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Suppression of Boron Penetration in P-Channel
MOSFETs Using Polycrystalline
Sh_x—yGe&Cy Gate Layers

E. J. Stewart, M. S. Carroll, and James C. Sturailow, IEEE

Abstract—Boron penetration through thin gate oxides in
p-channel MOSFETs with heavily boron-doped gates causes
undesirable positive threshold voltage shifts. P-channel MOS-
FETs with polycrystalline Si;_x_,Ge.Cy gate layers at the
gate-oxide interface show substantially reduced boron penetration
and increased threshold voltage stability compared to devices
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. INTRODUCTION

_CHANNEL MOSFETSs with heavily boron-doped gate§xidati0n in dry Q at 900°C. Poly gate deposition was then
Pand thin gate oxides are susceptible to boron penetratigfiformed by RTCVD at 623C, 700°C, and 750°C using
through the gate oxide during postimplant anneals, resulting®i1+ and SiCtH as silicon sources and Getdnd SiCH as
undesirable positive threshold voltage shifts [1], [2]. Previouslg,erman'um and car_bon sources, respectively. The first 60 nm
it was reported that PMOS capacitors with thin polycrystallin@c each g{:lte was either po_lyls'X*»VG%(Cy (?'2% Ge, 0.35%
Si,_x_,G&.C, layers in the gates show significantly reduce&): POlY Si—xGé, or poly Si; the remainder in all samples was
boron penetration [3]. In this letter, we report p-chaanOIy Si, with a total gate_thlckness ef500 nm _(mset Fig. 1).
MOSFETs with polycrystalline $i._,Ge.C, gate layers. Gates were patterned with g_ate lengths ranging fronm’Zto_

The main contributions of this letter are to show i) that de20#M- Gate, source, and dralnfgr aII_SQampJ)rIes were then simul-
vices with poly Si_,_,Ge,C, gate layers have substantiallytaneousw |mplante_d with & 10'> cm~*BF; at 60 keV and
reduced boron penetration and increased threshold volt@piealed at 900C in N, for 20, 60, or 100 min to allow for
stability compared to devices with all poly Si gates or Witl}?oron actlvatlor_1 and dlffusmn_, f_ollowed byastand_ard backend
poly Si, . Ge, gate layers, consistent with previous capacitcﬂr_ocess' Electr_lcal characterlstlcs_ and SIMS profiles were ob-
results, ii) the transconductance of the devices is well-behaJ@{'éd to examine boron penetration and threshold voltage sta-
and consistent with the model of reduced boron penetratighlity in all devices. .

and iii) the segregation of boron to poly;Si._,Ge,C, layers ~ Devices with Si_._,Ge.C, gate layers have substantially
with high C levels is a possible mechanism for allowing leggduced boron penetration and increased threshold voltage
boron into the gate oxide and substrate. This combines to gR@Pility compared to devices with all Si gates or with SiGe;

depletion. for these devices. All devices experience positive threshold

voltage shifts with increasing anneal time, indicating boron

) ) ) annealing, the Si and Si,Ge, gates have threshold voltages
Field oxides £500 nm) were first grown and patterned ony¢ 4 1 v and 3.0 ;

P V, respectively, whereas the _Si_,Ge,C,
n-type substrates<{1 x 10> cm™?), followed by~7-nm gate gte threshold voltage remains at 1.6 V. Furthermore, after the

. . _ , 100 min anneal, the Si and ;Si,Ge; gates cannot be fully
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150 Fig. 4. Extracted peak mobility versus anneal time.

Si;_Ge, gates, however, consistent with less boron penetra-
100 tion in those devices.

I1l. DISCUSSION

5042 To probe what causes the suppressed boron penetration in
the Si_,_,GeC, gates, SIMS profiles of boron concentra-
tion versus depth were taken for the Siand $i , Ge,C, gates
after the 20 and 100 min anneals. Profiles after the 20 min anneal
are similar for the Si and §i._,Ge.C, [Fig. 5(a)] devices,
with boron concentration roughly flat throughout the gate at a
level of ~6 x 10*°cm™2. While boron has a very low diffusion
coefficient incrystalline Si;_,_,Ge;C,, layers, it can clearly
enter polycrystalline SL._,Ge;C, layers without difficulty.
Previously, improvement in threshold voltage stability iThis is presumably due to grain boundary mechanisms. After
p-MOSFETSs using P poly Si,_.Ge, gates has been reportedl00 mins of annealing, however, boron has started to accumu-
[4]. However, as shown in Figs. 1 and 2, Sj_,Ge,C, gate lateinthe Si_,_,Geg.C, layerinthe Sji_,_,Ge,C, samples,
layers show additional stability over the, SiGe, gate layers. with the ratio of boron concentration in the;Si_,Ge.C, to

