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In this article, we report strong boron segregation to polycrystalline,Si Ge,C, from polysilicon

during thermal anneals in the temperature range of 800—900 °C. This effect is larger than previous
reports of segregation to single-crystal; SiGe, and increases with carbon concentration.
Segregation also occurs in polycrystalling SiC,, revealing that carbon by itself can drive the
segregatioriwithout germanium presentThis segregation is used to model the enhanced threshold
voltage stability ofp-channel metal oxide semiconductor field effect transistors with boron-doped
polycrystalline Sj_,_,GgC, gates. We also study the electrical properties of polycrystalline
Si;—x-yG&C, . For low carbon concentratiori®.4%), polycrystalline Sj_,_,Gg,C, has a similar

level of dopant activation and mobility as polycrystalling_ SiGe, ; increasing the concentration to
1.6% results in significant losses in both. Annealing the films for time scales similar to those needed
for segregation causes no degradation of the electrical properties, indicating that electrically inactive
defects are not driving the segregation. 2004 American Institute of Physics.

[DOI: 10.1063/1.1649452

I. INTRODUCTION by modeling what effect the segregation has on threshold
voltage stability.

Sih_x-yGgC, and Sj_,C, alloys are of great interest
for controlling dopant diffusion in silicon-based devices, as
well as for band-gap and strain engineering. The ability ofl- EXPERIMENTAL DETAILS
carbon to reduce boron diffusion in single-crystaj SGe All samples used in this study were grown by rapid ther-
has been exploited to make high performancemal chemical vapor deposition, using germane, methylsilane,
Si/Sh_-,GegC,/Si  heterojunction  bipolar junction and diborane as sources for germanium, carbon, and boron,
transistors-2 other potential applications include metal oxide respectively. Polycrystalline Si,_,GeC, and Sj_,C, lay-
semiconductor field effect transistdMOSFET) channels ers were grown using silane and disilane as silicon sources,
and source/drairs? respectively, at 625 °C; polysilicon was deposited using ei-

Polycrystalline Si_,_,GgC, has also been studied as a ther silane at 700 °C or disilane at 625°C. Previous work
gate electrode forp-channel MOSFETs. Conventional shows that for single-crystal Si,_,GeC, and Sj_,C,
p-channel MOSFETs with heavily boron-doped polysilicon films grown under similar conditions as those used for this
gates can suffer from threshold voltage instabilities, causegtudy, most of the carbon is substitutiofidIAll layers were
by boron diffusion from the gate through the gate oxide andgrown on thermally oxidized silicon substrates. Grain sizes
into the channel during the post-implant anre@evices in the polycrystalline Si . ,GeC, layers, from plan-view
with polycrystalline Si_,,GgC, layers in the gate have transmission electron microscopyEM), were observed to
less boron penetration, and greater threshold voltage stabibe about~40 nm. Two types of structures were grown to
ity, than devices with polycrystalline Si or Si,Ge, gate  study segregation in polycrystalline;Si__,GgC, . The first
layers®’ Boron accumulates in the polycrystalline was a two-layer structure consisting of-8.00 nm lightlyin
S, x-yG&C, gate layers, reducing boron diffusion through situ doped polycrystalline §i;sG& »Lo.015 layer followed
the oxide and into the substrate. In this article, we study thidy a 300 nm heavilyin situ doped polysilicon layer. The
segregation effect in detail, including its dependence on carsecond was a multilayer structure consisting of several 50
bon content, germanium, and annealing conditions. To exanam polycrystalline Si_,_,GgC, layers(Ge=20%, carbon
ine the possibility that carbon-related defects are driving thegercentages varied from 0 to }%andwiched between 70
segregation, we investigate the effect of carbon on the elesm polysilicon layers. All layers werén situ doped with
trical properties of polycrystalline Si and,SiGe,, espe- boron at about #cm™ 2. Both of these samples were an-
cially their stability with annealing. We then discuss the ap-nealed at temperatures between 800 and 900 °C irtoN
plication of polycrystalline Si_,_,GeC, to MOSFET gates allow boron to move from the polysilicon layers into the
polycrystalline Sj_,_,GgC, layers. An additional sample
Wwas grown to study segregation in polycrystalling_SC, ,
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sandwiched between polysilicon layers. This sample was ardue to the out-diffusion of carbon and germanium from the
nealed at 800 °C for 22 h in N\to allow for boron redistri-  polycrystalline Sj_,,Gg.C, layer into the polysilicojy but
bution. Secondary ion mass spectroscdfyMS) analysis it is not known if this decrease is statistically significant.
was used to measure the germanium, carbon, and boron prohis indicates that anneal times on the order of 900 °C for

