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Abstract—This paper investigates germanium incorporation The common emitter breakdown voltaG&- g of a bipolar

into polysilicon emitters for gain control in SiGe heterojunction  transistor is strongly influenced by the common emitter current

bipolar transistors. A theory for the base current of a polySiGe ; ; ; .
emitter is developed, which combines the effects of the polySiGe gain, as can be seen from the following equation [7]:

grains, the grain boundaries and the interfacial layer at the BVepo
polySiGe/Si interface into an expression for the effective surface BVcgo = W 1)

recombination velocity of a polySiGe emitter. Silicon bipolar
transistors are fabricated with 0, 10 and 19% Ge in the polySiGe where BV¢ 5o is the common base breakdown voltage (i.e.
emitter and the variation of base current with Ge content is . . '
characterized. The measured base current for a polySiGe emitter the breakdown voltgge of-the coIIec;t_or/base Junctighls the
increases by a factor of 3.2 for 10% Ge and 4.0 for 19% Ge COMmon emitter gain andis an empirical parameter that takes
compared with a control transistor containing no germanium. avalue between 3and 6. A gain of around 100 is needed for good
These values are in good agreement with the theoretical predic- circuit operation, but there is little advantage to be obtained from
tions. The competing mechanisms of base current increase by Gehigher gains because of the degradationBific 0. In SiGe
incorporation into the polysilicon and base current decrease due HBT’ : . : :
. . : . . s, very high values of gain can be obtained, particularly
to an interfacial oxide layer are investigated. . o . o
Y g when a high Ge concentration is used to give a large built-in
Index Terms—Bipolar transistors, polysilicon emitters, SiGe, electric field across the base. For example, Wastial. [3]
SiGe HBTSs, SiGe heterojunction bipolar transistors. reported a gain of 1900 in a SiGe HBT Witf’1 @ Of 107
GHz and anfr of 90 GHz.
|. INTRODUCTION In order to optimizeBV¢ go for a givenfr, some method is
VER the last few vears. the hiah frequency performan needed of controlling the gain independently of the base Ge and
of SiGe HBTs h)::\s in; rovedg to S?,Ich a):\pextent th%profiles. Huizinget al.[8] proposed an epitaxial SiGe layer in
P e emitter to tune the base current. In this paper we investigate a

several research groups have reported valugs aind/or finx simpler method, which incorporates Ge into the polySi emitter,

over 100 GHz [1]-[5], and the state-of-the-art is approachin . . . s S0 .
300 GHz [1]. To achieve this performance, it is necessary éeatlng a polySiGe emitter. A theoretical expression is derived

L o ) . o r the base current of a polySiGe emitter, and a comparison
minimize parasitic resistance and capacitance and optimize the X Y . )
. . ; i . .~ made with measured values on silicon bipolar transistors con-
vertical doping profile so that delay times in all the regions . . . S "
: L . ining different amounts of germanium in the polysilicon. The
of the transistor are minimized, particularly the base an

collector delay. The base delay is minimized by using a narr(TCvgmpetmg mechanisms in polySiGe emitters of reduced gain

b ) . rom Ge incorporation and increased gain from the interfacial
asewidth and large Ge gradient across the base to creafe a . .
built-in electric field [6] that accelerates electrons across ey e’ [9] are investigated.
base. The collector/base depletion region delay is minimized by
increasing the collector doping to decrease the collector/base
depletion width and hence decrease the electron transit timeFig. 1 shows a schematic illustration of the polySiGe emitter.
Unfortunately high collector doping concentrations have tHeour regions of the emitter can be identified, namely polySiGe
disadvantage of degrading the common emitter breakdograins, grain boundaries, the interfacial oxide layer and the
voltage BV¢ go of the transistor. single-crystal silicon emitter. Hole transport in these regions is
modeled using an effective recombination velocity approach,
as originally proposed by Yet al.[10] for polySi emitters. An
effective recombination velocity is defined at each interface in
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Fig. 2. |lllustration of the effect of the polySiGe emitter by plotting
Fig. 1. Schematic illustration of a polySiGe emitter showing the effectivecnPsice/psi as afunction of the number of polySiGe grains for different Ge
recombination velocities in the different regions of the emitter and theoncentrations. The parameter values in [10] were used in the calculations.
components of hole current.

