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The sheet resistance, effective carrier concentration, and Hall mobilityn gitu boron- and
phosphorus-doped polycrystalling, g ,G&, 14Cy films are presented for carbon contents between

0% and 4%. Phosphorus and boron doping levelsfl8™ and 2< 10?°°cm™3 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 barrienitype layers, but leaves the-type layers

largely unaffected. €2000 American Institute of PhysidsS0003-695000)01730-7

For many years, polycrystalline silicon has been a majoor 540 °C on oxide-covered.00) silicon wafers. The depo-
contributor to the success of silicon integrated-circuit techsition gases were gilg, GeH,, and SiCH for the Si, Ge, and
nology in applications such as gates for metal-oxide-C sources, respectively. The situ dopant was introduced
semiconductoMOS) transistors, polycrystalline emitters during growth using Pklor B,Hg gases for tha- andp-type
for bipolar transistor%,and thin-film transistors for flat-panel sources, respectively. In all cases, the growth pressure was
displays® More recently, considerable interest has beenmaintained at 4 Torr. Following deposition, the layers were
shown in polycrystalline SiGe filmis’ because of lower capped with 200 nm of deposited oxide and then annealed at
growth temperatures, increased dopant activation, and thepop°C for 30 s. This anneal converts the amorphous
ability to tailor the MOS work function by adjusting the Ge Sipg2yGe.14C, into a polycrystalline material and activates
concentration. Different electrical properties have been reg,q dopant introduced during growth. The oxide cap was

ported for n- and p-type polycrystalline SiGe layers. In han removed and the van der Pauw structures defined for
p-type polycrystalline SiGe, the resistivity decreases WIthHa” measurements.

increasing Ge content, which has been attributed to increases
in both hole mobility and dopant activation with increasing
Ge incorporatior?:® In contrast, Bangt al® have shown that

Secondary ion mass spectroscopy analysis showed that
for both then- and p-type layers, the doping profiles were
approximately uniform, and largely unaffected by the

for n-type films containing less than 25% Ge, the Hall mo_methyl silane flow rate. Average concentrations achieved
bility increases, but the effective carrier concentration - '
Y ere 4.2 10" and 2<10?°cm ™2 for the phosphorus- and

steadily decreases, with increasing Ge content. The net effely

is a slight decrease in the resistivity at low-Ge concentra—boron'dope(j layers, respectively. In addition, it was also

tions. For layers with Ge concentrations above 25%, a largEPund that the carbon concentrations in the layers were uni-
drop in phosphorus activation combined with a drop in theform but consistently higher in thp-type samples. Methyl-
Hall mobility is observed;® causing a large increase in re- silane flows of 0—10 sccm resulted in carbon concentrations
sistivity. This was attributed to increased phosphorus segréanging from 0% to 1.5% for phosphorus and 0% to 4% for
gation to the grain boundaries with increasing Ge content. boron-doped layers. In addition, cross-sectional transmission

Considerable interest has been shown in single-crystadlectron microscopy showed that the layers were polycrys-
SiGeC for applications in heterojunction bipolar talline, with an average grain size of approximately 200 nm.
transistors? Polycrystalline SiGeC is also of interest be- The resistivities of the- and p-type films as a function
cause it offers the prospect of increased band ghpsid  of C content are shown in Fig. 1, where it can be seen that
hence, would give an additional degree of freedom for bandthe effect of C on the two films is significantly different. The
gap engineering. Although there is a large body of work om-type sample exhibits a dramatic increase in resistivity with
single-crystal SiGeC films, little has been published on theC concentration, rising from a value of 10(htm with no
properties of polycrystalline SiGeC films. In this letter we, carbon, to 2.40 cm for 0.6% C. Further increase in the C
therefore, report the electrical properties of polycrystallinecontent to 1.5% resulted in a layer that was highly resistive,
SiGeC |ayerS as a function of carbon content. even though it was h|gh|y doped_ In contrast, tlheype

In situ dopedp- andn-type amorphous §k>-yG&1dCy  sample shows only a moderate increase in resistivity, from
layers were deposited by chemical-vapor deposition at 508 g ) cm with no carbon to 14.7 fdcm for 4% C. Values
of polycrystalline SiGe resistivity taken from the literature
dElectronic mail: ima96r@ecs.soton.ac.uk are also shown in Fig. 1, and indicate that the resistivities
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FIG. 1. Graph of layer resistivity vs carbon content for theandp-type  FIG. 3. Graph of Hall mobility vs carbon content for time and p-type
polycrystalline Sjg,-yGey14Cy layers. polycrystalline Sjg,—,Gey14C, layers.

