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The role of carbon on the electrical properties of polycrystalline Si 1ÀyCy
and Si 0.82ÀyGe0.18Cy films
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Southampton, SO17 1BJ, England
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A comparison is made of the electrical effects of carbon inn- and p-type in situ doped
polycrystalline Si12yCy and Si0.822yGe0.18Cy layers. Values of resistivity as a function of
temperature, effective carrier concentration and Hall mobility are reported. Then-type
polycrystalline Si12yCy and Si0.822yGe0.18Cy films show dramatic increases in resistivity with
carbon content, rising from 0.044V cm to 450V cm ~0 and 0.8% C! and 0.01V cm to 2.4V cm ~0
and 0.6% C!, respectively. In contrast, the increase in B-doped films is much less severe, rising from
0.001V cm to 0.939V cm ~0 and 7.9% C! and 0.003V cm to 0.015V cm ~0 and 4% C! for the
Si12yCy and Si0.822yGe0.18Cy layers, respectively. The grain boundary energy barrier, determined
from the temperature dependence of the resistivity, is found to vary as the square of the C content
in then-type polycrystalline Si12yCy and Si0.822yGe0.18Cy layers, but linearly in thep-type Si12yCy

layers. The square law dependence seen in then-type layers for C contents up to 0.9% is explained
by an increase in the grain boundary trap density due to the presence of carbon, whereas the linear
relationship seen in thep-type layers for C contents between 2% and 8% is explained by a shift in
the grain boundary trap energy toward the valence band. Finally, lower values of grain boundary
energy barrier are obtained inp-type Si0.822yGe0.18Cy layers with a C content of 4% than in
equivalent Si12yCy layers, which could be explained by a larger shift in trap energy toward the
valence band. ©2001 American Institute of Physics.@DOI: 10.1063/1.1343896#
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INTRODUCTION

For many years, polycrystalline silicon has been a ma
contributor to the success of silicon integrated circuit te
nology in applications such as gates for MOS transistors1 and
as polycrystalline emitters for bipolar transistors.2 More re-
cently, considerable interest has been shown in polycrys
line SiGe films3–7 because of their increased dopa
activation8–10 and lower thermal growth budget. In MO
transistors, polycrystalline SiGe gates could be used to
duce gate depletion and to tailor the work function by va
ing the Ge content, allowing more freedom in the setting
threshold voltages. Furthermore, these films can be real
using a process that is fully compatible with existing silico
based technologies. The effects of adding germanium
polycrystalline silicon films differ depending on the type
dopant used. Inp-type polycrystalline SiGe, the resistivit
decreases with increasing Ge content, which has been a
uted to increases in both hole mobility and dopant activat
with increasing Ge incorporation.9,11 In contrast, it has been
shown9 that for n-type films containing less than 25% G
the Hall mobility increases, but the effective carrier conce
tration steadily decreases, with increasing Ge content.
net effect is a slight decrease in the resistivity at low
concentrations. For layers with Ge concentrations ab
25%, a large drop in phosphorus activation combined wit
drop in the Hall mobility is observed,4,9 causing a large in-
crease in resistivity. This was attributed to increased ph
phorus segregation to the grain boundaries with increa
Ge content.9
6180021-8979/2001/90(12)/6182/8/$18.00
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Polycrystalline Si12x2yGexCy and Si12yCy layers are of
interest because they offer the possibility of an additio
degree of freedom in band gap engineering not offered
Si12xGex alone. A possible application for polycrystallin
Si12x2yGexCy and Si12yCy layers would be as wide ban
gap emitters for bipolar transistors. Eberlet al.12 have exam-
ined the effects of carbon incorporation in single crystal
and SiGe layers using photoluminescence~PL! measure-
ments on Si12yCy and Si12x2yGexCy quantum well struc-
tures. From an extrapolation of the PL results, it was fou
that for small C concentrations (<7%) the band gap in the
Si12x2yGexCy layer was increased by 24 meV/% C, where
the band gap in the Si12yCy layers was reduced by 65 meV
% C. Amouret al.13 examined the effect of carbon on bo
unstrained and strained Si12x2yGexCy single crystal layers
and found very different behaviors. In strained pseudom
phic layers, the band gap was found to increase by appr
mately 24 meV/% C, in agreement with Eberlet al., whereas
for the unstrained layers, the band gap actually reduced
10–20 meV/% C for small C concentrations.

