle.

Verify that V13 and V8 are closed (i.e. the T-direction of the 3-way valve is
closed. Also verify that V10 and V11 are closed.

Open the either the nitrogen or hydrogen manual valve (Open only one NOT
both!) on the panel to enable either N, or H, flow into the HCI line. Open V9.
Open the Vent Valve, then open the Cabinet Vent Valve shown connected to the
vent line in the top view of figure B1 above.

Open V12 slowly, this will directly pump out the HCI in the line up to the lecture
bottle out through the vent, and pump out up to V10 on the other side of the line.
When the RTCVD pressure reading is back down to 0.7, closed V12

Open V8, the line is now pressurized with N,

Close V8

Cycle Steps 6-9 for 50 times.

Open V8 so that the line is pressurized with N,

Close V8, change Lecture Bottle then cycle steps 6-9 for 50 times.

Leak check the new bottle by installing the leak checker onto the 3-port of V13
Open V13 to leak check

If the leak check is successful, cycle purge and flush the lines with N, thoroughly
before opening the lecture bottle.
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Appendix C

Hydrogen Desorption
This section is to explain hydrogen desorption in more detail. There are two types of
hydrogen desorption, called 3; (monohydride), and B, (dihydride) desorption. At roughly
400°C (673°K) dihydride desorption occurs, and the silicon surface transitions from a
dihydride surface (Si: 1x1) reconstruction, with 2 hydrogen atoms per surface silicon
atom to a monohydride surface (one hydrogen atom per silicon surface atom). The
surface silicon atom now has an empty bond that will pair with its nearest neighbor
reconstructing the silicon surface into a Si: 2x1 surface. Monohydride desorption occurs
around 510°C (783°K), at temperatures higher than 510°C all of the hydrogen on the
surface will desorb and the surface will be a perfect 2x1 reconstruction. The ; and 3,

peaks are shown in Figure C1 below:
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Figure CI1. Experimental and fitted TPD spectra of D, from Si(001) surfaces initially
dosed with (a) 1.09 and (b) 1.31 ML atomic deuterium [4.8].

Both the experimental (circles) and fitted (dashed line) TPD spectra of deuterium are
shown. Note that in (b) of figure CI, the B, peak is higher as there are more dihydride
phases on the silicon lattice than in (a). The monohydride peak is also higher than the
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dihydride peak. Dihydride desorption is a second-order process and occurs by desorption
of the two surface hydrogen atoms, attached to a lone silicon surface atom, to form H,
[4.8].

Monohydride hydrogen desorption is a first order process at high surface
coverages (0y ~ 1), and a second order process at low coverages (0y < 0.1). In Figure C2
below we show the different configurations of hydrogen on the 2x1 reconstructed silicon

surface.

Figure C2. Schematic of a doubly occupied dimer and unoccupied dimer (a) and two
singly occupied dimers (b) of silicon atoms on the surface of Si(100) 2x1. The
unoccupied silicon dimer forms a partial double bond. [4.42]

Two surface hydrogen atoms on the surface can take either of the two configurations. It
can form a doubly occupied dimer and an unoccupied dimer (2 two open surface sites) or
two singly occupied dimers. It was determined that a small pairing energy of 0.25eV
[4.44] causes the two surface hydrogen atoms to take configuration (a) instead of (b). At
high surface coverages (0 ~ 1), almost all hydrogen atoms are preferentially paired,
whereas at low coverages (0y < 0.1), more of configuration (b) is observed. This makes
hydrogen desorption a first order process at high 6y and a second-order process at low 0.
In our typical CVD conditions (600°C, 6 torr hydrogen), the surface is expected to be

monohydride and the desorption is first order.
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Appendix D

Terrace-Step-Kink Model
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Figure DI1. Schematic showing the different positions of an adatom, based on the
Terrace-Step-Kink Model for a simple cubic lattice. Picture taken from Wikipedia.com.

The Terrace-Step-Kink model is based upon the idea that position of an adatom on the
crystal surface is determined by its bonding to neighboring atoms and that transitions
simply involve the counting of broken and formed bonds. Below is a table of the possible
positions of an adatom and the number of broken bonds and formed bonds for each

position.

Table D1: Possible positions of the adatom and the number of broken and formed bonds
for a simple cubic lattice based on Figure D1.

# of Broken Bonds # of Formed Bonds
Adatom 5 1
Step Adatom 4 2
Kink Atom 3 3
Step Atom 2 4
Surface Atom 1 5

The adatom diffuses on the surface to minimize its energy by landing on the step, kink or
onto the (sub)surface. Based on table D1, we find that the adatom would want to diffuse

to the steps if possible. However if another adatom landed on top of the diffusing adatom,
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it would become less mobile due to the lowered energy from having more bonds. The
silicon surface is not cubic, but it is expected that the concepts of the model could be

extended to the silicon surface.

240



Appendix E

SIMS Sample 4850 and Sample 4866

Princeton University: Sample 4850 (H, P, 0, B, C)
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Figure E1. SIMS of sample 4050 grown with disilane at 6 torr with 3 slpm hydrogen
carrier.

Princeton University: Sample 4868
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Figure E2. SIMS of sample 4066 grown with NPS and silane at 6 torr with 3 slpm
hydrogen carrier. The layers grown with NPS are easily distinguishable due to the high
carbon background.
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