The effective surface recombination velocity at the right sic polySiGe Si E
of thenth grain, S, is obtained by deriving, in turn, expres-
sions for the effective recombination velocity at the edge of ea

grain and grain boundary. The grain interiors are modeled ""‘""E"_‘ e T T I;\;‘ Ern
single-crystal silicon and hence the effective recombination v Fpa = s s
locity can be calculated by solving the continuity equation fc Ad,g EF"
holes. Transport across the grain boundaries is modeled by 905 v
suming that the grain boundary has a finite thicknégsand AEG ] reference

a mobility ., that is different than the mobility in the grain.
Recombination in the grain boundaries is modeled at the int
faces between the grain boundaries and the adjacent grains. Xn
effective recombination at theth grain is then given by

b2 pam—
g () tox

SG” = CLg o 1)2,
ag+ agy — —2——
¥ ¥ g +SG(n-1) Fig. 3. Band diagram of a polySiGe emitter showing the polySiGe/oxide/Si

whereay, byag, bgy, andSe(,—1) are given in the Appendix. interface.

The effect of the polySiGe layer can be explicitly highlighted . . .
by relating the hole concentration for a polySiGe gpajp;. to  9€Maniumis to increase the valueSj,psice/psi. This trend

that for an equivalent polySi grajm; can be understood from (A4), which shows that;. increases
' strongly with Ge content. Fig. 2 also shows that the effective re-
_ n2sice _ [ NesigeNvsice AEq combination velocity changes very little once there are two or
PsiGe = 2. = NosiNvs; ’ w7 ) PSi more grains in the polySiGe layer. This behavior is predicted by

(4) (3) and is identical to the behavior seen in polySi emitters, as
where Ncsice, Nyvsige are the effective densities of states irextensively discussed in [10].
the conduction and valence band of Si®g;s;, Nyvs; are the Fig. 3 shows a band diagram of the polySiGe/oxide/silicon
equivalent in Si andAEg the band gap difference betweerinterface. It is assumed that the voltage drop across the inter
Si and SiGe. The effect of the polySiGe layer is illustrated ifacial oxide is negligible and that the band bending at the in-
Fig. 2, which shows a graph &.psice/psi @s a function of terfacial oxide layer is negligible. The bandgap in the polySiGe
the number of grains for various values of germanium conteat. the left side of the interfacial oxide is smaller than that in
In calculating this graph, the parameter values in [10] were usti® single-crystal Si at the right side, and this difference is rep-
and it was assumed that the density of states in the conductiesented byA F. The hole current tunneling density can be
band, hole diffusion coefficient and hole diffusion length are tharitten as
same in SiGe as in Si [11]. The density of states in the valence s Epoa
band for SiGe was assumed to be smaller than that for Siandto  Jr = ¢TI Nys; <eXp < A = > —exp < kTp >> (5)
follow the dependence in [11]. The bandgap difference between
Si and SiGeAE,, was taken from [12]. For 0% Ge, the curvevhereT? is the tunneling coefficienty 7,5 is the quasi Fermi
is identical to that obtained by Yet al.[10], as indicated by the level energy for holes on the right side of the oxide interface,
circular symbols. For a given number of grains, the effect of ttd E'r,4 the equivalent on the left side of the interface. Taking
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the valence band edge in the single-crystal silicon as the zero 10° 135% Ge
energy reference and noting that the energy of holes increases °
downwards, we can write 104 4 Ge
)
EFp5 = _q¢p5 (6) % 108 4
Erps = —4¢ps — AEG. @ G M
10
The hole concentration can then be relatedig,, and Epps
using 10" . . . . :
" 00 02 04 06 08 10
4
D4siGe = NvsiGe €Xp <—ﬁ> (8) to[nm]

q¢1,5 Fig. 4. Calculated values of the effective surface recombination velocity
pssi = Nysi exp —W . (9) Serr Of the complete polySiGe emitter as a function of interfacial layer
thickness,,. for different Ge concentrations. The parameter values in Table |

were used in the calculations.