Field effect mobilities were examined to investigate the elethat in the Si equal te-1.3 [Fig. 5(b)]. In the Si sample, the
trical activation of the boron in the Si,_,Ge,C, gates. Mo- boron profile remains roughly flat and unchanged from the 20
bilities were extracted from the peak value oil, /dV, plot min anneal (the Si profiles are not shown for brevity). This ac-
with Vs = —0.1, assuming a constant gate capacitance eq@amulation in the Si.._;Ge.C, layers should have the ef-
to the oxide capacitance. Fig. 3 shows extracted mobility versig§t of keeping more total boron in the gate for a given anneal
gate voltage for the 60 min annealed devices. Note the douHB€. Since more boron remains in the Si_, Ge;C, layer and
peak beginning to appear in the Si and_SiGe, device plots, less penetrates into the oxide and substrate. A_Ithough d|f_f|cult
which indicates a buried channel starting to form due to lard@ résolve from the SIMS plots, for the 100 min anneal time
amounts of boron penetration [5]. Gate voltage was plotted i e total amguntﬁ;)f t_)oron n . top 100 nm (.)f the substrate
stead of effective field because in buried channel devices t r—z’“1 x 102cm~2 higher in the Si-gated device versus the

inversion layer charge, and henEgg, is not easily calculated '?g&;ﬁ&‘%’tﬁteﬁ_ daet\ggedef/?:smem with enhanced boron
due to the unknown effective gate capacitance. Fig. 4 shofl g : L

nt has been previously reported that in single crystal
§|1,X,yGeny (with similar Ge and C levels), boron diffusion

o . . & be an order of magnitude slower than in either single crystal
dard deviation). If the boron in the poly Sk, GeCy gate Si or Si_Ge, [8]. Slower boron diffusion has also been re-

layers is not active, large gate depletion might be expected Orted in polycrystalline $i.Ge. compared to Si [9]. This
occur during turn-on as the gate voltage becomes negative. This o5 the possibility that in the polycrystalling Si_, Ge.C
would cause a drop in actual gate-channel capacitance, resuligs samples, boron is simply taking longer to diffuse th?ough
in a smaller extracted mobility. Within error bars, however, thge poly Si_x_yGe.C, layer before penetrating into the
Sii—x—yGe.C, gate devices do not show any decrease in eyxide. This might predict lower extracted field effect mobilities
tracted mobility compared to the Si gates, indicating the borgR the Si_._,Ge.C, devices for short anneal times, since
in the gates is electrically active. All device structures do exhiltfiere would be less dopant at the gate-oxide interface and
some loss in extracted mobility with increasing anneal time. Dgherefore more gate depletion. Gate depletion was not observed
creased mobility has been previously observed with increasiingcapacitance—voltagg&€—V) measurements, however [3], and
boron penetration, and may be due to increased carrier scattethi® FET mobility results in this paper show no detectable loss
in the channel [6], [7]. Mobility does not decrease as rapidin performance in the $i,_,Ge,C, devices versus the Si or
with time for the Sj__,Ge,C, gates compared to the Si orSi;_,Ge, devices. Furthermore, the SIMS data show similar
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Fig. 3. Extracted mobility versus gate voltage for the 60 min anneal time.
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Fig. 5. SIMS profiles for Si/Si_._,Ge.C, gate after (a) 20 min anneal and (b) 100 min anneal.
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g IV. SUMMARY
B 1820; In conclusion, thin polycrystalline $i, ,Ge.C, gate
c . . . .
§ e bt b | layers are effective at suppressing _boron penetration in
S e 05%  9.05% p-channel MOSFETs and thus improving threshold voltage
o poly S Go G layars PS8 stability. Boron preferentially segregates to the_$i , Ge,C,
1E19 BRI fayer layers in the gate during postimplant anneals, and we believe
ot 02 03 04 05 06 this segregation is the driving force preventing boron from
Depth (um)

entering the gate oxide and substrate. Other than a suppression
Fig. 6. Boron concentration profiles of Si._.Ge.C./Si multilayer of boron penetration, the electrical behavior c_thhe devices does
sandwich structure before and after annealing at"dD@or 100 mins in N. not appear affected by the presence of C in the gate_layers.
Future work must examine poly Si,_,Ge,C, gates with

) S thinner gate oxides and shorter, higher temperature anneals.
boron concentrations at the gate-oxide interface after the 20

min anneal for the Si and Six_, Ge,C, devices; after the 100
min anneal, boron levels are actually higher at the gate-oxide
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