files in all samples. 100 min are long enough for the segregation process to oc-
cur.

lll. BORON SEGREGATION TO POLYCRYSTALLINE The multilayer polycrystalline $i, ,GeC, structure

Si;—x-,Ge,Cy AND Si;_,C, shows that the segregation is strongly dependent on carbon

Boron segregation to polycrystalline 15i<7yG%<Cy is level. SIMS of this structure before and after an 800 °C, 18 h

clearly demonstrated in the two-layer polycrystalline @nneal are shown in Fig(&@. Before the anneal, the poly-
Si/Sh, 76556 2:Co 015 Structure. Figure (B) shows SIMS pro- crystalline Sj_,_,GgC, layers arein situ doped slightly
files of this structure before and after an 800 °C, 44 h annealligher than the polysilicon layers. This was unintentionally
Before the anneal, the polysilicon layer is heavily doped at &lone during growth(due to the different deposition condi-
level of 4x10°cm 3, while the polycrystalline tions for polycrystalline Si_,GeC, versus polysilicon—
Sio 7658 2o 015 layer is lightly doped at a level of 2 625 versus 700°C, respectivghand is not attributable to a
x 108 cm™2. If there were no segregation between the lay-segregation effect. Without segregation, however, this profile
ers, this profile would be expected to flatten out during thewould be expected to flatten out during the anneal. In the
anneal. However, after annealing, boron levels have risen igolycrystalline Sj_,_,Gg,C, layers with high carbon levels
the polycrystalline SQi7eGe L0015 layer to 4.6 (0.5 and 1%, however, the boron concentration actually in-
x 10"%cm™2, while boron concentration has decreased in thecreases during the anneal, revealing segregation to these lay-
polysilicon to 1.5<10"°cm ™3, demonstrating strong segre- ers. In the layers with carbon levels of 0.0 and 0.05%, boron
gation to the polycrystalline SisGa, 25 Co015- Defining a  concentrations are below their initial values, leaving open the
segregation coefficienh as the ratio of boron concentration possibility that the peaks simply remain due to slow out-
in the polycrystalline Si_,_,GeC, to the polysilicon at the diffusion. However, given previous reports of diffusion in
interface, we findm=4.0 for these parametef§&e=22%, polycrystalline Si_,Ge,,'° these anneal conditions should
C=1.5% and annealing conditions. be sufficient to allow for complete out-diffusion, making the
Figure Ib) shows an example of boron segregation andemaining peaks most likely due to segregation. In Fig. 3, the
its time dependence at 900 °C. A similar struct(iceentical ~ segregation coefficients as a function of carbon percentage
to previous sample except slightly thinhevas annealed for are presented. Segregation to polycrystallingsSe, , was
100 and 300 min. After 100 min, segregation can again b@bservedconsistent with previous reports of segregation to
seen, but is somewhat less than at 800 AC=(2.4). After  single-crystal Si_,Ge, Refs. 11 and 12 but was weak ifa
300 min of annealing, no increase in the segregation is ob=1.1). It then steadily increases for carbon concentrations
served. In fact, there appears to be a slight decrgzsbaps up to 1%. Also plotted are segregation coefficients for the
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4 ————T— v to their initial values for the high carbon concentratidis
and 0.5%. Therefore in Fig. 3 we plot the segregation coef-
poly Si__ Ge_.C 1 ficients for the polycrystalline $i,C, layers versus the final
08y~ 702"y carbon concentrations, not the initial values. Nevertheless,
1 the segregation coefficients are still lower than in the poly-
--"900°C crystalline Sj_,_,Gg,C, layers. Since the peak doping lev-
1 els in this sample are significantly higher than in the poly-
crystalline Sj_,_,GgC, sample (% 107°cm™3 versus 2
- 1 X 107%cm?), a strict comparison is difficult, making it hard
to quantify the germanium effe¢For example, boron clus-
"""'"boly Si C 800°C | tering may be having an effect on the redistribution
oy procesy’).