achieved for the layers containing no carbon are comparabfePnduction in polycrystalline Si and SiGe must first be con-

to those reportet>3 sidered. o . .
Figure 2 shows the effective carrier concentration as a In polycrystalline silicon, defects at the grain boundaries

function of carbon content. For thetype samples, the ef- int.roduce trapping centers located at energy .I_evels near the
fective carrier concentration decreases slowly with carboﬁmddle of the energy gap. These traps |mm.ob llize free carri-
content, dropping from 2:310?%°cm 3 for zero carbon to ers from substitutional dopant atoms causing the defects to
1.19% 162°cm‘3 for 4% C. In contrast, the-type samples become electrically charged. This gives rise to a potential

exhibit a much larger reduction in carrier concentration, fall_enet[gyl/l_tbziltrrler t?r?t 'Tﬁedﬁs _:_he ﬂOWdOf tf’a”'gfs frotrr]: (()jne
ing from 2.89<10°cm 2 for no carbon to 7.36 crystallite to another, thus limiting conduction. Since the de-

x 10 cm™3 for a layer containing 0.5% C. No meaningful fects are located around the middle of the energy gap, the
. e effects are similar for botim- and p-type dopants. At high

value was obtainable for the layer containing 0.6% C. dopant concentrations, the traps become fully occupied, al-
Figure 3 shows plots of the Hall mobility in the and P ' b y pied,

p-type samples as a function of C content. For thiype lowing any additional free carriers to form a neutral region

" . within the crystallite, reducing the depletion regions at the
samples, the addition of carbon causes a dramatic decreaseglpain boundaries and lowering the potential bartef Al-
electron mobility from a value of 21 ¢V s with no carbon )

. o though the grain-boundary barriers are similar for and
added to just above 2 GV s for the layer containing 0.5% p-type layers, dopant segregation can result in differences in

carbﬁr;. Once agalnd, the Eﬁ_ECt ]?f C i%m?e mOb'I'%'S electrical behavior. Mandurah, Saraswat, and H&rhave
muc ens?j se\]:ere,o ecreasing from Orno carbon — gpown that As and P segregate to grain boundaries whereas
to 3.4cnf/Vs for 4% C. B does not. This can result in differences in conduction since

The gbove resul_ts indicate that the eff_EECt of carb_on O%egregated dopant is electrically inactive, and hence, cannot

the electrical properties of polycrystalline SiGe layers is sig+aqyce the grain-boundary energy barrier.

nificantly different inn- and p-type layers. In P-doped lay- In polycrystalline SiGe, the electrical behavior is differ-

ers, the resistivity dramatically increases with C concentragnt in n- and p-type materials because the addition of Ge

tion, whereas in B-doped layers the increase in resistivity ig.4yses the trap energy levels at the grain boundaries to move

much smaller. To give insight into this behavior, models foriqwards the valence band. Fartype layers, this shift in
energy levels results in an increase in the potential-energy
barrier at the grain boundary, thus reducing the mobility

5~102" within the layer for Ge concentrations above 3%%In ad-
p-type dition, Banget al. have reported a decrease in the effective
10 0\'\= polySiGeC R carrier concentration with increasing Ge content, suggesting
10% that Ge could also give increased phosphorus segregation. In

does not segregate to the grain boundaries, the addition of Ge

‘ boron-doped layers, the shift in trap energy levels towards
1019 % )\\ the valence band reduces the energy barrier, and since B

Effective Carrier Concentration {cm™

n-type 101

polySiGeC to the polycrystalline layer increases both mobility and ef-

1078 fective carrier concentratioht2
The results obtained in this work could, therefore, be

1078 . . .
1077 00 01 02 03 04 05 06 explained by the influence of C on the trap density and en-
0 1 2 3 4 5 ergy barrier at the grain boundaries. Lontfdsas shown that

C content (%) interstitial C introduces a deep-level donor trap into the band

gap of single-crystal silicon at an energy®Bf+0.28 eV. It

FIG. 2. Graph of effective carrier concentration vs carbon content fanthe 1S, therefore, likely that the presence of carbon at grain

and p-type polycrystalline Sig, ,Ge, 14C, layers. boundaries in Eolycr%/stalline SiGeC would give rise to an
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