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A comparison is made of the electrical effects of carbonninand p-type in situ doped
polycrystalline Sj_,C, and Sjg, (G& 1C, layers. Values of resistivity as a function of
temperature, effective carrier concentration and Hall mobility are reported. rHigpe
polycrystalline Sj_,C, and Shg, ,Ge14Cy films show dramatic increases in resistivity with
carbon content, rising from 0.044cm to 4502 cm (0 and 0.8% ¢and 0.01Q2 cm to 2.4Q.cm (0

and 0.6% @, respectively. In contrast, the increase in B-doped films is much less severe, rising from
0.001Qcm to 0.939Qcm (0 and 7.9% ¢ and 0.003(2cm to 0.015Q cm (0 and 4% @ for the
Sih_yC, and Sj g, ,G& 1C, 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 Si_,C, and Sj g, ,G&, 1£C, layers, but linearly in th@-type Si _,C,

layers. The square law dependence seen imityge 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 thp-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 ip-type Spg, (G& 14Cy layers wih a C content of 4% than in
equivalent Si_,C, layers, which could be explained by a larger shift in trap energy toward the
valence band. €2001 American Institute of Physic§DOI: 10.1063/1.1343896

INTRODUCTION Polycrystalline Si_,_,GgC, and Sj_,C, layers are of
interest because they offer the possibility of an additional
For many years, polycrystalline silicon has been a majodegree of freedom in band gap engineering not offered by
contributor to the success of silicon integrated circuit tech-Si,_,Ge, alone. A possible application for polycrystalline
nology in applications such as gates for MOS transiSiansl Sih_x-yGgC, and Si_,C, layers would be as wide band
as polycrystalline emitters for bipolar transistérslore re-  gap emitters for bipolar transistors. Ebetlal!? have exam-
cently, considerable interest has been shown in polycrystained the effects of carbon incorporation in single crystal Si
line SiGe fim$~’ because of their increased dopantand SiGe layers using photoluminescen®.) measure-
activatiorf*° and lower thermal growth budget. In MOS ments on Si_,C, and Si_,_,GeC, quantum well struc-
transistors, polycrystalline SiGe gates could be used to reures. From an extrapolation of the PL results, it was found
duce gate depletion and to tailor the work function by vary-that for small C concentrations<(7%) the band gap in the
ing the Ge content, allowing more freedom in the setting ofSi; _, _,Ge,C, layer was increased by 24 meV/% C, whereas
threshold voltages. Furthermore, these films can be realizeghe band gap in the §i,C, layers was reduced by 65 meV/
using a process that is fully compatible with existing silicon-9 C. Amouret al*® examined the effect of carbon on both
based technologies. The effects of adding germanium tanstrained and strainedSi,_,Ge,C, single crystal layers
polycrystalline silicon films differ depending on the type of and found very different behaviors. In strained pseudomor-
dopant used. Ip-type polycrystalline SiGe, the resistivity phic layers, the band gap was found to increase by approxi-
decreases with increasing Ge content, which has been attrimately 24 meV/% C, in agreement with Ebetlal,, whereas
uted to increases in both hole mobility and dopant activatiorfor the unstrained layers, the band gap actually reduced by
with increasing Ge incorporatioht! In contrast, it has been 10-20 meV/% C for small C concentrations.
showr? that for n-type films containing less than 25% Ge, Although there is a large body of work on single-crystal
the Hall mobility increases, but the effective carrier concen-Si;_,C, and Sj_,_,GgC, films, little research has been
tration steadily decreases, with increasing Ge content. Thpublished on the properties of polycrystalline films. In a pre-
net effect is a slight decrease in the resistivity at low Gevious paper:* preliminary results of resistivity, Hall mobility
concentrations. For layers with Ge concentrations abovend effective carrier concentration measurements on poly-
25%, a large drop in phosphorus activation combined with arystalline Sis, ,Ge, 14C, films were reported for the first
drop in the Hall mobility is observet?® causing a large in- time. In this paper a comparison is made of the electrical
crease in resistivity. This was attributed to increased phosproperties of polycrystalline $i,C, and Sjg, ,Gey14Cy
phorus segregation to the grain boundaries with increasintpayers as a function of carbon content. Measurements of re-
Ge content. sistivity, Hall mobility and effective carrier concentration on
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n- and p-type layers are complemented by measurements of 103

