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Abstract—An electrical method is applied to SiGe and SiGe:C a highly-doped boron region, approximately 5 nm thick, cen-
heterojunction bipolar transistors (HBT's) to extract the bandgap  tered within the Ge profile. In addition, some devices contained
narrowing in the base layer and to characterize the presence of a background C Concentratio(mlom cm—?’) incorporated

parasitic energy barriers in the conduction band, arising from o .
boron transient enhanced out-diffusion from the SiGe layer. It substitutionally by coevaporation. Low-doped collector and

is shown that a background carbon concentration within the €mitter regions were then formed by @ x 10** cm™2,
base &10°° cm~?) eliminates parasitic energy barriers at the 190 keV and8 x 10! cm~2, 110 ke\) and As implantation
collector/base junction, and hence shows that transient enhanced (6 x 102 cm™2, 100 ke\), respectively. These implants
diffusion of boron from the base has been completely suppressed.are immediately above and below the SiGe base and are
therefore expectd to give rise to transient enhanced diffu-
. INTRODUCTION sion. The polysilicon emitter contact was then formed by
HE SiGe heterojunction bipolar transistors (HBT’'ss implantation into a CVD-deposited amorphous Si layer.
shows considerable potential for high-frequency applicAfter emitter structuring, the base contacts were made using
tions, as can be seen from the reported cut-off and maxim@rhigh-dose Bf implant (5 x 10'* cm~?, 45 keV). Device
oscillation frequencies of 130 and 160GHz, respectively [1fgbrication was completed by a thermal anneal cycle (800
[2]. When integrating SiGe HBT'’s in a CMOS process, it i¢5 min 4 1000°C, 30 s), salicidation and low-temperature
useful to be able to use some of the implantation steps nee@ifle passivation.
to fabricate the MOS transistors to also fabricate the SiGeThe collector current and base sheet resistance were
HBT’s. One such step is the p-channel source/drain implameasured as a function of temperature in the range of
that could also be used for the extrinsic base of the SiGe HB2Q0 to 400 K. The measured collector current is normalized
Unfortunately, transient enhanced diffusion of boron posesagainst a saturation current densify, given by
problem since it limits the achievable basewidth, and in cases 973
where the boron diffuses outside of the SiGe base, causes.j,(T') =4qC(T){—2} (mn,mp)g/Q(kT)4un,Bs7;(T)
the formation of parasitic energy barriers [3], which degrade h
both the collector current and the hlgh—frequenpy performance. - psi(T)R(T) exp { Ve — Ec(T) } 1)
Recent research [4], [5] has shown that the incorporation of kT
a background concentration of carb¢=10?° cm~2) in the
SiGe layer can suppress transient enhanced diffusion.
In this letter, an electrical method [6], [7] is applied to C(T) = {NcNVSiGe(T)NnBSiGe(T)}_
characterize parasitic energy barriers in SiGe HBT's, with NeNysi(T)pnpsi(T)
and without a background C concentrati¢10?° cm—3). A graph of In(Jo(T)/Jo(T) as a function of reciprocal

This metho_d IS extremely sensitive to small amounts %mperature gives a straight line with the slope equal to the

boron out-diffusion from the base and hence allows accurgig. bandgap narrowing (BGN) in the base (due to heavy

de_termination of the presence of parasitic energy barriea%ping effects and the presence of Ge) [6], [7].

It is sh'owr? that this relatlvely_ IOV,V background carbon CON- The slope of the graph is used to characterize the parasitic

centration Is completgly e_ffec_tlve in suppressing the trans'eé}‘iergy barriers, since a lower slope is observed when a barrier

ehanced boron diffusion in SiGe HBT's. is present [7]. The existence of barriers is confirmed by varying
the collector-base reverse bias. If a parasitic energy barrier is

Il EXPERIMENTAL PROCEDURE present, an increase in reverse bias decreases the barrier height
The epitaxial bases were grown by solid source moleculand gives an increased slope.
beam epitaxy, consisting of a 30-nmy8Ge) > layer with

where
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factor of 1.01, whilst the characteristic of the SiGe device iS 10000 -
less ideal with an ideality factor of 1.04. The degradation of the

collector current ideality in the SiGe device suggests a parasitic
energy barrier may be present at the emitter-base junction
[8]. The applied forward bias to the emitter-base junction _
modulates the emitter-base depletion width and sweeps th§° 100 4
edge of the depletion region across any parasitic energy barriee

In devices with a small amount of boron out-diffusion from

the base, an increase in the emitter-base forward bias reduces '°1
the depletion width and increases the effective height of the
parasitic energy barrier. This leads to a smaller increase in

Slope (Veg=0V) = 172meV

.