Although there is a large body of work on single-crys
Si12yCy and Si12x2yGexCy films, little research has bee
published on the properties of polycrystalline films. In a p
vious paper,14 preliminary results of resistivity, Hall mobility
and effective carrier concentration measurements on p
crystalline Si0.822yGe0.18Cy films were reported for the firs
time. In this paper a comparison is made of the electri
properties of polycrystalline Si12yCy and Si0.822yGe0.18Cy

layers as a function of carbon content. Measurements of
sistivity, Hall mobility and effective carrier concentration o
2 © 2001 American Institute of Physics
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n- andp-type layers are complemented by measurement
the temperature dependence of the resistivity. From th
measurements, the grain boundary energy barriers of the
ers are extracted, as a function of C content, and use
explain the role of carbon on the measured electrical pro
ties.

EXPERIMENT

In situ doped p- and n-type amorphous Si12yCy and
Si0.822yGe0.18Cy layers were deposited by low pressu
chemical vapor deposition~LPCVD! at 500 °C or 540 °C
on oxide covered,~100! silicon wafers. The deposition gase
were Si2H6, GeH4 and SiCH6 for the Si, Ge and C sources
respectively. Thein situ dopant was introduced durin
growth using PH3 or B2H6 gases for then- and p-type
sources, respectively. In all cases, the growth pressure
maintained at 4 Torr and the growth time adjusted to g
film thicknesses of approximately 0.6mm. Following depo-
sition, the layers were capped with 200 nm of deposited
ide and then annealed at 1000 °C for 30 s. This anneal c
verts the amorphous films into a polycrystalline material a
activates the dopant introduced during growth. The oxide
was then removed and van der Pauw structures defined
Hall measurements. The resistivity, Hall mobility and effe
tive carrier concentration were measured using the van
Pauw structures with an applied magnetic field of 0.2 T.
addition, the temperature dependence of the resistivity
also measured in the range 300 K to 475 K, giving
Arrhenius plot whose slope is equivalent to the activat
energy of the resistivity. From this activation energy, t
grain boundary energy barrier can be calculated using
~1!, whereC is given by 1.531023/K and accounts for the
shift in the Fermi level with temperature:15

Ea5EB~11CT!. ~1!

Uniform doping profiles were achieved for alln- and
p-type layers, as measured by secondary-ion-mass spec
copy ~SIMS! analysis, and remained largely unaffected
methylsilane flow rate. Average doping concentrations in
polycrystalline Si12yCy layers were 1.231019 cm23 and 7
31020 cm23 for the phosphorus and boron doped layers,
spectively. Corresponding doping levels obtained for then-
and p-type polycrystalline Si0.822yGe0.18Cy layers were 4.2
31019 cm23 and 231020 cm23. In addition, SIMS mea-
surements of the carbon concentrations in all of the lay
showed that the profiles were uniform but that C incorpo
tion in both thep-type Si12yCy and Si0.822yGe0.18Cy layers
was consistently higher than in then-type layers. A methyl-
silane flow rate of 10 sccm resulted in a carbon concentra
of 1.8% for phosphorus and 7.9% for boron doped polycr
talline Si12yCy layers. Corresponding carbon concentratio
for the phosphorus and boron doped polycrystall
Si0.822yGe0.18Cy layers were 1.5% and 4%, respective
Cross-sectional transmission electron microscopy~TEM!
showed that the layers were polycrystalline at the end
processing, with an average grain size of approximately
nm.
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ELECTRICAL RESULTS

