Suppression of boron transient enhanced diffusion in SiGe heterojunction
bipolar transistors by carbon incorporation
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In this work, we demonstrate that the incorporation of carbon in the basen@naSi/SiGe/Si
heterojunction bipolar transistor dramatically reduces the outdiffusion of boron from the base under
postgrowth implantation and annealing procedures. Without the addition of C, these processes
would lead to transistors with vastly degraded transistor characteristics. This reduction in B
diffusion, when compared to devices without C, has been observed by both secondary ion mass
spectroscopy and improved electrical characteristics. 1997 American Institute of Physics.
[S0003-695(97)00223-4

Record high-frequencynpn Si/Si_,Ge /Si bipolar  electron microscopyTEM) showed no dislocations, defects,
transistor performance has been achieved by reducing ther SiC precipitates in any of the as-grown layers. Figures
base sheet resistance using base boron doping levels greatéa) and Xb) show secondary ion mass spectrosc@pyvS)
than 16° cm 3.1 However, high boron concentrations are profiles of Ge, B, and C levels in the base region of as-grown
susceptible to outdiffusion from the SiGe base into the Siayers without and with carbon, respectively, which demon-
emitter and collector following postgrowth thermal process-strate that the boron is contained well within the Si@Ge
ing or implantation and annealing due to transient enhance8iGeQ layers by the undoped spacer layers. Base oxygen
diffusion (TED) effects. This outdiffusion causes the forma- levels are~2x 10'® cm™2 in all cases. Transistors were pro-
tion of conduction-band barriers at the emitter-base anaessed from the as-grown wafers using a simple double mesa
base—collector interfaces, which reduce the transistor’'s gaimrocess in which the emitter metal is used as a mask for a
early voltage, and frequency performarice To accommo-  selective wet etch, which etches the Si emitter but stops on
date any boron movement during postgrowth processing, urthe SiGe base. The collector is revealed by a plasma etch
doped SiGe spacer layers are grown on either side of thand, subsequently, the base and collector contacts are formed
doped SiGe bastHowever, the thickness of these undopedby lift-off. This process, which includes no high-temperature
spacer layers is limited by the critical thickness of the SiGesteps, is advantageous for this study because it prevents the
strained film. The necessity of maintaining low thermal bud-base doping from moving during transistor fabrication.
gets and the absence of implantation and annealing to minWhile the transistors have the ideal collector currents re-
mize boron diffusion in heterojunction bipolar transistor quired for this study, they do suffer from nonideal base cur-
(HBT) processes pose a severe limit on the integration ofents due to the lack of surface passivation.

SiGe into base line silicon technology.

Boron outdiffusion may be caused b§l) thermal 10%
annealing’ (2) transient enhanced diffusion effects due to an
arsenic emitter implantation and annéai; (3) TED due to
an extrinsic boron implantation and annalle have found
that the addition of carbon to the base of SiGe HBTs sharpl
reduces boron outdiffusion and improves collector electrica
characteristics in all cases. In this letter, we present results ¢
TED due to an As emitter implant.

The npn Si/SiGeC/Si device epilayers were grown by
rapid thermal chemical vapor deposition d¢f@00) p-Si
substrate$. Following ann-type collector buffer layer, the 1016 . . RN
2000 A 5<10'"— 10 cm™3 collector was grown at 03 04 0‘5]%3 h 04 0502 03 04
1000 °C. The 20% SiGe base was then grown at 625 °C epth (microns)
doped 16° cm™2 boron, with nominally undoped spacer lay- @ (b) ©
ers on either side of the doped SiGe base to compensate fpis, 1. SIMS profiles showing Ge, C, and B in as-grown base regions.
any boron movement during the emitter growth. IdenticalNominal structures ar¢a) n-Si/50 A undoped SiGe spacer/200 A SiGe:
wafers were grown using methylsilane to incorporate 0.53-doped base/50 A undoped SiGe spaedi, (b) n-Si/'50 A undoped

o : . . iGeC spacer/200 A SiGeC: B-doped base/50 A undoped SiGeC spacer/
at. % carbon in the doped SiGe, as well as in the ur]d(‘,pea-Si, and(c) n-Si/50 A undoped SiGe spacer/50 A SiGe: B-doped base/100

SiGe spacer layers. The emitter was then grown at 700 °Q& siceq0.9%0: B-doped base/50 A SiGe:B-doped base/50 A undoped
for 73 min, doped 18 cm™2 with phosphorus. Transmission SiGe spacen-Si.
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FIG. 2. Room-temperature Gummel plots and common-emitter characteriss|G. 3. Room-temperature Gummel plots and common-emitter characteris-
tics of devices processed from Fig¢ajland Xb) wafers without implanta-  tics of Figs. 1a) and ib) wafers following As-emitter implantation and
tion or thermal annealing. anneal at 647 °C.