the temperature dependence of the resistivity. From these Tty Siry Gy | o oo
measurements, the grain boundary energy barriers of the lay- G gg:j{g} gggg 12mCe
ers are extracted, as a function of C content, and used to g
explain the role of carbon on the measured electrical proper- \é’/
ties. 2 n-type Siy g, Gey 15C, .
:‘% - Y p-type Si, ,C,
i -
EXPERIMENT . __eptype Siyg, Gey C,
In situ doped p- and n-type amorphous $i,C, and . , ‘
Sipg2 yG&14Cy layers were deposited by low pressure 4 6 8 10

chemical vapor deposit_iq(LPCVD) at 500°C or 540°C C content (%)

on oxide covered,100 silicon wafers. The deposition gases

were S§H6u Gel—h and SiCl‘é for the Si, Ge and C sources, FIG. 1. Graph of layer resistivity versus carbon content for mheand
respectively. Thein situ dopant was introduced during PPe polycrystaline Si.,Cy and Spg,,Gey1lCy layers.

growth using PH or B,Hg gases for then- and p-type
sources, respectively. In all cases, the growth pressure was

maintained at 4 Torr and the growth time adjusted to giveELECTRlCAL RESULTS

film thicknesses of approximately 04m. Following depo- The resistivities of then- and p-type polycrystalline
sition, the layers were capped with 200 nm of deposited 0XSj;_,C, and S g, ,Gey14C, films, as a function of carbon
ide and then annealed at 1000 °C for 30 s. This anneal cortontent, are shown in Fig. 1. For timetype Si_,C, films,
verts the amorphous films into a polycrystalline material ancthere is a dramatic increase in resistivity with C content,
activates the dopant introduced during growth. The oxide cagom a value of 0.044)cm with no carbon added, to 450
was then removed and van der Pauw structures defined f@j cm for a C concentration of 0.8%. Not shown in Fig. 1 is
Hall measurements. The resistivity, Hall mobility and effec-the n-type layer grown wit a C concentration of 1.8%, since
tive carrier concentration were measured using the van dehe layer was too highly resistive to obtain an experimental
Pauw structures with an applled magnetic field of 0.2 T. Invalue. Thep_type Silfycy films show a much less severe
addition, the temperature dependence of the resistivity wagcrease in resistivity with carbon content, with resistivity
also measured in the range 300 K to 475 K, giving anvalues of 0.0012 cm and 0.939) cm for the 0% and 7.9%
Arrhenius plot whose slope is equivalent to the activationC concentrations, respectively. A similar trend is also ob-
energy of the resistivity. From this activation energy, theserved in the polycrystalline §io-,Gey 16Cy layers, though
grain boundary energy barrier can be calculated using Eahe increase in resistivity of the-type Shgz-yGey 16Cy lay-
(1), whereW is given by 1.5¢10" /K and accounts for the ers is lower than that for their Si,C, counterparts. Also
shift in the Fermi level with temperaturé: shown in Fig. 1 are resistivity values of polycrystalline Si
_ and SiGe(without carbon taken from the literature. The
Ea=Ep(1+¥T). @) layers of Tsakt al® and Salmet al'! were doped using high
Uniform doping profiles were achieved for alk and dose P (B™) ion implantation and annealed at(3ph at
p-type layers, as measured by secondary-ion-mass spectrd®0 °C and 3(5) min at 950 °C, respectively. In spite of the
copy (SIMS) analysis, and remained largely unaffected bywidely different processing schedules, the values of resistiv-
methylsilane flow rate. Average doping concentrations in thaty are of the same order as those in the current work. The
polycrystalline Sj_,C, layers were 1. 10 cm2 and 7  layers of Grahret al® were dopedn situ with phosphorus
% 10?° cm 3 for the phosphorus and boron doped layers, reand annealed at 1050 °C for 10 s. These processing condi-
spectively. Corresponding doping levels obtained forrihe tions are very similar to those used in the current work and
and p-type polycrystalline Sig, ,G&, 14Cy layers were 4.2 gave a resistivity value of 0.2 cm for a doping level of 3
x 10 cm™2 and 2x10?° cm 3. In addition, SIMS mea- x10*cm 3. This compares to a value of 0.04%cm for a
surements of the carbon concentrations in all of the layersioping level of 1.X10"°cm ™2 in this work. These results
showed that the profiles were uniform but that C incorporashow that the layers without carbon in this work are very
tion in both thep-type Si_,C, and Sjg, ,G& 1C, layers  similar to those reported in the literature.
was consistently higher than in timetype layers. A methyl- Figure 2 shows plots of effective carrier concentration
silane flow rate of 10 sccm resulted in a carbon concentratiomersus  carbon content for the polySjC, and
of 1.8% for phosphorus and 7.9% for boron doped polycryspolySi s, ,G&, 14Cy layers. From Fig. 2 it can be seen that
talline Si_,C, layers. Corresponding carbon concentrationsthe effective carrier concentration in thetype polySj ,C,
for the phosphorus and boron doped polycrystallinelayer decreases rapidly with C content, falling from 7.8
Sipgz-yGey1dCy layers were 1.5% and 4%, respectively. X 10'8cm™3 with no carbon added to 2.4810"¥cm™2 with
Cross-sectional transmission electron microscap¥EM) the addition of 0.28% C. No experimental value was obtain-
showed that the layers were polycrystalline at the end o#ble for then-type layers with=0.68% C due to their high
processing, with an average grain size of approximately 20@esistivity. In contrast, for th@-type layers, the effect of C
nm. incorporation is much less severe. The effective carrier con-
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FIG. 2. Graph of effective carrier concentration versus carbon content for
the n- and p-type polycrystalline Si_ ,C, and Sjg, ,Ge, 14, layers.