The resistivities of then- and p-type polycrystalline
Si12yCy and Si0.822yGe0.18Cy films, as a function of carbon
content, are shown in Fig. 1. For then-type Si12yCy films,
there is a dramatic increase in resistivity with C conte
from a value of 0.044V cm with no carbon added, to 45
V cm for a C concentration of 0.8%. Not shown in Fig. 1
then-type layer grown with a C concentration of 1.8%, sinc
the layer was too highly resistive to obtain an experimen
value. Thep-type Si12yCy films show a much less sever
increase in resistivity with carbon content, with resistivi
values of 0.001V cm and 0.939V cm for the 0% and 7.9%
C concentrations, respectively. A similar trend is also o
served in the polycrystalline Si0.822yGe0.18Cy layers, though
the increase in resistivity of thep-type Si0.822yGe0.18Cy lay-
ers is lower than that for their Si12yCy counterparts. Also
shown in Fig. 1 are resistivity values of polycrystalline
and SiGe~without carbon! taken from the literature. The
layers of Tsaiet al.3 and Salmet al.11 were doped using high
dose P1 (B1) ion implantation and annealed at 30~3! h at
600 °C and 30~5! min at 950 °C, respectively. In spite of th
widely different processing schedules, the values of resis
ity are of the same order as those in the current work. T
layers of Grahnet al.16 were dopedin situ with phosphorus
and annealed at 1050 °C for 10 s. These processing co
tions are very similar to those used in the current work a
gave a resistivity value of 0.1V cm for a doping level of 3
31019cm23. This compares to a value of 0.044V cm for a
doping level of 1.231019cm23 in this work. These results
show that the layers without carbon in this work are ve
similar to those reported in the literature.

Figure 2 shows plots of effective carrier concentrati
versus carbon content for the polySi12yCy and
polySi0.822yGe0.18Cy layers. From Fig. 2 it can be seen th
the effective carrier concentration in then-type polySi12yCy

layer decreases rapidly with C content, falling from 7
31018cm23 with no carbon added to 2.4831018cm23 with
the addition of 0.28% C. No experimental value was obta
able for then-type layers with>0.68% C due to their high
resistivity. In contrast, for thep-type layers, the effect of C
incorporation is much less severe. The effective carrier c

FIG. 1. Graph of layer resistivity versus carbon content for then- and
p-type polycrystalline Si12yCy and Si0.822yGe0.18Cy layers.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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centration is 2.831020cm23 with no C, and falls by approxi-
mately an order of magnitude with the addition of 7.9% C.
similar trend is also observed in the polycrystalli
Si0.822yGe0.18Cy layers, though in this case the drop in effe
tive carrier concentration with C content in thep-type layers
is less severe for the Si0.822yGe0.18Cy layers than for their
Si12yCy counterparts. Furthermore, the rate of decrease
the effective carrier concentration for thep-type
Si0.822yGe0.18Cy layers is significantly different for C con
tents above and below 0.9%, suggesting that differ
mechanisms may be influencing the effective carrier conc
tration at low and high C concentrations.

Figures 3~a! and 3~b! show plots of the Hall mobility for
the polySi12yCy and polySi0.822yGe0.18Cy layers, respec-
tively. From Fig. 3~a!, it can be seen that the Hall mobility i
the n-type layers dramatically decreases with C conte
dropping from a value of 18 cm2/V s with no carbon, to a
value of 3 cm2/V s with 0.3% C. In contrast, for thep-type
layers, the Hall mobility drops much more slowly with
content. The decrease is relatively rapid up to'4.5% C and
then slower for higher C concentrations. Th
polySi0.822yGe0.18Cy layers presented in Fig. 3~b! show a
similar trend, though the rate of decrease in the mobility w
C content is lower for the p-type polycrystalline
Si0.822yGe0.18Cy layers than for their polySi12yCy counter-
parts. In the Si0.822yGe0.18Cy layers, the mobility drops from
10 cm2/V s with no C, to 3.5 cm2/V s with 4% C, compared
with 18 cm2/V s to 0.5 cm2/V s for the Si12yCy layers con-
taining 0 and 7.8% C.

Figures 4~a! and 4~b! show plots of the log of the nor
malized sheet resistance versus 1/kT for the n- and p-type
polycrystalline Si12yCy layers, respectively, for different C
contents. For then-type layers, it can be seen that the ad
tion of C causes a significant increase in the activation
ergy EA , from a value of 46 meV with no carbon, to 39
meV with the addition of 0.78% C. In contrast, for thep-type
layers, the increase in activation energyEa with C content is
much smaller, even though the C content is significan
larger. The activation energy rises from a value of 16 m
with 2.2% C to 75 meV with 7.9% C. The activation ener
for the p-type layer containing no carbon could not be e

FIG. 2. Graph of effective carrier concentration versus carbon conten
the n- andp-type polycrystalline Si12yCy and Si0.822yGe0.18Cy layers.
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FIG. 3. Graph of Hall mobility versus carbon content for~a! n- andp-type
polycrystalline polySi12yCy layers and~b! n- and p-type polycrystalline
Si0.822yGe0.18Cy layers.

