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Electrical properties of in situ phosphorus- and boron-doped
polycrystalline SiGeC films

I. M. Anteney,a) G. J. Parker, P. Ashburn, and H. A. Kemhadjian
Department of Electronics and Computer Science, University of Southampton, Southampton, SO17 1BJ,
United Kingdom

~Received 15 February 2000; accepted for publication 30 May 2000!

The sheet resistance, effective carrier concentration, and Hall mobility ofin situ boron- and
phosphorus-doped polycrystalline Si0.822yGe0.18Cy films are presented for carbon contents between
0% and 4%. Phosphorus and boron doping levels of 431019 and 231020cm23 were achieved for
the n- and p-type layers, respectively, and remained largely unaffected by carbon content. The
phosphorus-doped films showed a dramatic increase in sheet resistivity and a corresponding drop in
effective carrier concentration and Hall mobility. In contrast, the boron-doped films showed only a
minor increase in resistivity. This is attributed to interstitial carbon increasing the defect density and
also shifting the defect energy levels at the grain boundaries towards the valence band. This causes
an increase in the grain-boundary energy barrier inn-type layers, but leaves thep-type layers
largely unaffected. ©2000 American Institute of Physics.@S0003-6951~00!01730-7#
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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 metal–oxid
semiconductor~MOS! transistors,1 polycrystalline emitters
for bipolar transistors,2 and thin-film transistors for flat-pane
displays.3 More recently, considerable interest has be
shown in polycrystalline SiGe films4–7 because of lower
growth temperatures, increased dopant activation, and
ability to tailor the MOS work function by adjusting the G
concentration. Different electrical properties have been
ported for n- and p-type polycrystalline SiGe layers. In
p-type polycrystalline SiGe, the resistivity decreases w
increasing Ge content, which has been attributed to incre
in both hole mobility and dopant activation with increasi
Ge incorporation.8,9 In contrast, Banget al.8 have shown that
for n-type films containing less than 25% Ge, the Hall m
bility increases, but the effective carrier concentrati
steadily decreases, with increasing Ge content. The net e
is a slight decrease in the resistivity at low-Ge concen
tions. For layers with Ge concentrations above 25%, a la
drop in phosphorus activation combined with a drop in
Hall mobility is observed,5,8 causing a large increase in re
sistivity. This was attributed to increased phosphorus se
gation to the grain boundaries with increasing Ge conten

Considerable interest has been shown in single-cry
SiGeC for applications in heterojunction bipol
transistors.10 Polycrystalline SiGeC is also of interest b
cause it offers the prospect of increased band gaps,11 and
hence, would give an additional degree of freedom for ba
gap engineering. Although there is a large body of work
single-crystal SiGeC films, little has been published on
properties of polycrystalline SiGeC films. In this letter w
therefore, report the electrical properties of polycrystall
SiGeC layers as a function of carbon content.

In situ dopedp- andn-type amorphous Si0.822yGe0.18Cy

layers were deposited by chemical-vapor deposition at

a!Electronic mail: ima96r@ecs.soton.ac.uk
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or 540 °C on oxide-covered~100! silicon wafers. The depo-
sition gases were Si2H6, GeH4, and SiCH6 for the Si, Ge, and
C sources, respectively. Thein situ dopant was introduced
during growth using PH3 or B2H6 gases for then- andp-type
sources, respectively. In all cases, the growth pressure
maintained at 4 Torr. Following deposition, the layers we
capped with 200 nm of deposited oxide and then anneale
1000 °C for 30 s. This anneal converts the amorpho
Si0.822yGe0.18Cy into a polycrystalline material and activate
the dopant introduced during growth. The oxide cap w
then removed and the van der Pauw structures defined
Hall measurements.

Secondary ion mass spectroscopy analysis showed
for both then- and p-type layers, the doping profiles wer
approximately uniform, and largely unaffected by th
methyl–silane flow rate. Average concentrations achie
were 4.231019 and 231020cm23 for the phosphorus- and
boron-doped layers, respectively. In addition, it was a
found that the carbon concentrations in the layers were
form but consistently higher in thep-type samples. Methyl-
silane flows of 0–10 sccm resulted in carbon concentrati
ranging from 0% to 1.5% for phosphorus and 0% to 4%
boron-doped layers. In addition, cross-sectional transmis
electron microscopy showed that the layers were polycr
talline, with an average grain size of approximately 200 n