centration is 2.& 10°°cm 3 with no C, and falls by approxi-
mately an order of magnitude with the addition of 7.9% C. A
similar trend is also observed in the polycrystalline
Sio.g2-yG& 14Cy layers, though in this case the drop in effec-
tive carrier concentration with C content in tpetype layers
is less severe for the &3, ,G&) 14C, layers than for their
Si;_C, counterparts. Furthermore, the rate of decrease in
the effective carrier concentration for thep-type
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FIG. 3. Graph of Hall mobility versus carbon content ey n- and p-type

Sios2-yG&1Cy layers is significantly different for C con- polycrystalline polySi_,C, layers and(b) n- and p-type polycrystalline
tents above and below 0.9%, suggesting that differen$io.sz-yGe.1Cy layers.

mechanisms may be influencing the effective carrier concen-
tration at low and high C concentrations.

Figures 3a) and 3b) show plots of the Hall mobility for
the polySi_,C, and polySig, ,Ge,14Cy layers, respec-
tively. From Fig. 3a), it can be seen that the Hall mobility in
the n-type layers dramatically decreases with C content,
dropping from a value of 18 cffV's with no carbon, to a
value of 3 cn¥/V's with 0.3% C. In contrast, for thp-type
layers, the Hall mobility drops much more slowly with C
content. The decrease is relatively rapid up<t4.5% C and
then slower for higher C concentrations. The
polySi g, Gy 14Cy layers presented in Fig.(l9 show a
similar trend, though the rate of decrease in the mobility with
C content is lower for the p-type polycrystalline
Sip.g2yG& 14Cy layers than for their poly$i,C, counter-
parts. In the Sig, ,G& 14Cy layers, the mobility drops from
10 cnf/V s with no C, to 3.5cfV s with 4% C, compared
with 18 cnf/V's to 0.5cnf/V's for the Sj_,C, layers con-
taining 0 and 7.8% C.

Figures 4a) and 4b) show plots of the log of the nor-
malized sheet resistance versukTLfor the n- and p-type
polycrystalline Sj_,C, layers, respectively, for different C
contents. For the-type layers, it can be seen that the addi-
tion of C causes a significant increase in the activation en-
ergy E5, from a value of 46 meV with no carbon, to 390
meV with the addition of 0.78% C. In contrast, for thetype
layers, the increase in activation enefgywith C content is
much smaller, even though the C content is significantly

larger. The activation energy rises from a value of 16 meV
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IG. 4. Logarithm of the normalized sheet resistance verski§ fdr (a)

with 2.2% C to 75 meV with 7.9% C. The activation energy n_type polycrystalline polySi ,C, layers and(b) p-type polycrystalline

for the p-type layer containing no carbon could not be ex-polysi,_,C, layers.
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In polycrystalline silicon, defects at the grain boundaries
introduce trapping centers into the energy gap, immobilizing
the free carriers from substitutional dopant atoms and caus-
ing the defects to become electrically chardédhis gives
rise to a potential energy barrier that impedes the flow of
carriers from one crystallite to another, thus limiting conduc-
tion. Similar behavior is exhibited bg- and p-type poly-
crystalline silicon layers indicating that either type of major-