Segregation coefficient
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FIG. 3. Segregation coefficients vs carbon concentration for the multilayer, A separate set of samples was used to investigate the
polycrystall?negSj_g,yGa)_ZCy (annealed at 800 °C for 18 h or 900 °C fory el,ecmcal properties . of boro“'dppeq polycrystalline
100 min and Sj_,C, (annealed at 800 °C for 22 Isamples. Si;—x-yGe&Cy layers. Single layers oih situ doped poly-
crystalline Si, Si_,Ge,, and S|, ,GeC, (Ge=25%,
thicknesses ranged from 150 to 300)naere grown on ther-
same sample subjected to a 900 °C 100 min anfiesiead mally oxidized(~200 nm) Si substrates. Growth conditions
of 800 °O, showing again reduced segregation at higher temwere the same as in the previous section, with doping levels
perature. Further annealing at 900 °C showed no increase ianging from 18 to 10**cm 2 and carbon levels ranging
segregation for this sample as well, consistent with the twofrom 0 to 1.6%. All samples were annealed at 900 °C for
layer case. Assuming an activation energy for boron diffu-times similar to or longer than those used to study segrega-
sion of ~3.5 eV (an upper estimate for boron diffusion in tion in the previous section. This was done to examine what
polysilicon), anneal times at 800 °C of 18 h should also beeffect the segregation process may be having on the electri-
long enough to allow for complete segregatifor layers of  cal properties(i.e., possible formation of inactive boron-
similar thickness Therefore we can assume that in Figp)2 carbon defec)s Boron and carbon levels were determined by
there has also been enough time to establish a quasBIMS, and resistivity, dopant activation, and mobility mea-
equilibrium between the layers. surements were taken using the four point probe and Van der
The polycrystalline Si_,C, multilayer structure demon- Pauw techniques at room temperature.
strates that carbon by itself can cause segregation, without Figure 5 shows the as-depositatb annealing dopant
germanium present. Figuré® shows SIMS profiles of this activation and mobility for polycrystalline $i,_,GgC,
sample before and after annealing. Boron segregates to tlsamples doped at a level 0210*°cm ™3, as a function of
polycrystalline Sj_,C, layers, with coefficients of 1.3 and carbon content. The same silane, germane, and diborane
1.8 for layers which had initial carbon fractions of 0.4 andflows were used for all three samples; only the methylsilane
1.0%, respectively. These coefficients, however, are somdlow was varied for the different carbon levels. Boron con-
what lower compared to polycrystalline;Si_,GgC, lay-  centrations were measured by SIMS measurements, and
ers with similar values. One difference we observe is that thshowed that the boron incorporation is not significantly af-
out-diffusion of carbon from the polycrystalline;SiC, lay-  fected by the methylisilane flow. Polycrystalling SiGg, (no
ers is faster than from the polycrystalling Sj_,GgC, lay-  carbon has a resistivity of 7.8 10" 2 ohmcm and mobility
ers (Fig. 4). After the anneal, the peak carbon percentagesf 7.1 cnf/V's, comparable to previous reports at these dop-
have decreased to 0.2 and 0.7%, respectively, in the polying levels!® Polysilicon samplegdoped at % 10*cm 3,
crystalline Sj_,C, sample. In the polycrystalline not shown had similar dopant activation but lower mobili-
Si;—x-yG&C, sample, carbon concentrations remained closdies (2.9 cnf/V's). When low carbon concentratiori.4%
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FIG. 5. Dopant activation and mobility as a function of carbon concentra- Boron concentration (Cm )
tion for the as-growr{no annealingpolycrystalline §j 75-,G&, »C, single-
3 FIG. 7. Resistivity vs boron concentrati¢fiom SIMS) for polycrystalline