FIG. 4. Logarithm of the normalized sheet resistance versus 1/kT for ~a!
n-type polycrystalline polySi12yCy layers and~b! p-type polycrystalline
polySi12yCy layers.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tracted because the grain boundary energy barrier was
small, indicating that conduction is not thermally activat
and is limited by some other mechanism such as ioni
impurity scattering.

Figures 5~a! and 5~b! show plots of the log of the nor
malized sheet resistance versus 1/kT for the n- and p-type
polySi0.822yGe0.18Cy layers, respectively. For then-type lay-
ers, a similar trend is observed to that found in t
polySi12yCy layers, with the activation energy rising from
14 meV with no C added, to 114 meV with 0.62% C. For t
p-type layers, the activation energy could only be extrac
for the layer containing the highest C content~4%!, indicat-
ing that conduction in the other layers was not therma
activated and hence not limited by the grain boundary ene
barrier. Even at this high C content, the extracted activa
energy is only 5 meV, compared to a value of 45 meV
the polySi12yCy layer with a similar C content and a facto
of 3.3 higher doping level.

DISCUSSION

The above results indicate that the effect of carbon
the electrical properties of the polycrystalline Si12yCy and
Si0.282yGe0.18Cy layers is significantly different inn- and
p-type layers. Inn-type ~P doped! layers, the resistivity dra-
matically increases with C concentration, whereas inp-type
~B doped! layers the increase in resistivity is much small
To give insight into this behavior, the model for conducti
in polycrystalline Si will first be considered.

FIG. 5. Logarithm of the normalized sheet resistance versus 1/kT for ~a!
n-type polycrystalline Si0.822yGe0.18Cy layers and~b! p-type polycrystalline
Si0.822yGe0.18Cy layers.
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In polycrystalline silicon, defects at the grain boundar
introduce trapping centers into the energy gap, immobiliz
the free carriers from substitutional dopant atoms and ca
ing the defects to become electrically charged.17 This gives
rise to a potential energy barrier that impedes the flow
carriers from one crystallite to another, thus limiting condu
tion. Similar behavior is exhibited byn- and p-type poly-
crystalline silicon layers indicating that either type of majo
ity carrier can be trapped at the grain boundaries, and tha
grain boundary traps are located near the middle of the
ergy gap. Seager18 has reported that the dominant trap ener
level in polycrystalline silicon is located slightly below mid
gap at an energy level of approximatelyEC– 0.62 eV. This is
close to the energy level reported for the silicon dangl
bond which is located atEC– 0.65 eV.19 At high dopant con-
centrations, the grain boundary traps become fully occup
allowing any additional free carriers to form a neutral regi
within the crystallite, reducing the depletion regions at t
grain boundaries and lowering the potential barrier.17,20For a
highly doped layer, where a depletion region exists with
the grain and the grain boundary trap energy level is fix
~close to the middle of the band gap!, the grain boundary
energy barrierEB is given by:17

EB5
q2NT

2

8eN
, ~2!

whereNT is the grain boundary trap density,e is the relativ-
ity permittivity of the layer,N is the dopant level andq is the
charge on an electron.

Although the grain boundary barriers are similar forn-
andp-type polycrystalline silicon layers, dopant segregati
can lead to differences in electrical behavior. Mandur
et al.21 have shown that As and P segregate to grain bou
aries whereas B does not. This can cause differences in
duction since segregated dopant is electrically inactive
hence cannot reduce the grain boundary energy bar
Other mechanisms that could influence the resistivity of
layers are silicon carbide precipitation and substitutional c
bon in the grains. Silicon carbide precipitation in single cry
tal Si12yCy is a well known phenomenon but in order
explain the resistivity results in this work, the precipitatio
would have to be considerably worse in the low C cont
n-type layers than in the high C contentp-type layers. This
is highly unlikely. The effects of substitutional carbon wou
be expected to influence the mobility through alloy scatt
ing. However, this effect should be small and would again
expected to be worse in the high C contentp-type layers than
in the low C contentn-type layers.