0.2 4 o Slobe = 14meV ity carrier can be trapped at the grain boundaries, and that the
0.0 ‘ ‘ , grain boundary traps are located near the middle of the en-
20 25 30 35 40 ergy gap. Seag¥thas reported that the dominant trap energy
1T (eV™) level in polycrystalline silicon is located slightly below mid-
gap at an energy level of approximat&y—0.62 eV. This is
020 (b) close to the energy level reported for the silicon dangling

0.15 1 p-type Sio_sz-yGeo.1scy

0.00

Slope = 5meV

i

y

FIG. 5. Logarithm of the normalized sheet resistance verski$ fdr (a)
n-type polycrystalline Sjs, ,G& 14C, layers andb) p-type polycrystalline

Sip.g2-yG&y1Cy layers.

tracted because the grain boundary energy barrier was tog
small, indicating that conduction is not thermally activated
and is limited by some other mechanism such as ionized
impurity scattering.

Figures %a) and §b) show plots of the log of the nor-
malized sheet resistance versukTLfor the n- and p-type
polySi s> yG& 16Cy layers, respectively. For thetype lay-
ers, a similar trend is observed to that found in the
polySi ,C, layers, with the activation energy rising from
14 meV with no C added, to 114 meV with 0.62% C. For the
p-type layers, the activation energy could only be extracte
for the layer containing the highest C conté#%o), indicat-
ing that conduction in the other layers was not thermally
activated and hence not limited by the grain boundary energ
barrier. Even at this high C content, the extracted activatio
energy is only 5 meV, compared to a value of 45 meV for,
the polySj_,C, layer with a similar C content and a factor

25 30 35 40
1/KT (eV™)

of 3.3 higher doping level.

DISCUSSION

n

bond which is located @ .—0.65 eV1° At high dopant con-
centrations, the grain boundary traps become fully occupied,
allowing any additional free carriers to form a neutral region
within the crystallite, reducing the depletion regions at the
grain boundaries and lowering the potential bartié’For a
highly doped layer, where a depletion region exists within
the grain and the grain boundary trap energy level is fixed
(close to the middle of the band gagphe grain boundary
energy barrieEg is given by’

q°N%

B~ BeN ' (2

whereN7 is the grain boundary trap densityjs the relativ-

ity permittivity of the layer N is the dopant level and is the
charge on an electron.

Although the grain boundary barriers are similar for
andp-type polycrystalline silicon layers, dopant segregation
an lead to differences in electrical behavior. Mandurah
et al?* have shown that As and P segregate to grain bound-
aries whereas B does not. This can cause differences in con-
duction since segregated dopant is electrically inactive and
hence cannot reduce the grain boundary energy barrier.
Other mechanisms that could influence the resistivity of the
layers are silicon carbide precipitation and substitutional car-
bon in the grains. Silicon carbide precipitation in single crys-

éal SiyC, is a well known phenomenon but in order to

explain the resistivity results in this work, the precipitation
would have to be considerably worse in the low C content
n-type layers than in the high C contegmitype layers. This
5 highly unlikely. The effects of substitutional carbon would
be expected to influence the mobility through alloy scatter-
ing. However, this effect should be small and would again be
expected to be worse in the high C contprtype layers than
in the low C contenn-type layers.

To gain further insight into the mechanism controlling
the resistivity, the measured grain boundary energy barrier
versus carbon content at 300 K for theype polycrystalline

The above results indicate that the effect of carbon orBi, ,C, and Sj g, G& 1£Cy layers has been plotted in Fig.

6(a). From Fig. Ga) it can be seen that the grain boundary
Sio2s-yG&14Cy layers is significantly different im- and  energy barriers in the polycrystalline;SiC, are larger, for
p-type layers. Im-type (P doped layers, the resistivity dra- a given C content, than in their polycrystalline
matically increases with C concentration, whereap-type  Siyg, ,G&14C, counterparts. A possible explanation for this
(B doped layers the increase in resistivity is much smaller.difference could be differences in doping leyste Eq(2)],

To give insight into this behavior, the model for conductionsince the average doping levels in the; §C, and

in polycrystalline Si will first be considered. Sipso@1Cy layers were 1.210%cm™3 and 4.2

the electrical properties of the polycrystalline; §iC, and
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FIG. 7. Plot of the grain boundary energy barrier versus C content for the
p-type polycrystalline polySi ,C, layers.