1000 A

Slope (Vcg=0V) = 104meV

1

the collector current with emitter-base bias than would be 0 0s i s 2 25 3 35 4
expected, giving a corresponding increase in the collector 1000/T (K™)
current ideality factor. @)

In addition, the collector current of the SiGe:C HBT is a
factor of six times higher than that of the SiGe HBT at room 10000
temperature, dropping to a factor of three higher at 200 K.
This suggests that a parasitic energy barrier may also be
present at the collector-base junction. Comparisons between 1000
the I — Vg characteristics showed that the Early voltages

Slope (Vcp=1V) = 172meV

AN

of the two devices are significantly different, with values of 2
1V and 10 V for the SiGe and SiGe:C HBT's, respectively. 3 1001 Slope (Vege1V) = 140meV
This is also consistent with a collector-base parasitic energy < P tes
barrier [8].
Fig. 1(a) shows plots on the normalized collector current 101

as a function of reciprocal temperature for the SiGe and

SiGe:C HBT'’s with zero collector-base reverse bias. A slope

of 104 meV is obtained for the SiGe HBT and 172 meV for the ! 5

SiGe:C HBT. The slope of 104 meV for the SiGe HBT is much

lower than the predicted bandgap narrowing value of 168 meV,

given by the model of Jaiet al. [9], calculated using a mean (b)

base doping level ot .6 x 108 cm—2 and Ge concentration Fig. 1. Plots of the normalized collector c'urrent versus reciprocal temper-

of 20%. The mean base doping level was determined mgsfgrbtizge?%sgf ;Qf frﬁe(:tg(f)vﬁm s, measured at collector/base

an iterative manner by fitting to the measured base sheet

resistance. The predicted value given by the model of Jain

(rjepreisegtsthtkée ti(r)1 tg\l b%ndgzph na\r/rovc\j/mg:nmirEZe S(;Gs rl;”(ljyﬁrsmg the method in [7], which gives a value of 68 meV. For
ue 1o bo e-induced a cavy doping-induced bandgaR gise.c device, the slope does not change at all when the

g?gg_wcmgé.: r(]g ZSOZI?)I: fg 2;”}3)0 Escl?rrlﬁﬁglylr: oﬂ;iegr?i?iligngil thc(?)llector/base bias is increased from 0 V to 1 V. This shows

alter the bandgap narrowing from that expected for SiGe [16 lat no barrier is present at the collector/base junction of the
The predicted value of bandgap narrowing for the SiGe: Ge:C HBT, and hence carbon has completely suppressed the

device is identical to that obtained for the SiGe device and cHﬁnSiem enhanced out-diffusion of boron from the base due to

be explained by noting that in the Jain model [9], for dopinBOim defects created by the low-doped emitter and collector

concentrations belowx 108 cm~2, the bandgap narrowing is implants. ) o )
not significantly influenced by the doping level. In summary, 10 confirm that TED has been eliminated, SIMS analysis

the results in Fig. 1(a) suggest that there is considerable off@S Performed on the device wafers using specific SIMS
diffusion of boron from the SiGe base layer in the SiGe HBtructures. These structures were subjected to the same low-
but little in the SiGe:C HBT. doped emitter and collector implants and subsequent annealing
Confirmation of the presence of a parasitic energy barrigycles as the devices, and will therefore show the effect of the
at the collector/base junction can be obtained by varyirgldition of carbon. Fig. 2 shows the boron profiles obtained
the collector/base reverse bias, which modulates the barfigm the SIMS analysis. From Fig. 2 it can be seen that the
height and therefore changes the slope of the characterif@fon profile for the SiGe layer is broad, giving a basewidth
[7]. Fig. 1(b) shows plots of the normalized collector currer?tf 45 nm and a peak concentration ®f< 10'® cm=2. For
as function of reciprocal temperature for an increased colldbe SiGe:C layer, the base profile is much sharper, giving a
tor/base reverse bias of 1 V. An increase in slope from 1®asewidth of 30 nm and a peak concentratiopof0'® cm=2,
to 140 meV is observed for the SiGe HBT, which confirm$hese results confirm that transient enhanced diffusion has
the presence of a parasitic energy barrier at the collector/baseurred in the SiGe layer, due to implantation damage caused
junction. An estimate of the barrier height can be obtaindxy the low-doped emitter and collector implants, but has been
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Fig. 2. Boron SIMS profiles for the SiGe (dashed line) and SiGe:C (soliam

line) HBT base layers.

completely suppressed by the presence of carbon in the SiG

layer.
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