Combining (5) to (9) gives

Jr = qT1 (pssi — Fpasice) (10)  the measured base characteristic is used in the comparison. This
point will be considered in more detail in the discussion.
Fig. 4 illustrates the variation g with interfacial layer
o Nvsi exp (_ AE, ) . (11) thicknesg,, for germanium contents of 0 to 35% in 5% steps. In
Nvysice kT calculating the curves in Fig. 4, the parameters in Table | were

used with two grains in the polySiGe layer. Three regions of
Sthe characteristic in Fig. 4 can be identified. For an interfacial
layer thickness larger than about 0.8 nfii - Saturates at a
value of 15 m/s, which corresponds to the value of the effective
recombination velocity at the interfacial oxide/silicon interface
whereS; models recombination at the polysilicon/silicon interS;. This behavior can be understood from (A13) by noting that
face, and is given by an equation analogous to (A8)$ndr 1/11 > F/(Sr + San) andT; < Sy so thatSgrpp ~ S;.
is the overall effective surface recombination velocity for thor thick interfacial layers, the effective surface recombination

where

The current density/; at the edge of the polySiGe emitter i
now given by

Js = Jr + qS1pssi = ¢SEFFDssi (12)

polySiGe emitter, which is given by velocity and hence the base current is dominated by recombi-
L nation at the interfacial oxide/silicon interface. The germanium

1 F B i i i .
Sprr = S; + (_ n ) ‘ (13) in the poly_S|Ge_Iayer therefore has I_|tt|_e effect on_the_bas_e cur

Tr  Sr+ Sgn rent. In this region of the characteristic, recombination in the

It is worth noting that holes tunneling through the oxide bes_mgle—crystal emitter would also be expected to have a strong

. . ) .~ influence on the base current, which is neglected in (14).
come hot as they appear in the polySiGe grain, as they pick upF int diate val finterfacial | thick bet
kinetic energy ofvA E¢. The holes will quickly thermalize to O; 'g zrmz (|)a8e va UE.S o4|n Er ac%ﬁ?yer Ic nes;s € lvveen
the valence band edge and continue to diffuse toward the emiﬁ‘gpu -+ and 0.6 M, F1g. = Shows rr Vares strongly

: : h interfacial oxide thickness. This behavior can be under-
contact. We represent this effect by a break in the hole qu&g} .
Fermi level in the SiGe grain, close to the oxide layer. sfood from (13) by noting thal /Ty > F/(Sr + Sen) and

In modern polysilicon emitters, the emitter/base junctioﬁf > SrsothatSppr ~ 1. Inthis region of the characteristic,
tée base current is therefore dominated by transport through the

depth is extremely shallow and hence recombination in tiﬁ

single-crystal silicon emitter is very small. In this situation, thgpterfamal oxide layer. Tunneling is the transport mechanism

following simple equation can be used for the base current ['ﬂnd henceSppr varies strongly with interfacial oxide thick-
ess. The germanium in the polySiGe emitter therefore has little

qAn?Si qVBE effect onSgrr in this region of the characteristic.