tivity in the high C contentp-type layers is different than
that in the low C content-type layers. No experimental data
are available fop-type Si_,C, layers at low C contents
(=1%). However, it is possible to replot thetype Si ,C,
data corrected to a doping level ok7.0?°cm 3, equivalent
' ‘ ‘ to that found in the-type layers. This is shown in Fig. 8 and
0.0 0.2 0.4 0.6 0.8 g~ .
Carbon Content (%) indicates that the data for the low C contertype layers lie
close to the line for the high C contepttype layers. This
FIG. 6. (a) Plot of the grain boundary energy barrig vs C content for the  result suggests that low C contepttype polycrystalline
n-type polycrystalline polySi.,C, and polySys,-,Ge.1dCy layers.(b) Plot — sj, _ C, layers might behave in a similar way to the low C
of \/E_B vs C content for then-type polySi_,C, layers. contentn-type Iayers.
The behavior op-type Si_,C, layers at higher C con-
tents cannot be explained solely by an increase in the grain

x 10" cm 3, respectively. To investigate whether this is the Poundary trap densityNy) with C content, as shown in Fig.
case, Eq(2) was used to correct the measured polycrystal-s- The predicted curve represents t.he grain bount;iary energy
line Si_,C, energy barriers to a doping level of 4.2 barrier t_hat ha}s b(_aen caIcu!ated using &, assuming that
X 10°cm 3, equivalent to that found in the polycrystalline the_barner height is deten_’mned solely By . The predicted .
Sip.s2yGey16Cy layers. The results of this correction are alsograin bo.undar'y trap density was calculated by. extrapolating
shown in Fig. 6a) as the dashed line, where it can be seerthe relationship betwee!NT and C content, pbtamed for. the
that the corrected data coincide very well with the measuref-tyPe layers, to the higher C concentrations found in the
data for the polySig; ,Ge.1C, layers. This result shows p-type layers. While agreement with theory is reasonable for
that the different values of grain boundary energy barrier in
n-type polycrystalline Si \C, and Shg, ,G&14Cy layers
are entirely attributable to differences in doping level. Fur- 0.4
thermore, it can be inferred from this result that Ge in the
n-type Spg, ,G& 14Cy layers has a negligible effect on the
resistivity for C contents up to 0.6%. Figurébd shows a
graph of the square root of the grain boundary energy barrier
as a function of C content. The data fall on a reasonably
good straight line, indicating that the energy barrier varies as
the square of the carbon content. This square law dependence
is fully consistent with Eq(2) and suggests that at low C -
concentrations up to 0.8%, the carbon is increasing the trap / ////
densityN at the grain boundaries. 00 - . . .
Figure 7 shows a plot of the measured grain boundary ’ 0 2 4 6 8 10
energy barrier versus C content at 300 K for theype Carbon Content (%) '
polySi_,C, layers. The relationship between the grain
boundary energy barrieEg and C content for the-type FIG. 8 Comparison betweer_l the predicted ar_ld meadtigefdr the p-type
layers can be reasonably approximated by a linear fit. Thi olysll,yg, layers. The pre_dlctet_i energy barriers were calculated using the
contrasts with the square law fit found in theype Sil_fycy rap density/C content relationship in thetype layers. In the calculations it

] ) i _is assumed that the energy barrier is solely determined by the grain bound-
layers, suggesting that the mechanism controlling the resisuy trap density.
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FIG. 9. Schematic diagram of the energy bands in
p-type polyS{_,C, showing how the shift inEg

—Eq, relative to the polycrystalline Si case, reduces
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layers. Shift would increase EB in n-type