To gain further insight into the mechanism controllin
the resistivity, the measured grain boundary energy bar
versus carbon content at 300 K for then-type polycrystalline
Si12yCy and Si0.822yGe0.18Cy layers has been plotted in Fig
6~a!. From Fig. 6~a! it can be seen that the grain bounda
energy barriers in the polycrystalline Si12yCy are larger, for
a given C content, than in their polycrystallin
Si0.822yGe0.18Cy counterparts. A possible explanation for th
difference could be differences in doping level@see Eq.~2!#,
since the average doping levels in the Si12yCy and
Si0.82Ge0.18Cy layers were 1.231019cm23 and 4.2
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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31019cm23, respectively. To investigate whether this is t
case, Eq.~2! was used to correct the measured polycrys
line Si12yCy energy barriers to a doping level of 4.
31019cm23, equivalent to that found in the polycrystallin
Si0.822yGe0.18Cy layers. The results of this correction are al
shown in Fig. 6~a! as the dashed line, where it can be se
that the corrected data coincide very well with the measu
data for the polySi0.822yGe0.18Cy layers. This result shows
that the different values of grain boundary energy barrie
n-type polycrystalline Si12yCy and Si0.822yGe0.18Cy layers
are entirely attributable to differences in doping level. F
thermore, it can be inferred from this result that Ge in t
n-type Si0.822yGe0.18Cy layers has a negligible effect on th
resistivity for C contents up to 0.6%. Figure 6~b! shows a
graph of the square root of the grain boundary energy ba
as a function of C content. The data fall on a reasona
good straight line, indicating that the energy barrier varies
the square of the carbon content. This square law depend
is fully consistent with Eq.~2! and suggests that at low C
concentrations up to 0.8%, the carbon is increasing the
densityNT at the grain boundaries.

Figure 7 shows a plot of the measured grain bound
energy barrier versus C content at 300 K for thep-type
polySi12yCy layers. The relationship between the gra
boundary energy barrierEB and C content for thep-type
layers can be reasonably approximated by a linear fit. T
contrasts with the square law fit found in then-type Si12yCy

layers, suggesting that the mechanism controlling the re

FIG. 6. ~a! Plot of the grain boundary energy barrierEB vs C content for the
n-type polycrystalline polySi12yCy and polySi0.822yGe0.18Cy layers.~b! Plot
of AEB vs C content for then-type polySi12yCy layers.
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tivity in the high C contentp-type layers is different than
that in the low C contentn-type layers. No experimental dat
are available forp-type Si12yCy layers at low C contents
(<1%). However, it is possible to replot then-type Si12yCy

data corrected to a doping level of 731020cm23, equivalent
to that found in thep-type layers. This is shown in Fig. 8 an
indicates that the data for the low C contentn-type layers lie
close to the line for the high C contentp-type layers. This
result suggests that low C contentp-type polycrystalline
Si12yCy layers might behave in a similar way to the low
contentn-type layers.

The behavior ofp-type Si12yCy layers at higher C con-
tents cannot be explained solely by an increase in the g
boundary trap density (NT) with C content, as shown in Fig
8. The predicted curve represents the grain boundary en
barrier that has been calculated using Eq.~2!, assuming that
the barrier height is determined solely byNT . The predicted
grain boundary trap density was calculated by extrapola
the relationship betweenNT and C content, obtained for th
n-type layers, to the higher C concentrations found in
p-type layers. While agreement with theory is reasonable

FIG. 7. Plot of the grain boundary energy barrier versus C content for
p-type polycrystalline polySi12yCy layers.

FIG. 8. Comparison between the predicted and measuredEB for the p-type
polySi12yCy layers. The predicted energy barriers were calculated using
trap density/C content relationship in then-type layers. In the calculations i
is assumed that the energy barrier is solely determined by the grain bo
ary trap density.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 9. Schematic diagram of the energy bands
p-type polySi12yCy showing how the shift inEF

2ET , relative to the polycrystalline Si case, reduc
the grain boundary energy barrier for a givenNT .
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C contents up to 1%, at higher C contents there is a la
discrepancy between the predicted and measured data.
result clearly shows that Eq.~2! is not valid for C concen-
trations above 1%.