Ip = < LT ) (14) For values of interfacial layer thickness less than about

0.4 nm, Sgrr varies with both interfacial oxide thickness
where Npgrr is the effective doping in the single-crystal sil-and germanium content in the polySiGe emitter. For 0% Ge
icon emitter,Wg is the junction depthD,. is the hole diffu- and small interfacial oxide thicknesseésgrr Saturates at a
sivity in silicon and uniform doping in the emitter has been asalue of 1.2x 10> m/s, which is equal to the value &fy,,.
sumed. This equation will be used together with (13) to intefhis behavior can be understood from (13) by noting tRat
pret the competing transport and recombination mechanismssrequal to unity,F'/(Sr + Sgn) > 1/Tr andSg,, > Sy S0
polySiGe emitters. It should be noted that (14) models the idebbt Sprr ~ Sa.,. In this region of the characteristiz rr is
portion of the base characteristic, whereas in practice noniddsrefore dominated by transport in the polySiGe layer.
base characteristics are often obtained due to recombination ifror germanium contents of 20% and abo¥err appears
the emitter/base depletion region. When comparing measutedvary very little with germanium content but strongly with
and predicted results, it is important that the ideal portion @iterfacial layer thickness. This trend is shown more clearly in

= NperrWg + Nprerr
Dyesi Sprr
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PARAMETER VALUES USED TO CALCULATE THE THEORETICAL VALUES OF EFFECTIVE RECOMBINATION VELOCITY Sg rr OF THE COMPLETE POLYSIGe

EMITTER AND BASE CURRENT I 5

Parameter Name Value unit | Reference
Dysice diffusivity of holes in polySiGe grains 3.34x10% | m's 11
Lpsice hole diffusion length in polySiGe grains 2.94x10” m 11
d, width of a poly grain 1.25x107 m measured
Sm recombination velocity at the metal contact 1x10°* m/s 10
Sas recombination velocity of grain boundary 75 m/s 10
Si oxide/silicon interface recombination velocity 15 m/s 10
dgy grain boundary width 2x10” m 10
Dy, grain boundary hole diffusivity 5.2x10° | ms 10
Ah potential barrier 1.5 eV 10
Nisi intrinsic carrier concentration in silicon 1.45x10° | m> 10
A emitter area 100x107" m” measured
25x103 1 t,,=0.02nm 102 5
Ge
20x10° { G102y
S

2 15x103 | 2 400 1\ P v

“EE g \\ I

& 10x10° 4 £ 0w N\ ,," \\;‘--,.,

@ S /NS
5x10° t=0.2nm % 10" T \\31
t_=0.3nm © 0~ \\"-\_\
0 10"7 : . : . . 2
0 5 10 15 20 25 30 35
Ge concentration(%] 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Fig. 5. Calculated values of the effective recombination veloSityr» of

the complete polySiGe emitter as a function of Ge concentration for differefilg. 6. Measured germanium, phosphorus and oxygen SIMS profiles for

interfacial oxide thicknesses.. . bipolar transistors with polySi,Ge, ; emitter given an anneal of 30 s at
900°C.

Fig. 5, where the value g is plotted as a function of Ge

content for different values of interfacial layer thickngss. temperature of 540C. The SiGe layers were deposited with
The strong dependence 8frr on interfacial oxide thickness Ge contents of 10 and 19%. The emitter was completed by
indicates that the base currentis dominated by tunneling througyinealing for 30 s at 900C to diffuse the phosphorus from
the interfacial oxide layer under these conditions. This can k& polycrystalline Si or SiGe into the underlying single-crystal
understood from (11) by noting that decreases exponentiallySi. All measurements of the transistor characteristics were
with increasing Ge content, so that at high Ge contéfitS; + performed at a temperature of 26.

Sgn) <€ 1/T7in (13). SinceSt <« Sgn, andTr > Sy, we than
haveSgrr =~ T7. Thus for values of interfacial thickness less
than about 0.4 nm and Ge concentrations above about 20%, thEig. 6 shows secondary ion mass spectrometry (SIMS) plots

value ofSgpr increases only slightly with Ge content l:)ec""us‘t%rough the emitter of the polySiGe transistor with 10% Ge an-