The resistivities of then- andp-type films as a function
of C content are shown in Fig. 1, where it can be seen
the effect of C on the two films is significantly different. Th
n-type sample exhibits a dramatic increase in resistivity w
C concentration, rising from a value of 10 mV cm with no
carbon, to 2.4V cm for 0.6% C. Further increase in the
content to 1.5% resulted in a layer that was highly resisti
even though it was highly doped. In contrast, thep-type
sample shows only a moderate increase in resistivity, fr
2.6 mV cm with no carbon to 14.7 mV cm for 4% C. Values
of polycrystalline SiGe resistivity taken from the literatu
are also shown in Fig. 1, and indicate that the resistivit
© 2000 American Institute of Physics
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achieved for the layers containing no carbon are compar
to those reported.4,12,13

Figure 2 shows the effective carrier concentration a
function of carbon content. For thep-type samples, the ef
fective carrier concentration decreases slowly with carb
content, dropping from 2.331020cm23 for zero carbon to
1.1931020cm23 for 4% C. In contrast, then-type samples
exhibit a much larger reduction in carrier concentration, fa
ing from 2.8931019cm23 for no carbon to 7.36
31018cm23 for a layer containing 0.5% C. No meaningf
value was obtainable for the layer containing 0.6% C.

Figure 3 shows plots of the Hall mobility in then- and
p-type samples as a function of C content. For then-type
samples, the addition of carbon causes a dramatic decrea
electron mobility from a value of 21 cm2/V s with no carbon
added to just above 2 cm2/V s for the layer containing 0.5%
carbon. Once again, the effect of C on thep-type mobility is
much less severe, decreasing from 10 cm2/V s for no carbon
to 3.4 cm2/V s for 4% C.

The above results indicate that the effect of carbon
the electrical properties of polycrystalline SiGe layers is s
nificantly different inn- and p-type layers. In P-doped lay
ers, the resistivity dramatically increases with C concen
tion, whereas in B-doped layers the increase in resistivit
much smaller. To give insight into this behavior, models

FIG. 1. Graph of layer resistivity vs carbon content for then- and p-type
polycrystalline Si0.822yGe0.18Cy layers.

FIG. 2. Graph of effective carrier concentration vs carbon content for thn-
andp-type polycrystalline Si0.822yGe0.18Cy layers.
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conduction in polycrystalline Si and SiGe must first be co
sidered.

In polycrystalline silicon, defects at the grain boundar
introduce trapping centers located at energy levels near
middle of the energy gap. These traps immobilize free ca
ers from substitutional dopant atoms causing the defect
become electrically charged. This gives rise to a poten
energy barrier that impedes the flow of carriers from o
crystallite to another, thus limiting conduction. Since the d
fects are located around the middle of the energy gap,
effects are similar for bothn- and p-type dopants. At high
dopant concentrations, the traps become fully occupied,
lowing 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.14,15 Al-
though the grain-boundary barriers are similar forn- and
p-type layers, dopant segregation can result in difference
electrical behavior. Mandurah, Saraswat, and Helms16 have
shown that As and P segregate to grain boundaries whe
B does not. This can result in differences in conduction sin
segregated dopant is electrically inactive, and hence, ca
reduce the grain-boundary energy barrier.

In polycrystalline SiGe, the electrical behavior is diffe
ent in n- and p-type materials because the addition of G
causes the trap energy levels at the grain boundaries to m
towards the valence band. Forn-type layers, this shift in
energy levels results in an increase in the potential-ene
barrier at the grain boundary, thus reducing the mobi
within the layer for Ge concentrations above 35%.9,12 In ad-
dition, Banget al. have reported a decrease in the effect
carrier concentration with increasing Ge content, sugges
that Ge could also give increased phosphorus segregatio
boron-doped layers, the shift in trap energy levels towa
the valence band reduces the energy barrier, and sinc
does not segregate to the grain boundaries, the addition o
to the polycrystalline layer increases both mobility and
fective carrier concentration.9,12,17

The results obtained in this work could, therefore,
explained by the influence of C on the trap density and
ergy barrier at the grain boundaries. Londos18 has shown that
interstitial C introduces a deep-level donor trap into the ba
gap of single-crystal silicon at an energy ofEv10.28 eV. It
is, therefore, likely that the presence of carbon at gr
boundaries in polycrystalline SiGeC would give rise to

FIG. 3. Graph of Hall mobility vs carbon content for then- and p-type
polycrystalline Si0.822yGe0.18Cy layers.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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increased trap density and a shift in trap energy towards
valence band. This shift in the trap energy level would le
to an increase in the energy barrier forn-type layers and a
decrease forp type.

In summary, forn-type SiGeC layers, the increase
energy barrier would be expected to combine with the
crease in grain-boundary trap density to give a dramatic
crease in resistivity. This problem is further compounded
the tendency of phosphorus to segregate to the grain bo
aries, leaving less electrically active dopant to compens
these additional traps. In contrast, forp-type SiGeC layers,
the increase in grain-boundary trap density is compens
by the decrease in the energy barrier, leading to a m
smaller increase in the resistivity.
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