Equation~2! assumes that the grain boundary trap e
ergy is not influenced by the carbon content. However, th
is some evidence in the literature to suggest that the
energy in polycrystalline materials can shift at high impur
contents. Several authors have shown that the additio
>25% Ge to polycrystalline Si12xGex layers causes a sig
nificant increase in resistivity ofn-type layers, and a corre
sponding decrease inp-type layers.9–11 In polycrystalline Si,
the dominant trap energy is close to the middle of the b
gap, so that the effects of the carrier trapping are simila
both n- and p-type layers. In polycrystalline Ge, the dom
nant trap energy is close to the valence band, so that g
boundary energy barriers only appear inn-type material.22 It
is therefore believed,11 that the addition of Ge to form poly
crystalline Si12xGex causes a progressive shift in the dom
nant trap energy toward the valence band. At high Ge c
centrations (x>0.25) the shift in trap energy results in
lowering of the potential barrier forp-type layers and an
increase forn-type, thereby explaining the corresponding d
crease and increase in the resistivities of the layers.

Londos23 showed, by deep level transient spectrosco
that interstitial carbon introduces a deep level donor de
into the band gap (EV10.28 eV! of single-crystal silicon. It
is therefore possible that carbon trapped at grain bounda
in polycrystalline Si12yCy could introduce such a defect i
the energy gap. If this was the case, as more carbon
added, the number of traps located at or nearEV10.28 eV
would increase and begin to influence the dominant trap
ergy in the grain boundary, shifting it toward the valen
band. Figure 9 schematically illustrates the effect of the t
energy on the grain boundary energy barrier inp-type mate-
rial. As the trap energy shifts from mid-gap@Fig. 9~a!# to-
ward the valence band@Fig. 9~b!#, the grain boundary energ
barrier is reduced, thereby partially compensating the
Downloaded 18 Dec 2003 to 152.78.67.91. Redistribution subject to AI
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crease in energy barrier associated with the increase inNT

due to C. This would explain the large difference betwe
the predicted and measured grain boundary energy bar
seen for thep-type polycrystalline Si12yCy layers in Fig. 8.
In contrast, it can be expected that forn-type layers with
high C contents, the shift inET would increase the energ
barrier and therefore add to the increase associated with
increased trap density.

An extension to the simple carrier trapping model h
been proposed by Baccaraniet al.24 which takes into accoun
the effects of the movement of the trap energy levelET on
the grain boundary energy barrier. If the effect of increas
the density of the traps (NT) per unit area, located at a dis
crete energy levelET is considered, the equation describin
the grain boundary energy barrier becomes:

EB'
1

2
EG2ET1kT lnF qNTAN

NVA2eEB
G , ~3!

which can be solved iteratively for a givenNT , ET and N.
For thep-type layers in this work, the grain boundary ener
barrier EB and the effective carrier concentrationN have
been measured. In addition, values for the grain bound
trap densityNT can be obtained for the higher C contents
extrapolating the data for the low C contentn-type layers.
Equation~3! can then be used to calculate values ofET as a
function of C content for thep-type layers, as shown in Fig
10. The band gap of silicon (EG51.12 eV) was used in the
calculations because of the uncertainty in the amount of s
stitutional carbon within the grains of the Si12yCy samples.
A large shift in trap energy is predicted from'0.5 eV for
polycrystalline silicon18 to 0.41 eV for 2% C and 0.38 eV fo
7.9% C. These results suggest that the effect of C on
resistivity of thep-type polySi12yCy layers can be explained
if high concentrations of carbon affect not only the gra
boundary trap density, but also shift the trap energy le
toward the valence band.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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For thep-type polycrystalline Si0.822yGe0.18Cy layers, a
grain boundary energy barrier of 3.5 meV was obtained
the layer containing 4% C. This is over a factor of 9 low
than the corresponding energy barrier for the polycrystal
Si12yCy layer with a similar C content. This discrepanc
cannot be explained by a difference in doping level beca
the boron concentration in the polycrystallin
Si0.78Ge0.18C0.04 layer was a factor of 3.5 lower than it
Si0.962C0.038 counterpart. A correction for this differenc
would make the discrepancy even bigger. This result the
fore indicates that the incorporation of 18% Ge in the high
contentp-type layers is counteracting the effects of carbon
some way. In contrast, the incorporation of 18% Ge into
low C contentn-type layers has no significant effect.