Sprr is dominated by transport through the interfacial OX'd(riealed for 30 s at 90TC. It can be seen that the germanium pro-

layer. There is therefore little to be gained by using Ge contents . . . .
in the polySiGe layer higher than about 20%. "8 is approximately uniform throughout the 250 nm polySiGe

layer. The phosphorus profile in the polySiGe is similarly rea-
sonably uniform with a concentration of 1710?° cm™3. The
oxygen profile in Fig. 5 shows a dose of 88102 cm™2 at
Silicon bipolar transistors were fabricated to experimentalthe interface between the polySiGe and the single-crystal sil-
determine the effect of germanium incorporation into thigon. Similar results were obtained for the polySiGe transistor
polysilicon emitter. The base was fabricated by implantingith 19% Ge and the polySi control transistor, as summarized in
2 x 103 cm~2B at 40 keV through an 80 nm thermal oxideTable Il. The oxygen doses in the three samples lie in the range
layer. After annealing for 30 min at 950C prior to emitter 0.7—1.5x 10 cm~2, and there is no discernible trend in the
fabrication, the wafers were given an RCA clean, followed byxygen dose with Ge content. The polySi and polySiGe layer
a dip etch in buffered HF to remove any chemical oxide growaeposition was performed one wafer at a time, and hence the
during the RCA clean. Immediately following this etch, aariation in oxygen dose between the wafers is probably due to
250-290 nm layer oiin-situ phosphorus doped polycrystallinesmall differences in the timings of the wafer transfer into the de-
Si or SiGe was deposited in a Thermo VG Semicon CV2(Qfbsition system. Table Il also shows values of interfacial layer
low pressure chemical vapor deposition (LPCVD) system attlsickness, calculated assuming a uniform, stoichiometric silicon

IV. RESULTS

I1l. EXPERIMENTAL PROCEDURE
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TABLE I 105 |
SUMMARY OF EXPERIMENTAL DATA OBTAINED FROM THE SIMS
MEASUREMENTS 106 4
Ge content [%)] 0 10 19 — 107 4
Poly layer thickness [nm] 250 250 290 é’m

Poly emitter doping [cm™] 1.5x10" | 1.7x10% | 6.0x10" 108
Oxygen interface dose [em®] | 1.5x10™ | 8.8x10" | 7.0x10"
Interfacial layer thickness [nm]| 0.031 0.018 0.015
We [nm] 30 50 40

‘ —e— calculated base, 0% Ge
| —— calculated base, 10% Ge
| —v— calculated base, 19% Ge

10

1010
0.50 0.55 0.60 0.65 0.70
VeelV]
10-5 -
Fig. 8. Calculated base curreirts as a function of base/emitter voltae =
10 for 0%, 10%, and 19% Ge concentrations.
3 107 TABLE 11l
- COMPARISON OFMEASURED AND CALCULATED VALUES OF BASE CURRENT
| —— base, 0% Ge
108 —— base, 10% Ge Ge content [%] 0 10 19
| —— base, 19% Ge Measured Ig at Vge=0.6V [A] 1.0x107 3.0x107 4.3x107
—a— collector Calculated Ig at Vgg=0.6V [A] 3.8x10°° 7.2x10°° 1.6x107
10° . - —_— Measured Ip(SiGe)/Ig(Si) ratio 3.0 4.4
0.50 0.55 0.60 0.65 0.70 Calculated Ip(SiGe)/Ip(Si) ratio 1.9 4.2
VielV] Corrected [14] Iy at Vpe=0.6V [A] [ 42x10° | 13x107 | 1.8x107
Corrected Ig(SiGe)/Ig(Si) ratio | [ 32 | 4.0

Fig. 7. Measured Gummel plots for transistors with 0%, 10% and 19% Ge in
the polySiGe emitter, annealed at 900. The collector currents are identical ]
and only one is shown. values of base current have been calculated using (14). The mea-

sured values of Ge content, interfacial oxide thickngssand
emitter depthV in Table 1l were used in the calculations, to-
ether with the values in Table | for the polysilicon parameters
10]. The average doping in the single-crystal silicon emitter
as determined from the SIMS profiles and the bandgap nar-
'g%é{ving model of del Alamet al.[13] used to calculate the effec-
égve dopingNpgerr. Calculated base characteristics are shown
Fig. 8.
Table Ill compares the calculated and measured values of

dioxide layer and a silicon atom concentration of 4.8L0?2
atoms/cm and the thickness of the single-crystal portion of th
emitterWg extracted from the SIMS profiles.
Cross-sectional transmission electron microscopy (TE
was used to characterize the structure of the grains in
polySiGe and polySi layers. No discernible difference w
found in the structure of the grains in polySiGe and poly§?