1l g

|
W

!
1
i

Y

Eg,

C contents up to 1%, at higher C contents there is a largerease in energy barrier associated with the increadérin
discrepancy between the predicted and measured data. Thdse to C. This would explain the large difference between
result clearly shows that Eq@2) is not valid for C concen- the predicted and measured grain boundary energy barriers
trations above 1%. seen for thep-type polycrystalline Si_,C, layers in Fig. 8.
Equation(2) assumes that the grain boundary trap en-In contrast, it can be expected that fottype layers with
ergy is not influenced by the carbon content. However, therdigh C contents, the shift ikE; would increase the energy
is some evidence in the literature to suggest that the traparrier and therefore add to the increase associated with the
energy in polycrystalline materials can shift at high impurity increased trap density.
contents. Several authors have shown that the addition of An extension to the simple carrier trapping model has
=25% Ge to polycrystalline $i,Ge, layers causes a sig- been proposed by Baccaragtial > which takes into account
nificant increase in resistivity afi-type layers, and a corre- the effects of the movement of the trap energy lezelon
sponding decrease jmrtype layers’ ! In polycrystalline Si,  the grain boundary energy barrier. If the effect of increasing
the dominant trap energy is close to the middle of the bandhe density of the trapsN;) per unit area, located at a dis-
gap, so that the effects of the carrier trapping are similar ircrete energy levelE is considered, the equation describing
both n- and p-type layers. In polycrystalline Ge, the domi- the grain boundary energy barrier becomes:
nant trap energy is close to the valence band, so that grain

boundary energy barriers only appeamnitype materiaf? It 1 gN N
is therefore believed: that the addition of Ge to form poly- Es~5Eg—Er+kTIn T | 3)
crystalline Sj_,Ge, causes a progressive shift in the domi- Nyv2eEg

nant trap energy toward the valence band. At high Ge con-
centrations x=0.25) the shift in trap energy results in a which can be solved iteratively for a givévy, E; andN.
lowering of the potential barrier fop-type layers and an For thep-type layers in this work, the grain boundary energy
increase fon-type, thereby explaining the corresponding de-barrier Ez and the effective carrier concentratidsh have
crease and increase in the resistivities of the layers. been measured. In addition, values for the grain boundary
Londo<® showed, by deep level transient spectroscopytrap densityN; can be obtained for the higher C contents by
that interstitial carbon introduces a deep level donor defecextrapolating the data for the low C contemtype layers.
into the band gapH, +0.28 eV} of single-crystal silicon. It Equation(3) can then be used to calculate valueEgfas a
is therefore possible that carbon trapped at grain boundaridanction of C content for th@-type layers, as shown in Fig.
in polycrystalline Sj_,C, could introduce such a defect in 10. The band gap of silicorfz=1.12eV) was used in the
the energy gap. If this was the case, as more carbon waslculations because of the uncertainty in the amount of sub-
added, the number of traps located at or néar-0.28eV  stitutional carbon within the grains of the;S|C, samples.
would increase and begin to influence the dominant trap erA large shift in trap energy is predicted from0.5eV for
ergy in the grain boundary, shifting it toward the valencepolycrystalline silicot®to 0.41 eV for 2% C and 0.38 eV for
band. Figure 9 schematically illustrates the effect of the trafy.9% C. These results suggest that the effect of C on the
energy on the grain boundary energy barriepitype mate-  resistivity of thep-type polySj ,C, layers can be explained
rial. As the trap energy shifts from mid-gdpig. 9a)] to-  if high concentrations of carbon affect not only the grain
ward the valence baridFig. 9b)], the grain boundary energy boundary trap density, but also shift the trap energy level
barrier is reduced, thereby partially compensating the intoward the valence band.
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0.6 in the carbon content is the effectiveness of phosphine at
. Mdgap blocking surface sites for silane chemisorption, thus inhibit-
77777777777777 ing growth?>2®|n contrast, diborane does not block the sur-
R I — ;"WS"‘CZ"J“‘CPFEG;G' '°°a‘1€;8?‘ fg‘o-ﬁzev face sites, and thus allows easier chemisorption of, Siftl
o casured by G, Seager 1981 (161 better growth rates. Since the chemisorption of S
3 04| likely to be similar to that of silane, the reduced number of
o .\’T’"\. available surface sites could lead to a reduction in the
W \ . . .
o amount of carbon incorporated into the layer. Further work is
= 0.3 - \ required to investigate the growth kinetics for the deposition
s_rteyi'gtgslngej:‘:é%fgygf of n- andp-type Si _,C, and S{_,_,GeC, layers.
0.2 . . . .
0 ’ 4 6 8 10 CONCLUSIONS
Carbon Content (%) A study has been made of the role of carbon on the