The result shown in Fig. 10 for thep-type polycrystal-
line Si0.78Ge0.18C0.04 layer indicates that there is a larger sh
in the grain boundary trap energy level toward the vale
band than in thep-type Si12yCy layer with a similar C con-
tent. This could explain the lower values of grain bounda
energy barrier obtained for the Si0.78Ge0.18C0.04 layer since
the larger shift in trap energy level toward the valence ba
would further compensate the effects of the increasing g
boundary trap density with C content. Additional mech
nisms that could also partially account for the reduced gr
boundary energy barrier in thep-type Si0.78Ge0.18C0.04 layer
are increased boron activation and larger grain size with
creasing Ge content. However, this hypothesis is based
very limited experimental data and so further work is
quired to study the effects of Ge content on the behavio
p- andn-type polycrystalline Si12x2yGexCy layers.

Finally, it should be noted that although the methylsila
flow rates were kept constant to allow direct compariso
between successive growth runs, SIMS analysis has sh
that the carbon incorporation in thep-type layers was con
sistently higher than in theirn-type counterparts. Maximum
carbon contents of 7.9% and 4% were obtained for
p-type polySi12yCy and polySi0.822yGe0.18Cy layers, respec-
tively, while the corresponding contents obtained for t
n-type layers, for the same methylsilane gas flow, were o
1.8% and 1.5%. A possible explanation for these differen

FIG. 10. Graph of grain boundary trap energyET versus carbon content fo
the p-type polycrystalline Si12yCy layers, showing how the trap energ
level shifts away from the grain boundary Fermi level toward the vale
band.
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in the carbon content is the effectiveness of phosphine
blocking surface sites for silane chemisorption, thus inhib
ing growth.25,26 In contrast, diborane does not block the su
face sites, and thus allows easier chemisorption of SiH4 and
better growth rates. Since the chemisorption of SiCH6 is
likely to be similar to that of silane, the reduced number
available surface sites could lead to a reduction in
amount of carbon incorporated into the layer. Further work
required to investigate the growth kinetics for the deposit
of n- andp-type Si12yCy and Si12x2yGexCy layers.

CONCLUSIONS

A study has been made of the role of carbon on
electrical properties ofn- andp-type polycrystalline Si12yCy

and Si0.822yGe0.18Cy layers for C contents in the range o
0%–8%. Phosphorus and boron doping levels of
31019cm23 and 731020cm23 were achieved for then- and
p-type Si12yCy layers, respectively, and remained large
unaffected by carbon content. Corresponding doping lev
in the Si0.822yGe0.18Cy layers were 431019cm23 and 2
31020cm23.

Electrical measurements have shown that forn-type
polycrystalline Si12yCy and Si0.822yGe0.18Cy layers, the ad-
dition of a small amount of carbon (<0.9%) causes a sever
increase in resistivity. This is accompanied by a correspo
ing drop in effective carrier concentration and Hall mobilit
In contrast, forp-type layers, the effect of C on the resistiv
ity is much less dramatic. Measurements of the grain bou
ary energy barrier for n-type polySi12yCy and
polySi0.822yGe0.18Cy layers, extracted from the temperatu
dependence of the resistivity, have shown that there i
square law dependence on carbon content for C content
to 0.9%. This result is explained by an increase in the den
of traps at the grain boundaries due to the presence of
bon. In contrast, the grain boundary energy barriers in
p-type polySi12yCy layers exhibit a linear dependence o
carbon content for C contents between 2% and 8%, indi
ing some other mechanism is involved. This result has b
been explained by a shift in the dominant trap energy le
toward the valence band at high C concentrations. Inp-type
layers, this shift reduces the energy barrier, therefore c
pensating the effect of the increasing grain boundary t
density. Inn-type layers, the shift in the trap energy at hig
C concentrations would cause a corresponding increas
the grain boundary energy barrier, adding to the incre
associated with the increased trap density.

Finally, it has been shown that a much lower value
grain boundary energy barrier is obtained for ap-type
Si0.78Ge0.18C0.04 compared to a Si12yCy layer with a similar
C content. Results show that a larger shift in the gr
boundary trap energy level toward the valence band is p
dicted with the inclusion of 18% Ge. This increased shift
trap energy level would give additional compensation to
effects of increased grain boundary trap density with C c
tent, thereby explaining the lower grain boundary ene
barrier.
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