layers. The grains in both materials were of a similar size, with . . .
an average diameter of 125 nm. For a polySiGe layer thickn se current and the base current ratios, obtained by taking the
gtio of the base current in the appropriate polySiGe transistor

of 250 nm, there are therefore two grains in the ponSiGr . : . .
emitters of the fabricated transistors. to that in the polySi transistor. The measured ratios of 3.2 and

Fig. 7 shows Gummel plots for transistors annealed for 30 s4a for 10 and 19% Ge, respectively can be compared with cal-
900°C with 10% and 19% polySiGe emitters and for a contréiy ated values of 1.9 and 4.2. The agreement between measured

i 0,
transistor with a polySi emitter. The collector characteristics d calculated value(z)s of base C‘”Te”t IS excell_ent for 19% Qe,
ideal, with an ideality factor of 1.06 for all three devices. Th ut less good for 10% Ge. A possible explanation for this dis-

base characteristics are near ideal, with ideality factors of 1. ?pancy can be found in Fig. 4. For the interfacial oxide thick-

1.13 and 1.13 atz — 0.6 V for Ge contents of 0, 10, and nesses used in this work (0.03 nm and below) and a Ge content

0 . o
19%, respectively. The transistors with 10 and 19% Ge sh(ﬁ&l.o t/o fthg blas? dcutrrrlgrllt 'S sensrl]tlve o EOth éhe Ge tco?tirltga:;d
increased base currentdsz = 0.6 V compared with a tran- | © I eracialoxide thickness, whereas for a -5e content o o

sistor without Ge by a factor of 3.2 for 10% Ge and 4.0 for 19‘%|e base_current is only sensitiye to the intgrfacial layer thick-
Ge. ness. This suggests that the discrepancy in the measured and
calculated base current ratio for 10% Ge may be due to an un-
certainty in the Ge content in the polySiGe layer.

The agreement in Table Il between the absolute values of

The experimental results in Fig. 7 show that there is a larppase current is very poor, with the calculated values being much
increase in base current when the germanium content of tbever than the measured values in all cases. The explanation for
polySiGe layer is increased from 0% to 10%, but a much smallihiis discrepancy can be found by noting that the measured base
increase when the germanium content is increased from 10%¢twracteristics are slightly nonideal (ideality factors of 1.19,
19%. This result is in qualitative agreement with the theoretical13 and 1.13 for 0, 10 and 19% Ge) due to recombination in
curvesin Fig. 5, which show that the effect of the germanium dhe emitter/base depletion region, whereas (14) assumes ideal
the base current saturates for germanium concentrations abthvaracteristics. One method of addressing this issue is to ex-
about 20%. To quantitatively interpret the experimental resultsact the underlying ideal component of base current using the

V. DISCUSSION
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105 4 therefore allows the base current, and hence the gain, to be
controlled by means of the Ge content in the polySiGe emitter.
This property is likely to be very useful in advanced SiGe
HBT's where high values of gain can be obtained as a result
of the high germanium concentration in the SiGe base. Since
high values of gain degrade the common emitter breakdown
—e— corrected base, 0% Ge voltageBVc o, polySiGe emitters would allow the gain to be
e e ook o controlled independently of the base Ge profile and hence allow
the breakdown voltagB V¢ go to be optimized for a giverfr.

0.50 0.55 0.60 0.65 0.70
VeelV] APPENDIX

Fig. 9. Ideal component of the base currépt determined using the method ~ The hole current at either side of the first polySiGe grain can

of Hamel [14], as a function of base/emitter voltdger for 0%, 10%, and 19% he derived by solving the continuity equation for holes
Ge.