layer samples doped with boron ak20™ cm™3,
Si, Sp.¢Ge&y 2, and Spg-,Ge, ,C, samples. Also shown is the data for single-

crystal silicon(dotted line from Ref. 18.

are added to polycrystalline Si,Ge,, there is a slight in-
crease in hole concentration, but the change is less than tmeostly flat for all annealing times and carbon levels. Mobili-

error bars of the measurement. There was also a small dées increase at first, presumably due to increases in grain
crease in the mobility17%). As the carbon level is increased size, and then stabilize. As a result, resistivities initially de-
to 1.6%, however, significant losses in both dopant activatiortrease and then level off. Resistivity measureméitiough
(32% and mobility (49% versus the polycrystalline not Hall measurements to find mobilityere also taken out
Si; _,Ge, sample are observed. to 24 h of annealing, and remained stable.

The electrical properties are fairly stable with annealing.  Figure 7 shows the resistivity of the as-grown samples as
Figure 6 shows resistivity, dopant activation, and mobilitya function of doping concentration. For low carbon levels
versus annealing at 900°C for thex40®cm ° doped (0.4% at 18° doping and 0.6% at b doping, polycrystal-
samples from Fig. Sthe polysilicon sample doped at 1 line Si_,_,GgC, resistivities are similar to those of the
x10%cm 2 is also includeyl Dopant activation remains polycrystalline Sj_,Ge,. However, for the high carbon lev-
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FIG. 6. (a) Resistivity, (b) dopant activation, anc) mobility as a function of anneal time at 900 °C for the polycrystalling;$i,Ge, »<C, single-layer
samples doped at>210* cm™3. Also included are the measurements for polysilicon doped>at@°®cm3,
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els (1.6%), they are larger over the entire range of doping.ducing the mobility. For the growth conditions used for these

The magnitude of this increase depends on doping level: it ifayers, at carbon levels above 1% some of the carbon may be

largest at low doping~50x at 108cm %) and smaller at incorporating on nonsubstitutional sites during growth, and

higher doping(~2.5x at 1¢°cm™3). Long anneal§900°C  perhaps more readily form these traps. The fact that resistiv-

for several hourswere performed over all doping levels and, ity increases more rapidly with decreasing doping le¥éd.

similar to Fig. 6, the electrical properties were very stable. 7) for the 1.6% polycrystalline $i,_,GeC, layer (versus
When small amounts of carbdless than 2%are added polysilicon or polycrystalline Si ,Ge) is consistent with

to single-crystal silicon or $i,Ge,, most reports have the carrier trapping model. At low doping, a difference in

found that (for boron doping dopant activation is not af- trap density will have a larger effect on the resistivity be-

fected, but mobilities decrease by factors ranging fromcause a larger fraction of the carriers are being trapped, and

11-60%"*~1® The mobility drop has been attributed to in- the potential barriers are more sensitive to the trap density.

creased scattering due to the presence of the carbon, eithigpwever, it cannot be ruled out that some sort of B—C defect

by electrically active defects or alloy scattering. is being incorporated as-grown in the grain and directly ren-
Conduction in polycrystalline material is different from dering the boron inactive.