Previous work on SiGeC HBTs has shown that the adVice without carbon is even more severe. Figute) 4nd
dition of carbon to SiGe to form SiGeC alloys increases the*(P) show SIMS from no carbon a”‘i carbon wafers that un-
band gap by~ 26 meV/%C? Figures 2a) and 2b) show the fjerwen_t As implantation and a 755 _C, 15 mig a&hneal. It_
Gummel plots and common emitter characteristics for thdS readily apparent that B has outdiffused in the transistor
as-grown SjgGey » and Si 70456 .Co 005 HBTS, respectively. without carbon but has not in the transistor with carbon.

The collector currents for both types of transistors have no At both 647 and 742°C, the samples with carbon
observable dependence on base—collector reverse biaglowed large increases in base currghig. 3b)], indicative
which is reflected in the common-emitter characteristics by?! the formation of deep level defects and a reduced lifetime
the high Early voltages. Since an increase in collector currerif! the base-emitter space-charge region. Since this did not
with increasedV g indicates a decrease in the parasitic bar-0€CUr in the devices without carbon, we conclude that this
rier limiting 1 [evidence that outdiffusion has occurted defect depends on carbon. It was c_onﬂ_rme_d that the excess
these electrical characteristics confirm the SIMS measurd2@S€ current was caused by recombination in the base-emitter
ments that the as-grown transistors have no conduction-bargfPI€tion region by growing another sample where the
barriers. B-doped SiGeC was sandwiched between SiGe lajreith-

Pieces of the as-grown wafers with and without carporPUt carbon of similar doping, which in tum were sur-
were blanket implanted with A&L.5x 10" cm™2, 30 keV: roundeq by .the undop(_ad SiQwithout carbon spacers, as
3x 10" cm 2, 15 keV; chosen to follow Ref.)@o form the showq in Flg. lc). This prgvents the penetration Qf the
emitter contact. Arsenic emitter implantation and annealingdeple“,On regions mto'the SiGeC regions. These.dewces had
have been previously shodto enhance boron diffusion in only slight increases in bgse currents upon As |_mplantat|on
SiGe bases even though the As implantation rang nd annealing, as shown in Fig[iB contrast to Fig. @)].

(~1000 A) is less than the emitter thickn¢&900 A). Dif- n these structures, boron outdiffusion should also be antici-

ferent implanted pieces were annealed at different temperé)_a_tetd,_hc;wever, §t|rr:cetat tlpg-:un jl:'nCtIOFIS, the bﬁ ron ‘?'°'°F'T‘9 5
tures ranging from 647 to 742 °C for 15 min in nitrogen, and,exls S In layers without carbon. However, as shown in F1g. >,

subsequently, double mesa transistors were fabricated on the
as-annealed pieces. Figure&@3and 3b) show Gummel 10%

plots and common-emitter characteristics of transistors fol- rﬁglozz - o
lowing As implantation and annealing at 647 °C for wafers R0 S I S N N T N B
without and with carbon. The decrease lig and reduced c 10 4

Early voltage in the transistors without carbon show that 'g 107 I
boron has outdiffused even though this annealing condition g 1012 f'-‘

is far less than the emitter thermal budget. Samples, which §1013 f \;:‘
were not subjected to the As implant but underwent the same 5 3 X H ‘i.\
thermal annealing cycle, did not show any evidence of boron Q107 } g .. 1 E7. 77 IRV
diffusion. This confirms that TED effects are responsible for g 23 I At SlogssGenaCagns

the boron movement. However, the high Early voltages for 3000 40005000 2000 3000 4000 2000 3000 4000

the transistors with carbon illustrate that carbon in SiGe has Depth (Angstroms)

suppressed the TED effects of an As emitter implant. Elec- @ (&) ©

trical results for 742 °C anneals are consistent with those &t 4. sims profiles of Figs. @), 1(b), and 1) (0.5% O wafers follow-
647 °C, although the degradation due to diffusion in the deing ion implantation and anneal at 755 °C.
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102 ture. The suppression of boron diffusion by carbon is also

1073 accompanied by a decrease in minority carrier lifetime. TEM

1074 of all as-grown and implanted and annealed samples shows
- 107 no evidence of any defects or precipitates in the emitter—base
:C/ 106 depletion region down to a resolution ef<20 A. There-

m 107 fore, the C-related complex responsible for the sinking of
= 108 point defects must be very small. It is known that Si inter-
— 10 stitials and substitutional carbon can interact in silicon to

10710 form small stable complexes on the scale of a few attims.
1071 Ve =0V Further investigation is required to confirm the exact mecha-
10712 . L 1 . L . nism, however.
0.0 -0.1 -02 '\(}'3 '0<'/. 0.5 0.6 0.7 In summary, we have shown that the addition of small
EB ( ) amounts of C to SiGe layers greatly reduces boron motion

due to transient enhanced diffusion. This greatly improves
FIG. 5. Gummel plot of wafer of Fig.(4) (sandwich base structyrero-  the allowable thermal budgets in Si/SiGe/Si HBT processing
cessed both with and without ion implantation and annealing at 742 °Cand should improve options for the integration of these de-
showing no evidence of B diffusion or barrier formation. vices into existing processes.
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