FIG. 10. Graph of grain boundary trap eneiy versus carbon content for electrical properties ai- andp-type pOchryStaHme SLVCV

the p-type polycrystalline Si ,C, layers, showing how the trap energy and 86-82*VGQ)-18CY Iayers for C Content$ in the range of
level shifts away from the grain boundary Fermi level toward the valence0%—8%. Phosphorus and boron doping levels of 1.2

band. x 10¥%cm 2 and 7x 10?°°cm™3 were achieved for tha- and
p-type Si_,C, layers, respectively, and remained largely
unaffected by carbon content. Corresponding doping levels
For thep-type polycrystalline Sig,-yG& 1,Cy layers, a in the Sjg, ,Gey14C, layers were &109cm™3 and 2
grain boundary energy barrier of 3.5 meV was obtained forx 10?°cm™3,
the layer containing 4% C. This is over a factor of 9 lower Electrical measurements have shown that fetype
than the corresponding energy barrier for the polycrystallingyolycrystalline Si—,Cy and Shg, ,Gey1.C, layers, the ad-
Si—yCy layer with a similar C content. This discrepancy dition of a small amount of carbon<(0.9%) causes a severe
cannot be explained by a difference in doping level becausgicrease in resistivity. This is accompanied by a correspond-
the boron concentration in the polycrystalline ing drop in effective carrier concentration and Hall mobility.
Sip.765e.18C0.04 layer was a factor of 3.5 lower than its |n contrast, fop-type layers, the effect of C on the resistiv-
Sip.96LC0.038 counterpart. A correction for this difference ity is much less dramatic. Measurements of the grain bound-
would make the discrepancy even bigger. This result thereary energy barrier for n-type polySi_,C, and
fore indicates that the incorporation of 18% Ge in the hlgh Cpo|y5i0_827yGQ)_18Cy |ayers, extracted from the temperature
contentp-type layers is counteracting the effects of carbon independence of the resistivity, have shown that there is a
some way. In contrast, the incorporation of 18% Ge into thesquare law dependence on carbon content for C contents up
low C contentn-type layers has no significant effect. to 0.9%. This result is explained by an increase in the density
The result shown in Fig. 10 for the-type polycrystal-  of traps at the grain boundaries due to the presence of car-
line Sk 765€.16C0.04 1ayer indicates that there is a larger shift bon. In contrast, the grain boundary energy barriers in the
in the grain boundary trap energy level toward the valence-type polySj_,C, layers exhibit a linear dependence on
band than in the-type Si_,C, layer with a similar C con-  carbon content for C contents between 2% and 8%, indicat-
tent. This could explain the lower values of grain boundarying some other mechanism is involved. This result has been
energy barrier obtained for the ($iGey 14Co.04 layer since  been explained by a shift in the dominant trap energy level
the larger shift in trap energy level toward the valence bandoward the valence band at high C concentrationg-tgpe
would further compensate the effects of the increasing graimayers, this shift reduces the energy barrier, therefore com-
boundary trap density with C content. Additional mecha-pensating the effect of the increasing grain boundary trap
nisms that could also partially account for the reduced graijensity. Inn-type layers, the shift in the trap energy at high
boundary energy barrier in the-type Spr¢Gey 16 o.041aY€r  C concentrations would cause a corresponding increase in
are increased boron activation and larger grain size with inthe grain boundary energy barrier, adding to the increase
creasing Ge content. However, this hypothesis is based ogssociated with the increased trap density.
very limited experimental data and so further work is re-  Finally, it has been shown that a much lower value of
quired to study the effects of Ge content on the behavior ofyrain boundary energy barrier is obtained for patype
p- andn-type polycrystalline Si ,-,Ge.C, layers. Sio.765€.16C0.04 COMpared to a $i.,C, layer with a similar
Finally, it should be noted that although the methylsilaneC content. Results show that a larger shift in the grain
flow rates were kept constant to allow direct comparisonoundary trap energy level toward the valence band is pre-
between successive growth runs, SIMS analysis has showdicted with the inclusion of 18% Ge. This increased shift in
that the carbon incorporation in tietype layers was con- trap energy level would give additional compensation to the
sistently higher than in thein-type counterparts. Maximum effects of increased grain boundary trap density with C con-
carbon contents of 7.9% and 4% were obtained for theent, thereby explaining the lower grain boundary energy
p-type polySi_,C, and polySi s> Gey 1Cy layers, respec-  parrier.
tively, while the corresponding contents obtained for the

n-type layers, for the Same methyls”_ane gas flow, were only:t yamamoto, K. Uwasawa, and T. Mogamu, IEEE Trans. Electron De-
1.8% and 1.5%. A possible explanation for these differences vices46, 921 (1999.
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