the single-crystal case due to carrier trapping at grain bound-

aries. In polycrystalline silicon, grain boundaries introduceV. DISCUSSION OF SEGREGATION AND DEVICE

large numbers of states close to the middle of the energyMPLICATIONS

gap.’ These can effectively trap majority carriers. As a re-  The stability of the electrical properties with annealing
sult, the grain boundaries become charged and potential bagrovides insight into the mechanism of boron segregation.
riers form, which impede the flow of charged carriers be-One potential driving mechanism is that boron is becoming
tween grains and reduce the effective mobility. This becomegapped at a carbon-related defect. For example, silicon car-
worse as the grain size is reduced or the trap density is inpide (SiC) precipitates are known to form in Si,_,GeCy
creased. At low doping levels, the grain boundaries can trapayers  with  similar carbon levels and annealing
a large fraction of the carriers and the potential barriers beconditions?*??2 and boron could become immobilized either
come very high, so the resistivity is very high. As the dopinginside or at the surfaces of these defects. A direct interaction
level is increased, the potential barriers become narrower ansetween boron and carbon might also be occurring, such as
lower, and a smaller fraction of carriers are trapped, so théhe B—C—Icluster proposed by Liet al?® Either of these
conductivity approaches that of single-crystal Si. Our overaldefects might be expected to render the boron electrically
results are consistent with these models. At th& Hoping  inactive. This should be detectable by the electrical measure-
level, the polysilicon resistivity is several orders of magni-ments in the single-layer polycrystalline ;Sj_,Ge,C,
tude higher than in single-crystal. Resistivity decreases ragfilms—as they are annealed and given time to form B—C
idly as boron concentration is increased above this level, andefects, one would expect to see a loss in the concentration
approaches single-crystal valuggth similar doping in the  of electrically active boron. However, as shown in Fi¢)6
10?°-10** range(for comparison, the single-crystal resistiv- this is not observed. In particular, for the polycrystalline
ity is plotted versus boron doping in Fig'?. Sio.72656.2:Co.004 S@Mple, no loss in dopant activation is ob-
Boron-doped polycrystalline §i,Ge, is known to have served as a function of annealing. Thus boron is not moving
lower resistivity than polysilicon®*® This difference has to electrically inactive sites. For this carbon concentration,
been attributed to a larger grain size and a shift of the trappowever, under the same annealing conditions, significant
states toward the valence band, resulting in less carrier trafiporon segregation is observed. This argues against boron-
ping and an increased mobility. Our results are consistentarbon defects or defect complexes as the driving force for
with these observations as well, with our polycrystallineboron segregation to polycrystalline,Sj_,Ge,C, from Si.
Si,_Ge, samplesdoped at the X 10°cm 2 level) having  In other work involving single-crystal material, we will
about 2.5 times higher mobility than polysilicRig. 6(c)]. present evidence that gradients of silicon interstitials, created
Our as-deposited polycrystalline;Si_,Gg,C, samples by substitutional carbon, can drive boron segregation to
(Fig. 5 with low carbon concentratiof0.4% have similar ~ Si; _,_,Gg,C, layers from Si.
dopant activation and only a slightly decreased mobility =~ As mentioned in the introductiom-channel MOSFETs
compared to polycrystalline Si,Ge,. The mobility de-  with polycrystalline Si_,_,Gg.C, layers in the gate are less
crease may be due to the previously mentioned carborsusceptible to boron penetration than devices with polysili-
induced scattering seen in single-crystal films with similarcon or Sj_,Ge, gate layers. Boron accumulates in the poly-
carbon levels. This retention of most of the electrical propcrystalline Sj_,_,GgC, layers, with less penetrating
erties of polycrystalline 3i,Geg, makes low-carbon poly- through the gate oxide and into the channel. These devices
crystalline Sj_, ,GgC, attractive for device applications, thus have greater threshold voltage stability. Here, using the
such as MOSFET gates. However, the high carbon concersegregation data presented in this paper together with the
trations(1.6% see a large decrease both in carrier activatiorstructures from the previous stulye quantitatively model
and mobility. This was seen in one previous article and atthis effect. In particular, we investigate two questiofiils
tributed to an increase in the trap density at the grain boundhe segregation observed here powerful enough to reduce
aries caused by carb8f An increased trap density would boron penetration as found in the previous work, iyl
trap a much larger fraction of the active carriers, reducing th&Vhat happens as the carbon level is varied in the polycrys-
carrier concentration, and form larger potential barriers, retalline Si/Si _,_,Ge,C, gate?
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not as much as in experiment. Additional effects, such as a
reduced boron diffusivity in the polycrystalline
Si;_x—yGgC,, may be playing a role. We conclude from