J1 = q(pasiceby — P1siGeay) (A1)
analysis method of Hamel [14]. This method has been applied to
the measured base characteristics in Fig. 7 and the ideal compo-
nent of base current is shown in Fig. 9. In addition, values of tfidhe parameters, andb, depend on the physical properties of

ideal component of base currentlgz = 0.6 V are summa- the grains and are given by
rized in Table 11l for comparison with values calculated using

J2 = q(pasiGety — P1siGeby)- (A2)

(14). It can be seen that the ideal components of base current 4y = DysiGe coth < dq ) (A3)
agree very well with the calculated values. Agreement is within Lypsice Lypsice
a factor of 1.1 for 0% Ge, 1.8 for 10% Ge and 1.1 for 19% Ge. D,

. . . . .. pSiGe g
This agreement is reasonable considering the uncertainties of by = Losic csch <L G ) (Ad)
the polySiGe parameters in Table | and in the measured SIMS pore pore
data. whered,, is the grain width, and.,sig. andD,sig. are the hole

In polysilicon emitters, the interfacial layer has a strong efliffusion length and hole diffusivity in the polySiGe grain.
fect on the current gain [9]. It is therefore important to under- Equating (2) and (A1) gives an equation fgg;g. which can
stand how the interfacial oxide thickness influences the baen be substituted into (A2) to give the currept
current increase obtained when germanium is introduced into )
the polysilicon emitter. The opposite trends with germanium J, = ( _ by ) )

. . . . . 2=4q| Qg P2siGe- (A5)
content and interfacial layer thickness are shown in Fig. 4 and ag+ S
this indicates that an interfacial layer thickness of less than about
0.3 nm is needed if the germanium is to have a significant efféttcomparison with (2) shows that the effective recombination
on the effective recombination velocifi»» and the base cur- Velocity at the right side of the first SiGe grain is
rent. In practice, this could be achieved usingeassituHF etch b2
in combination with polySiGe deposition in a cluster tool [15]. Sg1=a,— —L—. (AB)
Even bigger effects could probably be achieved by breaking up ag + S

the interfacial layer using an interface anneal prior to polySiGe The current density across the grain boundary is given by
deposition [9] or by epitaxially regrowing the polySiGe during

; D
the emitter anneal. Jep1 = ¢ d—g: (P3siGe — P2siGe) (AT)
g
VI. CONCLUSION whereD,, is the hole diffusivity in the grain boundary. Recom-

A theoretical expression has been derived for the effectipénation at the grain boundary interfaces is modeled by
surface recombination velocity of a polycrystalline SiGe N,
emitter, and predicted values of base current compared with SeB = T CpUth (A8)
measured values on silicon bipolar transistors with polycrys-
talline SiGe emitters. The measured results show an incredgtere N is the trap densityg, the trap capture cross sec-
in base current by a factor of 3.2 for 10% Ge in the polySiGén andv,;, the thermal velocity. Using (A5) to (A8), an equa-
emitter and by 4.0 for 19% Ge. The theory predicts that, féion can be derived for the current at the right side of the grain
a given interfacial layer thickness, the base current initiallgoundary./s
increases with Ge content and then saturates for germanium
contents of about 20%, a trend which agrees well with the ex- J3 = 4ScB1Dssice (A9)
perimental results. The size of the base current increase with
content depends on the thickness of the interfacial layer, wit
larger increases being obtained for thinner interfacial layers. bzb

The introduction of germanium into a polysilicon emitter Sep1 = ag — (A10)
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_ ng [15] A.I. A. Rahim, C. D. Marsh, P. Ashburn, and G. R. Booker, “Impact
Qgp = + SaB (All) ) A . .
d ab of ex-situandin-situ cleans on the performance of bipolar transistors
with low thermal budgein-situ phosphorus doped polysilicon emitter
ng contacts,"lEEE Trans. Electron Devicesol. 48, pp. 2506-2513, 2001.
bgp = =2 (A12)

dgp

The procedure used to derive the current at the right side of

the first polySiGe grain can now be repeated to give the curreg]ﬁ
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