poly Si 440 nm
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—n—data
- & gimulation
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poly SiGeC 60 nm ‘é” ~ 1% this analysis that higher carbon levekst least up to 1%
gate oxide 7 nm £ 2 g ] should result in increased resistance to boron penetration for
2 1 \ ] devices with polycrystalline Si/gi,_,GgC, gates. How-
n-type substrate ° ‘ N\ h . . high . il
2 = poly SUSiGeC ever, as shown in Fig. 5, high carbon concentrations wi
£ 0le="" , o eventually degrade the conductivity of the polycrystalline
[ 20 40 60 80 100 120 . . . .
Anneal Time at 900°C (min) Si,_,,GegC, layers, resulting in a potential tradeoff be-

® ®) tween gate conductivity and threshold voltage stability.

FIG. 8. Simulation results of PMOS devices with polycrystalline V|, SUMMARY
Si/Si,__ .- ,GeC, gates, showinga) the structures used in both the previous )
study and the simulations in this work, arit) the threshold voltage shifts In summary, we find that boron segregates from poly-

Vs a_nneal time, with solid symb_ols a_nd_lines representing data from th%rystalline Si to polycrystalline §ix—yG%<Cy layers with
previous work(for the polycrystaliine SifSi,,GeC, sample, the carbon 41343 contents up to 1%. Anneal times on the order of hours
content was 0.35% and open symbols and dotted lines the results of simu- .
lations performed in this work. at 900 °C are long enough for the segregation to take place.
Segregation to polycrystalline Si,C, layers shows that car-
bon by itself can drive the segregation. Polycrystalline
_ _ Sih_x—yGe&C, layers with low carbon concentratiof3.4%)

Using the Tsurpem4 simulator, we modeled the PMOSshow no significant loss in mobility or carrier activation ver-
devices from the previous study with either all polysilicon g polycrystalline $i.,Ge,, while at higher concentrations
gates or polycrystalline Si/giy-,GeCy gates[Fig. 8@].  (1.6% significant reductions are observed. These reductions,
All" structures  consisted of n-type substrate (1 nowever, are less severe at higher doping levels. The stability
X10*cm™?), 7-nm gate oxide, and 500 nm total gate thick- of the electrical properties with annealing indicates that bo-
ness. The experimentgand simulatefl process conditions ron atoms are not being deactivated during anneals due to
consisted of a 60 keV BF implant at 2<10°cm™?, fol-  carbon-related defects. Further work is in progress to directly
lowed by a post-implant anneal inlt 900 °C for either 20,  check for SiC precipitation in these films using TEM. Simu-
60, or 100 min. The threshold voltages of the modeled borongtions of PMOS structures show that increasing the carbon
profiles were extracted for the different anneal times andeye| in a polycrystalline Si,—,GeC, gate layer should
plotted in Fig. 8b). First, the model parameters were ad-result in increased ability to suppress boron penetration and
justed to fit the data for the contr@dolysilicon gat¢ sample.  the threshold voltage instabilities that result.
The effective diffusivity in the polysilicon was set to 7.5
%10~ *3cné/s to match our diffusion profiles during the 20 AckNOWLEDGMENTS
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